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features in diffuse large B-cell lymphomas
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Although it has been suggested that REL
is the critical target gene of 2p12-16 ampli-
fication in diffuse large B-cell lymphoma
(DLBCL), little experimental evidence sup-
ports this notion. In the present study, we
sought to evaluate the relationship be-
tween REL amplification and REL func-
tion in a panel of 46 newly diagnosed
DLBCLs and to correlate with DLBCL
subgroups as identified by gene expres-
sion profiles and clinical features. The
results indicate that amplification of the

REL locus is not associated with accumu-
lation of the active form of REL, as evalu-
ated by immunofluorescence analysis.
Upon subgrouping of the DLBCL cases
based on gene expression signatures,
REL amplification was detected in all sub-
groups, while high levels of nuclear-
located REL were more frequently de-
tected in activated B-cell–like DLBCL.
Correlative analyses of REL copy number
and REL nuclear accumulation with clini-
cal parameters did not reveal any signifi-

cant associations. Together these results
indicate that 2p12-16 amplification does
not lead to abnormal REL activation, sug-
gesting that REL may not be the func-
tional target of the amplification event.
Nonetheless, these data indicate that
DLBCLs are heterogeneous with respect
to REL and thus nuclear factor–�B (NF-
�B) activity. (Blood. 2004;103:1862-1868)

© 2004 by The American Society of Hematology

Introduction

Diffuse large B-cell lymphoma (DLBCL) is an aggressive malig-
nancy that comprises approximately one third of all non-Hodgkin
lymphoma (NHL).1 Despite its potential curability and high
response rates with standard chemotherapy, approximately half of
the patients ultimately die of their disease.1 DLBCL typically
displays immunoglobulin (IG) gene rearrangement and somatic
hypermutation that reflect their mature B-cell origin and play
pivotal roles in transformation.2 Underlying chromosomal translo-
cations that often involve IG gene loci cause deregulated expres-
sion of the BCL2, MYC, and BCL6 genes and occur in approxi-
mately 50% of cases.2 Genomic amplification as an additional
mechanism leading to deregulated gene expression in NHL has
gone largely unrecognized. In solid tumors, amplification of genes
regulating cell proliferation or drug resistance represents an
important pathway to aggressive behavior.3 Application of compara-
tive genomic hybridization (CGH)4 for screening tumor genomes
for DNA sequence gains and losses has now identified a number of
chromosomal sites and candidate target genes amplified in DLBCL,
associated with advanced-stage disease.5,6 Amplification and gain
of the 2p12-16 region has frequently been described in NHL and
Hodgkin disease (HD) with frequencies as high as 50%.5-8 Candi-
date genes mapped within this CGH amplicon include REL and
BCL11A, with REL being the most frequently amplified gene (more
than 25%).7,9-11 The functionally relevant overexpressed amplified
target gene(s), however, has not as yet been identified.

The candidate gene REL encodes a member of the REL/nuclear
factor–�B (REL/NF-�B) family of transcription factors that play

an important and complex role in cell growth, differentiation, and
survival regulation, in particular, in the hematopoietic lineages.12,13

REL/NF-�B complexes are normally bound to inhibitory I�B
proteins in the cytoplasm.14 Upon activation by diverse stimuli
such as pathogens, cytokines, and chemotherapeutic agents, they
translocate to the nucleus, promoting the expression of many
immunomodulatory target genes.14 Aberrant constitutive NF-�B
activity has been reported in both lymphoid malignancies and solid
tumors, with the suggestion that active REL/NF-�B generates cell
survival signals preventing apoptosis.15-18 Recently, a requirement
for active NF-�B was demonstrated for the survival of a subgroup
of DLBCL cell lines that exhibit expression of transcripts common
to activated peripheral blood B cells.19 These activated B-cell–like
(ABL) DLCBL cell lines displayed a higher NF-�B activity than
another subgroup of DLBCL cell lines that expressed transcripts
common to normal germinal center (GC) B cells.19 Molecular
classification of DLBCL specimens based on gene expression
signatures using the Lymphochip cDNA array indicated that
patients with germinal center B-cell–like (GCBL) DLBCL had a
higher overall survival than those with ABL DLBCL.20 This
correlation was not confirmed in another gene expression profiling
study of DLBCL utilizing oligonucleotide arrays.21 More recently,
using the 100 most differentially expressed genes between the 2
subgroups, a third subgroup has been identified (Type 3) that does
not express either set of genes at a higher level yet exhibits a poor
clinical outcome.22 REL was one of the discriminatory genes with
higher expression in GCBL DLBCL.22 In addition, genomic
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amplification of REL was found to occur exclusively within GCBL
DLBCL, a subgroup not requiring active NF-�B for survival.22

