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ABSTRACT  

 

Chronic Lymphocytic Leukemia (CLL) is characterized by accumulation of clonal B cells arrested in 

G0/G1 stages which coexist, in different proportions, with proliferative B-cells. Understanding the 

crosstalk between the proliferative subsets and their milieu could provide clues on CLL biology. We 

previously, identified one of these subpopulations in the peripheral blood from unmutated patients, 

which appears to be a hallmark of a progressive disease. Aiming to characterize the molecular 

mechanism underlying this proliferative behaviour, we performed gene expression analysis 

comparing the global mRNA and microRNAs expression of this leukemic subpopulation and 

compared it with their quiescent counterpart. Our results suggest that proliferation of this fraction 

depend on microRNA-22 over-expression, which induces PTEN downregulation and PI3K/AKT 

pathway activation. Transfection experiments demonstrated that miR-22 overexpression in CLL B-

cells switches on PI3K/AKT leading to downregulation of p27-Kip1, and overexpression of Survivin 

and Ki-67 proteins. We also demonstrated that this pathway could be triggered by 

microenvironment signals like CD40L/IL4 and more importantly, that this regulatory loop is also 

present in lymph nodes from progressive UM patients. Altogether, these results underline the key 

role of PI3K/AKT pathway in the generation of the CLL proliferative pool and provide additional 

rationale for the usage of PI3K inhibitors. 

 

 

Keywords: Chronic Lymphocytic Leukemia, Microenvironment, PI3K/AKT, Proliferative pool. 
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INTRODUCTION 

Chronic Lymphocytic Leukemia (CLL) is characterized by accumulation of clonal mature B 

lymphocytes(1). Recent evidence indicates that disease evolution could depend on the relative 

balance between an accumulative pool (so far QF, quiescent fraction), and a smaller proliferative 

fraction (so far PF)(2). Proliferative events occur in lymph nodes (LN) and bone marrow (BM), 

where leukemic cells undergo favourable proliferative conditions through interaction with the 

microenvironment.  

Since several endogenous stimuli in CLL microenvironment were shown to activate different 

kinases, a variety of novel kinase inhibitors have been designed.  In the case of CLL, these 

mainly include inhibitors of phosphoinositide 3´kinase (PI3K) and Bruton tyrosine kinase (BTK), 

which have generated significant promise(3,4). Moreover, microRNAs play a key role in the 

pathogenesis and progression of human cancers(5(3). In CLL, a microRNA signature was found to 

be associated with prognosis and disease progression(4). 

 QF and PF differ in terms of expression of several molecules, including CCL22(5), CCL3 or 

CCL4(6) chemokines, CD38(7) and CD49d(8) progression markers, apoptosis-regulators like 

Survivin(9) or proliferation markers such as Ki-67 and c-myc(10) as well as the p27-Kip1 (p27), a cell 

cycle regulator(10-11). Different CLL proliferative fractions have been isolated and characterized by 

studying different molecules markers like CD38(12) or CD5/CXCR4 molecules(13). We first reported 

that leukemic cells obtained from peripheral blood (PB) of progressive unmutated (UM) cases 

express high levels of the mutagenic enzyme Activation Induced Cytidine Deaminase (AID)(14). 

Since its expression results from signals received in activated secondary lymphoid organs, we 

investigated whether tumoral cells expressing AID in PB correspond to proliferative cells recently 

egressed from proliferating centers (PCs)(14). Our results showed that AID expression is mainly 

restricted to a CLL subset ongoing class switch recombination (CSR) process and interestingly, 

that the presence of this subpopulation is associated with proliferative and anti-apoptotic 

expression markers and correlated with a poorer clinical outcome(10, 15).  

In this work, we characterized the genomic expression profile (GEP) of the PF and QF in the 

same patients and compared the global mRNA and microRNAs expression between both 

subsets. Our results suggest that the proliferative behaviour of this subpopulation appears to 

depend on microRNA-22 over-expression, which following PTEN downregulation results in 

activation of the PI3K/AKT pathway. Finally, we propose that a similar regulatory loop could be 

present in the leukemic clone in PCs of progressive UM CLL patients. 
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MATERIAL AND METHODS 

 

Patient samples 

PB was obtained from 22 patients with a typical CLL diagnosis (Matutes score of 4 or 5(16)). Patients 

were segregated into: 1) the progressive group (12 patients) defined by UM immunoglobulin VH 

genes (IgVH) profile,  AID and LPL expression at the mRNA level and presence in PB of at least 2% 

of CLL B cells ongoing CSR process to IgG, as previously shown by us(10). This progressive group 

was characterized clinically by highly progressive disease, rapid lymphocyte doubling time (1 year), 

lymphocytosis > to 50.000 and FCR treatment indicated before three years after CLL debut. Four 

out of these 12 patients (05, 06, 07 and 11 in Table 1) were studied following fludarabine and 

cyclophosphamide treatment, at the moment of relapse. For the other 8 patients the sample was 

obtained previous to any treatment. 2) the indolent group (10 patients) included Mutated VH cases, 

negative for LPL and AID molecular markers and absence of IgG subset in PB. Regarding clinical 

data these cases displayed a low lymphocytosis, low lymphocyte doubling time (>2 years) and 

absence of treatment requirement after five years. Clinical and molecular characterization of all 

these patients is depicted in Table 1. LN samples were obtained from 3 UM CLL patients (number 

07,08 and 12, Table 1). All patients were followed at the Hospital Maciel from Montevideo and 

provided an informed consent according to the ethical regulations from Uruguay and the Helsinki 

Declaration.  

 

MicroRNA and mRNA array  

Microarray procedures 

Total RNA used to perform the array for mRNA and microRNA om CLL B-cells was isolated from 

0.5-1x106 cells, using mirVana isolation kit (Applied Biosystems, U.S.). mRNA analysis was 

performed using a 4x44K Whole Human Genome Oligo-Microarray (G4112F, Agilent), in a two-

color design interrogating §41,000 unique human genes. Up-regulated and downregulated genes 

(showing P<0.01) in PF relative to QF were used in an ontology analysis. Four biological dye swap 

replicates were performed. Microarray for miRNA analysis was performed using a 8x15K Human 

miRNA Microarray (G4470B, Agilent), one color platform containing 470 human miRNAs probes 

according to the manufacturer’s guidelines. 

