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Abstract 

 

The t(14;19)(q32;q13) often juxtaposes BCL3 with IGH resulting in overexpression of the gene. In 

contrast to other oncogenic translocations, BCL3-rearrangement (BCL3-R) has been associated with a 

broad spectrum of lymphoid neoplasms. Here we report an integrative whole-genome sequence, 

transcriptomic, and DNA methylation analysis of 13 lymphoid neoplasms with BCL3-R. The resolution 

of the breakpoints at single base-pair revealed that they occur in two clusters at 5’ (n=9) and 3’ (n=4) 

regions of BCL3 associated with two different biological and clinical entities. Both breakpoints were 

mediated by aberrant class switch recombination of the IGH locus. However, the 5’ breakpoints 

(upstream) juxtaposed BCL3 next to an IGH enhancer leading to overexpression of the gene whereas 

the 3’ breakpoints (downstream) positioned BCL3 outside the influence of the IGH and were not 

associated with its expression. Upstream BCL3-R tumors had unmutated IGHV, trisomy 12, and 

mutated genes frequently seen in CLL but had an atypical CLL morphology, immunophenotype, DNA 

methylome, and expression profile that differ from conventional CLL. In contrast, downstream BCL3-

R neoplasms were atypical splenic or nodal marginal zone lymphomas (MZL) with mutated IGHV, 

complex karyotypes and mutated genes typical of MZL. Two of the latter 4 tumors transformed to a 

large B-cell lymphoma. We designed a novel FISH assay that recognizes the two different 

breakpoints and validated these findings in 17 independent tumors. Overall, upstream or 

downstream breakpoints of BCL3-R are mainly associated with two subtypes of lymphoid neoplasms 

with different (epi)genomic, expression, and clinicopathological features resembling atypical CLL and 

MZL, respectively. 
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Introduction 

The t(14;19)(q32;q13) is a balanced translocation found in less than 1% of lymphoid neoplasms that 

often leads to the juxtaposition of BCL3 (B-cell leukemia/lymphoma 3) with regulatory elements of 

the immunoglobulin heavy chain (IGH) gene, resulting in the overexpression of the gene.1
 BCL3 

encodes an IκB-like nuclear protein that regulates NF-κB activity apparently as a molecular adaptor 

between NF-κB transcription factors and nuclear coactivator and corepressor complexes.2
 Although 

the function of BCL3 in B cells is not fully understood, this gene seems to be involved in regulation of 

cell proliferation, differentiation, and survival.
3,4

 In transgenic mice, Bcl3 overexpression promoted 

accumulation of mature B cells but it was not sufficient to drive malignant transformation.5 

Chromosomal translocations activating oncogenes in lymphoid neoplasms are usually associated 

with relatively specific tumor subtypes. However, the t(14;19) and BCL3-rearrangement (BCL3-R) 

have been identified in a broad spectrum of different tumor subtypes.6,7 Most patients have been 

diagnosed with chronic lymphocytic leukemia (CLL), atypical CLL, or transformed CLL. These tumors 

frequently have an unmutated IGHV (U-IGHV) and trisomy 12. However, they also have atypical 

features for CLL, including cytology and immunophenotype not characteristic of CLL, frequent IGHV 

stereotype #8, and aggressive behavior in some series.6–9 Some authors have suggested that B-cell 

neoplasms carrying the t(14;19) could represent an entity different from CLL.6 In addition to these 

tumors resembling CLL, the t(14;19) and BCL3-R have been also identified in diffuse large B-cell 

lymphomas (DLBCL), marginal zone lymphomas (MZL), splenic small B-cell lymphomas, and tumors 

diagnosed as B-cell non-Hodgkin lymphomas, some of them with evidence of transformation.6,7 

Whether this diversity of entities associated with BCL3-R corresponds to a real biological promiscuity 

is not clear. Some reports included tumors with the t(14;19) by cytogenetics without the specific 

analysis of BCL3-R. Since this translocation may rearrange genes other than BCL3, it is possible that 

some of the series reported may have included tumors that did not involve BCL3. Furthermore, some 

studies included tumors for which the pathological features were not thoroughly reviewed.
6,7

 

The purposes of this study were to characterize the genomic configuration of BCL3-R in B-cell 

neoplasms and to understand the clinical and biological significance of this alteration using an 

integrative (epi)genomic and transcriptomic analysis in a cohort of patients with available clinical 

and pathological characteristics.  
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Methods 

Patients and samples 

We searched the cytogenetic files of lymphoid B-cell neoplasms with t(14;19) or BCL3-R in three 

institutions from 2008 to 2019. FISH with dual-color break-apart probes for IGH and BCL3 genes (XL 

IGH BA and XL BCL3 BA, Metasystems) was performed in patients with available material. Patients 

with t(14;19), but lacking confirmation of BCL3-R, were excluded. Overall, 13 B-cell neoplasms 

carrying BCL3-R, with available material for genomic studies, were identified (Table 1, 

Supplementary Figure S1, Supplementary Table S1). These cases represent 0.28% of all small B-cell 

lymphomas studied genetically. The initial diagnoses were atypical CLL (aCLL) (n=5), SLL/CLL (n=3), 

splenic marginal zone lymphoma (SMZL) (n=3), lymphoplasmacytic lymphoma (n=1), and 

unclassifiable low-grade B-cell leukemic neoplasm (n=1). Tumor DNA was obtained from 

cryopreserved blood cells or frozen tumor tissue in all patients, germline DNA from non-neoplastic 

blood cells or saliva (n=11), and RNA from peripheral blood purified cells (n=5) or frozen tissue (n=2). 

Informed consent was obtained from all patients, and the study was approved by the Ethics 

Commi�ee of the Hospital Clínic of Barcelona. 

Genomic studies 

Whole-genome sequencing (WGS) of the 13 tumors and 11 paired normal DNA samples was 

performed using the TruSeq DNA PCR Free or TruSeq DNA nano library preparation. Raw reads were 

mapped to the human reference genome (GRCh37) using the BWA-MEM algorithm.
10

  

Immunoglobulin gene rearrangements were extracted using IgCaller (version 1.1)11 and annotated 

using IMGT/V-QUEST.12 Genomic alterations were identified using a multi-caller bioinformatics 

approach (Supplementary Methods).13 Driver mutations were studied considering a list of 247 

recurrently mutated genes in B-cell neoplasms (Supplementary Methods and Supplementary Table 

S2). Total RNA-seq was performed in seven tumors with BCL3-R and nine CLL without BCL3-R. Raw 

data were analyzed as previously described (Supplementary Methods)13 using the DESeq2 package.14 

mRNA-seq data from our International Cancer Genome Consortium (ICGC) CLL cohort were used for 

comparison.15  DNA methylation profiles of 10 BCL3-R tumors were generated using EPIC 

methylation arrays. Similar data from 85 CLL were obtained for comparison from two previous 

publications: cohort 1 (C1) included 12 CLL from our institution,13 and cohort 2 (C2), 73 CLL from 

University Hospital Heidelberg.
16

 Data analyses were performed using minfi and limma packages.
17,18

 

The AME tool from the MEME suite19 was used for enrichment analysis of known motifs (2022 
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JASPAR database, Supplementary Methods).20 WGS, RNA-seq, and DNA methylation data are 

deposited in the European Genome-phenome Archive. 

Immunohistochemistry 

BCL3 protein expression was studied by immunohistochemistry in tumors with formalin-fixed 

paraffin-embedded tissue. Tissue sections (3µm) were stained using a Leica Bond-MAX stainer (Leica 

Biosystems) and the Anti-BCL3 primary antibody (23959-1-AP; Proteintech) (Supplementary 

Methods).   

Custom BCL3 FISH 

Custom BCL3 break-apart FISH probes to detect 5’ and 3’ BCL3 breakpoints were designed using 

three differentially labeled BAC clones: RP11-927F16 (spectrum orange), CTD-2608C5 (spectrum 

aqua), and RP11-423N20 (spectrum green) from the Children´s Hospital Oakland Research Institute 

library obtained from the Molecular Cytogenetics Platform of IMIM (Barcelona, Spain) and Life 

Technologies. BAC extraction and labeling, slide preparation, and hybridization were performed 

according to standard procedures.
21

  

Results 

Genomic characterization of the BCL3-rearrangement 

We first characterized the breakpoints of the BCL3-rearrangement at base-pair resolution using WGS 

data from 13 tumors (Supplementary Table S3). BCL3 was rearranged with the IGH region as a clonal 

event in all but one tumor (3646), in which the number of reads suggested a subclonal distribution. 

All tumors had breakpoints on chromosome 14 within class switch recombination (CSR) regions of 

the IGH locus (Figure 1A). Breakpoints occurred in IGHA2 (n=1), IGHG2 (n=3), IGHA1 (n=4), IGHG1 

(n=3), and IGHG3 (n=3). Breakpoints on chromosome 19 (chr19) were found upstream of the 5’ 

untranslated region (UTR) of BCL3 in 8/13 (61.5%) tumors (Figure 1A). These breakpoints occurred 

within a window of 13 kb, and the translocation juxtaposed BCL3 downstream of the CSR (Figure 1B). 

Notably, all eight tumors had U-IGHV, six had 100%, and two had 99.6% IGHV identity with the 

germline (Figure 1A, Supplementary Table S4). One additional tumor (3698) with mutated IGHV (M-

IGHV) (94.4% identity) had a breakpoint further upstream of BCL3 truncating CEACAM16, although 

the result of the translocation also placed BCL3 downstream of the CSR (Figures 1A, C). The four 

remaining tumors had breakpoints downstream of BCL3, two within CBLC, one in BCAM, and one 

after NECTIN2 (Figure 1A).  In these four translocations, BCL3 was not located after the CSR of IGH; 
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therefore, it does not seem to be the target of the translocation (Figure 1C). All tumors carrying the 

breakpoint downstream of BCL3 had M-IGHV with <98% germline identity.  

