
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Immunoglobulin gene alterations in the progression of B cell lymphomas

Smit, L.A.

Publication date
2008

Link to publication

Citation for published version (APA):
Smit, L. A. (2008). Immunoglobulin gene alterations in the progression of B cell lymphomas.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/immunoglobulin-gene-alterations-in-the-progression-of-b-cell-lymphomas(73cb759f-8372-4c0d-a9d8-f76e2a245e96).html


123

7
Differential Noxa/Mcl-1 balance in 

peripheral versus lymph node chronic 
lymphocytic leukemia cells correlates 

with survival capacity

Blood 2007; 109(4):1660-8



124

Immunoglobulin gene alterations in the progression of B cell lymphomas

7

Differential Noxa/Mcl-1 balance in peripheral versus lymph 
node chronic lymphocytic leukemia cells correlates with 
survival capacity

Laura A Smit1,4, Delfine YH Hallaert2,3,4, René Spijker2,3, Bart de Goeij3, 
Annelieke Jaspers2,3, Arnon P Kater2, Marinus HJ van Oers2, Carel JM van 
Noesel1, and Eric Eldering2,3

Departments of Pathology1, Hematology2 , and Experimental Immunology3, 
Academic Medical Center, Amsterdam, The Netherlands
4These authors contributed equally to the manuscript

This work was supported by the Dutch Cancer Foundation (DCF)

Abstract 
The gradual accumulation of chronic lymphocytic leukemia (B-CLL) cells is presumed to 
derive from proliferation centers in lymph nodes and bone marrow. To what extent these 
cells possess the purported anti-apoptotic phenotype of peripheral B-CLL cells is unknown. 
Recently, we have described that in B-CLL samples from peripheral blood, aberrant 
apoptosis gene expression was not limited to protective changes but also included increased 
levels of pro-apoptotic BH3-only member Noxa. Here, we compare apoptosis gene profiles 
from peripheral blood B-CLL (n=15) with lymph node B-CLL (>90% CD5+/CD19+/CD23+ 
lymphocytes with Ki67+ centers; n=9). Apart from expected differences in Survivin and 
Bcl-xL, a prominent distinction with peripheral B-CLL cells was the decreased averaged 
level of Noxa in lymph nodes. Mcl-1 protein expression showed a reverse trend. Noxa 
expression could also be reduced in vitro by CD40 stimulation of peripheral blood B-CLL. 
Direct manipulation of Noxa protein levels was achieved by proteasome inhibition in B-CLL 
and via RNAi  in model cell lines. In each instance, cell viability was directly linked with 
Noxa levels. These data indicate that suppression of Noxa in the lymph node environment 
contributes to the persistence of B-CLL at these sites and suggest that therapeutic targeting 
of Noxa might be beneficial. 
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Introduction
B-cell chronic lymphocytic leukemia (B-CLL) is characterized by a progressive accumulation 
of monoclonal CD5+ CD23+ mature B cells in the secondary lymphoid tissues, bone marrow, 
and blood1. Previously, it was assumed that B-CLL is associated with a defective regulation 
of programmed cell death (apoptosis), rather than uncontrolled cell proliferation2. Indeed, 
high expression of the anti-apoptotic proteins Bcl-2 and Mcl-1 has been associated with rapid 
disease progression and a poor response to chemotherapy3;4. Paradoxically, investigation of 
virtually all direct apoptosis regulators known at present revealed that, in addition to these anti-
apoptotic alterations, the pro-apoptotic proteins Noxa and Bmf are also abundantly expressed 
in B-CLL5;6. How the elevated expression of these pro-apoptotic proteins is associated with 
the reputed increased life span of the B-CLL cells is currently unknown.The vast majority of 
the circulating B-CLL cells is arrested in G0/G1 phase of the cell cycle7, which has contributed 
to the view that B-CLL is an indolent disease. However, isotopic labeling of leukemic cells 
in vivo revealed that a substantial fraction of the B-CLL cells does proliferate8. It seems 
logical to assume that the generation of new cells takes place in so called proliferation centers 
frequently found in lymph nodes and bone marrow of B-CLL patients. This is supported by 
the numerous Ki67+ and Survivin+ cells present in these structures1;9. The microenvironment 
not only plays an essential role in the induction of proliferation but presumably also in the 
suppression of apoptosis. In vitro experiments revealed that various cell types can support the 
survival of B-CLL cells. Apart from follicular dendritic cells (FDC), bone marrow stromal 
cells, IL-6 producing endothelial cells, VCAM-1 and SDF-producing nurse-like cells, CD4+ 

T cells can also aid in providing a microenvironment where B-CLL cells can survive and 
proliferate10-14. The importance of the microenvironment for the survival of B-CLL cells is 
also shown by the finding that despite the relentless accumulation of the B-CLL cells in vivo, 
culturing the leukemic cells in vitro results in spontaneous apoptosis15;16. In vitro culture of 
B-CLL cells in the presence of CD40L rescues the cells from spontaneous and drug-induced 
apoptosis, suggesting that such co-stimulatory signals play a role in the survival of B-CLL 
cells in vivo and even in the response to treatment9;17-19.
To date, B-CLL is an incurable disease. Although multi-agent treatment can result in a profound 
peripheral lymphocyte depletion, the B-CLL cells in the bone marrow and/or lymph nodes 
are less effectively targeted20. Persistence of B-CLL cells in the bone marrow is associated 
with an increased risk of relapse21. Therefore, more molecular data about the B-CLL cells in 
the lymphoid tissues and bone marrow are necessary, preferably coupled with assessment 
of efficacy of therapeutics towards B-CLL residing in those niches. We here initiated such 
an effort by comparing a large panel of apoptosis regulators in circulating B-CLL cells and 
B-CLL cells residing in lymph nodes. Although the expression of most apoptosis regulators 
was remarkably comparable, a prominent difference was the expression of the BH3-only 
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protein Noxa. Furthermore, we demonstrate that CD40 engagement of peripheral B-CLL 
cells can largely reproduce the altered apoptosis profile found in lymph node B-CLL cells. 
Finally, we show that in vitro manipulation of Noxa expression has a significant and direct 
effect on B-CLL cell survival. Together, these data provide a new link between the anti-
apoptotic microenvironment in the lymph nodes and suppression of Noxa, which suggests 
that drugs that increase Noxa levels, such as proteasome inhibitors22-25, may be of therapeutic 
benefit in B-CLL. 

