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cells of patients with unfavourable prognostic
factors including del17p13
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Abstract In the last decade, arsenic trioxide (As2O3) has
been used very successfully to treat acute promyelocytic
leukaemia (APL). Much less is known about the effective-
ness of As2O3 in other neoplastic disorders. In this paper,
we report that after 18 h in vitro treatment with 4 μM
As2O3, 75±18% of B cell chronic lymphocytic leukaemia
(B-CLL) cells (n=52) underwent apoptosis. It is important
to note that B-CLL cells harboring a deletion of chromo-
some 17p13, which predisposes to fludarabine resistance
and has been identified as an important negative predictor
of clinical outcome, were more susceptible to As2O3 toxicity
than cells lacking this aberration. Furthermore, unfavourable
risk profiles such as unmutated IgVH status, high CD38
expression and prior treatment were associated with signif-
icantly higher sensitivity of B-CLL cells to As2O3. As2O3

also preferentially killed B-CLL cells compared to B cells

from healthy age-matched controls. Molecular analysis
revealed that basal superoxide dismutase activity was
positively correlated with the pro-apoptotic activity of
As2O3 pointing to a role of reactive oxygen species in cell
death induction. The high activity of As2O3 in B-CLL cells
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from high-risk patients makes it a promising drug for high-
risk and/or fludarabine-refractory B-CLL patients.
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Introduction

Chronic lymphocytic leukaemia (CLL) is the most preva-
lent type of leukaemia in the Western world. It is
characterised by the accumulation of CD19/CD5-positive
B cells in the periphery, bone marrow, lymph nodes and
spleen. The course of disease varies considerably from
patient to patient depending on the presence or absence of
molecular risk factors including IgVH mutational status [1],
expression of CD38 in B cell chronic lymphocytic
leukaemia (B-CLL) [2] and T cells [3] and expression of
ZAP-70 [4, 5]. Chromosomal aberrations detected in B-
CLL cells at initial diagnosis are, in the order of frequency
of occurrence, as follows: del13q14, del11q22, trisomy 12,
del6q and del17p13 [6]. Of those, only del17p13 and
del11q22 have confirmed negative predictive value [6, 7].
Del17p13 is the strongest negative predictive factor and its
frequency has been reported to increase to up to 40% in
heavily pre-treated patients [8]. None of the current
therapies like fludarabine monotherapy, or its combination
with cyclophosphamide (FC) or chemoimmunotherapy like
FR (fludarabine, rituximab) or FCR (fludarabine, cyclo-
phosphamid, rituximab) have been shown to overcome the
negative effect of del17p13 on overall survival [9–11].
Therapeutic options currently available for this class of
patients are rather limited. Treatment of heavily pre-treated
del17p13 B-CLL patients with alemtuzumab, an antibody
to CD52, resulted in a 40% response rate, but was
unfortunately coupled to severe side effects due to immuno-
suppression [8]. In a randomised phase III study comparing
chlorambucil with alemtuzumab for previously untreated B-
CLL patients requiring therapy, alemtuzumab showed
superior progression-free survival [12]. Very recently, the
cyclin-dependent kinase inhibitor flavopiridol was shown to
be active in 42% of pre-treated patients carrying del17p13
[13]. Even with these treatment options, more than half of
the high-risk patients show no response to therapy, leaving
much room for improvement. This underlines the need for
better treatment options that can overcome mechanisms of
drug resistance associated with p53 aberrations.

In the last 15 years, arsenic trioxide (As2O3) has made a
remarkable comeback into classical medicine as a highly
effective treatment option for acute promyelocytic leukaemia
[14, 15]. In this disease, As2O3 induces differentiation
through degradation of the PML-RARα fusion protein. In
other cell types, As2O3 can induce apoptosis through

mechanisms such as mitochondrial damage [16], blocking
of cell cycle [17] or production of superoxide radicals [18] in
a caspase-dependent [19] or -independent manner [20, 21]. It
is interesting to note that, in myeloma cells, it has been
shown that p53-deleted cells are preferentially killed by
As2O3, triggering an extrinsic as opposed to an intrinsic
apoptotic pathway [22].

The goal of this study was to elucidate whether As2O3

could be useful in the treatment of high-risk B-CLL.
Therefore, its pro-apoptotic activity in B-CLL cells in
relation to high-risk factors including del17p13, unmutated
IgVH status, high CD38 expression on B and T cells and
high ZAP-70 expression was assessed. Furthermore, the
mode of cell death induction of As2O3 in B-CLL cells and
its modulation by (anti-)oxidative enzymes was investigated.