To determine the influence of the chr19 breakpoint on BCL3 expression, we studied 12 tumors, 

seven by RNA-seq (six with the breakpoint upstream and one downstream) and seven by 

immunohistochemistry (IHC; three upstream and four downstream). Two tumors were studied using 

both approaches (Supplementary Table S5). Eight tumors carrying the upstream BCL3-R, including 

one further upstream (3698), overexpressed BCL3 in comparison to CLL without this rearrangement 

(Figures 2A-B). No protein expression was detected by IHC in 10 additional nodal CLL with 

unmutated IGHV (U-CLL) with trisomy 12 and without BCL3-R. In contrast, the four tumors 

downstream BCL3-R did not express BCL3 (Figures 2A-B). The only downstream BCL3-R tumor with 

RNA available (3676) showed overexpression of NECTIN2, which was negative in all upstream BCL3-R 

tumors (Figures 2A).  

Overall, the location of the chr19 breakpoint distinguishes two main subgroups: 1) tumors with 

upstream BCL3-R breakpoints, which overexpress BCL3 and are enriched in U-IGHV, and 2) tumors 

with downstream BCL3-R breakpoints, which do not overexpress BCL3 and carry M-IGHV.  

Genomic landscape 

Tumors with upstream BCL3-R, excluding the three patients lacking normal DNA, had significantly 

fewer somatic mutations (mean 2511, range 1825-3165; n=7) than tumors with downstream BCL3-R, 

excluding tumor 3646 with a subclonal BCL3-R (mean 6271.7, range 4535-9125; n=3) (p<0.05; Figure 

3A-B, Supplementary Table S6). Mutational signature analysis identified the presence of SBS1, SBS5, 

and SBS8 in all cases, SBS18 in 7 cases, and SBS9 in 3 tumors with M-IGHV (Supplementary Figure S2 

and Supplementary Table S7). In addition, we have searched for AID motifs in the mutations 

occurring in IGH locus between the constant gene and class switch regions. We found that 17/25 

(68%) mutations occurred in AID motifs (Supplementary Table S8).  

The driver mutations in the upstream BCL3-R subgroup were very heterogeneous, with only MED12 

and FAT4 recurrently mutated in 2 tumors each. Other mutated genes have also been frequently 

described in CLL (ATM, NOTCH1, POT1, KHL6). In the four downstream BCL3-R tumors, two carried 

mutations in KMT2D, NOTCH2, and KLF2, frequently seen in MZL, whereas the remaining two tumors 

had recurrent mutations in TBL1XR1, detected in aggressive lymphomas, but also in some MZL 

(Figure 3A).  
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In terms of CNA, upstream BCL3-R tumors had a significantly lower genomic complexity (mean 2.9, 

range 1-9; n=9) than downstream BCL3-R tumors (mean 11.7, range 5-19; n=3) (p<0.05; Figure 3B, 

Supplementary Table S9). All but one upstream BCL3-R tumor carried trisomy 12, but this aberration 

was not observed in any of the downstream BCL3-R tumors (Figures 3B-C, Supplementary Figure S3). 

In line with the CNA, the number of SV was lower in upstream BCL3-R tumors than in downstream 

BCL3-R tumors (mean 4.8 SV, range 2-10, n=6 vs 18 SV, range 8-28, n=3, respectively) (Figures 3B, 

Supplementary Figure S4, Supplementary Table S10).  

Gene expression profiling  

To determine the gene expression profile of the BCL3-R tumors, we compared the RNA-seq data of 

seven BCL3-R tumors (six with upstream and one downstream breakpoint) with nine CLL (four U-CLL 

and five mutated IGHV (M-CLL)). An unsupervised principal component analysis (PCA) suggested that 

upstream BCL3-R tumors displayed a distinct gene expression profile with some similarities with 

both M-CLL and U-CLL, whereas the downstream BCL3-R tumor did not cluster with any of the other 

tumors (Figure 4A). Then, we conducted a differential expression analysis (DEA) between upstream 

BCL3-R tumors, all U-IGHV with trisomy 12, four CLL with U-IGHV, and one with trisomy 12 

(excluding tumor 3646 with subclonal BCL3-R). This analysis identified 1298 differentially expressed 

genes (DEG): 578 upregulated and 720 downregulated in the upstream BCL3-R subgroup (q<0.05; 

Figure 4B, Supplementary Table S11). These genes showed similar expression levels in U- and M-CLL 

(Figure 4B, Supplementary Table S12). Significant expression differences were found in genes 

previously described as characteristically down or upregulated in CLL compared with other B-cell 

neoplasms.22–24 Among them, upstream BCL3-R tumors had significant overexpression of EBF1, 

usually not expressed in CLL, and, in contrast, downregulation of LEF1, FMOD, ADTRP, CLNK, IGSF3, 

and TCF4, frequently overexpressed in CLL (Figure 4C).  

To rule out a potential confounding effect of trisomy 12, we performed a DEA between 16 U-CLLs 

with trisomy 12 and 49 U-CLLs without trisomy 12 using data from our ICGC CLL cohort.
15

 These 

analyses identified 1527 DEG (q<0.05, absolute(log2FC)>0.1; Supplementary Table S13). Among 

them, only 129 (9.9%) were shared by the upstream BCL3-R tumors, suggesting that most DEG 

observed in BCL3-R tumors were not related to trisomy 12 (Figure 4D). Interestingly, most CLL-

specific genes modulated in the upstream BCL3-R tumors appeared to be independent of trisomy 12 

in U-CLL (Figure 4D, Supplementary Figure S5A).  

Gene set enrichment analyses of upstream BCL3-R tumors and U-CLL with trisomy 12 showed that, 

while both subgroups of tumors shared some genes related to trisomy 12, most other pathways 



 11

identified were expressed at lower levels in BCL3-R tumors, such as BCR signaling or TNFα signaling 

via NF-κB (Supplementary Figure S5B, Supplementary Tables S14-S15). The lower BCR-signaling 

capacity of BCL3-R tumors was confirmed by measuring Ca2+ mobilization upon BCR stimulation with 

IgM (Supplementary Figure S6, Supplementary Methods). These findings suggest that, although 

upstream BCL3-R tumors share a subset of commonly expressed genes in CLL carrying trisomy 12, 

they also have a remarkably distinct profile.   

DNA methylation  

We analyzed the DNA methylation profile of eight upstream BCL3-R tumors, one of which was 

subclonal, and two downstream BCL3-R, and compared them with that of 85 CLL classified as naive-

like CLL (n-CLL) (n=33), intermediate CLL (i-CLL) (n=7), or memory-like (m-CLL) (n=45),
25,26

 and seven 

normal B-cell subsets (two naive, one germinal center, three memory, and one plasma cell). We first 

performed PCA using 764159 CpGs (Figure 5A). Principal component 1 (PC1) reflected the variability 

related to the proliferative history of the cells captured by the epiCMIT score,
26

 whereas PC2 

grouped samples based on the cell of origin, in which upstream BCL3-R clustered with n-CLL (Figure 

5A). Upstream BCL3-R tumors had a higher proliferative history than n-CLLs. This observation was 

confirmed by comparing epiCMIT scores between BCL3-R and n-CLL in the C1 (p=0.0043) and C2 

(p=0.00016) CLL cohorts (Figure 5B).  

To gain further insight into the differences between upstream BCL3-R and CLL, we performed a 

differential methylation analysis between both subgroups of tumors adjusted for trisomy 12, IGHV 

status, epitope, and cohort (Figure 5C, Supplementary Figure S7A). This analysis showed 795 

differentially methylated CpGs (DMCpGs), with 80 hyper- and 715 hypomethylated in BCL3-R tumors 

(q <0.05, LFC=0.25, Supplementary Table S16). A subset of 21 hypomethylated CpGs in BCL3-R 

tumors was modulated during B-cell differentiation, being hypomethylated in germinal center-

experienced normal B cells and M-CLL. Unmethylated CpGs were enriched in heterochromatin and 

gene bodies, whereas hypermethylated CpGs were enriched in enhancer-promoter regions 

(Supplementary Figure S7B). Among the DMCpGs, 69 mapped to 37 DEG, with 45/64 (70%) 

hypomethylated CpGs located in the gene body (5’UTR/first exon/body/3’UTR, n=38) or promoter 

region (TSS1500/TSS200, n=7) of upregulated genes and 4/5 (80%) hypermethylated CpGs mapped 

to the gene body (n=2) or promoter (n=2) of downregulated genes (Figure 5C, Supplementary Table 

S16). These genes include EBF1, CREBBP, and genes associated with NOTCH1 pathway (EPS15L1, 

ZMIZ1),27,28 cell proliferation (BHLHE40, TP63),29–31 cell motility and migration (CORO1C, GAB1, 

GRAMD1B, ITGB2),
32–36

 and poor outcomes in CLL or other lymphoid neoplasms (IMMP2L, OSBPL10, 

TP63).31,37,38 Notably, TP63, previously shown to be a pro-survival factor in CLL subset #8,31 was 
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overexpressed in BCL3-R cases (Figure 5D). A subsequent transcription factor (TF) binding analysis in 

the hypomethylated CpGs revealed a significant enrichment in the binding sites of B-cell-related TF 

such as BCL11B, RUNX3, IRF, JUN/FOS, and FOX families (Supplementary Table S17). 

Pathology and clinical characteristics 

Given the marked genomic differences between upstream and downstream BCL3-R tumors, we 

reanalyzed their pathological and clinical features separately (Table 1, Figure 6, Supplementary 

Tables S18-S19).   

Upstream BCL3-R tumors: Tumor cells in peripheral blood were small medium-sized with condensed 

non-clumped chromatin and broader pale cytoplasm than expected in typical CLL/SLL. Typical 

clumped chromatin was observed in only one tumor. Five tumors had cells with indented nuclei and 

seven tumors had prominent nucleoli (Figure 6A). Lymph node biopsies showed diffuse infiltration 

by small-to medium-sized cells in all tumors. In two tumors the cells had irregular nuclei and 

prominent nucleoli. Variable numbers of dispersed large cells were observed in all tumors, but clear 

proliferation centers were observed in only two. Flow cytometry showed expression of mature B-cell 

markers with CD5 and CD200 positivity in all tumors, but a typical CLL immunophenotype (CD19+, 

CD79b+, CD5+, CD23+, CD43+, CD200+ with dim expression of CD20, CD22, and FMC7-) was only 

found in three of the nine tumors (Table 1, Supplementary Table S19). The other tumors expressed 

bright B-cell antigens/surface IgG and/or were dim/negative for CD23 and CD43. In the tissue 

sections, the four tumors studied were LEF1 negative and no or very scant follicular dendritic 

networks were observed (Figure 6B).  

