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ABSTRACT

Background

In Epstein-Barr virus-associated Hodgkin’s lymphomas, neoplastic Reed-Sternberg cells
and surrounding non-tumor B-cells contain different variants of the LAIP1-BNLF1 onco-
gene. In this study, we raised the question of functional properties of latent membrane
protein 1 (LMP1) natural variants from both Reed-Sternberg and non-tumor B-cells.

Design and Methods

Twelve LMP1 natural variants from Reed-Sternberg cells, non-tumor B-cells of Hodgkin’s
lymphomas and from B-cells of benign reactive lymph nodes were cloned, sequenced and
stably transfected in murine recombinant interleukin-3-dependent Ba/F3 cells to search for
relationships between LMP1 cellular origin and oncogenic properties as well as nuclear fac-
tor-kB activation, and apoptosis protection.

Results

LMP1 variants of Reed-Sternberg cell origin were often associated with increased muta-
tion rate and with recurrent genetic events, such as del15bp associated with S to N replace-
ment at codon 309, and four substitutions I85L, F106Y, I122L, and M129]1. Oncogenic
potential (growth factor-independence plus clonogenicity) was consistently associated
with LMP1 variants from Reed-Sternberg cells, but inconstantly for LMP1-variants from
non-tumor B-cells. Analysis of LMP1 variants from both normal B-cells and Reed-
Sternberg cells indicates that protection against apoptosis through activation of nuclear
factor-kB - whatever the cellular origin of LMP1 - was maintained intact, regardless of the
mutational pattern.

Conclusions

Taken together, our results demonstrate that preserved nuclear factor-«B activity and pro-
tection against apoptosis would be the minimal prerequisites for all LMP1 natural variants
from both normal and tumor cells in Hodgkin’s [ymphomas, and that oncogenic potential
would constitute an additional feature for LMP1 natural variants in Reed-Sternberg cells.
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Introduction

Epstein-Barr virus (EBV), an ubiquitous gamma herpes
virus, has been implicated in the pathogenesis of several
human malignancies of both lymphocyte and epithelial
cell lineages, including nasopharyngeal carcinomas,
Burkitt’s lymphomas, immunodeficiency-related lym-
phomas, some T-cell lymphomas, and Hodgkin’s lym-
phomas." EBV infection is mainly characterized by the
expression of latent genes. In nasopharyngeal carcino-
mas and Hodgkin’s Iymphomas, viral expression is
restricted to EBNA1, LMP1, LMP2 and the EBER and
BART RNA. Latent membrane protein 1 (LMP1) was
the first EBV latent protein found to be able to transform
cell lines, and further the development of lymphomas in
LMP1 transgenic mice due to its oncogenic potential.**

LMP1, which mimics a constitutively active tumor
necrosis factor receptor,” is an integral membrane pro-
tein which can be divided into three segments: (i) a short
cytosolic N-terminus (codon 1-24) which tethers and
orients LMP1 to the cell surface,’ (ii) six membrane-span-
ning hydrophobic domains (codon 25-186) which are
involved in spontaneous aggregation and oligomeriza-
tion,” and (iii) a large cytoplasmic C-terminus (codon
187-386) which possesses most of LMP1 functions.
Two functional domains have been identified within the
C-terminal region, i.e. C-terminal-activating region 1 and
2 (CTAR1 and CTAR2), which trigger various cellular
signaling pathways including IKK/NE-kB,
p38MAPK/ATEF2, INK/AP1 and PI3k/Akt.”" Activation
of these signaling pathways leads to cell proliferation
and inhibition of apoptosis via activation of the expres-
sion of several genes such as c-myc, A20, I[CAM41, Bclz,
BcIXL, TRAF1, and cIAPs.?

The EBV genome exhibits considerable genetic diver-
sity, and different EBV strains or genotypes have been
described. The first source of diversity comes from the
circularization of the EBV DNA double-stranded mole-
cule via the terminal repeats during virion production in
the saliva." As a second source of diversity, allelic poly-
morphisms of EBNAs genes define type 1 and type 2
EBV isolates.” In addition, LAMP1-BNLF1 gene polymor-
phisms, the most discriminating genetic locus, reflect
intrastrain diversity."* EBV primary B-cell infection is
polyclonal, always corresponding to an infection by a
mixture of different EBV strains regarding the polymor-
phism of EBNAs and/or LMP1-BNLF1 genes.” Hodgkin’s
lymphoma shows a monoclonal pattern of infection
which persists throughout the course of the disease,'
suggesting that a selection pressure is exerted on the
virus during the oncogenic process and raising the ques-
tion of its role in the pathogenesis of Hodgkin’s lym-
phoma.

