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Translational Relevance 

Chronic lymphocytic leukemia (CLL) is the most common leukemia in the Western world, 

with an incidence rate of 3 in 100,000 people/year. Patients frequently become refractory to 

current immuno-chemotherapeutic regimes, highlighting the unmet medical need for 

additional therapeutic options. The tumour microenvironment within lymphoid organs of 

CLL patients plays a pivotal role in promoting survival, proliferation and chemoresistance of 

the leukemic clone: inhibiting the signals that orchestrate these events is key to disrupting 

disease progression. We establish that CR8, a second generation roscovitine analog exhibits 

significantly enhanced and selective cytotoxicity towards CLL cells and inhibits two key 

signals linked with progressive disease: Mcl-1 expression and NF-κB signaling at the 

transcriptional and post-translational level. Our studies demonstrate the promise of novel 

selective CDK inhibitors as therapies for CLL. 
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Abstract 

Background: Chronic lymphocytic leukemia (CLL) is currently incurable with standard 

chemotherapeutic agents, highlighting the need for novel therapies. Overcoming 

proliferative and cytoprotective signals generated within the microenvironment of lymphoid 

organs is essential for limiting CLL progression and ultimately developing a cure. 

Experimental Design: We assessed the potency of cyclin-dependent kinase (CDK) inhibitor 

CR8, a roscovitine analog, to induce apoptosis in primary CLL from distinct prognostic 

subsets using flow cytometry based assays. CLL cells were cultured in in vitro pro-survival 

and pro-proliferative conditions to mimic microenvironmental signals in the lymphoid 

organs, to elucidate the mechanism of action of CR8 in quiescent and proliferating CLL 

cells utilising flow cytometry, western blotting, and quantitative real-time PCR. 

Results: CR8 was 100-fold more potent at inducing apoptosis in primary CLL cells than 

roscovitine, both in isolated culture and stromal-co-culture conditions. Importantly, CR8 

induced apoptosis in CD40-ligated CLL cells and preferentially targeted actively 

proliferating cells within these cultures. CR8 treatment induced downregulation of the anti-

apoptotic proteins Mcl-1 and XIAP, through inhibition of RNA polymerase II, and 

inhibition of NF-κB signaling at the transcriptional level and through inhibition of the IKK 

complex, resulting in stabilisation of IκBα expression.  

Conclusions: CR8 is a potent CDK inhibitor that subverts pivotal pro-survival and pro-

proliferative signals present in the tumor microenvironment of CLL patient lymphoid 

organs. Our data support the clinical development of selective CDK inhibitors as novel 

therapies for CLL.
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Introduction 

Chronic lymphocytic leukemia (CLL) is incurable with conventional chemotherapeutic 

regimes. First-line immuno-chemotherapy fludarabine, cyclophosphamide and rituximab 

elicits a varying quality of remission (1), however patients relapse due to re-emergence of 

minimal residual disease (MRD).  

 CLL progression involves cellular accumulation due to deregulated expression of 

anti-apoptotic Bcl-2 protein family members leading to acquired resistance to apoptosis (2, 

3) and enhanced proliferation within lymphoid organs through stromal niche interactions 

(4). Ki67+ CLL cells attract activated CD4+ T lymphocytes expressing CD40 ligand 

(CD154), and interleukin 4 (IL4) (5). CD40 stimulation in vitro promotes activation of 

nuclear factor-κB (NF-κB) signaling and upregulation of Bcl-xL and Mcl-1, and survivin, 

mimicking the expression profile of CLL cells within lymph nodes (LNs) (6-10). Clonal 

expansion in this environment enhances the likelihood of cytogenetic abnormalities, 

including 17p deletion (targeting p53) resulting in CLL that is largely resistant to standard 

chemotherapeutic agents (11, 12). Therefore, drugs that overcome pro-survival and pro-

proliferative signals represent promising therapies for CLL. 

 The cyclin-dependent kinase (CDK) family regulates cell division, cell cycle 

progression and transcription and is often deregulated in cancerous cells (13). At least 

fifteen CDK inhibitors have been in clinical trials for leukemias and solid tumors (13). 

Flavopiridol (Alvocidib), roscovitine (CYC202/Seliciclib) and SNS-032 induce apoptosis in 

CLL cells irrespective of ZAP-70 status and p53 function, indicating that CDK inhibitors 

should be effective at treating poor prognostic CLL subsets (14-17). Flavopiridol and SNS-

032 are currently in clinical trials for CLL (18). Although roscovitine progressed through 

Phase II clinical trials for non-small cell lung and nasopharyngeal cancers due to its strong 

selectivity for CDKs and its relative lack of toxicity (13), its weak potency and short half-

life in vivo led to the development of more potent analogs (19). Here, we demonstrate that 
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CR8, a novel roscovitine analog, possesses enhanced potency over roscovitine for inducing 

apoptosis in CLL cells, which is not reduced by mouse fibroblast L cell (NT-L)-mediated 

cytoprotection. CR8 treatment overcomes key survival and proliferative signals that 

accompany CD154/IL4 stimulation, inducing cell cycle arrest and apoptosis by inhibiting 

canonical NF-κB signaling and Mcl-1 and XIAP expression via an inhibition of RNA 

polymerase II.
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Materials and Methods 

Reagents and antibodies 

Roscovitine-purine analog structures are shown in Supplementary Fig. S1. (R)-roscovitine 

[1], (R)-CR8 [8] and (S)-CR8 [9] were synthesized as described (20, 21) and provided by 

ManRos Therapeutics (Roscoff, France). Synthesis of (R)-DH22 [2], (R)-ML20 [3], (R)-

ML76 [4], (R)-CR3 [5], (R)-ML78 [6], (R)-CR4 [7], (R)-CR1 [10], (R)-CR2 [11], (R)-CR11 

[12], (R)-Ness2 [13] is provided in (22). Flavopiridol [14] was obtained from Sigma-Aldrich 

Co. Ltd. (Gillingham, UK), SNS-032 [15] was synthesized in-house. Western blotting 

antibodies were sourced from Cell Signaling Technology (Danvers, MA), except anti-Bcl-2 

(Millipore, Billerica, MA), anti-Bcl-x (BD Biosciences, Oxford, UK), anti-cFLIP (Santa 

Cruz Biotechnology, Santa Cruz, CA), anti-phospho-RNA polymerase II (Ser2 and Ser5; 

Covance Research Products Emeryville, CA). Flow cytometry antibodies were purchased 

from BD Biosciences. Carboxyfluorescein succinimidyl ester (CFSE), colcemid and 

CountBright™ absolute counting beads were obtained from Invitrogen Ltd. (Paisley, UK). 