Microarray data analysis 

Data analysis was accomplished using ‘R’/Bioconductor(17). Probes were flagged for filtering 

considering saturation, signal above background and uniformity. For microRNA and mRNA 

analysis probes that had more than one replicate flagged where eliminated. Arrays were 

background corrected using normexp. Signal intensity was standardized across arrays via quantile 

normalization. Normalization was performed within and between arrays using Loess and Aquantile 

©    2014 Macmillan Publishers Limited. All rights reserved.



5 
 

methods, respectively. Differential expression was assayed using the limma software and the 

ontology analysis conducted with GOHyperGAll function. Arrays analyses are available in GEO 

database (accession number GSE53270). 

 

mRNA and microRNA analysis expression by reverse transcription PCR (RT-PCR) and 

quantitative PCR (Q-PCR) 

RNA isolation, RT-PCR and Q-PCR were carried out as described (10). Q-PCR evaluating fold 

change expression of mRNAs was performed in CLL samples (01-08 of Table 1) in order to 

confirm the GEP. For microRNAs, PCR analysis were performed as described (18). Array studies 

relating microRNAs expression levels were assessed in 4 additional cases (04-08 CLLs in Table 1) 

to the samples used in the GEP study (01-04 in Table 1). The primers used for all reactions are 

provided in supplementary Table S1.  

Cell sorting studies and flow cytometry analysis  

Isolation of CLL peripheral blood mononuclear cells (PBMC) from PB and LN, cytometry analysis 

and sorting experiments using the MoFlo cell sorter (Beckman Coulter) were performed as 

described (10). The antibodies used are reported in supplementary Table S2. In the case of the 12 

progressive CLL patients, two fractions were isolated: one expressing exclusively membrane IgM 

(QF) and a minority fraction expressing either IgM plus IgG or exclusively IgG, (PF). Purity of 

isolated sub-populations assessed by flow cytometry was 98 %. Isolated subsets were also 

evaluated for CD5 and Ki-67 expression markers, AID mRNA expression and clonal IgVH 

rearrangement. 

Confocal Microscopy 

This study was performed as previously described(19). Briefly, incubation for 1 hour at room 

temperature (RT) with mouse anti-human PTEN 1:20; rabbit anti-FOXO1a 1:100; goat anti-

Survivin 1:100 or mouse anti-p27 1:1600, washings were performed and incubation was then 

proceeded with anti-mouse Alexa 488 1:2000, anti-rabbit Alexa 546 1:1000, anti-goat Alexa 633 

1:1000 and anti-mouse PE respectively, for 1 hour at RT. Nuclear staining with DAPI or Propidium 

Iodide (0,1 µg/mL) was performed. For antibody details see supplementary Table S2. 

 

microRNA transfections and CLL B-cells stimulation 

We transfected PBMC of CLL patients with miR-22, antagomiR-22 or irrelevant miR conjugated to 

Cy3 fluorophore using lipofectamine 2000 (Invitrogen, U.S.). PBMC (2x106) were resuspended in 

Opti-MEM I (Invitrogen, U.S.) and transfected with 50nM of microRNA and 5µl/ml of lipofectamine. 

After 6 hours the cells were washed and cultured in RPMI 1640 media (Invitrogen, U.S.) 

supplemented with 20% fetal bovine serum and evaluated by flow cytometry and/or confocal 
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microscopy at 24 hs for PTEN and p27 protein or 48 hs for Survivin and Ki-67 molecules. 

Transfection efficiency was evaluated by flow cytometry analysis using a Cy3 fluorophore 

incorporated at the C3' position of the synthesized oligos (miR-22, antagomiR 22 and irrelevant 

miR, see supplementary Table S1). Only experiments with highest transfection efficiency, ranged 

between 75-98%, were evaluated. Activation with human soluble CD40L (Preprotech, Mexico, 

S.A.) and IL-4 (Preprotech, Mexico, S.A.) was performed for 4 days at 5 g/ml and 5ng/ml, 

respectively. Samples were taken for RNA extraction, flow cytometry and confocal microscopy 

analysis. 

 

Statistical analyses 

Comparison of different mRNA gene expression from QF and PF of the same patient was 

evaluated by Q-PCR using either paired Wilcoxon Signed Rank Test or two tailed unpaired 

Student's t-test. For protein levels evaluation of PTEN, AKT, pAKT-Thr308, FOXO1, Survivin, p27 

and Ki-67 a paired Wilcoxon Signed Rank Test was performed. Variables with P values of less 

than 0.05 were considered to be significant. All analyses were done using GraphPad Prism, 

version 4.0 (GraphPad Software, San Diego, CA). For microarray, data analysis statistical 

significance (p ≤ 0.05) was calculated using student’s t-test followed by Benjamini-Hochberg false 

discovery rate correction (FDR) on GeneSpring GX11.0.2 software.  
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RESULTS 

 

1. Isolation of proliferative and quiescent CLL subsets in progressive unmutated CLL 

patients  

Clinical and molecular characterization of CLL patients included in this study are provided in 

Table 1. FISH status in our cohort does not  correspond to a classical series of CLL patients, as 

reported by Döhner et al.(20), because our study focused in the comparison of highly progressive 

patients in one side and highly indolent patients in the other side. Eighty Um CLL cases were 

studied by flow-cytometry to determine the frequency of the PF characterized by ongoing CSR 

and AID mRNA expression. We found that 15% (12 out of 80 analysed CLLs) exhibited this 

subpopulation, ranging between 1 to 3% of the total leukemic clone after surface Ig labelling. A 

representative case displaying the characterization of the QF and the PF is shown in Figure 1. 

The QF and the PF were defined as IgM+/CD5+/Ki-67low/AIDneg and IgG+/CD5+/Ki-67high/AID+, 

respectively, and both present the same clonal IgVH rearrangement (Figure 1A-E). Cell sorter 

decision to isolate IgM+ from IgG+ cells is depicted in Figure 1A. Finally, to fully characterize both 

subsets we carried out gene expression profiling (GEP) of the messenger RNA (mRNA) and 

microRNA molecules expressed by them.  

