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ABSTRACT

Nasopharyngeal carcinoma (NPC) is closely associated with latent Epstein-Barr virus (EBV) infection. Although EBV infection
of preneoplastic epithelial cells is not immortalizing, EBV can modulate oncogenic and cell death mechanisms. The viral latent
membrane proteins 1 (LMP1) and LMP2A are consistently expressed in NPC and can cooperate in bitransgenic mice expressed
from the keratin-14 promoter to enhance carcinoma development in an epithelial chemical carcinogenesis model. In this study,
LMP1 and LMP2A were coexpressed in the EBV-negative NPC cell line HK1 and examined for combined effects in response to
genotoxic treatments. In response to DNA damage activation, LMP1 and LMP2A coexpression reduced YH2AX (S139) phos-
phorylation and caspase cleavage induced by a lower dose (5 M) of the topoisomerase II inhibitor etoposide. Regulation of
vH2AX occurred before the onset of caspase activation without modulation of other DNA damage signaling mediators, includ-
ing ATM, Chkl, or Chk2, and additionally was suppressed by inducers of DNA single-strand breaks (SSBs) and replication
stress. Despite reduced DNA damage repair signaling, LMP1-2A coexpressing cells recovered from cytotoxic doses of etoposide;
however, LMP1 expression was sufficient for this effect. LMP1 and LMP2A coexpression did not enhance cell growth, with a
moderate increase of cell motility to fibronectin. This study supports that LMP1 and LMP2A jointly regulate DNA repair signal-
ing and cell death activation with no further enhancement in the growth properties of neoplastic cells.

IMPORTANCE

NPC is characterized by clonal EBV infection and accounts for >78,000 annual cancer cases with increased incidence in regions
where EBV is endemic, such as southeast Asia. The latent proteins LMP1 and LMP2A coexpressed in NPC can individually en-
hance growth or survival properties in epithelial cells, but their combined effects and potential regulation of DNA repair and
checkpoint mechanisms are relatively undetermined. In this study, LMP1-2A coexpression suppressed activation of the DNA
damage response (DDR) protein YH2AX induced by selective genotoxins that promote DNA replication stress or SSBs. Expres-
sion of LMP1 was sufficient to recover cells, resulting in outgrowth of LMP1 and LMP1-2A-coexpressing cells and indicating dis-
tinct LMP1-dependent effects in the restoration of replicative potential. These findings demonstrate novel properties for LMP1
and LMP2A in the cooperative modulation of DDR and apoptotic signaling pathways, further implicating both proteins in the
progression of NPC and epithelial malignancies.

pstein-Barr virus (EBV) is a human gammaherpesvirus that

establishes lifelong latency in memory B cells, with sporadic
reactivation and transmission from oral epithelia (1). More than
90% of the adult population is latently infected, and a subset can
develop EBV-associated malignancies, including nasopharyngeal
carcinoma (NPC), gastric cancer, Burkitt lymphoma, Hodgkin
lymphoma, and lymphomas in the immunocompromised, in-
cluding AIDS-associated lymphoma and posttransplant lym-
phoproliferative disease (2, 3). Epithelial cell infection in vitro fre-
quently results in productive replication, and latently infected oral
epithelial cells are rare in persistently infected healthy individuals
(4, 5). However, epithelial tumors such as NPC consistently ex-
press a type II latency program, which includes latent membrane
protein 1 (LMP1), LMP2A, and LMP2B (1, 5). Additionally,
monoclonal EBV episomes are detected in NPC, suggesting that
NPC tumors are the clonal outgrowth of an initially infected
cell likely predisposed to oncogenic transformation from addi-
tional genetic and environmental cofactors, such as the loss of
p16 and exposure to dietary nitrosamines (2, 3). In contrast to
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the immortalizing properties of EBV to primary B cells, the
contribution of EBV infection to epithelial cell oncogenesis is
less understood, as infection alone is insufficient to immortal-
ize or induce oncogenic potential in preneoplastic cell lines
from the nasopharynx (5, 6).

LMP1 and LMP2A transcripts are consistently expressed in
NPC tumors with more variable detection of LMP1 protein by
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immunohistochemistry, suggesting that LMP1 protein levels
are regulated and may be required to balance the cytotoxic
effects of high-level LMP1 expression (2, 7, 8). LMP1 and
LMP2A are transmembrane proteins that signal constitutively
from lipid rafts in a ligand-independent manner and may con-
tribute to NPC pathogenesis by modulating signaling pathways
involved in cell growth, motility, survival, and differentiation
(9). Through interactions of the C-terminal activation regions
(CTAR1 and CTAR2) with cellular signaling molecules, in-
cluding NF-kB, phosphoinositol 3-kinase (PI3K)/Akt, STAT,
Jun N-terminal protein kinase (JNK), extracellular signal-reg-
ulated kinase (ERK), and mitogen-activated protein kinase
(MAPK), LMP1 promotes cell growth, motility, and epithelial-
mesenchymal transition (EMT) (2, 9-12). Expression of LMP1
can transform Rat-1 fibroblasts to form foci in soft agar and
tumors in nude mice, as well as induce anchorage-independent
growth in human epithelial cells (2, 9, 13). However, the onco-
genic potential of LMP2A is less defined and may be cell type
dependent (9). In epithelial cells, LMP2A promotes cell motil-
ity, resistance to cell death, and, in specific cell types, cell
growth through activation of various signaling pathways, in-
cluding PI3K/Akt and ERK/MAPK, via N-terminal immunore-
ceptor tyrosine activation (ITAM), PY, and YEEA motifs (9,
14-17).

