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Background
The aims of the present study were to ascertain the activation status of Akt in the primary
cells of chronic lymphocytic leukemia and to investigate the effects of specific Akt inhibi-
tion on chronic lymphocytic leukemia-cell survival.

Design and Methods
Anti-phospho-Akt (Ser473 or Thr308) antibodies and western blotting were used to estab-
lish the activation status of Akt. The effects of two different, specific small-molecule
inhibitors (A-443654 or Akti-1/2) or small interfering RNA on cell survival and down-
stream targets of Akt were assessed. Apoptosis was determined by fluorescence-activated
cell sorting analysis of phosphatidylserine exposure and by measurement of PARP cleav-
age. The phosphorylation status of GSK-3 and MDM2, two immediate downstream sub-
strates of Akt, levels of the anti-apoptotic proteins BCL2 and MCL1, and expression of p53
and p21 were all measured by western blotting. 

Results
Fully activated Akt was demonstrable in all chronic lymphocytic leukemia clones exam-
ined (n=26). These results were validated with extensive controls and it was shown that a
harsh method of cell extraction is needed for detection of the active enzyme. Specific inhi-
bition of Akt induced extensive apoptosis of chronic lymphocytic leukemia cells, which
was associated with both a rapid loss of MCL1 through proteasomal degradation and
increased expression of p53. Moreover, the Akt inhibitors, at concentrations that induced
extensive apoptosis in chronic lymphocytic leukemia cells, had little or no effect on nor-
mal peripheral blood mononuclear cells.

Conclusions
Chronic lymphocytic leukemia clones consistently contain activated Akt which plays a
pivotal role in maintaining cell survival. Inhibition of the Akt pathway may be of poten-
tial value as a novel therapeutic strategy in chronic lymphocytic leukemia.
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Introduction

Chronic lymphocytic leukemia (CLL) is a malignancy of
CD5+ B cells that have been linked to memory cells.1

Although the pathogenesis of the disease is still not fully
understood, chronic (auto)antigenic stimulation via the B-
cell antigen receptor is thought to be involved.2 B-cell anti-
gen receptor stimulation activates a number of down-
stream pathways and probably contributes to expansion of
the malignant cells and, at least in certain clones, to cell sur-
vival.3 In addition, a number of other mechanisms are
important in CLL-cell survival. These include over-expres-
sion of anti-apoptotic proteins such as BCL2,4 aberration of
the ATM/p53 tumor suppressor pathway,5 deregulation of
autocrine cytokines6 and interaction with microenviron-
mental factors such as paracrine cytokines and accessory
cells.7 Many of these mechanisms involve the activation of
the phosphatidylinositol-3 kinase (PI-3K) pathway which is
thought to play a vital role in the survival of CLL cells.8-10

Following cell stimulation, PI-3K is recruited to the inner
surface of the plasma membrane where it becomes activat-
ed and phosphorylates phosphatidylinositol 4,5-bisphos-
phate (PIP2) to become phosphatidylinositol 3,4,5,-triphos-
phate (PIP3).11 The PIP3 then recruits to the cellular mem-
brane a set of proteins that contain a pleckstrin homology
domain; such proteins include phosphatidylinositol-
dependent kinase 1 (PDK1) and the serine-threonine kinase
Akt (also known as PKB, protein kinase B).12 PDK1 phos-
phorylates Akt1 at threonine 308, but full activation of Akt
requires additional phosphorylation at serine 473 by other
kinases.13,14

Activated Akt is the principal mediator of pro-survival
signaling regulated by PI-3K.14 This pro-survival effect can
be mediated by transcriptional, translational and post-
translational regulation of a number of apoptosis-related
molecules.15-20 Furthermore, there is compelling evidence
from animal models linking Akt with the development of a
number of malignant lymphoid disorders. For example,
transgenic mice expressing myristoylated Akt1 (Myr-Akt1)
(which is membrane bound and hence constitutively
active) rapidly develop aggressive B-cell lymphomas with
leukemic involvement.21 More recently, a separate study
with a similar experimental approach has also shown that
mice expressing human Myr-Akt1 develop a mature B-cell
leukemia.22 In addition, expression of human Akt1 contain-
ing an E17K mutation in the pleckstrin homology domain
(which facilitates Akt activation by aiding its plasma-mem-
brane localization) induces a B-cell leukemia in mice.22 Also,
transgenic mice over-expressing Tcl1 (T cell leukemia-1)
develop a CLL-like disorder associated with TCL1-stimu-
lated Akt activation.23,24

The role of Akt in the pathogenesis of CLL in humans is,
however, still controversial. Previous studies have given
contradictory results concerning the presence of phospho-
rylated Akt in unstimulated CLL cells. For example, some
studies have reported the presence of phosphorylated
enzyme,25-27 while others have not, despite demonstrating
active PI-3K kinase in CLL cells.8-10 In particular, a very
recent study did not detect phosphorylated Akt in any of
21 CLL samples studied.28 These conflicting data make it
difficult to know whether pharmacological inhibitors of
Akt29,30 might be of potential therapeutic value in CLL. 