Materials and methods

Reagents

As2O3, fetal serum albumin, dithiothreitol, 2-methoxyestra-
diol and N-acetylcysteine were purchased from Sigma (St.
Louis, MO, USA). Caspase 3, caspase 8, caspase 9,
MnSOD, β-actin and PARP antibodies were purchased
from Cell Signaling Technologies (Andover, MA, USA).
Polyclonal rabbit anti-mouse antibody and polyclonal swine
anti-rabbit antibody, both conjugated to horse radish
peroxidase, were from DAKO Cytomation (Fort Collins,
CO, USA). Culture media RPMI 1640 were supplemented
with 10% fetal bovine serum, both from PAA Laboratories
(Linz, Austria). For the inhibition of apoptosis induced by
As2O3, the pan-caspase inhibitor Q-VD-OPh (Sigma, St.
Louis, MO, USA) was used at the indicated concentrations.
Dihydrofluorescein (Invitrogen, Carlsbad, CA, USA) was
used for the detection of reactive oxygen species (ROS) by
flow cytometry. Kits for determining intracellular glutathione
levels and total superoxide dismutase activity in lymphocytes
were from Dojindo, Kumamoto, Japan. Procedures were
carried out according to the manufacturer’s protocols.

Patient samples

B-CLL was defined by clinical criteria according to the
NCI working group [23] and by cellular morphology and
co-expression of CD19, CD5 and CD23 in lymphocytes
simultaneously displaying restriction of light-chain rear-
rangement as monitored by flow cytometry. Staging was
performed according to the modified Rai classification [23].
The characteristics of the patients studied are presented in
Table 1. After obtaining informed patient consent, periph-
eral blood from unselected samples of B-CLL patients was
collected in heparinised tubes during routine examinations.
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The control group consisted of 20 (8 females and 12 males)
healthy age-matched individuals. Peripheral blood mono-
nuclear cells (PBMC) were separated by density centrifu-
gation. Fresh blood samples were diluted 1:1 with RPMI
1640 and layered over Biocoll separating solution, 1.077 g/ml,
(blood/RPMI/bicoll; 1:1:1, v/v/v) (Biochrom AG, Berlin).
Centrifugation was carried out for 20 min at 400 g. The
opaque layer on top of the Biocoll containing the B-CLLs
was collected, washed twice with phosphate buffered saline
(PBS) and resuspended in RPMI 1640 medium.

Assessment of apoptosis

Apoptosis of B-CLL and T cells was assessed by staining
PBMCs from B-CLL patients for 15 min with a mixture of

Annexin V-FITC (Alexis Pharmaceuticals), 7-AAD (Beck-
man-Coulter) and fluorochrome-labelled monoclonal anti-
bodies to CD4, CD8 and CD19 (all from Beckman-Coulter).
Subsequently, samples were immediately analysed by flow
cytometry (FC500, Beckman-Coulter). Annexin V-FITC was
detected on FL1, CD19-PE on FL2, CD4-ECD on FL3, 7-
AAD on FL4 and CD8-PC7 on FL5.

Analysis of risk parameters (ZAP-70, CD38 and IgVH
mutational status)

ZAP-70 and CD38 risk status was determined using
previously established protocols [2, 24]. The cut-off values
for definition of a high-risk profile were ≥30% CD38+ or
≥20% Zap+ of B-CLL cells [24]. The cut-off for high-risk
CD38 expression on T cells was ≥50% [3]. Somatic
hypermutation of the IgVH locus was determined as described
and was classified as unmutated when 98% or greater
sequence homology to the germline occurred [2, 24].

Detection of caspase activation

Working solutions of the fluorochrome inhibitor of caspase
assay (FLICA) were prepared according to manufacturer’s
instructions (Immunochemistry Technologies, Bloomington,
MN, USA). PBMCs were incubated with FLICA reagents
(FAM-DEVD-FMK, FAM-LETD-FMK, FAM-LEHD-FMK)
at a maximum cell concentration of 5×106 cells/ml in cell
culture medium for 30 min at 37°C. FLICA wash buffer was
added and samples were washed by centrifugation. Cells were
resuspended in 100 μl Annexin V buffer containing Annexin
V-PE and 7-AAD and immediately analysed by flow
cytometry.

