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Biological and clinical characterization of recurrent 14q deletions in CLL and other mature B-cell neoplasms
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14q-deletions were recurrently described in mature B-cell neoplasms, but not yet characterized in a larger cohort. With chromosome banding analysis, we identified 47 del(14q) cases in 3054 mature B-cell neoplasms (1.5%) (frequencies in CLL: 1.9%; CLL/PL: 9.0%; others: 0.2%). Interphase FISH was performed with probes for 14q22. 1, 14q24.1, 14q32.33, and IgH (14q32.3). The del(14q) had heteregeneous size but showed a breakpoint cluster at the centromeric site in 14q24.1 (62% of cases). At the telomeric side, the most frequent breakpoint was within the IgH locus (14q32.3) between IgH3'-flanking and IgVH probes (45%). In 16 cases (34%), breakpoints occurred within 14q24.1 and 14q32.3. 81% of del(14q) cases showed 1-3 additional cytogenetic alterations (in 45%, +12), and 56% were IgVH-unmutated. In all cases (16/16) with breakpoints in 14q24.1 and 14q32.3, a B-CLL immunophenotype was found. Clinical follow-up in 32 del(14q) patients was compared to 383 CLL and CLL/PL patients without del(14q). While 3-year-OS did not differ significantly, time to treatment was significantly shorter in the del(14q) cohort (21.0 months vs. 80.1 months, p=0.015). In conclusion, the del(14q) is a rare recurrent alteration in diverse mature B-cell neoplasms, shows variable size but distinct clustering of breakpoints, and is associated with short time to treatment.

Introduction

Rearrangements of the IgH locus on chromosome 14q32 are identified in various mature Bcell lymphomas, which is illustrated by the t(11;14)(q13;q32)/IGH-CCND1 rearrangement in mantle cell lymphoma, or the t(14;18)(q32;q21)/IGH-BCL2 in follicular lymphoma. Even in Bcell chronic lymphocytic leukemia (B-CLL), reciprocal 14q32/IGH rearrangements are observed with low frequencies [START_REF] Haferlach | Comprehensive genetic characterization of CLL: a study on 506 cases analysed with chromosome banding analysis, interphase FISH, IgV(H) status and immunophenotyping[END_REF]. However, it has been shown that the long arm of chromosome 14q is not only involved in reciprocal rearrangements in the mature B-cell neoplasms, but can as well be affected by deletions [START_REF] Pospisilova | Interstitial del(14)(q) involving IGH: a novel recurrent aberration in B-NHL[END_REF].

In 1990, Kristofferson et al. published a case series of six patients with different mature B-cell neoplasms who were affected by a 14q deletion [START_REF] Kristoffersson | Deletion of 14q in non-Hodgkin's lymphoma[END_REF]. In the Mitelman Database, a total of 413 cases with a del(14q) have been collected so far [START_REF] Mitelman | Mitelman Database of Chromosome Aberrations in Cancer[END_REF]. Of those, two thirds were classified as hematologic malignancies, while 30% were characterized as B-CLL or other mature B-cell neoplasms (Figure 1) [START_REF] Mitelman | Mitelman Database of Chromosome Aberrations in Cancer[END_REF].

The only larger study of a cohort of 23 patients with different B-cell malignancies and evidence of the del(14q) has been performed by Pospisilova et al. Using array CGH (arraycomparative genomic hybridization) and FISH (fluorescence in situ hybridization), the authors were able to separate cases with a 14q deletion in two subgroups which either showed involvement of the IgH locus on 14q32.33 or did not. Apparently, the size of deletion was variable but clustering at specific chromosomal bands was observed [START_REF] Pospisilova | Interstitial del(14)(q) involving IGH: a novel recurrent aberration in B-NHL[END_REF].

It was suggested that the exact localization of the 14q deletion is biologically relevant: IgVH deletions being localized at the telomeric end of chromosome 14q probably have no oncogenic potential and reflect more likely physiological events accompanying somatic V-D-J assembly [START_REF] Quintero-Rivera | Frequency of 5'IGH deletions in B-cell chronic lymphocytic leukemia[END_REF]Wlodarska et al, 2007a). In contrast, 14q deletions with an interstitial localization seem to be oncogenic. Based on the hypothesis that interstitial 14q deletions may operate in a translocation-like manner and activate an unknown oncogene, Pospisilova et al. performed quantitative PCR (qPCR) and microarray analysis to identify the potentially affected gene. However, no gene could be identified which was overexpressed due to rearrangement of the IgH locus [START_REF] Pospisilova | Interstitial del(14)(q) involving IGH: a novel recurrent aberration in B-NHL[END_REF].