Here, we studied the activation status of Akt in CLL,
examining the effect of Akt inhibition on selective killing of
CLL cells and the mechanisms involved.

Design and Methods

Patients 
All samples were obtained with informed consent and with the

approval of the Liverpool Research Ethics Committee.  The diag-
nosis of CLL was based on standard morphological, and
immunophenotypic criteria, as described elsewhere.31 The clinical
details of the CLL patients are shown in Online Supplementary
Table S1. The diagnosis of mantle-cell lymphoma (MCL) with
leukemic involvement was made on the basis of the presence in
the blood of cells expressing typical surface markers (clonal CD5+

B cells expressing strong surface immunoglobulin, but lacking
CD23). In MCL#1, more than 30% of all the cells had a blastic
morphology and this case, therefore, had the blastoid variant of
MCL.

Cell preparation and culture
Peripheral blood mononuclear cells (PBMC) were isolated from

patients and healthy volunteers by centrifugation of blood over
Lymphoprep (Axis-Shield PoC AS, Oslo, Norway); in most exper-
iments, PBMC were stored in liquid nitrogen prior to use. After
thawing, PBMC were cultured in RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum, 2 mM L-
glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin
(Invitrogen, Paisley, UK). To ensure that the phospho-Akt detect-
ed in the CLL-cell samples was not derived in any significant way
from contaminating cells, some CLL clones (n=8) were purified
after thawing by depleting mononuclear preparations of contami-
nating T, NK and monocytic cells. This was done with fluorescein
thiocyanate-conjugated anti-CD3, -CD16 and -CD14 antibodies
(BD Biosciences, Oxford, UK), respectively, and with subsequent
removal of reactive cells using magnetic microbeads coated with
anti-fluorescein thiocyanate mouse antibody (Miltenyi Biotech,
Bergisch Gladbach, Germany). The purity of CLL cells was deter-
mined by fluorescence activated cell sorting (FACS) measurement
of cells displaying both CD5 and CD19.

Akt inhibitors
Two different inhibitors were employed (A-443654 and Akti-

1/2). A-443654 was provided by Dr Vincent Giranda at Abbott
Laboratories (Abbott Park, IL, USA). A-443654 is a relatively spe-
cific inhibitor of Akt32-34 and, in cellular studies, inhibits the kinase
with an EC50 of between 0.3 µM32 and 1 µM.33 The other inhibitor
(Akti-1/2) ( Calbiochem/Merck Biosciences, Nottingham, UK) is
highly selective34,35 and completely inhibits Akt1 and Akt2 in
intact cells of established cell lines at concentrations of 1 µM36 to
5 µM.37

Antibodies and other reagents 
Three antibodies against phospho-Akt (all from Cell Signaling

Technology, New England Biolabs, Herts, UK) were employed for
western blotting: a rabbit polyclonal antibody specific for phos-
pho-Akt (Ser473) and two mouse monoclonal antibodies against
phospho-Akt (Ser473) (clone 587F11) and phospho-Akt (Thr308)
(clone L32A4). Additional antibodies used were rabbit polyclonal
antibodies against total Akt, phospho-GSK3α/β (Ser21/9), GSK3α,
phospho-MDM2 (Ser166) and a mouse monoclonal antibody spe-
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cific for the Akt1 (clone 2H10) (Cell Signaling Technology). Rabbit
polyclonal antibodies to MCL1 and BCL2 and a mouse monoclon-
al anti-MDM2 (clone SMP14) were from Santa Cruz
Biotechnology (Insight Biotechnology, Middlesex, UK). Mouse
monoclonal antibodies against p53 (clone PAb1801) and p21
(clone EA10) (both from Oncogene/Merck Biosciences), PARP
(clone C2-10) (R&D Systems, Minneapolis, MN), and β-actin
(clone AC-74) (Sigma-Aldrich, Gillingham, UK) were also
employed. Regarding inhibitors, SB216763 (BIOMOL Research
Laboratories, Plymouth Meeting, PA, USA) was employed to
block GSK-3 activity. The pan-caspase inhibitor Z-VAD.fmk, the
proteasome inhibitor MG-132, and the PI-3K inhibitor LY296002
were all from Calbiochem/Merck Biosciences. Other chemicals,
unless otherwise stated, were obtained from Sigma-Aldrich.

