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                                                                                                                        Abstract

                                                            Background Chronic lymphocytic leukemia has a variable clinical course. Genomic aberrations identify prognostic subgroups, pointing towards distinct underlying biological mechanisms that are poorly understood. In particular it remains unclear whether the prognostic subgroups of chronic lymphocytic leukemia are characterized by different levels of leukemogenic proteins.Design and Methods Expression of 23 proteins involved in apoptosis, proliferation, DNA damage, and signaling or whose genes map to chromosomal regions known to be critical in chronic lymphocytic leukemia was quantified in 185 cytogenetically well characterized cases of chronic lymphocytic leukemia using immunoblotting. Cases were categorized hierarchically into deletion(17p), deletion(11q), trisomy 12, deletion(13q) as sole abnormality or normal karyotype. Statistical analysis was performed for expression differences between these subgroups. In addition, the expression levels of CDK4, P27 and P53 were quantified over the clinical course and compared to levels in immunopurified B cells from healthy individuals.Results In subgroups with a good prognosis, differential expression was mainly seen for proteins that regulate apoptosis. In contrast, in cytogenetic subgroups with a worse prognosis, differential expression was mostly detected for proteins that control DNA damage and proliferation. Expression levels of CDK4, P27 and P53 were higher compared to those in B cells from healthy individuals and significantly correlated with increasing hierarchical risk. In addition, no significant longitudinal changes of expression levels of CDK4, P27 and P53 could be detected in chronic lymphocytic leukemia patients.Conclusions Differences in expression levels of apoptosis- and proliferation-controlling proteins define distinct prognostic subgroups of chronic lymphocytic leukemia and uncover a correlation of levels of CDK4, P27 and P53 proteins with higher hierarchical risk.
                                                            
                                                            Introduction
Chronic lymphocytic leukemia (CLL), the most common leukemia in the Western world, has a highly variable clinical course with survival times ranging from months to decades.1,2 The clinical course correlates with inherent genetic features such as the mutational status of the immunoglobulin heavy chain locus (IGHV) and genomic aberrations.2 Genomic aberrations occur in about 80% of CLL. The most frequent ones are losses of chromosomes 13q14 [del(13q)], 11q22–q23 [del(11q)], 17p13 [del(17p)], and gains of chromosome 12 (trisomy 12). The association of genomic aberrations with clinical outcome resulted in the definition of a hierarchical model for prognostic prediction.1 In order to incorporate information from IGHV mutation status, a modified risk model was proposed that defines four subgroups of CLL patients based on 17p deletion, 11q deletion, and IGHV mutation status.3 In addition, usage of the V3–21 variable-region gene has been associated with an unfavorable clinical outcome similar to that of unmutated CLL cases, irrespective of IGHV mutation status.4 However, the underlying biological mechanisms leading to the different prognostic impact of these genetic markers are mostly unclear, with the exception of deletion of 17p.5,6
The most commonly found genomic aberration that occurs in about 55% of CLL patients is deletion of 13q14 which correlates with a favorable outcome.1 The biological role of this aberration is largely unresolved, but the candidate genes in the region are significantly down-regulated in CLL patients, pointing to an epigenetic tumor suppressor mechanism.7 In addition, two microRNA (miR-16-1 and miR-15a) were discovered in the critical region that could later be linked to CLL.7–9 MicroRNA exert their regulatory function at a post-transcriptional level. Effects derived from miR genes may not, therefore, be seen at the mRNA level but rather have to be evaluated by protein expression analysis.
