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ABSTRACT

BACKGROUND

The distinction between Burkitt’s lymphoma and diffuse large-B-cell lymphoma is
unclear. We used transcriptional and genomic profiling to define Burkitt’s lymphoma
more precisely and to distinguish subgroups in other types of mature aggressive
B-cell lymphomas.

METHODS

We performed gene-expression profiling using Affymetrix U133A GeneChips
with RNA from 220 mature aggressive B-cell lymphomas, including a core group
of 8 Burkitt’s lymphomas that met all World Health Organization (WHO) criteria.
A molecular signature for Burkitt’s lymphoma was generated, and chromosomal
abnormalities were detected with interphase fluorescence in situ hybridization and
array-based comparative genomic hybridization.

RESULTS
We used the molecular signature for Burkitt’s lymphoma to identify 44 cases: 11 had
the morphologic features of diffuse large-B-cell lymphomas, 4 were unclassifiable
mature aggressive B-cell lymphomas, and 29 had a classic or atypical Burkitt’s mor-
phologic appearance. Also, five did not have a detectable IG-myc Burkitt’s translocation,
whereas the others contained an IG-myc fusion, mostly in simple karyotypes. Of the
176 lymphomas without the molecular signature for Burkitt’s lymphoma, 155 were
diffuse large-B-cell lymphomas. Of these 155 cases, 21 percent had a chromosomal
breakpoint at the myc locus associated with complex chromosomal changes and an
unfavorable clinical course.

CONCLUSIONS
Our molecular definition of Burkitt’s lymphoma clarifies and extends the spectrum
of the WHO criteria for Burkitt’s lymphoma. In mature aggressive B-cell lymphomas
without a gene signature for Burkitt’s lymphoma, chromosomal breakpoints at the
myc locus were associated with an adverse clinical outcome.
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URKITT’S LYMPHOMA AND DIFFUSE

large-B-cell lymphoma are mature aggres-

sive B-cell lymphomas. If left untreated, they
follow a rapid clinical course and are fatal within
months. Burkitt’s lymphoma is a distinct entity
that includes endemic and sporadic types and cas-
es associated with immunodeficiency or immuno-
suppression.! With the use of chemotherapy regi-
mens that involve methotrexate and cytarabine,
cure rates for sporadic Burkitt’s lymphoma ap-

proach 90 percent in children and 70 percent in
adults.? Diffuse large-B-cell lymphoma, by con-
trast, is biologically and clinically heterogeneous
and comprises five morphologic variants and three
subtypes.? Treatment with a combination of che-
motherapy based on cyclophosphamide, doxoru-
bicin, vincristine, and prednisone (CHOP) and the
monoclonal antibody rituximab can induce lengthy
remissions in many patients.* Approximately 30
percent of patients with diffuse large-B-cell lym-

Table 1. Morphologic, Imnmunohistochemical, Genetic, and Molecular Characteristics of Lymphomas.*
Characteristic Lymphoma P Valuey
Non-mBL plus
All mBL Non-mBL  Intermediate  Intermediate
number (percent)
Total 220 44 128 48 176
Age at diagnosis <0.001
<60 Yr 100 (46) 40 (91) 39 (31) 21 (45) 60 (34)
=60 Yr 118 (54) 4(9) 38 (69) 26 (55) 114 (66)
Sex 0.19
Female 91 (43) 13 (30) 56 (45) 22 (47) 78 (46)
Male 123 (57) 30 (70) 68 (55) 25 (53) 93 (54)
Morphologic diagnosis <0.001
Burkitt's lymphoma (core group) 8 (4) 8 (18) 0 0 0
Atypical Burkitt's lymphomaz 28 (13) 21 (48) 3(2) 4(8) 7 (4)
Diffuse large-B-cell ymphoma 165 (75) 11 (25) 115 (90) 39 (81) 154 (88)
Mature aggressive B-cell non-Hodgkin's 18 (8) 4(9) 9(7) 5 (10) 14 (8)
lymphoma, unclassifiable
Burkitt's lymphoma—leukemia 1(<1) 0 1(1) 0 1(1)
CD10 expression( <0.001
Absence 115 (55) 0 95 (79) 20 (43) 115 (69)
Presence 94 (45) 42 (100) 26 (21) 26 (57) 52 (31)
BCL6 expressionfj 0.043
Absence 33 (17) 0 26 (23) 7 (15) 33 (21)
Presence 165 (83) 39 (100) 87 (77) 39 (85) 126 (79)
BCL2 expression( <0.001
Absence 61 (29) 33 (79) 20 (16) 8 (17) 28 (16)
Presence 153 (71) 9 (21) 104 (84) 40 (83) 144 (84)
Ki-67 scorefy <0.001
<95% 162 (76) 15 (34) 107 (88) 40 (85) 147 (87)
>95% 51 (24) 29 (66) 15 (12) 7 (15) 22 (13)
ABC or GCB signature€ <0.001
ABC 58 (26) 50 (39) 17) 58 (33)
GCB 119 (54) 40 (91) 45 (35) 34 (71) 79 (45)
Unclassified 43 (20) 4(9) 33 (26) 6 (13) 39 (22)
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phoma, however, have disease that is resistant to
this treatment or relapse soon after receiving it.>>