Western blotting
Sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) and immunoblotting were performed essentially as
described elsewhere.38 Briefly, cell pellets were resuspended on ice
in lysis buffer containing 10 mM Tris-HCl (pH 7.4), 5 mM MgCl2,
1% Triton X-100, 100 mM NaCl, 10 mM NaF, 1 mM Na3VO4 and
a protease inhibitor cocktail. After sonication, cellular proteins
were separated on an SDS-polyacrylamide gel and transferred to
Immobilon-P polyvinylidene difluoride membranes (Millipore
Corporation, Bedford, MA, USA), which were probed with the
appropriate primary antibodies. Immunoreactivity was detected
with the relevant horseradish peroxidase-labeled secondary anti-
bodies which, in turn, were visualized on an Image Reader LAS-
1000 (Fujifilm, Tokyo, Japan) using an enhanced chemilumines-
cence kit (Amersham Biosciences, Buckinghamshire, UK). For
quantification of the data, the images were further analyzed on
the same instrument using 2D Densitometry Aida Image Analyzer
software (Fujifilm). In selected experiments, membranes were
reprobed after stripping in buffer containing 62.5 mM Tris-HCl
(pH 6.7), 2% SDS and 100 mM 2-mercaptoethanol at 50°C for 30
min.

Flow cytometric analysis of apoptosis
CLL cells were seeded at 4×106 cells/mL in a multi-well plate

precoated with polyHEMA (to prevent cell adhesion) in the pres-
ence of the Akt inhibitors.  After incubation, apoptosis was deter-
mined in aliquots of cells using a FACS method employing dual-
staining with annexin V and propidium iodide;38 the remaining
cells were analyzed by western blotting.

Transfection of small interfering RNA in chronic 
lymphocytic leukemia cells

The transfection was performed using the Human B cell
Nucleofector Kit (Amaxa AG, Cologne, Germany), and its efficien-
cy was monitored by FACS analysis 24 h after transfecting 1×107

CLL cells with 2 µg of pMaxGFP (Amaxa AG) or with 2 µg of flu-
orescent non-specific control siRNA duplex (Integrated DNA
Technologies (IDT), Coralville, IA, USA). As the transfection effi-
ciency varied considerably between individual CLL samples, only
cells with a transfection efficiency of more than 35% were used
for knock-down experiments. To knock down Akt1, we used a
mixture of equal amounts of three different siRNA duplexes (IDT).
The detailed methodology is given in the Online Supplementary
Methods.

Statistical analysis
A two-tailed Mann-Whitney U test was performed to deter-

mine the statistical significance of the difference between two
groups of data using SPSS v15.0 software.

LC50 values (LC50 is defined as the concentration of the inhibitors
which induced apoptosis in 50% of treated cells) were calculated
from dose-response experiments using BioDataFit software v1.02
from Chang Biosciences Inc. (Castro Valley, CA, USA).

Results

Primary chronic lymphocytic leukemia cells 
contain phosphorylated Akt 

When whole CLL-cell lysates extracted by sonication in
1% Triton X-100 were western blotted with antibodies
against phospho-Akt (p-Akt) on serine 473 or threonine
308, varying amounts of p-Akt were readily detected with
both antibodies in all cases studied (n=26, Figure 1A and B
cases 1-23 and Online Supplementary Figure S1 cases 24-26).
For comparison, mononuclear cells from patients with
MCL were also studied using the same extraction method
and the anti-p-Akt (Ser473) antibody. MCL cells were cho-
sen because they, like CLL cells, express CD5 and because
they contain, especially in the blastoid variant of the dis-
ease, high levels of constitutively active Akt39 and hence
served as positive controls. As expected, MCL cells exhib-
ited high levels of p-Akt which were greater than those
observed in most CLL clones (Figure 1A). Since most sam-
ples were obtained from patients with very high white
blood cell counts (Online Supplementary Table S1), the puri-
ty of the CLL cells was high. However, to ensure that con-
taminating cells were not contributing significantly to the
levels of p-Akt detected, samples from eight randomly cho-
sen patients were examined before and after depletion of
non-CLL cells. Levels of p-Akt (Ser473) were indeed similar
after purification (Online Supplementary Figure S1A), con-
firming that CLL cells contain p-Akt. This also indicates
that levels detected in CLL PBMC closely reflect those pres-
ent in the malignant clones.

