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Abstract

DNA repair aberrations and associated chromosomal instability is a feature of chronic

lymphocytic leukemia (CLL). To evaluate if DNA repair insufficiencies are related to methylation

changes, we examined the methylation of nine promoter regions of DNA repair proteins by

bisulfide sequencing in 26 CLL primary samples and performed quantitative PCR on a subset of

samples to examine BRCA1 expression. We also investigated if changes in cytogenetic or

expression level of DNA repair proteins led to changes in sensitivity to a novel PARP inhibitor,

CEP-8983, alone and in combination with bendamustine. No changes in promoter methylation

were identified in BRCA1, BRCA2, FANC-C, FANC-F, FANC-L, ATM, MGMT, hMLH1 and

H2AX except for two cases of minor BRCA1 hypermethylation. CLL samples appeared to have

reduced BRCA1 mRNA expression uniformly in comparison to non-malignant lymphocytes

irrespective of promoter hypermethylation. CEP-8983 displayed single agent cytotoxicity and the

combination with bendamustine demonstrated synergistic cytotoxicity in the majority of CLL

samples. These results were consistent across cytogenetic subgroups, including 17p deleted and

previously treated patients. Our results provide rationale for further exploration of the combination

of a PARP inhibitor and DNA damaging agents as a novel therapeutic strategy in CLL.
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INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most common leukemia among adults in

Western countries [1]. The disease remains incurable with chemotherapy-based

approaches[2]. Traditional therapies for CLL include the nucleoside analog fludarabine and

the alkylating agents chlorambucil and cyclophosphamide, which damage cellular DNA [2].

In 2008, bendamustine (Supplemental Fig. 1A), a nitrogen mustard analog that shows

significant activity against B cell neoplasms and has a unique cytotoxicity and DNA damage

profile, was approved for treatment of CLL [3–7]. As with other malignancies, DNA repair

defects are thought to be important to the pathogenesis of CLL and its resistance to therapy

[8]. The majority of gross chromosomal lesions in CLL appear to often involve at least one

gene important to proper DNA repair: 17p deletion (TP53), 13q deletion (BRCA2), 11q

deletion (ATM), and trisomy 12 (MDM2; [9–12]). Interestingly, CLL cells appear to have

significant defects in both major DNA double strand break (DSB) repair pathways: the

error-free homologous recombination (HR) and the error-prone non-homologous end joining

(NHEJ; [8, 13–17]. Lastly, upregulation of NHEJ pathway members in CLL is associated

with resistance to alkylating agents [18, 19].

The enzymes PARP1 and PARP2 are involved in a wide variety of nuclear processes,

notably DNA damage sensing and repair through the base excision repair (BER), single

strand break (SSB) repair, and double strand break (DSB) repair pathways [20, 21].

Working models suggest that inhibition of PARP may lead to an increase in SSBs, which

can form DSBs upon encountering a replication fork (Fig. 1B). Regardless of the specific

mechanism of action, PARP inhibition can be synthetically lethal in a defective DSB repair

background, as seen in patients with defective BRCA, Ataxia Telengietasia Mutated (ATM),

or Fanconi Anemia (FA) proteins [22–25]. This approach has validated clinically in breast

cancer type 1/2 susceptibility protein (BRCA1/2) mutated/deficient breast and ovarian

cancers using poly (ADP ribose) polymerase (PARP) inhibitors [26–28]. CEP-8983

(Supplementary Fig. 1A) is a potent and selective 4-methoxy-carbazole inhibitor of

PARP1/2, with low nanomolar enzyme half maximal inhibitory concentration (IC50) values

reported [29, 30].

The goal of this study was to investigate if DNA repair deficiencies in CLL are due to

changes in promoter hypermethylation and examine if agents targeting DNA repair defective

cells are synergistic in CLL primary samples. Given that CLL cells may have defects in one

or more DSB repair pathways (BRCA, ATM, FA, etc.), we hypothesized inhibition of

BER/SSB repair (i.e. PARP inhibition) could lead to enhanced cytotoxicity through

combination therapy with DNA damaging agents leading to increased double strand breaks

and cell death(Supplementary Fig. 1B). DNA repair genes have been reported to be

hypermethylated in human leukemias, including BRCA1 in AML, and hMLH1 in Richter’s
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transformation of CLL [31, 32]. Furthermore, BRCA1 promoter hypermethylation has been

shown to predict response to PARP inhibitors in other malignancies [33–35]. To explore if

changes in DNA repair function in CLL are due to methylation changes, we examined DNA

repair pathway proteins BRCA1, BRCA2, FANC-C, FANC-F, FANC-L, ATM, MGMT,

hMLH1, H2AX.

