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Abstract
Follicular lymphoma (FL) is the prototype among germinal center-derived lymphomas 
and generally has an indolent clinical course. However, 20-60% of FL transform into 
high-grade lymphomas, imposing dismal prognosis. Most often, FL transform into 
other germinal center-type lymphomas, like diffuse large B-cell lymphoma or Burkitt-
like lymphoma. Here, we describe three extraordinary cases of FL which progressed 
into TdT+CD20- precursor B-lymphoblastic lymphomas (B-LBL). The B-LBL and their 
corresponding FL expressed IgG and harbored the same immunoglobulin heavy chain 
rearrangement, including somatic mutations. Interestingly, evidence was obtained for 
ongoing rearrangement of conventional light chains and expression of the surrogate 
light chain in the B-LBL. All three B-LBL had acquired a C-MYC translocation which 
was not present in the preceding FL. Comparative genomic hybridization analysis 
revealed deletion of CDKN2A/B, deletion of 17q11, amplification of 14q32 and copy-
neutral loss of heterozygosity of 9p in B-LBL cells in addition to 26 aberrations shared 
with the preceding FL. Our findings demonstrate that the B-LBL evolve sequentially 
from the FL and not in parallel from a FL precursor cell.
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B-LBL originating from FL express mutated IgG and the preBCR

Introduction
Follicular lymphomas (FL) can be considered as the prototype of germinal center 
(GC)-derived B-cell non-Hodgkin’s lymphomas1. The tumors do not only cytologically 
and architecturally resemble normal GCs but the cells also share a gene expression 
profile with that of GC-derived centroblasts and centrocytes2. In accordance, FL 
express B-cell antigen receptors (BCR), encoded by immunoglobulin variable 
heavy (IGHV) and light chain (IGLV) genes, carrying somatic gene modifications 
typical for the GC environment, i.e. somatic hypermutation and class switch region 
recombination, which occur in ~100% and ~25% of cases respectively3;4.  
FL have an indolent clinical behavior with a reported median survival of 8 to 10 
years after diagnosis1. However, 20-60% of FL undergo histological transformation 
to higher grade malignancies, which is associated with an aggressive clinical course, 
poor therapy responses and short survival5;6. Usually, FL transform into other GC-
type lymphomas, like diffuse large B cell lymphoma (DLBCL) or, less commonly, 
Burkitt-like lymphomas (referred to as B-cell lymphoma unclassifiable (BCLU) with 
features intermediate between DLBCL and Burkitt’s lymphoma)7. More surprisingly, 
these prototypic GC-like malignancies infrequently transform into precursor 
B-lymphoblastic lymphomas (B-LBL)8-16. Studies on incidental cases described so 
far indicated that the ensuing B-LBL carried a BCL2 locus translocation, suggesting 
a clonal relationship with the preceding FL. Karyotypic analyses showed a variety 
of chromosomal alterations gained in the B-LBL, among which C-MYC locus 
translocations were most consistent8-11;15-17. 
We here describe molecular analyses of three FL that transformed into B-LBL. We 
demonstrate that the evolved B-LBL phenotypically and functionally display key 
features of early B cells and that, in addition to C-MYC translocations, also BCL6 
gene translocations may accompany this infrequent variant of FL progression. 
Furthermore, genome-wide copy number variation analysis revealed that only a 
limited number of genomic aberrations were acquired upon transformation, including 
deletion of the tumor suppressors CDKN2A/B and NF-1.

Results
Histology and phenotype of three FL before and after transformation into B-LBL
Three FL, TF1, TF2 and TF3 that underwent clinical and histological progression to 
a B-LBL were analyzed in this study (Table 1). Histologically, all three FL displayed a 
typical follicular growth pattern. Immunohistochemical staining for CD21-L and CD23 
confirmed that the tumor cells expanded in networks of follicular dendritic cells. All 
three FL consisted of mature, CD20+, CD79a+, BCL2+ cells co-expressing the GC 
markers CD10 and BCL6 (Table 2). BCL2 staining excluded the presence of reactive 
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B-LBL, precursor B-lymphoblastic lymphoma; FL, follicular lymphoma ; F, female.
In TF1b and TF2b the pre-existing FL was no longer present, whereas in TF3b both the FL and B-LBL 
were detected. The biopsies of TF2b and TF2c were both taken from the mucosa of the jaw at location 2.7

Protein expression of CD20, CD21-L, CD10, BCL6, BCL2, TdT, Pax5, CD79a, CD19 and Igl, as determined 
by immunohistochemistry. B-LBL, precursor B-cell lymphoblastic lymphoma; FL, follicular lymphoma; LN, 
lymph node; FDC, follicular dendritic cells (as determined by CD21-L staining); nd not determined due to 
lack of appropriate patient material. In TF2b, approximately 10% of all cells co-expressed BCL6 and TdT 
and 5% expressed Igl. In TF2c nearly all cells expressed BCL6 and Igl, whereas no TdT expression was 
detectable.

