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Bisphosphonate-induced ATP analog formation and its
effect on inhibition of cancer cell growth
Hannu Mönkkönen, Johanna Kuokkanen, Ingunn Holen, Alyson Evans,
Diane V. Lefley, Marjo Jauhiainen, Seppo Auriola and Jukka Mönkkönen

Bisphosphonates (BPs) are effective inhibitors of

tumor-induced bone resorption. Recent studies have

demonstrated that BPs inhibit growth, attachment and

invasion of cancer cells in culture and promote apoptosis.

The mechanisms responsible for the observed anti-tumor

effects of BPs are beginning to be elucidated. Recently, we

reported that nitrogen-containing bisphosphonates

(N-BPs) induce formation of a novel ATP analog (ApppI) as

a consequence of the inhibition of farnesyl diphosphate

synthase in the mevalonate pathway. Similar to

AppCp-type metabolites of non-N-BPs, ApppI is able to

induce apoptosis. This study investigated BP-induced ATP

analog formation and its effect on cancer cell growth.

To evaluate zoledronic acid (a N-BP)-induced ApppI

accumulation, inhibition of protein prenylation and

clodronate (a non-N-BP) metabolism to AppCCl2p, MCF-7

and MDA-MB-436 breast cancer cells, MCF-10A

nonmalignant breast cells, PC-3 prostate cancer cells,

MG-63 osteosarcoma cells, RPMI-8226, and NCI-H929

myeloma cells were treated with 25 lmol/l zoledronic acid

or 500 lmol/l clodronate for 24 h. The inhibition of cell

growth by zoledronic acid and clodronate was studied in

MCF-7, MDA-MB-436, and RPMI-8226 cells by exposing the

cells with 1–100 lmol/l zoledronic acid or 10–2000 lmol/l

clodronate for 72 h. Marked differences in zoledronic

acid-induced ApppI formation and clodronate metabolism

between the cancer cell lines were observed. The

production of cytotoxic ATP analogs in tumor cells after BP

treatment is likely to depend on the activity of enzymes,

such as farnesyl diphosphate synthase or aminoacyl-tRNA

synthetases, responsible for ATP analog formation.

Additionally, the potency of clodronate to inhibit cancer cell

growth corresponds to ATP analog formation. Anti-Cancer
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Introduction
Bisphosphonates (BPs) are pyrophosphate analogs that

effectively inhibit osteoclastic bone resorption and are

widely used in the treatment of metabolic bone diseases,

such as Paget’s disease [1], hypercalcemia [2], and

postmenopausal osteoporosis [3]. Additionally, BPs are

effective inhibitors of tumor-induced bone resorption and

significantly reduce the incidence of skeletal complica-

tions in patients with bone metastases, especially from

breast cancer [4].

According to the chemical structure, BPs can be divided

into two classes with distinct molecular mechanisms of

action. Low-potency BPs lacking a nitrogen group (non-

N-BPs), such as clodronate, are metabolized to cytotoxic

ATP analogs [5,6] resulting in the induction of apoptosis

by inhibiting the mitochondrial ADP/ATP translocase

[7]. The formation of this metabolite is catalyzed by

aminoacyl-tRNA-synthetases [8]. By contrast, the more

potent nitrogen-containing BPs (N-BPs) are not metabo-

lized [5,9] but act primarily by inhibiting farnesyl

diphosphate (FPP) synthase, a key enzyme in the

mevalonate pathway [9,10]. The activity of FPP synthase

is required for the posttranslational prenylation of small

GTPases, such as Ras and Rap families. As prenylation is

required for the localization of these GTPases to

subcellular membranes, N-BPs disrupt the function of

small GTPases that are essential for osteoclast activity

and survival. In contrast, recent studies suggest that the

antiresorptive effect of N-BPs on osteoclasts may actually

be due to the accumulation of unprenylated small

GTPases in their active state (i.e. causing inappropriate

activation of downstream signalling pathways) rather than

loss of the prenylated proteins [11,12].

Our recent research has revealed a new mechanism of

action for N-BPs, establishing that the potent N-BPs, such

as zoledronic acid, induce formation of a new type of ATP

analog, ApppI in vitro [13] and in vivo [14]. ApppI

production results from the inhibition of FPP synthase in

the mevalonate pathway and subsequent accumulation of

the intracellular isopentenyl diphosphate (IPP) (Fig. 1).