Considering the low proliferation rates of metaphases in cases with mature B-cell neoplasms [START_REF] Juliusson | Prognostic subgroups in B-cell chronic lymphocytic leukemia defined by specific chromosomal abnormalities[END_REF], diagnosis of the cytogenetic alterations has mainly been based on interphase FISH in these entities. With specific cultivation techniques using CD40 ligand (a B-cell mitogen) or a combination of CpG-oligodeoxynucleotides and the interleukin IL-2 for stimulation of cell division, generation of metaphases has been considerably improved in B-CLL and other mature B-cell neoplasms. With these novel metaphase cultivation techniques, chromosomal alteration rates similar to the results of interphase FISH were being observed in mature B-cell neoplasms [START_REF] Buhmann | CD40L stimulation enhances the ability of conventional metaphase cytogenetics to detect chromosome aberrations in B-cell chronic lymphocytic leukaemia cells[END_REF][START_REF] Dicker | Immunostimulatory oligonucleotide-induced metaphase cytogenetics detect chromosomal aberrations in 80% of CLL patients: A study of 132 CLL cases with correlation to FISH, IgVH status, and CD38 expression[END_REF][START_REF] Haferlach | Comprehensive genetic characterization of CLL: a study on 506 cases analysed with chromosome banding analysis, interphase FISH, IgV(H) status and immunophenotyping[END_REF][START_REF] Mayr | Chromosomal translocations are associated with poor prognosis in chronic lymphocytic leukemia[END_REF]. These approaches revealed new insights in the genetic diversity of B-cell neoplasms and allowed a comprehensive picture of the cytogenetic alterations in these heterogeneous malignancies.

So far, a limited number of studies only focused on the frequency and clinical impact of 14q deletions in the mature B-cell neoplasms, the exact characterization of the deletion, and the patterns of additional cytogenetic alterations. To further clarify these aspects, and to determine the frequency of 14q deletions in a large cohort, we here evaluated the incidence of this cytogenetic alteration in 3054 patients with various mature B-cell neoplasms with chromosome banding analysis by use of specific metaphases cultivation protocols [START_REF] Dicker | Immunostimulatory oligonucleotide-induced metaphase cytogenetics detect chromosomal aberrations in 80% of CLL patients: A study of 132 CLL cases with correlation to FISH, IgVH status, and CD38 expression[END_REF][START_REF] Haferlach | Comprehensive genetic characterization of CLL: a study on 506 cases analysed with chromosome banding analysis, interphase FISH, IgV(H) status and immunophenotyping[END_REF]. Those 47 lymphoma cases with 14q deletions were studied in detail with interphase FISH. In addition, immunophenotypes, cytomorphology, additional cytogenetic abnormalities, the IgVH mutation status, and clinical outcomes were analyzed.

Patients

In the period of August 2005 to March 2009, a total of 3054 cases with mature B-cell neoplasms were investigated by chromosome banding analysis in the Munich Leukemia Laboratory (MLL). Peripheral blood or bone marrow samples had been sent from diverse hematologic centers and clinical practices for diagnostic work-up. When patients agreed with the performance of genetic analysis, they gave as well informed written consent to the use of laboratory results for scientific studies. The study design adhered to the declaration of Helsinki.

In these 3054 cases, we were able to identify 47 cases with a 14q deletion by chromosome banding analysis. There were 31 male and 16 female patients corresponding to a male/female ratio of 1.9. Median age was 67.5 years (range, 50.3 to 85.2 years). In addition, patients were analyzed by interphase FISH combined with immunophenotyping and cytomorphology. Following the laboratory results, and the clinical data obtained from the patients physicians, the 47 cases were categorized according to the WHO classification (2008) as follows: 35/47 patients with a 14q deletion (75%) had B-CLL, 10 (21%) had CLL/PL (atypical CLL), and 2 (4%) were diagnosed with other mature B-cell neoplasms.

Methods

Metaphase Cytogenetics

For metaphase induction, 10 7 peripheral blood or bone marrow cells were cultured in RPMI 1640 medium (Gibco, Gaithersburg, MD, USA) with 20% fetal calf serum (FCS) in the presence of the immunostimulatory CpG-oligonucleotide DSP30 (2 µM) (TIBMolBiol, Berlin, Germany) and interleukin 2 (IL-2) (200 U/ml) (PreproTech Inc., Rocky Hill, USA) following a previously established protocol for karyotyping in mature B-cell neoplasms [START_REF] Dicker | Immunostimulatory oligonucleotide-induced metaphase cytogenetics detect chromosomal aberrations in 80% of CLL patients: A study of 132 CLL cases with correlation to FISH, IgVH status, and CD38 expression[END_REF]. Briefly, after 48 hours incubation of metaphases at 37°C, colcemid (Sigma, Munich, Germany) was added at a concentration of 0.15µg/ml for another 24 hours before chromosome preparation. In addition, a parallel culture with 12-O-tetradecanoylphorbol-13acetate (TPA) was started. After 72 hours, colcemid (0.15µg/ml) was added to the TPA stimulated culture for another 2 hours before chromosome preparation. Chromosome preparation and staining was done according to standard protocols (Schoch et al, 2002b).

Cases with complex aberrations underwent 24-color FISH procedure (Schoch et al, 2002a).

Chromosomes were classified according to the International System for Human Cytogenetic Nomenclature [START_REF] Iscn ; Shaffer | Recommendations of the International Standing Committee on Human Cytogenetic Nomenclature[END_REF].

