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is expressed on the surface of normal human cells
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P-glycoprotein (P-gp) is an ATP-dependent drug
ump that confers multidrug resistance. In addition to

ts ability to efflux toxins P-gp can also inhibit apopto-
is induced by a wide array of cell death stimuli that
ely on activation of intracellular caspases for full
unction. We have previously demonstrated that stim-
li including drugs such as hexamethylene bisacet-
mide (HMBA), the cytotoxic lymphocyte granule pro-
ein granzyme B, and pore-forming proteins such as
erforin, kill P-gp positive cells in a caspase-inde-
endent manner. We therefore hypothesised that
rugs that are not effluxed by P-gp and which induce
ell death in the absence of caspase activation could
nduce death of P-gp expressing cells. Staurosporine
as been previously shown to kill cells in the absence
f caspase activation. Consistent with our hypothesis,
e demonstrate here that staurosporine can equiva-

ently kill P-gp1ve and P-gp2ve tumor cell lines in a
aspase-independent manner. © 2000 Academic Press

Key Words: P-glycoprotein; staurosporine; apoptosis;
aspase; chemotherapy; multidrug resistance.

P-glycoprotein (P-gp), a member of the ATP-Binding
assette (ABC) superfamily, is encoded by the MDR1
ene in humans and mdr1a and mdr1b in mice and has
een demonstrated to act as a very efficient toxin efflux
olecule (1, 2). In the clinical setting, expression of
-gp on tumor cells confers resistance to a wide range
f different chemotherapeutic agents constituting a
ultidrug resistant (MDR) phenotype and poor prog-
osis. The current working model maintains that P-gp
emoves xenotoxins in an energy (ATP)-dependent
anner by intercepting the drug as it moves through

he lipid membrane and flips the drug from the inner
eaflet to the outer leaflet and into the extracellular

edia (3). Consistent with its toxin clearance role, P-gp

1 To whom correspondence should be addressed. Fax: 161-3-9656-
411. E-mail: r.johnstone@pmci.unimelb.edu.au.
231
ound in the gut, liver, kidney tubules and at blood-
issue barriers (4). However, P-gp is also expressed in
he adrenal gland, on hemopoietic stem cells, natural
iller (NK) cells, antigen presenting dendritic cells and

and B lymphocytes (5, 6) and a role for P-gp in
emoving xenotoxins from these cells is not immedi-
tely apparent.
While the drug efflux function of P-gp has been well

ocumented over many years, recent reports by our
roup and others have indicated that in addition to its
ole as an efflux pump, P-gp additionally regulates
rogrammed cell death mediated by some chemother-
peutic drugs, serum starvation, ultraviolet (UV) irra-
iation and ligation of the cell surface death receptors
as and tumor necrosis factor receptor (TNFR) (7, 8, 9).
ommon to these diverse apoptotic stimuli is their
ependence on the activation of caspases to effectively
ediate cell death. Indeed, we have previously shown

hat caspase-8 and -3 activation is inhibited by func-
ional P-gp during Fas mediated apoptosis (8 and un-
ublished observations). Moreover, we have shown
hat HMBA, a hybrid polar compound that can induce
erminal differentiation of transformed cells (10, 11),
an induce death of P-gp expressing human tumor
ells. In agreement with our earlier reports, HMBA
nduced activation of caspase-3 in P-gp2ve but not
-gp1ve cells. However, in the absence of caspase acti-
ation, HMBA could still induce cell death that was
arked by the caspase-independent release of cyto-

hrome c from the mitochondria to the cytosol and a
eduction in Bcl-2 levels (12).
While functional P-gp can affect cell death induced

y stimuli that rely on active caspases to efficiently kill
ells, other stimuli such as HMBA, granzyme B and
erforin, which are fully functional in the absence of
aspase activation, are not affected by P-gp (8, 9, 12).
e therefore hypothesised that the successful treat-
ent of P-gp1ve MDR tumors might be enhanced using