Downstream BCL3-R tumors: Tumor cells in peripheral blood were larger than those in the previous 

group, and three of the four tumors had villi or clasmatosis (Figure 6A). The patient without villous 

lymphocytes had multiple chromosomal alterations that were not specific to any lymphoid 

neoplasm. The two lymph nodes examined in these patients had infiltration by atypical small cells 

that partially preserved the architecture, with open sinusoids and occasional residual germinal 

centers. Tumor cells expanded the perifollicular areas and colonized germinal centers. One patient 

showed marked monotypic plasmacytosis. The two spleens showed expansion of the white pulp and 

partial infiltration of the red pulp by small-to medium-sized lymphoid proliferation with occasional 

larger cells, consistent with SMZL (Figure 6C). The four tumors expressed strong B-cell markers and 

were CD5 and CD23 negative. CD200 and CD43 were positive in 1/3 of the tumors, and 2/3 

expressed IgD. Follicular dendritic cells highlighted the presence of residual germinal centers in all 

tumors (Figure 6C).   
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Clinical characteristics 

The main clinical difference between the two subgroups was the higher lymphocyte count in the 

upstream BCL3-R subgroup (p=0.01) and splenomegaly in 3 of the 4 patients with downstream BCL3-

R (p=0.07) (Table 1). Two of the latter patients transformed to a large B-cell lymphoma 5 and 11 

years after diagnosis. Transformations were not observed in the upstream BCL3-R subgroup with a 

similar median follow-up time as the downstream tumors (6.3 years versus 5.3 years, respectively, 

p=0.4). 

All downstream BCL3-R patients required therapy, in contrast to only 5/9 from the upstream BCL3-R 

subgroup, although no significant differences were found in the median time to first treatment. 

There were six deaths in the whole cohort, four of which were disease-related, two in the upstream 

BCL3-R subgroup, and two in the downstream BCL3-R subgroup, without differences in median 

survival time. Patients with upstream BCL3-R tumors had a similar overall survival as patients with U-

CLL and trisomy 12 in our ICGC CLL cohort (Supplementary Figure S8). 

FISH validation of BCL3-rearrangement breakpoints and expanded cohort 

As the current commercially available FISH probes do not distinguish between the 5’ and 3’ 

rearrangements of BCL3-R identified in this study, we designed a new three-color FISH assay that 

could identify the new BCL3 5’ and 3’ breakpoints (Figure 7A). We tested the new assay in 9 of our 

13 tumors and confirmed the breakpoints concordantly with the WGS in all tumors, 7 upstream and 

2 downstream (Figure 7B, Supplementary Figure S9A, Supplementary Table S1).  

We used the new FISH assay in 17 additional B-cell neoplasms with t(14;19) or BCL3-R 

(Supplementary Table S20-S21, Supplementary Figure S9B). We identified an upstream breakpoint in 

13 tumors and downstream in 4. In line with our previous observations, 11 tumors with upstream 

breakpoints were diagnosed as aCLL (n=8) or CLL (n=3) and two as leukemic non-nodal MCL. The 

aCLL had bright B-cell markers and LEF1 was negative in the 6 tumors studied. Trisomy 12 was 

present in 8/11 and 6/7 had U-IGHV. Lymph nodes examined in 4 cases were consistent with CLL, 

including prominent proliferation centers in two patients (Figure 7C, Supplementary Figure S10A). 

The two MCL were leukemic non-nodal, with CCND1 rearrangement and overexpression, and SOX11 

negative (Supplementary Figure S10B).  Three of the four patients with downstream BCL3-R were 

SMZL, one of them with atypical features previously published,6 splenomegaly and leukemic disease. 

Two cases carried del(7)(q32) and one case studied mutations frequent in SMZL (TNFAIP3, NOTCH1, 

KMT2D)(Supplementary Table S21).39  
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Discussion 

In this study, we characterized the breakpoints of t(14;19) at base-pair resolution in 13 patients with 

B-cell neoplasms in whom the BCL3-rearrangement had been detected by FISH. These tumors 

showed marked molecular, pathological, and clinical differences according to the location of the 

breakpoint in the 5’ or 3’ BCL3 region, suggesting that they correspond to different entities. 

Specifically, tumors upstream BCL3-R showed BCL3 overexpression, unmutated IGHV, low genomic 

complexity, trisomy 12, gene mutations and mutational signatures typically observed in CLL. In 

contrast, tumors with downstream BCL3-R did not upregulate BCL3 and carried M-IGHV, high 

genomic complexity, and mutations typically observed in MZLs. Intriguingly, all the breakpoints in 

the IGHV were mediated by aberrant CSR, but 8 of the 9 tumors with the 5’ BCL3 breakpoints had U-

IGHV and 6 of them had 100% identity with the germline, consistent with the fact that CSR occurs 

before germinal cell commitment and initiation of somatic mutations in the immunoglobulin 

genes.
40,41

  

The pathological features of both subgroups were atypical for CLL or MZL, raising difficulties in their 

precise taxonomic classification. Upstream BCL3-R tumors have characteristics supporting their 

relationship with CLL including the presence of nodal proliferation centers in some tumors, trisomy 

12 in virtually all tumors, and mutations in genes seen in CLL and uncommon in other lymphoid 

neoplasms. However, the cytological and phenotypic features of most tumors are not completely 

typical of CLL with bright expression of B-cell antigens and surface Ig, weak or negative CD23 and the 

expression profile of a subset of genes different from that seen in U-CLL with trisomy 12 such as 

negative/low expression of LEF1 and upregulation of EBF1 among others. In addition, the BCR 

signaling response was lower than that in U-CLL with trisomy 12. These findings were confirmed in 

the validation cohort and suggest that lymphoid neoplasms with upstream BCL3-R may correspond 

to a distinct atypical subset of CLL.  

Downstream BCL3-R tumors had features of MZL with the presence of villous lymphocytes and 

genetic alterations frequently seen in these tumors (KLF2, NOTCH2, TBL1XR1). However, they also 

had some atypical characteristics, such as the exclusive leukemic presentation for 5 and 11 years in 

two patients and large cell transformation in two of them, an event only seen in 10-15% of SMZL 

cases.
42

 Three of the four tumors with downstream BCL3-R in the validation series were also SMZL, 

two of them with del(7q32).6 The candidate gene of the downstream BCL3-R is unclear. We could 

only study one of these cases using RNA-seq, which overexpressed NECTIN2. This gene, also known 

as PVRL2 or CD112, is a member of immunoglobulin-like cell adhesion molecules and a ligand for NK 

cells. Although its potential oncogenic role is unknown, translocations of this gene with IG and TCR 
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have been detected in occasional DLBCL and peripheral T-cell lymphomas, respectively.43,44 Further 

studies are required to determine whether tumors with downstream BCL3-R are a homogeneous 

group within the marginal zone spectrum.   

The biological and clinical differences between tumors with 5’ and 3’ BCL3-R observed in our study 

may explain the heterogeneity described in the literature. Most of the published tumors resemble 

our atypical CLL subgroup with an increased frequency of trisomy 12, U-IGHV, and atypical 

morphology and immunophenotype, although some tumors have also been described as having 

typical CLL features.7–9,45 The other subgroup is more heterogeneous with frequent M-IGHV and also 

MZL characteristics, although with occasional atypical features. Some of the tumors had large B-cell 

morphology similar to our transformed 3’ BCL3-R tumors.
6,7,46

 The possible prognostic impact of 

BCL3-R in lymphoid neoplasms in the literature is also controversial. Some studies have indicated 

that CLL or aCLL with BCL3-R have an adverse prognosis8,47–49 but this was not confirmed by others.50 

Our patients with upstream BCL3-R had a similar time to the first treatment and overall survival as U-

CLL with trisomy 12.  

Our new BCL3-R FISH assay identified two breakpoints in 11 of the 12 (92%) initial tumors studied 

and in all 17 independent lymphoid neoplasms, 13 with a 5’ breakpoint and four with a 3’ 

breakpoint. Interestingly, 11 tumors with upstream BCL3-R had pathological and genetic features 

similar to those of aCLL/CLL with U-IGHV, trisomy 12, and negative LEF1 expression. The tumors with 

the 3’ breakpoint were three SMZL, with some atypical features.6 These results confirm the value of 

this new FISH assay in identifying different BCL3 breakpoints and diseases. The finding of a 5’ BCL3-R 

in two nnMCL suggests that, similar to other translocations in lymphoid neoplasms, BCL3-R is not 

specific to a single entity and needs to be interpreted in the appropriate context.         

