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The farnesyl transferase inhibitor R115777 (Zarnestra®™) synergistically
enhances growth inhibition and apoptosis induced on epidermoid cancer
cells by Zoledronic acid (Zometa®) and Pamidronate
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Pamidronate (PAM) and zoledronic acid (ZOL) are
aminobisphosphonates (BPs) able to affect the isoprenyla-
tion of intracellular small G proteins. We have investi-
gated the antitumor activity of BPs and R115777 farnesyl
transferase inhibitor (FTI) against epidermoid cancer
cells. In human epidermoid head and neck KB and lung
H1355 cancer cells, 48h exposure to PAM and ZOL
induced growth inhibition (ICsy 25 and 10 uM, respec-
tively) and apoptosis and abolished the proliferative and
antiapoptotic stimuli induced by epidermal growth factor
(EGF). In these experimental conditions, ZOL induced
apoptosis through the activation of caspase 3 and a clear
fragmentation of PARP was also demonstrated. A strong
decrease of basal ras activity and an antagonism on its
stimulation by EGF was recorded in the tumor cells
exposed to BPs. These effects were paralleled by impaired
activation of the survival enzymes extracellular signal
regulated kinase 1 and 2 (Erk-1/2) and Akt that were not
restored by EGF. Conversely, farnesol induced a recovery
of ras activity and antagonized the proapoptotic effects
induced by BPs. The combined treatment with BPs and
R115777 resulted in a strong synergism both in growth
inhibition and apoptosis in KB and H1355 cells. The
synergistic activity between the drugs allowed BPs to
produce tumor cell growth inhibition and apoptosis at in
vivo achievable concentrations (0.1 umolar for both
drugs). Moreover, the combination was highly effective
in the inhibition of ras, Erk and Akt activity, while
farnesol again antagonized these effects. In conclusion,
the combination of BPs and FTI leads to enhanced
antitumor activity at clinically achievable drug concentra-
tions that resides in the inhibition of farnesylation-
dependent survival pathways and warrants further studies
for clinical translation.
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Introduction

The enzymes of the mevalonate pathway play an
important role in the modulation of several key cellular
proteins, such as ras, rho, P x F and lamins A and B,
because they induce the generation of isoprenoid
intermediates that are required for the post-translational
prenylation of these proteins (Schafer and Rine, 1992;
Tamanoi et al., 2001). Prenylated proteins are critical
intermediates of cell signalling and cytoskeletal organi-
zation (Schafer and Rine, 1992; Tamanoi et al., 2001);
for instance, activated ras proteins trigger a cascade of
phosphorylation events through sequential activation of
the PI3 kinase/AKT pathway, which is critical for cell
survival, and the Raf/Mek/Erk kinase pathway that is
implicated both in cell proliferation and survival (Porter
and Vaillancourt, 1998; Hilger et al., 2002). Ras proteins
are among the most frequently mutated oncoproteins in
human cancers (Haluska ez al., 2002). Ras and other G
proteins require localization to the inner surface of the
cell membrane to function in signal transduction and
cell transformation (Hancock et al., 1989; Aznar and
Lacal, 2001). These G proteins are acylated and/or
prenylated and these modifications act as membrane
anchors for ras. Prenylation is catalysed by farnesyl
transferase or geranylgeranyl transferase I that transfer
to the protein substrate a farnesyl group or a
geranylgeranyl group, respectively (DeSolms et al.,
2003). The synthesis of both farnesyl and geranylgeranyl
residues requires the activity of the farnesyl piropho-
sphate synthase, the upstream enzyme involved in the
cholesterol synthesis chain (Schafer and Rine, 1992).



Therefore, prenylation process is mandatory for the
correct membrane localization and function of several
proteins involved in key cellular processes such as
proliferation, differentiation, adhesion and tumorigen-
esis.

Bisphosphonates (BPs) such as pamidronate
(PAM) and zoledronate (ZOL) are currently used for
the treatment of bone metastases and were initially
thought to act via an inhibition of formation of
osteoclasts from immature precursor cells or direct
inhibition of resorption via induction of apoptosis in
mature osteoclasts (Hughes et al, 1995). Recently,
evidence accumulated that BPs including PAM and
ZOL are also potent inducers of apoptosis in several
cancer cell types such as myeloma (Shipman et al., 1997,
Aparicio et al., 1998; Tassone et al., 2000), breast
(Senaratne et al., 2000), prostate cancer (Lee et al., 2001)
and pancreatic cancer (Tassone er al., 2003), as well
as in macrophage (Rogers et al., 1996) and intestinal
epithelial cell lines (Twiss et al, 1999). These data
indicate that the beneficial effect of BPs on metastatic
bone disease may result also from a direct anticancer
activity that may affect a broad range of tumors.
In addition, nitrogen-containing BPs were shown to
inhibit the farnesyl diphosphate synthase probably by
mimicking the diphosphate moiety (Van Beek et al.,
1999a, b). Therefore, they are inhibitors of the synthesis
also of higher isoprenoids like geranylgeranyl
diphosphate.

A series of specific and potent inhibitors of farnesyl
transferase (FTI) has been synthesized up —to date .
Generally, FTIs are analogues of the COOH CAAX
tetrapeptides of ras that specifically interact with the FT
before transferring the farnesyl residue (Sebti and
Hamilton, 2000). It was generally thought that they
would predominantly inhibit the growth of ras-depen-
dent tumors. However, studies have suggested that ras
may not be the sole or even the main target of these
compounds, and novel intriguing mechanisms have been
hypothesized on the bases of experimental results
(Lebowitz et al., 1997; Lebowitz and Prendergast,
1998; Selleri et al., 2003). Moreover, it was demon-
strated that FTIs can block the activity of a number of
downstream targets of ras that may be involved in cell
survival, such as Erk and Akt (Smalley and Eisen, 2002).
FTIs inhibit the farnesylation of ras and of other small
G proteins involved in cell proliferation and survival,
but alternative mechanisms of prenylation, such as the
geranylgeranylation, also exist (Sebti and Hamilton,
2000). Moreover, an important recent finding is that
FTI inhibition of K-Ras-transformed cells may be
independent of K-Ras inhibition itself (Fiordalisi ef al.,
2003).

