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Epstein-Barr virus (EBV)-associated malignancies display distinct
patterns of virus latent gene expression that reflect the complex
interplay between the virus and its host cell. In the EBV-associated
epithelial tumor nasopharyngeal carcinoma (NPC), the virus-
encoded latent membrane protein LMP2A is consistently expressed
whereas the oncogenic LMP1 protein appears to be restricted to
only a proportion of tumors. In an attempt to understand the
contribution of LMP2A to the pathogenesis of NPC, we established
carcinoma cell lines stably infected in vitro with either a wild-type
recombinant EBV (rEBV) or a mutant rEBV in which LMP2A is
deleted (rEBV-2A). An NPC-like pattern of EBV gene expression
including LMP2A but not LMP1 was consistently observed in
carcinoma cells infected with rEBV. However, carcinoma cells
infected with rEBV-2A expressed high levels of LMP1 from the
signal transducer and activator of transcription (STAT)-regulated
L1-TR promoter. Consistent with this effect, basal STAT activity was
reduced in rEBV-infected carcinoma cells, and this repression was
relieved in the absence of LMP2A. This modulation of STAT activity
correlated with the ability of LMP2A to inhibit the autocrine
secretion of IL-6 from carcinoma cell lines. Exogenous IL-6 was able
to induce expression of LMP1 by means of STAT3 activation both
in rEBV-infected carcinoma cell lines and in the EBV-positive C666-1
NPC cell line. The LMP2A-mediated suppression of IL-6 was a
consequence of NF-kB inhibition. These data reveal that LMP2A
modulates two key transcription factor pathways in carcinoma
cells and suggest that this finding may be important in the
pathogenesis of EBV-associated tumors.

pstein-Barr virus (EBV) is a ubiquitous human herpesvirus

associated with the development of both lymphoid and
epithelial tumors (1). The pattern of EBV latent protein expres-
sion in these tumors is different from that observed in EBV-
transformed lymphoblastoid cell lines (LCLs) (2-4). Thus, only
EBV-encoded nuclear antigen 1 (EBNAL1) is expressed in Bur-
kitt’s lymphoma whereas EBNA1 and two membrane proteins
(LMP1 and LMP2A/B) are expressed in Hodgkin’s lymphoma
(HL) and nasopharyngeal carcinoma (NPC) (2, 4). The Qp
promoter is responsible for specifically regulating EBNA1 ex-
pression in these tumors rather than the Cp promoter, which
drives expression of all of the EBNAs in LCLs (2, 5). Likewise,
in NPC and HL the expression of LMP1 is predominantly
regulated by the L1-TR promoter rather than the EBNA2-
responsive ED-L1 promoter used to drive LMP1 expression in B
cells (6). Interestingly, the Qp, L1-TR, and ED-L1 promoters are
positively regulated by the Janus kinase/signal transducer and
activator of transcription (STAT) pathway (6, 7). Although the
expression of the oncogenic LMP1 protein is a consistent feature
of virus-associated HL, this is not the case in NPC, where
expression is variable with only ~20% of biopsies being unequiv-
ocally positive for LMP1 at the protein level (8). The mecha-
nisms underlying differential LMP1 expression in NPC and the
consequent effects on the NPC phenotype remain unknown.
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Unlike LMP1, LMP2A and LMP2B are consistently expressed
in NPC at the RNA level, and recent work confirms that LMP2A
protein is frequently expressed in NPC (9, 10). This finding
supports earlier work in which antibody responses to LMP2A
and LMP2B were detected in sera from NPC patients but not in
sera from patients with other EBV-related disorders (11). The
immunoreceptor tyrosine-based activation motif (ITAM) of
LMP2A, like that present in the B cell receptor (BCR), is
tyrosine-phosphorylated and associates with the src¢ family of
protein tyrosine kinases and the syk protein tyrosine kinase (12).
This association accounts for the ability of the LMP2A ITAM to
block BCR signal transduction, thereby preventing the induction
of lytic EBV replication in B cells (13). The consistent expression
of LMP2A in NPC suggests an important function for this
protein in the carcinogenic process, and this contention is
supported by the demonstration that LMP2A can transform an
epithelial cell line, an effect that is associated with activation of
the phosphatidylinositol 3-kinase (PI3-K)/Akt survival pathway
(14). LMP2A can also engage the extracellular signal-regulated
kinase/JNK mitogen-activated protein (MAP) kinase and
B-catenin signaling pathways in epithelial cells, but the conse-
quences of this activation for NPC cells is unknown (15, 16). As
the major EBV-encoded oncogene, LMP1 has diverse pheno-
typic effects, including up-regulation of antiapoptotic proteins
and stimulation of cytokine production (2, 3). The ability of
LMP1 to function as a constitutively activated member of the
tumor necrosis factor receptor superfamily results in the acti-
vation of a diverse number of signaling pathways, including the
NF-«B transcription factor pathway, the MAP kinase cascade,
and the PI3K/Akt pathway (2, 3, 17).