In conclusion, identification of breakpoints upstream or downstream of BCL3 revealed two different 

subgroups of lymphoid neoplasms. Tumors with a 5’ breakpoint may correspond to a distinct subset 

of aCLL/CLL with distinct (epi)genomic, transcriptomic, and clinicopathological features, whereas 3’ 

rearranged tumors appear to be in the MZL spectrum. We developed a novel FISH assay that 

recognizes these two BCL3 breakpoints and is therefore useful in clinical practice to identify the two 

subgroups of patients.  
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Table 1: Clinical and pathological features of 13 patients with BCL3-R 

 

 
Total (n=13) 

Upstream BCL3-R 

(n=9) 

Downstream BCL3-R 

(n=4) 
p-value 

Clinical data at diagnosis         

Median age (years) 69 (50-81) 69 (50-78) 64 (53-81) 1 

Male 7 (54%) 5 (56%) 2 (50%) 1 

ALC (x10
9
/L) 8.1 (0.9-161.8) 9 (2.9-161.8) 1 (0.9-2.9) 0.01 

Lymphadenopathy 3 (25%) 3 (38%) 0 0.49 

Splenomegaly 4 (33%) 1 (13%) 3 (75%) 0.07 

B symptoms 3 (25%) 1 (13%) 2 (50%) 0.24 

 

Clinical data at follow-up 
        

Need for treatment 9 (69%) 5 (56%) 4 (100%) 0.23 

Median time to first treatment 

(years) 
2.6 4.6 0.9 0.7 

Large B-cell lymphoma 

transformation 
2 (15%) 0 2 (50%) 0.08 

Median survival time (years) 10.5 11.1 10.5 0.5 

 

Genetics 
        

Trisomy 12 7 (54%)  7 (78%) 0 0.04 

Complex karyotype 8 (61%)  6 (67%) 2 (67%) 1 

Unmutated IGHV status  8 (61%) 8 (89%) 0 0.007 

Deletion 11q 2 (15%) 1 (11%) 1 (25%) 1 

TP53 mutation 0 0 0  

Deletion 17p 0 0 0  

 

Phenotype 
        

Flow cytometry         

Typical for CLL* 3 (23%) 3 (33%) 0   

Bright sIg 8 (61%) 4 (44%) 4 (100%)   

Bright B-cell markers 9 (69%) 5 (56%) 4 (100%)   

CD5 + 9 (69%) 9 (100%) 0   

CD43 + 7 (58%) 6 (67%) 1 (33%)   

CD23 + 6 (50%) 6 (67%) 0   

CD200 + 9 (75%) 8 (89%) 1 (33%)   

Immunohistochemistry         

CD5 + 3/7 3/4 0/3   

CD23 + 4/7 
2/4 strong, 2/4 

weak 
0/3   

LEF1 + 0/7 0/4 0/3   

BCL3 + 3/6 3/3 0/3   

Quantitative parameters are expressed as median (range). 

Abbreviations: ALC, Absolute lymphocyte count; sIg, surface immunoglobulins. 

*Typical CLL immunophenotype CD19+ with dim expression of CD20, CD22, CD79b, CD5+, CD23+, 

CD43+, CD200+, and FMC7 −. 
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Figures 

Figure 1. Characterization of the breakpoints derived from the t(14;19) at base-pair resolution. A, 

Representation of the breakpoints on chromosome 19 (chr19) and chromosome 14 (chr14) for each 

patient (red vertical line). Unmutated IGHV (U-IGHV) and mutated IGHV (M-IGHV) tumors are 

represented in gray and black labels, respectively. Tumors are classified based on the breakpoint on 

chr19: further upstream BCL3 (pale blue), upstream BCL3 (blue), and downstream BCL3 (orange). B, 

Schema of the most recurrent translocation pattern observed in the upstream BCL3 subgroup with 

IGH and its corresponding CSR located upstream BCL3, suggesting a constitutive upregulation of 

BCL3. C, Depiction of five patients, one with the translocation further upstream BCL3 and four with 

the translocation downstream BCL3. In the further upstream tumor (3698), the t(14;19) truncates 

CEACAM16 and, similar to upstream BCL3 translocations, IGH is located 5’ of  BCL3 suggesting a 

constitutive upregulation of this gene. In the downstream tumors, the t(14;19) affects  three 

different genes (CBLC, BCAM, NECTIN2) located downstream of BCL3. The resulting derivatives of the 

t(14;19) suggest that BCL3 is not placed under the regulation of the enhancers of the IGH and, 

therefore, its expression remains unchanged.  

Figure 2. BCL3 expression in upstream and downstream BCL3-R tumors. A, RNA-seq data shows that 

BCL3 is upregulated in the upstream BCL3 tumors, except tumor 3646 carrying a subclonal t(14;19), 

compared to U-CLL. Contrarily, the downstream BCL3 tumor (3676) upregulated NECTIN2 while 

showed lower BCL3 expression than any of the upstream and CLL tumors. B, Immunohistochemistry 

images (400x) displaying a positive BCL3 expression in the further upstream tumor and in a 

representative upstream tumor, but not in a representative downstream tumor. 

Figure 3. Mutations and structural alterations in B-cell neoplasms with t(14;19) and BCL3-R identified 

by WGS. A, Oncoprint representation of driver gene mutations frequently observed in CLL (red) or in 

other B-cell lymphomas (blue-green). Total number of mutations are not reported in sample 3696 

and 624 due to the lack of germline DNA and in sample 3649 due to its low tumor cell content (20%) 

(Supplementary Methods, Supplementary Table S1). B, Comparison of the number of mutations, 

CNA and SV between upstream BCL3-R and downstream BCL3-R tumors. C, Copy number profile of 

BCL3-R tumors. Tumors are shown in rows and chromosomes in columns. The IGHV mutational 

status, breakpoint location on chromosome 19, and number of CNA are shown on the right. Sample 

3649 had an estimated tumor cell content of 20% that allowed the detection of driver somatic 

mutations and the BCL3-R but was not sufficient for a proper analysis of CNA (Supplementary 

Methods, Supplementary Table S1). 
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Figure 4. Gene expression profile of upstream BCL3-R tumors. A, PCA of RNA-seq data of 6 upstream 

BCL3-R tumors, one downstream BCL3-R tumor, and 9 CLL (first component is shown against second, 

third, fourth, and fifth components). B, Heatmap of the differential gene expression analysis 

between 5 upstream BCL3-R tumors and 4 U-CLL, also compared to one tumor with downstream 

BCL3-R tumor and CLL without t(14;19). Tumor 3646 was excluded from the analysis due to its 

subclonal BCL3-R. Hallmark CLL genes differentially expressed between BCL3-R tumors and CLL are 

flagged. C, Expression of CLL hallmark genes in the upstream BCL3-R tumors compared to U-CLL. Q-

values are from the DEA. D, Venn diagram showing the overlap of the differentially expressed genes 

among upstream BCL3-R vs U-CLL and U-CLL with vs without trisomy 12. Hallmark CLL genes are 

highlighted. 

Figure 5. DNA methylation profile of upstream BCL3-R tumors. A, PCA of DNA methylation data of 10 

B-cell neoplasms with BCL3-R, 85 CLL, and 7 normal B-cells subsets (first and second components are 

shown). The shape corresponds to the tumor types while the color represents the proliferative 

history (epiCMIT score). NBC: naive B cell, GC: germinal center B cell, MBC memory B cell, PC: plasma 

cell, n-CLL: naive-like CLL, i-CLL: intermediate CLL, m-CLL: memory-like CLL. B, Comparison of the 

epiCMIT score between upstream BCL3-R tumors and n-CLL from cohorts C1 and C2, respectively. 

The upstream BCL3-R subgroup of tumors does not include the tumor 3646 carrying a subclonal 

t(14;19). C, Heatmap of the differential methylated CpGs between 7 upstream BCL3-R tumors and 85 

CLL. The chromatin state of each CpG is shown on the right. Differentially methylated CpGs mapping 

to differentially expressed CLL genes of interest are labeled. D, TP63 expression in the upstream 

BCL3-R subgroup compared to CLL. 

Figure 6. Images of representative upstream and downstream BCL3-R tumors. A, Cells in peripheral 

blood smears from representative tumors. Both tumors show features such as nuclear irregularities 

and lobulation, non-clumped chromatin, central nucleoli, ample cytoplasm, or villi, which are 

atypical for conventional CLL. 1000x oil immersion, light microscope and camera, Leishman stain. B-

C, Histology (H&E staining) and immunohistochemistry images were obtained from scanned slides 

(Ventana DP200 scanner, Roche Diagnostics). The upstream BCL3-R tumor had a diffuse growth 

pattern, resembling CLL, but without proliferation centers (100x). At high power (600x), the cells 

were small, with scarce cytoplasm, distinct irregular nuclei, and central nucleoli. Larger scattered 

cells were observed. The immunophenotype is atypical for a CLL tumor (CD5-, CD23+ weak, and 

CD43+ weak), and the cells are LEF1 negative. CD5 was negative in the lymph nodes by 

immunohistochemistry but positive in the peripheral blood according to flow cytometry. The 

downstream BCL3-R tumor has a perifollicular growth pattern (100x), leaving residual germinal 
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centers (400x), with a residual follicular dendritic network on CD21 and germinal center cells on 

BCL6, resembling marginal zone lymphoma. This tumor has a non-specific B-cell phenotype and 

plasma cell differentiation with kappa light-chain restriction. 

Figure 7. Custom FISH assay to map the breakpoints of the BCL3-R and images of a representative 

tumor from the validation cohort. A, Schematic representation of the custom design of BCL3 break-

apart FISH probe. BCL3 gene and BCL3 FISH probe are annotated based on GRCh37/hg19 assembly. 

B, Interphase nucleus of tumor 3783 (left panel) and 3676 (right panel). Tumor 3783 shows a 

positive signal constellation indicating a break upstream of BCL3 since the BAC-clone RP11-927F16 is 

split from CTD2608C5 and RP11-423N20. Tumor 3676 displays a positive signal constellation 

suggesting a break downstream of BCL3 with the BAC-clone RP11-423N20 split from CTD2608C5 and 

RP11-927F16. C, Histology (H&E stain) and immunohistochemistry images of tumor 1 from the 

validation cohort. Low power magnification (50x) of lymph node shows clear proliferation centers. 

CD20 shows diffuse positivity (100x). CD23 is only partially and faintly expressed in proliferation 

centers (100x). CD3 highlights few admixed T cells (100x). CD5 shows few admixed T cells (strong 

staining intensity) and low expression in tumor cells in the lymph node (100x). LEF1 shows 

expression in T cells and few cells in proliferation centers but mainly negative in tumor cells (100x). 
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SUPPLEMENTARY METHODS 

Whole-genome sequencing analyses 

Whole-genome sequencing (WGS) of paired tumor/normal samples (n=10) or tumor samples (n=3) 

from 13 B-cell neoplasms with the BCL3-rearrangement (BCL3-R) was performed using the TruSeq DNA 

PCR Free or the TruSeq DNA nano library preparation protocol based on material availability and 

sequenced in a NovaSeq6000 (2x150 bp). Samples were sequenced at a mean coverage of 30x, except 

three tumor samples [3646 (subclonal BCL3-R), 3649 (tumor cell content of 20%), and 4692 (tumor 

cell content of 40%)] that were sequenced at a mean coverage of 70-80x (Supplementary Table S1).  

