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Gene expression profiling of Epstein-Barr
virus-positive diffuse large B-cell lymphoma of the
elderly reveals alterations of characteristic
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Epstein—-Barr virus (EBV)-positive diffuse large B-cell lymphoma (DLBCL) of the
elderly (EBV[+]DLBCL-E) is classified as a subtype of DLBCL. Until now, its molecu-
lar pathogenesis has remained unknown. To identify pathways characteristic of
EBV(+)DLBCL-E, gene expression profiling of five EBV(+)DLBCL-E and seven
EBV-negative DLBCL (EBV[-]DLBCL) cases was undertaken using human oligonu-
cleotide microarray analysis. Gene set enrichment analysis and gene ontology
analysis showed that gene sets of the Janus kinase-signal transducer and activa-
tor of transcription (JAK-STAT) and nuclear factor kappa B (NF-kB) pathways were
enriched in EBV(+)DLBCL-E cases. To confirm the results of the expression profiles,
in vitro analysis was performed. Expression profiling analysis showed that high
activation of the JAK-STAT and NF-kB pathways was induced by EBV infection
into DLBCL cell lines. Activation of the NF-xB pathway was confirmed in EBV-
infected cell lines using an electrophoretic mobility shift assay. Western blot
analysis revealed an increased protein expression level of phosphorylated signal
transducer and activator of transcription 3 (STAT3) in an EBV-infected cell line.
Protein expression of phosphorylated STAT3 was frequently observed in lym-
phoma cells of EBV(+)DLBCL-E clinical samples using immunohistochemistry (EBV
[+]DLBCL-E: 80.0% [n = 20/25] versus EBV[-]DLBCL: 38.9% [n = 14/36]; P = 0.001).
The results of the present study suggest that activation of the JAK-STAT and
NF-kB pathways was characteristic of EBV(+)DLBCL-E, which may reflect the
nature of EBV-positive tumor cells. Targeting these pathways as therapies might
improve clinical outcomes of EBV(+)DLBCL-E.

E pstein—Barr virus (EBV) is a ubiquitous y-herpes virus and
establishes a lifelong latency in over 90% of the adult
population worldwide."” EBV has a tendency to preferen-
tially infect B lymphocytes.(3) Infectious mononucleosis is a
disease caused by primary EBV infection in B lymphocytes
and occurs mostly in early childhood.” In vitro analysis shows
that EBV transforms human peripheral blood B lymphocytes to
generate continuously proliferating lymphoblastoid cell lines. Due
to its tendency to infect B lymphocytes, B-cell lymphomas associ-
ated with EBV are common and prevalent disorders among malig-
nant lymphomas, which include Burkitt lymphoma, Hodgkin
lymphoma, lymphomatoid granulomatosis and lymphoma arising
in immunosuppressed patients.®”
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EBV-positive diffuse large B-cell lymphoma (DLBCL) of the
elderly (EBV[+]DLBCL-E) is one of the EBV-associated B-cell
proliferative disorders. It was first reported in 2003 as a Japanese
series involving 22 cases.® The fourth WHO classification cate-
gorizes EBV(+)DLBCL-E as a subtype of DLBCL.” The defini-
tion of EBV(+)DLBCL-E includes the presence of EBV-positive
monoclonal B-cell proliferation and usually involves an individual
aged over 50 years without any known immunodeficiency or prior
lymphoma. An increasing number of re[i)orts describe the various
clinical features of EBV(+)DLBCL-E."*” The reported frequency
of EBV(+)DLBCL-E is 5-11% among DLBCL cases."">'*'” The
EBV(+)DLBCL-E cases have poor prognosis compared with that of
EBV-negative DLBCL (EBV[—]DLBCL) patients.'”
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Recently, several groups have reported the pathogenesis of
EBV(+)DLBCL-E. Dojcinov et al. revealed that EBV(+)
DLBCL-E encompasses a wider pathological spectrum than
previously recognized."" The majority of cases of EBV-asso-
ciated reactive lymphoid hyperplasia comprise a disease with
polyclonal B-cell proliferation. In contrast, EBV(+)DLBCL-E
cases have exhibited clonal immunoglobulin gene rearrange-
ments in more than half of the cases. Investigators indicated
that a reduced number of T-cell repertoires might be the
underlying pathogenetic mechanism of EBV(+)DLBCL-E, sec-
ondary to immunosenescence.'" Another research group
showed that EBV latent membrane protein 1 (LMP1)-positive
large-size tumor cells produced CCL17 and CCL22, and the
accumulation of CCR4-expressing cells including regulatory T
cells was also observed in cases of EBV(+)DLBCL-E.!'®
However, there are few reports describing gene expression pro-
filing of EBV(+)DLBCL-E compared with EBV(—)DLBCL
cases. In the present report, we compared the gene expression
profiles of EBV(+)DLBCL-E and EBV(—)DLBCL cases and
identified pathways characteristic of EBV(+)DLBCL-E.