Together, these results point to REL as an important player in
DLBCL biology but do not provide information on its functional
status in these tumors. In particular, it is not known whether
amplification of the REL locus is associated with expression of
nuclear REL, the transcriptionally active form of this NF-�B factor.
Thus, in the present study, we sought to evaluate the relationship
between REL amplification and REL function in a panel of newly
diagnosed DLBCLs with relation to DLBCL expression signature
subgroup and clinical features. Upon molecular classification of the
DLBCL specimens as GCBL, ABL, or Type 3 DLBCL, a correla-
tion between subgroup assignment and clinical outcome of DLBCL
could not be confirmed, and REL amplification was found to occur
in all subgroups. No clear correlation was evident between REL
amplification and REL nuclear accumulation as evaluated by
immunofluorescence, suggesting that REL is not the functional
target of the 2p12-16 amplicon in DLBCL. Higher nuclear
accumulation of REL was more frequent in ABL DLBCL, but a
significant in vivo transcript expression signature was not found to
be associated with nuclear REL. Correlation of REL copy number
and REL nuclear accumulation with clinical parameters did not
reveal any significant associations. Overall, these results indi-
cate that while REL may not be the critical target gene of 2p12-16
amplification, DLBCLs are heterogeneous with respect to
REL function.

Materials and methods

Tumor specimens

The study cohort comprised 46 newly diagnosed DLBCL cases ascertained
at the Memorial Sloan-Kettering Cancer Center (MSKCC) between March
1985 and October 1998. The original diagnostic material of all patients was
reviewed to confirm histology according to the World Health Organization
(WHO) classification.23 Percentage of malignant cells was evaluated for
each case as an approximate estimation of tumor or large cell lymphoma
observed over the total tissue section, including general lymphoma, fibrosis,
adipose tissue, fibrovascular tissue, and/or glandular or epithelial tissue. As
controls, 2 reactive lymph node specimens resected from patients with no
history of lymphoma were included in the study. The following categories
of patients were excluded from this study: those with primary mediastinal
DLBCL, evidence of histologic transformation from a low-grade lym-
phoma, human immunodeficiency virus (HIV)–associated lymphoma, and
posttransplantation lymphoproliferative disorder. The medical records of all
patients were reviewed to obtain relevant clinical information: lactate
dehydrogenase (LDH) levels, extent of disease/stage at diagnosis, presence
of pure extranodal disease (disease confined to extralymphatic organs),
International Prognostic Index (IPI)24 score, treatment, response, time to
treatment failure (TTF), and overall survival (OS). OS and TTF were
calculated for the 39 patients who received an anthracycline-containing
chemotherapy regimen, using a log-rank test using the SAS statistical
software program.25 The median follow-up was 46 months, and OS
significantly correlated with IPI score (P � .005). The Fisher exact test was
used to test for association between variables. The study was conducted
according to the principles of the Declaration of Helsinki and the
Institutional Review Board of the Memorial Sloan-Kettering Cancer Center.

Karyotype analysis and IGH-BCL2 rearrangement
by real-time PCR

G-banded karyotype analysis was attempted for 42 cases, of which 28 were
found to be abnormal, 3 were normal, and 11 were failures. Real-time
polymerase chain reaction (PCR) analysis was performed on available

tumor DNAs for detection of t(14;18)(q32;q21) rearrangements between
IGH and the major breakpoint cluster region (MBR) of BCL2 as described.26

RNA extraction and expression profiling

Total RNA was extracted from snap-frozen or optimal cutting temperature
medium (OCT)–embedded fresh tumor or reactive lymph node specimens
using an RNeasy kit (Qiagen, Valencia, CA) and the quality assessed by
spectrophotometry and agarose gel electrophoresis.27 Total RNA was
subjected to expression profiling as previously described by us.27 Briefly,
first- and second-strand cDNA synthesis was performed using a cDNA
synthesis kit (Invitrogen, Carlsbad, CA), and biotinylated cRNA was
prepared according to manufacturer’s recommendations (Enzo, Farming-
dale, NY). The cRNA was fragmented and 15 �g hybridized to Human
Genome 95A Version 2 oligonucleotide arrays (HG-U95Av2: Affymetrix,
Santa Clara, CA), followed by rinsing, staining, and scanning all according
to the manufacturer’s recommended conditions.

Expression data analysis

Expression signals were quantitated using the Affymetrix Microarray Suite
5.0, with the mean hybridization intensity (signal) of each array scaled to
2500 (Additional Data A—all additional data are provided at http://
www.mskcc.org/GCL/DLBCL1/). The signal data were transformed using
the logarithm base 2. Prior to clustering, the transcripts were standardized
by subtracting off the mean and dividing by the standard deviation.
Molecular classification of the DLBCL into GCBL/ABL/Type 3 subgroups
was performed utilizing the entire cohort of 46 newly diagnosed DLBCL
specimens. Of the 100 genes reported to distinguish GCBL/ABL DLBCL at
the significance level of P values less than .001,22 81 had available
GenBank accession numbers that could be assigned to UniGene clusters. Of
these, 62 were present on the HG-U95Av2 array, being represented by 99
probe pair sets (Additional Data B). The 46 DLBCL specimens were
submitted to hierarchic agglomerative clustering using the average linkage
method with one minus the correlation as the distance metric for the 99
probe pair sets.28

Differentially expressed transcripts between DLBCL with high and low
percent REL-positive nuclei were determined using the Wilcoxon rank sum
test on a transcript-by-transcript basis. A permutation method was used to
determine whether the number of significant transcripts found by our
criterion was more than expected. In this method, the array labels were
permuted and the number of significant transcripts computed for this new
set of identifiers. The permutation process was repeated 1000 times. A P
value was calculated as the proportion of times the number of significant
transcripts for the real data were greater than or equal to the number of
significant transcripts for the permuted data.