An important consequence of epithelial infection with EBV is
malignant transformation resulting in the development of NPC,
a subset of gastric adenocarcinomas and of certain salivary gland
carcinomas (1). Studies using recombinant EBV carrying the
neomycin resistance gene (tEBV) to directly infect epithelial cell
lines have demonstrated that stable infection can be established
producing a pattern of EBV latent gene expression (EBNAL1 and
LMP2A) identical to that observed in the majority of NPC and
virus-positive gastric carcinomas (18-20). To examine the pos-
sible role of LMP2A in carcinogenesis, we established carcino-
ma-derived cell lines infected with either wild-type rEBV or an
rEBV in which the first exon of the LMP2A gene is disrupted
(rEBV-2A) (21). These experiments reveal, for the first time, a
relationship between LMP2A and LMP1 expression and high-
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light a significant role for LMP2A in modulating the Janus
kinase/STAT and NF-«B transcription pathways.

Materials and Methods

Cell Lines and Tissue Culture. AGS (a human gastric-derived
carcinoma cell line) and C666-1 (derived from undifferentiated
EBV-positive NPC) (22) cells were cultured in Ham’s F12 media.
HONE-1 (an EBV-negative NPC cell line) and Ad/AH (a
human adenocarcinoma of the nasopharynx) cells were cultured
in RPMI medium 1640. All media were supplemented with 10%
FCS, 2 mM L-glutamine, and 1% penicillin—streptomycin solu-
tion (Sigma-Aldrich). Cells were grown in six-well plates for
recombinant IL-6 stimulations, transfections, RNA extraction,
and immunoblot analysis or in 10-cm dishes for electrophoretic
mobility-shift assays (EMSAs). Cells were grown on Teflon-
coated microdot slides (Hendley, Loughton, U.K.) for immuno-
fluorescence analysis. IL-6 secretion was analyzed by using the
Pelikine human IL-6 ELISA kit (CLB, Amsterdam) according to
the manufacturer’s instructions.

Generation of EBV-Infected Carcinoma Cell Lines. Akata Burkitt’s
lymphoma cells carrying either rEBV or rEBV-2A were gener-
ated as previously described (18, 21, 23). Carcinoma cell lines
infected with either tTEBV or rEBV-2A were established by
coincubation with anti-IgG-treated rEBV-carrying Akata Bur-
kitt’s lymphoma cells as previously described. The cells were
cocultivated for 2-3 days before the removal of the nonadherent
Akata cells by vigorous washing with PBS. Cells were then re-fed
in their normal growth media supplemented with 50 ug/ml G418
(GIBCO) and left at 37°C for 1 week. Drug selection was
increased to 400 ug/ml G418 over a period of 3 weeks and
maintained at this level.

Immunofluorescence Staining and Immunoblotting. For LMP1 im-
munostaining, cells grown on slides and fixed in 4% parafor-
maldehyde were stained as previously described (17) by using the
LMP1 antibody CS1-3 (diluted 1:1). Standard immunoblotting
procedures (17) were used to detect EBNA1 by using a reference
serum (AM, 1:200), LMP1 by using anti-LMP1 CS1-3 monoclo-
nal antibodies (1:20), hemagglutinin (HA)-tagged LMP2A using
a rabbit anti-HA antibody (Y11 diluted 1:200, Santa Cruz
Biotechnology), STAT3 using either a phospho-STAT3-specific
antibody or a total STAT3 antibody (1:1,000, Cell Signaling
Technology). All immunoblots were repeated on at least three
independent experiments.

EMSA. Nuclear extracts were prepared for EMSA as previously
described (24) by using probes for NF-kB (5'-AGTTGAGGG-
GACTTTCCCAGGC-3"), STAT (5'-GATCCTTCTGG-
GAATTCCTAGATC-3"), and STAT3 (5'-GATCCTTCTGG-
GAATTCCTAGATC-3"). A total of 4 ug of protein was
resolved by electrophoresis through a 5% polyacrylamide gel in
a 0.55x TBE buffer (90 mM Tris/64.6 mM boric acid/2.5 mM
EDTA, pH 8.3). Gels were then dried and exposed to x-ray film
for autoradiography. All EMSAs were repeated on at least three
independent experiments.

