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Abstract

Induction of apoptosis is a hallmark of the cellular response of human lymphocytes and lymphoma cells to treatment with anticancer
drugs and irradiation. Both treatment modalities trigger apoptosis through intrinsic, mitochondrial apoptosis pathways resulting in the
activation of caspases. We and others have shown that the tyrosine kinase p56/Lck is involved in the regulation of apoptosis induced by
irradiation or treatment with ceramide but dispensable for death receptor triggered cell death. However, the role of p56/Lck for
apoptosis induction in response to anticancer drugs is unclear. To elucidate the putative requirement of pS6/Lck for apoptosis signaling
of cytotoxic drugs, activation of caspases and alteration of mitochondrial functions were determined in Jurkat T cells, the p56/Lck
deficient JCaM 1.6 cells and the pS6/Lck retransfected JCaM1.6/Lck cells in response to chemotherapeutic drugs with different targets
of their primary action. Treatment with Doxorubicin, Paclitaxel or 5-Fluorouracil induced a breakdown of the mitochondrial membrane
potential and apoptotic cell death in p5S6/Lck expressing Jurkat and the retransfected JCaM1.6/Lck cells within 48 h of treatment.
However, almost no mitochondrial alterations and no induction of apoptosis could be detected in the p56/Lck deficient JCaM1.6 cells.
Correspondingly, activation of caspases-9, -8, and -3 and cleavage of the caspase-3 substrate PARP (poly-(ADP-ribose)-polymerase)
were almost completely absent in JCaM1.6 cells while present in p56/Lck positive Jurkat and JCaM1.6/Lck cells. In contrast,
retransfection of the cells with the p56/Lck-related tyrosine kinase Src could not restore sensitivity to the treatment with cytotoxic
drugs indicating a specific role of the tyrosine kinase p56/Lck in apoptosis signaling. Importantly, kinase-activity of p56/Lck may be
dispensable for its pro-apoptoptic action since preincubation with the Src-kinase inhibitor PP2 did not reduce apoptosis induced
by cytotoxic drugs. In conclusion, the tyrosine kinase pS6/Lck is essential for apoptosis induction by Doxorubicin, Paclitaxel and
5-Fluorouracil regulating early steps of the mitochondrial apoptosis signaling cascade, including alteration of mitochondrial functions
and caspase-activation.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction chemotherapeutic drugs. Apoptosis is characterized by the
activation of caspases, a family of cystein proteases [1,2].
In general, caspases can be activated by two distinct but
interconnected signaling cascades, the death receptor path-
way which is triggered by death receptor ligands e.g.
CD95-ligand, TRAIL and the death receptor independent
mitochondrial pathway which is initiated upon application

of cellular stresses (e.g. irradiation and treatment with
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chemotherapeutic drugs) [3-5].

Stimulation of death receptors (e.g. CD95, TNF-recep-
tor, TRAIL-receptor) by their specific ligands causes
autoproteolytic activation of caspase-8 at the receptor level
within the so-called death inducing signaling complex
(DISC). In this pathway, caspase-8 represents the key
initiator caspase and directly triggers activation of the
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effector caspase cascade [6,7]. In this context it was
suggested that—at least in some cell types—induction
of apoptosis by chemotherapeutic agents may be depen-
dent on drug-induced up-regulation of the CD95 death
receptor ligand (CD95-L) and death receptor mediated
activation of caspases [8,9]. However, further reports
revealed that drug-induced cell death follows death re-
ceptor-independent, mitochondrial signaling pathways
[5,10-14].

It is now widely accepted that cellular stresses including
chemotherapeutic treatment mostly provoke alterations of
mitochondrial functions with breakdown of the mitochon-
drial membrane potential and release of pro-apoptotic
cytochrome ¢ from the mitochondrial intermembrane
space into the cytosol [11,12]. Subsequently, pro-cas-
pase-9 is activated within a cytosolic complex composed
of cytochrome ¢, dATP, and the adaptor molecule Apaf-1
[15,16]. Caspase-9 constitutes the initiator caspase of those
intrinsic, death receptor independent mitochondrial death
pathways and activates downstream effector caspases such
as caspases-3, -6 and -7 [4,14,17-19]. In mitochondrial
death pathways, caspase-8 is only activated downstream of
the mitochondria and acts as an effector caspase [4,10].

Mitochondrial death pathways are regulated by pro- and
anti-apoptotic Bcl-2 like proteins [20-22]. The complex
interaction of pro-apoptotic Bcl-2 family members (Bax,
Bak (Bcl-2 antagonist/killer), Puma, Noxa) leads to cyto-
chrome c-release from mitochondria. In contrast, Bcl-2 and
Bcl-x;, two anti-apoptotic proteins of the Bcl-2-family
inhibit mitochondrial pathways for the induction of apop-
tosis [20,22,23]. However, the up-stream signalling mole-
cules of the mitochondrial death pathways are less defined.

In addition to the essential role of caspases, the mito-
chondria and proteins of the Bcl-2 family, the Src-like
tyrosine kinase pS6/Lck has been implicated in the regula-
tion of apoptosis induced by the human immunodeficiency
virus transactivator protein (HIV-TAT protein) [24], by
ionising radiation [25] as well as by ceramide [26].
Furthermore, activation of p56/Lck by CD19 cross-linking
has been shown to facilitate radiation-induced apoptosis in
radioresistant B-lymphoma cells [27]. Similar to the role of
pS6/Lck for the radiation response in T cells, the B-cell
receptor-associated Src-like kinase Btk and the Src-like
kinase Lyn have been implicated in regulation of apoptosis
in B cells in response to radiation or UV light, respectively
[28,29].

In general, pS6/Lck functions in the transduction of TCR
signals [30]. Activation of p56/Lck in response to TCR
stimulation provokes phosphorylation of critical residues
of the TCR complex with subsequent initiation of down-
stream signaling events including calcium influx, activa-
tion of the transcription factor NFAT (nuclear factor of
activated T cells) and activation of the mitogenic kinases
Erkl and Erk2 [30-32].

In a recent report we could demonstrate that pS6/Lck
controls early mitochondrial steps of radiation induced

apoptosis [33]. Using p56/Lck-deficient JCaM1.6 and
pS6/Lck-transfected JCaM1.6/Lck cells, we could show
that the radiation-induced breakdown of the mitochondrial
transmembrane potential, the release of cytochrome ¢ and
the activation of caspases were severely impaired in the
JCaM1.6 cells, while being present in p56/Lck-transfected
Jcam1.6/Lck cells [33].

Since many chemotherapeutic drugs induce apoptosis
via mitochondrial signaling pathways and p56/Lck was
shown to be required for several stimuli acting via mito-
chondrial pathways, we aimed to specify the role of
pS6/Lck for drug induced apoptosis. To this end, apoptosis
signaling was analysed in p56/Lck deficient JCaM1.6 and
p56/Lck-transfected JCaM1.6/Lck cells upon treatment
with Doxorubicin, Paclitaxel and 5-FU. Our data reveal that
pS6/Lck-deficiency strongly reduces sensitivity of JCaM 1.6
cells to apoptosis-induction in response to treatment with
those chemotherapeutic drugs acting on different primary
intracellular targets.

2. Material and methods

Hoechst 33342 was purchased from Calbiochem. The
proton shuttle carbonylcyanide-m-chloro-phenylhydra-
zone (CCCP) was from Sigma. Phytohemagglutinin-L
was purchased from Sigma. PD98059 was from Cell
Signaling and dissolved in DMSO as 10 mM Stock. The
inhibitor of the Src family of protein tyrosine kinases, PP2,
was received from Calbiochem and dissolved in DMSO as
5 mM Stock. All other biochemicals were from Sigma
chemicals unless otherwise specified.

2.1. Cell culture and transfections

Jurkat E6 T-lymphoma cells were purchased from ATCC
(Bethesda, Maryland, USA) and used upon vector trans-
fection with pRC/cmv as described elsewhere [12,34]. The
p56/Lck deficient Jurkat clone (JCaM1.6) and the p56/Lck
cDNA expressing JCaM1.6/Lck clone were a kind gift
from A. Weiss (University of California, San Francisco,
USA). For all experiments, cells were grown in RPMI 1640
medium (Life Technologies) and maintained in a humidi-
fied incubator at 37 °C and 5% CO,.