 

Patient Samples and CLL cell isolation 

Peripheral blood (PB) samples were obtained after informed consent, from patients with B-

CLL that were treatment naïve (untreated) or had received treatment but not in the preceding 

three months. The studies were approved by Local Ethics Committees (Comité de Protection 

des Personnes de Brest (France) and West of Scotland Research Ethics Service, NHS 

Greater Glasgow and Clyde (UK)). Linked clinical data of CLL patients were stored (Table 

1). CLL lymphocytes were isolated and used freshly or cryopreserved as previously 

described (23). After separation, CLL cell purity was > 95% in all cases, determined by flow 

cytometry. Normal PB mononuclear cells (PBMCs) were isolated from buffy coats by 

density gradient centrifugation using Histopaque (Sigma-Aldrich) and used freshly or 

cryopreserved. Normal human serum (NHS) was isolated from PB of healthy donors. 
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Cell lines and cell culture conditions 

CLL cells were cultured at 1x106/ml in RPMI-1640 containing 10% FBS, 50 U/ml 

penicillin, 50 mg/ml streptomycin, and 2 mM L-glutamine (complete medium; Invitrogen 

Ltd.). Mouse fibroblast L cells (NT-L) and NT-L cells stably-expressing CD154 (CD154L; 

confirmed by flow cytometry), a gift from Prof. J. Gordon (University of Birmingham, UK), 

were used in co-culture experiments to support CLL cell survival/proliferation. NT-

L/CD154L cells were irradiated with 30 Gy and then co-cultured with CLL cells at 25:1 

CLL:NT-L cells, for a minimum of 18 hr prior to treatment with CR8. Complete medium 

was supplemented with 10 ng/ml IL4 for CLL-CD154L proliferation experiments 

(Peprotech EC Ltd., London, UK) (23). Functional authentication of pro-survival and pro-

proliferative effects of NTL/CD154L cell lines on CLL cells was carried out. 

 

Assessment of Apoptosis 

Following treatment, CLL cells were harvested, stained with Annexin V-APC/7-AAD and 

flow cytometry data was acquired using a FACSCantoII flow cytometer (BD Biosciences) 

(23). Annexin V- 7-AAD- cells were considered viable. 

 

Protein kinase assays 

Kinase activities were assayed in triplicate using Buffer D (10 mM MgCl2, 1 mM EGTA 

(ethyleneglycoltetraacetic acid), 1 mM DTT (dithiothreitol), 25 mM Tris/HCl, 50 μg/ml 

Heparin) (19). Dose-response curves enabled IC50 calculation. CDK2/cyclin A and 

CDK9/cyclin T (human, recombinant, expressed in insect cells) were prepared as described 

(19, 22). Kinase activity was assayed with either 1 mg/ml histone H1 type III-S (Sigma-

Aldrich; CDK2) or 8.07 µg/assay CDK7/9 tide (YSPTSPSYSPTSPSYSPTSPSKKKK; 
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CDK9; Millegen, Labege, France), with 15 µM [γ-33P] ATP (3,000 Ci/mmol; 10 mCi/ml) in 

a 30 µl final volume. 

 

Western Blotting 

Protein lysates were prepared in lysis buffer (1% Triton, 1 mM DTT, 2 mM EDTA, 20 mM 

Tris pH 7.5 containing Complete protease inhibitor and PhosStop (Roche, Herts., UK)). 

Western blotting was carried out as described previously (23). 

 

NF-κB activity assay 

Cytoplasmic and nuclear protein lysates were isolated from 1x107 CLL cells/condition using 

the Nuclear Extract Kit and an ELISA-based method, TransAM (Active Motif, La Hulpe, 

Belgium), was used to quantify RelA DNA–binding activity according to the manufacturer’s 

protocol.   

 

Cell cycle analysis 

After treatment cells were harvested, washed in PBS and stained with propidium iodide (PI; 

Sigma-Aldrich), before acquiring data on the flow cytometer (24). 

 

RNA isolation and real-time quantitative PCR 

Total RNA was isolated using the RNeasy mini kit (QIAGEN, Valencia, CA). 10-20 ng was 

used for cDNA synthesis using first-strand cDNA synthesis kit (Roche). Real-time PCR was 

performed using the TaqMan PCR Master Mix (Applied Biosystems, Foster City, CA) (25). 

Relative gene expression was analyzed by the ΔΔCt method using GAPDH as reference 

control and an assigned calibrator (26). Inventoried primers and probes and PCR buffers 

were purchased from Applied Biosystems. 
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CLL cell proliferation assay 

CFSE-labelled CLL cells were plated on irradiated CD154L/IL4 (27). CLL cells were 

treated with CR8 at day 3 to assess the effect on proliferation initiation, and harvested. For 

longer-term experiments, medium and IL4 were replenished every 3 days and fresh CD154L 

cells were added at day 6. Cells treated with CR8 at day 9, were stained with anti-CD19-

APC-Cy7, Annexin V-APC and 7-AAD. Unstained and CFSE positive CLL cells treated 

with colcemid (undivided) were included. To calculate absolute numbers of live CLL cells 

(CD19+ Annexin V- 7-AAD-) within proliferating co-cultures, CountBright™ absolute 

counting beads were added to CLL cells prior to FACS. Percentage recovery of input CLL 

cells was calculated by dividing the absolute number of viable cells of all divisions, 

corrected for cell division, by the total number of input cells (5x105 cells). 

 

Data and statistical analysis 

Average responses from at least 3 individual donors are shown (mean ± SEM). Statistical 

analysis was performed using GraphPad Prism 4 (GraphPad Software Inc., CA), using 

Students paired or unpaired t-test (*p<0.05; **p<0.005; ***p<0.001). Flow cytometry data 

were analyzed using FlowJo (Tree Star Inc., Ashland, OR). 
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Results 

Roscovitine analogs trigger CLL cell death in vitro 

CLL cells were treated with roscovitine analogs to determine the percentage of cell death by 

flow cytometry and calculate IC50 values (Table 2). The kinase inhibitory activity of these 

compounds was determined on purified, recombinant CDK2/cyclin A and CDK9/cyclin T.  