2. Transcriptome and miRNome analysis of the CLL proliferative fraction suggest a role for 

an activated PI3K/AKT pathway  

To investigate the mechanisms involved in CLL proliferation, we evaluated the differential 

microRNA expression profiles of PF and QF isolated from 4 CLL cases (Table 1). Expression 

analysis of array studies followed by Student`s t-test and Benjamini-Hochberg FDR correction, 

displayed six microRNAs as differentially expressed (p-value ≤ 0,05). MicroRNAs, miR-22, miR-

107 and miR-15b were overexpressed in the PF whereas the microRNAs, miR-26a, miR-29a and 

miR-150 were downregulated (Figure 2A). The microRNAs upregulated in the PF were confirmed 

by Q-PCR in 8 CLL cases (CLLs 01-04 and 07-10) (Figure 2B).  

mRNA GEP was also performed in the isolated PF and QF of patients 01-04 in table 1. Our study 

showed a significant number of affected genes grouped in different clusters like cell activation, 

response to stimulus and stress and others, (see Figure 2C). For a complete list of up and 

downregulated genes in the PF, see supplementary Table S3. After stringent quality control 

steps, we proceeded to perform gene ontology analysis to better define the different gene 

pathways involved in the PF. Despite the fact that these data were obtained in only 4 patients 

and they should be cautiously interpreted the results showed that, the PI3-K/AKT pathway 

appeared to play a major role in this subset. (Figure 2D and supplemental data Table S4). 

©    2014 Macmillan Publishers Limited. All rights reserved.
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Among the most up-regulated genes in the PF concerning PI3-K/AKT pathway we found 

classical cell cycle activators like Cyclin D2 (CCND2) and mitogen-activated protein kinase 1 

(MAPK1), key anti-apoptotic molecules like BCL2A1, Survivin and proteins implicated in cells 

proliferation and migration like FYN, Talin-1 and Paxillin. Additionally, PF displays low expression 

of tumor suppressor genes like PTEN and cell cycle regulator genes as, p27 and the 

transcription factor FOXO1 (Figure 2E). Q-PCR of these genes was performed in order to 

confirm GEP analysis (supplementary Table S5).  

Interestingly, recent evidence demonstrated that miR-22 controls the signalling kinetics of 

PTEN/AKT/FOXO1 pathway in human cell lines and regulates this cascade(21). Since, AKT 

pathway is a promising target for CLL treatment(22), we investigated the molecular mechanism of 

miR-22 overexpression and its putative consequences on the AKT signalling in CLL proliferation. 

 

3. miRNA-22 is associated with PTEN/AKT/FOXO1 pathway activation, Survivin 

overexpression and p27 downregulation 

In this section we explored whether the proliferative behavior of the CLL PF could be associated 

to miR-22 overexpression and regulation of the PTEN/AKT/FOXO1 pathway. We evaluated 

PTEN expression at the mRNA and protein levels and the total AKT expression in its basal and 

phosphorylated form (pAKT-Thr308), which is a hallmark of the PI3K/AKT pathway activation. We 

also evaluated nuclear or cytosolic localization of the transcription factor FOXO1 and assessed  

Survivin and p27 proteins protein expression levels. 

Results showed that in the PF there is a three-fold overexpression of miR-22 and PTEN mRNA 

and a two-fold underexpression of PTEN mRNA, when compared with its quiescent counterpart. 

Significant statistical differences are shown in Figure 3A. In line with these results, significantly 

increased PTEN protein is visualized on the CLL B-cells corresponding to the QF when 

compared with the PF of 6 CLL cases. Figure 3A depicts these results for CLL 06 patient.  

Since PTEN is a natural negative regulator of PI3-K signaling we investigated the expression of 

AKT in its basal and phosphorylated forms. Results showed a significant increase of the pAKT-

Thr308 form in the PF compared with their quiescent counterpart from 7 patients. In contrast, no 

significant differences were found in both fractions from the same CLL cases when total AKT was 

analyzed. A representative case (CLL 02) after flow cytometry analysis of pAKT-Thr308 is depicted 

(Figure 3B). Since, AKT activity is associated to nuclear export and cytosolic degradation of 

FoxO proteins(23-24) we investigated whether high phosphorylation of AKT should result in FOXO1 

inactivation. Statistical analysis of total FOXO1 protein showed that cytoplasmic expression of 

FOXO1 in the PF is significantly increased when compared with the QF. As shown in Figure 3C, 

FOXO1 displays a homogeneous nuclear localization in the QF which contrasts with the 

predominant cytoplasmic localization in the PF. 

©    2014 Macmillan Publishers Limited. All rights reserved.
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In CLL, p27(25) and Survivin(9) have been implicated in cell cycle arrest and survival, respectively. 

Since both proteins are downstream of the PTEN/AKT/FOXO pathway(26-27), we reasoned that 

expression analysis of these molecules could help explaining the differential behavior between 

quiescent and proliferative CLL subsets. Our results showed that p27 expression is mainly 

visualized in the QF (Figure 3D). In addition, microscopy studies of the Survivin molecule showed 

a clear expression of this apoptotic inhibitor in the PF, which contrasted with low or absent 

expression of this molecule in the QF, (Figure 3E). 

Overall, these results suggest that the proliferative behavior of this PF may result from an 

activated PTEN/AKT/FOXO1 pathway, which in turn switches on cell survival signals like Survivin 

expression and downregulates cell cycle arrest proteins like p27. 