In the light of the existing controversy concerning the
activation status of Akt in CLL cells, we examined the
specificity of the two anti-p-Akt antibodies employed. To
do this, CLL cells were incubated with a PI-3K inhibitor
(LY296002) and probed for p-Akt (Thr308) (PI-3K is the
major upstream kinase responsible for phosphorylation of
Akt at this site12). As expected, the inhibitor completely
abolished reactivity with the anti-p-Akt (Thr308) antibody
(Online Supplementary Figure S1B, right panel). In contrast,
LY296002 reduced, but did not abolish, reactivity with the
anti-p-Akt (Ser473) antibody (Online Supplementary Figure
S1B, left panel). Again, this was expected since it is well
known that several kinases can induce phosphorylation at
this site.12,13 We then used two approaches to examine fur-
ther the specificity of the p-Akt (Ser473) band. First, CLL
cells were stimulated by B-cell antigen receptor cross-link-
ing to see whether the band was increased by a stimulus
known to induce Akt phosphorylation at serine 473; as
expected, such stimulation produced marked enhancement
of the p-Akt (Ser473) band (Figure 1C). Secondly, a differ-
ent antibody (mouse monoclonal) against p-Akt (Ser473)
was employed; a band at an identical position in the gel
was obtained in all cases studied (Figure 1D). These stud-
ies, therefore, confirmed the specificity of the anti-p-Akt
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antibodies used.
In our experiments above, cells were examined immedi-

ately after thawing. Consequently, we investigated the
possibility that freezing/thawing might activate Akt.
Furthermore, it seemed plausible that the period of recov-
ery/culture of cells before lysis could have affected the
results. We, therefore, examined both fresh CLL cells and
thawed cells cultured briefly to allow recovery. The p-Akt
content was higher in fresh cells, but still readily detected
in frozen cells after thawing (Online Supplementary Figure
S1C). Also, levels of p-Akt remained unchanged in thawed
cells cultured for up to 4 h (data not shown). It was, therefore,
concluded that freezing/thawing and culture for short peri-
ods after thawing are not critical factors in the detection of
p-Akt in CLL cells. 

Having unequivocally demonstrated that unstimulated
CLL cells contain fully activated Akt, we next examined the
role of the activated Akt in CLL-cell survival.

Inhibition of Akt induces apoptosis in chronic
lymphocytic leukemia cells

We first confirmed the activity of the two inhibitors in
CLL cells by showing that both, at relevant concentrations
(0.3-1µM for A-443654 and 10-30 µM for Akti-1/2), com-
pletely abolished the phosphorylation of GSK-3 (Figure 2A
and B), an immediate downstream substrate of Akt.14

We then used A-443654 to perform conventional dose-
response measurements of the induction of apoptosis (as
measured by FACS analysis of phosphatidylserine expo-
sure). In all cases studied, treatment of CLL cells with A-
443654 resulted in the dose-dependent induction of apop-
tosis (Figure 2C). LC50 values for individual CLL clones were
then calculated (Online Supplementary Table S1) and, when
ranked, a median value of 0.71 µM (range: 0.23-1.62 µM)
was obtained; this indicates that A-443654 is a potent
inducer of apoptosis in primary CLL cells. We next con-
firmed the induction of apoptosis by western blotting for
poly (ADP-ribose) polymerase (PARP) cleavage, a biochem-
ical marker of apoptosis. As shown in Figure 2D, A-443654
induced PARP cleavage at concentrations of 0.3 µM to 1
µM. 

Similar studies were then performed with Akti-1/2.
Again, dose-dependent apoptosis was induced in all six
cases studied, with a median LC50 of 16.51 µM (range: 8.46-
32.15 µM). Induction of apoptosis was also confirmed by
PARP cleavage (Figure 2E). It was, therefore, concluded that
the activated Akt of unstimulated CLL cells plays a role in
the survival of the malignant cells.

The apoptosis induced by Akt inhibition involves both the
GSK-3/MCL1 and p53 pathways

We next examined the mechanism(s) by which inhibi-
tion of Akt induces cell death, using the more potent of the
two chemical inhibitors, A-443654. We focused on the
expression of anti-apoptotic BCL2-family proteins and the
pro-apoptotic p53 because they are critically involved in
the survival/death of CLL cells.5,40 In particular, abundant
expression of BCL2 and MCL1,41,42 and TP53
deletion/mutation43,44 in CLL are all associated with rapid
disease progression and reduced sensitivity to chemothera-
peutic agents, both in vitro and in vivo.

