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Phosphatidylinositol 3�-kinase (PI3K) is a
key player in cell-growth signaling in a
number of lymphoid malignancies, but its
role in diffuse large B-cell lymphoma
(DLBCL) has not been fully elucidated.
Therefore, we investigated the role of the
PI3K/AKT pathway in a panel of 5 DLBCL
cell lines and 100 clinical samples. Inhibi-
tion of PI3K by a specific inhibitor,
LY294002, induced apoptosis in SUDHL4,
SUDHL5, and SUDHL10 (LY-sensitive)
cells, whereas SUDHL8 and OCI-LY19 (LY-
resistant) cells were refractory to

LY294002-induced apoptosis. AKT was
phosphorylated in 5 of 5 DLBCL cell lines
and inhibition of PI3K caused dephos-
phorylation/inactivation of constitutively
active AKT, FOXO transcription factor,
and GSK3 in LY-sensitive cell lines. In
addition, there was a decrease in the
expression level of inhibitory apoptotic
protein, XIAP, in the DLBCL cell lines
sensitive to LY294002 after treatment.
However, no effect was observed in XIAP
protein levels in the resistant DLBCL cell
lines following LY294002 treatment. Fi-

nally, using immunohistochemistry, p-
AKT was detected in 52% of DLBCL tu-
mors tested. Furthermore, in univariate
analysis, high p-AKT expression was as-
sociated with short survival. In multivari-
ate analysis, this correlation was no
longer significant. Altogether, these re-
sults suggest that the PI3K/AKT pathway
may be a potential target for therapeutic
intervention in DLBCL. (Blood. 2006;108:
4178-4186)
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Introduction

B-cell lymphoma represents the malignant counterpart of normal B
cells arrested at specific maturational stages. Diffuse large B-cell
lymphoma (DLBCL) is considered to be the most common type of
lymphoma in adults, accounting for 30% to 40% of cases of
non-Hodgkin lymphoma.1 Although patients with DLBCLs are
potentially curable with combination chemotherapy, the disease
proves fatal in approximately 50% of patients.2 The cause of most
DLBCLs remains unknown; however, dysregulation of apoptosis
or defective repair plays a role in lymphogenesis.3

A number of constitutively activated growth signaling pathways
have frequently been observed in DLBCL including protein kinase
AKT and nuclear factor �B (NF-�B) transcription factor.4-6 Protein
kinases have been implicated as having crucial roles in regulating
cell growth, metabolic responses, cell proliferation, migration, and
apoptosis, which altogether contribute to tumorigenesis. Constitu-
tive activation of these protein kinases, mainly by phosphorylation,
has been implicated as contributing to malignant phenotypes in a
number of human cancers.7-9 AKT is a serine threonine kinase that
gets activated on growth factor and cytokine stimulation. When
phosphoinositide-3,4,5-triphosphate (PIP3) is generated by phospha-
tidylinositol 3�-kinase (PI3K) in response to an intracellular signal,
it binds to the PH domain of AKT and translocates to the plasma
membrane resulting in the activation of phosphoinositide-
dependent protein kinases (PDK1 and PDK2). Activated PDK1 and
PDK2 phosphorylate at the Thr308 and Ser473 residues of the AKT
kinase domain, resulting in its activation.10 AKT protein kinase
regulates a variety of cellular processes, including apoptosis, cell
survival, and proliferation.11-13 AKT-mediated phosphorylation

may alter the activity of proteins such as caspase-9, some Bcl-2
family members, and NF-�B and other transcription factors that
trigger or restrain apoptosis. PI3K/Akt deregulation may also
contribute to tumorigenesis, metastasis, and resistance to chemo-
therapy.14,15 For this reason, the PI3K/Akt signaling pathway might
represent a promising target for therapeutic intervention. Actually,
the PI3K inhibitors LY294002 and wortmannin were observed to
exert antitumor activity in animal cell models.14,15 AKT has been
shown to play critical role in the tumorigenesis of many cell
types.16-19 The biologic significance of AKT kinase activity in
lymphogenesis has been recently established in a mouse model.20

A number of studies have shown that the cell-death–inducing
effect of chemotherapy depends on induction of apoptosis and that
disruption of the apoptosis signaling cascade may thus be an
important cause for chemotherapy resistance.21,22 Two major
apoptosis pathways have been described23,24: (1) an intrinsic
mitochondrial, stress-induced pathway involving mitochondrial
signaling and caspases and (2) an extrinsic, death receptor–
mediated pathway. The stress-induced pathway can be inhibited at
many levels. The most potent inhibitors of this pathway appear to
be Bcl-2 and the X-linked inhibitor of apoptosis (XIAP).25,26

To explore the role of PI3K in the survival, proliferation, and
apoptosis of DLBCL, we used a panel of DLBCL cell lines to
examine the involvement of AKT and its substrates, forkhead
transcription factors, and GSK3 in these cells. We next examined
whether inhibition of PI3K plays any role in the regulation of
proapoptotic and antiapoptotic members of the Bcl-2 family in
materializing the induction of apoptosis and cell growth inhibition.
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We further analyzed the role of inhibition of PI3K on the
mitochondrial-mediated apoptotic pathway in DLBCL cells via the
release of cytochrome c into cytosol. Finally, we studied the release
of cytochrome c–propagating death signals to caspase-3, causing
its activation and leading to the cleavage of PARP and eventually
cell death after PI3K inhibition. To study the clinical relevance of
the PI3K/AKT pathway in DLBCL, p-AKT expression was studied
in a group of 100 patients using tissue microarray technology. Our
data show that overexpression of p-AKT in DLBCL is associated
with poor outcome.