Hodgkin’s lymphoma, the most frequent B-cell lym-
phoma in young adults, is a model for in vivo LMP1
diversity between the tumor and the non-tumor com-
partment.” We previously showed that LMP1 variants
isolated from both Reed-Sternberg cells (i.e. tumor cells)
and non-tumor B-cells are different but phylogenetically
related, suggesting that they could be derived from the
same ancestral EBV strain by accumulating mutations.'

In order to understand the relation between the cellular
origin of LMP1 natural variants and functional proper-
ties, we present a comprehensive analysis of nuclear fac-
tor (NF)-kB activation, apoptosis protection, and onco-
genic properties, by LMP1 natural variants from Reed-
Sternberg cells, non-tumor B-cells, as well as from B-cells
extracted from non-neoplastic reactive lymph nodes.

Design and Methods

Patients

Biological material from biopsies was obtained
according to institutional regulations and after approval
from the scientific committees of the tumor banks of the
university hospitals of Toulouse. Lymph nodes from six
cases of Hodgkin’s lymphomas (HL1 to HL6) and four
benign reactive lymph nodes samples from patients with
non-neoplastic lymphoproliferative disorders (N1 to N4)
were the same as those investigated in a previous
study.”"* HL1 to HL5 were EBV-positive-Hodgkin’s lym-
phoma cases with EBV-positive Reed-Sternberg cells
associated with few EBER-positive non-tumor B-lym-
phocytes. HL6 was a Hodgkin’s lymphoma case with
EBV-negative Reed-Sternberg cells associated with
EBER-positive non-tumor B-cells. In benign reactive
lymph nodes samples (N1 to N4), EBV was detected in
rare EBER-positive normal B-lymphocytes.

Cell culture

LCL.B95.8 is a marmoset lymphoblastoid cell line.”
EBV-transformed lymphoblastoid cell lines LCL.4 and
LCL.6, described in the previous reports,”'® were estab-
lished by spontaneous outgrowth from patients HL4 and
HL6, respectively. These cell lines appeared to be mono-
clonal® and thus corresponded to one LMP1-variant
from one original blood circulating EBV-B-lymphocyte.
Ba/F3 is a murine pro-B lymphoid cell line that depends
on 2 ng/mL of murine recombinant interleukin 3 (mrlL-
3) (R&D Systems, DPC Bierman GmbH, Wiesbaden,
Germany) for survival and proliferation.” Cell lines were
grown in standard culture conditions.

LMP1 natural variants cloning, sequencing and
transfection

We previously published the amino acid sequence of
LMP1-variants from cases of this series after two sepa-
rate polymerase chain reaction (PCR) amplifications of
the 3’ and 5 regions of the LAMP1-BNLF1 gene,” a
method inadequate for LMP1 functional studies. Thus,
using the AccuPrime Taq DNA polymerase high fidelity
(Invitrogen), the 1315 bp of the complete LAIP1-BNLF1
gene were nested PCR- amplified from DNA using two
sets of primers (5’CCAAGAAACACGCGTTACTCT-
GACGTAGCCS’, ’GCCTGGTAGTTGTGTTGTCCA-
GAGGTC3’; nested PCR: 5’CCTGACACACTGCC-
CTCGAGGT,  5GGCGGAGTCTGGCAACGCC-
CGGGTCCTTGS’). Purified PCR products from
nucleotide 167.909 to 169.496 (B95.8 coordinates) were
cloned into the pCR3.1-Uni vector (Invitrogen): pCR3.1-
LMP1. As a DNA source, we used the combination of
whole tissue, LCL and/or single Reed-Sternberg cells, as
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described previously.” In some rare cases, such as HL1,
PCR amplification of the LAMP1-BNLF1 gene from
whole lymph node DNA extract yielded two fragments
as previously described.” Single cell PCR analysis of
eight isolated Reed-Sternberg cells of HL1 (mean effi-
ciency = 20%) clearly showed that one fragment corre-
sponds to the LMP1-variant of Reed-Sternberg cells
(RS1-LMP1-variant). Based upon this result, we cloned
this RS1-LMP1-variant and the non-tumor B-cell LMP1-
variant (NT1-LMP1-variant) from both PCR fragments
amplified from the whole DNA extracted from HL1
lymph nodes. By contrast, we found in a previous study
that in most EBV-positive-Hodgkin’s lymphomas (HL2
to HL5) EBV-infected non-tumor B-lymphocytes were
too rare to allow LAIP1-BNLF1 gene amplification.”
Indeed, the frequency of infected non-tumor B-cells was
1/10°, whereas Reed-Sternberg tumor cells reached 5%
of the total population. So the fragment obtained from
whole DNA extracted from Hodgkin’s lymphoma
lymph nodes with EBV-infected Reed-Sternberg and
non-tumor B-cells corresponds to the LAIP1-BNLF1
gene of the main cellular population, i.e. Reed-Sternberg
cells.” Thus for HL2 to HL5 cases, we took advantage of
the fact that the unique LMP1-BNLF1-PCR fragment
amplified from whole DNA isolated from Hodgkin’s
lymphoma lymph nodes was correlated to the LMP1-
variant of Reed-Sternberg cells, i.e. the most represented
population.”" Therefore, RS2, RS3, RS4, and RS5-
LMP1-variants corresponded to EBV strains infecting
Reed-Sternberg cells of HL2, HL3, HL4, and HLS5,
respectively. In addition, we cloned LMP1-BNLF1-PCR
fragments corresponding to NT4 and NT6-LMP1-vari-
ants from non-tumor B-lymphocytes of cases HL4 and
HL6 using LCL.4 and LCL.6, respectively. Finally, we
cloned reactive lymph node B-cell LMP1-variants (RN-
LMP1-variants) from DNA extracted from N1 to N4
reactive lymph nodes, i.e. RN1 to RN4-LMP1-variants.