RNA Extraction, RT-PCR, and Southern Blotting. Preparation of total
RNA and amplification by RT-PCR were performed as previ-
ously described (24) by using primers specific for L1-TR tran-
scripts (5'-GCGTTACTCTGACGTAGCCG-3" and 5'-ATAC-
CGAAGACAAGTAAGCA-3") or Qp promoter transcripts (5'-
GTGCGCTACCGGATGGCG-3" and 5'-CATTTCCAG-
GTCCTGTACCT-3"). PCR products for EBNAL1 (273 bp) and
LMP1 (490 bp) were visualized on 2% agarose gels and con-
firmed by Southern blotting by using either an EBNA1-specific
probe (5'-AGACCTGGGAGCAGATTCAC-3") or a LMP1-
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specific probe (5'-GAACAGCACAATTCCAAGGAACAAT-
GCCTG-3").

Small Interfering RNAs (siRNAs) Directed to LMP2A. siRNA sequence
directed to LMP2A (5'-CUCCCAAUAUCCAUCUGCU-3")
and an irrelevant/control siRNA (5'-GGGUAGAUAGACU-
CUCGCU-3") were designed and manufactured by Eurogentec
(Brussels). Sequences were labeled with a fluorescent dye
(5'-fluorescein, 6-FAM) to monitor transfection efficiency.
HONE-1 rEBV-infected cells were transfected by using the
transfection reagent Ribojuice (Novagen) as per the manufac-
turer’s instructions and maintained at 37°C in 5% CO, for 3 h
before removal of siRNA. Solutions were replaced with com-
plete growth medium, and RNA was collected at 24 and 48 h
posttransfection.

Real-Time PCR (Quantitative PCR). RNA was extracted by using
EZ-RNA total RNA isolation kit (Geneflow, Staffordshire,
U.K.) and reverse-transcribed by using a cDNA reverse tran-
scription kit (Promega) according to the manufacturer’s instruc-
tions. Quantitative PCR for LMP2A (25) and LMP1 was per-
formed by using LMP2 specific forward and reverse primers
(5'-GCCTGGATTCTTACAGCAGGAT-3" and 5'-GCAG-
CATCTAATGACCCCAAA-3") and LMP1 specific forward
and reverse primers (5'-CCTTGGTCTACTCCTACTGAT-
GATCA-3" and 5'-CAGCACAATTCCAAGGTACAATG-3").
All reactions were performed on a real-time PCR machine
(PE7700 ABI Prism, PE Biosystems/Roche) with 18S ribosomal
RNA as an internal standard. Cycle threshold (Ct) values were
obtained graphically for LMP1, LMP2A, and the 18S internal
standard. Gene expression was normalized to the 18S and
represented as DCt values. For each sample the mean DCt values
was calculated. Comparison of gene expression between control
and treated samples was derived from subtraction of control DCt
values from treatment DCt values to give a DDCt value, and
relative gene expression was calculated as 2-DDCt. Relative
gene expression was normalized to 1.0 (100%) of controls.

Transient Transfection and Adenovirus Infection. For luciferase as-
says the dual luciferase reporter assay (Promega) was performed
according to manufacturer’s instructions by using an IL-6 reporter
plasmid and the Renilla plasmid to control for transfection effi-
ciency. Transient transfection was performed by using increasing
concentrations of pSG5 control and pSG5-LMP2A (expressing
HA-tagged LMP2A) plasmids, and samples for EMSA were har-
vested after 24 h for incubation with NF-«B- and STAT-specific
probes. HONE-1 cells infected with TEBV-2A were transfected
with pSGS control or pSG5-LMP2A. HONE-1 rEBV-2A cells were
infected with a recombinant adenovirus expressing a dominantly
active mutant of IkBa (RAd- IkBaS5A4) kindly provided by R. T.
Hay (University of St. Andrews, St. Andrews, U.K.). Cells were
exposed to the recombinant virus at different multiplicities of
infection for 2 h, and supernatants were harvested after 48 h for
subsequent analysis of IL-6.