Western blot

At time-points indicated in the figures, 3×107 B-CLL cells
were harvested, washed once with ice-cold PBS and then
lysed 30 min on ice with intermittent vortexing in 50 μl
lysis buffer (10 mM Tris/HCl, 150 mM sodium chloride,
1 mM EDTA, 1% Triton X-100, complemented with
protease inhibitors aprotinin, leupeptin and pepstatin,
10 μg/ml each, and PMSF, 10 mM). The samples were
frozen at −80°C. Thirty micrograms of protein per lane was
subjected to a 12% SDS-PAGE gel electrophoresis and
transferred to a PVDF membrane for 1 h at 100 V. PVDF
membranes were incubated overnight at 4°C with primary
antibodies (see the “Reagents” section) at a dilution of
1:1,000, followed by incubation with secondary antibodies
(see the “Reagents” section) at a dilution of 1:5,000 for
1.5 h at room temperature. Bands were detected using
bioluminol chemiluminescence (Santa Cruz Biotechnology,
CA, USA).

Table 1 Patient characteristics

Parameters No. of patients Percentage

Total number 63 100
Sex
Male 39 62
Female 24 38
Rai stage (n=56)
Low 23 41
Intermediate 27 48
High 6 11
IgVH (n=56)
Low risk (<98% identity) 36 64
High risk (≥98% identity) 20 36
CD38 B cell (n=62)
Low risk (expression <30%) 40 65
High risk (expression ≥30%) 22 35
CD38 T cell (n=59)
Low risk (expression <50%) 26 44
High risk (expression ≥50%) 33 56
Zap-70 (n=61)
Low risk (expression <20%) 30 49
High risk (expression ≥20%) 31 51
Prior treatment (n=57)
Yes 14 25
No 43 75
Chromosomal aberrations (n=58)
Yes 31 53
No 27 47
del17p13 (n=58)
Yes 9 16
No 49 84
Trisomy 12 (n=56)
Yes 6 11
No 50 89
del13q14 (n=56)
Yes 18 32
No 38 68

Age of patients: median=72 years, range=46–93 years. Risk profile of
patients was determined as specified in the “Materials and methods”
section.
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Genomic aberrations

For detection of genomic aberrations (i.e. del17p13,
del11q22, del13q14, trisomy 12), interphase fluorescent in
situ hybridisation (FISH) analysis using the commercially
available multicolour probe set (ABBOTT/VYSIS, Vienna,
Austria) was performed according to the manufacturer’s
instructions. B-CLL cells bearing the chromosomal aberra-
tion in ≥10% of the cells were counted as positive.

Microarray hybridisation

Total RNA from PBMCs of three B-CLL patients was
isolated 6 h after incubation with or without 4 μM As2O3

using the RNAeasy kit (Qiagen, Hilden, Germany). Micro-
array production and hybridisation procedures were de-
scribed previously [25]. Briefly, human oligonucleotide
microarrays were used consisting of 33,072 features
corresponding to 29,550 different genes. Labelling and
hybridisation were based on standard operating procedures
[25] replacing the amino allyl labelling by direct labelling
with Alexa Fluor 555 and Alexa Fluor 647 as fluorophores
according to Superscript Plus Direct cDNA labelling
system (Invitrogen, Carlsbad, CA, USA). All hybridisations
were repeated with reversed dye assignment (dye swap) and
tiff files were generated using the Genepix 4100A scanner
(Molecular Devices, Sunnyvale, CA, USA). A table
including all As2O3 regulated genes and fluorescence
readings is available in the supplementary data online.

Statistics and software

For the statistical evaluation of data, the software programme
SPSS was employed. To compare two datasets, the unpaired
Student’s t test was used and the respective P values are
shown.

Differences in the respective groups were also significant
using the non-parametric Mann–Whitney U test. In the
boxblots, outliers are marked as dots. Outliers are cases that
are more than 1.5-fold the boxlength away from the upper or
lower edge of the box. One boxlength equals the interquartile
range. Tiff files from microarrays were analysed using the
GenePix Pro 6.0 and Acuity 4.0 software.

Results

As2O3 induces apoptosis preferentially in B-CLL cells
harboring the 17p13 deletion

It is known that in vivo concentrations of up to 5 μM
As2O3 can be achieved safely under clinical conditions
[26]. Treatment of cultured B-CLL cells with 2 or 4 μM

As2O3 for 18 h resulted in effective viability reduction, i.e.
a mean of 61±21% (n=51) and 24±17% (n=49) viable
cells, respectively, compared to the untreated control (P<
0.0001 in both cases).