The pCR3.1-neo (empty control vector) and pCR3.1-
LMP1 vectors, were stably transfected into 10" Ba/F3
cells by electroporation with the Gene pulser II
Electroporation system (Bio-Rad, California, USA) at
250V and 950 uF with 30 pug of DNA. Then, neo- and
LMP1-Ba/F3 clones were obtained by limiting dilution
in the presence of 1 mg/mL of G418 (Invitrogen). Entire
nucleotide sequences of the 12 cloned LAIP1-BNLF1
genes were obtained both from the LAVP1-BNLF1 gene
cloned into the pCR3.1 expression vector and from the
LMP1-BNLF1 gene amplified from the genomic DNA
extracted from each of the corresponding stable LMP1-
Ba/F3 clones. All these pairs of sequences were exactly
identical (Online Supplementary Figure S1).

Immunoblotting analysis

Cells (107 cells) were lysed in 200 pL of Passive Lysis
Buffer (Promega, Madison, USA). Western blots were
performed with 50 ug of proteins. LMP1 and B-actin
were detected with the S12 and the AC-15 (Sigma,
Steinheim, Germany) monoclonal antibodies, respec-
tively. LMP1 expression was then normalized according
to B-actin expression using Gene Tools Software (GTS,
SynGene).

Proliferation assay in liquid culture and soft agar
clonogenic assay

Neo- and LMP1-Ba/F3 clones were plated in 96-well
plates (10° /well), in 10% fetal calf serum (FCS) medium
containing or not 2 ng/mL of mrIL-3. Over 6 days, pro-
liferation rates were measured using CellTiter 96
AQueous One Solution Cell Proliferation Assay
(Promega). For clonogenicity assays, 5x10° cells were
suspended in 10% FCS medium and 2 ng/mL of mrIL-3
with 0.3% agar (Sigma) and plated onto 0.5% agar in
each 3.5-cm well of a 6-well dish. After 3 weeks,
colonies were stained by 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide, MTT (Sigma).
Colonies were counted using GTS.

Nuclear factor-xB-dependent dual-luciferase reporter
assay

After 17 h of mrlL-3 starvation, 5x10° neo- and LMP1-
Ba/F3 clones were transfected with 100 ng of pRL-TK
Renilla luciferase expression vector (Promega) and 5 ug
of 3X-kB-L with three copies of the major histocompat-
ibility complex (MHC) class I kB element or its mutated
counterpart 3X-mutkB-L (m*)*” using the Amaxa G-016
program (AMAXA Biosystems, Cologne, Germany). Six
hours after transfection, cells were lysed and luciferase
activities were measured using the Dual-Luciferase
Reporter Assay System and the Turner Designs TD-
20/20 Luminometer (Promega).