Patients, materials, and methods

Materials and methods

Cell culture. The human DLBCL cell lines SUDHL4, SUDHL5, SUDHL8,
SUDHL10, and OCI-LY19 were obtained from Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany). The
cell lines were cultured in RPMI 1640 medium supplemented with 20%
(vol/vol) fetal bovine serum (FBS), 100 U/mL penicillin, and 100 U/mL
streptomycin at 37°C in a humidified atmosphere containing 5% CO2. All
the experiments were performed in RPMI 1640 containing 5% serum.

PI3K/AKT inhibitors. LY294002 and AKT inhibitor (1L-6-hydroxy-
methyl-chiro-inositol 2-(R)-2-O-methyl-3-O-octadecylcarbonate) were ob-
tained from Calbiochem (San Diego, CA). Wortmannin was obtained from
Sigma Chemical (St Louis, MO).

Reagents and antibodies. Anti–cytochrome c, anti–caspase-3, and
anti-PARP antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). The anti–phospho-AKT (Ser473), phospho-AKT (Ser473)
blocking peptide, anti–phospho-GSK3�/�, anti–phospho-FKHRL1, anti–
cleaved caspase-3, and anti-BID antibodies were purchased from Cell
Signaling Technologies (Beverly, MA). Anti–�-actin was purchased from
Abcam (Cambridge, United Kingdom). Anti–caspase-8 antibody was
obtained from R&D Systems (Minneapolis, MN). Antibody against Ki-67
was purchased from Dako (Carpinteria, CA). The TdT-mediated dUTP
nick-end labeling (TUNEL) assay kit was obtained from MBL (Watertown,
MA). Annexin V was purchased from Molecular Probes (Eugene, OR). The
apoptotic DNA ladder kit was obtained from Roche (Penzberg, Germany).

Cell death assay

Following indicated treatments, cells were incubated with trypan blue for 5
to 10 minutes at room temperature. Trypan blue–positive and total cells
were counted per microscope field for a total of 4 fields per condition. The
proportion of cell death was calculated by dividing the number of dead cells
by total number/field.

TUNEL assay

DLBCL cell lines were treated with LY294002 as described in the figure
legends. Apoptotic cells were measured using the TUNEL assay as
described earlier.27 Briefly, after 24 hours of treatment with different
concentrations of LY294002, 1 � 106 cells were washed twice with PBS
containing 0.2% BSA and fixed with 4% paraformaldehyde at 4°C for 30
minutes. This was followed by 2 washes with PBS containing 0.2% BSA
and the cells were permeabilized in 70% ethanol at �20°C for 30 minutes.
The cells were then washed twice with PBS containing 0.2% BSA and
incubated with 30 �L TdT buffer (TdT buffer II, FITC-dUTP, and TdT in
the ratio of 18:1:1) for 1 hour at 37°C. This was followed by 2 washes with
PBS and the cells were resuspended in 500 �L PBS. Stained cells were
analyzed using FACScan flow cytometry equipped with a Cell Quest data
analysis program (Becton Dickinson, San Diego, CA).

Annexin V staining

DLBCL cell lines were treated with different concentrations of LY294002
and AKT inhibitor (1L-6-hydroxymethyl-chiro-inositol 2-(R)-2-O-methyl-

3-O-octadecylcarbonate) as described in the figure legends. Cells were
harvested and the percentage apoptosis was measured by flow cytometry
after staining with fluorescein-conjugated annexin V and propidium iodide
(PI; Molecular Probes) as described previously.28,29 We scored viable cells
as those that are negative for annexin V and PI. Percentage of apoptosis was
calculated from the reduction of the number of viable cells between the
treated and untreated samples. The amount of necrotic cells (annexin V�,
PI�) was always minimal.

Cell cycle analysis

Cell lines were treated either with or without LY294002 for 24 hours and
the cells were washed once with PBS, resuspended in 500 �L hypotonic
staining buffer (sodium citrate 250 mg, Triton X 0.75 mL, PI 25 �g,
ribonuclease A 5 �g, and 250 mL water), and analyzed by flow cytometry as
described previously.30

DNA laddering

Cells (2 � 106) were treated with and without 25 �M LY294002 for 24
hours. The cells were then harvested and resuspended in 200 �L 1 � PBS.
Then 200 �L lysis buffer containing 6 M guanidine HCl, 10 mM urea, 10
mM Tris-HCl, and 20% Triton X (vol/vol), pH 4.4, was added to the cells
and incubated for 10 minutes at room temperature. Isopropanol (100 �L)
was added and shaken for 30 seconds on a vortex. Then samples were
passed through a filter and spun at 4500 g for 1 minute and the supernatant
was discarded. The pellets were washed 3 times with wash buffer
containing 20 mM NaCl, 2 mM Tris-HCl, and 80% ethanol. The pellets
were then transferred into a new 1.5-mL tube and eluted with 200 �L
prewarmed elution buffer. After measuring the DNA, 2 �g DNA was
electrophoresed on a 1.5% agarose gel containing ethidium bromide at 75 V
for 2 hours and visualized using a UV light source.

Cell lysis and immunoblotting

Cells were treated with LY294002 as described in the figure legends and
lysed as previously described.31,32 Briefly, cell pellets were resuspended in
phosphorylation lysis buffer (0.5-1.0% Triton X-100, 150 mM NaCl, 1 mM
EDTA, 200 �M sodium orthovanadate, 10 mM sodium pyrophosphate, 100
mM sodium fluoride, 1.5 mM magnesium chloride, 1 mM phenylmethyl
sulfonyl fluoride, 10 �g/mL aprotinin). Protein concentrations were as-
sessed by Bradford assay before loading the samples. Equal amounts of
proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene diflouride
membranes (Immobilon, Millipore). Immunoblotting was performed with
different antibodies and visualized by an enhanced chemiluminescence
(ECL; Amersham, Arlington Heights, IL) method.