B-CLL patients with del17p13 have a very unfavourable
prognosis and are more likely to show fludarabine
resistance than patients lacking this aberration [6, 8, 27,
28]. Therefore, we analysed the sensitivity of B-CLL cells
to As2O3 in relation to del17p13. Among the nine patients
in our cohort bearing this aberration, the percentage of B-
CLL cells with del17p13 was between 10% and 77% with a
median of 37%. It is interesting to note that del17p13 B-
CLL cells were significantly more sensitive to As2O3

compared to cells without del17p13 (P=0.029 and 0.037
for 4 and 2 μM As2O3, respectively, Fig. 1). Other
chromosomal aberrations such as del13q14 and trisomy
12, which have no or only slight negative prognostic value
in B-CLL, had no effect on the pro-apoptotic activity of
As2O3 (Table 2). Moreover, we evaluated the interaction of
fludarabine resistance with the sensitivity of B-CLL cells to
As2O3 by comparing cells which were resistant (n=4,
Fig. 2a) or sensitive (n=3, Fig. 2b) to fludarabine treatment
in vitro. No significant difference in the efficacy of As2O3

to induce apoptosis was observed between these two groups
after 18, 24 and 48 h. The maximal effect of fludarabine
was seen after 48 h in fludarabine-sensitive B-CLL cells,
therefore, this time-point is shown (Fig. 2a,b). Of note,

Fig. 1 As2O3 preferentially kills del17p13 B-CLL cells: PBMCs from
B-CLL patients with or without del17p13 were left untreated or were
treated with 4 or 2 μM As2O3 for 18 h. Viability (Annexin V/7-AAD,
−/−) of CD19+ cells was assessed by flow cytometry. The relative
numbers of viable B-CLL cells given as the percentage of untreated
control are presented. Sample numbers are indicated at the bottom of
the graph
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Fig. 2 As2O3 overcomes fludarabine resistance: a fludarabine-resis-
tant (n=4, three of four had del17p13) and b fludarabine-sensitive
PBMCs from B-CLL patients (n=3) were cultured for 48 h in RPMI
medium in the absence or presence of fludarabine or As2O3 at the

indicated concentrations. Viability (Annexin V/7-AAD, −/−) of CD19+

cells was assessed by flow cytometry. The relative numbers of viable
B-CLL cells given as the percentage of untreated control are presented.
The asterisks indicate P<0.001 compared to the untreated control

Table 2 Correlation of the
pro-apoptotic activity of As2O3

in relation to B-CLL risk
factors

PBMCs from B-CLL patients
were cultured in RPMI medi-
um and treated with 4 μM
As2O3 for 18 h. The relative
numbers of viable cells
(defined as being 7-AAD and
Annexin V-negative) in the
percentage of untreated
control are given.
*P≤0.05

Parameter % Viable cells No. of patients P value

del17p13
No 28±20 40 0.029*
Yes 12±7 9
del13q14
No 24±18 33 0.780
Yes 25±17 14
Trisomy 12
No 25±18 41 0.483
Yes 19±11 6
IgVH
Mutated (<98% identity) 31±21 30 0.017*
Unmutated (≥98% identity) 18±12 18
CD38 B cell
Low risk (expression <30%) 30±21 34 0.009*
High risk (expression ≥30%) 16±9 19
CD38 T cell
Low risk (expression <50%) 23±16 23 0.538
High risk (expression ≥50%) 27±22 27
Zap-70
Low risk (expression <20%) 30±21 24 0.066
High risk (expression ≥20%) 20±16 28
Prior therapy
No 28±20 37 0.050*
Yes 14±8 10
Sex (CLL)
Female 28±19 20 0.274
Male 22±18 34
Sex (healthy)
Male 42±24 7 0.845
Female 40±15 10
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three of four fludarabine-resistant B-CLL cell samples were
derived from patients with del17p13.

Molecular high-risk factors predispose B-CLL cells
to As2O3 toxicity

After having shown increased pro-apoptotic activity of
As2O3 in B-CLL cells with p53 deletion, we wanted to
know if other molecular high-risk factors such as unmu-
tated IgVH status, high CD38 expression on B and T cells
and high ZAP-70 expression were also associated with
higher sensitivity of B-CLL cells to As2O3. Results were
grouped with respect to the molecular risk profile and re-
analysed for the response of B-CLL cells to 4 μM As2O3.
Indeed, B-CLL cells from the high-risk groups as defined
by unmutated IgVH or high CD38 expression were
significantly more sensitive to As2O3 than cells from the
low-risk counterparts (P=0.017 and 0.009, Table 2). High
ZAP-70 expression also resulted in higher sensitivity of
cells to As2O3, albeit with only borderline statistical
significance (P=0.066, Table 2). Moreover, we compared
As2O3 sensitivity of B-CLL cells from patients with
concomitant del17p13, umutated IgVH status, high CD38
and high ZAP-70 expressions (n=4) with B-CLL cells from
patients which were negative for all risk parameters
mentioned before (n=14). B-CLL cells with multiple
high-risk characteristics had a significantly reduced viabil-
ity after As2O3 treatment compared to cells with low-risk
profile (2 μM As2O3, 41±17% viable cells versus 71±20%,
P=0.014; 4 μM As2O3, 8±4% viable cells versus 38±23%,
P=0.019). It is noteworthy that cells from three patients,
which were insensitive to As2O3 (see outlier in Fig. 1),