The distinction between Burkitt’s lymphoma
and diffuse large-B-cell lymphoma is not reliably
reproducible with the use of the current criteria
of morphology, immunophenotype, and genetic
abnormalities.®” The Burkitt’s translocation or
its variants, which juxtapose the locus of the myc
oncogene and one of the three immunoglobulin
(IG) loci, are present in almost all Burkitt’s lym-
phomas.?° Nevertheless, myc translocations are
not specific for Burkitt’s lymphoma since they
also occur in other lymphomas, including dif-
fuse large-B-cell lymphoma. In the latter, chromo-
somal breakpoints at the myc locus are recurrently
associated with non-IG partner loci and complex
chromosomal alterations.10

The imprecise distinction between Burkitt’s
lymphoma and diffuse large-B-cell lymphoma on
diagnosis may lead to the inadequate treatment
of some patients with a mature aggressive B-cell
lymphoma. Studies involving gene-expression pro-
filing indicate that diffuse large-B-cell lympho-
mas comprise two or more main biologic sub-
groups with different clinical behaviors.*** Until
now, however, to our knowledge there has been
no signature of gene expression that distinguish-
es Burkitt’s lymphoma from diffuse large-B-cell
lymphoma.

Our aim was to establish a molecular defini-
tion of Burkitt’s lymphoma and to search for other
clinically relevant subgroups of diffuse large-B-cell
lymphoma. For this purpose, we performed gene-
expression and genomic profiling of 220 mature

Table 1. (Continued.)

Characteristic

All
myc partner||
1G-myc 59 (28)
Non-IG-myc 15 (7)
myc-negative 140 (65)
IGH-BCL2 fusion||
Absent 192 (88)
Present 25 (12)
BCL6 breakpoint||
Absent 177 (83)
Present 36 (17)
Chromosomal complexity score™*
Low (<6) 74 (40)
High (26) 111 (60)
Genetic group
myc-simple 35 (17)
myc-complex 33 (16)
myc-negative 140 (67)

Lymphoma

Non-mBL plus
Intermediate

mBL Non-mBL Intermediate

number (percent)

38 (88) 5 (4) 16 (33) 21 (12)
1Q2) 4(3) 10 (21) 14 (8)
4(9) 114 (93) 22 (46) 136 (80)

43 (98) 111 (89) 38 (79) 149 (86)
1Q2) 14 (11) 10 (21) 24 (14)

43 (100) 94 (76) 40 (85) 134 (79)
0 29 (24) 7 (15) 36 (21)

31 (79) 30 (29) 13 31) 43 (29)
8 (21) 74 (71) 29 (69) 103 (71)

29 (76) 0 6 (13) 6 (4)
5 (13) 9(7) 19 (40) 28 (16)
4(11) 114 (93) 22 (47) 136 (80)

P Valuey

<0.001

0.033

<0.001

<0.001

<0.001

may not total 100 because of rounding. mBL denotes molecular Burkitt's lymphoma.
7 P values were calculated with the use of Fisher's exact test or the chi-square test and refer to differences between the mBL cases and the

non-mBL and intermediate cases.

I The diagnosis was based on a Burkitt-like morphology or a deviant immunophenotype.
§ The expression of CD10, BCL6, BCL2, and Ki-67 was determined by immunohistochemical analysis.
9§ The signature of activated B-cell-like (ABC) lymphomas and germinal-center B-cell-like (GCB) lymphomas was assigned according to a modi-

fied classifier from Wright et al.*®

Percentages were calculated on the basis of the number of cases that could be evaluated; data were not available for all cases. Percentages

| The myc and BCLG breakpoints and the IGH-BCL2 and myc fusions were analyzed by interphase fluorescence in situ hybridization.
** Chromosomal complexity was determined with array-based comparative genomic hybridization.
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aggressive B-cell lymphomas that had been di-
agnosed by a panel of expert hematopathologists.

