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ABSTRACT

This study explored the molecular mechanisms of action of bisphosphonates (BPs). BPs are currently among
the most used and effective class of drugs developed for the treatment of metabolic bone disorders that are
associated with increased bone destruction, such as osteoporosis and tumor-induced osteolysis. Moreover,
there is now extensive preclinical evidence available that BPs could have the ability to act directly on tumor
cells of various origins. However, the underlying mechanisms are still unclear.

Non-nitrogen-containing BPs (non-N-BPs), such as clodronate, are metabolised into cytotoxic ATP analogs
capable of inducing apoptosis in cells, while nitrogen-containing BPs (N-BPs), such as zoledronic acid, act by
inhibiting the farnesyl pyrophosphate synthase (FPPS) enzyme of the mevalonate pathway causing a
concomitant decrease in the formation of the isoprenoid lipids required for normal cellular function.
Moreover, a new possible mechanism of action of N-BPs has been revealed, a finding which may account for
the observed effects of N-BPs. N-BPs induce the formation of a novel endogenous ATP analog Apppl as a
consequence of the inhibition of the FPPS enzyme, and the subsequent accumulation of isopentenyl
pyrophosphate (IPP). Apppl is a pharmacologically active compound capable of directly triggering apoptosis.

This study aimed to characterize the role of the intracellular accumulation of IPP/Apppl in the mechanism
of action of N-BPs. The detailed aims were: (1) to investigate BP-induced IPP accumulation and ATP analog
formation in various cancer cell lines, (2) to obtain detailed data, such as time-course and dose-dependence,
on N-BP-induced IPP/Apppl formation in cancer cells, (3) to explore N-BP-induced Apppl formation in rabbit
osteoclasts, in vivo, (4) to identify the specific intermediates and enzymes in the mevalonate pathway involved
in regulating the BP-induced IPP/ApppI formation in cancer cells.

This study provided the first conclusive evidence that the pro-apoptotic Apppl is formed in osteoclasts in
vivo, the pharmacological target cells for BPs, even after a single clinically relevant dose of N-BP. This result is
of considerable importance, as it establishes the biological significance of this molecule. Furthermore, it was
shown for the first time, that BPs induce the accumulation of cytotoxic ATP analogs, Apppl and AppCClzp, in
several types of cancer cells. The metabolites accumulated in cells in a time- and dose-dependent manner.
However, the accumulation of these metabolites was remarkably cell line dependent suggesting that BPs may
have distinct antitumor effects dependent upon the extent of accumulation of cytotoxic compounds within the
cells. In addition to cancer cell type, the intracellular amounts of IPP and ApppI were shown to be dependent
on the FPPS binding characteristics of the N-BP. N-BP-induced IPP/Apppl levels in cells can also be
downregulated by the mevalonate pathway intermediates, isoprenoids. This represents a novel insight into
the mechanism of action of isoprenoids on the regulation of the mevalonate pathway after inhibition by N-
BPs, and supports the role of Apppl in mediating N-BP-induced apoptosis.

In conclusion, this study provided further evidence that BP-induced IPP and the subsequent Apppl
accumulation are important metabolic events underlying the molecular mechanisms of action of BPs.
Furthermore, the mass spectrometric IPP/Apppl analysis was demonstrated to be a useful and sensitive tool
for investigating the intracellular action of BPs and other mevalonate pathway inhibitor candidates under
development. The introduction of novel markers such as IPP and AppplI as surrogates of N-BP efficacy might
be also useful both in preclinical and clinical research to better understand the anticancer activities of N-BPs.

National Library of Medical Classification: QU 131, QU 57, QV 38, QZ 206

Medical Subject Headings: Diphosphonates/metabolism; Molecular Mechanisms of Pharmacological Action; Adenosine
Triphosphate/analogs & derivatives; Organophosphorus Compounds; Down-Regulation; Terpenes; Cells, Cultured;
Tumor Cells, Cultured; Osteoclasts; Rabbits; Mass Spectrometry
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TIIVISTELMA

Tutkimus kohdistui bisfosfonaattien (BP) solutason vaikutusmekanismien selvittdmiseen. BPt ovat tdlld
hetkelld kdytetyimpid ja tehokkaimpia lddkkeitd luun aineenvaihduntasairauksien, kuten osteoporoosin ja
syovan aiheuttaman luun haurastumisen hoidossa. Bisfosfonaateilla on my6s havaittu olevan suoria sydvéan
kasvua estdvia vaikutuksia, mutta niiden vaikutusmekanismit ovat vield varsin epéselvid.

Ei-typped sisaltdavat BPt (non-N-BPt), kuten klodronaatti, metaboloituvat solun sisilla ATP-analogeiksi,
jotka aiheuttavat apoptoosin eli ohjelmoidun solukuoleman. Typped sisiltavat BPt (N-BPt), kuten
zoledronaatti, hdiritsevdt solun normaalitoiminnalle elintdarkeiden isoprenoidilipidien muodostumista
estamadlld solunsisdisen mevalonaattitien entsyymin, farnesyylipyrofosfaattisyntaasin (FPPS), toimintaa.
Viimeaikaisen tutkimuksen mukaan N-BP:lla on uusi, aiemmin tuntematon vaikutusmekanismi, joka voi
selittdd ndiden bisfosfonaattien erittdin suuren tehon niin luun haurastumisen estossa kuin
syopéasoluvaikutuksissakin. N-BP:en aiheuttaman FPPS-entsyymitoiminnan estymisen seurauksena solujen
sisélle kertyy isopentenyylipyrofosfaattia (IPP), josta muodostetaan uusi, aktiivinen yhdiste, ATP-analogi
(Apppl). Apppl on farmakologisesti aktiivinen yhdiste, joka aiheuttaa kohdesolujen apoptoosin.

Taméan tutkimuksen tarkoituksena oli karakterisoida IPP/Apppl:n kertymisen roolia bisfosfonaattien
solutason vaikutusmekanismina. Tavoitteena oli: (1) tutkia BP-indusoitua IPP ja ATP-analogien tuotantoa
erilaisissa kasvatetuissa syopasolulinjoissa, (2) tuottaa yksityiskohtaisempaa tietoa, kuten annos- ja
aikariippuvuutta, IPP/Appplin synnystd sydpdsoluissa, (3) tutkia Apppl:n muodostumista in vivo, kanin
osteoklasteissa ja, (4) identifioida ne spesifiset mevalonaattitien vélituotteet ja entsyymit, jotka vaikuttavat
IPP/Apppl:n tuotannon sadtelyyn sydpéasoluissa.

Tutkimuksessa osoitettiin ensimmaéistd kertaa, ettd Apppl:a muodotuu bisfosfonaattien farmakologisissa
kohdesoluissa, osteoklasteissa in vivo, jopa kliinisesti relevantilla N-BP-annoksella. Tulos todistaa, ettd Apppl
on biologisesti merkittdvd molekyyli. Tutkimus osoitti myos ensimmdistd kertaa, ettd BPt indusoivat
solumyrkyllisten ATP-analogien, Apppl ja AppCClp (klodronaatin metaboliitti), tuotannon erilaisissa
sydpésoluissa. Metaboliitit kertyivat soluihin aika- ja annosriippuvaisesti, mutta tuotannossa havaittiin olevan
hyvin voimakkaita solulinjakohtaisia eroja. Tulokset viittaavat siihen, ettd bisfosfonaattien syopavaikutukset
saattavat vaihdella, johtuen eri syopasolujen kyvystad tuottaa solumyrkyllisia metaboliitteja. Solulinjatyypin
lisdksi solunsisdisten IPP- ja Apppl-maarien havaittiin riippuvan BP:n kyvystd sitoutua kohteeseensa, FPPS-
entsyymiin. Tutkimuksessa osoitettiin myds, ettd solujen IPP/Apppln tuotantoa pystytddn estdamadn
mevalonaattitien valituotteilla, isoprenoideilla. Tulos esittdd isoprenoideille uuden vaikutusmekanismin
sdddelld mevalonaattitietd bisfosfonaattikasittelyn jédlkeen, ja tukee Apppl-molekyylin roolia N-BP-
indusoidusssa solukuolemassa.

Tutkimus tuotti lisdd todisteita siitd, ettd N-BP-ladkkeiden aiheuttama IPP/Appplin tuotanto on
bisfosfonaattien merkittava vaikutusmekanismi. Tutkimus osoitti massaspektrometrisen IPP/Apppl-analyysin
olevan herkka ja hyodyllinen menetelmd, jolla voidaan tutkia bisfosfonaattien ja muiden kehitteilld olevien
mevalonaattitien inhibiittorien solunsisédisid vaikutuksia. Uusien markkereiden, kuten IPP- ja Apppl-
molekyylien, kéyttd bisfofonaattien tehokkuuden mittarina voi olla hyddyllistd sekd prekliinisissd ettd
kliinisissd tutkimuksissa, joissa bisfosfonaattien syopéavaikutuksia arvioidaan.

Luokitus: QU 131, QU 57, QV 38, QZ 206
Yleinen Suomalainen asiasanasto: bisfosfonaatit; adenosiinitrifosfaatti; terpeenit; soluviljely; syopasolut;
massaspektrometria
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1 Introduction

Bisphosphonates (BPs) are currently among the most important and effective class of drugs
developed for the treatment of metabolic bone disorders that are associated with increased
osteoclast-mediated bone resorption, such as osteoporosis (Delmas 2002, Kanis et al. 2008) and
Paget's disease (Delmas and Meunier 1997, Roux and Dougados 1999). Additionally, BPs are
effective inhibitors of tumor-induced bone destruction and significantly reduce the incidence of
skeletal complications in patients with bone metastases from several forms of cancer, including
breast and prostate cancer (Coleman 2004). BPs have a high affinity for calcium and therefore target
specifically bone mineral, where they are internalized by bone-destroying osteoclasts, eventually
inhibiting their function (Fleisch 2000). BPs primarily affect the function of osteoclasts but there is
recent preclinical evidence indicating that other neighboring cell types, such as macrophages,
monocytes and cancer cells, could also be targets for these drugs (Clezardin 2011). Importantly,
evidence has accumulated on the direct anticancer effects of BPs. BPs have been shown to induce
tumor cell apoptosis, to modulate cells in the immune system and to inhibit tumor angiogenesis. All
these recent findings suggest that the target cells for bisphosphonates as well as their molecular
mechanism of action may be more diverse and complex than realized so far.

Only in recent years, have major advances been made in understanding the cellular and
molecular mechanisms of action of BPs. BPs can be classified into two structural subgroups based
on differences in their chemical structure and mechanism of action. The low-potency BPs lacking a
nitrogen group (non-N-BPs) are metabolised to cytotoxic ATP analogs (Rogers et al. 1992, Auriola et
al. 1997, Frith et al. 1997, Frith et al 2001) that accumulate intracellularly and subsequently trigger
direct apoptosis (Lehenkari et al. 2002). In contrast, the more potent nitrogen-containing BPs (N-
BPs) act by inhibiting farnesyl pyrophosphate synthase (FPPS) enzyme at a branch point in the
mevalonate pathway (van Beek et al. 1999a, van Beek et al. 1999b, Bergstrom et al. 2000). The
mevalonate pathway is the metabolic pathway involved in the synthesis of a number of essential
cellular compounds, the most prominent being cholesterol (Goldstein and Brown 1990). In
osteoclasts, however, two other products, farnesyl and geranylgeranyl pyrophosphate, are essential
to attach small important signaling proteins, such as GTPases, to the cell membrane (Luckman et al.
1998b, Coxon et al. 2000). By inhibiting FPPS, N-BPs disrupt the signaling functions of GTPases, and
consequently induce a series of changes leading to decreased activity and indirect cell death via
apoptosis not only in osteoclasts but also in other cell types (Luckman et al. 1998a, Luckman et al.
1998b, Shipman et al.1998, Benford et al. 1999, Reszka et al. 1999, Coxon et al. 2000, Coxon et al.
2004). This mechanism of action is now thought to be of prime importance in mediating the
cytotoxic effects of N-BPs. However, recent research has revealed a new possible mechanism of
action for N-BPs, establishing that the potent N-BPs induce formation of a new type of ATP analog,
Apppl (Monkkonen et al. 2006). Apppl formation results from the inhibition of FPPS in the
mevalonate pathway and subsequent accumulation of an early intermediate, isopentenyl
pyrophosphate (IPP). Apppl formation from IPP is produced, presumably, in the same metabolic
pathway as the ATP analog of non-N-BP, but it does not contain a BP in its structure and thus is not
a metabolite of the drug. Apppl is a pharmacologically active compound capable of triggering
osteoclast apoptosis in a similar manner to the ATP analogs of non-N-BPs. Therefore, these two
classes of BPs may have more in common than previously thought.

N-BP-induced IPP and Apppl are both active compounds, the former activating an immune
response (Gober et al. 2003) and the latter triggering apoptosis in osteoclasts in vitro (Monkkonen et
al. 2006). However, very little is known about their accumulation in cells. This study characterized
the effects of BPs on the intracellular mevalonate pathway, and the consequent accumulation of IPP



and Apppl. The intention was to gather more detailed data on N-BP-induced IPP/Apppl formation
in cancer cell cultures and in an animal model. In addition, the regulation of N-BP-induced IPP
accumulation and the consequent Apppl formation by the mevalonate pathway products was
characterized. The following review of the literature presents a brief description of the biochemistry
of the mevalonate pathway, together with current knowledge about this pathway as an anticancer
target. The literature review focuses on BPs and provides an overview of their pharmacology, e.g.
evaluating N-BPs as potent mevalonate pathway inhibitors. Additionally, new insights into the
intracellular molecular mechanism of action of BPs, and the potential of BPs to function as
anticancer agents are described.



2 Review of the literature

2.1 MEVALONATE PATHWAY

The mevalonate pathway is an important metabolic pathway synthetizing essential bioactive
molecules that are vital for many cellular functions, ranging from cholesterol synthesis to growth
control (Goldstein and Brown 1990). Furthermore, the wide spectrum of diseases resulting from
defects in the mevalonate pathway illustrates the importance of this pathway (Tozawa et al. 1999,
Zhang et al. 2002, Ohashi et al. 2003, Prietsch et al. 2003, Seabra et al. 2002).

2.1.1 Biochemistry and regulation

The first product of the pathway, mevalonate, is a precursor for isoprenoid intermediates which are
subsequently incorporated into various end-products (Figure 1), e.g. sterol isoprenoids such as
cholesterol, not only utilized in cell membranes but also some being converted into steroid
hormones, bile acids, and vitamin D; and nonsterol isoprenoids such as haem A and ubiquinone,
which take part in electron transport; dolichol, required for glycoprotein synthesis; and farnesylated
and geranylgeranylated proteins, which are membrane associated proteins involved in intracellular
signaling (Goldstein and Brown 1990, Hinson et al. 1997). Cholesterol, the bulk end-product, is
either derived from squalene or can be obtained by uptake of plasma low-density lipoprotein
(LDL). The cell must balance these internal and external sources in order to sustain mevalonate
synthesis while avoiding overaccumulation of potentially toxic sterols (Goldstein and Brown 1990).

The principal regulatory point in the mevalonate pathway is 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMGR), one of the most highly regulated enzymes in the body (Goldstein
and Brown 1990). In normal cells, HMGR activity is controlled by several feedback-regulation
mechanisms by sterol and nonsterol products of the pathway, and also at the level of transcription,
translation, protein stability, phosphorylation and thiol status of the cell (Goldstein and Brown 1990,
Nakanishi et al. 1988, Osborne et al. 1988). A full reduction in enzyme activity requires both a sterol
that can be derived from LDL and a nonsterol metabolite that must be synthesized from
mevalonate. These products suppress HMGR by at least two mechanisms; by decreasing the
transcription of the gene and by enhancing the degradation of the enzyme. Conversely, HMGR
activity in tumor cells is elevated and dysregulated (Mo and Elson 2004). Tumor cells are resistant
to sterol-mediated feedback regulation, and are several-fold more sensitive than normal cells to
nonsterol-mediated post-transcriptional downregulation.

After HMGR, mevalonate is converted to isopentenyl pyrophosphate (IPP) by a cascade of three
enzymes, mevalonate kinase (MKase), phosphomevalonate kinase (PMKase), and mevalonate
diphosphate decarboxylase (MDDase) (Hinson et al. 1997). At least, the activity of MKase is
regulated via feedback inhibition by isoprenoid intermediates geranyl pyrophosphate (GPP),
farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) (Hinson et al. 1997,
Dorsey and Porter 1968). All the isoprenoid intermediates contain a polyisoprene structure derived
from repeated polymerizations of IPP (Brown and Goldstein 1980). In the initial reaction, IPP is
coupled with its isomer dimethylallyl pyrophosphate (DMAPP) to form a 10-carbon intermediate,
GGP. This compound then combines with another molecule of IPP to produce the key 15-carbon
intermediate FPP, which further reacts with IPP to form the 20-carbon intermediate GGPP. The
productions of FPP and GGPP are catalyzed by FPP and GGPP synthases. FPP is a major branch-
point precursor for several products of the mevalonate pathway, such as squalene, cholesterol, and
also GGPP. Thus, the FPPS enzyme occupies an important position in the pathway.
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Figure 1. The mevalonate pathway. Mevalonate is converted to farnesyl pyrophosphate (FPP),
which can be used for the synthesis of sterol or nonsterol isoprenoids, products essential for cell
survival and proliferation. Agents targeting the pathway inhibit either the activities providing
mevalonate derived intermediates, such as statin drugs and phenylacetate, or activities
downstream from FPP, such as nitrogen-containing bisphosphonates (N-BPs), prenyltransferase
inhibitors, and zaragozic acid (ZA). Importantly, in normal cells, cholesterol and isoprenoid
products suppress HMG-CoA reductase via post-translational downregulation. Conversely, tumor
cells are resistant to cholesterol-mediated suppression, although they remain sensitive to
isoprenoid-mediated suppression. FTIs = farnesyl transferase inhibitors; GGTIs =
geranylgeranyl transferase inhibitors; DPTIs = dual prenyltransferase inhibitors; FTase =
farnesyl transferase; GGTase = geranylgeranyl transferase; PA = perillyl alcohol

Post-translational modifications of small GTP-binding proteins

Both FPP and GGPP are substrates for protein prenyltransferase enzymes carrying out post-
translational modification and activation of small important GTP-binding proteins (GTPases)
(Zhang and Casey 1996). The post-translational modifications of GTPases are essential to ensure
their targeted localization and anchorage on the inner side of the cell membrane and subsequent
signal activation and biological function. In this activation step, the farnesyl or geranylgeranyl
lipidic residues are coupled to the protein, resulting in the formation of a farnesylated or
geranylgeranylated protein (Figure 2). This type of protein activation is referred to as
(iso)prenylation. In order to undergo prenylation, proteins must contain a carboxy-terminal CaaX



motif. C denotes cysteine, A represents an aliphatic amino acid and X refers to leucine for
geranylgeranyltransferase I (GGTase I) and to any other amino acid other than leucine for
farnesyltransferase (FTase). Protein GGTase II catalyzes the geranylgeranylation of Rab proteins
that terminate in CC or CXC sequences. FTase catalyzes farnesylation of proteins, such as Ras,
RhoB, HDJ2, and lamins A and B, whereas geranylgeranyltransferase I and II (GGPTases) ensure
the geranylgeranylation of proteins, such as Rab, Rap1A, RhoA, Racl and CDC42 (Zhang and Casey
1996, Swanson and Hohl 2006). It is important to note that some Ras isoforms (K-Ras and N-Ras)
can alternately be geranylgeranylated when farnesylation is inhibited (Whyte et al. 1997). Following
prenylation, the -aaX residues are cleaved by an endoprotease and the carboxyl group of the
modified cysteine is methylated by a specific methyltransferase. In addition, Rab proteins ending
with the CXC motif are methyl esterified. For some Ras proteins, a further modification, termed
palmitoylation, occurs. Finally, the protein is ready to be translocated onto the cellular membranes
to receive extra- and intracellular signals.
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Figure 2. Prenylation mechanisms of intracellular proteins. After prenylation, the protein is
ready to be translocated to the inner side of the cellular membranes in order to receive signals
mediated by external and internal factors. Modified from Caraglia et al. 2006.

2.1.2 Mevalonate pathway as a therapeutic target in cancer
The mevalonate pathway is an attractive target for many areas of therapeutic research, such as
autoimmune disorders, atherosclerosis, and Alzheimer disease, through inhibition of prenylation of
small GTPases (Buhaescu and Izzedine 2007). Importantly, manipulation of this pathway results in
alteration of malignant cell growth and survival in cell culture and animal models, with promising
potential for application in human cancers (Caraglia et al. 2005, Swanson and Hohl 2006). However,
the mevalonate pathway is very complex, and it needs to be better understood before it can be
successfully manipulated to achieve a therapeutic anticancer effect.