 

4. miR-22 regulates PTEN, p27 and Survivin protein expression in CLL B-cells 

Previous results in CLL suggest that leukemic B-cells from patients with progressive disease 

display stronger AKT pathway activation(28). Since the results presented above suggest that miR-

22 could be implicated in CLL B-cells proliferation as well as in AKT activation, we investigated 

whether inhibition of miR-22 might result in upregulation of PTEN and p27 molecules. To 

examine this possibility, we first evaluated on PBMC of the 22 CLL cases (Table 1), the 

phosphorylation status of AKT on Thr308 and the PTEN expression levels by flow cytometry in 

CLL B-cells (Figure 4A). This experiment was used to select the five extreme cases  displaying 

highest phosphorylated AKT signals and lower PTEN expression (CLLs 01,03,04,09 and 10 in 

Table 1), in order to proceed with the microRNAs transfection assays. Our results showed that 

after antagomiR-22 transfection, PTEN protein levels were increased at similar expression 

values of indolent CLLs (Figure 4B). PTEN expression in a representative case transfected with 

the antagomiR-22 and the irrelevant microRNA control is shown in Figure 4C. We then evaluated 

the expression of p27 protein in PB from five progressive and five indolent CLL patients (first 

section of Figure 4D). Interestingly, after antagomiR-22 transfection of progressive CLL cases 

(01,03,04,09 and 10 from table 1) a significant increase in p27 protein level was observed when 

compared with untransfected (UT) and with irrelevant miR controls (Figure 4D). p27 expression 

in a representative CLL sample is depicted in Figure 4F. Finally, we evaluated the assumption 

that miR-22 could also be implicated in Survivin expression through AKT pathway. To this aim, 

we first evaluated Survivin basal expression in the PB of indolent and progressive CLL cases. As 

previously described(9), only some responder to CD40 stimulation patients express Survivin in PB 

(first section figure 4E). Then, we transfected CLL B-cells from progressive cases (patients 

01,04,08,09 and 10 in table 1), previously assessed as responders to CD40L (data not shown) 

and analyzed Survivin expression by confocal microscopy. Our results suggest that after 

transfection with miR-22 Survivin expression is up-regulated at significant levels in the evaluated 

©    2014 Macmillan Publishers Limited. All rights reserved.
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patients (Figure 4E). Up-regulated Survivin displays a clear cytosolic localization, contrasting with 

low or no expression on irrelevant miR-transfected or untransfected CLL B-cells (representative 

case in Figure 4F). 

Altogether, these results indicate that miR-22 could play an important role in the proliferative 

behaviour of CLL B-cells by preventing PTEN tumor suppressor protein expression as well as the 

cell cycle inhibitor p27 and increasing Survivin expression.  

 

5. CD40 engagement induces miR-22 expression, AKT activation, Survivin expression and 

CLL proliferation 

To investigate the molecular mechanism that could trigger the PI3K/AKT cascade favoring CLL 

proliferation, we evaluated whether CD40L/IL-4 could be at the origin of this pathway through 

miR-22 overexpression. Thus, we stimulated CD40L responder patients (cases 01, 04, 09 and 10 

in Table 1) with CD40L/IL-4 and evaluated miR-22, pAKT-Thr308 and Survivin protein expression. 

Results showed that CD40L/IL-4 activation results in a miR-22 specific overexpression, whereas 

no or low effects were evidenced when miR1201 or miR15b expression were tested as controls 

(Figure 5A and Figure S1). These studies also showed increased levels of the pAKT-Thr308 and 

Survivin protein compared with unstimulated (US) samples (Figure 5B-C), suggesting that CD40 

engagement switches on the PI3K/AKT pathway and Survivin expression in CLL. 

To confirm the relevance of miRNA-22 up-regulation on PTEN/AKT pathway and CLL 

proliferation, we investigated whether Ki-67 proliferation marker could be increased after miR-22 

transfection on leukemic cells. Thus, purified leukemic cells from eight CLL patients, four indolent 

and four progressor patients responsive to CD40 stimulation (CLL 01, 04, 09, 10, 13, 16, 20 and 

22 in Table 1) were stimulated with CD40L/IL4 following transfection with miR-22 and an 

irrelevant microRNA. Results showed a significant increase in Ki-67 expression following miR-22 

transfection compared with the experimental controls (Figure 5D-E). Interestingly, transfection 

with miR-22 and CD40 engagement appears to act in a synergistic way resulting in increased 

amounts of Ki-67 expression, which contrasts with the absence of effect with irrelevant 

microRNA transfection in CD40L/IL4 stimulated CLL B-cells (Figure 5D-E). In addition, the 

results showed that the inhibition of miR-22 by AmiR-22 transfection during the CD40L/IL4 

stimulation decreased proliferation in CLL B-cells. This evidence strongly support the hypothesis 

that miR-22 contribute to CLL proliferation (Figure 5E). Although preliminary, these results 

suggest that CD40 engagement could lead to CLL proliferation through miR-22 upregulation 

followed by PI3K/AKT activation and Survivin overexpression. 
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6. Proliferative behaviour of CLL B-cells from lymph nodes is associated with absence of 

PTEN expression, activation of PI3K/AKT pathway, downregulation of p27 and high 

expression of Survivin molecules 

We assumed that the proliferative behavior of this PF resulted from downregulation of the PTEN 

molecule and activation of the PI3K/AKT pathway, which in turn induced cell proliferation 

underlined by downregulation of p27 and high expression of Survivin proteins. To examine this 

hypothesis, we studied three different LN from UM and progressive CLLs by isolating Ki-67 

positive and negative fractions. Next, we evaluated PTEN expression, PI3K/AKT activation 

(pAKT-Thr308), Survivin and p27 protein expression in both fractions. 

Results showed 7-10% Ki-67 positive cells in the 3 analyzed LN. Flow cytometry analysis 

confirmed that almost all this Ki-67 subset corresponded to the leukemic CD5+/CD19+ B-cells 

(data not shown). R1 and R2 depicts respectively, the Ki-67 negative and the Ki-67 positive cells 

(Figure 6A). PTEN expression in R1 exhibited a similar profile to that of the QF obtained from UM 

CLL patients, whereas low or no expression was found in fraction R2 (Figure 6B). In the three 

analyzed LN we found that the Ki-67 positive fraction was enriched in cells that express pAKT-

Thr308 whereas the non phosphorylated AKT form predominated in the Ki-67 negative fraction 

(Figure 6C). Interestingly and supporting our initial hypothesis, we found that the R2 fraction 

expresses high Survivin levels and low or absent p27 expression (Figure 6D and 6E, 

respectively). 

Despite the fact that we could not study miR-22 expression in these samples because we were 

unable to obtain enough RNA, we could demonstrate that the PF from different LN is also 

associated with low PTEN expression, PI3K/AKT activation, Survivin expression and p27 

downregulation. Altogether, these results confirm the importance of the PI3K/AKT pathway in the 

proliferative subset of CLL and suggest that a similar regulatory loop involving 

PTEN/AKT/FOXO1 pathway could be relevant in an in vivo scenario in these UM CLL patients.  
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DISCUSSION 

PI3K signaling pathway is a key signaling molecule in the relationship between CLL cells and the 

microenvironment. It mediates the transmission of signals from membrane receptors such as 

BCR, CXCR4 and CD40(29). The main negative regulator of the PI3K/AKT pathway is PTEN(30), 

whereas another important protein family involved in the AKT signaling are the FoxO 

transcription factors. When PTEN is active and AKT activity suppressed, FoxO proteins are able 

to enter the nucleus and upregulate genes such as p27 promoting cell cycle arrest(21, 31). 