Patient Diagnosis CD20 FDC CD10 BCL6 BCL2 TdT Pax5 CD79a CD19 Igλ

TF1a FL + + + + + - + + + +

TF1b B-LBL - nd + - + + + + + +

TF2a FL + + + + + - + + nd nd

TF2b B-LBL - nd + 10% + 10% + + + 5%

TF2c B-LBL - nd + + + - + + + +

TF3a FL + + + + + - + + nd nd

TF3b FL + + + + + - + + + -

B-LBL - - + - + + + + + -

Patient Gender Age Diagnosis Year Location

TF1a F 57 FL 2002 lymph node

TF1b B-LBL 2004 epicard

TF2a F 51 FL 2001 lymph node

TF2b B-LBL 2002 mouth

TF2c B-LBL 2003 mouth

TF3a F 24 FL 2003 lymph node

TF3b FL 2005 lymph node

B-LBL 2005 lymph node

Table 1:  Clinico-pathological information of three patients with follicular lymphoma transforming 
into precursor B-lymphoblastic lymphoma. 

Table 2: Immunophenotype of three lymphomas before and after progression.
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B-LBL originating from FL express mutated IgG and the preBCR

follicles in all three lymphomas. After transformation into a B-LBL, the follicular 
architecture of TF1 and TF2 was lost. The tumor cells expressed CD79a, CD10 
and BCL2, but no longer expressed CD20. In addition, the B-LBL of TF1 expressed 
terminal deoxynucleotidyl transferase (TdT). Of the B-LBL in TF2, approximately 
10% of the tumor cells expressed TdT in a biopsy taken in 2002, but this was no 
longer observed in a biopsy of 2003. 
In TF3b, the follicular growth pattern was in part retained and alternated with sheets 
of lymphoblastic cells (Figure 1), indicating that both entities were present. Similar 
to the B-LBL of TF1b and TF2c, the lymphoblasts lacked the expression of BCL6 
and CD20 but did stain for TdT. To analyze the molecular features of the entities 
in TF3b, CD19+ cells in lymph node suspensions were sorted by flow cytometry 
based on size and expression of CD20 and CD10, resulting in four fractions: small 
CD19+CD10+CD20lo cells, small CD19+CD10+CD20hi cells, small CD19+CD10–

CD20hi cells and large CD19+CD10+CD20lo cells (Figure S1). Both the CD20lo 
fractions expressed TdT, as determined by PCR, demonstrating that these fractions 
correspond to the B-LBL.
 
IGHV gene analysis reveals a clonal relationship between the FL and B-LBL 
To establish the clonal relationship between the tumor populations at presentation 
and those after histological transformation, the rearranged IGHV genes were 
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Figure 1: Histology and immunophenotype of TF3 before and after transformation. 
TF3a showed a follicular growth pattern and expressed CD20, BCL6 and BCL2. After transformation 
part of the tumor cells of TF3b retained a follicular growth pattern, which was alternated with sheets of 
lymphoblastic cells. The follicular cells still expressed CD20, BCL6 and BCL2, whereas the lymphoblasts 
lost the expression of CD20 and BCL6 and expressed TdT instead.  
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amplified out of cDNA by RT-PCR, cloned and sequenced (Table 3). In each of the 
three TF cases, the FL and B-LBL were monoclonal and clonally related. In TF3b, all 
four FACS-sorted fractions harbored the same rearrangement, including the small 
CD19+CD10–CD20hi cells, suggesting that this population is either a CD10– subclone 
of the FL or an intermediate entity between the FL and B-LBL stage. Sequence 
analysis revealed that, in accordance with their GC phenotype, the IGHV genes of 
all three FL harbored somatic mutations. Intriguingly, all three lymphomas expressed 
IgG instead of the commonly found IgM (Table 3). 
The FL of TF1a presented with 25 nucleotide differences compared to the IGHV 
gene of closest homology, i.e. IGHV4-61. Interestingly, the B-LBL of TF1b harbored 
32 mutations of which 22 were shared with the dominant FL clone of TF1a (Figure 2). 
Comparison of individual molecular IGHV clones showed a low but distinct intraclonal 
sequence variation (ICV) in the FL of TF1a but not in the B-LBL TF1b. However, 
neither the FL nor the B-LBL expressed activation-induced cytidine deaminase 
(AID), the enzyme essential for somatic hypermutation, as determined by RT-PCR 
(data not shown). 
The IGHV genes of both the FL in TF2a and the B-LBL in TF2b, harbored 24 identical 
mutations. AID was not expressed and ICV was below the Taq error rate at both 
time points. The IGHV genes of the FL of TF3a could only be investigated from FR2, 
due to poor DNA quality. Still, 10 mutations were detected and a low but distinct 
ICV was present. As compared to TF3a, the sorted fractions of TF3b had lost two 
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nd, not determined
*  IGHV SHM was determined starting from FR1 in all instances, except for TF3a, in which SHM were 
determined starting from FR2. 
† Lymph node suspensions of TF3b were sorted in 4 fractions (See Figure S1 and text). 

