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GEnEraL inTroDuCTion

Lymphomas are malignancies of the lymphoid tissue. They are divided in Hodgkin’s Lym-

phoma (HL) and Non-Hodgkin’s Lymphoma (NHL). Whereas HL is a relatively homogenous 

disease, NHL encompasses around 60 different entities, each with its own clinical presenta-

tion, morphology, treatment and prognosis. Burkitt lymphoma (BL) is the most aggressive 

form of NHL with a doubling time of about 24 hours. While it is relatively rare in adults, 

it is the most common type of NHL in children. Diffuse large B-cell lymphoma (DLBCL) is 

a closely related type of NHL. It is the most common type of NHL seen in adult patients 

and the second most common in children. While BL is considered a homogeneous disease, 

DLBCL shows clear clinical, morphological and biologic heterogeneity. A subset of DLBCL 

cases shares features with BL. The choice between a diagnosis of BL or DLBCL for such cases 

is hard to make, while it has important clinical consequences concerning treatment and 

prognosis. In this thesis we defined a molecular profile for BL and then tried to answer the 

question whether these “gray-zone” cases should be considered as BL, DLBCL or deserve 

their own diagnostic entity. In this chapter a general introduction on BL and the diagnostic 

dilemma with these “gray-zone” cases is given.

The discovery of Burkitt lymphoma
BL was first described in 1958 by the British surgeon Denis P Burkitt as a sarcoma pre-

senting either in the jaw or the abdomen of African children.1 In 1960 O’Conor and Davies 

described this lesion as a type of lymphoma instead of sarcoma.2 The first ideas on the 

pathogenesis of the disease came from an epidemiological study. During a 100 day safari in 

1961, Burkitt observed a relationship between the incidence of BL and certain geographic 

and climatic factors,3 which later appeared to match the distribution of malaria falcipar-

um.4 Three years later Epstein and colleagues discovered the Epstein-Barr virus (EBV) in 

a large number of endemic BL cases and suggested a causative role for the virus in the 

pathogenesis of this lymphoma.5 However, the common presence of EBV infection ruled 

against its role as a single cause for the lymphoma. Neither could the co-occurrence with 

malaria, which provided either a hyperplastic or immunodeficient environment, fully explain 

its pathogenesis.6 

New input in the pathogenesis of the disease came from a genetic point of view. In 1972 

Manolov and Manolova described a recurring genetic abnormality in BL cell lines involving 

an extra band on the telomeric end of the long arm of chromosome 14.7 Although several 

groups found that the telomeric region of the long arm of chromosome 8q translocated 

towards specific bands on chromosome 2, 14 or 22 in both endemic and sporadic BL cases 

during the following years,8-13 it was not before 1981 that the oncogene MYC was discov-

ered to be the target of the recurrent translocations.14,15 In the following years it became 

clear that MYC overexpression played an pivotal role in BL, but that additional oncogenic 
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events were needed for the development of BL, as MYC overexpression alone is not suf-

ficient for tumorgenesis.16,17

The clinical variants of Burkitt lymphoma  have their own epidemiology 
and clinical presentation

Three distinct clinical variants of BL are observed: the endemic, the sporadic and the 

immunodeficiency-related variant (Table 1).18 The endemic variant, occurring in equatorial 

Africa and Papua-New Guinea, represents the most common form of pediatric lymphoma 

in these regions. It normally presents with a large extranodal mass either in the jaw or the 

abdomen in children around the age of 5, preferably males. It is rarely seen in adults. Inci-

dence rates in children are around 1:10,00019 with a male:female ratio of about 2.5:1.20,21 

There is a high association with EBV with over 95% of the cases being positive for EBV.22 

Epidemiological studies have also described a relationship with malaria infection4,6 and ex-

posure to a certain type of domestic bush, Euphorbia Tirucalli.23 

The sporadic variant occurs throughout the world, mainly in children and young adults. 

Incidence rates are much lower (2.5:1,000,000), but with a similar male:female ratio of 

2.5:1. It usually presents with an abdominal mass, most often originating from the ileocecal 

region. Other common locations are the ovaries, kidneys or breasts. Lymph node involve-

ment is more often seen in adults. Bone marrow involvement and/or leukemia are only seen 

in cases with extensive disease. In contrast with endemic BL, EBV is only seen in a minority 

of sporadic cases (15-20%).24 

The immunodeficiency-related variant is most commonly associated with the Human Im-

munodeficiency Virus (HIV) and often represents one of the first AIDS defining symptoms. 

BL is only rarely seen in the context of other immunodeficiency states (e.g. as post-trans-

plant lymphoproliferative disease, PTLD). Incidence rates of the immunodeficiency-related 

variant vary between 2:1,000 in children with AIDS25 and 1:1,000 in adult AIDS patients,26 

with a male:female ratio of 2:1. In contrast with the other two variants, nodal presentation 

as well as bone marrow involvement is relatively common. EBV is identified in 25-40% of 

HIV associated BL cases.

WHo criteria for morphology and immunophenotype of Burkitt lymphoma
Although it has carried a number of different names throughout the years and dif-

ferent lymphoma classifications (Table 2), BL has always been considered a separate and 

unique entity. According to the morphological criteria of the 2001 World Health Organiza-

tion (WHO) Classification of Tumours of Haematopoietic and Lymphoid Tissues,18 classic BL 

cases (most endemic and the majority of the sporadic cases) show a monotonous, cohesive 

growth pattern. The tumor cells are medium-sized (the nuclei are about the same size as the 

tingible body macrophages) and have a strong basophilic cytoplasm. The nuclei are round 

and contain multiple, paracentrally located nucleoli. The proliferation rate is very high; 
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Table 1. Characterization of the three clinical variants of Burkitt lymphoma.

Criteria endemic BL sporadic BL immunodeficiency / AIDS 

related BL

Age and gender Mostly young boys Bimodal age distribution, with 

a peak at 5-10, mostly boys 

and rise after the age of 60, 

both male and female

Adolescents / adults

Kinetics Rapidly growing, bulky Rapidly growing, bulky Rapidly growing, bulky

Primary presentation Jaw >> ileocecal / 

mesenteric, ovary, kidney, 

breasts

Ileocecal / mesenteric, ovary, 

kidney, breasts; in adults more 

nodal

Mostly nodal, CNS

Primary leukemia Not Primary type of ALL-L3 (FAB 

classification)

Primary type of ALL-L3 (FAB 

classification)

Secondary 

involvement

CNS CNS, may become leukemic CNS, may become leukemic, 

extensive dissemination

Histology, low power Cohesive, starry sky, 

apoptosis may be abundant, 

few residual lymphocytes

Cohesive, starry sky, apoptosis 

may be abundant, few residual 

lymphocytes

Cohesive, starry sky, apoptosis 

may be abundant, few residual 

lymphocytes

Histology, high 

power

Medium sized, round nuclei, 

equal or smaller than of 

macrophages (in atypical 

BL some variation is size 

and contour), granular 

chromatin, multiple medium 

sized nucleoli, or (atypical) 

less and more larger nucleoli; 

basophilic cytoplasm, often 

containing many lipid 

droplets

Medium sized, round nuclei, 

equal or smaller than of 

macrophages (in atypical BL 

some variation is size and 

contour), granular chromatin, 

multiple medium sized nucleoli, 

or (atypical) less and more 

larger nucleoli; basophilic 

cytoplasm, often containing 

many lipid droplets

Medium sized, round nuclei, 

equal or smaller than of 

macrophages (in atypical BL 

some variation is size and 

contour), granular chromatin, 

multiple medium sized nucleoli, 

or (atypical) less and more 

larger nucleoli; basophilic 

cytoplasm, often containing 

many lipid droplets; may be 

more abundant (plasmacytic 

differentiation)

Immunophenotype sIgM+, IgD-, k+/l+, CD20+, 

CD10+, bcl6+, bcl2-,  

TdT-, Ki-67/MIB-1 >95%, 

other features less well 

known

sIgM+, IgD-, k+/l+, CD20+, 

CD10+, bcl+, bcl2-, TdT-, 

MUM1- or weak, CD38+, 

CD77+, CD138-, TCL1+, 

CD44-, Ki-67/MIB-1 >95%; 

rare cases may be CD5+

SIgM+ and often also cIgM+, 

IgD-, k+/l+, CD20+, CD10+, 

bcl6+, bcl2-, TdT-, MUM1- or 

weak, CD38+, CD138-, TCL1+, 

CD44-, Ki-67/MIB-1 >95%

Genetic t(8;14)(q24;q32),  t(8;22)

(q24;q11) or t(2;8)(p11;q24) 

in 90-100%

t(8;14)(q24;q32) in 80-85%,  

t(8;22)(q24;q11) in 10-15%, or 

t(2;8)(p11;q24) in 5%

t(8;14)(q24;q32) in 80-85%,  

t(8;22)(q24;q11) in 10-15%, or 

t(2;8)(p11;q24) in 5%

MYC and IGH 

breakpoints

8q24: breakpoints more 

often far upstream of MYC; 

IGH breakpoints more often 

at VDJ region (mediated by 

somatic mutations) 

8q24: breakpoints more often 

directly upstream of MYC or 

in intron 1; IGH breakpoints 

more often at switch sites 

(variable, also downstream of 

Sµ) mediated by class switch 

recombination

8q24: breakpoints more often 

directly upstream of MYC or 

in intron 1; IGH breakpoints 

more often at switch sites 

(variable, also downstream of 

Sµ) mediated by class switch 

recombination 
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therefore many mitotic figures can be observed. The rate of apoptosis is also very high, 

resulting in a so-called “starry-sky”-like appearance caused by the multiple macrophages 

that have phagocytized the apoptotic debris.

Two morphologic variants are described in the WHO classification. First, the atypical BL 

variant (aBL; sometimes also called Burkitt-like lymphoma - BLL) shows greater pleomor-

phism in nuclear size and shape compared with classic BL. In addition, nucleoli are less 

numerous and more prominent. For the diagnosis a growth fraction of or close to 100% 

(as determined by the Ki-67/MIB-1 labeling index) and a proven or strongly suspected MYC 

translocation are required. Secondly, the plasmacytoid variant is often seen in immunode-

ficiency related cases of BL, with eccentric cytoplasm and often a single, centrally located 

nucleolus. A certain degree of pleomorphism may also be observed, just as in the atypical 

variant.

All BL cells should express surface IgM, pan-B cell antigens, including CD19, CD20, 

CD22 and CD79 and the germinal center markers CD10 and bcl6. The cells should be nega-

tive for CD5, CD23, CD138, bcl2 and terminal deoxynucleotidyl transferase (TdT). The very 

high proliferation index is represented by a Ki-67/MIB-1 staining of close to 100% of cells.

Criteria endemic BL sporadic BL immunodeficiency / AIDS 

related BL
Somatic 

hypermutations

High, not ongoing, possibly 

antigen selection

Intermediate, not ongoing, no 

evidence of antigen selection

High, not ongoing, possibly 

antigen selection 

Other genetic 

abnormalities

In 40% no other 

abnormalities. Limited data 

available

In 40% no other abnormalities.  

Gains: 1q, 7, and 12; losses:  

6q, 17p, 13q32-q34

Not different from sBL 

Epstein Barr virus >95%; latency type I 

(EBNA1, EBER)

15-20%; latency type I (EBNA1, 

EBER)

25-40%; latency type I (EBNA1, 

EBER); associated with relatively 

high counts of CD4+ cells

Table 1 continued

Table 2. Burkitt lymphoma throughout the different lymphoma classifications.

Classification Introduced in Name

Rappaport 1966 Undifferentiated lymphoma, Burkitt type

Lukes-Collins 1974 Small non-cleaved follicular centre cell lymphoma

Kiel 1974 Burkitt lymphoma

Working Formulation 1982 Small non-cleaved lymphoma, Burkitt type

Updated Kiel 1988 Burkitt lymphoma

REAL 1994 Burkitt lymphoma

WHO 2001 Burkitt lymphoma
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The genetic hallmark of BL is translocation of the MYC gene (located at cytoband 8q24) 

towards one of the immunoglobulin (IG) loci. Such a translocation is the prerequisite for 

the diagnosis of BL and therefore should be present in all cases of BL.18 The typical t(8;14)

(q24;q32) translocation juxtaposes the MYC gene to the immunoglobulin heavy chain lo-

cus, which occurs in approximately 80% of BL patients, whereas the variant t(2;8)(p11;q24) 

and t(8;22)(q24;q11) translocations involve the kappa and lambda immunoglobulin light 

chain loci in about 5% and 15% of BL, respectively. All three translocations result in consti-

tutive over-expression of MYC.

These translocations are regarded as aberrant products of the immunoglobulin diver-

sification process. In B-cells V(D)J recombination, somatic hypermutation (SHM) and class 

switch recombination (CSR) allow the production of antibodies with an almost unlimited 

diversity (Figure 1). As these mechanisms involve double-strand DNA breaks, mistakes can 

easily lead to translocation events, especially when another double-strand break is nearby. 

Based on the location of the breakpoints in the IgH locus at either the IgH switch regions 

or within or downstream of rearranged V genes, aberrant CSR and SHM are regarded as 

the main causes of an IG-MYC breakpoint in BL.27 Recently, activation-induced cytidine 

deaminase (AID) was described to have an important role in both CSR and SHM and the 

translocation process.28 It is also thought that AID mistargets MYC in a process of parallel 

CSR and in this way facilitates the translocation event.28,29

V(D)J recombination Class switch recombination Somatic hypermutation

figure 1. antibody diversification through V(D)J recombination, class switch recombination 
(Csr) and somatic hypermutation (sHM).
V(D)J recombination (left) involves the variable regions and occurs in two steps. In the first rearrangement, 
a D gene segment is rearranged to a J segment, forming a DJ joint. In the second rearrangement, a V 
segment is rearrranged to a DJH joint, forming a VDJ joint. Which VDJ segements are joined determines 
the specificity of the antibody. In the human IgH locus on chromosome 14, there are about 50 functional 
V, 27 D and 6 J gene segments. In class switch recombination (middle), the expressed heavy chain 
constant region (C) gene is  replaced by a downstream C gene. The recombination process involves 
deletion of the DNA between repetitive DNA regions (switch regions, sμ, sγ and sα) upstream of the 
recombining C genes. The specificity of the antibody remains unaltered, but the effector functions of the 
antigen receptor are changed. Somatic hypermutation (right) introduces point mutations and also some 
deletions and duplications specifically into the V region genes and flanking sequences, further improving 
the specificity of the antibody. The mutations are indicated by ‘.
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In addition to the IG-MYC breakpoint other genetic abnormalities have also been de-

scribed in BL. Mutation and/or deletion of TP53 is commonly described in both BL patients 

and cell lines.30,31 The most commonly reported numerical abnormalities are (partial) gain of 

the q-arm of chromosome 1 and gain of the whole chromosome 7.32-35 Although a patho-

genetic role in addition to MYC overexpression is suggested, the molecular targets in these 

regions still have to be identified.36-38 

MYC overexpression has a strong oncogenic potential
The biological hallmark of BL is a deregulated overexpression of MYC.14,15 This overexpres-

sion is mainly caused by the translocation event, juxtaposing MYC to one of the IG enhanc-

ers.39 In addition, negative regulatory sequences within MYC are often deleted or mutated, 

further enhancing MYC transcription40,41 and stability,42 and thus activity. The myc protein 

is a transcriptional regulator, which functions through heterodimerization with max.43 Myc 

regulates up to 15-20% of all genes in the human genome and over-expression of MYC 

has many biological consequences, most of which underline its oncogenic potential (Figure 

2).44-46 The most important consequence of MYC overexpression is increased proliferation, 

as myc enhances cell cycle progression by induction of CDK2 and CDK4 through CDC25A;47 

induction of Cyclin D and E;48 and down-regulation of p2149 and p27.50 To sustain this high 

proliferation rate, myc can regulate a number of metabolic pathways, of which induction 

of LDH-A is the best known target.51 Myc can also up-regulate genes involved in nucleotide 

and protein synthesis and iron metabolism.45,52 As tumor cells tend to persist in cell-cycle it 

is no surprise that myc inhibits genes that result in cell differentiation,53 as this requires the 

cell to exit the cell-cycle. In addition to the increased proliferation, overexpression of MYC 

induces genomic instability,54,55 which may result in additional oncogenic hits. This genomic 

instability is further enhanced by the immortalization of cells via hTERT, a direct target of 

myc, which permits the indefinite maintenance of telomeres.56 Finally, myc downregulates 

several adhesion molecules (e.g. LFA-1),57 extra-cellular matrix proteins58 and HLA59 which 

might enable BL to escape immune surveillance.

In contrast to these oncogenic effects of MYC overexpression, myc also induces apop-

tosis. The p53-dependant apoptotic pathway is triggered by myc targets CDC25A and 

p14ARF,60,61 whereas a p53-independent pathway is induced by LDH-A.51 It seems inevitable 

that additional molecular or genetic events occur to counteract these pathways, otherwise 

BL could not survive. As said, mutations and/or deletion of p53 are frequent in BL,31 leading 

to such a result. But many other genes in the p53 pathway (e.g. via homozygous deletion 

of p14ARF/p16INK)62 could result in a similar defect in the apoptosis pathway and in conse-

quence contribute to the pathogenesis of BL. 
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BL requires a specific treatment
Historically, treatment of BL consisted of monotherapy with cyclophosphamide63 or 

prolonged chemotherapeutic regimens with an induction, consolidation and maintenance 

phase, adapted from the earlier ALL-regimens.64 However such therapies resulted in rela-

tively low cure rates (CR rates less than 50% and only 10-20% of long-term survival). With 

the introduction of short duration, intensive multi-agent chemotherapy in the early 1980s, 

cure rates improved considerably.65 Such intensive chemotherapeutic regimens are thought 

to be most appropriate for BL, as they maintain effective serum drug concentrations for at 

least 48-72 hours. Since the proliferation rate is extremely high in BL, with doubling times 

around 24-48 hours, almost all tumor cells will have passed through the cell cycle in that 

period of time and consequently be affected by the cytostatic drugs. Furthermore, the risk 

of tumor repopulation between cycles and development of drug resistance, due to the very 

short doubling time, is kept as low as possible by keeping the intervals between chemo-

therapy courses as short as possible and using combinations of non-cross-resistant agents. 

Apoptosis

MYC Oncogenesis

Secondary Events

Immune Surveillance

Immortalization

Genomic Stability

Cell Differentiation

Metabolism

Proliferation

figure 2. The oncogenic potential of MYC overexpression.
MYC overexpression has a great oncogenic potential via a number of mechanisms.
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Current pediatric regimens according to the Société Française d’Oncologie Pédiatrique 

(SFOP), Berlin-Frankfurt-Münster (BFM) and Pediatric Oncology Group (POG) protocols yield 

2 year survival rates between 60-80% in high risk and even up to 100% in low-risk pediat-

ric BL patients (reviewed by C Patte).66 The application of these regimens in adult patients 

resulted in somewhat lower, but still very good survival.64 As the survival percentages are 

now that high, challenges lie within the field of new therapies that lower the significant 

toxicity of these aggressive treatment regimens without lowering the treatment results. 

a subset of DLBCL shows features of BL
DLBCL is a type of NHL closely related to BL, and the most common type of NHL seen 

in adult patients (30-40% of all NHL) as well as the second most common type in children 

(around 25% of all NHL). It shows clear clinical, morphological and biologic heterogeneity 

(many reviews).67-70 Efforts to subdivide DLBCL in different subgroups have had considerable 

success. Since the discovery by Alizadeh et al in 2000 that DLBCL can be categorized in clini-

cally relevant subtypes based on gene expression,71 subsequent researchers have discovered 

a number of molecular subtypes (of which the germinal center B-cell like (GCB) and the 

activated B-cell like (ABC) subtypes gained most support), each with its own prognosis.72,73 

Within the wide spectrum of DLBCL, a subset exists with characteristics of BL (Figure 

3). These so called “gray-zone” cases have always been a problem in lymphoma classifica-

tions, and it could not be decided whether they should have their own entity or should be 

considered a variant of either BL or DLBCL. In the Working Formulation74 and REAL clas-

sification75 these cases had their own (provisional) entity (small non-cleaved, non-Burkitt 

lymphoma and Burkitt-like lymphoma, respectively). However, these entities had a very 

poor reproducibility.76 Therefore, it was decided in the 2001 WHO classification to consider 

these cases as either DLBCL or a variant of BL (atypical BL). Atypical BL cases showed greater 

pleomorphism in nuclear size and shape, with fewer and less prominent nucleoli than BL, 

but required a growth fraction of nearly 100% and a proven or strong presumptive evi-

dence of a MYC translocation.18 All other cases were considered to be DLBCL, creating a 

somewhat artificial and debatable split. Although these criteria seem to be straightforward, 

the distinction was still hard to make in daily practice. This is problematic as the distinc-

tion between BL and DLBCL has more than semantic consequences. BL patients show only 

limited response to standard DLBCL therapy, i.e. R-CHOP, whereas DLBCL patients respond 

relatively successfully to this far less toxic regimen and therefore should not be routinely 

exposed to standard intensive BL therapy. 

Another group of BL-mimickers are progressed indolent lymphomas (e.g. follicular lym-

phoma (FL) and mantle cell lymphoma (MCL) cases) that have gained a MYC translocation 

during their progression.77,78 These cases also show a Burkitt-like morphology and a high 

growth fraction, mimicking BL. However, in addition to the breakpoint in or around MYC, 

these cases usually harbor a translocation involving BCL2 or CCND1, which is considered 
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sive clinical course and often do not respond to therapy at all, resulting in a very poor 

outcome.79 

figure 3. Morphology and iHC of two “gray-zone” cases.
The upper case involves a 32 year old male patient, with a tumor in the ileocecal region. In 
the upper left figure a low power magnification (10x) of an H&E staining can be appreciated. It 
shows a cohesive growth pattern with a “starry-sky” appearance, which suggest the diagnosis of 
BL. Upon immunohistochemical analysis, the tumor also has a BL immunophenotype (CD10+, bcl2-, 
bcl6+) and harbors a MYC translocation, again suggesting the diagnosis of BL. However at a high 
power magnification (100x, oil immersion, upper right), the relatively large and heterogeneous nuclei 
contradict the diagnosis of BL and favor a diagnosis of DLBCL. 
The lower case involves a 36 year old female patient, with an abdominal tumor. At low power 
magnification (10x, lower left) a BL morphology can be appreciated with a cohesive growth pattern 
and a clear “starry-sky” appearance. The inlay in the lower left figure also shows the high percentage 
of Ki-67 positive cells. However, at a high power magnification (100x, oil immersion, lower right), 
the nuclei appear atypical. In addition the results of immunohistochemistry (CD10+, bcl2+, bcl6+) 
and FISH (both a MYC and a BCL2 translocation were identified) suggest an other diagnosis than 
BL. Up to recently such cases were diagnosed as DLBCL rather than BL. In the novel WHO classification 
published in 2008, such cases are designated as B-cell lymphoma unclassifiable, with intermediate 
features between DLBCL and BL (“double-hit lymphoma”) ; see chapter 6.
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sCoPE of THis THEsis

In this thesis we set out to determine a molecular profile for BL. In addition we searched 

for an answer whether the “gray-zone” cases with characteristics of both BL and DLBCL 

should be considered as BL, DLBCL or deserve their own diagnostic entity. 

In chapter 2 we describe the epidemiology and clinical presentation of BL in the Neth-

erlands. We show a bimodal age-distribution with a peak at the pediatric age and a steady 

increase after the age of 50. We also show a strong male preponderance, which is especially 

present in pediatric patients. A number of clinical differences is observed between pediatric 

and adult patients, suggesting that we might be looking at different diseases in children 

and adults. 

In chapter 3 we describe the definition of BL based on currently used techniques (mor-

phology, immunohistochemistry (IHC) and fluorescent insitu hybridization (FISH)). We show 

that classic BL and DLBCL cases can easily be recognized, but that problems arise in the 

gray-zone in between and that additional techniques are needed to decide whether these 

“gray-zone” cases should be considered as BL or DLBCL. 

In chapter 4 we used gene expression profiling from RNA gene expression arrays, to 

distinguish BL from DLBCL. We show that BL has a characteristic gene expression profile, 

which is identical to the profile of atypical BL. We also show that with this robust, high 

throughput technique a distinction between BL and DLBCL can be made in the majority 

of cases, but that a small subset of cases remains, for which it is hard to make a clear-cut 

decision. These discrepant BL cases represent the molecular gray-zone. 

In chapter 5 we compared the genetic profile of classic and atypical BL cases with the 

profile of these discrepant BL cases. We show that there are no major genetic differences 

between classic and atypical BL cases, but the discrepant cases differ greatly in their genetic 

make-up. We also demonstrate the effect of different genetic aberrations on the gene 

expression profile of BL. 

In chapter 6 we used karyotyping data from all BL patients described in literature and 

determined a (cyto)genetic profile for BL. We show that BL typically harbors an IG-MYC 

translocation, relatively few additional numerical aberrations and no additional transloca-

tion of either BCL2, BCL6 or CCND1. We then compared the profile of this core subset of BL 

with the profile of other B-NHL (mainly DLBCL) harboring a MYC translocation and groups 

of “gray-zone” cases, which all appeared to be more genetically complex. Based on these 

data we suggest that the “gray-zone” cases should not be considered as BL. 

In chapter 7 we present data on the clinico-pathological heterogeneity in a high-risk 

cohort of DLBCL patients, treated with a high-dose intensive chemotherapeutic regimen 

and autologous stem cell transplantation. We show that the distinction between GCB and 

ABC subtypes remains of prognostic value in this group of DLBCL. 
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BCL is discussed in more detail and put in perspective of similar research projects performed 

in the same era. At the end a number of future perspectives are presented.
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BaCkGrounD
Although Burkitt lymphoma (BL) is classified as one entity in the World Health Orga-

nization (WHO) classification, we wondered whether BL should not be considered as a 

different disease in children compared with adults.

PaTiEnTs anD METHoDs
Netherlands Cancer Registry (NCR) data were obtained from 1994 to 1998 (n=203). 

Detailed clinical data from two treatment protocols were compared: one for adults up 

to the age of 65 years (n=27) and one for children (n=80). All slides of the two clinical 

studies were centrally reviewed which included immunophenotyping and when neces-

sary breakpoint analysis of MYC/8q24. Only cases with an unambiguous diagnosis of 

BL (classical and atypical BL) were accepted. 

rEsuLTs
The age distribution of BL patients showed a bimodal distribution with a peak at 

the pediatric age and a steady increase after approximately 60 years of age. Most of 

the patients were males (89% for children and 78% for adults) and only male patients 

showed this bimodality. Children more often had extranodal disease (81% vs. 59%), 

whereas adults more often had nodal disease (89% vs. 53%). 

ConCLusions
Based on epidemiology and clinical presentation, the concept that BL is one disease 

should be re-challenged.
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inTroDuCTion

Burkitt lymphoma (BL) is a highly aggressive type of Non-Hodgkin’s Lymphoma (NHL).1 

Among all NHL in Western Europe, BL comprises 5% at most.1 However, this percentage 

differs remarkably between children and adults. If patients with an immune deficiency are 

excluded, BL comprises approximately 40% of NHL cases in children compared with only 

1–2% in adults.1,2 Although the incidence of NHL is much higher in adults than in children, 

the incidence rates for BL in children are still twice as high as in adults.3 

Thus far, there is no explanation for this difference in incidence. Although BL is classified 

as a single (‘‘real’’) entity in the World Health Organization (WHO) classification,1 we and 

others4 wondered whether BL should not be considered a different disease in children com-

pared with adults. The fact that two other lymphoid malignancies, precursor B cell acute 

lymphoblastic leukemia (ALL) and anaplastic large cell lymphoma (ALCL), have a different 

genetic make-up and behave differently clinically in children and adults1,5,6 might also sup-

port our hypothesis. 

In spite of the large number of clinical and epidemiological studies on BL in either 

children,7–10 adults11–13 or both,14,15 few investigators have addressed possible differences 

between these two groups regarding epidemiology and clinical presentation.4 Because of 

both the presence of a national cancer registry and the fact that many BL patients are 

treated in clinical trials, thoroughly recorded epidemiological and clinical data are available 

on this disease in The Netherlands. 

This gave us the opportunity to study the epidemiological and clinical characteristics of 

BL in children versus adults, with a focus on possible differences.

PaTiEnTs anD METHoDs

Epidemiological data
Epidemiological data on BL in The Netherlands were retrieved from the Netherlands 

Cancer Registry (NCR). The NCR is a nationwide, population-based cancer registry con-

taining data on the incidence, tumor localization, stage and classification of all malignant 

neoplasms.16 In this database, BL is defined according to the International Classification of 

Diseases for Oncology (ICD-O-3)17 as morphology code 9867/3. Data from this registry were 

obtained from all registered BL patients in the period of 1994–1998. Patients were grouped 

in cohorts of 15 years. Incidence data were calculated using additional population data 

from Statistics Netherlands (CBS, Amsterdam, The Netherlands).
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Clinical data
The NCR does not contain reliable data on the clinical characteristics necessary to test 

whether or not BL is one disease. For instance, data on the site of biopsy are available, but 

this does not necessarily correspond to the primary site of clinical presentation of the tumor. 

Therefore, clinical data of patients from two treatment protocols were used: the SNWLK-

NHL-94 protocol for children aged 0–15 years (SNWLK is currently called SKION) and the 

HOVON-27-NHL-94 study for adults aged 16–65 years. 

The HOVON (Dutch-Belgian Hemato-Oncology Co-operative Study Group) study was a 

multicenter phase II study performed between 1994 and 2002 in newly diagnosed patients 

aged 16–65 with high-risk (defined by stage and lactate dehydrogenase (LDH)), intermedi-

ate- or high-grade NHL, as defined according to the Working Formulation (this classification 

system was used for entry of patients since this clinical study started before publication of 

the Revised European American Lymphoma (REAL) and WHO classification). According to 

the HOVON protocol, BL patients were excluded if they had prior treatment or any other 

malignancy, human immunodeficiency virus (HIV) positivity, immune deficiency, or present-

ed with severe major organ dysfunction or metabolic disease, a WHO performance status 

>2, central nervous system (CNS) involvement, a manifest leukemic phase of BL (bone mar-

row (BM) involvement >30% or >5% malignant cells in the blood), or Ann Arbor stage I 

non-bulky (<10 cm) disease with normal serum LDH.

The SNWLK (Dutch Childhood Oncology Group (DCOG)) protocol was the standard treat-

ment protocol for children aged 0–15 years with any B-NHL in The Netherlands, including 

all cases of pediatric BL. 

All patients underwent standard staging procedures. Lymph node involvement in the 

abdomen was always confirmed by computerised tomographic (CT) scanning or (rarely 

in children) ultrasound. Multiple extranodal intra-abdominal localizations were coded as 

disseminated abdominal mass. For the comparison of the clinical data between children 

and adults, a selection of pediatric patients from the SNWLK was made according to the 

inclusion criteria of the adult HOVON protocol, as the latter was the most restrictive (Figure 

1). For these selected patients, the following clinical data were retrieved: patient char-

acteristics, blood and bone marrow investigations, tumor pathology and the stage and 

localization of the tumor. We determined the Murphy18 and Ann Arbor19 stage for both 

groups according to the localization and extent of the tumor. The variables LDH level, Ann 

Arbor stage and Performance Status determined the age-adjusted International Prognostic 

Index (IPI),20 although we realize that the classical IPI was neither designed for children nor 

validated for BL.

Central pathology review
All cases from both the adult (HOVON) and pediatric (SNWLK) protocols were submit-

ted to central pathology review. The HOVON cases were reviewed by one expert hemato-
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pathologist and the SNWLK cases were reviewed by a panel of pathologists (including the 

hematopathologist). All cases that did not fulfill the criteria of classical BL or atypical BL 

according to the WHO classification1 were rejected, with the aim of selecting all unambigu-

ous BL patients. In all cases, immunohistochemistry was performed (see below) to exclude 

DLBCL with Burkitt-like features and precursor B-cell lymphoblastic lymphoma/leukemia. 

Classical BL was defined according to the WHO classification,1 based upon the characteristic 

monotypic morphology in combination with a positive immunohistochemical staining on 

formalin-fixed and paraffin-embedded tissue sections for CD20 (or CD79a), CD10 and bcl6, 

a high proliferation rate defined by a MIB-1/Ki-67 labeling index of >95% and the absence 

of bcl2 expression in the tumor cells.

In all cases with an atypical morphology compatible with a diagnosis of atypical BL,1 the 

additional demonstration of a MYC/8q24 breakpoint was requested, as determined by con-

ventional cytogenetic or fluorescent in situ hybridization analysis (FISH). 21,22 Diffuse large 

B-cell lymphoma (DLBCL) with morphological features of BL (e.g. starry-sky and monomor-

phic appearance, high MIB-1/Ki-67 labelling index) were excluded as much as possible using 

morphology, the abovementioned immunohistochemical markers as well as FISH analysis 

for MYC/8q24 breakpoints and BCL2/18q21 breakpoints.21,23 

Total number of children
SNWLK-B-NHL-94 protocol, group I

(1994 - 2002)
n = 136

Burkitt Lymphoma
n = 106

Selected
for Comparison

n = 80

Excluded (for this study) 
at Central PA-review

n = 30

Did not fulfil clinical 
selection criteria  

n = 26 

DLBCL (n=21)
B-lymphoblastic lymphoma (n=3)
PTLD (n=2)
Unknown (n=4)

BM >30% blasts,
+/- CNS involvement (n=16)
CNS involvement (n=2)
WHO performance score >2 (n=8)

Excluded (for this study) 
at Central PA-review 

n = 81

Total number of adults
HOVON-27-NHL-94 Study

(1994 - 2002)
n = 109

Burkitt Lymphoma
n = 28

Selected
for Comparison

n = 27

Did not fulfil clinical 
selection criteria  

n = 1 

DLBCL (n=50), FL-grade 3 (n=6)
B/T-lymphoblastic lymphoma (n=15)
ALCL (n=6), PTCL (n=3)
Unknown (n=1)

CNS involvement (n=1)

figure 1. flow chart clarifying the patient selection for clinical comparison of children versus 
adults. 
right part: adult Burkitt lymphoma (BL) patients entered in the HOVON-27-NHL-94 study. Left 
part: childhood BL entered in the SNWLK-B-NHL-94 study. Of note, the HOVON-27-NHL-94 study 
was designed for a large variety of aggressive lymphoma cases including DLBCL, which explains why 
so many cases were not included in the present study on BL. Abbreviations: CNS, central nervous 
system; WHO, World Health Organisation; BM, bone marrow; DLBCL, diffuse large B-cell lymphoma; 
FL, follicular lymphoma; PA, pathology; ALCL, anaplastic large cell lymphoma; PTLD, post-transplant 
lymphoproliferative disease; PTCL, peripheral T-cell lymphoma.
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statistics
Descriptive statistics were used for all data. Differences between non-parametric data 

were analyzed with the Fisher’s exact test or the Pearson chi-square test. Continuous data 

were analyzed with either the Student’s t-test for normally distributed data or the Mann–

Whitney U test for skewed distributed data. 

