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Bisphosphonates (BPs) are potent inhibitors of osteoclast
function, widely used to treat excessive bone resorption associ-
ated with bone metastases, that also have anti-tumor activity.
Zoledronic acid (ZOL) represents a potential chemotherapeutic
agent for the treatment of cancer. ZOL is themost potent nitro-
gen-containing BPs, and it inhibits cell growth and induces apo-
ptosis in a variety of cancer cells. Recently we demonstrated that
accumulation of isopentenyl pyrophosphate and the conse-
quent formation of a new type of ATP analog (ApppI) after
mevalonate pathway inhibition by nitrogen-containing BPs
strongly correlates with ZOL-induced cell death in cancer cells
in vitro. In this study we show that ZOL-induced apoptosis in
HF28RAhuman follicular lymphomacells occurs exclusively via
the mitochondrial pathway, involves lysosomes, and is depen-
dent onmevalonate pathway inhibition. To define the exact sig-
naling pathway connecting them, we used modified HF28RA
cell lines overexpressing either BclXL or dominant-negative
caspase-9. In both mutant cells, mitochondrial and lysosomal
membrane permeabilization (MMP and LMP) were totally pre-
vented, indicating signaling between lysosomes and mitochon-
dria and, additionally, an amplification loop for MMP and/or
LMP regulated by caspase-9 in association with farnesyl pyro-
phosphate synthetase inhibition. Additionally, the lysosomal
pathway in ZOL-induced apoptosis plays an additional/amplifi-
cation role of the intrinsic pathway independently of caspase-3
activation. Moreover, we show a potential regulation by Bcl-XL
and caspase-9 on cell cycle regulators of S-phase. Our findings
provide a molecular basis for new strategies concomitantly tar-
geting cell death pathways frommultiple sites.

Bisphosphonates are pyrophosphate analogs that are highly
effective inhibitors of bone resorption (1) and, thus, are widely
used in the treatment of skeletal diseases associated with high
osteoclast activity and accelerated bone turnover, such as
osteoporosis (2) and Paget disease (3). Furthermore, bisphos-
phonates are effective inhibitors of tumor-induced bone
resorption and have been shown to modify the progression of
skeletal metastasis in several forms of cancer, especially breast
cancer and myeloma (4). Considerable preclinical evidence

indicates that bisphosphonates, especially zoledronic acid
(ZOL),3 have anti-tumor activity in vitro and in vivo (5).
Recently in a clinical study ZOL together with adjuvant endo-
crine therapy improved disease-free survival in premenopausal
patientswith estrogen-responsive early breast cancer (6). There
are not in vivo data on the ZOL concentration in tumor tissue
after various treatments in vivo, but these outcomes strongly
suggest that bisphosphonatesmay have a direct effect on cancer
cells.
The anti-tumor activity of ZOL has been linked to its capac-

ity to induce apoptosis in various tumor cell lines (4, 7) and to
reduce tumor cell migration, invasion, adhesion, proliferation,
and angiogenesis (8). Nitrogen-containing bisphosphonates,
including ZOL, act by inhibiting farnesyl pyrophosphate (FPP)
synthase, one of the key enzymes of the intracellular meval-
onate pathway (9). This leads to a block in the production of the
isoprenoid lipids, FPP, and geranylgeranyl pyrophosphate (Fig.
1) followed by loss of prenylated small signaling proteins (Rho,
Ras) (10) and, consequently, apoptosis (11, 12). This is the
widely accepted molecular mechanism for nitrogen-contain-
ing bisphosphonates to inhibit osteoclast activity and bone
resorption (13). We showed recently, however, that the inhi-
bition of FPP synthase leads also to the accumulation of a
pathway intermediate, isopentenyl pyrophosphate (IPP). IPP
becomes conjugated to AMP to form a novel ATP analogue
(ApppI) (Fig. 1). This cytotoxic ATP analog formed in the
cells is able to inhibit mitochondrial adenine nucleotide
translocase in a cell-free system, which is a plausible addi-
tional mechanism for bisphosphonate-induced apoptosis
(14). We showed also that ZOL-induced IPP/ApppI forma-
tions as well as the inhibition of protein prenylation, both
outcomes of FPP synthase inhibition in mevalonate pathway,
act in concert in ZOL-induced apoptosis in cancer cells (15).
However, the exact mechanisms and mediators of ZOL-in-
duced apoptosis are currently unknown.
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ZOL has been shown to cause disruption of survival path-
ways associated with the translocation of unprenylated Ras and
RhoA from the cell membrane to the cytosol (16). This leads to
the inhibition of the Ras/Raf1/MEK (mitogen-activated protein
kinase/extracellular signal-regulated kinase kinase)/ERK1/2
(extracellular signal-regulated kinase 1/2) mitogenic pathway
(16) and anti-apoptotic protein kinase B/Akt (16, 17), causing
caspase-9 activation (17). In response to ZOL, the p38mitogen-
activated protein kinase pathway is also affected (18). Addition-
ally, c-Jun N-terminal kinase, Rock, and focal adhesion kinases

were identified to be perturbed by ZOL in a prenylation-de-
pendent manner (16).
Concerning the initiation of the apoptotic signaling path-

ways by ZOL, a classical mitochondrial pathway was described
to be regulated by Bcl-2 family protein members (11, 12) and
involving cytochrome c release (12), caspase-3 (18), caspase-7
(12, 19), and caspase-9 (12) activation. Additionally, mitochon-
dria participate in amplifying the ZOL-induced death signal
from caspase-8, activated through the extrinsic pathway in
colon carcinoma cells (12). Recently, new mediators of ZOL-