Determination of REL copy number by Southern blot analysis
and validation by fluorescence in situ hybridization (FISH)

The gene copy number of REL was determined relative to a restriction
fragment length polymorphism probe (D2S48) mapped to 2p21-23 by
quantitative Southern blotting of restricted genomic DNAs isolated from 10
snap-frozen or OCT-embedded fresh tumor specimens as previously
described.5,9 Within the present study group, the REL copy number had
previously been evaluated in 33 cases.5,9 A gene copy of 4 or more was
considered indicative of regional gene amplification. The REL copy number
as evaluated by Southern blotting was validated by fluorescence in situ
hybridization (FISH) analysis using a REL-containing BAC (RP11-
373L24)29 on 1 independent DLBCL. In this case with a REL copy number
of 7, FISH analysis detected on average 6 copies of the REL locus per
malignant cell (data not shown). Fixed cells were not available for the panel
of 46 cases. A test based on the Kendall � statistic was used to examine the
association between REL copy number and REL transcript levels.

Analysis of nuclear REL accumulation
by immunofluorescence staining

For REL immunofluorescence analysis, a primary rabbit polyclonal REL
antiserum (265) raised against the C-terminal 15 amino acids of human
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REL developed at the National Cancer Institute (NCI)–Frederick Cancer
Research and Development Center was utilized (gift from N. Rice,
NCI-Frederick Cancer Research and Development Center).30 In Western
blotting analysis of a panel of NHL cell lines (OCI-LY series from the
Ontario Cancer Institute, gifts from M. Messner, University of Toronto,
Canada), this antibody detected a single band of approximately 80 kDa
(data not shown). While validation of nuclear REL staining by this antibody
had previously been reported for immunohistochemical staining,30 it was also
validated in an in vitro system for immunofluorescence analysis. B-cell lym-
phoma cell lines were treated with CD40Lto induce nuclear translocation of REL
and activation of NF-�B activity. Comparison with mock-treated cells indicated
nuclear REL only in cells with demonstrated increase in NF-�B activity
evaluated by electrophoretic mobility shift assays (data not shown). Two-
micrometer paraffin-embedded tumor sections were stained with the primary
antibody and then with a secondary goat antirabbit biotin-conjugated antibody
(Jackson Immunoresearch, West Grove, PA). Finally, the slides were counter-
stained with avidin–fluorescein isothiocyanate (avidin-FITC) and DAPI (4�,6-
diamidino-2-phenylindole) and viewed with a Nikon epifluorescence microscope
(Nikon). A total of 200 cells per section were scored to obtain percent of
malignant cells with REL-positive nuclei. Nuclei were considered positive when
staining was observed over the entire nuclear area (defined by DNAcounterstain)
irrespective of cytoplasmic staining. In tumor sections, cytoplasmic-specific REL
staining was routinely detected in small lymphocytes (mostly resting B cells), and
nuclear and cytoplasmic REL staining was detected in occasional residual
germinal centers (data not shown).

Results

Frequency of REL amplification in DLBCL expression
signature subgroups

The REL locus is frequently amplified in DLBCL,5,6,9 and it has
previously been reported that amplification occurs exclusively
within GCBL DLBCL.22 To validate these findings, a panel of 46
newly diagnosed DLBCLs with known clinical parameters was
initially submitted to oligonucleotide expression profiling for
expression signature classification. The specimens were assigned
as GCBL, ABL, or Type 3 DLBCL on the basis of hierarchic
clustering using a subset of 62 (99 probe sets) of the 100
discriminatory genes that were represented on the oligonucleotide
array used in the present study.22 Reclustering of the published
specimens22 using only this subset of 62 genes revealed the 3
expected subgroups, with the expected survival correlation be-
tween the groups (P � .001), indicating that the 62 genes were
sufficient for subgroup clustering. For the 46 specimens in the
present study, hierarchic agglomerative clustering resulted in a
dendrogram with 2 main branches (Figure 1 and Additional Data
B). One branch comprised 19 specimens that more highly ex-
pressed the GCBL signature genes. The other branch, comprising