MATERIALS AND METHODS

Drugs

CEP-8983 (CEP-9722 metabolite) and bendamustine were obtained from Cephalon Inc.

Upon arrival, powder forms of the drugs were dissolved in dimethyl sulfoxide (DMSO;

American Type Culture Collection [ATCC]) at stock concentrations of 10 mM. Stocks were

aliquoted into 25 μl volumes and stored at −80°C and thawed immediately before use. All

samples in the described experiments contained identical concentrations of DMSO. The

upper dose range analyzed in assays(CEP-8983 50uM, bendamustine 50uM) were chosen

through prior reports of plasma in vivo concentrations [36, 37].

Patient samples

CLL patient samples were provided by the Sidney Kimmel Comprehensive Cancer Center at

Johns Hopkins Tumor and Cell Procurement Bank, supported by the Regional Oncology

Center Grant # 2 P30 CA 006973-44. All patients gave informed consent according to the

Declaration of Helsinki under a protocol approved by the Johns Hopkins Institutional

Review Board. FISH cytogenetic data and immunoglobulin heavy chain variable region

(IgVH) mutation status were gathered from patient records for each sample. Most patient

samples were processed via Ficoll-Hypaque (GE Healthcare) density gradient purified

mononuclear cells, which were then sorted via magnetic bead conjugated CD34 antibody to

give CD34 negative lymphoid cells. These were aliquoted and frozen in 10% DMSO/90%

fetal bovine serum (FBS; Gemini Bioproducts) at −80°C until use. Before use, the samples

were thawed rapidly at 37°C, washed twice with RPMI, and resuspended in an appropriate

volume of culture medium. Post thaw viability was assessed by trypan blue exclusion. Three

patient samples were obtained as fresh whole blood in heparin tubes (BD), processed and

used in experiments without freezing or CD34 sorting.

Bisulfite Conversion

Genomic DNA (gDNA) extracted using the Wizard Genomic Purification Kit (Promega)

was bisulfite treated with the EZ DNA methylation kit (Zymo Research) for 16 cycles of

95°C for 10 minutes, 50°C for 60 minutes.

Quantitative Methylation-specific PCR (qMSP), MSP

For qMSP, bisulfite-converted gDNA was added to QuantiTect SYBR Green mix (Qiagen)

containing either the unmethylated (U) or methylated (M) primer pairs for analysis on the

iCycler iQ real-time PCR detection system (Bio-Rad) according to manufacturer’s

recommendations. Primer sequences are listed in supplementary table S1. To quantify the

qMSP products, bisulfite-converted gDNA mixtures as indicated below were used to

generate standard curves for the unmethylated (U) and methylated (M) qMSP reactions
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using gDNA from normal peripheral lymphocytes (NL) and in vitro CpG methylated (IVD)

Jurkat gDNA (N4002S, New England BioLabs). Genomic sequences were obtained from the

Ensembl Genome Browser (www.ensembl.org). The percent methylation of each sample

was calculated by the ratio of the M reaction quantity to the sum quantity of the U and M

products. Each sample was performed in duplicate and called positive for methylation when

its M amplicon matched the melting temperature of IVD product and had the same product

size when visualized on a 2.5% agarose gel. MSP analysis of BRCA2 and Fanconi Anemia

genes (FANC-A, FANC-C, FANC-F, FANC-L, ATM, MGMT, MLH1, H2AX) was

performed as described previously [38]. Primers were designed using MSPPrimer [39].