FIGURE 1. Diagram of mevalonate pathway and ApppI synthesis. Zoledronic acid acts by inhibiting FPP synthase. The mevalonate pathway is blocked, and
the accumulation of IPP consequently occurs. Furthermore, IPP is conjugated to AMP to form a novel ATP analogue, ApppI.
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induced cell death, such as apoptosis-inducing factor (11, 12)
and endonuclease G (11), without further caspase activation
have been described. Interestingly, anoikis (20) and necrosis
(21) have been proposed as alternative cell death mechanisms.
Despite the emerging data on ZOL-induced programmed cell
death, its molecular mediators still remain under debate.
In a simplistic view, there are two major pathways that pro-

mote apoptosis in mammalian cells. The extrinsic pathway is
initiated by death receptor superfamily members and leads to
caspase-8 activation (22). Consequently, caspase-3 or other
effector caspases (caspase-6 and -7) are processed depending
on the cell type; that is, type I cells, where downstream caspases
are activated directly through caspase-8, and type II cells, where
the signal needs to be amplified via mitochondria-dependent
apoptotic pathways by cleavage of pro-apoptotic Bid (23). The
intrinsic pathway is triggered by different stress signals mainly
at the mitochondrial level and is characterized by assembly of
cytosolic apoptotic protease activating factor 1 and cytochrome
c with subsequent activation of caspase-9 (24). Therefore, bio-
chemical and morphological changes, including cellular
shrinkage, chromatin condensation, and DNA fragmentation
are almost invariably involved in both pathways.
Mitochondria are considered to orchestrate apoptosis, that

being the center for the cysteine protease-induced cell death
(25) and also for other apoptotic pathways (26). Additionally, it
has been proposed that MMP might represent the point of no
return of the lethal stressors-induced signal (27, 28), where Bcl-
2-related proteins (pro- and anti-apoptotic) control this phe-
nomenon (29, 30). Moreover, anti-apoptotic members of the
Bcl-2 family (such as Bcl-2 and BclXL), which residemainly but
not exclusively in the outer mitochondrial membrane, are
endowed with the capacity to inhibit apoptosis at least in part
by locally preventing MMP loss (28, 31).
Lysosomes have been revealed to have increasing importance

in the mechanism of apoptosis, with cross-talk between lyso-
somes and mitochondria in apoptosis pathways (25). The hall-
mark of lysosomal damage, often associated with LMP, can
induce the release of cathepsins (cysteine protease) into the
cytosol, which are implicated in a controlledmode of cell death
(32). There is strong evidence that lysosomal breakdownoccurs
before MMP via phospholipase A2 release and subsequent
reactive oxygen species production from mitochondria (33).
Lysosomal proteases, cathepsins, can indirectly activate
caspases via lysoapoptases. Lysoapoptases activated by cathep-
sins within the lysosomal compartment are finally translocated
to the cytosol where they can activate pro caspase-3 (34). Bid
activation provides further evidence that lysosomes precede
MMP in the apoptotic pathway (35), as the tBid fragment pro-
duced by cathepsins is translocated to mitochondria and
induces further cellular demise (36). On the other hand, many
outcomes suggest that lysosomal rupture occurs downstream
from MMP and is a consequence of oxidative stress of mito-
chondrial origin. Thus, there seems to be an amplification loop
with further lysosomal rupture and enhanced mitochondrial
damage (37).However, somedata suggest that lysosomal break-
down and consequent cathepsins release might trigger cell
death via a MMP-independent pathway with direct effects of
cathepsins on the nucleus (38). Overall, it seems that the tem-

poral order is strongly dependent on the cell type and experi-
mental conditions used. Additionally, cells may have many dif-
ferent mechanisms and pathways on their way to death.
The aim of this study was to further identify the apoptotic

pathways involved in ZOL-induced cell death. The data indi-
cate that ZOL induces cell apoptosis in the follicular lymphoma
(HF28RA) cell line exclusively through themitochondrial path-
way, where caspase-9 and lysosomes have additional/amplifica-
tion role.

EXPERIMENTAL PROCEDURES

Materials—ZOL was kindly provided by Novartis Pharma
AG (Basel, Switzerland) as the hydrated disodium salt (Mr
401.6). A stock solution of ZOL was prepared in phosphate-
buffered saline (PBS; pH 7.4; Invitrogen), filter-sterilized, and
stored at �20 °C until use. Geranylgeraniol (GGOH), pan-
caspase inhibitor (z-VAD-fmk), and cathepsin inhibitor (E64)
were purchased from Sigma. Stock solutions of GGOH and E64
were prepared in pure ethanol, whereas z-VAD-fmk was pre-
pared in DMSO (Sigma). All compounds were diluted in cell
culture medium to the desired concentration immediately
before use. The final concentration of ethanol/DMSO in cul-
ture media did not exceed 0.1% (v/v), and no alteration in cell
growth was observed in vehicle controls. ApppI was synthe-
sized as previously described (14). IPP, AppCp, and sodium
orthovanadate were purchased from Sigma. Sodium fluoride
was from Riedel-de-Haën.
Cell Culture—Human follicular lymphoma cell line HF28RA

(wild type), vector control cells (HF28RA GFP), and modified
cells overexpressing either Bcl-XL or dominant negative
caspase-9 (DN-9) were from the Department of Microbiology,
Institute of Clinical Medicine, Kuopio, Finland. The modified
cell lines have been described in detail previously (39). All the
cell lines were cultured in 100-ml (75 cm3) cell culture vent/
closed flasks (Nunc, Roskilde Denmark) in RPMI 1640medium
(Cambrex Bio Science, BioWhittaker, Verbiers, Belgium) sup-
plemented with 5% heat inactivated fetal calf serum (Invitro-
gen), 2 mM L-glutamine (Lonza, BioWhittaker), 10 mM HEPES
(Lonza), 1 mM sodium pyruvate (Lonza), 0.1 mM nonessential
amino acid (Lonza), 20�M2-mercaptoethanol (Sigma), and 100
units/ml penicillin-streptomycin (Lonza). All cell cultures were
maintained at 37 °C in a 5% CO2 humidified atmosphere.
Flow Cytometric Analysis of Apoptosis—1 � 106 cells were

seeded in 25-cm3 flasks with vented caps (Nunc) at a density of
0.2� 106 cells/ml. The cells were then treated with 25–100 �M

ZOL alone or in combination with 10 �M GGOH for different
time intervals up to 3 days. GGOH was found not to affect the
viability and cell death at the used concentration. HF28RA cells
were treated with ZOL alone (at the concentrations indicated)
or after pretreatment with z-VAD-fmk (15–60�M) or E64 (25–
100 �M) for 2 h. The control cells were incubated according to
an identical protocol with the corresponding amount of PBS
(pH 7.4; Invitrogen), ethanol, or DMSO (Sigma). Results are
representative of at least three independent experiments yield-
ing similar results, or they are expressed as the mean � S.E.
from three independent experiments made in triplicate. Flow
cytometry data were acquisitioned using a FACSCanto II Flow
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Cytometer (BD Biosciences) running under the DIVA software
(Version 6.1.1).
Changes in mitochondrial function-induced by different

apoptotic stimuli are associated with the loss of mitochondrial
membrane potential (��m) (28) and are used in this study as a
marker for MMP. The effects of different treatments on ��m
were analyzed in intact cells with the monovalent cationic
fluorescent dye tetramethylrhodamine methyl ester (TMRM)
(Molecular Probes, Eugene, OR) as previously described (40).
The analysis of DNA content was performed as previously