All these events together with the occurrence of escape
mechanisms could be the cause of the substantial clinical
failure of FTIs when used alone against human solid
tumors. The combination of BPs and FTIs appears,
therefore, a potential approach for increasing the
antitumor activity of both compounds.

In the present paper, we have investigated
growth inhibition and apoptosis induced by PAM and

R115777 and bisphosphonates on epidermoid cancer cells
M Caraglia et al

ZOL in human epidermoid cancer cells. We have
characterized the molecular targets of BPs and the
interaction with the EGF-dependent signalling and we
have specifically investigated the effect induced by the
BPs on the Akt and Erk survival pathways. We have
studied the pharmacological interactions between BPs
and the FTI R115777 in order both to reduce BPs
concentration required for the antitumor activity and to
overcome potential mechanisms of cell resistance to
R115777. We have actually studied the effects of the
combination on growth inhibition and apoptosis of
human epidermoid cancer cells and we have again
characterized the molecular targets involved in such
effects.

The main goal of our investigation has been the
study of a molecularly based rational model of
antitumor treatment based on BPs and FTI
combination.

Results

PAM and ZOL induce growth inhibition and apoptosis in
human epidermoid cancer cells that are not antagonized
by EGF

We have evaluated the effects of BPs and EGF on
growth inhibition of both human head and neck cancer
KB and lung H1355 cell lines.

PAM and ZOL induced a time- and dose-dependent
growth inhibition in both cell lines (Figure la and b).
The 50% growth inhibition was reached at PAM
concentration of 25uM and ZOL concentration of
10 uMm after 48h of treatment in both cell lines
(Figure la and b). On the other hand, 72h 10nM
EGF alone caused proliferation and an about 35%
increase of the cell number in the S phase fraction of the
cell cycle on both cell lines (Figure 1c and data not
shown). The concomitant exposure of KB and H1355
cells to 10nM EGF for 48 and 72h did not, however,
antagonize the growth inhibition induced by the BPs
(Figure 1c).

In these experimental conditions, apoptosis was
detected in both cell lines. In fact, endonucleosomal
DNA fragmentation and an increase of apoptosis was
determined by 48h 25uM PAM and 10uM ZOL on
about 50% of KB cell population as assessed with gel
ladder and FACS analysis after PI labelling, respectively
(Figure 2a, d and f). Also in this case, the concomitant
addition of 10nM EGF for 48h was not able to
antagonize the effects induced by PAM and ZOL on
the epidermoid cancer cells (Figure 2a, e and g). Similar
effects were produced also by the addition of 25um
PAM and 10uMm ZOL to HI1355 cells for 48h
(Figure 2h). Also in the latter case, EGF was not able
to antagonize the effect induced by BPs (Figure 2h).
These data indicate that BPs exert direct growth
inhibitory and proapoptotic effects on human
epidermoid cancer cells and also desensitizes tumor cells
to the growth promoting and antiapoptotic effects
of EGF.
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Figure 1 PAM induces growth inhibition that is not antagonized by EGF in human epidermoid cancer cells. KB and H1355 cells were
seeded and treated with PAM (a) or ZOL (b) as described in Materials and methods. (a, b) % growth inhibition induced by different
concentrations of PAM (a) and ZOL (b) in human KB and H1355 cells evaluated with hemocytometric cell count. The 48 h (H) and
72h () PAM- or ZOL-treated KB cells and 48 h (e) and 72h (O) PAM- or ZOL-treated H1355 cells. Each point is the mean of at
least four different replicate experiments. Bars, s.e.’s. (¢) KB and H1355 cells were seeded and treated with 25 uM PAM or 10 uM ZOL
and/or 10nM EGF for 48 and 72h as described in ‘Materials and methods’. The effects on proliferation are expressed as % of cell
growth as compared to untreated cells. EGF: 10 nM EGF-treated cells; PAM: 25 uM PAM-treated cells; ZOL: 10 uM ZOL-treated cells;
PAM + EGF: 10nM EGF and 25 um PAM-treated cells; ZOL + EGF:10 nM EGF and 10 um ZOL-treated cells. Each point is the mean

of at least four different replicate experiments. Bars, s.e.’s

Caspase cascade is involved in the apoptosis induced by
ZOL in KB cells

We have also investigated on the role of caspase activity
in the apoptosis induced by ZOL. We have treated KB
cells with different and specific inhibitors of caspases
added to the medium 1 h before the treatment with ZOL
for 48h and, then, apoptosis was evaluated at FACS
analysis. We have found that the pancaspase inhibitor
VADfmk and caspase 3 inhibitor DEVDfmk completely
antagonized the apoptosis induced by ZOL (Figure 3b, c
and e). In fact, ZOL induced 49% apoptosis, while the
pancaspase and caspase 3 inhibition restored apoptosis
to control values (9%) (Figure 3b, ¢ and e). On the other
hand, the inhibition of caspases 6, 8 and 1 antagonized
only in part the apoptosis induced by ZOL. In fact, in
caspase 6 inhibitor-treated cells, ZOL induced an about
26% apoptosis (Figure 3d). Moreover, in caspase 8
inhibitor-treated and caspase 1 inhibitor-treated cells,
apoptosis was found in about 27 and 30% of cells,
respectively (Figure 3f and g, respectively). We also
found that exposure of KB cells to 10 uM ZOL for 48 h
increased PARP cleavage, a key enzyme in the apoptotic
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cascade, as demonstrated by Western blot analysis,
which showed the appearance of an 89kDa cleavage
product in treated cells (Figure 3h). Therefore, caspase
cascade is involved in the apoptosis induced by ZOL in
epidermoid cancer cells and caspase 3 seems to be
essential for the occurrence of programmed cell death in
these experimental conditions.