Overexpression of mIR-22 has been recently proposed to regulate the PTEN/AKT/FOXO1(21).  

Understanding the crosstalk between malignant B-cells and their milieu could give us new keys 

on the cellular and molecular biology of CLL(6). Our group succeeded to identify a small PF 

associated to a clinical poor outcome in a fraction of UM patients which is characterized by an 

active CSR process and AID expression(10). The present work addresses the genomic and the 

molecular characterization of this subset, provides novel information about the proliferative 

behavior of these leukemic cells and suggests that miR-22 plays a key role in the proliferation 

mediated by AKT pathway in CLL. Genomic characterization at the mRNA and microRNAs levels 

of the PF showed that AKT signaling pathway is active in this leukemic subset and that miR-22 is 

the most overexpressed microRNA. Since previous work suggested that miR-22 regulates the 

signaling kinetics of PTEN/AKT/FOXO1 pathway(21) leading to tumour proliferation(32-33), we 

speculated whether a similar pathway could take place in the leukemic PF of these patients. Our 

results showed that up-regulation of miR-22 is associated with low PTEN expression at the 

mRNA and protein levels and the pAKT-Thr308 form is increased in the PF compared with the QF 

of the same patients.  

Recent work investigated PTEN/AKT signaling in CLL(34-36), but only few evidence concerning 

FoxO proteins expression in this leukemia is available(37-38). Since cytoplasmic localization of 

FoxO proteins is a hallmark of AKT activity(27), we proceeded to evaluate the FOXO1 protein 

localization in the PF and QF. As reported in other tumoral cells(23, 39),  our results clearly showed 

that FOXO1 protein was mostly translocated to the cytoplasmic compartment in the PF of UM 

patients. These results are in agreement with previous evidences linking miR-22 overexpression, 

inhibition of PTEN, PI3K/AKT pathway activation and cancer proliferation(40). FoxO proteins are 

also associated with cell cycle arrest by downregulating the p27 protein(23, 26, 39, 41). Since mRNA 

array analysis displayed low and high expression of p27 and Survivin respectively (Figure 3) and 

since it has been described that p27 is overexpressed in the QF of CLL(10-11), we evaluated the 

differential expression pattern of these proteins as well as whether this expression was related 

with PTEN/AKT/FOXO1 pathway activation. Results showed that in the PF p27 protein is 

downregulated and Survivin molecule overexpressed (Figure 5). Assuming that 
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microenvironment interactions trigger Survivin expression(9) and also downregulate p27 

molecule(42), our results suggest that regulation of these two key molecules might be dependent 

on an activated PTEN/AKT/FOXO1 pathway and play an important role in the leukemic 

proliferation. Results from transfection experiments with miR-22 and its specific antagomiR favor 

the view that miR-22 expression could play a role in PI3K/AKT activation through PTEN 

downregulation and suggest that this pathway is responsible for Survivin overexpression and p27 

downregulation. In this line, previous results from Shehata et al.(34) and Martin et al.(43) suggest 

that reconstitution of PTEN activity in CLL is able to counteract the antiapopototic and 

proliferative behavior of AKT signaling.  

PCs from LN and BM support leukemic cell accumulation and favor tumor growing conditions(2). 

In this sense our results suggest that, at least in part, CD40 engagement could be responsible for 

miR-22 overexpression, activation of PTEN/AKT/Survivin pathway and CLL B-cell proliferation. 

Supporting these remarks some reports suggest that CD40L is responsible for the AKT activation 

signaling(44-45) whereas others have demonstrated that PI3K regulates Survivin through AKT 

activation(46-48). Altogether, these data confirm previous results(9) showing that the proliferative 

behavior of some CLL B-cells triggered by CD40 engagement is associated to Survivin and Ki-67 

expression, but in addition propose that this proliferative potential is dependent on miR-22 

overexpression and an activated PI3K/AKT pathway. Finally, the relevance of these data is 

supported by the in vivo results obtained from the LN of three different UM and progressive CLL 

cases.  

A recent study comparing gene expression profiling of PB to that of LN and BM tumoral cells, 

identified LN as a key site for proliferation(49) . CLL cells in the LN showed up-regulation of gene 

signatures (E2F, c-MYC and Ki-67 overexpression) indicating BCR and NF-kβ activation. The 

proliferative subset (IgG+, Ki-67+, AID+) described by our group displays very similar markers to 

those found by Herishanau et al. in LN from CLL patients and unpublished results from our 

laboratory suggest that this tumoral subset could recently egress towards the PB from a PCs in 

LN or BM. A model aiming to explain the proliferative behaviour origin of this PF from progressive 

UM CLL patients, is depicted in Figure 7. In this model microenvironment signaling triggered by 

T-dependent signals as CD40L+IL4 could be at the origin of miR-22 overexpression. However 

our results cannot exclude the existence of other upstream regulators of this microRNA. In this 

model, we propose that miR-22 overexpression downregulates PTEN allowing that PI3-K 

phosphorylates and converts PIP2 to PIP3, which in turn recruits and activates PDK1. Activation 

of PDK1 phosphorylates and activates the threonine protein kinase AKT (pAKT-Thr308), which 

inhibits the activities of the transcription factor FOXO1. This inactivation of FOXO1 leads to 

downregulation of proteins involved in cell-cycle arrest like p27. Furthermore, activation of PI3-

K/AKT cascade triggers Survivin expression which contributes to cell progression and 
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proliferation. These data are in agreement with recent reports supporting the idea that Survivin 

acts as a proliferative marker in different hematopoietic cells(50-52). Finally, it is also described that 

AKT activates the NF B cascade which in turn might induce AID expression in this proliferative 

subset.  