Materials and Methods

A detailed description is included in Data S1.

Patient samples and cell lines. We included five EBV(+)
DLBCL-E and seven EBV(—)DLBCL cases in the expression
profiling analysis (E-MTAB-973). A total of 61 cases (25
cases of EBV[+]DLBCL-E and 36 cases of EBV[—]DLBCL)
were included in the immunohistochemical study using the
HANS classification"® and additional analysis. Eleven of the
61 cases involved the same patients for which gene expression
profiling was conducted. One patient (EBV[+]DLBCL-E_1)
who was investigated using microarray analysis did not have
available formalin-fixed paraffin-embedded (FFPE) tissue.
Patient characteristics are shown in Tables 1 and S1.

Three germinal center B-cell (GCB)-like DLBCL cell lines
(OCI-Ly7, SUDHL6 and SUDHLI10), two activated B-cell
(ABC)-like DLBCL cell lines (OCI-Ly3 and OCI-Ly10) and a
lymphoblastoid cell line (LCL; UH3) were used for the in
vitro analysis.

Gene expression profiling and data analysis. Gene expression
profiling was performed using the Agilent 44K human
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oligonucleotide microarray kit (Agilent Technologies, Santa
Clara, CA, USA). Data sets using Gene Ontology Analysis
(WebGestalt) and Gene Set Enrichment Analysis (GSEA)(19)
are shown in Table S2.

Data sets of other EBV-related tumors were obtained from
the NCBI or ArrayExpress database (GSE17372, GSE13996
and E-MEXP-2996).

In vitro EBV infection. AGS-CR2 cells (a gift from Dr Seiji
Maruo, Hokkaido University)?” were infected with enhanced
green fluorescent protein (EGFP)-EBV.*" Three EGFP-posi-
tive cell lines (SUDHL6, OCI-Ly7 and OCI-Ly3) were suc-
cessfully obtained.

Western blotting. Phosphorylation of signal transducer and
activator of transcription 3 (STAT3) on tyrosine 705 was quan-
titated with the Stat3 (Tyr705) Antibody Kit (Cell Signaling,
Danvers, MA, USA). LMPl and EBV nuclear antigen 2
(EBNAZ2) expression of cell lines was confirmed using S12
and PE2 antibodies, respectively.?!?%

Immunohistochemistry. Immunostaining for phosphorylated
STAT3 (pSTAT3) (Stat3 [Tyr705] Antibody Kit; Cell Signal-
ing) was performed on FFPE samples according to standard
methods. The cut-off value of positive staining was defined as
positively stained tumor cells >10%, while that of negative
staining was <10%.*%

Electrophoretic mobility shift assay. Electrophoretic mobility
shift assays were carried out using the LightShift Chemilumi-
nescent EMSA kit (Thermo Scientific, Rockford, IL, USA)
according to the manufacturer’s protocol, and labeled and
unlabeled oligonucleotides specific for nuclear factor kappa B
(NF-kB) were synthesized as described previously.*>

Results

Genetic characterization of EBV(+)DLBCL-E. After normaliza-
tion of the raw data, 36 693 probes were used for further analy-
ses. Among these probes, a total of 1432 showed a P > 0.05
with a false discovery rate (FDR) <25%. The number of probes
showing high expression in EBV(+)DLBCL-E and EBV(—)
DLBCL was 545 (including 474 genes) and 887 (including 767
genes), respectively. First we selected the differentially
expressed probes with an average expression level of more than
0.5 log fold-change (268 probes in EBV[+]DLBCL-E and 275

Table 1. Characteristics of EBV(+)DLBCL-E and EBV(—)DLBCL patients
UPN Sex Age Pat.hologi_cal HANS_ Subtypest Extra _nodal _ Sample analyzed Stage 1Pl > HI
(years) diagnosis classification lesion in the present study