Unmethylated Standard NL gDNA IVD gDNA

1x 1ng 999ng

5x 5ng 995ng

10x 10ng 990ng

50x 50ng 950ng

100x 100ng 900ng

200x 200ng 800ng

500x 500ng 500ng

1000x 1000ng

Methylated Standard NL gDNA IVD gDNA

1x 999ng 1ng

5x 995ng 5ng

10x 990ng 10ng

50x 950ng 50ng

100x 900ng 100ng

200x 800ng 200ng

500x 500ng 500ng

1000x 1000ng

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

1 μg total RNA extracted using the Trizol reagent (Invitrogen Life Technologies) was

reverse transcribed into cDNA using the iScript supermix kit (Bio-Rad). Real-time PCR was

performed in triplicates on an iCycler iQ real-time PCR detection system (Bio-Rad) using

the SsoAdvanced SYBR green supermix (Bio-Rad) according to manufacturer’s

instructions. Primer sequences are listed in supplementary table S2. BRCA1 gene expression

levels were calculated using the 2−ΔΔCt method after normalization with cell cycle marker

PCNA.
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Cell lines and culture methods

All cell lines and CLL primary patient samples were cultured in RPMI 1640+ (Gibco),

supplemented with 10% FBS (Gemini Bioproducts), 1% L-Glutamine (Gibco), and 1%

Penicillin Streptomycin (Gibco), at 37°C in 5% CO2. SEM cells were obtained from

Deutsche Sammlung von Mikrooganismen und Zellkulturen (DSMZ). HL-60 and TF-1 cells

were obtained from ATCC. NCI-H929 and U-266 cell lines were provided by Ivan Borrello

(Johns Hopkins University). Dami and HEL cell lines were provided by Michael McDevitt

(Johns Hopkins University).

Cytotoxicity Assays

Cytotoxicity was assessed using an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl

tetrazolium bromide) assay (Roche). Cells were incubated in 96 well plates with increasing

doses of drug (0, 1, 5, 10, 20, 50 μM) for 72 hours at 37°C in 5% CO2. Each condition was

performed in quadruplicate (4 wells of plate). For drug combinations, a 1:1 ratio of drug

concentration was used, with identical incubation times. Untreated cells were used as

negative control. At the end of the 72-hour incubation, the MTT reagents were added as per

manufacturer’s protocol, and the colorimetric output was read using a Bio-Rad microplate

reader.

Western blotting

Western blotting was performed as previously described [40]. Primary antibodies (anti-PAR

rabbit polyclonal [Trevigen]; anti-caspase 3 rabbit polyclonal [Cell Signaling]; anti-β actin

rabbit polyclonal [Cell Signaling]; anti-γH2AX mouse monoclonal [Upstate]) were diluted

at 1:1000 in blocking buffer and incubated with membranes overnight at 4°C while rocking.

Horse radish peroxidase conjugated secondary antibodies (sheep-anti-mouse IgG and

donkey-anti-rabbit IgG [GE Healthcare]) were diluted at 1:5000 in blocking buffer and

incubated with membranes for 1 hour at room temperature while rocking. Proteins were

visualized using Amersham enhanced chemiluminescence (ECL; GE Healthcare), exposed

on BioMax XAR Film (Kodak), developed, and scanned using a Bio-Rad GS800

densitometer.

Statistical Analyses

MTT assays were analyzed using Microplate Manager version 5.2.1 (Bio-Rad). Western blot

films were analyzed using Quantity One version 4.5.0 (Bio-Rad). Effective dose curves,

isobolograms, IC50 values, and combinational indices were determined using CalcuSyn

version 2.1 (Biosoft). Figures and statistical analyses were generated in CalcuSyn and

GraphPad Prism 4. The in vitro data were analyzed using two-tailed t tests.

RESULTS

Promoter methylation analysis of DNA repair genes and reduced BRCA1 mRNA
expression in CLL

To determine if epigenetic silencing of genes involved in DNA repair can underlie

sensitivity to DNA damaging therapies, we investigated the promoter CpG island
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methylation status of BRCA1 using qMSP and BRCA2, FANC-C, FANC-L, FANC-F, ATM,

MGMT, MLH1 and H2AX using MSP in a series of CLL patient samples. We observed no

significant frequency of methylation of most of the DNA repair genes (Table 1). However,

two CLL samples had detectable BRCA1 hypermethylation, but at levels lower than

previously observed in breast and ovarian cancer (0.07, 1.47%) as determined by qMSP

(Figure 1). BRCA1 expression was normalized to PCNA, a cell cycle marker, as the

expression of BRCA1 is cell cycle dependent. While the expression of BRCA1 was reduced

in both samples with DNA methylation, we found that all samples in this small cohort of

CLL samples investigated for BRCA1 mRNA showed significantly reduced expression (60–

80% reduction) compared to normal peripheral blood mononuclear cells (Figure 1). The

consistency across the limited samples we analyzed likely indicates that reduced BRCA1

expression is not a rare occurrence in CLL.