Raw reads were mapped to the human reference genome (GRCh37) using the BWA-mem algorithm 

(version 0.7.15).1 BAM files were generated, sorted, indexed and optical or PCR duplicates flagged 

using biobambam2 (version 2.0.65).2 Quality control and coverage metrics were extracted using 

FastQC (version 0.11.5, https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and Picard 

(version 2.10.2, https://broadinstitute.github.io/picard/).  

Tumor vs normal variant calling was performed as previously described.3 Briefly, somatic single 

nucleotide variants (SNV) were analyzed using CaVEMan (cgpCaVEManWrapper, version 1.12.0),4 

Mutect2 (GATK, version 4.0.2.0),5 and MuSE (version 1.0).6 Caller-specific filters to remove low quality 

variants were identified by CaVEMan and Mutect2. Variants detected by CaVEMan with more than 

half of the mutant reads clipped (CLPM>0) and with supporting reads with a median alignment score 

(ASMD)<140 were excluded. Variants called by Mutect2 with MMQ<60 were eliminated. Finally, 

mutations detected by at least two algorithms were considered. Short insertions/deletions (indels) 

were called by Pindel (cgpPindel, version 2.2.3),7 Platypus (version 0.8.1),8 SvABA (version 7.0.2),9 and 

Mutect2.5 As performed for SNVs, caller-specific filters were applied: variants with mapping quality 

MMQ<60, MQ<60, and MAPQ<60 for Mutect2, Platypus, and SvABA, respectively, were removed. 

Only indels identified by at least two algorithms were retained for downstream analyses. Mutations 

identified were annotated using snpEff/snpSift (version 4.3t).10,11 Copy number alterations (CNA) were 

called using Battenberg (cgpBattenberg, version 3.2.2)12 and ASCAT (ascatNgs, version 4.1.0).13 CNA 

within any of the immunoglobulin loci were not considered. Genome-wide structural variants (SV) 

were extracted using BRASS (version 6.0.5),14 SvABA,9 and DELLY2 (version 0.8.1).15  Variants detected 

by BRASS with MAPQ<90 and those with MAPQ<60 for SvABA or DELLY2 were filtered out. Finally, SV 
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identified by at least two programs were kept. All SV were visually inspected using the Integrative 

Genomic Viewer (IGV).16 

Tumor-only variant calling within the genomic regions of previously described candidate driver genes 

in chronic lymphocytic leukemia (CLL) and other lymphomas3 was performed for 3 tumors without 

germline DNA available using an updated version of our tumor-only pipeline.17 Briefly, mini-BAM files 

with the reads mapping to the driver genes were obtained using Picard tools and variant calling was 

performed using VarScan2 (version 2.4.3),18 Mutect2,5 VarDictJava (version 1.4),19 LoFreq  (version 

2.1.3.1),20 outLyzer (version 1.0),21 and freebayes (version 1.1.0; 

https://github.com/freebayes/freebayes). Variants identified were annotated using snpEff/snpSift 

(version 4.3t).10,11 Only variants identified as PASS by at least two algorithms were considered. Variants 

reported in the 1000 Genome Project, ExAC and/or gnomAD with a population frequency >1% were 

considered as potential polymorphisms and removed from downstream analyses. Similarly, variants 

reported as germline in our International Cancer Genome Consortium (ICGC)-CLL database were 

removed.22 Tumor-only CNA were extracted using Control-FREEC (version 11.5) with default 

parameters.23  

Note on sample 3649: Due to the low tumor cell content of sample 3649 (20%), we did not report 

CNA, SV and genome-wide mutations. Driver gene mutations were analyzed using the tumor-only 

variant calling pipeline. 

Driver mutations and mutational signature analysis 

Driver mutations were studied considering a list of 247 recurrently mutated genes in B-cell neoplasms, 

including CLL, SMZL, and DLBCL (Supplementary Table S2).22,24–27 

Whole-genome analysis of single base substitutions (SBS) was performed in the 10 normal-tumor 

samples carrying BCL3-rearrangements using the MutationalPatterns package (version 3.8.1) in R.28 

For the analysis, signatures previously described in CLL and lymphomas were considered: SBS1, SBS5, 

SBS8, SBS9, and SBS18.3,29 The cosine similarity between the original and reconstructed mutational 

profiles was measured to assess the robustness of the analysis. 

Mutations found in the immunoglobulin heavy chains (IGH) constant genes and class switch regions 

(CSR) were visually examined using the Integrative Genome Viewer (version 2.16.1) to assess if they 

occurred in putative activation-induced cytidine deaminase (AID) target motifs, that is WRCY and 

RGYW.30 IGH constant gene-CSR coordinates were defined as the region between the starting point of 
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the IGH constant gene and the end point of the CSR using the wgEncodeGencodeBasicV19 database 

for IGH constant genes and the previously defined consensus sequences for CSR.31  

RNA-seq analyses 

Total tumor RNA for RNA-seq could be obtained from 7 tumors with BCL3-R. We also extracted total 

RNA from 9 CLL lacking t(14;19) and BCL3-R, 4 with unmutated IGHV (U-IGHV) and 5 with mutated 

IGHV. Total RNA samples were quantified by Qubit RNA BR Assay kit (Thermo Fisher Scientific) and the 

RNA integrity was estimated by using RNA 6000 Nano Bioanalyzer 2100 Assay (Agilent) prior to library 

preparation. Stranded total RNA-seq libraries were prepared Illumina’s recommendations. To further 

compare the expression data of tumors with BCL3-R and CLL we re-analyzed the RNA-seq data from 

65 CLL [all U-IGHV] from a previous publication.22 These tumors were negative for BCL3-R and carried 

less than 4 CNA to reduce the possible effects of CNA on gene expression.  

The bioinformatic analysis was performed as previously described.3 Briefly, sequencing reads were 

trimmed using trimmomatic (version 0.38)32 and ribosomic RNA reads were filtered out using 

SortMeRNA (version 2.1b).33 Gene-level counts (GRCh38.p13; Ensembl release 100) were calculated 

using kallisto (version 0.46.1)34 and tximport (version 1.6.0).35 A principal component analysis (PCA) 

was conducted to study the clustering of the samples.  Differential expression analysis was conducted 

using DESeq2 (version 1.30.1).36 Log fold change (FC) shrinkage was subsequently applied with the 

apeglm method.37 Genes were considered as differentially expressed if q<0.05 and absolute(log2FC)>0 

in the upstream BCL3-R vs U-CLL comparison and if q<0.05 and absolute(log2FC)>0.1 in the U-CLL with 

trisomy 12 vs U-CLL without trisomy 12 comparison. Finally, the variance stabilizing transformation 

(VST) was applied on the matrices of the normalized counts and used these transformed matrices for 

dimensionality reduction analyses. Gene set enrichment analysis (GSEA) was performed with the fgsea 

R package (version 1.20.0)38 using the C2 and H collections from the MSigDB gene sets (version 7.4).   

DNA methylation 

The DNA methylation profile of 10 tumors with BCL3-R were examined using EPIC methylation arrays 

following manufacturer’s recommendations. Similar data from 85 CLL negative for BCL3-R were 

obtained from two previous publications: cohort 1 (C1), which included 12 CLL from our institution,3 

and cohort 2 (C2), which consisted of 73 CLL from University Hospital Heidelberg.39,40 Additionally, the 

DNA methylation profile of 5 CLL/small lymphocytic lymphoma (SLL), 21 marginal zone lymphoma 

(MZL) (7 splenic, 3 nodal, 6 extranodal, 5 unspecified), 5 follicular lymphomas (FL), and 4 mantle cell 

lymphomas (MCL), were obtained from the Gene Expression Omnibus 
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(https://www.ncbi.nlm.nih.gov/geo, accession number GSE171424).41 In contrast to C1 and C2 DNA 

samples, which were obtained from frozen tissue, GSE171424 data were obtained from DNA from 

formalin fixed paraffin embedded tissue. Due to this difference, GSE171424 tumors were only used to 

visually compare their DNA methylation profile with that of the 10 tumors with the BCL3-R and the 85 

CLL.  The results were also visually compared to the methylation profile of 7 normal B-cells (NBC; 2 

naive, 1 germinal center, 3 memory and 1 plasma cell, DNA from from fresh/frozen samples) from a 

previous publication.42  

DNA methylation data were analyzed with particular use of the minfi package (version 1.36.0),43 which 

was exclusively used for data preprocessing. EPIC arrays of the tumors with the BCL3-R, C1 and C2 

cohorts and NBC were first combined into one object using the combineArrays function from the minfi 

package, while GSE171424 arrays were preprocessed separately. Only probes common to both 

datasets (i.e. BCL3-R, C1, C2 and NBC, on one side [A1], and GSE171424, on the other side [A2]) were 

used for the preprocessing. A total of 865859 probes present in each array were quantile normalized. 

Consecutively, 30435 CpGs representing SNPs, 2925 non-CpG probes, and 19205 CpGs present in sex 

chromosomes were excluded. From the remaining 813294 CpGs, 10555 CpGs in A1 and 48265 CpGs 

in A2 with a detection p-value of ≤1x10e-6 in more than 10% of the samples were removed. From a 

total of 802739 CpGs in A1 and 765029 CpGs in A2, 764159 CpGs common in both datasets A1 and A2 

were kept. After implementing all filtering criteria, 10 B-cell neoplasms with the t(14;19) from our 

institution, 85 CLL from C1 and C2 cohorts, 7 NBC, and 5 CLL/SLL, 17 MZL (7 splenic, 2 nodal, 5 

extranodal, 3 unspecified), 5 FL, and 4 MCL from GSE171424 were retained. In total, 102 samples in 

A1 and 31 samples in A2 were profiled with DNA methylation values for 764159 CpGs.    