When expression levels of BCL2 and MCL1 were meas-

ured at various time points during continuous in vitro expo-
sure to A-443654, MCL1 was found to decline progressive-
ly over 24 h, while BCL2 levels remained relatively con-
stant (Figure 3A and B). As expected, the inhibitor also
caused a progressive reduction of p-GSK-3α (Figure 3A and
B) while, in untreated cells, levels of p-GSK-3α, BCL2 and
MCL1 remained largely unchanged (Figure 3A). 

As MCL1 can be cleaved by caspases during apoptosis in
CLL cells,45 we incubated cells with the Akt inhibitor in the
presence or absence of the pan-caspase inhibitor Z-
VAD.fmk. Although co-incubation with Z-VAD.fmk effec-
tively blocked A-443654-induced PARP cleavage and apop-
tosis, the inhibitor failed to prevent the losses of MCL1 and
p-GSK-3α (Figure 3B). These results clearly show that the
loss of MCL1 following treatment with the Akt inhibitor is
caspase-independent. 

To explore the possibility that the Akt-inhibitor-induced
loss of MCL1 is mediated by the proteasome pathway, we
incubated CLL cells with A-443654 in the presence or
absence of the proteasome inhibitor, MG-132. Treatment
with MG-132 alone induced extensive apoptosis, which
was associated with increased levels of MCL1 (Figure 3C).
This observation supports previous work by others show-
ing that proteasomal inhibitors cause apoptosis of CLL cells
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Figure 1. CLL cells express fully activated Akt. (A) Western blotting
with an anti-p-Akt (Ser473) rabbit polyclonal antibody was used as
a measure of activated Akt.  Whole-cell lysates were prepared
immediately after thawing and, in these and all subsequent blots,
material from 1x106 cells was loaded in each lane. Total Akt and β-
actin were the protein loading controls. (B) Cell lysates of 12 of the
clones studied above were probed with antibody against p-Akt
(Thr308). (C) The specificity of the rabbit polyclonal anti-p-Akt
(Ser473) was confirmed by demonstrating an increase in p-Akt after
B-cell antigen receptor cross-linking (3 min at 37°C) with goat
F(ab')2 anti-human IgM antibody (10 µg/mL, Jackson Laboratories,
West Grove, PA, USA). Cells similarly treated with F(ab')2 fragments
(10 µg/mL) of non-specific goat IgG (Jackson Laboratories) consti-
tuted a negative control. (D) Cell lysates were western blotted with
an anti-p-Akt (Ser473) mouse monoclonal antibody (n=11 of the
CLL clones studied in (A), together with the two of the same MCL
samples).
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by MCL1-independent mechanisms.46,47 When CLL cells
were incubated with A-443654 and MG-132 together, the
proteasome inhibitor effectively prevented the degradation
of MCL1 induced by the Akt inhibitor (Figure 3C). The
above results indicate that the pro-apoptotic effect of Akt
inhibition is associated with proteasome-mediated degra-
dation of MCL1. However, as shown and discussed below,
loss of MCL1 is not the only mechanism by which Akt
inhibitors induce CLL-cell apoptosis.

To further prove that inhibition of Akt has an adverse
effect on the survival of CLL cells, we next employed
siRNA to knock-down Akt1 expression. To do this, CLL
cells were transfected with a combination of siRNA
duplexes targeting three different regions of human Akt1
mRNA. Although the knock-down of Akt1 was variable
and incomplete, the Akt1 siRNA consistently induced
increased apoptosis as compared with the apoptosis in cells
treated with non-specific siRNA (Figure 3D); furthermore,
the extent of the increased apoptosis correlated with the
extent of Akt1 knock-down (Figure 3D). Also, knock-down
of Akt1 with specific siRNA reduced the expression of p-
GSK-3α and MCL1 proteins, without affecting that of total
GSK-3α or BCL2 (Figure 3D). 

We next investigated how Akt inhibition leads to the
degradation of MCL1. We focused on GSK-3 because this
kinase has been shown in other cell types to be a direct link
between Akt and MCL1.48 Active Akt inhibits GSK-3
through inhibitory phosphorylation. Consequently, inhibi-
tion of Akt releases GSK-3 from this inhibition and allows

the kinase to phosphorylate MCL1 (at serine 159), resulting
in increased ubiquitination and proteasomal degradation of
MCL1.19 We, therefore, hypothesized that inhibition of
GSK-3 activity would stabilize MCL1 in CLL cells treated
with the Akt inhibitor. To test this idea, we used SB216763,
a relatively selective inhibitor of GSK-3.49 When cells were
co-incubated with the Akt and GSK-3 inhibitors, the latter
clearly reduced the loss of MCL1, without affecting levels
of p-GSK-3· or BCL2 (Figure 4A). These results indicate that
active GSK-3 does indeed contribute to the degradation of
MCL1 in CLL cells.