hemotherapeutic agents that can function in the ab-
0006-291X/00 $35.00
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sence of caspase activation. To illustrate this point, we
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et out to obtain agents that have been demonstrated
o effectively kill target cells without the need for
aspase activation. One such agent is staurosporine; a
rotein kinase C inhibitor that can kill cells even when
ntracellular caspases have been functionally inhibited
13, 14). In addition, staurosporine has been shown to
nhibit drug efflux by P-gp (15, 16) and in some in-
tances to reduce the expression of cell surface P-gp
17). We therefore reasoned that the combined actions
f staurosporine would make it a likely candidate to
ffectively kill P-gp expressing cells.
We demonstrate here that staurosporine can efficiently

nduce equivalent caspase-independent death of both
-gp1ve and parental P-gp2ve T cell lines and LoVo colon
arcinoma cells, without affecting the expression levels of
-gp. These data demonstrate that apoptotic agents that

unction in a caspase-independent manner do effectively
ill P-gp expressing MDR cells.

ATERIALS AND METHODS

Cell culture. The acute T cell leukemia cell line, CEM-CCRF, its
oxorubicin (DOX)-selected and resistant P-gp1ve line CEM-A71, and
he derived sublines 4G9 and 2G10 have been previously described
18). The T cell line 12D7 and production of 12D7-MDR1 cells by
ransduction with a retrovirus containing the MDR1 gene was de-
cribed previously (19). A LoVo colon carcinoma cell line that consti-
utively expresses P-gp in the absence of drug treatment was also
sed. All cells were grown in RPMI medium 1640 supplemented with
0% (vol/vol) fetal calf serum, 2 mM glutamine, 100 units/ml of
enicillin, and 100 mg/ml of streptomycin (GIBCO, Grand Island,
Y). The 2G10 cells are grown in the above media supplemented
ith 5 ng/ml vincristine. The cell surface expression of P-gp was

onfirmed and monitored by fluorescence analysis using the anti-
-gp monoclonal antibody MRK 16 (Kamiya Biochemical Company,
housand Oaks, CA). Drug efflux activities of P-gp and reversal with
erapamil were assessed by rhodamine 123 exclusion assays as
escribed (20). Cells were cultured for 16–72 h with 0–1000 nM
taurosporine (Sigma, St. Louis, MO) or 50–1000 ng/ml vincristine
kindly donated by Dr Phillip Kantharidis, Peter MacCallum Cancer
nstitute, East Melbourne, Australia). To inhibit the activation of
aspases, cells were pre-treated for 30–60 min with peptidyl flu-
romethylketones (ZVAD-fmk, or Z-FAD-fmk as a control) (Enzyme
ystem Products, Dublin, CA) (final 0–40 mM).

Viability assays. Cells were cultured at 2.5 3 105 cells/ml in the
resence or absence of cell death stimuli for varying times. Trypan
lue exclusion assays were performed as previously described (12).
n all assays, cells from at least four different fields of view were
ounted for each data point and data were calculated as the mean 6
E and are representative of at least two separate assays. The
umber of apoptotic or dead cells (blue cells) was expressed as a
ercentage of the total cell number. TUNEL staining and 51Cr re-
ease assays were performed as described (8, 21).

Clonogenic assays. Colony assays were performed on cells
reated for 24 h with various apoptotic stimuli as previously de-
cribed (9).