EBV(—)DLBCL_1 F 41 EBV(—)DLBCL Non-GCB ABC BM, Breast LN 4 Yes
EBV(—)DLBCL_2 F 48 EBV(—)DLBCL GCB GCB BM LN 4 No
EBV(—)DLBCL_3 M 49 EBV(—)DLBCL Non-GCB ABC Pleural effusion LN 4 Yes
EBV(—)DLBCL_4 M 52 EBV(—)DLBCL Non-GCB ABC - LN 3 NA
EBV(—)DLBCL_5 M 54 EBV(—)DLBCL Non-GCB GCB BM LN 4 No
EBV(—)DLBCL_6 M 56 EBV(—)DLBCL Non-GCB ABC Skin LN 4 Yes
EBV(—)DLBCL_7 M 67 EBV(—)DLBCL GCB ABC BM LN 4 Yes
EBV(+)DLBCL-E_1 F 72 EBV(+)DLBCL-E NA - BM LN 4 Yes
EBV(+)DLBCL-E_2 M 62 EBV(+)DLBCL-E Non-GCB - BM, stomach LN 4 Yes
EBV(+)DLBCL-E_3 M 60 EBV(+)DLBCL-E Non-GCB - - LN 3 No
EBV(+)DLBCL-E_4 F 70 EBV(+)DLBCL-E GCB - - LN 3 No
EBV(+)DLBCL-E_5 F 66 EBV(+)DLBCL-E Non-GCB - BM, liver BM 4 Yes

Subtypes according to gene expression profiling analysis were defined in a previous study.

B0 _ Negative; +, positive; ABC, activated B-cell; BM,

bone marrow; DLBCL, diffuse large B-cell lymphoma; DLBCL-E, diffuse large B-cell lymphoma of the elderly; EBV, Epstein-Barr virus; F, female;
GCB, germinal center B-cell; HI, high-intermediate risk; IPI, international prognostic index; LN, lymph nodes; M, male; NA, not available; UPN,

unique patient number.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Fig. 1. Supervised analysis and clustering results for significant genes
expressed in Epstein-Barr virus-positive diffuse large B-cell lymphoma
of the elderly (EBV[+]DLBCL-E). Hierarchical clustering of the probes
with an average expression level of more than 0.5 log fold-change in
five cases of EBV(+)DLBCL-E and seven cases of EBV-negative DLBCL
(EBV[—]DLBCL). Supervised analysis showed the distinct separation of
EBV(+)DLBCL-E as a single cluster. ABC, activated B-cell; GCB, germinal
center B-cell.

probes in EBV[—]DLBCL), which could separate EBV(+)
DLBCL-E cases as a single cluster (Fig. 1).

The genes highly expressed in EBV(+)DLBCL-E included
immune- and inflammatory-related genes and interleukin-6
(IL6), which were placed in the higher rank. All genes highly
expressed in EBV(+)DLBCL-E and EBV(—)DLBCL are
shown in Table S3. These results indicate that immune- and
inflammatory-related genes are characteristic of EBV(+)
DLBCL-E cases.

Pathway analysis revealed Janus kinase-signal transducer and
activator of transcription (JAK-STAT) and NF-kB pathway activa-
tion in EBV(+)DLBCL-E. For greater characterization, we then
performed Gene Ontology Analysis and the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway analysis
using the WebGestalt website. The differentially expressed
probes with an average expression level of more than 0.5
log fold-change (268 probes in EBV[+]DLBCL-E and 275
probes in EBV[—]DLBCL) were used in both analyses.
Additionally, GSEA was carried out using the KEGG path-
way-associated gene sets from the Molecular Signatures
Database (186 gene sets) (Table S2). These analyses revealed
that JAK-STAT, nucleotide-binding oligomerization domain
(NOD)-like receptor and Toll-like receptor pathways were
characteristic of EBV(+)DLBCL-E. Tables 2, S4 and S5
show the results of the pathway analyses. The protein of
STAT3 encoded by this gene is a member of the STAT pro-
tein family and the protein of STAT3 is activated through
phosphorylation in response to IL6. It is known that STAT3
is activated in B-cell lymphoma. Therefore, we focused on
the analysis of STAT3 and performed GSEA analysis using
STAT3 and the STAT3 target gene set (Table S2) reported

Cancer Sci | May 2014 | vol. 105 | no.5 | 539

Original Article
Kato et al.

previously® and found that the gene sets were enriched in

EBV(+)DLBCL-E cases (Fig. 2a, Table S6). Constitutive
activation of STAT3 was indicated as a characteristic of
EBV(+)DLBCL-E.