ApppI formation from IPP is probably catalyzed by the

same enzyme family (i.e. aminoacyl-tRNA synthetases) as

the ATP analogs of non-N-BPs, but ApppI does not contain

a BP structure. Similar to AppCp-type metabolites of non-

N-BPs [7], ApppI is able to induce direct apoptosis through

blockade of the mitochondrial ADP/ATP translocase [13].
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The molecular mechanisms whereby N-BPs inhibit bone

resorption are well established, whereas the mechanisms

underlying antitumor activity of these compounds remain

to be clarified. A large amount of preclinical evidence

suggests that BPs may have direct effects on tumors,

inhibiting tumor cell invasion and adhesion to bone [15,16],

as well as inducing tumor cell apoptosis [17–19].

The purpose of this study was to evaluate the role of

apoptotic ATP analogs induced by BPs in the antitumor

properties of these drugs. Therefore, we explored IPP/

ApppI accumulation induced by zoledronic acid, protein

prenylation and clodronate metabolism to AppCCl2p in

various cancer cell lines. This was also expected to clarify

the formation mechanism of ApppI from IPP, and the role

of aminoacyl-tRNA synthetase in the reaction. The

cellular uptake of zoledronic acid and clodronate in

selected cancer cell lines was investigated to determine

whether there is a correlation between drug uptake and

subsequent ATP analog accumulation. In addition, the

inhibition of cell growth by zoledronic acid and clodro-

nate in selected cancer cell lines was studied to clarify

the role of ATP analogs in cell growth. This is the first

study to show that BPs induce the accumulation of ATP

analogs, ApppI and AppCC2p in tumor cells.

Materials and methods
Chemicals

Zoledronic acid [2-(imidazol-1-yl)-hydroxy-ethylidene-1,

1-bisphosphonic acid, disodium salt, 4.75 hydrate]

and [14C]zoledronic acid were provided by Novartis

Pharma AG (Basel, Switzerland). Clodronate (dichloro-

methylene-1,1-bisphosphonate) and [14C]clodronate by

Schering Oy (Bayer Schering Pharma AG, Berlin,

Germany). Stock solutions of BPs were prepared in

phosphate-buffered saline (PBS; pH 7.4; Gibco, Paisley,

UK) and solutions were filter-sterilized before use.

Clodronate metabolite (AppCCl2p) was synthetized by

Professor A. Azhayev (University of Kuopio, Finland).

ApppI was synthesized as described previously [13]. IPP

and AppCp were purchased from Sigma (St Louis,

Missouri, USA). Sodium fluoride was from Riedel-de-

Haën (Seelze, Germany) and sodium orthovanadate from

Sigma.

Cell lines

The human estrogen-dependent breast cancer cell line

MCF-7, the human osteosarcoma cell line MG-63, and

the human myeloma cell lines NCI-H929 and RPMI-

8226 were obtained from the European Collection of

Animal Cell Cultures (Salisbury, UK). The human

estrogen-independent breast cancer cell line MDA-MB-

436, the human androgen-independent prostate cancer

cell line PC-3 and the human nonmalignant breast cell

line MCF-10A were obtained from the American Type

Culture Collection (Manassas, Virginia, USA). All other

cells, except MCF-10A, were cultured at 371C in RPMI-

1640 media with L-glutamine (BioWhittaker, Cambrex

Bioscience, Verviers, Belgium), supplemented with 10%

of fetal calf serum (Invitrogen, Paisley, UK), 100 U/ml

penicillin and 100 mg/ml streptomycin (Invitrogen).

MCF-10A cells were cultured in DMEM:F12 (1 : 1)

(Invitrogen), supplemented with 5% of horse serum

(Invitrogen), 100 U/ml penicillin and 100 mg/ml strepto-
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mycin (Invitrogen), 100 ng/ml cholera toxin (Calbiochem,

Darmstadt, Germany), 20 ng/ml EGF (Sigma), 0.1 mmol/l

hydrocortisol (Sigma) and 10 mg/ml insulin (Sigma). Cells

were harvested using trypsin (Invitrogen). Plastics were

supplied by Costar (High Wycombe, UK).