Having demonstrated that the Akt/GSK-3/MCL1 path-
way is involved in the survival of CLL cells, we next exam-
ined the involvement of the p53 pathway in the cell death
induced by Akt inhibition. As shown in Figure 4B, A-
443654 increased expression of p53 protein, and at the
same time inhibited activation of MDM2 (as measured by
the loss of phorphorylated serine 166). As Akt has been
shown to phosphorylate MDM2 specifically at serine 166,
resulting in the increased nuclear translocation of this ubiq-
uitin ligase specific for p53,20 the above result suggests that
activated Akt in CLL cells stimulates loss of p53 via
MDM2-mediated ubiquitination and degradation. The
increased p53 induced by the Akt inhibitor was also asso-
ciated with the induction of p21 (Figure 4B), a major tran-
scriptional target of p53. This suggests that the up-regulat-
ed p53 is transcriptionally active. Taken together, our data
show that the apoptosis induced by Akt inhibition is asso-
ciated with activation of p53, as well as loss of MCL1.
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Figure 2. Inhibition of Akt induces apoptosis in CLL cells. (A) and (B).
The activity of the two Akt inhibitors was confirmed by demonstrat-
ing a loss of phosphorylation of GSK-3α in CLL cells treated with
either of the inhibitors. (A) Dose-dependent loss of p-GSK-3α
(Ser21) after culture of CLL cells (4x106/mL) for 24 h in the pres-
ence of A-443654 (two representative examples of western blots
from six experiments involving six CLL clones). (B) Two representa-
tive results of similar experiments (n=6 clones examined) employ-
ing Akti-1/2. (C) CLL cells were cultured for 24 h in the presence of
a range of concentrations of A-443654, and apoptosis was deter-
mined by a FACS method measuring phospatidylserine exposure. An
individual dose-response curve is shown for 23 cases. In all 23
cases, apoptosis was also confirmed by western blotting for PARP
cleavage, and the results for two representative clones are shown in
(D). (E) Apoptosis is induced by a second Akt inhibitor (Akti-1/2).
Two representative examples of the six cases studied are shown.
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Chronic lymphocytic leukemia cells are more sensitive
to the pro-apoptotic effect of Akt inhibitors than are 
normal peripheral blood mononuclear cells

In order to establish the potential value of Akt inhibitors
as a therapeutic strategy in CLL, it was important to deter-
mine whether the cytotoxic effect of Akt inhibitors
showed selectivity towards CLL cells. To address this ques-
tion, we examined their effect on normal PBMC which
were also shown to contain significant amounts of phos-
phorylated Akt (Figure 5A). At concentrations of 0.3 to 1
µM, which induced extensive apoptosis in CLL cells (Figure
2C and D), A-443654 produced minimal apoptosis as meas-
ured by phosphatidylserine exposure and PARP cleavage
(Figure 5B). Likewise, Akti-1/2, at concentrations (10-30
µM) that induced substantial apoptosis in CLL cells (Figure
2E), did not cause apoptosis of normal PBMC (Figure 5C).
This indicates that normal PBMC are less dependent on
Akt for survival than are CLL cells, and supports the notion
that Akt inhibitors may have therapeutic potential in CLL.

Sensitivity of chronic lymphocytic leukemia cells to Akt
inhibition correlates inversely with p53 dysfunction 
and losses of 17p/11q, but not with other prognostic
indicators

Having established that the apoptotic effect of A-443654

is relatively selective for CLL cells, we next investigated
whether or not the Akt inhibitor induces apoptosis equally
in cells from sub-groups of the disease with different prog-
noses. Subgroups were identified by differences in clinical
stage, IgVH mutation, and CD38 expression, by whether or
not patients had been previously treated, and by whether
CLL cells displayed p53/ATM dysfunction or loss of
17p/11q. Only for the group with p53/ATM dysfunction or
loss was any correlation observed (Figure 6). p53 dysfunc-
tional clones were significantly less sensitive to the induc-
tion of apoptosis by A-443654 [median LC50 =0.95 µM
(range, 0.59-1.62 µM) versus 0.49 µM (range, 0.23-1.01 µM)
for CLL clones displaying normal p53 function, P<0.01]
(Figure 6E). Similarly, the 17p–/11q– CLL samples were less
sensitive to A-443654 than were cells without these chro-
mosomal defects [median LC50 =1.0 µM (range, 0.65-1.62
µM) versus 0.58 µM (range, 0.23-1.08 µM) respectively,
P<0.05] (Figure 6F).