described (41). Briefly, control and ZOL-treated cells were col-
lected and washed with ice-cold PBS buffer, pH 7.4. Cells (1 �
106 cells/ml) were fixed with ice-cold ethanol (70% v/v) over-
night, and incubated for 1 h at 56 °C with 10 �g/ml RNase
(Sigma). Propidium iodide (Molecular Probes) was added to the
final concentration of 5 �g/ml, and incubation was continued
for 2 h at 37 °C. 10,000 events per condition were collected for
each histogram.
Lysosomal Membrane Permeabilization—Using the lysoso-

motropic base and metachromatic fluorochrome acridine
orange (AO), a red fluorescence is exhibited when it is highly
concentrated at acidic pH in lysosomes, and a green fluores-
cence is exhibited at low concentration in cytosol and nucleus.
Lysosomal membrane destabilization may be monitored as a
decrease in granular red fluorescence or as an increase in cyto-
plasmic diffuse green fluorescence as described previously (42).
Accumulation of AO inside lysosomes was expressed as the
percentage of cells with damaged organelles. Living cells (2 �
105) were stainedwith AO (0.005�g/ml, 6min at 37 °Cwithout
CO2, Molecular Probes). Immediately after staining, flow
cytometermeasurements were performed, and 5000 events per
condition were collected for each histogram.
Activation of caspase-3 was examined with the caspase-3

Intracellular Activity Assay Kit II (PhiPhiLux� G2D2, Calbio-
chem) according to themanufacturer’s instructions. Briefly, the
final incubation mixture containing 5 � 105 control or treated
cells, 50 �l of 10 mM substrate solution, 20 mM HEPES, pH 7.4,
and 10% fetal bovine serum was incubated for 1 h at 37 °C, 5%
CO2. The acquisition was performed in the FL2 channel of the
flow cytometer.
Plasma membrane permeabilization was assessed using pro-

pidium iodide (5 �g/ml, Pharmingen). Briefly, control and
ZOL-treated cells were collected, washed with cold PBS, and
stained for 20 min at room temperature. Flow cytometer mea-
surements were performed within 1 h.
Fluorescent microscopy was used to assess morphological

changes. Control and ZOL-treated cells were washed with cold
culture media and followed by Hoechst 33342 (Molecular
Probes) staining (1.5 �g/ml) for 20 min at room temperature.
Imaging was carried out with an Olympus AX70 Provis micro-
scope equipped with FVII digital camera (Olympus Co. Ltd.,
Tokyo, Japan) and a 100-watt mercury burner as an epifluores-
cent light source. 40� and 60� air objective lenses and appro-
priate fluorescence mirror units (excitation/emission for
Hoechst 33342 355/465 nm) were used to collect the images.
The digital images were assembled using Adobe Photoshop.
Western Blots—15� 106 control andZOL-treated cells in the

presence or absence of specified inhibitors were resuspended in

1.3 ml lysis buffer (Mammalian Cell Lysis kit, Sigma), and pro-
tein was isolated and post-conserved according to the manu-
facturer’s instructions. The protein contentwas quantifiedwith
the Bio-Rad Dc Protein assay kit and equalized, then samples
were diluted in 4� Laemmli buffer (250 mM Tris-HCl, pH 6.8,
8% SDS (w/v), 20%, 2-mercaptoethanol, 40% glycerol (v/v),
0.004% bromphenol blue w/v) and boiled for 5 min. 20 �g of
protein was separated by 11–15% SDS-PAGE and electrotrans-
ferred onto polyvinylidene fluoride (PVDF) membranes
(Amersham Biosciences Hybond-P PVDF membrane). A pre-
stained ProteinMarker (New England Biolabs (UK) Ltd.) with a
broad range (6–175 kDa) was used as the molecular weight
control marker. Unspecific binding sites on the polyvinylidene
fluoride membrane were blocked with 3% bovine serum albu-
min (BSA) or 5%milk in Tris-buffered saline (TBS; 0.1%Tween
20, Sigma) for 1.30 h at room temperature for caspase-3 (3%
BSA in TBS), 1 h at room temperature for caspase-8 (3% BSA in
TBS) and Bid (5% milk in TBS), and overnight at 4 °C for
UnRap1A and actin (5% milk in TBS). The following primary
antibodies were used: mouse anti-�-actin (1:1000), goat anti-
Rap1A (1:200), rabbit anti- caspase-3 (1:500) (from Santa Cruz
Biotechnology, Inc.); mouse anti-caspase-8 (1:1000) andmouse
anti-Bid (1:1000) (fromCell Signaling Technology�, Danvers,
MA). The corresponding peroxidase-conjugated secondary
antibodies were from Zymed Laboratories Inc. (San Fran-
cisco, CA, USA) or GE Healthcare. Immunodetection was
performed with Amersham BiosciencesTM ECLTM Western
blotting detection reagents (GE Healthcare), and the blots
were scanned with ImageQuantTM-RT ECL (Version 1.0.1, GE
Healthcare) running under I. Quant Capture-RT ECL software
for Windows (Version 1.0.4.1, 1993–2006). Digitized pictures
were adjusted with ImageJ software (Version 1.4.3, 1993–2006,
Broken Symmetry Soft, freely available at rsb.info.nih.gov).
Densitometry analyses were carried out using the same soft-
ware and normalized by the internal control (actin).
Determination of Cytochrome c Release—Mitochondrial and

cytosolic extracts were prepared using the ApoAlert cell frac-
tionation kit (Clontech, Mountain View, CA) according to the
manufacturer’s instructions. Equal loading of mitochondria
and cytosol was assessed by immunoblotting with anti-cyto-
chrome c (1:1000) from Clontech. Cytosolic versus mitochon-
drial fraction purity was assessed by distribution of cytochrome
oxidase subunit IV.
Mass Spectrometry Analysis of IPP/ApppI—For IPP/ApppI

analysis, the cells treatedwithZOL in combinationwithGGOH
were scraped off the flasks andwashed in ice-cold PBS. Extracts
were prepared using ice-cold acetonitrile as previously
described (14). For analysis, the evaporated cell extracts were
redissolved in 150�l ofwater containing 1�M internal standard
(AppCp) to compensate for the variability in ionization and
0.25 mM phosphatase inhibitors (sodium fluoride and sodium
orthovanadate) to prevent the degradation ofApppI. Themolar
amounts of IPP and ApppI in the cell extracts were determined
by HPLC negative ion electrospray ionization mass spectrom-
etry (HPLC-ESI-MS) as previously described (14). Detection
was performed by a triple quadrupole mass spectrometer (Agi-
lent 6410 Triple Quad LC/MS). Selected reaction monitoring
was used for analysis of the compounds in the sample, and
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quantitation was based on the fragment ions characteristic to
each molecule. The following transitions were monitored:m/z
2453 159 for IPP,m/z 5743 408 for ApppI, and,m/z 5043
406 for the internal standard. The fragmentation pattern for
each sample was compared with that of the authentic standard.
Standards were constructed by spiking extracts from untreated
cells with synthetic IPP or ApppI. Quantitation was done with
Agilent Technologies MassHunter Work Station Software for
Triple Quad Version B.01.03 (Thermo Finnigan) using the
standard curve and the transitions mentioned above. Results
shown are representative of at least three independent experi-
ments (mean � S.E.) unless stated otherwise.
Statistical Analysis—Data were expressed as mean values �

S.E. and analyzed by ANOVA with the Bonferroni post-test
using GraphPad Software (San Diego, CA) Version 4.03 for
Windows; p � 0.05 was considered significant.

RESULTS

ZOL-induced IPP/ApppI Formation and Apoptosis in
HF28RA Cells—To determine the optimum conditions for the
analysis of the apoptosis-inducing effects of ZOL, we incubated
HF28RA cells with different concentrations of the drug for var-
ious times up to 72 h. ZOL exposure (25–100 �M) induced IPP
(Fig. 2A) and ApppI (Fig. 2B) accumulation in HF28RA cells in
a dose- and time-dependent manner. Flow cytometric analysis
revealed that HF28RA cells cultured in the presence of ZOL
(25–100 �M) underwent MMP, detected by the decrease of

��m and measured as a reduction of TMRM incorporation
(Fig. 2C). Cell membrane integrity (measured by propidium
iodide assay) was also lost (Fig. 2D) in a dose and time-depen-
dent manner. Thus, HF28RA cells accumulated IPP and ApppI
after ZOL treatment and were sensitive to ZOL-induced apo-
ptosis. The optimal concentration of ZOL to study apoptosis in
this cell line was found to be 50 �M, and this concentration was
used in all subsequent experiments.
ZOL-induced Death Signaling Is Mediated through theMito-

chondrial Pathway—To elucidate the different pathways
involved in the apoptotic process induced by ZOL, we used the
HF28RA cell lines transfected with GFP, BclXL, and DN
caspase-9 constructs. After treatmentwith 50�MZOL for up to
3 days, TMRM staining in GFP HF28RA cells indicated a sig-
nificant increase in the loss of��m(Fig. 3A) and cellmembrane
permeabilization (using propidium iodide) (Fig. 3B) at 48
and 72 h, whereas no changes occurred after 24 h of treat-
ment. HF28RA cells overexpressing BclXL or DN caspase-9
were significantly more resistant to ZOL-induced apoptosis
than control vector cells, as seen both in MMP (Fig. 3A) and
membrane integrity (Fig. 3B) assays. BclXL overexpression
provided somewhat higher resistance to ZOL than DN
caspase-9 modification, especially in terms of MMP at long
exposure times (72 h).
After exposure to an apoptotic stimulus, cytochrome c is

released into the cytosol, an event that may be required for the

FIGURE 2. Kinetics of ZOL-induced IPP/ApppI formation and apoptosis. HF28RA cells were treated with 25–100 �M ZOL for different time intervals up to 3
days. The molar amount of IPP and ApppI was determined in cell extracts by HPLC-ESI-MS using 1 �M AppCp as the internal standard. A, shown is IPP
accumulation. B, shown is ApppI production in the HF28RA cell line. C, shown are the effects on the mitochondrial transmembrane potential, ��m, evoked by
the indicated concentrations of ZOL determined by cytofluorimetry using TMRM staining. CTR, control. D, cell membrane integrity (late apoptosis/necrosis)
assessed by flow cytometry using propidium iodide is shown. 5000 events per condition were collected for each histogram. The data are presented as the
mean � S.E. from 3–5 independent experiments. The statistical significance of the differences was determined using the ANOVA test with the Bonferroni
post-test; ns, not significant (p � 0.05); p � 0.05 (*) and p � 0.001 (***) versus control.
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completion of apoptosis in some systems (44). However, it has
been shown that release of cytochrome c could be independent
ofmitochondrial depolarization (45). InHF28RAcells, as a con-
sequence of the decrease of ��m, ZOL induced a substantial
release of cytochrome c from mitochondria into the cytosol in
vector control cells, whereas it was completely blocked in
BclXL and DN caspase-9-overexpressing cells (Fig. 3C).

ZOL also caused proteolytic maturation of caspase-3 in GFP
cells, whereas in BclXL and DN9 cells caspase-3 activation was
not detected, as determined by immunoblots (Fig. 3D) and by
cleavage of the cell-permeable substrate PhiPhiLux G2D2 (Fig.
3E) (46). Untreated cells were primarily negative for the pres-
ence of active caspase-3, whereas 28% of control cells treated
with ZOL had detectable active caspase-3 after 72 h of expo-