Isopentenyl diphosphate/ApppI production and

clodronate metabolism

For studies on the zoledronic acid-induced IPP/ApppI

production and clodronate metabolism to AppCCl2p, the

MCF-7, MDA-MB-436, PC-3, MG-63, MCF-10A, RPMI-

8226, and NCI-H929 cells were seeded into six-well

plates at a density of 1�106 cells/well and left to adhere

for 2 h, then treated with 25 mmol/l zoledronic acid or

500 mmol/l clodronate for 24 h. After treatment, the

cultured cells were scraped off the wells and washed in

ice-cold PBS. Extracts from cells were prepared by using

ice-cold acetonitrile as described previously [20].

Analysis of isopentenyl diphosphate/ApppI and

AppCCl2p

The samples were redissolved in 150ml of water containing

sodium fluoride (0.25 mmol/l) and sodium orthovanadate

(0.25 mmol/l) as phosphatase inhibitors for preventing the

degradation of ATP analogs. AppCp was used as internal

standard. The molar amounts of IPP, ApppI and AppCCl2p

in cell extracts were determined by high-performance

liquid chromatography (HPLC) negative ion electrospray

ionization mass spectrometry [20]. IPP, ApppI and

AppCCl2p are very hydrophilic compounds and therefore

the use of dimethylhexylamine (DMHA) as an ion-pair

agent was necessary to retain these compounds into a

reversed-phase column. HPLC separation was performed

using a Phenomenex Gemini C18 column (2.0� 50.0 mm,

5mm) and an eluent system consisting 20 mmol/l DMHA

buffer (pH 7) (eluent A) and 80% methanol with 2 mmol/l

DMHA (pH 7) (eluent B). The flow rate was 200ml/min

and injection volume 45ml. After HPLC separation,

negative ion mass spectra for IPP, ApppI and AppCCl2p

were acquired using an LTQ quadrupole ion trap mass

spectrometer equipped with an electrospray ionization

source (Thermo Electron Corporation, San Jose, California,

USA). Selected reaction monitoring was used for analysis

of the compounds in the sample and quantitation was

based on characteristic fragment ions. Following transitions

were monitored: m/z 245-159 for IPP, m/z 574-408 for

ApppI, m/z 572-225 and m/z 574-227 for AppCCl2p

(35Cl and 37Cl), and m/z 504-406 for internal standard

AppCp. The standard curve was created by spiking

extracts from untreated cells with synthesized IPP, ApppI,

or AppCCl2p. The concentrations of the samples were

determined using the peak areas of the selected reaction

monitoring chromatograms and the standard curve.

Cellular uptake

For studies on the cellular uptake of zoledronic acid and

clodronate, MCF-7, RPMI-8226, and MDA-MB-436 cells

were seeded into six-well tissue culture plates at a

density of 1�106 cells/well and allowed to adhere for 2 h,

then treated with 25 mmol/l [14C] zoledronic acid or

500 mmol/l [14C] clodronate for 24 h. After treatment, the

medium was collected, and the wells were rinsed five

times with PBS solution. All wash solutions were

collected. Finally, cells were carefully scraped off from

the wells (two wells were pooled together) and extracted

with acetonitrile (300 ml) and water (200 ml). The soluble

and precipitated protein fractions were separated by

centrifugation (13 000g, 1 min). Cell precipitates were

digested with 1 ml of 1 mol/l NaOH at 601C for 2 h. The

soluble acetonitrile/water extracts were evaporated in a

vacuum centrifuge. For the radioactivity measurements,

the evaporated samples were redissolved in 120 ml of

Milli-Q water. The cellular uptake percentage of BP

was counted by comparing the radioactivity of cell

extracts (acetonitrile/water and digested protein frac-

tions) to the total radioactivity (cell extracts, medium

and washes). Radioactivity was measured by a scintilla-

tion counter (Wallac Microbeta, TriLux) after mixing

with OptiPhase HiSafe3 scintillation cocktail (Wallac,

Turku, Finland).

Western blot analysis

To determine the effect of zoledronic acid on protein

prenylation in different cancer cells, accumulation of

unprenylated Rap1A were analyzed by Western blot. One

million MCF-7, MDA-MB-436, PC-3, MG-63, MCF-10A,

RPMI-8226, and NCI-H929 cells were treated with

25 mmol/l zoledronic acid on the six-well plate for 24 h

and then the cells were lysed in 500 ml of cell

precipitation buffer [Mammalian Cell Lysis Kit, Sigma

(MCL-1)]. Ten milligrams of protein/lane were electro-

phoresed on 10% SDS–polyacrylamide gels followed by

transfer onto nitrocellulose membrane (Millipore Cor-

poration, IPVH00010, Boston, Massachusetts, USA).