Recently, three works by Bar et al, Liu et al. and Poliseno et al. (reviewed in(40)) have 

demonstrated that PTEN was a bone fide target of miR-22 and that overexpresion of this 

cascade could lead to cell proliferation via PI3K/AKT pathway. The fact that this microRNAs is 

only expressed in this small PF could explain why its overexpression was not previously reported 

in CLL(4, 53). Previous work suggests that optimal B-cell proliferation requires PI3K/AKT pathway 

activation (reviewed in(54)). However, activation of the PTEN/AKT/FOXO1 cascade by 

overexpression of miR-22 triggered by CD40 engagement, which in turn regulates p27 and 

Survivin molecules in CLL constitutes a novel and original contribution of this work.  

Taken together, our data sustain the model of B-CLL growth/proliferation and provide conclusive 

evidence on the role of microenvironment interactions in the induction of the proliferative pool in 

CLL. They also underline the physiological importance of maintaining a stringent regulation of the 

PI3K/AKT pathway and suggest that Survivin overexpression and p27 downregulation are two 

faces of the same coin that could play a key role in CLL proliferation. Finally, we propose a new 

proliferative mechanism involving the regulatory loop miR-22/PTEN/AKT/FOXO1 pathway which 

could be relevant in the maintenance of the CLL proliferative subset in progressive and UM CLL 

patients. 
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FIGURE LEGENDS 

 

Figure 1. Proliferative and quiescent CLL fractions in a progressive UM CLL patient. (A-C) 

Representative flow cytometry profile from CLL patient number 03. A) Surface expression of IgM 

and IgG CLL B-cells and final sorter decision, R1 = positive IgM and R2 = positive IgG surface 

markers. B) Surface expression of IgG/CD5 CLL B-cells. C) Intracytoplasmic expression of Ki-67 

and IgG markers. (D) AID mRNA expression in PBMC, quiescent and proliferative fractions of 

patient 03. GAPDH was used as internal control. It is shown that AID expression predominates 

within the proliferative subset. (E) CLL patient-specific and transcripts were amplified by RT-

PCR. The same clonal VH rearrangement was substantiated by sequence analysis.  

Figure 2. Comparative microRNA and mRNA gene expression analysis between proliferative 

and quiescent CLL fractions. (A) Differential microRNA expression of PF and QF. Relative fold 

change in the expression of miR-22, miR15b, miR-107, miR-26a, mir-29a and miR-150 in the PF. 

(B) Q-PCR of miR-22, miR15b and miR-107 expression in PF and QF of CLL B-cells isolated from 

patients 01-04 in table 1. miR-22 and miR-15b were significantly overexpressed in the proliferative 

fraction (p = 0.012 and p = 0.032, respectively, Wilcoxon matched pairs test), but no significant 

differences were found for miR-107. miR-22 is the most differentially overexpressed when 

comparing the quiescent and the proliferative CLL fractions. (C) Analysis of mRNA expression 

profile. Ontology classes with an over-representation in our dataset are shown. (D) Gene-set 

enrichment analysis (GSEA) for AKT pathway. Microarray data was analyzed using GSEA software 

to verify whether AKT gene set was significantly enriched in one of the phenotypes. AKT gene set 

was enriched in proliferative fraction with FDR<0.01. The X-axis of the curve for enrichment scores 

includes 17840 genes, with those better correlating with proliferative fraction on the left and those 

better correlating with quiescent fraction on the right. Each vertical blue line represents one of the 

AKT pathway genes. The left-to-right position of each line indicates the relative position of the gene 

expression value within the rank ordering of all genes. The cumulative enrichment score as a 

function of position in the gene list is shown in green reaching a maximum enrichment at a score of 

0.55. (D) Heatmap representing relative proliferative/quiescent gene expression levels for genes in 

the AKT pathway. Relative expression levels where obtained from microarray data analysis. Red 

represents low gene expression in PF relative to gene expression in quiescent cells while green 

represents high gene expression in PF relative to gene expression in quiescent cells. Color scale is 

provided at the bottom of the figure. In bold are the genes whose expression level was confirmed by 

Q-PCR.  
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Figure 3. Characterization of miR22, PTEN, AKT and FOXO1 molecules expression levels in 

quiescent (Q) and proliferative (P) cells from progressive UM CLL cases. (A) miR-22 and 

PTEN mRNA expression and PTEN protein levels. Fold change expression of miR-22 and PTEN 

mRNA in PF compared with QF evaluated by Q-PCR in 6 CLL cases. miR-22 is overexpressed in 

the PF and PTEN mRNA underexpressed (mean = 2,7 ± 1.2, p = 0.032 and mean = [-2.5 ± 0,6], p = 

0.021, respectively. PTEN protein expression in Q (open circle) and P (black triangle) cells from 6 

CLL cases (01-06 in table 1) evaluated by flow cytometry. It is shown, that low expression of PTEN 

protein levels were observed in the PF when compared with their quiescent counterpart (41,3 ± 7,0 

vs 52.8 ±7.2  respectively, p = 0.017, Wilcoxon matched pairs test), MFI: mean fluorescence 

intensities. Representative image of confocal microscopy showing PTEN expression in QF and PF 

from CLL 06. Scale bar: 5µm, green: PTEN and red: DNA. (B) Characterization of the 

phosphorylated status of AKT. Phosphorylated AKT form in Threonine 308 (pAKT-Thr308) and total 

AKT protein expression evaluated by flow cytometry in Q (open circle) and P (black triangle) from 7 

CLL cases (samples 01-07 in table 1). MFI: mean fluorescence intensities. Results showed a 

significant increase of the pAKT-Thr308 form in the PF (mean = 62,86 ± 10,64) when compared with 

their quiescent counterpart (mean = 34,29 ± 5,0; p = 0,078, Wilcoxon matched pairs test). In 

contrast, no significant differences were found in both fractions when total AKT was analyzed (QF, 

mean = 51,24 ± 8,13 and PF, mean 53,57 ± 7,28; p = 0,657, Wilcoxon matched pairs test). 