Activation of oncogenes in cancer cells can induce aberrant
proliferation that causes replicative stress. In normal cells, rep-
licative stress activates the DNA damage response (DDR) path-
way and initiates repair mechanisms; however, excessive DNA
damage can lead to checkpoint activation, cell cycle arrest, and
apoptosis (18). Additionally, exogenous genotoxins employed
in cancer therapies, including ionizing radiation and chemo-
therapeutics, produce DNA strand breaks (DSBs) (18). Most
preneoplastic lesions maintain intact DDR and apoptotic re-
sponse mechanisms; however, these pathways may be modu-
lated in later stages of cancer development (18). NPC cells
express functional p53 that can be functionally antagonized by
LMP1 and specific microRNAs, but potential mutations in
DDR genes have not been thoroughly characterized (19-24).
EBV, as well as other oncogenic viruses, can modulate mem-
bers of the DDR pathway, specifically the histone variant
H2AX, to promote oncogenesis. Phosphorylation of H2AX can
be critical for the maintenance of latent gammaherpesvirus
infections (25, 26). In contrast, EBV-mediated B cell immor-
talization requires the attenuation of DDR by EBNA3C, which
may be mediated by downregulation of H2AX expression
(27, 28).

The in vivo properties of LMP1 and LMP2A coexpression have
been investigated in transgenic mice (29, 30). Spontaneous carci-
nomas are not induced by transgene expression, but the develop-
ment of papillomas and carcinomas can be induced by the
chemical initiators and promoters dimethylbenz(a)anthracene—
12-O-tetradecanoylphorbol 13-acetate (DMBA-TPA). Dysplastic
papillomas were increased by LMP1; however, invasive carcino-
mas were increased in LMP1-2A bitransgenic mice, suggesting
that LMP1 and LMP2A cooperate specifically in the latter stages of
carcinoma development (29). However, the mechanism by which
LMP1 and LMP2A combined expression enhances tumorigenesis
is not understood. In the present study, the oncogenic potential of
LMP1 and LMP2A were investigated by expression in the EBV-
negative NPC cell line HK1 and examined for potentially com-
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bined effects in response to cell death activation, cell growth, and
motility. HK1 cells are one of the few authenticated NPC cell lines
that are sensitive to serum deprivation and chemotherapeutics but
can resist these cell death treatments by infection with EBV (6, 23,
31). Additionally, HK1 cells are free of HeLa contamination,
which confounds the interpretation of many NPC-derived cell
lines (32, 33). To investigate cell death responses activated by
DNA damage, HK1 cell lines were treated with several DNA-dam-
aging reagents and replication stress inducers, including the topo-
isomerase Il inhibitor etoposide, ionizing radiation, methyl meth-
anesulfonate (MMS), and aphidicolin. LMP1-2A coexpression
reduced caspase activation and YH2AX phosphorylation induced
by low-dose etoposide, MMS, or aphidicolin treatments but not
by ionizing radiation. Other DDR signaling proteins were not
modulated by LMP1-2A coexpression. Additionally, expression of
LMP1 (in LMP1 or LMP1-2A coexpressing cells) was sufficient to
recover cytostatic cells from etoposide treatment. These findings
indicate that LMP1 and LMP2A jointly modulate activation of
DNA damage repair and apoptotic mediators, suggesting that
these two viral proteins collaborate in the progression and aber-
rant survival of cancer cells in NPC.

MATERIALS AND METHODS

Cell lines and reagents. The NPC cell line HK1 (gift from George Tsao,
Hong Kong University) and Akata and LCL5000 B cells (gift from Kenzo
Takada, Hokkaido University, and Nancy Raab-Traub, University of
North Carolina) were maintained in RPMI 1640 media as previously de-
scribed (31). HKI1 stable cell lines were generated by transduction with
pBabe retroviruses expressing hemagglutinin (HA)-tagged LMP1 or
LMP2A and selected with 500 pg/ml neomycin for LMPI or 1 pg/ml
puromycin for LMP2A (12). Pooled stable HK1 cell lines were maintained
in neomycin and puromycin selection media and used for further analysis.
EBV-infected HK1 (gift from George Tsao, Hong Kong University) and
293 (gift from Wolfgang Hammerschmidt, Helmholtz Center) cells were
maintained in neomycin (800 pg/ml) and hygromycin (100 pg/ml) selec-
tion media, respectively (34, 35). Infected cell lines were treated with 10
wM MG132 for 8 h or 2 mM methyl-beta cyclodextrin overnight for
LMP1 and LMP2A expression analyses. Expression of LMP1 and LMP2A
was knocked down using the pSilencer 5.1-U6 retro (Ambion) plasmid
expressing either short hairpin RNA (shRNA) targeted at the LMP1 se-
quence (5" AACTGGTGGACTCTATTGGTT 3’) or LMP2A sequence (5
AACTCCCAATATCCATCTGCT 3’). A universal scrambled shRNA se-
quence (Ambion) was used as a negative control. To investigate the DNA
damage response, HK1 stable cell lines were treated with ionizing radia-
tion (2 Gy and 5 Gy and recovered for 1 h), methyl methanesulfonate (10
mg/ml for 30 min; Sigma), or aphidicolin (I uM for 1 to 4 h; Sigma).
Etoposide treatment of HK1 stable cell lines and HEK293 cells induced for
LMP1 and LMP2A expression by doxycycline is described below.
Etoposide treatment, analysis, and recovery. HK1 stable cell lines
were seeded at 0.8 X 10* to 2 X 10* cells/cm?. When optimum cell density
was reached (40 to 50% confluence), cells were treated with dimethyl
sulfoxide (DMSO) or etoposide (Sigma) for up to 24 h and analyzed by
immunoblotting and immunofluorescence. In recovery assays, cells were
washed twice with Dulbecco’s phosphate-buffered saline (DPBS) after
etoposide treatment and recovered in standard culture media. From the
time of treatment to 1 to 2 weeks postrecovery, cells were analyzed for
dehydrogenase activity by the resazurin assay to determine metaboli-
cally viable cells according to the manufacturer’s protocol (Cell Sig-
naling Technology) or analyzed for long-term recovery at 1 to 2 weeks
by crystal violet staining (0.1% crystal violet in 10% ethanol). For each
resazurin assay, measurements were calculated for a minimum of trip-
licate wells. For cytotoxicity assays, HK1 cell lines were treated with 5
M etoposide or DMSO for 24 h and analyzed immediately or washed
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in DPBS and replaced with fresh media for analysis at days 1 and 2 after
recovery from etoposide treatment. Cells and debris were pelleted by
centrifugation, and 100 wl of supernatant was removed for analysis
using a cytotoxicity (lactate dehydrogenase [LDH] release) assay kit by
following the manufacturer’s specifications (Roche). For cell cycle ar-
rest and reentry experiments, HK1 stable cell lines were seeded at low
density (1.7 X 10* cells/cm?) and incubated in starvation (0.1% se-
rum) media for 36 h before etoposide treatment under complete (10%
serum) growth conditions to release cells from arrest. For transient
induction experiments in 293 cells, stable cell lines expressing the
tetracycline transactivator plasmid (pLVX-Tet3G; Clontech) or
coexpressing a tetracycline-regulated LMP1 expression plasmid
(pTRETight-BI; Clontech) were transfected with a tetracycline-regu-
lated LMP2A expression plasmid or vector control (pTRETightBI-
RY-O; 31463; Addgene). Transfected cells were transiently induced
with 200 ng/ml doxycycline for 48 h, and lysates were analyzed after
etoposide treatment at the first detection of DNA damage signaling (5
wM, 2 h).