Patient Diagnosis Subclass IGHV-rearrangement Mut IGLV-rearrangement
TF1a FL IgG IGHV4-61/na/IGHJ5a 25 IGLV2-18/IGLJ2/3a

TF1b B-LBL IgG IGHV4-61/na/IGHJ5a 32 IGLV3-21/IGJL3b

TF2a FL IgG IGHV3-20/na/IGHJ6b 24 IGVL1-36/IGLJ3b

TF2b B-LBL IgG IGHV3-20/na/IGHJ6b 24 polyclonal

TF3a FL nd IGHV1-69/IGHD1-26/IGHJ6c 10* nd

TF3b FL (CD10hi) IgG IGHV1-69/IGHD1-26/IGHJ6c 17 IGLV4-69/IGLJ2/3a

FL (CD10low) IgG IGHV1-69/IGHD1-26/IGHJ6c 15 IGLV4-69/IGLJ2/3a

B-LBL (S) IgG IGHV1-69/IGHD1-26/IGHJ6c 15 IGLV4-69/IGLJ2/3a

B-LBL (L) IgG IGHV1-69/IGHD1-26/IGHJ6c 15 IGLV4-69/IGLJ2/3a

Table 3: IGHV and IGLV rearrangements of the three FL and in their ensuing B-LBL. 
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replacement and one silent mutation, whereas at least one replacement mutation 
was gained. Both sorted B-LBL fractions expressed identical IGHV genes that 
shared the majority of somatic mutations with the FL components of TF3a and TF3b. 
The FL fraction and the CD10– fraction of TF3b displayed clear ICV with an average 
of 3.6 and 2.0 nucleotide differences as compared to the consensus sequence, 
respectively (Figure 2). In the B-LBL fractions, ICV was below the Taq error rate. 

B-LBL display features of early B-cells after transformation
The FL of TF1a was found to express an IGLV2-18/IGLJ2(3a) rearrangement 
(Table 3).  Interestingly, after transformation into a B-LBL a different monoclonal 
IGLV rearrangement was amplified out of cDNA, i.e. IGLV3-21/IGJL3b.  IGLV3-21 is 
located more upstream in the immunoglobulin lambda locus than IGLV2-18. Next, 
the IGLV PCR was repeated on DNA followed by genescan analysis. In both the 
FL of TF1a and the B-LBL of TF1b a biclonal IGLV population was present, which 
corresponds to two rearranged immunoglobulin lambda loci (data not shown). One 
of these clones was of the same length before and after transformation. However, 
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Figure 2: IGHV configurations of FL and B-LBL. 
Schematic representation of IGHV consensus sequences of TF1, TF2 and TF3 before and after 
progression. Vertical bars correspond to shared mutations between the FL and B-LBL. Non-shared 
replacement and silent mutations are indicated by closed and open lollipop symbols, respectively. Codon 
numbering is according to V-base. IGHV gene mutation analysis of TF3a was performed using primers 
located in FR2. The black box thus indicates the part of the IGHV gene that is not sequenced. ICV 
denotes the degree of intraclonal variation.
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in accordance with the IGLV sequence analysis, the second clone in the B-LBL 
of TF1b was of a different length than the second clone of the FL of TF1a. Most 
likely secondary rearrangement of the IGLV has taken place during progression. 
RT-PCR, cloning and sequencing revealed that the FL of TF2a expressed IGLV1-
36/IGLJ3b. In TF2b however, this IGLV rearrangement was not detected, and a 
non-clonal rearrangement pattern was seen. This was confirmed by DNA-PCR and 
genescan analysis. Identical IGLV rearrangements were observed in all sorted cell 
populations of TF3b. In accordance, a monoclonal IGKV population of identical 
length, as observed by genescan analyses, was present in all sorted cell fractions 
(data not shown).
The expression of the IgL chain was also investigated by immunohistochemistry. 
Cryostat sections of the FL and B-LBL of TF1 and the B-LBL of TF2 were stained 
with antibodies directed against Igκ and Igλ. The tumor cells of both the FL and 
B-LBL of TF1 expressed Igλ and no Igκ (Table 2), confirming the RT-PCR analyses. 
In the B-LBL of TF2b, neither Igκ nor Igλ expression was detected, in accordance 
with the IGLV genescan and sequence analyses, whereas IGLV expression of the 
FL of TF2a could not be investigated immunohistochemically due to lack of cryostat 
sections.
It has been described that B-LBL in children and adults express the surrogate light 
chain (SLC) genes18. The SLC is composed of two proteins, VpreB and λ5. RT-PCR 
analyses revealed that both the B-LBL of TF1b and TF2b indeed expressed VPREB 
and lambda5, whereas the preceding FL of TF1a and TF2a did not (Figure 3). In 
TF3, VPREB and lambda5 expression was not detected.

All three B-LBL gained a C-MYC gene translocation.
In accordance with the immunohistochemical data, the FLs of TF1a and TF3a 
harbored translocations of the BCL2 gene as detected by segregation fluorescence 
in situ hybridization (FISH) and these translocations remained detectable after 
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Figure 3: VpreB and lambda5 are expressed in the B-LBL but not in the FL. 
RT-PCR analysis of VPREB and lamda5 expression before and after progression. B2M: β-2-microglobulin. 
TF3 was sorted in four fractions (see Figure S1 and text). The pre-B-cell line Nalm-6 was used as a 
positive control (+).
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histological transformation (Table 4). Unexpectedly, we were not able to demonstrate 
a BCL2 gene translocation in the FL of TF2a, although the BCL2 protein was clearly 
expressed. After histological progression, a BCL2 translocation was detected 
in TF2c. In all three patients, C-MYC gene translocations were identified after 
histological transformation. In addition, a 3q27 break, involving BCL6, was found 
in the FL of TF1a, whereas after progression this chromosomal breakage was no 
longer detected. This was in accordance with the immunohistochemistry, which 
revealed BCL6 protein expression in the FL of TF1a, but not in the B-LBL of TF1b. In 
contrast, the B-LBL of TF2c showed a 3q27 break only after transformation whereas 
BCL6 protein was expressed both before and after transformation. In TF3, 3q27 
chromosome breakage was not detected in any of the biopsies. Upon transformation 
of TF3, BCL6 protein expression decreased, as shown by immunohistochemistry 
(Figure 1).