Discussion

This study was conducted to define the role of Akt as a
potential therapeutic target in CLL in the light of previous
contradictory data concerning the activation status of the
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Figure 3. Loss of MCL1 through proteasomal degradation is involved in the apoptosis induced by Akt inhibition. (A) CLL cells were cultured
in the presence or absence of A-443654.  Phospho-GSK-3α constituted a marker of Akt activity, while MCL1 and BCL2 were measured as
relevant pro-survival proteins for CLL. Again, PARP cleavage and FACS analysis were used to examine apoptosis, while total GSK-3α and β-
actin were used as loading controls. This is a representative example of five experiments on cells from five different CLL cases. (B) Cells
were treated as in (A), except that the result of incubation with the pan-caspase inhibitor Z-VAD.fmk in combination with A-443654 was
determined. This is a representative example of three experiments involving three different CLL clones. (C) The effect of the proteasome
inhibitor, MG-132, was also analyzed. These are representative findings from four separate experiments involving four different CLL clones.
In all the above experiments, the inhibitors were added to the cells 1 h prior to treatment with the Akt inhibitor. (D) The effects of knock-
down of Akt1 on cell survival and levels of Mcl-1. Here, 1x107 CLL cells were mixed with 100 µL transfection solution (Amaxa) containing a
total of 2 µg of siRNA duplexes or 2 µg of non-specific control siRNA before nucleofection using program X-01. Cells (5x106/mL) were sub-
sequently cultured for 72 h, after which levels of Akt1 were measured by western blotting using an Akt1-isoform-specific antibody, while
apoptosis was assessed by the FACS method. β-actin constituted a protein loading control. Reduction of Akt1 was associated with loss of
p-GSK-3α and MCL1, while total GSK-3α and BCL2 were unaffected.
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enzyme in unstimulated CLL cells. Using cell lysates
extracted by sonication in 1% Triton X-100, we readily
detected p-Akt in the cells of all 26 cases examined.
Furthermore, the Akt was fully activated since the kinase
was phosphorylated on both serine 473 and threonine 308.
Also, treatment of CLL cells with two different Akt
inhibitors consistently resulted in dose-dependent inhibi-
tion of Akt activity, as measured by the loss of phosphory-
lated GSK-3 and MDM2, two well-characterized direct
downstream substrates of Akt.14

Our findings, therefore, support those of previous studies
suggesting that CLL cells express phosphorylated Akt,25-27

but disagree with others failing to detect the activated
enzyme in unstimulated CLL cells.8-10,28 Consequently, we
went to considerable lengths to validate our positive find-
ings. In particular, we showed that freezing/thawing and
short periods of culture after thawing have little effect on
the amounts of p-Akt detected. Also, the specificity of the
anti-p-Akt antibodies employed was confirmed with
extensive controls. 

Having conclusively shown that unstimulated CLL cells
contain activated Akt – a finding fully in accord with the
current notion that all CLL cells have been variably activat-
ed in vivo1-3 – we investigated the role of the kinase in CLL-
cell survival. Surprisingly, although it is established that PI-
3 kinase is important in CLL-cell survival,8-10 there have

been no studies of the effects on CLL cells of direct Akt
inhibition. We, therefore, inhibited Akt activity with two
different specific chemical inhibitors and with siRNA
knock-down of the kinase. All three methods of inhibition
induced apoptosis. Mechanistically, this apoptosis was
associated with loss of MCL1, but not BCL2. Furthermore,
a caspase inhibitor had no effect on the loss of MCL1,
while a proteasome inhibitor prevented this loss. In addi-
tion, we demonstrated that this proteasomal degradation
of MCL1 is mediated by GSK-3. However, this Akt/GSK-
3/MCL1 pathway is unlikely to be the only mechanism by
which Akt inhibition leads to MCL1 loss. For example, Akt
indirectly activates mTORC1,14 thereby promoting transla-
tion of MCL1 through a GSK-3-independent mechanism.18

This may explain why, in the present study, the GSK-3
inhibitor employed did not completely abrogate the loss of
MCL1 induced by Akt inhibition (Figure 4A).
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Figure 4. The pro-apoptotic effect of Akt inhibition involves both the
GSK-3/MCL1 and p53 pathways. (A) Western blotting analysis was
used to determine the effects on MCL1 and BCL2 of prior incuba-
tion of CLL cells for 1 h with a GSK-3 inhibitor (SB216763) followed
by culture in the presence or absence of A-443654. This is a repre-
sentative example of three experiments on cells from three differ-
ent CLL cases. (B) The effects of incubation (24 h) with A-443654
on p53, phospho-MDM2 and p21 are shown. These two panels are
representative of five experiments on cells from five different CLL
patients.