Figure 1. Clustering of DLBCL into GCBL, ABL, and
type 3 DLBCL. The 46 DLBCLs were hierarchically
clustered using the average linkage method for 99 probe
pair sets that represented 62 genes of the 100 reported to
distinguish GCBL/ABL DLBCL at the significance level of
P � .001.22 Of the 62 genes, 23 (31 probe pair sets,
yellow) were represented within the GCBL DLBCL expres-
sion signature and 39 (68 probe pair sets, blue) within the
ABL DLBCL expression signature. Select transcripts are
listed, with a full list given in Additional Data B. Red
indicates high expression and green, low expression,
with the color scale at the bottom showing the relative
expression in standard deviations from the mean.
*Specimens with t(14;18)(q32;q21) translocation.
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27 specimens, broadly expressed the ABL signature genes at higher
levels, although they could be further subdivided into 2 branches. A
subgroup of ABL DLBCL comprising 14 specimens exhibited a
marked decrease in the expression of the GCBL signature genes,
not evident in the other subgroup of 13 specimens (Type 3). Such

clustering is in keeping with those previously published, and the
assignments for each DLBCL are listed in Table 1. The REL copy
number was previously known or determined for 43 of the 46
specimens (Table 1). Nine specimens (20.9%) exhibited an in-
creased REL copy number (4 or more), consistent with the
frequency previously reported by us.9 To examine the association
between REL copy number and array-based REL transcript expres-
sion, a test based on the Kendall � statistic was applied for each of 3
probe sets representing REL on the array. For 2 of these, a low and
insignificant negative correlation estimate (�0.05, P � .64 to .66)
was found, while for the third a low but significant positive
correlation estimate (0.23, P � .03) was obtained. Thus, no consis-
tent significant correlation was found between REL copy number
and REL transcript level. REL amplification was detected in all 3
DLBCL subgroups (Table 2), in contrast with the previous report.22

It has also been reported that t(14;18)(q32;q21) occurs exclusively
among GCBL DLBCL when evaluated by FISH or by PCR of the
MBR of BCL2.22,31 In the present study, abnormal karyotypes were
obtained for 28 of the specimens (Additional Data C) and
IGH-BCL2 MBR rearrangement was evaluated by real-time PCR
in 33 specimens (Table 1). For the 22 specimens studied by both
assays, concordance between the assays was evident for 20. For
specimen DLBCL-42, rearrangement was detected by PCR but not
by G-banding analysis where only 1 karyotypically abnormal cell
with a marker chromosome was encountered, accounting for the
discrepancy between the assays. DLBCL-11 exhibited a t(14;
18)(q32;q21) in 53% of abnormal cells evaluated, and no rearrange-
ment was detected by PCR. This could be explained by a
breakpoint occurring within the minor breakpoint cluster region
(MCR) or elsewhere in BCL2 undetected by PCR analysis, but
observed by FISH, as previously reported.31 The frequency of
t(14;18)(q32;q21) in the 3 expression subgroups was evaluated
combining the results from both assays (39 specimens) and
considering DLBCL-11 and -42 as positive. The translocation was
detected in both GCBL and ABL subgroups (Table 2), with most in
the former (7 of 9 with translocation). For each subgroup, the
(14;18)(q32;q21)–containing specimens were noted to cluster
within 1 arm of the subgroup (Figure 1). Overall then, 2 genetic
abnormalities (REL amplification and t(14;18)(q32;q21)) previ-
ously reported to occur exclusively among GCBL DLBCL22,32 have
not been confirmed in the present study.

Relationship between REL amplification and nuclear
accumulation of REL

To evaluate the relationship between amplification of the REL locus
and REL function, nuclear accumulation of REL was evaluated in
DLBCL in vivo by immunofluorescence analysis as a measure of
REL activity. Representative immunofluorescence images for 3 of
the specimens are shown in Figure 2 along with DAPI-
counterstained images clearly revealing nuclei. The percent cells
with REL-positive nuclei varied markedly between the 39 analyz-
able specimens: 17 displayed 20% or less, 5 displayed 25% to 50%,
and the remaining 17 displayed 70% to 95% REL-positive nuclei.
No clear correlation was evident between REL amplification and

Table 1. Molecular classification of 46 newly diagnosed DLBCLs

DLBCL
GCBL/Type

3/ABL
% malignant

cells
t(14;18):

karyotype
t(14;18):

PCR
REL copy

no.