were all from low-risk patients in terms of chromosomal
aberrations and IgVH mutational status. We next analysed
the effect of prior treatment with fludarabine or alkylating
agents (see Table 2) on As2O3 sensitivity. Again, especially
cells from the group of patients that had obtained prior
treatment showed a trend to higher sensitivity to 4 μM
As2O3 (P=0.050, Table 2). B-CLL cells from patients at
high Rai stage were also significantly more sensitive to
4 μM As2O3 compared to patients with low or intermediate
Rai stage (see Fig. 3a).

As2O3 is selective for B-CLL cells

The sensitivity of CD19-positive B cells from healthy age-
matched donors with that of B-CLL cells was compared.
When challenged for 18 h with 4 μM As2O3, normal B cells
and B-CLL cells had a mean viability of 45±19% (n=20)
and 25±19% (n=54), respectively (Fig. 3b, P=0.0001), thus
showing a higher sensitivity of B-CLL cells to As2O3

compared to B cells of healthy donors. This effect was
dose-dependent as 2 μM As2O3 had the same impact on B-
CLL cells and normal B cells (Fig. 3b).

Caspases 3, 8 and 9 and PARP are activated by As2O3

treatment

Reports questioning the role of caspases in As2O3-induced
cell death led us to further characterise its mode of cell
death induction [21, 20]. After 6–8 h incubation with 4 μM
As2O3, onset of apoptosis as reflected by phosphatidylser-
ine translocation was observed (Fig. 4a), and cells became
positive for 7-AAD only at later stages, thus suggesting the

Fig. 3 As2O3 sensitivity:
Influence of Rai stage and
comparison of normal versus
neoplastic B cells: a PBMCs
low, intermediate and high Rai
stage B-CLL patients were left
untreated or treated with 4 μM
As2O3 for 18 h. b PBMC from
healthy age-matched controls
(white boxes) and B-CLL
patients (grey boxes) were left
untreated or were treated with 2
or 4 μM As2O3 for 18 h. In both
cases, viability (Annexin
V/7-AAD, −/−) of CD19+ cells
was assessed by flow cytometry.
The relative numbers of viable
change viable cells given as the
percentage of untreated control
are presented. Sample numbers
are indicated in the bottom of
the graph
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occurrence of apoptosis and not necrotic cell death (Fig. 4a,b).
The fraction of necrotic (7-AAD+, Annexin V−) cells was
in all cases <1% of the total population (Fig. 4b). To assess
the caspase activation pattern after As2O3 treatment in B-
CLL cells, a time course experiment was conducted using a
FLICA specific for caspase 3/7, 8 and 9. B-CLL cells were
treated with 4 μM As2O3 and FLICA-positive/7-AAD-
negative cells representing cells with activated caspases
were quantified. Concomitant activation of caspases 3/7,
8 and 9 was observed around 8 h after As2O3 addition

(Fig. 4c). To corroborate the FLICA assays, Western blots
were carried out. Activated forms of caspases 3, 8 and 9
and the downstream target PARP were detected after 12 h
treatment with 4 μM As2O3 (Fig. 4d). The joint activation
of caspase 8 and 9 indicates that both the extrinsic and the
intrinsic apoptotic pathways were activated by As2O3 in B-
CLL cells (Fig. 4c,d). When B-CLL cells were incubated
for 24 h with 4 μM As2O3 together with 40 μM of the pan-
caspase inhibitor Q-VD-OPh, the effect of As2O3 was
completely blocked in all B-CLL samples tested (n=6).

Fig. 4 As2O3-induced apoptosis activates caspase 3, caspase 8,
caspase 9 and PARP in B-CLL cells and can be blocked by the pan-
caspase inhibitor Q-VD-OPh. PBMCs from B-CLL patients were left
untreated (black bars) or were treated with 4 μM As2O3 (grey bars).
Every 2 h, apoptosis induction was assessed by Annexin V/PI staining
(a, see representative dot blot b). Cells negative for PI and Annexin V
were counted as viable. c In parallel, the activation of caspase 3/7,
caspase 8 and caspase 9 in B-CLL cells was detected using FLICA.