Genomic alterations in TF3 before and after transformation
To uncover genomic aberrations that may drive progression of FL into B-LBL, the 
sorted fractions of TF3b were analyzed by comparative genomic hybridization 
(CGH). The density of genomic aberrations in the FL of TF3b was similar to 
two control FL. In total, the FL and B-LBL fractions of TF3b shared 26 genomic 
aberrations (Figure 4A), further underscoring their clonal relationship. These shared 
aberrations included three amplifications, three deletions and copy-neutral loss of 
heterozygosity (CN-LOH) in 20 regions. The shared aberrations included CN-LOH 
of 6q21 and 7q33 and deletion of 22q11, which are common among FL19 (Figure 
4C). Interestingly, these 26 shared aberrations also included regions associated with 
transformation of FL into high-grade lymphomas other than B-LBL, such as deletion 
of 1p3619;20. Remarkably, C-MYC was already amplified in the FL fraction prior to 
translocation (Figure 4A). The B-LBL had gained only a limited set of aberrations 
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Table 4: Chromosomal translocations detected by FISH analysis. 

Patient BCL2 C-MYC BCL6
TF1a + - +

TF1b + + -

TF2a - - -

TF2c + + +

TF3a + - -

TF3b + + -
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Figure 4: Genomic aberrations of TF3b FL and B-LBL.
(A) Schematic overview of genomic aberrations of the four sorted fractions of TF3b and two control FL, as 
determined by comparative genomic hybridization. Red indicates homozygous deletion. Orange indicates 
heterozygous deletion. Green indicates copy-neutral loss of heterozygosity (CN-LOH). Blue indicates 
2-fold amplification. Purple indicates >3-fold amplification. (B) B allele frequency of chromosome 9p in the 
B-LBL of TF3b. Green indicates CN-LOH. Red indicates deletion. (C) List of important aberrations in TF3. 
CNV: Copy Number Variation; Del.: Deletion; Ampl.: Amplification.
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in addition to the aberrations already present in the FL fraction, i.e. CN-LOH of 9p, 
amplification of 14q32 and deletion of 17q12. The affected region of 9p included 
CN-LOH of JAK2 and PAX5. Importantly, a small region of 9p21 was deleted, which 
contains the tumor suppressor genes CDKN2A/B (encoding p15 and p16) and MTAP 
(Figure 4B). Genes amplified at 14q32 include the proto-oncogenes TCL1, BCL11 
and AKT1 (PKB). The tumor suppressor gene NF-1 is among the genes deleted on 
chromosome 17. See supplementary tables 1-3 for a complete list of affected genes 
in 9p, 14q32 and 17q12. The CD10– fraction has gained amplification of chromosome 
12 as compared to the FL fraction. It did not share any of the aberrations found in the 
transformed B-LBL, suggesting that this fraction is a subclone of the FL rather than 
an intermediate stage in between FL and B-LBL. 

Discussion
Transformation of a FL into a B-LBL is rare and has been documented for sporadic 
cases8-16. We here describe three B-LBL that evolved out of previously diagnosed 
FL and show that, in spite of retained expression of mutated IGHV genes, the B-LBL 
had acquired several key features of precursor B cells. The follicular architecture 
was lost and expression of pre-B cell specific genes TDT, VPREB and Lambda5 
was switched on while the expression of CD20 was turned off. We also obtained 
evidence for pre-B-cell-specific Ig remodeling processes since the IGLV genes in 
the B-LBL of TF1b and TF2b were different from those in the FL of TF1a and TF2a 
respectively, whereas the IGHV genes were unaltered, suggesting that upon tumor 
progression receptor editing had been reinitiated. 
A t(14;18)(q32;q21) is typical for FL but is rare in primary B-LBL/B-cell acute 
lymphoblastic leukemias (B-ALL). Stamatoullas et al. reported that of 142 adult 
B-ALL, only five had a translocation involving the BCL2 gene21. t(14;18)+ B-LBL may 
also carry translocations of the BCL6 locus21;22. The Mitelman database contains 
19 de novo B-LBL that harbor both a BCL2 and a C-MYC translocation23. Since 
IGHV sequence analyses were not performed in these 19 t(14;18)+ B-LBL, it is not 
excluded that these include B-LBL originating from FL that were not diagnosed due 
to rapid disease progression. 
In TF2, progression to B-LBL was accompanied by a break at 3q27. BCL6 region 
translocations have been described in 6-15% (grade 3) FL24-26, ~ 30% of DLBCL27 