Deletions of chromosome 17p affect the P53 tumor suppressor gene and are found in 5–10% of treatment-naive and 25–40% of treatment-refractory CLL cases.1,10 The responses and survival times after chemotherapy in the 17p-/P53 mutant CLL are poor.1,10 In CLL cells harboring P53 abnormalities, the miR genes miR-34a, miR-29 and miR-17-5p are down-regulated.6,11,12 The miR genes that are down-regulated by loss of function of P53 control target genes that are involved in cell cycle control, apoptosis, and DNA repair, such as CDK4, BCL2, MCL1 and TCL1.6,12–15 Similar to the effects of miR genes, post-transcriptional regulation also occurs through targeted degradation of proteins such as P27.5,16
Patients with del(11q) are also characterized by shorter treatment-free and overall survival times.1,10,17 The ATM gene is localized within the minimally deleted region on chromosome 11q. ATM mutations lead to P53 dysfunction in CLL after ionizing radiation.18
The presence of trisomy 12 was also associated with a more aggressive clinical course of CLL in several studies.10,17 However, in prospective trials by different large international groups, the previously described association with poor outcome has not been confirmed.1,17 Genes involved in the pathogenesis of trisomy 12 have not been identified so far, but RNA expression studies revealed an over-expression of genes located on chromosome 12 such as P27 and CDK4 in cases with trisomy 12.19,20
The different genomic aberrations result in distinct biological and clinical phenotypes in CLL patients. However, even though post-transcriptional regulation, e.g. by miRNA, plays a major role in tumorigenesis in general and in CLL in particular, the protein expression levels of candidate genes that are differentially expressed in the prognostic subgroups of CLL have not been quantified so far. The expression of 23 selected candidate gene products was, therefore, quantified in a large cohort of 185 cytogenetically well-characterized CLL cases. Proteins were chosen based on their genomic localization within a critical region affected in CLL (APAF1, ARF3, CCND2, CDK4, P27, Smac/DIABLO, STAT6 on chromosome 12; ATM, CIAP2 on chromosome 11q22; RB on chromosome 13q14; P53 on chromosome 17p13). In addition, we selected proteins prominently involved in hallmark pathways of tumorigenesis:21 apoptosis (AKT1, BAX, BCL2, CIAP2, MCL1, PI3K, Smac/DIABLO, SURVIVIN, XIAP), proliferation (CCND1/2/2, CDK4, PCNA, P21, P27), DNA damage (ATM, P53, RB) and signaling (STAT6, ZAP70) (Online Supplementary Table S1). The aim of this protein expression profiling was to provide information of potential use for prognostic prediction as well as for the development of new drugs for tailored use in particular patients or subgroups of patients with CLL.
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Table 1.Sample categorization according to the hierarchical model.1
Design and Methods
Patients
Tumor samples were obtained after informed consent in a procedure approved by the Ethics Committee of the University of Ulm (# 96/08). Mononuclear cells were isolated by Ficoll density gradient centrifugation from the peripheral blood of 185 CLL patients. Molecular cytogenetic analyses as well as IGHV sequencing were performed as described previously.1,3 CLL cases were categorized according to the hierarchical model of Döhner et al.1 into those with del(17p) (n=32), del(11q) (n=39), trisomy 12 (n=53), or del(13q) (n=35) as sole abnormality or a normal karyotype (n=25) (Table 1). Tumor cell content was defined by fluorescence in situ hybridization (FISH) or, in cases without cytogenetic aberrations, by high lymphocyte counts plus a high percentage of CD5 and CD19 cells. The median content of CLL cells in the cohort was above 85% (median, 86%; mean, 84%; range, 44%–98%; standard deviation, 9,22). IGHV mutation status was known for 179 of the 185 cases (Table 1). Patients’ samples used for detection of ZAP70 were purified to a tumor cell content of more than 96% by CD19 selection using magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany). For further evaluation of the expression levels of the key proteins CDK4, P27 and P53, eight CD19-sorted CLL samples were analyzed in comparison to immunopurified B cells from eight healthy individuals (Online Supplementary Table S2). To detect potential changes of expression levels of the key proteins CDK4, P27 and P53 over time, samples harvested at different time points during the clinical course of the disease and before/after treatment were selected from four different CLL patients (Online Supplementary Tables S2 and S3).
Cell lines and western blot analyses
The cell lines and western blot analyses are described in the Online Supplementary Design and Methods section (see also Online Supplementary Figure S1).
Assessment of activity of ATM in patients with and without del(11q)
Viable frozen CLL cells were thawed and left in culture medium (RPMI medium 1640 with 10% fetal bovine serum and 1% glutamine) for several hours. Cells were then subjected to 5 Gray (Gy) ionizing radiation using a 37 Cs source and harvested after 1 h. The lysis buffer was supplemented with phosphatase inhibitors (10 mM NaF, 1 mM NaVO3, 1 mM Na2MoO4). Western blots were performed using an antibody detecting Phospho(Ser1981)-ATM (Cell Signaling Technology Inc., Beverly, USA). Anti-LAMIN-B (Santa Cruz Biotechnology, Heidelberg, Germany) was used to control for equal amounts of protein. Protein expression was quantified by densitometry using ImageJ 1.38x software (Online Supplementary Table S4).