The result from one representative experiment is shown. d Aliquots of
those cells incubated for 12 h with or without 4 μM As2O3 were taken
for Western blot analysis. Blots were probed with caspase 3, caspase 8,
caspase 9 and PARP antibodies staining pro-enzymes and cleavage
products. Alpha-tubulin served as a protein loading control. e PBMCs
from B-CLL patients (n=6) were incubated for 24 h with or without
4 μM As2O3 in the presence or absence of 40 μM Q-VD-OPh. Viability
was monitored as described above
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This supports the notion that active caspases are crucial
components of As2O3-induced cell death in B-CLL
(Fig. 4e). Titration of Q-VD-OPh (1–50 μM) showed that
a concentration of 5 μM was sufficient to inhibit As2O3-
induced apoptosis (results not shown).

Reactive oxygen species generation and As2O3 toxicity

It has been demonstrated that B-CLL cells have higher
levels of ROS compared to B cells from healthy age-
matched controls [28, 29]. Because As2O3-induced cell

death has been shown to depend on the production of ROS,
we next addressed their role in As2O3-induced apoptosis in
B-CLL cells. We used dihydroethidine as a marker for ROS
production because it is oxidised to fluorescent ethidium
bromide within cells thus allowing relative quantification of
ROS by flow cytometry [28]. When we treated B-CLL cells
with As2O3, we observed a substantial increase of ROS
levels in B-CLL cells leading to a dose-dependent increase
in fluorescence intensity of the ethidium bromide signal
(Fig. 5a). In all samples that were sensitive to As2O3, a
substantial increase of ROS levels during induction of

Fig. 5 As2O3-induced apoptosis generates ROS and can be abrogated
by ROS scavengers like N-acetylcysteine and dithiothreitol. a PBMCs
from B-CLL patients were left untreated or were treated with 2 or
4 μM As2O3 for 18 h and generation of ROS was monitored by
oxidation of dihydroethidine to ethidium bromide in CD19+ viable
cells. The result from one representative experiment is presented. b,
left panel PBMCs from B-CLL patients (n=8) were treated with 4 μM

As2O3 with and without 25 mM N-acetylcysteine and viability was
measured after 18 h as described above. b, right panel B-CLL cells
from patients (n=36) were treated with 2 μM As2O3 with and without
500 μM dithiothreitol and viability was measured after 18 h as
described above. All values are given as the percentage of untreated
control
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apoptosis was detected (data not shown). If ROS were
essential for As2O3-induced apoptosis, scavenging of ROS
using antioxidants should be able to abrogate cell death.
Indeed, the antioxidants N-acetylcysteine (NAC) and
dithiothreitol were able to inhibit apoptosis induced by
As2O3 (Fig. 5b). This finding underlines the essential
function of ROS in As2O3-induced cell death.

High As2O3 sensitivity coincides with high superoxide
dismutase activity

The efficacy of As2O3 to induce apoptosis in human
leukaemia cell lines has been closely linked to intracellular
levels of glutathione and the activity of antioxidant
enzymes [30, 31]. To clarify the molecular reasons for the
increased sensitivity of B-CLL cells from high-risk patients

to As2O3, we measured the glutathione content of B-CLL
cells in 12 patient samples. It was highly divergent among
patients, ranging from 19 to 97 nmol/mg protein. High
glutathione levels correlated with high As2O3 resistance,
albeit only with borderline significance (Pearson correlation
coefficient of 0.477, P=0.071 for 2 μM As2O3, data not
shown). Mn-superoxide dismutase (SOD), which has a
pivotal role in the cells’ antioxidant defence, detoxifies
superoxide anions leaking from the mitochondrial respira-
tory chain. We measured total basal SOD activity in 17
patient samples and found activities ranging from 5 to
17 U/mg protein. High SOD levels correlated with high
sensitivity to As2O3 both at a concentration of 2 μM
(Pearson correlation coefficient of 0.641, P=0.007, Fig. 6a)
and 4 μM (Pearson correlation coefficient of 0.603, P=
0.011, results not shown). We repeated this experiment