Fluorescence in situ hybridization

Interphase FISH was done as described previously [START_REF] Dicker | Complex aberrant karyotypes and unbalanced translocations in CLL correlate with an unmutated IgVH status: a study on 133 patients studied with chromosome banding analysis, interphase FISH, IgVH mutation status, ZAP-70 RNA exrpession and immunophenotyping[END_REF]. Probes were used for the 14q22.1 (BAC RP11-218E20; BlueGnome, Cambridge, UK), for 14q24.1 (BACs PR11-35D12, RP11-226F19; BlueGnome), and 14q32.33 (BAC RP11-521B24, BlueGnome) regions, combined with a probe for the IgH locus (14q32.3, flanking IgH3'-region, marking the IgVH region) (Abbott, Wiesbaden, Germany). The exact localization of the BACS is shown in Table 1 and Figure 2. The localization and hybridization efficiency was tested on metaphases obtained from PHA-stimulated lymphocytes.

Cytomorphology

Cases with less than 10% prolymphocytes were classified as typical CLL, those with 10-55% of prolymphocytes were interpreted as CLL/PL (atypical CLL), while presence of ≥55% of prolymphocytes qualified for the "PLL category".

Immunophenotyping

Immunophenotyping with multiparameter flow cytometry (MFC) followed previously described procedures for mature B-cell neoplasms [START_REF] Kern | Correlation of flow cytometrically determined expression of ZAP-70 using the SBZAP antibody with IgVH mutation status and cytogenetics in 1,229 patients with chronic lymphocytic leukemia[END_REF].

Analysis of the IgVH mutation status

For analysis of the IgVH mutation status [START_REF] Dicker | Immunostimulatory oligonucleotide-induced metaphase cytogenetics detect chromosomal aberrations in 80% of CLL patients: A study of 132 CLL cases with correlation to FISH, IgVH status, and CD38 expression[END_REF], monoclonal immunoglobulin rearrangements were amplified by PCR from cDNA using 6 different consensus framework region 1 (FR1) V H forward primers and one consensus joining region J H reverse primer. PCR products were agarose gel purified and analyzed by direct sequencing. Sequences were aligned to immunoglobulin sequences in the IMGT (http://imgt.cines.fr/) database and evaluated according to ERIC recommendations [START_REF] Ghia | ERIC recommendations on IGHV gene mutational status analysis in chronic lymphocytic leukemia[END_REF]. For comparison of dichotomous variables between different groups the two-sided Fisher´s exact test was used. Survival was defined as the time from diagnosis to death or date of the last follow-up. Time to treatment (TTT) was defined as the time from diagnosis to date of first treatment or date of the last follow-up. All tests were 2-sided, accepting p≤0.05 as indicating a statistically significant difference. Statistical analysis was performed with the SPSS software (version 14.0; SPSS, Chicago, USA).

Statistics

Results

Frequency of 14q deletions in the different lymphoma entities

A total of 3054 cases with diverse mature B-cell neoplasms (B-CLL: n=1865, CLL/PL: n=111, others: n=1078) were investigated by chromosome banding analysis. Thus, 47 cases with 14q deletion were identified corresponding to an overall frequency of 1.5%.

Regarding the distinct entities, 35 cases with 14q deletion were classified as B-CLL, 10 as CLL/PL, and 2 as other mature B-cell neoplasms (including one case of lymphoplasmocytic lymphoma and one case of marginal zone lymphoma). Therefore, the incidence of 14q deletions was 1.9% in CLL, 9.0% in CLL/PL and 0.2% in other mature B-cell neoplasms with a significant association between the 14q deletion and a CLL/PL immunophenotype (CLL vs. CLL/PL: p<0.001; CLL vs. other mature B-cell neoplasms: p<0.001; CLL/PL vs. other mature B-cell neoplasms: p<0.001). (Patient's characteristics are depicted in Table 2.)

Characterization of the breakpoints

The centromeric and telomeric breakpoints of the 14q deletions were investigated in all 47 cases by interphase FISH probes covering the centromeric side (14.q22.1; BAC RP11-218E20), the 14q24.1 locus (BACs RP11-35D12, RP11-226F19), and the (telomeric) 14q32.33 region (BAC RP11-521B24) combined with a probe for the IgH locus (14q32.33) (Table 3, Figure 3).

Concerning the centromeric side of the del(14q), a deletion of 14q22.1 was very rare as BAC RP11-218E20 was deleted in 3/47 cases (6%) only.

With regard to 14q24.1 (being covered by BACs RP11-35D12 and RP11-226F19), FISH revealed the following categories:

1. While no deletion of the region detected by BAC RP11-35D12 (at 14q.24.1) was found in 29/47 cases (62%), all but one case (46/47; 98%) showed loss of one signal for BAC RP11-226F19 (at 14q24.1). Thus, in 29 patients (62%), the centromeric breakpoint could be localized between the regions covered by BACs RP11-35D12 and RP11-226F19 at 14q24.1. 3. In one case (2%), both BACs on 14q24 (RP11-35D12 and RP11-226F19) failed to detect a deletion suggesting that the breakpoint was closer to the telomeric end of the chromosome.