Incidence rates (IR) were calculated per million person-years. Ninety-five percent confi-

dence intervals (95% CI) around the incidence rates were calculated under the Poisson dis-

tribution assumption. In addition, multivariable Poisson regression analysis was performed 

to evaluate the effect of age, as well as gender, on the incidence of BL.

rEsuLTs

Epidemiological data from the nCr
In the period of 1994–1998, 203 BL patients (137 males and 66 females) were registered 

in the NCR (Table 1). As Figure 2 shows, BL occurred at all ages, but was more frequently 

observed in children compared with adults, with incidence rates of 4.4 (95% CI: 3.4–5.6) 

and 2.2 (95% CI: 1.8–2.6), respectively. It also shows that the incidence (IR) of BL was 

higher in males than in females (IR of 3.5 (95% CI: 3.0–4.2) for males compared with 1.7 

(95% CI: 1.3–2.1) for females). 

Multivariable analysis, with age and gender as independent variables, showed both age 

and gender as strong predictors of the occurrence of BL. In addition, a significant interac-

tion of age and gender (p=0.02) was observed, indicating a different relationship between 

age and the occurrence of BL in males and females. In the male patients, a bimodal age dis-

tribution with a peak for the pediatric age group of 0–15 years and a steady increase after 

approximately 60 years of age was observed. Boys had a significantly higher risk of BL com-

pared with male adults below and over the age of 60 years, with relative risks of 3.2 (95% 

CI: 2.2–4.6, p<0.01), and 1.6 (95% CI: 1.0 –2.5, p=0.048), respectively. Adult males over 

60 years had a doubled risk of BL (95% CI: 1.3–3.2, p<0.01) compared with adult males be-

low the age of 60 years. In female patients, such a bimodal distribution was not observed. 

Girls had a comparable risk of BL compared with female adults below the age of 60 years, 

Table 1. Epidemiology of Burkitt lymphoma in The Netherlands (NCR data registry 1994-1998).

0-15

n=66

15-60

 n=89

>60

n=48

Total

n=203

Age (years)

Median

Range

7.5

2-15

36

16-60

71.5

61-89

34

2-89

Gender

Male 54 (82%) 57 (64%) 26 (54%) 137 (67%)
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with a relative risk of 0.9 (95% CI: 0.4–1.7, p=0.68) for the adults, compared with children. 

In female adults above the age of 60 years, the risk had increased significantly, compared 

with adults below 60 years, with a relative risk of 2.0 (95% CI: 1.2–3.5, p=0.01).

Clinical data
After central pathology review, 28 adult patients from the HOVON27 study and 106 

pediatric patients from the SNWLK protocol fulfilled the final diagnosis of classical or atypi-

cal BL. All DLBCL with BL features were excluded, as were all other aggressive lymphoma 

cases (Figure 1).

Using the HOVON eligibility criteria for selection, 27 adults and 80 children remained for 

comparison of clinical characteristics (Figure 1). Twenty-six children were left out from the 

comparative analysis, mainly because of initial CNS involvement or extensive BM disease. 

These 26 patients had a median age of 7 years (range 0–14 years), 70% was male, 14% 

had a normal LDH, 90% had more than 2 extranodal sites, and almost all (96%) had by def-

inition Murphy stage III/IV disease. However, statistically, if we group together all patients 

and compare them with the selected patients, no significant differences were observed as 
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figure 2. incidence of Burkitt lymphoma patients in The netherlands. 
Incidence data were calculated using population data from Statistics Netherlands and epidemiological 
data from the Netherlands Cancer Registry (NCR). Bars represent the mean number of new patients 
per million inhabitants of that age cohort per year over the period of 1994–1998 in The Netherlands. 
Note that the age cohorts are different for children (cohorts of 5 years each) compared with adults 
(cohorts of 15 years each).
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Table 2. Clinical data and tumor localization in selected SNWLK and HOVON patients (1994-2002).

Children (n=80) Adults (n=27)

Age (years)

Median (range) 7 (0-15) 35 (16-64)

Gender

Male 71 (89%) 21 (78%)

LDH (U/l)

Normal

Elevated

 >1x upper limit of normal

 >2x upper limit of normal

 >4x upper limit of normal

 No data

16 (24%)

22 (34%)

12 (18%)

18 (26%)

12 

9 (33%)

12 (44%)

4 (15%)

2 (7%)

Involvement

Nodal sites only

Nodal and extranodal sites

Extranodal sites only

16 (20%)*

26 (32%)

38 (48%)†

11 (40%)*

13 (48%)

3 (12%)†

Extranodal sites involved

 1

 ≥2

28 (35%)

36 (45%)

8 (30%)

8 (30%)

Specification Extranodal sites

Paranasal sinus/jaw

Lung

Pleura/pleural fluid‡

GI-tract

 - Ascites§

 - Omentum

 - Intestinal tract

  - Ileocaecal

Liver

UG-tract

Bone Marrow

Other

7 (9%)

4 (5%)

16 (20%)

19 (24%)*

12 (15%)

34 (43%)

27 (34%)

8 (10%)

12 (15%)

2 (3%)

5 (6%)

1 (4%)

2 (7%)

1 (4%)

1 (4%)*

3 (12%)

7 (26%)

4 (15%)

1 (4%)

3 (12%)

3 (12%)

4 (15%)

Disseminated abdominal mass|| 16 (20%) 5 (19 %)

Bulky disease

0-5 cm

5-10 cm

>10 cm

no data 

15 (28%)

23 (44%)

15 (28%)*

27

7 (28%)

3 (12%)

15 (60%)*

2

Ann-Arbor Stage

I-II

III-IV

33 (41%)

47 (59%)

15 (56%)

12 (44%)
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far as age, gender and LDH levels were concerned. Clinical characteristics of the selected 

patients are shown in Table 2. In concordance with the NCR data, a male preponderance 

was seen both in children (89%) and adults (78%). The large majority of patients had a 

good performance status at presentation (72% of the children and 85% of the adults had 

a performance score of 0–1). BM involvement (with less than 30% blasts; see inclusion cri-

teria in Figure 1) occurred only incidentally (3% in children, 11% in adults). LDH levels were 

higher in children compared with adults (p=0.05).

When comparing all tumor localizations, extent and stages (Table 2), several differences 

between children and adults were apparent. The most striking difference was that children 

more often had extranodal disease compared with adults: exclusively extranodal disease 

was found in 48% of the children and 11% of the adult patients (p=0.001). Preferential 

extranodal sites in children were the ileocecal region, ascites and pleura/pleural fluid. In re-

verse, adult patients presented more frequently with exclusively nodal disease (p=0.04), and 

more often in lymph nodes of the head and neck region (41% vs. 19%, p=0.04), as well as 

the retroperitoneum (44% vs. 16%, p=0.01). Furthermore, more adults than children had a 

large tumor of >10 cm (60% vs. 28%, p=0.01). According to the Murphy classification, the 

percentages of patients with advanced stage disease were comparable. In the Ann Arbor 

classification, more pediatric than adult patients tended to have advanced disease (stage III–

IV), reflecting the higher incidence of extranodal disease in children, but this difference was 

non-significant. Additionally, the age-adjusted IPI seemed to be higher in children compared 

with adults, but this difference was also non-significant (p=0.07).

Children (n=80) Adults (n=27)

Murphy Stage

I-II

III-IV

24 (30%)

56 (70%)

10 (37%)

17 (63%)

Age-adjusted IPI

0-1

2-3

No data¶

28 (41%)

40 (59%)

12

17 (63%)

10 (37%)

* p<0.05; † p<0.001; ‡ 7 of 16 cases (44%) were cytologically proven; § 8 of 19 cases (42%) were 
cytologically proven; || localizations coded as ‘disseminated abdominal mass’ in the SNWLK dataset 
could not precisely be staged according to the Ann Arbor classification and were coded as Ann Arbor 
stage III-IV (see Patients and methods); ¶ Due to missing LDH values.

Table 2 continued
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DisCussion

Few lymphoid neoplasias present both in children and adults. The most commonly shared 

disorders are BL, ALCL and ALL. This common presentation in children and adults might 

suggest that these malignancies are homogeneous disorders. However, whereas this is ap-

parently supported by the uniform histology, more refined analyses including (molecular) 

genetic data support the concept of tumor heterogeneity between children and adults. In 

ALCL, the pediatric cases commonly contain a chromosomal translocation with involvement 

of the ALK gene. In contrast, this translocation is relatively uncommon in adult cases.1,5,6 

The presence of this translocation or one of its variants is associated with a more favorable 

prognosis. Similar genetic and clinical differences are present between ALL in children and 

adults.1 In analogy to these observations in ALCL and ALL and driven by a difference in 

incidence between children and adults, we wondered whether BL should or should not be 

regarded as one disease entity in children and adults. Based on the histology and additional 

immunophenotype and cytogenetics, BL seems to be one disease. Almost all cases harbor a 

chromosomal breakpoint at 8q24 involving the MYC oncogene. However, other molecular 

data are limited,24,25 and more detailed investigations including gene expression studies may 

be very informative with respect to the question of whether BL is really one disease.

In the present investigation, we approached this problem by studying both the epidemi-

ology and the clinical presentation of BL. To study the epidemiology, we used data from the 

NCR covering all BL patients diagnosed in The Netherlands. For the clinical presentation, we 

used data from two treatment protocols for BL in The Netherlands. 

In agreement with other publications,1–3 the NCR data showed that BL is more common 

in children than in adults. In agreement with others,26,27 we also observed a bimodal age 

distribution, with a peak incidence at 6–10 years and a steady increase of incidence after 

approximately 60 years of age. This supports the hypothetical existence of two disease enti-

ties for the different age groups. Of note, this bimodality was exclusively present in the male 

patients. For female patients, the incidence was remarkable stable at 1–3 new cases per 

million inhabitants for all age categories. This difference between both sexes might suggest 

essential differences in the disease itself or its genetic background. However, a biological 

basis for this assumption remains speculative. In this regard, the male preponderance in 

both children and adults, observed by us and others3,8–12 is intriguing.

Regarding the clinical presentation of BL in our patient cohorts, we found several dif-

ferences between children and adults concerning tumor localization, extent and stage. Of 

note, both cohorts were matched regarding the various inclusion and exclusion criteria, 

which resulted in the exclusion of patients (pediatric and adult) with very advanced disease 

(i.e. CNS and/or BM involvement). Remarkably, frequency and extent of extranodal involve-

ment was more pronounced in children, whereas nodal involvement was more prominent in 

adults. The biological basis of nodal versus extranodal involvement is still largely unknown. 
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These differences might reflect complex differences in the expression of chemokines and 

chemokine receptors, as well as adhesion molecules and proteases involved in cellular mo-

tility.28 In addition, differences in the micro-environment of the tumor cells at different ages 

of the patient might play an important role. For example, the involvement of the breast, 

occasionally seen in pubertal girls or lactating women, suggest that similar tumor cells show 

a different behavior and localization, dependent on the presence of the appropriate micro-

environment.29

Bulky disease, as defined by masses larger than 10 cm, was more frequent in adults than 

in children. This might be related to the fact that relatively smaller masses will be diag-

nosed earlier in children, but this may also be related to the site of the tumor. For instance, 

a relatively small mass in the ileocecal region might result in early clinical symptoms due 

to intestinal invagination, a well-known complication in BL of childhood. LDH levels were 

higher in children than in adults. This might suggest that BL in children is a more rapidly 

growing tumor.30

Concerning the possibility to generalize our results, we would like to stress that our 

epidemiological data represent all BL-patients in The Netherlands registered over a five-year 

period. In contrast, the clinical data represent a certain selection of BL-patients, i.e., below 

the age of 65 years without a manifest leukemic phase, CNS involvement or poor perfor-

mance status. Whereas the NCR data can be considered representative for the incidence in 

Western Europe, the clinical data need to be interpreted with caution. Given the rarity of 

the disease, a larger series with detailed clinical information will be very difficult to collect.

In conclusion, BL shows a remarkable pattern of incidence with respect to age and 

gender, and it may be assumed that the clinical presentation in children is different from 

adults. Thus far, histological, immunophenotypical and genetic data support the idea that 

BL should be considered as a single disease entity. However, our observations argue for 

further studies. New tools, such as gene expression arrays, might give more insight in to the 

different behavior of this aggressive lymphoma in children compared with adults.
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BaCkGrounD
A prompt distinction between Burkitt lymphoma (BL) and diffuse large B-cell lym-

phoma (DLBCL) has important clinical implications; however, this distinction can be 

difficult. 

PaTiEnTs anD METHoDs
We analyzed 74 adult gray zone and 10 reference pediatric BL using immunohis-

tochemistry (Ki-67, CD10, bcl2, bcl6) and fluorescence in situ hybridization (FISH) for 

MYC, BCL2, and BCL6 breakpoints. Two algorithms for classification were followed: 

algorithm A used a two-step review by four hematopathologists and algorithm B a set 

of only biologic markers (Ki-67 > 90%, CD10+, bcl6+, bcl2-, MYC breakpoint+, BCL2 

and BCL6 breakpoint-). 

rEsuLTs
Both algorithms categorized all reference cases as BL. In the adult group, algorithm 

A resulted in 21 BL and 52 DLBCL and algorithm B in 23 BL and 51 ‘‘non-Burkitt’’ 

lymphomas (nBL); 9 cases (12%) contained two different translocations and were cat-

egorized as nBL in algorithm B. Fifteen cases (20%) fulfilled the BL criteria of both 

algorithms. Although not considered as BL according to both algorithms, many other 

lymphomas showed nonetheless a phenotypic and/or genetic shift towards BL. BL ac-

cording to algorithm B was more homogeneous with respect to clinical presentation 

(gender and localization) than BL defined by algorithm A. 

ConCLusions
Our data suggest that only a few cases of these gray zone lymphomas represent true 

de novo BL. Immunohistochemistry for Ki-67, CD10, and bcl2 with breakpoint analysis 

of MYC and preferably also BCL2 and BCL6 may be advised as a marker panel for this 

diagnostic dilemma.
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inTroDuCTion

The Revised European-American Lymphoma (REAL)1 and World Health Organization 

(WHO)2 classifications introduced the concept of clinicopathologic entities in which histol-

ogy, immunophenotype, genetic data, as well as clinical features are integrated. This led to 

a major increase in inter-observer and intra-observer agreement, as well as in a worldwide 

high level of acceptance by hematologists and oncologists.3 However, a few problems re-

mained, one being the differential diagnosis of Burkitt lymphoma (BL), atypical BL (aBL, 

WHO classification), Burkitt-like lymphoma (BLL, REAL classification), and a subset of diffuse 

large B-cell lymphoma (DLBCL) with features of BL. Indeed, this is a long-standing problem, 

already starting with the introduction of the term ‘‘undifferentiated non-Burkitt’s lympho-

ma’’ in the Rappaport classification and ‘‘small non-cleaved non-Burkitt’s lymphoma’’ in the 

Lukes classification.4,5 In a key manuscript on the reproducibility and clinical impact of the 

REAL classification, an unacceptable low inter-observer and intra-observer agreement ex-

isted with respect to the histologic distinction between Burkitt-like lymphoma and DLBCL, 

which did not improve by integration of immunohistology or clinical data.6 

From a biologic point of view, BL seems to be a relatively homogeneous disorder char-

acterized by the expansion of early germinal center blasts in the so-called dark zone of 

normal germinal centers.7 In parallel to their normal counterparts, BL cells almost invariably 

express CD10 and bcl6 but lack bcl2.8 Genetically, BL carry a reciprocal translocation t(8;14)

(q24;q32) or one of its variants resulting in deregulation of MYC. Three subtypes of BL 

have been described: endemic (equatorial Africa and parts of New Guinea), sporadic, and 

HIV-associated BL, which differ in their clinical presentation and association with Epstein-

Barr virus (EBV) infection.9-12 These subtypes, although uniformly characterized by MYC 

translocations, occasionally show subtle to marked cytomorphologic variation (for example 

plasmacytoid differentiation in a subset of HIV-associated BL).2 In addition, although cyto-

genetically indistinguishable, both the 8q24 and 14q32 chromosomal breakpoints differ at 

the molecular level in endemic and sporadic BL patients.11,13-15 This suggests that different 

mechanisms are involved in the generation of chromosomal breakpoints (IGH hypermuta-

tion and IGH class switch recombination, respectively) and therefore that endemic and 

sporadic subtypes probably originate from different stages of B-cell development. 

DLBCL is much more heterogeneous and can be molecularly divided in at least two 

subtypes: lymphomas with a germinal center B cell-like profile of gene expression (GCB 

profile) and lymphomas that express genes more related to activated B cells (ABC profile).16-

18 Also from a cytomorphologic point of view, DLBCL is highly heterogeneous with a range 

from Hodgkin-like features in T-cell-rich B-cell lymphoma to cases composed of relatively 

small- to medium-sized cells that mimic BL.1,2 At the cytogenetic and molecular level, a large 

number of chromosomal translocations can be found, including BCL6 breakpoints in ap-

proximately 20% to 35%, BCL2 breakpoints in 15% to 20%, and MYC breakpoints in 5% 



Chapter 3

42

to 10% of the tumors. Furthermore, many tumors have complex karyotypes with multiple 

structural abnormalities.19-21 

The presence of a diagnostic overlap between BL and DLBCL resulted in the introduction 

of poorly defined borderline categories such as undifferentiated non-BL, small noncleaved 

non-BL, Burkitt-like lymphoma and atypical BL.1,2,22,23 These terms generated considerable 

confusion and were differently used by various hematopathologists. However, a prompt 

diagnosis and distinction of BL versus DLBCL bear important clinical implications since treat-

ment of BL often differs from treatment of DLBCL patients.24 The present WHO classification 

recommends the presence of 8q24 breakpoints and/or MYC rearrangement as a prerequi-

site to the diagnosis of BL and its morphologic variants. Unfortunately, genetic aberrations 

involving MYC are not strictly disease specific and, to the best of our knowledge, this WHO 

recommendation has not been validated in a large lymphoma series. 

Here, we describe the clinical, phenotypic, and molecular features of 74 lymphomas 

obtained from adult patients with either a typical BL or a gray-zone BL/DLBCL as well as 10 

pediatric reference BL cases. All cases were analyzed for cytomorphology, phenotype, and 

translocation breakpoints within the 8q24/MYC, 18q21/BCL2, and 3q27/BCL6 breakpoint 

regions (further called MYC, BCL2, and BCL6). Two different algorithms for classification 

were followed, one conventional algorithm accomplished through a two-step review pro-

cedure by four hematopathologists and the other by means of application of a combination 

of immunophenotypic and genetic markers.

PaTiEnTs anD METHoDs

selection of cases
Seventy-four cases collected between 1990 and 2003 (Table 1) were retrieved from 

the archives of the Departments of Pathology of the University Medical Center Groningen 

(n=23) and the Department of Pathology of the University of Würzburg (n=33) as well 

as from a review of two clinical trials on aggressive NHL in The Netherlands (HOVON 27 

and HOVON 40; n=18). All cases were lymphomas from adult patients (age >16 years); all 

tumors included as Burkitt lymphoma were sporadic cases; AIDS-related lymphomas were 

excluded. The following criteria were used to include cases in the present study: 

-  Cases diagnosed as BL with a typical growth pattern and a high proliferation rate as 

established by staining for Ki-67/MIB-1 (in general, >90% positive nuclei), however, oc-

casionally with a relatively high degree of nuclear polymorphism (BL and aBL in the WHO 

classification)

-  Cases submitted as DLBCL with features of BL, in particular a composition of relatively 

small- to medium-sized blasts, a high degree of monomorphism, a cohesive growth pat-



43

Molecular analysis of lymphomas with morphologic features of Burkitt lymphoma

C
h

ap
te

r 
3

tern, a high proliferation rate, and/or a “starry-sky” appearance. Classic DLBCL were not 

included in the study.

-  Cases for which the hematopathologist could not decide upon the differential diagnosis 

of BL and DLBCL. 

- Ten cases of unambiguous pediatric BL (Table 1, cases A–J) were included as a reference 

group.

Table 1. Data of all patients.

case sex age site Algorithm A Algorithm B Ki-67 CD10 bcl2 bcl6 FMYC FBCL2 FBCL6

A m 10 ileocecum BL BL 99% + - + + - -

B m 9 parapharynx BL BL 99% + - + + - -

C m 4 ileocecum BL BL 99% + - + + - -

D m 5 ileocecum BL BL 99% + - + + - -

E m 6 prostate BL BL 99% + - + + - -

F m 7 ileocecum aBL BL 99% + - + + - -

G f 9 retrop., 

mediastinum

BL BL 99% + - + + - -

H m 13 ileocecum, 

mesentery

BL BL 99% + - + + - -

I m 13 intestine, 

retrop., 

pleural c.

BL BL 97% NE - + + - -

J m 13 ileocecum BL BL 99% + - + + - -

1 f 39 nasal cavity BL BL 99% + - + + - -

2 m 71 liver, lymph 

node

aBL BL 95% + - + + - -

3 f 20 lymph node BL BL 99% + - + + - -

4 m 18 stomach, 

lymph node

aBL BL 99% + - + + - -

5 f 71 thyroid aBL BL 95% + - + + - -

6* f 33 ovary aBL BL 97% + - + + - -

7* m 34 mediastinum BL BL 99% + - + + - -

8 m 39 lymph node BL BL 95% + - + + - -

9 m 52 lymph node aBL BL 99% + - + + - -

10 m 68 lymph node BL BL 95% + - + + - -

11 m 68 mesenteric 

lymph node 

aBL BL 99% + - + + - -

12 m 62 Ileocecum BL BL 99% + - + + - -

13 m 22 lymph node, 

waldeyer

aBL BL 95% + - + + - -

14* m 40 Ileum BL BL 99% + - + + - -

15 m 34 Ileocecum BL BL 99% + - + + - -

16 m 52 oral cavity DLBCL BL 99% + - + + - -
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case sex age site Algorithm A Algorithm B Ki-67 CD10 bcl2 bcl6 FMYC FBCL2 FBCL6

17 m 24 soft tissues, 

BM

DLBCL BL 95% + - + + - -

18 m 32 Ileocecum DLBCL BL 99% + - + + - -

19* m 43 stomach DLBCL BL 99% + - + + - -

20 f 46 breast, BM DLBCL BL 99% + - + + - -

21 f 67 stomach DLBCL BL 90% + - + + - -

22 m 74 lymph node DLBCL BL 99% + - + + - -

23* m 42 stomach DLBCL BL 99% + - + + - -

24 f 65 lymph node BL nBL 90% + + - + - -

25 m 63 omentum 

majus

BL nBL 99% + + + + - -

26* m 65 omentum aBL nBL 95% + - + - - -

27 m 33 lymph node DLBCL nBL 99% + - + - - -

28 f 61 stomach DLBCL nBL 80% + + - - - -

29 m 79 lymph node DLBCL nBL 95% + - + - - -

30 m 38 stomach DLBCL nBL 99% + - + - - -

31 m 76 colon DLBCL nBL 99% + - + - - -

32 m 78 lymph node DLBCL nBL 99% + + + - - -

33 f 71 soft tissues DLBCL nBL 99% - + - - -

34 f 48 lymph node DLBCL nBL 99% + - + - - -

35 m 29 lymph node DLBCL nBL 99% + - + - - -

36*,‡ m 36 ileum DLBCL nBL 50-99% + - + - - -

37‡ f 65 pancreas, 

peritoneum, 

lymph node

DLBCL nBL 50-99% + + NE + - -

38* f 65 spleen DLBCL nBL 80% - + NE - - +

39 f 90 lymph node DLBCL nBL 90% - + + - - -

40* f 58 lymph node DLBCL nBL 97% - + + - - +ABR

41* f 60 ovary DLBCL nBL 90% + + + - - -

42* m 60 skin DLBCL nBL 99% - + + - - -

43* m 44 lymph node DLBCL nBL 95% + + NE - - -

44 m 52 lymph node DLBCL nBL 95% - + + - + -

45 f 63 breast DLBCL nBL 95% - + + - - +

46 f 65 lymph node DLBCL nBL 99% + + + - - -

47 m 66 lymph node DLBCL nBL 70% - + + - - +

48 m 67 small bowel DLBCL nBL 95% - + + - - -

49 m 69 nasopharynx DLBCL nBL 90% - + NE - - -

50 f 69 cecum DLBCL nBL 90% + + + - + -

51 f 72 lymph node DLBCL nBL 90% - + + - - -

52 f 80 lymph node DLBCL nBL 90% + + NE - + -

53 m 84 lymph node DLBCL nBL 99% - + + - - -

54 m 89 skin DLBCL nBL 95% -CD5+ + - + - -

55 m 62 lymph node DLBCL nBL 95% - + + - - -

56† m ? bone DLBCL nBL 80% - + + - - amp +

57 f 52 lymph node DLBCL nBL 90% - + + - - +

Table 1 continued
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immunohistochemistry
Immunohistochemistry (IHC) was performed on formalin-fixed, paraffin-embedded tis-

sue sections, after 30 minutes antigen heat-retrieval in 50 mM Tris/2 mM EDTA buffer 

solution, pH 9.0 in a microwave oven. The following markers were analyzed: Ki-67 (clone 

MIB-1, dilution 1:100; DAKO, Glostrup, Denmark), CD10 (clone 56C6, dilution 1:20, No-

vocastra, Newcastle upon Tyne, United Kingdom), bcl2 (clone 124, dilution 1:25, DAKO), 

and bcl6 (PG-B6p, dilution 1:20, DAKO). Immunostaining was performed in the Nexes au-

tomated immunostaining machine (Ventana Medical systems, Tucson, AZ) according to the 

manufacturer’s instructions. For bcl6 an additional amplification step was incorporated into 

the standard immunostaining protocol. 

A tumor was considered to be positive for expression of a specific antigen if more than 

10% of the tumor cells showed appropriate immune reactivity. A percentage of the Ki-67 

positive cells was determined as an actual percentage of the tumor cells, thus excluding 

reactive background cells.

case sex age site Algorithm A Algorithm B Ki-67 CD10 bcl2 bcl6 FMYC FBCL2 FBCL6
58 f 53 lymph node DLBCL nBL 95% - + + + - -

59 ? 41 stomach DLBCL nBL 90% + + - - - NE

60 m 47 ileum DLBCL nBL 90% + - + - - +

61* f 19 ovary DLBCL nBL 98% + - + - - -

62 m 48 tonsil DLBCL nBL 99% + - + - - -

63* m 64 lymph node DLBCL nBL 99% + - + - - -

64 m 13 lymph node DLBCL nBL 90% + + - + - -

65 f 63 abdominal DLBCL nBL 95% + + + + - -

66* f 58 lymph node aBL nBL 99% + + + + - +ABR

67* m 36 abdomen aBL nBL 95% + + + + + -

68 f 43 ovaries, 

small bowel, 

CNS

aBL nBL 99% - + + + - +

69 f 56 mesentery DLBCL nBL 90% + - + + + -

70 f 50 lymph node DLBCL nBL 90% + + + + + -

71*,‡ m 44 omentum DLBCL nBL 50-90% + + + + + -

72 f 52 ovary DLBCL nBL 85% + + + + + -

73* m 64 abdomen DLBCL nBL 97% + + + + - +

74 f 33 lymph node DLBCL&foll nBL 99% + - + - + +ABR

Abbreviations: FMYC, FISH for MYC breakpoint; FBCL2, FISH for BCL2 breakpoint; FBCL6, FISH for 
BCL6 breakpoint; m, male; f, female; retrop, retroperitoneum; NE, not evaluable; BM, bone marrow; 
CNS, central nervous system; ABR, breakpoint in the alternative breakpoint region of BCL639

* cases included in HOVON clinical trials; † case 56 represented an adult patient (>16 yr) without 
known date of birth; ‡ cases 36, 37 and 71 showed a heterogeneous Ki-67 labeling pattern ranging 
from 50 to 99% in different parts of the sample.

Table 1 continued
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fluorescence in situ hybridization (fisH)
All cases were studied by segregation FISH on paraffin tissue sections for the presence 

of translocation breakpoints within three breakpoint regions, MYC, BCL2, and BCL6. For 

detection of MYC translocation breakpoints, three probe sets were used25 as follows: all 

cases were tested with the probes flanking the region from 190 kbs 5’ to 450 kbs 3’ of 

MYC. Samples that did not show any breakpoint were studied with an additional probe 

set covering the far (700 kbs) area upstream of MYC. The remaining negative cases were 

tested with a probe combination designed to detect a possible excision of MYC from 8q24 

and subsequent insertion elsewhere in the genome.25 BCL2 breakpoints were studied using 

two previously reported probe sets, for detection of mbr/mcr and 5’/FVT1 breakpoints, as 

well as excision of BCL2.26 The FISH segregation assay for detection of BCL6 region break-

points will be described in detail elsewhere. Briefly, one probe set flanks the MBR in the 5’ 

noncoding region of BCL6 (PAC 133M19 and PAC 165I21, kindly provided by Dr. R. Dalla 

Favera, Columbia University, NY). The second probe set consists of PAC 133M19 and BAC 

RP11-137K3 and detects the ABR breakpoint region located between 245 and 285 kbs 5’ 

of BCL6. BAC RP11-137K3 was selected on basis of its location in the minimal tiling path 

5’ of BCL6 (MapViewer at http://www.ncbi.nih.gov; build 33) and obtained from BACPAC 

Resources, Oakland, CA). 

The probes were labeled using Kreatech’s ULS nonenzymatic labeling method (Kreatech 

Diagnostics, Amsterdam, The Netherlands, BCL2 and MYC probes) or by standard nick-

translation (BCL6 probes) with biotin-16-dUTP or digoxygenin-11-dUTP (Roche, Basel, Swit-

zerland). The conditions for the hybridization and the evaluation of FISH results on routine 

tissue sections have been described recently.27

Histopathologic classification
To reach a diagnosis according algorithm A, all samples, including the 10 reference BL 

cases, were reviewed by four hematopathologists (H.K.M.-H., G.O., P.M.K., and E.H.) in a 

two-step procedure (Tables 1 and 2). First, each pathologist evaluated the samples indepen-

dently, based on the histology, immunohistochemistry, age, and site of the involvement, but 

without knowledge of molecular data, the original diagnosis, and/or the opinion of other 

reviewers. All cases were categorized according to the WHO classification scheme; how-

ever, the interpretation of the weight of the individual morphologic and immunophenotypic 

features was left to the judgment of the individual reviewer. aBL referred to the cases with 

atypical cytomorphologic features, mostly a considerable variation in nuclear and nucleo-

lar size, irregularities of the nuclear contour, or plasmacytoid differentiation, nevertheless 

considered to belong to the BL entity. As a second step, all four reviewers discussed the 

discordantly classified cases using a multi-headed microscope, and this resulted in a final 

diagnosis further called “algorithm A diagnosis”. After this review, individual cases were 
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discussed with knowledge of the molecular data, but the algorithm A diagnosis was not 

altered. 

The second approach (algorithm B) included direct application of a combination of mark-

ers, recommended by the WHO classification for the diagnosis of BL. Since the primary 

selection of the cases was based on morphology (see selection of cases) and, therefore, all 

cases were considered to represent gray zone lymphomas, any additional histopathology 

review was omitted. According to this algorithm, BL referred only to these cases that had a 

Ki-67 labeling rate of >90%, that were bcl6+, CD10+, and bcl2-, and carried a MYC break-

point. All cases that did not fulfill these criteria, but also the cases that harbored additional 

BCL2 and/or BCL6 breakpoints and therefore might represent transformed lymphomas, 

were excluded from the category of BL and denoted as non-Burkitt lymphoma (nBL).

statistical analysis
For comparison of the various parameters the Fisher’s exact test was applied.

rEsuLTs

The classification of all the samples together with the patients’ data, immunophenotype, 

and the molecular data (presence of breakpoints in MYC, BCL2, and BCL6) are listed in Table 

1 and summarized in Table 3. 

Two diagnostic algorithms to diagnose Burkitt lymphoma
Algorithm A diagnosis: as a result of the conventional histopathology review procedure 

that included the multi-head review session, all 10 reference pediatric BL and 21 adult cases 

(28%) were diagnosed as BL (typical BL, n=10; aBL, n=11); 52 adult cases were classified as 

DLBCL (70%). One DLBCL harbored foci of follicular lymphoma grade 3B and was classified 

as ‘‘other’’ (Tables 1 and 3). In 58% of the cases, a consensus diagnosis was reached inde-

pendently by all four pathologists and in 80% by three of four pathologists. As shown in 

Table 2, the individual pathologists differed in their preference to use or avoid the diagnosis 

BL: reviewer 2 diagnosed BL in 81% of the cases finally diagnosed as such, but showed 

Table 2. Consensus in histopathologic diagnosis (algorithm A).

Algorithm A 

diagnosis

N Reviewer 1

(%)

Reviewer 2

(%)

Reviewer 3

(%)

Reviewer 4

(%)

Consensus by 

3/4 pathologists

(%)

Consensus by 

4/4 pathologists

(%)

(a)BL pediatric 10 100 100 90 90 90 80

(a)BL adult 21 62 81 52 48 48 24

DLBCL 52 88 84 88 98 94 69

Other 1 100 100 0 0 0 0

Total adult 74 81 84 77 82 79 55
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a concomitant trend to overdiagnose it in the DLBCL cases (7 of 52 cases; 11%, data not 

shown), whereas reviewer 4 was relatively reluctant to diagnose BL at all. A consensus diag-

nosis by all four pathologists was reached independently in only 24% (5 of 21) of the adult 

BL and in 69% (36 of 52) of the DLBCL. As expected, a complete consensus was much more 

easily to achieve in the pediatric BL (80%). 

Classification according to the algorithm B resulted in 23 BL and 51 nBL. Applying the 

algorithm A diagnosis on these 23 BL cases, 8 of had been classified as BL, 7 as aBL, and 8 

as DLBCL. Thus, 65% of these immunophenotypically and genetically defined BL presented 

with an atypical morphology, and even 35% would have been placed in a different lym-

phoma category using conventional microscopy. In reverse, 6 cases (29%) that had been 

classified as BL or aBL according to algorithm A did not fulfill the BL criteria of algorithm 

B. In 2 cases, this was caused by a weak bcl2 expression of the tumor cells, in 1 case by 

the lack of a detectable 8q24/MYC breakpoint and in 3 cases (50%) by the presence of a 

second translocation. 