Figure 5. The pro-apoptotic effect of Akt inhibitors is less potent in
normal PBMC. (A) p-Akt is readily demonstrable in normal PBMC by
western blotting (methods described in Figure 1). (B) Normal PBMC
were cultured for 24 h in the presence or absence of different con-
centrations of A-443654, and apoptosis and p-GSK-3 measured as
before. The three lower panels are representative western blots
from the same experiments. (C) The results of similar experiments
with the second inhibitor Akti-1/2. In both (B) and (C), each data
point in the graph represents the mean ± SD of at least three exper-
iments involving the indicated number of different normal volun-
teers. 

A

B

A

B

C

MCL1

GSK-3α

GSK-3α

GSK-3α

Intact

Intact PARP

Akti-1/2 (µM) - .3 1 3 10 30

A-443654 (µM) - .03 .1 .3 1 3

n=3

n=5

100

80

60

40

20

0

%
 A

po
pt

os
is

100

80

60

40

20

0

%
 A

po
pt

os
is

85kD fragment PARP

p-GSK-3αSer21

p-GSK-3αSer21

p-AktSer473
1 2 3 6 18 17

Normal
PBMC CLL

Akt

β-Actin

p-GSK-3αSer21

BCL2

10 16 20 29 10 14 16 20

1 .71 .42 .21 1 .91 .84 .73

23 23 27 47 67 98 17 18 27 38 59 86
- .03 .1 .3 1 3 - .03 .1 .3 1 3

Time (h) 8 2 4 8 8 2 4 8

CLL4

A-443654 (0.9µM)

SB216763 (5µM)

%Apoptosis

A-443654 (µM)
%Apoptosis

MCL1/BCL2
(relative to untreated)

CLL22 CLL15

p21

p53

MDM2

p-MDM2Ser166



In addition, Akt is known to favor cell survival by inhibit-
ing the pro-apoptotic p53 pathway through activating
MDM2, the ubiquitin ligase targeting p53 for degradation.20

We, therefore, also examined involvement of this pathway

in the apoptosis of CLL cells induced by Akt inhibition. We
found that such inhibition resulted in the loss of phor-
phorylated MDM2, with consequent increased expression
of p53, and associated cell death. This increased p53 was
associated with the induction of p21, suggesting that the
p53 induced by the Akt inhibitor is transcriptionally func-
tional. However, it is likely that the p53 induced by the Akt
inhibition acts at post-transcriptional level since it has
recently been reported that, in CLL cells, p53 induces apop-
tosis mainly through a non-transcriptional mechanism
involving direct binding to, and inhibition of, mitochondri-
al anti-apoptotic proteins including BCL2.50 We, therefore,
conclude that inhibition of Akt is strongly pro-apoptotic via
at least two mechanisms involving the loss of MCL1 and
activation of the p53 pathway.

Our demonstration that activated Akt is important in the
survival of unstimulated CLL cells is in accord with previ-
ous studies implicating Akt activation in the pro-survival
effect of various stimuli.25,26 In particular, our results com-
plement the recent work of Longo et al.51 who introduced
activated Akt into CLL cells and observed increased cell
survival associated with upregulation of MCL1. However,
by showing that Akt is activated in primary CLL cells, our
work raises the possibility that inhibitors of Akt may prove
useful in treatment. This led us to examine the effect of Akt
inhibition on the survival of normal PBMC as compared
with CLL cells. In fact, normal PBMC, despite containing
substantial amounts of p-Akt, were largely insensitive to
the Akt inhibitors at concentrations that produced exten-
sive apoptosis of CLL cells. The pro-apoptotic effect of Akt
inhibitors in CLL cells is, therefore, relatively selective.
Consequently, we suggest that these agents may have ther-
apeutic potential in CLL.
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Figure 6. Sensitivity of CLL cells to Akt inhibition correlates inverse-
ly with p53 dysfunction and loss of 17p/11q, but not with other
prognostic indicators. Clinical stage (A), IgVH mutation (B), CD38
expression (C) and p53 dysfunction (E) were determined as
described elsewhere.5,31,52 (D) Prior treatment consisted of therapeu-
tic administration of various combinations of steroid, chlorambucil,
fludarabine, or fludarabine plus cyclophosphamide. (F) The sensitiv-
ity to A-443654 of clones with deletion of 17p or 11q was com-
pared with that of all other CLL clones for which cytogenetic data
were available.
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