BPs effects on tumor cell apoptosis and ras signalling are
caused by inhibition of protein isoprenylation

Since BPs affect the isoprenyl synthesis in tumor cells
and an important mechanism of activation of ras (one of
the major downstream enzymes of the EGF-dependent
pathway) is its isoprenylation, we have evaluated the
effects of BPs on ras activity. Notably, in this and all the
following experiments, EGF was added for short-term
exposures in order to evaluate the responsiveness of
each signaling component to its physiological ligand.
We have found that 48 h 25 uM PAM or 10 uM ZOL did
not induce changes of the ras expression levels but
caused an about 60% decrease of ras activity as
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Figure 2 Apoptotic effects of PAM on human epidermoid KB cells. (a) The internucleosomic DNA fragmentation was assessed as
described in ‘Materials and methods’. The exposure of KB cells to PAM (25 uM) or to ZOL (10 uM) for 48 h induced apoptosis that was
not antagonized by the concomitant addition of 10 nM EGF. The experiments were performed at least three times and the results were
always similar. CTR, untreated; EGF, 48h 10nM EGF; PAM, 48h 25 umM PAM; EGF + PAM, 48h 10nM EGF and 25uMm PAM,;
ZOL,48h 10 uMm ZOL; EGF 4+ ZOL, 48 h 10nM EGF and 10 uM ZOL; MW, molecular weights. (b-g) FACS analysis after PI labelling
of KB cells treated with 25 uM PAM and/or 10 nM EGF for 48 h. (b) Control cells; (¢) 48h 10nM EGF-treated cells; (d) 48 h 25 um
PAM-treated cells; (e) 48 h 25 uM PAM- and 10 nM EGF-treated cells; (f) 48 h 10 uM ZOL-treated cells; (g) 48h 10 nM EGF and 10 um
ZOL-treated cells. The experiments were performed at least three times and the results were always similar. Bars, % of apoptotic cells.
(h) FACS analysis after PI labelling of H1355 cells treated with 25 mM PAM or 10 uM ZOL and/or 10 nM EGF for 48 h. Percentage of
apoptotic cells is expressed as columns. The experiments were performed at least three times and the results were always similar. CTR,
untreated; PAM, 48 h 25 uMm PAM; ZOL, 48 h 10 um ZOL; EGF, 10 min 10 nM EGF; EGF 4+ PAM, 10 min 10 nM EGF and 48 h 25 um
PAM; EGF +ZOL, 48h 10nM EGF and 10 uM ZOL. Bars, s.e.’s
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Figure 3

Involvement of caspase cascade in the apoptosis induced by ZOL in human epidermoid cancer cells. (a—g) We have treated

KB cells with different and specific inhibitors of caspases added to the medium 1 h before the treatment with ZOL for 48 h and, then,
apoptosis was evaluated at FACS analysis as described in ‘Materials and methods’. (a) Control cells; (b) 48 h 10 uM ZOL-treated cells;
(¢) 48h 10 uM ZOL and 10 uM VAD fmk-treated cells; (d) 48 h 10 uM ZOL and 10 uM VEID fmk-treated cells; (e) 48 h 10 um ZOL and
10 uM DEVD fmk-treated cells; (f) 48h 10 uM ZOL and 10 uM IETD fmk-treated cells; (g) 48h 10 um ZOL and 10 uM YVAD fmk-
treated cells. The experiments were performed at least three times and the results were always similar. Bars, % of apoptotic cells. (h)
Detection of PARP in KB cells after ZOL treatment. Western blotting analysis was performed on protein extracts from solubilized
whole-cell pellets from KB cell lines after 48 h exposure to ZOL (10 uM), demonstrating abundant cleaved species of PARP in lysates
for drug-exposed cells. The experiments were performed at least three times and the results were always similar

evaluated by Western blotting analysis and affinity
precipitation with the minimal binding domain of raf-1,
respectively (Figure 4a—c). As expected, EGF alone
induced an increase in the activity of ras in the absence
of changes in its expression (Figure 4a-c), but the
concomitant exposure to 10nM EGF was not able to
antagonize the effects of BPs on both ras expression and
activity (Figure 4a-c), suggesting that the lack of
activation of ras by the EGF-R was the cause of
signalling inhibition produced by BPs. In order to
investigate on the role of protein prenylation on ras
signalling and apoptosis induced by BPs, we have
exposed PAM- and ZOL-treated KB cells to farnesol.
We have found that farnesol was indeed able to
antagonize the proapoptotic effects of BPs (Figure 4f
and h) as evaluated by FACS analysis. In fact, in KB
cells treated for 48h with 25uM PAM or 10um ZOL
plus 1 uM farnesol, only about 10% of cell population
was apoptotic (Figure 4f and h). We have found that at
the same experimental conditions, 25uM PAM and
10 uM ZOL decreased ras signalling activity, which was,
however, almost completely restored by the concomitant
treatment with farnesol as evaluated by Western
blotting analysis and an affinity precipitation assay
(Figure 4i and j, respectively). We have also performed
the concomitant treatment of tumor cells with BPs and
EGF for 48 h and again EGF was not able to antagonize
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the effects of BPs on ras expression and activity (data
not shown). All together, these findings indicate that the
effects of BPs on apoptosis and ras-signalling in human
epidermoid tumor cells rely on the inhibition of
isoprenylation of critical transducing proteins.