Fig. 6 High SOD activity is correlated with high As2O3 toxicity and
SOD induction by oxidative stress in B-CLL cells. PBMCs of B-CLL
patients were left untreated or treated with 2 μM As2O3 or 60 μM 2-
methoxyestradiol for 18 h. a Viability of B-CLL cells was measured
as described above. Aliquots of the cells at time-point 0 were frozen at
−80°C and later analysed for total superoxide dismutase activity (n=
17) as described in the “Materials and methods” section. Basal SOD
activity was correlated to As2O3 and 2-methoxyestradiol sensitivity. b
Basal SOD activity was analysed with respect to different risk groups
like del17p13, prior therapy and CD38 expression. Numbers in white

indicate the number of patient samples analysed. c Redox-related
genes deregulated after 6 h As2O3 (4 μM) exposure. X-fold regulation
compared to mRNA levels of untreated control (±SD) from PBMCs of
three different B-CLL patients is presented. The experiment included
dye swaps and two technical replicates corresponding to 12 gene array
experiments. GSR glutathione reductase, PRDX1 peroxiredoxin 1,
SOD1 superoxide dismutase 1, SOD2 superoxide dismutase 2,
TXNRD1 thioredoxin reductase 1, GPX1 glutathione peroxidase 1,
GTT1 glutathione S-transferase
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using 2-methoxyestradiol (2-ME), a direct inhibitor of SOD
[32], to induce apoptosis in B-CLL cells from five patients.
Here too, high SOD levels were correlated to high
sensitivity to 2-ME-induced apoptosis (Pearson correlation
coefficient of 0.948, P=0.013, Fig. 6a). The patient groups
with del17p13 or prior treatment had significantly higher
SOD activity with P values of 0.031 and 0.002, respective-
ly (Fig. 6b). Only a trend for higher SOD activity was
observed in cells from CD38 high-risk compared to CD38
low-risk patients (P=0.064). We speculated that tumour
cells, having experienced oxidative stress, upregulate SOD
to convert O2

− to H2O2. To test this, we measured the
mRNA expression profile of a set of redox-relevant genes
6 h after the addition of 4 μM As2O3 to B-CLL cells from
three different patients. Among the consistently upregulated
genes, we found superoxide dismutase 1 and 2. It is
interesting to note that glutathione peroxidase that further
detoxifies H2O2 in mitochondria at the expense of reduced
glutathione was down-regulated under these conditions
(Fig. 6c). This is consistent with reports showing that
As2O3 is able to inhibit glutathione peroxidase activity [31].

Discussion

Our study demonstrates that As2O3 was able to induce
apoptosis in B-CLL cells and that it preferentially induced
apoptosis in neoplastic B cells compared to normal B cells.
Furthermore, we could show that B-CLL cells from patients
with del17p13, high CD38 expression or unmutated IgVH
status were all significantly more susceptible to As2O3-
induced apoptosis than their low-risk counterparts. B-CLL
cells with high ZAP-70 expression were also more
susceptible to As2O3-induced toxicity, albeit with only
borderline significance. Chromosomal aberrations that have
no or only minor negative prognostic value like del13q14
and trisomy 12 had no impact on As2O3 toxicity (Table 2).
From a clinical point of view, the high sensitivity of
del17p13 B-CLL cells to As2O3 is especially interesting
because it is well documented that p53 malfunction caused
by del17p13 or point mutations is a strong negative
prognostic factor for CLL and is associated with resistance
to the widely used drug fludarabine in vivo [6, 9, 8, 11] and
in vitro [7, 33].

Moreover, p53 deletion occurs in 5–10% of untreated
patients, and both the percentage of p53-deleted B-CLL cell
subpopulations in a given patient and the proportion of
patients with any p53 deletion increase during the course of
the disease and remain a negative prognostic factor for
progression-free survival and overall survival even after
regimens like FC (fludarabine, cyclophosphamide) [6, 10]
or FR (fludarabine, rituximab) [9]. In our study, B-CLL
cells from four patients that were in vitro fludarabine-

resistant and three of which had del17p13 were highly
responsive to As2O3-induced apoptosis. This supports the
view that As2O3 may be especially useful for treatment of
this unfavourable subgroup of patients.

In this context, it is interesting to note that in TR9-7
cells, a fibroblast cell line established from a patient with
Li–Fraumeni syndrome with tetracyline-regulated p53
expression, it was shown that arsenite induces mitotic arrest
and apoptosis preferentially in p53-deficient cells [34]. This
is consistent with results in p53-deficient multiple myeloma
cell lines in which arsenite leads to increased apoptosis and
G2/M arrest, compared to cell lines wt for p53-22. B-CLL
cells in the peripheral blood are mainly in G0 arrest making
cell cycle-specific effects unlikely; however, in recent studies,
increased proliferating pools within the B-CLL compartment
of high-risk patients have been identified [35, 36].