Nonspecific antibody binding was blocked by incubating

the membrane in 5% nonfat milk in PBS with 0.1%

Tween before incubation with goat polyclonal anti-Rap1A

antibody (Santa Cruz Biotechnology, Santa Cruz, Cali-

fornia, USA; SC-1482 clone C-17) used at a dilution of

1/200 overnight at 41C. The secondary antibody was

HRP-conjugated antigoat from Autogen Bioclear used at

a concentration of 1/50 000 (ABN021HRP; Calne, UK).

Membranes were developed using Supersignal (Pierce,

34075, Tattenhall, UK). After visualizing the chemilumi-

nescent signal, the membrane was then stripped in PBS

pH 2, neutralized in PBS pH 7.5 and then incubated in

mouse monoclonal antiactin antibody (from Autogen

Bioclear, ABJ1275), followed by a 1/30 000 dilution of

antimouse HRP conjugate from Amersham (Little

Chalfont, UK). The blots were again visualized with a

Supersignal. Densitometric analysis of blots was carried

out using Quantity One software by BioRad (Hemel

Hempstead, UK).
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Inhibition of cell growth

For studies on the inhibition of cell growth by zoledronic

acid and clodronate, MCF-7, RPMI-8226, and MDA-MB-

436 cells were seeded into 96-well tissue culture plates at

a density of 5000, 7500, and 2500 cells/well, respectively.

The cells were incubated overnight and exposed to

1–100mmol/l zoledronic acid or 10–2000mmol/l clodronate.

The cell growth was assayed 72 h later using the 3-(4,5-

dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide

assay as described previously [21,22]. The cell culture

medium was replaced with 100 ml of serum-free culture

medium and 0.5 mg/ml 3-(4,5-dimethylthiazol-2yl)-2,5-

diphenyltetrazolium bromide (Sigma) followed by incu-

bation for a further 1 h at 371C. The formazan precipitate

was dissolved by the addition of 100 ml of SDS–N,N-

dimethyl formamide buffer (20% w/v sodium dodecyl

sulfate in a solution of 50% N,N-dimethyl formamide, pH

4.7) and overnight incubation at 371C. Absorbances (Abs)

were measured at 560 nm using Automated Microplate

Reader (Dynex Technologies Inc., Chantilly, Virginia,

USA). The percentage of viable cells was calculated using

the following formula:

ðAbssample � AbsblankÞ�100%

Abscontrol � Absblank

where Abssample, absorbance of the cells treated with

drug; Absblank, absorbance of solutions used; Abscontrol,

absorbance of the cells treated with 1% of PBS

(zoledronic acid) or 2% of PBS (clodronate).

Statistical analysis

For cellular uptake and inhibition of cell growth studies

one-way analysis of variance with Tukey’s multiple

comparison tests were used to assess significant differ-

ences in drug uptake or IC50 values between different

cell lines.

Results
Isopentenyl diphosphate/ApppI production varies

between different cancer cell types

Before this study, there were no reports of ApppI

production by tumor cells, and as zoledronic acid is used

to treat tumor-induced bone disease in multiple myelo-

ma, breast and prostate cancer we investigated the IPP/

ApppI formation in a range of different cancer cell lines.

Both IPP and ApppI production varied between cell lines

following drug treatment. IPP levels in cancer cell lines

were 511 (MCF-7), 374 (RPMI-8226), 174 (MG-63), 87

(MDA-MB-436), 71 (PC-3), 7 (NCI-H929), and 2 pmol

(MCF-10A) (Fig. 2a). The capability of zoledronic acid to

induce ApppI production in these cells was 177 (MCF-7),

30 (MG-63), 11 (PC-3), 3 (RPMI-8226), and B0.03 pmol

(MDA-MB-436). MCF-10A and NCI-H929 cells did not

produce detectable levels of ApppI after zoledronic acid

treatment (Fig. 2c).