Expression vectors encoding wild-type and activated Src
as well as the empty vector pUSEamp were obtained from
Upstate. Wild-type Bcl-2 was kindly provided by B. Leber
(McMaster University, Hamilton, Ont., USA) and cloned
into the expression vector pRC/cmv (Invitrogen). JCaM1.6
cells stably expressing wild-type Src (JCaM1.6/Src.wt),
activated Src (JCaM1.6/Src.act), the respective vector
control cells (JCaM1.6/Vector) or wild type Bcl-2
(JCaM1.6/Bcl-2) were prepared by electroporation using
a Gene pulser II (BioRad) and used as pool transfectants
selected by supplementation of the medium with 800 pg/ml
G418 (Life Technologies).



C. Gruber et al./Biochemical Pharmacology 67 (2004) 1859-1872 1861

2.2. Treatment with anticancer drugs

Doxorubicin and 5-FU were purchased from Pharmacia-
Pfizer and used in concentrations of 0.5 pg/ml and 10 pM,
respectively. Paclitaxel was from Alexis and was used in a
final concentration of 100 nM. For MEK-1 inhibition
PD98059 was added at a concentration of 25 pM, 1 h prior
to treatment with anticancer drugs. For p56/Lck inhibition,
cells were preincubated for 1h with 5 uM PP2 before
stimulation with anticancer drugs.

2.3. Determination of cell proliferation

Assessment of cellular proliferation was performed
using the Wst-1 cell proliferation reagent (Roche Mole-
cular Biochemicals) as described elsewhere [35]. In brief,
cells were seeded in 96-well plates in a final volume of
100 pl/well. The number of living cells was determined
after 24, 48 and 72 h by addition of Wst-1 solution (10 pl/
well). Absorbance at 450 nm (4 reference: 620 nm) was
determined upon incubation of the plates for 120 min at
37 °C using an Anthos 2010 plate reader (Anthos).

2.4. Determination of apoptosis

Cell death was determined by propidium iodide-exclu-
sion (staining with 0.1 pg/ml propidium iodide). Apoptosis
was quantified with a FACS Calibur flow cytometer (Bec-
ton Dickinson) analysing light scatter characteristics. In
addition, apoptosis was quantified upon staining of the
cells with Hoechst 33342 (1.5 uM for 15 min) and sub-
sequent fluorescence microscopy (Zeiss Axiovert 135, Carl
Zeiss) using an excitation wavelength filter of 380 nm.
Analysis was documented using an CCD camera device
(Zeiss Axiocam MRm). Cells with intense chromatin
condensation and nuclear fragmentation were considered
as apoptotic.

2.5. Immunoblotting

Cells were lysed for 30 min at 4 °C in a lysis buffer
containing 25 mM HEPES, 0.1% SDS, 0.5% deoxycho-
late, 1% Triton X-100, 10 mM EDTA, 10 mM NaF and
125 mM NaCl. Insoluble material was removed by cen-
trifugation for 10 min at 13,000 rpm. After denaturation
for 5 min at 100 °C in SDS-loading buffer, 20 pg of the
lysate was separated by SDS-PAGE. Blotting was accom-
plished employing a tank blotting apparatus (Bio-Rad)
onto Hybond C membranes (Amersham). Ponceau S stain-
ing (Sigma) confirmed equal protein loading. Blots were
blocked for 15 min at RT in TBS buffer containing 0.05%
Tween 20 and 5% fetal calf serum. Caspase-8 was detected
using a mouse monoclonal antibody (BioCheck) directed
against the p18 as described previously [4]. Caspase-9, -3
and PARP were detected using cleavage specific antibo-
dies from Cell Signaling Technology (New England Bio-

labs). Bcl-2 expression was determined using an Bcl-2
antibody (Santa-Cruz) and p56/Lck expression was tested
using an antibody against the C-terminus of p56/Lck
(Becton Dickinson Transduction-Labs). The monoclonal
mouse anti-Src antibody was from Upstate (Biomol). Pro-
caspase-3 and Bcl-x; expression were analysed using
Caspase-3 and Bcl-x antibodies (Becton Dickinson
Transduction-Labs). Activation of Erk1/2 was determined
using an activation specific antibody as described pre-
viously [36].

After repeated washings with TBS/Tween 20 (0.05%)
(TBST) the membrane was incubated with an alkaline
phosphatase coupled secondary antibody (Santa-Cruz-Bio-
tech) in TBST for 1 h at room temperature and washed
three times with TBST. The detection of antibody binding
was performed by enhanced chemoluminescence (CSPD,
Tropix).

2.6. Determination of the mitochondrial membrane
potential

Mitochondrial transmembrane potential (Ay,) was
analysed using the potential sensitive dye TMRE (Mole-
cular probes, Mobitech). At the indicated time points
cells were stained for 30 min at 37 °C in PBS supplemen-
ted with 25nM TMRE. Staining was quantified by
FL2 employing a FACS Calibur flow cytometer (Becton
Dickinson).

3. Results

3.1. JCaM1.6 cells lack expression of
Sfunctional p56/Lck

To verify p56/Lck expression in JCaM1.6 cells,
JCaM1.6/Lck and Jurkat T cells, protein levels of p56/
Lck were analysed by Western blotting with an antibody
against the C-terminus of p56/Lck [37,38]. While
JCaM1.6/Lck and Jurkat T cells showed approximately
equal expression of p56/Lck, no intact p56/Lck was detect-
able in JCaM1.6 cells (data not shown).

Earlier investigations had shown that the normal
response to TCR stimulation required p56/Lck function
provoking phosphorylation and thus activation of Erk1/2
kinases [12]. Therefore, to show functional activity of p5S6/
Lck in the cell lines used in the present study, Erkl1/2
activation upon stimulation of the CD3/TCR with phyto-
hemagglutinin-L (PHA-L, 50 pg/ml) was examined using
an antibody specific for the phosphorylated Erk1/2 kinases.
As expected, phosphorylation of Erk1/2 was significantly
reduced in JCaM 1.6 while present in pS6/Lck-transfected
JCaM1.6/Lck and Jurkat cells (Fig. 1). These data demon-
strate expression and functional activity of p56/Lck in
JCaM1.6/Lck and Jurkat cells as well as deficient expres-
sion and activity of p56/Lck in JCaM1.6 cells.
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Fig. 1. Functional activity of p56/Lck in T-lymphoma cells. Functional activity of p5S6/Lck was analysed by determination of Erk1/2 activation in response to
T-cell receptor stimulation with 50 pg/ml phytohaemagglutinin (PHA). Data show one representative of three independent experiments.

3.2. p56/Lck is required for the induction of apoptosis
by Doxorubicin, Paclitaxel and 5-FU

To specify the requirement of p56/Lck for the cellular
response to treatment with chemotherapeutic drugs, induc-
tion of apoptosis was analysed in JCaM1.6 cells, JCaM 1.6/
Lck and Jurkat cells using Doxorubicin, Paclitaxel or 5-
FU, three anticancer drugs with different primary intra-
cellular targets. Apoptotic phenotypes were visualized by
fluorescence microscopy upon staining of the nuclei with
Hoechst 33342. Our data reveal that all drugs readily
induce chromatin condensation and DNA fragmentation
in Jurkat and JCaM 1.6/Lck cells. However, almost no signs
of nuclear apoptosis could be detected in the p56/Lck-
deficient JCaM1.6 cells (Fig. 2).

Jurkat

unstimulated

Doxorubicin
0,5 ug/mi

5-FU
10 uM

Paclitaxel
100 nM

Lck constitutes the most common Src-like tyrosine
kinase in T-lymphocytes while other tyrosine kinases are
only expressed at low levels. To test, whether over-expres-
sion of the p56/Lck-related tyrosine kinase Src would
restore sensitivity of the Lck-deficient JCaM1.6 cells to
cytotoxic drugs, cells were transfected with wild-type as
well as activated Src (Fig. 3D) and tested to their sensitivity
to drug-induced apoptosis. However, in contrast to retrans-
fection with p56/Lck, Src-transfection did not increase
sensitivity of JCaM1.6 cells to the induction of apoptosis
by cytotoxic drugs (Fig. 3A—C). Thus, in JCaM1.6 cells
Src cannot substitute for p56/Lck in regard to apoptosis
induction.