P53 mutation analyses
Denaturing high-performance liquid chromatography “WAVE” analysis and bidirectional direct sequencing were used to identify mutations in the coding region of P53 (exons 2 – 11) as described elsewhere.22
Statistical analyses
Protein expression data were quantified for statistical analysis in 185 CLL patients. Differential protein expression among hierarchical subgroups of CLL and within IGHV mutated versus unmutated CLL was analyzed by Kruskal-Wallis tests across the five hierarchical subgroups (univariate analysis). In order to identify the cytogenetic subgroups that showed different protein levels, univariate logistic regressions were performed.
Protein-protein correlations were assessed by pair-wise correlations (univariate; no data imputation) as well as by partial correlations (multivariate, with data imputation). Continuation ratio models for correlation of protein expression with hierarchical risk (univariate analysis) were calculated based on the assumption of a hierarchical risk as a surrogate marker for survival.23,24 Deviations from this ordinal relationship were modeled by interaction terms where necessary.23,24 Kaplan-Meier curves for overall survival and treatment-free survival from diagnosis stratified by protein expression levels were calculated for the key proteins CDK4 (n=18), P27 (n=20), and P53 (n=25). All P values of univariate tests were adjusted for multiple testing using Holm’s method. Throughout the paper, except where explicitly stated otherwise, test results are called significant if the adjusted P value is less than 0.05, while test results with unadjusted P values less than 0.05 are interpreted as showing a trend. Further details on the statistical analysis are given in the Online Supplementary Appendix.
Results
We analyzed the expression of 23 proteins with potential functional relevance in CLL in a total of 185 cases of CLL (Table 1 and Online Supplementary Table S1). Expression of 19 of these proteins could be detected in CLL and was quantified by densitometry followed by statistical analyses.
Results of univariate analysis for differential protein expression among hierarchical subgroups of chronic lymphocytic leukemia
Significant differences in protein expression across all five hierarchical subgroups were found for ATM, BCL2, BAX, CCND3, CDK4, CIAP2, MCL1, P27, P53, RB and XIAP. Regarding AKT1, APAF1, ARF3, PCNA, STAT6 and ZAP70, statistical analysis did not reveal significant variations in expression across the hierarchical subgroups. No measurable expression was detected for CCND1/2, P21 and SUR-VIVIN. In order to identify differential protein expression, univariate logistic regressions were performed comparing the subgroup of interest with all other hierarchical subgroups (Online Supplementary Figure S2).
The highest number of differentially expressed proteins was observed in cases with del(13q) as the sole abnormality (Figure 1 and Online Supplementary Figure S2). Levels of BCL2 and BAX were higher in this subgroup while levels of CDK4, P27 and XIAP were lower compared to those in other subgroups (adjusted P values: BCL2: <0.01 (n=134), BAX: 0.02 (n=116), CDK4: <0.01 (n=93), P27: <0.01 (n=99), XIAP: 0.05 (n=78); fold changes: BCL2: 1.7, BAX: 1.7, CDK4: 0.6, P27: 0.7, XIAP: 0.7) (Figure 1). The higher number of differentially expressed proteins involved in apoptosis regulation may indicate a stronger deregulation of apoptosis in the CLL subgroup with a single del(13q) compared to the other hierarchical subgroups. At the same time, levels of proliferation-associated proteins such as CDK4 and P27 were lower than those in all other subgroups (Figure 2).
In the subgroup with a normal karyotype, we detected higher levels of PI3K and SMAC (adjusted P values: PI3K: 0.01 (n=75), SMAC: 0.03 (n=79); fold changes: PI3K: 1.5, SMAC: 1.3) compared to the levels in all other genetic subgroups. This reflects a potential deregulation of apoptosis similar to that in the del(13q) subgroup.25 However, levels of proteins associated with proliferation were not lower in the CLL subgroup with a normal karyotype than in the other subgroups (Figures 1 and 2 and Online Supplementary Figure S2).