% REL-
positive
nuclei

1 ABL 90 � � 2 12

2 GCBL 85 � � 3 15

3 Type 3 90 � � 2 NE

4 Type 3 70 NE NE 2 2

5 ABL 90 N � 1 90

6 ABL 50 � � 2 80

7 ABL 90 NE NE 3 NE

8 GCBL 90 F � 2 85

9 GCBL 80 � � 2 50

10 ABL 50 � NE 4 95

11 ABL 90 � � 2 90

12 GCBL 50 F � 5 20

13 Type 3 90 F � 2 40

14 GCBL 95 � NE 2 40

15 GCBL 95 � � 2 5

16 GCBL 90 � � 1 5

17 Type 3 85 � � 5 85

18 GCBL 60 � NE 2 90

19 GCBL 75 � � 1 NE

20 GCBL 90 � NE 5 10

21 Type 3 95 F NE 1 20

22 ABL 40 � � 1 70

23 ABL 30 N � 2 25

24 Type 3 85 � � 1 NE

25 Type 3 90 � � 3 2

26 GCBL 95 F � 2 80

27 GCBL 85 � � 4 90

28 GCBL 90 � � 3 95

29 ABL 30 F NE NE 90

30 Type 3 60 F � 5 NE

31 Type 3 65 F � 1 5

32 ABL 85 � � 2 NE

33 GCBL 30 � NE 1 5

34 ABL 95 � NE 4 NE

35 ABL 40 � � 2 10

36 Type 3 95 � � 2 90

37 Type 3 90 F � 2 95

38 ABL 95 � � 2 50

39 GCBL 95 NE NE NE 15

40 ABL 90 NE NE NE 90

41 Type 3 90 F � 1 85

42 GCBL 90 � � 4 15

43 GCBL 95 N NE 2 5

44 Type 3 50 F � 2 20

45 GCBL 95 � � 1 85

46 GCBL 80 � � 141 1

NE indicates not evaluable; N, normal; F, failure.

Table 2. Frequency of t(14;18)(q32;q21), REL amplification, and high-percentage REL-positive nuclei in DLBCL subgroups

DLBCL subgroup t(14;18)(q32;q21), no. (%)
REL amplification with at

least 4 copies, no. (%)
At least 70% of nuclei

REL-positive nuclei, no. (%)

GCBL DLBCL 7 of 17 (41) 5 of 18 (28) 6 of 18 (33)

Type 3 DLBCL 0 of 11 (0) 2 of 13 (15) 4 of 10 (40)

ABL DLBCL 2 of 11 (18) 2 of 12 (17) 7 of 11 (64)
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REL nuclear accumulation (Table 1). This is exemplified by
DLBCL-46, where only 1% of malignant cells were positive for
nuclear REL-staining despite more than 70-fold amplification of
the REL locus (Figure 2). These data suggest that for the present
cohort, REL does not appear to be the functional target gene of the
2p12-16 amplicon.

Relationship between REL nuclear accumulation
and DLBCL subgroups

ABL DLBCL cell lines have previously been reported to require
functional NF-�B for survival; however, it is unknown if this is
reflected in vivo.19 To investigate these findings in the DLBCL
specimens, nuclear REL accumulation was utilized as a measure of
NF-�B activity and levels compared between DLBCL expression
signature subgroups. For comparative purposes, specimens with
50% or less REL-positive nuclei (low) and those with 70% or more
(high) were grouped separately, because no specimens exhibited
expression between 50% and 70%. Upon comparison between
DLBCL subgroups, it was evident that ABL DLBCL exhibited a
higher incidence of REL-positive nuclei than the other 2 sub-
groups. These findings are consistent with in vitro data showing
elevated NF-�B activity in ABL DLBCL cell lines compared with
GCBL DLBCL cell lines.19

Clinicopathologic correlations of REL copy number and
nuclear accumulation of REL

In an effort to correlate genetic and biologic features of REL with a
clinicopathologic feature of DLBCL, REL copy number and REL
nuclear accumulation were statistically compared with multiple
clinical parameters. The clinical characteristics of the patients used
in the study are listed in Table 3. No significant correlation of high
REL copy number or high percentage of REL-positive nuclei was
found with age, advanced stage, high LDH, pure extranodal
disease, poor performance status, IPI score, response to anthracy-
cline-based chemotherapy, TTF, or OS (P 	 .05). In the case of
REL copy number and extranodal disease, the present result was
unlike our previous finding using a cohort of DLBCL comprising
15% relapse biopsies, where high REL copy number correlated
with pure extranodal disease, possibly reflecting the 2 overlapping
but different cohorts.9

Of note, correlation of DLBCL expression signature subgroup
assignment with overall survival of the 39 patients who received an
anthracycline-containing chemotherapy regimen did not reveal any
significant correlation (P � .38). These results are in agreement
with the findings of Shipp et al21 but in contrast with those of
Rosenwald et al.22

Table 3. Correlation of REL copy number and REL nuclear accumulation with clinical features

Patient characteristics All patients

REL copy no. % REL-positive nuclei

Less than 4* 4 or more† 50% or less‡ 70% or more§

Male/female, no. 29/17 21/13 5/4 15/7 10/7

Median age, y (range) 62 (25-84) 63 (29-84) 63 (41-75) 63 (29-79) 67 (25-80)

Stage

I, no. (%) 12 (26) 10 (29) 2 (22) 4 (18) 6 (35)

II, no. (%) 14 (30.5) 8 (24) 5 (56) 7 (32) 5 (29)

III, no. (%) 6 (13) 4 (12) 0 (0) 3 (14) 3 (18)

IV, no. (%) 14 (30.5) 12 (35) 2 (22) 8 (36) 3 (18)