To further elucidate apoptosis signaling of JCaM1.6
cells upon drug exposure, induction of apoptosis was

JCaM1.6 JCaM1.6/Lck

Fig. 2. Induction of apoptotic nuclear morphology in Jurkat T-lymphoma cells is dependent on the expression of p56/Lck. The induction of an apoptotic
nuclear morphology is almost completely abrogated in p56/Lck deficient JCaM1.6 cells. Jurkat, JCaM1.6 and JCaM1.6/Lck cells were treated for 36 h with
the indicated concentrations of Doxorubicin, 5-FU or Paclitaxel. Nuclear morphology was analysed by fluorescence microscopy upon staining with Hoechst
33342. Cells with the typical apoptotic morphology showing chromatin condensation and nuclear fragmentation were considered apoptotic.
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Fig. 3. The function of p56/Lck during apoptosis induction cannot be replaced by the tyrosine kinase Src. Lck-deficient JCaM1.6 cells were transfected with
wild type Src (JCaM1.6/Src.wt), active Src (JCaM1.6/Src.act) or the respective empty vector (JCaM1.6/Vector). Stably transfected cells were treated for 48—
72 h with (A) 0.5 pg/ml Doxorubicin, (B) 10 pM 5-FU or (C) 100 nM Paclitaxel. Apoptosis induction was quantified by FACS analysis using light scatter
characteristics. Data show means + S.D. (n = 3). (D) Expression of Src was tested by Western blotting cytosolic extracts of JCaM1.6/Vector, JCaM1.6/Src.wt

and JCaM1.6/Src.act cells with a Src-specific antibody.

quantified by FACS analysis using light scatter character-
istics 24-72 h after treatment with 0.5 pg/ml Doxorubicin,
100 nM Paclitaxel or 10 pM 5-FU (Fig. 4A—C). Treatment
with 0.5 pg/ml Doxorubicin induced significant apoptosis
in JCaM1.6/Lck and Jurkat cells within 24 h of treatment
yielding maximal apoptosis rates already after 48 h. In
contrast, JCaM1.6 cells did only undergo delayed cell
death with almost no signs of apoptosis after 48 h and
only 47.5% apoptotic cells after 72 h of treatment (Fig. 4A).

Similar to the observations with Doxorubicin, treatment
with 100 nM Paclitaxel clearly induced rapid apoptosis at
high rates in JCaM1.6/Lck and Jurkat cells reaching max-
imal levels within 48 h. Again, Paclitaxel almost comple-
tely failed to induce apoptosis in the p56/Lck deficient
JCaM1.6 cells within 48 h and only yielded 33.8% apop-
totic cells after 72 h of treatment (Fig. 4C).

Furthermore, incubation with 10 uM 5-FU readily trig-
gered apoptosis in Jurkat and JCaM1.6/Lck cells coming to
a maximum after 72 h. Similar to the observations with
Doxorubicin and Paclitaxel, apoptosis rates in JCaM1.6
cells were reduced when compared to the pS6/Lck expres-
sing Jurkat and JCaM1.6/Lck cells (Fig. 4B). However,
despite reduced apoptosis rates, pS6/Lck deficient cells
were not fully resistant to drug-induced apoptosis but
underwent delayed cell death after prolonged exposure
(72 h) to cytotoxic drugs (Fig. 4A—C). To test, whether the
phenomenon of delayed apoptosis in the p5S6/Lck-deficient
cells may be blocked by over-expression of Bcl-2,
JCaM1.6 cells were transfected with Bcl-2 (Fig. 4D, right
panel) and tested for their sensitivity to apoptosis induced

by 5-FU, Doxorubicin and Paclitaxel. As shown in Fig. 4D
(left panel), over-expression of Bcl-2 leads to a small
decrease of delayed apoptosis upon treatment with
100 nM Paclitaxel and 10 uM 5-FU but did not cause
complete abrogation of delayed apoptosis of JCaM1.6
cells.

To test whether kinase activity of p56/Lck was required
for apoptosis induction, we preincubated JCaM1.6/Lck
cells with 5 uM of the Src-like kinase inhibitor PP2 for
60 min prior to the treatment with the cytotoxic drugs.
While pretreatment with PP2 inhibited subsequent PHA-
stimulated Erk-activation (Fig. 4E, right panel), PP2 did
not reduce apoptosis rates induced by Doxorubicin, Pacli-
taxel or 5-FU (Fig. 4E, left panel).

Since Erk kinases have been implicated in apoptosis
regulation, we wondered whether inhibition of the
downstream kinase Erk may influence apoptosis rates
in JCaM1.6/Lck cells. To this end, JCaM1.6/Lck cells
were pretreated for 60 min with the MEK-1 inhibitor
PD98059 that prevents Erk-activation by inhibition of
its upstream activating kinase MEK-1. After the preincu-
bation period cells were treated with 0.5 pg/ml Doxoru-
bicin, 10 pM 5-FU or 100 nM Paclitaxel and apoptosis
induction was quantified upon 48 and 72 h of drug expo-
sure. However, pretreatment with PD98059 did not alter
the rates of apoptotic cell death induced by cyotoxic drugs
(Fig. 4F).

Furthermore, to rule out the possibility that an altered
proliferation rate may be causative for the apparently
reduced sensitivity of p56/Lck-deficient JCaM1.6 cells
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Fig. 4. Kinetics of apoptosis induction upon treatment with Doxorubicin, Paclitaxel or 5-FU depend on the expression of p56/Lck. Jurkat, JCaM1.6 and
JCaM1.6/Lck cells were treated for 24—72 h with the indicated concentrations of Doxorubicin, Paclitaxel or 5-FU. Apoptosis induction in response to (A)
0.5 pg/ml Doxorubicin, (B) 10 uM 5-FU or (C) 100 nM Paclitaxel was quantified by FACS analysis using light scatter characteristics. Data show
means = S.D. (n = 3). (D) Bcl-2 does not abrogate delayed apoptosis in JCaM1.6 cells. Left panel: JCaM 1.6 cells were transfected with Bcl-2 (JCaM1.6/Bcl-
2). Cells were treated for 72 h with 0.5 pg/ml Doxorubicin, 100 nM Paclitaxel or 10 uM 5-FU and apoptosis induction was determined by FACS analysis
using light scatter characteristics. Data show means & S.D. (n = 3). Right panel: Expression of Bcl-2 was verified by Western blotting cytosolic extracts of
JCaM1.6 and JCaM1.6/Bcl-2 cells using a Bcl-2-specific antibody. (E) Inhibition of p56/Lck kinase activity does not interfere with drug-induced apoptosis in
JCaM1.6/Lck cells. Left panel: Jurkat, JCaM1.6 and JCaM1.6/Lck cells were pretreated with 5 pM PP2 or medium for 60 min and subsequently incubated for
48 h with 0.5 pg/ml Doxorubicin, 100 nM Paclitaxel or 10 pM 5-FU. Apoptosis induction was quantified by FACS analysis using light scatter characteristics.
Data show means + S.D. (n = 3). Right panel: JCaM1.6/Lck cells were pretreated with 5 uM PP2 or medium and subsequently incubated for the indicated
times with 50 pg/ml PHA. PHA-stimulated activation of Erk1/2 was determined by Western blotting using antibodies against active Erk. (F) Inhibition of Erk
does not interfere with drug-induced apoptosis in JCaM1.6/Lck cells. JCaM1.6/Lck cells were pretreated with 25 pM PD98059 for 60 min before the addition
of 0.5 pg/ml Doxorubicin, 100 nM Paclitaxel or 10 uM 5-FU. Apoptosis induction was quantified by FACS analysis using light scatter characteristics after 48
and 72 h of continuous exposure to the drugs. Data show means & S.D. (n = 3). (G) Deficiency of p56/Lck does not alter cell proliferation. Cells were seeded
at initial concentrations of 2500, 5000, 7500 or 10,000 cells/well in 96 well plates. The number of viable cells was analysed 24, 48 and 72 h after seeding
using the Wst-1 cell proliferation reagent. Data are means £+ S.D. (n = 3).