Effects of BPs on terminal survival Erk and Akt enzymes

We have evaluated the effects of PAM and ZOL on the
terminal enzymes of the survival MAPK pathway, Erk-1
and Erk-2. We have found that both 48 h 25 umM PAM
and 10 uM ZOL induced an about threefold decrease of
Erk-1 and 2 activity as evaluated with a Western
blotting assay using a Mab raised against the phos-
phorylated/activated isoforms of the two enzymes
(Figure 5b). On the other hand, at the same experi-
mental conditions, BPs did not induce substantial
changes of Erk-1/2 expression, thus suggesting a
direct effect on enzyme activation induced by the
upstream regulators more than that on enzyme
expression/content (Figure 5a). Tumor cell exposure
for 10min to 10nM EGF alone induced a twofold
increase of enzyme activity in epidermoid cells
(Figure 5b), but again it was not able to antagonize
the inhibitory effects of PAM on Erk activity (Figure Sa
and b). Thereafter, we have evaluated the effects of
BPs on another important survival pathway regulated
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Figure 4 Effects of PAM and EGF on ras expression and activity. (a) Western blot assay for the expression of the total ras protein. (b)
Affinity precipitation of ras performed with the minimal binding domain of raf-1 conjugated with agarose for the evaluation of ras
activity as described in “Materials and methods’. (¢) Scan of the bands associated with ras expression and activity was performed with a
dedicated software and the ratio between activated ras and total ras was calculated and expressed as % of control (mean of three
different experiments). Bars, s.e.’s. CTR, untreated; EGF, 10 min 10nM EGF; PAM, 48 h 25 uMm PAM; EGF + PAM, 10 min 10 nM
EGF and 48 h 25 uM PAM; ZOL, 48 h 10 uM ZOL; EGF + ZOL, 48 h 10nM EGF and 10 uM ZOL. The experiments were performed at
least three different times and the results were always similar. (d-h) FACS analysis after PI labelling of KB cells treated with 25 umM
PAM and/or 1 uM farnesol for 48 h. (d) Control KB cells; (e) 48 h 25 uM PAM-treated KB cells; (f) 48 h 25 uM PAM and 1 uM farnesol-
treated KB cells; (g) 48h 10 uM ZOL-treated KB cells; (h) 48h 10 uM ZOL and 1 uM farnesol-treated KB cells. The experiments were
performed at least three different times and the results were always similar. Bars, % of apoptotic cells. Total ras expression (i) and
activity (j) of BPs and/or farnesol-treated KB cells evaluated as described above. CTR, untreated; PAM, 48h 25uM PAM,;
PAM + FAR, 48h 25uM PAM and 1 uM farnesol; ZOL, 48h 10 uMm ZOL; ZOL + FAR, 48h 25uM ZOL and 1 uM farnesol. The
experiments were performed at least three different times and the results were always similar

by EGF and ras, the Akt/PKB signalling. In details,
we have studied both Akt expression and activity
with Western blotting and in gel kinase assay, respec-
tively. We have found that both BPs induced an about

tumor cells in vitro are difficult to be reached in vivo, we
have investigated on a novel experimental approach to
increase the translational potential of our findings.
Specifically, we have combined another isoprenylation

2.5-fold decrease of Akt activity without apparent
modifications of its expression (Figure 5d and c,
respectively). Also, in this case, 10 min 10nM EGF did
not restore Akt activity.

All these data indicate that the effects of BPs on growth
inhibition and apoptosis in epidermoid cancer cells KB
are paralleled by the disruption of two different survival
pathways, both of them important targets of ras function.

BPs and the FTI R115777 have a synergistic effect on KB
cell growth inhibition

Since the concentrations of BPs that are capable to
produce growth inhibitory and proapoptotic effects on

inhibitor (the FTI R115777) with BPs. Thereafter, we
have evaluated the growth inhibition induced by
different concentrations of PAM or ZOL in combina-
tion with R115777 at 48h on KB and H1355 cells. We
have performed these experiments with MTT assay and
the resulting data were elaborated with the dedicated
software Calcusyn (by Chou and Talalay, see also
‘Materials and methods’). With this mathematical
model, synergistic conditions occur when the combina-
tion index (CI) is below 1.0. When CI is less than 0.5, the
combination is highly synergistic. We have found that
the combination of PAM and R115777 was highly
synergistic when the two drugs were used at equitoxic
concentrations while overwhelming concentrations of

Oncogene
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Figure 6 PAM and the FTI R115777 have a synergistic effect on KB cell growth inhibition. We have evaluated the growth inhibition
induced by different concentrations of PAM or ZOL and R115777 at 48 h on KB cells. We have performed these experiments with
MTT assay and the resulting data were elaborated with the dedicated software Calcusyn (by Chou and Talalay) as described in
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used at overwhelming concentrations of ZOL, on growth inhibition of KB (¢) and H1355 (d) cells. CI, combination index. Each point is
the mean of at least four different replicate experiments

either PAM or FTI were not (Figure 6a and b and data
not shown). In synergistic drug combination, the Clsgs
(the combination index calculated for 50% cell survival
by isobologram analysis) were 0.24 and 0.26 for KB and
H1355 cells, respectively (Table 1). Therefore, the
combined use of the two agents was highly synergistic
on the growth inhibition of both cell lines. Dose
reduction indexsy (DRI5g) represents the magnitude of
dose reduction obtained for the 50% growth inhibitory
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effect in combination setting as compared to each drug
alone. In our experimental conditions, the DRI5, of
PAM and FTI were equal to 260 and 280 in KB and 200
and 300 in H1355 cells, respectively, when the two drugs
were used at equitoxic concentrations (Table 1). Also,
ZOL and R11577 combination resulted synergistic on
the growth inhibition of both KB and H1355 cells. In
fact, we have found that the combination of ZOL and
R115777 was highly synergistic when overwhelming
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Table 1 Combination index* (CI) and dose reduction index” (DRI) values for PAM and R11577 combination
Cell lines PAM RI11577 Combination ratio Clsy DRI Interpretation
EDsq (pm) EDsy (wm) (PAM|RI11577)
PAM:260 Strong synergism
KB 0.1 0.1 1:1 0.24 R11577:280 Strong synergism
PAM:260 Strong synergism
HI355 0.2 0.2 1:1 0.26 R11577:280 Strong synergism
Cell lines ZOL RI11577 Combination ratio Clsy DRI, Interpretation
ED\;,) (].ln?) ED\;() (um) (ZOL/R11577)
KB 0.25 0.08 3:1 0.1 ZOL:33 Very strong synergism
R11577:220 Very strong synergism
H1355 0.25 0.08 3:1 0.1 ZOL:33 Strong synergism
RI11577:110 Strong synergism

2Clso were calculated for 50% cell survival (EDs) by isobologram analyses performed with CalcuSyn software. "DRI represents the order of
magnitude (fold) of dose reduction obtained for EDs, effect in combination setting as compared to each drug alone

concentrations of ZOL were used on both KB and
H1355 cells (Figure 6¢c and d, respectively). In these
conditions, the Clsos were 0.1 and 0.25 for KB and
H1355 cells, respectively (Table 1). The DRIs, of both
ZOL and FTI were equal to 30 and 220 on KB and 10
and 110 on HI1355 cells, respectively (Table 1). These
results demonstrate that a strong or a very strong
synergism can be recorded on cell proliferation when the
two drugs are used in combination. Effective concentra-
tions in the combinatory experiments are possible to be
reached in vivo.