Clinical and immunohistologic data 
All data available on the patients and their tumors, categorized according to the two 

algorithms, are listed in Table 1 and summarized in Table 3. Both algorithms showed a 

male predominance, which tended to be more pronounced in the BL group according to 

algorithm B than any other category (difference between both algorithms, not significant). 

Table 3. Immunophenotype, molecular genetic results, and clinical data according to the different 
classification algorithms

Algorithm A Algorithm B

BL pediatric

n=10

(a)BL

n=21

DLBCL*

n=52

BL

n=23

nBL

n=51

Age range (years)

median

4-13

9

18-71

43

13-90

60

18-74

42

13-90

63

m/f ratio 9,0/1,0 2,0/1,0 1,3/1,0 2,8/1,0 1,1/1,0

Extranodal presentation (%) 10 (100) 9 (43) 25 (48) 15 (65) 19 (37)

Consensus pathologists (%) 8 (80) 5 (24) 36 (69) - -

Range Ki-67 labeling (%) 97-99 95-99 50-99 95-99 50-99

CD10+ (%) 10 (100) 20 (95) 35 (67) 23 (100) 33 (65)

bcl6+ (%) 10 (100) 20 (95) 43/47 (91) 23 (100) 40/46 (89)

bcl2+ (%) 0 (0) 5 (24) 32 (62) 0 (0) 37 (73)

CD10+,bcl6+,bcl2- (%) 10 (100) 15 (71) 8 (15) 23 (100) 0 (0)

MYC breakpoint (%) 10 (100) 20 (95) 18 (35) 23 (100) 15 (29)

MYC breakpoint alone (%) 10 (100) 18 (86) 13 (25) 23 (100) 7 (14)

BCL2 breakpoint (%)† 0 (0) 1 (5);1 MYC 7 (13); 4 MYC 0 (0) 9 (18); 5 MYC
BCL6 breakpoint (%)† 0 (0) 2 (10); 2 MYC 8 (16); 1 MYC 0 (0) 11/50 (22); 3 MYC

* one case of composite lymphoma (DLBCL and follicular lymphoma grade IIIB) was omitted from the 
DLBCL group (algorithm A) but included in the nBL group (algorithm B); † indicates how many cases 
harbored a MYC breakpoint as well. 
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BL patients were significantly younger than DLBCL and nBL patients, and especially accord-

ing to algorithm B, BL patients more often presented with extranodal disease (p<0.05). All 

BL cases but also the majority of the DLBCL and nBL cases were CD10 and bcl6 positive, 

indicating the limited value of these markers in this gray zone area. Most BL cases showed 

a strong uniform bcl6 expression pattern resembling that of a normal germinal center, while 

DLBCL and nBL cases tended to label more heterogeneously, with variation of the inten-

sity and percentage of positive tumor cells (data not shown). In contrast to the BL cases 

in which bcl2 protein expression was infrequent (24% according to algorithm A and by 

definition absent according to algorithm B), 62% of the DLBCL and 73% of the nBL cases 

expressed bcl2 protein at an extent of 10% or more tumor cells (Table 3).

Molecular data
A MYC breakpoint was detected in a high proportion (57%) of the tumors, ie, by defini-

tion of algorithm B in all BL, but also in 29% of the nBL (difference significant, p<0.001; 

Tables 1 and 3). Using algorithm A, differences in translocation frequencies were less ex-

plicit but still significantly different (Table 3). Most MYC breakpoints were detected with 

the probe set covering breakpoints in a region of 190 kb 5’ to 450 kb 3’ of MYC, and 

only three additional breakpoints were exclusively detected with the second probe set for 

breakpoints more 5’ of MYC (data not shown). In 2 cases, additional FISH studies with a 

third probe set supported the presence of an insertion of MYC instead of a translocation 

(data not shown). 

BCL2 breakpoints were detected in 9 samples: 3 nBLs (algorithm B) carried this break-

point as a single genetic abnormality, whereas in 5 other nBLs it was combined with a MYC 

breakpoint. In one nBL with foci of follicular lymphoma grade 3B, it was combined with a 

BCL6 breakpoint (Table 1). BCL6 breakpoints were identified in 10 tumors: in 6 nBLs it was 

the only genetic lesion, in 3 nBLs it was combined with a MYC breakpoint, and in the above 

mentioned ‘‘composite’’ nBL it was combined with a BCL2 breakpoint. 

Further analysis showed a significant positive association between CD10 expression and 

the presence of a MYC translocation breakpoint (p<0.001), whereas BCL6 breakpoint-pos-

itive samples tended to lack CD10 (p=0.05) and to express bcl2 (p<0.05). Bcl2 expression 

did not correlate with a BCL2 breakpoint since only 7 of the 37 cases (19%) that expressed 

the protein contained a BCL2 breakpoint. Neither was bcl2 expression a strong predictor for 

the absence of a MYC breakpoint: 14 of 37 cases (38%) with expression of bcl2 contained 

a MYC breakpoint. Since almost all cases in this series were bcl6 positive, no correlation of 

antigen expression with any genetic lesion could be recognized. 

samples with double translocation
Nine samples carried a combination of translocation breakpoints in MYC, BCL2, and/

or BCL6 (Table 1). In keeping with the classification criteria of algorithm B, all cases were 
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categorized as nBL; however, the group was heterogeneous according to algorithm A: one 

tumor with a MYC and BCL2 breakpoint was classified as BL and 4 as DLBCL, 2 lymphomas 

with a combination of a MYC and BCL6 breakpoint were diagnosed as BL and one as DLBCL 

(Figure 1C), and finally one lymphoma with a BCL2 and BCL6 breakpoint was diagnosed 

as a composite DLBCL and follicular lymphoma, grade 3B. The majority (6 of 9) of these 

patients were female and 6 of 9 tumors co-expressed CD10, bcl2, and bcl6. Of interest, 

in 2 of 3 cases with a MYC and BCL6 breakpoint, the BCL6 breakpoint was located within 

the alternative breakpoint region (ABR) of BCL6, while in 5 of 6 DLBCLs with a single BCL6 

breakpoint, it was located in the major breakpoint region (MBR). Furthermore, all cases with 

this double breakpoint expressed bcl2 protein.

DisCussion

We report on the combined molecular and immunohistochemical analysis of lymphomas 

that represent a histologic gray zone area between classic BL and DLBCL. Since we could 

not relate our data to any established golden standard, two algorithms for classification of 

the samples were compared. One algorithm attempted to make the distinction between 

BL and DLBCL with conventional morphologic and immunohistochemical means, including 

a careful two-step pathology review procedure. The second algorithm aimed at separating 

BL from all other lymphomas (collectively labeled as nBL) and made use of purely immu-

nophenotypic and genetic criteria. Since submission of the cases to the study was already 

figure 1. Morphology of Burkitt lymphoma and DLBCL.
a. A low power overview at 40x magnification. B–E. The detailed morphologic spectrum of various 
cases at a magnification of 100x (oil immersion). Details on clinical presentation are presented in 
Table 1. a. Case 16 (51 years, oral cavity), algorithm A DLBCL, algorithm B BL, with a ‘‘starry-sky’’ 
appearance, relatively small cell composition, and high degree of monomorphism, features shared by 
most of the cases included in this study. The tumor showed expression of CD10 and bcl6 without bcl2 
and with exclusively a breakpoint in the MYC region. B. Case 4 (18 years, tumor stomach), algorithm 
A aBL, algorithm B BL, with a subtle degree of nuclear polymorphism, expression of CD10 and bcl6 
without bcl2 and with exclusively a breakpoint in the MYC region. C. Case 68 (43 years, tumor of 
both ovaries) algorithm A aBL, algorithm B nBL, with an even higher degree of nuclear polymorphism, 
that co-expressed bcl6 and bcl2 protein but lacked CD10 and contained a double translocation in 
the MYC and BCL6 regions. D. Case 18 (32 years, ileocecum), algorithm A DLBCL, algorithm B BL, 
containing tumor cells with abundant cytoplasm, and large nuclei with prominent eosinophilic nucleoli 
and an ‘‘open’’ chromatin pattern reminiscent of centroblasts and immunoblasts; this case showed the 
immunophenotype and genotype of BL: CD10 and bcl6 expression, with lack of bcl2 and a breakpoint 
in MYC with no other breakpoints. Note that this tumor presented as an ileocecal mass reminiscent of 
BL. E. Case 62 (48 years, tumor of the tonsil), algorithm A DLBCL, algorithm B nBL, with nuclei that are 
neither typical of BL nor DLBCL, that co-expressed CD10 and bcl6, without bcl2, but did not contain 
any detectable MYC or other breakpoint. f. One example of fluorescent in situ hybridization with MYC 
probes with co-localization of one set of probes and segregation of the other set of probes indicating 
a mono-allelic MYC breakpoint.
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based on a primary morphologic selection (see Patients and methods), the second algorithm 

omitted any further pathology review. 

In general, the great majority of DLBCL can be reliably distinguished from BL, and the 

diagnostic problem only represents relatively rare borderline cases composed of small to 

medium-sized tumor cells with a high proliferation rate, a ‘‘starry-sky’’ appearance, and a 

cohesive growth pattern. Most likely due to a lack of firm histologic and phenotypic criteria 

and ubiquitously applicable molecular markers, the lack of a real golden standard as well as 

the continuously changing and confusing nomenclature, few informative publications are 

available on this issue.1,3,10,22,24,28-31 Certain studies made an attempt to link the borderline 

categories of ‘‘Burkitt-like lymphoma’’ and ‘‘small non-cleaved, non-Burkitt’s lymphoma’’ to 

DLBCL or BL and/or generated data on their biologic and clinical heterogeneity.29-31 A recent 

report on 13 Burkitt-like lymphomas suggested that they represent a subcategory of classic 

BL and differ both biologically and clinically from DLBCL.29 However, the DLBCL samples of 

this study were randomly chosen while our DLBCL specimens were selected on the basis of 

morphologic similarities with BL. In keeping with previous reports, our study confirms the 

lack of robust histologic criteria since all four hematopathologists independently reached 

the same final diagnosis in only 55% of all submitted cases (algorithm A). 

Using algorithm B, 31% of the adult lymphomas were classified as BL. Interestingly, 8 of 

these 23 BL cases (35%) had been assigned DLBCL according to algorithm A. Their exclusion 

from BL was mainly based on the nuclear pleomorphism with the presence of centroblasts 

and/or immunoblasts among smaller more classic BL blasts. Vice versa, 6 of 21 (29%) lym-

phomas categorized as (a)BL by algorithm A should have been moved to the nBL category 

using algorithm B. This was due to the presence of a double breakpoint (MYC and BCL2 or 

BCL6, 3 cases), lack of a detectable MYC breakpoint (1 case), and/or an immunophenotype 

thought to be incompatible with BL (5 cases). In particular, bcl2 expression (>10% of tumor 

cells positive) was frequently seen in these cases (5 of 6 cases). The combined application 

of both algorithms on the total group of adult gray-zone lymphomas resulted in a group of 

only 15 cases (20%; case nos. 1–15, Table 1) that, similar to the 10 pediatric cases, fulfilled 

all morphologic, phenotypic, and genetic criteria of aBL. 

Apart from the more robustness of the criteria, also some clinical data suggest that the 

definition of BL according to algorithm B might be slightly superior to that of algorithm A. 

In particular, more patients were male and presented with extranodal disease, both charac-

teristics of pediatric and endemic BL as well. Since our study is retrospective in nature and 

obviously consisted of a mixture of patients who not only differed in treatment but also in 

clinical factors with well known independent prognostic impact on outcome in either BL 

and DLBCL, we could not use clinical outcome, for example overall survival, to compare the 

different groups as defined by both algorithms. This was also impossible for the 18 patients 

who were retrieved from two clinical trials with high-dose, short duration chemotherapy. 

Such an analysis would have required a much larger group of patients. 
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A breakpoint within the MYC region was detected in all but one aBL as defined by al-

gorithm A, indicating that the t(8;14) or variant translocation is associated with a certain 

morphology and phenotype. However, we frequently encountered this breakpoint in the 

remaining lymphomas as well (35% in our subset of DLBCLs according to algorithm A and 

29% in the nBL group of algorithm B). Therefore, this marker should not be used alone but 

only in combination with other meaningful markers. Similarly, Au et al reported on a large 

spectrum of B-cell tumors carrying cytogenetically proven 8q24 aberrations, including BL, 

BLL, and (transformed) lymphomas such as follicular and mantle cell lymphomas as well.22 

Apparently, even in the cases not diagnosed as BL by both algorithms, our primary selec-

tion of lymphoma cases had already resulted in a biased shift of phenotypic and genetic 

characteristics toward BL. For instance, nBL diagnosed according to algorithm B expressed 

CD10 in 65% of the cases instead of the expected 20% to 45% in regular DLBCL. Similarly, 

almost all cases expressed bcl6 protein. This shift was also evident by the relatively low fre-

quency of BCL6 breakpoints (22% instead of 30%–40% as expected on basis of literature 

data for regular DLBCL) and the high incidence of MYC breakpoints. The reported frequen-

cies of MYC breakpoints in DLBCL vary between 4% and 15% depending on the methods 

used (cytogenetics, FISH, Southern blot, or long distance PCR).19,21,28,32-35 The FISH probes 

we used flank a large genomic region as compared with Southern blot or long distance 

PCR. However, this cannot fully explain the current high frequency of MYC breakpoints in 

DLBCL or nBL. In a separate study on 66 International Prognostic Index (IPI) high risk but fur-

ther unambiguous DLBCL in which we applied the same (FISH) methods, 18% had a MYC 

breakpoint,  18% a BCL2 breakpoint, and 27% a BCL6 breakpoint (Boerma EG, personal 

communication). 

Eight tumors in adult patients contained a combination of MYC and BCL2 and/or 

BCL6 breakpoints. The combination of MYC and BCL2 breakpoints has been extensively 

described.34,36-38 Lymphomas and leukemias carrying both breakpoints probably develop by 

a two-step transformation with first the generation of the t(14;18) in a precursor B-cell and 

thereafter a break at MYC that mostly occurs at the mature B-cell stage. Although some-

times morphologically similar to aBL, these tumors should be distinguished from true BL 

with a sole break in MYC as they often represent a very aggressive disease with a poor clini-

cal outcome. Tumors with a concomitant MYC and BCL6 breakpoint have been reported 

occasionally; however, the clinical and biologic significance of these alterations has not 

been established.28,34,35 In the present series, the 3 cases with a MYC and BCL6 breakpoint 

shared morphologic and immunophenotypic similarities with lymphomas carrying double 

breakpoints in MYC and BCL2, including expression of bcl2 protein. Interestingly, in 2 of the 

3 samples, the 3q27 breakpoint was located within the ABR of BCL6 that is predominantly 

involved in follicular lymphoma.39 Whether such tumors represent transformed (follicular) 

lymphomas or are part of true BL remains to be established. 
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Partly based on the expression of CD10 and bcl6, Burkitt lymphoma is considered as a 

neoplastic proliferation of (early) germinal center B-cells. Since many DLBCL and nBL cases 

of our study also expressed CD10 and bcl6, also these lymphomas might be supposed to be 

derived from germinal center B-cells. However, the frequent expression of bcl2 protein in 

62% of the DLBCL and 73% of the nBL cases without a concomitant underlying t(14;18) is 

not compatible with a germinal center B-cell phenotype. 

Our data indicate that immunohistochemistry of bcl2 protein expression may be a surro-

gate marker for BCL2 and BCL6 breakpoints. Based on this observation and the fact that bcl6 

protein analysis has little additional value to CD10, we suggest that immunohistochemistry 

for Ki-67, CD10, and bcl2 in combination with FISH analysis for MYC breakpoints could be a 

minimum marker panel to be used for the diagnosis of BL in adult patients. Additional FISH 

analysis for BCL2 and BCL6 breakpoints might be advisable as well. Future, more extensive 

gene expression studies,16,40,41 but also genome-wide genetic studies such as comparative 

genomic hybridization or array comparative genomic hybridization, in combination with 

well-controlled clinical trials are indispensable to define the exact entity of adult BL and to 

learn which adult patients might benefit from specific therapeutic regimens.
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BaCkGrounD
The distinction between Burkitt lymphoma (BL) and diffuse large B-cell lymphoma 

(DLBCL) is crucial because these two types of lymphoma require different treatments. 

We examined whether gene expression profiling could reliably distinguish BL from DL-

BCL.

PaTiEnTs anD METHoDs
Tumor-biopsy specimens from 303 patients with aggressive lymphomas were pro-

filed for gene expression and were also classified according to morphology, immuno-

histochemistry, and detection of the t(8;14) MYC translocation. 

rEsuLTs
A classifier based on gene expression correctly identified all 25 pathologically veri-

fied cases of classic BL. BL was readily distinguished from DLBCL by the high level of ex-

pression of c-myc target genes, the expression of a subgroup of germinal-center B-cell 

genes, and the low level of expression of major histocompatibility complex class I genes 

and nuclear factor-κB target genes. Eight specimens with a pathological diagnosis of 

DLBCL had the typical gene expression profile of BL, suggesting they represent cases 

of BL that are difficult to diagnose by current methods. Among 28 of the patients with 

a molecular diagnosis of BL, the overall survival was superior among those who had 

received intensive chemotherapy regimens instead of lower-dose regimens.

ConCLusions
Gene expression profiling is an accurate, quantitative method for distinguishing BL 

from DLBCL.
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inTroDuCTion

Burkitt lymphoma (BL) is an aggressive B-cell lymphoma characterized by a high degree 

of proliferation of the malignant cells and deregulation of the MYC gene.1 Distinguishing 

between BL and diffuse large B-cell lymphoma (DLBCL) is critical because the management 

of these two diseases differs. Whereas relatively low-dose chemotherapy regimens such as 

cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) are typically used to 

treat DLBCL, they are inadequate for BL,2,3 for which intensive chemotherapy regimens are 

required.4-8 Furthermore, prophylactic intrathecal chemotherapy or systemic chemotherapy 

that crosses the blood–brain barrier is unnecessary in most cases of DLBCL; while such 

chemotherapy is essential for treating BL, because of the high risk of involvement of the 

central nervous system.2,9 

The diagnosis of BL relies on morphologic findings, immunophenotyping results, and 

cytogenetic features.1 However, BL and DLBCL can have overlapping morphologic and im-

munophenotypic features, and the characteristic t(8;14) translocation of BL10-12 also occurs 

in 5 to 10 percent of cases of DLBCL.13 Because DLBCL is more than 20 times as common as 

BL,14 a lymphoma with a t(8;14) translocation can present a diagnostic problem. 

The term “Burkitt-like lymphoma” has been used for cases that have some features 

in common with BL. However, the most recent guidelines of the World Health Organiza-

tion (WHO)1 eliminate Burkitt-like lymphoma as a separate diagnostic category. Burkitt-like 

lymphoma is now considered synonymous with the term “atypical BL,” which is reserved 

for cases that have the genetic abnormality and immunophenotype of BL but have atypical 

morphologic features. It is not clear whether atypical BL is a biologically distinct entity or a 

morphologic variant of BL. 

In the present study, we investigated whether gene expression profiling could reliably 

distinguish BL from DLBCL. We hypothesized that analysis of the molecular features of BL 

would permit a more accurate and reproducible diagnosis than would the use of standard 

pathological methods.

PaTiEnTs anD METHoDs

study population
The patients were studied according to a protocol approved by the institutional review 

board of the National Cancer Institute. Tumor-biopsy specimens were obtained from 71 

patients who had not previously received treatment for lymphoma, who were negative 

for the human immunodeficiency virus, and who had received the diagnosis of sporadic 

BL (54 patients) or Burkitt-like lymphoma (17 patients) between 1986 and 2004 at seven 
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institutions in Europe and North America. The institutions are members of an international 

consortium, the Lymphoma/Leukemia Molecular Profiling Project. 

We also studied 232 tumor-biopsy specimens from patients with the diagnosis of DL-

BCL, 223 of which have been used in previous investigations.15,16 Nine cases of DLBCL were 

high-grade and had a Ki-67 score (a measure of lymphoma-cell proliferation) of nearly 100 

percent. The cases of DLBCL were further subdivided on the basis of gene expression into 

one of the three main subgroups — activated B-cell–like, germinal-center B-cell–like, and 

primary mediastinal — or were declared to be unclassified, as previously described.15-17 

All cases were reviewed anew by an expert panel of eight hematopathologists according 

to the current criteria of the WHO1 for morphologic features, immunophenotype, and cy-

togenetic findings (including the presence or absence of a MYC translocation). Specifically, 

tumor-biopsy specimens classified as BL had a MYC translocation, a morphologic profile 

consistent with BL, a Ki-67 score of more than 90 percent, and immunohistochemical evi-

dence of CD10 or bcl6, or both, in the tumor cells. Cases of DLBCL were classified on the 

basis of morphologic criteria and a B-cell immunophenotype. A detailed description of the 

pathology review is provided in the Supplementary information. 

The regimens used to treat BL were classified as either CHOP-like regimens (CHOP18 or 

cyclophosphamide, mitoxantrone, vincristine and prednisone, CNOP19) or intensive regi-

mens (Berlin–Frankfurt–Münster6; cyclophosphamide, doxorubicin, high-dose methotrexate 

or ifosfamide, etoposide, and high-dose cytarabine4; or intensive chemotherapy regimens 

combined with autologous stem-cell transplantation). Fluorescence in situ hybridization 

(FISH) to detect MYC or BCL2 translocations (Vysis) was performed on some specimens. 

Gene expression profiling 
We performed gene expression profiling of all biopsy specimens using a custom oligo-

nucleotide micro-array with 2524 unique genes that are expressed differentially among the 

various forms of non-Hodgkin’s lymphoma; a subgroup of specimens was also profiled on 

Affymetrix U133 Plus 2.0 arrays. The primary gene expression profiling data are available 

from the Gene Expression Omnibus of the National Center for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov/geo) through GEO accession number GSE4732 or at http://

llmpp.nih.gov/BL.

identification of c-myc target genes by rna interference 
The OCI-Ly10 DLBCL cell line was transfected with small interfering RNA targeting the 

MYC gene (Smart Pool, Dharmacon). Gene expression in transfected cells was compared 

with that in control sham-transfected cells with the use of Lymphochip DNA microarrays.20 

Genes were defined as c-myc target genes if they were down-regulated at least 40 percent 

at two or more times after transfection with small interfering RNA and if the expression 
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levels of messenger RNA (mRNA) were correlated (r>0.4 across all lymphoma biopsy speci-

mens) with those of c-myc mRNA.

statistical analysis
Three pairwise Bayesian compound covariate classifiers were constructed — one be-

tween BL and each of the three DLBCL subgroups: activated B-cell–like, germinal-center 

B-cell–like, and primary mediastinal — as previously described.16,17,21 Each pairwise com-

parison was carried out in two stages, with different sets of genes for each stage, to create 

the compound covariate classifier. In the first stage, MYC and MYC target genes were used; 

in the second stage, the 100 genes with the most significant t-statistic differentiating BL 

from each subgroup of DLBCL were used, excluding the genes used in the first stage. For a 

tumor-biopsy specimen to be classified as BL, it had to be classified as BL in both stages in 

each of the three pairwise comparisons. Statistical procedures are described in detail in the 

Supplementary information.

rEsuLTs

study population
Of the 45 tumor-biopsy specimens verified to be classic or atypical BL by the pathology 

review, 48 percent were from children (age range, 2.9 to 18 years) and 52 percent were 

from adults (age range, 18 to 73 years). The median follow-up was 1.6 years for all pa-

tients and 4.9 years for patients who were still alive at the end of the study. FISH for MYC 

translocation was successfully performed in 67 of the 71 specimens originally diagnosed 

as BL or Burkitt-like lymphoma, including all specimens in which BL was not ruled out by 

immunohistochemical or morphologic findings. Of these 71 specimens, 52 were found to 

be positive for the translocation. BCL2 translocations were found in 7 of the 44 specimens 

of BL and Burkitt-like lymphoma that were tested for them. Among the 232 patients with 

DLBCL, the median age at diagnosis was 61.5 years (range, 9 to 92). The median follow-up 

was 2.5 years (6.8 years for survivors). We successfully performed FISH for the MYC trans-

location in 87 specimens of DLBCL; 6 were positive for the translocation. 

Molecular diagnosis of Burkitt lymphoma
We examined the patterns of gene expression in the biopsy specimens from patients 

who had received a diagnosis of BL (54 patients), Burkitt-like lymphoma (17 patients), or 

high-grade DLBCL (9 patients). These cases were reviewed anew by our panel of expert 

hematopathologists according to current criteria of the WHO,1 which include morphologic, 

immunophenotype, and cytogenetic findings (the presence or absence of a MYC transloca-

tion). During this process, the 71 cases of BL or Burkitt-like lymphomas were reclassified as 
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classic BL (25 cases), atypical BL (20 cases), DLBCL (20 cases), or other high-grade lympho-

mas that could not be classified according to the criteria (called “not otherwise specified”; 

6 cases) (Table 1). Hereafter, the pathological diagnosis was considered the standard against 

which the performance of the molecular diagnosis based on the pattern of gene expression 

was compared. In addition, we studied 223 previously characterized cases of DLBCL. The 

non–high-grade cases were subclassified according to the pattern of gene expression into 

three subgroups — activated B-cell–like, germinal-center B-cell–like, and primary mediasti-

nal — or were declared “unclassified”.15-17 

To develop a diagnostic test based on the gene expression profile of BL, we initially fo-

cused only on the 45 cases that were originally diagnosed as BL and confirmed as such by 

the pathological review. By selecting genes that were differentially expressed in these 45 

cases and among the three subgroups of DLBCL (Figure 1A), we created a classifier, based 

on gene expression, that distinguished BL from DLBCL. Given the central role of c-myc de-

regulation in BL, we identified a set of c-myc target genes by using RNA interference (Figure 

1B) and treated this set separately in our classification algorithm. The classifier also included 

many other genes that reflected biologic differences between BL and DLBCL. 

Leave-one-out cross-validation was used to estimate the performance of the classifier.22-24 

All 25 cases identified on pathology review as classic BL were classified correctly on the 

basis of gene expression (Figure 1C). The cases of atypical BL and classic BL identified on 

Table 1. Classification of cases.

Original Diagnosis Total number 

of cases

Pathological 

diagnosis*

Total number

of cases

Molecular diagnosis Total number

of cases

BL or BLL 71 Classic BL 25 BL 25

Atypical BL 20 BL 19

DLBCL 1

DLBCL 20 BL 7

DLBCL 13

HG lymphoma, NOS 6 DLBCL 5

BL 1

DLBCL 223 DLBCL 223 Activated B-cell–like DLBCL 78

Germinal-center B-cell–like DLBCL 82

Primary mediastinal DLBCL 33

Unclassified DLBCL 30

High-grade DLBCL 9 DLBCL 9 Activated B-cell–like DLBCL 6

Germinal-center B-cell–like DLBCL 2

BL 1

Abbreviations: BL, Burkitt lymphoma; BLL, Burkitt-like lymphoma; DLBCL, diffuse large B-cell lymphoma; 
HG, High-grade; NOS, not otherwise specified.
* the pathological diagnosis is according to the current criteria of the World Health Organization for 
morphologic, immunophenotype, and cytogenetic findings. 1
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pathology review could not be distinguished on the basis of gene expression (Figure 1A); 

the algorithm also classified 19 of the 20 cases of atypical BL as BL. The cases for which the 

molecular and pathological diagnoses were in agreement are referred to hereafter as “BL–

concordant cases.” The diagnoses based on the classifier were in perfect agreement with 

the pathological diagnoses of DLBCL, irrespective of their subclassifications of activated 

B-cell–like, germinal-center B-cell–like, and primary mediastinal DLBCL. All but 1 of the 30 

unclassified DLBCLs were molecularly classified as DLBCL (Figure 1C). 

We further tested the BL classifier by dividing the cases depicted in Figure 1C into equally 

sized training and test sets. The algorithm was generated with the use of data from the 

training set and was applied to the test set. The results of this analysis agreed with those 

of the leave-one-out cross-validation analysis in 99 percent of the cases in the test set, con-

firming that the algorithm effectively distinguishes BL from DLBCL. 

We next used the DNA micro-arrays to classify the cases that were originally diagnosed 

as BL or Burkitt-like lymphoma but were reclassified during pathology review as either DL-

BCL (20 cases) or high-grade lymphoma, not otherwise specified (6 cases) (Figure 1D). The 

gene expression profile was not in accord with the pathological diagnosis in 8 of these 26 

cases (31 percent). We also analyzed the nine cases that had originally been diagnosed as 

high-grade DLBCL and were verified on pathology review as such; one of these was mo-

lecularly classified as BL. 

Thus, nine cases with a pathological diagnosis of either DLBCL or high-grade lymphoma 

not otherwise specified had a gene expression profile consistent with BL (Figure 1D); these 

cases are referred to hereafter as “BL–discrepant cases.” 

The BL–discrepant cases could be readily distinguished from all subgroups of DLBCL on 

the basis of gene expression. The probability that these cases were BL according to gene 

expression profiles was 98 to 100 percent (Figure 2A). The validity of the molecular diag-

nosis of BL in these nine cases was supported by the presence of a t(8;14) MYC transloca-

tion in all of them. Four of these cases expressed relatively high levels of bcl2 mRNA and 

protein, and three had a t(14;18) translocation in addition to the t(8;14). The remaining five 

BL–discrepant cases were bcl2-negative and were indistinguishable from BL on the basis of 

gene expression. 

We next examined whether the molecular classifier could be used to distinguish BL from 

DLBCL bearing a MYC translocation. It was consistent with previous reports that 7 percent 

of the cases originally diagnosed as DLBCL (6 of the 87 cases tested) had a MYC transloca-

tion. The gene expression profiles of these cases were distinct from those of BL (Figure 2B); 

all had profiles of DLBCL (four germinal-center B-cell–like and two activated B-cell–like). 

Five of these six cases had a gene expression profile that resulted in a probability of 0 per-

cent for a diagnosis of BL; one had a probability of 66 percent, which may represent a rare 

genetic overlap between BL and DLBCL.
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classified according to the pattern of gene ex-
pression into three subgroups — activated B-cell–
like, germinal-center B-cell–like, and primary me-
diastinal — or were declared “unclassified.”15-17 

To develop a diagnostic test based on the 
gene-expression profile of Burkitt’s lymphoma, 
we initially focused only on the 45 cases that were 
originally diagnosed as Burkitt’s lymphoma and 
confirmed as such by the pathological review. By 

selecting genes that were differentially expressed 
in these 45 cases and among the three subgroups 
of diffuse large-B-cell lymphoma (Fig. 1A), we cre-
ated a classifier, based on gene expression, that 
distinguished Burkitt’s lymphoma from diffuse 
large-B-cell lymphoma. Given the central role of 
c-myc deregulation in Burkitt’s lymphoma, we iden-
tified a set of c-myc target genes by using RNA 
interference (Fig. 1B) and treated this set sepa-
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figure 1. a molecular classifier of Burkitt lymphoma. 
Panel a shows the difference in gene expression between BL and DLBCL derived from DNA micro-array 
analysis. The relative levels of gene expression are depicted according to the color scale shown. The 
genes analyzed in stage 1 of constructing the classifier include MYC and its target genes. The 196 genes 
analyzed in stage 2 of constructing the classifier include additional genes that distinguish BL from the 
three subgroups of DLBCL. Only specimens for which the diagnoses based on the pathology review and 
molecular analysis of gene expression agreed are shown. Panel B shows the list of c-myc target genes 
identified with the use of RNA interference. The OCI-Ly10 DLBCL cell line was transfected with small 
interfering RNA targeting the MYC gene. We compared the gene expression of the transfected cells 
with that of control cells by DNA-microarray analysis at various hours after transfection in two separate 
experiments. The levels of gene expression relative to that of control cells are depicted according to 
the color scale shown; down-regulation is depicted in shades of green; up-regulation is shown in 
shades of red (see the Patients and methods section). Panel C depicts the diagnostic performance of 
the molecular classifier based on gene expression — as compared with the original diagnosis and the 
pathological diagnosis — according to leave-one-out cross-validation analysis. Panel D depicts the 
molecular classification of the 26 specimens originally diagnosed as BL or Burkitt-like lymphoma that 
were diagnosed on pathology review as either DLBCL or high-grade lymphoma not otherwise specified 
(NOS) and the nine specimens that were originally diagnosed as high-grade DLBCL and were verified 
as such on pathology review. The molecular diagnosis sometimes disagreed with the pathological 
diagnosis (red bars in Panel D).