Pure EN disease, no. (%) 10 (22) 7 (21) 3 (33) 4 (18) 4 (24)

IPI risk group�

Low, no. (%) 13 (29) 10 (30.5) 1 (11) 7 (32) 6 (35)

Low-intermediate, no. (%) 13 (29) 8 (24) 5 (56) 6 (27) 4 (23.5)

High-intermediate, no. (%) 7 (15.5) 6 (18) 1 (11) 3 (14) 3 (18)

High, no. (%) 12 (26.5) 9 (27.5) 2 (22) 6 (27) 4 (23.5)

EN indicates extranodal disease.
*n � 34.
†n � 9.
‡n � 22.
§n � 17.
�One patient had insufficient clinical data to determine IPI score.

Figure 2. Expression of REL in DLBCL. Nuclear localization of REL was evaluated
by immunofluorescence analysis with DLBCL sections counterstained with DAPI for
determination of percent positively stained nuclei. Results obtained for 3 representa-
tive DLBCL cases are shown with respective percent positive nuclei and REL copy
number. Original magnification, 
 400.
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Gene expression signature in DLBCL associated with
nuclear localization of REL

The in vivo biologic consequence of nuclear accumulation of REL was
examined by determining differentially expressed sequences between
DLBCL specimens with high (70% or more positive) and low (50% or
less positive) nuclear RELlocalization using the Wilcoxon rank sum test
on a transcript-by-transcript basis. This method identified 71 transcripts
with P values less than .005, including 2 reported NF-�B target genes,
NQO1 and SELE, with higher expression in specimens with high
nuclear REL localization.14 A permutation test found that this was not
more than the expected number of transcripts with P values less than
.005 (P � .241). Using a lower threshold for low versus high REL-
positive nuclei of 25%, a similar analysis revealed fewer differentially
expressed transcripts. Thus, a significant expression signature in DLBCL
was not found to be associated with nuclear localization of REL.

Discussion

REL maps within 2p12-16, the most frequently amplified region
observed in GC-derived B-cell lymphomas.5,6 However, little experimen-
tal evidence to date indicates that it is indeed the functional target gene of
the amplicon in DLBCL. For the first time, the present study examined
the relationship between REL genomic copy number and REL func-
tional localization in the nucleus of DLBCL specimens. It was evident
for the present cohort of DLBCL that overt amplification of the REL
locus does not appear to lead to functional nuclear accumulation of
REL, suggesting that REL is not the functional target of the 2p12-16
amplicon in DLBCL. This is unlike classical Hodgkin lymphoma with
constitutive NF-�B activity, where it has recently been reported that
Hodgkin and Reed-Sternberg cells with gain of 2p genetic material
exhibit nuclear staining for REL.30 In DLBCL, nuclear accumulation of
REL varied considerably between specimens and was found to be
predominantly cytoplasmic. A recent study reported a rearrangement of
the REL locus in a large B-cell lymphoma–derived cell line, resulting in
the expression of a hybrid protein where REL lacked a nuclear
localization sequence, leading to the suggestion that cytoplasmically
located REL may have an oncogenic role.32 However, additional studies
did not confirm such a role.33 Another study demonstrated the ability of
exogenously expressed REL to directly transform chicken spleen cells
utilizing a liquid outgrowth assay to evaluate transformation.34 The
subcellular localization of the human REL, however, was not deter-
mined in this study. Interestingly, coexpression of BCL2 accelerated the
appearance of transformed cultures.34 Further studies are required to
distinguish the putative role of nuclear versus cytoplasmically located
REL in lymphomagenesis. While in the present study nuclear REL was
not found to be associated with a significant expression signature or
clinical parameter, the contribution of other individual REL/NF-�B
family members to lymphoma biology remains to be examined. Overall,
based on the generally accepted notion that nuclear REL is the effector
of REL function, our results strongly suggest that the functional
consequence of 2p amplification may not be REL activation and that

therefore other genes mapped within 2p12-16 may be the target of the
amplification event.

Three subgroups of DLBCL have now been described on the
basis of the expression signatures of GC and activated peripheral B
cells. REL was one of the genes recently identified by Rosenwald et
al22 to discriminate between GCBL and ABL DLBCL, being
preferentially overexpressed in the former subgroup, where REL
amplification was exclusively detected. In the present study, 3
subgroups were similarly identified using a subset of the discrimi-
natory genes but, in contrast, amplification of the REL locus was
detected in GCBL as well as ABL subgroups. This finding is not
surprising considering that increased copy number of the 2p12-16
region is a frequent genetic alteration observed not only in DLBCL
but also in follicular lymphoma and classical Hodgkin disease,
being 2 other GC-derived B-cell lymphomas.7,8 The current finding
that REL amplification occurs across all DLBCL expression
subgroups and not exclusively to GCBL DLBCL is therefore
consistent with the molecular and cytogenetic data indicating that
amplification of this region is a frequent genetic alteration in
GC-derived B-cell lymphomas.