Results

Infection with rEBV-2A Results in LMP1 Expression. The carcinoma
cell line panel (AGS, Ad/AH, and HONE-1) was infected with
either rEBV or rEBV-2A. Stable cell lines carrying EBV were
selected in neomycin and maintained as polyclonal populations.
No difference in the efficiency of selection between rEBV- and
rEBV-2A-infected cells was observed. Immunoblot analysis of
EBNAI1 expression confirmed that the selected carcinoma cells
were EBV-positive (Fig. 14), and this was further supported by
both immunostaining for EBNA1 and the detection of EBV-
encoded small RNA expression (data not shown). The expres-
sion of LMP2A in the rEBV-infected carcinoma cells was
confirmed by quantitative PCR and, interestingly, shown to be at
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Fig. 1. Expression of EBNA1 and LMP1 in EBV-infected AGS, Ad/AH, and
HONE-1 cell lines. Immunoblot analysis demonstrates EBNA1 (A) and LMP1 (C)
expression in cells infected with rEBV- and rEBV-2A-infected cell lines. The LCL
X50-7 was used as a positive control for both EBNA1 and LMP1. EBNA1
reference serum (AM) was used to detect EBNA1, and CS1-3 was used to detect
LMP1. (B) Immunofluorescence staining using CS1-3 demonstrates LMP1 ex-
pression in cell lines infected with rEBV-2A (Bottom). LMP1 is absent from
parental cells (Top) and cells infected with wild-type rEBV (Middle).

a relatively low level compared with that expressed in the X50-7
LCL (Table 1). However, the LMP2A levels in rEBV-infected
HONE-1 and Ad/AH cells were similar to that observed in the
EBV-positive C666-1 NPC cell line (Table 1). Whereas carci-
noma cells infected with rEBV did not express LMP1, those
infected with rEBV-2A expressed significant levels of LMP1 that
were detectable by both immunostaining (Fig. 1B) and immu-
noblotting (Fig. 1C). RT-PCR analysis demonstrated that the
LMP1 expressed in rEBV-2A-infected carcinoma cells was pre-
dominantly driven from the STAT-responsive L1-TR promoter
(Fig. 24), with low-level expression also detected from the
ED-L1 promoter (data not shown). Only extremely low levels of
LMP1 expression were detected by RT-PCR in the rEBV-
infected carcinoma cells, and these low levels did not result in
LMP1 protein expression. Because a previous study had found
that the Qp promoter responsible for EBNA1 expression in NPC
is also STAT-responsive (7), we examined the activity of this
promoter using RT-PCR and found a significant induction of Qp

Table 1. Relative expression of LMP2A

Cell line LMP2A expression, %
X50-7 100
HONE-1 0.3
AGS 30.4
Ad/AH 0.8
C666-1 0.8

Quantitative PCR analysis to determine the level of LMP2A expression in
EBV-infected cell lines was performed as described in ref. 25. The X50-7 LCL
was used as a reference for LMP2A levels in comparison with those in rEBV-
infected HONE-1 AGS and Ad/AH cell lines as well as the EBV-positive C666-1
NPC cell line. Values assigned were calculated as a percentage of LMP2A
expression in X50-7 LCLs.
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in carcinoma cells infected with rEBV-2A compared with those
infected with rEBV (Fig. 2B).