Addition of a 2-pyridyl substituent at position 4 of the phenyl ring [8, 9] leads to a major 

improvement in potency of the compounds ability to induce CLL apoptosis, with the S-CR8 

isomer [9] more potent than the R isomer [8]. Addition of a pyridyl substituent at position 3 

of the phenyl ring did not enhance the activity as efficiently [10-13], confirming results 

obtained with neuroblastoma cells SH-SY5Y (19). A good correlation was observed 

between CDK9 inhibition and induction of CLL cell death (Table 2). (S)-CR8 [9] induced 

CLL cell apoptosis at a similar nanomolar concentration as two reference CDK inhibitors, 

flavopiridol [14] and SNS-032 [15], therefore (S)-CR8 was selected for more detailed 

studies.  

 

CR8 induces apoptosis in all CLL patient subgroups 

Comparison of (S)-CR8 (now CR8) and roscovitine confirmed that CR8 induced apoptosis 

in CLL cells with 100-fold greater potency than roscovitine (Fig. 1A; IC50 = 118.2 nM vs. 

14.9 μM (n=8)). CLL cells were over two-fold more sensitive to CR8 treatment than freshly 

isolated or cryopreserved PBMCs from healthy individuals, and normal B cells were more 

sensitive compared with T lymphocytes (Fig. 1B; B - IC50 = 188 nM; T - IC50 = 632 nM and 

Supplementary Fig. S2). CR8 induced apoptosis in all CLL patient subsets at 300 nM, while 

displaying a varied response to 100 nM (Supplementary Fig. S3 and Fig.1C). Indeed, 

patients carrying poor prognostic markers (ZAP-70+, 11q/17p cytogenetic markers) or more 

advanced CLL (Binet stage C and/or previously-treated) were significantly less responsive 

to 100 nM CR8 (Fig. 1D).  
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Interestingly, CR8 was slower to induce CLL apoptosis, with ~25% cells undergoing 

apoptosis compared to ~ 70% at 8 hr treatment with flavopiridol (Fig. 1E). To determine the 

impact of human plasma protein binding, CLL cells were treated with CR8, flavopiridol or 

roscovitine with either FBS or NHS.  The potency of these drugs to induce apoptosis was 

reduced in the presence of NHS (IC50 FBS vs. NHS: CR8 – 62.99 vs. 321.4 nM; flavopiridol 

- 59.03 vs. 184.3 nM; roscovitine – 10.97 vs. 14.27 μM at 48 hr), however CR8 maintained 

the ability to induce apoptosis in the nanomolar range (Fig. 1F). Collectively, these results 

demonstrate that CR8 is a potent inducer of apoptosis in CLL cells.  

 

CR8 induces apoptosis in pro-survival and pro-proliferative environments in vitro 

To mimic signals generated within the tumour microenvironment, CLL cells were co-

cultured with NT-L cells or CD154L/IL4 (6, 23)). While viability of untreated CLL cells 

was elevated upon co-culture with NT-L cells (Fig. 2A), no significant difference was noted 

between CLL cells treated with CR8 on plastic or NT-L cells, indicating that CR8 

overcomes pro-survival-mediated signals delivered by the microenvironment. Normal B 

cells were further protected upon co-culture NT-L cells (Supplementary Fig. S4; B - IC50 = 

245 nM). While the ability of CR8 to induce apoptosis in CLL cells co-cultured on 

CD154L/IL4 was diminished, a significant reduction in viable cells was evident (Fig. 2A), 

demonstrating that CR8 inhibits CD154L/IL4-mediated pro-survival signals. 

 CR8 induced apoptosis via a caspase-dependent mechanism, with almost complete 

inhibition of apoptosis upon pre-treatment of CLL cells with pan-caspase inhibitor ZVAD-

fmk (Supplementary Fig. S5A). In addition, CR8 treatment lead to a loss of mitochondrial 

membrane potential, increased levels of activated caspase 3 and PARP cleavage 

(Supplementary Fig. S5B and Fig. 2B).  

 CR8 selectively inhibits CDK1, 2, 3, 5 and 9 (Table 2 and (19)). CDK9-targeted 

phosphorylation site (Ser2) of RNA polymerase II was inhibited upon CR8 treatment for 8 
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hr, while the CDK7 targeted phosphorylation site (Ser5) was unaffected (Fig. 2B). 

Moreover, MCL1 and XIAP transcripts were significantly decreased at 18 hr post-CR8 

treatment in all culture conditions (Fig. 2C). Co-culture of CLL cells on CD154L/IL4 

induces a marked upregulation of anti-apoptotic proteins Bcl-xL and Mcl-1 (Fig. 2D and 

(23)). Incubation of CLL cells with CR8 for 8 hr, resulted in a significant downregulation of 

Mcl-1 protein expression on CD154L/IL4, which was sustained after 18 hr of treatment. 

XIAP levels were also reduced when CLL cells were treated either on plastic or in NT-L at 8 

hr (Fig. 2D). Bcl2 levels were unaffected by co-culture or subsequent treatment with CR8 

(Fig. 2D).  These findings demonstrate that CR8 treatment reduces Mcl-1 and XIAP 

expression to assist in the induction of CLL apoptosis upon co-culture with CD154L/IL4. 

 

CR8 inhibits the NF-κB signaling pathway in CLL cells 

NF-κB-mediated signaling represents a pro-survival pathway in CLL cells, upregulated in 

CLL patient LNs (5). CR8 treatment reduced NF-κB transcription factor gene expression in 

all culture conditions, negatively impacting on their availability for NF-κB-mediated gene 

transcription in CLL cells (Fig. 3A). 