CLL cases with trisomy 12 showed significantly lower levels of P53 (adjusted P value: <0.01 (n=87); fold change: 0.2) than cases in the other genetic subgroups (Figure 1). A lower level of ATM in CLL with trisomy 12 has already been described at the mRNA level and is reflected at the protein level as a trend in this study [adjusted/unadjusted P values: 0.11/0.01 (n=87)].20 A gene-dosage dependent effect was previously reported for CDK4 at the RNA level in cases with trisomy 12.20 However, an increase in proteins whose genes map to chromosome 12 (APAF1, ARF3, CDK4, P27, SMAC/DIABLO, STAT6) was not detected in the current study. In contrast, P27 and SMAC were present at lower levels in cases with trisomy 12 (adjusted/unadjusted P values: P27: 0.11/<0.01 (n=99), SMAC: 0.14/<0.01 (n=79)) than in all other subgroups. PI3K, a kinase involved in anti-apoptotic signaling in CLL,25 was found to be significantly reduced (adjusted P value: 0.03 (n=75); fold change: 0.7) (Figure 1).
CLL samples from patients with del(11q) showed low levels of P53 protein (adjusted P value: 0.04 (n=118); fold change: 0.5) (Figure 1). A trend towards a higher expression of CDK4 was found in these cases compared to in the other subgroups [adjusted/unadjusted P value: 0.11/<0.01 (n=93)]. No significant differences in ATM protein levels were detected (Figure 1 and Online Supplementary Figure S2). In order to test whether activation of ATM, as assessed by its phosphorylation status, is dependent on the 11q deletion, we additionally quantified the phosphorylation levels of the ATM kinase in samples from 16 CLL patients with and without del(11q) in response to 5 Gy ionizing radiation. Interestingly, activation of ATM was independent of the presence of a del(11q) (Online Supplementary Figure S3 and Online Supplementary Table S4).
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Figure 1.Combined box plots/dot plots of differentially expressed proteins in CLL cases with del(13q), del(11q), trisomy 12q, del(17p) and a cytogenetically normal karyotype compared to all other hierarchical subgroups. Each dot represents the level of expression (y-axis) of a single CLL case. Negative values of expression are the result of log-transformation for statistical analysis.
In the del(17p) subgroup, levels of P27 and P53 were significantly higher (adjusted P values: P27: <0.01 (n=99), P53: <0.001 (n=118); fold changes: P27: 1.6, P53: 3.7) (Figure 1). For CDK4 a trend to a stronger expression was observed [adjusted/unadjusted P value: 0.07/<0.01 (n=93)]. Strikingly, none of the apoptosis-regulating proteins investigated was found to be significantly differentially expressed in the del(11q) or the del(17p) subgroups (Figure 2). In order to test whether high levels of P53 protein are predictive for P53 gene mutation even in the absence of a deletion of 17p, we selected four cases without 17p deletion but strong expression of P53. A P53 gene mutation was detectable in three of these four cases (Online Supplementary Table S5).
As expected, genomic aberrations associated with a good prognosis correlated significantly with mutated IGHV genes in our cohort [adjusted P values: del(13q): P=0.01 (n=35); normal karyotype: P=0.33 (n=25)]. In contrast, cytogenetic aberrations associated with a worse outcome, such as del(17p) and del(11q), are linked with unmutated IGHV genes2–4,26 [adjusted P values in this cohort: del(11q): P=0.04 (n=39); del(17p): P=0.02 (n=32)] and higher levels of ZAP702 (in this cohort: unadjusted P value: 0.03, adjusted P value: 0.54 (n=22); significance lost due to the small number of informative cases). The only correlation of IGHV status with protein expression detected in the present study was a lower level of BCL2 in IGHV unmutated cases [adjusted/unadjusted P values: 0.58/0.03 (n=132)]. Thus, as already found for genetic aberrations, BCL2 was expressed at lower levels in patients in higher risk categories.
Taken together, patients in hierarchical subgroups of CLL associated with a better prognosis showed differentially expressed levels of proteins associated with apoptosis. In contrast, worse prognosis subgroups were primarily characterized by different levels of proteins involved in proliferation and/or DNA-damage pathways. The observed protein expression patterns therefore suggest an imbalance of apoptosis and proliferation in CLL in benign versus aggressive subgroups, respectively.