C1 and C2 CLL tumors and the 10 tumors with BCL3-R were classified using the CLL epitype classifier,44 

which categorizes CLL into 3 epigenetic subtypes (also known as epitypes), named naive-like CLL (n-

CLL), intermediate CLL (i-CLL) and memory-like CLL (m-CLL),45 based on 4 CpGs. A PCA was conducted 

on the beta values in A1. The epiCMIT score, a mitotic clock composed of 1348 CpGs that reflects the 

proliferative history of neoplastic B-cells,44 was compared between upstream BCL3-R and n-CLL 

(1263/1348 (94%) and 1221/1348 (91%) CpGs were available in A1 and A2, respectively). Differential 

methylation analysis was performed between 7 upstream BCL3-R and 85 CLL, adjusting for IGHV, 

epitype, trisomy 12 and cohort, using the limma package (version 3.46.0).46 CpGs were considered to 

be differentially methylated at q<0.05 (p-values were corrected with the Benjamini-Hochberg 

method) and an absolute difference in betas values of at least 0.25. T-distributed stochastic neighbor 

embedding analysis was carried out on the differentially methylated (DM)CpGs in all samples. 

DMCpGs were mapped to the genomic location (N_Shelf, N_Shore, Island, S_Shelf, S_Shore, OpenSea) 
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and to intergenic region or gene region (TSS1500, TSS200, 5'UTR, 1stExon, Body, ExonBnd, 3’UTR) 

using the getAnnotation function from the minfi package (version 1.36.0). Additionally, DMCpGs were 

mapped to chromatin states obtained from 7 CLL tumors and 5 normal naive B-cells from a previous 

publication.47 Chromatin states were defined as: heterochromatin (H3K9me3_Repressed, 

Heterochromatin Low_Signal), polycomb (Posied_Promoter, H3K27me3_Repressed), 

enhancer/promoter (Active_Promoter, Strong_Enhancer1, Weak_Promoter, Weak_Enhancer, 

Strong_Enhancer), transcription (Transcription_Transition, Weak_Transcription, Transcription_ 

Elongation) and chromatin mix (when the tumors had several chromatin states.  A transcription factor 

(TF) binding analysis was performed using 100 base-pair (bp) sequences around 715 CpGs showing 

hypomethylation (50 bp to each side of the CG). These sequences were obtained using the 

getAnnotation function from the minfi package. A total of 500000 randomly selected sequences were 

used as background. The frequency of A, T, C, and G in the background sequences was then calculated 

to account for the biases in the EPIC array. The AME tool from the MEME suite (version 5.5.0)48 was 

used for the enrichment analysis of known motifs from the non-redundant vertebrate 2022 JASPAR 

database49 using a one-tailed Wilcoxon rank-sum test with the maximum odds score as a sequence 

scoring method and a 0.05 false discovery rate (FDR) cutoff. 

Calcium flux analysis 

Calcium flux analysis were performed as previously described.3 Cryopreserved cells were resuspended 

on RPMI-1640 medium with 10% FBS, 1% Glutamax and 5% penicillin (10,000 IU ml-1)/ streptomycin 

(10 mg ml-1) (Thermo Fisher) at 106 cells ml-1. After 6 h of incubation at 37 °C and 5% CO2, cells were 

centrifuged and resuspended on RPMI-1640 with 4 μM Indo-1 AM (Thermo Fisher) and 0.08% Pluronic 

F-127 (Thermo Fisher) for 30 min at 37 °C and 5% CO2. Cells were subsequently labeled for 20 min at 

room temperature with surface marker antibodies CD19 (Super Bright 600; Invitrogen) and CD5 (PE-

Cy5; BD Biosciences) for the identification of tumoral cells (CD19+CD5+). Cells were next resuspended 

on RPMI-1640 before flow cytometry acquisition. Basal calcium was measured during 1 min before 

stimulation, then cells were incubated during 2 min at 37 °C with or without 10 μg ml-1 anti-human 

F(ab′)2 IgM (Southern Biotech) and 3.3 mM H2O2 (Sigma-Aldrich). Finally, 2 μM 4-hydroxytamoxifen 

(4-OHT) (Sigma-Aldrich) was added to all conditions before continue recording for up to 8 min. 

Intracellular Ca2+ release was measured on LSRFortessa (BD Biosciences) using BD FACSDiva software 

(version 8) by exciting with ultraviolet laser (355 nm) and appropriate filters: Indo-1 violet (450/50 

nm) and Indo-1 blue (530/30 nm). Bound (Indo-1 violet) and unbound (Indo-1 blue) ratiometric was 

calculated with FlowJo software (version 10.7.1). Gating analysis was as follows: cell identification in 

FSC-A versus SSC-A plot, singlet identification in FSC-A versus FCS-H plot, tumoral cells (CD19+CD5+) 
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in CD19 (Super Bright 600) versus CD5 (PE-Cy5) plot and Ca2+ release in time versus Indo-1 violet/Indo-

1 blue plot using a kinetics tool. 

Clinical analyses 

Primary end points were overall survival and time to first treatment, calculated from the date of 

diagnosis. Median follow-up was calculated with the Kaplan-Meier estimate of potential follow-up.50 

 

SUPPLEMENTARY TABLES 

 

Tables not included in this PDF document can be found in the Supplementary Tables Excel file. 

Supplementary Table S5. BCL3 expression according to the 

location of the translocation breakpoint on chromosome 19 

BCL3 

Breakpoint 

BCL3 overexpression 
 

RNA-seq IHC Total 

Upstream 6/6 3/3 8/8 

Downstream 0/1 0/4 0/4 
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Supplementary Table S18. Clinical characteristics of the BCL3-R tumors 

Patient 

ID 

Age, 

Sex 

Clinical presentation ALC 

(x109/L) 

Treatment (in 

sequence) 

Follow

-up 

time 

(years) 

Cause of death 

Downstream BCL3-R tumors 

3721 81, 

Fema

le 

Splenomegaly, B 

symptoms 

0.9 R-COPx2 + 

chlorambucil (PR); 

low dose 

cyclophosphamide 

(SD) 

2.7, AR  

3649 70, 

Fema

le 

Splenomegaly, B 

symptoms 

1 Splenectomy 

followed by FCRx5 

(CR) 

3.5, D Unrelated to disease, COVID 

pneumonia, and therapy-

related myelodysplastic 

syndrome 

4692 53, 

Male 

Splenomegaly 1 Splenectomy (CR); 

R-CHOPx6 (CR) 

7.5, AR  

3676 59, 

Male 

- 2.91 - 11, D CNS hemorrhage before start 

of R-CHOP, with clinical 

transformation (splenomegaly, 

B-symptoms, lymphocytosis) 

Upstream BCL3-R tumors 

3663 78, 

Fema

le 

Lymphocytosis 9.6 - 5.3, AD  

3646 71, 

Male 

Lymphocytosis 19.5 - 1.8, AD  

3706 56, 

Fema

le 

Lymphadenopathy, 

splenomegaly, 

lymphocytosis and B 

symptoms 

161.8 Ibrutinib (CR) 1.2, AR  

3619 78, 

Fema

le 

Lymphocytosis 8.5 - 0.5, AD  

3783 68, 

Fema

le 

Lymphadenopathy, 

lymphocytosis 

8 - 0.9, AD  

624 50, 

Male 

NA NA Chlorambucil (SD); 

DHAP + allogeneic 

HCT from matched 

unrelated donor 

(CR) 

10.5, D Graft versus host disease 

related complications 

3696 69, 

Male 

Lymphocytosis 8.3 Ibrutinib (PD) 5.1, D Unrelated to disease, surgical 

complications 

3698 56, 

Male 

Lymphocytosis 12.4 R-CHOPx6 (CR); 

Ibrutinib (CR) 

8.9, AR  

1826 77, 

Male 

Lymphadenopathy 2.9 No treatment due 

to comorbidities 

0.7, D Cardiac arrest and mesentheric 

thrombosis, with progressive 

disease 

Abbreviations: ID: identifier; ALC: absolute lymphocyte count; PR: partial response; SD: stable disease; CR: 

complete response, AR: alive in remission; AD: alive with disease; D: dead; HCT: hematopoietic cell 

transplantation; R-COP: Rituximab, cyclophosphamide, vincristine and prednisone; R-CHOP: Idem plus 

daunorubicin; FCR: Fludarabine, Rituximab and cyclophosphamide; DHAP: Dexamethasone, cysplatin and 

cytarabine; CNS: central nervous system. 
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Supplementary Table S19. Karyotype and immunophenotype of 13 tumors according to the 5’ upstream or 3’ 
downstream BCL3-R 

Patient 

ID 

Timing of study Karyotype BCL3 FISH PB FC 

Immunophenotype 

Immunohistochemistry 

Downstream BCL3-R tumors 

3721 Diagnosis 46,XX,del(7)(q22q32),del(11)(q21q

23), 

t(14;19)(q32;q13),add(16)(q24)[cp

7] 

Rearranged CD19+, CD20+, CD22+, 

CD79b±, CD5-, CD23-, 

CD200-, CD43-, FMC7±, 

kappa+ 

CD20+, CD5-, CD23-, LEF1-, 

IgD weak, BCL3- 

3649 Diagnosis 46,XX,t(14;19)(q32;q13)[8]/ 

46,XX[12] 

NA CD19+dim, CD20+, 

CD22+, CD79b-, CD5-, 

CD23-, CD200-, CD43+, 

FMC7-, kappa+ 

CD20+, CD5-, CD23-, LEF1-, 

IgD+; KI67 10%, BCL3- 

4692 Progression (5 

years after initial 

diagnosis) 

NA NA B-antigens+, CD5-, 

CD23-, FMC7++, 

kappa+ (lymph node) 

 

3676 Progression (9 

years after initial 

diagnosis) 