METHODS

This study was conducted from July 2003 through
November 2005. It was approved by the local eth-
ics commission (Charité University Hospital, Ber-
lin). The data discussed are available from the
Gene Expression Omnibus of the National Center
for Biotechnology Information (www.ncbi.nlm.
nih.gov/geo/) through GEO accession number
GSE4475.

GENE EXPRESSION AND GENETIC ANALYSES
RNA and DNA were extracted from frozen sec-
tions (Qiagen). Affymetrix U133A GeneChip hy-
bridization of all 220 specimens was performed
in accordance with the manufacturer’s recommen-
dations, involving 5 ug of total RNA. We also per-
formed array-based comparative genomic hybrid-
ization in 185 cases, applying a BAC/PAC array
containing 2799 DNA fragments.???3 The number
of imbalances per case was determined as an in-
dicator of genetic complexity (explained in detail
in the Supplementary Appendix, available with the
full text of this article at www.nejm.org).

Interphase fluorescence in situ hybridization
was performed on frozen or paraffin-embedded
tissues from 217 cases with the use of probes for
IGH, IGK, IGL, myc, BCL6 and BCL2 loci?*?° (see the
Supplementary Appendix). Tumor-biopsy speci-
mens in which myc was fused to IGH, IGK, or IGL
were referred to as “IG-myc”; lymphomas with myc
breakpoints without fusion of myc to an IG locus
were called “non-IG-myc.”

ANALYSIS OF MICROARRAY DATA
Probe intensities were normalized according to
a variance-stabilization method.?” Gene-expres-
sion levels were estimated by fitting an additive
model according to Irizarry et al.2® Germinal-cen-
ter and activated B-cell-like lymphomas were diag-
nosed according to the method of Wright et al.?°
(Further details and algorithms underlying the
core-group extension are given in the Supplemen-
tary Appendix.) The raw gene-expression data are
available at www.ncbi.nlm.nih.gov/geo.

STATISTICAL ANALYSIS
The Mann-Whitney U test, chi-square test, Fisher’s
exact test, and log-rank test were used to test for

differences among groups. Survival was calculated
from the day of diagnosis until death or until the
end of follow-up. The Cox proportional-hazards
model was used to analyze prognostic factors.
Since not all variables of the international prog-
nostic index were available for all patients, the age
at diagnosis and Ann Arbor stage were used to
adjust for known prognostic factors.>°

RESULTS

PATIENTS AND DIAGNOSES
Biopsy specimens of 220 mature aggressive B-cell
lymphomas (i.e., classic Burkitt’s lymphomas,
atypical Burkitt’s lymphomas, and diffuse large-
B-cell lymphomas), in which at least 70 percent
of all cells were tumor cells, were included in
this retrospective study. All specimens were re-
viewed by a panel of expert hematopathologists
using the criteria of the World Health Organiza-
tion (WHO) (provided in the Supplementary Ap-
pendix).

Clinical data were available for 146 patients
(median year of collection, 1994) who had received
a variety of primary treatments. The median fol-
low-up was 60 months (range, 0 to 209). Charac-
teristics of the tumors and patients are given in
Tables 1 and 2, respectively, and in Tables S1, S2,
and S3 of the Supplementary Appendix.

MOLECULAR SIGNATURE OF BURKITT’S LYMPHOMA
To derive a molecular signature of Burkitt’s lym-
phoma, we devised a computational algorithm
called “core-group extension.” Given a predefined
core group of expression profiles, the algorithm
identifies additional cases that have a similar
pattern of gene expression and provides a gene-
expression signature for the extended group. The
method is described in detail in the Supplemen-
tary Appendix.