 CLL co-culture on CD154L/IL4 induced an upregulation of IκBαS32/36 

phosphorylation and elevation in RelA activity, indicative of an activation of canonical NF-

κB signaling (Fig. 3B and Supplementary Fig. S6). This is supported by previous findings 

that CD40 ligation on CLL cells leads to the activation of IκBα kinase (IKK) resulting in 

phosphorylation, ubiquitination and degradation of IκBα, releasing RelA and p50 to 

translocate to the nucleus and initiate transcription (28). Moreover, the NF-κB regulated 

protein cellular FLICE inhibitory protein (cFLIP) was upregulated (Fig. 3B). CR8 treatment 

of CLL cells co-cultured on CD154L/IL4 resulted in downregulation of phospho-IκBα, 

stabilising IκBα expression, and inhibiting NF-κB signaling. This was supported by 
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downregulation in cFLIP protein expression and inhibition of CFLAR transcription (gene 

encoding cFLIP) upon CR8 treatment (Fig. 3B).  Further analysis revealed stabilisation and 

elevation of IκBα after 24 hr CR8 treatment and a decrease in RelAS536 phosphorylation and 

RelA DNA binding activity (Figs. 3C & 3D). As RelA and IκBα are downstream substrates 

of the IKK complex, these studies indicate that CR8 inhibits canonical NF-κB activity 

through IKK complex inhibition. 

 

CR8 inhibits the initiation of CD154L/IL4-mediated proliferation in CLL cells 

To determine whether CR8 could inhibit CLL proliferation, CLL cells were labeled with 

CFSE to track cell division, and co-cultured with CD154L/IL4, treating cells with CR8 from 

day 3. While at least one cell division was evident in untreated cells at day 6 (indicated by a 

reduction in CFSE mean fluorescence intensity (MFI)), CR8-treated CLL cells did not 

divide and maintained a similar MFI as cells treated with colcemid (Fig. 4A). CR8 treatment 

maintained this anti-proliferative effect on CLL cells, demonstrated by the significant 

elevation in CFSE MFI at days 9 and 12 of CLL-CD154L/IL4 co-culture (Fig. 4A). To 

further investigate the anti-proliferative role of CR8, CLL cells treated at day 3 were co-

cultured for a further 3 days, then cell cycle phases were analyzed by PI analysis. As 

expected, a significant proportion of cells apoptosed upon CR8 treatment (Fig. 4B-left), 

supporting data in Fig. 2A. Within the live cells, there was a significant elevation of cells in 

the G1 phase of the cell cycle upon CR8 treatment, with a corresponding decrease in S/G2/M 

compared with untreated cells, indicative of CR8 inducing a G1 arrest and inhibiting 

initiation of CLL cell proliferation (Fig. 4B-right). 

 

CR8 induces apoptosis in proliferating CLL cells 

To determine whether CR8 induces apoptosis in actively proliferating CLL cells, cells were 

co-cultured with CD154L/IL4 for 9 days to initiate proliferation and then treated with CR8. 
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Absolute cell numbers decreased over time in the presence of CR8, suggesting that CR8 

targets proliferating cells (Fig. 5A). To address this directly, CFSE-CLL cells were co-

cultured with CD154L/IL4 for 9 days prior to treatment with CR8. A significant increase in 

the percentage of early apoptotic cells (Annexin V+ 7-AAD-) was observed, with the CFSElo 

population being preferentially targeted, demonstrating that CR8 induced apoptosis within 

actively proliferating CLL cells (Fig. 5B). This was supported by an enrichment of CFSEhi 

CLL cells (non-dividing/slow-dividing cells) after treatment with CR8 for 72 hr (Fig. 5C). 

Moreover, absolute cell numbers decreased in all dividing CLL populations upon treatment 

with ≥ 300 nM CR8 (Fig. 5D), confirming that CR8 induces apoptosis in proliferating CLL 

cells.
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Discussion 

CDKs represent a promising protein family for targeted inhibition due to their deregulation 

in many cancer types (13). We demonstrate that the roscovitine analog CR8 possesses a 100-

fold enhanced potency for inducing cell death in CLL cells compared with roscovitine, with 

effectiveness in the nanomolar concentration range. We noted that poor prognostic patients 

and previously-treated patients were less responsive to ~IC50 concentrations of CR8 (100 

nM), indicating that higher concentrations of CDK inhibitors may be required in vivo to gain 

clinical benefit in pre-treated patients. A recent report on the Phase I clinical trial results for 

SNS-032, an inhibitor of CDK2, 7 and 9, indicated limited clinical activity in CLL patients, 

possibly because the trial consisted of a heavily pre-treated patient cohort (29). 

 CR8 exhibited only a modest improvement as a CDK inhibitor compared with 

roscovitine, despite an enhanced ability to induce CLL apoptosis (19, 30), while CR8 was 

less potent than flavopiridol at inhibiting CDK2 and CDK9, but induced CLL cell death in 

the same nanomolar range. These findings may reflect differences in the kinome each drug 

interacts with. Indeed, flavopiridol is quite unselective, so side effects are more likely to 

occur than with CR8, which has a limited number of targets. Conversely roscovitine is more 

selective than CR8, which may explain why CR8 has an enhanced ability to induce cell 

death compared with roscovitine. Therefore, combined inhibition of CDK1, 2, 3, 5, 9, CK1 

and ERK1/2 by CR8 could result in enhanced cellular potency (19). Notably, flavopiridol 

and SNS-032 are potent inhibitors of GSK-3 while purine CDK inhibitors have little effect 

(IC50 values flavopiridol, SNS-032, roscovitine, CR8: 0.45, 0.02, 130, >30 µM, respectively 

(19, 31)).  The kinase profile inhibited by these CDK inhibitors may also explain the 

increased selectivity that CR8 displays for CLL cells over PBMCs, compared with 

flavopiridol (IC50 = 246.9 vs. 146.7 nM in PBMCs treated with CR8 vs. flavopiridol 

respectively), possibly relating to the ability of flavopiridol to generate DNA double strand 

breaks (32). In addition, CR8 induces apoptosis in CLL cells with slower kinetics compared 
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with flavopiridol, which may reduce the likelihood of tumour cell lysis observed in patients 

treated with flavopiridol and SNS-032 (29, 33).  These studies highlight the selectivity and 

potency of CR8 for inhibiting CDKs and inducing CLL apoptosis. 