Material en methods

Patient material and cell lines. 
Patient material was obtained after routine diagnostic or follow-up procedures at the 
departments of Hematology and Pathology of the Academic Medical Center Amsterdam. 
All patients were diagnosed according to the WHO classification system1. Lymph node 
(LN) material diffusely infiltrated by B-CLL cells was freshly frozen in liquid nitrogen 
directly after surgical removal. Immuno-histochemical analysis (see below) of these lymph 
nodes revealed that more than 90% of the tissue consisted of tumor cells. Peripheral blood 
(PB) mononuclear cells (PBMC) of B-CLL patients were obtained after Ficoll density 
centrifugation (Pharmacia Biotech, Roosendaal, the Netherlands). PBMCs from B-CLL 
patients contained >75% CD5+, CD19+ cells as assessed by flow cytometry and were stored 
in liquid nitrogen as cell suspensions in 10% DMSO (Merck, Darmstadt, Germany) in heat-
inactivated FCS (Invitrogen, Breda, The Netherlands). Clone FSA of the Burkitt’s lymphoma 
cell line Ramos with enhanced response to CD95 has been described previously24. Cell lines 
were cultured in Iscove’s modified Dulbecco’s medium (IMDM; Invitrogen), supplemented 
with 10% (v/v) heat-inactivated FCS (ICN Biomedicals GmbH, Meckenheim, Germany), 100 
U/ml penicillin, 100 μg/ml streptomycin and 5 mM L-glutamine (Invitrogen).This study was 
conducted in accordance with the ethical standards in our institutional medical committee 
on human experimentation, as well as in agreement with the Helsinki Declaration of 1975, 
revised in 1983.

RNA isolation and reverse transcription-multiplex ligation-dependent probe 
amplification assay (RT-MLPA). 
Total RNA was isolated using the Nucleospin RNA isolation kit (Macherey-nagel, Düren, 
Germany). RT-MLPA procedure was performed as described previously5;25. Briefly, 100 ng 
total RNA was reverse transcribed using a gene-specific probe mix. The resulting cDNA was 
annealed overnight at 60°C to the MLPA probes. Annealed oligonucleotides were covalently 
linked by Ligase-65 at 54°C (MRC, Amsterdam, The Netherlands). Ligation products were 
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amplified by polymerase chain reaction (PCR; 33 cycles, 30 seconds at 95°C, 30 seconds 
at 60°C and 1 minute at 72°C) using one unlabelled and one 6-carboxy-fluorescein (FAM)-
labeled primer (10 pM). PCR products were run on an ABI 3100 capillary sequencer in the 
presence of 1pM ROX 500 size standard (Applied biosystems, Warrington, UK). Results 
were analyzed using the programs Genescan analysis and Genotyper (Applied Biosystems). 
Category tables containing the area for each assigned peak (scored in arbitrary units) were 
compiled in Genotyper and exported for further analysis with Microsoft Excel spreadsheet 
software. Data were normalised by setting the sum of all signals at 100%, and expressing  
individual peaks relative to the 100% value. 

Immunohistochemistry. 
Monoclonal antibodies specific for CD5 (clone 4C7 Lab vision, Neomarkers, Fremont, CA), 
CD3 (clone SP7), CD23 (clone 1B12), Bcl-6 (clone PG-B67), were used on formalin-fixed 
paraffin-embedded lymph node specimens. When necessary, antigen retrieval was achieved 
using a TRIS-EDTA buffer pH 9.2. Antibody detection was performed with the Powervision+ 
system (ImmunoVision Technologies, Daly City, CA) which was succeeded, for the single 
antibody staining, by peroxidase visualization with 3,3’-diaminobenzidine (DAB) (Sigma), 
0.03% H2O2 in Tris-HCl pH 7.6. Finally, the sections were counterstained with haematoxylin, 
dehydrated and mounted in pertex. For the CD3/Ki67 double stainings  the Ki67 MIB-1 
clone (Dako, Glostrup, Denmark ) was used, for the CD20/Ki67 double staining the Ki67 
SP6 clone (Neomarkers), and the L26 clone from Dako. After antibody detection with the 
Powervision+ system (ImmunoVision) the Liquid permanent red kit (Dako) was used, followed 
by peroxidase visualization with DAB (Sigma). Finally the slides were counterstained with 
haematoxylin and mounted in Vectamount.

Flow cytometry. 
Purified B-CLL cells were incubated FITC- or PE-conjugated mAbs directed against CD5 
(Sanquin), CD19 (Sanquin) and CD3 (Becton and Dickinson, San Jose, CA) and analyzed by 
flow cytometry with the CellQuest program on a FACS Calibur  (Becton and Dickinson). 

In vitro CD40 stimulation. 
B-CLL samples were enriched to >95% purity from PBMCs via negative depletion as 
described previously26. In brief, T cells, monocytes and granulocytes were depleted using anti-
CD3, anti-CD14 and anti-CD16 immunomagnetic beads on a magnetic particle concentrator 
(Dynal A.S. Oslo, Norway). The B-CLL cells were stimulated for three days in culture-treated 
24-wells plates (Costar, Corning NY, USA). Each well contained 5 x 106 B-CLL cells and 1.5 
x 105 irradiated (30 Gy) CD40L-transfected or untransfected fibroblast (NIH3T3).
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Retroviral constructs and transduction. 
To knock-down Noxa, pRetro-super was used, which contains the polymerase III H1-
RNA promoter (pol3) for transcription of the siRNA probe and the phosphoglycerin 
kinase (pgk)1 promoter driving GFP expression27. The siRNA sequences were: N7 
5’GAAGGTGCATTCATGGTG3’ and N8 5’GTAATTATTGACACATTTC3’. The retroviral 
plasmids were transfected into the helper virus amhotropic producer cell line Phoenix with 
Fugen-6 (Roche Diagnostics , Almere, The Netherlands). For transduction, Ramos-FSA cells 
were exposed overnight to viral supernatant (containing vector GFP-only or one of the two 
Noxa RNAi-targeting sequences) on retronectin-coated (Takara Shuzo, Otso, Japan) 24-well 
plates. GFP-positive cells were sorted using a FACS-Aria (BD Biosciences) cell sorter to 
>90% purity for further experiments. 

