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ABSTRACT

Background

Burkitt's lymphoma is an aggressive B-cell lymphoma characterized by typical morphological,
immunophenotypic and molecular features. Gene expression profiling provided a molecular sig-
nature of Burkitt's lymphoma, but also demonstrated that a subset of aggressive B-cell lym-
phomas not fulfilling the current World Health Organization criteria for the diagnosis of Burkitt's
lymphoma nonetheless show a molecular signature of Burkitt'’s lymphoma (‘discrepant Burkitt's
lymphoma’). Given the different treatment of Burkitt’s lymphoma and diffuse large B-cell lym-
phomas we investigated molecular differences within gene expression-defined Burkitt's lym-
phoma.

Design and Methods

We studied tumors from 51 Burkitt’s lymphoma patients, comprising 26 with classic Burkitt's
lymphoma, 17 with atypical Burkitt’s lymphoma and 8 with ‘discrepant Burkitt’s lymphoma’, by
comparative genomic hybridization and gene expression profiling.

Results

Classic and atypical Burkitt's lymphoma (excluding ‘discrepant Burkitt’s lymphoma’), in adult and
pediatric cases do not differ in underlying genomic imbalances or gene expression suggesting
that these subgroups are molecularly homogeneous. ‘Discrepant Burkitt's lymphoma’, however,
differ dramatically in the absolute number of alterations from classic/atypical Burkitt's lym-
phoma and from diffuse large B-cell lymphoma. Moreover, this category includes lymphomas
that carry both the t(14;18) and t(8;14) translocations and are clinically characterized by pres-
entation in adult patients and an aggressive course.

Conclusions

Pediatric and adult Burkitt's lymphoma are molecularly homogeneous, whereas ‘discrepant
Burkitt's lymphoma’ differ in underlying genetic and clinical features from typical/atypical
Burkitt’s lymphoma. ‘Discrepant Burkitt's lymphoma’ may therefore form a distinct genetic sub-
group of aggressive B-cell lymphomas, which show poor response to multi-agent chemotherapy.
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Introduction

Burkitt’s lymphoma (BL) is an aggressive B-cell lym-
phoma characterized by specific morphological and
immunophenotypic features, a high proliferation rate
(Ki-67 index exceeding 90%) and, on the molecular
level, by a chromosomal translocation involving the
MYC oncogene.! However, the characteristic
immunophenotype of BL and MYC translocations can
also be detected in a subset of diffuse large B-cell lym-
phomas (DLBCL)’ making the distinction between
these two entities sometimes problematic. This is of
importance clinically, since the therapeutic approaches
for BL and DLBCL differ substantially.® A further com-
plication is introduced by the diagnostic category of
atypical BL, which is used for aggressive B-cell lym-
phomas carrying the immunophenotype of classic BL
and a MYC translocation, but in which the morpho-
logical and/or immunophenotypic features are slightly
atypical.' Two major gene expression profiling studies
recently sharpened the molecular distinction between
BL and DLBCL.*” Whereas virtually all lymphomas
diagnosed as classic or atypical BL according to current
World Health Organization (WHO) criteria' showed
gene expression profiles characteristic of BL, a subset
of DLBCL had the typical gene expression signature of
BL suggesting that these cases correspond to BL at the
molecular level.* Moreover, some of the cases with a
clear-cut gene expression profile of BL showed expres-
sion of BCL-2 and a Ki-67 index below 90% by
immunohistochemistry thus extending the molecular
category of BL beyond currently accepted criteria.*

In recent years, global genetic analyses including
conventional karyotyping, comparative genomic
hybridization (CGH) and array-based CGH have
described secondary genomic alterations in BL.*"®* One
of the larger studies using CGH described gains of 12q,
22q, Xq and losses of 13q as the most frequent alter-
ations in BL." Moreover, abnormalities in 1q and 7q
were associated with inferior outcome." A recent com-
bined cytogenetic study including CGH and spectral
karyotyping (SKY) identified frequent gains of chro-
mosome 7 and losses of 17p in a panel of ten BL cell
lines.” Using classical cytogenetic analysis in 39
Burkitt-like lymphomas, however, gains of chromo-
some 12 and losses of chromosomes 13 and 15
appeared to be the most frequent secondary genetic
alterations in addition to the MYC translocation.”