 Mcl-1 expression is normally tightly regulated, however it is upregulated in CLL 

patients exhibiting progressive disease, whilst exhibiting low/negligible expression in 

normal cells, and enhanced Mcl-1 expression is a predictive factor for chemoresistance (2, 

34-36). CR8 treatment reduces Mcl-1 transcripts, mainly by inhibiting CDK9-mediated 

phosphorylation of RNA polymerase II (19). PHA76749, a dual cdc7/CDK9 inhibitor, also 

induces a reduction in Mcl-1 transcript expression causing apoptosis in CLL cells stimulated 

with CD154/IL4, indicating that CDK9 targeting may be sufficient to induce CLL cell 

apoptosis in the LN microenvironment (37). As shown previously, Mcl-1 expression may 

also be regulated at the post-transcriptional level, due to the abrogation of Mcl-1 protein 

expression (16, 30, 37). Mcl-1 proteasomal degradation, coupled with maintenance or 

upregulation of pro-apoptotic, Mcl-1 binding partner Noxa upon treatment of cells with 

CR8, roscovitine or PHA767491 can drive cells towards apoptosis (30, 37). 

  NF-κB signaling is constitutively active in CLL cells, with higher RelA/p65 activity 

correlating with chemoresistance and poorer clinical outcome (9, 10, 38). We show that CR8 

inhibits NF-κB-mediated signals at the transcriptional and protein level.  Transcriptional 

downregulation by CDK inhibition is well established in a number of cell types including 

CLL cells (16, 39), and our data demonstrate that CR8 treatment inhibits expression of the 

NF-κB transcription factors in CLL cells, and NF-κB regulated gene products associated 

with CLL cell survival, likely through inhibition of CDK9 activity. In addition, CR8 

inhibited CD154/IL4-stimulated IKK phosphorylation of RelA and IκBα, leading to 

inhibition of RelA activity. Repression of NF-κB signaling by CDK inhibitors has not 

previously been demonstrated in CLL cells, however studies demonstrate flavopiridol and 

roscovitine can inhibit NF-κB signaling in other cell types through inhibition of IKK activity 
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(40, 41).  Interestingly, the mechanism utilised by CDK inhibitors to abrogate NF-κB differs 

between cell types, as roscovitine was only capable of inhibiting NF-κB at the 

transcriptional level in neutrophils (42). 

 CLL clonal expansion is a direct indicator of disease progression, with an overall 

growth of 0.35%/day correlating with poorer disease outcome (4). The ability of CR8 to 

inhibit CLL growth has important implications, as it reduces the possibility of clonal 

evolution during proliferation. CR8 induced an anti-proliferative effect on CLL cells during 

the initiation of proliferation and induced apoptosis in actively proliferating CLL cells, 

suggesting that this compound may have clinical benefit in CLL patients exhibiting 

progressive disease. Recent reports from Phase II clinical trials using flavopiridol 

demonstrate clinical responses in fludarabine-refractory patients, reducing bulky 

lymphadenopathy and enabling almost a year of progression free survival in relapsed 

patients (33, 43). Collectively, our findings establish that CR8 inhibits both survival and 

proliferative signals to induce cell cycle arrest and cell death, thus possessing the potential to 

impede progressive CLL, and suggesting that significant reduction in tumour load to below 

the level of MRD detection may be achievable.  



Cosimo et al.,                                                CR8 inhibits key pro-survival signals in CLL 

 19

Acknowledgements: The authors thank Prof. Tessa Holyoake, Dr. Reginald Clayton, Dr. 

Milica Vukovic and Odette Middleton for their critical review of the manuscript.  

 

Financial Support: Project grants from Chief Scientists Office Scotland (CZB/4/748) - 

AMM and LM; Tenovus-Scotland - EC and AMMcC; Kay Kendall Leukaemia Fund 

(KKL501); Cancérpole Grand-Ouest, the Association pour la Recherche sur le Cancer 

(ARC-1092), the Ligue Nationale contre le Cancer (Comité Grand-Ouest) - LM; MRC 

clinical training fellowship - AMMcC. 

 



Cosimo et al.,                                                CR8 inhibits key pro-survival signals in CLL 

 20

References 
 
1. Hallek M. State-of-the-art treatment of chronic lymphocytic leukemia. Hematology 

Am Soc Hematol Educ Program 2009;440-9. 
2. Kitada S, Andersen J, Akar S, Zapata JM, Takayama S, Krajewski S, et al. 

Expression of apoptosis-regulating proteins in chronic lymphocytic leukemia: 
correlations with In vitro and In vivo chemoresponses. Blood 1998; 91:3379-89. 

3. Pepper C, Hoy T, Bentley P. Elevated Bcl-2/Bax are a consistent feature of apoptosis 
resistance in B-cell chronic lymphocytic leukaemia and are correlated with in vivo 
chemoresistance. Leuk Lymphoma 1998;28:355-61. 

4. Messmer BT, Messmer D, Allen SL, Kolitz JE, Kudalkar P, Cesar D, et al. In vivo 
measurements document the dynamic cellular kinetics of chronic lymphocytic 
leukemia B cells. J Clin Invest 2005;115:755-64. 

5. Herishanu Y, Pérez-Galán P, Liu D, Biancotto A, Pittaluga S, Vire B, et al. The 
lymph node microenvironment promotes B-cell receptor signaling, NF-kappaB 
activation, and tumor proliferation in chronic lymphocytic leukemia. Blood 
2011;117:563-74. 

6. Willimott S, Baou M, Naresh K, Wagner SD. CD154 induces a switch in pro-
survival Bcl-2 family members in chronic lymphocytic leukaemia. Br J Haematol 
2007;138:721-32. 

7. Granziero L, Ghia P, Circosta P, Gottardi D, Strola G, Geuna M, et al. Survivin is 
expressed on CD40 stimulation and interfaces proliferation and apoptosis in B-cell 
chronic lymphocytic leukemia. Blood 2001;97: 2777-83. 

8. Smit LA, Hallaert DY, Spijker R, de Goeij B, Jaspers A, Kater AP, et al. Differential 
Noxa/Mcl-1 balance in peripheral versus lymph node chronic lymphocytic leukemia 
cells correlates with survival capacity. Blood 2007;109:1660-8. 

9. Cuni S, Perez-Aciego P, Perez-Chacon G, Vargas JA, Sanchez A, Martin-Saavedra 
FM, et al. A sustained activation of PI3K/NF-kappaB pathway is critical for the 
survival of chronic lymphocytic leukemia B cells. Leukemia 2004;18:1391-400. 

10. Furman RR, Asgary Z, Mascarenhas JO, Liou HC, Schattner EJ. Modulation of NF-
kappa B activity and apoptosis in chronic lymphocytic leukemia B cells. J Immunol 
2000;164: 2200-6. 