Immunoblot analysis. Whole-cell lysates were made and immuno-
blot analysis was performed as previously described (36). Briefly, cells
were lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate [SDS], 1 mM EDTA) supplemented with 1
mM phenylmethylsulfonyl, 2 mM activated sodium orthovanadate, and a
1:100 dilution of protease and phosphatase inhibitor cocktails (Sigma).
Lysates were prepared with 2.5% B-mercaptoethanol and boiled before
loading or by warming to 70°C for 15 min to prevent protein aggregation
for LMP2A immunoblots. Equal amounts of protein were separated by
SDS-PAGE and transferred to nitrocellulose membranes. Immunoblot-
ting was performed according to the manufacturer’s instructions with the
following antibodies: HSC70, glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), and PCNA (Santa Cruz Biotechnology); cleaved caspase
3, cleaved caspase 8, cleaved poly(ADP-ribose) polymerase (PARP),
PARP, cyclin D1, cyclin BI, p21, pATM (S1981), pATR (S428), pChkl
(S345), and pChk2 (Thr68) (Cell Signaling Technology); yH2AX
(Ser139) (Millipore and Cell Signaling Technology); H2AX (Bethyl);
LMP2A (14B7 clone; Thermo Scientific); and LMP1 (S12 clone hybrid-
oma tissue culture supernatant, 1:10) (36). Secondary antibodies were
conjugated to horseradish peroxidase (Jackson ImmunoResearch) and
developed with a WesternBright ECL detection kit (Bioexpress) or with
secondary antibodies conjugated to IRDyes 680CW and 800CW (LI-
COR) and scanned by near-infrared imaging (LI-COR Odyssey). Immu-
noblots were quantified by densitometry on Image Studio software (LI-
COR) for near-infrared blots or on Image J software for ECL-developed
blots and compared by unpaired two-tailed # test.

Immunofluorescence. For LMP1 and LMP2A immunofluorescence
staining, HK1 stable cell lines were seeded on glass chamber slides and
fixed in 4% paraformaldehyde. After permeabilization with 0.1% Triton
X-100, slides were blocked with 5% donkey serum followed by incubation
with primary antibodies, anti-LMP1 (1:100 dilution of CS1-4 clone; Santa
Cruz Biotechnology) and anti-LMP2A (1 pg/ml of 14B7 clone; Thermo
Scientific), at 4°C overnight. Multiple labeling secondary antibodies with
minimal cross-reactivity to other species (Cy3 anti-mouse IgG and Alexa
Fluor 488 anti-rat IgG; Jackson ImmunoResearch) were incubated for 1 h
at room temperature, and nuclei were counterstained with 2.5 pM Draq5
(Thermo Scientific). Staining was imaged with a Leica TCS SP2 upright
confocal microscope and software (Center for Biologic Imaging, Univer-
sity of Pittsburgh). For analysis of DNA damage foci by yH2AX and
53BP1 staining, HK1 stable cell lines were seeded on glass-bottom Mattek
dishes to reach 40 to 50% confluence and treated with DMSO or 5 uM
etoposide for up to 12 h. For yH2AX and 53BP1 immunostaining, cells
were fixed in 3.7% formaldehyde, permeabilized with 0.2% Triton X-100,
and blocked with 1% bovine serum albumin at 30°C for 30 min. Blocked
samples were incubated with primary antibodies to yYH2AX (Ser139)
(Millipore) and 53BP1 (Novus Biologicals) overnight at 4°C, followed by
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incubation with the secondary antibodies Alexa Fluor 488 anti-mouse IgG
and Alexa Fluor 594 anti-rabbit IgG. Samples were mounted in Perma-
Fluor (Immunon) and imaged with an Olympus FV2000 confocal micro-
scope.

Cell growth and transwell migration assays. HK1 stable cell lines
were seeded in full (10%) or reduced (0.1%) serum conditions at 2 X 10*
cells/cm? for cell-counting assays or 3 X 10* to 6 X 10* cells/cm? for the
resazurin assay (Cell Signaling Technologies) to determine metabolically
viable cells according to the manufacturer’s protocol. For each cell count-
ing or resazurin assay, measurements were calculated for triplicate wells.
Cell motility was determined using transwell migration to fibronectin as
previously described (12).