This study was designed to investigate secondary
genomic alterations in gene expression-defined BL‘
using conventional CGH. In particular, we addressed
the questions of whether: (i) morphological subgroups
of molecularly defined BL (classic BL, atypical BL, dis-
crepant BL) differ in underlying genetic alterations, (ii)
pediatric and adult BL show differences in their genet-
ic and gene expression profiles, and (iii) genetic alter-
ations in BL lead to consequences in locus-specific or
global gene expression profiles.
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Design and Methods

Characteristics of the patients

We studied 51 patients with a gene expression signa-
ture of BL.” Information on these patients’ Epstein-Barr
virus status was not available. According to currently
established WHO criteria, these 51 patients comprised
26 with classic BL, 17 with atypical BL, 7 with diffuse
large B-cell lymphoma (DLBCL) and one patient with
a high grade B-cell [ymphoma, not otherwise speci-
fied. Importantly, all cases were reviewed by a panel of
eight expert hematopathologists, with consensus
reached in all cases. The pathology review was blind-
ed to age information. The eight cases with a gene
expression signature of BL, but a histomorphological
diagnosis of DLBCL or high-grade B-cell lymphoma,
not otherwise specified, are referred to as discrepant BL.
Clinical data were obtained according to a protocol
approved by the National Cancer Institute Institutional
Review Board (Table 1). CGH results in BL were com-
pared with published data from 161 cases of untreated
DLBCL (84 with germinal center B-cell-like (GCB)
DLBCL and 77 with activated B-cell-like (ABC)
DLBCL)."

Comparative genomic hybridization

CGH was performed using a commercially available
CGH kit provided by Vysis (Downers Grove, IL, USA).
Hybridizations and digital image acquisition, process-
ing, and evaluation were performed as previously
described.” Signals were visualized with a Zeiss
Axiophot fluorescence microscope and analyzed with
the ISIS digital image analysis system (MetaSystems,
Altlussheim, Germany). Signal ratios greater than 1.25
or less than 0.75 were considered as chromosomal
gains or losses, respectively. Ratios exceeding 1.5
and/or strong focal signals with the ratio profile show-
ing over-representation were considered as high-level
DNA amplifications. Complete CGH data are avail-
able at http://www.ncbi.nlm.nih.gov/sky.

Statistical analysis

CGH alterations in individual cytobands were treat-
ed as categorical variables and their associations with
various BL and DLBCL subgroups or gene-expression
signatures were analyzed as detailed below.
Preliminary analyses did not reveal significant differ-
ences in the effect of gains and amplifications; thus,
these were treated as equivalent chromosomal abnor-
malities. Since a large number of individual chromoso-
mal abnormalities (290 bands) were analyzed, there
was a possibility that some of the observed differences
would turn out to be significant purely by chance. To
avoid such false positives, we used a stepwise permu-
tation test,'® which corrected for multiple hypothesis
testing, while accounting for the very strong correla-
tion between the consecutive bands. All p-values pre-
sented have been so adjusted. Differences in the fre-
quency of observed genomic imbalances between the
subgroups were detected using a y’ test. Comparisons
of the overall numbers of alterations, gains, losses and



Table 1. Classification of Burkitt's lymphoma and clinical data.

Classic BL ~ Atypical BL Discrepant BL
Patients
Number 29 21 8
Median age, years (range) 18 (3-67) 31(3-73) 61(21-91)°
Male/female 19/4 11/2 4/4
Ann Arbor stage IIl/ IV 10/14 7/8 4/4
Extranodal sites > 2° 4/15 5/7 4/4
Intensive chemotherapy regimensb 12/15 5/7 2/5
Lactate dehydrogenase level > normal® 9/14 4/7 3/4

Median overall survival Not reached  Not reached 0.58 years

“p<0.01. "Number of patients/number of patients for whom clinical information
was available.

amplifications between the different subgroups of BL,
and differences between adult and pediatric BL cases
were analyzed using a 7 test.