It is known that the JAK-STAT, NOD-like receptor and
Toll-like receptor pathways, which were obtained from path-
way analysis, are related to the NF-kB pathway*®?®
(Fig. 2¢). For confirmation, next we performed GSEA using
30 gene sets associated with the NF-xB pathway (Table S2),
which were obtained from the GSEA database, and found that
eight of the 30 gene sets were enriched (nominal P-val [NOM
P-val] <0.05 and FDR g-val <0.15) in EBV(+)DLBCL-E
compared with EBV(—)DLBCL (Table S6). Furthermore, we
evaluated NF-kB pathway activation using a gene set (Table
S2) reported by another group®® and found that the gene set
was enriched in EBV(+)DLBCL-E cases (Fig. 2b, Table S6).
These results suggest that the NF-xB pathway was activated in
EBV(+)DLBCL-E cases.

DLBCL is subclassified into two groups according to micro-
array analysis: GCB-like DLBCL and ABC-like DLBCL. In
comparison with GCB-like DLBCL, ABC-like DLBCL has
been reported as showing increased activation of the NF-kB
pathway.*” We selected ABC-like EBV(—)DLBCL patients
among the seven EBV(—)DLBCL cases whose diagnosis
regarding GCB-like DLBCL and ABC-like DLBCL was made
using expression profiles in our previous study.®” Five of the
seven cases were classified as ABC-like DLBCL. We com-
pared five cases of EBV(+)DLBCL-E with five cases of ABC-
like EBV(—)DLBCL using the STAT3 and NF-xB gene sets
described above and found that both gene sets were enriched
in EBV(+)DLBCL-E cases (Table S6). These results indicate
that enrichment of STAT3 and NF-xB genes was significant in
cases of EBV(+)DLBCL-E.

JAK-STAT and NF-kB pathway activation in EBV-infected B-cell
lines. The results of the expression profile suggest that STAT3
and NF-kB activation were characteristics of EBV(+)DLBCL-
E. However, it is not clear whether the activation reflected the
nature of the tumor cells or the non-tumor cell of the samples,
and if STAT3 and NF-«B activation was associated with EBV
infection into tumor cells. To investigate the association
between EBV-infected B-cell lymphoma cells and molecular
pathways, we then conducted in vitro functional analysis. A
recombinant EBV harboring EGFP and neomycin resistance
genes® was used to infect five DLBCL cell lines, of which
two EBV-infected GCB-like DLBCL cell lines (SUDHL6 and
OCI-Ly7) and one EBV-infected ABC-like DLBCL cell line
(OCI-Ly3) were successfully established showing >90% EGFP
positivity (Fig. 3a). The protein expression of LMP1 in SUD-
HL6 and OCI-Ly3 was confirmed; however, the expression
level in OCI-Ly7 was quite low (Figs 3b, S1). SUDHL6 and
OCI-Ly7 cell lines were successfully used in studying the pro-
tein expression of EBNA2. Expression of EBNA2 was not
detected in both cell lines (Fig. S2). Gene expression profiling
of EBV-infected cell lines was compared with cell lines before
EBV infection using STAT3- and NF-kB-related gene sets
(Table S2). Figure 3(c,d) shows that the gene sets of STAT3
and NF-xB were enriched in EBV-infected B-cell lines. To
confirm the protein expression level, we performed western
blot analysis using the cell lines and found elevation of
STAT3 and enhanced pSTAT3 expression after EBV infection
into SUDHL6, whereas the expression was not observed in
OCI-Ly7 (Fig. 3e). The expression level of pSTAT3 of
EBV-infected OCI-Ly3 was the same as that of EBV-naive
OCI-Ly3 (Fig. S1).