C. Gruber et al./Biochemical Pharmacology 67 (2004) 1859-1872 1865
100 - 48h 100 72h
& =
o 801 = g0 =
8 60 B
£ - = 0 Dwithout PD98059
2 404 = 3 40 Owith PD98059
g a
8 20- g 20
o @
0 & oy & 0 AN _‘_t-z) ~
5O a 5 ) . 5
ol fb‘}@ & 4 fb‘}@ N
(F) \00+ (\\‘\Q ,\QQ S {3‘3 ’\QQ
& S & )
\:9\ '\Q QQ\ '\Q
&P o?

15 JCaM1.6 15 JCaM1.6/Lck ~-10000 cells/well
£ £ —a— 7500 cells/well
= c 1
§ § - 5000 cells/well
a0.5 n 05 —— 2500 cells/well
o] o]

0+ T 0+ T 1
24 48 72 48 72
(G) time [h] time [h]

Fig. 4. (Continued ).

to drug-induced apoptosis, we compared the basal prolif-
eration rates of untreated JCaM1.6 cells with those of
JCaM1.6/Lck cells (Fig. 4G). The data show that p56/
Lck-deficiency did not result in reduced cellular prolifera-
tion. Thus, apoptosis resistance was not due to inappropriate
T-cell receptor mediated proliferation of JCaM]1.6 cells.

3.3. Deficiency of p56/Lck interferes with drug induced
mitochondrial apoptosis signaling pathways

Up to this point our data revealed that pS6/Lck defi-
ciency strongly interferes with apoptosis induction upon
treatment with Doxorubicin, Paclitaxel and 5-FU. Since
p56/Lck has been shown to control early steps of radiation
induced apoptosis such as mitochondrial alterations and
caspase-activation [33], we wondered at which point
of the apoptotic signaling cascade p56/Lck would inter-
fere with drug induced apoptosis. To specify the localiza-
tion of p56/Lck within drug-induced apoptosis signaling
cascades, we analysed the influence of p56/Lck deficiency
on drug induced caspase cleavage and mitochondrial
alterations.

To determine in how far the absence of p5S6/Lck prevents
the activation of caspases upon drug treatment, the time
course of caspase processing was analysed by Western
blotting cytosolic extracts of the Doxorubicin-, Paclitaxel-
and 5-FU treated JCaM1.6- and JCaM1.6/Lck cells using
specific antibodies against the typical cleavage fragments.

Treatment of p56/Lck expressing JCaM1.6/Lck cells
with Doxorubicin clearly induced activation of caspases-
9, -3 and -8 within 24 h, as indicated by the appearance of
the active subunits as well as the cleavage of the caspase-3
substrate PARP. In contrast, no activation of caspases could

be detected in the p56/Lck-deficient JCaM1.6 cells even
after 72 h of treatment with Doxorubicin (Fig. SA).

Similarly, caspase-activation and cleavage of PARP were
completely absent in p56/Lck deficient JCaM1.6 cells up to
72 h after treatment with 100 nM Paclitaxel. In contrast, in
pS6/Lck expressing JCaM1.6/Lck cells activation of cas-
pases-9, -3 and -8 as well as cleavage of PARP could already
be detected within 24 h of treatment (Fig. 5C).

As shown in Fig. 5B, 5-FU readily induced caspase-
activation and PARP cleavage in the p56/Lck-transfected
JCaM1.6/Lck cells with similar kinetics as observed for
apoptosis induction. In contrast, treatment of the p56/Lck-
deficient JCaM1.6 cells with 10 pM 5-FU for up to 72 h
failed to induce significant activation of caspases. However,
cleavage of the caspase-3 substrate PARP was observed after
48 and 72 h of treatment, pointing to a delayed induction of a
p56/Lck-independent apoptosis in 5-FU-treated cells.

Taken together, these data reveal that p56/Lck deficiency
strongly interferes with drug induced caspase-activation
(Fig. SA-C).

Since mitochondrial alterations, such as breakdown of
the mitochondrial transmembrane potential (Ay,,) and
release of cytochrome ¢ constitute key events of the
mitochondrial apoptosis signaling cascade [15,19], we
analysed the influence of p56/Lck deficiency on Ay,
breakdown. The FACS data reveal that treatment with
0.5 pg/ml Doxorubicin induced rapid breakdown of Ay,
within 24 h in the p56/Lck expressing cells yielding 64.7
and 60.2% of JCaM1.6/Lck and Jurkat cells with depolar-
ized Ay, respectively (Fig. 6A). In contrast, no significant
mitochondrial changes could be observed in the p56/Lck-
deficient JCaM1.6 cells up to 48 h of treatment. However,
prolonged treatment (72 and 96 h) led to the appearance of
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Fig. 5. Caspase-activation upon drug treatment requires the expression of p56/Lck. In contrast to rapid caspase-activation in p56/Lck expressing JCaM1.6
cells, almost no cleavage of caspases-9, -3 and -8 or the caspase-3 substrate PARP was detectable in p56/Lck deficient JCaM1.6 cells. Caspase-activation was
determined by Western blot analysis of cytosolic extracts from JCaM1.6 cells (left panel) and JCaM1.6/Lck cells (right panel) 672 h after treatment with (A)
0.5 pg/ml Doxorubicin, (B) 10 pM 5-FU or (C) 100 nM Paclitaxel. Data show one representative of three independent experiments.

cells with depolarized mitochondrial membrane potential
in the p56/Lck deficient JCaM1.6 cells pointing to some
pS6/Lck independent drug effects on mitochondria.
Similar to Doxorubicin, treatment with 10 uM 5-FU and
100 nM Paclitaxel failed to induce significant breakdown
of the mitochondrial transmembrane potential within 48 h

of treatment in the p56/Lck-deficient JCaM1.6 cells while
inducing rapid and almost complete depolarization within
2448 h in the p56/Lck expressing Jurkat and JCaM1.6/
Lck cells (Fig. 6B and C). Again, a small amount of
mitochondrial depolarisation could be observed in the
JCaM1.6 cells upon prolonged treatment (72 h).
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Fig. 6. Time kinetics of drug induced mitochondrial alterations during apoptosis depend on the expression of p56/Lck. Drug-induced breakdown of the
mitochondrial membrane potential is almost completely abrogated in p56/Lck deficient cells. Jurkat, JCaM1.6 and JCaM1.6/Lck cells were treated for 24—
72 h with (A) 0.5 pg/ml Doxorubicin, (B) 10 pM 5-FU or (C) 100 nM Paclitaxel. Integrity of the mitochondrial membrane potential was then determined by

FACS analysis of TMRE stained cells. Data show means &+ S.D. (n = 3).

Taken together, deficiency of p56/Lck strongly impaired
the breakdown of Ay, triggered in JCaM1.6 cells by the
treatment with Doxorubicin, Paclitaxel or 5-FU compared
to p56/Lck expressing Jurkat and JCaM1.6/Lck cells.
Again, these data nicely corroborate the data obtained
on quantification of apoptosis (Fig. 4A—C) and on cas-
pase-activation (Fig. 5).

To exclude any role of indirect effects caused by an up-
regulation of anti-apoptotic proteins, such as Bcl-2 and
related proteins in JCaM1.6 cells, we tested the expression
of Bcl-2, Bel-xp and MCL-1 (myeloid cell leukemia gene
1) by Western blotting. However, no relevant increase in
the basal expression levels of either molecule was observed
in the p56/Lck deficient JCaM1.6 cells compared to the
pS6/Lck expressing Jurkat and JCaM1.6/Lck cells (data
not shown).

4. Discussion

Our data show for the first time that the Src-like tyrosine
kinase p56/Lck is crucial for apoptosis induced by che-
motherapeutic drugs with different primary targets of their
cytotoxic action. Furthermore, the results indicate that p56/
Lck controls key steps of the drug induced apoptosis
signaling cascade involving alteration of mitochondrial
functions and caspase-activation. These conclusions are

based on the findings that apoptosis induced by Doxor-
ubicin, 5-FU and Paclitaxel was significantly reduced in
pS6/Lck deficient JCaM1.6 cells compared to p56/Lck
expressing JCaM1.6/Lck cells. In addition, neither a sig-
nificant breakdown of Ay, nor a significant activation of
caspases could be detected in the p56/Lck-deficient cells
upon 24-48 h of drug treatment.