The combination of CEP-8983 and bendamustine results in synergistic cytotoxicity in a
significant proportion of CLL primary patient samples in vitro

In order to explore the in vitro activity of PARP inhibitor in CLL cells, we investigated

sensitivity to the PARP inhibitor CEP-8983 alone and in combination with the alkylating

agent bendamustine in primary patient CLL samples. A total of 26 CLL samples were used

for this study (Supplementary Table S1). Twenty-two of the samples (20 unique patients)

were incubated for 72 hours with increasing doses of CEP-8983, bendamustine, and a 1:1

combination of CEP-8983 and bendamustine, and then analyzed for cytotoxic effect using

an MTT assay. Dose response curves for each treatment were generated for each of the

samples (Figure 2A, B). The mean IC50 values were 16.84, 42.53, and 11.85 μM for

CEP-8983, bendamustine, and the combination, respectively (Figure 2C). CEP-8983 and

bendamustine each sensitized the CLL cells to the other’s cytotoxic effects in vitro, as the

mean IC50 of the combination was significantly lower than the mean IC50 values for each

monotherapy (p<0.05; Figure 2C). The most sensitive samples for each treatment had IC50

values in the low single-digit micromolar range. Five samples, including one previously

treated with bendamustine, one trisomy 12, one 11q deleted, and two 17p deleted, were

resistant to bendamustine in our assay, as defined by clearly unachievable IC50 values (e.g.

in the 1000s of μM). These values were excluded from statistical analyses. However, none

of the samples were resistant (as defined by ability to calculate combined IC50 below

50uM) to the combination suggesting the possibility of this drug combination may overcome

therapeutic bendamustine resistance of CLL cells.

To further quantify drug interactions in these samples we used the Chou-Talalay method to

calculate a combinational index (CI) value indicative of synergistic (0<CI<1), additive

(CI=1–1.1), or antagonistic (CI>1.5) cytotoxic effects at the IC50, IC75, and IC90 [41]. A

qualitative isobologram of drug interactions (Figure 2A), as well as quantitative CI values,

were generated for each sample. The mean CI values were close to 1 at all effective doses

(1.146, 1.010, and 0.9650 at the IC50, IC75, and IC90, respectively; Figure 2D). Importantly,

45%, 50%, and 60% of the patient samples analyzed displayed synergistic interactions

between the drugs at the IC50, IC75, and IC90, respectively (Figure 2D). Samples that did not

display synergy using this calculation generally had CI values below 1.5, indicating additive

effects or only minor antagonism, if any. The combination of CEP-8983 and bendamustine
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resulted in synergistic cytotoxicity in a significant proportion of CLL primary patient

samples in vitro. However, it is also evident that there is a range of sensitivity and

synergistic interactions across the general CLL patient population.

Sensitivity to CEP-8983, alone and in combination with bendamustine, and synergistic
interactions are consistent across genetic and cytogenetic subtypes of CLL, including
previously treated patients

In order to understand the differential sensitivity to CEP-8983, alone and in combination

with bendamustine, and their synergistic effects, we stratified the 20 unique patients who

were analyzed by the MTT assays described above into previously established genetic and

cytogenetic subgroups. We defined groups based on IgVH mutation status and cytogenetic

abnormalities identified by FISH (e.g. trisomy 12, deletion 11q, deletion 13q, deletion 17p).

39%, 25%, 20%, 40%, and 35% of patient samples were positive for IgVH mutation, trisomy

12, deletion 11q, deletion 13q, and deletion 17p, respectively (Supplementary Table S1).

Comparison of the IC50 and CI values for CEP-8983 alone and in combination with

bendamustine across these subtypes revealed no significant differences (Supplementary Fig.

2A, 2B). Further analysis of the number of FISH abnormalities (data not shown) and prior

treatment (Supplementary Figure 3A, B) revealed no significant differences between groups.

Patients who had been treated with bendamustine prior to this analysis had significantly

higher bendamustine IC50 values in vitro compared to bendamustine naïve patient samples

(p<0.05; Supplemental Figure 3C). Notably, this combination has in vitro activity in 17p

deleted CLL patients (Supplemental Figure 2A, B), who are known to have worse prognoses

and therapeutic resistance, as well as previously treated patients (Supplemental Figure 3A,

B).