The core group consisted of eight cases that
satisfied the WHO criteria for Burkitt’s lymphoma
(a consensus histologic classification of classic
or atypical Burkitt’s lymphoma [Fig. 1A], CD20+,
BCL6+, CD10+, BCL2—-, CD5-, Ki-67 score >95
percent, IG-myc+). We applied core-group exten-
sion to a training set of 105 lymphomas and iden-
tified 58 genes that constituted the molecular
Burkitt’s lymphoma (mBL) signature (see the Sup-
plementary Appendix). Each case was assigned an
mBL-signature index score between 0 and 1, with
a higher score reflecting a greater similarity of
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Table 2. Clinical Characteristics of the Patients.*

Characteristic Lymphoma P Valuey

Non-mBL plus
All mBL Non-mBL Intermediate Intermediate

number (percent)

Total 146 28 87 31 118
Age at diagnosis <0.001
<60 Yr 66 (45) 27 (96) 26 (30) 13 (42) 39 (33)
=60 Yr 80 (55) 1(4) 61 (70) 18 (58) 79 (67)
Ann Arbor stage 0.05
lorll 61 (45) 17 (63) 26 (33) 18 (62) 44 (41)
Hlor IV 74 (55) 10 (37) 53 (67) 11 (38) 64 (59)
Sex 0.02
Female 62 (42) 6 (21) 40 (46) 16 (52) 56 (47)
Male 84 (58) 22 (79) 47 (54) 15 (48) 62 (53)
Morphologic appearance 0.004
Burkitt's lymphoma (core group) 5(3) 5(18) 0 0
Atypical Burkitt’s lymphoma: 19 (13) 15 (54) 1(1) (10) 4 (3)
Diffuse large-B-cell lymphoma 114 (78) 7 (25) 81 (93) 26 (84) 107 (91)
Mature aggressive B-cell non-Hodgkin's 8 (6) 1(3) 5 (6) 2 (6) 7 (6)
lymphoma, unclassifiable
Lesions 0.01
Extranodal lesions only 18 (14) 3 (12) 8 (11) 7 (26) 15 (15)
Nodal lesions only 63 (50) 7 (28) 42 (58) 14 (52) 56 (56)
Nodal and extranodal lesions 44 (35) 15 (60) 23 (32) 6 (22) 29 (29)
B symptoms 0.10
Absent 65 (60) 12 (80) 37 (51) 16 (73) 53 (56)
Present 44 (40) 3 (20) 35 (49) 6 (27) 41 (44)
Chemotherapy <0.001
ALL-like§ 26 (19) 21 (84) 2(2) (10) 5 (5)
CHOP-like 82 (61) 3(12) 61 (75) 18 (62) 79 (72)
Other 27 (20) 1(4) 18 (22) 8 (28) 26 (24)
Radiotherapy 0.80
No 96 (76) 19 (79) 58 (78) 19 (66) 77 (75)
Yes 31 (24) 5 (21) 16 (22) 10 (34) 26 (25)
Rituximab treatment 0.04
No 116 (89) 27 (100) 61 (84) 25 (93) 86 (86)
Yes 14 (11) 0 12 (16) 2(7) 14 (14)
Response to treatment|| 0.12
Complete remission 50 (48) 14 (74) 24 (39) 12 (52) 36 (42)
Complete remission, unconfirmed 18 (17) 3 (16) 12 (19) 3 (13) 15 (18)
No change 2(2) 0 1(2) 1(4) 2(2)
Partial response 14 (13) 0 11 (18) 3 (13) 14 (16)
Progress 20 (19) 2 (11) 14 (23) 4(17) 18 (21)

* Percentages were calculated on the basis of the number of cases that could be evaluated; data were not available for all cases. Percentages
may not total 100 because of rounding. CHOP denotes cyclophosphamide, doxorubicin, vincristine, and prednisone, and mBL molecular
Burkitt’s lymphoma.

i P values were calculated with the use of Fisher’s exact test or the chi-square test and refer to differences between the mBL cases and the
non-mBL and intermediate cases.

1 The diagnosis was based on a Burkitt-like morphology or a deviant immunophenotype.

§ The acute lymphoblastic leukemia (ALL) chemotherapy protocol is also known as the non-Hodgkin’s lymphoma Berlin-Frankfurt-Muinster

(NHL-BFM) protocol.
| Response to treatment was classified according to the Cheson criteria.
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Figure 1. Histomorphologic Appearance of Cases
with an mBL Gene Signature (Hematoxylin and Eosin).