This is reminiscent of our own observations on the
necessity of p56/Lck expression for radiation induced
apoptosis [25,33] as well as of reports on the importance
of p56/Lck for apoptosis induction by ceramide and the
HIV-TAT protein [24,26]. Since apoptosis induction by
chemotherapeutic drugs, ceramide or radiation has been
shown to follow mitochondrial apoptosis signaling path-
ways and may even converge at the mitochondrial level
[4,11,14,39], these findings make a more general role of the
tyrosine kinase p56/Lck for the control of early steps of
mitochondrial apoptosis pathways very likely.

In contrast, death receptor mediated apoptosis signaling
pathways had been shown to be executed almost indepen-
dently of p56/Lck since deficiency of p56/Lck only par-
tially attenuated apoptosis induction by death receptor
ligands such as TRAIL or CD95-ligand [33,40]. In this
context, the altered time course of death receptor induced
apoptosis observed in p56/Lck-deficient cells was attrib-
uted to an inadequate activation of the mitochondrial
amplification loop in the p56/Lck-deficient cells that is
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Fig. 7. Signaling pathways. Apoptosis pathways induced by cytotoxic drugs converge at the level of the mitochondria. The DNA intercalating drug
Doxorubicin as well as the antimetabolite 5-FU induce DNA damage leading to activation and stabilization of the tumor suppressor p53. Dependent on the
cellular context, p53 induces growth arrest via upregulation of the cyclin dependent kinase inhibitor p21 or apoptosis via increased expression of the pro-
apoptotic Bcl-2 protein family member Bax. In contrast, the microtubule damaging agent Paclitaxel that causes microtubule stabilization, induces mitotic
arrest in the G2/M phase of the cell cycle and apoptosis. Putatively, Bcl-2 hyperphosphorylation leading to augmented levels of free Bax may be required for
the subsequent activation of mitochondrial apoptosis steps, e.g. membrane permeabilization with breakdown of the mitochondrial transmembrane potential
and release of pro-apoptotic mitochondrial proteins like cytochrome c. Cytochrome ¢ together with Apaf-1 and dATP is required for the activation of pro-
caspase 9 in the cytosolic death inducing complex, called apoptosome. Caspase-9 in turn triggers the effector caspase cascade that is required for the
execution of apoptosis. In this scenario, p5S6/Lck may directly or indirectly influence the Bax/Bcl-2 ratio, thereby facilitating the induction of mitochondrial

alterations.

required for the amplification of apoptotic signals in cells
with low initial death receptor mediated caspase-8 activa-
tion [41].

Importantly, our results indicate that not only drugs that
directly or indirectly induce DNA-damage, but also agents
with a distinct primary target of their cytotoxic action are
all dependent on expression of functional p56/Lck to
trigger apoptotic cell death.

It is well established that DNA-damaging drugs, e.g. the
thymidylate synthase inhibitor 5-FU, induce apoptosis via
pS3-dependent up-regulation of pro-apoptotic Bax (Fig. 7)
[42]. However, 5-FU has also been shown to induce p53-
independent cell death [43,44]. In this context, a role of up-
regulated CD95-ligand expression has been suggested
[45]. Further reports indicate that the relative levels of
Bcl-2, Bel-x;, and Bax may determine sensitivity of tumor
cells to 5-FU-induced apoptosis [44,46].

Similarly, the anthracycline Doxorubicin induces DNA-
damage and subsequent apoptosis via multiple mechan-
isms including intercalation into the DNA, inhibition of

topoisomerase II and generation of reactive oxygen species
[47]. Furthermore, Doxorubicin-induced apoptosis typi-
cally involved Bak and Bax-dependent cytochrome c
release from mitochondria with subsequent caspase-acti-
vation and was blocked by over-expression of anti-apop-
totic Bcl-2 proteins (Fig. 7) [48-51].

In contrast, Paclitaxel constitutes a microtubule-dama-
ging agent that stabilizes the microtubules thereby abro-
gating the function of the mitotic spindle apparatus.
Consequently, Paclitaxel provokes cell cycle arrest in
the mitotic phase. However, Paclitaxel also promotes
apoptotic cell death [52,53]. It has been shown, that similar
to DNA-damaging drugs and radiation, Paclitaxel induces
a mitochondrial signaling cascade involving loss of the
mitochondrial membrane potential, release of cytochrome
c from the mitochondrial intermembrane space and cyto-
chrome c- and Apaf-1-dependent activation of caspases-9,
-3 and -8 downstream of the mitochondria [54]. This is
consistent with the observation that anti-apoptotic Bcl-2
family proteins are involved in the protection against
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apoptosis induced by microtubule damaging drugs [55]. In
this context, Paclitaxel-induced apoptosis appears to
require inactivation of Bcl-2 by hyperphosphorylation that
has been attributed either to the activation of kinase-path-
ways such as the c-Jun N-terminal kinase (JNK) pathway
or the inactivation of protein phosphatases [52,56-58].
Most studies indicate that phosphorylation of Bcl-2 inac-
tivates its anti-apoptotic function [59,60]. Phosphorylation
may prevent its heterodimerization with Bax leading to
increased levels of free Bax and subsequent activation of
the mitochondrial pathway (Fig. 7) [61,62].

Our data clearly show that in addition to its role in cell
death induced by irradiation and ceramide-treatment, p56/
Lck also interferes with apoptosis induced by cytotoxic
drugs that have all been shown to trigger mitochondrial
death pathways. However, the exact mechanisms of the
p56/Lck action are not completely understood. Since
mitochondrial apoptosis pathways are mostly regulated
by pro- and anti-apoptotic members of the Bcl-2 protein
family, p56/Lck may either directly or indirectly be
involved in the regulation of the activity of Bcl-2 proteins.
However, it has been demonstrated that p56/Lck is not
involved in the regulation of Bcl-2 function by hyperphos-
phorylation [63]. On the other hand, it has been suggested
that pS6/Lck may be critical to induce conformational
changes of Bax that are required for its interaction with
the mitochondrial membrane [33]. In our hands deficiency
of p56/Lck did not alter basal expression levels of Bcl-2,
Bcl-xp, or MCL-1.

Alternatively, p56/Lck may modulate the apoptotic
threshold for anticancer drug induced apoptosis by inter-
fering with up-stream signaling molecules involved in
apoptosis regulation. Previous studies revealed that p56/
Lck participates in phosphoregulation of phosphatidylino-
sitol-3-kinase, mitogenic Erk1 and Erk2 [31,32] or GTPases
of the Rho-family, all being involved in the control of
proliferation and/or apoptotic cell death [64,65]. Further-
more, p56/Lck has been shown to function in the regulation
of ion transport systems, including C1~, K, and Ca®", that
are important regulators of cell proliferation and apoptosis
[66-69].

However, in our hands inhibition p56/Lck kinase activity
by the Src-like kinase inhibitor PP2 as well as inhibition of
Erk activation by the MEK-1 inhibitor PD98059 failed to
interfere with drug-induced apoptosis. These data suggest
that the kinase activity of p5S6/Lck and downstream activa-
tion of Erk may be dispensable for the pro-apoptotic action
of p56/Lck. Consequently, the defective apoptosis signal-
ing in JCaM 1.6 cells with deficiency of functional p56/Lck
may not be caused by defective p56/Lck kinase activity/
respective Erk activation but by the lack of some p56/Lck-
mediated kinase-independent pro-apoptotic effects. Alter-
natively, decreased sensitivity of Lck-deficient JCaM1.6
cells to drug-induced apoptosis may not be due to the lack
of pro-apoptotic activity of p5S6/Lck but to the existence of
some kinase-independent anti-apoptotic effects of the

truncated p56/Lck in the JCaM1.6 cells which could be
overridden by expression of functional p56/Lck in the
retransfected JCaM1.6/Lck cells. In a recent report, it
was suggested that a cleaved form of the Src-like kinase
Lyn that was generated by caspase-cleavage upon B-cell
receptor engagement would behave as a negative regulator
of mitochondrial apoptosis pathways. The inhibitory func-
tion of cleaved Lyn was attributed to a modulation of c-myc
expression [70]. While high levels of Myc correlated with
apoptosis induction, low levels of c-myc expression caused
apoptosis resistance. Since JCaM1.6 cells are not comple-
tely deficient of p5S6/Lck but express a truncated protein
devoid of the kinase domain, a similar inhibitory effect of
truncated p56/Lck on c-myc expression may also be
operative in these cells. In this context, peptides containing
the soluble SH2 domain of Lck that is required for its
interaction with phosphorylated protein structures have
been shown to interfere with apoptosis induction
[71,72]. Since truncated p56/Lck retains the SH2 domain
[30] it may act as a dominant negative protein modulating
c-myc expression and thus, sensitivity to apoptotic cell
death.