11. Stilgenbauer S, Sander S, Bullinger L, Benner A, Leupolt E, Winkler D, et al. Clonal 
evolution in chronic lymphocytic leukemia: acquisition of high-risk genomic 
aberrations associated with unmutated VH, resistance to therapy, and short survival. 
Haematologica  2007;92:1242-5. 

12. Balogh Z, Reiniger L, Rajnai H, Csomor J, Szepesi A, Balogh A, et al. High rate of 
neoplastic cells with genetic abnormalities in proliferation centers of chronic 
lymphocytic leukemia. Leuk Lymphoma 2011;52:1080-4. 

13. Malumbres M, Barbacid M. Cell cycle, CDKs and cancer: a changing paradigm. Nat 
Rev Cancer 2009;9:153-66. 

14. Byrd JC, Shinn C, Waselenko JK, Fuchs EJ, Lehman TA, Nguyen PL, et al. 
Flavopiridol induces apoptosis in chronic lymphocytic leukemia cells via activation 
of caspase-3 without evidence of bcl-2 modulation or dependence on functional p53. 
Blood 1998;92:3804-16. 

15. Alvi AJ, Austen B, Weston VJ, Fegan C, MacCallum D, Gianella-Borradori A, 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;105:4484-91. 

16. Chen R, Wierda WG, Chubb S, Hawtin RE, Fox JA, Keating MJ, et al. Mechanism 
of action of SNS-032, a novel cyclin-dependent kinase inhibitor, in chronic 
lymphocytic leukemia. Blood, 2009;113:4637-45. 



Cosimo et al.,                                                CR8 inhibits key pro-survival signals in CLL 

 21

17. Hahntow IN, Schneller F, Oelsner M, Weick K, Ringshausen I, Fend F, et al. Cyclin-
dependent kinase inhibitor Roscovitine induces apoptosis in chronic lymphocytic 
leukemia cells. Leukemia 2004;18: 747-55. 

18. O'Brien S. New agents in the treatment of CLL. Hematology Am Soc Hematol Educ 
Program 2008;457-64. 

19. Bettayeb K, Oumata N, Echalier A, Ferandin Y, Endicott JA, Galons H, et al. CR8, a 
potent and selective, roscovitine-derived inhibitor of cyclin-dependent kinases. 
Oncogene 2008;27:5797-807. 

20. Tang L, Li MH, Cao P, Wang F, Chang WR, Bach S, et al. Crystal structure of 
pyridoxal kinase in complex with roscovitine and derivatives. J Biol Chem 
2005;280: 31220-9. 

21. Oumata N, Ferandin Y, Meijer L, Galons H. Practical synthesis of roscovitine and 
CR8. Organic Process Res & Dev 2009;13:641-4. 

22. Oumata N, Bettayeb K, Ferandin Y, Demange L, Lopez-Giral A, Goddard ML, et al. 
Roscovitine-derived, dual-specificity inhibitors of cyclin-dependent kinases and 
casein kinases 1. J Med Chem 2008;51:5229-42. 

23. McCaig AM, Cosimo E, Leach MT, Michie AM. Dasatinib inhibits B cell receptor 
signalling in chronic lymphocytic leukaemia but novel combination approaches are 
required to overcome additional pro-survival microenvironmental signals. Br J 
Haematol 2011;153:199-211. 

24. Riccardi, C. and Nicoletti, I. Analysis of apoptosis by propidium iodide staining and 
flow cytometry. Nat Protoc 2006;1:1458-1461. 

25. Nakagawa R, Vukovic M, Cosimo E, Michie AM. Modulation of PKC-• promotes 
lineage reprogramming of committed B lymphocytes. Eur J Immunol 2012;42:1005-
15. 

26. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time 
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods, 25: 402-408, 2001. 

27. Hayden RE, Pratt G, Davies NJ, Khanim FL, Birtwistle J, Delgado J, et al. Treatment 
of primary CLL cells with bezafibrate and medroxyprogesterone acetate induces 
apoptosis and represses the pro-proliferative signal of CD40-ligand, in part through 
increased 15dDelta12,14,PGJ2. Leukemia 2009;23:292-304. 

28. Hertlein E, Byrd JC. Signalling to drug resistance in CLL. Best Pract Res Clin 
Haematol 2010;23:121-31. 

29. Tong WG, Chen R, Plunkett W, Siegel D, Sinha R, Harvey RD, et al. Phase I and 
pharmacologic study of SNS-032, a potent and selective Cdk2, 7, and 9 inhibitor, in 
patients with advanced chronic lymphocytic leukemia and multiple myeloma. J Clin 
Oncol 2010;28:3015-22. 

30. Bettayeb K, Baunbæk D, Delehouze C, Loaëc N, Hole AJ, Baumli S, et al. CDK 
Inhibitors Roscovitine and CR8 Trigger Mcl-1 Down-Regulation and Apoptotic Cell 
Death in Neuroblastoma Cells. Genes & Cancer 2010;1:369-80. 

31. Leclerc S, Garnier M, Hoessel R, Marko D, Bibb JA, Snyder GL, et al. Indirubins 
inhibit glycogen synthase kinase-3 beta and CDK5/p25, two protein kinases involved 
in abnormal tau phosphorylation in Alzheimer's disease. A property common to most 
cyclin-dependent kinase inhibitors? J Biol Chem 2001;276:251-60. 

32. Liu X, Shi S, Lam F, Pepper C, Fischer PM, Wang S. CDKI-71, a novel CDK9 
inhibitor, is preferentially cytotoxic to cancer cells when compared with flavopiridol. 
Int J Cancer 2012;130:1216-26. 

33. Lin TS, Ruppert AS, Johnson AJ, Fischer B, Heerema NA, Andritsos LA, et al. 
Phase II study of flavopiridol in relapsed chronic lymphocytic leukemia 
demonstrating high response rates in genetically high-risk disease. J Clin Oncol 
2009;27:6012-8. 



Cosimo et al.,                                                CR8 inhibits key pro-survival signals in CLL 

 22

34. Thomas LW, Lam C, Edwards W. Mcl-1; the molecular regulation of protein 
function. FEBS Lett 2010;584:2981-9. 

35. Pepper C, Lin TT, Pratt G, Hewamana S, Brennan P, Hiller L, et al. Mcl-1 
expression has in vitro and in vivo significance in chronic lymphocytic leukemia and 
is associated with other poor prognostic markers. Blood 2008;112:3807-17. 