FIGURE 3. ZOL-induced death signaling is mediated through the mitochondrial pathway. HF28RA control (GFP, CTR), BclXL, and DN caspase-9-overex-
pressing cells were treated with 50 �M ZOL for various times (0 –72 h). Mitochondrial membrane potential (A) and cell membrane integrity (B) were measured
by flow cytometry; 5000 events per condition were collected for each histogram. The data are presented as the mean � S.E. from 3– 8 independent experi-
ments. ns, not significant (p � 0.05); p � 0.01 (**) and p � 0.001 (***) versus corresponding ZOL treatment effects on HF28RA GFP cells; p � 0.05 (�) and p �
0.001 (���) when compared ZOL exposure effects on MMP or membrane integrity of HF28RA BclXL versus ZOL exposure effects on HF28RA DN9 cells. C, time
course of cytochrome c (Cyt c) expression in HF28RA cells by Western blot in control (HF28RA GFP)-, BclXL-, and DN caspase-9-modified constructs. Cytochrome
oxidase subunit IV (COXIV) was used as a control for enrichment quality, and �-actin was used as a control for equal protein loading. One representative
experiment from three is depicted. D, shown is caspase-3 status in apoptotic and non-apoptotic cell lysates. HF28RA cells were left untreated (lane 1) or
were treated with ZOL 50 �M for the indicated times (lanes 2– 4) to induce apoptosis. Western blot analysis using polyclonal caspase-3 antibodies (recognizing
both pro- and active caspase-3) shows that procaspase-3 (32 kDa) is present in both untreated and apoptotic lysates, but active caspase-3 (17 kDa) is present
only in apoptotic lysates of control vector/GFP cells, whereas no active fragment could be seen at any exposure time point in BclXL- and DN9-overexpressing
cell lines. Three independent experiments yielded similar results. E, shown is PhiPhiLux flow cytometric analysis of caspase-3-like activity in intact cells
undergoing apoptosis. GFP, BclXL, and DN caspase-9 HF28RA cells were left untreated (CTR) or treated for 72 h with ZOL to induce apoptosis. Cells were stained
with G2D2-conjugated PhiPhiLux. Numbers indicate the percentage of cells with activated caspase-3. Histograms were assembled into three-dimensional plots
using WinMDI 2.8 software. A study representative of two is shown. F, shown is caspase-8 expression after 50 �M ZOL exposure for different time intervals.
Procaspase-8 was identified as a band of 55/53 kDa, and the cleaved caspase-8 was identified at 43/41 and 18 kDa. As positive control we used an extract from
TRAIL 	 LiCl-treated HF28RA wild type cells. Similar data were obtained in another independent study.
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sure. HF28RA BclXL and HF28RA DN9 cells displayed 8.3 and
10% of caspase-3-positive cells after 72 h of exposure to ZOL,
respectively. Our data also indicate that flow cytometric analy-
sis is more sensitive than Western blot to explore caspase-3
activation. Because caspase-8 could also be activated as a post-
mitochondrial event (47), the effect of ZOL treatment on the
cleavage of full-length caspase-8 was studied in HF28RA GFP
cells, with no sign of activation (Fig. 3F).
The cell cycle specificity of ZOL inHF28RA cells was studied

employing cell cycle analysis. ZOL inhibited cellular growth of
HF28RA control cells via a significant S cell cycle arrest fol-
lowed by apoptosis (Fig. 4A). Transient lengthening of S-phase
of cell cycle by ZOL is in line with previous studies on osteosar-
coma (11), leukemia (48), and neuroblastoma (19) cells. Inter-
estingly, BclXL and DN caspase-9 overexpression was able to
prevent cell cycle progression to subG1 phase, i.e. apoptosis,
and block the cells in S-phase (Fig. 4A). Typical apoptotic mor-
phology, including chromatin condensation, nuclear fragmen-
tation, and cell shrinkage was observed only in the HF28RA
GFP cell line using Hoechst staining, whereas again, overex-
pression of Bcl-XL andDN caspase-9 abolished these apoptotic
features (Fig. 4B).
Taken together, these results suggest that themitochondrial-

dependent pathway represents the major step required for
complete activation of caspase-3 and apoptosis induced by
ZOL in lymphoma cells. Overexpression of Bcl-XL and DN
caspase-9 render the cells resistant for ZOL-induced apoptosis.
LMP Loss in ZOL-induced Apoptosis Is Regulated by BclXL

and Caspase-9—ZOL caused a progressive decline in the red
staining of lysosomes with AO in HF28RA GFP cells (Fig. 5),
suggesting the involvement of these organelles in the apoptotic
process. Additionally, the number of cells with significantly
damaged lysosomes correlated with the number of cells with
decreased ��m (Fig. 3A). Transfection of the cells with BclXL
or DN caspase-9 completely blocked LMP in the presence of
ZOL (p � 0.001, ZOL effects on LMP of transfected cell lines

versus the corresponding ZOL treatment effects on GFP
HF28RA cells). After 72 h of incubation, DN caspase-9-trans-
fected cells were less resistant to LMP upon ZOL treatment
than BclXL-overexpressing cells (26.8 versus 12.8%, p � 0.001,
Fig. 5), again displaying a pattern identical to that seen onMMP
(Fig. 3A).
Effect of Caspase/Cathepsin Inhibitors on ZOL-induced

Apoptosis in HF28RA Cells—To determine the relative contri-
bution of caspases to ZOL-induced apoptosis, we employed
caspase inhibitors. Pretreatment for 2 h with a pan-caspase
inhibitor z-VAD-fmk at 60 �M, a dose that efficiently blocked
caspase-3 activation in HF28RA control vector cells (Fig. 6E),
significantly blocked the MMP (Fig. 6A), mitochondrial cyto-
chrome c release (Fig. 6C), and cellmembrane permeabilization
(Fig. 6D), confirming the involvement of caspases in ZOL-in-
duced apoptosis. However, inhibition was not complete, sug-
gesting the existence of additional mechanisms.

FIGURE 4. BclXL and DN caspase-9 block cell cycle-progression in S phase and subsequent chromatin condensation in HF28RA cells. A, analysis of the
nuclear DNA content upon treatment with ZOL is shown. Cell cycle distributions of HF28RA control GFP-, BclXL-, and DN caspase-9-modified cell lines treated
or not with 50 �M ZOL for up to 72 h were analyzed by propidium iodide staining and fluorescence-activated cell sorter analysis. G0-G1, G2-M, and S indicate the
cell phase, and sub-G1 DNA content refers to the percentage of apoptotic cells. 10,000 events per condition were collected for each histogram. A study
representative of three is shown. B, at the end of the experiment cells were stained with Hoechst 33342 and photographed under UV illumination.

FIGURE 5. LMP loss in ZOL-induced apoptosis of HF28RA cells is regulated
by BclXL and caspase-9. Cells were exposed to 50 �M ZOL for the times
indicated, and lysosomal stability was assessed using the acridine orange
uptake method. Results are expressed as the percent of cells with low AO
staining and are representative of a minimum of three independent determi-
nations. Data are expressed as the mean values � S.E. (n 
 3– 6) and analyzed
by two way ANOVA with the Bonferroni post-test. ***, p � 0.001 versus corre-
sponding ZOL treatment effects on LMP of HF28RA GFP cells; ���, p �
0.001 for the comparison of ZOL exposure effects on LMP of HF28RA BclXL
versus ZOL exposure effects on HF28RA DN9 cells. CTL, control.
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To further investigate the cross-
talk between caspases and lyso-
some-induced apoptosis, we mea-
sured LMP after co-treatment with
ZOL and z-VAD-fmk. Interestingly,
the inhibitory effect of z-VAD-fmk
on ZOL-induced LMP (Fig. 6B) was
identical to that of MMP (Fig. 6A).
This suggests that caspases are
involved at least in part in lysosomal
destabilization but also that the pro-
tection of lysosomesmight be a con-
sequence of the protection of mito-
chondriamediated by this inhibitor.
The inhibition of LMP along with
MMP by z-VAD-fmk was previ-
ously reported in human B lym-
phoma and the U937 cell line upon
camptothecin exposure (49).
In most cell systems LMP is asso-