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Table 2. Enrichment analysis for KEGG pathways in EBV(+)DLBCL-E and EBV(—)DLBCL

Gene ontology category Genes P-value
EBV(+)DLBCL-E
NOD-like receptor signaling pathway TNFAIP3, BIRC3, IL1B, IL6, NFKBIA, NOD2 6.48E-07
Leishmaniasis PTGS2, JAK2, IL1A, FOS, IL1B, NFKBIA 1.21E-06
Osteoclast differentiation CYLD, IL1A, FOS, IL1B, NFKBIA, SOCS3 2.47E-05
Hematopoietic cell lineage CD55, IL1A, IL1B, IL6, ANPEP 4.49E-05
JAK-STAT signaling pathway CCNDT1, JAK2, IL6, STAT4, IL6ST, SOCS3 4.49E-05
Toll-like receptor signaling pathway LY96, FOS, IL1B, IL6, NFKBIA 7.47E-05
Pathways in cancer CCND1, PTGS2, BIRC3, EPAST, FOS, IL6, NFKBIA 0.0002
Prion diseases IL1A, IL1B, IL6 0.0003
Apoptosis BIRC3, IL1A, IL1B, NFKBIA 0.0003
MAPK signaling pathway MAP3K5, IL1A, FOS, IL1B, RASGRF2, DUSP1 0.0003
EBV(—)DLBCL
Metabolic pathways SRM, PIGW, MVK, FASN, CDIPT, POLD1, BCAT2, PDXP, PAFAH1B3, NME7, 3.67E-05
POLE, GOT2, PYCRL, BDH1, DHFR, SMPD4, DDC, POLD2, EXTL2

Cell cycle PLK1, ANAPC2, CDC25A, PKMYTI, ESPL1, CDC20, FZR1 3.67E-05
Progesterone-mediated oocyte maturation PLK1, ANAPC2, CDC25A, PKMYTI1, AKT1, FZR1 4.03E-05
Oocyte meiosis PLK1, ANAPC2, PKMYTT1, SGOL1, ESPL1, CDC20 0.0001
Nucleotide excision repair POLE, GTF2H4, POLD1, POLD2 0.0004
Ubiquitin mediated proteolysis ANAPC2, UBE2S, UBA1, CDC20, FZR1 0.0025
Base excision repair POLE, POLD1, POLD2 0.0025
DNA replication POLE, POLD1, POLD2 0.0033
Pyrimidine metabolism POLE, NME7, POLD1, POLD2 0.0054
Arginine and proline metabolism SRM, GOT2, PYCRL 0.0084

Epstein-Barr virus (EBV) positive diffuse large B-cell lymphoma (DLBCL) of the elderly [EBV(+)DLBCL-E]; EBV-negative DLBCL [EBV(—)DLBCL];

KEGG, the Kyoto Encyclopedia of Genes and Genomes.

An electrophoretic mobility shift assay was performed to
confirm activation of NF-kB. SUDHL-6, OCI-Ly7 and OCI-
Ly3 cell lines were infected with EBV as described above. Fig-
ure 3(f) shows the results of the electrophoretic mobility shift
assay. Each EBV-infected cell line shows increased NF-«B
activity compared with the cell line without EBV infection.
These results suggest that NF-kB pathway activation was
induced by EBV infection into B-cell lymphoma cell lines.

JAK-STAT pathway and NF-kB activation in EBV-related tumors.
To investigate the possible effect of the NF-«kB pathway and
STAT3 activation in other EBV-associated lymphomas, we
performed expression analysis using the datasets of several
tumors obtained from the database (EBV-positive [n = 9] and
EBV-negative [n = 4] human immunodeficiency virus [HIV]
DLBCL, GSE17372; EBV-positive [z = 18] and EBV-negative
[n = 34] Hodgkin lymphoma, GSE13996; and EBV-positive
natural killer [NK] cell lines [n = 7] and normal NK cells
[n = 3], E-MEXP-2996). We carried out GSEA using the same
STAT3 and NF-kB gene sets (Table S2) and found that NF-«B
activation was also observed in other EBV-associated lympho-
mas (NOM P-val < 0.05; Table S7). Enrichment of STAT3
and the STAT3 target gene set® was prominent in EBV-
positive HIV DLBCL and Hodgkin lymphoma (NOM
P-val < 0.05; Table S7). However, the EBV-positive NK cell
line did not show high STAT3 activation compared with the
normal NK cells (Table S7). These results suggest that STAT3
activation and NF-kB pathway activation are characteristics of
EBV-positive B-cell lymphoma.