Isopentenyl diphosphate production correlates with the

capacity of zoledronic acid to inhibit Rap1A prenylation,

but does not correlate with cellular uptake of the drug

The differences between IPP and ApppI production

detected in the various cell lines in the initial experi-

ments may be due to the differential uptake of zoledronic

acid by the cells. This possibility was addressed by

studying the cellular uptake of zoledronic acid in MCF-7,

MDA-MB-436, and RPMI-8226 cells. The levels of

cellular uptake of zoledronic acid (Fig. 3a) did not

correlate with IPP accumulation in these cells (Fig. 2a).

This finding raised the question of whether there is

any connection between IPP accumulation induced by

zoledronic acid and the activity of FPP synthase. We

therefore determined the inhibition of Rap1A prenylation

after zoledronic acid treatment in the different cell lines.

By inhibiting the FPP synthase in the mevalonate

pathway, N-BPs, such as zoledronic acid, prevent the

biosynthesis of isoprenoid lipids (FPP and GGPP), which

are essential for the posttranslational prenylation of small

GTPase signalling proteins, such as Rap1A (Fig. 1). In

this study, the measurement of accumulation of unpre-

nylated Rap1A was used for estimating the activity of

FPP synthase in different cancer cell lines. This

experiment indicated that IPP production (Fig. 2a)

correlated with the capacity of zoledronic acid to inhibit

Rap1A prenylation (Fig. 2b).

Clodronate metabolism correlates with the efficiency

of isopentenyl diphosphate to ApppI conversion

The formation of AppCp-type metabolites of non-N-BPs

(such as clodronate) is catalyzed by aminoacyl-tRNA

synthetases [8]. We have previously shown that clodro-

nate decreases the ApppI production, and reciprocally,

risedronate (a N-BP) decreases the metabolism of

clodronate to its AppCCl2p metabolite after the cotreat-

ment in J774 macrophages [13]. Therefore, we hypo-

thesized that aminoacyl-tRNA synthetases may also be

involved in ApppI production induced by N-BPs. To

compare the N-BP-induced ApppI formation and the

metabolism of non-N-BP, clodronate metabolism was

studied in different cancer cell lines following exposure

to 500 mmol/l clodronate for 24 h. The metabolism of

clodronate to AppCCl2p in different cells was 82 (MCF-

7), 57 (MG-63), 39 (MDA-MB-436), 31 (PC-3), 26

(NCI-H929), and 13 pmol (RPMI-8226) (Fig. 2d). No

significant differences in the clodronate uptake between

cell lines (P > 0.05) were observed (Fig. 3b). Therefore,

as was the case for zoledronic acid-induced IPP

accumulation, the differences in clodronate metabolism

were not due to different levels of uptake of BP between

the cell lines. The efficiency of ApppI production from

IPP in different cells followed the order of potency;

MCF-7 > MG-63 > PC-3 > RPMI-8226. This order co-

rrelated with the potency of clodronate metabolism to

AppCCl2p metabolite (R2 = 0.9461) (Fig. 4). These

results support the hypothesis that the N-BP-induced
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Fig. 2
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ApppI production is catalyzed by aminoacyl-tRNA

synthetases, similar to the metabolism of non-N-BPs to

the AppCp metabolite. As non-N-BPs (pCp) and IPP

resemble pyrophosphate in the structure, the reverse

reaction can also take place but with pCp or IPP replacing

pyrophosphate, to form an AppCp metabolite or ApppI,

respectively (Fig. 5).

Potency of clodronate to inhibit cancer cell growth

corresponds to ATP analog formation

It has been suggested that AppCp-type metabolites are

mainly responsible for the effect of non-N-BPs [12]. The

relationship between N-BP-induced ApppI accumulation

and cellular effect, however, is unknown. One main

strategy in cancer therapy is to inhibit cancer cell growth.

To compare the BP-induced ATP analog formation and its

effect on cell growth inhibition, cell growth was studied

in MCF-7, MDA-MB-436, and RPMI-8226 cells follow-

ing exposure to 1–100 mmol/l zoledronic acid or 10–

2000 mmol/l clodronate for 72 h. These cell lines were

chosen for this experiment because of their diverse

potency to produce ATP analogs (Figs 2c and d). MCF-7

and MDA-MB-436 breast cancer cells were more

sensitive to the effect of zoledronic acid on cell growth

inhibition than RPMI-8226 myeloma cells (Fig. 6a). IC50

values (50% inhibition of cell growth) of zoledronic acid

for MCF-7, MDA-MB-436, and RPMI-8226 cells were

7.0, 6.0, and 18.1 mmol/l, respectively. No significant

differences in IC50 values between MCF-7 and MDA-

MB-436 cells (P > 0.05) were observed (Fig. 6c). Instead,

IC50 value of RPMI-8226 cells was significantly higher

compared with breast cancer cells (P < 0.001) (Fig. 6c).