Apoptosis analysis by flow cytometry

Neo- and LMP1-Ba/F3 clones were grown with or
without mrIL-3 for 24, 48, and 72 h and double stained
with annexin V-fluorescein isothiocyanate (BD
Pharmingen™, San Diego, USA) and propidium iodide
(Sigma) in cold phosphate-buffered saline-CaCl.-MgClL.
(Invitrogen). The DNA content of cells was assessed
with the DNA Prep Kit (Beckman Coulter Immunotech,
Marseille, France), according to standard procedures rec-
ommended by the manufacturer. Cells were analyzed
using a FACS Calibur cytometer (BD Pharmingen).

Results

LMP1 natural variants from Reed-Sternberg cells are
highly polymorphic with recurrent genetic events

We raised the question of the role of LMP1 genetic
diversity in the emergence of tumor cells in Hodgkin’s
lymphomas. Our strategy was to amplify the whole
LMP1-BNLF1 genes of various, previously described
LMP1 natural variants,”"® with their starting and stop
codons and to clone them in order to functionally ana-
lyze their oncogenic capacity. The three different ori-
gins of LMP1 were Reed-Sternberg cells (RS-LMP1-vari-
ants), non-tumor B-cells (NT-LMP1-variants) of
Hodgkin’s lymphomas and B-cells of non-neoplastic
reactive lymph nodes (RN-LMP1-variants).

Nucleotide sequences were aligned against the
B95.8-LNP1-BNLF1 gene sequence, taken as a refer-
ence (Online Supplementary Figure S1). All natural LMP1-
variants were mutated, but to various degrees.
Mutations were found predominantly in the C-termi-
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nal region. The mean percentage of nucleotide sequence
homology to the B95.8-LAIP1-BNLF1 gene C-terminus
was 90.3% (+4.26 s.e.m) for RS-LMP1-variants, 96.4%
(£2.90 s.e.m) for NT-LMP1-variants, and 99.7% (+0.18
s.e.m) for RN-LMP1-variants. The RS-LMP1-variants
were significantly more polymorphic than RN-LMP1-
variants (p<0.05, Student’s ¢ test)®. Of note, most
nucleotide substitutions in RS-LMP1-variants were
found in the coding sequence (frequency=1.34+0.35
s.e.m), and the nucleotide substitution frequency of the
intronic regions was 0.52 (+0.24 s.e.m), a clear indica-
tion of a non-random mutational selection process. The
main recurrent features consisted of: (i) the absence of
significant changes in the N-terminal domain; (ii) the
occurrence of four hot spot mutations in the transmem-
brane-spanning hydrophobic domains at codons 85 (I to
L), 106 (F to Y), 122 (I to L) and 129 (M to I), as previ-
ously described'®*. This association, called I85L, F106Y,
[122L, and M1291, was observed in RS1, RS2, RS4, and
RS5-LMP1-variants; and (iii) the occurrence of two
recurrent genetic events in the cytoplasmic C-terminal
region encompassing the CTAR1 and CTAR2 domains.
In this region, the first sequence variation corresponds
to the number of 11 amino acid repeat units with the
presence or deletion of one half-repeat unit in the mid-
dle of the third repeat, called del15bp (codon 276-280).
As in the B95.8-LMP1 prototype, three of five RS-
LMP1-variants, three of three NT-LMP1-variants and
four of four RN-LMP1-variants have the four perfect
repeats. The other variants have five (RS1 and RS5-
LMP1-variants) or seven (RS2-LMP1-variants) perfect
repeats. Changes in the number of repeat units were
always associated with the dell5bp. Interestingly, the
del15bp was systematically associated with a replace-
ment at codon 309 (S to N) as recently reported in NK/T
cell lymphomas.” In the CTAR2 domain, the second
genetic event corresponds to the deletion of codons
346-355, called del30bp. This deletion was found in
only one of five RS-LMP1-variants (RS5-LMP1-vari-
ants), and in one of three NT-LMP1-variants (NT1-
LMP1-variants); it was not found in RN-LMP1-variants.
The del30bp was always associated with the del15bp.
Altogether, these results show that RS and NT-LMP1
natural variants from Hodgkin’s lymphomas presented
considerable amino acid alterations with the same

recurrent genetic events, such as delldbp associated
with S to N replacement at codon 309 and del30bp,
which suggests a selection pressure.