To determine the relationship between chromoso-
mal imbalances and the expression levels (as a contin-
uous variable) of the genes located in the correspon-
ding altered chromosomal regions (gain/amplification
versus normal copy number and loss versus normal
copy number) the non-parametric Mann-Whitney test
was performed. To further reduce the effects of multi-
ple comparisons, we analyzed only those chromoso-
mal abnormalities that were detected with a frequen-
cy of greater than 20% (39 bands) in one or more of
the BL subgroups.

The correlation between chromosomal alterations
and the previously described gene expression signatures
in BL4 was established as follows. The signatures “MYC
and target genes”, “NF-xB target genes”, “MHC class I
genes” and the germinal center B-cell gene signatures
“BL-high”, “BL-low” and “BL=GCB4” were each aver-
aged. For each band which included four or more loss-
es, a t-test was computed between those BL samples
with losses, and those BL samples with a wild type
copy number. These results were then adjusted for mul-
tiple comparisons using the stepwise permutation test.
An identical analysis was performed for BL cases show-
ing gains/amplifications versus those harboring a wild
type copy number.

Results

Chromosomal imbalances in Burkitt’s lymphoma

The clinical characteristics of the patients with gene
expression-defined BL are summarized in Table 1. The
median age of the patients was 29 years (range, 3-91
years). Interestingly, patients with morphologically dis-
crepant BL were significantly older (median age 61;
range, 27-91) than patients with classic BL (median age
18; range, 3-67) or atypical BL (median age 31; range, 3-
78) (p<0.01). The male/female ratio was 37:6 in patients
with classic and atypical BL, but 4:4 in discrepant BL.
Twenty-seven  patients  received  multi-agent
chemotherapy, including 20 patients who received
intensive chemotherapy regimens, and no information
on the treatment was available for 24 patients. Among
the 51 BL cases studied, 36 (71%) showed genetic alter-

CGH alterations in BL

ations by CGH. The total number of alterations was
122 (68 gains, 13 amplifications and 41 losses) (Figure
1A). Overall, the most frequent gains were 1q, 7/7q,
8q24-qter, 13q31-q32, and the most frequent loss
occurred in 17p. Among the 26 cases of classic BL, 17
(65%) showed aberrant profiles by CGH analysis,
whereas no chromosomal imbalances were detected in
9 cases. Among aberrant cases, 25 gains, 4 amplifica-
tions and 10 losses of chromosomal material were
observed, the most frequent chromosomal alterations
being gains of different regions of 1q and chromosome
7 (Figure 1B, Table 2). Twelve of 17 atypical BL (59%)
showed aberrant CGH profiles demonstrating 13 gains,
3 amplifications and 10 losses. Most frequently, we
observed losses of 17p12-pter and amplifications of
13q31-q32 (Figure 1C). Finally, all of the discrepant BL
showed CGH alterations with a total of 30 gains, 6
amplifications and 21 losses. This subset showed com-
plex karyotypes with a median of 6.9 alterations per
case (Figure 1D) and the presence of the t(14;18)
translocation was detected in three out of five cases
investigated (besides an underlying translocation
involving MYC that was present in all cases).
Correlations between CGH alterations and clinical
parameters (overall survival) were not performed due to
the small size of the respective subgroups and the fact
that not all patients received intensified treatment regi-
mens.

Comparison of genomic imbalances between
Burkitt’s lymphoma subgroups

No differences in genomic imbalances were
observed between classic and atypical BL. Although
chromosomal gains in 1q appeared to be more com-
mon in classic BL, this was not statistically significant
when accounting for multiple testing. Discrepant BL did
however, have more gains (3.6£2.6 vs. 0.9+1.4;
p=0.02), losses (2.5+2.3 vs. 0.5+0.8, p=0.039), and a
higher total number of alterations (6.9+4.4 vs. 1.5+1.8;
p=0.01) compared to both classic and atypical BL.
Additionally, discrepant BL samples showed more fre-
quent gains in 1g31-q32 (p=0.05), 13q11-q13 (»=0.02)
and 1333 (p=0.02) as well as losses of 13q14 (p=0.08).
Cases classified as discrepant BL in general showed an
aggressive clinical course (median survival of 0.58

years) (Table 1).