ESULTS AND DISCUSSION

Staurosporine can induce death of P-gp1ve T cell
ines. P-gp2ve T cell leukemia cells (CCRF, 4G9, 12D7)
nd their P-gp1ve partner cell lines (A71, 2G10, 12D7-
232
DR1) have been used previously by our laboratory
nd others to study P-gp function (8, 9, 18, 19). In
ddition, we used a LoVo colon carcinoma cell line that
onstitutively expressed cell surface P-gp in the ab-
ence of drug treatment. Cells were assessed for P-gp
xpression, prior to and during the course of our as-
ays, by fluorescence analysis using the anti-P-gp
onoclonal antibody MRK 16 (Fig. 1). We tested the

fflux function of P-gp in each cell line using rhoda-
ine 123 (123Rh) efflux assays (20, 22). P-gp expressing

ell lines effectively effluxed 123Rh and this function
ould be reversed by pretreatment of cells with 10 mM
erapamil, a pharmacological inhibitor of P-gp func-
ion (data not shown). Addition of various doses (50–
000 nM) of staurosporine for 24 h resulted in equiva-
ent death of P-gp1ve and P-gp2ve cells (Fig. 2). Cell
eath was initially measured by 51Cr release from
EM/A71 (Fig. 2A) and LoVo cells (Fig. 2D) or trypan
lue viability assays on 4G9/2G10 cells (Fig. 2B), and
2D7/12D7-MDR1 cells (Fig. 2C), both of which mea-
ure death as a function of cell membrane integrity. In
ll cases, the P-gp1ve cells were sensitive to staurospor-
ne but were relatively insensitive to the chemothera-
eutic drug vincristine which can be effluxed out of

FIG. 1. Cell surface expression of P-gp. CCRF, 4G9, and 12D7 T
ell lines and their P-gp expressing partner lines A71, 2G10, and
2D7-MDR1 were used in this study. A LoVo colon carcinoma cell
ine that expressed P-gp in the absence of drug selection or genetic

anipulation was also used. Cells were examined for expression of
ell surface P-gp by immunofluorescence/flow cytometry using the
RK-16 monoclonal antibody (solid histogram) or an isotype control

ntibody (dashed line).
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FIG. 2. Staurosporine induces equivalent death of P-gp2ve and P-gp1ve tumor cell lines. P-gp1ve and P-gp2ve T lymphocyte and colon
arcinoma cell lines were cultured for 24 h with 0–1000 nM staurosporine (STS) or 100 ng/ml vincristine (Vin). Cell death was assessed by
1Cr release (A, D) or trypan blue exclusion (B, C) assays as described under Materials and Methods. Data are calculated as the mean 6 SE
nd are representative of at least two different experiments. (E) DNA fragmentation of CCRF and A71 cells treated with staurosporine or
incristine for 24 h was assessed by TUNEL staining. Shown is representative of seven separate experiments demonstrating a similar effect.
233



cells by P-gp (23) and is reliant on active caspases for
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ull apoptotic function (9). These data demonstrate
hat while P-gp is fully functional in the P-gp1ve A71,
G10, 12D7-MDR1, and LoVo cell lines, expression of
-gp did not inhibit death induced by staurosporine.
We also tested CCRF and A71 cells for DNA damage

ollowing treatment with staurosporine or vincristine
y TUNEL assay. As shown in Fig. 2E, in contrast to
he 51Cr release or trypan viability tests, staurosporine
eproducibly produced less DNA damage in P-gp1ve

ells compared to parental P-gp2ve cells. Similar results
ere seen in the other cell lines tested (data not

hown). This is consistent with the findings of Deas
t al. (13) who demonstrated that staurosporine pro-
uced caspase-dependent nuclear damage and cas-
ase-independent cytosolic changes in T lymphocytes,
nd our previous studies showing that P-gp expression
orrelates with a decrease in caspase activity in these
ells (8, 9, 12). We have also demonstrated that al-
hough nuclear events such as DNA damage and chro-
atin condensation might be compromised in P-gp1ve

ells treated with certain stimuli such as granzyme B
r HMBA, damage to the cell membrane which can
ccur in the absence of caspase activation, correlated
ith death of cells as assessed by sensitive long term