Assay for cytochrome c release

Release of cytochrome c from mitochondria was assayed as described
earlier.33 Briefly, cells were treated with and without LY294002 as
described in figure legends and centrifuged at 1000g. Cell pellets were
resuspended in 5 volumes of a hypotonic buffer (20 mM HEPES-KOH,
pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM
DTT, 20 �g/mL leupeptin, 10 �g/mL aprotinin, 250 mM sucrose) and
incubated for 15 minutes on ice. Cells were homogenized by 15 to 20
passages through a 22-gauge needle, 1.5 inches long. The lysates were
centrifuged at 1000g for 5 minutes at 4°C to pellet nuclei and unbroken
cells. Supernatants were collected and centrifuged at 12 000g for 15
minutes. The resulting mitochondrial pellets were resuspended in lysis
buffer. Supernatants were transferred to new tubes and centrifuged again
at 12 000g for 15 minutes and resulting supernatants representing
cytosolic fractions were separated. Twenty to 25 �g protein from the
cytosolic and mitochondrial fraction of each sample was analyzed by
immunoblotting using an anti–cytochrome c antibody.
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Measurement of mitochondrial potential using the JC-1
assay kit

Cells (1 � 106) cells were treated with 25 �M LY294002 for 24 hours.
Cells were washed twice with PBS and suspended in mitochondrial
incubation buffer. JC-1 (5, 5�, 6, 6�-tetrachloro-1, 1�, 3,3�-tetraethylben-
zimidazolylcarbocyanine iodide) was added to a final concentration of
10 �M and cells were incubated at 37°C in the dark for 30 minutes. Cells
were washed twice with PBS and resuspended in 500 �L mitochondrial
incubation buffer and mitochondrial membrane potential (percent of
green and red aggregates) was determined by flow cytometry as
described previously.34

Patient selection and tissue microarray construction

One hundred patients with DLBCL diagnosed between 1994 and 2004 were
selected from the files of the King Faisal Specialist Hospital and Research
Centre. All samples were analyzed in a tissue microarray (TMA) format.
TMA construction was performed as described earlier.35 Briefly, tissue
cylinders with a diameter of 0.6 mm were punched from representative
tumor regions of each donor tissue block and brought into recipient paraffin
block using a homemade semiautomatic robotic precision instrument. An
overview of a DLBCL TMA section is shown in Figure 6A. Three 0.6-mm
cores of DLBCL were arrayed from each case.

Patients were reclassified according to the World Health Organization
(WHO) classification.36 Age, tumor stage, lactate dehydrogenase (LDH)
level, performance status, and the number of extranodal sites of the disease
were used to determine the International Prognostic Index (IPI).37 For
statistical analysis, patients were classified as low risk, low-intermediate
risk, high-intermediate risk, and high risk. The number of risk categories
was condensed from 4 to 2 as follows: a low-risk group encompassing
patients defined in the IPI as low and low-intermediate risk and a high-risk
group encompassing patients defined in the IPI as high-intermediate and
high risk. The Institutional Review Board of the King Faisal Specialist
Hospital & Research Centre approved the study, in accordance with the
Declaration of Helsinki.

Immunohistochemistry

Tissue microarray sections (3-4 �m thick) were stained with the p-AKT
(Ser473) antibody using Survival Marker: Signal Stain Phospho-AKT
(Ser473) immunohistochemistry (IHC) detection kit (Cell Signaling Tech-
nology, product no. 8100). The IHC protocol mentioned in the kit was
followed using all the reagents provided in the kit. Antigen retrieval was
performed by heating the slides for 10 minutes at 96°C in citrate buffer.
Incubating the tissue in blocking solution blocked nonspecific binding.
Endogenous peroxidase activity was quenched using peroxidase quench
supplied along with the kit. Endogenous biotin was blocked and counterstain-
ing was carried out with Harris hematoxylin.

Only fresh-cut slides were stained simultaneously to minimize the
influence of slide aging and maximize repeatability and reproducibility
of the experiment. Two types of negative controls were used. One was
the negative control in the kit in which the primary antibody was
omitted. A preabsorption experiment using p-AKT Ser473 blocking
peptide (Cell Signaling Technology, product no. 1140) was used as the
second negative control.

p-AKT was scored depending on an intensity scale ranging from 0 to 2.
Scoring was performed as follows: 0, no appreciable staining in tumor cells;
1, barely detectable staining in tumor cells similar to p-AKT expression in
the B-cell areas of normal lymphoid tissues; 2, readily appreciable staining
distinctly marking tumor cell ranging from moderate to intense. This
scoring system has been reported previously.38,39 For statistical analysis, all
cases with score 0 to 1 were grouped as p-AKT� and cases with score 2
were grouped as p-AKT�. The DLBCL cases were arrayed in 3 replica
blocks and IHC scoring of p-AKT was performed on all blocks. The p-AKT
expression was recorded in all 3 cores and the core showing maximal
staining was taken as the final score, as reported previously.40

Slides of normal lymphoid tissue (4 tonsils and 1 lymph node) were
stained with p-AKT antibody simultaneously in the same IHC run with

DLBCL array slides to study the p-AKT expression in the B-cell areas of
these normal lymphoid tissues. The staining for p-AKT in the B-cell areas
of these normal tissues ranged from complete absence of staining to weak
staining. This was scored as 0 or 1. Moderate to high staining was scored as
2. All the normal lymphoid tissues showed a p-AKT expression ranging
between 0 and 1. The slides were all evaluated in 1 day by one pathologist
(P.B.) to minimize interobserver and intraobserver variability of the results.