36. Awan FT, Kay NE, Davis ME, Wu W, Geyer SM, Leung N, et al. Mcl-1 expression 
predicts progression-free survival in chronic lymphocytic leukemia patients treated 
with pentostatin, cyclophosphamide, and rituximab. Blood 2009;113:535-7. 

37. Natoni A, Murillo LS, Kliszczak AE, Catherwood MA, Montagnoli A, Samali A, et 
al. Mechanisms of action of a dual Cdc7/Cdk9 kinase inhibitor against quiescent and 
proliferating CLL cells. Mol Cancer Ther 2011;10:1624-34. 

38. Hewamana S, Alghazal S, Lin TT, Clement M, Jenkins C, Guzman ML, et al. The 
NF-kappaB subunit Rel A is associated with in vitro survival and clinical disease 
progression in chronic lymphocytic leukemia and represents a promising therapeutic 
target. Blood 2008;111:4681-9. 

39. Nowak DE, Tian B, Jamaluddin M, Boldogh I, Vergara LA, Choudhary S, et al. 
RelA Ser276 phosphorylation is required for activation of a subset of NF-kappaB-
dependent genes by recruiting cyclin-dependent kinase 9/cyclin T1 complexes. Mol 
Cell Biol 2008;28:3623-38. 

40. Dey A, Wong ET, Cheok CF, Tergaonkar V, Lane DP. R-Roscovitine 
simultaneously targets both the p53 and NF-kappaB pathways and causes 
potentiation of apoptosis: implications in cancer therapy. Cell Death Differ, 
2008;15:263-73. 

41. Takada Y, Aggarwal BB. Flavopiridol inhibits NF-kappaB activation induced by 
various carcinogens and inflammatory agents through inhibition of IkappaBalpha 
kinase and p65 phosphorylation: abrogation of cyclin D1, cyclooxygenase-2, and 
matrix metalloprotease-9. J Biol Chem 2004;279:4750-9. 

42. Leitch AE, Riley NA, Sheldrake TA, Festa M, Fox S, Duffin R, et al. The cyclin-
dependent kinase inhibitor R-roscovitine down-regulates Mcl-1 to override pro-
inflammatory signalling and drive neutrophil apoptosis. Eur J Immunol 
2010;40:1127-38. 

43. Lanasa MC, Andritsos LA, Brown JR, Gabrilove J, Caligaris-Cappio F, Larson R, et 
al. Interim Analysis of EFC6663, a Multicenter Phase 2 Study of Alvocidib 
(flavopiridol), Demonstrates Clinical Responses Among Patients with Fludarabine 
Refractory CLL. ASH Abstract 2010;58. 



Cosimo et al.,                                                CR8 inhibits key pro-survival signals in CLL 

 23

Figure 1. CR8 exhibits 100-fold increased potency over roscovitine. Cells were incubated 

with drug or left untreated. Apoptosis was analyzed by flow cytometry using Annexin V/7-

AAD. A. CLL cell viability at 24 hr incubation (n=8); B. T and B lymphocytes from freshly-

isolated PBMCs of healthy donors (n=5) were identified as CD3+ and CD19+ respectively. 

Apoptosis was analyzed after 24 hr drug treatment; C. CLL cells (n=29) were treated with 

increasing concentrations of CR8 (left). Assessment of apoptosis in individual CLL samples 

treated with 100 nM CR8 (right). p value generated by a paired t test; D. CLL viability in 

patient samples from distinct prognostic CLL subgroups were incubated with 100 nM CR8 

for 24 hr or left untreated. Results show percentage reduction in cell viability from untreated 

control and p values generated by an unpaired t test; E: CLL (n=3) viability was analyzed; F. 

CLL cells were treated with drug in the presence of FBS (solid lines) or NHS (dashed lines) 

for 48 hr. Apoptosis was analyzed. All results are percentage viability relative to control ± 

SEM unless otherwise stated.  

 

Figure 2. CR8 overcomes pro-survival signals to induce apoptosis in CLL cells co-

cultured on NT-L, targeting CDK substrates. CLL cells were cultured in medium alone 

(plastic), NT-L or CD154L/IL4 overnight, then treated with CR8 for 24 (left) or 48 hr 

(right), or left untreated. A. Percentage of viable cells was determined by excluding Annexin 

V+/7-AAD+ cells ± SEM (n=7) and p values generated by a paired t test. B. Lysates were 

prepared for Western blotting to assess PARP cleavage, CDK substrate (phospho-RNA 

polymerase II-Ser2 or -Ser5 and total RNA polymerase II) and protein loading (GAPDH/β-

tubulin). Representative Western blots shown from independent experiments carried on at 

least six individual patients. C. RNA/cDNA was prepared from cells treated with CR8 for 18 

hr as indicated, and mRNA expression levels of MCL1 (left) and XIAP (right) were 

determined by Taqman RT-PCR. Each gene is expressed relative to GAPDH reference gene 

and calibrated to untreated plastic sample. Data are mean ± SEM (n=4), and p values 
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generated by a paired two-tailed t-test. D. Lysates were prepared for Western blotting to 

assess the expression of proteins related to apoptosis and protein loading (actin). 

 

Figure 3. CR8 treatment of CLL cells reduces canonical NF-κB-mediated signaling and 

activity. CLL cells were cultured on plastic, NT-L cells or CD154L/IL4 overnight, then 

treated with 300 nM CR8 or left untreated. A. RNA/cDNA was prepared from CLL cells 

treated with CR8 for 18 hr and mRNA expression levels of NF-κB-transcription factors 

determined by Taqman RT-PCR. All data are fold change in expression of the gene of 

interest, relative to GAPDH reference gene, calibrated to untreated CLL cells on plastic (n=4 

± SEM); B. Lysates were prepared from cells treated with CR8 for 8 hr for Western blotting 

to assess the activation status of proteins related to NF-κB signaling and protein loading (β-

tubulin).  RNA/cDNA was prepared from cells treated with CR8 for 18 hr and CFLAR 

expression level was determined by Taqman RT-PCR. C. Lysates were prepared from 

treated cells for Western blotting to assess the activation status of proteins related to NF-κB 

signaling and protein loading (β-tubulin). D. Nuclear fractions were prepared from CLL 

cells. RelA activity was assessed and results are an average of 3 individual CLL patients ± 

SEM. All p values generated by paired t test. 