RESULTS

LMP1 and LMP2A coexpression in NPC cells. In order to study
the combined effects of LMP1 and LMP2A in epithelial cells,
LMP1 and LMP2A proteins were stably coexpressed by retroviral
transduction in the NPC cell line HK1. HK1 cells are EBV nega-
tive; thus, they are naive to the effects of LMP1 and LMP2A ex-
pression (31). Stable cell lines individually expressing or coex-
pressing LMP1 and LMP2A proteins were characterized for
expression levels, localization, and coexpression by immunoblot
and immunofluorescence analyses. Compared to the individually
expressing LMP1 or LMP2A stable cell lines, LMP1 and LMP2A
proteins were detected by immunoblotting at comparable levels in
the LMP1-2A-coexpressing cell line (Fig. 1A). LMP2A was de-
tected as a single band at the monomeric molecular mass (54
kDa), and LMP1 monomers were detected as multiple bands
(~45to66kDa) (12, 37). Although increased levels of LMP1 were
detected consistently in LMP1-2A-coexpressing cells, all of the
LMP1 bands were detectable in both LMP1- and LMP1-2A-coex-
pressing cell lines.

HK1 stable cell lines were analyzed by immunofluorescence to
determine coexpression and potential changes in localization of
LMP1 and LMP2A. In LMP1-2A-coexpressing cells, both LMP1
and LMP2A staining could be detected in the same cell (Fig. 1B).
LMP1 staining localized to intracellular puncta and peripheral
regions, indicative of cytoplasmic and plasma membrane localiza-
tion. LMP2A staining was concentrated at perinuclear regions.
Equivalent staining was detected in all HK1 cell lines, indicating
that coexpression does not alter the localization of LMP1 and
LMP2A proteins. To further characterize LMP1 and LMP2A co-
expression, clonal cell lines were established and analyzed by im-
munoblotting (Fig. 1C and D). The majority of clones expressed
detectable levels of LMP1 and LMP2A proteins with consistent
coexpression in the LMP1-2A clones (4/4 LMP1 cell lines, 5/5
LMP2A cell lines, and 5/6 LMP1-2A cell lines). LMP1 and LMP2A
proteins were detected at similar levels in individually expressing
clones, with heterogeneous levels in the LMP1-2A clones. In order
to alleviate potential selection for clonal variation, particularly for
the heterogeneous expression in LMP1-2A-coexpressing clones,
pooled stable cell lines were further characterized in downstream
analyses.

To determine the physiological levels of LMP1 and LMP2A
expression, HK1 stable cell lines were compared to EBV-in-
fected cells. HK1 and 293 cells were infected with the Akata and
B95.8 EBV strains, respectively. The Burkitt lymphoma Akata
cell line (infected with Akata strain EBV) also was included as a
representative B cell expressing amounts of LMP1 and LMP2A
more similar to those of epithelial cells than the high levels
expressed from lymphoblastoid cell lines (LCLs) (data not
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FIG 1 LMP1 and LMP2A coexpression in the NPC cell line HK1. (A) HK1 cell lines stably transduced by the retroviral pBabe expression vector were analyzed
for LMP1 and LMP2A expression by immunoblotting. Arrows indicate the LMP1-specific bands, and the asterisk indicates the nonspecific band detected by S12
antibody. LMP1 and LMP2A levels were normalized to that of the GAPDH loading control by densitometry with Image ] software and are represented as relative
fold changes in the corresponding bar graph. Results from 3 independent harvests are indicated (n = 3), and error bars denote standard deviations. (B)
Immunofluorescent detection of LMP1 and LMP2A in stable HK1 cell lines. LMP1 was detected with the CS1-4 antibody cocktail, and LMP2A was detected with
the 14B7 antibody clone. Nuclei were stained with Draq5, and confocal images were analyzed with Image J software. Arrows denote intracellular (1) and cell
periphery (2) staining. (C and D) Clonal HK1 cell lines were established and analyzed for LMP1 and LMP2A expression by immunoblotting. The intensity of

LMP1 and LMP2A detection was scored (—, +) and is indicated below each immunoblot.

shown). The Akata EBV strain expresses the Chinal LMP1
variant containing a 30-bp deletion in the C terminus that
generates a protein of slightly lower molecular weight (38).
LMPI protein levels were comparable between the stable cell
lines (LMP1 and LMP1-2A) and infected epithelial cells and
increased in stable cell lines compared to levels in EBV-infected
Akata B cells (Fig. 2A). However, LMP2A expression was un-
detectable in HK1-EBV or 293-EBV cell lines but was detect-
able in Akata B cells and LCL (Fig. 2A and B). Although treat-
ment of 293-EBV cells with the proteasome inhibitor MG132
stabilized LMP1 protein levels, LMP2A expression was not en-
hanced by MG132 in 293- or HK1-infected cells (Fig. 2A and
data not shown). LMP2A protein levels, although detectable
from NPC biopsy specimens and explanted xenografts, are
highly regulated and in low abundance when expressed from
infected epithelial cell lines (9, 39, 40). Depletion of cholesterol
from the plasma membrane can increase the abundance of
LMP2A (41). Therefore, infected cells were treated with meth-
yl-beta-cyclodextrin (MBCD), which resulted in low, detect-
able levels of LMP2A in 293-EBV cells but not in HK1-EBV
cells (Fig. 2B). These data indicate that the HK1 stable cell lines
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express physiological levels of LMP1, similar to infected epi-
thelial cell lines, with LMP2A levels comparable to those of
EBV-infected B cells, although this could not be empirically
determined from the variable trace levels of LMP2A detected in
infected epithelial cell lines.