At the telomeric side (14q32.33, being covered by BAC RP11-521B24 and the IgH locus probe), three different signal patterns were observed:

1. Deletion detected with the 3'flanking IGH probe, while the variable region of the IgH locus was not affected: n=21 (21/47; 45% of all cases).

2. Complete deletion of the region covered with both IGH probes: n=11 (23%).

3. No deletion detected with both IGH probes: n=15 (32%).

Clustering of breakpoints

In 16/47 cases (34% of all cases), breakpoints showed clustering at the centromeric side of the 14q deletion between the BACs RP11-35D12 and RP11-226F19 at 14q24.1 and at the telomeric side between the 3'flanking IGH-probe and the IgVH region at 14q32.3

[corresponding to a del(14)(q24q32)]. This was resulting in a deletion of 37.2 Mb size.

Analysis of additional cytogenetic alterations

In 9/47 (19%) cases, the del(14q) was the sole chromosomal abnormality. 16/47 (34%) and 5/47 (11%) showed one or two additional cytogenetic alterations, respectively. Complex aberrant karyotypes as defined by the simultaneous occurrence of at least three additional clonal cytogenetic alterations were detected in 17/47 (36%) of the patients with a del(14q) (Table 3).

When the 14q deletions were included in the analysis, patients showed a mean number of 4.1 cytogenetic alterations (range, 1-15). As the most frequent additional abnormality, we detected trisomy 12 (21/47; 45%). In 11/21 cases (52%), trisomy 12 (+12) was the only additional change.

In cases with one additional alteration accompanying the del(14q) (n=16), the most frequent alteration was a trisomy 12 (13/16; 81%). This was followed by additional 13q deletions (2/16; 13%). In the group with two additional alterations besides the 14q deletion, most frequent was as well trisomy 12 (3/5; 40%). In cases with a complex aberrant karyotype, 17p deletions were observed in 8/17 cases (47%), +12 in 5 (29%), and del(13q) in 4 (24%) (Figure 4). We then analyzed the additional alterations separately for each category: In CLL, 6/35 (17%) cases showed no additional alteration, while 14/35 (40%) had one, and 3/35 (9%) had two additional alterations. Three or more additional alterations (corresponding to a complex karyotype) were observed in 12/35 (34%) CLL cases. CLL/PL showed one additional alteration in 2/10 cases (20%), one additional alteration in 2/10 cases (20%), two additional alterations in 2/10 cases (20%), and additional complex alterations in 4 cases (4/10; 40%). In other mature B-cell neoplasms we had the following results: 2 additional alterations: n=1/2 (50%), ≥3 additional abnormalities: n=1/2 (50%). Trisomy 12 occurred with comparable frequency in CLL (16/35; 46%), CLL/PL (4/10; 40%), and other mature B-cell neoplasms (1/2; 50%).

Analysis of the IgVH mutation status

IgVH mutation analysis was performed in 27 patients with a del(14q) (from the original 47 patients; 57%) and in 1572 patients without a del(14q) (from an original amount of 3054 patients; 51%). An unmutated IgVH status was detected in 15/27 patients (56%) carrying a 14q deletion. In comparison, an unmutated IgVH mutation status was detected in 635 out of 1572 patients without a del(14q) (40.0%). Thus, an unmutated IgVH status was slightly more frequent in del(14q) patients (p=0.09).

In more detail, in the 21/35 CLL patients with del(14q) in whom IgVH mutation analysis was performed, 12 cases showed an unmutated IgVH mutation status (57%) and 9 cases showed a mutated IgVH mutation status (42%). For the patients with CLL/PL, IgVH mutation analysis was performed in 6/10 cases with del(14q) (3/6 unmutated and 3/6 mutated IgVH mutation status). In both cases with other mature B-cell neoplasms no data on the IgVH mutation status was available.

Characterization of patients with breakpoints in 14q24 and in 14q32

The above described subgroup (n=16) with clustering of breakpoints and a del(14)(q24q32) due to breakpoints between BAC RP11-35D12 and RP11-226F19 (at 14q24.1) and between the 3'flanking IGH probe and the IgVH region (at 14q32.3) was associated with the immunophenotype of a B-CLL. In this specific subgroup, All cases (16/16) with a del(14q) compared to 1863/3054 (61%) of all investigated cases were classified as CLL (p=0.1; n.s.). This subgroup -being outlined by a del(14)(q24q32) -showed in 4/16 of cases (25%) the 14q deletion as sole chromosomal alteration, 13/16 (19%) showed one, and 1/16 (6%) showed two additional alterations. In 8/16 cases (50%), the del(14)(q24q32) appeared within a In 11 of these cases with a del(14)(q24q32), IgVH mutation status analysis was performed.

An unmutated IgVH mutation status was present in 9/11 cases (82%) which was significantly more frequent as compared to the del(14q) negative cohort (635/1572; 40%, p=0.023).