Statistics

The software used for statistical analysis was Statview 5.0 (SAS
Institute, Cary, NC). For survival analysis, patients with p-AKT weakly
positive (score 1) and negative (score 0) tumors were grouped together
to emphasize on p-AKT–overexpressing tumors. Survival curves were
constructed according to the Kaplan-Meier method. Differences be-
tween the curves were analyzed using the log-rank test. The limit of
significance for all analyses was defined as a P value of .05; 2-sided tests
were used in all calculations.

Results

Inhibition of PI3K/AKT induces apoptosis in DLBCL cells

The PI3K pathway has been implicated in the growth and survival
of a range of cell types,41 but its effects on DLBCL cells have not
been analyzed in detail. We sought to determine whether the
inhibition of PI3K by its specific inhibitor, LY294002, caused cell
death and apoptosis in DLBCL cells. LY294002 is a synthetic
flavanoid that acts as a potent, competitive, reversible inhibitor of
the ATP-binding site of class I PI3K.42 We first sought to determine
the dose-dependent effect of LY294002 on the viability of DLBCL
cell lines. SUDHL4, SUDHL8, and OCI-LY19 cells were treated
with various doses ranging from 5 to 100 �M LY294002 for 24
hours and cell death was determined by trypan blue exclusion
assay. As shown in Figure 1A, LY294002 treatment caused cell
death in a dose-dependent manner in the SUDHL4 cell line with an
IC50 of about 12 �M. On the other hand, SUDHL8 and OCI-LY19
required higher doses of LY294002 to induce cell death (IC50 	 80-
90 �M). Because the possibility of nonspecific and toxic effects at
higher doses cannot be ruled out, we chose a working concentration
of 10 to 25 �M, which has previously been shown to be specific for
inhibition of PI3K.43 We further sought to determine the effect of
LY294002 on cell death in all DLBCL cell lines. LY294002
treatment caused a significant (P 
 .001) loss of viability at 10 and
25 � M in SUDHL4, SUDHL5, and SUDHL10 cell lines, whereas
SUDHL8 and OCI-LY19 were refractory to LY294002-induced
cell death (Figure 1B).

To determine whether cell death induced by PI3K inhibition growth
was attributable to cell-cycle arrest or apoptosis, DLBCL cells were
treated with and without 10 and 25 �M LY294002 for 24 hours.
Cell-cycle fractions were determined by flow cytometry. As shown in
Figure 1C, the sub-G1 population of SUDHL4 cells was increased from
4.96% in the control to 28.07% and 70.60% at 10 and 25 �M
LY294002, respectively. Similar results were obtained in SUDHL5,
from 2.42% to 23.54 and 42.20%, and SUDHL10, from 4.54% to
21.01% and 76.12% increase in the sub-G1 population. This increase in
sub-G1 populations was accompanied by loss of cells in G0/G1, S and
G2/M phases. On the other hand, SUDHL8 and OCI-LY19 cell lines did
not show appreciable apoptotic sub-G1 population fractions after
LY294002 treatment. To evaluate the possibility that early cell-cycle
arrest may be occurring prior to the initiation of apoptosis, SUDHL4 and
SUDHL5 cell lines were treated with 25 �M LY294002 for various time
periods and cell-cycle status was evaluated by flow cytometry. LY294002
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treatment caused apoptosis in a time-dependent manner without arrest-
ing cells in G0/G1 phase at any time point, suggesting that there is no
cell-cycle arrest (Figure S1, available on the Blood website; see the
Supplemental Materials link at the top of the online article). It has been
reported that cells with these features are those dying of apoptosis.44

These results indicate that DLBCLcells underwent apoptosis rather than
cell-cycle arrest following LY294002 treatment.

To further confirm that this increase in the sub-G1 population is
indeed apoptosis, DLBCL cells were treated with 10 and 25 �M
LY294002 and apoptotic cells were assayed by annexin V/PI dual
staining. As shown in Figure 2A, treatment with LY294002 of
SUDHL4, SUDHL5, and SUDHL10 cells resulted in apoptosis,
whereas SUDHL8 and OCI-LY19 showed no notable fraction of
apoptotic cells. Two additional methods, TUNEL assay and DNA
laddering as shown in Figure 2B-C, further confirmed the
LY294002-induced apoptosis in LY-sensitive cells. SUDHL8 and
OCI-LY19 were again found to be resistant to LY294002-induced
apoptosis. These data indicate that inhibition of PI3K resulted in

induction of apoptosis in majority of DLBCL cells. To further
validate these findings, we used another PI3K inhibitor, wortman-
nin, and a direct AKT inhibitor to evaluate the sensitivity of these
compounds on DLBCL cell lines. SUDHL4 and SUDHL8 cell lines
were treated with 50 and 100 nM wortmannin and 20 and 40 �M
AKT inhibitor for 24 hours. Trypan blue exclusion assay and
annexin V/PI staining methods were used to evaluate cell death and
apoptosis, respectively. Our data showed that wortmannin and
AKT inhibitor induced apoptosis in SUDHL4, whereas no effect
was seen in SUDHL8 cell line (Figure S2).