Effect on cell growth, motility, and caspase activation by co-
expression of LMP1 and LMP2A. Expression of LMP1 or LMP2A
can induce oncogenic properties associated with cell growth, mo-
tility, and survival in epithelial cells and rodent fibroblasts (11, 13,
16, 24, 42—-44). To investigate if LMP1 and LMP2A coexpression
induces differential oncogenic properties in NPC cells, HK1 stable
cell lines were analyzed for effects on cell growth and motility. The
resazurin assay was used to measure metabolically active dehydro-
genase activity, similar to that of the MTT assay, to assess cell
viability and growth. In cell counting and metabolic activity as-
says, comparable rates of cell growth were detected for all HK1
stable cell lines in both full (10%) and reduced (0.1%) serum
conditions, indicating that LMP1 and LMP2A do not enhance the
growth properties or facilitate serum-independent growth of HK1
cells (Fig. 3A and B). LMP1 and LMP2A can induce transwell
migration to extracellular matrices, such as fibronectin (12,42). In
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FIG 2 LMPI1 and LMP2A expression in EBV-infected epithelial cell lines. (A)
LMP1 and LMP2A expression levels were compared by immunoblotting of
HK1 stable cell lines and EBV-infected HK1 (Akata strain) and HEK293 (B95.8
strain) cells. (B) EBV-infected HK1 and HEK293 cells were treated with 2 mM
methyl-beta cyclodextrin (MBCD) overnight and analyzed for LMP2A expres-
sion by immunoblotting. The HK1 LMP2A stable cell line was used as a posi-
tive control and compared to levels in EBV-infected LCLs.

transwell migration assays to fibronectin, the pBabe vector control
cells induced high levels of migration (321 cells per field of view),
indicating that HK1 cells are highly motile (Fig. 3C). Expression of
LMP2A increased migration by >1.5-fold, but coexpression of
LMP1 with LMP2A significantly increased migration by >2.5-
fold (P = 0.03). However, the induced migration by LMP1-2A
coexpression was highly variable, potentially due to the high num-
bers of trans-migrated cells (877 cells per field of view). These data
indicate that LMP1 and LMP2A do not enhance the growth prop-
erties of HK1 cells but can further increase the motility to fi-
bronectin.

In order to study the potential enhancement of NPC cell sur-
vival by coexpression of LMP1 and LMP2A, HK1 cells were
treated with the topoisomerase II inhibitor etoposide and ana-
lyzed for etoposide-induced caspase activation by immunoblot-
ting for cleaved caspase 8, caspase 3, and poly(ADP-ribose) poly-
merase (PARP). Caspase 8 is an effector caspase that mediates the
extrinsic apoptotic pathway and also can activate the intrinsic
pathway. The downstream executioner caspase 3 can be cleaved by
caspase 8, inducingits activation and cleavage of downstream sub-
strates such as PARP (45). Treatment with 5 uM etoposide for 24
h induced cleavage of caspases (caspases 3 and 8) and PARP in
pBabe and LMP1- or LMP2A-expressing cell lines (Fig. 3D). In
contrast, LMP1-2A coexpression reduced the levels of caspase and
PARP cleavage to levels comparable to those of the DMSO control
(Fig. 3D). At a higher dose of etoposide (25 wM), caspase and
PARP cleavage were restored in LMP1-2A-coexpressing cells, in-
dicating that the decreased activation of caspases was specific to a
lower dose of etoposide and that the caspase pathway was intact
(Fig. 3D). These data indicate that coexpression of LMP1 and
LMP2A specifically reduced the cleavage of caspases following
low-dose etoposide treatment.
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LMP1 and LMP2A cooperate to suppress YH2AX phosphor-
ylation. H2AX is a variant of the core histone H2A family and is
recruited to sites of DNA damage upon phosphorylation at serine
139 (yH2AX) (46). Immunoblotting and immunofluorescence
staining for yYH2AX foci identifies sites of DNA damage and is a
marker for the induction of DNA damage signaling. To investigate
potential effects of LMP1 and LMP2A on DNA damage signaling,
HK1 stable cell lines were treated with etoposide to induce geno-
toxic stress. Etoposide predominantly affects cells in the S/G,
phase of the cell cycle to induce DNA damage, with unrepaired
DNA damage leading to caspase activation and cytotoxicity (47).
Activation of the DNA damage response, as indicated by increased
YH2AX levels in pBabe and LMP1- or LMP2A-expressing cells,
was evident with 5 pM etoposide treatment by 12 h (Fig. 4A).
With a doubling time of 24 h (Fig. 3A), earlier time points with 5
wM etoposide treatment did not induce a robust increase in
YH2AX levels in asynchronous cells (data not shown). However,
YH2AX levels were not induced in LMP1-2A-coexpressing cells,
and by 24 h of etoposide treatment yH2AX levels still were similar
to levels for DMSO treatment (Fig. 4A and B). In immunofluores-
cence analyses, cells positive for the DDR marker 53BP1 were
scored for costained yYH2AX foci. In control cells (DMSO treated
and pBabe), 53BP1 was stained diffusely in the nucleus with no
detectable YH2AX staining. Etoposide treatment induced 53BP1
nuclear foci in pBabe, LMP1, and LMP2A cell lines, with yH2AX
foci colocalizing with the majority (75 to 93%) of 53BP1 focus-
positive cells (Fig. 4C and D). Strong 53BP1 foci also were detected
in LMP1-2A-coexpressing cells; however, weak and diffuse
YH2AX foci were detected in 21% of 53BP1 focus-positive cells
(Fig. 4C and D). The differential reduction of yYH2AX levels in
LMP1-2A cells, with intact 53BP1 recruitment, suggests that
LMP1 and LMP2A coregulate DNA damage signaling and repair
proteins.

In order to demonstrate that suppression of yYH2AX phos-
phorylation was dependent on LMP1 and LMP2A coexpression,
LMP1 or LMP2A shRNA knockdown was performed in HK1
LMP1-2A stable cells. Immunoblotting indicated successful
knockdown of LMP1 (63% reduction) and LMP2A (77% reduc-
tion) that was not apparent from the scrambled shRNA transduc-
tion (Fig. 5A and B). Knockdown of either LMP1 or LMP2A in-
creased phosphorylation of H2AX compared to that of the
scrambled shRNA control following etoposide treatment, further
indicating that modulation of YH2AX is dependent on the coex-
pression of LMP1 and LMP2A (Fig. 5A and B). Activation of p53
may affect DNA damage responses; therefore, to investigate the
potential requirement for intact p53 mechanisms, the modulation
of yH2AX was examined by transient induction of LMP1 and
LMP2A in 293 cells with ablated p53 mechanisms (Fig. 5C). 293
cells were treated with 5 uM etoposide for a shorter period of 2 h,
the earliest time point at which DNA damage signaling is activated
without detectable caspase activation (data not shown). In con-
trast to HK1 cells, induced expression of LMP1 or LMP2A in 293
cells upon etoposide treatment increased YH2AX levels above
those of pBabe control cells (Fig. 5C). However, LMP1-2A coex-
pression decreased YH2AX to levels comparable to those of pBabe
control cells, supporting that LMP1 and LMP2A also can coregu-
late yH2AX independent of intact p53 mechanisms (Fig. 5C).