There are several pharmacological options for interfering with the mevalonate pathway in
cancer cells (Figure 1 and Table 1). Most research has been focused on statins and nitrogen-



containing bisphosphonates (N-BPs). Statins inhibit the rate-limiting step at the apex of the
mevalonate pathway, the conversion of HMG-CoA to mevalonate by HMGR, while N-BPs inhibit
FPP synthase, the other key enzyme in the pathway. In addition to the HMGR inhibitors (e.g. statins
and apomine) and FPP synthase inhibitors (N-BPs), there are FTase inhibitors (FTIs), GGTase
inhibitors (GGTlIs), dual prenyltransferase inhibitors (DPTIs), monoterpenes (e.g. perillyl alcohol
and limonene), and MDDase inhibitors (e.g. phenylacetate), which have an influence on isoprene
metabolism (Mo and Elson 2004, Swanson and Hohl 2006). These agents induce cell cycle arrest and
initiate apoptosis and differentiation, effects attributed to modulation of cell signaling pathways
either by modulating gene expression, or by suppressing the prenylation of signaling proteins and
growth factor receptors (Table 1).

Table 1. The compounds targeting the mevalonate pathway and their observed anticancer

effects

Inhibitor Inhibitory point Effect on cancer cells References

Statins HMGR e.g. Induction of the van de Donk et al. 2003, Lee et al.
cell cycle arrest and 1998, Kusama et al. 2002, Wong et
apoptosis, inhibition of al. 2002, Denoyelle et al. 20033, Li et
protein prenylation, al. 2003, Graaf et al. 2004, Cho et al.
cholesterol reduction 2008

Apomine HMGR Reduction of the levels Flach et al. 2000, Roitelman et al.
of HMGR, induction of 2004, Edwards et al. 2007
apoptosis

N-BPs FPPS e.g. Induction of the Jagdev et al. 2001, Shipman et al.
cell cycle arrest and 1998, Evdokiou et al. 2003,
apoptosis, inhibition of Wakchoure et al. 2006, Brown et al.
protein prenylation 2009, Guenther et al. 2010, Wasko et

al. 2011
Sodium MDDase Growth inhibition, Hudgins et al. 1995, Harrison et al.

phenylacetate

Zaragozic acid

FTIs

GGTIs I

GGTIs II

DPTIs

Limonene,
perillyl alcohol

Squalene synthase

FTase

GGTase I

GGTase II

FTase+GGTase I

FTase, GGTase I
and GGTase II(?)

inhibition of protein
prenylation

Cholesterol reduction

Growth inhibition,
inhibition of protein
farnesylation

Cell cycle arrest,
inhibition of cancer cell
invasion and migration

Disruption of Rab
dependent functions

Growth inhibition,
inhibition of K-Ras
prenylation

Growth inhibition,
suppression of the
synthesis of small
GTPases and HMGR

1998

Li et al. 2003, Brusselmans et al.
2007

Kohl et al. 1994, Bolick et al. 2003,
Kurimoto et al. 2003, Venet et al.
2003, Virtanen et al. 2010

van de Donk et al. 2003, Sun et al.
1999, Coxon et al. 2000, Kusama et
al. 2003, Sun et al. 2003, Virtanen et
al. 2010

Wasko et al. 2011, Coxon et al. 2001,
Sane et al. 2010, Lawson et al. 2008

Lerner et al. 1997, Bolick et al. 2003,
Lobell et al. 2002

Crowell et al. 1994, Ren et al. 1997,
Hardcastle et al. 1999, Holstein and
Hohl 2003, Peffley and Gayen 2003,
Yuri et al. 2004

HMGR =

3-hydroxy-3-methylglutaryl-coenzyme A reductase;

N-BPs = nitrogen-containing

bisphosphonates; FPPS = farnesyl pyrophosphate synthase; MDDase = mevalonate diphosphate

dekarboxylase; FTIs =

and II =

farnesyl transferase inhibitors; FTase =
geranylgeranyl transferase inhibitors I and II; GGTase I and II =

farnesyl transferase; GGTIs I
geranylgeranyl

transferase I and II; DPTIs = dual prenyltransferase inhibitors



Much attention has been paid to the induction of Ras-mediated apoptosis because Ras
mutations in cells are often associated with malignancy (Caraglia et al. 2005, Swanson and Hohl
2006, Konstantinopoulos et al. 2007), and this makes membrane localized Ras a rational target for
antitumor therapy. For example, the FTase inhibitors are of particular interest since the oncogenic
transformation activity of Ras dependent on its farnesylation (Qian et al. 1997, Sinensky 2000).
However, K-Ras is resistant to treatment with FTI alone and therefore treatments with both FTI and
GGTI are necessary to inhibit K-Ras prenylation, and to inhibit growth in a number of cell lines
(Lerner et al. 1997). The major challenge in the case of GGTI/FTI combinations is toxicity, which
could be overcome by the development of DPIs, which are better tolerated. N-BPs and statins also
inhibit prenylation of Ras and other proteins, and this effect can be inhibited by the addition of the
free nonsterol mevalonate pathway intermediates. Farnesol (FOH) and especially geranylgeraniol
(GGOH), are capable of salvaging protein prenylation and, thus they can overcome statin and N-
BP-induced apoptosis in many cell types (Goffinet et al. 2006, Jagdev et al. 2001, Benford et al. 1999,
Shipman et al. 1998, van de Donk et al. 2003).

It is usually difficult to inhibit efficiently one enzyme of the pathway completely with a single
inhibitory drug, which potentially result in toxic side effects (Swanson and Hohl 2006). Therefore,
the inhibition of more than one enzyme in the metabolic pathway e.g. by combined drug treatment
might, be more effective than inhibition of only one individual enzyme. Mevalonate pathway
inhibitors in combinations and combined with cytotoxic drugs represent a promising approach to
enhance the anticancer efficiency of these agents. There is good evidence that mevalonate pathway
inhibitors might improve the therapeutic outcome of conventional (i.e. DNA damaging) and non-
conventional (such as antibodies) anticancer drugs (Konstantinopoulos et al. 2007, Fritz 2009). This
synergistic effect with other agents would appear to depend not only on the choice of agents and
the cancer type, but also on the sequencing of these compounds (Swanson and Hohl 2006). The
mechanism for sequence-dependent synergy is not entirely clear.

2.2 BISPHOSPHONATES

2.2.1 Background to the pharmacological development

BPs have been known to chemists since the middle of 19th century and these compounds were used
in industry as antiscaling agents because of their property to inhibit the precipitation of calcium
carbonate (Quimby 1947). Fleisch and Bisaz reported in 1962 that inorganic pyrophosphate (PPi), a
known by-product of many biosynthetic reactions in the body, was present in serum and urine and
prevented ectopic calcification. However, PPi had no effect on bone resorption, possibly because its
rapid hydrolysis. This prompted the search for analogs of pyrophosphate which would display a
similar physicochemical activity, but which would resist enzymatic hydrolysis and metabolism. The
bisphosphonates (BPs) fulfilled these conditions. The observation that BPs were able to inhibit the
dissolution of hydroxyapatite (HAP) crystals (Fleisch et al. 1969) led to studies demonstrating that
they also inhibited bone resorption in many different experimental models (See review in Fleisch
2000). This discovery was a breakthrough leading to the rapid development of the BPs in medicine
for diseases with increased bone resorption and with bone loss.

2.2.2 Chemical features of BPs

All BPs have the same generic structure (Table 2). BPs are stable, water-soluble, synthetic analogs of
PPi in which the oxygen bridge has been replaced by a carbon (P-C-P) with various side chains
(Fleisch 2002). In contrast to the P-O-P binding of PPi, the P-C-P backbone structure is stable
towards heat and most chemical reagents, and completely resistant to enzymatic degradation. The
P-C-P motif of the BP structure is required for the chelation of Ca? ions by these compounds and



hence is the basis for their bone-targeting property. In general, BPs can chelate divalent metal ions
such as Ca*, Mg?, and Fe* in a bidentate manner through the oxygen atoms of the phosphate
groups, but if the Ri chain is a hydroxyl, then the affinity of BPs for cations is even greater, allowing
tridentate coordination (Rogers et al. 2000). In fact, the two phosphonate groups, together with Ri
side chain, are often described as a "bone hook", because of their role in targeting efficiently to bone
mineral surfaces (Russell et al. 2008).

Table 2. The most widely used BPs in the clinic and their chemical structures. The binding of BPs
to HAP depends on the P-C-P group and the R; side chain. The biological activity is dependent
on the R, side chain. The BPs are grouped into first-, second-, and third-generation drugs
according to their side chains, and their potency for inhibiting bone resorption in rats.

OH R, OH
N O/
0—=P—C—P-=—0
/1 N\

OH R, OH

The generlc structure of BP

BP R; R Potency Application

15t generation Etidronate* OH CHs3 1x oral
Clodronate** Cl Cl 10 x oral/i.v.

2"d generation Tiludronate* H CH,-S-phenyl-Cl 10 x oral/i.v.
Pamidronate** OH CH,CH;,NH,» 100 x i.v.
Alendronate* OH (CH2)35NH, 100-1000 x oral
Ibandronate** OH CH,CH,;N(CHs3)(pentyl) 1000 -10 000 x oral/i.v.

3" generation Risedronate* OH CH,-3-pyridine 1000 -10 000 x oral
Zoledronic OH CH,-imidazole >10 000 x i.v.
acid**

* BPs approved for non-malignant conditions
** BPs approved for use in malignancy for one or more indications

The backbone structure of BPs allows for number of possible chemical variations by changing
the two lateral side chains (R1 and R positions) attached to the carbon atom (Rogers et al. 2000). The
R1 and R: side-chains are responsible for the wide range of activity observed among the BPs (Table
2). Ri1 substituents such as a hydroxyl (OH) or amino (NHz) group enhance binding to bone mineral,
conferring on these BPs ability to chelate calcium ions more effectively, while varying the R:
substituents results in differences in their antiresorptive potency (Shinoda et al. 1983, van Beek et al.
1994, van Beek et al. 1996). Increasing the number of carbon atoms in the side-chain (i.e. the length)
will initially increase and then decrease the effect on bone resorption. The increased antiresorptive
potency observed with different Rz groups is linked to their ability to affect biochemical activity,
and is thought to also be connected to their ability to bind to HAP (Fleisch 2002, Rogers et al. 2000,
Nancollas et al. 2006).

One of the aims of BP research has been to develop compounds with more powerful
antiresorptive activity, without any more potent inhibition of mineralization. This has proven to be



possible. Over the past 40 years, several generations of BPs with increasing antiresorptive potency
have been developed (Table 2, Fleisch 2000). The early compounds (first-generation) contained
simple substituents (H, OH, CI, CHs) and lacked a nitrogen atom (they are referred to as non-
nitrogen-containing BPs). Subsequently, the more recently developed (second- and third-
generation) compounds are more potent and complex and consist of a hydroxyl group together
with nitrogen-containing aliphatic side chains or heterocyclic rings (referred as nitrogen-containing
BPs). The most active compound described so far, zoledronic acid, is up to 10 000 — fold more potent
than etidronate, the first BP used in humans. As shown in Table 2, further substitutions have
enabled synthesis of a series of biologically active BPs, each of which has its own distinct chemical,
physicochemical and biological characteristics. Therefore, this variability in effect makes it
impossible to extrapolate from data for one compound to others with respect to either its use or its
actions.

2.2.3 Pharmacokinetics of bisphosphonates

Pharmacokinetically, bisphosphonates represent a unique class of drugs, since it is probably the
only class of drugs being developed to be orally administered, although they have very poor
bioavailability, generally <2 % (Lin 1996, Porras et al. 1999). The low intestinal absorption of BPs is
generally attributed to their poor lipophilicity, which hampers transcellular transport, and their
high negative charge which hinders their paracellular transport. Furthermore, absorption is
impaired by the presence of food, calcium, iron, coffee, tea, and orange juice in the gut. However,
adsorption occurs very rapidly, probably by passive diffusion through a paracellular pathway
(Boulenc et al. 1993, Twiss et al. 1994). Once in the blood, BPs are quickly cleared from plasma, with
about 50 % deposited in bone and 50 % excreted in urine (Monkkonen et al. 1987, Monkkonen 1988,
Monkkonen et al. 1990, Lin 1996). Consequently, extra-osseous cells are exposed to BPs for only
short periods, explaining their bone-specific effects and their low toxicity. BPs are bound to albumin
in the blood, which determines their half-life and the kinetics of their elimination via the kidneys
(Lin 1996).

BPs bind to Ca?-containing bone mineral surfaces at sites of active bone remodelling,
particularly areas undergoing osteoclastic resorption (Sato et al. 1991, Masarachia et al. 1996). The
skeletal retention of BPs is very long, for some BPs it can be over 10 years (Lin 1996, Fleisch 2000).
This creates the potential for BPs to have a very long half life in their target tissue, and the potential
for a prolonged drug effect. Once the bone is destroyed during bone resorption, BPs are released in
high concentrations into the acidic environment (Sato et al. 1991) of the resorption lacunae under
the osteoclasts and are taken up by these cells in endocytic vacuoles, probably by fluid-phase
endocytosis, and perhaps as complexes with calcium (Thompson et al. 2006). The mechanisms
involved in the release of BPs from intracellular vacuoles, such as endosomes or lysosomes, into
cytoplasm are not clear, although they seem to require acidification of vacuoles (Thompson et al.
2006). Acidification of endocytic vesicles is required in order for BPs to enter the cytosol, by
reducing the negative charge on the phosphonate groups of BPs and thereby allowing either
diffusion or transport of BPs across the vesicular membrane. Osteoclasts are able to take up large
amounts of BP due to their ability to release the BP from the bone surface during resorption, while
non-resorbing cells take up only small amounts of BP that become available due to natural
desorption from the bone surface (Coxon et al. 2005, Coxon et al. 2008). BPs inhibit bone resorption
by reducing the recruitment and activity of osteoclasts and increasing their apoptosis through
recently identified molecular mechanisms (Rogers et al. 2011, Chapter 2.3).

2.2.4 Clinical use
BPs are widely used in the treatment of skeletal diseases associated with high osteoclast activity and
accelerated bone turnover, such as Paget's disease (Delmas and Meunier 1997, Roux and Dougados
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1999), and postmenopausal osteoporosis (Delmas 2002, Kanis et al. 2008). Furthermore, BPs are
effective inhibitors of tumor-induced osteolysis and have been shown to modify the progression of
skeletal metastasis in several forms of cancer, especially breast cancer and myeloma (Ross et al.
2004). The most important clinical effect of BPs is the inhibition of bone resorption. Currently, there
are at least 8 BPs (Table 2) that are in active therapeutic use and have been registered for clinical
applications in many countries.

Paget’s disease and osteoporosis

Paget's disease is a localized and progressive disorder of bone, characterized by increased bone
remodeling, and abnormal bone structure (Papapoulos 1997). BPs improve the morphology of bone,
decrease the number of osteoclasts, and reduce bone pain (Delmas and Meunier 1997, Roux and
Dougados 1999). BP therapy is considered to be first-line therapy for the treatment of osteoporosis
(Gueldner et al. 2007). Osteoporosis is defined as a systemic skeletal disease characterized by low
bone mass and microarchitectural deterioration of bone, which leads to an enhanced fragility of the
skeleton. The cause of osteoporosis in postmenopausal women is the lack of estrogen (Delmas 2002,
Kanis et al. 2008). BPs act in various types of osteoporosis by decreasing turnover and thus bone
loss, and by increasing the degree of mineralization of bone.

Tumor-induced osteolysis

Metastatic bone disease is a major cause of morbidity in cancer patients (Coleman 2004). Bone
metastases most commonly result from breast, prostate and lung carcinomas. Multiple myeloma
also causes a considerable skeletal morbidity (Kanis and McCloskey 2000). The basis for the use of
BPs in tumor-related bone disease is their effect on prevention of hypercalcemia and hypercalciuria
(Ross et al. 2004). Tumor-induced osteolysis is a condition in which tumors destroy bone mainly
through the production or the induction of bone resorbing cytokines. Localized bone resorption can
lead to fractures, pain, and hypercalcemia. BPs reduce both the local destruction of bone near the
invading tumor cells, as well as resorption induced by systemically circulating factors. BPs very
often diminish bone pain, leading to an improvement in the quality of life. There are some results
suggesting that BP's can also diminish the formation of bone metastases in patients who have not
yet developed them (Ross et al. 2004).

Side-effects

Generally, BPs are well tolerated, rarely inducing any clinically significant side effects (Adami and
Zamberlan 1996, Pazianas and Abrahamsen 2011). The most serious side-effect is renal failure after
intravenous administration, which can be avoided by slow intravenous infusion in plenty of fluid.
Oral BPs, especially N-BPs, may cause mild gastrointestinal disturbances, and some of them can
occasionally cause oesophagitis. Intravenous N-BPs can cause a transient acute phase reaction
(APR) with fever, bone and muscle pain that lessens or even disappears after subsequent treatment
periods. However, recent reports have described osteonecrosis of the jaw (ONJ) as a potentially
serious complication of the long-term use of intravenous pamidronate or zoledronic acid. In this
condition, the bone tissue in the jaw fails to heal often after minor trauma, such as a tooth
extraction, leaving the bone exposed.
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2.3 MOLECULAR MECHANISMS OF ACTION OF BISPHOSPHONATES

2.3.1 Intracellular metabolism of non-N-bisphosphonates to ATP analogs

A breakthrough in understanding the mode of action of the non-nitrogen-containing
bisphosphonates (non-N-BPs), such as clodronate, etidronate and tilundronate, on osteoclasts was
the discovery that clodronate and other non-N-BPs that closely resemble PPi could be metabolised
intracellularly by Dictyostelium amoebae to non-hydrolyzable, methylene-containing (AppCp-type)
analogs of ATP (Rogers et al. 1992, Pelorgeas et al. 1992). Identification of these ATP analogs was
based on FPLC, UV absorbance, and *P-NMR analysis. Later, a much more sensitive analytical
method was developed for the detection of AppCp-type metabolites of non-N-BPs, using ion
pairing HPLC electrospray ionization mass spectrometry (ESI-MS) (Auriola et al. 1997). The method
was suitable for quantitation of the metabolites at high nanomolar concentrations (Auriola et al.
1997, Monkkonen et al. 2000). Using this method, it was confirmed that also mammalian cells could
metabolise clodronate, etidronate and tilundronate to ATP analogs in vitro (Benford et al. 1999,
Auriola et al. 1997, Frith et al. 1997, Monkkonen et al. 2000, Monkkonen et al. 2001). Importantly, it
has been demonstrated that osteoclasts can metabolise clodronate to AppCClzp also in vivo (Frith et
al. 2001).

The incorporation of non-N-BPs into ATP analogs is most likely achieved by the reversal of
aminoacyl-tRNA synthetase reactions normally involved in activating amino acids during protein
synthesis (Rogers et al. 1994, Rogers et al. 1996). Apparently, non-N-BPs resemble PPi sufficiently to
be accommodated into the enzyme active site in place of PPi (Rogers et al. 1994). This allows a back-
reaction involving the condensation of a BP with adenosine monophosphate (AMP) to form a non-
hydrolyzable AppCp-type nucleotide.

The ATP analog of clodronate (AppCClzp) has been shown to inhibit the mitochondrial adenine
nucleotide translocase (ANT), and prevent translocation of ATP across inner mitochondrial
membranes (Lehenkari et al. 2002). This is believed to affect mitochondrial permeability triggering
caspase activation, which is thought to be an irreversible step on the road to apoptotic cell death
(Benford et al. 2001). Induction of osteoclast apoptosis following the intracellular accumulation of
such a metabolite, which may reach an intracellular concentration as high as 1 mM (Monkkonen et
al. 2001), appears to be the major mode of action of these BPs (Hughes et al. 1995, Selander et al.
1996, Frith et al. 2001, Benford et al. 2001, Halasy-Nagy et al. 2001, Sutherland et al. 2009).

2.3.2 N-bisphosphonates inhibit FPP synthase in the mevalonate pathway

Newer nitrogen-containing bisphosphonates (N-BPs), such as zoledronic acid (ZOL) and
risedronate (RIS), have an unique mechanism of actionand greater clinical activity than non-N-BPs.
The first clue that helped in the clarification of the mechanism of action of N-BPs appeared in a
study of Amin et al. (1992) where novel squalene inhibitors were examined. In that study, N-BPs
incadronate, ibandronate, pamidronate, and alendronate inhibited the mevalonate pathway,
whereas non-N-BPs clodronate and etidronate were inactive. While incadronate and ibandronate
inhibited squalene synthase, pamidronate and alendronate were inactive, yet nonetheless inhibited
cholesterol biosynthesis. This suggested the presence of a target upstream in the mevalonate
pathway. Several years later the major target was identified as farnesyl pyrophosphate synthase
(FPPS) (van Beek et al. 1999a, van Beek et al. 1999b, Bergstrom et al. 2000, Dunford et al. 2001),
although some N-BPs were also found to be much weaker inhibitors of other enzymes in the
mevalonate pathway, including IPP isomerase (Thompson et al. 2002), squalene synthase (Amin et
al. 1992), and GGPP synthase (Szabo et al. 2002b). As many enzymes in the cell utilize
phosphate/pyrophosphate compounds, it is not surprising that a BP can have several minor targets.
However, more detailed studies demonstrated that N-BPs can cause strong inhibition at nanomolar
concentrations only at FPPS, and that there is a significant relationship between the degree of
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inhibition of FPPS and the antiresorptive potencies of N-BPs in vivo (Dunford et al. 2001, Dunford et
al. 2008). Importantly, minor variations in the structure and conformation of the Rzside chain were
shown to lead to major differences in antiresorptive potency (Dunford et al. 2001, Luckman et al.
1998a). These studies have indicated that the ability to inhibit FPPS is an important determinant of
the antiresorptive potency of N-BPs. The potency differences among N-BPs can be rationally
explained by the observed and predicted binding interactions at the enzyme active site (Kavanagh
et al. 2006, Rondeau et al. 2006, Chapter 2.3.3).