Panel A shows the classic morphologic appearance

of Burkitt’s lymphoma; cytogenetically, this case was
classified as a lymphoma with an IG-myc fusion and a
low chromosomal complexity score (<6) that does not
have an IGH-BCL2 fusion or a BCL6 breakpoint (called
“myc-simple”). Panel B shows the morphologic appear-
ance of diffuse large-B-cell lymphoma; cytogenetically,
this case was classified as myc-simple.

gene expression in the sample to that in the core
group. Cases with an index score greater than
0.95 were classified as mBL, and those with an
index score of less than 0.05 were designated
non-molecular Burkitt’s lymphoma (non-mBL).
The remaining cases were considered interme-
diate (Fig. 2). By rerunning the core-group exten-
sion algorithm 1000 times with random pertur-
bations of the core-group data (bootstrapping),
we evaluated the stability of the mBL signature
(Fig. 2). Although the mBL signature was stable
at the extremes, the index scores between mBL
cases and non-mBL cases were continuous (Fig. 2).
Results obtained in an independent test set of 107
cases were consistent with the training set with
regard to the histologic and genetic characteris-

Figure 2 (facing page). Identification by Core-Group
Extension of Cases with an mBL Signature.

Panel A shows the results for the training set of 105
cases, and Panel B the results for the test set of 107
cases. Genomic complexity is described in the bar
plots at the top of the panels, with complexity increas-
ing with height; the dotted horizontal line represents
the mean complexity of each group. The second plot
shows the stability of the core-group extension with re-
spect to random perturbations of the core-group data
(bootstrap analysis). The frequency of the perturbed
mBL-signature index scores (from 0 to 1, bottom of
plot to top) obtained from 1000 runs of the algorithm
is indicated by color (very low frequency, orange; low,
yellow; medium, green; high, blue; very high, red). The
vertical lines delineate the three groups of lymphomas
(mBL, intermediate, and non-mBL) — as well as the
core group of cases (Panel A) — and the dashed hori-
zontal lines indicate the index-score cutoffs defining
the mBL group (0.95) and the non-mBL group (0.05).
Among the mBL cases, the index score is close to 1 for
all bootstrap perturbations, whereas in the non-mBL
group it is near 0, demonstrating the stability of the
signature. The mBL-signature index scores resulting
from the nonbootstrapped signatures are represented
as a dashed curve. Below, the heat map shows the
gene-expression levels of the 58 mBL-signature genes,
with 1 gene shown per row. Bright blue indicates a low
level of expression (3 SD below the average of all cas-
es), bright yellow indicates a high level of expression

(3 SD above the average), and black the average level
of expression across all samples. The cases are ordered
from left to right on the basis of decreasing mBL-signa-
ture index score, given below the heat map. Green rep-
resents a high index score (mBL), and red a low index
score (non-mBL). The color gradient in the intermedi-
ate group highlights the continuous transition of the
index score between the mBL and non-mBL cases. The
myc translocation partners are shown according to type:
IG-myc fusion (bright green), non—I1G-myc fusion (dark
green), myc-breakpoint absent (red), and no data avail-
able (gray). Finally, the histologic diagnosis is shown at
the bottom. Bright green indicates Burkitt’s lymphoma
in the core group; dark green, atypical Burkitt’s lym-
phoma; red, diffuse large-B-cell lymphoma; and gray,
unclassifiable mature aggressive B-cell lymphoma.

tics of the mBL and non-mBL cases and the size
and stability during bootstrap validation (Fig. 2).

FEATURES OF MATURE AGGRESSIVE B-CELL
LYMPHOMAS WITH THE mBL SIGNATURE

We identified 36 lymphomas with an mBL-signa-
ture index score of greater than 0.95 in addition
to the 8 core Burkitt’s lymphomas, for a total of
44 mBL cases. The 8 core cases were similar to
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the additional 36 cases with regard to age distri-
bution and genetic features (Table 1, and Table S1
in the Supplementary Appendix), as well as clini-
cal course. Of the additional 36 mBL cases, 21
were categorized as atypical Burkitt’s lymphomas
because of their Burkitt-like morphology or their
deviant immunophenotype. It is important to
note that 11 of these 36 cases had the distinctive
morphologic appearance of diffuse large-B-cell
lymphoma (Fig. 1B). The remaining four mBL cas-
es had the morphologic appearance of mature ag-
gressive B-cell lymphoma but could not be further
classified histologically. With regard to immuno-
phenotype, CD10 and BCLG6 were consistently ex-
pressed in the 42 and 39 mBL cases, respectively,
that could be evaluated. BCL2 was detected at a
low level in seven of these mBL cases and at a high
level in two.