To further distinguish if the LMP1-2A-coregulated effects on
DDR occur independently of caspase activation, DDR signaling
was analyzed in HK1 cells that were arrested by serum starvation
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cleavage in HK1 cells treated with etoposide for 24 h. Shown are representative blots from 3 independent experiments in HK1 stable cell lines.

(0.1% for 36 h) and released from arrest in complete growth me-
dium (10% serum) in the presence of etoposide treatment (5 uM
for 24 h) (Fig. 6A). These conditions enable the characterization of
initial DNA damage effects before the onset of caspase activation.
Compared to asynchronous cells treated with 5 wM etoposide for
12 and 24 h, HK1 cells that were released from arrest induced
negligible levels of caspase activation when treated with 5 uM
etoposide for 24 h, as determined by immunoblotting for cleavage
of caspase 8 and PARP (Fig. 6B). Under these conditions, YH2AX
also was decreased by LMP1-2A coexpression upon etoposide
treatment (Fig. 6C). These data further support that LMP1 and
LMP2A coexpression regulates YH2AX levels, and this can occur
independently of potential secondary modification of caspase ac-
tivation (Fig. 3D).

LMP1 and LMP2A selectively regulate yYH2AX phosphoryla-
tion. Due to the undetectable caspase activation in prearrested
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cells, these conditions were further analyzed for potential modu-
lation of additional DNA damage signaling proteins. Phosphory-
lation of ATM and ATR, and their downstream targets, including
the checkpoint kinases Chkl and Chk2, was analyzed by immu-
noblotting upon etoposide treatment. Etoposide induced phos-
phorylation of ATM (§1981), Chk2 (T68), and Chk1 (S345) but
not ATR (S§428); however, LMP1-2A coexpression did not reduce
phosphorylation of these proteins (Fig. 6C). Transient coexpres-
sion of LMP1 and LMP2A in 293 cells also did not reduce Chkl or
Chk2 phosphorylation, supporting that LMP1 and LMP2A spe-
cifically modulate YH2AX levels without global effects on canon-
ical DDR signaling mediators (Fig. 5C). Although YH2AX phos-
phorylation was reduced in LMP1-2A-coexpressing cells,
expression of H2AX was equivalent in all cell lines (Fig. 6C). In
sum, LMP1 and LMP2A coexpression did not reduce expression
of H2AX or phosphorylation of ATM, ATR, Chk2, or Chk1 fol-
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lowing etoposide treatment, indicating that modulation of DDR
mediators was specific to YH2AX phosphorylation.

HKI cells released from arrest were further analyzed for earlier
time points after etoposide treatment to determine if YH2AX levels
are dynamically regulated. To identify susceptible time points, cells
were analyzed by immunoblotting for the cell cycle checkpoint pro-
teins p21 and cyclin-D1 and the DNA pold processivity factor PCNA
upon release from arrest and etoposide treatment. The high levels of
the cyclin-dependent kinase inhibitor p21 detected at the beginning
of the experiment (0 to 3 h) indicate effective cell cycle arrest (Fig.
6D). Increased cyclin D1 beginning at 3 h further indicates exit from
G, arrest (Fig. 6D). At subsequent time points, accumulation of
PCNA and cyclin B1 demonstrate enrichment of cells in S phase and
mitosis, with the highest levels detected at 24 h (18). Levels of YH2AX
were not strongly induced in any of the HK1 cell lines until 24 h.
Although pChk2 was activated by 3 h and continued to be at levels
higher than basal levels until the end of treatment, yH2AX levels
varied over the 24-h period, suggesting that YH2AX levels are
dynamically and perhaps cell cycle regulated despite persistent
DNA damage signaling activation (Fig. 6D).