2.3.3 Mechanism of inhibition of FPP synthase by N-bisphosphonates

The exact mechanism of inhibition of FPPS is only now becoming clear. Recently, the structure of
human FPPS has been elucidated, which has aided in understanding how N-BPs work (Kavanagh et
al. 2006, Rondeau et al. 2006). These studies have indicated that the inhibition of FPPS by N-BPs is
not a classical enzyme inhibition but is more complicated with the characteristics of "slow-tight
binding" inhibition (Figure 3). It has been postulated that N-BPs inhibit the enzyme by a mechanism
that involves time-dependent isomerization of the enzyme, which on the molecular scale of events
takes a relatively long time to occur (Dunford et al. 2008). Crystallographic studies have revealed
that the FPPS enzyme has an open structure when there is nothing bound in either of the two
isoprenoid lipid-binding pockets (the GPP/DMAPP pocket) in the enzyme active site (Kavanagh et
al. 2006, Rondeau et al. 2006). When N-BP binds its two phosphonate residues via magnesium ions
to an aspartic-rich region of the FPPS enzyme, the active site of the enzyme closes in around the
inhibitor and a lid is formed over the active site. The nitrogen in the Rz side-chain of the potent N-
BP is known to be critical for this effect and is properly oriented for hydrogen bonding with the
amino acid residues in the active site of the FPPS. The conformational change in the enzyme upon
binding of the N-BP is followed by a second more complex conformational change after the binding
of the second substrate, IPP, to form a tightly bound inhibition complex that provides further
stabilization of the FPPS and N-BP complex. Therefore, IPP is able to shield the N-BP in the active
site from the substrate (DMAPP or GPP) that would compete with the N-BP, removing it from the
enzyme and thus reversing the inhibition (Rondeau et al. 2006). In this way, prolonged inactivation
of the mevalonate pathway can be achieved. The associated conformational change can be
measured as an isomerization constant, Kisom, and this further magnifies the binding differences of
the BPs with the most potent compounds, such as ZOL and RIS, displaying nearly irreversible
binding characteristics (Dunford et al. 2008). The exceptional potency of N-BPs to inhibit FPPS is
important because it is likely that only small amounts of internalized N-BPs enter the cytosol to
become available for inhibition of FPPS (Thompson et al. 2006).
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Figure 3. Illustration depicting the high in vivo efficacy of FPPS inhibition by N-BPS. A) In a
competitive inhibition mechanism as with most enzymes, the accumulation of substrate
eventually displaces inhibitor, leading to resumption of catalytic activity. B) With FPPS, the
accumulating substrate (IPP) binds to and further stabilizes the FPPS-N-BP complex, thereby
preventing the other substrate (DMAPP) from accessing and displacing the N-BP inhibitor.
Suppression of catalysis is thus efficient and sustainable. Modified from Rondeau et al. 2006.

2.3.4 Inhibition of protein prenylation

By inhibiting FPPS enzyme in the mevalonate pathway, N-BPs block the synthesis of isoprenoids,
FPP and its downstream metabolite GGPP, which are required for the prenylation of GTPases such
as Ras, Rho, Rac and Rab (Zhang and Casey 1996, Sinensky 2000). GTPases regulate a variety of
cellular processes which are important for osteoclast function, i.e. ensuring correct cell morphology,
integrin signaling, membrane ruffling, transport of endosomes, and apoptosis (Rogers et al. 2000).
Prenylation of GTPases is necessary for their correct subcellular localization and hence their
biological function. At the molecular level, the inhibition of protein prenylation by N-BPs can be
demonstrated by measuring the incorporation of ["“C]mevalonate into farnesylated and
geranylgeranylated proteins (Benford et al. 1999, Luckman et al. 1998a, Luckman et al. 1998b). More
recently, a western blot technique for the detection of the unprenylated form of the small GTPase
RaplA has become extensively utilized, since unprenylated RaplA acts as a surrogate marker for
inhibition of FPPS and accumulates in cells exposed to N-BPs (Frith et al. 2001, Reszka et al. 2001).
However, there is no direct correlation between the level of unprenylated Rap1A and the extent of
apoptosis (Mitrofan et al. 2010).

The inhibition of protein prenylation is assumed to be one of the principal mechanisms by
which N-BPs exert their effects. By inhibiting FPPS, N-BPs cause a depletion of prenylated proteins
and an accumulation of unprenylated proteins within the cell, and consequently induce a series of
changes leading to decreased activity and indirect cell death by apoptosis not only in osteoclasts,
but also in other cell types (Benford et al. 1999, Shipman et al. 1998, Coxon et al. 2000, Luckman et
al. 1998a, Luckman et al. 1998b, Reszka et al. 1999, Coxon et al. 2004). In osteoclasts, N-BPs induce
changes in the cytoskeleton, such as loss of the ruffled border and disruption of actin rings, leading
to inactivation of these cells (Rogers et al. 2000). Eventually osteoclasts may undergo apoptosis, but
this does not appear to be mandatory for inhibition of resorption (Halasy-Nagy et al. 2001). In
tumor cells, N-BPs activate apoptosis, and inhibit tumor cell proliferation, adhesion, migration, and
invasion in vitro (Clezardin 2011). Most of these antitumor effects are due to inhibition of protein
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prenylation because the effects of N-BPs can be largely overcome by replenishing cells with
isoprenoid substrates, GGOH and FOH, which store geranylgeranylation and farnesylation,
respectively. Overall, inhibition of geranylgeranylated proteins seems more important than
inhibition of farnesylated proteins. It has been demonstrated that loss of farnesylated proteins in
osteoclasts has little biological consequences, whereas loss of geranylgeranylated proteins causes
disruption of actin rings, inhibits bone resorption and stimulates apoptosis (Coxon et al. 2000),
emphasizing the fundamental importance of geranylgeranylated small GTPases rather than
farnesylated proteins in osteoclasts. Furthermore, in a number of studies, the effects of N-BPs on
osteoclasts, and other cell types have been overcome in vitro by bypassing the mevalonate pathway
and replenishing cells with a substrate that can be used for protein geranylgeranylation (Goffinet et
al. 2006, Jagdev et al. 2001, Halasy-Nagy et al. 2001, Reszka et al. 1999, Coxon et al. 2004, Fisher et al.
1999, van beek et al. 1999¢, van Beek et al. 2002, van Beek et al. 2003, Sonnemann et al. 2007).
Additionally, a later study demonstrated that the effect of N-BPs in vitro could be mimicked by
GGTI-298, a specific inhibitor of protein geranylgeranylation (Coxon et al. 2000, Benford et al. 2001).
It is unclear whether the importance of geranylgeranylated proteins is cell-type specific, or whether
the lack of reversal of BP effects by isoprenoid substrates is specific to certain BPs. Overall, the
consequences of blockade of protein prenylation may be more complex than simply loss of function,
since a recent study has suggested that the effect of N-BPs on cells may actually be due to
accumulation of unprenylated GTPases in their active state, GTP-bound form (Dunford et al. 2006).
Therefore, it is possible that N-BPs may exert their effects through inappropriate and sustained
stimulation, rather than inhibition, of GTPase-mediated downstream signaling pathways.

2.3.5 Accumulation of IPP and the formation of a cytotoxic ATP analog Apppl

In addition to depletion of the biosynthesis of FPP and GGPP, the inhibition of FPPS by N-BPs
results in the accumulation of the early metabolites of the mevalonate pathway, IPP (Monkkdnen et
al. 2006) and its isomer DMAPP (Jauhiainen et al. 2009) (Figure 4). IPP becomes conjugated to
adenosine- 5-monophosphate (AMP) to form a novel ATP analog Apppl [triphosphoric acid 1-
adenosin-5'-yl ester 3-(3-methylbut-3-enyl) ester] in cells, such as macrophages and osteoclasts
(Monkkonen et al. 2006, Monkkonen et al. 2007). Simultaneously, the accumulation of isomeric
DMAPP appears to lead to the formation of ApppD [triphosphoric acid 1-adenosin-5'-yl ester 3-(3-
methylbut-2-enyl) ester] (Jauhiainen et al. 2009). However, for the sake of clarity, IPP/Apppl will be
used to describe both IPP/DMAPP and Apppl/ApppD formation throughout the text. Apppl
formation from IPP is believed to be catalyzed by the aminoacyl-tRNA synthetases (M&nkkdnen et
al. 2006), the same enzymes that metabolise non-N-BPs into AppCp-type analogs of ATP (Rogers et
al. 1996). Instead of BP, Apppl contains IPP in its structure (Figure 4). This represents a novel and a
very interesting metabolic concept, since there are no other drugs known to produce molecules in
the cells, which are not naturally present there, but are not metabolites of the drug either. The order
of potency of N-BPs to induce IPP/Apppl production (Monkkonen et al. 2006) has been shown to be
identical to their order of inhibitor potency of FPPS (Dunford et al. 2001). Importantly, the amount
of IPP/Apppl in cells has been shown to correlate with N-BP-induced apoptosis in vitro (Mitrofan et
al. 2009). Like the AppCp-type metabolite of non-N-BPs, Apppl is able to inhibit the mitochondrial
ANT in a cell free system, which is an additional potential mechanism for BP-induced apoptosis
(Monkkonen et al. 2006). Thus, although distinct molecular mechanisms are involved, the non-N-
BPs and N-BPs both induce the formation of an ATP analog capable of promoting apoptosis (Figure
4).
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Figure 4. N-BPs inhibit specifically the activity of FPPS in the mevalonate pathway, thereby
preventing the prenylation of GTPases that are essential for cell function and survival. In
addition, inhibition of FPPS leads to the accumulation of IPP, which is incorporated into an ATP
analog Apppl that can induce apoptosis in a similar manner to the AppCp-type metabolite of
non-N-BPs by inhibiting the mitochondrial function.

2.3.6 The immunomodulatory effects of N-bisphosphonates

A particular subset of human gamma-delta T-cells in peripheral blood, Vy9V02 T-cells, play an
important role in immune system surveillance and defence. N-BPs have been reported to stimulate
the expansion of Vy9Vd2 T-cells through inhibition of FPPS and subsequent accumulation IPP and
DMAPP (Kunzmann et al. 1999, Kunzmann et al. 2000). These metabolites are known to be ligands
for a receptor on the Vy9Vd2 T-cells (TCR) (Morita et al. 1995, Tanaka et al. 1995, Gober et al.
2003). The exact mechanisms through which Vy9V2 T-cells become activated by IPP/DMAPP are
unclear, but are most likely yd TCR-mediated and require cell-to-cell contact with antigen-
presenting cells (such as macrophages, dendritic cells, and B-cells). It has been suggested that, F1-
ATP synthase, which is a mitochondrial enzyme that is translocated to the cell surface, could behave
like an antigen-presentation molecule for the Vy9Vd2 TCR (Moogerjee-Basu et al. 2010).
IPP/DMAPP could possibly bind to F1-ATP synthase in order to be recognized by the Vy9Vd2 TCR.
Following activation by IPP/DMAPP, Vy9Vd2 T-cells produce and release pro-inflammatory
cytokines such as tumor necrosis factor-alpha (TNF-a), chemokines, and growth factors.
Additionally, very recent evidence has shown that IPP may also be secreted, promoting Vy9Vd2 T-
cell activation (Benzaid et al. 2011). By contrast, Apppl appears to have little stimulatory activity on
human Vy9Vd2 T-cells, but it could represent an inactive storage form of phosphoantigen which
would require conversion to IPP to activate yd T-cells (Vantourout et al. 2009). The cause of the
acute phase reaction (APR), a common adverse effect after intravenous administration, to N-BPs
may be a result of the accumulation of IPP/DMAPP in monocytes (Roelofs et al. 2009, Thompson et
al. 2010). Statins are able to prevent N-BP-induced IPP/DMAPP accumulation, and thus may
potentially diminish or even prevent the APR to N-BPs (Thompson and Rogers 2004).
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2.4 POTENTIAL NEW INDICATIONS FOR BPS

2.4.1 Antitumor actions of BPs

BPs have been demonstrated to prevent skeletal related events in patients with advanced
malignancies involving bone across tumor types: multiple myeloma, prostate cancer, breast cancer,
lung cancer, renal cancer and other solid tumors (Woodward and Coleman 2010). In addition to the
effects of BPs on bone, there is extensive evidence from preclinical research accumulating that BPs,
particularly N-BPs, exert antitumor activity without the involvement of osteoclasts by interacting
with endothelial cells, tumor cells and tumor-associated macrophages, and by stimulating Vy9Vd2
T-cells (Clezardin 2011, Stresing et al. 2007, Roelofs et al. 2010). BPs exert their anticancer actions
either by direct effects on tumor cells, especially when administered with cytotoxic agents, or
indirectly by affecting bone resorption, thereby reducing tumor-cell migration to the bone, or
possibly both mechanisms (Figure 5). Although the antitumor effects of BPs are beginning to be
elucidated, the relative contributions of direct and indirect effects of BPs on tumors are still debated.
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Figure 5. Direct and indirect effects of BPs on bone tumor cells. N-BPs inhibit the formation of
FPP and GGPP, which are required for the prenylation of small GTPases that regulate a variety
of important cell processes. Concurrently, N-BPs evoke cell death through the accumulation of
cytotoxic ATP analog, Apppl. They also exert indirect effects by inhibiting angiogenesis, and
activating a cytotoxic T cell mediated immune response through the IPP/DMAPP produced by
tumor cells and tumor-associated macrophages. The non-N-BPs have been shown to have
cytotoxic and antiproliferative effects on macrophages and tumor cells through the
accumulation of cytotoxic analogs of ATP.
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Indirect effects

As inhibitors of bone resorption, BPs reduce tumor-induced osteolysis and local release of cytokines
and growth factors providing the bone with a less favorable microenvironment for tumor cell
migration, adhesion and invasion, proliferation and survival (Fromigue et al. 2003, Denoyelle et al.
2003b, Santini et al. 2003). More recently, antiangiogenic effects of N-BPs have been discovered. The
process of angiogenesis, the growth of new blood vessels from pre-existing vessels, is paramount
for cancer cell growth and spread (Clezardin 2011). N-BPs inhibit angiogenesis by interfering with
endothelial cell migration, proliferation and tube formation (Wood et al. 2002, Fournier et al. 2002,
Bezzi et al. 2003, Santini et al. 2003, Santini et al. 2007, Stresing et al. 2011). Furthermore, it has been
shown that N-BPs may have direct antiangiogenic effects on intra-tumor endothelial cells by
inhibiting Rho geranylgeranylation (Hashimoto et al. 2007).

Another suggested indirect antitumor effects of N-BPs include immunomodulatory activities
(Clezardin and Massaia 2010). N-BPs have the ability to target cancer cells by generating of a
potentially cytotoxic yd T-cell mediated immune response. Thus, N-BPs could be considered as
immunotherapy agents. Activation of yd T-cells requires cell-to-cell contacts with tumor cells and
peripheral blood mononuclear cells, like monocytes and macrophages (Green et al. 2004). The
accumulation of IPP/DMAPDP in cancer cells after N-BP-stimulation is possibly the crucial step in the
activation and proliferation of yd T-cells (Morita et al. 1995, Tanaka et al. 1995, Gober et al. 2003). As
a response to this activation, yd T-cells secrete cytokines (Kunzmann et al. 2000, Wilhelm et al. 2003)
enhancing antitumor activity perhaps by inhibiting tumor cell growth, blocking angiogenesis, or by
stimulation of macrophages (Boehm et al. 1995). Vy9V02 T-cells activated by N-BPs, in particular of
zoledronic acid, have been shown to exert a potent antitumor effect in vitro (Mattarollo et al. 2007,
Watanabe et al. 2006, Muraro et al. 2007, Marten et al. 2007). Furthermore, in vitro expanded Vy9Vd2
T-cells maintained their antitumor activity in vivo upon adoptive transfer into immunodeficient
mice transplanted with human tumor cells when this therapy was combined with N-BP treatment
(Kabelitz et al. 2004, Sato et al. 2005). In contrast, non-N-BPs have failed to show this stimulatory
effect on yd T-cells.

Direct effects

There is extensive data to suggest that BPs are able to directly affect tumor cells, with zoledronic
acid being particularly potent in this respect. However, BPs do not appear to have any direct effect
on non-malignant cells (Senaratne et al. 2000). Several in vitro studies have shown that N-BPs inhibit
adhesion of tumor cells to extracellular matrix proteins, impairing the process of tumor-cell
invasion and metastasis (Denoyelle et al. 2003b, van der Pluijm et al. 1996, Boissier et al. 1997,
Boissier et al. 2000, Virtanen et al. 2002), whereas non-N-BPs have little or no effect. One of the
primary mechanisms responsible for the direct antitumor activity of BPs is induction of cell
apoptosis. However, the exact mechanisms and mediators of N-BP-induced apoptosis are currently
unknown.

Both N-BPs and non-N-BPs inhibit proliferation and induce apoptosis, in vitro, of a variety of
human tumor cell types, including those causing breast (Jagdev et al. 2001, Senaratne et al. 2000,
Senaratne et al. 2002, Senaratne and Colston 2002, Fromigue et al. 2000, Hiraga et al. 2001) prostate
(Sonnemann et al. 2007, Lee et al. 2001, Oades et al. 2003), osteosarcoma (Mackie et al. 2001, Kubista
et al. 2006), and myeloma (Shipman et al. 1998, Shipman et al. 1997). N-BP-induced apoptosis has
been shown to be mediated through mitochondrial pathways associated with cytochrome c release
(Senaratne and Colston 2002,) and caspase activation (Senaratne et al. 2000, Senaratne and Colston
2002, Fromigue et al. 2000, Hiraga et al. 2001, Oades et al. 2003, Dunford et al. 2006, Sonnemann et
al. 2007). Furthermore, induction of apoptosis has been confirmed by identification of the
morphological changes, including cellular shrinkage, chromatin condensation, and DNA



18

fragmentation (Shipman et al. 1998, Shipman et al. 1997, Senaratne et al. 2000, Mackie et al. 2001,
Senaratne and Colston 2002, Sonnemann et al. 2007). Interestingly, the very recent study of Mitrofan
et al. (2010) has identified mechanisms for zoledronic acid-induced apoptosis revealing the
interplay between mitochondria and lysosomes. That study suggested that lysosomal break down
with cathepsin release could be a consequence of mitochondrial damage, and thus lysosomes could
be playing an additional/amplification role in zoledronic acid- induced apoptosis.

Overall, the potency of direct antitumor effects of N-BPs in vitro generally reflects the
antiresorptive potency in vivo, indicating that underlying inhibitory mechanisms act primarily
through the blockade of the mevalonate pathway (Boissier et al. 1997, Boissier et al. 2000). In
addition, many of the N-BP-induced antitumor effects can be largely overcome by replenishing cells
with isoprenoid substrates (FOH or GGOH) required for protein prenylation, evidence for the
involvement of this pathway in the mechanisms of action (Stresing et al. 2007). The sensitivity of
different cell types to N-BPs most likely depends largely on their ability to internalize sufficient
amounts of N-BP to inhibit FPPS. Table 3 gives an overview of preclinical studies demonstrating
that the inhibition of the mevalonate pathway is the fundamental molecular mechanism behind
many of the observed direct anticancer effects of N-BPs.

Table 3. Preclinical evidence for anticancer properties of BPs, related to the inhibition of

mevalonate pathway

BP Cancer model Effect(s) Reference

Incad In vitro, myeloma Apoptosis, inhibition of proliferation. Effects reversed Shipman et al. 1998
by GGOH and FOH.

Zol In vitro, breast Apoptosis. Effects reversed by GGOH. Jagdev et al. 2001

Alend In vitro, prostate Inhibition of invasion and migration. Effects reversed Virtanen et al. 2002
by GGOH and FOH.

Zol In vitro, breast Apoptosis. Effects reversed by FOH and partially Senaratne et al. 2002
GGOH.

Zol In vitro, breast Inhibition of invasion. Effects reversed by GGOH. Denoyelle et al. 2003

Zol In vitro, osteosarcoma Apoptosis and cell cycle arrest. Effects reversed by Evdokiou et al. 2003
GGOH.

Zol In vitro, pancreatic Growth inhibition and apoptosis. Tassone et al. 2003

Incad In vitro, myeloma Apoptosis, cell cycle arrest. Effects reversed by Iguchi et al. 2003
GGOH and FOH.

Zol In vitro, prostate Apoptosis. Effects reversed by FOH. Oades et al. 2003

Zol In vitro, prostate Apoptosis and inhibition of invasion. Effects Coxon et al. 2004
suppressed by GGOH.