Analysis of apoptosis. 
PB B-CLL cells were stimulated at a concentration of 5x106 cells/ml with 20 nM bortezomib 
(Janssen-Cilag, Tilburg, The Netherlands) for four hours. The cells were washed twice with 
IMDM (when indicated) and incubated at given time points with FITC-labeled Annexin-V 
(IQ products, Groningen, The Netherlands) for 20 minutes. Prior to analyses, PI was added 
(final concentration 5 μg/ml). Viable cells were defined by Annexin V-/PI- staining. Ramos.
FSA clones expressing either control-GFP or Noxa-RNAi (N7 or N8) were stimulated at a 
concentration of 5x105 cells/ml with 30 nM bortezomib for 24 hours, harvested and incubated 
with 200 nM MitoTracker Orange (Molecular Probes, Leiden, The Netherlands) for 30 
minutes at 37°C, washed and double-stained with APC-labeled Annexin-V (IQ products). 
Fludarabine, staurosporine and propidium iodide (PI) were purchased from Sigma Chemical 
Co. (St. Louis, MO, USA). Anti-human Fas10 (agonistic antibody to the CD95 receptor) 
were a kind gift from Prof. Dr. L. Aarden (Sanquin, Amsterdam, The Netherlands). 

Western Blotting. 
Western Blotting was done as described previously5. Protein samples were separated by 
13% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) followed by 
western blotting. Blots were probed with the following antisera: polyclonal Mcl-1 (cat. no 
554103, Pharmingen, BD Biosciences), monoclonal anti-Noxa (clone 114C307.1, Imgenex, 
San Diego, CA, USA), monoclonal anti-Bim (clone 14A8, Chemicon, Temecula, CA, 
USA)  and antiserum to β-actin (clone I-19, Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA, USA). Protein bands were quantified using high resolution (1200 dpi) scanned images 
of exposed films and AIDA image analyzer software v3.5 (Raytest Gmbh; Straubenhardt, 
Germany). Exposed films were only considered when software indicated that bands were not 
overexposed. In each sample, background corrected intensity of Mcl-1 or Noxa bands were 
normalized for actin.
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Statistical analyses. 
The Mann Whitney U test was used to analyze if differences in gene expression between the 
PB and LN B-CLL were statistically significant. P-values < 0.01 were considered statistically 
significant. Densitometric scans of western blots and MLPA analyses of CD40-triggered 
CLL cells were analyzed with Student’s T-test. P-values <0.05 were considered statistically 
significant.

Results
Patients characteristics and immunohistochemistry

LN, lymph node; PB, peripheral blood; nd not done. IgVH mutations + if ≥2% of the IgVH gene was mutated.
* % lymphocytes was investigated in the lymph node samples by immunohistochemistry and in the peripheral blood 
samples by FACS analysis. # These samples displayed low CD5 staining and therefore the combined CD5/CD19 gate 
yielded low values. $These samples were used only for western blot analyses.
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Lymph nodes from 9 B-CLL patients and peripheral blood samples from 15 B-CLL patients 
were included in the study. From 2 patients (B-CLL25 and B-CLL31) both lymph node (LN) 
tissue and a peripheral blood (PB) sample was available (Table 1). All B-CLL expressed CD5, 
CD23 and CD19/CD20. The B-CLL cells of the patients with LN involvement expressed 
unmutated immunoglobulin heavy chain (IgVH) genes. Of the peripheral blood B-CLL, 10 
expressed mutated IgVH genes and 8 unmutated IgVH genes (Table 1). 

Figure 1: Histology of lymph node infiltrated by B-CLL cells . 
Ubiquitously present B-CLL cells were positive for CD23 and CD5. Scattered CD3+ T cells were present throughout 
the LN. The absence of clusters of BCl-6+ cells excluded the presence of germinal center remnants in the LNs. Ki67/
CD20 and Ki67/CD3 double staining indicate that all cycling Ki67+ cells (pink) were of CD20+ (brown) origin - see 
also inset -, while the CD3+ T cells were predominantly Ki67 negative. Magnification 40x. 

In the peripheral blood samples, at least 75% of the leucocytes were lymphocytes. Due to low 
levels of CD5 expression, the standard FACS gating yielded low percentage of CD5/CD19+ 
cells in some patients; Patient 30 had in addition low numbers of circulating cells and was 
first diagnosed as small lymphocytic leukemia (SLL). Immunohistochemistry demonstrated 
that >90% of the LNs consisted of leukemic lymphocytes. Ki67+ cells were present in 
all LNs, either diffusely or in proliferation centers. These cells were of B cell origin, as 
demonstrated by double staining which showed that all Ki67+ cells were also CD20+. In 
contrast, the scattered CD3+ T cells were generally negative for Ki67. Absence of clusters of 
Bcl-6+ or CD21+ (data not shown) cells excluded the presence of germinal center remnants in 
these LNs (Figure 1). 

Profiling of apoptosis genes in peripheral blood and LN samples of B-CLL.
The relative expression 34 known apoptosis regulators was investigated by RT-MLPA5;25;28 in 
PB samples of 13 B-CLL patients, LN samples of 7 B-CLL patients (Figure 2A) and paired 
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PB and LN samples of 2 B-CLL patients (Figure 2B and data not shown). 
 The relative expression of the majority of the investigated genes was remarkably comparable 
between the PB and LN samples. We have described previously that, compared to normal 
tonsillar B cell fractions, in PB B-CLL several anti- and pro-apoptosis genes (e.g. Flip, Bcl-2, 
Noxa and Bmf) are aberrantly expressed5, and this was also found in LN samples of B-CLL. 
Interestingly, 3 genes were differentially expressed in PB B-CLL cells as compared to LN 
samples (Figure 2C).

Figure 2: Apoptosis gene expression profile of B-CLL cells in peripheral blood and lymph nodes. 
(A) Relative expression of 34 apoptosis regulators was investigated in 15 PB B-CLL (black bars) and 9 LN B-CLL 
(grey bars). Results of individual apoptosis regulatory genes are shown as expression relative to the total signal in the 
sample, with standard deviation. Non-apoptosis genes included as housekeeping genes are β2-microglobulin (B2M), 
Ferritin Light chain (FLT), β-glucoronidase (GUS), and poly(A)-specific ribonuclease (PARN). (B) RT-MLPA data 
from PB and LN sample of B-CLL-25. (C)The expression of Noxa, Survivin, Bcl-xL and Mcl-1 in individual 
patients are depicted as dots. Asterix (*) indicates statistical significance (P<0.001) of differences in gene expression 
between PB and LN B-CLL.
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In agreement with previous reports, the IAP family member Survivin was not expressed in 
any of the PB B-CLL samples whereas it was clearly expressed in LN B-CLL5;9 (P=0.0005). 
Also, the anti-apoptotic Bcl-2-family member Bcl-xL was more abundantly expressed in the 
LN samples (P=0.0003). 