LMP1 and LMP2A effects upon DNA replication stress. Eto-
poside predominantly induces DNA replication stress and dou-
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ble-strand breaks (DSBs), but at low doses it also can induce
single-strand breaks (SSBs) by incomplete inhibition of topo-
isomerase Il homodimers (48). In order to investigate DNA dam-
age mechanisms that may contribute to LMP1-2A effects on
vYH2AX, HKI1 stable cell lines were treated with ionizing radiation
and SSB or DNA replication stress inducers (MMS and aphidico-
lin) to probe for responses to DSBs and SSBs, respectively. Upon
ionizing radiation at doses that do not activate caspases (2 Gy and
5 Gy), phosphorylation of ATM, Chk2, and Chk1 was detected for
all cell lines with comparable levels induced in LMP1-2A cells (Fig.
7A). Although concurrent induction of yYH2AX over basal levels
did not occur at 2 Gy, LMP1-2A coexpression reduced the basal
level of yH2AX (Fig. 7A). At 5 Gy, YH2AX levels were moderately
induced to equivalent levels in all cell lines (Fig. 7A). Etoposide
inhibits the unwinding of replicating DNA; hence, to investigate if
regulation of YH2AX by LMP1 and LMP2A is mediated in re-
sponse to SSBs or replication fork stress, HK1 cells were treated
with MMS and aphidicolin. MMS treatment induced phosphory-
lation of ATM, Chk1, Chk2, and yH2AX, indicating the successful
activation of DDR signaling (Fig. 7B). Although ATR is activated
in response to canonical SSB repair, basal levels of ATR were high
in the highly replicative HK1 cells and were not induced by MMS
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treatment (Fig. 7B). Coexpression of LMPI-2A suppressed
vYH2AX induction upon MMS treatments, with no changes in
other DNA damage mediators, further supporting that modula-
tion of DDR signaling by LMP1-2A is specific to H2AX phosphor-
ylation (Fig. 7B). Similar effects on yYH2AX were observed with the
DNA polymerase «/8 inhibitor aphidicolin in the presence of
LMP1-2A coexpression, and this occurred in the absence of sig-
nificant ATM, ATR, or Chk2 activation but with enhanced Chkl1
phosphorylation, suggesting that modulation of yYH2AX occurs
independently of these checkpoints (Fig. 7C). In these experi-
ments, basal levels of YH2AX also were consistently lower in
LMP1-2A-coexpressing cells, suggesting that modulation of
H2AX phosphorylation is more relevant to endogenous DNA
stress encountered during normal replication and cell growth
(Fig. 6D and 7A to C). These data support that LMP1 and LMP2A
cooperate to suppress YH2AX phosphorylation in response to
DNA replication stress inducers but not in response to DSBs in-
duced by ionizing radiation.
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LMP1-expressing cells recover from etoposide-induced cy-
totoxicity. To further examine the effect of LMP1-2A coexpres-
sion on the cytotoxic effects of etoposide, HK1 cells were analyzed
for cell viability by resazurin and for long-term recovery following
24 h of etoposide treatment. The pan-kinase inhibitor staurospor-
ine was included as a positive control for the loss of cell viability.
The cytotoxic effect of etoposide at 5 pM and 25 uM doses ini-
tially was determined in pBabe cells. A decrease in cell viability was
not immediately apparent until 1 to 2 days after the removal of
etoposide at both 5 uM and 25 uM doses (Fig. 8A and B). The
cytotoxic effects then were titrated with increasing doses of etopo-
side (1 uM to 50 wM) and analyzed for recovery by crystal violet
staining of recovered cells by day 12 postremoval. At 5 pM, the
cytotoxic effects of etoposide were apparent in pBabe and LMP2A
cells (Fig. 8C). However, cells expressing LMP1 (LMP1-express-
ing or LMP1-2A-coexpressing cells) recovered from cytotoxic
doses of etoposide with isolated colonies appearing in up to 25 .M
treatment (Fig. 8C). To determine if the increased recovery medi-
ated by LMP1 is due to a change in cell viability, HK1 cell lines
were analyzed by resazurin immediately following treatment with
5 uM etoposide and monitored for a recovery period of 16 days
(Fig. 8A and D). The initial cytotoxic effects of etoposide were
similar for all cell lines during the 24-h treatment, with continued
loss of viability for 10 days after etoposide removal. Despite the
reduction of caspase activation in LMP1-2A cells immediately af-
ter etoposide treatment (Fig. 3D), the decreased resazurin activity
beginning at 2 to 4 days postrecovery correlated with enhanced
cytotoxicity, as determined by LDH release, with comparable cell
death (50 to 70%) for all cell lines (Fig. 8E). This suggests that the
molecular changes induced by LMP1-2A are separate from the
phenotypic effects induced by etoposide cytotoxicity. At 10 to 16
days of recovery, restoration of cell growth was measurable in cell
lines expressing LMP1 (LMP1 and LMP1-2A), correlating with
the isolated colonies detected by crystal violet staining at day 12.
These data reveal a distinct phenotype mediated by LMP1 expres-
sion alone in the recovery phase, such that despite activation of
caspases, DNA damage signaling, and equivalent cytotoxicity in-
duced by etoposide, LMP1 can restore the replicative potential of
cytostatic cells.

DISCUSSION

LMP1 and LMP2A transcripts are consistently expressed in NPC
tumors, and although the signaling and biological properties of
LMP1 and LMP2A have been investigated individually, their com-
bined effects in epithelial cells have not been thoroughly examined
(2, 7,9). In this study, several considerations for utilizing HK1
include its origin from an EBV-negative NPC and p53 status, such
that the cell line would be naive to the effects of EBV and mimic
intact p53 mechanisms in NPC tumors (19, 20, 31). Although
heterozygous for a mutation in p53 (codon 130), HK1 cells still
can activate p53-dependent targets such as PUMA and still are
responsive to p53 stabilization and growth arrest induced by Nut-
lin-3 treatment (20, 23, 31-33 and data not shown). In stably
transduced HK1 cells, LMP1 and LMP2A coexpression did not
affect cell growth, with a subtle increase in motility to fibronectin
(Fig. 3). Intriguingly, only low doses of etoposide resulted in re-
duced caspase cleavage in the LMP1-2A-coexpressing cells (Fig.
3D), but this did not result in a difference in cytotoxicity (Fig. 8D
and E). Additionally, coexpression of LMP1 and LMP2A selec-
tively reduced yYH2AX without affecting H2AX expression, 53BP1
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focus formation, or phosphorylation of other DDR pathway me-
diators, suggesting the selective modulation of H2AX phosphor-
ylation. In response to DSBs and SSBs induced by exogenous
agents, such as irradiation (DSBs), or endogenous agents, such as
replication fork stress (SSBs), H2AX is phosphorylated on S139
(YH2AX) by the phospholinositide-3-kinase-related protein ki-
nases (PIKKs) ATM and ATR (ATM and Rad3 related), respec-
tively (46, 49). Drugs that induced replication fork stress or SSBs
selectively affected yH2AX levels in LMP1-2A-coexpressing cells,
suggesting that LMP1 and LMP2A reduce H2AX phosphorylation
in response to DNA replication stress but not in response to ca-
nonical ATM-dependent DSB repair pathways. Increased phos-
phorylation and activation of ATR was not detected in any of the
replication fork stress-inducing treatments (Fig. 6C and 7A to C);
however, yH2AX phosphorylation also can be mediated by the
related PIKK family protein member DNA-dependent protein ki-
nase (DNA-PK) (50). In addition to the H2AX phosphorylation
on S139, which promotes the recruitment of DNA repair proteins
to sites of DNA damage, a second phosphorylation on H2AX
(Y142) is dephosphorylated by the phosphatase EYA to promote
DNA repair (46, 51). The data in this study indicate that suppres-
sion of yYH2AX by LMP1 and LMP2A is not mediated by modu-
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lation of ATM and ATR kinase activation and is regulated by other
kinases, such as DNA-PK, or dephosphorylation mechanisms.