BPs and the FTI R115777 have a synergistic effect on
apoptosis in KB cells

We have selected two combinations of R115777 and
PAM that were highly synergistic at Calcusyn elabora-
tion and we have evaluated the apoptotic effects of such
combination with FACS analysis after labelling for
annexin V and at fluorescence microscopy with double
PI and annexin V labelling. We have found that the
treatment with 0.07 uM R115777 and PAM alone for
48 h had no effect on apoptosis of KB and H1355 cells
(Figure 7b, ¢ and f, respectively). In fact, only about 7.5~
10% of cell population was apoptotic (similarly to
control cells) when KB and H1355 cells were treated
with the two drugs alone as demonstrated with FACS
analysis and double fluorescence technique (Figure 7a—
and f and related insets). However, when the cells were
treated with the two drugs in combination for 48h,
about 40% of apoptosis was found in both cell lines
(Figure 7d and f, respectively). Moreover, a great
increase of red or green fluorescent cells was detected
in the combined treatment as compared to the single
treatment points (Figure 7). In the same experimental
conditions, farnesol antagonized the effects of R115777
and PAM combination on the apoptotic onset (Figure
7e and f). In fact, the apoptosis induced by the
combination was completely antagonized by the con-
comitant addition of 1uM farnesol since, at these
experimental conditions, only 9% of apoptosis was

detected on both KB and H1355 cells (Figure 7e and f,
respectively). Analogous results were obtained when KB
and H1355 cells were treated with 0.6 uM ZOL and
0.07 uM R115777 combination since the two drugs alone
caused an about 10% apoptosis and the combination an
about 40-50% of apoptosis on both cell lines
(Figure 7g). Also in this case, farnesol completely
inhibited the synergistic effects of the two drugs
(Figure 7g). Notably, farnesol alone did not cause
significant changes in apoptotic index on both these cell
lines (data not shown). These data suggest that the
synergism on cell growth inhibition induced by BPs and
R115777 could be mediated by the induction of
apoptosis in human epidermoid cancer cells through
the inhibition of farnesylation.

Effects of BP PAM and FTI R115777 combination on
survival signalling

We have evaluated the effects of the PAM/R115777
synergistic combination on signal transduction path-
ways in cancer cells. In details, we have evaluated the
effects on ras expression and activity and we have
performed the laser scanner of the bands associated to
total and activated ras and we have calculated the ras
activation ratio (rasAR) given by the ratio between the
intensities of the bands associated with ras activity and
expression, respectively. We have found that PAM and
R115777 alone induced a 40 and 30% reduction of
rasAR, respectively (Figure 8a—c). However, when cells
were treated with the two agents together, a 80%
decrease of rasAR was recorded (Figure 8a—c). There-
after, we have evaluated the effects of the combination
on two downstream survival signalling targets: Erk and
Akt. PAM and R115777 alone or in combination did
not induce any change of Erk-1/2 expression as
evaluated with Western blot analysis (Figure 8d).
PAM and R115777 alone induced both an about 35%
decrease of Erk activity, while the combination caused
an about 85% decrease of Erk activity (Figure 8e and i1).
PAM and R115777 alone or in combination again did
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Figure 7 BPs and the FTI R115777 combination have a synergistic effect on apoptosis that was antagonized by farnesol
supplementation in KB and H1355 cells. We have selected a combination of R11577 and PAM that was highly synergistic at Calcusyn
elaboration and gave an about 40% growth inhibition. We have evaluated the apoptotic effects of this combination and the
antagonistic activity of farnesol on KB (a—e) and H1355 (f) cells at fluorescence microscopy after PI and anti-annexin V antibody
(photos) and at FACS analysis after anti-annexin V antibody labelling (insets). (a) Control cells; (b) 48h 0.07 um R115777; (¢) 48 h
PAM 0.07 uM; (d) 481 0.07 uMm R115777 and PAM 0.07 uM; (e) 48 h 0.07 um PAM and 0.07 uM R115777 and 1 uM farnesol. Red and
green fluorescent cells were apoptotic. The bars in the insets show the percentage of apoptotic cells. Arrows show apoptotic cells. (f)
The same experiment was performed on H1355 cells, and apoptosis was evaluated at FACS analysis after anti-annexin V antibody
labelling. Apoptotic cells are shown as columns. CTR, control cells; PAM, 48h 0.07 uM PAM; R115777, 48h 0.07 uM R115777;
R115777+PAM 48h, 0.07 um R115777 and 0.07 um PAM; R115777+PAM + FAR, 48h 0.07 uM PAM and 0.07 uM R115777 and
1 uM farnesol. Bars, s.e.’s. (g) The same experiment was performed on KB and H1355 cells using a combination of R115777 and ZOL
that was synergistic on cell growth inhibition at CalcuSyn evaluation. Apoptosis was evaluated at FACS analysis after anti-annexin V
antibody labelling and are shown as columns. CTR, control cells; ZOL, 48h 0.6uMm ZOL; R115777, 48h 0.07uMm RI115777;
R115777+ZOL 48h, 0.07 um R115777 and 0.6 uM ZOL; R115777+ ZOL + FAR, 48h 0.6 uMm ZOL and 0.07 um R115777 and 1 um
farnesol. The experiments were performed at least three different times and the results were always similar. Bars, s.e.’s

not change Akt expression (Figure 8f and i). However, more than additive decrease of ras, Erk and Akt
PAM and R115777 alone induced an about 35 and 20% activities and this effect appears to correlate with the
reduction of Akt activity while the combination caused growth inhibition and apoptotic induction experiments.
a 80% decrease of its activity (Figure 8g and 1i). We also found that when 1 uM farnesol was added to
Therefore, concomitant treatment always induced a KB cells treated with the combination, all the effects on
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the antiapoptotic ras-dependent pathways were antag-
onized providing further support to the concept that
inhibition of prenylation played an essential role in the
antitumor effects of the compound combinations
(Figure 7a—i). These data also suggested that when KB
cells were treated with low concentrations of com-
pounds, the signalling pathways were slightly affected
likely due to the instauration of escape mechanisms
based on alternative isoprenylation pathways (R115777)
or not efficient prenylation inhibition induced by PAM.