Immunohistochemical analysis using pSTAT3. A total of 61
cases (36 cases of EBV[—]DLBCL and 25 cases of EBV[+]
DLBCL-E) were analyzed immunohistochemically for
pSTAT3 (Table S1). Among the 36 cases of EBV(—)DLBCL,
18 were GCB-like EBV(—)DLBCL and 18 were ABC-like

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

(non-GCB) EBV(—)DLBCL, while the 25 cases of EBV(+)
DLBCL-E comprised 22 cases classified as ABC-like
(non-GCB) EBV(+)DLBCL-E and three cases classified as
GCB-like EBV(+)DLBCL-E using the HANS classification. A
total of 20 (80.0%, n = 20/25) EBV(+)DLBCL-E cases
showed positivity for pSTAT3 (Fig. 4a). In contrast, positivity
was confirmed in 14 cases of EBV(—)DLBCL (38.9%, n = 14
/36) (Fig. 4b). The pSTAT3-positive cases of GCB-like and
ABC-like (non-GCB) EBV(—)DLBCL included six (33.3%,
n = 6/18) and eight (44.4%, n = 8/18) patients, respectively.
The high frequency of protein expression of pSTAT3 was con-
firmed in EBV(+)DLBCL-E cases in comparison with EBV(—)
DLBCL (P = 0.001, Student’s r-test), which supported the
results of the gene expression analysis. Since it is known that
ABC-like (non-GCB) EBV(—)DLBCL patients exhibit activa-
tion of STAT3,?*?>1 we limited analyses to comparison with
groups of EBV(—)DLBCL showing the ABC-like (non-GCB)
phenotypes. Activation of STAT3 was more prominent in
EBV(+)DLBCL-E cases compared with those involving ABC-
like (non-GCB) EBV(—)DLBCL patients (P = 0.016, Student’s
t-test). These results indicate that STAT3 activation is a promi-
nent characteristic of the tumor cells of EBV(+)DLBCL-E.

Discussion

The present study demonstrated that the prominent genes char-
acteristic of EBV(+)DLBCL-E included immune- and inflam-
matory-related genes. The morphological feature of EBV(+)
DLBCL-E exhibited a variable component of reactive elements
such as small lymPhocytes, plasma cells, histiocytes and
epithelioid cells.®'*'? The results of the expression analysis
in the present study might reflect the pathological character of
EBV(+)DLBCL-E.

Cancer Sci | May 2014 | vol. 105 | no.5 | 540
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Fig. 2. Gene Set Enrichment Analysis (GSEA) using a signal trans-
ducer and activator of transcription 3 (STAT3) and nuclear factor
kappa B (NF-kB) signature, and a model depicting the molecular path-
ways. (a, b) A GSEA was performed to compare Epstein-Barr virus-
positive diffuse large B-cell lymphoma of the elderly (EBV[+]DLBCL-E)
and EBV-negative DLBCL (EBV[—]DLBCL) cases using (a) STAT3® and
(b) NF-kB®® gene sets. The graph at the bottom of each panel shows
the ranked list metric (signal-to-noise ratio) for each gene as a func-
tion of the rank in the ordered dataset.'” The two gene sets were
overexpressed in EBV(+)DLBCL-E compared with EBV(—)DLBCL. Activa-
tion of these pathways is suggested to be characteristic of EBV(+)
DLBCL-E. (c) NF-kB is downstream of the TOLL-like receptor (TLR) path-
way and NF-xB is also activated with nucleotide-binding oligomeriza-
tion domain (NOD)-like receptor signals.?”? JAK-STAT, triggered by
interleukin-6 (IL6), has a cross-talk with NF-xB pathway activation.®®

There are some reports describing gene expression profiles
of EBV-associated B-cell disorders.®** Tousseyn et al.
compared EBV-positive post-transplant lymphoproliferative
disorder (PTLD) with EBV-negative PTLD using expression
profiles and found that immune and inflammatory cytokine-
related genes were upregulated in EBV-positive PTLD.®? In
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EBV-positive PTLD patients, viral-associated genes such as
IRF7 (a known regulator of EBV LMP1 expression), EBII
(EBV-induced gene 1) and interferon-induced genes were over-
expressed and the PTLD cells may have originated from mem-
ory and activated B-cells.®***¥ EBV/human herpesvirus
8-related HIV lymphoma patients exhibit a high level of serum
IL6 and IL10 and disruption of the cytokine network could be a
characteristic of these patients.”” Because similar inflammation
and cytokine disorders were also observed in EBV(+)DLBCL-E,
these imbalances might be common molecular pathogenic
features of EBV-associated disorders.