LMP2A Regulates STAT Activity and IL-6 Secretion. The up-regulation
of both the L1-TR and Qp promoters in rEBV-2A-infected
carcinoma cells suggested that LMP2A might be regulating
STAT activity. To investigate this possibility, nuclear extracts
from the infected carcinoma cell panel were examined by EMSA
by using a generic STAT probe. The results of this assay
confirmed that the constitutive levels of STAT activity observed
in uninfected carcinoma cells were down-regulated upon rEBV
infection and that this repression was relieved in cells infected
with TEBV-2A (Fig. 2C). Given the proposed role of STAT3 in
regulating LMP1 L1-TR and EBNA1 Qp and its activation in
NPC cells (6, 7), we examined STAT3 activity in the HONE-1
NPC cell line. Consistent with our previous data in AGS and
Ad/AH cells, STAT3 activity was reduced in rEBV-infected
HONE-1 cells but up-regulated in cells infected with rEBV-2A
as determined by both EMSA and phosphorylation of STAT3
(Fig. 2 D and E). The ability of IL-6 to activate STATS3,
confirmed in HONE-1 cells in response to exogenous IL-6 (Fig.
2D), suggested that the effects of LMP2A could result from
modulation of IL-6 expression. To address this possibility,
supernatants from the infected carcinoma panel were examined
for IL-6 secretion in ELISAs. Consistent with the constitutive
activation of STATS3 in these cells, both HONE-1 and Ad/AH
cells but not AGS cells expressed IL-6, but this was down-
regulated upon infection with rEBV (Fig. 34). Infection with
rEBV-2A relieved this inhibition of IL-6, resulting in cytokine
levels equivalent to those observed in uninfected control cells
(Fig. 34). Because IL-6 can stimulate the L1-TR promoter (6),
we proposed that exogenous IL-6 might be able to overcome the
LMP2A-induced inhibition of LMP1 expression. Thus, rEBV-
infected HONE-1 cells were exposed to IL-6 for different times
and subsequently harvested for examination of LMP1 expres-
sion. IL-6 was found to induce abundant expression of LMP1 in
these cells, and this induction was maintained up to the latest
time point at which cells were harvested (Fig. 3B). To confirm
the ability of IL-6 to induce LMP1 expression in a more
representative background, we examined the effects of exoge-
nous IL-6 on the C666-1 EBV-positive NPC cell line, which has
been reported as expressing LMP2A but very low levels of LMP1
(22). Exogenous IL-6 induced a biphasic response in STAT3
activation in C666-1 cells as determined by STAT3 phosphory-
lation. Thus, STAT3 activation was elevated after 3 h of IL-6
treatment but then declined and was subsequently induced again
after 12 h (Fig. 3C). In contrast, a steady increase in LMP1
expression was observed, with maximum levels being achieved
after 12 h of IL-6 treatment (Fig. 3C). These effects can be
explained by the ability of LMP1 itself to induce IL-6 and STAT
activation (24). Thus, IL-6 induced STAT3 activity results in
up-regulation of LMP1 expression by means of the L1-TR
promoter, and the induced LMP1 activates IL-6 secretion,
resulting in a second wave of STAT3 activation.

LMP2A Regulates LMP1 Expression. Experiments were performed
to confirm the specificity of the inhibitory effect of LMP2A on
LMP1 expression. The HONE-1 cell line infected with rEBV-2A
was transiently transfected with a vector expressing HA-tagged
LMP2A (pSG-LMP2A) in an attempt to transcomplement the
LMP2A deletion. The expression of LMP2A in the transfected
rEBV-2A-infected HONE-1 cells was confirmed by using HA
immunoblotting to detect the HA-LMP2A fusion (Fig. 44).
Immunoblotting of the same extracts revealed down-regulation
of LMP1 expression, which was accompanied by a decrease in
the levels of phosphorylated STAT3 (Fig. 44). To further
examine the effect of LMP2A on LMP1 expression, HONE-1
cells infected with rEBV were treated with siRNA specific to
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Fig.2. Cellsinfected with rEBV-2A show increased transcriptional activity from the alternative LMP1 promoter L1-TR and EBNA1 Qp promoter. (A) Transcription
of LMP1 from the alternative L1-TR (3.7 kb) is significantly elevated in cells infected with rEBV-2A as demonstrated by RT-PCR and Southern blotting. LMP1
expression in the X50-7 LCL was predominantly from the 2.8-kb promoter, and low-level L1-TR activity was detected in both X50-7 and Akata virus-transformed
LCLs (data not shown). Uninfected parental cells served as a negative control. (B) Cells infected with rEBV-2A display increased transcription from the EBNA1 Qp
promoter as detected using RT-PCR and Southern blotting. RAEL, a type 1 latently infected Burkitt's lymphoma cell line that expresses EBNA1 transcribed from
the Qp promoter, served as a positive control. (C) EMSA demonstrates that LMP2A deletion results in derepression of STAT activity in nuclear extracts isolated
from AGS and Ad/AH EBV-infected cells. The amount of activated STAT was determined by measuring its binding to a 32P-labeled generic STAT probe. Parental
cells lines show constitutive levels of STAT activity comparable to that of cells infected with rEBV-2A. Basal STAT activity is reduced in cells infected with rEBV.
IL-6 stimulated C666-1 NPC cells served as a positive control for STAT activation. (D) EMSA analysis of nuclear extracts isolated from HONE-1 parental and
rEBV-infected cell lines confirms that LMP2A deletion results in derepression of STAT3 activity. IL-6-stimulated HONE-1 parental cells serve as a positive control
for STAT3 activation. (E) Immunoblotting for phosphorylation of STAT3 confirms the ability of LMP2A to suppress STAT3 activity. Total STAT3 served as a loading
control.