Discussion

BPs are commonly used in malignant and benign
diseases involving excessive bone resorption such as
osteolytic bone metastases and osteoporosis. BPs,
particularly PAM and ZOL, have demostrated bene-
ficial effects on skeletal metastases (Coleman et al., 1988;
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Morton et al., 1988; Fleisch, 1991; Averbuch, 1993;
Lipton et al., 1994; Cascinu et al., 1998; Ali et al., 2001;
Vitale et al., 2001). These drugs act through the
induction of osteoclast apoptosis, probably due to the
inhibition of the isoprenylation of proteins required for
the osteoclast survival (Benford et al., 1999; Van Beek
et al., 1999a, b; Luckman et al., 1998). However, a direct
antitumor effect of BPs has been demonstrated in
several cancer cell types such as multiple myeloma
(Shipman et al., 1997; Aparicio et al., 1998; Tassone
et al., 2000), breast (Senaratne et al., 2000), prostate
(Lee et al., 2001) and pancreatic cancer cells (Tassone
et al., 2003). It has been demonstrated that nitrogen-
containing BPs directly induced apoptosis in tumor cells
by affecting enzymes of the cholesterol metabolic
pathway involved in the prenylation of small GTP-
binding proteins (Luckman ez al., 1998). In addition,
BPs have marked antiangiogenetic properties (Wood
et al., 2002) and inhibit the proteolytic activity of matrix
metalloproteinases, mandatory for cell migration and
digestion of the basement membrane (Boissier et al.,
2000).

R115777 is a potent and selective nonpeptidomimetic
competitive FTI (End, 1999; End et al., 2001) with
antitumor activity as demonstrated by several in vitro
and in vivo studies. Although R115777 has been initially
developed as ras inhibitor, it is now clear that antitumor
activity of R115777 may be correlated to the effects on a
variety of proteins that require post-translational
modification by prenylation (Kelland ez al., 2001).

It is well known that EGF is an antiapoptotic factor
and the EGF-induced ras activation has been correlated
to these effects (Tilly ef al., 1992; Peng et al., 1998; Stoll
et al., 1998; Sibilia et al., 2000). In fact, EGF acts
through the binding to its specific receptor, EGF-R, a

<
Figure 8 PAM and the FTI R115777 effects on ras-dependent
survival pathways in KB cells. (a) Western blot assay for the
expression of the total ras protein. (b) Affinity precipitation of ras
performed with the minimal binding domain of raf-1 conjugated
with agarose for the evaluation of ras activity as described in
‘Materials and methods’. (¢) Representation of the ras activation
ratio expressed as the ratio between the relative intensities of the
bands associated with activated ras versus the bands associated
with total ras x 100. The evaluation was performed with the
dedicated software after laser scanner and computer-assisted
acquisition of the bands. The intensity of each band was calculated
in relative intensity as compared to that one of the untreated cells.
Bars, s.e.’s. Determination of the expression (d) and phosphoryla-
tion (e) of erk-1 and 2 evaluated after blotting with an anti-MAPK
and an anti-pMAPK specific Mab, respectively, as described in
‘Materials and methods’. Evaluation of the expression (f) and
activity (g) of Akt analysed with a Western blotting and an in-gel
kinase assay, respectively, as described in Materials and methods.
(h) Expression of the house-keeping protein p-tubulin, used as
loading control. CTR, untreated; PAM, 48h 0.07uM PAM;
R115777, 48h 0.07 um R115777; R115777+PAM, 48h 0.07 um
PAM +0.07 um R115777; R115777+PAM + FAR, 48h 0.07 uM
PAM and 0.07 uM R115777 and 1 uM farnesol. All the experiments
were performed at least three different times and the results were
always similar. (i) Scan of the bands associated with Erk 1/2 and
Akt expression and activity was performed with a dedicated
software and the intensities of the bands were expressed as
arbitrary units (%, mean of three different experiments). Bars, s.e.’s
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transmemembrane protein with a cytoplasmic tyrosine
kinase domain (Garrington and Johnson, 1999; Wid-
mann et al., 1999). The phosphorylation of the
intracytoplasmic tail allows the interaction of EGF-R
with cytoplasmic factors that can induce ras activation
when ras is isoprenylated and, therefore, linked to the
inner side of the cell membrane. In fact, the latter event
allows its interaction for colocalization with EGF-R-
associated nucleotide exchange factors that favor
GTP : GDP exchange and the subsequent ras activation.
The stimulation of ras induces the triggering of several
antiapoptotic and proliferative pathways and causes
dramatic changes in cell shape. One of the most
important survival pathways activated by ras is the
mitogen-activated protein kinase (MAPK) cascade
composed by three intracellular protein kinases
(MKKK, MKK and MAPK), which are sequentially
activated by phosphorylation (Widmann et al., 1999;
Garrington and Johnson, 1999).The cascade finally
induces the stimulation of the MAPKSs, Erk 1 and 2
(Widmann et al., 1999; Garrington and Johnson,
1999)that mediate strong antiapoptotic effects (Aikawa
et al., 1997; Yan and Greene, 1998).

A second important antiapoptotic pathway regulated
by EGF and ras is the signalling via Akt/PKB (Zhou
et al., 2000; von Gise et al., 2001). In fact, it has been
demonstrated that Akt can be activated concomitantly
or independently from Ras->ERK-1/2 signalling by
growth factors (Kuo et al., 2001; Liu et al., 2001; Mitsui
et al., 2001). Additionally, it has been reported that
PC12 pheocromocytoma mouse cells display a protec-
tive Akt-dependent antiapoptotic pathway in response
to hypoxic stimuli (Alvarez-Tejado et al., 2001). The
protection from apoptosis by Akt could be exerted at
mytocondrial level since Akt is involved in the regula-
tion of bcl-related proteins such as Mcl-1 (Kuo et al.,
2001). Recently, it has been reported that Akt functional
inhibition by FTI can be a predictive marker of response
in patients affected by cancer: this latter finding under-
lines the role of the inhibition of survival pathways in
the determination of FTI activity. The occurrence of
tumor cell resistance to FTI has been already described,
based on changes in the FT expression and activity
levels, or on mutational events producing insensitivity of
the FT to FTI or on the activation of alternative
mechanisms of prenylation of ras (i.e. geranylgeranyla-
tion) (Lebowitz and Prendergast, 1998; Sebti and
Hamilton, 2000; Selleri et al., 2003). All these mechan-
isms could be responsible for the poor activity of FTI in
human solid cancers even at biologically active concen-
trations (Smalley and Eisen, 2002).