A comparison between EBV(+)DLBCL-E and EBV(-)
DLBCL indicated that upregulation of the genes associated with
the JAK-STAT and NF-xB pathways was characteristic of EBV
(+)DLBCL-E. Activation of the JAK-STAT and NF-kB path-
ways has been observed in both malignant tumor cells and
inflammatory cells infiltrating tumor tissues. 7" We
performed in vitro analyses and immunohistochemistry to
determine the components that contribute to activation of the
JAK-STAT and NF-«B pathways in EBV(+)DLBCL-E. The
JAK-STAT and NF-kB pathway-related genes were upregulated
following EBV infection in DLBCL cell lines. Immunohisto-
chemical analysis of EBV(+)DLBCL-E cases revealed that
most of the cells positive for pSTAT3 were tumor cells. These
results suggest that the EBV-infected tumor cells and not
the infiltrating inflammatory cells contribute to activation of the
JAK-STAT and NF-xB pathways in EBV(+)DLBCL-E.

It has been reported that ABC-like DLBCL exhibit activation
of the JAK-STAT and NF-kB pathways compared with GCB-
like DLBCL.****3" Therefore, in the present study, we limit
analysis to cases involving ABC-like EBV(—)DLBCL patients
and EBV(+)DLBCL-E. The results show that the genes associ-
ated with activation of the JAK-STAT and NF-kB pathways
were more prominent in patients with EBV(+)DLBCL-E com-
pared with ABC-like EBV(—)DLBCL. The result indicates that
activation of the JAK-STAT and NF-kB pathways is thought to
be characteristic of EBV(+)DLBCL-E. Montes-Moreno et al.
reported the pathological findings of 47 cases of EBV(+)
DLBCL-E and showed that EBV(+)DLBCL-E is an aggressive
B-cell lymphoma with a post-germinal center B-cell phenotype
characterized by NF-kB activation.®® Although the present
study included a relatively small number of patients, their path-
ological study supports the validity of our analysis.

Activation of the JAK-STAT and NF-kB pathways is highly
regulated in normal cells. In contrast, the LCL comprising trans-
formed B cells is characterized by dysregulation of these path-
ways.(?”3 5.39.40) LMP1-triggered signaling to JAK-STAT and
NF-kB is thought to be initiated at the C-terminal cytoplasmic
domain of LMPI1, which has a cell-signaling domain in the
C-terminal activating region and binds to tumor necrosis factor
(TNF) receptor-associated factor, TNF receptor type 1-associ-
ated death domain protein and other molecules.®-*>"% In cases
with EBV-related lymphomas, a 30-bp deleting mutation located
in the C-terminal domain of LMP1 has been reported to prolong
the half-life of LMP-1, resulting in a higher level of LMPI
expression in cells.*" This mutation could be associated with
activation of the NF-xB pathway since LMP1 engages the intra-
cellular CD40 signaling machinery in Hodgkin l;/mphoma to
induce strong constitutive activation of NF-kB,*** and chronic
or aberrant STAT activation would be both a necessary and pre-
disposing event for EBV-driven tumorigenesis in immunocom-
petent individuals.“'*? In the present study, we used an in vitro
model of EBV-infected B-cell lymphoma and found high activa-
tion of the pathways was induced in some cell lines. Oncogenic