FEATURES OF MATURE AGGRESSIVE B-CELL
LYMPHOMAS WITHOUT THE mBL SIGNATURE
Of all 220 lymphomas, 176 had an mBL-signature
index score of less than 0.95. Of these 176 cases,
128 had an mBL-signature index score of less
than 0.05 and were thus assigned to the non-mBL
group. The remaining 48 cases had an mBL-signa-
ture index score between 0.05 and 0.95 and thus
could not be assigned unambiguously to the mBL
or non-mBL group. These cases were assigned
to the intermediate group, representing the transi-
tion zone between the mBL and non-mBL groups.
With few exceptions (12 cases), the histologic
diagnosis in the non-mBL cases was diffuse large-
B-cell lymphoma (Table 1). The histologic diag-
nosis of 39 (81 percent) of the intermediate cases
was also diffuse large-B-cell lymphoma. Non-mBL
and intermediate cases showed strong concor-
dance regarding age distribution, immunopheno-
type, growth fraction (Ki-67 score), and chromo-
somal complexity (Table 1).

GENETIC ABERRATIONS AND GENE EXPRESSION
We were able to evaluate 43 mBL cases for the pres-
ence of myc translocations by using fluorescence
in situ hybridization. All but five cases (88 per-
cent) carried an IG-myc fusion and one of these
five had both non-IG-myc and IGH-BCL2 fusions.
In the 38 mBL cases with IG-myc fusion, IGH-BCL2
fusion and BCL6 breakpoints were absent. The av-
erage chromosomal complexity score was low in
the 38 mBL cases with IG-myc fusion but was high

in the 5 mBL cases without IG-myc fusion (medi-
an complexity score, 2 vs. 9; P<0.001).

The frequency of myc breakpoints (regardless
of translocation partner) was significantly lower
in the intermediate and non-mBL groups (pres-
ent in 35 of the 171 cases that could be evaluated
[20 percent]) than in the mBL group (present in
39 of 43 cases [91 percent], P<0.001) (Table 1). It
is remarkable that myc breakpoints were common
in the intermediate group (26 of 48 cases [54 per-
cent]), whereas they were uncommon in the non-
mBL group (9 of 123 cases [7 percent]). Non-IG
partners were frequently involved in myc translo-
cation in both the intermediate group (10 of 26
cases [38 percent]) and the non-mBL group (4 of
9 cases [44 percent]). Among the 35 mycpositive
intermediate and non-mBL cases, 16 (46 percent)
had a concurrent IGH-BCL2 fusion, BCL6 break-
point, or both. The chromosomal complexity score
was significantly higher in the intermediate and
non-mBL groups than in the mBL group (median
complexity score, 8.5 vs. 2; P<0.001) regardless of
the presence of myc breakpoints (median complex-
ity score, 7.5) or absence of myc breakpoints (me-
dian complexity score, 9).

On the basis of these data, we distinguished
three main cytogenetic groups within the mature
aggressive B-cell lymphomas. The first is called
“myc-simple”: lymphomas with IG-myc fusions and
a low chromosomal complexity score (<6) that do
not have IGH-BCL2 fusions and BCL6 breakpoints.
The second is called “myc-complex”: all lympho-
mas with non—-IG-myc fusions or all lymphomas
with IG-myc fusions that have a high chromosomal
complexity score (>6), an IGH-BCL2 fusion, or BCL6
breakpoint, or any combination of these. The
third is called “myc-negative,” comprising myc-
negative lymphomas. The mBL group predomi-
nantly consisted of myc-simple lymphomas; the
non-mBL group predominantly consisted of myc-
negative lymphomas. In contrast, the intermedi-
ate group contained most of the myc-complex
cases but also occasional myc-simple and several
myc-negative cases (Table 1).

CORRELATION OF MOLECULAR AND CLINICAL
FEATURES

No significant differences were observed regarding
the morphologic characteristics, immunopheno-
type, or gene-expression pattern between the 146
patients with survival data and the 74 patients
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without or with incomplete clinical information
(Table S2 and Fig. S1 in the Supplementary Appen-
dix). The clinical data available for the 146 pa-
tients (Fig. S1 in the Supplementary Appendix)
suggest that the tissue specimens were obtained
during a period of relapse in less than 10 percent;
this percentage was assumed to be representative
of those without clinical information.

Patients with lymphomas classified as mBL or
myc-simple had a significantly better five-year
survival rate than patients with non-mBL or inter-
mediate lymphomas (75 percent vs. 39 percent,
P=0.003 [Fig. 3]) or with myc-complex or myc-
negative lymphomas (70 percent vs. 41 percent,
P=0.005 [Fig. S3 in the Supplementary Appendix]).
However, the results of multivariate regression
analysis showed that even if we ignored the dif-
ferent treatments received by these patients, the
favorable outcome among patients with mBL or
myc-simple lymphomas could largely be explained
by the onset of the disease at a young age and the
limited stage of the disease (Tables 2 and 3).