65

Molecular diagnosis of Burkitt lymphoma

C
h

ap
te

r 
4

molecular diagnosis of burkitt’s lymphoma

n engl j med 354;23 www.nejm.org june 8, 2006 2437

--TERT
--MYC
--BYSL
--MME
--BUB1B
--RFC3
--RANBP1
--NS
--NOL5A
--MAZ
--RFC4
--CDC7
--TOP1
--NP
--MYBL1
--CDK4
--PIM1
--NFKBIA
--HLA-F

--HLA-E

--JAK2
--BATF

--CD83
--CFLAR

--CD44
--STAT3
--CD58
--BIC
--LMO2
--BCL2A

DLBCL Pathological
Diagnosis

Molecular
Diagnosis

c-myc FISH
CD10
Ki-67 score (%)
BCL2 mRNA
BCL2 staining
BCL2 FISH
Probability of Burkitt’s 

lymphoma (%) 

+
+

100
6.3
–

NA
100

+
+
90
5.8
–

NA
100

+
+

100
5.8
–
–

100

+
+

100
5.6
–

NA
100

+
+
90
6.1
+/–

–
100

+
–
70
8.2
+
–
99

+
–

100
8.0
+
+
99

+
+
60
7.4
+
+
99

+
+
95
7.5
+
+
98

High-
Grade

Burkitt’s
lymphoma DLBCL

Average Expression

--TERT
--MYC
--BYSL
--MME
--BUB1B
--RFC3
--RANBP1
--NS
--NOL5A
--MAZ
--RFC4
--CDC7
--TOP1
--NP
--MYBL1
--CDK4

--PIM1
--NFKBIA
--HLA-F
--HLA-E

--JAK2
--BATF

--CD83
--CFLAR

--CD44
--STAT3
--CD58
--BIC
--LMO2
--BCL2A

DLBCL with c-myc TranslocationBurkitt’s
lymphoma DLBCL

Average Expression

0.5

2.0

1.0

Relative Level 
of Expression

Probability of Burkitt’s lymphoma (%) 0 0 0 0 0 66

0.5

2.0

1.0

Relative Level 
of Expression

A

B

Burkitt’s Lymphoma

Copyright © 2006 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org on August 22, 2008 . For personal use only. No other uses without permission. 

figure 2. Performance of a molecular classifier of Burkitt lymphoma for cases with conflicting 
diagnoses.
Panel a shows the gene expression of the nine BL–discrepant cases (for which the pathological diagnosis 
and the molecular diagnosis did not agree). The expression of classifier genes for BL in these specimens 
is compared with the average expression of these genes in BL and DLBCL (DLBCL). The relative gene 
expression is depicted according to the color scale shown. For each specimen, the immunophenotype, 
the Ki-67 score, expression of bcl2 mRNA (values are shown on a base-2 log scale), and FISH for 
translocation in MYC or BCL2 are given at the bottom; a plus sign denotes presence, a minus sign 
absence, and NA not available. The bcl2 staining data are the result of immunohistochemical assays for 
bcl2 protein. One case had equivocal bcl2 protein staining, denoted by the plus–minus sign; this case 
was considered to be bcl2-negative in the analysis. Also shown is the probability that each specimen is 
BL, on the basis of gene expression. Panel B illustrates the expression of the classifier genes for BL in 
the six specimens of DLBCL known to have a translocation involving the MYC gene, as compared with 
the average level of expression in BL and DLBCL. Also shown is the probability that each specimen is 
BL, on the basis of gene expression.
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figure 3. Hierarchical clustering of the 217 gene expression-based predictor genes.
Four clusters of functionally related genes are indicated. These clusters of genes formed the basis of the 
4 gene expression signatures that distinguished BL and DLBCL.
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Biologic differences between Burkitt lymphoma and DLBCL
To elucidate the biologic mechanisms that distinguish BL from DLBCL, we used hierar-

chical clustering25 to organize the BL classifier genes (Figure 3). This method revealed four 

prominent clusters of coordinately expressed genes, which we term gene expression “sig-

natures”, because they reflect specific biologic processes.26 

The c-myc protein and its target genes constituted one signature, which was more highly 

expressed in BL than in DLBCL (Figure 4A). The second signature included genes that were 

expressed in normal germinal-center B-cells. The subgroup of these genes that was ex-

pressed more highly in BL than in germinal-center B-cell–like DLBCL is termed the “BL-high” 

signature (Figure 3B). The third signature included major histocompatibility complex (MHC) 

class I genes, and the fourth included nuclear factor-κB (NFκB) target genes.27 The third and 

fourth signatures were expressed at lower levels in BL than in DLBCL (Figure 4C and 4D). 

We averaged the expression levels of the genes in each signature and plotted these sig-

nature averages according to the molecular diagnosis of the cases (Figure 4E). The BL cases, 

including BL–discrepant cases, were readily distinguished from DLBCL specimens (p<0.001). 

The bcl2-positive BL–discrepant cases had a lower level of expression of the BL-high germi-

nal-center B-cell signature than did the BL–concordant cases (Figure 4E); the same was true 

of two BL–concordant cases with a t(14;18) translocation (data not shown). DLBCLs with 

a MYC translocation were clearly distinguishable from BL with respect to the expression of 

each signature. 

survival
We analyzed data from the 28 children and adults with a molecular diagnosis of BL for 

whom complete clinical information was available. Overall survival was markedly longer 

among those who received intensive chemotherapy regimens than among those who re-

ceived CHOP-like regimens (p=0.005) (Figure 5). Of seven patients with discrepant BL who 

could be evaluated, five had received CHOP-like regimens and none survived beyond two 

years. Both of the remaining two patients had received intensive regimens, and one lived 

more than five years after diagnosis; the other died nine months after diagnosis.

DisCussion

A diagnostic test based on gene expression profiling identified all 25 cases of classic 

BL that had been verified by an expert panel of hematopathologists. Our study revealed 

substantial difficulty in rendering a reproducible diagnosis of BL with the use of current 

pathological methods. Among the cases that were submitted for our analysis as either BL 

or Burkitt-like lymphoma, more than one third were assigned a different diagnosis by the 

expert panel. Moreover, nine aggressive lymphomas that were diagnosed as DLBCL or high-
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figure 4. relative expression of gene expression signatures.
The average relative expression of genes that distinguish BL from each subgroup of DLBCL (activated 
B-cell–like, germinal-center B-cell–like, and primary mediastinal) are categorized into gene expression 
signatures: MYC and its target genes (Panel a); genes that are expressed in normal germinal-center B 
cells (Panel B) and are expressed more highly (BL-high), less highly (BL-low), or equivalently (BL-GCB) 
in BL than in germinal-center B-cell–like DLBCL; MHC class I genes (Panel C); and genes targeted by 
the NFκB signaling pathway27 (Panel D). Relative gene expression is depicted according to the color 
scale shown. We defined germinal-center B-cell signature genes as those that were overexpressed in 
normal germinal-center B cells, as compared with blood B-cells, but that were not merely associated 
with cellular proliferation (see the Supplementary Information for details). The “BL-high” genes were 
expressed at levels twice as high in BL as in germinal-center B-cell–like DLBCL (p<0.001). The “BL-low” 
genes were expressed at levels twice as high in germinal-center B-cell–like DLBCL as in BL (p<0.001). 
The expression levels of the “BL=GCB” genes did not differ significantly between the two lymphomas. 
In Panel E, each diamond represents the average expression of one of the four gene expression 
signatures for one biopsy specimen, shown according to the molecular diagnosis. Each bar represents 
the average for the diagnosis, as log2 values over the indicated range. BL–discrepant specimens had 
signature averages that were readily distinguished from those of specimens belonging to the three 
DLBCL subgroups (p<0.001).
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grade lymphoma by the panel were classified as BL on the basis of gene expression profiles. 

These cases had all the gene expression features of BL, suggesting that they are actually 

cases of BL that cannot be reliably diagnosed by current methods. These cases constituted 

17 percent of the 53 specimens that had a molecular profile of BL. 

In line with previous studies,3,4,8,28 we found that patients with a molecular diagnosis of 

BL had a poor outcome with standard chemotherapy regimens yet had a good response 

to intensive regimens. Intensive regimens are more frequently associated with treatment-

related complications than standard regimens and are therefore not appropriate as initial 

therapy for DLBCL. Therefore, the ability of the classifier to distinguish BL from DLBCL could 

improve clinical decision making. 

The translocation of the MYC gene and its consequent deregulation is a key oncogenic 

event in the development of BL. Accordingly, the signature of the c-myc target genes dis-

tinguished BL from DLBCL. However, MYC translocations also occur in 5 to 10 percent of 

DLBCLs. Given the much higher incidence of DLBCL than BL, most aggressive lymphomas 

with a MYC translocation are clearly DLBCL. It is therefore notable that our classifier based 

on gene expression did not diagnose any of the six cases of DLBCL bearing a MYC translo-

cation as BL. 

BL and DLBCL were found to differ with respect to the signature of the c-myc target 

genes as well as the other three gene expression signatures. Though BL and germinal-

center B-cell–like DLBCL both originate from germinal-center B-cells,29,30 the expression of 

a subgroup of germinal-center B-cell genes distinguished Burkitt from DLBCLs. NFκB target 

genes were expressed at lower levels in BL than in any of the DLBCL subgroups; it is unclear 

whether this is due to differences in the malignant cells or in the tumor-infiltrating immune 

cells. Burkitt-lymphoma tumors expressed MHC class I genes at very low levels as compared 

T h e  n e w  e ng l a nd  j o u r na l  o f  m e dic i n e
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among those who received intensive chemother-
apy regimens than among those who received 
CHOP-like regimens (P = 0.005) (Fig. 4). Of seven 
patients with discrepant Burkitt’s lymphoma who 
could be evaluated, five had received CHOP-like 
regimens and none survived beyond two years. 
Both of the remaining two patients had received 
intensive regimens, and one lived more than five 
years after diagnosis; the other died nine months 
after diagnosis.

Discussion

A diagnostic test based on gene-expression pro-
filing identified all 25 cases of classic Burkitt’s 
lymphoma that had been verified by an expert pan-
el of hematopathologists. Our study revealed sub-
stantial difficulty in rendering a reproducible diag-
nosis of Burkitt’s lymphoma with the use of current 
pathological methods. Among the cases that were 
submitted for our analysis as either Burkitt’s lym-
phoma or Burkitt-like lymphoma, more than one 
third were assigned a different diagnosis by the 
expert panel. Moreover, nine aggressive lympho-
mas that were diagnosed as diffuse large-B-cell 
lymphoma or high-grade lymphoma by the panel 
were classified as Burkitt’s lymphoma on the ba-
sis of gene-expression profiles. These cases had 
all the gene-expression features of Burkitt’s lym-
phoma, suggesting that they are actually cases of 
Burkitt’s lymphoma that cannot be reliably diag-
nosed by current methods. These cases constituted 
17 percent of the 53 specimens that had a mo-
lecular profile of Burkitt’s lymphoma.

In line with previous studies,3,4,8,28 we found 
that patients with a molecular diagnosis of Burkitt’s 
lymphoma had a poor outcome with standard 
chemotherapy regimens yet had a good response 
to intensive regimens. Intensive regimens are more 
frequently associated with treatment-related com-
plications than standard regimens and are there-
fore not appropriate as initial therapy for diffuse 
large-B-cell lymphoma. Therefore, the ability of 
the classifier to distinguish Burkitt’s lymphoma 
from diffuse large-B-cell lymphoma could improve 
clinical decision making.

The translocation of the c-myc gene and its 
consequent deregulation is a key oncogenic event 
in the development of Burkitt’s lymphoma. Accord-
ingly, the signature of the c-myc target genes dis-
tinguished Burkitt’s lymphoma from diffuse large-

B-cell lymphoma. However, c-myc translocations 
also occur in 5 to 10 percent of diffuse large-B-cell 
lymphomas. Given the much higher incidence of 
diffuse large-B-cell lymphoma than Burkitt’s lym-
phoma, most aggressive lymphomas with a c-myc 
translocation are clearly diffuse large-B-cell lym-
phoma. It is therefore notable that our classifier 
based on gene expression did not diagnose any 
of the six cases of diffuse large-B-cell lymphoma 
bearing a c-myc translocation as Burkitt’s lym-
phoma.

Burkitt’s lymphoma and diffuse large-B-cell 
lymphoma were found to differ with respect to the 
signature of the c-myc target genes as well as the 
other three gene-expression signatures. Though 
Burkitt’s lymphoma and germinal-center B-cell–
like diffuse large-B-cell lymphoma both originate 
from germinal-center B cells,29,30 the expression 
of a subgroup of germinal-center B-cell genes 
distinguished Burkitt’s from diffuse large-B-cell 
lymphomas. NF-κB target genes were expressed 
at lower levels in Burkitt’s lymphoma than in any 
of the diffuse large-B-cell lymphoma subgroups; 
it is unclear whether this is due to differences in 
the malignant cells or in the tumor-infiltrating 
immune cells. Burkitt’s-lymphoma tumors ex-
pressed MHC class I genes at very low levels as 
compared with tumors of diffuse large-B-cell lym-
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Figure 4. Kaplan–Meier Survival Estimates among 
Patients with Burkitt’s Lymphoma and Diffuse Large-
B-Cell Lymphoma.

The analysis includes the 28 children and adults with 
a molecular diagnosis of Burkitt’s lymphoma for whom 
complete clinical information was available, according 
to the treatment received. Tick marks denote patients 
who were alive at the time of last follow-up.
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figure 5. kaplan–Meier survival estimates among patients with Burkitt lymphoma and DLBCL.
The analysis includes the 28 children and adults with a molecular diagnosis of BL for whom complete 
clinical information was available, according to the treatment received. Tick marks denote patients who 
were alive at the time of last follow-up.
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with tumors of DLBCL. Previous studies have documented the loss of MHC class I molecules 

in some cell lines derived from BL,31 but the mechanism underlying this down-modulation 

is unclear. 

The gene expression signatures that distinguish BL from DLBCL provide insight into the 

nine BL–discrepant cases. The five BL–discrepant cases that were bcl2-negative were indis-

tinguishable from the BL–concordant cases in the expression of all four signatures. There-

fore, these cases bear all the molecular hallmarks of BL but cannot be diagnosed with the 

use of current methods. Interestingly, BL–discrepant cases that were bcl2-positive resembled 

BL–concordant cases with respect to three signatures but had a lower level of expression 

of the BL-high germinal-center B-cell signature, a phenotype that was also observed in the 

two BL–concordant cases that were bcl2-positive. Cases with both the t(8;14) and t(14;18) 

translocations have been described previously as being very aggressive and associated with 

a poor prognosis.32 Our data confirm that CHOP-like regimens are not adequate to treat 

such cases. A thorough characterization of more such cases will be needed in order to as-

certain whether they represent a variant of BL or have a separate pathogenesis. 

In summary, the molecular classifier of BL based on gene expression provides a quantita-

tive and reproducible diagnosis of BL that is superior to the best current diagnostic meth-

ods. It could be used to enhance diagnostic accuracy for this curable lymphoma.

suPPLEMEnTary inforMaTion

selection of cases
All 71 cases of Burkitt lymphoma (BL) and Burkitt-like lymphoma were de-novo cases. 

None of these cases were included in prior studies. Included in the study are 16 cases 

with a submitted diagnosis of Burkitt-like lymphoma. Most of the cases were assigned this 

diagnosis prior to the publication of the current WHO guidelines.1 Consistent with prior 

studies,33,34 we found that Burkitt-like lymphoma does not represent a reproducible cat-

egory by pathology or gene expression.

Of the 232 cases of DLBCL, 210 were included in earlier studies. However, it should be 

noted that these cases were previously profiled using the Lymphochip, a cDNA microarray. 

In the present study, they were re-profiled using a custom oligonucleotide microarray. Thus, 

these gene expression data have not previously been analyzed or published.

Measuring gene expression
Standard Affymetrix protocols were used for RNA labeling and hybridization (available at 

http://www.affymetrix.com). Gene expression datasets from the samples were normalized 

using Affymetrix MAS 5.0 software to a median expression level of 500 (in MAS arbitrary 

units). No additional data filtering was used. All the data were log2 transformed for display 
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and analysis. Primary gene expression and clinical data for all the analyses in this study are 

available at http://llmpp.nih.gov/BL.

Pathological review of cases
For cases submitted as BL or Burkitt-like lymphoma, the pathology review proceeded 

as follows: The diagnosis of BL was determined based on morphology, the presence of a 

MYC translocation as well as a Ki-67 score >90%, CD10 and/or bcl6 positivity, and CD20 

or CD19 positivity. Each case was reviewed by three pathologists who rendered a diagnosis 

independently using the WHO guidelines summarized above. Any case for which the diag-

nosis was not unanimous was referred to a consensus conference of the 8 pathologists and 

the diagnosis was rendered by consensus.

For the 223 DLBCL cases that were reviewed in our previous studies,15,16 the pathology 

review proceeded as follows: Each case was reviewed by 3 pathologists who rendered 

a diagnosis independently using WHO guidelines for DLBCL morphology. B-cell markers 

(CD19, CD20) and T cell markers (CD3) were studied to establish a B-cell origin. On any 

case for which BL was in the differential diagnosis (based on either morphology or immu-

nophenotype), MYC translocation status was assessed. In any case for which the diagnosis 

was not unanimous, the case was referred to a consensus conference of all 8 pathologists 

and the diagnosis was rendered by consensus. Since the panel of reviewing pathologists has 

remained constant between the previous studies and the present study, the cases were not 

reviewed again for this study. Of note, 222/223 (99.5%) of the previously reviewed DLBCL 

cases were classified as DLBCL by gene expression. 

The 9 cases of high-grade DLBCL with a Ki-67 score of nearly 100%, that were not in-

cluded in previous studies were re-reviewed by the panel of hematopathologists using the 

procedure discussed above and the diagnosis of DLBCL was confirmed in all cases.

Cases for which the gene expression-based diagnosis and the pathology diagnosis were 

discordant were re-reviewed by the panel of hematopathologists yet again and, in each 

case, the pathology diagnosis was reconfirmed.

FISH for MYC was done on all but 4 cases with a submitting diagnosis of BL or Burkitt-

like lymphoma. The 4 cases that did not have MYC FISH had classic morphology of DLBCL 

and Ki-67 score <90% and thus were diagnosed as DLBCL. Importantly, every case for 

which the pathology standard diagnosis and the gene expression-based diagnosis were 

discrepant were analyzed by FISH for the presence of a MYC translocation.

Bcl2 protein expression was assessed by immunostain for all BL or Burkitt-like lymphoma 

cases for which material was available (64/71), and bcl2 mRNA expression was assessed in 

all cases by DNA microarray analysis. FISH for BCL2 was performed for every case that was 

positive for bcl2 protein or mRNA expression. Bcl2 expression and the t(14;18) were not 

used as primary determining factors in making the distinction between BL and DLBCL but 

were used in conjunction with other morphological and immunohistochemical data. Bcl2-
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positive cases were among those cases submitted as BL or Burkitt-like lymphoma but classi-

fied as DLBCL upon re-review. Interestingly the gene expression profiles of these cases had 

the hallmarks of BL suggesting that bcl2-positivity should not preclude the diagnosis of BL. 

In keeping with this idea, 2 cases that were given the diagnosis of BL by pathology re-review 

and confirmed as such by gene expression profiling had the t(14;18) translocation.

In situ hybridization for EBV-encoded RNA (EBER) was performed in 20 cases (3 cases 

positive). Notably, the 3 EBER-positive cases had all of the gene expression hallmarks of EBV 

negative BL (data not shown).

Clinical characteristics
The clinical characteristics of patients in the study are summarized in Supplemental Table 1.

supplemental Table 1. Clinical characteristics of patients with Burkitt lymphoma and diffuse large B-cell 
lymphoma.

Clinical Characteristic Burkitt lymphoma Diffuse large B-cell lymphoma 

(% patients) (% patients) 

Age 

<18 47.8% 2.1% 

>18 52.1% 97.8% 

<60 78.2% 47.4% 

>60 21.7% 52.6% 

Gender 

Male 78.2% 53.7% 

Female 21.8% 44.2% 

ECOG* Performance Status

0-1 48.1% 76.6% 

2-3 51.9% 23.4% 

Stage 

I-II 21.4% 56.1% 

III-IV 78.6% 43.9% 

B-Symptoms*

Absent 53.3% 62.9% 

Present 46.6% 37.1% 

Serum Lactate Dehyrogenase Level

< Normal 34.6% 54.7% 

> Normal 65.4% 45.3% 

Number of Extranodal Sites

<2 68% 81.8% 

≥2 32% 18.1% 

Abreviattions: ECOG, Eastern Cooperative Oncology Group. 
* B-Symptoms: night sweats, fevers and weight loss. 
NB. Percentages may not add up to 100% because of rounding.
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Construction of a gene expression-based predictor of Burkitt lymphoma
Pair-wise Bayesian compound covariate predictors were constructed between BL and 

ABC DLBCL, GCB DLBCL and PMBL. 16,17,21 A linear predictor score (LPS) was calculated for 

each sample X as follows: LPS (X) = Σ aj Xj where Xj represents the gene expression of gene 

j, and aj is the t-statistic generated by a t-test for the difference in expression between the 

two groups.35 For genes represented by multiple features on the microarray, the feature 

with the most significant t-statistic was used. Bayes’ rule was then applied to the distribu-

tion of the linear predictor scores to estimate the probability that the sample was a member 

of one of the two groups (i.e. BL versus one of the 3 DLBCL subgroups) based its predictor 

score.

Pair-wise comparisons were made between BL and ABC DLBCL, GCB DLBCL and PMBL, 

each of which proceeded in 2 stages using different sets of genes to create a compound 

covariate predictor described above. The first stage utilized MYC and its target genes de-

fined by RNA interference experiments. The second stage utilized 100 genes with the most 

significant tstatistic differentiating BL from each subgroup of DLBCL, excluding MYC and its 

targets used in stage 1. For a sample to be classified as BL, it had to be predicted to be BL 

in both stages of the predictor in each of the 3 pair-wise comparisons between BL and ABC 

DLBCL, GCB DLBCL and PMBL. The cutoffs for stage 1 and stage 2 of the predictor were 

10% and 95%, respectively. The lowest probability generated by the 3 pair-wise compari-

sons was used as the probability that a given sample is BL (shown in Figure 2 of the paper 

for the BL-discrepant samples and t(8;14) DLBCLs). Leave-one-out cross-validation was em-

ployed to evaluate the predictor performance and minimize bias (see below).22-24

Currently the subclassification of DLBCL into ABC DLBCL, GCB DLBCL and PMBL sub-

groups leaves about 18% of cases unclassified.16,17 Importantly, the 3 pair-wise predictors 

that distinguish BL from the subgroups of DLBCL were able to correctly classify 29/30 cases 

of unclassified DLBCL as DLBCL. The genes belonging to the 3 pair-wise predictors were 

highly differentially expressed between all the cases of unclassified DLBCL and BL (Figure 

1A). Thus, no separate predictor is needed to distinguish unclassified DLBCL from BL. Un-

classified DLBCL shared many of the characteristics that distinguish all the forms of DLBCL 

from BL including higher expression of MHC class I genes as well as NFκB target genes, and 

lower expression of c-myc targets and germinal-center B-cell genes. 

An unoptimized, one-stage predictor using only the top 100 differentially expressed 

genes was found to generate results that were identical to the 2-stage model in over 95% 

of the cases. However, the one-stage predictor identified 2 cases classified as DLBCL by 

pathology as BL. Both these samples had very low expression of MYC and its targets, unlike 

classic BL. We also created a logistic regression model based on the four gene expression 

signatures described in the paper. The results were also identical to the 2-stage model in 

over 95% of the cases. Thus the differences in gene expression between BL and DLBCL are 

large enough that alterations in the choice of the model do not appear to significantly alter 
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the prediction the vast majority of the samples. We decided to retain the 2-stage model that 

appears to mirror the known biology of BL.

Cross validation of the gene expression-based predictor of Burkitt 
lymphoma

Leave-one-out-cross-validation (LOOCV) is a form of cross-validation in which the total 

of N samples are iteratively divided into a training set of N-1 samples and a validation set 

of the one left out sample. The predictor algorithm is recalculated at each iteration based 

on the data from the N-1 samples in the training set, and applied to classify the left out 

sample. Thus, after N iterations, each sample is, in effect, tested as part of an independent 

validation set, thus generating an estimate of the predictor accuracy.

As discussed in a recent publication by Molinaro et al22 LOOCV minimizes bias and pro-

duces a reproducible measure of the accuracy of class prediction using gene expression. 

Molinaro et al. examined the performance of several different methods of cross-validation 

of class prediction using gene expression data, including LOOCV, bootstrap-based methods 

and a training set-validation set method. They found that LOOCV was significantly superior 

to the training set-validation set method and to the other methods.

In the case of BL, the disease is fairly homogenous with respect to gene expression. Thus, 

we would expect the training set-validation set method to produce substantially similar re-

sults to the LOOCV method. To test this hypothesis, we took the samples used for LOOCV 

(i.e. cases of classic and atypical BL, ABC DLBCL, GCB DLBCL, and PMBL) and, for each 

lymphoma type, divided the samples into equal sized training and validation sets. A gene 

expression-based BL predictor was generated using only samples in the training set and 

used to classify the samples in the validation set.

The classification of the cases in the validation set using the training set-validation set 

method was nearly identical to the classification of these cases by LOOCV. Specifically, the 

predictor successfully classified 100% of the cases of classic BL and atypical BL, ABC DLBCL 

and PMBL. Among the 41 cases of GCB DLBCL, there was 1 case that was classified as BL by 

the training set-validation set method but was classified as DLBCL by LOOCV. This case was 

unusual in that it had a MYC translocation and an intermediate probability of being DLBCL 

using LOOCV (rightmost sample in Figure 2B). 

Among the remainder of the lymphoma cases depicted in Figure 1D, the training set-val-

idation set and LOOCV methods agreed in 34/35 cases. One case of DLBCL was predicted 

to be BL by the training set-validation set method but was classified as DLBCL by LOOCV. 

Notably, each of the 9 BL-discrepant cases were predicted to be BL by both methods. 

Thus, both methods of validation confirm that the BL predictor algorithm produces a 

classification that is in excellent concordance with the pathology standard diagnosis for 

cases of classic BL, atypical BL and DLBCL. We retained the LOOCV method in the paper 
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since it has been shown to minimize bias and provide a more accurate estimate of predictor 

accuracy, as mentioned above.

The lymphoma samples shown in Figure 1D were classified using a “full” BL-predictor 

algorithm based on all of the BL, ABC DLBCL, GCB DLBCL and PMBL cases in Figure 1C. For 

completeness, we also classified the Figure 1D samples using a BL-predictor created using 

only the training set of cases. The two classifications agreed in 34/35 cases, with only one 

case of DLBCL classified as BL by the training set BL-predictor and DLBCL by the full BL-

predictor. Notably, each of the 9 BL-discrepant cases were predicted to be BL by both the 

training set BL-predictor and the full BL-predictor.

survival analysis
The log-rank test was used to test association with survival in all cases. P-values reported 

are based on a 2-tailed test. Two-tailed t-tests were used to compute p-values for differ-

ences between groups based on gene expression.

selection of germinal-center B-cell signature genes
We began by comparing the whole genome-level gene expression profiles of B-cells de-

rived from germinal centers and peripheral blood. We profiled 3 samples of germinal center 

B-cells derived from tonsils of normal patients. In addition, we obtained six cases of periph-

eral blood resting B-cells derived from normal donors. Four of these cases were stimulated 

with anti-IgM and profiled for gene expression at 1 hour, 6 hours, 24 hours and 48 hours 

respectively. In addition, 7 multiple myeloma cell lines were profiled for gene expression 

(H113, JIM3, JJN3, KMS11, KMS12, LP84-1, LP1). We chose genes that were at least 1.5 

fold over-expressed in germinal center B-cells compared to peripheral blood derived B-cells 

in each pair-wise comparison (i.e. 18 individual comparisons). Of the 1269 genes thus iden-

tified, we eliminated the following genes related to proliferation:

1. Genes that were on average, 3-fold or higher over-expressed in highly proliferating 

multiple myeloma cell lines compared to resting B-cells and B-cells that had been 

stimulated with anti-IgM for 1 hour.

2. Genes that were overexpressed 2-fold or higher in the B-cell population stimulated 

with anti-IgM for 48 hours compared to the resting B-cells and B-cells stimulated with 

anti-IgM for 1 hour.

We also eliminated all immunoglobulin genes. In all, 477 genes remained after genes 

related to proliferation and immunoglobulin were excluded. This group of 477 genes was 

used for the remainder of analyses involving genes related to germinal center differentia-

tion. Genes from this group that were differentially expressed at least 2-fold (p<0.001) are 

shown as BL-High and BL-Low groups in Figure 3B. The remaining genes that are expressed 

equivalently in BL and DLBCL (BL=GCB) are also shown in Figure 3B.
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Predictor genes
There was considerable overlap between the genes that constitute the individual pair-

wise predictor. Thus, there were 196 unique genes used in stage 2 of the model, which 

along with the 21 c-myc target genes used in stage 1 (total 217 genes), comprise the gene 

expression based predictor of BL. The 217 unique genes that constitute the 3 pair-wise pre-

dictors are shown in Suwpplemental Table 2. The t-statistic for each pair-wise comparison 

between BL and subgroups of DLBCL is shown. A t-statistic of zero indicates a gene that 

was not used in the particular pairwise distinction.

supplemental Table 2. Genes that distinguish Burkitt lymphoma from diffuse large B-cell lymphoma.

Unigene 

175.ID 

Unigene 

175.Name 

Gene Description Predictor 

Gene 

Group 

ABC.

T.Statistic 

GCB.

T.statistic 

PMBL.

T.statistic 

78202 SMARCA4 SWI/SNF related, matrix associated, 

actin dependent regulator of 

chromatin, subfamily a, member 4 

Standard 28.1174 14.4629 16.7299 

435982 FLJ10407 Hypothetical protein FLJ10407 Standard 21.8611 12.4749 18.6611 

21379 C9orf45 Chromosome 9 open reading 

frame 45 

Standard 19.8533 13.7789 19.2854 

6150 ARHGEF18 Rho/rac guanine nucleotide 

exchange factor (GEF) 18 

Standard 22.0527 11.433 15.3188 

294083 C14orf87 Chromosome 14 open reading 

frame 87 

Standard 16.9288 14.8404 15.2949 

23642 HSU79266 Protein predicted by clone 23627 Standard 18.1323 14.1477 14.7181 

153752 CDC25B Cell division cycle 25B Standard 16.33 16.2653 13.3162 

434489 FLJ90013 Hypothetical protein FLJ90013 Standard 17.291 13.0901 14.0048 

35962 C6orf173 CDNA clone IMAGE:4452583, 

partial cds 

Standard 15.5952 11.7986 16.7411 

330418 MAZ MYC-associated zinc finger protein 

(purine-binding transcription factor) 

Standard 14.2774 13.4736 16.1164 

115474 RFC3 Replication factor C (activator 1) 

3, 38kDa 

Standard 14.2791 11.3598 17.1697 

508741 C5orf13 Chromosome 5 open reading 

frame 13 

Standard 14.0215 13.7895 14.6224 

140309 LOC90378 Atherin Standard 13.6958 12.1935 16.2546 

76640 RGC32 Response gene to complement 32 Standard 18.9399 0 17.7098 

106880 BYSL Bystin-like Standard 0 12.8401 18.936 

248746 HNRPAB Heterogeneous nuclear 

ribonucleoprotein A/B 

Standard 0 12.6069 18.9565 

422662 VRK1 Vaccinia related kinase 1 Standard 14.9574 0 16.2123 

83765 DHFR Dihydrofolate reductase Standard 14.6636 0 16.4975 

409965 PNN Pinin, desmosome associated 

protein 

Standard 15.1432 0 15.9382 
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Unigene 

175.ID 

Unigene 

175.Name 

Gene Description Predictor 

Gene 

Group 

ABC.

T.Statistic 

GCB.

T.statistic 

PMBL.

T.statistic 

76884 ID3 Inhibitor of DNA binding 3, 

dominant negative helix-loop-helix 

protein 

Standard 0 15.2394 15.7773 

110457 WHSC1 Wolf-Hirschhorn syndrome 

candidate 1 

Standard 0 11.4508 19.5031 

287659 STRBP Spermatid perinuclear RNA binding 

protein 

Standard 15.974 0 14.7318 

433574 RBM9 RNA binding motif protein 9 Standard 16.5221 13.384 0 

82563 KIAA0153 KIAA0153 protein Standard 0 12.9495 16.8164 

166463 HNRPU Heterogeneous nuclear 

ribonucleoprotein U (scaffold 

attachment factor A) 

Standard 15.3601 14.0046 0 

24763 RANBP1 RAN binding protein 1 Standard 0 11.7794 17.4088 

27258 SIP Siah-interacting protein Standard 0 14.85 14.0619 

28853 CDC7 CDC7 cell division cycle 7 (S. 

cerevisiae) 

Standard 0 11.173 17.1555 

438749 GJA7 Gap junction protein, alpha 7, 

45kDa (connexin 45) 

Standard 0 11.154 16.7226 

69476 FAM33A Family with sequence similarity 33, 

member A 

Standard 15.9187 11.2443 0 

445098 DEPDC1 DEP domain containing 1 Standard 13.3121 0 13.8271 

6799 FLJ38426 Hypothetical protein FLJ38426 Standard 0 11.8949 15.2081 

283734 MRPL47 Mitochondrial ribosomal protein L47 Standard 0 11.6274 14.7305 

21331 FLJ10036 Zwilch Standard 13.1127 12.6316 0 

108112 POLE3 Polymerase (DNA directed), epsilon 

3 (p17 subunit) 

Standard 0 11.1718 14.5355 

2484 TCL1A T-cell leukemia/lymphoma 1A Standard 0 0 25.4438 

4854 CDKN2C Cyclin-dependent kinase inhibitor 

2C (p18, inhibits CDK4) 

Standard 13.9129 11.325 0 

445977 GTF3A General transcription factor IIIA Standard 0 11.2934 13.8258 

413071 C13orf18 Chromosome 13 open reading 

frame 18 

Standard 0 11.4317 13.4647 

445043 SLC35E3 Solute carrier family 35, member E3 Standard 21.6439 0 0 

152207 SSBP2 Single-stranded DNA binding 

protein 2 

Standard 18.4351 0 0 

84753 FLJ12442 Hypothetical protein FLJ12442 Standard 0 0 17.254 

35120 RFC4 Replication factor C (activator 1) 

4, 37kDa 

Standard 0 0 16.9635 

266331 FREB Fc receptor homolog expressed in 

B cells 

Standard 0 0 16.9475 

234896 GMNN Geminin, DNA replication inhibitor Standard 0 0 16.6049 

80305 ARHGAP19 Rho GTPase activating protein 19 Standard 0 0 16.4212 

supplemental Table 2. continued
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Unigene 

175.ID 

Unigene 

175.Name 

Gene Description Predictor 

Gene 

Group 

ABC.

T.Statistic 

GCB.

T.statistic 

PMBL.

T.statistic 

528654 FLJ11029 Hypothetical protein FLJ11029 Standard 0 0 16.126 

488562 AUTS2 Autism susceptibility candidate 2 Standard 15.9582 0 0 

120197 PPP1R14B Protein phosphatase 1, regulatory 

(inhibitor) subunit 14B 

Standard 0 0 15.9228 

96731 HIP1R Huntingtin interacting protein-1-

related 

Standard 15.481 0 0 

9691 GNA13 Guanine nucleotide binding protein 

(G protein), alpha 13

Standard 15.4632 0 0 

300592 MYBL1 V-myb myeloblastosis viral oncogene 

homolog (avian)-like 1 

Standard 15.4351 0 0 

350966 PTTG1 Pituitary tumor-transforming 1 Standard 15.3593 0 0 

170195 BMP7 Bone morphogenetic protein 7 

(osteogenic protein 1) 

Standard 15.1714 0 0 

408264 FLJ36166 Hypothetical protein FLJ36166 Standard 0 0 15.155 

25892 LOC285958 Hypothetical protein LOC285958 Standard 0 0 15.1193 

199695 MAC30 Hypothetical protein MAC30 Standard 0 0 15.0501 

374378 CKS1B CDC28 protein kinase regulatory 

subunit 1B 

Standard 0 0 14.9787 

77515 ITPR3 Inositol 1,4,5- triphosphate 

receptor, type 3

Standard 0 0 14.9705 

445052 MSH6 MutS homolog 6 (E. coli) Standard 14.9496 0 0 

446393 CPSF5 Cleavage and polyadenylation 

specific factor 5, 25 kDa 

Standard 0 0 14.8736 

413636 NUP205 Nucleoporin 205kDa Standard 0 0 14.8113 

445084 MPHOSPH9 M-phase phosphoprotein 9 Standard 0 0 14.6481 

22370 NEXN Nexilin (F actin binding protein) Standard 0 0 14.6476 

283707 ALS2CR13 Amyotrophic lateral sclerosis 2 

(juvenile) chromosome region, 

candidate 13 

Standard 0 0 14.5998 

404501 CDC2L5 Cell division cycle 2-like 5 

(cholinesterase-related cell division 

controller) 

Standard 14.5419 0 0 

334562 CDC2 Cell division cycle 2, G1 to S and 

G2 to M 

Standard 0 0 14.498 

103305 CBX2 Chromobox homolog 2 (Pc class 

homolog, Drosophila) 

Standard 0 0 14.4727 

367676 DUT DUTP pyrophosphatase Standard 0 0 14.4087 

75447 RALBP1 RalA binding protein 1 Standard 0 0 14.112 

88414 BACH2 BTB and CNC homology 1, basic 

leucine zipper transcription factor 2

Standard 0 0 14.0758 

438482 PWDMP WD repeat membrane protein 

PWDMP 

Standard 14.0542 0 0 

supplemental Table 2. continued
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Unigene 

175.ID 

Unigene 

175.Name 

Gene Description Predictor 

Gene 

Group 

ABC.