Pam In vitro, hepatoma Growth inhibition and apoptosis. Wada et al. 2006

Zol In vitro, prostate Inhibition of proliferation. Effects reversed by GGOH. Goffinet et al. 2006

Zol In vitro, prostate Apoptosis. Effects reversed by GGOH. Sonnemann et al. 2007

Zol In vitro, osteosarcoma Apoptosis, cell cycle arrest. Kubista et al. 2006

Ris, Zol In vitro/vivo, Inhibition of growth and protein prenylation. Effects Wakchoure et al. 2006

mesothelioma reversed by GGOH in vitro.

Zol In vitro, breast Inhibition of protein prenylation. Effects reversed by Brown et al. 2009
FOH.

Zol In vivo, myeloma Apoptosis, inhibition of protein prenylation. Guenther et al. 2010

Zol In vitro, lymphoma Apoptosis. Effects suppressed by GGOH. Mitrofan et al. 2010

Zol In vitro, prostate Induction of autophagy by depleting cellular GGPP. Wasko et al. 2011
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Combination treatments

Cancer patients often receive BPs at the same time as other antitumor agents. Preclinical studies
have demonstrated that combining N-BPs with a variety of standard chemotherapy agents, such as
doxorubicin and paclitaxel, results in additive or even synergistic antitumor effects against a range
of tumor cell lines, as demonstrated by a reduction of tumor cell invasion, inhibition of growth and
induction of apoptosis (Jagdev et al. 2001, Tassone et al. 2000, Witters et al. 2003, Neville-Webbe et
al. 2005, Ullen et al. 2005, Woodward et al. 2005, Ottewell et al. 2008, Clyburn et al. 2010). This
synergistic activity seems to be sensitive to the sequence and schedule of the dosing of these
compounds. Furthermore, there are several in vitro studies providing evidence for additive or
synergistic apoptotic effects of N-BPs in combination with molecularly targeted agents such as FTIs
and GGTIs, and the aromatase inhibitor, letrozole (Caraglia et al. 2004, Lau et al. 2011, Neville-
Webbe et al. 2010). These observations may be of clinical relevance, particularly in breast cancer
patients receiving these drugs in an adjuvant setting.

Clinical evidence

The clinical relevance of the antitumor effects of BPs observed in vitro and in vivo is not yet clear,
although attempts have been made to mimic the human situation of metastatic disease using
specially designed animal models of bone metastases (Ottewell et al. 2006). One major shortcoming
of most animal studies is the use of high BP dosages which greatly exceed the clinical dosing
regimens given to patients with bone metastases. However, recent findings indicate that a
continuous or frequent low-dose therapy with BPs might affect tumor cells directly, by prolonging
the exposure time of bone-residing tumor cells to the drug, whereas BP therapy with longer dosing
intervals only leads to the inhibition of bone resorption in animals (Daubine et al. 2007). Based on
the potential anticancer properties observed in preclinical research, several clinical trials have been
initiated to test the efficacies of BPs in various oncology settings (Woodward and Coleman 2010).
Now, there is clinical evidence that the addition of zoledronic acid to endocrine therapy in the
adjuvant setting can improve disease-free survival in premenopausal women with estrogen-
responsive early breast cancer, indicating that BPs exert clinically-significant antitumor effects
(Gnant et al. 2009). Furthermore, oral BP use has been also recently associated with significantly
lower invasive breast cancer incidence in postmenopausal women (Chlebowski et al. 2010), again
suggesting that BPs may have inhibitory effects on breast cancer. As the other trials start to report
over the next few years, many profound questions relating to the potential antitumor effects of BPs
as s clinical combination therapy will hopefully be answered.

2.4.2 Other applications

Targeting BPs to cells other than osteoclasts, monocytes and macrophages will be likely restricted
by their rapid targeting to bone surfaces and hence their low bioavailability. Therefore,
development of new BP analogs with a lower affinity for bone mineral compared with the parent N-
BPs could increase drug accessibility to other cells and offer therefore the prospect of new classes of
FPPS inhibitors which may be of clinical use as antitumor or possess even more diverse therapeutic
applications. Furthermore, changes to the structure of N-BPs might give rise to compounds capable
of inhibiting other enzymes in the mevalonate pathway, such as Rab GGTase (Coxon et al. 2001,
Coxon et al. 2005, Roelofs et al. 2006, Fournier et al. 2008, Baron et al. 2009, McKenna et al. 2010). In
addition to using BP analogues, the activity of BPs may be enhanced by using novel formulations,
such as liposomes (Zeisberger et al. 2006, Shmeeda et al. 2010, Marra et al. 2011), nanoparticles
(Salzano et al. 2011) or cyclodextrins (Daubine et al. 2009). These formulation methods could
increase the availability of BPs in extra-bone tissues and improve the plasma half-lives of the drugs.
Furthermore, BPs with high affinity to bone mineral, are ideal targeting agents for delivery to bone
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after systemic administration of other therapeutic agents, such as proteins (Bansal et al. 2005),
antibiotics (Tanaka et al. 2010), and anti-inflammatory drugs (Hirabayashi et al. 2002).

BPs could well have specific anti-inflammatory and analgesic effects in rheumatic diseases by
inhibiting the production of pro-inflammatory cytokines, nitric oxide and prostaglandins (Pennanen
et al. 1995, Makkonen et al. 1996, Le Goff et al. 2010). BPs have also been shown to be efficacious
against certain parasites (Martin et al. 2001, Martin et al. 2002, Yardley et al. 2002, Ling et al. 2005),
and thus numerous new BPs have been synthesized and tested to determine the structure-activity
relationships for the inhibition of parasitic FPP and GGP synthases (Szabo et al. 2002b, Ling et al.
2005, Szabo et al. 2002a, Sanders et al. 2003). Furthermore, there seems to be a potential for use of N-
BPs as antiviral drugs. N-BPs have been shown to decrease viral activity through prenylation
dependent (Ishikawa et al. 2007) and independent pathways (Masaike et al. 2010).
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3 Aims of the study

The general objective of this study was to characterize bisphosphonate-induced IPP/Apppl
accumulation in cancer cell cultures and in an animal model. The specific aims were as follows:

1. To investigate BP-induced IPP accumulation and ATP analog formation in various cancer
cell lines, and to evaluate the role of apoptotic ATP analogs in the anticancer properties of
BPs.

2. To obtain detailed data, such as time-course and dose-dependence, on N-BP-induced
IPP/Apppl formation in cultured cancer cells.

3. To explore N-BP-induced Apppl formation in vivo in osteoclasts, the pharmacological target
cells for BPs.

4. To identify the specific intermediates and enzymes of the mevalonate pathway involved in
regulating the BP-induced IPP/Apppl formation in cancer cells.
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4 General experimental procedures

4.1 REAGENTS

All BPs used in the experiments are described in Table 4. The stock solutions of BPs were prepared
in phosphate-buffered saline (PBS; pH 7.4; Gibco, Paisley, UK) and filter-sterilized before use.
Apppl and AppCClp were synthesized as previously described (Monkkonen et al. 2006). IPP,
DMAPP, AppCp, BSA and sodium orthovanadate were from Sigma Chemical Co. (St. Louis, MO,
USA). Sodium fluoride was from Riedel-de-Haén (Seelze, Germany). HPLC-grade methanol was
from J.T. Baker (Deventer, The Netherlands) and dimethylhexylamine (DMHA) was obtained from
Sigma Aldrich, (Milwaukee, WI, USA). The cell culture reagents were from Biowhittaker (Cambrex
Bio Science, Verviers, Belgium) and Invitrogen (Paisley, UK). Plastics were supplied by Nunc
(Roskilde, Denmark) and Costar (High Wycombe, UK). All the reagents used were of analytical

grade or better.

Table 4. The BPs used in the experiments

Used in
BP Chemical name Supplier
Chapter
Zoledronic acid (ZOL)  2-(imidazol-1-yl)-hydroxy- Novartis Pharma AG 5-8
and [**C]zOL 2 ethylidene-1,1-bisphosphonic acid, (Basel, Switzerland)
disodium salt, 4.75 hydrate
Risedronate (RIS) 2-(3-pyridinyl)1- Procter & Gamble 8
hydroxyethylidene-bisphosphonic Pharmaceuticals
acid (Cincinnati, OH, USA)
Clodronate (CLOD) dichloromethylene-1,1- Schering Oy (Bayer Schering 5-7
and [**C]CLOD ® bisphosphonate Pharma AG, Berlin, Germany)
NE58027 piperidine hydroxy-ethyl-1,1- Procter & Gamble 8
bisphosphonic acid Pharmaceuticals
NE58043 3-pyrethane-1,1-bisphosphonic Procter & Gamble 8
acid Pharmaceuticals
NE11808 2-pyridylaminoethane-1,1- Procter & Gamble 8
bisphosphonic acid Pharmaceuticals
NE97220 N-(3-picoly)aminomethane-1,1- Procter & Gamble 8
bisphosphonic acid Pharmaceuticals
NE21650 2-aminophenyl-2-ethane-1- Procter & Gamble 8

hydroxy-1,1-bisphosphonic acid

Pharmaceuticals

#Used in Chapter 5 and 6

4.2 CELL LINES AND CULTURE

The experiments were performed using the cell lines described in Table 5. All cell lines were
maintained in 75-cm? flasks at 37 °C in a 5 % COzatmosphere. All other cells, except MCF-10A, were
cultured in RPMI-1640 media with L-glutamine, supplemented with 10 % of fetal calf serum, 100
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U/ml penicillin and 100 pg/ml streptomycin. MCF-10A cells were cultured in DMEM:F12 (1:1)
(Invitrogen, Paisley, UK), supplemented with 5 % of horse serum, 100 U/ml penicillin and 100
pg/ml streptomycin, 100 ng/ml Cholera toxin (Calbiochem, Darmstadt, Germany), 20 ng/ml EGF
(Sigma, St. Louis, MO), 0.1 uM hydrocortisol (Sigma) and 10 pg/ml insulin (Sigma). Cells were
harvested using trypsin, except for MDA-MB-436 cells which were harvested by scraping.

Table 5. The cell lines used in the experiments

Cell line Description Supplier
MCF-7 Human estrogen-dependent breast European Collection of Animal Cell Cultures
adenocarcinoma (Salisbury,UK)
MDA-MB-436 ® Human estrogen-independent breast American Type Culture Collection
adenocarcinoma (Manassas, VA)
MG-63°? Human osteosarcoma European Collection of Animal Cell Cultures
NCI-H929° Human myeloma European Collection of Animal Cell Cultures
RPMI-8226 2 Human myeloma European Collection of Animal Cell Cultures
pPC-3° Human androgen-independent prostate American Type Culture Collection
cancer cell line
MCF-10A°? Human non-malignant breast cell line American Type Culture Collection

@Used only in Chapter 5

4.3 PREPARATION OF CELL LYSATES FOR MASS SPECTROMETRIC
DETECTION

Sample collection was performed by carefully scraping the cultured cells off from the 6-well culture
plates and washing them in ice-cold PBS. The analytes were extracted from the cell samples by
adding 300 pl of ice-cold acetonitrile and either 200 pl of water (Chapters 5 and 6) or water (200 pl)
containing sodium orthovanadate and sodium fluoride as phosphatase inhibitors (Chapters 7 and
8). The soluble (analyte) and precipitated (protein) fractions were separated by centrifugation (13
000g, 2 min, + 4°C). The supernatant extract was transferred to a new tube and evaporated using
vacuum centrifugation. Dried samples were stored at -70 °C until mass spectrometric analysis.
Protein content determinations were performed as previously described (Monkkonen et al. 2003).

4.4 MASS SPECTROMETRY ANALYSIS

For analysis, the evaporated cell extracts were redissolved in 150 ul or 200 ul (in vivo samples in
Chapter 6) of water containing 5 pM internal standard (AppCp) to compensate for the variability in
ionization. In Chapters 5 and 6, phosphatase inhibitors, sodium fluoride (0.25 mM) and sodium
orthovanadate (0.25 mM), were added to prevent degradation of IPP and Apppl. The molar
amounts of IPP, Apppl, and AppCClzp in cell extracts were determined as previously described
(Monkkonen et al. 2000 and 2007) by a high-performance liquid chromatography electrospray
ionization mass spectrometry (HPLC-ESI-MS) system in negative ion mode. Detection was
performed either by a Finnigan LTQ quadrupole ion trap mass spectrometer (Thermo Electron
Corporation, San Jose, CA) (Chapters 5 — 7), or by an Agilent triple quadrupole mass spectrometer
(Agilent 6410 Triple Quad LC/MS, Agilent Technologies, Santa Clara, CA, USA) (Chapter 8), both
equipped with an electrospray ionization source. Selected reaction monitoring (SRM) was used for
analysis of the compounds in the sample and quantitation was based on the fragment ions
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characteristic of each molecule. The following transitions were monitored: m/z 245 - 159 for IPP,
m/z 574 -> 408 for Apppl, m/z 572 -> 225 and m/z 574 - 227 for AppCClzp (*Cl & ¥’Cl) and, m/z 504
-> 406 for internal standard. The pattern of fragmentation for each sample was compared with that
of the authentic standard. Standards were constructed by adding known amounts of synthetic IPP,
Apppl, or AppCClp to extracts from untreated cells. The concentrations of the samples were
determined using the peak areas of the SRM chromatograms and the standard curve. Quantitation
was done either with LCquan 2.0 software (Thermo Finnigan) (Chapters 5-7), or Agilent
Technologies MassHunter Work Station Software for Triple Quad Version B.01.03 (Agilent,
Waldbronn, Germany) (Chapter 8), using the standard curve and the transitions mentioned above.

4.5 CELLULAR UPTAKE (CHAPTERS 5 AND 6)

For studies on the cellular uptake of BPs, the cells were treated with 25 uM [“C]ZOL or 500 uM
[*C]CLOD. After treatment, medium was recovered, and the wells were rinsed five times with PBS
solution. All wash-solutions were collected. Finally, the cells were carefully scraped off from the
wells (two wells were pooled together) and extracted with acetonitrile (300 ul) and water (200 pl).
The soluble and precipitated protein fractions were separated by centrifugation (13000g, 1 min).
Cell precipitates were digested with 1 ml of 1 M sodium hydroxide at 60 °C for 2 hours. The protein
content determinations were carried out as previously described (Monkkonen et al. 2003). The
soluble ACN/water extracts were evaporated in a vacuum centrifuge. For the radioactivity
measurements, the evaporated samples were redissolved in 120 pl of Milli-Q water. Radioactivity in
the cell medium, washes and cell extracts was determined by using liquid scintillation counting
(Wallac Microbeta™ TriLux) after mixing with OptiPhase HiSase3 scintillation cocktail (Wallac).
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5 Bisphosphonate—induced ATP analog formation and its
effect on inhibition of cancer cell growth *

Abstract. 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
anticancer effects of BPs are beginning to be elucidated. The aim of this study was to investigate BP-
induced ATP analog formation and its effect on cancer cell growth. Seven different cell lines were
used to evaluate ZOL-induced IPP/Apppl accumulation and inhibition of protein prenylation, and
clodronate metabolism to analog of ATP. The inhibition of cell growth by BPs were studied in three
selected cancer cell lines with diverse potency to produce ATP analogs. As a result, marked
differences in ZOL-induced IPP/Apppl formation and clodronate metabolism between the cancer
cell lines were observed. However, these differences were not due to differences in uptake of BPs
into the cells. Thus, the production of cytotoxic ATP analogs in cancer cells after BP treatment is
likely to depend on the activity of enzymes, such as FPPS or aminoacyl-tRNA synthetase,
responsible for the ATP analog formation. Additionally, the potency of clodronate to inhibit cancer
cell growth corresponds to ATP analog formation.

*Adapted with permission of Wolter Kluwer Health from: Monkkoénen H, Kuokkanen J, Holen I,
Evans A, Lefley DV, Jauhiainen M, Auriola S, Monkkonen J: Bisphosphonate-induced ATP analog
formation and its effect on inhibition of cancer cell growth. Anti-cancer drugs 19:391-399, 2008.
Copyright © 2008 Wolters Kluwer Health, Lippincott Williams & Wilkins. All rights reserved.



26
5.1 INTRODUCTION

The molecular mechanisms whereby BPs inhibit bone resorption are well established, whereas the
mechanisms underlying anticancer activity of these compounds remain to be clarified. As BPs are
used to treat tumor-induced bone disease in multiple myeloma, breast and prostate cancer we
investigated the role of apoptotic ATP analogs induced by BPs in anticancer properties of these
drugs. Thus, IPP/Apppl accumulation induced by ZOL, protein prenylation and clodronate (CLOD)
metabolism to AppCClp were explored in various cancer cell lines. This was also expected to
clarify the formation mechanism of Apppl from IPP, and the role of aminoacyl-tRNA-synthetase in
the reaction. The cellular uptake of ZOL and CLOD in selected cancer cell lines was investigated in
order to determine whether there is a correlation between drug uptake and subsequent ATP analog
accumulation. Additionally, the inhibition of cell growth by ZOL and CLOD in selected cancer cell
lines was studied in order to elucidate the role of ATP analogs in cancer cell growth. This is the first
study to show that BPs induce the accumulation of ATP analogs, Apppl and AppCCzp in cancer
cells.

5.2 EXPERIMENTAL

The reagents and cell lines used in this study are described in Chapter 4.1 and Chapter 4.2,
respectively.

5.2.1 IPP/Apppl production and metabolism of clodronate

For studies on the ZOL-induced IPP/Apppl production and CLOD metabolism to AppCClzp, the
MCF-7, MDA-MB-436, PC-3, MG-63, MCF-10A, RPMI-8226, and NCI-H929 cells were seeded into 6-
well culture plates at 1 x 10° cells/well and left to adhere for 2 h, then treated with 25 uM ZOL or 500
puM CLOD for 24 h. After treatment, the extracts from cells were prepared as described in Chapter
4.3. Analysis of IPP/Apppl and AppCClp by HPLC-ESI-MS was performed as described in Chapter
4.4.

5.2.2 Cellular uptake

MCEF-7, RPMI-8226 and MDA-MB-436 cells were seeded in 6-well culture plates at 1 x 10° cells/well
and allowed to adhere for 2 h, then treated with 25 uM “C-ZOL or 500 uM *“C-CLOD for 24 h. The
cell extract preparations and radioactivity determinations were performed as described in Chapter
4.5. The cellular uptake percentage of BP was counted by comparing the radioactivity of cell extracts
(ACN/water and digested protein fractions) to the total radioactivity (cell extracts, medium and
washes).

5.2.3 Western blot analysis

The effect of ZOL on protein prenylation in different cancer cells was analyzed by western blotting
using a specific antibody that only recognizes the unprenylated form of Rap1A. One million MCE-7,
MDA-MB-436, PC-3, MG-63, MCF-10A, RPMI-8226, and NCI-H929 cells were treated with 25uM
ZOL on the 6-well tissue plate for 24 h and then the cells were lysed in500 pl of cell precipitation
buffer (mammalian cell lysis kit, Sigma Chemical Co., St.Louis, MO, USA). An equal amount of
protein from each sample was electrophoresed on 10 % SDS- polyacrylamide gel followed by
transfer onto nitrocellulose membrane (Millipore Corporation, IPVH00010, Boston, Massachusetts,
USA). Nonspecific antibody binding was blocked by incubating the membrane in 5 % non-fat milk
in PBS with 0.1 % Tween prior to incubation with the primary antibody goat polyclonal anti-Rap1A
(Santa Cruz, SC-1482 clone C-17) used at a dilution of 1/200 overnight at 4 °C. The secondary



27

antibody was HRP-conjugated anti-goat (Autogen Bioclear, ABNO21HRP, Wiltshire, UK) used at a
concentration of 1/50,000. Membranes were developed using Supersignal (Pierce, 34075, Tattenhall,
UK). After visualizing the chemiluminescent signal, the membrane was then stripped in PBS pH 2,
neutralised in PBS pH 7.5 then incubated in mouse monoclonal anti-actin antibody (Autogen
Bioclear, ABJ1275, Wiltshire, UK), followed by a 1/30,000 dilution of anti-mouse HRP conjugate
(Amersham, Buckinghamshire, UK). The blots were again visualized with Supersignal.
Densitometric analysis of blots were carried out using Quantity One software (Bio-Rad, Hemel
Hempstead, UK).

5.2.4 Inhibition of cell growth

MCEF-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 1-100 uM ZOL or 10-2000 pM CLOD. The cell growth was assayed 72 h later using the
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide) assay as previously described
(Mossmann 1983, Monkkonen et al. 1994). The cell culture medium was replaced with 100 pl of
serum-free culture medium and 0.5 mg/ml MTT (Sigma) followed by incubation for a further 1 h at
37°C. The formazan precipitate was dissolved by addition of 100 ul of SDS-DMF buffer (20 % w/v
sodium dodecyl sulphate in a solution of 50 % N,N-dimethyl formamide, pH 4,7) and incubation
for overnight at 37 °C. Absorbances (Abs) were measured at 560 nm using automated microplate
reader (Dynex Technologies Inc., Chantilly, VA). The percentage of viable cells was calculated using
the following formula:

(A bSmmple —A bSblank) x100%
Abscontrot — AbSbiank

where Abssampe= Absorbance of the cells treated with drug
Absuiank = Absorbance of solutions used
Abscontrol = Absorbance of the cells treated with 1 % of PBS (ZOL) or 2 % of PBS (CLOD)

5.2.5 Statistical analysis

For cellular uptake and inhibition of cell growth studies one-way ANOVA with Tukey’s multiple
comparison tests were used to assess significant differences in drug uptake or ICso values between
different cell lines.