LMP1 variants from Reed-Sternberg cells have
enhanced proliferating and clonogenic potential

To analyze the role of LMP1 natural variants in B-cell
oncogenesis, we established stably transfected Ba/F3
clones with the different LMP1-variants. The Ba/F3 lym-
phoid cell line is an mrlL-3-dependent murine B-cell
model that has been proven to be useful in oncogenicity
analysis.” In this experimental model, constitutive
LMP1 protein expression levels were heterogeneous
although in the same order of magnitude (Figure 1).
Thus, the LMP1-Ba/F3 clones were not compared
between them but to the neo-Ba/F3 control clone for
their ability to induce mrlL-3-independent growth and
to form macroscopic colonies in soft agar, so-called
clonogenicity, properties usually associated with onco-
genicity.””

In optimal culture conditions (ie. with mrlL-3), all
LMP1-Ba/F3 clones proliferated at the same rate as the
neo-Ba/F3 clone, with a 17 h doubling time (data not
shown). This observation suggests, on the one hand, that
LMP1-BNLF1 gene genomic insertion did not alter Ba/F3
cell growth and, on the other hand, that expression of
LMP1-variants did not have a significant effect on mrIL-
3-dependent proliferation. In the absence of mrlL-3, pro-
liferation markedly decreased in the neo-Ba/F3 clone
(Figure 2, left axis). When compared to the neo-Ba/F3
clone, a significant increase of growth rate was found for
five of five RS-LMP1-Ba/F3 clones, one of three NT-
LMP1-Ba/F3 clones and two of four RN-LMP1-Ba/F3
clones (p<0.05, Student’s 1 test). However, this LMP1-
transforming potential did not appear to be related to
the recurrent genetic events observed in the various
LMP1-variants. Thus, the whole amino acid sequence
had to be considered in its totality. Indeed, the B95.8,
RS3, NT4, RN3 and RN4-LMP1-variants, which do not
have the del15bp, del30bp, nor the I85L, F106Y, I122L,
and M1291 substitutions, were able to sustain Ba/F3
mrlL-3 independent growth. Moreover, the fact that
NT1, NT6, RN1 and RN2-LMP1-Ba/F3 clones were not
transformed suggests that, in normal B-cells, in vivo
acquisition and selection of the amino acid signature,

LMP1-variant origin

Reed-Sternberg cell

Non tumor B-cell Reactive lymph node B-cell
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Figure 1. LMP1 expression in LMP1-Ba/F3 clones. Murine Ba/F3 cells were stably transfected with pCR3.1 vectors leading to the expres-
sion of RS, NT and RN-LMP1-variants. The vectors pCR3.1-B95.8 and -neo were used as controls. LMP1 expression was tested by an
immunoblotting method using anti-LMP1 and anti-B-actin antibodies. The relative level of LMP1 was normalized to -actin. The B95.8-
LMP1-Ba/F3 clone was used as the reference control and set at 1. To maintain the order of the LMP1-Ba/F3 clones, different parts of

the filter were used, and dividing lines were inserted.
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specific to each LMP1 natural variant, could be associat-
ed with the loss of its transforming properties.

To asses LMP1 clonogenicity, we analyzed the capac-
ity of neo- and LMP1-Ba/F3 clones to proliferate in
semi-solid agar medium (Figure 2, right axis). Colony-
forming efficiency was increased for five of five RS-
LMP1-Ba/F3 cell clones, with a significant difference
when compared to neo-Ba/E3 control cells (p<0.05,
Student’s 1 test). A significant increase of clonogenicity
was also found for one of three NT-LMP1-Ba/F3 clones,
and for three of four RN-LMP1-Ba/F3 clones. Two inde-
pendant LMP1-Ba/F3 clones were tested for RS1, NT6,
RN1, and RNS3-LMP1-variants, giving similar results
(data not shown). This suggests that the genomic integra-
tion sites do not have a significant influence on the func-
tional results observed. Reed-Sternberg cells were the
only cell-type of origin consistently associated with
LMP1 variants with enhanced oncogenic potential
(defined as growth factor-independent proliferation plus
clonogenicity). This property did not seem to be related
to LMP1 protein expression levels. For example, on the
one hand, RS1 and RS4-LMP1-Ba/F3 clones had the
same oncogenic potential (Figure 2) although the levels
of LMP1 protein expression were different (Figure 1).
On the other hand, RS1 and NT1-LMP1-Ba/F3 clones
had similar LMP1 expression levels but different onco-
genic potential.