T.Statistic 

GCB.

T.statistic 

PMBL.

T.statistic 

177584 OXCT1 3-oxoacid CoA transferase 1 Standard 0 0 13.8323 

169840 TTK TTK protein kinase Standard 0 0 13.8024 

407995 MIF Macrophage migration inhibitory 

factor (glycosylation-inhibiting 

factor) 

Standard 0 0 13.6466 

405958 CDC6 CDC6 cell division cycle 6 homolog 

(S. cerevisiae) 

Standard 0 0 13.5935 

65578 AA778249 Transcribed locus Standard 13.568 0 0 

259047 MME Membrane metallo- endopeptidase 

(neutral endopeptidase, 

enkephalinase, CALLA, CD10)

Standard 13.5499 0 0 

368256 LTBP1 Latent transforming growth factor 

beta binding protein 1 

Standard 13.5348 0 0 

95577 CDK4 Cyclin-dependent kinase 4 Standard 0 0 13.4745 

396393 UBE2S Ubiquitin-conjugating enzyme E2S Standard 0 0 13.3016 

194698 CCNB2 Cyclin B2 Standard 13.1684 0 0 

89499 ALOX5 Arachidonate 5- lipoxygenase Standard 13.092 0 0 

38044 DKFZP564M0 

82 

DKFZP564M082 protein Standard 13.0458 0 0 

102506 EIF2AK3 Eukaryotic translation initiation 

factor 2-alpha kinase 3 

Standard 13.0343 0 0 

136713 VPREB3 Pre-B lymphocyte gene 3 Standard 12.9836 0 0 

390428 MAP3K4 Mitogen-activated protein kinase 

kinase kinase 4 

Standard 0 12.7295 0 

253536 TOP1 Topoisomerase (DNA) I Standard 0 12.6788 0 

382044 MRPS2 Mitochondrial ribosomal protein S2 Standard 0 12.1852 0 

371282 TCF3 Transcription factor 3 (E2A 

immunoglobulin enhancer binding 

factors E12/E47) 

Standard 0 12.1148 0 

333427 8D6A 8D6 antigen Standard 0 12.0421 0 

440776 AI768374 CDNA FLJ11489 fis, clone 

HEMBA1001915

Standard 0 11.5005 0 

518960 NUDT6 Nudix (nucleoside diphosphate 

linked moiety X)-type motif 6 

Standard 0 11.3597 0 

11747 YTHDF1 YTH domain family 1 Standard 0 11.2841 0 

57898 RG9MTD1 RNA (guanine-9-) methyltransferase 

domain containing 1 

Standard 0 11.2764 0 

434901 SNRPA1 Small nuclear ribonucleoprotein 

polypeptide A’

Standard 0 11.03 0 

424542 IRAK2 Interleukin-1 receptor-associated 

kinase 2 

Standard 0 -11.0137 0 

supplemental Table 2. continued
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Unigene 

175.ID 

Unigene 

175.Name 

Gene Description Predictor 

Gene 

Group 

ABC.

T.Statistic 

GCB.

T.statistic 

PMBL.

T.statistic 

434374 JAK2 Janus kinase 2 (a protein tyrosine 

kinase) 

Standard 0 -11.1058 0 

380627 CKLFSF6 Chemokine-like factor super family 6 Standard 0 -11.1458 0 

65135 KIAA0913 KIAA0913 Standard 0 -11.1495 0 

84 IL2RG Interleukin 2 receptor, gamma 

(severe combined immunodeficiency)

Standard 0 -11.2004 0 

437023 NUP62 Nucleoporin 62kDa Standard 0 -11.2952 0 

371468 CCND1 Cyclin D1 (PRAD1: parathyroid 

adenomatosis 1) 

Standard 0 -11.333 0 

444310 CD83 CD83 antigen (activated B 

lymphocytes, immunoglobulin 

superfamily) 

Standard 0 -11.474 0 

AW188362 AW188362 Standard 0 -11.5845 0 

441129 KIAA0963 KIAA0963 Standard 0 -11.6089 0 

198252 CXCR3 Chemokine (C-X-C motif) receptor 

3 

Standard 0 -11.8515 0 

371916 FCRH3 Fc receptor-like protein 3 Standard 0 -11.8983 0 

BQ026237 BQ026237 Standard 0 -12.0384 0 

296323 SGK Serum/glucocorticoid regulated 

kinase 

Standard 0 -12.4097 0 

111805 TLR1 Toll-like receptor 1 Standard 0 -12.6373 0 

411958 HLA-F Major histocompatibility complex, 

class I, F 

Standard 0 -12.7624 0 

75626 CD58 CD58 antigen, (lymphocyte 

function-associated antigen 3) 

Standard 0 -12.9483 0 

35052 TEGT Testis enhanced gene transcript 

(BAX inhibitor 1) 

Standard 0 -12.9549 0 

170359 IL16 Interleukin 16 (lymphocyte 

chemoattractant factor)

Standard -13.015 0 0 

415117 SIAT9 Sialyltransferase 9 (CMP-

NeuAc:lactosylceramide alpha-2,3-

sialyltransferase; GM3 synthase) 

Standard -13.0395 0 0 

83077 IL18 Interleukin 18 (interferon-gamma-

inducing factor)

Standard 0 -13.115 0 

81170 PIM1 Pim-1 oncogene Standard -13.1272 0 0 

193370 LIMD1 LIM domains containing 1 Standard -13.1901 0 0 

519033 TLR2 Toll-like receptor 2 Standard 0 -13.2285 0 

137569 TP73L Tumor protein p73-like Standard 0 0 -13.3151 

62264 DTX4 Deltex 4 homolog (Drosophila) Standard -13.3561 0 0 

454906 GGT2 Gamma- glutamyltransferase 2 Standard -13.3791 0 0 

97411 C6orf105 Chromosome 6 open reading frame 

105 

Standard -13.3983 0 0 

supplemental Table 2. continued
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Unigene 

175.ID 

Unigene 

175.Name 

Gene Description Predictor 

Gene 

Group 

ABC.

T.Statistic 

GCB.

T.statistic 

PMBL.

T.statistic 

430124 CASP8 Caspase 8, apoptosis-related 

cysteine protease 

Standard -13.4581 0 0 

504035 IL10RA Interleukin 10 receptor, alpha Standard -13.5639 0 0 

119878 FLJ34389 Hypothetical protein FLJ34389 Standard -13.5759 0 0 

18166 KIAA0870 KIAA0870 protein Standard 0 0 -13.631 

375957 ITGB2 Integrin, beta 2 (antigen CD18 

(p95), lymphocyte function-

associated antigen 1; macrophage 

antigen 1 (mac-1) beta subunit)

Standard 0 -13.6789 0 

504816 TNFRSF5 Tumor necrosis factor receptor 

superfamily, member 5

Standard 0 0 -13.8978 

381008 HLA-E Major histocompatibility complex, 

class I, E 

Standard 0 -13.9441 0 

352119 GGT1 Gamma- glutamyltransferase 1 Standard 0 0 -13.9732 

414362 CYB5R2 Cytochrome b5 reductase b5R.2 Standard -13.9897 0 0 

446304 RIN2 Ras and Rab interactor 2 Standard 0 0 -14.0644 

163242 AI870547 Transcribed locus Standard -14.1615 0 0 

21126 DOCK10 Dedicator of cytokinesis 10 Standard -14.1914 0 0 

378738 AHNAK AHNAK nucleoprotein (desmoyokin) Standard -14.3093 0 0 

104717 CYLN2 Cytoplasmic linker 2 Standard 0 0 -14.4721 

256278 TNFRSF1B Tumor necrosis factor receptor 

superfamily, member 1B

Standard -14.493 0 0 

418004 PTPN1 Protein tyrosine phosphatase, non-

receptor type 1 

Standard -14.5777 0 0 

221811 RASGRF1 Hypothetical protein LOC145899 Standard -14.6817 0 0 

140489 AA768884 CDNA FLJ25559 fis, clone 

JTH02834

Standard -14.7261 0 0 

66742 CCL17 Chemokine (C-C motif) ligand 17 Standard 0 0 -15.0851 

80205 PIM2 Pim-2 oncogene Standard -15.3599 0 0 

15827 SNX11 Sorting nexin 11 Standard 0 0 -15.5067 

75367 SLA Src-like-adaptor Standard -15.7066 0 0 

429658 CLN2 Ceroid-lipofuscinosis, neuronal 2, 

late infantile (Jansky-Bielschowsky 

disease)  

Standard 0 -15.7146 0 

4750 DKFZP564K0 

822 

Hypothetical protein 

DKFZp564K0822 

Standard -15.9112 0 0 

488173 MGC7036 Hypothetical protein MGC7036 Standard -15.9939 0 0 

166254 VMP1 Likely ortholog of rat vacuole 

membrane protein 1

Standard -16.1178 0 0 

437385 FLJ10420 Hypothetical protein FLJ10420 Standard 0 0 -16.3979 

223474 TRAF1 TNF receptor-associated factor 1 Standard 0 0 -16.5698 

supplemental Table 2. continued
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Unigene 

175.ID 

Unigene 

175.Name 

Gene Description Predictor 

Gene 

Group 

ABC.

T.Statistic 

GCB.

T.statistic 

PMBL.

T.statistic 

26608 C20orf100 Chromosome 20 open reading 

frame 100 

Standard -17.0395 0 0 

458324 PTGIR Prostaglandin I2 (prostacyclin) 

receptor (IP) 

Standard 0 0 -17.1389 

390476 MAIL Molecule possessing ankyrin repeats 

induced by lipopolysaccharide 

(MAIL), homolog of mouse 

Standard -17.4523 0 0 

115325 RAB7L1 RAB7, member RAS oncogene 

family-like 1

Standard -17.6431 0 0 

444105 ENTPD1 Ectonucleoside triphosphate 

diphosphohydrolase 1

Standard -17.7256 0 0 

443441 HCK Hemopoietic cell kinase Standard -18.2505 0 0 

283961 GNG8 Guanine nucleotide binding protein 

(G protein), gamma 8

Standard 0 0 -18.6773 

170843 AI654547 Transcribed locus Standard -13.7882 -11.3404 0 

434961 ATXN1 Ataxin 1 Standard 0 -11.4474 -14.2069 

387871 TNFSF10 Tumor necrosis factor (ligand) 

superfamily, member 10 

Standard -14.1868 -11.6311 0 

179089 DKFZp434H2 

111 

Hypothetical protein 

DKFZp434H2111 

Standard -14.6568 -11.3317 0 

512152 HLA-G HLA-G histocompatibility antigen, 

class I, G

Standard 0 -12.5256 -13.6461 

535985 M80469 Transcribed locus, moderately 

similar to NP_002107.3 major 

histocompatibility complex, class I, 

A [Homo sapiens]

Standard 0 -12.5734 -13.7568 

193400 IL6R Interleukin 6 receptor Standard -13.896 -12.4426 0 

163725 LOC153222 Adult retina protein Standard -13.7209 -12.8149 0 

114931 CTSH Cathepsin H Standard -13.6474 -13.2683 0 

2488 LCP2 Lymphocyte cytosolic protein 2 

(SH2 domain containing leukocyte 

protein of 76kDa) 

Standard 0 -12.0833 -14.9894 

440165 ATP6V0E ATPase, H+ transporting, lysosomal 

9kDa, V0 subunit e

Standard -13.7933 -14.172 0 

433506 ARPC1B Actin related protein 2/3 complex, 

subunit 1B, 41kDa 

Standard -15.5645 -12.8465 0 

1652 CCR7 Chemokine (C-C motif) receptor 7 Standard -14.1644 0 -14.835 

444471 KYNU Kynureninase (L-kynurenine 

hydrolase) 

Standard 0 -11.3743 -18.2915 

32970 SLAMF1 Signaling lymphocytic activation 

molecule family member 1

Standard 0 -11.5437 -18.1494 

132739 HIC I-mfa domain-containing protein Standard -17.1732 -12.5813 0 
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Unigene 

175.ID 

Unigene 

175.Name 

Gene Description Predictor 

Gene 

Group 

ABC.

T.Statistic 

GCB.

T.statistic 

PMBL.

T.statistic 

212169 CDGAP KIAA1204 protein Standard -16.3065 0 -13.5999 

82359 TNFRSF6 Tumor necrosis factor receptor 

superfamily, member 6

Standard 0 -11.8949 -18.3732 

210387 JAK3 Janus kinase 3 (a protein tyrosine 

kinase, leukocyte) 

Standard -15.8258 -15.5663 0 

41691 BATF Basic leucine zipper transcription 

factor, ATF-like 

Standard -22.5944 -11.3984 0 

283063 LMO2 LIM domain only 2 (rhombotin-

like 1) 

Standard 0 -18.0737 -19.9074 

515126 ICAM1 Intercellular adhesion molecule 1 

(CD54), human rhinovirus receptor

Standard -13.436 -12.748 -13.9145 

153563 LY75 Lymphocyte antigen 75 Standard -13.2327 -12.1562 -16.0774 

81328 NFKBIA Nuclear factor of kappa light 

polypeptide gene enhancer in 

B-cells inhibitor, alpha

Standard -14.1343 -11.7082 -15.7313 

62919 SNFT Jun dimerization protein p21SNFT Standard -14.0815 -11.151 -16.4483 

211600 TNFAIP3 Tumor necrosis factor, alpha-

induced protein 3

Standard -14.6042 -12.8813 -15.3668 

440808 FNBP1 Formin binding protein 1 Standard -15.729 -14.02 -13.5184 

355724 CFLAR CASP8 and FADD-like apoptosis 

regulator

Standard -17.9956 -12.8148 -14.057 

432453 MAP3K8 Mitogen-activated protein kinase 

kinase kinase 8 

Standard -16.7691 -13.4108 -15.623 

170087 AHR Aryl hydrocarbon receptor Standard -18.4371 -13.5226 -15.1808 

306278 CD44 CD44 antigen (homing function 

and Indian blood group system)

Standard -19.8998 -13.3365 -14.4344 

534007 TICAM2 Toll-like receptor adaptor molecule 

2 

Standard -19.5849 -11.7842 -16.7622 

221851 SAMSN1 SAM domain, SH3 domain and 

nuclear localisation signals, 1

Standard -15.2832 -13.5199 -20.695 

388313 BIC BIC transcript Standard -24.9273 -12.9335 -14.866 

501452 EBI3 Epstein-Barr virus induced gene 3 Standard -22.8331 -14.7374 -15.904 

421342 STAT3 Signal transducer and activator 

of transcription 3 (acute-phase 

response factor) 

Standard -23.5154 -20.1203 -15.3981 

227817 BCL2A1 BCL2-related protein A1 Standard -25.3958 -16.6216 -20.2644 

439911 TERT Telomerase reverse transcriptase Myc 18.2601 15.0252 18.1267 

344524 DLEU1 Deleted in lymphocytic leukemia, 1 Myc 12.1091 16.2384 21.6805 

202453 MYC V-myc myelocytomatosis viral 

oncogene homolog (avian) 

Myc 10.9943 14.3164 18.3121 

89525 HDGF Hepatoma-derived growth factor 

(high-mobility group protein 1-like) 

Myc 14.8262 13.7216 12.65 
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Unigene 

175.ID 

Unigene 

175.Name 

Gene Description Predictor 

Gene 

Group 

ABC.

T.Statistic 

GCB.

T.statistic 

PMBL.

T.statistic 

436187 TRIP13 Thyroid hormone receptor 

interactor 13 

Myc 10.4744 11.1117 17.375 

36708 BUB1B BUB1 budding uninhibited by 

benzimidazoles 1 homolog beta 

(yeast)

Myc 10.8691 12.5521 15.0914 

309763 GRSF1 G-rich RNA sequence binding 

factor 1 

Myc 14.772 12.5209 11.1628 

313544 NS Nucleostemin Myc 6.8203 13.8432 17.7487 

223745 MATR3 Matrin 3 Myc 14.6811 12.6358 10.7159 

182490 LRPPRC Leucine-rich PPR-motif containing Myc 11.2021 11.9728 14.2619 

180610 SFPQ Splicing factor proline/glutamine 

rich (polypyrimidine tract binding 

protein associated)

Myc 10.6432 11.5053 15.2709 

369358 SRPK1 SFRS protein kinase 1 Myc 9.4894 9.9563 16.4251 

376064 NOL5A Nucleolar protein 5A (56kDa with 

KKE/D repeat) 

Myc 10.3002 11.5203 12.9299 

3352 HDAC2 Histone deacetylase 2 Myc 11.2897 11.3379 11.8413 

434102 HMGB1 High-mobility group box 1 Myc 9.7273 6.4502 10.4497 

413901 MAPKAPK5 Mitogen-activated protein kinase-

activated protein kinase 5 

Myc 8.3551 7.2907 9.3318 

458360 UCK2 Uridine-cytidine kinase 2 Myc 4.5269 8.7937 11.3086 

180034 CSTF3 Hypothetical protein LOC283267 Myc 4.9454 9.0909 8.5161 

75514 NP Nucleoside phosphorylase Myc 1.9979 8.2673 9.3723 

268849 GLO1 Glyoxalase I Myc 1.4733 7.8421 9.6107 

75337 NOLC1 Nucleolar and coiled-body 

phosphoprotein 1 

Myc 2.4863 7.4429 8.8789 
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BaCkGrounD
Burkitt lymphoma is an aggressive B-cell lymphoma characterized by typical mor-

phological, immunophenotypic and molecular features. Gene expression profiling pro-

vided a molecular signature of Burkitt lymphoma, but also demonstrated that a subset 

of aggressive B-cell lymphomas not fulfilling the current World Health Organization 

criteria for the diagnosis of Burkitt lymphoma nonetheless show a molecular signature 

of Burkitt lymphoma (‘discrepant Burkitt lymphoma’). Given the different treatment of 

Burkitt lymphoma and diffuse large B-cell lymphoma, we investigated molecular differ-

ences within gene expression-defined Burkitt lymphoma. 

PaTiEnTs anD METHoDs
We studied tumors from 51 Burkitt lymphoma patients, comprising 26 with classic 

Burkitt lymphoma, 17 with atypical Burkitt lymphoma and 8 with ‘discrepant Burkitt 

lymphoma’, by comparative genomic hybridization and gene expression profiling.

rEsuLTs
Classic and atypical Burkitt lymphoma (excluding ‘discrepant Burkitt lymphoma’) do 

not differ in underlying genomic imbalances or gene expression in adult and pediat-

ric cases, suggesting that these subgroups are molecularly homogeneous. ‘Discrepant 

Burkitt lymphoma’, however, differs dramatically in the absolute number of altera-

tions from classic/atypical Burkitt lymphoma 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 presentation in adult patients and an 

aggressive course.

ConCLusions
Pediatric and adult Burkitt lymphoma are molecularly homogeneous, whereas ‘dis-

crepant Burkitt lymphoma’ differ in underlying genetic and clinical features from clas-

sic/atypical Burkitt lymphoma. ‘Discrepant Burkitt lymphoma’ may therefore form a 

distinct genetic subgroup of aggressive B-cell lymphomas, which shows poor response 

to multi-agent chemotherapy.
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inTroDuCTion

Burkitt lymphoma (BL) is an aggressive B-cell lymphoma characterized by specific mor-

phological and immunophenotypic features, a high proliferation rate (Ki-67 index exceed-

ing 90%) and on the molecular level, by a chromosomal translocation involving the MYC 

oncogene.1 However, the characteristic immunophenotype of BL and MYC translocations 

can also be detected in a subset of diffuse large B-cell lymphoma  (DLBCL)2 making the dis-

tinction between these two entities sometimes problematic. This is of importance clinically, 

since the therapeutic approaches for BL and DLBCL differ substantially.3 A further complica-

tion is introduced by the diagnostic category of atypical BL, which is used for aggressive 

B-cell lymphomas carrying the immunophenotype of classic BL and a MYC translocation, 

but in which the morphological and/or immunophenotypic features are slightly atypical.1 

Two major gene expression profiling studies recently sharpened the molecular distinction 

between BL and DLBCL.4,5 Whereas virtually all lymphomas diagnosed as classic or atypi-

cal BL according to the current World Health Organization (WHO) criteria1 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.4 More-

over, some of the cases with a clear-cut gene expression profile of BL showed expression of 

bcl2 and a Ki-67 index below 90% by immunohistochemistry thus extending the molecular 

category of BL beyond currently accepted criteria.4 

In recent years, global genetic analyses including conventional karyotyping, compara-

tive genomic hybridization (CGH) and array-based CGH have described secondary genomic 

alterations in BL.6-13 One of the larger studies using CGH described gains of 12q, 22q, 

Xq and losses of 13q as the most frequent alterations in BL.11 Moreover, abnormalities in 

1q and 7q were associated with inferior outcome.11 A recent combined cytogenetic study 

including CGH and spectral karyotyping (SKY) identified frequent gains of chromosome 7 

and losses of 17p in a panel of ten BL cell lines.12 Using classical cytogenetic analysis in 39 

Burkitt-like lymphomas, however, gains of chromosome 12 and losses of chromosomes 13 

and 15 appeared to be the most frequent secondary genetic alterations in addition to the 

MYC translocation.13 

This study was designed to investigate secondary genomic alterations in gene expression-

defined BL4 using conventional CGH. In particular, we addressed the questions of whether: 

(i) morphological subgroups of molecularly defined BL (classic BL, atypical BL and discrepant 

BL) differ in underlying genetic alterations, (ii) pediatric and adult BL show differences in 

their genetic and gene expression profiles, and (iii) genetic alterations in BL lead to conse-

quences in locus-specific or global gene expression profiles.
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PaTiEnTs anD METHoDs

Characteristics of the patients 
We studied 51 patients with a gene expression signature of BL.4 Information on these pa-

tients’ 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 lymphoma, not 

otherwise specified. Importantly, all cases were reviewed by a panel of eight expert hemato-

pathologists, with consensus reached in all cases. The pathology review was blinded to age 

information. The eight cases with a gene expression signature of BL, but a histomorphologi-

cal 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 

compared 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).14

Comparative genomic hybridization
CGH was performed using a commercially available CGH kit provided by Vysis (Downers 

Grove, IL, USA). Hybridizations and digital image acquisition, processing, and evaluation 

were performed as previously described.15 Signals were visualized with a Zeiss Axiophot 

fluorescence microscope and analyzed with the ISIS digital image analysis system (MetaSys-

tems, Altlussheim, Germany). Signal ratios greater than 1.25 or less than 0.75 were consid-

ered as chromosomal gains or losses, respectively. Ratios exceeding 1.5 and/or strong focal 

signals with the ratio profile showing over-representation were considered as high-level 

DNA amplifications. Complete CGH data are available at http://www.ncbi.nlm.nih.gov/sky.

statistical analysis
CGH alterations in individual cytobands were treated as categorical variables and their 

associations with various BL and DLBCL subgroups or gene expression signatures were 

Table 1. Classification of Burkitt lymphoma and clinical data.

Classic BL Atypical BL Discrepant BL

Number of patients 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 III/IV† 10/14 7/8 4/4

Extranodal sites ≥ 2† 4/15 5/7 4/4

Intensive chemotherapy regimens† 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.
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analyzed as detailed below. Preliminary analyses did not reveal significant differences in 

the effect of gains and amplifications; thus, these were treated as equivalent chromosomal 

abnormalities. Since a large number of individual chromosomal 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 per-

mutation test,16 which corrected for multiple hypothesis testing, while accounting for the 

very strong correlation between the consecutive bands. All p-values presented have been 

so adjusted. Differences in the frequency of observed genomic imbalances between the 

subgroups were detected using a κ2 test. Comparisons of the overall numbers of alterations, 

gains, losses and amplifications between the different subgroups of BL, and differences 

between adult and pediatric BL cases were analyzed using a Student’s t-test.

To determine the relationship between chromosomal imbalances and the expression lev-

els (as a continuous variable) of the genes located in the corresponding altered chromo-

somal regions (gain/amplification versus normal copy number and loss versus normal copy 

number) the non-parametric Mann-Whitney U test was performed. To further reduce the 

effects of multiple comparisons, we analyzed only those chromosomal abnormalities that 

were detected with a frequency 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”, “NFkB target genes”, “MHC class I genes” and the germinal center B-cell gene 

signatures “BL-high”, “BL-low” and “BL=GCB” were each averaged. For each band which 

included four or more losses, 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 

multiple comparisons using the stepwise permutation test. An identical analysis was per-

formed for BL cases showing gains/amplifications versus those harboring a wild type copy 

number.

rEsuLTs

Chromosomal imbalances in Burkitt lymphoma
The clinical characteristics of the patients with gene expression-defined BL are summa-

rized in Table 1. The median age of the patients was 29 years (range, 3-91 years). Interest-

ingly, patients with morphologically discrepant 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, 3-73) (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 
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no information on the treatment was available for 24 patients. Among the 51 BL cases 

studied, 36 (71%) showed genetic alterations 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 

amplifications 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 

complex 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 regimens.

Comparison of genomic imbalances between Burkitt lymphoma subgroups
No differences in genomic imbalances were observed between classic and atypical BL. 

Although chromosomal gains in 1q appeared to be more common 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 frequent gains in 

1q31-q32 (p=0.05), 13q11-q13 (p=0.02) and 13q33 (p=0.02) as well as losses of 13q14 

(p=0.03). Cases classified as discrepant BL in general showed an aggressive clinical course 

(median survival of 0.58 years) (Table 1).

Comparison of genomic imbalances between Burkitt lymphoma and DLBCL 
A comparison of genomic imbalances between BL and 161 previously studied DLBCL14 

showed that losses of 11q24-q25 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 molecular subgroups of DLBCL, the fre-

quently observed gains of chromosome 3 in ABC DLBCL were infrequent in BL (p=0.035), 

as were gains in 18q21-q23 (p=0.01) and losses of 6q16-q27 (p=0.02). No statistically 

significant differences were found regarding the genetic constitution of BL and the GCB 

DLBCL subgroup. 
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Comparison of genomic imbalances between adult and pediatric Burkitt 
lymphoma cases

To elucidate whether certain chromosomal alterations were associated with pediatric 

(age ≤ 18 years) or adult BL, we compared CGH alterations between these different age 

17
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figure 1. Chromosomal imbalances detected by comparative genomic hybridization in 
molecularly defined Burkitt lymphoma. 
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.

Table 2. Results of comparative genomic hybridization of cases of Burkitt lymphoma.

Genetic alterations Chromosomal region Classic BL

n=26 (%)

Atypical BL

n=17 (%)

Discrepant BL

n =8 (%)

Gains 1cen-q25 7(27) − 4(50)

1q31-q32* 4(15) − 4(50)

7/7q 4(15) 2(12) 4(50)

8q24-qter 2(8) 1(6) 3(27) 

13q11-q13* − − 3(27)

13q31-q32 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).
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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 significantly higher complexity of abnormalities than pediatric cases (3.1 abnormali-

ties 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 previously on an Affymetrix custom oli-

gonucleotide micro-array with 2524 unique genes,4 no statistically significant differences 

could be detected and the attempt to establish a gene expression-based predictor of pedi-

atric and adult BL failed (data not shown).

impact of chromosomal imbalances on locus-specific gene expression in 
Burkitt lymphoma 

The six chromosomal regions that were most frequently altered were studied to deter-

mine the impact of specific chromosomal gains or losses on locus-specific gene expression 

levels. These were the regions 1cen-q22, 1q31-q32, 7q22-qter, 8q24-qter, 13q31-q32, and 

17p13-pter. As demonstrated in previous analyses,14,17 chromosomal imbalances were as-

sociated with elevated or reduced expression of a subset of genes within the involved chro-

mosomal regions. In the chromosomal region 1cen-q22, for example, 10 out of 23 genes 

(43%) represented on the custom micro-array 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, MCL1, PSMB4, ILF2, JTB, 

HAX1, ATP8B2, and CKS1B were found to be elevated (Figure 3A). Significantly fewer genes 

(20%) were upregulated in the chromosomal region 1q31-q32 (Figure 3B). The results for 
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figure 2. ideograms of the distribution of gains and losses of genetic material in adult (a) and 
pediatric (B) Burkitt lymphoma. 
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.
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the remaining regions are presented in Figures 3C-F. In BL cases with a chromosomal loss 

in 17p13-pter, approximately half of the genes present on the micro-array had reduced ex-

pression, demonstrating a major impact of this genetic event on locus-specific gene expres-

sion (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 lymphoma

In a previous study,4 we had defined gene expression signatures that distinguish BL from 

DLBCL. In particular, the signatures “NFkB 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 heterogeneous 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).4 Here, we sought to determine 
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figure 3. influence of gains and losses on locus-specific gene expression levels in the 
chromosomal regions 1cen-q22 (a), 1q31-q32 (B), 7q22-qter (C), 8q24-qter (D), 13q31-q32 (E) 
and 17p13-pter (f).
Changes in gene expression levels are depicted for each gene (averaged in each cohort) with regard to 
the locus-specific genetic status. Genes are ordered according to their chromosomal position shown 
on the right. The comparison between chromosomal imbalances and the expression levels of the genes 
located in the corresponding chromosomal region (gain vs. normal copy number or loss vs. normal 
copy number) was performed using the non-parametric Mann-Whitney test. Genes with significant 
differences (p<0.05) are highlighted in red.
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whether certain genetic alterations in BL were associated with increased or decreased ex-

pression of any of these signatures, since the altered chromosomal regions may harbor 

master regulators of these pathways. Indeed, gains of the 17q11-q25 region were associ-

ated with increased expression of the NFkB signature (p=0.046), whereas gains of differ-

ent regions of chromosome 1 (1cen-q12 and 1q21-q32) were associated with the specific 

“BL-high” signature (p=0.035) and the more general germinal center associated “BL=GCB” 

signature (p=0.04).

DisCussion

Although a number of previous studies described genetic alterations in BL,6-13 two recent 

major gene expression profiling studies4,5 provided a molecular signature of BL that - at the 

same time - sharpened, but also broadened the diagnostic category of BL. Specifically, gene 

expression-defined BL appeared to also include some aggressive B-cell lymphomas that do 

not fulfill the current strict WHO criteria1 (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 establishment of 

the global profile of genomic imbalances in molecularly defined BL deserves renewed at-

tention.

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 morphological 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 profile4,5 provides 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 prospective trials. Despite showing a gene expres-

sion 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 trans-

locations t(14;18) and t(8;14) (dual translocation or double-hit lymphomas) as did three 

of the discrepant BL in our study. These lymphomas have been described in earlier reports 

and are characterized by an extremely aggressive clinical course that is fatal in almost all 

cases.13,18 It is unlikely that in these dual translocation cases the potentially secondary rear-

rangement of MYC alone accounts for the BL gene expression signature, since the gene 

expression predictor is clearly able to discriminate BL with MYC rearrangement from DLBCL 

with MYC rearrangement. From a different perspective, a number of DLBCL carrying a MYC 
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rearrangement are not identified as having a BL gene expression signature in the published 

studies.4,5

In addition, our results demonstrate complex genetic alterations in discrepant BL with 

significantly higher numbers of chromosomal gains, and losses and total number of al-

terations 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.14 Instead, discrepant BL frequently carry aberrations not seen 

in either BL or DLBCL (gains of 1q31-q32, 13q11-q13, 13q33 and losses of 13q14) sug-

gesting 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 significantly older and that this disease was equally distrib-

uted between males and females, in contrast to classic and atypical BL that predominantly 

affect young males. Finally, the clinical course of discrepant BL appears to be dramatically 

different and usually rapidly fatal, although this finding must be viewed with caution, since 

some patients in our series did not receive intensified treatment regimens. At first glance, 

the dismal clinical course may appear contradictory to the findings in the study by Hummel 

et al.5 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 potentially corresponding 11 

DLBCL cases with a molecular BL profile described by Hummel et 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 stud-

ies. First, the core and molecular BL categories in the study by Hummel et al. also contained 

lymphomas with increased genetic complexity and the frequency of these cases does not 

differ between the two studies. Second, the molecular BL cases5 also included a dual trans-

location case. A comparison of clinical findings is, however, compromised by the fact, that 

molecular BL cases in the study by Hummel et 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 

therapeutic protocols initially designed for pediatric patients to adults has led to improved 

survival times for adult BL patients in recent years.19,20 Gene expression data4 and, in addi-

tion, genetic data obtained in the current report failed to provide evidence that molecular 

differences exist between pediatric and adult BL. Our CGH analysis revealed genetic imbal-

ances in 75% of pediatric and 70% of adult BL patients and the spectrum of genetic altera-

tions 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 dif-

ferent age groups. It should be noted that the resolution of conventional CGH for detecting 
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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 bi-allelic loss in a chromo-

somal 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 sup-

ported 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 imbalances in frequently affected regions 

lead to locus-specific as well as global gene expression changes. For example, in the chro-

mosomal region 1q, upregulation of NOTCH2, MCL1 and BCL9 may be pathogenetically 

relevant by altering apoptotic properties of the malignant B cells. On a global level, gains 

in 1q correlated with an increased expression of germinal center-associated genes that are 

characteristically expressed at high levels in BL (“BL-high” signature) suggesting that this 

BL-specific phenotype may be orchestrated by important regulators in this genetic region. 

Likewise, genetic losses in the chromosomal region 17p13-pter lead to major gene expres-

sion changes affecting almost half of the genes located in this region. Besides alterations of 

the tumor suppressor TP53, other genes, such as Aurora kinase B (AURKB) may influence 

the biological behavior as a consequence of deregulated expression. 