As2O3-induced cell death has generally been described
as a form of classical apoptosis; however, recent studies
investigating the effect of As2O3 in acute promyelocytic
leukaemia and Burkitt-like lymphoma cell lines suggest that
the mode of cell death induced is rather “programmed”
necrosis, i.e. caspase-independent cell death [21, 20]. In
contrast, we observed activation of caspase 3, caspase 8,
caspase 9 and PARP after As2O3 treatment of B-CLL cells.
Moreover, co-incubation with the pan-caspase inhibitor Q-
VD-OPh was able to completely block As2O3-induced
apoptosis (Fig. 4e). These data are in line with a signalling
pathway typical of classical apoptosis in B-CLL cells and
suggest that the “programmed” necrosis previously de-
scribed for As2O3 in the APL cell line and the Burkitt-like
lymphoma cell line BJAB is likely to reflect a cell type-
specific effect of cell death execution by As2O3 [21].

In contrast to APL, a role of PML-RARα regarding the
sensitivity of B-CLL cells towards As2O3 is unlikely
because the PML-RARα translocation has not been
reported in B-CLL cells and, moreover, these genes could
not be found among those regulated in our array experi-
ments. Although we cannot exclude from our data that
As2O3 also modulates the function of PML in B-CLL, we
believe that it is the interaction of As2O3 with enzymes
from the redox system that determines the sensitivity of B-
CLL cells to this agent because As2O3-induced apoptosis
could be completely blocked by antioxidants. To our
knowledge, the specificity profile of As2O3, killing prefer-
entially B-CLL cells of high-risk patients, has not been
reported for any other compound currently in use for CLL
treatment. The molecular reasons for this specificity profile
remain unclear. However, our study revealed that high
superoxide dismutase levels of B-CLL cells were correlated
with high sensitivity to As2O3. The direct inhibitor of SOD
2-methoxyestradiol also preferentially induced apoptosis in
B-CLL cells with high SOD activity. This suggests that
cells with high SOD activity very much depend on this
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enzyme for survival. Furthermore, high superoxide dis-
mutase levels in the B-CLL cells of individual patients are
likely to reflect high oxidative stress in the history of these
cells. Several lines of evidence from the present study and
other studies support this view. (1) B-CLL cells from
patients who have been pre-treated with purine analogues
and/or alkylating agents have enhanced SOD activity
(Fig. 6), (2) enhanced basal ROS levels and a higher rate
of heteroplasmic mitochondrial mutations [37]. (3) In vitro
treatment of B-CLL cells with As2O3 leads to the
upregulation of several mRNAs coding for antioxidative
enzymes including superoxide dismutase 1, superoxide
dismutase 2, glutathione reductase and thioredoxin reduc-
tase (Fig. 6c). But also other reasons for the enhanced SOD
activity in high-risk patients can be envisaged. High
interleukin-1 and -6 levels in the plasma of B-CLL patients
are associated with reduced 3-year survival and have been
shown to induce SOD2 [38, 39]. It is shown in this study
that high-risk patients carrying del17p13 have enhanced
SOD levels (Fig. 6b). This is in accordance with recent data
showing that p53 down-regulation using siRNA leads to an
increase in MnSOD mRNA and protein levels. Thus, it is
possible that the tumour suppressor function of p53 may be
in part mediated by its ability to repress the expression of
cytoprotective genes such as MnSOD [40]. Although
constitutive high expression of SOD should protect B-
CLL cells from superoxide radicals, it might render them
especially sensitive to inhibitors of the hydrogen peroxide
detoxification machinery because SOD catalyses the dis-
mutation of superoxide to hydrogen peroxide and oxygen.
Indeed, we detected a down-regulation of glutathione
peroxidase expression after As2O3 treatment (Fig. 6c). This,
together with the reported inhibition of glutathione perox-
idase activity by As2O3 [31], might lead to fatal H2O2

accumulation finally triggering apoptosis.
In conclusion, we show that B-CLL cells can be targeted

effectively by As2O3, an agent whose mild clinical risk
profile has previously been demonstrated [26]. Its selectiv-
ity for tumour cells and high activity particularly in cells
from high-risk and/or fludarabine-refractory B-CLL
patients make As2O3 a promising drug for this patient
subgroup. Further in vitro investigations are necessary to
determine the potential value of As2O3 in combination with
other cytotoxic drugs and in chemoimmune therapy
regimens currently in use for these patients to determine
its optimal application either in combination or in sequen-
tial regimens.
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