In the present study, no significant association was found
between expression subgroup classification and clinical outcome as
has been reported by Alizadeh et al20 and Rosenwald et al.22 In
those studies, ABL and Type 3 DLBCL exhibited a poor outcome
compared with GCBL DLBCL. A lack of such association has also
been reported by Shipp et al.21 The reasons for the apparent
discrepancies between the studies remain unclear at the present
time, though it is feasible that differences in treatment regimens
between the studies may influence outcome.

ABL DLBCL–derived cell lines have been reported to exhibit
increased NF-�B activity, comprising p50/RELA and p50/REL
heterodimers, compared with GCBL DLBCL–derived cell lines
with p50/REL heterodimers, as identified by electrophoretic mobil-
ity shift assays.19 Furthermore, active NF-�B was found to be
necessary for survival of ABL DLBCL cell lines. In the present
study, using nuclear-located REL as a measure of NF-�B activity,
DLBCLs with higher numbers of REL-positive nuclei were more
frequent in the ABL subgroup than in the other 2 subgroups. While
this is consistent with the notion that ABL DLBCL exhibit
increased NF-�B activity over GCBL DLBCL, determination of
the nuclear localization of other REL/NF-�B family members in
vivo may further substantiate the in vitro findings. Overall,
DLBCLs are heterogeneous with respect to REL and thus NF-�B
function, with the precise role of NF-�B in lymphoma biology yet
to be fully understood.

Acknowledgments

We thank Vladan Miljkovic for dedicated handling of the hybridiza-
tion, washing, and scanning of the arrays and Ashlyn Celestine for
technical assistance with immunofluorescence staining. We also
thank Lou Staudt for confirming Lymphochip clone identity.

References

1. Armitage JO, Weisenburger DD. New approach
to classifying non-Hodgkin’s lymphomas: clinical
features of the major histologic subtypes. J Clin
Oncol. 1998;16:2780-2795.

2. Chaganti RSK, Nanjangud G, Schmidt H, Teruya-
Feldstein J. Recurring chromosomal abnormali-
ties in non-Hodgkin’s lymphoma: biologic and
clinical significance. Semin Hematol. 2000;37:
396-411.

3. Schwab M. Oncogene amplification in solid tu-
mors. Semin Cancer Biol. 1999;9:319-325.

4. Kallioniemi A, Kallioniemi OP, Sudar D, et al.
Comparative genomic hybridization for molecular
cytogenetic analysis of solid tumors. Science.
1992;258:818-821.

5. Rao PH, Houldsworth J, Dyomina K, et al. Chro-
mosomal and gene amplification in diffuse large
B-cell lymphoma. Blood. 1998;92:234-240.

6. Palanisamy N, Abou-Elella AA, Chaganti SR, et
al. Similar patterns of genomic alterations charac-
terize primary mediastinal large B-cell lymphoma
and diffuse large B-cell lymphoma. Genes Chro-
mosomes Cancer. 2002;33:114-122.

7. Goff LK, Neal MJ, Crawley CR, et al. The use of
real-time quantitative polymerase chain reaction
and comparative genomic hybridization to identify

NUCLEAR REL IN DIFFUSE LARGE B-CELL LYMPHOMA 1867BLOOD, 1 MARCH 2004 � VOLUME 103, NUMBER 5

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/103/5/1862/1695887/zh800504001862.pdf by guest on 27 M

ay 2024



amplification of the REL gene in follicular lym-
phoma. Br J Haematol. 2000;111:618-625.

8. Joos S, Menz CK, Wrobel G, et al. Classical
Hodgkin lymphoma is characterized by recurrent
copy number gains of the short arm of chromo-
some 2. Blood. 2002;99:1381-1387.

9. Houldsworth J, Mathew S, Rao PH, et al. REL
proto-oncogene is frequently amplified in extra-
nodal diffuse large cell lymphoma. Blood. 1996;
87:25-29.

10. Satterwhite E, Sonoki T, Willis TG, et al. The
BCL11 gene family: involvement of BCL11A in
lymphoid malignancies. Blood. 2001;98:3413-
3420.

11. Martin-Subero JI, Gesk S, Harder L, et al. Recur-
rent involvement of the REL and BCL11A loci in
classical Hodgkin lymphoma. Blood. 2002;99:
1474-1477.

12. Ghosh S, May MJ, Kopp EB. NF-kappaB and Rel
proteins: evolutionarily conserved mediators of
immune responses. Annu Rev Immunol. 1998;16:
225-260.

13. Gerondakis S, Grossmann M, Nakamura Y, Pohl
T, Grumont R. Genetic approaches in mice to un-
derstand Rel/NF-kappaB and IkappaB function:
transgenics and knockouts. Oncogene. 1999;18:
6888-6895.