 

Figure 4. CR8 treatment inhibits the initiation of CLL cell proliferation upon co-

culture with CD154L/IL4. A. CFSE-labeled CLL cells were co-cultured with CD154L/IL4 

for 3 days before treatment with CR8. CFSE- unstained control (pale grey, unfilled), CFSE+-

colcemid non-proliferating control (pale grey, filled), CFSE+-untreated (black), and CFSE+-

treated with 300 nM CR8 (dark grey, unfilled). At day 6, cells were analyzed by flow 

cytometry to determine CFSE MFI. Upper histogram shows an individual CLL sample. 

Lower graph shows the CFSE MFI of CLL samples at days 6, 9 and 12 of analysis after 

treatment with CR8 at day 3, as indicated. B-left - CLL cells were co-cultured with 
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CD154L/IL4 for 3 days and then treated with CR8. After 3 days (day 6), PI analysis was 

carried out to define the cell cycle phases. The data is an average of 6 individual CLL 

samples ± SEM. Right - The same PI analysis excluding the sub-G1 apoptotic CLL cells. 

The data shown is an average of 6 individual CLL samples ± SEM and p values generated 

by a paired t test. 

 

Figure 5. CR8 treatment preferentially targets proliferating CLL cells for apoptosis. 

CLL cells were co-cultured with CD154L/IL4 for 9 days and then treated with increasing 

CR8 concentrations or left untreated for up to 3 days. p values generated by a paired t test. 

A. Cell recovery was calculated on subsequent days using absolute cell counting beads. The 

data shown is an average percentage of the original input (5x105 cells) from 7 individual 

CLL samples ± SEM; B. The percentage of apoptotic CLL cells was determined by gating 

for CD19+ (to exclude NT-L cells) 7-AAD- (excluding dead cells). The percentage of 

apoptotic cells (Annexin V+) is shown in an individual patient (left) and a graph showing the 

average percentage of early apoptotic CLL cells relative to UT control (CD19+Annexin V+7-

AAD-) present in proliferating CLL cell populations (n=9 ± SEM); C. CFSE MFI of CLL 

post treatment (CLL samples ± SEM relative to UT control; n=9). D. Flow cytometric 

analysis, in the presence of absolute cell counting beads enabled calculation of the number 

of live CLL cells (CD19+Annexin V-7-AAD-). Graph showing the average relative number 

of live CLL cells in each division (n=8).  
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CLL Sample 
I.D. 

 Age Sex Binet 
Stage 

Treated ZAP-70 
Status * 

FISH 
11q/17p 

 

% viability 
of control at 
100 nM CR8 

7 73 M C Y Pos 11q- 108.75 
8 59 F A N Neg 11q- 65.92 
14 62 M C Y Pos 17p- 96.87 
21 65 F C Y Pos ND 102.15 
28 69 F A N Pos 17p- 91.30 
31 76 M B N Pos - ND 
34 64 M B Y Pos 11q- 89.86 
35 68 M B N Pos 11q- 45.79 
41 59 M A N Neg - 42.64 
42 77 F B Y Pos - 62.32 
44 63 F A N Neg - 24.16 
45 78 M B Y Pos - 43.40 
47 58 M B N Neg - 60.29 
50 61 M C N Pos - 59.53 
51 76 M B N Neg - 38.27 
52 78 F B Y Neg 11q- 21.16 
54 56 F A N Neg - 29.66 
60 59 F A N Pos - 58.90 
64 64 M C Y Neg - 104.72 
68 57 F A Y Pos - 56.40 
69 43 M A N Pos - ND 
70 74 F C N Neg - 34.46 
75 76 M C N ND ND 74.77 
80 58 M C N Neg 17p- 101.4 
87 57 M C N Neg - 55.60 
91 62 M C Y Pos 11q- 81.80 
92 74 M C Y Pos 11q- 98.75 
93 65 M C Y Pos 17p- 97.70 
94 68 M B N Pos 11q- 65.71 
98 68 M B N Neg 17p- 82.08 
102 71 F C Y Pos 11q- 57.56 

 
Table 1: Summary of the clinical CLL samples. FISH – fluorescence in situ hybridisation. “-

” denotes samples that do not carry a 17p/11q cytogenetic abnormality. * ZAP-70 analysis was 

performed by immuno-histochemistry in our regional haematology laboratory. CLL cells were 

treated with 100 nM CR8 for 24 hr and the percentage of viable cells was determined by 

carrying out Annexin V/7-AAD flow cytometric analysis. Annexin V- 7-AAD- cells were 

considered viable. Results are shown as percentage viability relative to untreated control 

(100%). ND = not determined.  
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# Kinase inhibitors Cell death 

induction (IC50)  
CDK2/ 
cyclin A 

CDK9/ 
cyclin T 

1 Roscovitine 8.96 0.23 0.7 
2 DH22 >10 0.66 1.5 
3 ML20 6.1 1.7 2 
4 ML76 >10 0.25 3 
5 CR3 1.25 0.6 1.2 
6 ML78 1.35 1.4 1.4 
7 CR4 1.15 0.38 0.54 
8 CR8 (R) 0.18 0.16 0.35 
9 CR8 (S) 0.09 0.14 0.21 
10 CR1 2.13 0.42 1.7 
11 CR2 5.5 0.15 0.81 
12 CR11 0.73 0.09 0.42 
13 Ness2 1.26 0.28 1.4 
14 Flavopiridol 0.140 0.042 0.003 
15 SNS-032 0.064 0.022 0.0065 
 
Table 2. Effects of CDK inhibitors on CLL survival and the catalytic activity of CDK2 and 

CDK9. The ability of selected kinase inhibitors to induce cell death was tested on freshly 

isolated CLL cells obtained from previously-untreated patients (n=5). Cell viability was 

measured using flow cytometry to exclude Annexin V and PI positive cells following 24 hr 

inhibitor treatment. The same compounds were tested on two purified CDKs. IC50 values, 

calculated from the dose-response curves, are reported in μM. 
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Figure 4 - Cosimo et al.,
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Figure 5 - Cosimo et al.,
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