LMP2A, and after 24 or 48 h RNA was harvested for quantitative =~ LMP2A Modulates NF-xB Activation. The ability of LMP2A to
PCR determination of both LMP2A and LMP1 expression.  down-regulate IL-6 secretion and the observation that this effect
Although no effect of treatment with a control scrambled siRNA  can be overcome by exogenous IL-6 suggests that LMP2A
was observed, LMP2A-specific siRNA induced a decrease in  directly influences IL-6 expression. Given that IL-6 transcription
LMP2A levels with a reduction of 50% at 48 h relative to the  isdirectly regulated by the NF-«B pathway (24), we examined the
scrambled siRNA-treated control (Fig. 4C). Consistent with this  effect of LMP2A on NF-«B activity. EMSAs using an NF-«xB
decrease in LMP2A expression, the LMP2A-specific siRNA  probe revealed that infection of HONE-1 cells with rEBV
induced a significant increase in LMP1 RNA levels equating to  resulted in a reduction in NF-kB activity and that this was
a 6-fold induction at 48 h (Fig. 4C). relieved in rEBV-2A-infected HONE-1 cells (Fig. 54). To

confirm the influence of NF-kB activity on IL-6 expression,

HONE-1 cells infected with rEBV-2A were infected with a

i 000 recombinant adenovirus expressing a dominantly active mutant
400000 566 of IkBa (RAd- IkBaSSA4). Blockade of NF-«B activity with this
recombinant virus induced a dose-dependent inhibition of IL-6
- iy = B0 secretion (Fig. 5B). That these effects were caused by transcrip-
2 200000 B tional regulation was confirmed by using reporter assays to
s S 1000 monitor IL-6 promoter activity. Although the IL-6 promoter was
S — active to a similar level in control HONE-1 cells and in HONE-1
Y e A it e S W cells infected with rEBV-2A, there was a marked reduction in
: : promoter activity in rEBV-infected HONE-1 cells (Fig. 5C).
B HONE-1 Parent + IL-6 C These effects were consistent with the NF-kB activity levels
T detected in these cells (Fig. 54). The effect of LMP2A on NF-«B
3 L Lk —ten il activity was confirmed by transient transfection of LMP2A into
e . 03 & 9 2 24 HONE-1 cells. Thus, LMP2A induced a dose-dependent inhi-
S —— iztg _:_;;‘_: ;’;i‘:ﬂ bition of the constitutive levels of NF-«kB activity in HONE-1
HONE-1 rEBV + IL-6 cells (Flg SD)
- 83kd 1'm| STAT3
0 12 24 36 48 72 96 Discussion
6okd - ‘ LMP1

Previous studies examining the function of LMP2A have focused
on either EBV-transformed LCLs carrying LMP2A mutations or
Fig.3. IL-6secretionisinhibited by LMP2A and controls LMP1 expression. (4)  overexpression of LMP2A in B cell and carcinoma cell lines (14,
The ability of LMP2A to down-regulate IL-6 secretion in rEBV-infected HONE-1 26). In this study we have used the more physiologically relevant
and Ad/AH cell lines was determined by using an IL-6 ELISA. The histograms system of EBV infection of carcinoma cell lines to reveal a
are r_ep_resentative o_f at.leas.t three separate e.:x.periments, and the mean +SE hitherto unknown function of LMP2A, namely the ability to
of triplicate determinations is shown. (B) Addition of human recombinant IL-6 down-regulate the STAT and NF-xB pathways in carcinoma

to the HONE-1 rEBV-infected cell line induces LMP1 expression as demon- lIs. O f this eff s . f LMP1
strated by immunoblot analysis. (C) Addition of human recombinant IL-6 to cells. One consequence of this efiect 1s repression o

the C666-1 NPC cell line induces LMP1 expression and phosphorylation of expression, althqugh itis likely that many cellular genes targeted
STAT3 as demonstrated by immunoblot analysis. Total STAT3 served as a Dy these transcription factors will also be down-regulated. Re-

loading control. pressive effects of LMP2A expression have recently been re-

Stewart et al. PNAS | November 2,2004 | vol. 101 | no.44 | 15733

MEDICAL SCIENCES



R RNAS - PNAS _PNAS

A CONTROL HA-LMF2A

tEBY LMP2A.
LMP2A.