Oncogenic potential was, therefore, consistently asso-
ciated with Reed-Sternberg cell origin of LMP1 variants,
suggesting that this functional property could be a crite-
rion for selection of LMP1 variants in Reed-Sternberg
cells but not in non-tumor cells.
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Nuclear factor-xB activation and apoptosis protec-
tion are constant functional properties of LMP1-vari-
ants from Reed-Sternberg cells and normal B-cells
in Hodgkin’s lymphomas

In a next step, since strong constitutive activation of
NF-xB is a hallmark of Hodgkin’s lymphomas, we
looked at NF-«B activation properties of LMP1 natural
variants.”® To perform this analysis, NF-kB transcrip-
tional activity assays were done on mrlL-3-deprived
LMP1-Ba/F3 clones to avoid interference with mrlL-3-
induced NE-kB.” A significant but weak increase of NE-
kB transcriptional activity was found in B95.8, RS2,
RS3, RS5, NT6, and RN4-LMP1-Ba/F3 clones compared
to that of the neo-Ba/F3 clone (p<0.05, Student’s ¢ test)
(Figure 8). In comparison to the B95.8-LMP1-Ba/F3
clone, we observed a significant increase of NF-«xB
activity in RS1, RS4, NT1, NT4, RN1, RN2, and RN3-
LMP1-Ba/F3 clones (p<0.05, Student’s ¢ test). Of note,
NF-kB activities did not seem to be related to LMP1
protein expression levels, as shown, for example by
comparing the LMP1 protein level of RS2 and RS4-
LMP1-Ba/F3 clone or NT1 and NT6-LMP1-Ba/F3 clone
in Figure 1 with their respective NF-xB activity in
Figure 3. The results indicate that while all LMP1 natu-
ral variants could activate NF-kB signaling, some of
them may exhibit enhanced NF-kB activation capaci-
ties. This characteristic did not appear to be related
either to the cellular origin of LMP1-variants or to the
transformation of Ba/F3 cells.

Since NF-xB is known to protect against cell death,”
we studied the induction of apoptosis by mrlL-3 starva-
tion on LMP1-Ba/F3 clones (Figure 4). The data show
that all the LMP1-Ba/F3 clones were protected against
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Figure 2. Oncogenicity of LMP1 natural variants on the Ba/F3 lymphoid cellular model. Proliferation in mrIL-3 starved medium and for-

mation of macroscopic colonies in soft agar, i.e. clonogenicity of LMP1-Ba/F3 clones. Left axis, cells were cultured in mriL-3-free medi-
um for 6 days. At day 3, residual proliferation of neo- or LMP1-Ba/F3 clone was normalized to its control in the presence of mrIL-3, i.e.
relative proliferation rate without mrIL-3 versus with mrIL-3. Right axis, cells were suspended in 10% FCS medium and 2 ng/mL of mrlL-

3 with 0.3% agar. After 3 weeks, colonies were stained by MTT and counted. The percentage of colonies is the number of colonies divid-
ed by the number of seeded cells. Error bars indicate the standard error from the mean from three independent sets of triplicate exper-

iments. A significant difference (p<0.05) compared to the control neo-Ba/F3 clone using Student’s t test is indicated by an asterisk (*).
Two independent LMP1-Ba/F3 clones were tested for RS1, NT6, RN1, and RN3-LMP1-variants, giving similar results (data not shown).

haematologica | 2009; 94(3)

| 359 |



N. Faumont et al.

apoptosis when compared to the neo-Ba/F3 clone,
although to various degrees (Figure 4). Levels of apopto-
sis were first quantified by the sub-G: peak and were
divided into three categories; low, intermediate and high
(Figure 4B). All LMP1-Ba/F3 clones with high NF-«xB
activity showed low (4/7, RS1, RS4, RN1, and RN3-
LMP1-Ba/F3 clones) or intermediate (3/7, NT1, NT4, and
RN2-LMP1-Ba/F3 clones) levels of apoptosis after mrlL-
3 starvation (Figure 4A and B). All LMP1-Ba/F3 clones
with low NF-kB activity exhibited high (4/6, B95.8, RS2,
NT6, and RN4-LMP1-Ba/F3 clones) or intermediate (2/6,
RS3, and RS5-LMP1-Ba/F3 clones) levels of apoptosis
(Figure 4A and B). In this regard, results of sub-Gi peak
and annexin V analyses were consistent, showing near-
ly identical distribution of the different Ba/F3 clones
between these three different categories of apoptosis
levels (Figure 4C). This is a clear indication that protec-
tion against apoptosis is related to the intensity of NF-xB
transcriptional activity induced by LMP1 variants. It is
interesting to note that all LMP1 natural variants seemed
to protect the Ba/F3 cells against mrlL-3 starvation better
than the prototypic B95.8-LMP1-variant.