Analysis of protein-protein correlations
To further test our hypothesis of an imbalance of apoptosis and proliferation in CLL, we investigated to what extent levels of proteins correlated among each other by performing univariate analyses as well as multivariate analysis.
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Table 2.Results of univariate analysis (pair-wise marginal protein-protein correlations). The positive correlation of CDK4/P27, CIAP2/SMAC and P53/RB as well as the inverse correlation found for BCL2/CDK4 corroborate our hypothesis that there seems to be an imbalance of apoptosis and proliferation/DNA damage control in CLL cells, when comparing genetically low-risk with high-risk cases.
In univariate analysis significant correlations were found between AKT1 and ARF3, BCL2 and CDK4, ATM and STAT6, CDK4 and P27, P53 and ARF3, CIAP2 and SMAC as well as P53 and RB (Table 2 and Online Supplementary Figure S4). The positive correlation of CDK4/P27, CIAP2/SMAC and P53/RB as well as the inverse correlation found for BCL2/CDK4 corroborate our hypothesis that there seems to be an imbalance between apoptosis and proliferation/DNA damage control in CLL when comparing genetically low risk with high risk cases (Figure 2).
[image: ]

Figure 2.Overview of protein levels in hierarchical subgroups of CLL suggesting an imbalance of apoptosis and proliferation in CLL in benign versus aggressive subgroups. The figure illustrates an increasing number of differentially expressed proteins involved in proliferation/DNA damage and a decreasing number of differentially expressed proteins that control apoptosis with higher genetic risk category [two arrows: proteins with significant differential expression; single arrows: significant before adjustment for multiple testing (trend)].
[image: ]

Figure 3.Heat map showing multivariate analysis of protein-protein correlations taking cytogenetics into account (imputed data set) (N=139). The order of the proteins is determined by a seriation method which sorts the pairs of proteins with the strongest correlations close to the diagonal. The strongest correlations were found for ARF3 and STAT6, ARF3 and AKT1 as well as for BCL2 and MCL1 (correlation coefficients: 0.22, −0.21, and 0.20, respectively).
For multivariate analysis, missing data were statistically imputed. For each pair of proteins we controlled effects of all remaining proteins and of cytogenetic aberrations. Proteins and patients with the largest proportion of missing values were excluded from the analysis (Online Supplementary Design and Methods). The analyzed dataset with imputed missing values comprised 15 proteins and 139 patients. The strongest correlations were found for ARF3 and STAT6, ARF3 and AKT1 as well as for BCL2 and MCL1 (correlation coefficients: 0.22, −0.21, and 0.20, respectively) (Figure 3). The indirect negative correlation between AKT1 and STAT6 suggests that either STAT6-signaling or AKT1-signaling is affected in CLL (Online Supplementary Figure S5). Only a low number of significant correlations between proteins were revealed in multivariate analysis. This could be partly due to the missing values that had to be imputed. However, it also shows an influence of genetic aberrations on the protein expression pattern of CLL cells.
Expression of CDK4, P27 and P53 correlates with hierarchical risk
To test whether any proteins predict for prognosis of CLL patients we correlated protein levels to ordinal hierarchical risk as a surrogate marker for survival. Patients were stratified into four categories representing increasing risk [IGHV mutated < IGHV unmutated/V3–21 < del(11q) < del(17p)]. These categories have been proposed as a model for prognostic prediction.3,26 Continuation ratio models for the correlation of protein expression with hierarchical risk were calculated. Interestingly, a significant univariate effect on the hierarchical risk group was detected for CDK4, P27 and P53 (adjusted P values: CDK4: P<0.001 (N=90); P27: P<0.001 (N=98); P53: P<0.01 (N=117)). For all three proteins, higher levels were associated with an increase in the risk category (Figure 4A).