Constitutive activation of PKB/AKT signaling pathways
in DLBCL cells

Activation of the PI3K has been studied in growth factor–
independent cell lines through the phosphorylation of its down-
stream target, the serine-threonine kinase AKT (Ser473). By using
antibody that recognizes activated AKT at Ser473, we sought to

Figure 1. Effect of LY294002 treatment on cell death in DLBCL cell lines. (A) Dose-response curves to compare IC50 of LY294002 in DLBCL cell lines. SUDHL4, SUDHL8,
and OCI-LY19 cells were treated with various doses (5-100 �M) of LY294002 for 24 hours. Cell death was measured and IC50 was determined by trypan blue exclusion assay
as described in “Patients, materials, and methods.” (B) LY294002 inhibits cell viability in DLBCL cell lines. SUDHL-4, SUDHL-5, SUDHL-8, SUDHL-10, and OCI-LY19 cells
were treated with 10 and 25 �M LY294002 for 24 hours. Percentage cell death was scored using trypan blue exclusion dye. The graph displays the mean � SD of 3
independent experiments. *P 
 .001, statistically significant (Student t test). (C). LY294002 treatment increases sub-G1 (Apo) population in DLBCL cells. SUDHL-4, SUDHL-5,
SUDHL-8, SUDHL-10, and OCI-LY19 cells were treated with 10 and 25 �M LY294002 for 24 hours. Thereafter, the cells were washed, stained with propidium iodide, and
analyzed for DNA content by flow cytometry as described in “Patients, materials, and methods.”

Figure 2. LY294002-induced apoptosis in DLBCL cell lines. (A) SUDHL-4, SUDHL-5, SUDHL-8, SUDHL-10, and OCI-LY19 cell lines were treated with 10 and 25 �M
LY294002 for 24 hours and cells were subsequently stained with fluorescein-conjugated annexin V antibody and propidium iodide (PI) and the ratio of apoptotic cells was
analyzed by flow cytometry. (B) SUDHL-4, SUDHL-8, SUDHL-10, and OCI-LY19 cells were treated with various doses of LY294002 for 24 hours and apoptosis was determined
using TUNEL assays. (C) SUDHL-4 and OCI-LY19 cells were treated with 25 �M LY294002 for 24 hours and DNA was extracted and separated by electrophoresis on 1.5%
agarose gel.
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determine the constitutive activation status of AKT in DLBCL cell
lines as well as to determine whether inhibition of PI3K by
LY294002 abrogates phosphorylation of AKT. DLBCL cell lines
were treated in the presence and absence of LY294002 for 24 hours
as indicated, cells were lysed, and proteins were analyzed by
Western blot. As shown in Figure 3A, AKT was constitutively
phosphorylated in the LY-sensitive as well as in the LY-resistant
cell lines. Treatment with LY294002 dephosphorylated AKT in
SUDHL4 and SUDHL5 cells, whereas LY294002 treatment did not
produce any change in AKT phosphorylation level in SUDHL8 and
OCI-LY19 cell lines.

The forkhead family of transcription factors has been reported
as a downstream target of AKT, mediating apoptosis in other
systems.45 Active FKHR transcription factors promote transcrip-
tion of genes involved in cell-cycle arrest and apoptosis.46 One
mechanism by which AKT promotes cell survival is by phosphory-
lating FKHR transcription factors, which inactivates them and
prevents apoptosis.47 We thus studied the level of FKHR/FOXO1
phosphorylation in LY294002-treated and -untreated DLBCL cells
by Western blotting. As shown in Figure 3B, constitutive phosphor-
ylation of FKHR was seen in all DLBCL cell lines, but LY294002
treatment resulted in dephosphorylation in LY-sensitive cell lines
only and no effect was seen on the resistance of FKHRL
phosphorylation in SUDHL8 and OCI-LY19 cell lines.

We next determined the activation of GSK3 in DLBCL cells,
which has been recently reported to be a target of PI3K/AKT and is

involved in promotion of cell survival.48 All DLBCL cell lines
showed constitutive phosphorylation of GSK3 and dephosphoryla-
tion in the presence of LY294002 (Figure 3C) was observed only in
LY-sensitive cell lines with no significant effects in LY-resistant
cells. These results suggest that AKT and its downstream effectors
play a role in LY294002-induced apoptosis in DLBCL cell lines.

Effects of the inhibition of PI3K/AKT signaling at the
mitochondrial level in DLBCL cells

The apoptotic signaling cascade starts with activation of caspase-8
and truncation of BID that translocates to the mitochondrial
membrane allowing activation of proapoptotic proteins and release
of cytochrome c. Therefore, we sought to determine whether
inhibition of PI3K signaling involves the mitochondria. Activated
caspase-8 is capable of cleaving caspase-3 either directly or by
digesting BID to its active form (tBID), which leads to the release
of cytochrome c from mitochondria.49 LY294002 treatment for 24
hours resulted in activation of caspase-8 leading to truncation of
BID in SUDHL4 and SUDHL5 cells (Figure 4A) as inferred by the
decreased intensity of the full-length BID band. On the other hand,
SUDHL8 and OCI-LY19 cell lines were resistant to LY294002-
induced activation of BID and caspase-8. We then tested the effect
of LY294002 on the mitochondrial membrane potentials in these
cells. DLBCL cells were treated with 25 �M LY294002 for 24
hours and labeled with JC-1 dye and mitochondrial membrane
potential was measured by flow cytometry. As shown in Figure 4B,
inhibition of PI3K resulted in loss of mitochondrial membrane
potential in SUDHL4, SUDHL5, and SUDHL10 cells as measured
by JC-1–stained green fluorescence depicting apoptotic cells. In
SUDHL8 and OCI-LY19 cells, no change in mitochondrial mem-
brane was observed. We then studied release of cytochrome c from
the mitochondria in cells treated for 24 hours with LY294002.
Cytosolic-specific, mitochondria-free as well as mitochondrial
extracts were prepared as described in “Patients, materials, and
methods.” Cytochrome c was released to the cytosol after LY294002
treatment in SUDHL4 and SUDHL5 but not in OCI-LY19 cells
(Figure 4C). On the other hand, the level of cytochrome c
decreased in the mitochondrial fraction of LY-sensitive cells only.
These results suggest that inhibition of PI3K/AKT pathways
disrupts the mitochondrial membrane potential leading to the
release of cytochrome c to the cytosol. We then sought to determine
whether LY294002-induced release of cytochrome c was capable
of activation of caspase-3 and PARP. Figure 5A shows that
LY294002 treatment resulted in the activation of caspase-3 and
cleavage of PARP in SUDHL4 and SUDHL5 cells but not in