Figure 3: Comparison of Noxa, Mcl-1 and Bcl-xL protein in PB vs. LN B-CLL. Protein lysates of 7 PB samples 
and 6 LN samples were subjected to western blot analyses. (A) Blots were stained with antibodies directed against 
Noxa, Mcl-1 or Bcl-xL, and reprobed with an antibody against β-actin as a loading control. In case of Bcl-xL, 
aspecific staining at the upper cutting edge of the blot is visible and precluded analysis of the rightmost two samples. 
Densitometric scanning was performed, and Noxa/Mcl-1 ratios, corrected for actin levels, are indicated below the 
samples. The averaged Noxa/Mcl-1 ratio was significantly different between PB and LN (P= 0.011). (B) Averaged 
Noxa/actin and Mcl-1/actin ratios are separately plotted for PB and LN samples. Unpaired T-test showed that Noxa 
ratios were statistically significant (P=0.0026), and Mcl-1 ratios showed a non-significant trend. 

The most striking difference in expression was observed for the BH3-only member Noxa.   
As found previously, this apoptogenic gene is abundantly expressed in PB B-CLL cells5, but 
its expression was clearly lower in LN B-CLL cells (averaged relative expression of 15.6±9.8 
in PB B-CLL versus 3.0±1.1 in LN B-CLL; P<0.0001 (Figure 2C). Of note, a difference in 
Noxa expression was also observed between the paired PB- and LN samples of an individual 
patient (relative expression 9.6 in the PB sample versus 3.4 in the LN sample) (Figure 2B). 
Western blot analyses confirmed that the differences in Bcl-xL and Noxa mRNA expression 
were also present at the protein level. The B-CLL LN samples generally expressed lower 
levels of Noxa than the PB B-CLL samples, and the reverse was observed for Bcl-xL 
(Figure 3). 
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Comparison of the RT-MLPA data with the Western blot data revealed a clear correlation 
between the levels of Noxa mRNA and Noxa protein. As reported previously, no differences 
were observed in expression of these apoptosis genes among IgVH-mutated versus unmutated 
cases5. Since Noxa can selectively interact with the anti-apoptotic protein Mcl-1 and this 
may influence the degradation of Mcl-129, we investigated the expression of this Bcl-2 family 
member in PB B-CLL and LN B-CLL. Although RT-MLPA showed no difference in mRNA 
expression (Figure 2C), Western blot analyses revealed that in most LN B-CLL, where Noxa 
levels were low, Mcl-1 was slightly elevated. Furthermore, the PB samples that expressed 
higher levels of Noxa showed a decreased expression of Mcl-1 (Figure 3). This is further 
illustrated by a paired PB/LN protein sample, where in fact Noxa expression was almost 
equal, but in this case Mcl-1 protein levels were clearly higher in the LN compartment. 
Densitometric scanning of Noxa and Mcl-1 protein levels (ratio indicated below individual 
lanes in Fig 3A) also showed divergence between LN and PB, of which the averaged 
differences in Noxa levels were statistically significant (Figure 3B). In summary, the majority 
of the apoptotic regulators is expressed equally in PB - and LN B-CLL, but a novel and 
prominent distinction in Noxa level was found. 

Noxa expression is modulated by CD40 engagement in B-CLL cells. 
In the LNs the CD40+ B-CLL cells are in close contact with T cells that may express CD40L2 
(Figure 1). To investigate the effect of this interaction on the expression of the apoptotic 
regulators, PB B-CLL samples (n = 11) were co-cultured for 1-5 days with CD40L-transfected 
or untransfected 3T3 fibroblasts (Figure 4). As reported previously, CD40 stimulation  
resulted in increased expression of Bcl-xL, A1/Bfl-1, Bid and Survivin9;17;18. Interestingly, 
in accordance with our findings in the LN B-CLL cells, CD40L-stimulated PB B-CLL cells 
also showed a diminished expression of Noxa (Figure 4A). The effects were observed after 
one day of CD40 stimulation and RT-MLPA performed at day three and day five showed 
that the expression of the apoptosis regulators did not alter significantly after that (Figure 
4B). It should be noted that the levels of Noxa mRNA as compared to t=0 also decreased 
after culture on the control 3T3 cells (p=0.019). The reason for this is not known, however a 
stronger decline in Noxa levels was consistently observed after CD40 ligation (p=0.004), and 
the difference between control and CD40-treated cells was statistically significant (p=0.016). 
These differences were further investigated at the protein level for three patients (Figure 4C). 
Concordant with RT-MLPA analyses, Noxa levels decreased after 3 days culture in presence 
of CD40L-expressing cells, and Bcl-xL levels increased. Mcl-1 protein levels also clearly 
increased upon CD40-triggering, although this was not observed via RT-MLPA. So, similar 
to findings in LN samples (Figure 3), Mcl-1 levels were apparently under post-transcriptional 
control.
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Figure 4: CD40 stimulation of peripheral blood B-CLL results in an apoptosis gene expression profile similar 
to lymph node B-CLL. (A) Apoptosis gene expression profile was investigated by RT-MLPA in PB samples of 11 
freshly isolated B-CLL patients without culturing (black bars) and after three days of culturing on either 3T3 cells 
(grey bars) or CD40L-transfected 3T3 cells (white bars). Data plus standard deviation are presented as in Figure 2. 
(B) The expression of Bcl-xL, Bfl-1/A1, Bid and Noxa are shown at day 1, 3 and 5 of culturing on 3T3 cells (white 
triangles) or CD40L-transfected 3T3 cells (black dots). Statistical analysis of day 0 vs. day 1 samples showed that 
in all cases the CD40L treated values were significantly different (P<0.01). In case of Noxa, there was also a small 
but significant decrease for the 3T3 control cells (P=0.019), and a more pronounced effect for CD40L treated cells 
(P=0.004; difference between 3T3 and CD40L-treated cells P=0.0159, indicated by **). (C) Western blot of t=0 
samples in comparison of CD40L treated cells at day 3 for Noxa, Mcl-1 and Bcl-xL showed that Noxa protein levels 
decrease while Mcl-1 and Bcl-xL increase. For B-CLL sample 226 the Mcl-1 levels at t=0 were in fact undetectable 
(see also Figure 3) 