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Figure 4.(A) Diagrams of ordinality risk for CDK4, P27 and P53. Protein expression was correlated to ordinal hierarchical risk as a surrogate marker for survival. Patients were stratified into four categories representing increasing risk [IGHV mutated < IGHV unmutated/V3–21 < del(11q) < del(17p)].(3, 26) Continuation ratio (CR) models for correlation of protein expression with hierarchical risk (univariate analysis) were calculated based on the data detected in this study and the assumption of a hierarchical risk as a surrogate marker for survival. Solid lines connect the observed mean log expression values per risk category, while dashed lines show the estimated lines according to the CR model without interaction effects. Diagrams show an increase of the risk category with increasing expression of CDK4, P27 and P53 [Wald-tests for overall effects at a significance level of 0.05; adjusted P values: CDK4: P<0.001 (n=90); P27 P<0.001 (n=98); P53: P<0.01 (n=117)]. (B) Kaplan-Meier curves for overall survival from diagnosis stratified by protein expression levels (high: log(expression) > median, low: log(expression) ≤ median). The given P values correspond to the log-rank tests between these groups (CDK4 (n=18), P27 (n=20), and P53 (n=25)). As the relation between death hazard and P53 protein expression level is highly non-linear three strata (with cut-offs at the 33%-quantile and 67%-quantile) were used for P53. The figure shows that survival rates are better for the intermediate group. This fits nicely with the observed non-linear effect of P53 on the hierarchical risk (Figure 4a), where the two high-risk groups del(11q) and del(17p) correspond to either very low P53 expression (11q) or very high P53 expression (17p), while the lower-risk groups showed intermediate P53 expression.
To investigate whether this association also leads to a correlation with treatment-free survival or overall survival, Kaplan-Meier curves were calculated for protein levels of CDK4, P27 and P53. Clinical data were only available together with protein expression data for a small number of patients, and associations should, therefore, be viewed with caution. However, in this small group of patients, higher levels of CDK4, P27 and P53 were associated with shorter treatment-free survival and overall survival (Figure 4A, B, Online Supplementary Figure S6). Combination of expression levels of the three key proteins does not increase the predictive value (Online Supplementary Table S6). In order to test whether expression levels of CDK4, P27 and P53 were stable over the clinical course, their levels of expression were analyzed in samples from two CLL patients over the course of 2 years without treatment and in samples from two patients before and after treatment (Online Supplementary Tables S2 and S3). No significant longitudinal changes in expression levels were be detected (Online Supplementary Figure S7). Suggesting an important role in CLL, expression of P27 and CDK4 was substantially higher in CLL cell samples than in CD19-sorted non-malignant B-cell samples from healthy donors (Online Supplementary Table S2, Online Supplementary Figure S7). Expression levels of P53 were very low compared to levels in EHEB cells.
Discussion
Despite extensive research, the underlying pathomechanism of CLL is still unclear.2,5 Recurrent genomic aberrations are clearly defined in CLL and likely reflect different biological and prognostic subgroups of patients.1,2 Recent advances in uncovering post-transcriptional regulation, especially by the identification of miR genes, strongly encourage the investigation of the proteome to understand CLL pathophenotypes.7 Due to substantial post-transcriptional regulation, protein levels should reflect cellular phenotype and pathogenic differences better than levels of mRNA alone. In order to assess the contribution of proteins that control apoptosis, proliferation, DNA damage and signaling in CLL, we analyzed a set of proteins from molecular pathways that are central in carcinogenesis21 in a large and well-characterized cohort of CLL patients. Cytogenetic aberrations were not defined in previous protein expression studies on CLL. These studies were, therefore, not able to test whether hierarchical genetic and prognostic CLL subgroups differ with regard to protein expression.27,28
High expression of BCL2 was observed in patients with del(13q). The role of BCL2 as a target of miR-16-1 and miR-15a has been disputed.8,9,29 However, the observed significantly higher levels of BCL2 in patients with del(13q) suggest a link to miR-16-1 and miR-15a. Levels of proteins such as CDK4 and P27, which are involved in cell cycle control, were significantly lower than in the rest of the cohort of patients, possibly as a result of stronger expression of miR-34a which targets translation of these proteins. However, it should be remembered that CDK4 has also been reported to be a target of miR-16-1 and miR-15a,30 which would lead to higher expression upon their loss. In CLL patients with del(11q) or del(17p), in whom expression of miR-34a is low,6,11,12 levels of P27 and CDK4 were significantly higher pointing to a stronger potential of the cells to proliferate. Even if peripheral CLL cells are arrested in the G1/G0 phase of the cell cycle, high levels of CDK4 could be a marker for recent proliferation in microenvironmental niches that support proliferation (i.e. lymph nodes).31