Prognostic impact of 14q deletions

Clinical follow-up data were available in 32 patients with 14q deletions and CLL and CLL/PL. These were compared to 383 CLL and CLL/PL cases without 14q deletion and available follow-up data. The 3-year overall survival (OS) did not differ significantly between both groups (14q deletion: 86.4%; no 14q deletion: 88.7%, p=0.195), but time to treatment (TTT) was significantly shorter in the del(14q) cases (21.0 months vs. 80.1 months, p=0.015, Figure 5).

Next, all 415 cases with CLL or CLL/PL were assigned to five subgroups with known prognostic relevance in addition to cases with 14q-deletion: del(14q): n=32, del(17p): n=26, del(11q): n=42, +12: n=43, del(13q): n=180, or none of the mentioned abnormalities: n=92.

The assignment was hierarchical in the order as mentioned above. OS at 3 years was 86.4%, 31.4%, 77.5%, 96.9%, 93.4%, and 93.9%, respectively (Figure 6a). For time to treatment (TTT), results were 21.0 months, 21.6 months, 20.9 months, not reached, 79.6 months, and 147.0 months (Figure 6b). In addition, Cox regression analyses were performed. In univariate analysis testing the above mentioned genetic categories and IgVH mutation status only 17p deletion and a mutated IgVH status were significantly associated with OS (for del(17p): p<0.001, Hazard ratio (HR) 8.3 (95% confidence interval (CI): 3.5 -18.9); for mutated IgVH status: p=0.009, HR 0.3 (95% CI 0,1-0.8)). In multivariate analysis both parameters retained significance (for del(17p): p<0.001, Hazard ratio (HR) 8.7 (95% confidence interval (CI): 3.6 -21.4); for mutated IgVH status: p=0.026, HR 0.4 (95% CI 0.2-0.9). In the respective univariate analyses for TTT, 13q deletions as the sole abnormality and a mutated IgVH status were significantly associated with a longer TTT (p<0.001, HR: 0.4, 95% CI: 0.3-0.7 and p<0.0001, HR: 0.2, 95% CI: 0.1-0.3), while 14q deletion (p=0.018, HR: 2.1, 95% CI: 1.1-4.0) and 11q deletions were significantly associated with a shorter TTT (p<0.001, HR: 3.1, 95% CI: 2.0-5.0). In multivariate analysis only a mutated IgVH status retained a significant association with longer TTT (p<0.001, HR: 0.2, 95% CI: 0.2-0.4).

According to Döhner's hierarchical model, patients with trisomy 12 without 11q deletion and without 17p deletion were assigned to an intermediate prognostic category. As 14q deletions are frequently associated with trisomy 12, we evaluated the impact of 14q deletion in the cohort of patients with trisomy 12 (without 11q or 17p deletion). 43 cases with trisomy 12 included in this analysis. Cox regression analysis revealed that the occurrence of 14q deletions in addition to trisomy 12 was significantly associated with shorter OS (p=0.036, HR: 13.9, 95% CI: 1.2-160.9) and shorter TTT (p=0.007, HR: 7.2, 95% CI: 1.7-30.0). Interestingly, in this cohort with trisomy 12 the IgVH mutation status had no significant impact on OS and TTT.

Discussion

In CLL, cytogenetic results are highly relevant to perform a biological subcategorization and to define the prognosis. Examples are the prognostically adverse 17p or 11q deletions which can be detected with interphase FISH [START_REF] Döhner | Genomic aberrations and survival in chronic lymphocytic leukemia[END_REF], but a comprehensive view of the complex cytogenetic patterns of CLL and other B-cell neoplasms requires illustration of the complete karyotypes by chromosome banding analysis. Following the development of specific protocols for cultivation of metaphases [START_REF] Buhmann | CD40L stimulation enhances the ability of conventional metaphase cytogenetics to detect chromosome aberrations in B-cell chronic lymphocytic leukaemia cells[END_REF][START_REF] Dicker | Immunostimulatory oligonucleotide-induced metaphase cytogenetics detect chromosomal aberrations in 80% of CLL patients: A study of 132 CLL cases with correlation to FISH, IgVH status, and CD38 expression[END_REF][START_REF] Mayr | Chromosomal translocations are associated with poor prognosis in chronic lymphocytic leukemia[END_REF], mature B-cell neoplasms can now be investigated in more detail, e.g. for occurrence of 14q deletions.

The most detailed analysis focusing on 14q deletions in mature B-cell neoplasms has been published by Pospisilova et al. who studied 23 affected patients with array CGH. They categorized the different breakpoints into two separate groups in dependence on the involvement of 14q32.33 (where IgH is localized) and were able to demonstrate specific breakpoint clusters [START_REF] Pospisilova | Interstitial del(14)(q) involving IGH: a novel recurrent aberration in B-NHL[END_REF]. However, so far no study has evaluated the frequency of the del(14q) in a larger cohort of patients with mature B-cell neoplasms, and analysis of the associated cytogenetic patterns as of the potential clinical impact of this specific alteration were missing. Thus, we investigated the frequency of 14q deletions in a large cohort of 3054 cases with different mature B-cell neoplasms.