Altogether, our results suggest that NF-«xB activation
potential associated with protection against apoptosis is
a functional property of LMP1 natural variants and is
maintained through the process of accumulation of
genetic events, a very strong indication that activation of
NF-xB is absolutely necessary for LMP1 function.

Discussion

LMP1 polymorphism participates in EBV genetic
diversity. The nasopharyngeal carcinoma CAO-LMP1-
variant was the first described.®" This variant has multi-
ple single-base mutations, as well as seven copies of the
11 amino acid repeated sequence and two deletions of
15 bp (del15bp) and 30 bp (del30bp) in the C-terminal
part. In the human keratinocyte line Rhek1, CAO-LMP1
was found to be more oncogenic than LMP1 protein
from the prototypic B95.8 strain® and less immuno-
genic.® Subsequent to this initial report, numerous
LMP1-variants from both nasopharyngeal carcinomas
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and Hodgkin’s lymphomas have been described by var-
ious groups.*** However, to our knowledge, results pub-
lished in the literature fail to demonstrate direct associa-
tions between any single LMP1-variant and any specific
EBV-associated disease.*** Based on phylogenetic analy-
sis, Nancy Raab-Traub’s group proposed classifing LMP1
natural variants into seven distinct strains, and showed a
bias regarding the frequency of some LMP1 strains and
nasopharyngeal carcinomas, suggesting a potential selec-
tion pressure on these variants during epithelial cell
oncogenesis.” Our previous analysis of the LMP1 poly-
morphism in both Reed-Sternberg cells and normal B-
lymphocytes from Hodgkin’s lymphomas clearly sug-
gested an intra-host diversity for the two viral strains
from a common viral ancestor and showed that LMP1-
variants in tumor cells are highly mutated when com-
pared to LMP1-variants from healthy donors.” This rais-
es the question of the functional properties of LMP1-
variants from both Reed-Sternberg cells and non-tumor
B-cells.

Infection with EBV causes naive B-cells to transform
into proliferating blasts, which can then differentiate in
vivo into long-lived resting memory EBV-infected B-
cells.” Our data indicate that LMP1-variants from normal
B-cells could exert or not an oncogenic potential on
Ba/F3 cells, which suggests that i vivo LMP1 selection in
normal B-cells is not based on their oncogenic proper-
ties. In contrast, all the LMP1-variants from Reed-
Sternberg cells in Hodgkin’s lymphomas were able both
to transform the Ba/F3 cell line into mrIL-3-independent
cells and to allow clonogenic growth of Ba/F3 cells, an
indication that their oncogenic potential®®” was associat-
ed with their origin from Reed-Sternberg cells. These
observations suggest that a selection step based on
increased oncogenic properties (i.e. growth factor-inde-
pendence plus clonogenicity) of LMP1-variants would
take place for these LMP1-variants in the context of the
transformation of Reed-Sternberg cell precursors.

It has recently been shown that inhibition of NF-kB
impairs establishment of gamma herpes virus latency.”
However, very few functional studies on NF-kB activa-
tion have been performed with LMP1 natural variants. A
study by Rothenberger et al. on the C-terminal region of

Figure 3. NF-xB transcriptional activity of
LMP1 natural variants. After 17 h of mriIL-3
starvation, neo- and LMP1-Ba/F3 clones
were co-transfected with a Renilla luciferase
vector (pRL-TK) and 3X-kB-L vector, with
three copies of the MHC class | kB site
upstream of a Firefly luciferase reporter
gene, or its mutated counterpart 3X-mutkB-
L plasmid (indicated by m¥*). Results are
expressed as NF-xB relative transcriptional
activity which is the ratio between Firefly and

&
3001 i 2939 *® Renilla luciferase activities relative to NF-xB
200.2 I 195.4 * transcriptional activity of parental Ba/F3

2004 1721 cells. Each bar corresponds to the mean of
i at least four independent experiments. Error

935 * bars represent the corresponding standard

error from the mean. A significant difference
(p<0.05) compared to the reference B95.8-
LMP1-Ba/F3 clone using Student’s t test is

neo. neo. B95.8 B95.8 RS1 RS2 RS3 RS4 RS4 RS5 NT1 NT4 NT6 RN1 RN2 RN3 RN4-LMP1-Ba/F3 clone