In the present study, we have investigated if BPs can
induce growth inhibition and apoptosis in epidermoid
cancer cells. A 48-hour treatment with 25 uM PAM or
10um ZOL induced 50% growth inhibition and
apoptosis in KB and H1355 cells and abolished the
proliferative stimulus induced by EGF. At the same
experimental conditions, a decrease of basal ras activity
and an antagonism on its stimulation by EGF was
recorded and the concomitant addition of farnesol to
PAM-treated cells completely inhibited ras inactivation,
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growth inhibition and apoptosis induced by PAM.
These effects were paralleled by impaired activation of
the key survival enzymes Erk 1 and 2 and Akt and by
their desensitization to EGF stimuli. All these latter
effects were again antagonized by farnesol.

Since the concentrations of PAM and ZOL required
for the antiproliferative effects in vitro were far from
those achievable in vivo, we have hypothesized that BPs
should be used in combination with other agents. Based
on the relevance of farnesylation inhibitory effects in the
BPs antitumor activity as suggested by previous findings
and confirmed by our results, we have used the FTI
R115777 together with PAM or ZOL and evaluated the
effects of the combinatory treatment on growth inhibi-
tion and apoptosis. BPs and FTI given in combination
were strongly synergistic since a Cls, less than 0.5 was
recorded with the dedicated software Calcusyn. For
instance, the DRI5y was of about 300-fold for PAM and
FTI. Moreover, both PAM/FTI and ZOL/FTI combi-
nations allowed the compounds to be active in terms of
tumor cell growth inhibition at in vivo achievable
therapeutic concentrations (0.1 uM range for both
drugs). Finally, a potentiation of the proapoptotic
effects of the two drugs was also observed in the same
experimental conditions.

Notably, low concentrations of FTI induced a strong
increase of ras expression with only a moderate
reduction of rasAR that was, on the other hand,
significantly reduced by 0.07 uM PAM. The BPs/FTI
combination was able to restore the complete inactiva-
tion of ras. These data suggest that escape mechanisms
to the inhibition of isoprenylation of ras might be based
on the geranylgeranylation or other prenylating pro-
cesses even if further studies are needed in order to find
the molecular mechanisms which actually produce such
effects in these cells. It could be hypothesized that BPs,
inhibiting the upstream enzyme farnesylpirophosphate
synthase, could prevent alternative pathways based on
geranylgeranylation processes in tumor cells. However,
a number of other proteins, such as the RhoB family,
nuclear lamins and some tyrosin phosphatases, are also
targets of farnesyl transferase (Johnston, 2001) and
might be involved in the observed effects.

The impairment of ras activity induced by the
combined treatment was paralleled by a reduced
stimulation of both the downstream Erk and Akt
survival enzymes. Again, the addition of farnesol to
cells treated with the combination abolished the effects
of BPs/FTI combination on apoptosis and on the
activity of the signalling molecules. These data suggest
that the synergistic growth inhibitory and proapoptotic
effects produced by the BPs/FTI combination involve
the inhibition of both Erk and Akt survival pathways
acting in these cells in a ras-dependent fashion.

In conclusion, we have demonstrated that BPs
induced apoptosis and growth inhibition in epidermoid
cancer cells occur together with depression of ras
signalling and Erk and Akt survival pathways. More-
over, BPs synergistically interacted with FTI both on
antitumor activity and signalling perturbation. At our
knowledge, this is the first report of a synergism between



BPs and R115777 in inducing growth inhibition and
apoptosis in human cancer cells. The combination
between the two inhibitors overcomes the escape
mechanisms from the FTI action, which appear to be
based on the activation of alternative prenylation
processes, and allows the achievement of active BPs
concentrations, which might be achievable in vivo. All
these results in our opinion increase the translational
potential of our in vitro findings and offer the basic
rationale for the design of new combinatory strategies
with BPs and FTIs for the treatment of tumors such as
epidermoid head and neck and lung cancers, which are
scarcely sensitive to conventional therapy, and can also
induce symptomatic bone metastases.

Materials and methods

Materials

DMEM, BSA and FBS were purchased from Flow Labora-
tories (Milan, Italy). Tissue culture plasticware was from
Becton Dickinson (Lincoln Park, NJ, USA). PAM was a gift
of Novartis (Novartis, Basel, Switzerland). BPs were a gift of
Orthobiotech (Orthobiotech, Janssen Research Center, NJ,
USA). Receptor grade EGF, farnesol and protein Sepharose
were purchased from Sigma (St Louis, MO, USA). Rabbit
antisera raised against f-tubulin, Erk-1 K-23 and Erk-2 MAb
C-14 were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Rabbit antiserum raised against PARP was
purchased by Upstate Biotech. (Lake Placid, NY, USA). Anti-
Akt Mab and the relative activity evaluation kit were
purchased by Cell Signalling. Anti-pan-Ras MADb clone 10
and U0126 were purchased from Calbiochem.

Cell culture

The human oropharyngeal epidermoid carcinoma KB and
lung H1355 cancer cell lines, obtained from the American Type
Tissue Culture Collection (Rockville, MD, USA), were grown
in DMEM supplemented with heat-inactivated 10% FBS,
20mM HEPES, 100 U/ml penicillin, 100 gg/ml streptomycin,
1% L-glutamine and 1% sodium pyruvate. The cells were
grown in a humidified atmosphere of 95 air/5% CO, at 37°C.