Overall, our data reveal that lack of functional p56/Lck
is sufficient to cause a significantly decreased sensitivity of
JCaM1.6 cells to drug-induced apoptosis. Interestingly, the
p56/Lck-related tyrosine kinase Src could not substitute for
p56/Lck in regard to apoptosis signaling.

Importantly, Doxorubicin, 5-FU and Paclitaxel caused
delayed cell death in JCaM]1.6 cells after 72 h of drug
exposure. Thus, pS6/Lck deficient JCaM1.6 cells are not
completely resistant to apoptosis induced by the treatment
with cytotoxic drugs. Kinetics of delayed apoptosis were
similar to the kinetics of the breakdown of the mitochon-
drial membrane potential pointing to a mitochondria-
dependent late apoptosis pathway. However, over-expres-
sion of Bcl-2 did not abrogate delayed apoptosis in
JCaM1.6 cells. Thus, undefined Bcl-2 independent late
effects may be operative.

Furthermore, the mechanisms of stress-induced activa-
tion of p56/Lck is still unclear. It has been shown that
membrane compartimentation of signaling molecules may
function as key regulatory mechanism for cellular signal-
ing pathways. In this context, application of cellular stress,
e.g. treatment with cytotoxic drugs or irradiation induces
the formation of the cellular second messenger ceramide.
Subsequently, ceramide-induced alterations of membrane
lipid composition [73] can facilitate clustering of signaling
molecules such as cell surface receptors in specialized
cholesterol- and sphingolipid-rich cell membrane domains,
termed rafts, thereby triggering their activation [74,75]. In
addition to specific surface receptors, e.g. CD95, membrane
rafts were found to be enriched in signaling molecules,
including Src-like phosphotyrosine kinases such as p56/Lck
[76-78]. Thus, pS6/Lck may become activated upon drug
treatment or irradiation by ceramide mediated clustering of
up-stream receptor molecules within lipid rafts.
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Taken together, the data presented point to a key role of
pS56/Lck in the regulation of drug-induced apoptosis in
T-lymphoma cells. Since the sensitivity to drug and/or
radiation induced apoptosis has been correlated with the
treatment response, functional inactivation of pS6/Lck may
directly contribute to decreased efficiency of anticancer
treatment. Therefore, Src-like tyrosine kinases may con-
stitute a novel target for anticancer drug development.

Note added in proof

Meanwhile, similar observations have been published by
Jonghwa Won and co-workers [79] regarding Rosmarinic
Acid induced cell death. The authors show that Rosmarinic
Acid induces apoptosis in Jurkat T-lymphoma cells via a
mitochondrial pathway involving p56/Lck. Consistent with
our own data the proapoptotic function of p56/Lck was
not dependent on p56/Lck kinase activity. In contrast,
Rosmarinic Acid induced apoptosis relied on p56/Lck
SH2 domain.

Acknowledgments

The work was supported by a grant from the Federal
Ministry of Education and Research (F6. 01KS9602) and
the Interdisciplinary Center of Clinical Research Tiibingen
(IZKF) to VJ. and C.B. and a grant from the Mildred
Scheel Stiftung (10-1970 Be-III) to C.B. and V.J. We are
thankful to B. Leber for providing the Bcl-2 wild type
construct as well as to A. Weiss (University of California,
San Francisco, USA) for the pS6/Lck deficient Jurkat clone
(JCaM1.6) and the p56/Lck cDNA expressing JCaM1.6/
Lck clone. We also thank Bristol Myers Squibb for con-
tinuous support.

References

[1] Salvesen GS, Dixit VM. Caspases: intracellular signaling by proteo-
lysis. Cell 1997;91:443-6.

[2] Chen M, Wang J. Initiator caspases in apoptosis signaling pathways.
Apoptosis 2002;7:313-9.

[3] Dunkern TR, Fritz G, Kaina B. Ultraviolet light-induced DNA

damage triggers apoptosis in nucleotide excision repair-deficient cells

via Bcl-2 decline and caspase-3/-8 activation. Oncogene 2001;20:

6026-38.

Belka C, Rudner J, Wesselborg S, Stepczynska A, Marini P, Lepple-

Wienhues A, et al. Differential role of caspase-8 and BID activation

during radiation- and CD95-induced apoptosis. Oncogene 2000;19:

1181-90.

[5] Wieder T, Essmann F, Prokop A, Schmelz K, Schulze-Osthoff K,
Beyaert R, et al. Activation of caspase-8 in drug-induced apoptosis of
B-lymphoid cells is independent of CD95/Fas receptor-ligand inter-
action and occurs downstream of caspase-3. Blood 2001;97:1378-87.

[6] Varfolomeev EE, Schuchmann M, Luria V, Chiannilkulchai N, Beck-
mann JS, Mett IL, et al. Targeted disruption of the mouse caspase 8
gene ablates cell death induction by the TNF receptors, Fas/Apol, and
DR3 and is lethal prenatally. Immunity 1998;9:267-76.

[4

=

[7] Schulze-Osthoff K, Ferrari D, Los M, Wesselborg S, Peter ME.
Apoptosis signaling by death receptors. Eur J Biochem 1998;254:
439-59.

Friesen C, Herr I, Krammer PH, Debatin KM. Involvement of the

CD95 (APO-1/FAS) receptor/ligand system in drug-induced apoptosis

in leukemia cells. Nat Med 1996;2:574-7.

Muller M, Strand S, Hug H, Heinemann EM, Walczak H, Hofmann

W1, et al. Drug-induced apoptosis in hepatoma cells is mediated by the

CD95 (APO-1/Fas) receptor/ligand system and involves activation of

wild-type p53. J Clin Invest 1997;99:403-13.

Engels IH, Stepczynska A, Stroh C, Lauber K, Berg C, Schwenzer R,

et al. Caspase-8/FLICE functions as an executioner caspase in antic-

ancer drug-induced apoptosis. Oncogene 2000;19:4563—73.

[11] Wesselborg S, Engels IH, Rossmann E, Los M, Schulze-Osthoff K.
Anticancer drugs induce caspase-8/FLICE activation and apoptosis
in the absence of CD95 receptor/ligand interaction. Blood 1999;93:
3053-63.

[12] Jendrossek V, Muller I, Eibl H, Belka C. Intracellular mediators of

erucylphosphocholine-induced apoptosis. Oncogene 2003;22:2621-31.

Debatin KM, Poncet D, Kroemer G. Chemotherapy: targeting the

mitochondrial cell death pathway. Oncogene 2002;21:8786-803.

[14] Newton K, Strasser A. Ionizing radiation and chemotherapeutic drugs
induce apoptosis in lymphocytes in the absence of Fas or FADD/
MORT1 signaling. Implications for cancer therapy. J Exp Med
2000;191:195-200.

[15] Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri
ES, et al. Cytochrome ¢ and dATP-dependent formation of Apaf-1/
caspase-9 complex initiates an apoptotic protease cascade. Cell
1997;91:479-89.

[16] Zou H, Li Y, Liu X, Wang X. An APAF-1, cytochrome ¢ multimeric
complex is a functional apoptosome that activates procaspase-9. J Biol
Chem 1999;274:11549-56.