and ~ 10% in FL transforming into DLBCL5;28. BCL6 is a transcriptional repressor 
important for GC formation29. Constitutive BCL6 expression results in an arrest at the 
GC differentiation stage via the repression of BLIMP130. TF2b is a so-called triple-hit 
lymphoma and harbors rearrangements of the BCL2, BCL6 and C-MYC loci. This 
combination of genomic rearrangements has been reported before in sporadic cases 
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of FL undergoing transformation to DLBCL as well as in de novo DLBCL31-34. Both the 
t(14;18)(q32;q21) and the t(8,14)(q22;q32) disrupt the IG coding region35;36. Yet, the 
finding that in TF2b IGHV mRNA is still expressed, is not necessarily contradictory 
since BCL6 locus rearrangements may engage the IGL chain or non-IG loci, while 
MYC may be juxtaposed to downstream Ig switch regions thus leaving the Ig coding 
region intact37. Alternatively, BCL2 and C-MYC rearrangement may occur in the 
same IgH allele38. The observation that in TF1 the break at the 3q27 locus was 
no longer detected after progression into the B-LBL of TF1b has been previously 
described also in conventional cases of FL transformation5 and suggests that BCL6 
translocation is not instrumental for transformation.
C-MYC is an oncogene and a crucial regulator of proliferation (reviewed in 39). 
Secondary C-MYC translocations have been observed in 12 out of 12 FL transforming 
into B-LBL, suggesting that rearrangement of C-MYC is required for transformation 
into a B-LBL. In less than 10% of DLBCL transformed out of FL, also secondary C-MYC 
rearrangements occur40, indicating that a C-MYC rearrangement is also instrumental 
in other types of transformation. However, C-MYC translocations are also found in 
sporadic cases of FL without evidence of progression41, suggesting that additional 
aberrations may determine the fate of a FL upon C-MYC translocation. Remarkably, 
in the FL of TF3, C-MYC was amplified prior to translocation. This amplification did 
not result in higher C-MYC mRNA levels (data not shown). However, additional 
copies of C-MYC may increase the risk for translocation. C-MYC translocations are 
presumed to be induced by AID mediated SHM and CSR42. In this respect, it is 
noteworthy that the FL of TF2 and TF3 displayed ICV and that all three FL expressed 
IgG, whereas the vast majority of FL express IgM43, indicating that these FL may 
have been exposed to constitutive AID activity. In support, three previously reported 
FL with documented transformation into B-LBL also expressed IgG8;11;14.
To further obtain insight in the genetic aberrations that drive this transformation, 
we performed a high resolution CGH-array on sorted FL and B-LBL fractions of 
TF3b. Compared to the FL, the B-LBL fractions had gained only a limited number 
of genetic aberrations, i.e. CN-LOH of 9p, amplification of 14q32 and deletion of 
17q12. Remarkably, within the region of 9p affected by CN-LOH, the locus containing 
CDKN2A/B and MTAP is deleted, a deletion associated with transformation of FL 
into DLBCL44;45. Loss of CDKN2A/B function also occurs in approximately 40% of 
adult B-ALL and is associated with poor survival46;47. CDKN2A/B are important cell 
cycle regulators and it is hard to envisage how loss of cell cycle regulation would 
result in a precursor B-cell phenotype. Nevertheless, CDKN2A/B deletion may be 
a requirement for transformation as it makes cells resistant to C-MYC-induced 
apoptosis48.
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PAX5, a master regulator of B-cell lineage commitment and differentiation49;50 is 
among the genes of 9p of which heterozygosity is lost (listed in Table S1). Genetic 
aberrations in PAX5 are reported in approximately 30% of de novo B-LBL, suggesting 
that loss of function of this transcription factor may drive B-LBL development51.  
PAX5-/- mice have a differentiation arrest at the pro-B-cell stage52, whereas targeted 
deletion of PAX5 in mature B cells results in loss of the B-cell phenotype and 
lymphoblast formation53. We did not find mutations potentially affecting the coding 
region of PAX5 (data not shown) and Pax5 protein expression was assessed 
immunohistochemically in all three B-LBL (Table 2). Neither did we detect any 
mutations in IKZF1 (data not shown), which encodes Ikaros, another master regulator 
of B-cell commitment and differentiation frequently deleted in de novo B-LBL51.
The oncogenes TCL1, BCL11B and AKT, all on chromosome 14, are amplified in 
TF3b. Deregulated expression of these genes may play a role in the aggressive 
phenotype of the B-LBL. However, these genes have not been implicated in early B-cell 
development and their expression does not explain a precursor-B-cell phenotype. 
The gene encoding the transcription factor Yin Yang 1 (YY1) is also among the 
amplified genes at 14q32. YY1 is expressed in early B-cells and GC B-cells, where 
it regulates IGHV-rearrangement and class switch recombination, respectively54;55. 
It is not known what happens to B cells when this gene is being overexpressed 
due to gene amplification. The tumor suppressor gene neurofibromatin 1 (NF1) on 
chromosome 17 is deleted in TF3b. Germline deletion of NF1 is known to cause 
neurofibromatosis type 1. To our knowledge, NF1 deletion has not been described 
in B-LBL nor in mature B-cell neoplasms. Adoptive transferral of murine NF1-/- fetal 
liver cells does not result in impaired B cell reconstitution in mice64, suggesting that 
NF1 is not required for commitment to a mature B-cell phenotype.
It has been hypothesized that clonally related FL and B-LBL do not develop 
sequentially but, alternatively, might evolve in parallel from a pre-GC cell harboring 
the t(14;18)9;15. According to this theory, a t(14;18)+ pre-GC B cell might either 
evolve into a TdT-CD20+ FL, due to acquisition of additional genetic hits during a 
GC-reaction, or into a TdT+CD20- B-LBL, due to GC-independent acquisition of 
transforming hits, including a C-MYC translocation. Our finding that the B-LBL of 
TF1, TF2 and TF3 harbored somatic IGHV mutations which, in addition, were near-
identical to those in their preceding FL, demonstrates that the GC-independent route 
of B-LBL development does not apply to these cases, which is in accordance with 
other studies12;14;16. In fact, evidence for the GC-independent route has not been 
provided in any of the aforementioned studies, as B-LBL without somatic IGHV 
mutations have not been identified in any patient with a clonally related FL. Since it 
has been reported that t(14;18)+ memory B cells circulate in healthy individuals56, a 
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third scenario can be envisaged, i.e. that the FL and the B-LBL develop in parallel 
out of t(14;18)+ memory B cells. Our finding however that in TF3 many genetic 
aberrations are shared between the FL and B-LBL, do not support such a scenario 
and argue in favor of sequential development of FL and B-LBL.