48-52,XY, add(6)(q26), 

-8,add(10)(p11),+13, 

t(14;19)(q32;q13), 

+16,add(17)(q25),-18, 

der( ?)t( ?;2)( ?;q12),+mar1,+mar2

,+mar3,+mar4,+mar5,+mar6[cp17] 

Rearranged B-antigens+, CD5-, 

CD23-, CD200+, CD43-, 

FMC7+, lambda+ 

CD20+, CD5-, CD23-, LEF1-, 

IgD-; KI67 20%, BCL3- 

Upstream BCL3-R tumors 

3663 Diagnosis 47,XX,+12,del(12)(p13), 

t(14;19)(q32;q13)[6]/ 

46,XX[8] 

Rearranged B-antigens+dim, CD5+, 

CD23-, CD200+, CD43-, 

FMC7-, lambda+dim 

NA 

3646 Diagnosis 47,XY,+12[14]/47,XY,+12, 

t(14;19)(q32;q13)[8] 

Rearranged B-antigens+dim, CD5+, 

CD23+, CD200+, 

CD43+, FMC7-, 

kappa+dim 

NA 

3706 Diagnosis 47,XX,+12[2]/ 

47,XX,+12,t(14;19)(q32;q13)[11]/ 

46,XX,+12,t(14;19)(q32;q13), 

der(21;22)(q10;q10)[2] 

Rearranged B-antigens+dim, CD5+, 

CD23+, CD200+, 

CD43+, FMC7-, 

kappa+dim 

CD20+, CD5+, CD23+, LEF1-

, IgD+; KI67 40%, 

3619 Diagnosis 47,XX,+12,t(14;19)(q32;q13)[5]/ 

46,XX[15] 

Rearranged B-antigens+, CD5+, 

CD23+, CD200+, 

CD43±, FMC7±, kappa+ 

NA 

3783 Diagnosis 48,XX,+12,t(14;19)(q32;q13),+21[3

]/ 46,XX[17] 

NA B-antigens+, CD5+, 

CD23+, CD200+, 

CD43+, FMC7-, 

lambda+ 

NA 

624 Diagnosis made 6 

years before in 

another center 

(no previous 

information 

available) 

47,XY,+12,t(14;19)(q32;q13), 

add(21)(q22) [4]/ 

46,XY[33] 

Rearranged B-antigens+, CD5+, 

CD23+, CD200+, CD43-, 

FMC7++, kappa+ 

NA 

3696 Progression (2,5 

years after initial 

diagnosis) 

46,XY[20]* Rearranged B-antigens+, CD5+, 

CD23+dim, CD200+, 

CD43+dim, FMC7-, 

kappa+ 

CD20+, CD5-, CD43+ weak, 

CD23 weak, LEF1-, Ki67 

50%, BCL3+. 

3698 Progression (2,5 

years after initial 

diagnosis) 

47,XY,+12,t(14;19)(q32;q13)[9]/ 

47,XY,+12,t(14;19)(q32;q13), 

inv(6)(p25q13)[5] 

Rearranged B-antigens+, CD5+, 

CD23+dim, CD200+, 

CD43-, FMC7+, 

kappa+dim 

CD20+, CD5+, CD23 weak, 

LEF1-, IgD weak; KI67 40%, 

BCL3+ 

1826 Progression (7 

months after 

diagnosis) 

46,XY,?del(10)(p?)[3], 

del(11)(q21q24)[11],del(14)(q?11q

?31),t(14;19)(q32;q13)[9][cp11]/ 

46,XY[10] 

Rearranged B-antigens+dim, CD5+, 

CD23+, CD200+, 

CD43+, FMC7-, 

kappa+dim 

CD20+, CD5+, CD23+, LEF1-

, IgD-; KI67 30%, BCL3+. 

*Trisomy 12 detected by FISH in 5% of nuclei.  

Abbreviations: FISH: Fluorescence in situ hybridization; PB: peripheral blood; FC: flow cytometry  
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Supplementary Table S20: Summary of the diagnosis, immunophenotypic and genetic 

characteristics of 17 B-cell lymphoid neoplasms with the BCL3-rearrangement in the 

validation cohort 

 Total (n=17) 

Upstream BCL3-R 

(n=13) 

Downstream BCL3-R 

(n=4) 

Diagnosis    

CLL 3 / 17 3 / 13 0 / 4 

aCLL 8 / 17 8 / 13 0 / 4 

nnMCL 2 / 17 2 / 13 0 / 4 

SMZL 3 / 17 0 / 13 3 / 4 

SCL, NOS 1 / 17 0 / 13 1 / 4 

 

Phenotype    

Flow cytometry    

Typical for CLL** 3 / 17 3 / 13 0 / 4 

Bright B-cell markers 12 / 17 8 / 13 4 / 4 

CD5 + 13 / 17 13 / 13 0 / 4 

CD43 + 7 / 10 6 / 7 1 / 3 

CD23 + 16 / 17 9 / 13 1 / 3 

Immunohistochemistry    

LEF1 +* 0 / 6 0 / 6  

BCL3 +# 2 / 4 2 / 2 0 / 2 

Cyclin D1+ 2 / 2 2 / 2  

SOX11+ 0 / 2 0 / 2  

 

Genetics    

Unmutated IGHV status 6 / 7 6 / 7  

Trisomy 12 8 / 17 8 / 13 0 / 4 

del(7)(q32) 2 / 17 0 / 13 2 / 4 

Complex karyotype 12 / 17 9 / 13 3 / 4 

 

Abbreviations: BCL3-R, BCL3 rearrangement; CLL, chronic lymphocytic leukemia; aCLL, atypical 

chronic lymphocytic leukemia; SCL NOS, small B-cell lymphoma not otherwise specified; nnMCL, 

leukemic non-nodal mantle cell lymphoma; SMZL, splenic marginal zone lymphoma. 

*The 6 cases examined were CLL or aCLL. 
#The two BCL3 positive tumors were one aCLL and one MCL. The two negative tumors were a SMZL 

and a nodal MZL.  
+Cyclin D1 expression and SOX11 were studied in the 2 nnMCL. 
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Supplementary Table S21: Pathological and genetic features of 17 B-cell lymphoid neoplasms with 

BCL3-rearrangement included in the validation cohort 

ID Diagnosis 
BCL3 

breakpoint 
Phenotype IGHV 

Other FISH and 

molecular 
Cytogenetics 

1 CLL 
5’ upstream 

 

Dim B-cell markers 

CD5+ 

CD23+ 

CD200+ 

CD43+ 

ROR1+ 

Unmutated 
Mutations in NOTCH1 and 

XPO1 

46,XX,t(2;13)(q33;q14),t(14;

19)(q32;q13)[9]/46,XX[2] 

2 CLL 5’ upstream 

Dim B-cell markers 

CD5+ dim 

CD23+ dim 

CD200+ dim 

CD43+ 

Unmutated TP53 wt 
47,XY,+12,t(14;19)(q32;q13)

[11]/48,idem,+2[6]/46,XY[3] 

3 aCLL 5’ upstream 

Bright B-cell 

markers 

CD79b+ dim 

CD5+ 

CD23- 

LEF1 - 

Unmutated 

 

+12 

13q,11q and17p wt 

TP53, MYD88, SF3B1 and 

NOTCH1 wt 

47,XX,t(3;8)(p21;p?21),+12, 

t(14;19)(q32;q13)[20] 

4 aCLL 5’ upstream 

B-cell markers 

bright 

Lambda bright 

CD5+ 

CD23+ dim 

LEF1 - 

CCND1 - 

Unmutated 

+12 

-13q 

17p wt 

IGH::CCND1 neg 

 

47,XY,+12[4]/47,idem, 

t(14;19)(q32;q13)[6]/ 

46,XY[10] 

5 aCLL 5’ upstream 

Bright B-cell 

markers 

Kappa+ bright 

CD79b (partial dim) 

CD5+ dim 

CD23 - 

CD11c+ dim 

LEF1 - 

CCND1 - 

 
12, 13q, 11q and 17p wt 

IGH::CCND1 neg 

46,XY,t(14;19)(q32;q13)[1]/ 

46,idem,t(1;6)(p35;p25)[6]/ 

46,XY[13] 

6 
aCLL / Richter’s 
transformation 

5’ upstream 

Dim B-cell markers 

CD5+ 

CD23+ dim 

CD200- 

CD43+ dim 

FMC7- 

  
93,XXYY,+12,t(14;19)(q32;q1

3)[8] / 46,XY[12] 

7 aCLL 5’ upstream 

B-cell markers dim 

kappa+ dim 

CD5+ 

CD23+ 

CD200+ 

CD43+ 

LEF1- 

Unmutated  

47,XX,+12,t(14;19)(q32;q13)

[14]/47,idem,?t(12;13)(q24.