Among the 82 patients with non-mBL or inter-
mediate lymphomas for whom clinical informa-
tion was available, the presence of a myc break-
point, as compared with its absence, was associated
with a poor five-year survival rate (15 percent vs.
44 percent) (Fig. S2 in the Supplementary Appen-
dix). In the non-mBL and intermediate groups,
the presence of a myc breakpoint — which occurred
mainly in myc-complex lymphomas (82 percent)
— was associated with a significantly worse sur-
vival rate, independently of Ann Arbor stage and
age (hazard ratio for death, 2.85; 95 percent con-
fidence interval, 1.43 to 5.68; P=0.003) (Table 3
and Fig. S3 in the Supplementary Appendix).

When we applied the signature for activated
B-cell-like or germinal-center B-cell-like large-
B-cell lymphomas described by Rosenwald et al.*
to our non-mBL and intermediate cases, we found
that lymphomas with a germinal-center B-cell-
like signature were associated with a signifi-
cantly better five-year survival rate than activated
B-cell-like lymphomas (51 percent vs. 12 percent,
P=0.003) (Fig. S4 in the Supplementary Appen-
dix). The hazard ratio for death for lymphomas
carrying a germinal-center B-cell-like signature
as compared with activated B-cell-like signature
(1.79; 95 percent confidence interval, 0.94 to 3.42;
P=0.08) was in the same range as that reported
by Rosenwald et al.? (Table 3).
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Figure 3. Kaplan—Meier Estimates of Survival According to the mBL Signature.
Overall survival among patients with an mBL-signature index score greater
than 0.95 was significantly greater than that among the patients with non-
mBL or intermediate lymphoma (P=0.003 by the log-rank test). Tick marks
denote patients alive at the time of last follow-up.

DISCUSSION

The distinction between Burkitt’s lymphoma and
diffuse large-B-cell lymphoma is clinically impor-
tant, because these lymphomas are treated with
different chemotherapeutic protocols and differ
in their outcome.3! Even with the use of current
diagnostic criteria, the distinction is not precise;
agreement among expert hematopathologists on
the pathological diagnosis of classic Burkitt’s lym-
phoma, atypical Burkitt’s lymphoma, and diffuse
large-B-cell lymphomas is only 53 percent.®” Our
results provide a molecular definition of Burkitt’s
lymphoma that reliably and reproducibly distin-
guishes it from other mature aggressive B-cell
lymphomas.

Of the 220 mature aggressive B-cell lympho-
mas studied, we identified 44 with a consistent
pattern of gene expression that was characteris-
tic of mBL. The distinctive mBL signature con-
sisted of 58 genes, including several target genes
of the nuclear factor-«B pathway (i.e., BCL2A1,
FLIP, CD44, NFKBIA, BCL3, and STAT3) that are
known to distinguish activated B-cell-like or ger-
minal-center B-cell-like lymphomas.**2° It is no-
table that these genes were expressed at lower
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Table 3. Results of Multivariate Survival Analyses.

Factor

Age at diagnosis
<60 Yr
=60 Yr
Ann Arbor stage
lorll
I or IV
Molecular diagnosis
mBL

Non-mBL and intermediate

Age at diagnosis
<60 Yr
=60 Yr
Ann Arbor stage
lorll
I or IV
Cell of origin
Germinal-center B-cell-like
Activated B-cell-like
myc Breakpoint
Absent

Present

Age at diagnosis
<60 Yr
=60 Yr

Ann Arbor stage
lorll
I or IV

Cell of origin
Germinal-center B-cell
Activated B-cell

Genetic group
myc-negative

myc-complex

Hazard Ratio for Death

Patients with primary lymphoma and survival data (N=135)7

(95% Cl)* P Value
<0.001
1.00
3.00 (1.63-5.53)
0.003
1.00
2.24 (1.31-3.81)
0.43

1.00
1.47 (0.57-3.81)

Patients with non-mBL or intermediate lymphoma and survival data (N=282);:

0.006
1.00
2.77 (1.34-5.73)

0.02
1.00
2.16 (1.13-4.14)

0.08
1.00
1.79 (0.94-3.42)

0.003

1.00
2.85 (1.43-5.68)

Patients with non-mBL or intermediate lymphoma and survival data (N=78)f

0.01
1.00
2.66 (1.25-5.64)

0.09
1.00
1.79 (0.91-3.54)

0.06
1.00
1.87 (0.97-3.62)

0.002

1.00
3.23 (1.51-6.89)

* Cl denotes confidence interval.