Figure 3. Inhibition of PI3K/AKT signaling pathway during LY294002-induced
apoptosis. SUDHL-4, SUDHL-5, SUDHL8, and OCI-LY19 cells were treated with
and without 10 and 25 �M LY294002 for 24 hours. After cell lysis equal amounts of
proteins were separated by SDS-PAGE, transferred to Immobilon membrane, and
immunoblotted with antibodies against phospho-AKT (Ser473), phospho FKHR, and
phosphoGSK3�/�-actin as indicated.

Figure 4. LY294002-induced activation of the mitochondrial apoptotic pathway in DLBCL cell lines. (A) LY294002-induced activation of caspase-8 and cleavage of BID.
SUDHL-4, SUDHL-5, SUDHL-8, and OCI-LY19 cells were treated with 10 and 25 �M LY294002 for 24 hours. Cells were lysed and equal amounts of proteins were separated
by SDS-PAGE, transferred to Immobilon membrane, and immunoblotted with antibodies against caspase-8, BID, and actin as indicated. (B) Loss of mitochondrial membrane
potential by LY294002 treatment in DLBCL cells. SUDHL-4, SUDHL-5, SUDHL-8, SUDHL10, and OCI-LY19 cells were treated with and without 25 �M LY294002 for 24 hours.
Live cells with intact mitochondrial membrane potential (f) and dead cells with lost mitochondrial membrane potential (u) were measured by JC-1 staining and analyzed by
flow cytometry as described in “Patients, materials, and methods.” (C) LY294002-induced release of cytochrome c. SUDHL-4, SUDHL-5, and OCI-LY19 cell lines were treated
with and without 25 �M LY294002 for 24 hours. Mitochondrial-free cytoplasmic as well as mitochondrial fractions were isolated as described in “Patients, materials, and
methods.” Cell extracts were separated on SDS-PAGE, transferred to PVDF membrane, and immunoblotted with antibodies against cytochrome c and actin as indicated.
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SUDHL8 and OCI-LY19 cells. These results are consistent with the
data on cytochrome c release and indicate that activation of effector
caspases participate in LY294002-induced apoptosis in DLBCL
cells. In addition, pretreatment of DLBCL cells with 80 �M
z-VAD-fmk, a universal inhibitor of caspases, abrogated apoptosis
and prevented cell death and caspase-3 activation induced by
LY294002 (Figure 6), clearly indicating that caspases play a critical
role in LY294002-induced apoptosis in DLBCL cells. XIAP is a
member of inhibitors of apoptosis protein family and a physiologic
substrate of AKT that is stabilized to inhibit programmed cell death
and has a direct effect on caspase-3 and caspase-9.50 To determine
whether XIAP plays a role in protecting DLBCL cells from
LY294002-induced apoptosis, SUDHL4, SUDHL8, and SUDHL10
cells were treated with and without LY294002. Expression of XIAP

was significantly decreased in sensitive SUDHL4 and SUDHL10
cells after LY294002 treatment, whereas no effect was seen in the
resistant SUDHL8 cell line. These data suggest that XIAP is an
important survival molecule that mediates AKT-induced cell sur-
vival in DLBCL cells (Figure S3).

Expression of activated AKT in DLBCL tumors

We subsequently stained DLBCL cell lines for p-AKT expression
by immunohistochemistry (Figure 7). Our data showed that
intensity of p-AKT staining was low in LY-sensitive cell lines
(SUDHL 4, SUDHL10), whereas the expression was high in
LY-resistant DLBCL cell lines (SUDHL8, OCI-LY19; Figure S4),
suggesting that overexpression of p-AKT may be the cause of
resistance to apoptosis. As a result of these findings, we sought to
determine the expression pattern of p-AKT in patients with
DLBCL. Using immunohistochemistry, p-AKT expression was
high in 50 of 97 (51.54%) patients with interpretable data. We
performed Kaplan-Meier survival analysis to determine the associa-
tion of overall survival with p-AKT expression. Survival analysis
was performed in 91 of the 97 p-AKT interpretable cases (6
patients had no follow-up data). A statistical trend toward inferior
5-year survival for patients with p-AKT� tumors was observed in
the DLBCL (47 cases versus 44 cases, P 	 .05, not significant,
log-rank).