ciated with the cytosolic release of
cathepsins (32). To further study
the mechanism of lysosomal apo-
ptosis upon ZOL exposure, the abil-
ity of E64, a papain-like cysteine
protease inhibitor, to inhibit apo-
ptosis was studied. Protection against
ZOL-induced apoptosis was con-
ferred by a 2-h preincubation with
100 �M E64, whereas lower concen-
trations (15–50�M)were not able to
significantly inhibit cell death (data
not shown). This result suggests
involvement of cysteine cathepsins
in the process. Protection was sig-
nificant at both the MMP (Fig. 6A)
and LMP levels (Fig. 6B) but, again,
incomplete. This outcome suggests
that cathepsins are involved in part
in the ��m loss, and consequently,
their activation is associated with
amplification of the mitochondrial
death signal. Secondly, activated
cathepsins can act as an amplifica-
tion loop for further LMP.However,
LMP inhibition could also be a con-
sequence of MMP inhibition. The
inhibitory effect of E64 on MMP is
not sufficient to inhibit cytochrome
c release from mitochondria (Fig.
6C) and subsequent proteolytic
maturation of caspase-3 at 72 h, as
shown by the presence of activated
fragment from 17 kDa (Fig. 6E).
Additionally, E64 was not effective
in delaying cell membrane perme-
ability when compared with
z-VAD-fmk (Fig. 6D), and the dif-

FIGURE 6. Effect of caspase/cathepsin inhibitors on ZOL-induced apoptosis in HF28RA cells. Inhibition of
ZOL-induced apoptosis of the follicular lymphoma cell line was estimated in co-culture with the pancaspase
inhibitor z-VAD and the cathepsin B/L inhibitor, E64. Cells were preincubated (2 h) with each inhibitor (60 �M

for z-VAD-fmk, 100 �M for E64) and then exposed for up to 72 h to 50 �M ZOL. z-VAD-fmk and E64 alone did not
have any effect on the proliferation of HF28RA cells (data not shown). Detection of ��m reduction (A), lysoso-
mal membrane permeabilization (B), and cell membrane integrity (D) was measured by fluorescence-activated
cell sorter analysis. Statistical evaluation of the data were performed using the ANOVA test; NS, not significant
(p � 0.05); p � 0.05 (*), p � 0.01 (**), and p � 0.001 (***) when compared with control and ZOL and ZOL	E64-
treated cells versus corresponding treatment effects, as depicted in the data underneath the legends, on MMP,
LMP, and membrane integrity, respectively. CTL, control. C, effects of caspase/cathepsin inhibitors and GGOH
on ZOL-induced cytochrome c (Cyt c) release in HF28RA cells. Cells were preincubated (2 h) with caspase/
cathepsin inhibitor (60 �M for z-VAD-FMK, 100 �M for E64) or directly co-incubated with geranylgeranyl (10 �M

GGOH) before being exposed to 50 �M ZOL for 72 h. Cytochrome c expression was monitored by Western blot
and followed by densitometric analysis normalized by the internal control (�-actin) and relative to the respec-
tive cytochrome c level from cells exposed to ZOL alone for 72 h, which was set to 1. E, shown is a Western blot
analysis of caspase-3 cleavage. Equal loading was controlled by immunodetection of �-actin. Numbers under-
neath the bands represent densitometric analysis normalized to �-actin and relative to the corresponding
levels of the 17-kDa caspase-3-activated fragment from ZOL-alone-treated cells, which was set to 1. F, time
course of full-length Bid expression (22 kDa) in HF28RA GFP cells treated with 50 �M ZOL. Equal amounts of
protein (20 �g) obtained after fractionation of cytosolic and mitochondrial fractions were separated by SDS-
PAGE on 15% gels. �-Actin was used as a loading control. Bid was detected as a 22-kDa protein. As a positive
control we used an extract from TRAIL 	 LiCl-treated HF28RA wild type cells where full-length Bid expression
decreased. Two independent experiments yielded comparable results.

Central Role of Caspase-9 in Intrinsic Pathway Amplification

1974 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 3 • JANUARY 15, 2010



ference toward ZOL-treated cells failed to reach any statistical
significance (p � 0.05).

Different other partners may constitute a possible link
between LMP andMMP. The BH3 protein, Bid, can be cleaved
by inducers other than caspase-8, like cathepsin L (50, 51),
cathepsins B and D, granzyme B, and c-Jun N-terminal kinase.
tBid acts further on mitochondria to cause MMP and caspase
activation (30). However, no decrease in full-length Bid could
be seen (Fig. 6F) using an antibody that recognizes the
uncleaved 22-kDa protein, indicating that Bid clearly does not
contribute to MMP in ZOL-induced cell death and conse-
quently is not the link between LMP and MMP in our system.
Mevalonate Pathway and Protein Prenylation Are Blocked by

ZOL inModified HF28RACells—Exposure to 50�MZOL leads
to accumulation of IPP (Fig. 7A) and ApppI (Fig. 7B) at all time
points studied in every HF28RA cell type. There were no con-
siderable differences between the cell lines at 24 and 48 h. How-
ever, at 72 h, the IPP and ApppI levels were significantly higher
in BclXL-overexpressing cells. ZOL also caused the accumula-
tion of unprenylated Rap1A in the cytoplasmic fraction in a
time-dependent manner (Fig. 7C). Again, at 72 h the levels of
unprenylated Rap1Awere higher in BclXL-overexpressing cells
compared with the other two cell lines.
GGOH is an isoprenoid lipid substrate that is converted to

geranylgeranyl pyrophosphate (52), an intermediate of the
mevalonate pathway, downstream of FPP synthase. Gera-
nylgeranyl pyrophosphate serves as a substrate for geranylgera-
nylation of proteins. It has been shown in several studies (15,
53) thatGGOHcan rescue certain cell types fromZOL-induced
apoptosis. Previously we showed that the protective ability of
GGOH could be explained at least in part by its capacity to
inhibit IPP/ApppI formation upon ZOL treatment (15). This

mechanism acts in concert with the inhibition of accumulation
of unprenylated proteins. Thus, we studied the efficacy of
GGOH in preventing ZOL-induced cell death also in the
HF28RA cell line. Co-treatment with 10 �M GGOH (found to
be the highest concentration with no effect on cell viability and
apoptosis, data not shown) was associated with a significant
decrease of ZOL-induced IPP (Fig. 8A) and ApppI (Fig. 8B) as
well as with ZOL-induced accumulation of unprenylated
Rap1A (Fig. 8C).
In terms of apoptosis, co-incubation of 50 �M ZOL with 10