5.3 RESULTS

5.3.1 IPP/Apppl production varies between different cancer cell types

Prior to this study, there were no reports of Apppl production by tumor cells. Both IPP and Apppl
production varied between cell lines following drug treatment (Figure 6). 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) (Figure 6A). Capabilities of ZOL to induce Apppl production in these cells
were 177 (MCEF-7), 30 (MG-63), 11 (PC-3), 3 (RPMI-8226), and ~0.03 pmol (MDA-MB-436) (Figure
6C). MCF-10A and NCI-H929 cells did not produce detectable levels of Apppl after ZOL treatment.
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Figure 6. Zoledronic acid-induced IPP/Apppl formation, inhibition of RaplA prenylation and
clodronate metabolism to AppCCl,p in different cancer cell lines. IPP and ATP analogs were
analyzed by HPLC-ESI-MS and Rap1lA prenylation by Western blotting for unprenylated Rap1A.
IPP accumulation (A), unprenylated RaplA and B-actin (B), Apppl production (C), clodronate
metabolism to AppCCl,p (D) in cancer cells after treatment with 25 puM zoledronic acid or 500
UM clodronate for 24 h (meanxSEM, n=6-9). nd = not detected.
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5.3.2 IPP production correlates with the capacity of ZOL to inhibit RaplA prenylation,
but does not correlate with cellular uptake of the drug

The differences between IPP and Apppl production detected in the various cell lines in the initial
experiments may be due to differential uptake of ZOL by the cells. The levels of cellular uptake of
ZOL (Figure 7A) did not correlate with IPP accumulation in MCF-7, MDA-MB-436 and RPMI-8226
cells (Figure 6A). This finding raised the question of whether there is any connection between IPP
accumulation induced by ZOL and the activity of FPPS. Therefore, the inhibition of RaplA
prenylation after ZOL treatment in the cells was explored. The measurement of accumulation of
unprenylated RaplA was used for estimating the activity of FPPS in different cancer cell lines. This
experiment indicated that IPP production (Figure 6A) correlated with the capacity of ZOL to inhibit
RaplA prenylation (Figure 6B).
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Figure 7. The differences in cellular uptake of zoledronic acid or clodronate between cell lines
are not significant. The cells were treated with *C-labelled drugs, 25 uM zoledronic acid (A) and
500 uM clodronate (B), for 24 h (mean+SEM, n=6). p>0.05 using Tukey’s multiple comparision
test.

5.3.3 Clodronate metabolism correlates with the efficiency of IPP to ApppI conversion

It has been previously shown that CLOD decreases the Apppl production, and reciprocally,
risedronate decreases the metabolism of CLOD to its AppCClop-metabolite after the co-treatment in
J774 macrophages (Monkkonen et al. 2006). Therefore, it was hypothesized that aminoacyl-tRNA-
synthetases may also be involved in Apppl production induced by N-BPs. The metabolism of
CLOD to AppCClzp in different cells were 82 (MCEF-7), 57 (MG-63), 39 (MDA-MB-436), 31 (PC-3), 26
(NCI-H929), and 13 pmol (RPMI-8226) (Figure 6D). There were no significant differences in the
CLOD uptake between cell lines (p>0.05) (Figure 7B). Therefore, as was the case for ZOL-induced
IPP accumulation, the differences in CLOD metabolism were not due to different levels of uptake of
BP between the cell lines. The efficiency of Apppl production from IPP in different cells followed
the order of potency: MCF-7 > MG-63 > PC-3 > RPMI-8226. This order correlated with the potency of
CLOD metabolism to AppCClp-metabolite (R? = 0.9461) (Figure 8). These results support the
hypothesis that the N-BP-induced Apppl production is catalyzed by aminoacyl-tRNA-synthetases,
similarly to the metabolism of non-N-BPs to the AppCp-metabolite. As non-N-BPs (pCp) and IPP
resemble pyrophosphate in structure, the reverse reaction can also take place but with pCp or IPP
replacing pyrophosphate, to form an AppCp-metabolite or Apppl, respectively (Figure 9).
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Figure 8. Clodronate metabolism correlates with the efficacy of Apppl formation from IPP.

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

tRNA
Amino acid + ATP €<—> Amino acid-AMP + PPi — Aminoacyl|-tRNA + AMP
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The formation of Apppl induced by N-BPs
tRNA
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Amino acid + Apppl <——— Amino acid-AMP + IPP

Figure 9. The metabolism of non-N-BP to AppCp-metabolite and the formation of Apppl induced
by N-BPs is catalyzed by aminoacyl-tRNA-synthetases.
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5.3.4 Potency of clodronate to inhibit cancer cell growth corresponds to ATP analog
formation

In order 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 following exposure to ZOL
or CLOD. These cell lines were chosen for this experiment because of their diverse potency to
produce ATP analogs (Figures 6C-D). MCF-7 and MDA-MB-436 breast cancer cells were more
sensitive for the effect of ZOL on cell growth inhibition than RPMI-8226 myeloma cells (Figure
10A). ICso values (50 % inhibition of cell growth) of ZOL for MCF-7, MDA-MB-436 and RPMI-8226
cells were 7.0, 6.0 and 18.1 pM, respectively. There were no significant differences in ICso values
between MCF-7 and MDA-MB-436 cells (p>0.05) (Figure 10C). Instead, ICso value of RPMI-8226 cells
was significantly higher compared to breast cancer cells (p<0.001) (Figure 10C). The inhibition of cell
growth by CLOD was rather similar between the cell lines (Figure 10B). ICso values of CLOD for
MCEF-7, MDA-MB-436 and RPMI-8226 cells were 893, 1035 and 1179 uM, respectively. A significant
difference in ICs values between MCF-7 and RPMI-8226 cells (p<0.01) was observed (Figure 10D).
These observations show that the metabolism of CLOD into AppCClp (Figure 6D) corresponds
better than ZOL-induced Apppl formation (Figure 6C) to the potency of BP to inhibit cancer cell
growth (Figure 10).
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Figure 10. Inhibition of cell growth by zoledronic acid and clodronate. The cells were treated
with 1-100 pyM zoledronic acid or 10-2000 pM clodronate for 72 h. Cell growth was determined
by MTT assay. The effect of zoledronic acid (A) and clodronate (B) on cell growth inhibition. ICsq
values of zoledronic acid (C) and clodronate (D) (meanSEM, n=12). ** p<0.01; ***,
p<0.001 using Tukey’s multiple comparision test.
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5.4 DISCUSSION

One of the primary mechanisms responsible for the direct anticancer activity of BPs is inhibition of
cancer cell growth. The mechanism by which BPs inhibit cancer cell growth might be through the
production of cytotoxic ATP analogs. Here, we investigated the ATP analog formation in various
cancer cell lines. Interestingly, we observed that ZOL-induced IPP/Apppl accumulation and
metabolism of CLOD into AppCClLp were remarkably cell line dependent. In order to clarify the
reasons for variation of BP-induced IPP and ATP analog accumulation between different cancer cell
lines, drug uptake studies were carried out. For this purpose, three cancer cell lines that differed
significantly from each other in their BP-induced IPP and ATP analog expression were selected. No
significant differences, however, in BP uptake between selected cell lines were observed (p>0.05).
Therefore, these data demonstrated that IPP and Apppl accumulation are independent from the
cellular uptake of BP. Regarding BP uptake and ATP analog formation in cancer cells in vivo, it is
more likely that BPs as bone-targeting drugs can reach cancer cells on bone surface rather than in
soft tissues. As osteoclasts can become exposed to very high concentrations of BPs in vivo (Sato et al.
1991), it is possible that the tumor cells on bone surface may be exposed to relatively high
concentrations of BPs and be capable of the production of cytotoxic ATP analogs.

As the cellular uptake of ZOL did not correspond to IPP accumulation, this raised the question
of whether there is any connection between ZOL-induced IPP accumulation and the activity of
FPPS? 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
production correlated with the capacity of ZOL to inhibit RaplA prenylation (i.e. FPPS). Taken
together, the data from studies of prenylation and drug uptake strongly suggest that the efficiency
of ZOL to inhibit protein prenylation is dependent on the activity of FPPS in cancer cells. In
addition, the measurement of IPP levels by mass spectrometry provides a very sensitive new
technique to study the FPPS inhibition by N-BPs.

Previously, it has been shown that Apppl production correlates with the increase in the IPP
concentration (Monkkonen et al. 2006). Apppl production from IPP, however, did not correspond to
IPP accumulation between different cancer cells. Therefore, the efficiency of Apppl production from
IPP seems to vary depending on to cell type. We hypothesized that the novel ATP analog Apppl is
produced by the same metabolic pathway as the metabolite of non-N-BP. The hypothesis was tested
by comparing the N-BP-induced Apppl 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 Apppl production from IPP
correlated with CLOD metabolism in the investigated cell lines. However, MDA-MB-436 cell line
was an outlier because ZOL-induced IPP accumulation and metabolism of CLOD into AppCClp
were relatively high in this cell line. Thus, this data suggests that the aminoacyl-tRNA-synthetase
family, which catalyzes the formation of AppCp-type metabolites from non-N-BPs (Rogers et al.
1996), may also be involved in the Apppl production induced by N-BPs.

It has been suggested that AppCp-type metabolites are mainly responsible for the effect of non-
N-BPs (Russell et al. 2008). However, the relationship between N-BP-induced Apppl accumulation
and cellular effect is unknown. One main strategy in cancer therapy is to inhibit cancer cell growth.
BP-induced ATP analog formation and its relation to the inhibition of cell growth were tested in
selected cancer cell lines. The effect of CLOD on cell growth inhibition corresponded to the potency
of CLOD metabolism to AppCClp. This finding supports the hypothesis that AppCp-type
metabolites are responsible for the effects of non-N-BPs (Russell et al. 2008). In contrast, ZOL-
induced Apppl formation does not correspond to the effect of drug on cell growth inhibition. In
addition to cytotoxic Apppl production (Monkkonen et al. 2006, Monkkonen et al. 2007), the
inhibition of FPPS by N-BPs, such as ZOL, cause a lack of essential prenylated proteins (Russell et
al. 2008). As N-BPs have a more complex mechanism of action compared to non-N-BPs, a direct
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connection between Apppl formation and cellular effects may not be found. It is possible that the N-
BP-induced IPP accumulation prior to Apppl formation plays a role in cell function, for example
activating cytotoxic T cell mediated immune response (Chapter 2.3.5 and Chapter 2.4.1.1). As the
present data proved the considerable variation of IPP accumulation between different cancer cells
after ZOL treatment, it suggests that N-BPs may have differences in their capabilities to induce
cancer cell killing.

In conclusion, the results of this study suggest that BPs may have diverse anticancer effects. This
was seen as significant variation between IPP/Apppl formation and clodronate metabolism to
AppCClLp. The differences may be related to different activity in the enzymes responsible for IPP
accumulation and ATP analog formation, such as FPPS or aminoacyl-tRNA synthetase. Therefore,
BP-induced cytotoxic ATP analog production in different cancer cells 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 potential new mechanism
contributing to the specificity of BPs against different cancer cell types.
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6 Zoledronic acid-induced IPP/Apppl formation in vivo
and in vitro*

Abstract. In order to further evaluate a pharmacological role of Appp], the aim of the current study
was to obtain more detailed data on ZOL-induced IPP/Apppl formation in vivo and in vitro.
Additionally, ZOL-induced Apppl formation from IPP was compared to the metabolism of
clodronate. As bone-resorbing osteoclasts are the main cellular target for BP action, IPP/Apppl
formation and accumulation were assessed in rabbit osteoclasts following in vivo administration of
ZOL. The formation of Apppl from IPP was compared to the metabolism of clodronate in MCF-7
cells in vitro. As a result, IPP/Apppl were formed in osteoclasts in vivo, after a single, clinically
relevant dose of ZOL. Furthermore, exposure of MCE-7 cells in vitro to ZOL at varying times and
concentrations induced time- and dose-dependent accumulation of IPP/Apppl. One hour pulse
treatment was sufficient to induce IPP accumulation and subsequent Apppl formation, or the
metabolism of clodronate into AppCClzp. Moreover, IPP/Apppl formation profile in vivo resembled
the in vitro pulse profile, both demonstrating that Apppl formation results from accumulation of
IPP as a result of FPP synthase inhibition. As a conclusion, this study provides the first conclusive
evidence that pro-apoptotic Apppl is a biologically significant molecule, and demonstrates that
IPP/Apppl analysis is a sensitive tool for investigating pathways involved in BP action.

*Adapted with permission of John Wiley and Sons from: Raikkonen ], Crockett JC, Rogers MJ,
Monkkénen H, Auriola S, Monkkénen J: Zoledronic acid induces formation of a pro-apoptotic ATP
analogue and isopentenyl pyrophosphate in osteoclasts in vivo and in MCE-7 cells in vitro. Br ]
Pharmacol 157:427-35, 2009. Copyright © 2009 John Wiley and Sons. All rights reserved.



35

6.1 INTRODUCTION

Previously, N-BP-induced Apppl formation has been detected in macrophages, osteoclasts, and
various cancer cells in vitro (Monkkonen et al. 2006, Chapter 5), but also in vivo in peritoneal
macrophages after local injection of a high dose of ZOL (Monkkonen et al. 2007). However, in order
to establish the biological significance of Apppl, the primary aim of this study was to elucidate
whether Apppl could be detected in osteoclasts, the pharmacological target cell for BPs, after in vivo
administration of ZOL at a clinically relevant dose. An additional aim was to further evaluate the
pharmacological role of Apppl by obtaining detailed data on its formation in vitro. MCF-7 cells,
instead of osteoclasts, were selected as an in vitro cell model, because earlier we have used this cell
line to evaluate the role of pro-apoptotic ATP analogs in the anticancer properties of BPs, and
observed abundant BP-induced IPP/Apppl or AppCCLp accumulation in these cells (Chapter 5).
We studied the dependence of IPP/Apppl formation on ZOL concentration and the time-course of
IPP/Apppl formation after pulse and continuous treatment with ZOL. Furthermore, since pro-
apoptotic effects of Apppl seem to be similar to those of other ANT-inhibiting ATP analogs, the
ZOL-induced Apppl formation from IPP was compared to the metabolism of clodronate to its ATP
analog, AppCClzp.

6.2 EXPERIMENTAL

The reagents used in this study are described in Chapter 4.1.

6.2.1 IPP/Apppl accumulation in osteoclasts in vivo

All animal care and experimental procedures complied with the NIH Guide for the Care and Use of
Laboratory Animals. Rabbit osteoclasts were used as they have successfully been used to establish
the formation of an AppCp-type metabolite (AppCClzp) of the non-N-BP CLOD in vivo (Frith et al.
2001). Three-day-old rabbits were injected subcutaneously with 1 mg/kg or 100 ug/kg ZOL in PBS,
or an equivalent volume of PBS alone. Each experiment involved one treated rabbit and one control
rabbit. The osteoclasts were isolated 24 or 48 h after injection using a previously well-characterized
method (Frith et al. 2001, Staal et al. 2003). Briefly, the rabbits were euthanized with halothane and
long bones from each rabbit were removed and cleaned and then minced in 25 ml of serum-free a-
MEM with L-glutamine (Life Technologies, Paisley, UK). The osteoclasts were released from the
bone fragments by vortexing. The cell pellet was washed, resuspended in 1 ml of a-MEM
containing 3.3 pg/ml mouse anti-avfs (23c¢6) antibody (Serotec AbD, Oxford, UK), and incubated at
37 °C for 20 min. Next, the cells were washed twice in 1xPBS containing 0.1% (w/v) of bovine serum
albumin (BSA). For separation of osteoclasts, the cell pellet was resuspended in 0.1 % BSA in 1xPBS
containing 2 x10” anti-mouse IgG conjugated magnetic Dynal beads (Invitrogen, Paisley, UK), and
incubated rotating at 4 °C for 30 min. Vitronectin receptor (VNR)-positive (osteoclast) and VNR-
negative (non-osteoclast) cells were separated using a magnetic particle concentrator (Dynal). The
erythrocytes within the non-osteoclast-fraction were then lysed in BD Pharm™ Lyse (BD
Biosciences, Pharmingen, San Diego, USA). As in earlier studies (Frith et al. 2001), the purity of the
osteoclast fraction was >90 % multinucleated, VNR-positive cells. Finally, the osteoclast cells (with
Dynal beads attached) and non-osteoclast cells were extracted with ice-cold acetonitrile (400 pl) and
water (200 pl), and centrifuged at 14 000g for 2 min at 4 °C. The supernatants were transferred to
fresh tubes and dried and stored at -70 °C until mass spectrometric analysis. Analysis of IPP/Apppl
was performed as described in Chapter 4.4.
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6.2.2 IPP/Apppl and AppCClzp accumulation in vitro

MCF-7cells were seeded in 6-well plates at 1 x10° cells/well overnight. Non-adherent cells were then
removed and medium was replaced with treatment medium containing ZOL or CLOD, or an
equivalent volume of sterile PBS. For dose-response assay the cells were treated with 1, 10, 25, 50 or
100 uM of ZOL for 24 h. For time course experiments, two different treatment protocols were used:
pulse and continuous treatment. For pulse treatment, the cells were exposed to BP for 1 h only, after
which the drug was removed and replaced by fresh medium, and the samples were collected at 0, 1,
3, 6,12, 18, 24, or 48 h. For continuous treatment, the cells were treated continuously with BP for 1,
3, 6, 12, 18, 24, or 48 h. Sample collection, cell extract preparations and protein content
determinations were carried out as described in Chapter 4.3. Analysis of IPP/Apppl and AppCClzp
by HPLC-ESI-MS was performed as described in Chapter 4.4. Results shown are representative of at
least 3 independent experiments (mean+SEM).

6.2.3 Cell viability
The viability of MCF-7 cells in dose-response assay and after pulse treatment with ZOL was
determined by the MTT test (Monkkonen et al. 2003).

6.2.4 Cellular uptake of BPs in vitro

Differences in cellular uptake of BPs could be a critical factor affecting formation of the ATP
analogs. Therefore, in order to compare the kinetic profiles of drug uptake to that of ATP analog
formation in cells, the cellular uptake of [*C]-labeled BPs was assessed. The cells were treated with
25 uM [“C]ZOL or 500 pM [“C]CLOD according to the two different time-course treatment
protocols described in Chapter 6.2.2, except that the 18 h time point was excluded. The cell extract
preparations and the radioactivity determinations were performed as described in Chapter 4.5. The
level of drug uptake was quantified as molar amount of drug per mg protein. Results shown are
representative of at least 2 independent experiments (mean+SEM).

6.2.5 Statistical Analysis

For dose-response and pulse treatment studies one-way ANOVA with Tukey’s multiple
comparison tests were used to assess significant differences in the cell viability or IPP/Apppl
formation.

6.3 RESULTS

6.3.1 ZOL induces IPP/Apppl formation in osteoclasts in vivo

In the present study, IPP and Apppl could be monitored by mass spectrometric detection in
osteoclasts following clinically relevant dose of ZOL in vivo. Analysis was carried out on lysates
from osteoclasts that had been isolated and purified from neonatal rabbits by immunomagnetic
bead separation ex vivo following subcutaneous injection with 1 mg/kg ZOL (for 24 and 48 h), or 100
ug/kg ZOL (for 24 h). The formation was identified by a highly sensitive HPLC-ESI-MS technique
(Auriola et al. 1997) in cell extracts by monitoring the daughter fragment ions in the SRM mode.
Typical SRM chromatograms of osteoclast extract isolated from untreated rabbit, osteoclast extract
isolated from ZOL-treated rabbit, and IPP and Apppl standards are shown in Figure 11. Major
components were not detected in the chromatograms of osteoclast extracts generated from PBS
injected rabbit (Figures 11A-B). The peaks that eluted at 6.47 min (IPP) and 6.49 min (Apppl) were
detected in SMR chromatograms of osteoclast extract from ZOL-treated rabbit (Figures 11C-D).
Comparable peaks were present in the chromatograms of osteoclast lysates from untreated rabbits,
with added synthesized IPP and Apppl (Figures 11E-F).
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Figure 11. Identification of IPP and Apppl in rabbit osteoclasts in vivo. Vitronectin receptor-
positive osteoclasts were isolated by immunomagnetic bead separation from rabbit bone
marrow 24 h after single injection with 100 pg/kg ZOL. Acetonitrile cell extracts were then
analysed by HPLC-ESI-MS. Selective reaction monitoring chromatogram of osteoclast extract
isolated from a saline injected rabbit (A, B), extract isolated from ZOL-treated rabbit (C, D),
untreated rabbit osteoclast extract with added 37 nmol/mg protein IPP (E) and 11 nmol/mg
protein Apppl (F). The detection limits for IPP and Apppl are 2 pmol/mg protein and 0.2
pmol/mg protein respectively. No IPP or Apppl were detected in the chromatograms of
osteoclast extracts generated from saline injected rabbits. The chromatograms are drawn on
the same scale.