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Fig. 3. In vitro assay of Epstein-Barr virus (EBV)-infected B-cell lines. A recombinant EBV expressing enhanced green fluorescent protein (EGFP)
and G418 (Neomycin) resistant genes was infected into B-cell lines.?%49) (a) Representative sample of an EBV-infected B-cell line (OCl-Ly7). More
than 90% of the cells were successfully infected with EBV. EGFP, enhanced green fluorescent protein; Pl, propidium iodide. (b) Latent membrane
protein 1 (LMP1) expression after EBV infection. Western blot analysis revealed LMP1 expression after EBV infection into SUDHL6. The protein
expression level of LMP1 in OCI-Ly7 was quite low (arrow). Lymphoblastoid cell line (LCL) (EBV-infected transformed B-cell line, UH3) was used as
a positive control and actin served as the internal control. (¢, d) Gene Set Enrichment Analysis (GSEA) revealed that (c) Signal transducer and acti-
vator of transcription 3 (STAT3)®® and (d) nuclear factor kappa B (NF-B)?9 gene sets were enriched in EBV-infected B-cell lines compared with
the same cell lines without EBV infection. A detailed description of GSEA enrichment score curves is shown in the legend of Figure 2. BCL, B-cell
lymphoma; NES, normalized enrichment score. (e) STAT3 activation in germinal center B-cell (GCB)-like diffuse large B-cell lymphoma (DLBCL) cell
lines. Western blot analysis showed that STAT3 and phosphorylated STAT3 (pSTAT3) (Tyr705) expression increased after EBV infection into SUD-
HL6, while expression of pSTAT3 was not detected in OCI-Ly7. A stable STAT3 expression was observed before and after EBV infection in OCI-
Ly7. Actin served as the internal control. Each band was converted to a numerical value using Image J software (http://rsbweb.nih.gov/ij/) and
the calculated value is shown below each band. (f) EBV infection promotes the activation of NF-xB. EBV-infected GCB-like DLBCL cell lines (SUD-
HL6 and OCI-Ly7) and one EBV-infected activated B-cell-like DLBCL cell line (OCI-Ly3) were successfully established.%*® The upper panel shows
evaluation of the activation of NF-xB transcription factors by electrophoretic mobility shift assay. The mobility of NF-xB is indicated by the arrow.
Each band was converted to a numerical value using Image J. Each EBV-infected cell line shows increased NF-xB activity when compared with
that without EBV infection. The lower panel shows the expression level of Lamin-B1, a nuclear protein, in each nuclear extract. Only subtle dif-
ferences are observed in Lamin-B1 expression between cell lines with EBV infection and those without infection.

alteration in addition to EBV infection might synergistically con-
tribute to increase the activation of STAT3 and NF-xB in
patients with EBV(+)DLBCL-E. Comprehensive genetic studies
including LMP-1 and a larger sample series would clarify the
pathogenesis of EBV(+)DLBCL-E in the future.

The PI3K/Akt si%naling pathway is also known to be
activated by LMP1.“> In this analysis, gene expression profil-
ing revealed that the PI3K/Akt pathway was activated in
EBV-infected B-cell lines compared with EBV-negative B-cell
lines. However, the PI3K/Akt pathway was not activated in

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

clinical samples of EBV(+)DLBCL-E compared with EBV(—)
DLBCL (data not shown). Recently, several reports have
shown the importance of the tumor microenvironment and its
effects on tumor characteristics.***> Although the responses
of tumor cells to EBV infection could play an important role
in the pathogenesis of EBV(+)DLBCL-E, activation of the sig-
naling pathway might be altered by an interaction between
tumor cells and the tumor microenvironment.

In conclusion, the present study identified characteristic
oncogenetic pathways when comparing gene expression in
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ww.wileyonlinelibrary.com/journal/cas

; 3 S
Phospho-STAT3 positi
EBV(+)DLBCL-E

Fig. 4.

Original Article
Kato et al.

EBV(-)DLBCL

Phosphorylated signal transducer and activator of transcription 3 (pSTAT3) expression in primary lymphoma tumors. (a) Immunostaining

with a pSTAT3 (Tyr705)-specific antibody showing brown staining in a representative Epstein-Barr virus-positive diffuse large B-cell lymphoma of
the elderly (EBV[+]DLBCL-E) case. (b) A sample of an EBV-negative DLBCL (EBV[—]DLBCL) case without pSTAT3 expression (a, b: original magnifi-
cation, x200). Images were visualized using a Nikon Eclipse 55i microscope (Nikon, Tokyo, Japan) equipped with a Nikon Plan x40/0.65 objec-
tive. Images were captured using a Nikon Digital Sight DS-Fi1 camera and Nikon Digital Sight DS-L2 software, and were processed using Adobe

Photoshop 5.5 (Adobe Systems, San Jose, CA, USA).

EBV(+)DLBCL-E and EBV(—)DLBCL. Activation of JAK-
STAT and NF-kB pathways was prominent in EBV(+)
DLBCL-E, which may reflect the nature of EBV-positive
tumor cells. The therapies targeting these pathways could
improve clinical outcomes of some parts of EBV-related B-cell
lymphoma. Further studies are needed to investigate the
molecular and biological characteristics of EBV(+)DLBCL-E.
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