Materials and methods
Clinico-pathological history of the three patients
TF 1: A 51-year-old woman was diagnosed in 2002 with a FL grade I with tumor 
localization in cervical, axillary, mediastinal, peri-portal, para-aortic and inguinal 
regions, spleen and bone marrow (Ann Arbor stage IV). Treatment with chlorambucil 
resulted in regression of the lymphadenopathy. In 2003, a rapidly growing mass was 
detected anterior of the bladder. Biopsy of this mass indicated DLBCL and treatment 
with cyclophosphamide, doxorubicin, vincristine and prednisone (CHOP) was 
started. Five months after the last course of chemotherapy, the patient was admitted 
with dyspnoe. Upon examination a pericardial friction rub was noticed. Cardiac 
ultrasonic examination showed a large mass of the right ventricular wall reaching 
from the apex till the right atrium. A moderate circumferential pericardial effusion was 
found. The patient was transferred to another hospital for thoracotomy. Pericardial 
fenestrations were made to prevent progressive tamponade and peroperative 
biopsies of the right pericardial wall were taken. Pathological examination suggested 
localization of DLBCL. Revision of the biopsies taken from the pelvic mass in 2003 
revealed a B-LBL instead of the initially diagnosed transformation to a DLBCL. 
The patient was treated with high dose chemotherapy consisting of iphosphamide, 
etoposide, methotrexate and two consolidation cycles with cytarabine, etoposide 
and methotrexate. A complete remission was reached and maintenance therapy with 
mercaptopurine and methotrexate was initiated. A search for a matched unrelated 
donor was started, however, a few weeks later progression of the disease occurred 
and no further treatment was undertaken. The patient died subsequently.
TF 2: A 55-year-old woman was diagnosed in 2000 with a FL grade 1 with tumor 
localization in cervical, retroperitoneal and para-aortic regions (Ann Arbor stage 
IIIA). No therapy was initiated until December 2002, when she had complaints of 
progressive back pain. Within a few weeks, the patient was unable to walk and 
became incontinent for urine. A magnetic resonance imaging scan of the spine 
demonstrated multiple lesions and a fracture of vertebral body L3 with spinal cord 
compression. Laboratory evaluation showed 9% blasts in the peripheral blood 
and the bone marrow aspiration revealed 90% lymphocytic blasts, indicative for 
the diagnosis acute lymphoblastic leukemia (pre-B cell ALL). Lumbar puncture 
demonstrated leptomeningeal infiltration. A computed tomography (CT) of the chest 
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and abdomen showed multiple enlarged para-aortic and para-cava lymph nodes. 
Because of the spinal cord compression and progressive paresis, a laminectomy 
of L3 and L4 was performed. A peroperative biopsy of L3 demonstrated infiltration 
with lymphocytic blasts. Treatment was started with daunorubicin, vincristine, 
prednisone, asparaginase and an Omaya reservoir was placed for repeated 
intrathecal methotrexate administration. After the first cycle complete remission was 
obtained. Consolidation therapy consisted of cytarabin and mitoxantrone, followed 
by high dose methotrexate, asparaginase and mercaptopurine. The therapy was 
complicated by Pneumocystis carinii pneumonia, cytomegalovirus reactivation and 
urinary tract infection with Klebsiella pneumoniae and Enterococcus species. Three 
months after she left the hospital the back pain recurred. Bone marrow aspiration 
revealed more than 20% blastic cells. The patient was treated with dexamethasone 
but died a few weeks later.
TF 3:  A 23-year-old woman was diagnosed in 2003 with a FL grade I with localization 
in cervical and axillar regions. In September 2005, the patient was admitted 
to a hospital with enlarged and painful cervical lymph nodes. Further evaluation 
demonstrated lymphoma localization in cervical, axillar, mesenterial, retroperitoneal 
and inguinal regions. Laboratory evaluation showed a leukocyte count of 10.7 x 109/L 
with 38% atypical lymphocytes. Immunophenotyping demonstrated two lymphocytic 
populations i.e. one population of mature monoclonal B cells and a distinct population 
of lymphoid blasts. There was infiltration of the cervix uteri. The patient was 4 months 
pregnant at that time and had a history of 3 previous spontaneous abortions. The 
pregnancy was terminated and combined chemotherapy with cytarabin, etoposide 
and methotrexate was started. Complete remission was established following two 
additional courses of vincristine, dexamethason and adriamycine. Consolidation 
therapy consisted of cytarabin and asparaginase. Shortly thereafter the disease 
relapsed with large abdominal lymph nodes and progressive bilateral hydronephrosis. 
Salvage therapy with cyclophosphamide, doxorubicin and prednisone followed by 
etoposide and mitoxantrone was initiated and was complicated by grade 4 mucositis. 
Despite an initial response the disease relapsed again with progressive cutaneous 
lesions. Local radiotherapy was given. The patient died a few weeks later.     