In summary, we show that classic and atypical BL carrying a molecular profile of BL, as 

defined by gene expression profiling, do not differ in gene expression or underlying chro-

mosomal alterations, whereas a subset of discrepant BL, despite its BL-characteristic gene 

expression profile, may form a genetic entity distinct from classic and atypical BL as well as 

DLBCL. Furthermore, we failed to identify gene expression or genetic differences between 

molecularly defined cases of pediatric and adult BL supporting the notion that BL in both 

age groups should be viewed as one molecular entity.
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BaCkGrounD
Burkitt lymphoma (BL) has a characteristic clinical presentation, morphology, immu-

nophenotype and primary chromosomal aberration, that is, the translocation t(8;14)

(q24;q32) or its variants. However, diagnostic dilemmas may arise in daily practice due 

to overlap of BL with subsets of other aggressive, mature B-cell lymphomas such as 

diffuse large B-cell lymphomas (DLBCL). Recently, two gene expression studies have 

described a distinct molecular profile for BL, but also showed the persistence of some 

cases intermediate between BL and DLBCL. An alternative approach to define BL is to 

consider (cyto)genetic data, in particular chromosomal abnormalities other than the 

t(8;14) or its variants. 

PaTiEnTs anD METHoDs
In this review the ‘Mitelman Database of Chromosome Aberrations in Cancer’, har-

boring the majority of all published neoplasia-related karyotypes, was explored to de-

fine a cytogenetic profile of ‘true’ BL. 

rEsuLTs
This core subset of BL showed a very low complexity of chromosomal abnormalities 

with 40% of the cases having the IG–MYC fusion as the sole abnormality. In the re-

maining cases, additional recurrent but partially exclusive abnormalities included gains 

at chromosomes 1q, 7 and 12, and losses of 6q, 13q32–34 and 17p. Within the core 

subset, no differences were found between pediatric and adult patients. In addition, 

the genetic profile of the core subset was significantly different from BL with an 8q24 

breakpoint not affecting one of the three immunoglobulin loci, BL with a transloca-

tion involving 18q21/BCL2, 3q27/BCL6 or 11q13/CCND1, additionally to a breakpoint 

at 8q24/MYC, and from other morphological types of lymphomas with an 8q24/MYC 

breakpoint. These groups showed a higher cytogenetic complexity than the core subset 

of BL. BL without a detectable 8q24/MYC breakpoint might be heterogeneous and 

deserves further studies. 

ConCLusions
We suggest that, concordant with the WHO classification to be published in 2008, 

the diagnosis of BL should be restricted to cases with expression of CD10 and bcl6, ab-

sence or very weak expression of bcl2 protein, a homogeneously very high proliferation 

index and a proven IG-MYC translocation without evidence of a chromosomal transloca-

tion typical for other lymphoma entities. In addition, a high number of nonspecific cyto-

genetic abnormalities should suggest need for a critical review of the diagnosis of BL.



103

Cytogenetics in Burkitt lymphoma

C
h

ap
te

r 
6

Brief history of genetics in Burkitt lymphoma 
Burkitt lymphoma (BL) was first described in 1958 by Denis P Burkitt as ‘a sarcoma 

involving the jaws in African children’.1 After the identification of the Epstein–Barr virus,2 

BL became a model for the exploration of chromosomal aberrations in cancer. From their 

cytogenetic analyses of BL cell lines, Kohn et al. observed abnormalities of C-group chro-

mosomes.3 In 1972, Manolov and Manolova reported a marker band at the end of chromo-

some 14.4 Zech et al. were the first to suggest that a translocation event occurred between 

the telomeric end of the long arm of chromosome 14 and the telomeric end of the long 

arm of chromosome 8.5 Variant translocations towards 2p and 22q were described in BL 

cell lines in 1979.6,7 The molecular targets of these translocations were discovered to be 

MYC (at 8q24),8,9 and genes coding for the immunoglobulin heavy chain (IGH at 14q32),10 

kappa light chain (IGK at 2p12)11 and lambda light chain (IGL at 22q11).12 All translocations 

juxtapose the MYC gene to one of the IG enhancers, which results in constitutive deregula-

tion of MYC expression. Although it is considered to be the hallmark of BL, translocation of 

MYC is not specific, as it is also seen in other types of lymphomas.13 

Current diagnostic dilemma 
Although a correct diagnosis of classic BL can easily be made using a combination of 

clinical, histological, immunophenotypical and genetic criteria including the presence of a 

translocation involving MYC,14 problems arise when considering other B-cell Non-Hodgkin’s 

lymphomas (B-NHL) with one or more overlapping features with BL. Especially the distinc-

tion between BL and a small subset of diffuse large B-cell lymphoma (DLBCL) with multiple 

characteristics of BL (for example, morphological features, a MYC translocation and/or a 

very high proliferation index) appears to be problematic.15 This distinction has important 

clinical implications for treatment and prognosis, as BL responds relatively poor to standard 

DLBCL therapy (CHOP-like regimen) but excellent to high-intensity chemotherapy.16–18 As 

this distinction may be difficult using the current diagnostic tools,19 several groups have 

focused on new parameters.19–24 Recently, two comprehensive gene expression studies on 

the subject have been published, showing some differences in outcome. In both studies, BL 

could be distinguished from other aggressive lymphomas by a distinctive gene expression 

pattern, that is, the combination of expression levels of multiple genes being able to predict 

a diagnosis of BL (predictor or index). Cases with a high index were called ‘molecular BL’ 

and cases with a low index ‘non-molecular BL.’ According to the Molecular Mechanisms in 

Malignant Lymphomas (MMML) Network Project study,25 the  greater majority of mature 

aggressive B-cell lymphomas cases could be classified as either molecular BL or DLBCL, but 

an intermediate zone remained, as 48 of 219 (22%) of the cases could not be classified as 

molecular BL or non-molecular BL. Moreover, 81% of all conventionally classified BL but 

also 11 of 165 (7%) morphologic DLBCL had a molecular profile of BL (Table 1a). No real 

intermediate group existed in the study of the Lymphoma/Leukemia Molecular Profiling 
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Project (LLMPP).26 However, 7 out of 20 (35%) morphologically difficult to classify DLBCL 

cases had a molecular profile of BL (Table 1b). Furthermore, in the MMML study bcl2 expres-

sion and BCL2 translocations were observed in 9 and 1 out of the 44 molecular BL cases, 

respectively.25 From the 53 molecular BL cases of the LLMPP study, 5 cases showed bcl2 

protein expression and 3 had a BCL2 breakpoint in addition to the MYC breakpoint.26 Both 

observations are in contrast with the criteria of the WHO classification from 2001.14 These 

contradictions point to the possible utilization of additional criteria for a diagnostic defini-

tion of these intermediate lymphomas.

role of genetics in the diagnosis of Burkitt lymphoma
Another approach to distinguish ‘true’ BL cases from mimickers might be the inclusion 

of genomic criteria in addition to the MYC translocation. In 1982, Berger et al.27 reported 

that approximately 40% of the BL/leukemia cases have a t(8;14) or variant translocation 

as the sole cytogenetic abnormality. The lack of complex genetic alterations in addition to 

Table 1b. Data from LLMPP (n=80*)25

Pathological Dx N % Molecular Dx N %  Group % Total

BL 45 56% BL 44 98% 55%

DLBCL 1 2% 1%

Intermediate

DLBCL† 29 36% BL 8 28% 10%

DLBCL 20 69% 25%

Intermediate 1 3% 1%

Aggressive NOS 6 8% BL 1 16% 1%

DLBCL 5 84% 6%

Intermediate

Abbreviations: Dx, diagnosis; BL, Burkitt lymphoma; DLBCL, diffuse large B-cell lymphoma; NOS, not 
otherwise specified. 
* total of 223 previously profiled DLBCL cases were excluded; † twenty nine morphologically ‘difficult’ 
DLBCL cases with an original diagnosis of atypical BL or Burkitt-like lymphoma but reclassified as DLBCL 
by the expert panel.

Table 1a. Summary of classification results based on gene expression profiling. Data from MMML 
(n=219)24 

Pathological Dx N % Molecular Dx N % Group % Total

BL 36 16% BL 29 81% 13%

DLBCL 3 8% 1%

Intermediate 4 11% 2%

DLBCL 165 75% BL 11 7% 5%

DLBCL 115 70% 53%

Intermediate 39 23% 18%

Aggressive NOS 18 8% BL 4 22% 2%

DLBCL 9 50% 4%

Intermediate 5 28% 2%
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a MYC translocation might therefore be suggestive for a ‘true’ BL.28,29 The presence of an 

additional translocation as found in other types of B-NHL (for example, involving BCL2, 

BCL6 and/or CCND1) or a complex karyotype with multiple gains and/or losses would rather 

represent another type of B-NHL or a secondary transformed lymphoma.30 This is supported 

by the publication of the MMML where array based comparative genomic hybridization 

(arrayCGH) was used to study genomic copy number imbalances in addition to fluorescent 

in situ hybridization (FISH) analysis for MYC, BCL2 and BCL6 translocations. In contrast to 

molecular BL, non-molecular BL were characterized by a less frequent IG-MYC transloca-

tion and by more additional genomic aberrations. ‘Intermediate’ cases were enriched for 

non-IG–MYC fusions, IG–MYC fusions in complex karyotypes and additional translocations 

of either BCL2 or BCL6.25 A recent study of the LLMPP using CGH on BL revealed that the 

‘discrepant cases’ (that is, molecular BL, but with aberrant morphology and/or immunophe-

notype) showed a more complex genetic make-up, including BCL2 breakpoints as detected 

by FISH.31 These observations indicate that other genomic features than the MYC transloca-

tion status are important to distinguish ‘true’ BL from mimickers. The aim of this review is 

to define the cytogenetic profile of ‘true’ BL and to use this profile to distinguish BL from 

other B-cell lymphomas with an 8q24/MYC breakpoint.

The Mitelman database as a comprehensive cytogenetic resource
To base our analyses on the largest available set of lymphomas we chose the ‘Mitelman 

Database of Chromosome Aberrations in Cancer’32 as our resource. The edition of the 

Mitelman database (September 2007) contained 6359 B-cell malignancies. Overall, 865 

B-NHL with an 8q24 translocation were selected, including 538 BL. In addition, 108 cases 

of morphologic BL without a documented 8q24 translocation became part of the data 

set. Mature Burkitt leukemias (ALL-L3 according to the FAB classification) were included, 

but not lymphomas and leukemias derived from precursor B-cells and plasma cell-related 

disorders. 

Although we included series published between 19765 and 200733 and we realized that 

immunohistochemistry and FISH became gradually available after 1976, we relied on the 

diagnostic assignment of the cases as given through the database. We therefore defined a 

core subset of BL using a minimal set of criteria applied throughout the entire period. These 

criteria are (a) morphologic diagnosis of BL, (b) presence of a translocation between chro-

mosome bands 8q24 (suggestive for the MYC locus) and 2p12, 14q32 or 22q11 (suggestive 

for involvement of one of the IG loci) and (c) no (additional) breakpoint at 18q21, 3q27 or 

11q13 (expected targets are BCL2, BCL6 and CCND1, respectively). This core subset was 

extensively analyzed, and compared with other B-NHL with an 8q24 translocation as well as 

cases of morphologic BL that did not fulfill all these criteria. 

All karyotyping data were converted to an 862 band-specific status map, with break-

point and imbalance information, using karyotype parsing software developed as part of 
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the Progenetix project (http://www.progenetix.net;34 supplementary information). Statisti-

cal differences between genomic profiles of individual groups were determined with the 

CGHMultiArray software (http://webmath.tue.nl/mark/cgh/index.html) at a p-value <0.05.35 

The differences between groups were calculated with the Fisher’s exact test for nominal 

values and the Student’s t-test for continuous variables. Although we are aware that the 

mentioned cytogenetic aberrations might involve other molecular targets, for readability 

purposes we have used molecular terms instead of cytogenetic terms for the following cy-

tobands: MYC for 8q24, BCL2 for 18q21, BCL6 for 3q27, CCND1 for 11q13, IGH for 14q32, 

IGK for 2p12 and IGL for 22q11.

Case selection and subgroup definition
The data set included 865 B-NHL with a MYC translocation (Figure 1); 538 represented 

BL/leukemia and 327 cases another type of B-NHL (Supplementary Table 1a). From the 538 

BL cases, 525 (98%) had a translocation of MYC towards an IG locus (IG-MYC), the remain-

ing 13 BL (2%) harbored a translocation of MYC towards a non-IG locus (non-IG-MYC). 

Out of the 327 other B-NHL with a MYC translocation, 256 (78%) harbored an IG-MYC 

translocation, while 71 cases (22%) harbored a non-IG-MYC translocation (significance of 

difference with BL p<0.0001). In addition, 108 morphologic BL cases without a confirmed 

MYC translocation were included. 

Figure 1

All B-NHL
 t(MYC)

865 cases

BL
t(MYC)

538 cases 

Other B-NHL

t(MYC)
327 cases

Other B-NHL 

nonIG-MYC
71 cases 

(22%)

Other B-NHL 

IG-MYC
256 cases

(78%)

BL
nonIG-MYC

13 cases
(2%)

BL 
IG-MYC

525 cases
(98%)

BL
nonIG-MYC DH

9 cases 
(69%)

BL
nonIG-MYC SH

4 cases 
(31%)

BL 
IG-MYC DH

44 cases 
(8%)

BL
IG-MYC SH 
481 cases

(92%)

Pediatric
205 cases

Adult
215 cases

Age NA
61 cases

Other B-NHL
IG-MYC DH

76 cases 
(30%)

Other B-NHL
IG-MYC SH
180 cases

(70%)

Other B-NHL
nonIG-MYC DH

48 cases 
(66%)

Other B-NHL
nonIG-MYC SH

23 cases 
(34%)

BL without 
t(MYC)

108 cases

BL without 
t(MYC)

108 cases

figure 1. flow chart of all cases from the Mitelman database.
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In addition to the MYC translocation, 621 completely annotated translocation events 

were found in 380 cases. The most common translocations involved 18q21 (BCL2, N=126), 

11q13 (CCND1, N=35) and 3q27 (BCL6, N=31), which are commonly seen in other types of 

lymphoma (for example, follicular lymphoma, mantle cell lymphoma and DLBCL). All cases 

with one or more of these translocations in addition to a MYC translocation were regarded 

as ‘double-hit’ (DH) lymphomas (N=177). In line with the new WHO classification of 2008, 

we used the expression DH throughout this manuscript and defined this as any kind of 

8q24/MYC translocation plus any translocation involving 18q21/BCL2, 11q13/CCND1 or 

3q27/BCL6. Nevertheless, we realize that the expression ‘double-hit’ is not uniformly used 

by authors and moreover might not fully cover the heterogeneity of this group. It might 

even be more appropriate to use the expression ‘MYC plus’ where behind ‘plus’ the specific 

second oncogene targeted could be mentioned (for example, ‘MYC plus BCL2’). Fifty-three 

of the 177 DH lymphomas (29%) had a diagnosis of BL (44 IG-MYC and 9 non-IG-MYC 

cases) and 124 (71%) had a diagnosis of another type of B-NHL (76 IG-MYC and 48 non-

IG-MYC cases). 

Out of the total data set of 973 cases, age and gender were available for 808 (83%) 

and 932 (96%) cases, respectively, with gender being derived from karyotype information 

in a small subset of cases. When the cases were divided into five age cohorts (0–15, 16–30, 

31–45, 46–60, 61–89 years), the percentage of morphological BL cases with an IG-MYC 

translocation decreased with age, while the percentage of DH BL cases and the other B-NHL 

cases (both IG-MYC and non-IG-MYC) increased with age. These differences were under-

scored by the age distributions of the single subgroups (Figure 2).
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figure 2. age distributions of the different subgroups. 
(a) Box and Whisker plot with median and lower and upper quartiles. (b) Relative incidence of the 
different disorders in the different age cohorts. The colors in (a) match the subgroups in (b).
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Definition of a core subset of Burkitt lymphoma - few cytogenetic 
differences between children and adults 

Out of the 973 cases, 481 cases fulfilled our criteria for the core subset of BL (Figure 1; BL 

IG-MYC single hit): a morphological diagnosis of BL, a cytogenetic detection of an IG-MYC 

translocation and exclusion of a translocation of BCL2, BCL6 and/or CCND1. The distribution 

over the different age cohorts was very similar to that of population-based studies with al-

most half of patients being under the age of 15 years and a strong male preponderance.36–38 

As pediatric BL is thought to be prototypic for ‘true’ BL, we further limited the core subset 

to the 205 pediatric cases (age ≤15 years). Although even in this group the possibility of a 

misdiagnosis can not be excluded, the few potentially misdiagnosed cases should not have 

a strong impact on the overall cytogenetic profile. The mean age of this pediatric subset 

was 8 years and the majority of patients were male (74%). One hundred eighty-five pa-

tients (90%) had a classical t(8;14), 13 patients (6.5%) had a t(8;22) and 7 (3.5%) a t(2;8) 

variant translocation. In addition to this translocation, few other cytogenetic aberrations 

were found. Numerical imbalances and additional, non-recurrent translocations (not involv-

ing BCL2, BCL6 or CCND1) were detected in 122 and 36 of the 205 cases (60 and 18%, 

respectively). The most common aberrations (Figure 3) were singular events, with 87% of 

cases having 0–2 imbalances (0: 40%, 1: 33%, 2: 16% and 42 imbalances: 11%). As a sur-

rogate for genomic complexity, we calculated the complexity score per case in accordance 

with the publication of the MMML.25 In short, every non-continuous imbalance per chro-

BL IG-MYC SH - pediatric cases (n=205)

BL IG-MYC SH - adult cases (n=215)

BL IG-MYC SH - no age information (n=61)

A

B

C

Figure 3

figure 3. Histogram of genetic aberrations in core Burkitt lymphoma. 
Histograms for numerical imbalances in (a) pediatric, (b) adult and (c) patients of unknown age from 
the core subset of BL at a virtual 862 band resolution. Green: gain; red: loss.
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mosome was counted per case with an additional separation at chromosomal centromeres. 

Only imbalances were counted, whereas balanced translocations (copy number neutral) had 

no impact on the complexity score. Although the data cannot be directly compared to the 

complexity values from the MMML, as different techniques were used, our core BL subset 

also showed a very low complexity score as published for the molecular BL cases.25 In addi-

tion, this complexity score linearly correlated with the number of aberrant chromosomes or 

cytobands (Supplementary Figure 1). 

In the adult group (>15 years), the mean age was 35 years and again the majority of 

patients were male (75%). Compared with the pediatric group, more adult cases harbored 

a variant MYC translocation (22 versus 10%, p=0.0003). The most common numerical 

aberrations were almost identical except for a higher prevalence of gain of 8q in the adult 

group (Figure 3). Both the average number of imbalances (77% of adults having 0–2 nu-

merical imbalances) and the genomic complexity score (Figure 4) were very similar for chil-

dren and adults. This supports recent studies,25,26,39 suggesting that from a cytogenetic and 

gene expression point of view, BL in children and adults is the same disease. The differences 

between children and adults found by others in smaller cohorts36,40,41 may represent the 

inclusion of BL mimickers. In light of these results and also the fact that the genetic profile 

of the patients with no data on age available were almost identical, we extended our core 

subset to BL IG-MYC single hit samples independent of patient age (Figure 3). The validity 

of our criteria is also supported by the absence of significant differences in complexity and 

the proportion of cases diagnosed as BL or another type of B-NHL, when we compared 

cases published before (N=280) and after 1994 (N=201) (Supplementary Figure 2). 

The most common aberrations in this core subset (occurring in 44% of the cases) were 

copy number gains involving 1q, 7 and 12, and losses involving 6q, 13q32–34 and 17p (Fig-

 BL IG!MYC SH

BL IG!MYC DH

BL nonIG!MYC

BL without MYC

other B!NHL IG!MYC

other B!NHL nonIG!MYC

0 5

1
0

1
5

Imbalance Complexity

A

BL IG!MYC SH, adult

BL IG!MYC SH, age NA

BL IG!MYC SH, pediatric

0 5

1
0

1
5

Imbalance Complexity

B

Cases

X

17p1

13q3

12q1

7q2
6q2

1q2

C
h
ro

m
o
s
o
m

a
l 
R

e
g
io

n
s

Top Color Bar
(case group assignment)

Heatmap Colors

other B!NHL nonIG!MYC

other B!NHL IG!MYC

BL without MYC

BL nonIG!MYC

BL IG!MYC DH

BL IG!MYC SH

loss

gain

C

Figure 4

figure 4. Complexity score of the different subgroups. 
(a) Shows the imbalance complexity scores for the main subgroups analyzed and (b) for the three age 
subgroups of the core subset. Box and Whisker plots with median values, lower and higher quartiles.
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ure 5). To investigate co-occurrence of the different cytogenetic imbalances, we performed 

cluster analyses on all 696 cases with imbalances (Figure 6; Supplementary Figure 3). As 

a compromise between cross-talk between neighboring intervals and resolution, we used 

a reduced cluster matrix (86 regions). Figure 6 shows that the core BL clusters together. 

Focusing on core BL cases (Supplementary Figure 4), it seemed that gain of 1q is associated 

with lack of other recurrent abnormalities, with a mostly random scattering of abnormali-

ties in the other cases. 

The cytogenetic profile of the Burkitt lymphoma core subset is different 
from the cytogenetic profile of other B-nHL cases with a MYC translocation

A MYC translocation is not specific for BL,12 and is also seen in a subset of morpho-

logical DLBCL,42–44 follicular lymphoma45 or mantle cell lymphoma.46 We found 327 of such 
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BL nonIG-MYC (n=13)

BL without t(MYC) (n=108)

D

Other NHL with t(MYC) (n=327)
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Figure 5

figure 5. Genetic aberrations in all subgroups. 
Histogram of genetic aberrations of all different subgroups at a virtual 862 band resolution (a–e). 
Green: gain; red: loss.
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lymphoma-NOS (N=79; 24%) and follicular lymphoma (N=52; 16%) (Supplementary Table 

1). Apart from the DLBCL cases, these cases are commonly thought to represent trans-

formed disease and therefore may harbor a non-IG-MYC breakpoint or additional translo-

cations (for example, involving BCL2 or CCND1), as well as a higher number of numerical 

aberrations.47–50 Indeed, the complexity score was much higher in the other B-NHL cases 

(Figure 4; significance of difference p<0.0001) and gains of 7, 11p, 11q11–22, 12, 18 and X 

and loss of 4q, 6q13–27, 9, 10p, 15, 17p13 and 17q11–23 were more common compared 

with the BL core subset (Figure 5). In addition, patients were older (mean 50 versus 23.5 

years, p<0.0001; Figure 2), and the male/female ratio was lower (Table 2). These differences 

persisted when limiting the group to cases with a morphological diagnosis of DLBCL (data 

not shown). 

Morphologic Burkitt lymphoma without a reported MYC translocation 
show genetic differences from the core subset

Although in the WHO classification a MYC translocation is a prerequisite for the diag-

nosis of BL, cases with typical phenotype (morphology and immunohistochemistry) and a 
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figure 6. Cluster analysis of the different subgroups. 
Shows distribution of genomic gains and losses, as determined from the karyotypes of the 696 cases 
with imbalances, out of the total 973 cases. For visualization and ordering, the resolution of the 
genomic status matrix was reduced to 86 intervals (for example, ‘1q2’), and cases were clustered 
according to similarity of their imbalance profiles. The color bar on the top represents the assignment 
of cases to one of the six subgroups. Chromosomal regions run from 1pter (top) to Yqter (bottom), with 
some regions highlighted due to frequent involvement in BL IG-MYC single hit (and X for guidance). 
Green: gain; red: loss.
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very high proliferation index but lacking a MYC translocation often are diagnosed as BL. 

The precise classification and treatment of these cases is under ongoing discussion. Some 

authors suggest that such cases should by definition be classified (and treated) as DLBCL,41 

but others claim that such cases behave more aggressively than DLBCL and would benefit 

from more aggressive therapy.20 We compared this group (N=108) with the core subset. 

The genomic complexity was higher (mean 4.5 versus 1.7 p<0.0001; Figure 4). Specifically, 

gain of 6p, 7p, 11p and 18 and loss of 9, 14q32, 16 and 22 were more common (Figure 

5). In addition, this group showed a higher mean age of 29 years (Figure 2, p=0.014), and 

the male/female ratio was lower than that in the core subset (Table 2). We hypothesize that 

these 8q24 translocation negative BL cases might represent three subgroups: (a) cases in 

which the original karyotyping missed a MYC translocation, (b) cases that harbored a differ-

ent mechanism by which MYC can be overexpressed or (c) cases that were misdiagnosed as 
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figure 7. Morphology versus imbalance complexity in iG-MyC single hit lymphomas. 
All lymphoma cases with an IG-MYC breakpoint but no BCL2, BCL6 or CCND1 breakpoint were analyzed 
for imbalance complexity and original histological diagnosis. A histological diagnosis of BL (red bars) 
is associated with a lower complexity and other diagnoses (blue bars) are gradually increasing in cases 
with a higher complexity.

Table 2. Gender distribution in the different subgroups.

Subgroup Male Female Ratio

BL IG-MYC SH 322 120 2.7

BL IG-MYC SH - pediatric 152 53 2.9

BL IG-MYC SH - adult 153 62 2.5

BL IG-MYC DH 28 16 1.8

BL non-IG-MYC 5 8 0.6

BL without MYC 66 42 1.6

Other B-NHL 217 108 2
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BL. In case of (a) or (b), molecular techniques (for example, FISH) could have provided addi-

tional information. The most important conclusion could therefore be that this group should 

prospectively be reduced by applying strict immunohistochemical criteria in combination 

with proper additional molecular techniques, to detect hidden MYC translocations and to 

exclude additional breakpoints involving BCL2, BCL6 or CCND1. The final classification (and 

treatment) of the remaining cases without any indication of a MYC translocation as either 

BL, DLBCL or a separate entity should be subject of further research. 

Burkitt lymphoma with a non-IG-MYC translocation (BL non-iG-MyC) is a 
rare entity and is different from the core subset 

The activation of MYC by juxtaposition towards one of the IG loci is considered the ca-

nonical starting point of BL and therefore a conditio sine qua non for the diagnosis. Other 

mechanisms such as amplification or deregulation by juxtaposition of MYC with other genes 

might also lead to MYC overexpression and as a result a BL-like morphology.51,52 Non-IG-MYC 

translocation may occur as a secondary event (for example, in follicular lymphoma), resulting 

in a transformed lymphoma with a BL-like morphology.53 Although the numbers were small, 

we compared the genetic profile of the 13 BL with a non-IG-MYC breakpoint with that of 

the core subset. The genomic complexity of the 13 BL non-IG-MYC cases was much higher 

(mean 4.6 versus 1.7 p=0.0003; Figure 4) and gain of 7p and 8q22–23 and loss of 8q24, 

13q32–34 and X were more common (Figure 5). In addition, the age distribution was skewed 

towards a higher age (Figure 2) and there was a female preponderance (Table 2). 

Our data show that a non-IG-MYC translocation is extremely rare in cases morphologi-

cally diagnosed as BL. This corroborates the publication of Bertrand et al.53 on the largest 

series (N=17) of such B-NHL, of which only one case had a BL morphology. These authors 

suggested that the non-IG-MYC is a secondary event. In line with this conclusion, 9 out 

of our 13 cases (69%) harbored two translocations involving MYC and also BCL2, BCL6 or 

CCND1 (to be discussed below). Therefore, we suggest that BL non-IG-MYC cases should 

not be considered as ‘true’ BL. 

Double-hit BL (BL iG-MyC DH) should not be considered as ‘true’ BL
In 44 out of the 525 BL cases with an IG-MYC breakpoint, other recurrent translocations 

were found in addition to the MYC translocation. We found 31 breakpoints at BCL2 (70% 

of all cases), 15 at BCL6 (34%) and 5 at CCND1 (11%), 6 cases (14%) having triple hits for 

MYC, BCL2 and BCL6. As described in the previous paragraph, the IG-MYC translocation 

in such cases is thought to be the second hit. Various authors have already suggested that 

such DH BL cases should be considered a separate entity from ‘true’ BL.29,54,55 

When comparing the 44 BL IG-MYC DH cases with the core subset, they appeared to be 

two separate entities. DH BL patients were much older (mean 51 years, p<0.0001, Figure 

2), very much similar to the other B-NHL group. Also the genomic complexity of the DH 
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cases was much higher than that in the core subset (mean 5.4 versus 1.7, p<0.0001; Figure 

4). Gains of 7, 8, 11, 12, 18, 20 and X and loss of 3q27–29, 6q and 15q26 were signifi-

cantly more common in the DH subgroup (Figure 5). The overlap between BL IG-MYC DH 

and other B-NHL cases was supported by the fact that double hits were also very frequent in 

the group of other B-NHL (124/327, 38%). These observations support the available clinical 

data on this type of lymphoma. The patients have a very aggressive disease that is refractory 

to current chemotherapeutic treatment. Overall survival is very short, even if treated with 

high-intensity chemotherapy as used for BL.56 

Another intriguing observation is that a variant MYC translocation towards 2p or 22q oc-

curred more often in DH lymphomas (55%), compared with the core subset (16%). Accord-

ing to Au et al.,57 this supports the hypothesis that the IG-MYC translocation is a secondary 

event, as one IGH locus is already occupied by the primary translocation (that is, t(11;14) or 

t(14;18)) and the other IGH allele should remain functional for B-cell receptor signaling. 

The LLMPP study25 suggested that at least some DH lymphomas may have a molecular 

profile that is very similar to that of ‘true’ BL. A larger series of such lymphomas has to be 

studied independently from the designed BL predictors to know whether these lymphomas 

really are similar to ‘true’ BL or not. For now, there are strong indications that DH BL should 

be considered a separate disease from ‘true’ BL. In the new WHO classification of 2008, it 

is advised that these cases are labeled as a separate group ‘B-cell lymphoma with features 

intermediate between DLBCL and BL’. 

summary and conclusions
In view of the therapeutic and prognostic consequences, the diagnosis of BL should be 

made with the highest level of certainty. So far this is done with conventional tools, includ-

ing clinical aspects.14 With these techniques, the distinction is still hard to make in a subset 

of cases, especially in the ‘gray-zone’ between BL and DLBCL, and additional criteria might 

be of use. In this review, we studied the cytogenetic profile of ‘true’ BL using the unique, 

comprehensive collection of cytogenetic data in the ‘Mitelman database’.32 We defined a 

core subset of BL, that is, lymphomas that were registered as such on a morphological basis, 

contained an IG-MYC translocation and did not harbor chromosomal translocations of the 

BCL2, BCL6 or CCND1 loci. As a proof of principle, we compared the cytogenetic profile of 

this core subset with those of other B-NHL with a MYC breakpoint, with BL cases without a 

MYC breakpoint, with BL cases with a non-IG-MYC breakpoint and with DH BL cases. The 

validity of the used criteria for BL was

underscored by the absence of any significant increase in the genomic complexity score 

with age as well as the similarity for cases published before and after the introduction of the 

REAL classification in 1994. Interestingly, lack of differences in genomic complexity between 

pediatric and adult cases was independently found by the MMML39 and LLMPP.31 



115

Cytogenetics in Burkitt lymphoma

C
h

ap
te

r 
6

We demonstrated that these core BL cases are obviously different from other B-NHL cases 

with a MYC translocation, as the latter harbor more and also other genetic aberrations than 

‘true’ BL. In ‘true’ BL gains of 1q, 7 and 12 are found as common recurring events, while (the 

even less frequent) losses mostly involve 6q, 17p as well as 13q32–q34. Besides differences 

in cytogenetic complexity and pattern, the available epidemiological data (age and gender 

distribution) also differed between the two groups. Obviously, morphological criteria remain 

essential to distinguish BL from other lymphomas. Without availability of gene expression-

profiling data, cases with an IG–MYC fusion without evidence of a DH should not be consid-

ered as BL, unless indicated by histological appearance. This is supported by our analysis of 

all 661 IG-MYC single hit lymphoma cases, in which 21% of the 475 cases with a complexity 

score of 0–2 had an original diagnosis other than BL (Figure 7; Supplementary Figure 5). On 

the other hand, we are aware of the fact that this study cannot give any guideline to defi-

nitely identify the rare individual lymphomas that are morphologically different from BL but 

nevertheless should be considered as molecular BL based on advanced molecular profiling. 

Furthermore, we conclude that both DH BL cases as well as the extremely rare BL cases 

with a non-IG-MYC breakpoint (which in fact mainly represent DH lymphomas) should be 

separated from ‘true’ BL, as both their genomic and epidemiological profile are much more 

similar to other types of B-NHL. This is supported by the MMML data on gene expression 

and by clinical data showing that such patients have a very aggressive disease that is hardly 

curable with conventional or high-intensity chemotherapeutic regimens. The awareness on 

such DH cases is needed especially in older patients, as almost one-third of all cases diag-

nosed as BL in the database above the age of 60 years appeared to be a DH BL. 

There are practical consequences from this review. While lacking the molecular resolution 

of FISH methods, cytogenetic analysis has the great advantage of giving a ‘bird’s eye’ over-

view of the many relevant genetic abnormalities in BL, that is, the partner of the MYC locus, 

the presence or absence of additional translocations and presence or absence and number 

of other structural abnormalities. Therefore, the authors strongly advise to submit material of 

any lymphoma suspicious for BL or mimicking diseases for conventional cytogenetic analysis 

by metaphase karyotyping. In addition, a simple MYC segregation FISH test should be carried 

out in all cases. More elaborate FISH tests for MYC, IG loci and also BCL2, BCL6 and eventually 

also CCND1, should be carried out in all BL with some abnormality in morphology or immu-

nohistochemistry for CD5, CD10, bcl2, bcl6 or Ki-67. The use of fewer tests should be  strictly 

restricted to pediatric patients >15 year. Another point to consider is that, although a FISH 

split signal assay with two probes flanking the MYC gene is the most sensitive and fast assay 

for detection of MYC breakpoints, it is not able to distinguish IG-MYC from non-IG–MYC 

fusions and does not cover all MYC breakpoints, that is, far 5’ and 3’ breakpoints as well as 

small insertions are not detected.58,59 Furthermore, the steady increase in the age of lympho-

mas that mimic BL strongly emphasizes that there is no distinct age at which a pathologist can 

safely make a diagnosis of BL without any ancillary cytogenetic or molecular studies.
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suPPLEMEnTary inforMaTion

Conversion of karyotype data
Karyotype data was converted from the ISCN conform annotation acquired from the 

Mitelman database, as described previously.60 By convention, the overall genomic dosage 

per genomic interval was used as endpoint. A combination of chromosomal aberrations 

resulting in a loss and a gain of the same segment. As example, a karyotype containing 

“+i(7)(q10)” would result in a gain status for 7q (4 copies), and a balanced status for 7p. 