[17] Hakem R, Hakem A, Duncan GS, Henderson JT, Woo M, Soengas MS,
et al. Differential requirement for caspase 9 in apoptotic pathways in
vivo. Cell 1998;94:339-52.

[18] Kuida K, Haydar TF, Kuan CY, Gu Y, Taya C, Karasuyama H, et al.
Reduced apoptosis and cytochrome c-mediated caspase activation in
mice lacking caspase 9. Cell 1998;94:325-37.

[19] Soengas MS, Alarcon RM, Yoshida H, Giaccia AJ, Hakem R, Mak
TW, et al. Apaf-1 and caspase-9 in p53-dependent apoptosis and tumor
inhibition. Science 1999;284:156-9.

[20] Belka C, Budach W. Anti-apoptotic Bcl-2 proteins: structure, function

and relevance for radiation biology. Int J Radiat Biol 2002;78:643-58.

Cheng EH, Wei MC, Weiler S, Flavell RA, Mak TW, Lindsten T, et al.

BCL-2, BCL-X(L) sequester BH3 domain-only molecules preventing

BAX- and BAK-mediated mitochondrial apoptosis. Mol Cell

2001;8:705-11.

[22] Rudner J, Jendrossek V, Belka C. New insights in the role of Bcl-2 and
the endoplasmic reticulum. Apoptosis 2002;7:441-7.

[23] Wei MC, Zong WX, Cheng EH, Lindsten T, Panoutsakopoulou V,
Ross AJ, et al. Proapoptotic BAX and BAK: a requisite gateway to
mitochondrial dysfunction and death. Science 2001;292:727-30.

[24] Manna SK, Aggarwal BB. Differential requirement for p56lck in HIV-
tat versus TNF-induced cellular responses: effects on NF-kappa B,
activator protein- 1, c-Jun N-terminal kinase, and apoptosis. J Immunol
2000;164:5156-66.

[25] Belka C, Marini P, Lepple-Wienhues A, Budach W, Jekle A, Los M,
et al. The tyrosine kinase Ick is required for CD95-independent
caspase-8 activation and apoptosis in response to ionizing radiation.
Oncogene 1999;18:4983-92.

[26] Manna SK, Sah NK, Aggarwal BB. Protein tyrosine kinase p56lck is
required for ceramide-induced but not tumor necrosis factor-induced
activation of NF-kappa B, AP-1, JNK, and apoptosis. J Biol Chem
2000;275:13297-306.

[27] Waddick KG, Chae HP, Tuel-Ahlgren L, Jarvis LJ, Dibirdik I, Myers
DE, et al. Engagement of the CD19 receptor on human B-lineage

[8

—

[9

—

[10

[13

[21



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

C. Gruber et al. /Biochemical Pharmacology 67 (2004) 1859-1872

leukemia cells activates LCK tyrosine kinase and facilitates radiation-
induced apoptosis. Radiat Res 1993;136:313-9.

Uckun FM, Waddick KG, Mahajan S, Jun X, Takata M, Bolen J, et al.
BTK as a mediator of radiation-induced apoptosis in DT-40 lymphoma
B cells. Science 1996;273:1096-100.

Qin S, Minami Y, Kurosaki T, Yamamura H. Distinctive functions of
Syk and Lyn in mediating osmotic stress- and ultraviolet C irradiation-
induced apoptosis in chicken B cells. J Biol Chem 1997;272:17994-9.
Straus DB, Weiss A. Genetic evidence for the involvement of the Ick
tyrosine kinase in signal transduction through the T cell antigen
receptor. Cell 1992;70:585-93.

Kabouridis PS, Magee Al, Ley SC. S-Acylation of LCK protein
tyrosine kinase is essential for its signalling function in T lympho-
cytes. EMBO J 1997;16:4983-98.

Samelson LE. Signal transduction mediated by the T cell antigen
receptor: the role of adapter proteins. Annu Rev Immunol 2002;20:
371-94.

Belka C, Gruber C, Jendrossek V, Wesselborg S, Budach W. The
tyrosine kinase Lck is involved in regulation of mitochondrial apop-
tosis pathways. Oncogene 2003;22:176-85.

Rudner J, Lepple-Wienhues A, Budach W, Berschauer J, Friedrich B,
Wesselborg S, et al. Wild-type, mitochondrial and ER-restricted Bcl-2
inhibit DNA damage-induced apoptosis but do not affect death
receptor-induced apoptosis. J Cell Sci 2001;114:4161-72.
Jendrossek V, Erdlenbruch B, Hunold A, Kugler W, Eibl H, Lakomek
M. Erucylphosphocholine, a novel antineoplastic ether lipid, blocks
growth and induces apoptosis in brain tumor cell lines in vitro. Int J
Oncol 1999;14:15-22.

Belka C, Knippers P, Rudner J, Faltin H, Bamberg M, Budach W.
MEKI and Erk1/2 kinases as targets for the modulation of radiation
responses. Anticancer Res 2000;20:3243-9.

Taichman R, Merida I, Torigoe T, Gaulton GN, Reed JC. Evidence that
protein tyrosine kinase p56-Lck regulates the activity of phosphati-
dylinositol-3'-kinase in interleukin-2-dependent T cells. J Biol Chem
1993;268:20031-6.

Sancho J, Peter ME, Franco R, Danielian S, Kang JS, Fagard R, et al.
Coupling of GTP-binding to the T cell receptor (TCR) zeta-chain with
TCR-mediated signal transduction. J Immunol 1993;150:3230-42.
von Haefen C, Wieder T, Gillissen B, Starck L, Graupner V, Dorken B,
et al. Ceramide induces mitochondrial activation and apoptosis via a
Bax-dependent pathway in human carcinoma cells. Oncogene 2002;
21:4009-19.

Schraven B, Peter ME. APO-1(CD95)-mediated apoptosis in Jurkat
cells does not involve src kinases or CD45. FEBS Lett 1995;368:
491-4.

Scaffidi C, Fulda S, Srinivasan A, Friesen C, Li F, Tomaselli KJ,
et al. Two CD95 (APO-1/Fas) signaling pathways. EMBO J 1998;17:
1675-87.

Van Triest B, Pinedo HM, Giaccone G, Peters GJ. Downstream
molecular determinants of response to 5-Fluorouracil and antifolate
thymidylate synthase inhibitors. Ann Oncol 2000;11:385-91.
Backus HH, Wouters D, van der Wilt CL, Kuiper CM, van Groeningen
CJ, Pinedo HM, et al. Thymidylate synthase inhibition induces p53
dependent and independent cell death. Adv Exp Med Biol 2000;486:
303-6.

Mirjolet JF, Barberi-Heyob M, Didelot C, Peyrat JP, Abecassis J,
Millon R, et al. Bcl-2/Bax protein ratio predicts 5-Fluorouracil
sensitivity independently of p53 status. Br J Cancer 2000;83:1380-6.
Backus HH, Dukers DF, van Groeningen CJ, Vos W, Bloemena E,
Wouters D, et al. 5-Fluorouracil induced Fas upregulation associated
with apoptosis in liver metastases of colorectal cancer patients. Ann
Oncol 2001;12:209-16.

Violette S, Poulain L, Dussaulx E, Pepin D, Faussat AM, Chambaz J,
et al. Resistance of colon cancer cells to long-term 5-Fluorouracil
exposure is correlated to the relative level of Bcl-2 and Bel-X(L) in
addition to Bax and p53 status. Int J Cancer 2002;98:498-504.

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

1871

Muller I, Niethammer D, Bruchelt G. Anthracycline-derived che-
motherapeutics in apoptosis and free radical cytotoxicity (review).
Int J Mol Med 1998;1:491-4.

Panaretakis T, Pokrovskaja K, Shoshan MC, Grander D. Activation of
Bak, Bax, and BH3-only proteins in the apoptotic response to Dox-
orubicin. J Biol Chem 2002;277:44317-26.

Gamen S, Anel A, Perez-Galan P, Lasierra P, Johnson D, Pineiro A,
et al. Doxorubicin treatment activates a Z-VAD-sensitive caspase,
which causes deltapsim loss, caspase-9 activity, and apoptosis in
Jurkat cells. Exp Cell Res 2000;258:223-35.