Patient material 
All lymphomas were classified according to the WHO classification system1. One 
part of the tumor material was freshly frozen in liquid nitrogen directly after surgical 
removal, and one part fixed in formalin and embedded in paraffin. Suspensions of a 
part of the lymph node of patient TF3 were made in fetal calf serum supplemented 
with 10% DMSO and frozen in liquid nitrogen. This study was conducted in 
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accordance with the ethical standards in our institutional medical committee on 
human experimentation, as well as in agreement with the Helsinki Declaration of 
1975, revised in 1983.

Immunohistochemistry. 
Immunohistochemical stainings were performed on acetone-fixed cryostat sections 
and formalin-fixed paraffin-embedded tissue using the highly sensitive Powervision+ 
detection system (Immunovision technologies, Daly City, CA). Endogenous 
peroxidase activity of the cryostat sections was blocked with 0.1% NaN3 and 0.3% 
H2O2 in methanol. Monoclonal antibodies specific for CD20 (B-Ly1), CD21-L (DRC-
1), BCL2 (124), BCL6 (PG-B6P), CD79a (HM57), CD19 (HD37), Igλ (A193) (all 
from Dako, Glostrup, Denmark), CD10 (CALLA) and PAX5 (clone 24) (both from 
Becton and Dickinson, Erembodegem-Aalst, Belgium) and CD3 (SP7; Labvision, 
Neomarkers, Fremont, CA) were used. TdT was stained with a polyclonal serum 
(Klinipath, Duiven, The Netherlands). Visualization of antibody binding was performed 
for the cryostat sections with 3-amino-9-ethylcarbazole (Sigma, St Louis, MO), 
0.03% H2O2 in Tris-HCl, pH 7.6. The sections were counterstained with hematoxylin 
(Merck, Darmstadt, Germany). CD19 was stained on cryostat sections, whereas all 
other stainings were performed on paraffin-embedded material. 

RNA isolation, cDNA synthesis, polymerase chain reaction, cloning and 
sequencing.
RNA was isolated using Trizol reagent (Invitrogen, Breda, the Netherlands) according 
to the manufacturer’s description. First-strand complementary DNA (cDNA) 
was synthesized as described previously albeit 5’-(dT)14-d(A/G/C)-d(A/G/C/T)-3’ 
primers were used57. VpreB was amplified by polymerase chain reaction (PCR) 
using 5’CTCCTGTCCTGCTCATGCAC3’ and 5’CTCATGCACTTTGTCTACTG3’ as 
primers. Lambda5 was amplified using the primers 5’CTCCTGTCCTGCTCATGCTG3’ 
and 5’GTACACACCGATGTCATGGTCG3’. Immunoglobulin heavy chain variable 
region (IGHV) transcripts were amplified using a mixture of forward primers located 
in the FR1 regions of the gene families VH1 to VH6 or alternatively in the FR3 
region of VH1 to VH658 in combination with one of the FAM-labeled reverse primers 
located in Cμ, Cδ, Cα or Cγ regions59. All PCRs performed in this study followed the 
same protocol. PCR mixtures contained 1x Taq buffer (20 mM of Tris-HCl, 50 mM 
of KCl, pH8.4), 2U Taq polymerase (Invitrogen), 1.5 mM MgCl2, 0.2 mM of each 
dNTP and 0.5 mM of each primer. The PCR reactions were performed in the thermal 
cycler (PTC-100, MJ research Inc, Watertown, MA) and started with 6 minutes at 
95°C, followed by 30 cycles of successively 30s at 95°C, 30s at 55°C and 30s at 
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72°C. The reaction was terminated for 6 minutes at 72°C. PCRs were analyzed 
on a 1% standard agarose gel (Sigma, St. Louis, MO), with the exception of IGHV 
spectratyping that was run on an ABI PRISM 3100 automated sequencer in the 
presence of either 1 pM ROX 500 or 1 pM ROX1000 marker (Applied biosystems, 
Warrington, UK). IGHV-PCRs were analyzed using the software program Genescan 
analysis (Applied Biosystems, Warrington, UK). When a monoclonal tumor population 
was present amplicons were cloned into the pTOPO-TA vectors and transformed into 
TOP10 bacteria according to the manufacturer’s description (Invitrogen, Breda, The 
Netherlands) and 8 to 16 clones were sequenced of each lymphoma. Sequencing on 
both strands was performed by an ABI PRISM 3100 automated sequencer (Applied 
Biosystems, Warrington, UK) using the big dye-terminator cycle-sequencing kit 
(Applied Biosystems, Warrington, UK). The consensus IGHV nucleotide sequence 
is defined as the nucleotides that are shared by more than 50 % of the clones. 
The intraclonal variation (ICV) was calculated as the mean number of nucleotide 
differences per clone compared to this consensus IGHV sequence. To determine the 
Taq error rate of our experimental design, 48 clones of HPRT were sequenced using 
5’TTCCTCCTCCTGAGCAGTCAGC3’ and 5’GCGATGTCAATAGGACTCCAGATG3’ 
as primers. These clones were generated according to the same PCR and cloning 
procedures as used for the IGHV genes. The Taq error frequency thus established is 
0.2 per 300 bp. BCL2 PCR was performed on DNA as described previously60.