Genomic status data was assigned to a virtual high-resolution karyotype consisting of 862 

bands mapped to the genome “Golden Path”. For some downstream analyses, the data 

was re-mapped to lower resolution matrices, with intervals containing both copy number 

gains and losses being assigned a “NA” value.

In contrast to CGH methods, karyotype annotations may contain ambiguous elements 

and therefore not always be completely resolved. Examples would be marker chromosomes 

(“mar”), incomplete karyotypes (“inc”) or structural changes in which not all components are 

defined (“add”, “t(1;?)(q21;?”). In a small number of instances, the karyotype parser may fail 

an annotation due to the lack of training for this particular instance. However, the technical 

parser limitations are considered small compared to the overall fidelity of banding analysis.

For the purpose of this study, abnormalities used for group assignment (translocations 

involving MYC, BCL2, BCL6, CCND1) were verified by manual karyotype inspection.

supplementary Table 1. Morphological diagnosis of all 973 included cases.

ICD-O 3 code Standardized Diagnosis Cases

3229 Burkitt lymphoma, NOS 646

3226 2/3 Diffuse large B-cell lymphoma, NOS 135

3197 Malignant lymphoma, B-cell NOS 78

3230 Follicular lymphoma, NOS 52

3274 1/3 B-cell chronic lymphocytic leukemia/small lymphocytic lymphoma 29

3224 1/3 Mantle cell lymphoma 18

3229 2/3 Splenic marginal zone lymphoma, NOS 4

3233 Marginal zone lymphoma, NOS 4

3313 1/3 Hairy cell leukemia 4

3223 2/3 Malignant lymphoma, lymphoplasmacytic 1

3226 Primary effusion lymphoma 1

3226 1/3 Mediastinal large B-cell lymphoma 1

All cases 973



117

Cytogenetics in Burkitt lymphoma

C
h

ap
te

r 
6

0 5 10 15 20 25 30

0
5

10
15

complexity score

ab
er

ra
nt

 c
hr

om
os

om
es

 p
er

 c
as

e

Chapter 6 - Suppl Figure 1a.pdf   1 04-Mar-09   10:30:10 AM

0 5 10 15 20 25 30

0
10

0
20

0
30

0
40

0
50

0
60

0

complexity score

ab
er

ra
nt

 b
an

ds
 p

er
 c

as
e

Chapter 6 - Suppl Figure 1b.pdf   1 04-Mar-09   10:32:55 AMsupplementary figure 1. Complexity score validation.
These figures show the distribution of the genomic complexity score in comparison to the number of 
chromosomes (left) or bands (out of 862; right) with imbalances per case. Overall, linear relations 
between the different scores can be observed for cytogenetic data.
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supplementary figure 2. no essential differences in karyotypic complexity between core BL-sH 
cases published before and after 1994.
Panel a shows the complexity for IG-MYC BL-SH cases published before (N=280) and after 1994 
(N=201). The year 1994 was chosen because of the publication of the REAL classification. Panel B 
shows the age distribution for both series with a comparable overall age distribution but a higher 
number of young children in the later interval (indicated by the down-shifted median). Panel C shows 
that within the total group of lymphomas with an IG-MYC breakpoint and without a breakpoint at 
18q21, 3q27 or 11q13, no quantitative diagnostic shift had occurred between both intervals.
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supplementary figure 3. imbalance pattern in BL iG-MyC sH cases.
For an ordered visualization of case specific gains and losses, genomic imbalances were clustered 
for similarity of their aberration pattern (Figure 6). Here, 288 core subset cases (BL IG-MYC SH) with 
imbalances are shown. The structure of the heatmap is defined through the recurring, mostly singular 
events (note gains on 1q) and a scattering of events with low recurrence. Chromosomal regions run 
from 1pter (top) to Yqter (bottom), with some regions highlighted due to frequent involvement in  BL 
IG-MYC SH (and X for guidance). Green = gain, red = loss.
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supplementary figure 4. relation of recurring imbalances in BL iG-MyC sH cases.
To better determine possible relationships of the most frequent imbalances, only cases from the BL 
IG-MYC SH subset which had at least one unambiguous occurrence of one of the six most frequent 
imbalances were selected, resulting in 205 out of 481 cases. Only few overlapping occurrences could 
be observed, to the point of near exclusiveness. Green = gain, red = loss.
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supplementary figure 5. imbalance complexity in all sH lymphomas with an IG-MYC 
breakpoint. 
To determine whether BL and other lymphomas that harbour an IG-MYC breakpoint but no breakpoints 
at 3q27, 11q13 or 18q21 are different, the imbalance complexity was analyzed. BL IG-MYC SH cases 
have  an apparent lower complexity in their genomic imbalances.
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BaCkGrounD
Outcome of diffuse large B-cell lymphoma (DLBCL) with a germinal center B-cell 

(GCB) expression profile is superior to that of non-GCB DLBCL. This conclusion is main-

ly derived from patients with mixed international prognostic index (IPI) risk profiles 

treated with CHOP-like therapy (cyclophosphamide, doxorubicin, vincristine, and pred-

nisone). We wondered whether the prognostic impact of the expression profile would 

hold out in a homogeneous cohort of poor-risk DLBCL patients treated with high-dose 

sequential therapy (HDT) and autologous stem-cell transplantation (ASCT) as first-line 

therapy.

PaTiEnTs anD METHoDs
DLBCL from 66 newly diagnosed poor-risk patients, treated in two sequential pro-

spective Dutch Hemato-Oncology Association (HOVON) trials, were studied retrospec-

tively for expression of CD10, bcl6, MUM1/IRF4, bcl2, Ki-67, and CD21+ follicular den-

dritic cells (FDC) by immunohistochemistry, and for the breakpoints of BCL2, BCL6, 

and MYC by fluorescent in situ hybridization (FISH). Lymphomas with any follicular 

component were excluded.

rEsuLTs
A GCB immunophenotype profile was found in 58% and non-GCB immunopheno-

type profile in 42% of the tumors. Clinical characteristics of both groups were similar. 

Complete response (CR) rate was higher in patients with CD10+ tumors (58% v 30%; 

p=0.03). A GCB immunophenotype profile, its constituting markers CD10 more than 

30% and MUM1 less than 70%, and bcl2 less than 10% were each associated with 

a better overall survival (OS). FDC networks, equally present in GCB and non-GCB tu-

mors, had superior CR (73% v 31%; p=0.01), but disease-free survival rates were lower 

and there was no difference in OS rates. None of the breakpoints had a prognostic 

impact on outcome.

ConCLusions
Also in patients with poor-risk DLBCL treated with HDT and ASCT, the GCB immu-

nophenotype and bcl2 expression retained a major impact on survival.
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inTroDuCTion

Diffuse large B-cell lymphoma (DLBCL), the most common type of aggressive non-Hodg-

kin’s Lymphoma (NHL), exhibits distinct biologic and clinical heterogeneity.1 Currently, the 

international prognostic index (IPI) is still the most important tool to predict response to 

treatment for aggressive NHL and to classify patients into subgroups with distinctly different 

prognoses.2 However, even within these IPI riskgroups a substantial variability in outcome 

has been observed. Thus, finding new tools to better classify DLBCL patients in different 

prognostic subgroups is important. 

Many studies have focused on the significance of the intrinsic characteristics of the tu-

mors, eg, protein or gene expression and chromosomal breakpoints, however, the clinical 

relevance of many of these markers is inconsistent. Moreover, few markers retain sufficient 

prognostic significance individually after adjustment for the overriding prognostic impact 

of the IPI risk score.3,4 

Gene expression profiling offers prognostic value in DLBCL independently of IPI. Tumors 

with profiles closely resembling that of germinal center B-cells (GCB) have a better outcome 

than those with profiles resembling activated peripheral B-cells (ABC).5-7 However, not all 

studies could confirm a prognostic value.8,9 Furthermore, this analysis is not easily incorpo-

rated in routine practice as it depends on the availability of frozen tissue and sophisticated 

laboratory and statistical methods.

Based on gene expression studies, Hans et al10 developed an algorithm to discriminate 

GCB from non-GCB type DLBCL, based on CD10, bcl6, and MUM1/IRF4 expression mea-

sured by immunohistochemistry (IHC). Outcome of DLBCL with a GCB protein expression 

profile was superior to non-GCB tumors and concurred with gene expression profiles as 

determined by micro-array analyses.10 Controversial findings have been reported using 

the same or slightly different IHC algorithms,11-15 which might be caused by differences in 

clinical characteristics, variations in treatment, IHC techniques, or cutoff levels for scoring. 

Moreover, most data published so far have been derived from patients treated with stan-

dard (ie, CHOP-like; cyclophosphamide, doxorubicin, vincristine, and prednisone) firstline 

treatment. Whether up-front high-dose sequential therapy (HDT) and autologous stem-cell 

transplantation (ASCT) as first-line treatment might overcome the poor prognostic features 

conferred by cell of origin is still unknown. 

We recently reported on two sequential prospective trials of the Dutch Belgian Hemato-

Oncology Cooperative Group (HOVON), HO27 and HO40, investigating HDT and ASCT as 

first-line treatment in patients with poor-risk advanced-stage aggressive NHL with age ad-

justed IPI scores of 2 to 3.16 In this article, we report the results of a retrospective analysis ad-

dressing the prognostic significance of individual protein expression, GCB versus non-GCB 

immunophenotype, and chromosomal breakpoints in the DLBCL patients of both studies. 



Chapter 7

128

PaTiEnTs anD METHoDs

Patient selection
Patients were included in either one of two consecutive HOVON trials, HO27 and HO40, 

for previously untreated poor-risk aggressive NHL.16 In summary, patients had aggressive 

NHL, were age 18 to 65 years, had WHO performance status 0 to 2, had Ann Arbor stage 

III or IV disease, and had serum lactate dehydrogenase (LDH) of at least 1.5 times the upper 

limit of normal (ULN). Treatment consisted of high-dose sequential chemotherapy followed 

by HDT and ASCT (trial HO27) or the same treatment preceded by three cycles of intensified 

CHOP (trial HO40). One hundred forty-seven patients were included, 117 of whom had DL-

BCL. Both studies were carried out in accordance with the modified Declaration of Helsinki. 

The institutional boards of each participating institution approved both study protocols and 

all patients gave written informed consent. 

Histology
Tumor blocks or unstained tissue sections from all patients with DLBCL as confirmed by 

central review1 were retrieved by the local pathologist. Tumors with any follicular pattern 

were excluded.

immunohistochemistry and chromosomal breakpoints 
IHC was performed on formalin-fixed, paraffin-embedded tissue sections. The following 

markers were used: bcl2 (clone 124, dilution 1:25, DAKO, Glostrup, Denmark), bcl6 (clone 

PG-B6p, dilution 1:20, DAKO), CD10 (clone 56C6, dilution 1:20, Novocastra, Newcastle 

on Tyne, UK), CD21 (clone IF8, dilution 1:10, DAKO), Ki-67 (clone MIB-1, dilution 1:100, 

DAKO), and MUM1/IRF4 (clone MUM1p, dilution 1:25, DAKO). Antigen heat retrieval in 50 

mmol/L TRIS-HCL/2 mmol/L EDTA buffer, pH=9.0 in a microwave oven for 30 minutes was 

performed for all markers except CD21. For CD21, a pepsin-based antigen retrieval method 

was used. All immunostains were performed on the Ventana Nexus IHC staining module 

(Ventana, Tucson, AZ) in accordance with the manufacturer’s instructions. 

Slides were evaluated semi-quantitatively by two or three independent observers (E.G.B., 

P.M.K., and G.W.v.I.) and were grouped as follows: for bcl2, tumors with 0% to 10%, 11% 

to 50%, and 51% to 100% positive tumor cells; for MUM1/IRF4, 0% to 30%, 31% to 

50%, 51% to 70%, and 71% to 100% positive tumor cells; for Ki-67, 0% to 50%, 51% 

to 90%, and 91% to 100%. Bcl6 and CD10 were considered positive when more than 30% 

of the tumor cells were positive. CD21 was used for the staining of follicular dendritic cell 

(FDC) networks within the tumor fields using a visual score of 0, +, ++, or +++; staining of 

tumor cells was ignored.  



129

GCB versus non-GCB in poor-risk DLBCL

C
h

ap
te

r 
7

Classification of GCB versus non-GCB was based on the algorithm of Hans et al,10 using 

CD10, bcl6, and MUM1/IRF4 expression with 30% cutoff values for the number of positive 

tumor cells (Figure 1). 

For the detection of chromosomal breakpoints in MYC/8q24, BCL2/18q21, and 

BCL6/3q27, all cases were studied by segregation fluorescent in situ hybridization (FISH) on 

paraffin tissue sections in accordance with recently published methods of our group.17

study end points and statistical considerations
End points of interest were complete response (CR) rate, event-free survival (EFS), dis-

ease-free survival (DFS) from CR, and overall survival (OS).16 Clinical data were retrieved 

from the HOVON database and analyzed as of November 2005. For comparison of marker 

distribution between groups, the Fisher’s exact test was used. For CR rates between two 

groups, logistic regression analysis was used. An odds ratio (OR) was calculated with 95% 

Confidence intervals (CI). EFS, DFS, and OS were estimated using the Kaplan-Meier method, 

and 95% CI were constructed. Subgroups were compared using the log-rank test. Survival 

analyses were performed using Cox regression analysis. The hazard ratios (HRs) and corre-

sponding 95% CI were determined for survival end points. Because patients treated in trial 

HO40 had a significantly better outcome compared with patients in trial HO27, logistic and 

Cox regression analyses were also performed with adjustment for the trial (HO27 vs HO40). 

All p-values were two-sided, without adjustment for multiple testing; a level of  α < 0.05 

was considered significant.

GW van Imhoff et al, January 7, 2006 
 

 1

 

Fig 1 
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figure 1. GCB versus non-GCB iHC algorithm. 
Distribution of germinal center B-cell (GCB) and non-GCB diffuse large B-cell lymphoma according to 
the Hans et al algorithm, 10 with cutoff values of 30% for CD10, bcl6, and MUM1/IRF4.
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Clinical characteristics
Between 1994 and 2001, 147 patients were included in trials HO27 and HO40. Of 117 

patients with DLBCL, 73 tissue samples were retrieved, ultimately retrieving adequate tis-

sue from 66 patients (56%), of which 58% were from DLBCL patients from trial HO27 and 

55% from HO40. Clinical characteristics of the patients are listed in Table 1. All patients had 

advanced disease with highly elevated LDH levels and age-adjusted IPI scores ≥ 2. Median 

follow-up of the 24 patients still alive (seven patients in HO27 and 17 in HO40) was 59 

months (range, 23 to 132).

Distribution of markers 
IHC and FISH results were assessable in almost all cases (Table 2). For the IHC markers, 

the percentages of positive tumors were similar in both trials. Slightly more MYC and BCL2 

breakpoints were observed in the HO27 study and more BCL6 breakpoints were observed 

in the HO40 study. However, absolute numbers were small. 

Table 1. Patient characteristics.

HO27 (n=29) HO40 (n=37) Total (n=66)

N % N % N %

Male 16 55 22 59 38 58

Age, years

Median 45 52 50

Range 15-65 18-65 15-65

Ann Arbor stage

III 6 21 10 27 16 24

IV 23 79 27 73 50 76

Bulky (>10 cm) 14 48 17 46 31 47

Serum LDH x ULN

Median 2.8 3.0 3.0

Range 0.9-28.4 1.5-18.0 0.9-28.4

Bone marrow involvement 10 34 10 27 20 30

Extranodal localizations >1 15 52 9 24 24 36

Performance score WHO 2-3 14 48 7 19 21 32

Age-adjusted IPI

2 15 52 30 81 45 68

3 14 48 7 19 21 32

Treatment protocol

HOVON 27 29 100 - - 29 44

HOVON 40 - - 37 100 37 56

Abbreviations: LDH, lactate dehydrogenase; ULN, upper limit of normal; IPI, International Prognostic 
Index; HOVON, Dutch Belgian Hemato-Oncology Cooperative Group.
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GCB versus non-GCB phenotype algorithm
Applying the IHC algorithm described by Hans et al,10 with cutoff values at 30% of 

positive tumor cells, 38 patients had GCB and 28 patients had non-GCB DLBCL (Figure 1). 

The majority of GCB cases (84%) were classified as such based on CD10 positivity. Only six 

CD10-negative cases were classified as GCB-type, based on a combination of bcl6 positiv-

ity and MUM1 negativity. In 11 (34%) and four (13%) of the 32 CD10+ cases, MUM1 was 

positive at 30% and 70% cutoff levels, respectively. Eight of the 34 CD10-negative cases 

(24%) were bcl6 negative, whereas 20 tumors (59%) were both bcl6 and MUM1 more than 

30% positive; both were classified as non-GCB. 

Although slightly more patients with GCB tumors had bulky disease, no significant dif-

ferences were observed in clinical characteristics or treatment according to trial between 

GCB and non-GCB tumors (Table 3).

Expression of other proteins and chromosomal breakpoints
The distribution of the other IHC markers and chromosomal breakpoints according to 

GCB versus non-GCB phenotype are listed in Table 4. Bcl2 protein overexpression may be 

the result of BCL2 rearrangement or other mechanisms,10,18-20 and as such confer a different 

Table 2. Distribution of protein expression and molecular breakpoints according to protocol inclusion.

HO 27 (n=29) HO40 (n=37) Total (n=66)

N % N % N %

Immunohistochemistry

CD10 > 30% 15 52 17 46 32 48

bcl6 > 30% 26 90 30 81 56 85

MUM1 

0-30% 12 41 16 43 28 42

31-70% 10 34 9 24 19 29

71-100% 5 17 12 32 17 26

No data 2 7 - - 2 3

GCB type 18 62 20 54 38 58

Ki-67 > 90% (n=65)* 13 46 13 35 26 40

bcl2 

0-10% 11 38 8 22 19 29

11-50% 4 14 7 19 11 17

51-100% 14 48 21 57 35 53

No data - - 1 3 1 2

CD21+ FDC (n=58)* 6 25 11 32 17 29

Chromosomal Breakpoints

MYC/8q24 (n=59)* 6 22 3 9 9 15

BCL2/18q21 (n=59)* 8 30 2 6 10 17

BCL6/3q27 (n=58)* 3 12 12 38 15 26

Abbreviations: GCB, germinal center B-cell; FDC, follicular dendritic cells. 
* number of cases tested, percentage is calculated from the number of cases tested.
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Table 3. Clinical characteristics and treatment of GCB and non-GCB DLBCL.

GCB (n=38) Non-GCB (n=28)

N % N %

Male 23 61 15 54

Age, years

Median 48 52

Range (15-65) (21-65)

Stage IV 29 76 21 75

Bulky disease 22 58 9 32

LDH x ULN median 3.1 2.9

BM involvement 13 34 7 25

Extranodal localizations > 1 15 39 9 32

WHO performance status > 1 12 32 9 32

Age-adjusted IPI 3 12 32 9 32

HOVON 40 treatment 20 53 17 61

Abbreviations: GCB, germinal center B-cell; DLBCL, diffuse large B-cell lymphoma; LDH, lactate 
dehydrogenase; ULN, upper limit of normal; BM, bone marrow; IPI, International Prognostic Index.

Table 4. Chromosomal breakpoints and expression of bcl2 protein, FDC networks, and Ki-67 in GCB and 
non-GCB Immunophenotype DLBCL.

GCB (n=38) Non-GCB (n=28) p
N % N %

BCL2 breakpoint (n=58)* .003

BCL2 break pos / expression pos† 8 25 2 8

BCL2 break neg / expression pos 10 31 20 77

BCL2 break neg / expression neg 14 44 4 15

MYC breakpoint (n=59)* 6 18 3 12 .72

MYC breakpoint only 3 9 2 8

+ additional BCL2 breakpoint 3 9

+ additional BCL6 breakpoint 1 4

BCL6 breakpoint (n=58)* 6 18 9 36 .14

CD21 FDC (n=58)* 9 27 8 32 .78

+ 5 15 4 16

++ 3 9 2 8

+++ 1 3 2 8

Ki-67 > 90% (n=64) 17 46 9 32 .31

Abbreviations: FDC, follicular dendritic cells; GCB, germinal center B-cell; DLBCL, diffuse large B-cell 
lymphoma; pos, positive; neg, negative. 
* number of cases tested, percentage is calculated from the number of cases tested; † bcl2 expression 
> 10% tumor cells.
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clinical behavior.21 All 10 BCL2 breakpoint–positive tumors (17%) expressed bcl2 protein. 

BCL2 breakpoints clustered in GCB, whereas breakpoint-negative but bcl2 protein–positive 

tumors were more frequent in the non-GCB group. 

BCL6 and MYC breakpoints were detected in 26% and 15%, respectively. Four of the 

nine MYC-positive cases harbored additional breakpoints: three BCL2, and one BCL6 (Table 

4). Apart from incidental copy number gain for BCL2 (n=2), MYC (n=4), and BCL6 (n=4), 

two cases with gene amplification of BCL6 were observed. 

FDC networks were present in 17 tumors (26%) and were equally frequent in GCB and 

non-GCB tumors (Table 4). Five FDC+ cases had bone marrow involvement of lymphoma. 

None of the three cases that could be analyzed showed discordant morphology. FDC+ cases 

had breakpoints of MYC, BCL2, or BCL6 in zero, four, and four cases, respectively. Slightly 

more GCB type DLBCL had a Ki-67/MIB-1 proliferation rate of more than 90% (46% v 

32%).

Prognostic impact of biologic markers on treatment outcome
Because analyses with adjustment for trial (HO27 vs HO40) did not result in different 

outcomes, only analyses without adjustment for trial are shown. Classification of GCB ver-

sus non-GCB had no significant impact on CR rates (Table 5). CR was significantly higher in 

CD10-positive than in CD10-negative tumors (CR, 58% v 30%; p=0.03), and was signifi-

cantly higher in tumors with CD21+ FDC networks (CR, 71% v 31%; p=0.01). 

GCB conferred better OS than non-GCB phenotype (p=0.04; Figure 2). CD10 positivity 

(Figure 3A) and MUM1 less than 70% (Figure 3B; but not MUM1 <30%), and bcl2 protein 

less than 10% (Figure 3C), were associated with superior OS. By applying MUM1 more than 

70% instead of more than 30% as the cutoff level for non-GCB classification in the Hans 

algorithm, nine non-GCB patients changed to GCB type. The predictive value of survival of 

non-GCB cases based on this MUM1 more than 70% algorithm (HR, 2.11; 95% CI, 1.12 

GW van Imhoff et al, January 7, 2006 
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figure 2. overall survival of germinal center B-cell (GCB) versus non-GCB immunophenotype.
Abbreviations N, number of patients; d, number of events.
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Fig 3C 

figure 3. overall survival according to protein expression of (a) CD10, (B) MuM1/irf4 more 
than 70% and (C) bcl2. 
(a) CD10 positive (pos) versus negative (neg) diffuse large B-cell lymphoma (DLBCL). (B) DLBCL with more than 

70% MUM1/IRF4 tumor cells versus cases with less than 70% positive tumor cells. (C) bcl2 protein positive (pos; 

> 10% tumor cells) versus negative (neg) DLBCL. Abbreviations N, number of patients; d, number of events.
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to 3.98) might be slightly stronger than the value based on the original algorithm, with a 

threshold of more than 30% (HR, 1.8; 95% CI, 1.02 to 3.45). 

Outcome of bcl2 protein+ GCB cases with (n = 10) or without (n = 8) a BCL2 breakpoint 

was not significantly different (median survival, 13 vs 21 months, respectively; p=0.37). Al-

though CR rate was higher in tumors with CD21+ FDC networks, DFS was inferior (p=0.03) 

and OS was similar (Figure 4). None of the chromosomal breakpoints had a prognostic 

impact on outcome.
GW van Imhoff et al, January 7, 2006 
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Fig 4B 

figure 4. (a) Disease-free and (B) overall survival of follicular dendritic cells (fDC) positive (pos) 
versus fDC negative (neg) diffuse large B-cell lymphoma. 
Abbreviations N, number of patients; d, number of events.
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DisCussion

We investigated the prognostic relevance of immunophenotype and chromosomal 

breakpoints in a well-defined group of DLBCL patients with a homogeneous poor-risk IPI 

score, whose disease was treated up-front with HDT and ASCT. GCB immunophenotype 

as determined by the Hans algorithm, which includes CD10, bcl6, and MUM1/IRF4 as in-

dividual markers,10 conferred a significantly better survival than non-GCB immunopheno-

type. Additionally, we found a strong positive association between CD10 expression and 

response to treatment and survival. Expression of MUM1/IRF4 and bcl2 at cutoff levels of 

70% and 10%, respectively, were inversely correlated with survival. Breakpoint analysis of 

BCL6, BCL2, and MYC had no detectable prognostic impact.

Studies on the clinical relevance of biologic markers in DLBCL are frequently hampered 

by confounding factors, such as type of treatment and case-mix of patients with different 

IPI risk scores. This might partially explain why different groups studying the same marker(s) 

or combinations thereof reported controversial results. In our study, clinical presentation 

and age-adjusted IPI scores of both cohorts of poor-risk DLBCL patients were almost iden-

tical. Treatment, however, was not equal and might have influenced the results; in trial 

HO40 more chemotherapy (three intensified CHOP courses) had been administered before 

ASCT. Despite similar CR rates, a significantly better DFS, EFS, and OS in trial HO40 was 

observed.16 Nevertheless, the studied tumor markers were almost equally distributed in 

both trials and all immunophenotypic markers, including GCB- versus non-GCB phenotype, 

had similar prognostic relevance in both cohorts. Moreover, repeated analyses of prognostic 

factors with adjustment for trial did not alter the results. 

Grouping of DLBCL by gene expression profiling into GCB versus non-GCB derived tu-

mors has originally been based on algorithms containing a myriad of genes.5 Subsequently, 

a simple IHC algorithm, based on the expression of only three different proteins (CD10, 

bcl6, and MUM1/IRF4) could classify tumors in the same groups with similar prognostic re-

sults.10 Our study confirms these findings for survival in a group of poor-risk patients treated 

with up-front HDT and ASCT.

The prognostic impact of the algorithm not only depends on the relative prognostic 

value of the individual markers, but also on their hierarchical position in the algorithm 

and, especially in the case of MUM1/IRF4, on the applied cutoff value. CD10, a marker of 

follicular center B-cell differentiation,22 is placed at the first hierarchical level of the algo-

rithm. Reports concerning the prognostic value of CD10 in DLBCL are controversial,10-12,15,23-

26 possibly due to differences in IPI risk factors. In our study of homogeneous age-adjusted 

IPI poor-risk DLBCL patients, CD10+ immunophenotype correlated most strongly with im-

proved remission rate and outcome, supporting its hierarchical position in the algorithm. 

Expression of bcl6, a protein essential for germinal center formation,27 was observed in 

85% of our cases at a cutoff level of 10%, which is in agreement with the literature. All 
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cases harboring a BCL6 translocation expressed bcl6 protein, which might be caused by 

promoter substitution. Additional genetic alterations including point mutations in regula-

tory sequences of BCL6 might have accounted for the expression in the many other DLBCL 

cases in our and other series.28 The reported prognostic impact of bcl6 protein expression 

is controversial.11,12,29 We observed no prognostic impact of bcl6. Furthermore, the contri-

bution of bcl6 in the IHC algorithm on the outcome of classification GCB versus non-GCB 

immunophenotype in our study was rather small, mainly as a result of the very small per-

centage of bcl6 negative cases.

Expression of MUM1/IRF4, a marker of terminal differentiation of B cells,30 is inversely 

correlated with GCB-type DLBCL in gene expression arrays. MUM1 protein expression is 

correlated with adverse prognosis in DLBCL according to most,10,12,31 but not all, reports.11,15 

Cutoff values differ from 20% to 30%10-12,15 to 80%.31 In our study, a cutoff value of 30% 

had no prognostic value. Using a cutoff value of 70% we observed a small group of pa-

tients with a very short median survival of 10 months. This effect was independent of CD10 

expression. Higher cutoff levels for MUM1 might improve its performance as a single prog-

nostic marker, as well as in prognostic algorithms as suggested by our results. 

Recently, Moskowitz et al32 observed no correlation between GCB versus non-GCB phe-

notype and outcome in 88 patients with relapsed/primary refractory DLBCL eligible for 

second-line treatment followed by ASCT. The authors hypothesized that the prognostic 

value of the IHC algorithm was overcome by HDT and ASCT. In our study of patients treated 

with HDT and ASCT as first-line treatment, this apparently was not the case. Whether the 

prognostic value of GCB or other biologic markers in DLBCL would disappear with new 

treatment modalities remains to be investigated. Notably, neither our patients, nor those of 

Moskowitz et al, had been treated with anti-CD20 monoclonal antibodies (rituximab). 

The results of other markers investigated in our study are of particular interest. We 

confirmed the strong negative correlation of bcl2 expression with survival, which was re-

ported previously.3,11,14,31,33-36 We also analyzed the prognostic relevance of bcl2 expression 

in conjunction with BCL2/18q21 breaks, because expression of bcl2 protein might also 

be the result of distinct other mechanisms and as such confer a different prognosis.18-21 

The negative effect of bcl2 protein expression on survival was observed both in the pres-

ence and absence of BCL2 translocations. Moreover, within the 18 bcl2-expressing GCB-

type DLBCL, no difference in outcome was observed between cases with and without the 

BCL2 breakpoint. Thus, we could not confirm the negative correlation with survival of BCL2 

breakpoints within the GCB group as reported by Barrans et al.21 This suggests a dominant 

effect of overexpression of bcl2 protein, irrespective of the underlying mechanism. Adding 

rituximab to chemotherapy strongly improves outcome in DLBCL.37-39 As improvement was 

most pronounced in patients with tumors expressing bcl2 protein, the negative effect of 

bcl2 protein expression might diminish in future patients treated with rituximab.40 
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The percentages of DLBCL with breakpoints for MYC, BCL2, and BCL6 were comparable 

with those found in a larger series from a population-based Dutch registry.3 MYC rearrange-

ments in DLBCL may be secondary genetic events and may be associated with aggressive 

clinical behavior. Half of the MYC-positive cases in our study had additional breakpoints 

of BCL2 or BCL6. Median survival rates for the nine patients with MYC rearrangement (in-

cluding the four cases with double hits) tended to be inferior to rates for patients without 

the MYC rearrangement (nonsignificant). Due to small numbers, our study had insufficient 

power to detect possibly moderate but clinically relevant differences between the sub-

groups. 

The prognostic impact of CD21+ FDC networks was unexpected. Although not asso-

ciated with GCB immunophenotype, the clinical data of these cases mimicked the high 

response rates but increased relapse rates of follicular lymphomas naturally containing such 

mesh works. Utmost care was taken to exclude lymphomas having any follicular growth 

pattern or component. In addition, we could exclude discordant lymphoma in three of the 

five FDC+ cases with bone marrow involvement. Katzenberger et al41 reported the pres-

ence of FDC mesh works in DLBCL with BCL6/3q27 translocation. We did not find such a 

correlation. Nevertheless, the abundance of FDC mesh works in some of our DLBCL cases, 

even at extranodal sites without naturally occurring FDCs, might indicate an intricate active 

interaction between the tumor cells and FDC.41 

In conclusion, in this clinically homogeneous group of poor risk DLBCL patients, we 

observed a strong prognostic influence of intrinsic biologic markers such as bcl2 expres-

sion and GCB immunophenotype, which was not overcome by up-front HDT and ASCT 

therapy.
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suMMary

The main subject of this thesis is the molecular definition of BL. Using this definition 

we focused on the distinction between BL and DLBCL and tried to answer the question 

whether the so-called “gray-zone” cases should be considered as BL, DLBCL or deserve 

their own diagnostic entity. 

Although there are three clinical variants of BL, this thesis focuses on the sporadic vari-

ant, as most of the research was performed on tumors from patients in The Netherlands. In 

chapter 2 the epidemiology and clinical presentation of sporadic BL in The Netherlands are 

discussed. We observed a bimodal age distribution with a peak for pediatric patients and a 

steady rise after the age of 60 years, which was more distinct in male compared with female 

patients. More in general there was a strong male preponderance which was more distinct 

in pediatric compared with adult patients. These findings, together with the observed dif-

ferences in clinical presentation suggested that there might be differences between BL in 

pediatric versus adult patients and perhaps even between female and male patients. 

In chapter 3 we tried to make the distinction between BL and other lymphomas in a co-

hort of difficult to classify Burkitt-like DLBCL cases with the criteria commonly used in daily 

practice: morphology, immunophenotype and FISH for MYC, BCL2 and BCL6 translocations. 

Two approaches were compared: the first was based on morphology and immunopheno-

type alone, while the second used an algorithm based on immunophenotype and genetic 

translocations. The two approaches disagreed in 20% of the cases. Because of the lack of 

uniform clinical data, it could not be decided which algorithm was superior and therefore 

no clear split between BL and DLBCL could be made using these techniques, remaining with 

a subset of “gray-zone” cases. 

In chapter 4 we used a newer and more robust technique (gene expression analysis) and 

created a molecular classifier that distinguished BL from DLBCL. The gene expression pro-

file of BL consisted of four different clusters: 1) MYC and its target genes and 2) germinal 

center B-cell genes, which were both higher in BL compared with DLBCL; and 3) MHC class 

I genes and 4) a set of NFΚB target genes, which were both lower in BL compared with 

DLBCL. The constructed molecular classifier confirmed the morphological diagnosis in all 

but one case of classic DLBCL (n=223) and all classic (n=25) BL cases, as well as all but one 

case of atypical BL (n=20). No differences in gene expression were found between morpho-

logical classic and atypical BL. Although the classifier could distinguish 5 out of 6 DLBCL 

cases with a MYC translocation from BL, a “gray-zone” of 9 discrepant BL cases (cases with 

DLBCL morphology, but a gene expression profile of BL) remained. 

In chapter 5 we used conventional comparative genomic hybridization (CGH) to study 

the genetic aberrations of 51 patients with an gene expression profile of BL. We showed 

that classic and atypical BL cases, carrying a molecular profile of BL, do not differ in under-
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lying chromosomal alterations. Despite the similar gene expression profile, the discrepant 

BL cases appeared to form a genetic entity distinct from BL and even from DLBCL. In addi-

tion, we demonstrated that chromosomal imbalances in frequently affected regions lead to 

locus-specific as well as global gene expression changes. 