Representative pAKT-Thr308 histogram from CLL 02 showing mean fluorescence intensities (MFI) in 

the PF (black peak), QF (white peak) and isotype control (dashed peak) is shown. (C) 

Characterization of the cellular localization of FOXO1. Specific fluorescence intensity in nucleus 

and cytoplasm was measured in the isolated QF and PF of CLLs 01-04, 07 and 08. Between 100-

200 cells were counted in each sample. Next, mean fluorescence intensity (MFI) for nucleus and 

cytoplasm was used to obtain cytosolic/nuclear ratio. The cytosolic/nuclear mean values between 

QF and PF were respectively, 0.070 ± 0,036 and 0.210 ± 0,056 (p = 0,0156, Wilcoxon matched 

paired test). This difference is depicted by confocal microscopy analysis from CLL 06, where is 

shown that  FOXO1 is mainly located in the nucleus in the QF and in the cytoplasm in the PF: scale 

bar: 5µm, green: FOXO1 and red: DNA. (D) Characterization of p27 and Survivin molecules 

expression levels. p27 and Survivin proteins were evaluated by flow cytometry in Q (open circle) 

and P (black triangle) from 6 CLL cases (samples 01-06 in table 1). MFI: mean fluorescence 

intensities. Statistical analysis of p27 demonstrated a lower expression of this marker in the PF 

(mean = 33,08 ± 5,4;) when compared with the QF (mean = 64,44 ± 9,64; p = 0,0313, Wilcoxon 

matched pairs test). Statistical analysis of Survivin showed high expression levels of this survival 

marker in the PF whereas low or no expression was found in the QF, (mean = 1145 ± 140,7 & mean 

= 399 ± 35,0; p = 0,0301, respectively (Wilcoxon matched pairs test). A representative microscopic 

analysis of p27 and Survivin expression in quiescent (Q) and proliferative (P) fractions is shown. 

Scale bar: 5µm. Green: p27 and red: DNA. Red: Survivin and cyan: DNA.  
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Figure 4. MiR-22 and antagomiR-22 transfection regulates PTEN, p27 and Survivin 

expression levels. (A) Higher phosphorylated AKT-Thr308 levels are observed in 12 progressive 

cases (mean = 44± 6,6 obtained from samples 01-12 from table 1) when compared to 10 indolent 

CLL cases (mean = 24± 4,8 obtained from samples 13-22; p = 0,0059) after evaluation by flow 

cytometry. MFI: mean fluorescence intensities. (B) Lower PTEN protein expression is observed by 

flow cytometry in progressive CLL cases (01-10 from table 1) when compared to indolent CLL cases 

(13-22 from table 1). PTEN protein expression is also depicted after transfection with antagomiR-22, 

irrelevant miR and untrasfected (UT) cells in 5 progressive CLL cases (01,03,04, 09 and 10 from 

table 1) with low PTEN expression. Statistical analysis demonstrated a significant increase (p = 

0.002) in PTEN expression following treatment of CLL B-cells with antagomiR-22 (mean = 3.84 ± 

0,48), whereas no differences were observed when these same cells were transfected with 

irrelevant miR (mean = 1.67 ± 0,33) and with untransfected (UT) control (mean = 1.26 ± 0,23), 

which did not display significant differences between them  (p=0.331). (C) Representative histogram 

of PTEN expression in CLL B-cells transfected with antagomir-22, irrelevant miR and untransfected 

cells. (D) p27 protein expression was evaluated by confocal microscopy in 5 progressive CLL cases 

(01,03,04, and 09 and 10 from table 1) and in 5 indolent CLL cases (13-15 and 17-18 from table 1). 

Statistical analysis confirmed that transfection with antagomiR-22 in patients 01,03,04,09 and 10 

from table 1 resulted in overexpression of p27 protein compared with irrelevant and UT cells control 

(p = 0.035, mean = 93.4 ± 5,8 for antagomiR-22, mean = 61.4 ± 8,37 for irrelevant miR and mean = 

52.1 ± 2.3, for UT cells). A typical immunorreactive pattern of p27 protein, similar to those observed 

for the quiescent fraction previously described in Figure 3 and 4, was found. (E) Survivin protein 

expression evaluated by confocal microscopy in 6 progressive CLL cases (01,02,04, 07, 10 and 12 

from table 1) and in 5 indolent CLL cases (13-15 and 17-18 from table 1). Survivin protein 

expression after transfection with miR-22, irrelevant miR and untrasfected (UT) cells of 5 

progressive CLL cases, (CLLs 01, 02, 04, 07 and 12) Survivin expression was up-regulated at 

significant levels (p = 0.030, mean = 15.3 ± 1,2), when compared with those transfected with 

irrelevant miR (mean = 11.3 ± 1,0). No significant differences (p= 0.093) were found among 

irrelevant miR and UT cells. (p = ns) = statistically non significant data. (F) Confocal microscopy of 

Survivin (red), p27 (green) and transfected cell (miR-22, antagomiR-22 and Irrelevant miR, white) 

are depicted in a representative sample obtained from the CLL patient number 04 after transfection 

with antagomiR-22, miR-22, irrelevant miR and untrasfected cells.  

Figure 5. CD40 engagement induces miR-22 expression, activation of AKT pathway, Survivin 

expression and CLL proliferation. (A) miR-1201, miR-15b and miR-22 fold change expression of 

CD40L/IL-4 stimulated cells from four CD40 responder patients (CLLs 01, 04, 09 and 10 in Table 1) 

compared to that of unstimulated ones. (B-C) pAKT-Thr308 and Survivin protein expression evaluated 

by flow cytometry and confocal microscopy respectively in the same unstimulated (US) and 
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CD40L/IL-4 stimulated, CD40 responder patients. MFI: mean fluorescence intensities. (D) Cell 

percentage expressing Ki-67 marker was evaluated by flow cytometry in CLL-B cells from four 

indolent cases that respond to CD40 stimulation (13, 16, 20 and 22 in Table1). Ki-67 expression 

was evaluated after CD40L/IL-4 stimulation, miR-22 transfection and stimulation with CD40L/IL-4 

followed by miR-22 or irrelevant miR transfection. Ctr: unstimulated and untransfected cells. (E) Ki-

67 expression evaluated by flow cytometry in CLL-B cells of four progressive cases. CD40 

responders patients, CLLs 01, 04, 09 and 10 in Table 1, were evaluated for Ki-67 expression as 

proliferative marker. Percentage of positives Ki-67 CLL B-cells was evaluated after CD40L/IL-4 

stimulation, miR-22 transfection and miR-22 plus CD40L/IL-4 stimulation. Additionally, antagomiR-

22 transfection and antagomir-22 plus CD40L/IL-4 stimulation were carried out as specificity 

controls. Ct = unstimulated and untransfected cells. AntagomiR-22 = AmiR-22 (**) = statistic 

significant differences, (p < 0.05).  