Identical patterns of fragmentation obtained with authentic IPP and Apppl were identified from
lysates of osteoclasts isolated from ZOL-treated rabbits (Figure 12). The molecular ions of IPP (m/z
245) and Apppl (m/z 574) were fragmented, by CID, to form ions of m/z 79, 159, 177 and 227 (IPP)
(Figures 12A-B), m/z 227 and 408 (Apppl) (Figures 12B-C). For internal standard, two major
fragment ions, m/z 486 and m/z 406 were observed (data not shown). The quantitation of IPP and
Apppl was based on fragment ions, m/z 245 — 159 for IPP, m/z 574 — 408 for Apppl. The molar
amounts of IPP and Apppl in each osteoclast fraction are shown in Figure 13. The maximum
amount of IPP/Apppl could be detected in osteoclast extracts isolated after 24 h of single injection
with high dose (1 mg/kg) of ZOL, corresponding to 360 pmol/mg protein of IPP and 100 pmol/mg
protein of Apppl, followed by two and a half-fold decrease of IPP and four-fold decrease of Apppl
at 48 h post-injection. After 24 h, 21.7 % of the IPP was converted to Apppl. Additionally, the same
pattern was seen after treatment with a clinically relevant dose (100pg/kg) of ZOL, corresponding to
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21.5 % conversion of IPP to Apppl. A minor amount of IPP/Apppl could also be detected in the
non-osteoclast (VNR-negative) fractions (data not shown), probably due to contamination of this
fraction with osteoclasts. These data confirm that ZOL induces IPP/Apppl formation in osteoclasts
in vivo after injection of a single clinical dose, 100 pg/kg, roughly equivalent to the 4 mg dose given

to patients.
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Figure 12. Mass spectrometric identification of IPP and Apppl. MS/MS spectra of IPP from the
peak of Figure 11C (A) and Figure 11E (B), MS/MS spectra of Apppl from the peak Figure 11D
(C) and Figure 11F (D). m/z = mass-to-charge ratio.
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Figure 13. IPP/Apppl concentrations (pmol/mg protein) in each osteoclast fraction from ZOL-
treated rabbits assessed by mass spectrometry. Animals were injected subcutaneously with 100
pg/kg or 1 mg/kg ZOL in PBS. The osteoclasts were isolated by immunomagnetic bead
separation from rabbit bone marrow 24 or 48 h after injection.
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6.3.2 ZOL induces dose-dependent IPP/Apppl formation in vitro

To investigate the dependence of ZOL concentration on IPP/Apppl formation, MCEF-7 cells were
incubated with variable concentrations of ZOL. At 1 - 50 pM concentration, ZOL induced dose-
dependent IPP accumulation and Apppl formation in cells (Figure 14A). However, treatment of
cells with 25 pM ZOL for 24 h resulted in a statistically non-significant increase in IPP/Apppl
formation compared with the value after incubation with 10 uM ZOL. Additionally, ZOL at a high
concentration of 100 uM did not induce more IPP/Apppl compared with 50 uM ZOL. Thus, the
maximum inhibition of FPPS and subsequent IPP/Apppl accumulation in cells was achieved with
50 pM of ZOL. However, both concentrations, 50 and 100 puM, significantly (p < 0.001) reduced the
viability of MCE-7 cells by 17 % and 28 %, respectively, when measured by the MTT test (Figure
14B). Thus, 25 uM ZOL was chosen for further time-course studies.
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Figure 14. Effect of 1-100 uM ZOL on IPP/Apppl formation (A), and the cell viability (B) of
confluent MCF-7 cells after 24 h, assessed by mass spectrometry and MTT test, respectively.
(meanxSEM, n=9).*** p < 0.001 compared with control.
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6.3.3 IPP/Apppl and AppCClzp formation, and cellular uptake of BPs in vitro after pulse

treatment

ZOL and CLOD were used to compare formation kinetics of IPP/Apppl and AppCClp,
respectively. Pulse exposure to BP for 1 h either 25 uM ZOL or 500 uM CLOD, was sufficient to
induce IPP/Apppl, or AppCClp accumulation, respectively, in MCF-7 breast cancer cells during
observation period of 0-48 h (Figures 15A-B). AppplI levels correlated well with the increase in the
IPP levels in cells, confirming that Apppl is a result of IPP accumulation in cells after FPPS
inhibition. Apppl formation from IPP could be detected without delay after drug removal (0 h),
although it was close to the detection limit (0.2 pmol/mg protein). The amount of IPP and Apppl
increased gradually up to 12 h, and reached the maximum level of IPP (49.2 pmol/mg protein) and
Apppl (8.7 pmol/mg protein), then decreased until the end of the experiment (Figure 15A). The
decrease in levels of IPP/Apppl after 12 h of drug removal was not a consequence of cell death since
treatment did not affect the viability of the cells, assessed by MTT assay (data not shown). Contrary
to the formation of IPP/Apppl, the metabolism of CLOD into AppCClp in cells reached the
maximum level (21 pmol/mg protein) immediately after drug removal, followed by a considerable
decrease of metabolite at 1 h after treatment (Figure 15B). However, the amount of the metabolite
increased again up to 12 h (reached the peak value of 21 pmol/mg protein), and then decreased
gradually until the end of the experiment.
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Figure 15. ZOL-induced IPP/Apppl formation (A), accumulation of AppCCl,p (B), the cellular
uptake of ZOL (C) and CLOD (D), in confluent MCF-7 cells after a pulse exposure to BPs. The
MCF-7 cells were treated with 25 yM ZOL or 500 uyM CLOD for 1 h, and the samples were
collected 0 - 48 h after drug removal. The intracellular concentration of BPs was determined
from the radioactivity measurements and the molar amounts of IPP/ApppI or AppCCl,p were
assessed by mass spectrometry (mean+SEM, n=4-8).
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The maximum amount of [*“C]-labeled BP (12 pmol/mg protein of ZOL or 562 pmol/mg protein
of CLOD) was detected in cell extracts immediately after drug removal (Figures 15C-D). After this,
the amount of ZOL in cells decreased constantly until the end of observation time at 48 h (Figure
15C). The cellular uptake of CLOD after pulse treatment differed substantially from the cellular
uptake of ZOL. This was illustrated by the kinetic profile of the CLOD uptake (Figure 15D), which
was closely similar to the profile seen in CLOD metabolism (Figure 15B), though the differences
between the time points of 1-48 h were not significant. In both cases of BP uptake, ZOL and CLOD
were still found in cells 48 h after treatment.

6.3.4 IPP/Apppl and AppCClp formation, and cellular uptake of BPs in vitro after
continuous treatment

For continuous drug treatment, the cells were treated with ZOL or CLOD for 1-48 h. IPP/Apppl and
AppCClzp were detectable 1 h after removal of BP, although the observed amount of Apppl was
around detection limit and thus not visible in the figure (Figures 16A-B). The amount of IPP/Appp],
and AppCCLp increased gradually and time-dependently during the treatment. Thus, the highest
intracellular concentrations were achieved at 48 h of BP exposure, corresponding to 1624 pmo/mg
protein of IPP, 472 pmol/mg protein of Apppl, and 758 pmol/mg protein of AppCClzp, in cells.

The amount of [*“C]-labeled BPs taken up by the cells increased gradually during 1-48 h of
continuous exposure (Figures 16C-D). Therefore, the highest intracellular amounts of ZOL (170
pmol/mg protein) and CLOD (1946 pmol/mg protein) were detected at 48 h, after treatment with
ZOL and CLOD, respectively.
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Figure 16. ZOL-induced IPP/Apppl formation (A), accumulation of AppCCl,p (B), the cellular
uptake of ZOL (C) and CLOD (D), in confluent MCF-7 cells. The cells were treated with 25 uM
ZOL or 500 pyM CLOD continuously for 1-48 h. The intracellular concentration of BPs was
determined from the radioactivity measurements and the molar amounts of IPP/Apppl or
AppCCl,p were assessed by mass spectrometry (mean+SEM, n=4-8).
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6.4 DISCUSSION

In order to further evaluate the pharmacological role of Apppl, the aim of the current study was to
obtain more detailed data on IPP/Apppl formation in vivo and in vitro. We discovered that
IPP/Apppl was formed in rabbit osteoclasts following a single dose of ZOL in vivo. Previously,
Apppl has been identified in peritoneal macrophages in vivo after local injection of a high dose of
ZOL (Monkkonen et al., 2007), but this is the first published study to show the presence of pro-
apoptotic Apppl in osteoclasts, the pharmacological target cell for BPs, in vivo. Importantly, Apppl
formation was detected when ZOL was given at the dose of 100 ug/kg, roughly equivalent to a 4 mg
single dose given to patients (Daubine et al. 2007). Although bone turnover and metabolism are
different in humans and rabbits, the result indicated that Apppl was formed in osteoclasts in vivo
after a clinically relevant dose of ZOL. IPP/Apppl accumulation in osteoclasts was lower at 48 h
post-injection by comparison with that at 24 h post-injection, perhaps due to possible changes in the
activity of the metabolizing enzymes in the mevalonate pathway, or to apoptosis of Apppl-
containing osteoclasts. In addition, minor amounts of IPP/Apppl were also detected in non-
osteoclast cell fractions (data not shown), which could have been a contamination from osteoclasts
and thus not a true effect of ZOL on non-osteoclast cells. This hypothesis is also supported by
earlier in vivo data demonstrating that N-BPs have a very low or no detectable effect on protein
prenylation in non-osteoclast bone cells when administered in vivo at doses that cause a robust
inhibition of protein prenylation in osteoclasts (Frith et al. 2001, Coxon et al. 2005). However, on the
basis of this study, the possibility that cell types other than osteoclasts in the bone
microenvironment can internalize BPs and consequently accumulate IPP/Apppl cannot be
excluded.

As shown earlier (Chapter 5), MCF-7 cells produced high amount of IPP/Apppl, and were thus
an appropriate model to characterize the kinetics of Apppl formation from IPP reliably. Time-
course studies on the continuous treatment with 25 uM ZOL (concentration was chosen on the
grounds of dose-dependence studies) or 500 uM CLOD demonstrate that both BPs and IPP/Apppl
or AppCCLp accumulate in cells in a time-dependent manner. These results together with the data
obtained after in vivo treatment (with 1 mg/kg ZOL) illustrate that after 24 h, approximately 20 % of
IPP was converted to Apppl in cells. Interestingly, at the same time point, a similar amount (26 %)
of internalized CLOD was metabolized to AppCClp, suggesting that the same metabolizing
enzymes with same capacity might be responsible for the Apppl formation from IPP, and for CLOD
metabolism. In addition, time-course results revealed that one-hour pulse treatment with BP was
sufficient to cause IPP accumulation and subsequent Apppl or AppCClzp formation in cells during
the entire observation time. However, the accumulation profile of AppCClp after a 1 h exposure
with CLOD differed from that seen with ZOL-induced IPP/Apppl accumulation. In comparison to
IPP/Apppl, the formation of CLOD metabolite attained the maximum intracellular amount
immediately after drug removal, but then unexpectedly decreased to the next observation time
point. Differences between the profiles were to some extent expected, since formation of AppCClzp
from CLOD via aminoacyl-tRNA synthetases is more straightforward and more rapid than that of
Apppl, which is formed after ZOL-induced FPPS inhibition and subsequent accumulation of IPP in
the mevalonate pathway. Since metabolism of CLOD depends on cellular uptake, drug uptake was
thought to account for the abrupt reduction in accumulation profile of AppCClp. Although the
CLOD uptake profile was found to be similar to that of the metabolite accumulation profile, it could
not reliably account for the observation, and thus warrants further studies.

Similar formation profiles of IPP/Apppl were observed both in vivo, after a single injection of 1
mg/kg ZOL, and in vitro after a pulse exposure. In these studies, IPP levels were observed to
decrease significantly after 24 h of treatment, although cellular uptake studies in vitro showed that
there were still considerable amounts of ZOL present in cells 48 h after the initial exposure. This
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was a rather surprising result, as IPP binds and further stabilizes the inhibited FPPS-N-BP complex
in a closed conformation, leading to sustained inhibition of the enzyme (Chapter 2.3.3). However,
the results in this study suggest that FPPS might be partly restored even in the presence of
intracellular ZOL. Previously, similar results have been obtained in a cholesterol biosynthesis study
where 4 h treatment of PC-3 cells with 20 uM ZOL completely inhibited cholesterol biosynthesis,
but as early as 24 h later, about 10 % of the biosynthesis was rescued, reaching 90 % after 48 h
(Goffinet et al. 2006). It is conceivable that the expression of FPPS is elevated through increased
protein synthesis, or that feedback inhibition by IPP on upstream enzymes leads to decreased flux
through the mevalonate pathway (and hence decreased IPP synthesis). There are no known
alternative pathways for the production of FPP from IPP in mammalian cells (Edwards and
Ericsson 1999). However, some studies have postulated that IPP could be recycled back to HMG-
CoA and eventually to acetyl-CoA by a sequence of reactions (Edmond and Popjak 1974, Brown
and Goldstein 1980).

In this study, we obtained more detailed information of ZOL-induced IPP/Apppl formation in
vivo and in vitro and provide the first conclusive evidence that pro-apoptotic Apppl is formed in
osteoclasts in vivo, even after a single clinically-relevant dose of ZOL. This result is of considerable
importance since it establishes the biological significance of this molecule. Both in vivo and in vitro
data further support that Apppl formation results from the accumulation of IPP after FPPS
inhibition. However, both studies reveal that some possible changes in the activity of the
metabolizing enzymes in the mevalonate pathway might occur fairly shortly after drug exposure.
This observation needs to be studied further, since it could indicate that in order to achieve more
efficacious treatment, such as in cancer therapy, continuous or frequent pulse treatment with BPs is
needed. This hypothesis is supported by previous in vivo findings demonstrating that treatment of
animals with a single clinical dose did not reduce the tumor burden, whereas a low dose of ZOL
administered to animals on a daily or weekly intermittent schedule not only inhibited bone
destruction, but also exhibited antitumor effects (Daubine et al. 2007, Stresing et al. 2007).

IPP/Apppl analysis is shown to be a useful and sensitive tool for investigating the pathways
involved in BP action. In addition, identification of the molecular mechanism of action of Apppl
may help in further understanding the differences and similarities between N-BPs and non-N-BPs
in general. Furthermore, Apppl studies have revealed the potential of N-BPs to affect a wide range
of cellular processes via the inhibition of FPPS, and may also help to explain the observed
preclinical and clinical activity of these compounds. For example, further studies to clarify the
relationship between IPP/Appp], cancer cell apoptosis and yd T-cell activation are in progress.
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7 Mevalonate pathway isoprenoids downregulate ZOL-
induced IPP/Apppl formation in breast cancer cells *

Abstract. Accumulation of unprenylated proteins in the cells after FPPS inhibition is believed to
largely account for the cytotoxic effects of ZOL. FPPS inhibition leads also to the accumulation
IPP/Apppl, but the role of this mechanism in the cytotoxic action of N-BPs is less clear. As treatment
with mevalonate pathway isoprenoids has been shown to overcome N-BP-induced apoptosis via
rescuing protein prenylation, the objective of this study was to determine their mechanism of action
on ZOL-induced IPP/Apppl accumulation. Interestingly, the results revealed that ZOL-induced
IPP/Apppl accumulation in MCF-7 breast cancer cells were decreased by farnesol, and almost
completely blocked by geranylgeraniol and geranylpyrophosphate. The functionality of the
regulatory enzymes of IPP and Apppl, IPP isomerase and aminoacyl-tRNA-synthase, respectively,
or protein levels of FPPS were not affected by the treatments. However, the protein levels of HMGR
and unprenylated RaplA were observed to be strongly downregulated by geranylgeraniol and
geranylpyrophosphate. This study presents a novel insight into the mechanism of action of
isoprenoids on the regulation of mevalonate pathway after FPPS inhibition. The data implies that in
addition to the previously reported effects on rescuing protein prenylation, isoprenoids can
preserve cancer cell activity by inhibiting the accumulation of IPP/Apppl via HMGR
downregulation. This suggests that IPP/Apppl formation is a significant mechanism in the
anticancer action of ZOL.

*Adapted with permission of Elsevier Inc. from: Rdikkonen J, Monkkonen H, Auriola S, Ménkkénen
J: Mevalonate pathway intermediates downregulate zoledronic acid- induced isopentenyl
pyrophosphate and ATP analog formation in human breast cancer cells. Biochem Pharmacol 79:777-
783, 2010. Copyright © 2010 Elsevier Inc. All rights reserved.
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7.1 INTRODUCTION

Inhibition of the mevalonate pathway has been proposed as being the fundamental molecular
mechanism of many of the observed anticancer effects of statins and N-BPs both in vitro and in vivo
(Buhaescu and Izzedine 2007). It has been demonstrated that free nonsterol mevalonate pathway
intermediates, farnesol (FOH) and especially geranylgeraniol (GGOH), are capable of salvaging
protein prenylation and, thus overcome statin and N-BP-induced apoptosis in many cell types
(Table 1 and Table 3). In addition, we have evidence that GGOH may possess the capacity to inhibit
ZOL-induced IPP/Apppl formation in cancer cells (Mitrofan et al. 2009), but the mechanism
underlying this effect is not known. As IPP is capable of activating an immune response (Chapter
2.3.5 and Chapter 2.4.1.1) and ApppI has been shown to be an apoptotic molecule (Monkkonen et al.
2006), it was felt important to define whether the salvage properties of the isoprenoids involve
regulation of IPP/Apppl levels in cells. Therefore, we determined which intermediates and enzymes
of the mevalonate pathway are involved in regulating the ZOL-induced IPP/Apppl formation in
cancer cells. The results suggest that in addition to the previously reported effects on rescuing
protein prenylation, isoprenoids can influence cell activity by downregulating IPP/Apppl levels in
cells. This data provides further evidence that IPP/Apppl formation is a significant mechanism in
the anticancer action of N-BPs.

7.2 EXPERIMENTAL

7.2.1 Reagents

Mevalonic acid lactone (MVL, which is readily converted to mevalonate, MVA), farnesol (FOH),
geranylgeraniol (GGOH), geranylgeranylpyrophosphate (GGPP), and lovastatin (LOV) were from
Sigma Chemical Co. (St. Louis, MO, USA). Stock solutions of GGOH, FOH and MVL were prepared
in pure ethanol and diluted in culture medium just before use. GGPP was dried to remove solvent,
and resuspended in culture medium immediately before use. All the other reagents used in this
study are described in Chapter 4.1.

7.2.2 IPP/DMAPP, Apppl and AppCClzp detection

The MCEF-7 cells were seeded in 6-well plates at 1 x10¢ cells/well. On the next morning, the medium
was replaced with the treatment medium containing the following drugs alone or in combinations:
5 uM LOV, 25-100 uM ZOL, 500 pM CLOD, 25/50 uM FOH with or without 25 uM ZOL or 500 uM
CLOD, 25/50 pM GGOH with or without 25 uM ZOL or 500 uM CLOD, 100 uM GGPP with 25 pM
ZOL, 500/1000 uM MVA with or without 25 pM ZOL, or vehicle (CTR). After 24 h treatment, the
cell extract preparations and protein content determinations were carried out as described in
Chapter 4.3. Analysis of IPP/Apppl and AppCClzp by HPLC-ESI-MS was performed as described in
Chapter 4.4. The relative amounts of IPP and DMAPP isomers in the treated cell samples were
calculated using a protocol described earlier (Jauhiainen et al. 2009). This method utilizes the peak
intensity ratios of two characteristic fragment ions, m/z 177 and m/z 159, of IPP and DMAPP
received from MS? monitoring. The results shown are representative of at least 4 independent
experiments (mean+SEM).

7.2.3 Cell viability
The influence of the drugs alone and in combinations on cell viability was determined by MTT test
(Monkkonen et al. 2003).



46

7.2.4 Western blot analysis

The MCEF-7 cells were seeded at 2 x10¢ cells per 25-cm? flask. On the next morning, the cells were
treated for 24 h with drugs alone or in combinations: 5 uM LOV (positive control), 25 uM ZOL,
25/50 uM FOH with or without ZOL, 25/50 uM GGOH with or without ZOL, 100 uM GGPP with
ZOL, or vehicle (CTR). After treatment, the cells were washed twice with ice-cold phosphate-
buffered saline (PBS), and lysed in cell precipitation buffer (mammalian cell lysis kit, Sigma (MCL-
1)). The protein content was quantified by using Bio-Rad DC Protein Assay Kit (Bio-Rad
laboratories, Hercules, CA) using BSA as a standard. An equal amount of protein from each sample
was separated on 10 - 12 % polyacrylamide-SDS gel and transferred to polyvinylidene fluoride
membrane (GE Healthcare). The membranes were blocked for 1 h in 5 % non-fat milk in PBS with
0.1 % Tween at room temperature and incubated overnight at + 4 °C with either goat polyclonal
anti-RaplA (1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-
HMG-CoA reductase (1:1000 dilution, Upstate, Dundee, UK), rabbit polyclonal anti-FDPS (1:200
dilution, Abgent, San Diego, CA, USA), or mouse monoclonal anti-B-actin (1:4000 dilution, Autogen
Bioclear, Wiltshire, UK) primary antibodies. After washing, the membranes were incubated for 1.5 h
with horseradish-peroxidase-conjugated donkey anti-goat (Autogen Bioclear, Wiltshire, UK), goat
anti-rabbit (Pierce Biotechnology, Rockford, USA) or sheep anti-mouse (Amersham,
Buckinghamshire, UK) secondary antibodies. An enhanced chemiluminescence (ECL) system
(Amersham Biosciences) was used for detection and Image Quant RT ECL (GE Healthcare) for blot
scanning. Scanning densitometry of protein bands was determined by pixel intensity using NIH
Image ] software (v1.4.3, available at http://rsb.info.nih.gov/ij/index.html) and normalized against
that of pB-actin and control (HMGR and FPPS bands) or B-actin and ZOL (unprenylated RaplA
bands). Results of the densitometrical analyses shown are combined data of at least three
independent experiments. The experiments were performed in triplicate.