Correlation of p-AKT with clinical and laboratory parameters

The major clinical and laboratory findings of the patients grouped
according to high or low p-AKT expression are summarized in
Table 1. All the parameters required to determine IPI were available
in 64 patients; however, the LDH values were available in only 62
patients. Because these patients had a total IPI score of 4, they were
categorized in the high-risk group and included in the analysis. In
this patient population the IPI score correlated strongly with
outcome (P 	 .002), consistent with previous studies.37

Although there were a higher proportion of patients with
p-AKT overexpression in the high-risk group (high-intermediate
risk and high-risk) as compared to the low-risk group (low-
intermediate risk and low-risk), this was not statistically significant

Figure 7. Tissue microarray-based p-AKT analysis in DLBCL patients. (A)
Overview of the TMA containing 100 DLBCL tissue samples. (B) Kaplan-Meier
survival curve of DLBCL of p-AKT expression by immunohistochemistry. (C) Immuno-
histochemistry of a tissue spot showing high p-AKT expression in DLBCL tumor
(objective, 20�/0.70 NA). (D) A tissue spot showing negative p-AKT expression
(objective, 20�/0.70 NA). Immunohistochemical staining images were obtained with
a BX51 Olympus microscope and an Olympus DP12 camera (Olympus, Melville,
NY). Images were viewed through a universal semi-apochromat objective lens
(UPlan F1; Olympus America, Woodbury, NY). Magnifcation, 200�.

Figure 5. Activation of caspase-3 and cleavage of PARP induced by LY294002
treatment in DLBCL cells. SUDHL-4, SUDHL-5, SUDHL-8, and OCI-LY19 cells
were treated with and without 10 and 25 �M LY294002 for 24 hours. Cells were lysed
and equal amounts of proteins were separated by SDS-PAGE, transferred to PVDF
membrane, and immunoblotted with antibodies against procaspase-3, cleaved
caspase-3, PARP, and actin as indicated.

Figure 6. Effect of z-VAD on the LY294002-induced apoptosis. (A) Effect of
z-VAD/fmk on LY294002-induced apoptosis in DLBCL cells. SUDHL-4, SUDHL-5,
and SUDHL10 cells were pretreated with 80 �M z-VAD/fmk for 2 hours and
subsequently treated with 10 and 25 �M LY294002 for 24 hours. Apoptosis was
measured by annexin V/PI staining. (B) Effect of z-VAD/fmk on LY294002-induced
cell death in DLBCL cells. SUDHL-4, SUDHL-5, and SUDHL-10 cells were pretreated
with 80 �M z-VAD/fmk for 2 hours and subsequently treated with 10 and 25 �M
LY294002 for 24 hours. Live and dead cells were scored using trypan blue exclusion
dye. The graph displays the mean � SD of 3 independent experiments. (C)
z-VAD/fmk abrogates LY294002-induced activation of caspase-3. SUDHL-4,
SUDHL-5, and SUDHL10 cells were pretreated with 80 �M z-VAD/fmk for 2 hours
and subsequently treated with 25 �M for 24 hours. Cells were lysed and equal
amounts of proteins were separated by SDS-PAGE, transferred to PVDF membrane,
and immunoblotted with antibodies against procaspase-3, cleaved caspase, and
actin as indicated.
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(P 	 .114). A more consistent correlative trend was noted in the
proportion of p-AKT overexpressing tumors in the low-risk
(39.1%), intermediate-risk (56%), and high-risk (75%) IPI groups
(P 	 .079; Figure S5). Extranodal disease in more than one site
was more common in patients with high p-AKT expression in the
tumors than in patients with low p-AKT expression (P 	 .01).
Presence of p-AKT overexpression was significantly associated
(P 	 .003) with more frequent presentation in patients with B
symptoms. In addition, Ki 67 expression, a proliferation marker,
was significantly higher in p-AKT overexpressing DLBCL tumors
(P 	 .009; Table 1).

Discussion

In the present study, we provide evidence that constitutive activa-
tion of the PI3K-PKB/AKT signaling pathway plays a critical role
in regulating the growth and survival of DLBCL cells. Our data
show that LY294002, a specific inhibitor of PI3K at 10 to 25 �M,
causes apoptosis as determined by the increase of both sub-G1

hypodiploid nuclei and annexin V� cell population. We also
identified a set of DLBCL cell lines (SUDHL8 and OCI-LY19) that
showed no response to LY294002-induced apoptosis (Figures 1-2).
We found that PI3K is frequently activated, as confirmed by the
detection of constitutive phosphorylation of different substrates
downstream of PI3K, including AKT, FKHR, and GSK3 in all
DLBCL cells tested (Figure 3). However, cell lines differed in the

consequent effect on dephosphorylation of AKT, cytochrome c
release from the mitochondria, and activation of caspase cascade
system after LY294002 treatment. The oncogenic role of the
deregulated PI3K pathway is probably related to its simultaneous
actions on growth and survival. Different mechanisms of PI3K
deregulation and activation have been reported in different sys-
tems. Amplification of the p110 subunit of PI3K is observed in
ovarian cancer51 and this catalytic subunit found in a chicken tumor
virus mediates its transforming effects through AKT.52 AKT is
overexpressed in ovarian and pancreatic carcinomas.53,54 A recent
study has shown that growth factor deprivation induces proteolytic
cleavage of the proapoptotic Bcl-2 family member BID to yield its
active truncated form, tBID.55 However, activated AKT inhibited
mitochondrial cytochrome c release and apoptosis following BID
cleavage. In concordance with this, our data show that inhibition of
the PI3K/AKT pathway induced cleavage of BID, loss of mitochon-
drial membrane potential, and release of cytochrome c in those
cells (SUDHL4 and SUDHL10) in which inhibition of PI3K
dephosphorylated AKT. On the other hand, cell lines (SUDHL8
and OCI-LY19) that exhibit resistance to AKT, FKHR, and GSK3
dephosphorylation in response to LY294002 treatment did not lose
mitochondrial potential and did not allow the release of cyto-
chrome c to the cytosol. It has been shown that AKT inhibits
apoptosis downstream of BID cleavage involving hexokinases.55