A prominent distinction between CD40-stimulated B-CLL and LN B-CLL was found for 
expression of the apoptogenic BH3-only protein Bid. In contrast to LN B-CLL, CD40L- 
stimulated B-CLL showed a strong and continuous induction of Bid (Figure 4B). Thus, the 
altered gene expression in LNs can be mimicked largely but not entirely by in vitro CD40 
engagement of B-CLL cells. 
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Bortezomib-induced Noxa upregulation causes apoptosis of PB B-CLL cells.
To establish a functional relationship between Noxa expression levels and apoptosis sensitivity 
of B-CLL cells, we made use of recent findings that proteasome inhibitors rapidly and 
specifically upregulate Noxa22;23;30. To reduce a widespread impact of proteasome inhibition 
on protein levels and transcription dependent processes31, PB B-CLL cells were transiently 
exposed to bortezomib for 4 hours.The reversible proteasome inhibitor was then either 
washed away or incubation was continued. As expected, a pulse of bortezomib treatment 
already caused a rise in Noxa protein, and this was sufficient to impair survival of B-CLL 
cells (Figure 5). 

Figure 5: Noxa upregulation via transient treatment with bortezomib impacts CLL survival 
Freshly isolated peripheral blood B-CLL cells were treated for 4 hrs with 20 nM of the proteasome  inhibitor 
bortezomib. Cells were then washed and cultured  in fresh medium, or incubation was continued. (A) At the indicated 
timepoints, cell lysates were prepared and probed  for expression of Noxa, Mcl-1, Bim and Actin protein by western 
blot. Indicated below the lanes: untreated (M), bortezomib washed away after 4 hrs (B+), and bortezomib without  
washing (B-). The decrease in Mcl-1 levels in bortezomib treated cells at 24 and 48 hrs could be inhibited by the 
pan-caspase inhibitor z-VAD (data not shown). Due to massive cell death after 48 hrs in the presence of bortezomib, 
these lysates did not yield  sufficient protein for analysis. (B) Apoptosis of cells was determined  via AnnexinV 
staining. Spontaneous apoptosis in medium was  approximately 50%, which was increased by bortezomib treatment. 
Results  are representative for 3 separate experiments
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Continuous exposure to bortezomib resulted in a massive increase in Noxa levels that was 
accompanied by almost 100% cell death at 48 hrs. Over the course of this experiment, Mcl-1 
protein levels first increased(4 hr timepoint), most likely due to proteasome inhibition, and 
then declined when cells went into apoptosis. This decline could be prevented by blocking 
caspase activity with z-VAD (data not shown), and is thus in accord with reports that Mcl-1 
is a caspase substrate32;33. Next, we investigated whether the level of Bim, another pro-
apoptotic binding partner of Mcl-134, was also subject to change upon bortezomib treatment, 
and might thereby trigger apoptosis. However, Bim levels were unaffected, both as detected 
by RT-MLPA (data not shown), and by western blotting (Figure 5A). Thus, pharmacological 
manipulation of the levels of Noxa protein in B-CLL cells appeared to be directly related to 
viability in an in vitro setting. 

Noxa-deficient cells exhibit resistance to bortezomib-induced cell death. 
Apoptosis regulatory genes as detected via RT-MLPA were not affected during the short-
term bortezomib treatment in the previous experiments (data not shown). Yet, it can not be 
excluded that other genes and proteins besides Noxa that might impact survival were affected 
by bortezomib. Therefore, to investigate a direct role for Noxa in bortezomib-induced 
apoptosis, we employed a model system. Ramos B cells (clone FSA)24 were transduced 
with distinct retroviral constructs encoding Noxa siRNAs (N7 or N8) or control-GFP. GFP-
positive cells were sorted and western blot analysis revealed a suppression of Noxa-levels to 
approximately 50-75% compared to the control-GFP (Figure 6A). Both Ramos FSA cell lines 
expressing Noxa RNAi exhibited a significant resistance to bortezomib-induced apoptosis 
compared to the mock-transduced cells (Figure 6B). The partial resistance to proteasome 
inhibitor-mediated apoptosis matched the partial knock-down of Noxa protein. Of note, also 
in Noxa RNAi cells, bortezomib treatment caused a rapid increase in Noxa protein (data not 
shown), thus explaining that apoptosis still occurred at higher concentration of the drug. These 
data are in good agreement with effects of Noxa knock-down in other celltypes (melanoma, 
mantle cell lymphoma and T cell leukemia)22;23;30. In addition, we obtained similar findings 
with another protease inhibitor (MG132; data not shown). In contrast, no effect of Noxa 
protein reduction was observed on apoptosis triggered via other pathways such as fludarabine 
or staurosporin treatment, or triggering of the CD95 receptor (Fig 6C). In conclusion, these 
data demonstrate that decreased expression of Noxa has a direct and specific impact on the 
susceptibility to apoptosis induced by proteasome inhibitors. Conversely, the death-inducing 
effect of proteasome inhibition observed in B-CLL cells may therefore rely predominantly 
on shifts in Noxa expression.
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Figure 6: Noxa reduction via RNAi specifically prevents apoptosis  induction by proteasome inhibitors
Ramos Burkitt lymphoma cells were retrovirally transduced with two  RNAi constructs targeting Noxa (N7 or N8), 
or GFP control. A) Western blot demonstrating reduced Noxa expression in Ramos-N7 and  -N8. Equal protein 
loading is shown by reprobing for β-Actin. B) Mock, N7 and N8 transduced Ramos FSA cells were cultured 24 hours 
in the presence of indicated concentration of bortezomib. Viability was assessed by AnnexinV/mitotracker staining 
and FACS analysis. Data represent mean ± SD from three independent experiments. C) Cells were incubated for 
24 hrs in medium containing 100 μM fludarabine (fluda), 0.25 μM staurosporine (stauro), or 5 μg/ml α-CD95, and 
analysed as in B.