1;q21)[5]/46,XX[1] 
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8 aCLL 5’ upstream 

CD20+ 

CD79b+ dim 

Kappa+ 

CD5+ 

CD23+ dim 

CD200+ 

CD43- 

ROR1- 

  

47,XY,+12,t(14;19)(q32;q13)

[16]/47,XY,t(1;14;19)(p13;q

32;q13.3),+12[4] 

9 aCLL 5’ upstream 

Bright B-cell 

markers 

CD5+ 

CD23+ dim 

CD43+ dim 

CCND1- 

Unmutated 
TP53 wt 

NOTCH1 mut 

47,XX,+12,t(14;19)(q32;q13)

[5]/47,idem,t(1;11)(p11;q24

)[2]/46,XX[13] 

10 aCLL 5’ upstream 

Bright B-cell 

markers 

CD5+ 

CD23- 

CD200+ 

CD43+ dim 

CD11c+ dim 

LEF1- 

BCL3+ 

  

47,XX,+12,t(14;17)(q32;q24)

,t(14;19)(q32;q13),add(18)(p

11)[16] 

11 aCLL 5’ upstream 

Dim B-cell markers 

Kappa+ 

CD5+ dim 

CD23- 

CD200+ 

FMC7+ dim 

CD11c+ 

LEF1- 

Mutated TP53 wt, MYD88 wt 

46,XY,t(14;19)(q32;q13)[5]/

46,XY,der(5)(5pter--

>5q35::6q13--

>6q22::14q31--

>14q32::19q13--

>19qter),del(6)(q13),del(13)

(q14q34),der(14)(14pter--

>14q31::6q23),der(19)t(14;1

9)(q32;q13)[10] 

12 nnMCL 
5’ upstream 

 

 

Bright B-cell 

markers 

Lambda bright 

CCND1 + 

SOX11 - 

CD5 + 

CD23 + (subset) 

CD123 + (subset) 

CD10 - 

 

-11q 

-13q 

-17p 

45,XY,der(1)del(1)(p36)t(1;1

3)(q42;q22),del(2)(q33q35),

add(6)(q13),der(11)t(11;14)(

q13;q32),der(14)t(11;14)del

(11)(q23q25), 

t(14;19)(q32;q13),-17[10]/ 

46,XY[10] 

13 nnMCL 5’ upstream 

Bright B-cell 

markers 

Kappa+ 

CD5+ 

CD23+ dim 

CD200+ 

BCL3+ 

 TP53 wt 
47,XX,t(11;22)(q13;q11),+12

,t(14;19)(q32;?q13)[12] 

14 SMZL 3’ downstream 

Bright B-cell 

markers 

Kappa+ dim 

CD5-, CD23- 

CD11c-, BCL3- 

  

46,XX,del(7)(q21q35),t(3;14)

(q27;q32),t(14;19)(q32;q13)

[cp18]/46,XX 
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15 SMZL* 3’ downstream 

Bright B-cell 

markers 

CD5- 

CD10- 

CD43- 

CD23- 

FMC7+ 

PAX5+ 

Cyclin D1- 

Bcl6- 

  

Spleen:46,XX,add(14)(q32)[1

5]/46,XX[5] 

Lymph node: 45,XX,-

14,der(19)(19q13.3→ 

19p13.3::14q13→ 

14q32::19p13:), 

der(19)(19p13.3→ 

19q13::14q32)[11]/46,XX[5] 

16 SMZL 3’ downstream 

Bright B-cell 

markers 

CD5- 

CD23+ dim 

CD43+ 

FMC7+ 

BCL3- 

 

Mutations in TNFAIP3, 

NOTCH1, KMT2D, 

DNTM3A, CREBBP 

47,XX,add(1)(q23),+3,der(4)t

(4;12)(q32;q14),del(6)(q23q

26),del(7)(q21q32),add(12)(

p11),der(14)t(1;14)(q22;q32

),t(14;19)(q32;q13),dup(17)(

q22q25),del(18)(p11)[12]/4

7,XX,add(1),+3,del(6),del(7),

der(9)t(9;11)(q34;q14),add(

12),der(14)t(14;19),dup(17),

der(19)t(1;19)(q22;q13)[5]/

46,XX[3] 

17 SCL, NOS 3’ downstream 

Bright B-cell 

markers 

CD5- 

CD200- 

CD43- 

CD11c+ 

  

46,XY,t(14;19)(q32;q13),der(

22)t(1;22)(q11;p13)[6]/46,X

Y[14] 

*Previous published in reference51. Abbreviations: BCL3-R, BCL3 rearrangement; CLL, chronic lymphocytic 

leukemia; aCLL, atypical chronic lymphocytic leukemia; SCL, NOS, small B-cell lymphoma, not otherwise 

specified; nnMCL, leukemic non-nodal mantle cell lymphoma; SMZL, splenic marginal zone lymphoma. 
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SUPPLEMENTARY FIGURES 

Supplementary Figure S1. Schema of the analyses performed in each BCL3-R tumor.  

Diagram of the availability of the tumor samples in each analysis. Green squares represent availability 

of a tumor sample in that analysis; gray squares represent no availability, and golden squares 

represent tumor-only availability in whole-genome sequencing (WGS) analyses. TTT: time-to-first 

treatment; OS: overall survival; IHC: immunohistochemistry. 
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Supplementary Figure S2. Mutational signature analysis performed in BCL3-R tumors.  

Mutational signature analysis in the upstream and the downstream BCL3-R tumors. 
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Supplementary Figure S3. Frequency of CNA in the upstream BCL3-R tumors vs CLL.  

 

A. Comparison of CNA frequency between upstream BCL3-R tumors vs CLL [all unmutated IGHV]. B. 

Comparison of CNA frequency between upstream BCL3-R vs CLL [all unmutated IGHV and trisomy 12]. 

The x axis shows the 12 chromosomes, while the y axis displays the frequency of CNA. 
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Supplementary Figure S4. Chromosomal landscape of BCL3-R tumors.  

Illustration of SV and CNA in six upstream BCL3-rearranged (BCL3-R) tumors and three downstream 

BCL3-R tumors. The innermost layer depicts SV with lines, the middle layer shows CNA with boxes, 

and the outermost layer indicates the chromosome. 
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Supplementary Figure S5. Expression of CLL hallmark genes and GSEA.  

A. Expression of CLL hallmark genes in U-CLL without trisomy 12 compared to U-CLL with trisomy 12. 

Q-values are from the DEA. n.s., not significant (Q-value < 0.05, absolute(log2FC) > 0.1). B. 

Representation of the most relevant significantly enriched pathways in the upstream BCL3-R tumors 

vs U-CLL and U-CLL with vs without trisomy 12. 
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Supplementary Figure S6. Calcium flux of tumoral cells after BCR stimulation.  

A. Calcium flux was measured on tumoral cells (CD19+CD5+). Basal calcium was adjusted at 5x109 

(Indo-1 ratio) for 60 seconds, then cells were stimulated with IgM + H2O2 at 37ºC and 4-

hydroxytamoxifen (4-OHT), calcium flux was recorded up to 500 seconds. Two samples of upstream 

BCL3-rearranged tumors were compared to two CLL with unmutated IGHV (U-CLL) and trisomy 12.   

B. Violin plots of the calcium release after BCR stimulation in the two upstream BCL3-R tumors vs the 

two U-CLL with trisomy 12. 
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Supplementary Figure S7. T-distributed stochastic neighbor embedding analysis on the 795 

DMCpGs and bar plots of their genomic location.  

A. T-distributed stochastic neighbor embedding performed on the 795 DMCpGs for 10 B-cell 

neoplasms with BCL3-rearrangement (BCL3-R), 90 CLL [12 C1, 73 C2, 5 GSE17142441], 17 marginal zone 

lymphomas (7 splenic, 2 nodal, 5 extranodal, 3 not specified) from GSE171424,41 5 follicular lymphoma 

from GSE171424,41 4 mantle cell lymphoma from GSE171424,41 and 7 normal B-cells (first and second 

components are shown). The tumor type is represented by stars (B-cell neoplasms with BCL3-R) and 

diamonds (B-cell neoplasms without BCL3-R), while color is representing the different groups. The 

tumor carrying a subclonal BCL3-R (3646) and the two with downstream BCL3-R (3676 and 3721) are 

labeled. B. Bar plots representing the distribution of the DMCpGs based on its genomic location (left 

and middle graphs) and CLL chromatin states (right graph).   
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Supplementary Figure S8. Survival analysis between upstream BCL3-R and CLL.  Comparison 

of A. overall survival and B. time to first treatment between upstream BCL3-R and CLL. CLL 

tumors have been stratified according to their IGHV mutational status and presence/absence 

of trisomy 12.     
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Supplementary Figure S9. FISH analysis of the 5’ upstream and 3’ downstream BCL3 

breakpoints using the custom FISH assay.  

A. Tumor 4692 from the initial cohort. The first panel shows merging signal patterns of all BACs of the 

probe, indicating a positive signal constellation for a break downstream of BCL3 gene, one colocalized 

signal (yellow arrow) and one red signal (red arrow) split from blue and green signals (blue and green 

arrows). The second, third and four panels display the signal pattern of each specific BAC clone of the 

BCL3 probe. B. Tumors 4 (left) and 1 (right) from the validation cohort. Tumor 4 shows a positive signal 

constellation for a break downstream of BCL3, one colocalized signal (yellow arrow) and one green 

signal (green arrow) split from blue and red signals (blue and red arrows). Tumor 1 indicates a positive 

signal constellation for a break upstream of BCL3, one colocalized signal (yellow arrow) and one red 

signal (red arrow) split from blue and green signals (blue and green arrows). 
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Supplementary Figure S10. Histological sections of tumors 1 and 13 from the validation cohort. A.  

Tumor 1: chronic lymphocytic leukemia. Low power magnification (100x) shows proliferation centers. 

High power magnification (400x) of a proliferation center with increased number of paraimmunoblasts 

and prolymphocytes. CD19 immunohistochemistry (100x) shows slight decreased intensity in 

proliferation centers. CD20 immunohistochemistry (100x) shows high expression. CD23 

immunohistochemistry (100x) shows few positive cells in proliferation centers. CD3 

immunohistochemistry (100x) shows few admixed T cells. CD5 immunohistochemistry (100x) shows 

admixed T cells (high intensity) and faint positivity in tumor cells. LEF1 immunohistochemistry (100x) 

shows T cells and few cells in proliferation centers. MYC immunohistochemistry (100x) shows 

expression in proliferation centers. IRF4 immunohistochemistry (100x) shows expression in 

proliferation centers. Ki67 immunohistochemistry (100x) shows elevated proliferation rate in 

proliferation centers. B. Tumor 13: leukemic non-nodal mantle cell lymphoma with CCND1 

rearrangement due to a t(11;22)(q13.3;q11.21) and 5’ BCL3-R. Lymph node diffusely infiltrated by a 

lymphoid proliferation composed of medium-sized cells with scant cytoplasm, and irregular nuclei. 

Occasional plasmacytic differentiation is seen, as described in some cases of SOX11-negative MCL 

variant52 (HE 400x). The mitotic index is high (3 mitoses per high power field, 400x). 

Immunohistochemical staining show that the neoplastic cells are positive for BCL3 (400x) and cyclin 

D1 (400x). SOX11 is completely negative (400x).   
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