PARENT

rE

| PARENT

45kd LMP2A
oy . %
Bk | —— e = | Total STAT3
b a— -
B LMP2A
g 25
s 2 T
£ 15 —
=
T
g U ak
805
oy .
24h SCRAM 24h siRNA 48h SCRAM 48h siRNA
LMP1
10
w 8
5
[
£
-
s 4
]
— [
0
24h SCRAM 24h siRNA 48h SCRAM 48h siRNA
Fig. 4. Confirmation that LMP2A regulates LMP1 expression. (A) Transient

delivery of LMP2A represses LMP1 expression in rEBV-2A-infected HONE-1
cells. HONE-1 cells infected with rEBV-2A were transiently transfected with a
vector (pSG-LMP2A) expressing HA-tagged LMP2A or with a control vector
(pSG5), and, after 48 h, the protein expression was assessed by immunoblot-
ting with antibodies to HA for detection of tagged LMP2A, LMP1, phospho-
STAT3, and total STAT3. LMP2A expression resulted in decreased expression of
both LMP1 and phospho-STAT3. pSG5 control transfected cells were used as a
negative control. (B) HONE-1 rEBV-infected cells were transiently transfected
with siRNA targeted to LMP2A or with a control scrambled siRNA. This
treatment resulted in a 50% reduction in the levels of LMP2A relative to
control (Upper) and a 6-fold increase in LMP1 relative to control (Lower) at
48 h posttransfection. Data shown are representative of two separate exper-
iments with triplicate determination in each experiment, and data are ex-
pressed as the mean =+ SE.

ported in human and murine B cells and many of these target B
cell-specific factors, resulting in a phenotype similar to that of the
malignant HRS cells in HL and of germinal center B cells (27,
28). Alongside these effects, LMP2A was also found to induce
expression of a range of genes involved in cell cycle induction,
apoptosis inhibition, and suppression of cell-mediated immunity.
Thus, the ability of LMP2A to both repress and induce cellular
gene expression has been established in B cells, but differential
effects due to variable levels of LMP2A expression or to cellular
context have not been examined. Although our studies demon-
strate a repressive effect of LMP2A on the NF-kB pathway in
carcinoma cells, no such effect has been observed in B cells.
Quantitative examination of LMP2A expression at the RNA
level showed that LMP2A is expressed at extremely low levels in
EBV-infected carcinoma cell lines and in the EBV-positive
C666-1 NPC cell line relative to the levels observed in an LCL.
This finding may account for the difficulties in detecting LMP2A
at the protein level in NPC biopsies and in EBV-infected
carcinoma cell lines. These relatively low levels of LMP2A
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Fig. 5. LMP2A negatively regulates IL-6 secretion by means of inhibition of

NF-kB. (A) EMSA demonstrates that infection of HONE-1 cells with rEBV
inhibits NF-«B activity and that this effect is relieved in cells infected with
rEBV-2A. Nuclear extracts isolated from HONE-1 cells or HONE-1 cells infected
with rEBVs were analyzed for basal NF-«B activity. Tumor necrosis factor
a-stimulated HONE-1 parental cells were used as a positive control. The
presence of p65 and p50 subunits in the NF-«B complexes was confirmed by
using antibodies to these subunits. (B) Blockade of NF-«B activity in rEBV-2A-
infected HONE-1 cells with the RAd-1kBa5AA virus inhibited IL-6 secretion in a
dose-dependent manner as determined by IL-6 ELISA. Data are representative
of two separate experiments with triplicate determination, and the mean =
SE were all <5 pg/ml and thus unable to be accurately depicted on the
histograms. (C) Transient transfection of the HONE-1 cell panel with an IL-6
reporter plasmid (p-IL-6-luc651) confirms that LMP2A modulates IL-6 expres-
sion. Thus, IL-6 promoter acting was similar in parental HONE-1 cells and
rEBV-2A-infected HONE-1 cells but significantly reduced in rEBV-infected
HONE-1 cells. Data are representative of three experiments and are presented
as the mean = SE of triplicate determinations. (D) NF-«B activity was inhibited
in HONE-1 parent cells transiently transfected with a LMP2A-expressing plas-
mid as determined by EMSA. The pSG5 control vector was used as a negative
control. Tumor necrosis factor a-stimulated HONE-1 parent cells served as a
positive control for NF-«B activity.

expression in EBV-infected carcinoma cells were nevertheless
functional, because infection with rEBV-2A rather than wild-
type EBV resulted in expression of LMP1, secretion of IL-6, and
relief of STAT and NF-«B transcription factor repression.
Although LMP2A was able to repress STAT activity in the AGS
cell line, this effect was not caused by IL-6 suppression, because
these cells fail to produce this cytokine. This finding suggests that
other factors are likely to contribute along with IL-6 to the
observed consequences of LMP2A expression. It was also inter-
esting that EBV-infected AGS cells expressed relatively higher
levels of LMP2A than either of the virus-infected NPC cell lines
(Ad/AH and HONE-1). Whether the lack of IL-6 production
and high levels of LMP2A expression in AGS cells are linked in
any way requires further investigation. Transient expression of
LMP2A in rEBV-2A-infected carcinoma cells suppressed LMP1
expression and STAT3 activity. Down-regulation of LMP2A
using siRNA resulted in the induction of LMP1 in rEBV-infected
carcinoma cell lines. These studies confirmed the specificity of
LMP2A function and support a key role for LMP2A in modu-
lating the STAT and NF-«B pathways in epithelial cells.