lonogenic assays (9, 12).
To demonstrate that staurosporine could equiva-

ently kill P-gp1ve and P-gp2ve cells with similar kinet-
cs, 4G9 and 2G10 cells were treated with 50 nM, 125
M or 500 nM staurosporine, or 50 ng/ml vincristine
nd death was assessed over a three day time course
Figs. 3A and 3B). Both 4G9 and 2G10 cells were sen-
itive at each time point to staurosporine-induced
poptosis over a range of concentrations, however only
he P-gp2ve 4G9 cells were sensitive to death induced by
incristine. These data confirm that staurosporine in-
uces equivalent cell membrane perturbations in
-gp1ve and P-gp2ve T cell lines at various doses over a
hree day time course. Staurosporine and its analogues
ave been demonstrated to inhibit P-gp function (15,
6) and it appears to do so by inhibiting drug binding to
-gp rather than by inhibiting PKC-mediated phos-
horylation of P-gp (24, 25, 26). We therefore deter-
ined whether inhibition of P-gp function by the

harmacological inhibitor verapamil affected stauro-
porine-mediated death of P-gp1ve cells. As shown in
ig. 3, pretreatment of cell lines with verapamil did not
lter the sensitivity of these cells to staurosporine-
nduced cell death. By contrast, P-gp1ve cells were more
ensitive to vincristine-mediated cell death following
retreatment with verapamil indicating that P-gp
unction could be inhibited at this dose of verapamil.
his demonstrates that functional P-gp in no way af-

ects the cytotoxic activity of staurosporine.
Although 51Cr release and trypan blue have often

een used as cell death parameters, we performed sen-
itive clonogenic assays on T cell lines treated with
234
FIG. 3. Staurosporine kills P-gp2ve and P-gp1ve cells with similar
inetics and is not influenced by verapamil. 4G9 (A) and 2G10 (B)
ells were treated with 50–500 nM staurosporine (STS) or 50 ng/mg
incristine (Vin) for 15–68 h. (C) The effect of inhibition of P-gp
unction on staurosporine-induced cell death was assessed by addi-
ion of 10 mM verapamil. 4G9 and 2G10 cells were treated with
taurosporine or vincristine in the presence or absence of verapamil.
n all assays cell death was measured by trypan blue exclusion
ssays. Data are calculated as the mean 6 SE and are representative
f at least two different experiments.
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taurosporine to confirm our findings. Briefly, P-gp1ve

nd P-gp2ve cells were treated with staurosporine (5–
000 nM) or vincristine (100 ng/ml) for 24 h then plated
ut in soft agar, grown at 37°C for 14 days at which
oint, colonies were counted. As shown in Figs. 4A and
B, treatment of P-gp2ve and P-gp1ve cell lines with
taurosporine resulted in a dose-dependent loss of col-
ny formation while vincristine only inhibited forma-
ion of colonies containing P-gp2ve CCRF and 4G9 cells.
hese data confirm the 51Cr release and trypan blue
xclusion assays demonstrating equivalent staurospor-
ne induced death of P-gp1ve and P-gp2ve cells.

Staurosporine does not alter P-gp expression. It has
een previously demonstrated that addition of stauro-

FIG. 4. Staurosporine induces equivalent death of P-gp2ve and
-gp1ve cells as assessed by sensitive clonogenic assays. After 24 h in
ulture with 5–1000 nM staurosporine (STS) or 100 ng/ml vincristine
Vin), A71 and CCRF (A), or 2G10 and 4G9 (B) cells were plated out
n soft agar. Colonies were scored after 14 days in culture as de-
cribed under Materials and Methods.
235
n P-gp mRNA and protein levels (17). We tested the
ffect of staurosporine on P-gp expressed on 2G10 cells
y fluorescence analysis (Fig. 5A). Cells treated with
taurosporine (500 nM) for 24 h were assessed for P-gp
xpression using the specific MRK 16 anti-P-gp mono-
lonal antibody with both live and dying cells (as as-
essed by forward and side scatter profiles) included in
he analysis. As can be seen, treatment with stauro-