The inhibition of cell growth by clodronate was quite

similar between these cell lines (Fig. 6b). IC50 values of

clodronate for MCF-7, MDA-MB-436, and RPMI-8226

cells were 893, 1035, and 1179 mmol/l, respectively. A

significant difference in IC50 values between MCF-7 and

RPMI-8226 cells (P < 0.01) was observed (Fig. 6d).

These observations show that clodronate metabolism to

AppCCl2p (Fig. 2d) corresponds better than zoledronic

acid-induced ApppI formation (Fig. 2c) to the potency of

BP to inhibit cell growth (Fig. 6).

Discussion
BPs have a high affinity for the bone mineral and are

selectively internalized by osteoclasts, where they disrupt

the processes involved in bone resorption [23]. N-BPs

inhibit the mevalonate pathway [24], whereas non-N-BPs

are converted to intracellular (AppCp-type) metabolites

by aminoacyl-tRNA synthetase enzymes [8], with both

mechanisms ultimately leading to osteoclast apoptosis. In

addition to their inhibitory effect on osteoclast function,

there is considerable preclinical evidence to suggest that

BPs also have antitumor activity in vitro, through direct

effects on tumor cells [25]. The mechanisms responsible

for the observed antitumor effects of BPs are beginning to

be elucidated. One of the primary mechanisms respon-

sible for the direct antitumor activity of BPs is the

inhibition of cancer cell growth. Mechanisms by which

BPs inhibit cancer cell growth might be through the

production of cytotoxic ATP analogs. N-BPs possess a

capacity to induce intracellular ATP analog (ApppI)

Fig. 3
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production, which results from covalent binding of

ampicillin and IPP. Similar to the AppCCl2p metabolite

of clodronate, ApppI is able to induce direct apoptosis in

cells [13]. Therefore, zoledronic acid and other potent

N-BPs evoke apoptosis by at least two distinct mechan-

isms: indirectly through the inhibition of protein iso-

prenylation [10] and also directly through the inhibition of

mitochondrial ADP/ATP translocase by ApppI [13].

Fig. 5

The metabolism of non-N-BPs to AppCp-type metabolites 

The formation of ApppI induced by N-BPs
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The metabolism of non-N-BP to AppCp-metabolite and the formation of ApppI induced by N-BPs is catalyzed by aminoacyl-tRNA synthetases.
AMP, ampicillin; IPP, isopentenyl diphosphate.
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We evaluated the ATP analog formation in various cancer

cell lines (such as breast and prostate cancer and

myeloma cell lines) after treatment with zoledronic acid

or clodronate. Interestingly, we observed that zoledronic

acid-induced IPP/ApppI accumulation and clodronate

metabolism to AppCCl2p were remarkably cell line-

dependent. To clarify the reasons for the variation of BP-

induced IPP and ATP analog accumulation between

different cancer cell lines, drug uptake studies were

carried out using 14C-labelled drugs, zoledronic acid, and

clodronate. For this purpose, we selected three cancer

cell lines that differed significantly from each other in

their BP-induced IPP and ATP analog expression. No

significant differences, however, in BP uptake between

selected cell lines were observed (P > 0.05). Therefore,

these data demonstrated that IPP accumulation and

apoptotic ATP analog formation are independent from

the cellular uptake of BP. Regarding BP uptake and ATP

analog formation in tumor cells in vivo, it is more likely

that BPs as bone-targeting drugs can reach tumor cells on

bone surface rather than in soft tissues. Osteoclasts can

become exposed to very high concentrations of BPs

in vivo, as has been shown for alendronate (N-BP), which

reaches about 1 mmol/l concentration in the resorption

space beneath an osteoclast [26]. It is therefore possible

that the tumor cells on the bone surface may be exposed

to relatively high concentrations of BPs and be capable of

the production of cytotoxic ATP analogs.