 

Figure 6. Isolation of Ki-67 positive and negative fractions from B-CLL lymph nodes highlight 

activation of PTEN/AKT cascade, Survivin expression and downregulation of p27 protein. (A) 

Representative dot plot of CD19 and Ki-67 protein expression in the lymph node (LN) of an UM CLL 

patient. R1 and R2 show the gates settled for the sorting of negative and positive Ki-67 cells. (B) 

PTEN protein expression evaluated by confocal microscopy in Ki-67 negative and positive cells from 

a representative LN. Green: PTEN, magenta: DNA. Scale bar: 5µm. (C) Flow cytometry histograms 

depicting expression of pAKT-Thr308 expression in Ki-67 negative (R1, grey) and Ki-67 positive (R2, 

black) CLL B-cells. (D-E) Characterization of the expression levels of Survivin (left panels) and p27 

(right panels) by confocal microscopy in the Ki-67 negative and in the Ki-67 positive CLL B-cells 

from a representative LN. Scale bar: 5µm.  

 

FIGURE 7: Hypothetical model proposed to explain the proliferative behaviour of CLL 

subsets in UM progressive patients. (1) and (2) miR-22 expresssion is induced after CD40 

engagement following interaction of B-CLL cells with the tumoral microenvironment of secondary 

lymphoid organs. (3) miR-22 downregulates PTEN and the PI3-K phosphorylates and converts PIP2 

to PIP3, which recruits and activates PDK1. (4) PDK1 phosphorylates and activates the threonine 

protein kinase AKT (pAKT-Thr308), which inhibits the activities of the transcription factor FOXO1. (5) 

Inactivation of FOXO1 leads to downregulation of proteins involved in cell-cycle arrest like p27. (6) 

Activation of PI3-K/AKT cascade triggers Survivin expression which contributes to cell progression 

and proliferation. AKT could also activate the NF B cascade which in turn might induce AID 

expression in the proliferative subset of this UM progressive CLL patients.  
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Table 1: Clinical and molecular characterization of CLL patients. (a) UM patients display < 2% 

difference with the germline gene whereas ≥ 2% difference defines MUT patients. (b) FISH studies, 

N/D = not determined. (c) Results observed by  cytometry assays using CD38 cut-off = 30%. (d) 

Intracitoplasmic cytometry analysis of IgM and IgG subpopulations, Neg = ≤ to 1% of IgG(+) CLL B-

cells.  
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Table 1 

CLL 
Diagnostic 
date / Binet 

stage 

Sample 
date / Binet 

stage 

Lymphocyte 
count at 
sampling           

x 10
3
/l 

VDJ 
rearrangement 

(a) 

FISH 
(b) 

CD38 % 
(c) 

LPL 
(Q-PCR) 

AID 
(Q-PCR) 

IgG
(+)

 
subset (%) 

(d) 

IgG
(+)

/Ki-67
(+)

 
subset (%) 

Disease 
related death 

01 2002 / A 2003 / C 128 Um - VH1-02 del 11q 38 (+) (+) 5.2 3.9 Yes 

02 2000 / B 2010 / B 220 Um - VH1-69*01 del 17p 16 (+/-) (+) 3.2 3.0 Yes 

03  2009 / A 2009 / A 54 Um - VH2-5*10 Normal 46 (+) (+) 3.8 3.0 Yes 

04 2005 / A 2010 / B 72 Um - VH1-69*01 Normal 19.5 (+) (+) 4.1 2.5 Alive  

05 2009 / A 2011 / B 140 Um - VH2-5*10 del 17p 36 (+/-) (+) 3.3 1.5 No 

06 2008 / B 2010 / B 170 Um - VH3-48*03 del 11q 22.5 (+) (+) 5.0 3.2 Yes 

07 2010 / B 2010 / B 130 Um - VH3-30*04 Tris 12 45.5 (+) (+) 3.7 3.0 Yes 

08 01-2011 / B 04-2011 / C 48 Um - VH3-11*01 Normal 1.9 (+/-) (+) 2.5 1.7 Yes 

09 2011 / A 2011 / A 105 Um - VH1-2*02 Normal 2.8 (+) (+) 2.4 0.5 Alive 

10 2012 / A 2012 / A 130 Um - VH1-69*01 Normal 46.5 (+) (+/-) 3.5 0.3 Alive 

11 2012 / B 2012 / B 160 Um - VH1-69*01 Normal 26.2 (+) (+/-) 2.2 0.7 Alive 

12 2005 / A 2012 / C 98 Um - VH4-34 Normal 3.9 (+) (+) 3.2 2.7 Yes 

13 2011 / A 2011 / A 14 Mut - VH3-48*02 N/D N/D (-) (-) Neg Neg Alive 

14 2011 / A 2011 / A 8.9 Mut - VH1-03 del 13q 4.5 (-) (-) Neg Neg Alive 

15 2011 /A 2012 / A 12 Mut - VH4-59*01 Normal N/D (-) (-) Neg Neg Alive 

16 2010 / A 2011 / A 54.3 Mut - VH3-9*01 Normal 14 (-) (-) Neg Neg Alive 

17 2008 / A 2010 / A 24.2 Mut - VH1-18*1 Normal 7.8 (-) (-) Neg Neg Alive 

18 2012 / A 2012 / A 10.0 Mut - VH4-59*1 Normal 3.5 (-) (-) Neg Neg Alive 

19 2012 / A 2012 / A 26.7 Mut - VH1-2*04 del 13q N/D (-) (-) Neg Neg Alive 

20 2012 / B 2012 / B 21.9 Mut - VH3-23 Normal 32 (-) (-) Neg Neg Yes 

21 2012 / A 2012 / A 17.9 Mut - VH3-48*02 Normal 8.9 (-) (-) Neg Neg Alive 

22 2010 / A 2012 / A 6.5 Mut - VH6-1*01 Normal N/D (-) (-) Neg Neg Alive 
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