Mice deficient for H2AX or 53BP1 are defective in cell cycle
checkpoints and are predisposed to cancer (52). Therefore, the
cooperative modulation of H2AX phosphorylation by LMP1 and
LMP2A may contribute to increased genome instability and can-
cer predisposition. ATM transcription is reduced and protein lev-
els are undetectable in the majority of microdissected NPC tumor
cells, and this also can occur in NPC cells infected by EBV in vitro
(21). The lack of changes to ATM phosphorylation in HK1 stable
cell lines expressing LMP1 and LMP2A suggest an alternative
mechanism. It also would be of interest to investigate LMP1-2A
codependent effects on DNA damage signaling in the absence of
an intact ATM-dependent pathway. Individual expression of
LMP1 and other latent EBV proteins can increase the number
of spontaneous and mutagen-induced chromosomal aberrations,
further supporting EBV latent proteins in promoting genome in-
stability (22).

Activation of the DDR pathway is critical for lytic replication of
several DNA tumor viruses. In herpesvirus infection, including
EBV, activation of the DDR and ATM signaling is critical for effi-
cient lytic replication (53). Additionally, the lytic products of mu-
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rid herpesvirus 68 (MHV68) (Orf36 kinase) and its EBV homolog
(BGLF4) induce yH2AX, and this modification is critical for effi-
cient MHV68 replication and also may be required for EBV (54).
The phosphorylation of H2AX also contributes to LANA-medi-
ated episomal maintenance and may be important in the estab-
lishment of Kaposi’s sarcoma-associated herpesvirus (KSHV) la-
tency (25). Although activation of DDR signaling is required for
replication of many DNA viruses, DDR signaling can result in
deleterious effects, including triggering of apoptosis and cell cycle
arrest. Therefore, many DNA viruses have evolved mechanisms to
antagonize the DDR pathway in order to prevent activation of cell
death pathways (53). Establishment of EBV latency in B cells and
subsequent outgrowth of LCLs requires the attenuation of DDR
signaling by EBNA3C (27, 28). However, NPC tumors do not
express EBNA3C or other C promoter (Cp) transcripts character-
istic of type III latency in LCLs. Therefore, the coregulation of
vYH2AX by LMP1 and LMP2A may be more relevant to type II
latency in the absence of EBNA3C expression. The cellular and
viral determinants for establishment of latency in epithelial cells
are not well defined, and it remains to be determined if it similarly
requires the attenuation of DDR signaling (5). Interestingly, the
basal levels of YH2AX also were reduced by coexpression of LMP1
and LMP2A, and this may explain the differential response to low,
but not high, doses of etoposide (Fig. 6C and 7A to C). This indi-
cates relevance to physiological levels of endogenous stress in-
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duced by host replication or maintenance of EBV genomes rather
than exogenous stress induced by therapeutic agents. It would be
important to establish the effects of LMP1 and LMP2A in the
context of viral infection, and additional work is necessary to es-
tablish EBV-infected epithelial cell lines that coexpress LMP1 and
LMP2A proteins to mirror their codetection in NPC biopsy spec-
imens.

This study addresses three aspects of responses to genotoxic
stress: molecular changes in DDR mediators and phenotypic cell
death responses, including cytotoxicity and recovery. The cyto-
toxic response to etoposide was not affected by expression of
LMP1 or LMP2A, suggesting that additional mechanisms are in-
volved. However, a distinct property dependent on LMP1 resulted
in enhanced recovery of cells from etoposide despite activation of
apoptotic mediators in the cell population (Fig. 3D and 8C and
D). Only a subset of cells expressing LMP1 survive etoposide treat-
ment and regain replicative potential, suggesting that LMP1 re-
covers cytostatic cells. This LMP1-dependent recovery is indepen-
dent of genotoxins and was recapitulated with other cell cycle
arrest treatments (data not shown). This underscores that the mo-
lecular effects described in this study likely result in phenotypic
changes to endogenous stress. It would be of interest to character-
ize these distinguishing properties and potential mechanisms of
LMP1 recovered cells. Although LMP1 is required for the immor-
talization and hyperproliferation of primary B cells, the viral
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FIG 8 LMP1-expressing cells recover from etoposide-induced cytotoxicity. (A) Graphical timeline for 24-h etoposide (5 M) treatment of HK1 cell lines in 10% serum
media and subsequent recovery. Treatment and recovery time points are indicated. (B) Etoposide-induced cytotoxicity was assessed by the resazurin metabolic activity
assay and analyzed after 24 h of etoposide treatment (5 WM and 25 uM), followed by up to 2 days of recovery in etoposide-free medium. The relative fluorescence units
(RFU) and standard deviations were determined from triplicate wells of 3 independent experiments. Staurosporine treatment was used as a positive control for
cytotoxicity at the 24-h time point. (C) The cytotoxic effects of etoposide on HK1 stable cell lines were analyzed by crystal violet staining of cells recovered under normal
growth conditions for 12 days following treatment with increasing doses of etoposide for 24 h. Shown is a representative plate from 3 biological replicas. (D) HK1 cell lines
treated with 5 M etoposide for 24 h were analyzed for recovery by measuring viability and proliferating cells as determined by the resazurin assay. Each data point
represents the means from 3 biological replicas. (E) After 5 uM etoposide treatment for 24 h, HK1 cell lines were analyzed for cytotoxicity by measuring the release of
lactate dehydrogenase (LDH) from dying cells. Each data point represents the means from 3 biological replicas.
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