Drug combination studies

For the study of the synergism between PAM, ZOL and
R115777 on cell growth inhibition of H1355 and KB, the cells
were seeded in 96-multiwell plates at the density of 5 x 10?
cells/well. After 24 h incubation at 37°C, the cells were treated
with different concentrations of R115777 and PAM or ZOL.
Drug combination studies were based on concentration—effect
curves generated as a plot of the fraction of unaffected
(surviving) cells versus drug concentration (Chou and Talalay,
1984) after 72h of treatment. To explore the relative
contribution of each agent to the synergism, three combina-
tions with different R115777/BP molar ratios were tested for
each schedule: equiactive doses of the two agents (ICsg), higher
relative doses of R115777 (ICy5 of R115777/1C,5 of BP) and
higher relative doses of BP (IC,s of R115777/IC75 of BP).
Assessment of synergy was performed quantitating drug
interaction by Calcusyn computer program (Biosoft, Fergu-
son, MO, USA). The CI values of <1, 1 and >1 indicate
synergy, additivity and antagonism, respectively (Chou ez al.,
1994).
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Western blot analysis

KB cells were grown for 48 h with or without PAM or ZOL
and/or EGF and/or R115777 at 37°C. For cell extract
preparation, the cells were washed twice with ice-cold PBS/
BSA, scraped, and centrifuged for 30 min at 4°C in 1 ml of lysis
buffer (1% Triton, 0.5% sodium deoxycholate, 0.1 M NaCl,
ImM EDTA, pH 7.5, 10 mM Na,HPO,, pH 7.4, 10 mM PMSF,
25mM benzamidin, 1mM leupeptin, 0.025U/ml aprotinin).
Equal amounts of cell proteins were separated by SDS-PAGE.
The proteins on the gels were electrotransferred to nitrocellu-
lose and reacted with the different MAbs.

Affinity precipitation of Ras

KB cells were treated with PAM or ZOL and/or EGF and/or
R115777 as described above. The cells were lysed in the Mg?*
buffer containing 20 mM HEPES, pH 7.5, 150 mM NaCl, 1%
Igepal CA-630, 10mM MgCl,, I mM EDTA and 2% glycerol.
Then, 10 ul Ras-binding domain (RBD) conjugated to agarose
was added to 1 mg of cell lysate and the mixture was incubated
at 4°C for 1h. The agarose beads were collected by
microcentrifugation at 14000 g for 5s and washed three times
with Mg "2 buffer. The agarose beads were boiled for 5min in
2 x Laemmli sample buffer and collected by a microcentrifuge
pulse. The supernatants were run on 12% SDS-PAGE, then
the proteins were electrotransferred on a nitrocellulose film.
The nitrocellulose was incubated overnight with 1 ug/ml of
anti-Ras Mab, clone RAS10 and with a secondary Mab, a goat
o-mouse HRP-conjugated IgG, for 1.5h. The film was washed
with PBS/0.05% Tween 20 and detected by ECL, chemilumi-
nescence’s technique (Amersham).

Internucleosomal DNA fragmentation (Ladder)

For all apoptosis evaluation experiments (gel ladder and
FACS analysis), both attached and suspended cells were
collected prior the processing. DNA fragmentation was
measured after extraction of low molecular weight DNA.
Briefly, 10 x 10° cells were resuspended in 900 ul 1 x Tris-
EDTA buffer and lysed with 25ul 20% SDS. DNA was
precipitated in ethanol for 6 h in the presence of 5M NaCl. The
high molecular weight fraction was sedimented by high-speed
centrifugation, and the fragmented DNA was extracted from
the aqueous phase with phenol and chloroform and then
precipitated with ethanol. After resuspension in water, DNA
was electrophoresed using 1.5% agarose gel and visualized by
UV light following ethidium bromide staining.

Flow cytometric analysis of apoptosis

Apoptotic cell death was analysed by Annexin-V-FITC
staining and by propidium iodide (PI) detection systems.
Annexin-V-FITC binds to phosphatidylserine residues, which
are translocated from the inner to the outer leaflet of the
plasma membrane during the early stages of apoptosis.
Labelling of apoptotic cells was performed using an Annex-
in-V kit (MedSystems Diagnostics, Vienna, Austria). Briefly,
cells were incubated with Annexin-V-—FITC in a binding buffer
(provided by the manufacturer) for 10 min at room tempera-
ture, washed and resuspended in the same buffer as described
by the manufacturer. Analysis of apoptotic cells was
performed by flow cytometry (FACScan, Becton Dickinson).
PI analysis of apoptosis was performed using a commercial kit
(MedSystems Diagnostics, Vienna, Austria). The cells were
washed in PBS, resuspended in 190 ul of prediluted binding
buffer (1:4) and incubated for 10 min with 10 ul of the 20 mg/
ml PI stock solution, and then the apoptotic cells were
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analysed by FACScan flow cytometer. For each sample,
2 x 10* events were acquired. Analysis was carried out by
triplicate determination on at least three separate experiments.
Experiments of apoptosis induction have been also performed
in the presence or absence of specific caspase inhibitors.
DEVD-fmk is a specific inhibitor of caspase 3, VEID-fmk of
caspase 6, DEVD-fmk of caspase 3, IETD-fmk of caspase 8,
YVAD-fmk of caspase 1 and VAD-fmk is a pancaspase
inhibitor (all purchased from Calbiochem, Milan, Italy).

AKT kinase assay

KB cells were treated with PAM or ZOL and/or EGF and/or
R115777 as described above. At the time of processing, 1 ml
ice-cold cell lysis buffer (20mMm TRIS, pH7.5, 150 mM NaCl,
1mMm EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium
pyrophosphate, 1mM f-glycerophosphate, 1mM sodium
orthovanadate, 1 pug/ml leupeptine, 1 mM PMSF) was added
to cells that were incubated on ice for 10 min. The cells were
collected and transferred to microcentrifuge tubes and
centrifuged at 1200g for 10min at 4°C. The supernatants
were collected and precipitated with 20 ul of IG1 anti-Akt
monoclonal antibody immobilized with agarose beads (Cell
Signaling Technology, MA, USA) by o/n incubation with
gentle rocking at 4°C. The resulting immunoprecipitates were
then incubated for 30min at 30°C with 1ug GSK-3 fusion
protein (Cell Signaling Technology) in the presence of 200 uM
ATP and kinase buffer 25mMm TRIS, pH 7.5, 5mM -
glycerophosphate, 2mM dithiotreitol, 0.1 mM sodium ortho-
vanadate, 10mM MgCl,). The reaction was terminated with
the addition of 20 ul 3 x SDS sample buffer. The supernatants
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