Comparison of genomic imbalances hetween
Burkitt’s lymphoma and DLBCL

A comparison of genomic imbalances between BL
and 161 previously studied DLBCL" showed that losses
of 11q24-g25 were present in BL but uncommon in
DLBCL (p=0.03) whereas there was a trend towards
more gains/amplifications of 18q21-q23 in DLBCL com-
pared to in BL (p=0.1) Comparing BL with the molecu-
lar subgroups of DLBCL, the frequently observed gains
of chromosome 3 in ABC DLBCL were infrequent in BL
(»=0.035), as were gains in 18q21-q23 (p=0.01) and loss-
es of 6q16-q27 (p=0.02). No statistically significant dif-
ferences were found regarding the genetic constitution
of BL and the GCB DLBCL subgroup.
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Figure 1. Chromosomal imbalances detected by comparative genomic hybridization in molecularly defined Burkitt's lymphoma (BL).
Ideograms of gains and losses of genetic material in (A) the total series of BL, (B) classic BL, (C) atypical BL and (D) ‘discrepant BL'. Red
bars on the left side of each chromosome correspond to genetic losses. Green bars on the right side indicate genetic gains. Bold green

bars highlight areas of amplifications.

Comparison of genomic imbalances hetween adult
and pediatric Burkitt’s lymphoma cases

To elucidate whether certain chromosomal alter-
ations were associated with pediatric (age < 18 years)
or adult BL, we compared CGH alterations between
these different age groups (27 adult and 24 pediatric
cases). Nineteen of the 27 adult patients (70%) and 18
of the 24 pediatric cases (75%) displayed detectable
alterations. Overall, adult BL patients had a significant-
ly higher complexity of abnormalities than pediatric
cases (3.1 abnormalities per tumor in adults versus 1.5
in the pediatric group). Further analysis showed that
this was entirely accounted for by the group of eight
discrepant BL. Excluding these cases from the adult
group, the complexity (both 1.5 abnormalities per
tumor) and also the pattern of alterations was similar
in adult and pediatric BL (Figure 2A and 2B). Based on
these results, we tested whether differences in overall
gene expression exist between pediatric and adult BL.
Searching the gene expression data generated previ-
ously on an Affymetrix custom oligonucleotide
microarray with 2524 unique genes,* no statistically
significant differences could be detected and the
attempt to establish a gene expression-based predictor
of pediatric and adult BL failed (data not shown).
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Table 2. Results of comparative genomic hybridization of cases of
Burkitt's lymphoma.

Genetic Chromosomal ~ Classic BL ~ Atypical BL  Discrepant BL
alterations region n=26(%)  n=17(%) n=8 (%)

Gains 1cen-g25 7(27) - 4(50)
1931-32* 4(15) - 4(50)
7/1q 4(15) 2(12) 4(50)
8q24-qter 2(8) 1(6) 3(27)
13q11-q13* - - 3(27)
13931-932 1(4) 3(18) 3(27)
13q33* 1(4) - 3(27)
Losses 13q14* - 1(6) 3(27)
17p12-pter 1(4) 3(18) 2(25)

*Alterations associated with ‘discrepant BL’ (p <0.05).

Impact of chromosomal imbalances on

locus-specific gene expression in Burkitt’s lymphoma

The six chromosomal regions that were most fre-
quently altered were studied to determine the impact
of specific chromosomal gains or losses on locus-spe-
cific gene expression levels. These were the regions
lcen-q22, 1q31-q32, 7q22-qter, 8q24-qter, 13q31-g32,
and 17p13-pter. As demonstrated in previous analy-