7.2.5 Statistical analysis

The data are presented as means + SEM. One-way ANOVA with Tukey’s multiple comparison or
Bonferroni's comparison test were used to analyze the significant differences in the cell viability or
IPP/Apppl levels. p < 0.05 was considered statistically significant.

7.3 RESULTS

7.3.1 FOH and GGOH decrease ZOL-induced IPP/Apppl levels in MCEF-7 cells

MCEF-7 cells were incubated for 24 h with exogenous FOH and GGOH, which are metabolized to
their phosphate forms in the cells (Crick et al. 1997), together with increasing concentrations of ZOL,
for 24 h. As seen in Figure 17, IPP accumulation and consequent Apppl formation in cells were
evenly and significantly (p>0.001) decreased by both intermediates at all tested ZOL concentrations.
No significant differences in the levels IPP/Apppl between 50 and 100 uM ZOL were observed. At
concentrations of 25, 50 and 100 uM, ZOL significantly (p>0.001) reduced cell viability by 18, 22 and
31 %, respectively, when measured by the MTT test (data not shown). The maximum inhibitory
effects induced by both isoprenoids were observed with 25 uM ZOL, and thus this dose was chosen
for further studies.
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Figure 17. FOH and GGOH inhibit ZOL-induced IPP/Apppl accumulation in cells. The amount of
IPP/AppplI in MCF-7 cells after 24 h treatment with 25 - 100 uM zoledronic acid (25-100 zZOL)
with or without 50 uM farnesol (50 FOH) or 25 pM geranylgeraniol (25 GGOH). The molar
amounts of the compounds were determined by the HPLC-ESI-MS method (mean +SEM, n=6-
9). *** P<0.001 compared to ZOL treatment using one-way ANOVA with Tukey's Multiple
Comparison test.

7.3.2 Isoprenoids do not interact with regulatory enzymes of IPP or Apppl synthesis

As both of the isomers, IPP and DMAPP, are essential in the synthesis of isoprenoids in the
mevalonate pathway, the effect of exogenous isoprenoids on the activity of the catalyzing enzyme,
IPP isomerase, was studied. MCEF-7 cells were incubated for 24 h with 25 and 50 pM FOH or GGOH
concurrently with 25 uM ZOL, or 25 uM ZOL alone. In our previous studies, only the mixture of the
isomeric molecules has been analyzed, but recently we have described a method which is capable of
quantifying the relative amount of both isomers, IPP and DMAPP, in cell extracts (Jauhiainen et al.
2009). Using this procedure, we discovered that there were no differences in the isomerization
capacity of the enzyme between the treatments (Figure 18A). The ratio of IPP and DMAPP in all cell
extracts was approximately 1:4. The same treatment protocol was tested, except that ZOL was
replaced with non-N-BP clodronate, to clarify the functionality of the aminoacyl-tRNA-synthase
enzyme, known to catalyze ATP-analogs from non-N-BPS (Rogers et al. 1996), and which is
proposed to catalyze also the formation of Apppl from IPP. The cells were observed to metabolize
CLOD into AppCClp regardless of isoprenoid treatments, and therefore the functionality of the
aminoacyl-tRNA-synthase was not affected (Figure 18B).
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Figure 18. Isoprenoids do not interfere with enzyme activities of IPP isomerase and aminoacyl-
tRNA synthetase. The relative amounts of IPP and DMAPP isomers catalyzed by IPP isomerase
(A) and the metabolism of clodronate to AppCCl,p catalyzed by aminoacyl-tRNA synthetase (B)
in MCF-7 cells. The cells were incubated for 24 h treatment with 25 uM zoledronic acid (25 ZOL)
or 500 pM clodronate (500 CLOD), with or without 25/50 uM FOH (25/50 FOH) or 25/50 uM
GGOH (25/50 GGOH). The molar amount of AppCCl,p was determined by the HPLC-ESI-MS
method (mean £SEM, n=6). The relative amounts of the isomeric compounds, IPP and DMAPP,
in the cell extracts were determined with a previously developed quantitative method
(Jauhiainen et al. 2009), which is based on HPLC-ESI-MS separation (meanxSEM, n=10). ns =
non significant using Tukey's Multiple Comparison Test.

7.3.3 GGOH and GGPP inhibit ZOL-induced IPP/Apppl accumulation by decreasing
protein levels of HMGR in cells

To further examine the effects of isoprenoid compounds on the regulation of mevalonate pathway,
we studied the dependence of the isoprenoid dose on inhibition of ZOL-induced IPP/ Apppl
accumulation in MCF-7 cells. Co-treatment of ZOL at the doses of 25 and 50 uM FOH or 25 and 50
UM GGOH resulted in a significant (p>0.001) and dose-dependent decrease in the levels of
IPP/Apppl compared to treatment with ZOL alone (Figure 19A). GGOH was more effective than
FOH in reversing the effects of ZOL, inducing almost complete prevention. However, the viability
of the cells decreased to 68 % compared to control (Figure 19A). In contrast to GGOH, co-treatment
of ZOL with 100 pM GGPP, the analogue of GGOH, did not affect cell viability (viability 96 %
compared to control), but inhibited IPP/Apppl accumulation in cells in the same manner as GGOH.
There was no evidence of IPP/Apppl found in the cell samples treated with LOV, GGOH, FOH or
vehicle (CTR) (Figure 19A).
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Figure 19. GGOH and GGPP suppress ZOL-induced IPP/Apppl accumulation by downregulating
HMGR protein levels in cells. Figure A represents HPLC-ESI-MS data of IPP/Apppl accumulation,
and cell viability. Cell viability was determined by the MTT assay. Figure B represents the effect
of the isoprenoids on the regulation of the mevalonate pathway proteins in MCF-7 cells. Total
levels of HMG-Co-A reductase (HMGR), B-actin (internal control), FPP synthase (FPPS) and
unprenylated RaplA (uRaplA) were determined by Western blotting in cell lysates. The cells
were incubated for 24 h with drugs, 5 pM lovastatin (5 LOV); 25 pM zoledronic acid (25 ZOL);
25/50 uM farnesol (25/50 FOH) with ZOL; 25/50 uM geranylgeraniol (25/50 GGOH) with ZOL;
100 uM geranylgeranylpyrophosphate (100 GGPP with ZOL); 50 uM farnesol (50 FOH); 50 uM
geranylgeraniol (50 GGOH), or with vehicle (CTR) (meanxSEM, n=6-12). *P<0.05; ***
P<0.001 denotes values significantly different from treatment with ZOL alone using Tukey's
Multiple Comparison Test. The blots were quantified by Image ] software. The bands were
normalized to B-actin and control (HMGR and FPPS) or B-actin and ZOL (uRap1A).

Next, we investigated the effects of co-treatments at the protein level on FPPS, HMGR and
unprenylated RaplA (uRaplA) in Western blot analysis. Membranes were probed with {3-actin
antibody to ensure that an equal amount of protein was loaded onto the gel. As a positive control,
cells were treated with 5 uM LOV, which is known to upregulate HMGR protein levels and cause
uRaplA accumulation (Goldstein and Brown 1990, Edwards et al. 1992, Ownby and Hohl 2003). In
Figure 19B, representative Western blots of FPPS, HMGR and uRap1A protein from the treated cells
are shown. The treatments did not alter the protein level of FPPS, the target enzyme for ZOL.
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Furthermore, accumulation of uRaplA correlated with the extent of ZOL-induced IPP/Apppl
formation. As in the case of IPP/Apppl formation (Figure 19A), GGOH and GGPP were again more
potent at restoring RaplA protein prenylation than FOH. No accumulation of uRaplA was
observed in the presence of vehicle, GGOH or FOH alone. The most interesting result was obtained
when HMGR protein expression levels were monitored. GGOH and GGPP resulted in a significant
reduction in the amount of HMGR enzyme present in the treated cells (Figure 19B).This result was
not a consequence of the reduced cell viability by GGPP (Figure 19A). Furthermore, the protein
level of HMGR was increased by LOV and ZOL, and slightly decreased by FOH. These results
indicate that the observed inhibition of IPP/Apppl accumulation (Figure 19A) by isoprenoids is a
consequence of HMGR enzyme downregulation (Figure 19B).

7.3.4 Mevalonate can partly restore ZOL-induced IPP/Apppl accumulation during
isoprenoid co-treatment

To confirm whether the decrease in the levels of IPP/Apppl induced by isoprenoids was a result of
the interruption of HMGR function and a consequent lack of precursor for IPP, MVA was added to
the culture medium. As shown in Figures 20A and 20B, the inhibitory effect of isoprenoids on ZOL-
induced IPP/Apppl levels could be partially prevented by the addition of 500 uM MVA. MVA at a
higher concentration (1 mM ) reduced IPP/Apppl accumulation, as well as cell viability compared
to the 500 uM dose (data not shown). These results further suggest that the regulation of the
IPP/Apppl accumulation is mediated by HMGR enzyme.
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Figure 20. Mevalonate partially overcomes isoprenoid-induced inhibition on IPP/Apppl
accumulation. The effect of mevalonate lactone (MVL) on accumulation of IPP (A) and the
formation of ApppI (B) in MCF-7 cells. The cells were incubated for 24 h with drugs: 25 uM
zoledronic acid (25 ZOL) with or without 500 pM MVL; 25 pM ZOL plus 25/50 uM farnesol
(25/50 FOH) with or without 500 uM MVL; 25 uyM ZOL plus 25/50 uM geranylgeraniol (25/50
GGOH) with or without 500 yM MVL. The molar amounts of IPP/Apppl were determined by the
HPLC-ESI-MS method (mean*SEM, n=6). *, P<0.05; **, P<0.01 compared to treatment
without MVL using one-way ANOVA with Bonferroni's comparison test.



51
7.4 DISCUSSION

Evidence from previous studies indicate that the inhibition of the mevalonate pathway play a
central role in the anticancer effects of N-BPs (Table 3). These studies have demonstrated that
interruption of protein prenylation is a major contributor to the anticancer action of N-BPs, whereas
the role and the significance of the additional mechanism of action, accumulation of IPP/Apppl, is
less clear.

Previously, it has been shown that the inhibitory action of N-BPs on cell function could be
prevented by isoprenoids (Table 3). Until now, this has been attributed to their action on the
mevalonate pathway downstream from FPPS by rescuing protein prenylation, but here we show
that they could simultaneously act also upstream from FPPS by inhibiting N-BP-induced IPP/Apppl
accumulation. The results illustrate that co-treatment with cell permeable isoprenoids, GGOH and
FOH, significantly reduced expression of IPP/Apppl accumulation in human estrogen-dependent
cancer cells, regardless of the ZOL dose. This is a very interesting observation, as it is known that
the interaction of ZOL with the FPPS enzyme produces a very stable complex (Chapter 2.3.3), and
thus, IPP accumulation upstream of FPPS should stay constant during the treatment. Interestingly,
50 pM GGOH and 100 uM GGPP almost completely blocked IPP accumulation, and the consequent
Apppl formation in cells, whereas FOH only partially attenuated these effects of ZOL. The results
are consistent with the appearance of unprenylated form of the small GTPase Rap1A that was seen
to correlate with the level of accumulating IPP/Apppl in cells. One possible explanation for the
failure of FOH to rescue protein prenylation could be that only a small amount of FPP formed from
FOH is metabolized further to GGPP (Crick et al. 1997). Conversion of FPP to GGPP requires IPP,
which is available after FPPS activity is blocked by ZOL. This could be sufficient to allow FOH-
induced partial recovery of Rap1lA prenylation. Alternatively, the cells may convert FOH to FPP for
the farnesylation of proteins that are normally geranylgeranylated (Gibbs and Oliff 1997).

All the isoprenoids of the mevalonate pathway are synthesized by a condensation reaction of
two simple precursors: IPP and DMAPP. Furthermore, both of the isomers are required for the
activity of N-BP in cells: IPP for binding and stabilizing FPPS enzyme-N-BP complex (Chapter
2.3.3), and both isomers for conjugation reaction to AMP to form ATP analogs, Apppl and ApppD
(Chapter 2.3.5). Recently, we developed a new method for quantification of these isomers in cell
extracts (Jauhiainen et al. 2009). Using this method, we demonstrate that DMAPP is the
predominant isomeric form detected in MCF-7 cells, which is consistent with our previous finding
that the ratio of IPP:DMAPP is 1:4 after ZOL treatment (Jauhiainen et al. 2009). The ratio of the
isomers in cell samples was found to be stable irrespective of the treatments, evidencing that
isoprenoids do not affect the enzyme activity of IPP isomerase. Similarly, no differences in the
formation of AppCClp from a non-N-BP clodronate were detected between the treatments,
indicating that aminoacyl-tRNA synthase converting of IPP/DMAPP into Apppl/ApppD, is not
modified by FOH or GGOH. Furthermore, no changes were observed in the FPPS levels analyzed
by Western blot, indicating FPPS enzyme levels are not affected by the isoprenoids.

Since our results revealed that isoprenoids affected neither the expression levels of FPPS nor
inhibited the function of IPP isomerase or aminoacyl-tRNA synthetase enzymes, mechanisms
upstream from FPPS were investigated. HMGR is the rate-limiting enzyme of isoprenoid synthesis
from mevalonate, and its activity has been reported to be regulated at many levels (Chapter 2.1.1).
Our findings indicate that the inhibition of ZOL-induced IPP/Apppl accumulation results from
HMGR downregulation, since both GGOH and GGPP clearly decrease the amount of HMGR
enzyme in cells, presumably by increasing its rate of degradation. In addition, the ability of MVA, a
precursor for IPP, to partially overcome the isoprenoid-induced inhibition on IPP/Apppl
accumulation suggests that the regulation could be mediated by HMGR, which catalyzes MVA
formation. The effect of MVA on restoring IPP/Apppl levels was not very potent, perhaps due to



52

the mevalonate-mediated HMGR control. This suggestion is supported by previous studies
showing that MVA at higher concentrations can regulate the translation and degradation of HMGR
(Nakanishi et al. 1988, Goldstein and Brown 1990). Our results do not solve the puzzle of whether
the active form for HMGR regulation is the isoprenoid alcohol or the corresponding pyrophosphate
or even some consequent products. The study of Correll et al. (1994) suggests that isoprenoid
alcohol is the active component or at least is having a more direct role in enzyme degradation. The
results of that study indicated that FPP-induced, but not FOH-induced, degradation of HMGR was
blocked by the addition of sodium fluoride, a general phosphatase inhibitor, in permeabilized cells.
In the present study, only a slight reduction on the protein levels of HMGR could be detected with
FOH. However, its lack of effect on enzyme degradation is in agreement with our findings obtained
from the MS analysis, where FOH was not as effective at inhibiting IPP/Apppl accumulation as
GGOH or GGPP. We have previously shown that the level of IPP/Apppl correlates well with ZOL-
induced cancer cell death in vitro (Mitrofan et al. 2009). The outcome of the present study is
consistent with observations that MCF-7 cells are rescued from ZOL-induced apoptosis by GGOH,
but not by FOH or MVA (Jagdev et al. 2001). In addition, previous studies indicate that
geranylgeranylated proteins rather than farnesylated proteins are required for suppression of
apoptosis in cancer cells, and thus seem to be largely responsible for the antitumor effects of N-BPs,
at least in vitro (Chapter 2.3.4 and Table 3).

Taken together, this study strongly suggests that isoprenoids, GGOH or GGPP, inhibit ZOL-
induced IPP/Apppl accumulation via downregulation of HMGR in the mevalonate pathway. This
represents a novel insight into the mechanism of action of isoprenoids on the regulation of the
mevalonate pathway after FPPS inhibition. The data implies that additionally to the previously
reported effects on rescuing protein prenylation, isoprenoids can preserve cell activity by inhibiting
the accumulation of IPP/Apppl in cells. This knowledge of the different mechanisms of action
involved is relevant for understanding the anticancer action of N-BPs, and furthermore for
expanding application of BPs in cancer treatment.
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8 In vitro correlation between time-dependent inhibition
of FPPS and blockade of mevalonate pathway by N-BPs

Abstract. Previous cell-free data has reported that N-BPs inhibit FPPS by time-dependent manner as
a result of the conformational change. This associated conformational change can be measured as an
isomerization constant (Kiom) and reflects the binding differences of the N-BPs to FPPS. In the
present study, we tested the biological relevance of the calculated Kisom values of ZOL, RIS and five
experimental N-BP analogs in the cell culture model. We used IPP/Apppl formation as a surrogate
marker for blocking of FPPS in the mevalonate pathway. As a result, a correlation between the time-
dependent inhibition of FPPS and IPP/Apppl formation by N-BPs was observed. This outcome
indicates that the time-dependent inhibition of FPPS enzyme is a biologically significant mechanism
and further supports the use of the Kisom calculations for evaluation of the overall potency of the
novel FPPS inhibitors. Additionally, our data illustrates that IPP/Apppl analysis is a useful method
to monitor the intracellular action of drugs and drug candidates based on FPPS inhibition.

*Adapted with permission of Elsevier from: Rdikkonen J, Taskinen M, Dunford JE, Monkkonen H,
Auriola S, Monkkonen J: Correlation between time-dependent inhibition of human farnesyl
pyrophosphate synthase and blockade of mevalonate pathway by nitrogen-containing
bisphosphonates in cultured cells. Biochem Biophys Res Commun 407:663-667, 2011. Copyright ©
2011 Elsevier Inc. All rights reserved.
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8.1 INTRODUCTION

The molecular mechanism of FPPS inhibition has only become apparent in the past few years.
Recent publications have been established that the inhibition of FPPS by N-BPs has a time-
dependent component, as a result of an isomerization of the enzyme-inhibitor complex binding
(Kavanagh et al. 2006, Rondeau et al. 2006, Dunford et al. 2008, Chapter 2.3.3). Briefly, after N-BP
binding the accumulating substrate IPP binds to FPPS and further stabilizes the FPPS-N-BP-
complex in the fully closed conformation producing a very efficient and sustainable complex. The
associated conformational change can be measured as an isomerization constant (Kisom) and has
been used to indicate the reversibility of the isomerization of the FPPS-inhibitor complex (i.e. time-
dependent inhibition). It implies that the compounds with higher Kisom will inhibit the enzyme for
longer and be less reversible. It has been shown that the ability of a N-BP to hold the enzyme in the
isomerized state plays an important role in the overall potency of the drug (Dunford et al. 2008).
However, previous studies have been conducted in cell-free systems. Therefore, the aim of this
study was to define the biological relevancy of the calculated Kisom values of different N-BPs in the
cultured cells by using N-BP-induced IPP/Apppl production to monitor FPPS blockade of the
mevalonate pathway. As a result, we discovered a significant in vitro relationship between the time-
dependent inhibition of FPPS by N-BPs, zoledronic acid (ZOL), risedronate (RIS) and five
experimental N-BP analogs, and the inhibition of the mevalonate pathway.

8.2 EXPERIMENTAL
All the reagents used in this study are described in Chapter 4.1.

8.2.1 IPP/DMAPP and Apppl detection

The MCF-7 cells were seeded in 6-well plates at 2 x10° cells/well. Two different treatment protocols
were used: pulse and continuous treatment. For pulse treatment, the cells were synchronized by
serum starvation in order to minimize the variability in cell cycle between the samples. Five hours
after seeding, the cells were washed once with starving medium containing RPMI-1620 medium + 1
% P/S + 0.1 % bovine serum albumin. After 18 h of incubation in starving medium, normal culture
medium with 30 uM N-BP or an equivalent volume of sterile PBS was added to the cells for 3 h. The
samples were collected at 0, 1, 3, 6, 12, 24, 48 or 72 h after drug removal. For continuous treatment,
the cells were left to adhere overnight. Non-adherent cells were then removed and cells were
exposed for 24 h to 30 uM N-BP, or an equivalent volume of sterile PBS. NE58062 was excluded
from the continuous treatment study because of the lack of compound. At the time point, the cell
extract preparations and protein content determinations were carried out as described in Chapter
4.3. Analysis of IPP/Apppl by HPLC-ESI-MS was performed as described in Chapter 4.4. The
relative amount of IPP and DMAPP isomers in the treated cell samples were calculated using a
protocol described earlier (Jauhiainen et al. 2009). This method utilizes the peak intensity ratios of
two characteristic fragment ions, m/z 177 and m/z 159, of IPP and DMAPP obtained from MS?
monitoring. The results shown are representative of at least 3 independent experiments
(mean+SEM).