Cases with trisomy 12 rarely show P53 mutations or acquire these over time.32 In addition, CLL with trisomy 12 seems to be more sensitive to chemotherapy than other genetic subgroups of CLL.17 Intriguingly, in this study we found that CLL with trisomy 12 was characterized by low levels of P53. As cells that harbor mutations of P53 show strong induction of the aberrant P53 tumor suppressor protein,22,32,33 our finding of low levels of P53 protein in CLL cases with trisomy 12 fits with an absence of P53 mutations in this subgroup. The levels of other proteins involved in response to DNA damage, such as ATM and RB, were also different in CLL cases with trisomy 12, although only as a trend (Figure 2). Interestingly, this trend towards inactivation of ATM has also been found in mantle cell lymphoma with trisomy 12.34 Together with our findings for PI3K, BCL2 (trend) and CCND3 (trend), this may point to a higher potential of CLL cells with trisomy 12 to undergo apoptosis than CLL cells of the del(13q) subgroup, and a lower disposition of these cells to proliferate when compared to the high risk subgroups. Overall, regarding protein expression, CLL patients with trisomy 12 seem to represent an intermediate functional entity in line with their intermediate prognosis (Figure 2).1
In CLL with del(11q), mRNA levels of P53 are not significantly different to those in other subgroups.19,20 Nevertheless, we found low levels of P53 protein in this subgroup. Differences in P53 protein levels are, therefore, likely caused by post-transcriptional regulation, possibly due to reduced inhibition of MDM2 by loss-of-function of ATM in the del(11q) subgroup, leading to enhanced P53 degradation.35 In contrast to a reduction of ATM transcript levels in cases with del(11q), probably as a result of lower gene dosage, no significant differences in levels of ATM protein were detectable between the cohort with del(11q) and all other patients.19,20 This may be because ATM protein expression is affected only in a subset of the del(11q) cases. Assessment of the phosphorylation status of ATM kinase in response to ionizing radiation did not show differences in cases with or without del(11q). These findings could indicate a possible involvement of genes or microRNA other than ATM in the pathogenesis of CLL cases with del(11q).36 As in the del(17p) subgroup, a trend towards a higher expression of CDK4 was found in CLL with del(11q). Both deletions are associated with an unfavorable clinical course, and, interestingly, the deletion 11q23 harbors miR-34-b and –c, which target CDK4.1,6,11,12,14 We were, however, unable to detect expression of miR-34b/c in malignant and non-malignant lymphocytes (data not shown) and could not test whether increased levels of CDK4 are the result of reduced miR-34b/c levels. Nevertheless, our findings indicate that CLL cells with del(11q) tend towards enhanced proliferation (Figure 2).
The significantly higher expression of P53 in the del(17p) group confirms its role as the affected gene on 17p, with mutations that cause accumulation of aberrant/non-functional P53 protein.22 The high levels of P27 and CDK4 detected in the del(17p) subgroup could potentially be a result of down-regulated miR-34a with consequently reduced translational inhibition of the proteins.6 High levels of P27 protein and their association with a poor prognosis in CLL have been demonstrated before.37,38 As in the del(11q) subgroup, the higher expression of CDK4 and P27 suggests more pronounced proliferative signals in patients with del(17p).
Until recently, CLL has been regarded as a disease resulting from an inherent apoptotic defect involving the entire mass of leukemic cells.2 Especially when compared to more aggressive but genetically similar lymphomas such as mantle cell lymphoma, deregulation of primarily apoptosis-associated genes has been detected in CLL.39,40 However, CLL cells also proliferate, even if at lower rates than normal B cells.2,41,42 Here, this concept is strengthened by stratifying CLL subgroups according to their protein expression profiles into three functional categories: regulation of apoptosis, proliferation and DNA damage (Figure 2). It seems that in patients with low-risk genetic lesions such as del(13q) or a normal karyotype, a higher number of apoptosis-regulating proteins are differentially expressed, whereas proteins responsible for cell cycle or DNA damage control are present at the same or lower levels. In contrast, in CLL subgroups with a high risk of rapid disease progression, a more pronounced deregulation of proteins involved in DNA damage and proliferation can be observed. Based on these results we hypothesize an imbalance of proliferation and apoptosis in CLL, depending on the genetic subgroup affiliation (Figure 2).