N-BPs have been shown to inhibit the key enzyme, FPP

synthase, in the mevalonate pathway causing intracellular

accumulation of unprenylated forms of small GTP-

binding proteins [10]. As the cellular uptake of zoledronic

acid did not correspond to IPP accumulation, it raised the

question whether there is any connection between IPP

accumulation induced by zoledronic acid and the activity

of FPP synthase? For this purpose, unprenylated form of

GTPase Rap1A, which is a surrogate marker of the FPP

synthase inhibition, was used to demonstrate the effect

of 25 mmol/l zoledronic acid to prevent protein prenyla-

tion in cells. The results of Western blot analysis

evidenced that the unprenylated form of Rap1A could

be only detected in cell lines that produced relatively

high levels of IPP. This demonstrated that IPP produc-

tion correlated with the capacity of zoledronic acid to

inhibit Rap1A prenylation (i.e. FPP synthase). Taken

together, the data from studies of prenylation and drug

uptake strongly suggest that the efficiency of zoledronic

acid in inhibiting protein prenylation is dependent on the

activity of FPP synthase in tumor cells. Additionally, the

measurement of IPP levels by mass spectrometry

provides a very sensitive new technique to study the

FPP synthase inhibition by N-BPs.

Earlier, we have shown that ApppI production correlated

with the increase in the IPP concentration in J774

macrophages [13]. ApppI production from IPP, however,

did not correspond to IPP accumulation between

different cancer cells. Therefore, the efficiency of ApppI

production from IPP seems to vary with cell type. We

hypothesized that the novel ATP analog, ApppI, is

produced by the same metabolic pathway as the

metabolite of non-N-BP. The hypothesis was tested by

comparing the N-BP-induced ApppI formation from IPP

to formation of ATP analog of a non-N-BP in the same

cancer cell lines. We found that the efficiency of ApppI

production from IPP correlated with clodronate metabo-

lism in the investigated cell lines. The MDA-MB-436 cell

line, however, does not fit the hypothesis that the

aminoacyl-tRNA synthetases catalyze ApppI formation

because zoledronic acid-induced IPP accumulation and

clodronate metabolism to AppCCl2p were relatively high

in this cell line. Thus, this result partly supports the

hypothesis that the aminoacyl-tRNA synthetase family,

which catalyzes the formation of AppCp-type metabolites

from non-N-BPs [8], also seems to be involved in the

ApppI production induced by N-BPs.

BP-induced ATP-analog formation and its relationship

with the inhibition of cell growth were tested in selected

cancer cell lines. The effect of clodronate on cell growth

inhibition corresponds to the potency of clodronate

metabolism to AppCCl2p. This finding supports the

hypothesis that AppCp-type metabolites are responsible

for the effects of non-N-BPs [12]. Zoledronic acid-

induced ApppI formation does not correspond to the

effect of the drug on cell growth inhibition. In addition to

cytotoxic ApppI production [13,14], the inhibition of FPP

synthase by N-BPs, such as zoledronic acid, causes a lack

of essential prenylated proteins [12]. As N-BPs having a

more complex mechanism of action compared with non-

N-BPs, a direct connection between ApppI formation and

cellular effects may not be found. It is possible that the

N-BP-induced IPP accumulation prior to ApppI formation

plays a role in cell function. Particularly, as Gober et al.
[27] have reported that the treatment of tumor cells with

N-BPs in vitro also causes the accumulation of IPP, which

can activate gd T cells capable of tumor cell killing.

Therefore, N-BPs could be used as an immune therapy,

whereas N-BP-induced IPP accumulation in tumor cells is

a powerful danger signal that activates T-cell-mediated

immune response against tumors [27,28]. The present

data proved the considerable variation of IPP accumula-

tion between different cancer cells after zoledronic acid

treatment. This suggests that N-BPs may have differ-

ences in capability to induce cancer cell killing.

In conclusion, the results of this study suggest that BPs

may have diverse antitumor effects. This was seen as a

significant variation between IPP/ApppI formation and

clodronate metabolism to AppCCl2p. We conclude that

the differences may be related to different activities

of the enzymes responsible for IPP accumulation

and ATP analog formation, such as FPP synthase or
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aminoacyl-tRNA synthetases. Therefore, the production

of cytotoxic ATP analogs in different tumor cells after BP

treatment is likely to depend on the activity of the

appropriate pathways involved in BP metabolism. Taken

together, the ability of the cancer cells to metabolize the

cytotoxic compounds varies, implying a potentially new

mechanism contributing to the specificity of BPs against

different tumor cell types.
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