Discussion 
There is increasing awareness that the B-CLL population in lymphoid proliferation centers 
differs fundamentally from the well studied fraction in PB and that this distinction may have 
clinical relevance8;35. Here, we present a first direct comparison of these two populations, 
focusing on the expression of 34 apoptosis regulatory genes. Apart from expected differences 
in proliferation-related genes (Survivin and Ki67) and anti-apoptotic Bcl-xL, we observed 
a prominent divergence in the expression of pro-apoptotic Noxa. Previously we described 
that, compared to non-malignant tonsil or peripheral B-cell fractions, B-CLL cells in the 
periphery display significantly increased levels of this BH3-only member of the Bcl-2 family, 
in a p53-independent manner5. The high levels of Noxa and another BH3-only member 
Bmf6, contrasted with the purported anti-apoptotic phenotype of B-CLL cells2  but remained 
functionally unexplained. Our new findings show that the Noxa level is considerably lower in 
LN CLL and that this is linked with survival capacity. Therefore, targeting Noxa expression 
or function could be of clinical benefit, also in p53 deficient  cases.
In vitro CD40 stimulation of PB B-CLL cells resulted in a clear reduction of Noxa expression. 
Within the LN microenvironment, CD40 stimulation is most likely delivered by CD40L+ T 
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cells. Several groups have investigated the effects of in vitro CD40 engagement in B-CLL 
cells9;14;17;18;36-39 but an effect on Noxa expression was not yet reported. It is well known that 
CD40-stimulated B-CLL cells are more resistant to spontaneous or drug-induced apoptosis. 
This is most probably due to the induction the transcription factor nuclear factor κB (NFκB) 
and as a consequence, the expression of various anti-apoptotic genes, such as Bcl-xL, cIAP2, 
A20 and Flip36. Previously, Noxa was proposed to be a p53-response gene40, but in B-CLL 
cells, Noxa is apparently not under control of p53, as illustrated by the clearly divergent 
expression of Puma and Noxa upon p53 stimuli5;41. Later, various transcription factors were 
proposed to regulate Noxa such as E2F1, p73 and hypoxia inducible factor HIF-1α42-45. 
Therefore at present it is difficult to definitely assign a specific signaling route that mediates 
Noxa  expression. Very recently though, it was reported that HIF-1α is overexpressed in 
peripheral B-CLL cells45, which may constitute a potential link to the increased Noxa levels 
in B-CLL.
Although CD40 stimulation of PB B-CLL cells resulted in a similar apoptosis gene expression 
profile to LN B-CLL, several genes deviated from this profile, most prominently Bid, as 
reported previously17, but also A1/Bfl-1. This indicates that in the LN, B-CLL cells also 
receive other stimuli than CD40. Indeed, apart from CD4+ T cells expressing CD40L, other 
cell types can support survival of B-CLL cells. In vitro culture with an FDC cell line or 
dendritic cells protects B-CLL cells from spontaneous apoptosis14;46. FDC-mediated survival 
was reported to depend on the expression of the Bcl-2 family member Mcl-114 and in vitro 
experiments revealed that Mcl-1 levels decline in B-CLL cells undergoing apoptosis3;47. 
Interestingly, recent data indicate that Mcl-1 is a preferred binding partner of Noxa34, and we 
have indeed observed association of Mcl-1 with Noxa in primary B-CLL samples (D. Hallaert; 
manuscript in preparation). Furthermore, in 293T cells, Noxa has been described to mediate 
the degradation of Mcl-129. If this mechanism also holds true for B-CLL cells, it may explain 
the increase in Mcl-1 protein we observed in LN B-CLL, which was not accompanied by an 
increase in Mcl-1 mRNA. Accordingly, augmented Mcl-1 protein levels are a consequence 
of the downregulation of Noxa in the LNs, rather than a environmental effect on Mcl-1 
RNA expression. In addition, in vitro triggering of CD40 on B-CLL cells also influenced 
Mcl-1 levels in a post-transcriptional fashion (Figure 4). Thus, the differences in protein 
levels observed by us for Noxa, Mcl-1 and Bcl-xL levels in the B-CLL LN environment, 
correspond with current models based on the differential interaction potential of these Bcl-2 
family members29;34, and support the anti-apoptosis phenotype of B-CLL cells at this location  
compared to PB. In addition, spontaneous apoptosis in vitro of B-CLL cells may be connected 
with the high levels of Noxa which eventually saturate the short-lived Mcl-1 protein29;48.
Two separate experimental approaches supported a direct role for Noxa in survival capacity 
of B-CLL cells. First, we used the recently discovered  rapid and direct effect of bortezomib 
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on Noxa levels22;23;30 to demonstrate that short term bortezomib exposure also quickly induced 
Noxa protein in B-CLL cells, with a corresponding decrease in viability (Figure 5). 
Although the levels of Bim did not change upon bortezomib treatment, a role for Bim 
during the actual triggering phase of apoptosis cannot be excluded. In model systems, Bim 
is capable of actively triggering Bax activation, while Noxa functions in as ‘sensitiser’ 49;50. 
Secondly, a complementary experiment was performed in a model system where only Noxa 
levels were modified via RNAi. Here, a clear inhibitory effect of Noxa reduction towards 
apoptosis mediated by proteasome inhibition was observed, while other apoptosis pathways 
were unaffected (Figure 6).
Taken together, our data support a model where the viability of the malignant B-CLL clone 
within the LNs and possibly also the bone marrow, corresponds with low levels of Noxa and 
an upregulation of Bcl-xL and Mcl-1. In addition to these anti-apoptotic gene expression 
alterations, the B-CLL cells also receive proliferative stimuli as indicated by the Ki-67+ and 
Survivin+ cells. When the B-CLL cells enter the circulation these stimuli are lost, Noxa is 
upregulated, and Bcl-xL, Mcl-1 and Survivin are downregulated. As a result, the B-CLL cells 
may become prone to apoptosis, which can however still be prevented by the continuous high 
expression of Bcl-2. To what extent circulating B-CLL are actually undergoing apoptosis is 
difficult to detect directly. Freshly isolated CLL cells are mostly non-apoptotic but undergo 
rapid ‘spontaneous’ apoptosis in vitro, and recent calculations point to appreciable in vivo 
death rates8. Together, this suggests that apoptotic B-CLL cells are rapidly cleared from 
circulation in vivo.  It is generally assumed that in the LNs and bone marrow the B-CLL 
cells are relatively protected against therapeutic drugs20. The circulating B-CLL cells that are 
already prone to apoptosis are more easily targeted, but the residual B-CLL cells in the LN/
bone marrow will eventually lead to a relapse. Currently, there is much interest in application 
of novel, p53-independent drugs to treat B-CLL51-53. Our data provide new insight into the 
regulation of the apoptotic behavior of B-CLL cells, and also afford new clues for therapeutic 
intervention by targeting Noxa expression.  