In chapter 6 we defined a genetic profile for BL, by incorporating karyotyping from all BL 

cases reported in literature. We selected a core subset of BL and determined its cytogenetic 

profile. Opposite to what we expected from the data of chapter 2, but in accordance with 

the data from chapter 5, very few genomic differences were found between pediatric and 

adult patients within this core subset. We also showed that the BL cases with an IG-MYC 

translocation had relatively few genomic aberrations when compared with other types of 

B-NHL with such a translocation. We then compared this genetic profile of morphologic BL 

cases with a number of “gray-zone” entities: 1) morphologic BL cases with no MYC trans-

location, 2) a non-IG-MYC translocation or 3) an additional translocation involving BCL2, 

BCL6 and/or CCND1. The genetic profiles of these groups were very different from the 

profile of the core BL subset and even more similar to the other B-NHL cases. We therefore 

concluded that these “gray-zone” cases should not be considered to be true BL cases.

In chapter 7 we studied the biological heterogeneity of the lymphoma subype that is 

most closely related to BL, i.e. DLBCL. We investigated the prognostic relevance of certain 

immunophenotypic and genetic markers in a well-defined group of poor-risk DLBCL pa-

tients, who were treated with high-dose intensive chemotherapy and autologous stem cell 

transplantation. The well known favorable outcome of tumors with a germinal center B-cell 

(GCB) phenotype could also be demonstrated in this subset of poor-risk DLBCL. In addition, 

bcl2 protein expression was inversely correlated with survival. Breakpoints of either MYC, 

BCL2 and/or BCL6 had no prognostic impact in this cohort.

Box 1. The definition of Burkitt lymphoma.

Morphology
Medium sized cells with round nuclei and basophilic cytoplasm
Cohesive growth pattern
Starry sky pattern

Immunohistochemistry
Pan B cell markers (CD20+, CD79+)
CD10+, bcl6+, bcl2-, TdT-
Ki-67+ >95%

Genetics
IG-MYC translocation
No BCL2, BCL6 or CCND1 translocation
Few non-specific numerical aberrations

Gene-expression
Conform molecular classifiers
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DisCussion – THE DisCTinCTion BETWEEn BL anD DLBCL

In daily practice, the distinction between BL and DLBCL is made based on clinical pa-

rameters (such as age, gender, site of involvement) combined with pathological parameters 

(morphology, immunohistochemistry (IHC) and translocation status of MYC).1 It has impor-

tant clinical implications as the treatment given for BL differs greatly from the treatment 

given for DLBCL. BL treatment consists of more intensive chemotherapy and additional CNS 

prophylaxis in extensive cases.2 Based on the mentioned parameters, classic BL and clas-

sic DLBCL cases can more or less easily be distinguished by an expert hematopathologist. 

However, it is generally recognized that a certain “gray-zone” exists in between, with cases 

having characteristics of both entities. Terms for these “gray-zone” cases used in past and 

recent lymphoma classifications include undifferentiated lymphoma, non-Burkitt’s type,3 

small non-cleaved cell, non-Burkitt lymphoma; high grade B cell lymphoma, Burkitt-like;4 

Burkitt-like lymphoma and atypical Burkitt lymphoma.1 Such cases are more common in 

adult patients compared with children, firstly because the morphology of BL is more often 

atypical in adults and secondly because DLBCL, with a subset of cases mimicking BL, is 

much more common in adults compared with children. Using morphology and IHC as diag-

nostic tools even experienced hematopathologists have difficulties to distinguish BL, highly 

proliferative variants of DLBCL and one of these (provisional) entities.5 New parameters in 

addition to morphology are needed. In this thesis, we defined BL with a number of molecu-

lar (semi)quantitative techniques. This definition might be used to provide a more robust 

guide-line for decision making on the border between BL and these “gray-zone” cases. In 

the following paragraphs the value of the used techniques is discussed and compared with 

similar publications in the same era.

Can we distinguish BL and DLBCL based on morphology, iHC and fisH 
alone?

Several groups have studied the criteria used by the 2001 WHO classification (i.e. mor-

phology, IHC and FISH) for the distinction between BL and DLBCL. We compared the more 

or less subjective combination of morphology and IHC with a more objective algorithm of 

IHC markers and FISH (chapter 3). We selected 10 classic pediatric BL cases and 73 adult 

cases with either a BL or Burkitt-like morphology and used two different approaches for 

determining a diagnosis: approach A used a combination of clinical parameters, morphol-

ogy and IHC (classic approach), while approach B used a fixed algorithm of IHC markers 

and genetics (modern approach). Both approaches fully agreed on all classic pediatric BL 

cases. When comparing the approaches (Table 1), 15 cases were diagnosed as BL by both 

(in addition to the 10 classic pediatric BL cases) and 44 as DLBCL. They disagreed in 14 out 

of 73 adult cases (19%). As there is no golden standard for the distinction between BL and 

DLBCL and the clinical data were heterogeneous regarding the given regimen, it could not 
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be decided which algorithm was superior and should be followed. Therefore we considered 

the cases, for which the approaches disagreed to be true “gray-zone” cases (either mor-

phologic BL cases with atypical immunophenotype and/or absence of a MYC translocation, 

or morphologic DLBCL with typical immunophenotype and presence of MYC translocation). 

To be as strict as possible with regard to the diagnosis of BL, we suggested that in addition 

to a typical morphology, Ki-67 positivity >90%, CD10+, bcl6+ and bcl2- in combination 

with a MYC translocation as determined by FISH analysis should be considered mandatory 

for the diagnosis of BL. Cases not fulfilling all these criteria should be regarded either as 

DLBCL or as “gray-zone” cases, but not as BL. 

The validity of the combination of the classic and more modern approach was tested in a 

number of other studies, which used similar algorithms for defining BL. Chuang et al6 com-

pared 28 BL (16 pediatric and 12 adult) with 16 cases of DLBCL with Burkitt-like features 

(high proliferation index and starry-sky appearance; all adults). They found that an algo-

rithm consisting of CD10+, bcl6+, bcl2- and Ki-67 >95% could classify the majority of cases 

as either BL or DLBCL in accordance with their morphological diagnosis, without knowledge 

of the translocation status of MYC. They found only four “gray-zone” cases (9%), for which 

the algorithm and morphology did not agree. Nakamura et al7 compared 10 morphologic 

BL cases with 5 morphologic DLBCL cases, all harboring a MYC translocation. Based on the 

same algorithm of CD10, bcl6, bcl2 and Ki-67, they could correctly classify 8/10 BL and 

5/5 DLBCL, whereas only 2 cases (13%) had an aberrant immunophenotype. Sevilla et al8 

demonstrated that assessment of a MYC translocation had additional value. They selected 

33 cases with Burkitt morphology, of which 18 harbored a MYC translocation and 15 did 

not. Seventeen of the MYC translocation positive group harbored a typical morphology and 

immunophenotype for BL, whereas 7/15 MYC translocation negative cases also harbored 

such a phenotype. The latter cases were not regarded as BL purely based on their negative 

translocation status of MYC. A much larger group of “gray-zone” cases was found by Mc-

Clure et al9 in a cohort of adult patients. They described nine pediatric BL cases with typical 

morphology and immunophenotype harboring a MYC translocation. However, from their 

31 adult morphological Burkitt-like lymphomas, none met all criteria for classic BL (i.e. typi-

cal immunophenotype and a proliferation index >95% in combination with a MYC trans-

Table 1. Comparison of the classic and more modern approach for definition of BL.

Approach A* - classic

BL DLBCL

Approach B† - modern BL 15 8‡

DLBCL 6§ 44

* Approach A is based on clinical parameters, morphology and IHC. † Approach B is based on IHC 
and FISH alone: cases were diagnosed as BL when they were CD10+, bcl6+, bcl2-, Ki-67+ >95% and 
harbored a MYC translocation and no BCL2 or BCL6 translocation. If one (or more) of these criteria was 
not met the diagnosis was DLBCL. ‡ Due to incompatible morphology (i.e. nuclear polymorphism) § Due 
to a double translocation (n=3), lack of a MYC translocation (n=1) and/or bcl2 protein expression (n=5)
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location). Cogliatti et al10 also found a rather large group of “gray-zone” cases. Applying 

the above mentioned algorithm they found that only 9/24 morphologic aBL/BL and 10/15 

morphologic DLBCL cases could be classified as such, and 20 cases (51%) had intermediate 

characteristics. Frost et al11 demonstrated that the diagnostic dilemma is less important in 

children. They compared 33 classic BL cases with 20 classic DLBCL cases in children. The 

cases could be easily divided in BL and DLBCL with the use of IHC alone, as they showed 

significant differences in c-myc, bcl2 and Ki-67 protein expression. The differences in CD10 

and bcl6 were not of added value, as the greater majority of cases was positive for both 

CD10 and bcl6. If we add the notion that BL and DLBCL are treated identical in pediatric 

patients with very similar results,12 it is clear that the above mentioned diagnostic dilemma 

is especially important in the adult patient.

We therefore conclude that based on a combination of morphology, IHC and FISH we 

can reliably distinguish the black and the white of the BL – DLBCL spectrum. Although it 

is reduced by applying these techniques,  a relatively large “gray-zone” still remains in 

between, especially in adult patients. Additional criteria are needed to shed light on this 

“gray-zone”.

Does gene expression profiling sharpen the border between BL and 
DLBCL?

In the last decennium gene expression profiling using micro-array experiments has been 

performed in a wide range of malignancies.13,14 It has been used to distinguish different 

entities and even different biologic or prognostic groups within those entities. Concerning 

the distinction between BL and DLBCL, studies based on gene expression were published by 

the Lymphoma/Leukemia Molecular Profiling Project (LLMPP) (chapter 4) and the Molecular 

Mechanisms in Malignant Lymphomas Network (MMML).15 In both studies different bio-

informatical methods to determine a gene expression profile of BL were used. This profile 

was then used to differentiate between BL and DLBCL. While the methods and results of 

both publications were different, the conclusions were comparable. It was later demon-

strated that both predictors identified the same cases as molecular BL in both data sets.16 

Classic BL could easily be recognized by gene expression profiling and could reliably be 

distinguished from clear-cut morphologic DLBCL cases. Furthermore, on a gene expression 

level no differences could be found between morphologically classic and atypical BL cases 

(both harboring a typical immunophenotype and a MYC translocation). Although more 

light was shed on the “gray-zone” between BL and DLBCL (e.g. morphologic DLBCL cases 

with a MYC translocation were reliably defined as DLBCL and not as BL), problems still ex-

isted. First, in both studies an intermediate group of cases which did not fulfill the molecular 

criteria for either BL or DLBCL (i.e. the “gray-zone” cases) remained. In the MMML study, 

this group made up 22% of all cases, while the LLMPP found only one such case (1%). 

Secondly, both studies found a number of cases appointed to the molecular BL category 
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which should not have been regarded as BL according to the current definition of BL (e.g. 

cases without a MYC translocation or cases with a MYC translocation and with clear bcl2 

protein expression or even harboring an additional BCL2 translocation). Efforts to provide 

evidence whether these cases should be considered as BL or as “gray-zone” cases based 

on survival data were hampered by small numbers and heterogeneity of treatment or other 

confounding factors.

In conclusion, the distinction between BL and DLBCL can be made with a relative high 

level of certainty using gene expression. While in particular morphology and to a lesser 

extent immunophenotyping remain more or less subjective, quantitative expression analysis 

of a large number of genes is more objective and should therefore be considered to be 

more consistent. However, although the borders of BL seem to be sharpened by the use of 

gene expression, they have also been extended to include cases that would previously not 

have been considered as BL. Whether we should comply with these new borders and regard 

these cases as BL or should stick with the borders set by the current diagnostic approach 

with a combination of morphology and immunophenotype remains to be determined.

What kind of genomic aberrations are typical for BL?
As a third approach the genetic aberrations in addition to the MYC translocation were 

compared between BL and DLBCL. Again both the LLMPP (chapter 5) and the MMML15 

published separately on the subject. We  found that, based on conventional CGH,  classic 

and atypical BL cases harbored only very few genetic aberrations, while both the discrepant 

BL cases (cases with a gene expression profile of BL but with either DLBCL morphology, an 

atypical immunophenotype or an additional translocation of BCL2) and the DLBCL cases17 

harbored significantly more numerical aberrations. In addition, the distribution of the aber-

rations was different between the groups. Additional translocations involving either BCL2 

or BCL6 were also more often found in the discrepant BL cases and DLBCL compared with 

BL. The MMML used a different approach.15 Based on arrayCGH data they distinguished 

three subgroups: 1) “MYC-simple”, i.e. cases which harbor a MYC translocation, without 

a BCL2 or BCL6 translocation and few (<6) numerical aberrations; 2) “MYC-complex”, i.e. 

cases which harbored either a non-IG-MYC translocation, and/or a BCL2 or BCL6 transloca-

tion in addition to a MYC translocation and/or a high number (>6) of numerical aberrations; 

and 3) “MYC-negative”, i.e. all cases without a MYC-translocation. The cases with a gene 

expression profile of BL were predominantly MYC-simple, while the molecular non-BL cases 

were mostly MYC-negative and the intermediate group was mainly MYC-complex. These 

data suggest that the discrepant cases (LLMPP) or the intermediate group (MMML) should 

not be regarded as BL, as they harbor a different genetic make-up. In chapter 6 we provide 

additional evidence that BL should be considered as a genetically simple entity with an IG-

MYC translocation, and that cases harboring a large number of numerical aberrations or an 

additional translocation of either BCL2, BCL6 or CCND1 should not be considered as BL.
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From these data, it could be concluded that BL cases should harbor a MYC translocation 

towards one of the IG loci (IG-MYC), no additional BCL2, BCL6 or CCND1 translocation and 

only few numerical aberrations. The cut-off for “few” numerical aberrations depends on 

the resolution of the used technique. Cases with a molecular signature of BL that do not 

comply with these criteria should not be regarded as BL.

Conclusions
From the data presented in this thesis we suggest the following algorithm for definition 

of BL (Box 1): In addition to a typical morphology, cases should show a typical immunophe-

notype, harbor an IG-MYC translocation and only few additional numerical genetic aber-

rations, whereas they should not harbor a translocation involving BCL2, BCL6 or CCND1. 

Cases that do not fulfill all these criteria should not be considered as BL, but rather as 

DLBCL or “gray-zone”. Therefore, it would be our suggestion to submit all cases that are 

considered as BL based on morphology, for extensive immunophenotyping, determination 

of the translocation status and partner of MYC, determination of the translocation status of 

BCL2, BCL6 and CCND1 and genetic screening of numerical aberrations. As implications of 

the gene expression studies for clinical practice remain to be determined, additional frozen 

material should be stored for future gene expression studies whenever possible.

Another conclusion is that although the “gray-zone” between BL and DLBCL has partly 

been sorted out in either BL and DLBCL using these new techniques, the “gray-zone” still 

exists. The borders towards BL have, however, been set. This is also recognized in the new 

2008 WHO classification were a special category is created for these cases: “B-cell lym-

phoma, unclassifiable, with features intermediate between DLBCL and BL”. Although the 

construction of such a new and clearly heterogeneous group might not be desirable from a 

clinical point of view, it will surely encourage new efforts to sort out this new waste-basket 

of lymphoma classification and ultimately lead to new treatment options for these types of 

lymphoma. 
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While the results from gene expression studies have delivered tremendous amounts of 

data, the impact of these findings on daily clinical practice remains unclear. As gene expression 

experiments are labor-intensive, expensive and require frozen tissue, micro-array experiments 

have not (yet) been incorporated in routine diagnostics. A feasible alternative would be the 

measurement of the expression of a selection of genes by RT-PCR or proteins by IHC. This 

approach has already had considerable success in the distinction of different subgroups of 

DLBCL.18-20 Of course, the question remains which and how many genes should be selected 

for the distinction between BL and DLBCL. Regarding the choice of genes, a selection from the 

different gene signatures from the LLMPP would be a good starting point. A first effort was 

made by Rodig et al, who selected three genes from the LLMPP gene expression signatures.21 

Using a immunohistochemical algorithm consisting of CD44, TCL1 and CD38 they were able 

to predict the translocation status of MYC with considerable success (sensitivity and specitivity 

was higher than an algorithm based on CD10 and bcl2 expression), but still an overlap existed. 

Additional efforts will be needed to determine the optimal combination of genes or proteins 

to be used for the distinction between BL and DLBCL. The challenge will be in finding an 

algorithm which uses not more than a handful of genes but harbors a sensitivity and specific-

ity superior to the techniques already used. The search for such an algorithm to distinguish 

BL from DLBCL (comparable to the algorithm to distinguish GCB and ABC-DLBCL as used in 

chapter 7) would be considered to be a “holy grail” in this field for the coming years.

Another challenge lies with the clinical fate of the “gray-zone” cases. We have shown 

that these cases should not be considered as BL or DLBCL, but should be classified other-

wise. This has also been recognized by the most recent WHO classification with the creation 

of a provisional category for such cases. However, the treatment of these cases remains un-

certain. As they are often more aggressive than classic DLBCL cases, one might expect that 

they would respond to more aggressive (Burkitt-like) treatment regimens. This has already 

been tested in small series, but especially the cases with a second translocation in addition 

to MYC – the so-called double hit lymphomas –  appeared to have a very poor outcome, 

even when treated with high-dose intensive chemotherapeutic regimens.22,23 New treat-

ment options for these patients will have to be developed and tested. 

Finally the data obtained in the different studies could be combined in an effort to unravel 

the patho-physiological basis of BL itself. A first effort on combining the gene expression 

data with the genetic aberrations has already been performed in chapter 5. We have already 

repeated these experiments with a more detailed technique in a relatively small but very ho-

mogenous cohort of pediatric BL cases. This has pointed towards a number of regions such 

as gain/amplification of 13q31-32 and loss of 17p. These regions harbor interesting potential 

target genes, such as MIRH124,25 and TP53 and HIC1.26 As BL is a genetically rather simple dis-

ease, combined occurrence of numerical aberrations with other (epi)genetic phenomena like 
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acquired uniparental disomy (UPD)27,28 and (hyper)methylation29  should also be explored. A 

next step would then be to test these possible target genes in functional studies.
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nEDErLanDsE saMEnVaTTinG

Dit proefschrift gaat over verschillende typen maligne lymfomen. Een maligne lymfoom 

is een maligniteit van de lymfocyten en wordt ook wel lymfeklierkanker genoemd. Lymfo-

cyten zijn cellen die een belangrijk onderdeel van het immuunsysteem van het menselijk 

lichaam vormen en met name in de lymfeklieren voorkomen. Per jaar wordt in Nederland 

bij ongeveer 3000 nieuwe patiënten de diagnose maligne lymfoom gesteld. Maligne lymfo-

men worden van oudsher in twee groepen ingedeeld: het Hodgkin lymfoom (HL, als eerste 

beschreven door Thomas Hodgkin in 1832) en het non-Hodgkin lymfoom (NHL). Het NHL 

komt in Nederland ongeveer vier maal vaker voor dan het HL. Terwijl het HL relatief homo-

geen is, beslaat het NHL ongeveer 60 verschillende entiteiten, ieder met een eigen klinische 

presentatie, morfologie, biologie, behandeling en prognose. Dit proefschrift gaat over twee 

typen NHL en het onderscheid ertussen: het Burkitt lymfoom (BL) en het diffuus grootcellig 

B-cel lymfoom (diffuse large B-cell lymphoma, DLBCL). 

Het Burkitt lymfoom heeft karakteristieke eigenschappen
Het BL is de meest agressieve vorm van NHL die we kennen met een verdubbelingstijd 

van het aantal cellen van tussen de 24 en 48 uur. In Nederland komt het BL ongeveer 50 

keer per jaar voor. De meerderheid van de gevallen treedt bij kinderen op (80%) en dan met 

name bij jongens (drie tot vier keer zoveel als bij meisjes). In kinderen is het BL het meest 

voorkomende type NHL, waarmee het NHL in Nederland na leukemieën en hersentumoren 

de derde vorm van kanker bij kinderen is. In volwassenen is het BL daarentegen een vrij 

zeldzame vorm van NHL (ongeveer 1-2%).

Het BL ontstaat uit de antilichaam-producerende cellen van het immuunsysteem, de 

B-cellen. Tijdens de rijping van deze B-cellen en de hierbij gepaard gaande selectie van an-

tilichamen (immunoglobulines), vinden in een zeer hoog tempo genetische herschikkingen 

plaats. Fouten bij dit proces leiden onder andere tot translocaties van DNA (zie afbeelding 

1). De t(8;14) translocatie waarbij het MYC gen (liggend op het uiteinde van de lange arm 

van chromosoom 8), naast het immunoglobuline gen (liggend op het uiteinde van de lange 

arm van chromosoom 14) komt te liggen is karakteristiek voor het BL. Waar in normale B-

cellen een zeer hoge expressie van het immunoglobuline gen zou plaats vinden, vindt in de 

BL cel als gevolg van de translocatie een zeer hoge expressie van het MYC gen plaats. Hoge 

expressie van het MYC gen heeft diverse oncogene (kankervormende) eigenschappen, zo-

als toename van celdeling en groei, het onsterfelijk worden van de cel en afname van de 

genetische stabiliteit. Het leidt echter ook tot gereguleerde celdood (iets wat tumorgroei 

tegen zou moeten gaan). Dit effect wordt weer gecompenseerd door fouten in andere 

genen, zoals bijvoorbeeld inactiverende mutaties in het P53 gen (een belangrijk apoptose 

gen, betrokken bij diverse soorten kanker).
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Onder het microscoop heeft het BL een karakteristieke verschijning (morfologie): een 

homogene groei van middelgrote cellen met ronde celkernen en een donkerpaarse aan-

kleuring van het cytoplasma. Op hoge vergroting worden veel delingsfiguren (teken van 

snelle celgroei) en sterrenhemelmacrofagen (die de celresten van apoptotische cellen ver-

teren) gezien. Naast deze klassieke verschijning bestaat er ook een morfologische variant: 

het atypische BL (aBL), welke iets meer onregelmatigheid van de celkernen laat zien. Beide 

brengen een karakteristieke combinatie aan eiwitten tot expressie: o.a. B-cel markers (bijv. 

CD20), kiemcentrumcelmarkers (bijv. CD10 en bcl6) en delingsmarkers (Ki-67 is positief in 

>95% van de cellen). BL cellen behoren geen bcl2 (een anti-apoptotisch eiwit) of TdT (een 

enzym dat actief is in heel vroege B-cellen) tot expressie te brengen.

Het BL behoeft vanwege zijn biologie ook een zeer karakteristieke behandeling. Er wordt 

gebruik gemaakt van verschillende middelen in een hoge dosering die worden toegediend 

volgens een intensief schema. Doordat chemotherapie met name delende cellen doodt 

en het BL een zeer grote delingssnelheid heeft, wordt gekozen voor een combinatie van 

verschillende celdodende middelen (cytostatica) die in staat is veel cellen in korte tijd aan te 

pakken. Alleen met een dergelijke aanpak is de prognose van het BL relatief gunstig. Wan-

neer het BL in een vroeg stadium wordt ontdekt, kan genezing in meer dan 90% van de 

kinderen worden bereikt. In volwassenen zijn de resultaten iets minder positief, maar zeker 

nog goed te noemen.

der(8)

IGH enhancer
MYC

Chr.8 Chr.14 der(14)

IGH

a  Normal b  Classic t(8;14)

IGH enhancer

MYC

IGH

afbeelding 1. klassieke t(8;14) translocatie.
Links van de pijl zijn de normale chromosomen 8 en 14 weergegeven. De genen van interesse zijn 
aangegeven. Het immunoglobuline gen (IGH) staat onder directe controle van de IGH enhancer, 
waardoor de expressie van het gen hoog is. rechts van de pijl is de situatie na de translocatie 
weergegeven. Tijdens de translocatie heeft er uitwisseling van DNA tussen chromosoom 8 en 14 plaats 
gevonden. Als gevolg hiervan komt het MYC gen, in plaats van het IGH gen, onder invloed van de IGH 
enhancer te liggen. Aangezien de IGH enhancer in B-cellen continu is geactiveerd, neemt de expressie 
van MYC hierdoor enorm toe.
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Het diffuus grootcellig B-cel lymfoom is een zeer heterogene entiteit 
In tegenstelling tot het BL, komt het DLBCL veel vaker bij volwassenen voor, waar het 

bijna 40% van alle nieuwe gevallen van NHL betreft (ongeveer 800 nieuwe DLBCL patiën-

ten per jaar in Nederland). In kinderen is het de tweede vorm van NHL, maar omdat NHL 

in volwassenen veel vaker voorkomt dan in kinderen, zien we het DLBCL met name bij 

volwassen patiënten. 

Het DLBCL ontstaat eveneens uit B-cellen, maar het moment in de uitrijping van de B-cel 

waarop het lymfoom ontstaat is anders dan bij het BL. Het DLBCL heeft een heel scala aan 

mogelijk biologische oorzaken (onder andere translocaties van MYC, BCL2 of BCL6, maar 

ook mutaties in of amplificatie van bepaalde oncogenen), waardoor het een zeer hetero-

gene entiteit is.

Qua morfologie kan het DLBCL variëren van slechts een aantal zeer grote cellen in een 

achtergrond van reactieve cellen (lijkend op HL), tot een diffuse groei van grote, atypische 

cellen (typische verschijning voor DLBCL), tot relatief vrij kleine cellen die op een homogene 

manier groeien (daarmee lijkend op BL).

De behandeling is voor alle gevallen van DLBCL vrijwel gelijk en bestaat eveneens uit 

verschillende cytostatica. Welke middelen worden gebruikt is afhankelijk van het klinische 

risicoprofiel (bekend als International Prognostic Index, de IPI) van de individuele patiënt. 

Het meest gebruikte schema (R-CHOP) bestaat uit meerdere middelen, maar is minder in-

tensief en heeft minder bijwerkingen dan het schema voor BL. Ongeveer driekwart van de 

patiënten reageert goed op de behandeling, en ongeveer de helft geneest.

De afgelopen jaren is veel onderzoek verricht naar het onderscheiden van subgroepen 

binnen deze zeer heterogene groep van lymfomen. Een van de belangrijkste ontdekkingen 

was het onderscheid tussen het zogenaamde germinal-center B-cell of GCB type (kiemcen-

trumcel type, uitgaande van relatief jonge B-cellen; te vergelijken met het stadium waarin 

BL cellen zich bevinden) en het activated B-cell of ABC type (geactiveerde type, uitgaande 

van geactiveerde en daarmee meestal iets rijpere B-cellen), waarbij het eerste type bij een 

gelijke behandeling een gunstigere prognose heeft dan het tweede type.

Het onderscheid tussen BL en een subgroep van DLBCL is niet altijd 
eenvoudig

Terwijl het BL een relatief homogene entiteit is, is het DLBCL zoals gezegd zeer he-

terogeen. Binnen het brede spectrum van het DLBCL bestaat een subgroep met meer-

dere karakteristieken van het BL (bijvoorbeeld typische morfologische kenmerken en/of 

tot expressie brengen van een of meerdere typische eiwitten en/of het hebben van een 

MYC translocatie). Deze groep van lymfomen, die in het verleden diverse namen heeft 

gehad zoals Burkitt-like lymphoma of non-Burkitt’s lymphoma, vormt het probleem dat in 

dit proefschrift wordt besproken. Het onderscheid tussen BL en deze subgroep van DLBCL 

met meerdere BL-kenmerken is op individueel niveau met de huidige technieken (morfolo-
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gie en eiwitkleuringen) lastig te maken, terwijl dit belangrijke consequenties heeft voor de 

keuze van behandeling en dus de prognose. Enerzijds behoeven patiënten met een BL een 

intensievere chemotherapiekuur dan DLBCL patiënten. Anderzijds leidt het blootstellen van 

DLBCL patiënten aan de BL behandeling tot ongewilde bijwerkingen of, zeker bij oudere 

patiënten die de zware chemotherapie in het algemeen slechter verdragen, zelfs tot de 

dood. In dit proefschrift hebben wij het BL met een aantal huidige en nieuwe technieken 

gedefinieerd en zo geprobeerd het onderscheid tussen het BL en het DLBCL te verbeteren.

In hoofdstuk 2 beschrijven we de epidemiologie en de klinische presentatie van het 

Burkitt lymfoom in Nederland. We vinden een bi-modale leeftijdsverdeling met een piek 

rond de leeftijd van 10 en een stijgende incidentie na de leeftijd van 60, welke met name 

waarneembaar is bij mannelijke patiënten. Het BL blijkt verder bij mannen ongeveer twee 

keer vaker voor te komen dan bij vrouwen. Bij kinderen is dit verschil nog sterker: onder 

de 15 jaar is meer dan 80 procent van de patiënten van het mannelijke geslacht. Bij het 

vergelijken van de klinische presentatie tussen kinderen en volwassen wordt een aantal 

opvallende verschillen gevonden. Dit tezamen suggereert dat er sprake zou kunnen zijn van 

een verschillende ziekte bij kinderen versus volwassenen.

In hoofdstuk 3 hebben we geprobeerd het onderscheid tussen het BL en een groep 

DLBCL met meerdere BL-kenmerken te maken met gebruik van de technieken die op dit 

moment in de dagelijkse praktijk worden gebruikt. Twee benaderingen worden vergeleken: 

benadering A, welke bestaat uit een diagnose gesteld door een patholoog op basis van 

morfologie en eiwitexpressie en benadering B, welke bepaald wordt door een combinatie 

van eiwitkleuringen en translocatie-analyses (FISH). De benaderingen komen in 20% van 

de gevallen niet overeen in hun diagnose. Omdat er geen gouden standaard beschikbaar is 

en de beschikbare klinische data te heterogeen zijn, is onduidelijk welke benadering superi-

eur is en gevolgd zou moeten worden. De groep waarbij de benaderingen het oneens zijn, 

wordt daarom beschouwd als een tussengroep, de “grijze-zone” gevallen.

Omdat met de huidige technieken er dus geen scherp onderscheid te maken is tussen 

BL en DLBCL hebben we in hoofdstuk 4 een nieuwe techniek toegepast: de genexpressie 

micro-array. Een micro-array analyse is een techniek waarbij gelijktijdig duizenden verschil-

lende metingen van genexpressie gedaan kunnen worden in een experiment. Op basis van 

al deze metingen is een genexpressie profiel voor het BL geconstrueerd. Dit profiel bestaat 

uit vier verschillende clusters, op basis waarvan een classificatie-algoritme is gemaakt. Dit 

algoritme is in staat om in alle klassieke gevallen van DLBCL en in vrijwel alle gevallen van 

BL de correcte diagnose (in overeenstemming met het oordeel van de patholoog) te stellen. 

Bovendien worden er geen verschillen op het niveau van genexpressie gevonden tussen het 

klassieke en atypische BL, terwijl het verschil tussen BL en DLBCL gevallen met een MYC 

translocatie duidelijk aanwezig is. Ondanks deze positieve resultaten, blijft er toch nog een 

groep van “grijze-zone” gevallen over: gevallen met een evidente DLBCL morfologie en/of 

eiwitexpressiepatroon, welke op basis van genexpressie als BL worden beschouwd. Of deze 
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uitzonderlijke lymfomen als BL beschouwd moeten worden en de patiënten als zodanig 

behandeld moeten worden blijft vooralsnog onduidelijk. 

In hoofdstuk 5 passen we wederom een nieuwe techniek toe: comparative genomic 

hybridization (CGH). Met deze techniek is het mogelijk om voor alle chromosomen tegelijk 

na te gaan of er stukken DNA verloren zijn gegaan (loss) of vermeerderd zijn (gain). Ook 

onderzoeken we of een verlies of winst van specifieke chromosomale gebieden effect heeft 

op de expressie van genen in de betreffende gebieden. Wanneer we het patroon van de 

afwijkingen en de hoeveelheid afwijkingen vergelijken, zien we wederom geen verschillen 

tussen de klassieke en atypische morfologische variant van het BL. Ook blijkt er (ogen-

schijnlijk in tegenstelling tot wat we vonden in hoofdstuk 2) binnen het BL tussen kinderen 

en volwassenen geen verschil te zijn in zowel de genexpressie als de hoeveelheid of het 

patroon van de genetische afwijkingen. De in hoofdstuk 4 beschreven “grijze-zone” geval-

len blijken echter (ondanks hun identieke genexpressie profiel) significant meer, maar ook 

andere genetische afwijkingen te bevatten dan het BL. 

In hoofdstuk 6 hebben we van alle BL en alle lymfomen met een MYC translocatie die in 

de wereldliteratuur beschreven zijn de chromosomale veranderingen, die met de klassieke 

cytogenetische benadering (karyotypering) kunnen worden waargenomen, verzameld. Bij 

karyotypering worden alle losse chromosomen van een cel onder het microscoop bekeken 

en worden de structurele afwijkingen (gains, losses en translocaties) beschreven. Het BL 

blijkt opvallend weinig genetische afwijkingen te bevatten, veel minder dan andere typen 

lymfomen met een MYC translocatie. Verder worden diverse conclusies uit hoofdstuk 5 

bevestigd. Zo worden er wederom geen verschillen in hoeveelheid en patroon van geneti-

sche afwijkingen gevonden tussen kinderen en volwassenen. Wanneer we bovendien het 

genetisch profiel van het BL vergelijken met dat van een aantal “grijze-zone” groepen, 

blijken deze laatste ook nu meer en bovendien andere genetische afwijkingen te bevatten 

dan het BL. Met name lymfomen die behalve de MYC translocatie ook een translocatie van 

BCL2, BCL6 of CCND1 bevatten (de zogenaamde “double-hit” lymfomen) blijken genetisch 

duidelijk anders en complexer te zijn.

In hoofdstuk 7 ligt het focus meer op het DLBCL dan op het BL, waarbij we bekijken 

of het onderscheid tussen het GCB- en ABC-type overeind blijft in een groep van klinisch 

hoog-risico DLBCL-patiënten. Patiënten met een GCB-type DLBCL blijken inderdaad een 

betere prognose te hebben dan patiënten met een ABC-type DLBCL, terwijl expressie van 

het eiwit bcl2 een negatieve invloed heeft op de prognose.

Conclusie
Met de huidige technieken is het in een subgroep van patiënten lastig het onderscheid te 

maken tussen BL en DLBCL, waardoor een groep “grijze-zone” gevallen ontstaat waarbij de 

diagnose onduidelijk is. Technieken die genexpressie en/of genetische afwijkingen zichtbaar 

maken (waaronder de reeds lang bestaande karyotypering) kunnen deze groep reduceren, 
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maar het probleem echter niet volledig elimineren. Ook na het toepassen van deze (nieuwe) 

technieken blijft er een tussengroep bestaan die niet onder BL noch onder DLBCL geschaard 

hoort te worden, maar een aparte groep vormt. Zeker de zogenaamde “double-hit” lymfo-

men zouden tot deze groep moeten behoren.
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