A previous study proposed a role for the STAT pathway in
regulating LMP1 expression in carcinoma cells and suggested the
establishment of an autoregulatory positive-feedback loop in
which STAT-induced LMP1 expression results in up-regulation
of IL-6 with consequent STAT activation inducing LMP1 by
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means of the L1-TR promoter and EBNA1 by means of the Qp
promoter (29). Our study refines this model by demonstrating
that LMP2A indirectly modulates LMP1 expression by repress-
ing NF-«kB activity. This effect results in suppression of IL-6
secretion with consequent down-regulation of STAT activity.
Our observations explain the lack of detectable LMP1 expres-
sion at the protein level in most EBV-infected carcinoma cell
lines as well as in NPC- and EBV-positive gastric carcinomas (8,
18,19, 30, 31). In our studies we used carcinoma cell lines derived
from either the nasopharynx or stomach, tissues that are natu-
rally targeted by EBV in vivo, and confirmed that EBV infection
of these cells results in the establishment of a latent virus
infection with a pattern of EBV latent gene expression identical
to that observed in the majority of NPC tumors and EBV-
positive gastric adenocarcinomas. Importantly, we used the
HONE-1 cell line that was originally EBV-positive but lost the
EBV genome in culture and that carries the range of genetic
changes evident in NPC (32, 33).

The observation that LMP2A can inhibit LMP1 expression
and that this effect is relieved by exposure to IL-6 suggests an
important contribution of the cellular environment to the mod-
ulation of LMP2A function. Thus, the consistent expression of
LMP1 together with LMP2A in EBV-positive HL may be
attributable to the autocrine production of IL-6 by malignant
HRS cells (34). Furthermore, the critical role of IL-6 as an
autocrine growth factor for EBV-transformed LCLs may be
explained by its ability to induce LMP1 expression even in the
presence of LMP2A (35). Our data suggest that the level of
LMP2A expression may also determine the ability of NPC cells
to express LMP1, thus raising questions about the factors
responsible for regulating LMP2A transcription in these cells.
The consistent expression of LMP1 in high-grade premalignant
lesions (36) suggests that the effects of LMP2A on LMP1
expression may be modulated either by factors influencing
LMP2A transcription or by local production of IL-6.

Constitutive activation of the STAT and NF-«B pathways com-
monly occurs in both hematopoietic malignancies and carcinomas
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as a consequence of either genetic or autocrine/paracrine alter-
ations (37, 38). Our study links these two pathways by demonstrat-
ing that constitutive activation of NF-kB in carcinoma cell lines, a
result of relA gene amplification in gastric and head and neck
carcinomas (38, 39), induces IL-6 production, and this leads to the
subsequent activation of the STAT pathway. Apart from its ability
to promote cell growth and survival, the NF-«B pathway also
mediates inflammatory responses by means of induction of cyto-
kines and chemokines, which can result in the recruitment and
activation of immune cells with consequent stimulation of anti-
tumor immunity (38). Thus, a balance must exist between the ability
of NF-«B to promote tumor development and its role in activating
anti-tumor immune responses. This balance suggests that the
developing cancer cell will need to alter its profile of NF-«B target
genes at certain stages, e.g., to suppress apoptosis without activating
the inflammatory response. LMP2A may contribute to this effect
by modulating NF-«B activity while inducing the prosurvival phos-
phatidylinositol 3-kinase/Akt pathway (16, 26). Another important
consideration is the context-dependent effects of NF-«B, particu-
larly in epithelial cells, where this pathway has been shown to
promote cell cycle withdrawal and differentiation in stratified
squamous epithelium (40, 41). The demonstration that blockade of
NF-«B function induces epidermal hyperplasia suggests a potential
contribution of LMP2A-induced NF-kB repression to the patho-
genesis of NPC, an undifferentiated tumor originating from squa-
mous nasopharyngeal epithelium (40). Further studies in appro-
priate epithelial and carcinoma cell backgrounds are required to
define the precise mechanisms underlying the effect of LMP2A on
NF-«B and to determine the downstream consequences on gene
transcription and cellular phenotype.
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