140

Immunoglobulin gene alterations in the progression of B cell lymphomas

7

References
 1.  Jaffe ES SH and Vardiman JW. World health organization classification of tumours. Vol. 39283224116. 2001. 

Lyon, IARC press. 
 2.  Caligaris-Cappio F, Hamblin TJ. B-cell chronic lymphocytic leukemia: a bird of a different feather. J.Clin.

Oncol. 1999;17:399-408.
 3.  Kitada S, Andersen J, Akar S et al. Expression of apoptosis-regulating proteins in chronic lymphocytic leukemia: 

correlations with In vitro and In vivo chemoresponses. Blood 1998;91:3379-3389.
 4.  Saxena A, Viswanathan S, Moshynska O et al. Mcl-1 and Bcl-2/Bax ratio are associated with treatment response 

but not with Rai stage in B-cell chronic lymphocytic leukemia. Am.J.Hematol. 2004;75:22-33.
 5.  Mackus WJ, Kater AP, Grummels A et al. Chronic lymphocytic leukemia cells display p53-dependent drug-

induced Puma upregulation. Leukemia 2005;19:427-434.
 6.  Morales AA, Olsson A, Celsing F et al. Expression and transcriptional regulation of functionally distinct Bmf 

isoforms in B-chronic lymphocytic leukemia cells. Leukemia 2004;18:41-47.
 7.  Andreeff M, Darzynkiewicz Z, Sharpless TK, Clarkson BD, Melamed MR. Discrimination of human leukemia 

subtypes by flow cytometric analysis of cellular DNA and RNA. Blood 1980;55:282-293.
 8.  Messmer BT, Messmer D, Allen SL et al. In vivo measurements document the dynamic cellular kinetics of 

chronic lymphocytic leukemia B cells. J.Clin.Invest 2005;115:755-764.
 9.  Granziero L, Ghia P, Circosta P et al. Survivin is expressed on CD40 stimulation and interfaces proliferation and 

apoptosis in B-cell chronic lymphocytic leukemia. Blood 2001;97:2777-2783.
 10.  Burger JA, Tsukada N, Burger M et al. Blood-derived nurse-like cells protect chronic lymphocytic leukemia B 

cells from spontaneous apoptosis through stromal cell-derived factor-1. Blood 2000;96:2655-2663.
 11.  Burger JA, Zvaifler NJ, Tsukada N, Firestein GS, Kipps TJ. Fibroblast-like synoviocytes support B-cell 

pseudoemperipolesis via a stromal cell-derived factor-1- and CD106 (VCAM-1)-dependent mechanism. J.Clin.
Invest 2001;107:305-315.

 12.  Lagneaux L, Delforge A, Bron D, De BC, Stryckmans P. Chronic lymphocytic leukemic B cells but not 
normal B cells are rescued from apoptosis by contact with normal bone marrow stromal cells. Blood 
1998;91:2387-2396.

 13.  Panayiotidis P, Jones D, Ganeshaguru K, Foroni L, Hoffbrand AV. Human bone marrow stromal cells 
prevent apoptosis and support the survival of chronic lymphocytic leukaemia cells in vitro. Br.J.Haematol. 
1996;92:97-103.

 14.  Pedersen IM, Kitada S, Leoni LM et al. Protection of CLL B cells by a follicular dendritic cell line is dependent 
on induction of Mcl-1. Blood 2002;100:1795-1801.

 15.  Collins RJ, Verschuer LA, Harmon BV et al. Spontaneous programmed death (apoptosis) of B-chronic 
lymphocytic leukaemia cells following their culture in vitro. Br.J.Haematol. 1989;71:343-350.

 16.  McConkey DJ, guilar-Santelises M, Hartzell P et al. Induction of DNA fragmentation in chronic B-lymphocytic 
leukemia cells. J.Immunol. 1991;146:1072-1076.

 17.  Kater AP, Evers LM, Remmerswaal EB et al. CD40 stimulation of B-cell chronic lymphocytic leukaemia cells 
enhances the anti-apoptotic profile, but also Bid expression and cells remain susceptible to autologous cytotoxic 
T-lymphocyte attack. Br.J.Haematol. 2004;127:404-415.

 18.  Kitada S, Zapata JM, Andreeff M, Reed JC. Bryostatin and CD40-ligand enhance apoptosis resistance and induce 
expression of cell survival genes in B-cell chronic lymphocytic leukaemia. Br.J.Haematol. 1999;106:995-1004.

 19.  Romano MF, Lamberti A, Tassone P et al. Triggering of CD40 antigen inhibits fludarabine-induced apoptosis in 
B chronic lymphocytic leukemia cells. Blood 1998;92:990-995.

 20.  Robertson LE, Huh YO, Butler JJ et al. Response assessment in chronic lymphocytic leukemia after fludarabine 
plus prednisone: clinical, pathologic, immunophenotypic, and molecular analysis. Blood 1992;80:29-36.

 21.  Provan D, Bartlett-Pandite L, Zwicky C et al. Eradication of polymerase chain reaction-detectable chronic 
lymphocytic leukemia cells is associated with improved outcome after bone marrow transplantation. Blood 
1996;88:2228-2235.

 22.  Fernandez Y, Verhaegen M, Miller TP et al. Differential regulation of noxa in normal melanocytes and melanoma 
cells by proteasome inhibition: therapeutic implications. Cancer Res. 2005;65:6294-6304.

 23.  Perez-Galan P, Roue G, Villamor N et al. The proteasome inhibitor bortezomib induces apoptosis in 
mantle-cell lymphoma through generation of ROS and Noxa activation independent of p53 status. Blood 
2006;107:257-264. 

24.  Lens SM, den Drijver BF, Potgens AJ et al. Dissection of pathways leading to antigen receptor-induced and Fas/
CD95-induced apoptosis in human B cells. J.Immunol. 1998;160:6083-6092.



141

7

 25.  Eldering E, Spek CA, Aberson HL et al. Expression profiling via novel multiplex assay allows rapid assessment 
of gene regulation in defined signalling pathways. Nucleic Acids Res. 2003;31:e153.

 26.  Lens SM, Drillenburg P, den Drijver BF et al. Aberrant expression and reverse signalling of CD70 on malignant 
B cells. Br.J.Haematol. 1999;106:491-503.