First, we detected 14q deletions in a 1.5% frequency with chromosome banding analysis, which suggests that the del(14q) is a rare recurrent alteration in CLL, CLL/PL, and other lymphoma entities, e.g. lymphoplasmocytic lymphoma. Similar, Put et al. revealed one case with a 14q deletion performing interphase FISH in 217 cases with CLL (resulting in a 0.5% frequency) [START_REF] Put | Improved detection of chromosomal abnormalities in chronic lymphocytic leukemia by conventional cytogenetics using CpG oligonucleotide and interleukin-2 stimulation: A Belgian multicentric study[END_REF]. In plasma cell myeloma (PCM), Wlodarska et al. described occurrence of 14q deletions in 1.4% of cases with FISH analyses (Wlodarska et al, 2007b).

In our study, the highest frequency of 14q deletions was observed in CLL/PL with 9.0% of all cases (compared to 1.9% in typical CLL and to 0.2% in other mature B-cell neoplasms) which suggests that the del(14q) shows variable occurrence in different lymphoma subentities. However, in our cohort, most patients had a diagnosis of CLL or CLL/PL, while only two patients had other lymphoma entities. Thus, it seems that the frequency of 14q deletions in other lymphoma entities has to be further evaluated.

Investigation with FISH probes covering the 14q22.1, 14q24.1, 14q32.33, and 14q32.3/IgH regions demonstrated heterogeneous size of the 14q deletions in our cohort. Considering the centromeric side of the deletion, we identified a breakpoint cluster at 14q24.1 (in 62% of cases), whereas at the telomeric side, the most frequent breakpoint was localized within the IgH locus (14q32.3) between the IgH3'-flanking probe and the IgVH probe (in 45% of cases). Thus, we found the most frequent telomeric breakpoint of the del(14q) proximal of the IgVH region in 14q32, which was corresponding to the results of Pospisilova et al. (Pospisilova et al, 2007). Although the size of the deletions was variable, we were able to define a particular breakpoint pattern in 16 cases: The centromeric breakpoint was characterized by deletion of BAC RP11-226F19 but a remaining BAC RP11-35D12, while the telomeric breakpoint was deleting the IgH3'-flanking sequence without involvement of the IgVH sequence. This breakpoint cluster had as well been described by Pospisilova et al. [START_REF] Pospisilova | Interstitial del(14)(q) involving IGH: a novel recurrent aberration in B-NHL[END_REF].

In the current study, only 5 of those 21 patients with a distal breakpoint in the IgH gene but a remaining variable region of IgH showed a different proximal breakpoint.

The finding of a breakpoint cluster for interstitial 14q deletions supports the hypothesis that the respective alteration results in a rearrangement of the proximal IgH region and an unknown oncogene at 14q24 [START_REF] Pospisilova | Interstitial del(14)(q) involving IGH: a novel recurrent aberration in B-NHL[END_REF]. Using compiled FISH and qPCR, Pospisilova et al. identified a heterogeneous pattern of the 14q24.1 breakpoints: At the centromeric side, they were either localized proximal or distal of the ZFP36L1 gene or within the respective gene. The 14q32.33 breakpoints were found centromeric or telomeric to sequences flanking Eµ (the 5´enhancer of IgH), or were localized within the region coding Eµ. According to the authors, the involvement of IgH in this particular del(14)(q24.1q32.33) was suggestive for function of this alteration in a translocation-like manner and activation of an unknown oncogene at 14q due to juxtaposition of IgH to the Eµ enhancer. Gene rearrangements due to interstitial deletions are rare but have been described e.g. with respect to the FIPL1-PDGFRA in chronic eosinophilic leukemia (CEL) [START_REF] Cools | A tyrosine kinase created by fusion of the PDGFRA and FIP1L1 genes as a therapeutic target of imatinib in idiopathic hypereosinophilic syndrome[END_REF] or MLL-CBL rearrangements in acute myeloid leukemia (AML) [START_REF] Fu | Identification of CBL, a proto-oncogene at 11q23.3, as a novel MLL fusion partner in a patient with de novo acute myeloid leukemia[END_REF].

Otherwise, the interstitial deletion was discussed to result in loss of a potential tumor suppressor gene. However, qPCR studies from Pospisilova et al. for analysis of the expression patterns of ZFP36L1 and 14 other genes (e.g. RAD51L1) within the proximal 3 Mb from the del(14)(q24.1q32.33) breakpoint revealed no consistent overexpression of any gene analyzed [START_REF] Pospisilova | Interstitial del(14)(q) involving IGH: a novel recurrent aberration in B-NHL[END_REF]. Nevertheless, loss of function of one or both alleles of a putative tumor-suppressor gene is still possible. The interstitial deletion might also cause haploinsufficiency of a proto-oncogene. A specific unstable DNA sequence at chromosome bands 14q24.1 and 14q32.3 might explain clustering of the breakpoints in 35% of the cases with 14q deletions. In this study, the minimal deleted region was beginning at band 14q24.1 between BACs RP11-35D12 and RP11-226F19 and ended proximally of the IgH locus at band 14q32.3. No homozygous deletion of 14q was detected by using the mentioned BACs in this analysis as in the study of [START_REF] Pospisilova | Interstitial del(14)(q) involving IGH: a novel recurrent aberration in B-NHL[END_REF].