Investigation into the mechanism of action of CEP-8983 and bendamustine in B cell
malignancies

Due to the lack of a standard model cell line for CLL, we investigated the mechanism of

action of CEP-8983 alone and in combination with bendamustine in other lymphoid and

myeloid cell lines. We examined general cytotoxicity due to CEP-8983 in 7 cell lines with

or without known p53 mutations, which revealed moderate IC50 values in the mid- double

digit micromolar range for most cell lines examined (Figure 3A). We examined the

mechanisms of action of CEP-8983 and bendamustine in the p53 WT established B cell

precursor acute leukemia cell line SEM since it was the most sensitive cell line we tested

(Figure 3A).

MTT assays of SEM revealed a dose-dependent decrease in cell viability, with the majority

of the cytotoxic effect caused by CEP-8983 and the combination with bendamustine

occurring between 0–20 μM in vitro (Figure 3B). Notably, dose-dependent bendamustine

cytotoxicities in SEM and the two multiple myeloma cell lines NCI-H929(p53WT) and

U-266 (p53 mut) were significantly higher than the acute myeloid leukemia (AML) cell

lines HL-60, TF-ITD (TF-1 with FLT3 ITD), and Dami (p<0.05; Figure 3A) which all have

a p53 mutation.
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To determine in more detail the cellular and molecular mechanisms involved in CEP-8983-

mediated cytotoxity in SEM, we examined target proteins via western blotting after in vitro

exposure to drug. As expected, CEP-8983 treatment resulted in a dose-dependent inhibition

of PAR levels (Figure 3C), consistent with its proposed mechanism of action. The reduction

in PAR correlated well with cytotoxicity in the MTT assay, with >90% inhibition achieved

at the IC50 (Figure 3B, C). CEP-8983 treatment also resulted in a dose-dependent increase in

DNA damage (i.e. toxic DSBs), as shown by increased γH2AX protein levels, as well as

apoptosis, as shown by increased cleaved caspase 3 protein levels (Figure 3C).

Bendamustine treatment also resulted in increased DSBs and apoptosis, but not to the same

extent as equimolar CEP-8983 (Figure 3C). The combination of CEP-8983 and

bendamustine resulted in reduction in PAR levels similar to CEP-8983 monotherapy, even

in the presence of the DNA damaging activity of bendamustine (Figure 3C). Importantly, the

combination resulted in synergistic induction of DSBs and apoptosis as shown by nonlinear

increases in γH2AX and cleaved caspase 3 protein levels, respectively (Figure 3C).

Together, these results indicate the expected mechanism of action of CEP-8983 and reveal

toxic synergistic interactions with bendamustine at the molecular level in a B cell

malignancy.

We next performed a similar protein target assessment in two primary CLL samples to

corroborate the results obtained in SEM cells. We found similar but less drastic reductions in

PAR levels with CEP-8983 and the combination with bendamustine in both samples. We

further assessed one sample for DNA damage and apoptosis, which revealed synergistic

induction of DSBs and apoptosis upon treatment with the drug combination (Figure 3D). In

summary, our primary CLL samples responded in a manner similar to SEM, suggesting a

common mechanism of action.

DISCUSSION

We have reported several novel and important findings from our studies: 1) Promoter

hypermethylation is not a common cause of DNA repair deficiencies in CLL 2)Reduced

expression of BRCA1 mRNA appears to be a common occurrence in CLL; 3) the

combination of CEP-8983 and bendamustine induces synergistic cytotoxicity in a significant

portion of CLL patient samples, with a range of sensitivity and synergy.

Unfortunately, promoter hypermethylation is not a common finding in the nine genes we

examined but two cases were found to have BRCA1 promoter hypermethylation. The lower

level of hypermethylation seen in our two CLL samples as compared to solid tumor models

may indicate only the most extreme form of BRCA1 inactivation, which may involve

chromatin modifications which repress BRCA1 expression in CLL as we have seen for

CTNNA1 in AML [42]. Despite infrequent promoter methylation changes, reduced

expression of BRCA1 at the level of mRNA appears more common in CLL and is due to

unknown causes. Future chromatin immunoprecipitation studies could provide greater

insight into this form of epigenetic silencing, which in viable samples could be linked to

defects in homologous recombination using Rad51/γH2AX foci assays. Nonetheless, the

identification of this aberration, in conjunction with previous reports of DNA repair defects
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in CLL, strengthens the rationale for using PARP inhibitors and DNA damaging agents as

targeted therapies for CLL.