ses,"""” chromosomal imbalances were associated with

elevated or reduced expression of a subset of genes
within the involved chromosomal regions. In the chro-
mosomal region 1cen-q22, for example, 10 out of 23
genes (43 %) represented on the custom microarray in
the respective region, showed increased expression
levels in cases with gains as compared to cases with
two copies. In particular, in this region the levels of
expression of NOTCH, BCL9, CKIP-1, MICL1, PSVIB4,
ILF2, JTB, HAX1, ATP8B2, and CKS1B were found to
be elevated (Figure 3A). Significantly fewer genes
(20%) were upregulated in the chromosomal region
1g31-q32 (Figure 3B). The results for the remaining
regions are presented in Figures 3C-E In BL cases with
a chromosomal loss in 17p13-pter, approximately half
of the genes present on the microarray had reduced
expression, demonstrating a major impact of this
genetic event on locus-specific gene expression (Figure
3F). No significantly overexpressed genes were
observed in areas of a genomic loss and, vice versa, no
genes were significantly downregulated in any of the
regions with chromosomal gains.

Impact of chromosomal imbalances on biologically
relevant gene expression signatures in Burkitt’s
lymphoma

In a previous study,* we had defined gene expression

signatures that distinguish BL from DLBCL. In particu-
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Figure 2. Ideograms of the distribution of gains and losses of
genetic material in adult (A) and pediatric (B) Burkitt's ymphoma.
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lar, the signatures “NF-kB target genes” and “MHC
class I genes” were expressed at very low levels in BL,
whereas, by the very nature of the pathogenesis of BL,
the “MYC and target genes” signature is increased.
Germinal center B cell-associated genes showed a het-
erogeneous picture including genes expressed more
highly in BL (“BL-high” signature), genes with reduced
expression levels (“BL-low” signature) and genes with
equal expression between BL and DLBCL (BL=GCB
signature).* Here, we sought to determine whether cer-
tain genetic alterations in BL were associated with
increased or decreased expression of any of these sig-
natures, since the altered chromosomal regions may
harbor master regulators of these pathways. Indeed,
gains of the 17q11-q25 region were associated with
increased expression of the NF-xB signature (p=0.046),
whereas gains of different regions of chromosome 1
(1cen-q12 and 1q21-q32) were associated with the spe-
cific “BL-high” signature (p=0.035) and the more gen-
eral germinal center associated “BL=GCB” signature
(p=0.04).

Discussion

Although a number of previous studies described
genetic alterations in BL"® two recent major gene
expression profiling studies*® provided a molecular sig-
nature of BL that - at the same time - sharpened, but
also broadened the diagnostic category of BL.
Specifically, gene expression-defined BL appear to also
include some aggressive B-cell lymphomas that do not
fulfill the current strict WHO criteria' (e.g. a subgroup of
DLBCL and BL cases with BCL2 expression or a Ki-67
index below 90%). In view of these findings, the estab-
lishment of the global profile of genomic imbalances in
molecularly defined BL deserves renewed attention.

In a global view, the CGH-defined genetic alterations
in all BL cases in our series are well in accordance with
the published literature. With regards to the morpholog-
ical subgroups of gene expression-defined BL, however,
the finding that classic and atypical BL did not differ in
underlying genomic imbalances in concert with the
presence of an identical gene expression profile*” pro-
vides further evidence that classic and atypical BL are,
except for minor differences in morphological features,
highly similar on the molecular level. These results may;,
therefore, support the view that classic and atypical BL
comprise one molecular entity and provide a molecular
rationale for the current practice of including patients
with both classic and atypical BL in the same prospec-
tive trials. Despite showing a gene expression signature
of BL, some of the discrepant BL (i.e. B-cell lymphomas
that currently do not fulfill the WHO criteria of BL) may
be genetically distinct from classic and atypical BL. First,
this subgroup contains aggressive B-cell non-Hodgkin’s
lymphomas carrying both the translocations t(14;18)
and t(8;14)(dual translocation or double-hit lymphomas) as
did three of the discrepant BL in our study. These lym-
phomas had been described in earlier reports and are
characterized by an extremely aggressive clinical course
that is fatal in almost all cases.”"® It is unlikely that in
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these dual translocation cases the potentially secondary
rearrangement of MYC alone accounts for the BL gene
expression signature, since the gene expression predic-
tor is clearly able to discriminate BL with AMYC
rearrangement from DLBCL with MYC rearrangement.
From a different perspective, a number of DLBCL carry-
ing a MYC rearrangement are not identified as having a
BL gene expression signature in the published studies.*’