It might be interesting to investigate the loss of both alleles for distinctive genes with the microarray technique. This would allow to clarify whether cryptic deletions exist on the homologous chromosome 14q and would facilitate the identification of the relevant genes.

Very recently, a homozygous deletion of TRAF3 was detected in 2 out of 31 cases with CLL and other mature B-cell neoplasms with 14q deletions [START_REF] Nagel | Biallelic inactivation of TRAF3 in a subset of B-cell lymphomas with interstitial del(14)(q24.1q32.33)[END_REF]. The TRAF3 (TNF receptor-associated factor 3)-gene is located at 14q32.32 within the deleted region. The TRAF3 protein negatively regulates the NF-kB pathway and has been shown to be recurrently affected by biallelic TRAF3 deletion and inactivating mutation in plasma cell myeloma and Waldenström's macroglobulinemia [START_REF] Annunziata | Frequent engagement of the classical and alternative NF-kappaB pathways by diverse genetic abnormalities in multiple myeloma[END_REF][START_REF] Braggio | Identification of copy number abnormalities and inactivating mutations in two negative regulators of nuclear factor-kappaB signaling pathways in Waldenstrom's macroglobulinemia[END_REF][START_REF] Keats | Promiscuous mutations activate the noncanonical NF-kappaB pathway in multiple myeloma[END_REF]. These results suggest that TRAF3 is a tumor suppressor gene that might be involved in the pathogenesis of lymphoma with 14q deletions.

Similar to the del(14q), different breakpoint patterns have as well been described for 13q deletions [START_REF] Ouillette | Integrated genomic profiling of chronic lymphocytic leukemia identifies subtypes of deletion 13q14[END_REF]. Ouilette et al. performed SNP array analysis in 171 CLL patients with a del(13q) and were able to demonstrate variablility of sizes of 13q-deletions but that centromeric and telomeric breakpoints showed clustering in different regions. The del(13q) cases were separated in two groups: 60% of cases showed no involvement of the retinoblastoma gene (RB), while 40% showed involvement of the RB gene. In the first group, a further subgroup was determined which was characterized by a relatively uniform length of the del(13q) extending from breakpoints close to miR15q/16 locus to a telomeric breakpoint cluster within region 50.2 Mb to 50.5 Mb.

The most frequent additional cytogenetic alteration was trisomy 12 in 45% of all patients with a del(14q) in this study. Similar, Pospisilova et al. reported an additional trisomy 12 in 47% of cases [START_REF] Pospisilova | Interstitial del(14)(q) involving IGH: a novel recurrent aberration in B-NHL[END_REF]. Numerical gains of chromosome 12 are frequent in mature B-cell neoplasms, with a specific association to cases with IgH rearrangements such as the t(14;18) or the t(14;19). A query in the Mitelman Database [START_REF] Mitelman | Mitelman Database of Chromosome Aberrations in Cancer[END_REF] revealed that 15% of lymphoma cases with a t(14;18)(q32;q21), 35% of cases with t(14;19)(q32;q13), 6% of patients with t(8;14)(q24;q32), and 3% of cases with t(11;14)(q13;q32) showed an additional trisomy 12. Martin-Subero et al. described trisomy 12 as typical additional alteration in lymphoma cases with a t(14;19) and BCL3 rearrangement [START_REF] Martin-Subero | A comprehensive genetic and histopathologic analysis identifies two subgroups of B-cell malignancies carrying a t(14;19)(q32;q13) or variant BCL3-translocation[END_REF]. Although no significant differences regarding overall survival of patients with a del(14q) in comparison to those without was detected, the time to treatment was significantly shorter in cases with a del(14q). The comparison with other prognostically relevant subgroups in the CLL patients showed that the clinical impact was comparable to other high risk cytogenetic karyotypes such as deletions of 11q or 17p. However, since clinical data were available only in part of the patients from this study, additional cases for confirmation of these data is needed. This would allow final conclusions whether inclusion of the del(14q) in the risk categorization of CLL and CLL/PL is being justified. Again, it should be addressed that the overrepresentation of CLL patients in this cohort requires analysis of additional cases from other lymphoma entities to evaluate the prognostic impact of 14q deletions as well in these subgroups.

In conclusion, 14q deletions are recurrent abnormalities with a low frequency in CLL and other mature B-cell neoplasms. The size of the del(14q) is variable, being similar to previous observations in cases with a del(13q) [START_REF] Ouillette | Integrated genomic profiling of chronic lymphocytic leukemia identifies subtypes of deletion 13q14[END_REF]. However, recurrent breakpoints can be identified in 14q24.1 and 14q32.3. Further, 14q deletions are frequently accompanied by a CLL immunophenotype, an additional trisomy 12, an unmutated IgVH status, and seem to have an adverse prognostic impact which should be confirmed in additional studies. It might be discussed to add FISH probes for 14q24.1 and for the IgH locus to the standard panel in CLL and other mature B-cell neoplasms. This would allow to identify additional cases and to explore further the clinical impact of this rare cytogenetic alteration. cases with a del(14q) (http://www.cydas.org) [START_REF] Hiller | CyDAS: a cytogenetic data analysis system[END_REF]. deletion as the sole abnormality: n=180, and none of the mentioned abnormalities: n=92 (G6). OS at 3 years was 86.4%, 31.4%, 77.5%, 96.9%, 93.4% and 93.9%, respectively (Figure 6a). For time to treatment (TTT), results were 21.0 months, 21.6 months, 20.9 months, not reached, 79.6 months and 147.0 months (Figure 6b). Table 1: Position, size and labelling of the different BACs being used for FISH analysis in the 47 lymphoma cases with a del(14q) (bp: base pairs). 