�M GGOH significantly prevented MMP (p � 0.001, when
compared with ZOL treatment alone versus combination with
GGOH, Fig. 8D), LMP (Fig. 8E), and cell membrane disruption
(data not shown). Again, the inhibitory profile of MMP and
LMP is similar, suggesting interactive signaling between lyso-
somes and mitochondria. However, the inhibitory effect was
not complete, which is in agreementwith our previous data that
indicated that the remaining IPP/ApppI level after co-treat-
ment (Fig. 8,A andB) could still have an effect onmitochondria
and induce apoptosis. Additionally, GGOHwas effective in pre-
venting cytochrome c release frommitochondria (Fig. 6C) and,
as a consequence, completely abolished caspase-3 activation
(Fig. 8F), consistent with the idea that inhibition of the meval-
onate pathway represents the basic mechanism in ZOL-in-
duced apoptosis in the follicular lymphoma cell line.

DISCUSSION

In this study we show that ZOL-induced apoptosis in the
HF28RA cell line is associated with MMP, release of cyto-
chrome c into the cytosol, activation of caspase-3, and DNA
fragmentation.Mitochondria serve as executors of apoptosis in
ZOL-mediated cell death. All these apoptotic features are com-

FIGURE 7. Accumulation of IPP, ApppI, and UnRap1A in HF28RA BclXL and DN caspase-9 cells. The molar amounts of IPP (A) and ApppI (B) were
determined in extracts of ZOL-treated cells by using HPLC-ESI-MS. The data are presented as the mean � S.E. from at least three independent experiments. The
statistical significance of the differences was determined using the ANOVA test with the Bonferroni post-test; NS, not significant (p � 0.05); p � 0.05 (*), p � 0.01
(**), and p � 0.001 (***) versus the treated cells (see the data included in the graph). C, shown is the effect of ZOL on Rap1A prenylation as determined by
Western blot analysis of UnRap1A in HF28RA control GFP-, BclXL-, and DN caspase-9-transfected constructs. Numbers underneath the bands represent densi-
tometric analysis using ImageJ software, normalized to the internal control (�-actin) and relative to the respective UnRap1A level from an untreated sample,
which was set to 1.
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pletely abrogated by BclXL overexpression and the DN
caspase-9 construct of the HF28RA cell line. These findings are
in line with previous studies showing the central role of mito-
chondria in caspase-dependent and -independent apoptosis
induced byZOL, but the exactmechanismswere still unknown.
BclXL overexpression delays mitochondrial-induced apoptosis
induced by different stimuli (28, 31, 54), and reported is the
inhibition of ZOL-induced apoptosis by ectopic overexpres-
sion of Bcl-2 in different myeloma cell lines, but this is the
first study to show that BclXL overexpression and the DN
caspase-9 construct can protect cells against ZOL-induced
apoptosis.
Despite emerging data on the mechanism of ZOL-induced

apoptosis, the involvement of lysosomes in this process has not
been previously reported. Here we show that ZOL induces a
gradual increase of LMP in the lymphoma cell line. This effect is
blocked by BclXL overexpression and the DN caspase-9 con-

struct, indicating that BclXL and caspase-9 are key mediators
also involved in this process. On the basis of current data, it
seems obvious that mitochondria and lysosomes are having a
non-dissociated cross-talk in coordinating cellular dismantling.
Overexpression of BclXL, an antiapoptotic protein that com-

pletely preserved mitochondrial functions in our model, also
blocked lysosomal disruption as shown by LMPmeasurements.
This outcome suggests that lysosomal damage depends at least
in part on mitochondrial damage. These results are in agree-
ment with previous studies where overexpressed Bcl-XL pre-
vented free fatty acid (55) and camptothecin (49)-induced lyso-
somal permeabilization in various cell lines. On the other hand,
the incapability of BclXL, Bcl-2, or vMIA (cytomegalovirus cell
death suppressor) overexpression to stabilize lysosomal mem-
brane is associated with the conclusion that lysosomes are the
first organelles affected by these drugs. This has been shown for
hydroxychloroquine using various cell lines (36).

FIGURE 8. Effect of GGOH on accumulation of IPP/ApppI and unprenylated proteins upon ZOL exposure and their role in ZOL-induced apoptosis. The
effect of coincubation with 10 �M GGOH and 50 �M ZOL for different times up to 72 h in the control HF28RA cell line on the accumulation of IPP (A) and the
production of ApppI (B) as determined in cell extracts by HPLC-ESI-MS and 1 �M AppCp as the internal standard is shown. Data are the mean � S.E., n 
 4 – 8;
***, p � 0.001 versus control; ###, p � 0.001 for ZOL alone versus combination with 10 �M GGOH. C, shown is a Western blot analysis of UnRap1A kinetic in
HF28RA GFP cells treated with ZOL alone or in combination with 10 �M GGOH. Numbers underneath the bands represent densitometric analysis using ImageJ
software, normalized by the internal control (�-actin) and relative to the UnRap1A levels from a corresponding ZOL-treated sample which was set to 1.
Mitochondrial membrane potential (D) and lysosomal membrane permeabilization (E) were assessed by TMRM and AO, respectively, followed by fluorescence-
activated cell sorter analysis. 5000 events per condition were collected for each histogram. Graphs represent the mean values of three independent experi-
ments. Error bars represent the S.E. deviation. Statistical evaluation of the data was performed using the ANOVA test; NS, not significant (p � 0.05); p � 0.05 (*),
p � 0.01 (**), and p � 0.001 (***) versus the indicated treated cells (see the symbols included in the graph). CTL, control. F, shown is a Western blot analysis of
caspase-3 cleavage kinetic in HF28RA GFP cells treated with ZOL alone or in combination with 10 �M GGOH. Numbers underneath the bands represent a
densitometric analysis using ImageJ software, normalized by the internal control (�-actin) and relative to the p17 fragment level from corresponding ZOL-
treated sample which was set to 1.
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Surprisingly, inactivation of caspase-9 in HF28RA cells was
able to prevent all apoptotic events induced by ZOL, including
MMP and LMP. Moreover, the inhibitory profile of these two
apoptotic features was identical. A recent study (56) showed
that small interfering RNA against caspase-3 and -9 rendered
human keratinocytes and gingival fibroblasts resistant to the
antiproliferative and apoptotic effects of ZOL, but the underly-
ing mechanisms were not discussed. Our results are in agree-
ment with previous studies (57) obtained with the same
HF29RA DN caspase-9 cell line and showing that rituximab-
induced release of cytochrome c and loss of mitochondrial
membrane potential were regulated by caspase-9. Additionally,
it has been reported (39) that overexpression of the DN
caspase-9 construct in HF28RA cells delayed apoptosis and
decreased the proportion of cells with a depolarizedmembrane
in TRAIL-induced cell death.
So far it is generally accepted that caspase-9 acts downstream