 27.  Brummelkamp TR, Bernards R, Agami R. A system for stable expression of short interfering RNAs in mammalian 
cells. Science 2002;296:550-553.

 28.  Schouten JP, McElgunn CJ, Waaijer R et al. Relative quantification of 40 nucleic acid sequences by multiplex 
ligation-dependent probe amplification. Nucleic Acids Res. 2002;30:e57.

 29.  Willis SN, Chen L, Dewson G et al. Proapoptotic Bak is sequestered by Mcl-1 and Bcl-xL, but not Bcl-2, until 
displaced by BH3-only proteins. Genes Dev. 2005;19:1294-1305.

 30.  Qin JZ, Ziffra J, Stennett L et al. Proteasome inhibitors trigger NOXA-mediated apoptosis in melanoma and 
myeloma cells. Cancer Res. 2005;65:6282-6293.

 31.  Lipford JR, Deshaies RJ. Diverse roles for ubiquitin-dependent proteolysis in transcriptional activation. Nat.
Cell Biol. 2003;5:845-850.

 32.  Gomez-Bougie P, Oliver L, Le GS, Bataille R, Amiot M. Melphalan-induced apoptosis in multiple myeloma 
cells is associated with a cleavage of Mcl-1 and Bim and a decrease in the Mcl-1/Bim complex. Oncogene 
2005;24:8076-8079.

 33.  Han J, Goldstein LA, Gastman BR, Rabinovitz A, Rabinowich H. Disruption of Mcl-1.Bim complex in granzyme 
B-mediated mitochondrial apoptosis. J.Biol.Chem. 2005;280:16383-16392.

 34.  Chen L, Willis SN, Wei A et al. Differential targeting of prosurvival Bcl-2 proteins by their BH3-only ligands 
allows complementary apoptotic function. Mol.Cell 2005;17:393-403.

 35.  Chiorazzi N, Rai KR, Ferrarini M. Chronic lymphocytic leukemia. N.Engl.J.Med. 2005;352:804-815.
 36.  Gricks CS, Zahrieh D, Zauls AJ et al. Differential regulation of gene expression following CD40 activation of 

leukemic compared to healthy B cells. Blood 2004;104:4002-4009.
 37.  Craxton A, Shu G, Graves JD et al. p38 MAPK is required for CD40-induced gene expression and proliferation 

in B lymphocytes. J.Immunol. 1998;161:3225-3236.
 38.  Wang Z, Karras JG, Howard RG, Rothstein TL. Induction of bcl-x by CD40 engagement rescues sIg-induced 

apoptosis in murine B cells. J.Immunol. 1995;155:3722-3725.
 39.  Sarma V, Lin Z, Clark L et al. Activation of the B-cell surface receptor CD40 induces A20, a novel zinc finger 

protein that inhibits apoptosis. J.Biol.Chem. 1995;270:12343-12346.
 40.  Oda E, Ohki R, Murasawa H et al. Noxa, a BH3-only member of the Bcl-2 family and candidate mediator of 

p53-induced apoptosis. Science 2000;288:1053-1058.
 41.  Stankovic T, Hubank M, Cronin D et al. Microarray analysis reveals that. Blood 2004;103:291-300.
 42.  Hershko T, Ginsberg D. Up-regulation of Bcl-2 homology 3 (BH3)-only proteins by E2F1 mediates apoptosis. 

J.Biol.Chem. 2004;279:8627-8634.
 43.  Flinterman M, Guelen L, Ezzati-Nik S et al. E1A activates transcription of p73 and Noxa to induce apoptosis. 

J.Biol.Chem. 2005;280:5945-5959.
 44.  Kim JY, Ahn HJ, Ryu JH, Suk K, Park JH. BH3-only protein Noxa is a mediator of hypoxic cell death induced 

by hypoxia-inducible factor 1alpha. J.Exp.Med. 2004;199:113-124.
 45.  Yean K., Lee AKS, Nancy D.Bone, Linda E.Wellik, D.A.Chan, A.J.Giaccia, Debabrata Mukhopadhyay, and 

Neil E.Kay. Hypoxia Inducible Factor-1{alpha} Is over Expressed in CLL B Cells Because of an Impaired 
Proteasome Pathway Associated with Defective Interaction with von Hippel-Landau Protein. ASH. 106(11). 
2005.

 46.  Chilosi M, Pizzolo G, Caligaris-Cappio F et al. Immunohistochemical demonstration of follicular dendritic cells 
in bone marrow involvement of B-cell chronic lymphocytic leukemia. Cancer 1985;56:328-332.

 47.  Hanada M, Delia D, Aiello A, Stadtmauer E, Reed JC. bcl-2 gene hypomethylation and high-level expression in 
B-cell chronic lymphocytic leukemia. Blood 1993;82:1820-1828.

 48.  Packham G, Stevenson FK. Bodyguards and assassins: Bcl-2 family proteins and apoptosis control in chronic 
lymphocytic leukaemia. Immunology 2005;114:441-449.

 49.  Kuwana T, Bouchier-Hayes L, Chipuk JE et al. BH3 domains of BH3-only proteins differentially regulate Bax-
mediated mitochondrial membrane permeabilization both directly and indirectly. Mol.Cell 2005;17:525-535.

 50.  Letai A, Bassik MC, Walensky LD et al. Distinct BH3 domains either sensitize or activate mitochondrial 
apoptosis, serving as prototype cancer therapeutics. Cancer Cell 2002;2:183-192.

 



142

Immunoglobulin gene alterations in the progression of B cell lymphomas

7

51.  Alvi AJ, Austen B, Weston VJ et al. A novel CDK inhibitor, CYC202 (R-roscovitine), overcomes the defect 
in p53-dependent apoptosis in B-CLL by down-regulation of genes involved in transcription regulation and 
survival. Blood 2005;105:4484-4491.

 52.  Carew JS, Nawrocki ST, Krupnik YV et al. Targeting endoplasmic reticulum protein transport: a novel strategy 
to kill malignant B cells and overcome fludarabine resistance in CLL. Blood 2006;107:222-231.

 53.  Castro JE, Prada CE, Loria O et al. ZAP-70 is a novel conditional heat shock protein 90 (Hsp90) client: inhibition 
of Hsp90 leads to ZAP-70 degradation, apoptosis, and impaired signaling in chronic lymphocytic leukemia. 
Blood 2005;106:2506-2512.