AKT has also been shown to accumulate in the mitochondrial
matrix and membrane after activation of PI3K.56

Apoptosis is a multistep process and an increasing number of genes
have been identified that are involved in the control or execution of
apoptosis.57 Caspases play a crucial role in apoptosis. Among the 14
known members of IL-1–converting enzyme family of proteases,
caspase-3 has been shown to be a key component of the apoptotic
machinery.58 Caspase-3 is activated in apoptotic cells and cleaves
several cellular proteins, including PARP. The cleavage of PARP is used
as a hallmark of apoptosis by various antitumor agents.59 In this study,
we show that inhibition of PI3K activates caspase-3 and cleaves PARP
in LY294002-sensitive DLBCL cell lines. This implies that activation of
caspase-3 is involved in LY294002-induced apoptosis.

The PI3K/AKT pathway is abnormally active in multiple tumor
types, including lymphoid malignancies,60,61 most frequently by
inactivating mutations of PTEN but also by amplification and
overexpression of PI3K/AKT.62 Activated AKT has been shown to
be associated with poor disease-free survival in patients with breast
cancer and non–small-cell lung cancer.63,64 The data from our
DLBCL cell lines suggest that inhibition of PI3K by LY294002
induces an appreciable amount of apoptosis in cell lines with a low
level of p-AKT expression as compared to cell lines that have
relatively high expression of p-AKT. We have previously shown
that inhibition of PI3K by LY294002 did not completely block the
AKT phosphorylation in a primary effusion lymphoma cell line
that caused resistance to LY294002-induced apoptosis.33 The
residual activated AKT protects the integrity of the mitochondrial
membrane and does not allow the release of cytochrome c.55

Furthermore XIAP, a physiologic substrate of AKT, is stabilized to
inhibit programmed cell death and has a direct effect on caspase-3
and caspase-9.50 Our data have shown that LY294002 treatment
down-regulated XIAP in SUDHL4 and SUDHL10, whereas in
SUDHL8 PI3K inhibition has no effect on the status of XIAP
(Figure S3), suggesting phosphorylated AKT in SUDHL8 may
protect XIAP from degradation in response to PI3K inhibition and
render this cell line resistant to apoptosis. Our data suggest that in
DLBCL cell lines where constitutive expression of AKT is either
high or residual AKT activity remained after PI3K inhibition,

Table 1. Clinical characteristics and p-AKT Ser473 expression
status of patients with DLBCL

Total

High
p-AKT

Low
p-AKT

Pn % n %

No. of patients 64 35 55 29 45

Age, y .279

60 or younger 35 17 49 18 51

Older than 60 29 18 62 11 38

Sex .330

Female 17 11 65 6 35

Male 47 24 51 23 49

Performance status .133

Lower than 2 40 19 48 21 52

2 or higher 24 16 67 8 33

Stage .225

I or II 30 14 47 16 53

III or IV 34 21 62 13 38

Extranodal sites involved .01

1 site 40 17 43 23 57

More than 1 site 24 18 75 6 25

LDH level* .343

Normal 26 12 46 14 54

High 36 21 58 15 42

IPI .111

Low to low-intermediate 35 16 46 19 54

High-intermediate to high 29 19 66 10 34

B symptoms .003

Absent 29 10 35 19 65

Present 35 25 71 10 29

Ki-67 expression (n � 95) .009

Positive 83 46 55 37 45

Negative 12 2 17 10 83

*LDH categorization is based on the range for normal values in the clinical
laboratory at our institution. LDH levels were missing in 2 patients but both patients
had a total IPI score of 4 and were categorized in the high-risk group.
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targeting of additional molecules such as XIAP in addition with
PI3K inhibitor may overcome resistance and induce apoptosis.

Our immunohistochemistry data suggest that p-AKT overexpres-
sion in the DLBCL tissue array was associated with a poor
outcome. Moreover, p-AKT overexpression was associated with a
higher IPI score. In addition, it was significantly associated with
involvement of more than one extranodal site and with B symp-
toms. A trend was seen with IPI score that did not reach statistical
significance. Furthermore, high p-AKT expression was associated
with relative risk of 1.4 for death in bivariate analysis in combina-
tion with IPI and 1.9 in univariate analysis by Cox regressional
analysis (Table S1). However, bivariate analysis with IPI demon-
strated no statistical significance (P 	 .451). This could be attribut-
able to the small sample size, which was further reduced due to IPI
being available only in 64 cases. These associations, we believe,
would be significant if studied in a larger cohort of patients.

In summary, our results establish that the PI3K/AKT pathway is
constitutively activated in human DLBCL cell lines. Inhibition of
PI3K leads to apoptosis in most DLBCL cells through release of
cytochrome c from the mitochondria and activation of downstream
caspases. In addition, patients with high p-AKT expression showed
a poor survival. These studies may have important implications for
future preclinical and clinical studies in DLBCL. Not only could
p-AKT expression be used for prognostication, but also, these
findings may pave the way for investigations aimed at determining
the usefulness of a novel strategy for treating DLBCL with
inhibitors of the P13K/AKT pathway, either alone or in combina-
tion with other agents. Further animal, preclinical, and clinical

studies are needed to validate the data presented here, which now
have greater impact with recent identification of therapeutic
strategies using inhibitors of small molecules.
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