Decaudin D, Geley S, Hirsch T, Castedo M, Marchetti P, Macho A,
et al. Bcl-2 and Bcl-XL antagonize the mitochondrial dysfunction
preceding nuclear apoptosis induced by chemotherapeutic agents.
Cancer Res 1997;57:62-7.

de Almodovar CR, Ruiz-Ruiz C, Munoz-Pinedo C, Robledo G, Lopez-
Rivas A. The differential sensitivity of Bc1-2-overexpressing human
breast tumor cells to TRAIL or Doxorubicin-induced apoptosis is
dependent on Bc1-2 protein levels. Oncogene 2001;20:7128-33.
Blagosklonny MV, Fojo T. Molecular effects of Paclitaxel: myths and
reality (a critical review). Int J Cancer 1999;83:151-6.

Jordan MA, Wilson L. Microtubules and actin filaments: dynamic
targets for cancer chemotherapy. Curr Opin Cell Biol 1998;10:123-30.
Perkins CL, Fang G, Kim CN, Bhalla KN. The role of Apaf-1, caspase-
9, and bid proteins in Etoposide- or Paclitaxel-induced mitochondrial
events during apoptosis. Cancer Res 2000;60:1645-53.

Haldar S, Basu A, Croce CM. Bcl2 is the guardian of microtubule
integrity. Cancer Res 1997;57:229-33.

Kwan R, Burnside J, Kurosaki T, Cheng G. MEKKI is essential for
DT40 cell apoptosis in response to microtubule disruption. Mol Cell
Biol 2001;21:7183-90.

Shiah SG, Chuang SE, Kuo ML. Involvement of Asp-Glu-Val-Asp-
directed, caspase-mediated mitogen-activated protein kinase kinase 1.
Cleavage, c-Jun N-terminal kinase activation, and subsequent Bcl-2
phosphorylation for Paclitaxel-induced apoptosis in HL-60 cells. Mol
Pharmacol 2001;59:254-62.

Wang LG, Liu XM, Kreis W, Budman DR. The effect of antimicro-
tubule agents on signal transduction pathways of apoptosis: a review.
Cancer Chemother Pharmacol 1999;44:355-61.

Yamamoto K, Ichijo H, Korsmeyer SJ. BCL-2 is phosphorylated and
inactivated by an ASKI/Jun N-terminal protein kinase pathway
normally activated at G(2)/M. Mol Cell Biol 1999;19:8469-78.

Fan M, Goodwin M, Vu T, Brantley-Finley C, Gaarde WA, Chambers
TC. Vinblastine-induced phosphorylation of Bcl-2 and Bcl-XL is
mediated by JNK and occurs in parallel with inactivation of the
Raf-1/MEK/ERK cascade. J Biol Chem 2000;275:29980-5.

Haldar S, Chintapalli J, Croce CM. Taxol induces bcl-2 phosphoryla-
tion and death of prostate cancer cells. Cancer Res 1996;56:1253-5.
Ibrado AM, Liu L, Bhalla K. Bcl-xL overexpression inhibits progression
of molecular events leading to Paclitaxel-induced apoptosis of human
acute myeloid leukemia HL-60 cells. Cancer Res 1997;57:1109-15.
Blagosklonny MV, Chuman Y, Bergan RC, Fojo T. Mitogen-activated
protein kinase pathway is dispensable for microtubule-active drug-
induced Raf-1/Bcl-2 phosphorylation and apoptosis in leukemia cells.
Leukemia 1999;13:1028-36.

von Willebrand M, Williams S, Saxena M, Gilman J, Tailor P, Jascur T,
et al. Modification of phosphatidylinositol 3-kinase SH2 domain
binding properties by Abl- or Lck-mediated tyrosine phosphorylation
at Tyr-688. J Biol Chem 1998;273:3994-4000.

Han J, Das B, Wei W, Van Aelst L, Mosteller RD, Khosravi-Far R, et al.
Lck regulates Vav activation of members of the Rho family of
GTPases. Mol Cell Biol 1997;17:1346-53.

Jayaraman T, Marks AR. T cells deficient in inositol 1,4,5-trisphosphate
receptor are resistant to apoptosis. Mol Cell Biol 1997;17:3005-12.
Lepple-Wienhues A, Wieland U, Laun T, Heil L, Stern M, Lang F. A
src-like kinase activates outwardly rectifying chloride channels in
CFTR-defective lymphocytes. FASEB J 2001;15:927-31.



1872

[68]

[69]

[70]

[71]

[72]

(73]

C. Gruber et al./Biochemical Pharmacology 67 (2004) 1859-1872

Szabo I, Gulbins E, Apfel H, Zhang X, Barth P, Busch AE, et al.
Tyrosine phosphorylation-dependent suppression of a voltage-gated
K+ channel in T lymphocytes upon Fas stimulation. J Biol Chem
1996;271:20465-9.

Soldaini E, Wack A, D’Oro U, Nuti S, Ulivieri C, Baldari CT, et al. T
cell costimulation by the hepatitis C virus envelope protein E2 binding
to CD81 is mediated by Lck. Eur J Immunol 2003;33:455-64.
Luciano F, Herrant M, Jacquel A, Ricci JE, Auberger P. The p54
cleaved form of the tyrosine kinase Lyn generated by caspases during
BCR-induced cell death in B lymphoma acts as a negative regulator of
apoptosis. FASEB J 2003;17:711-3.

Farschon DM, Couture C, Mustelin T, Newmeyer DD. Temporal
phases in apoptosis defined by the actions of Src homology 2 domains,
ceramide, Bcl-2, interleukin-1lbeta converting enzyme family pro-
teases, and a dense membrane fraction. J Cell Biol 1997;137:1117-25.
Couture C, Songyang Z, Jascur T, Williams S, Tailor P, Cantley LC,
et al. Regulation of the Lck SH2 domain by tyrosine phosphorylation.
J Biol Chem 1996;271:24880-4.

Huang HW, Goldberg EM, Zidovetzki R. Ceramides modulate protein
kinase C activity and perturb the structure of phosphatidylcholine/
phosphatidylserine bilayers. Biophys J 1999;77:1489-97.

[74]

[75]

[76]

(771

[78]

[79]

Grassme H, Jekle A, Riehle A, Schwarz H, Berger J, Sandhoff K, et al.
CD95 signaling via ceramide-rich membrane rafts. J Biol Chem
2001;276:20589-96.

Boldin MP, Mett IL, Varfolomeev EE, Chumakov I, Shemer-Avni Y,
Camonis JH, et al. Self-association of the death domains of the p55
tumor necrosis factor (TNF) receptor and Fas/APO1 prompts signaling
for TNF and Fas/APOI1 effects. J Biol Chem 1995;270:387-91.
Kosugi A, Hayashi F, Liddicoat DR, Yasuda K, Saitoh S, Hamaoka T.
A pivotal role of cysteine 3 of Lck tyrosine kinase for localization to
glycolipid-enriched microdomains and T cell activation. Immunol
Lett 2001;76:133-8.

Janes PW, Ley SC, Magee Al, Kabouridis PS. The role of lipid rafts in
T cell antigen receptor (TCR) signalling. Semin Immunol 2000;12:
23-34.

Rodgers W, Rose JK. Exclusion of CD45 inhibits activity of p56lck
associated with glycolipid-enriched membrane domains. J Cell Biol
1996;135:1515-23.

Hur YG, Yun Y, Won J. Rosmarinic acid induces p56lck-dependent
apoptosis in Jurkat and peripheral T cells via mitochondrial pathway
independent from Fas/Fas ligand interaction. J Immunol 2004;172:
79-817.



	Involvement of tyrosine kinase p56/Lck in apoptosis induction by anticancer drugs
	Introduction
	Material and methods
	Cell culture and transfections
	Treatment with anticancer drugs
	Determination of cell proliferation
	Determination of apoptosis
	Immunoblotting
	Determination of the mitochondrial membrane potential

	Results
	JCaM1.6 cells lack expression of functional p56/Lck
	p56/Lck is required for the induction of apoptosis by Doxorubicin, Paclitaxel and 5-FU
	Deficiency of p56/Lck interferes with drug induced mitochondrial apoptosis signaling pathways

	Discussion
	Acknowledgements
	References