8.2.2 Cell viability assay

The influence of the N-BP concentration and incubation time on cell viability was evaluated by the
CellTiter-Blue™ Assay (Promega, USA) as described in the manufacturer’s manual. MCE-7 cells
were seeded into a 96-well microplate at 1.25 x10* cells/well. Next day, the cells were treated with
10-100 uM of N-BP, or an equivalent volume of sterile PBS (control), for 3 or 24 h, after which the
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CellTiter-Blue™ reagent (20 pl/well) was added directly to each well at 37 °C for 1 h. The
fluorescence intensity was measured using Wallac Victor 1420 Multilabel counter (Perkin Elmer)
with 560/590 nm excitation/emission wavelengths. Experiments were run in sextuplicate and
repeated twice.

8.2.3 Statistics

The data are expressed as the mean + standard error of the mean. The relationship between
IPP/Apppl and isomerization constant was examined by linear regression and correlations were
calculated using Spearman’s correlation. All statistical analyses were performed with GraphPad
Prism. A p-value less than 0.05 was considered statistically significant.

8.3 RESULTS AND DISCUSSION

Previous analyses based on molecular modeling and experiments with cell-free systems have
shown that N-BPs inhibit FPPS by a mechanism that involves time-dependent isomerization of the
enzyme where the enzyme undergoes a structural rearrangement on inhibitor binding (Kavanagh et
al. 2006, Rondeau et al. 2006, Dunford et al. 2008, Chapter 2.3.3). Herein we study the correlation of
the time-dependent inhibition of FPPS enzyme and blockade of mevalonate pathway by N-BPs in
cultured human cells.

We have previously shown that IPP and Apppl production correlates well with the potency of
N-BPs to inhibit FPPS activity in cells (Monkkonen et al. 2006, Chapter 5). In the present study,
therefore, we used IPP/Apppl formation as a surrogate marker for FPPS inhibition and applied the
obtained data to research the relevance of Kisom values at the cellular level. We explored IPP/Apppl
formation profiles induced by two potent N-BPs in clinical use (ZOL and RIS), two experimental N-
BPs (NE97220 and NE58062), and three experimental analogs of RIS (NE58043, NE58027 and
NE21650) in human breast cancer cells. In addition, the influence of the drugs on cell viability was
determined. All N-BPs induced IPP/Apppl accumulation in cells after continuous and pulse drug
exposure (Figure 21, Figures 22A-B). Prior to this, there was no IPP/Apppl formation data of the
NE-compounds used in this study, available. Importantly, in the case of pulse treatment both IPP
and Apppl could be detected immediately after drug removal (0 h) and even 3 days following the
treatment (Figure 21). None of the drug concentrations (10-100 pM) or incubation times (3 or 24 h)
tested influenced significantly on cell viability when compared to untreated cells (control) (data not
shown). As a whole, ZOL and RIS, with the highest Kisom (Dunford et al. 2008), produced the highest
amount of IPP and Apppl over time (Figure 21). After continuous drug treatment, the potency of N-
BP to induce IPP/Apppl was ZOL > RIS, NE58043 and NE97220 > NE58027 > NE12650 (Figure 22A).
In addition to inhibiting FPPS, NE21650 has been shown to be a weak inhibitor of IPP isomerase
(Thompson et al. 2002), the enzyme proximal to FPPS in the mevalonate pathway converting IPP to
DMAPP (Hahn et al. 1996). This IPP isomerase inhibition was clearly seen in the IPP/DMAPP ratio
(Figure 23). In NE21650 treated cells IPP was not converted to DMAPP, whereas with other N-BPs,
the ratio of IPP and DMAPP isomers in cells was approximately 1:4, as shown in the previous
studies (Jauhiainen et al. 2009, Chapter 7). By contrast, pulse exposure to NE21650 for 3 h was
insufficient to inhibit the IPP isomerase during 3 day observation time (data not shown).
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Figure 21. IPP/Apppl formation in cells after a pulse exposure to different N-BPs. After 18 h of
serum-starvation, the MCF-7 cells were treated with 30 uM of zoledronate (ZOL) (A),
risedronate (RIS) (B), NE58043 (C), NE58062 (D), NE58027 (E), NE21650 (F), or NE97220 (G)
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Figure 22. The relationship between N-BP-induced IPP/Apppl formation and the time-dependent
inhibition of FPPS. IPP/Apppl formation in MCF-7 cells after continuous drug treatment (A) and
pulse treatment (B), the relationship between isomerization constant and the amount of
IPP/Apppl obtained from continuous exposure data (C) and pulse exposure data (D). IPP/AppplI
were determined by mass spectrometry either in 24 h 30 uM N-BP-treated cell extracts (A) or in
pulse N-BP-treated cell extracts collected 12 h after exposure (B). For pulse treatments, 18 h of
serum-starvation was used, after which the cells were treated with 30 pM of drug for 3 h
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Figure 23. The relative intracellular amount of IPP and DMAPP isomers catalyzed by IPP
isomerase. The MCF-7 cells were exposed to 30 uM of N-BP continuously for 24 h (mean+SEM,
n=6). The relative amounts of isomeric compounds, IPP and DMAPP, were determined with a
previously developed quantitative method (Jauhiainen et al. 2009), which is based on mass
spectrometric separation.

In order to elucidate the relationship between isomerization and inhibition of FPPS by N-BPs in
cells, the Kisom values were plotted against the levels of IPP and Apppl (Figure 22). Since the ATP
analog Apppl is a result of the condensation of AMP with IPP (Monkkonen et al. 2006), the total
number of accumulated IPP and Apppl was used in data analyses. The time point of 12 h after drug
removal was selected to represent pulse treatment data in Figure 22. This time point was chosen, in
order to detect the reversibility of the enzyme isomerization. For example, the half-life for the
reversal of the enzyme-RIS isomerized complex has been calculated to be about 5 h (Dunford et al.
2008). Data obtained from both pulse and continuous drug treatments showed significant
correlations between IPP/Apppl production and Kisom (Table 6, Figure 22). Similar correlations were
found when the relationship of either IPP or Apppl alone with Kisem were examined (data not
shown). In both experiments, NE58043 was an outlier. It appeared to be more potent in inducing
IPP/Apppl than its Kisom value would suggest. This is in accordance with the observation in the
study of Dunford et al. (2008), where NE58043 inhibits FPPS better than the parent compound RIS,
but ultimately loses out to RIS in the ability to hold the enzyme-inhibitor in the isomerized state. In
the continuous treatment, inhibitor is present for 24 h until sample collection. Thus, it is likely that
the stability of the isomerization is constant and therefore the reversal of the enzyme-N-BP
isomerized complex cannot be observed. This phenomenon can also be detected during 0-6 h after
pulse exposure (Table 6). Instead, after 6 h of pulse treatment, the correlation between IPP/Apppl
and Kisomwas shown to be good. Therefore, the data from pulse treatments reflects more likely the
real feature of N-BPs, since the inhibitor is present only momentarily and the stability of the
complex can be detected over time. Thus, the time-dependent inhibition of FPPS by different N-BPs
can be seen in the kinetics of formation of IPP and Apppl after the pulse treatment (Figure 21).
Compounds NE58043, NE21650 and NE97220, with lower Kisom, induced fast IPP/Apppl
accumulation and the peak value of IPP/Apppl is reached by 6 h. On the contrary, ZOL, RIS,
NE58062 and NE58027, compounds with higher Kisom, induced maximal IPP/Apppl after 6-12 h of
treatment. In general, all the NE-compounds have relatively low Kisom values, and they induced
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similar amounts of IPP and Apppl in the cells. Therefore, the enzyme inhibition potency of these
agents was demonstrated to be substantially weaker relative to the other N-BPs.

Table 6. The relationship between N-BP-induced IPP/Apppl formation and isomerization
constant shows a significant correlation. The relationship between IPP/Apppl and Kisom was
calculated from pulse and continuous treatment data (shown in Figures 21-22) using
Spearman's correlation (r?). The values of isomerization constant (Kisom) have previously been
established by Dunford et al. (2008). p<0.05 was considered statistically significant.

Treatment Time point (h) r p Value
Pulse 0 0.82 < 0.01
Pulse 1 0.84 < 0.01
Pulse 3 0.74 < 0.05
Pulse 6 0.33 > 0.05
Pulse 12 0.99 < 0.0001
Pulse 24 0.96 < 0.0001
Pulse 48 0.99 < 0.0001
Pulse 72 0.99 < 0.0001
Continuous 24 0.91 < 0.01

In summary, the data indicate that the time-dependent inhibition of FPPS by N-BPs is a
biologically relevant mechanism evidenced by the strong correlation found between the Kisom values
and IPP/Apppl formation by N-BPs. This outcome further supports the use of the Kisom calculations
for evaluation of the overall potency of the novel FPPS inhibitors. Additionally, the data illustrates
that even though the interaction of FPPS with N-BPs is highly complex, IPP/Apppl detection offers
a simple way to monitor the intracellular action of bisphosphonate and non-bisphosphonate FPPS
inhibitor candidates under development.
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9 General Discussion and Future Prospects

Despite their widespread clinical use, the exact biochemical mechanism of action of BPs in
metabolic bone diseases was until recently largely unknown. The study of Monkkonen et al. (2006)
revealed a novel possible mechanism of action of N-BPs, a finding which may partially account for
the antiresorptive and anticancer effects of N-BPs. In addition to preventing protein prenylation, N-
BPs induce the formation of a novel endogenous ATP analog, Apppl, as a consequence of the
inhibition of FPPS, and the subsequent accumulation of IPP. As observed for AppCClp, the
corresponding metabolite from the non-N-BP clodronate, Apppl is a pharmacologically active
compound capable of inducing direct apoptosis in osteoclasts. The current study characterized the
role of the intracellular accumulation of IPP/Apppl in the mechanism of action of N-BPs by
providing more detailed data on IPP/Apppl formation both in vivo and in vitro.

Apppl in vivo

This study provided the first conclusive evidence that Apppl is formed in osteoclasts in vivo, the
pharmacological target cells for BPs, after a single administration of ZOL at a clinically relevant
dose. ZOL-induced IPP/Apppl accumulation by authentic osteoclasts in vivo has not been proven
until now, and therefore this data established that the pro-apoptotic Apppl is a biologically
significant molecule in the action of N-BPs. Additionally, minor amounts of IPP/Apppl were also
detected in non-osteoclast cell fractions. Thus, it is possible that other neighboring cell types in the
bone microenvironment can internalize BPs and consequently accumulate IPP/Apppl.

General characteristics of Apppl formation

All the data from time-course experiments confirmed that Apppl formation results from the
accumulation of IPP after the mevalonate pathway is blocked by N-BPs, and thus suggest that
IPP/Apppl formation can be used as a surrogate marker for N-BP-induced inhibition of FPPS.
Exposure of cells in vitro to N-BPs at varying times (1-72 h) and concentrations (1-100 uM) induced a
time- and dose-dependent accumulation of IPP and consequent Apppl production. The earlier
hypothesis that Apppl formation from IPP may be catalyzed by the same metabolic pathway (i.e.
aminoacyl-tRNA-synthetases) as the ATP analogs of non-N-BPs (Monkkoénen et al. 2006) was
further confirmed in this study, demonstrating that the efficiency of Apppl production from IPP
correlated with clodronate metabolism. In addition to this observed correlation, in vitro results
together with the data obtained after in vivo treatment illustrated that approximately 20 % of IPP
was being converted to Apppl in cells, and 26 % of internalized clodronate was metabolized to
AppCClp, suggesting that the same metabolizing enzymes with same capacity might be
responsible for the Apppl formation from IPP, and for clodronate metabolism. However, to prove
unequivocally that the aminoacyl-tRNA-synthetase family was involved in the production,
experiments with purified enzymes will need to be performed. Confirming the role of the
aminoacyl-tRNA-synthetase in Apppl formation in cells also requires further studies, for example
through siRNA down-regulation of the enzymes thought to be responsible for their synthesis.

IPP and ATP analog formation in cancer cells

The N-BP-induced inhibition of FPPS enzyme of the mevalonate pathway seems to account for their
anticancer effects observed in vitro and for activation of vd T-cells (Stresing et al. 2007). Apoptosis
and growth inhibition have generally been suggested to be the major mechanisms underlying the
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direct anticancer activity of BPs. The mechanism by which BPs inhibit cancer cell growth might be
mediated through the production of cytotoxic ATP analogs, Apppl and AppCClp. We
demonstrated for the first time that BPs can induce the accumulation of ATP analogs, Apppl and
AppCCLp, in cancer cells. However, ZOL-induced IPP/Apppl accumulation and clodronate
metabolism to AppCClp were clearly cell line dependent. Although, the amounts of the metabolites
were independent from the cellular uptake of BP, this does not exclude the possibility that some
differences in the release mechanisms, and consequent intracellular distribution of BPs may still be
involved, which could potentially alter the efficacy of BP in cells. However, most likely, the
differences between the cell lines are related to different activities of the intracellular enzymes, such
as FPPS and/or aminoacyl-tRNA synthetases, since IPP production was seen to correlate with the
capacity of ZOL to inhibit protein prenylation (a surrogate marker for FPPS inhibition), and the
efficiency of Apppl production from IPP correlated with the rate of clodronate metabolism. To
support this hypothesis, Ory and colleagues (2008) have demonstrated resistance to ZOL-induced
apoptosis through higher expression of FPPS. There is also new evidence that the cells with low
IPP/Apppl may have low HMGR expression, an enzyme upstream of FPPS (Benzaid et al. 2011).

Taken together, the data strongly suggests that BPs may have diverse antitumor effects
according to the extent of accumulation of pro-apoptotic ATP analogs within the cells. This was
evidenced by the present study together with the study of Mitrofan et al. (2009) demonstrating that
ZOL-induced IPP/Apppl accumulation as well as inhibition of protein prenylation correlated with
the capacity of different cancer cells to undergo apoptosis, since the cells with low levels of
IPP/Apppl and unprenylated RaplA proteins were resistant to ZOL-induced apoptosis. Our study
also showed that the effect of clodronate on different cancer cell growth inhibition corresponded to
the potency of clodronate metabolism to AppCClzp. Furthermore, as IPP could be recognised by vd
T-cells as tumor antigens (Morita et al. 1995, Tanaka et al. 1995, Gober et al. 2003), this further
implies that regardless of the tumor location and circulating concentrations of BPs, some cancer
cells might not be able to trigger immune response because of low IPP induction after stimulation
with N-BP. An N-BP-based immunotherapeutic approach may therefore only be successful in
certain types of cancer which have a high IPP induction capacity. This hypothesis is supported by a
very recent study demonstrating that Vy9Vo2 T-cell cytotoxicity correlates with ZOL-induced
IPP/Apppl accumulation in breast cancer cells in vitro and in vivo (Benzaid et al. 2011). N-BP-based
immunotherapy may play a major role in the control of cancer and thus, future studies should be
directed to identify the best treatment strategies for different types of cancer.

Overall, the IPP/Apppl formation profiles obtained from the time-course experiments
demonstrated that the levels of IPP/Apppl in cancer cells decreased rather shortly after pulse
treatment with N-BP. This might suggest that in order to achieve more efficacious treatment in
cancer therapy, continuous or frequent pulse treatment with BPs would be needed. This hypothesis
is supported by previous in vivo findings demonstrating that treatment of animals with a single
clinical dose did not reduce the tumor burden, whereas a low dose of ZOL administered to animals
on a daily or weekly intermittent schedule not only inhibited bone destruction, but also exhibited
antitumor effects (Daubine ef al., 2007; Stresing ef al., 2007). However, many studies have shown
conflicting results regarding the optimal dosing regimen for BPs to inhibit the formation of bone
metastases. Also, whether clinically relevant BP doses are sufficient to affect tumor growth is a hotly
debated issue.

Regulation of IPP/Apppl accumulation

In addition to cancer cell type, the kinetic profiles and levels of intracellular IPP and Apppl were
shown to be dependent on the concentration and dosing interval of the N-BP used, and also the on
the FPPS binding characteristics of the drug. Furthermore, ZOL-induced IPP/Apppl levels in cells
can be downregulated by the mevalonate pathway isoprenoids (Chapter 7, Mitrofan et al. 2009,
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Mitrofan et al. 2010). Co-treatment with GGOH, FOH, and especially GGPP significantly reduced
the levels of IPP/Apppl in breast cancer cells, regardless of the ZOL dose. This represents a novel
insight into the mechanism of action of isoprenoids in the regulation of mevalonate pathway after
FPPS inhibition. The results suggest that in addition to the previously reported effects on rescuing
protein prenylation, isoprenoids can salvage cell activity by downregulating IPP/Apppl levels in
cells, presumably by inducing HMGR degradation. This result supports the role of Apppl in
mediating ZOL-induced apoptosis, which is further supported by the study of Mitrofan et al. (2010)
demonstrating that the accumulation of unprenylated proteins is not an absolute prerequisite for
ZOL-induced apoptosis. However, it still remains unclear why the addition of FOH is less effective
than adding GGOH or GGPP in reversing the effects of the drugs. Perhaps, FPP may be routed
towards cholesterol production, resulting in decreased FPP pools available for prenylation and
regulation of the mevalonate pathway (Figure 1). In the future experiments, a squalene synthase
inhibitor should be added together with FPP to the cell cultures in order to eliminate the excess use
of FPP for cholesterol synthesis.

IPP/Apppl analysis as a tool for investigating the intracellular action of the mevalonate pathway inhibitors

The present study has illustrated that mass spectrometric IPP/Apppl analysis is a useful and
sensitive tool for investigating the intracellular action of BPs and other mevalonate pathway
inhibitor candidates under development. The development of new BP analogs with a lower affinity
for bone mineral could increase drug accessibility to soft tissues and therefore offer the prospect of
developing new classes of FPPS inhibitors which may be of clinical use as antitumor drugs or may
even possess more diverse therapeutic applications (Chapter 2.4.2).

Identification of IPP/Apppl formation as a true molecular mechanism of action of N-BPs has
provided further understanding of the differences and similarities between N-BPs and non-N-BPs
in general. Furthermore, IPP/Apppl studies have revealed the potency of N-BPs to affect a wide
range of cellular processes via the inhibition of FPPS, and may also help to explain the observed
preclinical and clinical activity of these compounds.

Future challenges

This study provided further evidence that BP-induced IPP and consequent Apppl accumulation are
important metabolic events underlying the molecular mechanisms of action of BPs. However, one
challenge for future research will be to determine how much the IPP/Apppl accumulation accounts
for the observed effects of N-BPs. Since the isoprenoids of the mevalonate pathway can salvage
protein prenylation, but concurrently inhibit IPP/Apppl accumulation, they cannot be used to
explore the cellular effect of IPP/Apppl. Thus in future studies, liposome-encapsulated IPP and
Apppl could be used for controlled cellular delivery. However, in this kind of experiment, it would
be important to determine the intracellular concentration of IPP/Apppl after N-BP treatment in
order to achieve more reliable results.
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10 Conclusions

This study characterized the role of the intracellular accumulation of IPP/Apppl in the mechanism
of action of nitrogen-containing bisphosphonates (N-BPs) and provided more detailed data on
IPP/Apppl formation both in cultured cancer cells, in vitro, and in an animal model, in vivo. The
main conclusions of the present study are as follows:

1. Single administration of zoledronic acid at a clinically relevant dose induces Apppl
formation in osteoclasts in vivo, the pharmacological target cells for BPs. This finding
confirmes the hypothesis that Apppl is a biologically significant molecule in the action of N-
BPs.

2. BPs induce the accumulation of IPP and pro-apoptotic ATP analogs, Apppl and AppCCLp,
in different cancer cells. However, the accumulation of these metabolites is remarkably cell
line dependent, and this phenomenon is likely attributable to the activity of the intracellular
enzymes responsible for metabolite formation. This provides a potential new mechanism
contributing to the specificity of BPs against different cancer cell types suggesting that BPs
may have wide ranging antitumor effects according to the ability of the cancer cells to
metabolize the cytotoxic compounds.

3. Clodronate metabolism to AppCClp corresponds better than zoledronic acid-induced
Apppl formation to the potency of BP to inhibit cancer cell growth. As N-BPs have a more
complex mechanism of action compared to non-N-BPs, it is possible that no direct
connection between the level of Apppl formation and the observed cellular effects may be
found.

4. IPP and consequently Apppl accumulate in cells in a time and dose-dependent manner, and
even a one-hour pulse treatment with N-BP is sufficient to induce IPP/Apppl formation.
Furthermore, the efficiency of N-BP-induced IPP/Apppl accumulation seems to be
dependent on the cell type, enzyme activities of the FPP synthase and aminoacyl-tRNA
synthetases, and also on the FPP synthase binding characteristics of the drug.

5. N-BP-induced IPP/Apppl accumulation in cells can be inhibited by the mevalonate pathway
isoprenoids, presumably via downregulation of HMG-CoA reductase. This suggests that in
addition to rescuing protein prenylation, isoprenoids can salvage cell activity by inhibiting
IPP/Apppl levels in cells, and thus these results support the hypothesis that Apppl has a
significant role in N-BP-induced apoptosis.

6. IPP/Apppl analysis is a useful and sensitive tool for investigating the intracellular action of
BPs and other mevalonate pathway inhibitor candidates under development. The use of
IPP/Apppl accumulation as a surrogate marker of N-BP efficacy might have applications
both in preclinical models and in clinical trials attempting to clarify the anticancer activities
of N-BPs.
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