to mitochondria. However, caspase-9 could be also activated
independently of the release of mitochondrial proteins (58).
Our observation that theDNcaspase-9 construct inhibits ZOL-
inducedMMP and LMP suggests that caspase-9 can serve as an
amplification loop for MMP, and as a consequence, MMP
occurs before or concomitantly with LMP. Additionally, our
data indicate that caspase-9 can also act as a direct regulator of
LMP. This scenario has been proposed previously (59).
Pharmacological inhibitors of caspases and cathepsins

were used to further address their role in ZOL-induced apo-
ptosis. This strategy has been employed earlier to determine
the dynamic spatiotemporal coordination between mito-
chondria and lysosomes in apoptosis (36). We used z-VAD-
fmk, an irreversibly cell-permeant pan caspase inhibitor, and
a broad spectrum papain-like cysteine protease inhibitor,
E-64. Caspase inhibition by z-VAD-fmk did not completely
block ZOL-induced cell death, which is in line with the
notion that caspase-independent death co-exists in ZOL-
treated follicular lymphoma cells (11). Additionally, z-VAD-
fmk was endowed with the capacity to inhibit LMP, suggest-
ing that caspases are involved in lysosomal destabilization.
In contrast, E64 was not able to prevent caspase-3 activation
after ZOL exposure. This outcome suggests that a direct link
between cathepsins and caspase-3 activation is improbable.
This is in agreement with previous data (50) showing that
lysosomal lysates do not activate caspase-2, -3, -6, -8, or
caspase-9 in vitro. Apoptotic caspases are poor substrates for
most cathepsins (60), but recently it was demonstrated that
cathepsins can mediate caspase-dependent apoptosis down-
stream of mitochondria (61) or activate caspases through an
indirect mechanism (43). Altogether, these data not only
give a mechanistic understanding for ZOL-induced apopto-
sis but also show more generally the existence of a coordi-
nated sequence of biochemical events, where lysosomal
damage is dependent on mitochondrial destabilization in
drug-induced apoptosis. Using different strategies, our data
suggest that lysosomal destabilization is the consequence of
mitochondrial damage. Moreover, lysosomal damage acts as
an amplification loop for MMP.
An interesting and intriguing result presented in this

paper is that S-phase arrest induced by ZOL in HF28RA wild

type cells at early incubation times (24 h) was preserved by
BclXL and DN caspase-9-overexpressing constructs at long
exposures, thus blocking the progression toward sub-G1
region. Previously, Bcl-XL along with Bcl-2 has been impli-
cated in cell cycle regulation (63). It was reported previously
(64) that BclXL interacts with cdk1 (cdc2) during the G2/M
cell cycle checkpoint, its overexpression stabilizes a G2/M
arrest senescence program in surviving cells after DNA dam-
age, and its effect is genetically distinct from its function on
apoptosis. Even though we could give a plausible explanation
for how BclXL might keep the cells in S-phase by interacting
with different cell cycle regulators, cell cycle delay in DN
caspase-9 mutant cells is still unexpected. Themechanism of
how BclXL-overexpressing and DN caspase-9-engineered
cells block cell cycle progression in S phase upon ZOL expo-
sure deserves further investigation.
An additional important issue of this study is the involve-

ment of the mevalonate pathway and subsequent protein pre-
nylation inhibition in ZOL-induced apoptosis in follicular lym-
phoma cells. Prenylated proteins are critical intermediates of
cell signaling and cytoskeletal organization (65). To investigate
the role of protein prenylation in ZOL-mediated apoptosis in
the HF28RA cell line, we determined if the isoprenoid lipid,
GGOH, could rescue the cells from cell death. It is known that
GGOH has the ability to prevent or attenuate the proapoptotic
effects of nitrogen-containing bisphosphonates (53, 62, etc). In
this study GGOH was able to significantly decrease but not
totally abolish IPP andApppI accumulation in theHF28RA cell
line and to decrease, but not completely block, the apoptotic
features caused by ZOL.Our data are in perfect agreementwith
our previous study (15) which shows that the remaining
amount of IPP/ApppI could still cause cell death, and there
exists a threshold for the IPP and/or ApppI levels required for
apoptosis.
ZOL causes a similar IPP/ApppI accumulation and inhibi-

tion of Rap1A prenylation in GFP as well as in BclXL and DN
caspase-9-overexpressing HF28RA cells, indicating similar
inhibition of the mevalonate pathway. Our data do not give an
unequivocal answer for the involvement of unprenylated pro-
teins in ZOL-induced apoptosis, and the possibility that this
signaling pathway does not interact with mitochondria cannot
be ruled out. However, z-VAD-fmk and E64 did not affect
UnRap1A accumulation (data not shown), but z-VAD-fmk
decreased MMP and LMP caused by ZOL. This strongly sug-
gests that the accumulation of unprenylated proteins is not an
absolute prerequisite for ZOL-induced apoptosis. Moreover,
GGOH was able to decrease IPP/ApppI accumulation, MMP
and LMP, cytochrome c release, and caspase-3 activation,
strongly indicating that overall inhibition of the mevalonate
pathway is the key event for apoptosis caused by nitrogen-con-
taining bisphosphonates.
In conclusion, this study identifies mechanisms for ZOL-in-

duced apoptosis revealing the interplay between mitochondria
and lysosomes as executors of cell dismantling. The question of
whether accumulation of unprenylated proteins or IPP/ApppI
dictates ZOL-induced apoptosis cannot be completely
answered, but clearly the accumulation of unprenylated pro-
teins is not sufficient. These studies could open new perspec-
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tives to maximize the effects of ZOL in resistant cancer cells by
using it in combination with drugs that inhibit the phospha-
tidylinositol 3�-kinase pathway, the lysosomal localization of
heat shock protein 70, or the activity of cathepsin inhibitors (e.g.
cystatin, serpins) (43) and, thus, be helpful in designing further
rational therapeutic protocols.
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