FIG. 5. Staurosporine does not affect expression of P-gp and
nduces caspase-independent cell death. (A) 2G10 cells were treated
ith 500 nM staurosporine (STS) or 50 ng/ml vincristine (Vin) for
4 h. P-gp expression was assessed by immunofluorescence/flow cy-
ometry using the MRK-16 monoclonal antibody (dashed line) or an
sotype control antibody (solid histogram). Cell death was deter-

ined by trypan blue exclusion assays and can be visualised by
ltered forward and side scatter flow cytometry profiles. (B) 4G9 and
G10 cells were treated with 500 nM staurosporine (STS) or 100
g/ml vincristine (Vin) for 24 h. In some wells, cells were preincu-
ated for 30–60 min with 40 mM ZFA-fmk or ZVAD-fmk. Cells were
ssayed by trypan blue exclusion assays.
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ion of P-gp on 2G10 cells although these cells were
learly undergoing cell death as assessed by the accom-
anying forward and side scatter profiles and trypan
lue exclusion assays.

Staurosporine induces caspase-independent death of
-gp1ve T cell lines. We have previously demonstrated
hat cell death stimuli such as granzyme B (8), perforin
9) and HMBA (12) can equivalently kill P-gp1ve and
-gp2ve cells in the absence of caspase activation. It has
een shown that staurosporine can induce caspase-
ndependent death of primary human T cells (13) and
e therefore sought to determine whether staurospor-

ne induced caspase-independent death of our P-gp1ve

nd P-gp2ve cell lines. Cells were pretreated with the
aspase inhibitory peptide ZVAD-fmk or control chy-
otrypsin inhibitory peptide ZFA-fmk for 30–60 min

efore addition of staurosporine (250 nM) or vincristine
100 mg/ml) for 24 h and cell viability was assessed by
rypan blue exclusion assays (Fig. 5B). Addition of
VAD-fmk or ZFA-fmk had little or no effect on cell
eath induced by staurosporine in either P-gp1ve or
-gp2ve cells (Fig. 5B, lanes 3, 4, 10, 11). However, as
e have previously demonstrated, death of P-gp2ve

ells induced by vincristine was significantly inhibited
y the caspase-specific peptide ZVAD-fmk but not by
he control ZFA-fmk peptide (Fig. 3B, lanes 6, 7). These
ata demonstrate that staurosporine induces equiva-
ent caspase-independent death of P-gp1ve and P-gp2ve

ell lines.
We have previously shown that expression of func-

ional P-gp correlated with a loss of caspase activation
pon apoptosis induction and that stimuli that can
ffectively kill P-gp expressing cells can do so in the
bsence of caspase activation (8, 9, 12). Based on these
ndings, we predicted that cytotoxic agents that func-
ion in the absence of active caspases and that are not
ffluxed by P-gp would be able to kill P-gp1ve cells. The
ata presented here supports that hypothesis with
taurosporine capable of equivalently killing P-gp1ve

nd P-gp2ve cells via a caspase-independent mecha-
ism. Staurosporine has been demonstrated to disrupt
he mitochondrial membrane potential in the absence
f active caspases resulting in release of cytochrome c
nto the cytosol and ultimately cell death (27). We have
bserved similar effects with HMBA (12) and since
oth staurosporine (27)- and HMBA (12.28)-induced
ell death can be blocked by overexpression of Bcl-2
hich functions to maintain mitochondrial membrane
otential, it is possible that other caspase-independent
ell death stimuli will function by inhibiting mitochon-
rial function.
Our findings may have relevance to the potential

reatment of P-gp expressing MDR tumors. Based on
ur data, chemotherapeutic agents that function in a
aspase-independent manner would be more effective
236
ecting the molecular pathways leading to caspase-
ndependent cell death and understanding how these
athways may be triggered and inhibited could lead to
ovel chemotherapeutic agents for the treatment of
DR tumors.
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