Moreover, our study identifies CDK4, P27 and P53 as proteins whose levels correlate significantly with increasing hierarchical risk subgroups.3,26 P53 has already been described as a marker of disease progression and poor prognosis in CLL.18,22,33 High protein levels of P53 are consistently associated with a mutation in the P53 gene that render the protein functionally defective.18,22,23 In the series of patients analyzed here, four CLL cases were identified with high levels of P53 protein but without a del(17p). In three of the four cases a loss-of function point mutation was found in the P53 gene. This finding reinforces the model that loss-of-function of P53 by point mutations leads to elevated levels of P53 protein.18,22,23 In addition, we reproducibly found different levels of P53 protein in CLL patients with del(17p) (high P53) and del(11q) (low P53).18,22,23 Thus, elevated levels of P53 protein seem to be helpful for identifying patients without del(17p) but with point mutations in the P53 gene and an unfavorable prognosis.18,22,23 Intriguingly, the cell cycle regulatory protein P27 is also over-represented in patients with loss of 17p and correlates with hierarchical subgroups.43 P27 regulates cell proliferation, cell motility and apoptosis.16 P27 protein can exert both positive and negative effects on these processes, and up-regulation of P27 can participate in the resistance of tumor cells to anticancer treatments.16 This may explain previous associations of high levels of P27 with rapid disease progression and poor outcome in CLL, whereas in solid tumors an inverse correlation has been shown.16,37,38 P27 is an example of the importance of quantifying protein levels, as its function is tightly regulated by protein degradation.16
Apart from P53 and P27, CDK4 is associated with hierarchical risk. CDK members are components of the cell cycle machinery that governs the transition between phases during cell cycle progression, and deregulated CDK activity is a hallmark of malignancy.44 This knowledge provides a rationale for regarding CDK as potential targets for novel therapeutic compounds.44 Interestingly, inhibitors of CDK such as roscovitine or flavopiridol seem to have the ability to induce apoptosis also in CLL with loss-of-function of the P53/ATM pathway.45,46 The strong expression of CDK4 in high risk CLL and its association with hierarchical risk may partly explain this phenomenon. Only a few proteins were found at different levels independently of genetic lesions. This supports the concept of cytogenetic lesions being causative in defining distinct biological subgroups of CLL. A novel finding was a significant inverse partial correlation between STAT6 and AKT1, which was independent of genetic aberrations suggesting that either the STAT-signaling pathway or the AKT-signaling pathway is deregulated in CLL. Both signaling pathways ultimately result in anti-apoptotic signaling.47,48 We observed higher levels of AKT1 in cases with del(13q) as a sole abnormality, concordant with previous observations regarding AKT1 mRNA.20 This strengthens the notion that drugs that interfere with the AKT/PI3K pathway are a highly attractive new approach for the treatment of CLL and other malignancies.49,50 In fact, a novel inhibitor of AKT has been shown to exert anti-proliferative activity on CLL cell lines and to induce cell death of CLL cells in vitro with typical features of apoptosis, such as activation of caspase-3 and release of cytochrome c.49,50
Earlier studies found an association of high levels of BCL2 and MCL1 proteins with poor prognostic factors, shortened survival and failure to achieve remission in response to established CLL therapies.27,28,51,52 As reported previously,51 levels of MCL1 were independent of cytogenetics in the present study. Concerning BCL2, higher levels were associated with lower risk categories. Although this finding is in line with an earlier study showing that low levels of BCL2 mRNA were associated with the poor-risk subgroup del(17p),20 the place of BCL2 protein in prognostic prediction of CLL remains ambiguous.27,28
In summary, the present study shows that. (i) cytogenetic aberrations in CLL influence the biological phenotype of the malignant cells, resulting in aberrant protein levels; (ii) differences in expression levels of proteins controlling apoptosis and proliferation seem to define distinct prognostic subgroups of CLL; and (iii) levels of P27, CDK4 and P53 proteins correlate with and are potential surrogate markers for hierarchical risk.
The promising findings of this present study, which investigated 23 proteins in a cohort of 185 patients, suggest that more comprehensive proteome analyses with more advanced technologies will be rewarding in CLL. Studies of the CLL proteome will likely be of help to expand the spectrum of patient/subgroup-tailored therapies for CLL.
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