International ID Chromosome

  cases (36%) showed a deletion as detected by BACs RP11-35D12 and RP11-226F19.

  karyotype. Trisomy 12 was the most frequent additional alteration (5/16; 31%), in 3/5 (60%) being seen as sole secondary alteration.

  and 12 cases with trisomy 12 accompanied by a 14q deletion were

Figure 1 :

 1 Figure 1: Incidence of 14q deletions in the "Mitelman Database of Chromosome Alterations in Cancer" (Mitelman et al, 2009); left: in all hematologic neoplasms; right: in lymphatic neoplasms (CLL: chronic lymphocyte leukemia; mature B-NHL: mature B-cell neoplasms; DLBCL: diffuse large B-cell lymphoma; AL: acute leukemia; AML: acute myeloid leukemia; ALL: acute lymphoblastic leukemia; CML: chronic myeloid leukemia; MPN: myeloproliferative neoplasms; MDS: myelodysplastic syndromes; T-NHL: mature T-cell neoplasms; PCM: plasma cell myeloma; HL: Hodgkin lymphoma; HCL: hairy cell leukemia; FL: follicular lymphoma; MZL: marginal zone lymphoma; MCL: mantle cell lymphoma).

Figure 2 :

 2 Figure 2: Chromosomal localization of the different BACs being used for FISH analysis.

Figure 3 :

 3 Figure 3: Breakpoints of BACs and IgH probe of all 47 cases with a del(14q) analyzed: breakpoint in 14q24.1: no deletion detected with BAC RP11-35D12 and deletion detected with BAC RP11-226F19; breakpoint in 14q32.3: deletion detected with the 3'flanking IgH probe and no deletion detected with the probe in the variable region of the IgH locus.

Figure 4 :

 4 Figure 4: Illustration of all cytogenetic losses and gains with the support of CyDAS in the 47

Figure 5 :

 5 Figure 5: Kaplan Meier plot depicting time to treatment (TTT of CLL and CLL/PL patients with 14q deletions (n=32) compared to CLL and CLL/PL patients without a del(14q) (n=383) (21.0 months vs. 80.1 months).

Figure 6 :

 6 Figure 6: Kaplan Meier plot depicting a) OS of CLL and CLL/PL patients and b) time to treatment (TTT) of the CLL and CLL/PL cohort (n=415) in the different cytogenetic categories: del(14q): n=32 (G1), del(17p): n=26 (G2), del(11q): n=42, +12: n=43, del(13q)
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Table 2 :

 2 Patients´ characteristics.

		without 14q deletion	with 14q deletion
	Disease (number of patients)		
	CLL (n=1865)	1830	35 (1.9%)
	CLL/PL (n=111)	101	10 (9.0%)
	other B-cell neoplasms (n=1078)	1076	2 (0.2%)
	Median age (years)		
	CLL	66.3	65.0
	CLL/PL	67.9	69.1
	other B-cell neoplasms	67.3	70.5
	Sex ratio (male: female)		
	CLL	1181:649 (1.8)	24:11 (2.2)
	CLL/PL	68:33 (2.1)	6:4 (1.5)
	other mature B-cell neoplasms	621:455 (1.4)	1:1 (1.0)

Table 3 :

 3 Genetic characterization of the 47 B-cell lymphoma cases with 14q deletion. FISH

	probes: 14q22.1: BAC RP11-218E20 (green); 14q24.1: BAC RP11-35D12 (red) and BAC
	RP11-226F19(green); 14q32.33: BAC RP11-521B24 (red); G: green signal; R: red signal; F:
	fusion signal (existing of one red and one green signal); IGH probe: IgH3' (red) and IgVH
	(green); UM: unmutated; M: mutated; LPL: lymphoplasmocytic lymphoma; MZL: marginal
	zone lymphoma.

t(3;17)(q27;q23),+12,del(14)(q22q32)[2]/47,XY,der(1)t(1;15)(p13;q24),t(8;8)(q22;q24),+der(12)t(12;17)(q13;q23),del(14)(q22q32),der(14)t(1;14)(q11;p11), der(15)t(1;15)(p13;q24),der(

17

)del(17)(p12)del(17)(q21)[10]/46,XY[,XY,del(3)(p21p25),del(4)(q21q35),der(8)del(8)(p11)ins(8;17)(q22;??)t(4;8)(q?;q24)t(4;17)(q?;?)ins(10;13)(q22;q14q21),der(10)t(10;19)(q22;?),del(14)(q22q32), -17 [
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