14. Pahl HL. Activators and target genes of Rel/NF-
kappaB transcription factors. Oncogene. 1999;
18:6853-6866.

15. Rayet B, Gelinas C. Aberrant rel/nfkb genes and
activity in human cancer. Oncogene. 1999;18:
6938-6947.

16. Furman RR, Asgary Z, Mascarenhas JO, Liou
HC, Schattner EJ. Modulation of NF-kappa B ac-
tivity and apoptosis in chronic lymphocytic leuke-
mia B cells. J Immunol. 2000;164:2200-2206.

17. Bargou RC, Leng C, Krappmann D, et al. High-
level nuclear NF-kappa B and Oct-2 is a common

feature of cultured Hodgkin/Reed-Sternberg cells.
Blood. 1996;87:4340-4347.

18. Cogswell PC, Guttridge DC, Funkhouser WK,
Baldwin Jr AS. Selective activation of NF-kappa B
subunits in human breast cancer: potential roles
for NF-kappa B2/p52 and for Bcl-3. Oncogene.
2000;19:1123-1131.

19. Davis RE, Brown KD, Siebenlist U, Staudt LM.
Constitutive nuclear factor kappaB activity is re-
quired for survival of activated B cell-like diffuse
large B cell lymphoma cells. J Exp Med. 2001;
194:1861-1874.

20. Alizadeh AA, Eisen MB, Davis RE, et al. Distinct
types of diffuse large B-cell lymphoma identified
by gene expression profiling. Nature. 2000;403:
503-511.

21. Shipp MA, Ross KN, Tamayo P, et al. Diffuse
large B-cell lymphoma outcome prediction by
gene-expression profiling and supervised ma-
chine learning. Nat Med. 2002;8:68-74.

22. Rosenwald A, Wright G, Chan WC, et al. The use
of molecular profiling to predict survival after che-
motherapy for diffuse large-B-cell lymphoma.
N Engl J Med. 2002;346:1937-1947.

23. Harris NL, Jaffe ES, Diebold J, et al. World Health
Organization classification of neoplastic diseases
of the hematopoietic and lymphoid tissues: report
of the Clinical Advisory Committee Meeting-Airlie
House, Virginia, November 1997. J Clin Oncol.
1999;17:3835-3849.

24. The International Non-Hodgkin’s Lymphoma
Prognostic Factors Project. A predictive model for
aggressive non-Hodgkin’s lymphoma. N Engl
J Med. 1993;329:987-994.

25. SAS/STAT User’s Guide. Version 6. Vol 2. Cary,
NC: SAS Institute; 1989.

26. Estalilla OC, Medeiros LJ, Manning JT Jr, Luthra
R. 5�3 3� exonuclease-based real-time PCR
assays for detecting the t(14;18)(q32;21): survey

of 162 malignant lymphomas and reactive speci-
mens. Mod Pathol. 2000;13:661-666.

27. Houldsworth J, Heath SC, Bosl GJ, Studer L,
Chaganti RSK. Expression profiling of lineage
differentiation in pluripotential human embryonal
carcinoma cells. Cell Growth Differ. 2002;13:257-
264.

28. Eisen MB, Spellman PT, Brown PO, Botstein D.
Cluster analysis and display of genome-wide ex-
pression patterns. Proc Natl Acad Sci U S A.
1998;95:14863-14868.

29. Itoyama T, Nanjungud G, Chen W, et al. Molecu-
lar cytogenetic analysis of genomic instability at
the 1q12-22 chromosomal site in B-cell non-
Hodgkin lymphoma. Genes Chromosomes Can-
cer. 2002;35:318-328.

30. Barth TF, Martin-Subero JI, Joos S, et al. Gains of
2p involving the REL locus correlate with nuclear
c-Rel protein accumulation in neoplastic cells of
classical Hodgkin’s lymphoma. Blood. 2003;101:
3681-3686.

31. Huang JZ, Sanger WG, Greiner TC, et al. The
t(14;18) defines a unique subset of diffuse large
B-cell lymphoma with a germinal center B-cell
gene expression profile. Blood. 2002;99:2285-
2290.

32. Kalaitzidis D, Gilmore TD. Genomic organization
and expression of the rearranged REL proto-on-
cogene in the human B-cell lymphoma cell line
RC-K8. Genes Chromosomes Cancer. 2002;34:
129-135.

33. Kalaitzidis D, Davis RE, Rosenwald A, Staudt LM,
Gilmore TD. The human B-cell lymphoma cell line
RC-K8 has multiple genetic alterations that dys-
regulate the Rel/NF-kappaB signal transduction
pathway. Oncogene. 2002;21:8759-8768.

34. Gilmore TD, Cormier C, Jean-Jacques J,
Gapuzan ME. Malignant transformation of pri-
mary chicken spleen cells by human transcription
factor c-Rel. Oncogene. 2001;20:7098-7103.

1868 HOULDSWORTH et al BLOOD, 1 MARCH 2004 � VOLUME 103, NUMBER 5

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/103/5/1862/1695887/zh800504001862.pdf by guest on 27 M

ay 2024