Fluorescence in situ hybridization. 
The presence of chromosomal aberrations was investigated in 4 µm thick 
paraffin-embedded tissue sections by fluorescence in situ hybridization (FISH). A 
segregation-detection assay was used to detect breaks in BCL2 (probe Y5408) and 
C-MYC (probe Y5410) according to the manufacturer’s description (Dako, Glostrup, 
Denmark). Breaks at 3q27 were analyzed by split FISH, as described previously 
(probes RP11-137K3/5234 and 165I21/5227)61;62.  

Cellsorting
Freshly thawed lymph node suspensions of TF3b were incubated with APC-labeled 
anti-CD19, PerCP-Cy5.5-labeled anti-CD10 and FITC-labeled anti-CD20 antibodies 
from Becton and Dickinson (San Jose, CA). Cells were subsequently sorted in small 
CD19+CD10+CD20lo cells, small CD19+CD10+CD20hi cells, small CD19+CD10–CD20hi 
cells and large CD19+CD10+CD20lo cells by a FACSAria flow cytometer (Becton and 
Dickinson, San Jose, CA). 
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Comparitive Genomic Hybridization-array
Genomic DNA was isolated using Qiagen’s DNeasy kit and analyzed for copy number 
variation (CNV) by using HumanCytoSNP-12 BeadChips (Illumina, San Diego, 
CA), which contain probes for 300.000 single nucleotide polymorphisms (SNPs). 
Processing of DNA samples, hybridization, staining, scanning of the BeadChips, 
and primary data extraction were all performed according to the Illumina Infinium 
II protocol at the array facility of ServiceXS (Leiden, the Netherlands). Data was 
analyzed using Illumina GenomeStudio software (version 2009.2). The LogR ratio 
(LRR) and the B allele frequency (BAF) data were processed into the OverUnder 
plugin as described previously63 and copy numbers were calculated using Illumina 
BeadStudio (version 3.2.2).
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Figure S1: Sorting strategy of TF3b lymph node cell suspension.
CD19+ cells of TF3b were sorted on size and expression of CD20 and CD10 by flow cytometry, resulting 
in four fractions: small CD19+CD10+CD20lo cells (p5), small CD19+CD10+CD20hi cells (p6), small 
CD19+CD10–CD20hi cells (p9) and large CD19+CD10+CD20lo cells (p10). The B-LBL components p5 and 
p10 were TdT-positive as determined by PCR. In the TdT PCR Nalm-6 and Ly-1 were used as a positive 
and negative control, respectively.
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Table S1: Genes located on chromosome 9p24, p23, p22, p21 and p13 (LOH)

FoxD4 SH3GL2 DNAI1

Dock8 ADAMTSL1 CNTFR

ANKRD15 (RANK) BRAGA DCTN3

DMRT1, DMRT2, ADFP AR103C

DMRT3 DENND4C IL11RA

SMARCA2 RPS6 CCL19

VLDLR MLLT3 CCL27

KCNV2 PTPLAD2 DNAJB5

RFX3 IFN (17 subtypes) FANCG

GLI53 DMRTA1 PIGO

SLC1A ELAVL2 STOML2

PRAPDC2 TUSC1 URK13B

CDC37LI PLAA RUSC2

AK3 IFT74 TESK1

JAK2 TEK CD72

INSL6 MOBKL2B TPM2

INSL4 LING02 TLN1

RLN2 ACO1 CREB3

RLN1 DOX58 GBA2

CD274 TOPORS NPR2

PDCD1LG2 NDUFB6 SPAG8

MLANA TAFIL HINT2

IL-33 APTX OR13J

TPD52L3 DNAJA1 OR252

NIRF SMU1 RECK

GLDC B4GALT1 CCIN

JMJD2C SANK4 CLTA

PTPRD BAG-1 GNE

TYRP1 NFX1 RNF38

MPDZ AQP3 MELK

NF1B NOL6 PAX5

2DHHC21 PRSS3 2CCHC7

CER1 WSEZR2

FREM1 WDR40A

SNAPC3 UBAP1

PSIP1 NWST2
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Table S2: Genes amplified at chromosome 14

PSMC1 CLMN E1F5

CALM1 GLRK5 CRB

TTC7B TCL1A BA95

RPS6KA5 TCL1B TDRD9

GPR68 TCL6 ADSSL1

MTAC2D1 BDKRB2 SIVA1

TRIP230 AK7 AKT1

FBLN5 PAPOLA PLD4

ATXN3 VRK1 CDCA4

SPSF2 BCL11B JAG2

SLC24A4 CYP46A1 NKDT14

RIN3 EML1 BRF1

LYMN DEG52

CHGA

ITPR1

YYI

WARS

Potentially amplified:*

BTBD6

MOAP1 WDR25 RAC52

BTBD7 DIO3 MTA1

COA8C HSP90AA1 CRIP1

PRIMA1 WDR2 CRIP2

ASB2 ANKRD9 TMEMRI

P27 RCOR1

OTUB2 AMN

DDX24 TRAF3 

FAM16A CDC42BPB

GSC TNFA1P2

ATAD5

CENTA2

RNF135

NF1

OMG

EV12A

RAB11F1P4

CRLF3

Table S3: Genes deleted at chromosome 17q11

*unclear in CGH-array
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