*

m m m

indicated by an asterisk (*).
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a series of seven LMP1 natural variants isolated from
both Hodgkin’s lymphomas and EBV-associated lym-
phoproliferative disorders suggested that NF-kB activa-
tion potential would be conserved whatever the muta-
tional status was *. A recent study showed that the sig-
nature amino acid changes of LMP1 variants from
nasopharyngeal carcinomas do not hinder or enhance
their #n vitro oncogenic potentials on Rat-1 fibroblasts
despite an increase of their NF-kB activity in 293T
epithelial cells.*® Our data indicate that selection of

LMP1-variants in normal B-cells and Reed-Sternberg
cells maintained intact NF-xB activation potential at suf-
ficient levels to protect cells against apoptosis. Several
aberrantly activated signaling pathways contribute to
the survival of Reed-Sternberg cells, but NE-kB is per-
haps the most important one. Activation of the NF-xB
pathway is critical for LMP1-induced immortalization
of human primary B-lymphocytes and oncogenic trans-
formation of some rodent cell lines.** From our results,
none of the individual sequence variations was clearly
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Figure 4. Effect of mrIL-3 starvation on the induction of apoptosis of LMP1-Ba/F3 clones. (A) Typical histograms of sub-G: peak of neo.,
RS2 and RS4-LMP1-Ba/F3 clones after 72 h of mrIL-3 starvation. On each histogram, the percentage of cells with a decreased DNA
content (sub G:), and the corresponding NF-kB relative transcriptional activity (Figure 3) are indicated. (B and C) Percentages of apop-
totic cells after mrIL-3 starvation of neo- and LMP1-Ba/F3 clones. Apoptosis was assessed by flow cytometry measuring the sub-G: peak
(B) and annexin V-positive cells (C). The time course of mrIL-3 starvation was from 0-72 h. The dotted lines represent the cut-offs for
defining the three categories of apoptosis level: low, intermediate (Int.) and high indicated on the right. Each bar corresponds to the
mean of at least three independent experiments. Error bars represent the corresponding standard error from the mean. A significant

difference (p<0.05) compared to the neo-Ba/F3 clone using Student’s t test is indicated by an asterisk (*).
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associated with differences in LMP1 activation of NF-«B.
Several studies postulate that the efficiency of NF-«xB
activation can be influenced by more than one type of
naturally occurring amino acid substitution in the N-ter-
minus and/or the transmembrane domains of LMP1.%
Our results support these observations, since the only
amino acid changes in RS4 and NT4-LMP1-variants,
with a strong NF-«xB activation, were localized in the
transmembrane domains.

As demonstrated by Kiippers’s group, EBV infection
of the Reed-Sternberg cell precursor (i.c. a germinal cen-
ter B-cell with B-cell receptor-destructive mutations)
and LMP1 expression are important events to rescue
this precursor from apoptosis.” This supports an early
role of EBV in the pathogenesis of Hodgkin’s lym-
phomas. Levels of NF-xB activity were indeed roughly
correlated to apoptosis protection. Some LMP1-Ba/F3
clones with high NF-kB activation potential exhibited
intermediate levels of apoptosis after mrlL-3 starvation.
In this regard, at least two hypotheses could be pro-
posed. The equilibrium between RelA/pS0 and
RelB/p52 NF-xB complexes could be determined by the
mutational pattern of LMP1 and thus affect the level of
protection against apoptosis. Alternatively, LMP1 natu-
ral variants could co-activate alternative activation path-
ways, such as AP1, this co-activation depending also on
the mutational pattern of LMP1. Nevertheless, all LMP1

natural variants were able to induce both activation of
NF-xB and protection against apoptosis. This indicates
that, whatever the mutational status of LMP1-variants
is, a selection pressure would exist to keep intact the
capability to activate NF-xB and protect cells against
apoptosis.

The rate of somatic mutations was increased for
LMP1-variants from Reed-Sternberg cells. The well-
established propensity of Reed-Sternberg cells to carry
numerous, often crippling, mutations in immunoglobu-
lin light and heavy chain genes and others genes would
suggest that LMP1 could be a target of such genetic
instability.* In this context, our results clearly indicate
that not only preservation of NF-kB activation potential
but also oncogenic potential would be the minimal evo-
lutionary constraint for LMP1 genetic diversity in these
tumor cells.
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