In addition, our results demonstrate complex genetic
alterations in discrepant BL with significantly higher
numbers of chromosomal gains, and losses and total
number of alterations than classic and atypical BL.
Interestingly, discrepant BL - although corresponding
morphologically to DLBCL in most cases — do not
appear to carry some of the alterations typically
observed in DLBCL." Instead, discrepant BL frequently
carry aberrations not seen in either BL or DLBCL (gains
of 1g31-g32, 13q11-q13, 18g33 and losses of 13q14)
suggesting that some discrepant BL may represent a new
genetic entity distinct from classic and atypical BL as
well as from DLBCL. This view is further supported by
the findings that patients with discrepant BL were sig-
nificantly older and that this disease was equally distrib-
uted between males and females, in contrast to classic
and atypical BL that predominantly affect males. Finally,
the clinical course of discrepant BL appears to be dramat-
ically different and usually rapidly fatal, although this
finding must be viewed with caution, since some
patients in our series did not receive intensified treat-
ment regimens. At first glance, the dismal clinical course
may appear contradictory to the findings in the study
by Hummel et al” in which cases with a molecular BL
signature had a favorable prognosis, regardless of their
morphological appearance of classic/atypical BL or
DLBCL. However, a straightforward comparison
between the discrepant BL in our series and the potential-
ly corresponding 11 DLBCL cases with a molecular BL
profile described by Hummel e al. is not easy at present,
since detailed information on the genetic alterations and
clinical course for each case awaits publication.
Nevertheless, there appears to be a general agreement
between the two studies. First, the core and molecular
BL categories in the study by Hummel et al. also con-
tained lymphomas with increased genetic complexity
and the frequency of these cases does not differ
between the two studies. Second, the molecular BL
cases’ also included a dual translocation case. A compari-
son of clinical findings is, however, compromised by the
fact, that molecular BL cases in the study by Hummel ez
al. were enriched for younger patients, which may
explain the more favorable outcome.

Another major aim of this study was to compare gene
expression and genetic features between pediatric and
adult cases of BL. Currently, pediatric BL patients are
treated in prospective clinical trials separately from
adult BL patients. However, the adaptation of therapeu-
tic protocols initially designed for pediatric patients to
adults has led to improved survival times for adult BL
patients in recent years.”” Gene expression data* and,
in addition, genetic data obtained in the current report
failed to provide evidence that molecular differences
exist between pediatric and adult BL. Our CGH analy-



sis revealed genetic imbalances in 75% of pediatric and
70% of adult BL patients and the spectrum of genetic
alterations did not differ between the two groups.
Moreover, no gene expression-based predictor could be
constructed that was able to distinguish between
patients with molecular BL in different age groups. It
should be noted that the resolution of conventional
CGH for detecting genomic alterations is limited and
that high resolution techniques, such as array CGH, will
reveal smaller alterations and more complex findings,
e.g. a small biallelic loss in a chromosomal region that
shows a gain on a larger scale. However, our finding
that pediatric and adult BL patients show no significant
differences in underlying genetic alterations is support-
ed by unpublished data from the German Network
Project Molecular Mechanisms in Malignant Lymphomas
(W. Klapper, personal communication). Taken together,
these data provide the rationale that future targeted
therapeutic approaches in BL may be aimed at both
pediatric and adult age groups and may be modified
according to clinical factors that can limit therapy (e.g.
dose intensity).

Finally, we demonstrated that chromosomal imbal-
ances in frequently affected regions lead to locus-specif-
ic as well as global gene expression changes. For exam-
ple, in the chromosomal region 1q, upregulation of
NOTCH2, MCL1 and BCL9 may be pathogenetically
relevant by altering apoptotic properties of the malig-
nant B cells. On a global level, gains in 1q correlated
with an increased expression of germinal center-associ-
ated genes that are characteristically expressed at high
levels in BL (“BL-high” signature) suggesting that this
BL-specific phenotype may be orchestrated by impor-
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