Eleven patients with primary lymphoma were excluded from the analysis.
- Seven patients whose lymphoma could not be classified in either the activated

B-cell-like or the germinal-center B-cell-like lymphoma group were excluded

from the analysis.

§ Four patients with myc-simple cases were excluded from the analysis.
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levels in mBL cases than in cases of germinal-cen-
ter B-cell-like diffuse large-B-cell lymphoma.

The mBL signature extends the WHO defini-
tion of Burkitt’s lymphoma? to cases with the mor-
phologic characteristics of diffuse large-B-cell
lymphoma and expression of BCL2. Yet not all
cases with morphologic or immunophenotypical
features of Burkitt’s lymphoma were classified
as mBL. Parallel analyses of genetic features —
by means of interphase fluorescence in situ hy-
bridization and array-based comparative geno-
mic hybridization — strongly support the biologic
relevance of the mBL signature. Of the 38 mBL
cases for which we had genetic data, 29 (76 per-
cent) were classified as myc-simple, irrespective of
their morphologic appearance. However, in four
mBL cases, no IG-myc fusion was detectable, and
one case was found to have a non-IG-myc trans-
location.

Clinically, all patients with mBL had a favor-
able prognosis (five-year survival rate, 75 percent).
There was no significant difference in survival
between patients whose tumors had a morpho-
logic appearance of classic or atypical Burkitt’s
lymphoma and those with a morphologic appear-
ance of diffuse large-B-cell lymphoma, irrespec-
tive of the presence or absence of a myc break-
point (data not shown). Our results suggest that
a molecular diagnosis of Burkitt’s lymphoma
yields a more precise definition of this entity
than do current diagnostic criteria.

Of the 220 mature aggressive B-cell lympho-
mas, 176 had an mBL-signature index below 0.95
and thus were not classified as mBL. Most of
these 176 cases had the morphologic appearance
of diffuse large-B-cell lymphoma. In line with a
previous report,* there was a difference in five-
year survival between cases with a germinal-cen-
ter B-cell-like gene signature and an activated
B-cell-like gene signature (51 percent vs. 12 per-
cent). More striking, the presence of breakpoints
at the myc locus was strongly associated with an
unfavorable five-year survival rate, as compared
with the absence of such breakpoints (15 per-
cent vs. 44 percent). This association was inde-
pendent of stage, age, and whether the tumor was
classified as activated B-cell-like or germinal-cen-
ter B-cell-like. In addition, 46 percent of cases
with IG-myc and non-IG-myc breakpoints had con-
current BCL2 and BCL6 translocations, suggesting
that the myc breakpoint arose during clonal evo-
lution and conferred clinical aggressiveness.3?
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In the 208 cases that could be evaluated ge-
netically, the pattern of chromosomal aberrations
allowed us to define three cytogenetic groups.
The myc-simple group comprises lymphomas with
an IG-myc fusion and a low number of chromo-
somal imbalances (complexity score, less than 6).
This group included cases in which the Burkitt’s
translocation is most likely to constitute the pri-
mary oncogenic event. The myc-simple cases large-
ly overlapped with the mBL cases and were associ-
ated with a favorable clinical outcome. In contrast,
myc-complex status was associated with a poor
outcome, independently of age and clinical stage
(five-year survival rate, 21 percent). The myc-com-
plex cases were common in the intermediate
group. We speculate that in these intermediate
cases, a primary genetic aberration induced a
gene-expression profile that was subsequently
shifted toward the mBL profile by a myc trans-

sive B-cell lymphomas with both the mBL signature
and the cytogenetic myc-simple status have a fa-
vorable outcome and can be regarded as biologic
Burkitt’s lymphoma. Mature aggressive B-cell lym-
phomas with myc breakpoints but without an
mBL signature are clearly distinct from biologic
Burkitt’s lymphoma and are associated with a
poor clinical outcome. The few cases that met
only one of the two criteria for biologic Burkitt’s
lymphoma require further investigation. The
distinction between biologic Burkitt’s lympho-
ma and other mature aggressive B-cell lympho-
mas with myc breakpoints or without them is a
prerequisite for planning clinical trials of the
treatment of mature aggressive B-cell lympho-
mas. Such trials should clarify whether Burkitt’s
lymphomas and aggressive B-cell lymphomas
(with myc breakpoints or without them) should
be treated differently.
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