The only previous study looking at PARP inhibition in CLL identified ATM deficiency as a

determinant of sensitivity to the PARP inhibitor olaparib in CLL cells [43]. Additionally, the

authors showed that synergy between olaparib and bendamustine could be observed in the

ATM mutant mantle cell lymphoma cell line Granta-519 [43]. Our study extends these

observations and is the most extensive study of a PARP inhibitor in combination with a

DNA damaging agent in CLL primary patient samples to date. The IC50 values and

cytotoxic responses to bendamustine in the MTT assay were similar to those expected for

CLL samples[44]. Moreover, our results indicate that sensitivity to CEP-8983 and synergy

with bendamustine are likely independent of ATM/11q status, and in contrast, span all

genetic and cytogenetic subtypes. Exploiting this synergistic sensitization may increase the

therapeutic index of these drugs by allowing lower doses of each to be given compared to

monotherapy.

In conclusion, our data provide support for the study of the combination of a PARP inhibitor

and bendamustine to the clinical setting, for use in CLL and possibly other B cell neoplasms.

Early phase clinical trials will help determine the in vivo activity and interactions of the

drugs, giving us a better indication of their utility for altering disease course of patients with

CLL. Additionally, correlative studies, such as evaluation of DNA repair genes and their

functionality, as well as PAR levels, of patients treated with this combination will help

facilitate the discovery of suitable biomarkers of response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BRCA1 expression in CLL
BRCA1 mRNA expression levels were examined in CLL patient samples using RT-qPCR.

Values normalized to PCNA expression and relative to normal lymphocytes (NL).
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Figure 2. Cytotoxicity analysis of CLL primary patient samples
(A) Dose-effect curve (⊙=bendamustine, +=CEP-8983, ×=combination at 1:1 ratio). Bottom

graph: Isobologram of combination (lower line=90% inhibitory concentration (IC90), middle

line=IC75, upper line=IC50). The markings ×, +, and ⊙, represent a measure of the drug

interactions at the IC50, IC75, and IC90, respectively. (B) Composite dose curve depicting %

viable cells (relative to untreated) after treatment with CEP-8983, bendamustine, and

combination at a 1:1 ratio. (C) Plot depicting the IC50 values of CLL primary patient

samples treated with CEP-8983, bendamustine, and combination. Mean IC50 values were

16.84, 42.53, and 11.85 μM for CEP-8983, bendamustine, and the combination, respectively

(*p<0.05, **p<0.01). (D) Plot depicting the combinational index (CI) of CLL samples at the

IC50, IC75, and IC90. Values below 1 are synergistic. Mean CI values are 1.146, 1.010, and

0.9650 at the IC50, IC75, and IC90, respectively.
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Figure 3. Responses of cell lines and CLL samples to CEP-8983, bendamustine and combination
of both drugs
(A) The acute myeloid leukemia (AML) cell lines with p53 mutations HL-60, TFITD, and

Dami, the multiple myeloma cell lines U-266(p53 mut) and NCI-H929(p53 WT), and the B

cell precursor leukemia cell line SEM(p53 WT) were treated with increasing doses (0–50

μM) of CEP-8983 (top graph), bendamustine (middle graph), and a 1:1 combination of the

two drugs (bottom graph) for 72 hours. The cytotoxicity/% viability (relative to untreated)

was analyzed using the MTT assay. SEMs were the most sensitive to CEP-8983 and the

combination. The dose curves for the three B cell cancer cell lines treated with
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bendamustine are similar and significantly different from the three AML cell lines (p<0.05).

(B) Composite of SEM dose curves. (C) Western blot analysis of SEM cells treated with

CEP-8983, bendamustine, and the combination, all at two different dose levels (5 and 20

μM) for 72 hours. The 10% DMSO treatment represents a positive control for apoptosis. The

graph below the blots is a log scale representation of the relative protein levels, determined

by their optical density in the blot, and normalized to β actin levels. Quantification allows

the categorization of synergistic interactions, including synergistic induction of DSBs, as

shown by γH2AX levels, and synergistic induction of apoptosis, as shown by cleaved

caspase 3 levels (^ indicates saturation of densitometer). (D) Western blot analysis of a

chronic lymphocytic leukemia (CLL) primary patient sample treated with CEP-8983,

bendamustine, and the combination, all at 5 μM for 72 hours. The results mimic those seen

in SEM.
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