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1 Bisphosphonates are inhibitors of tumor cell growth as well as of bone resorption by inducing
cell apoptosis. However, little is known regarding the mechanisms by which the drug induces cell
apoptosis. The aim of the present study was to determine the effect of alendronate, one of the
nitrogen-containing bisphosphonates on the phoshoinositide 3-kinase (PI3K)-Akt—-NFxB pathway,
the major cell survival pathway.

2 The PI3K-Akt-NFxB pathway was activated in the osteosarcoma cell line MG-63 treated with
tumor necrosis factor-o or insulin. Saos-2 was also used in some experiments. This was assessed by the
production of phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P;), increased PI3K activity,
phosphorylation of Akt at serine 473 and threonine 308, increase in activity of the inhibitor of nuclear
factor kB (IxB) kinase (IKK) and finally phosphorylation of IxB and its subsequent degradation.

3 Pretreatment with alendronate at 100 uM for 24 h prior to the stimulation with tumor necrosis
factor-o or insulin partially inhibited the IxB phosphorylation and degradation. These events were
more clearly observed in the presence of inhibitors of proteasomes, which are responsible for the
degradation of IkB. The drug also partially inhibited the activity of IKK, but almost fully inhibited
the phosphorylation of Akt and the production of PtdIns(3,4,5)P;.

4 The inhibitory effect of alendronate on IxB phosphorylation and degradation was not attenuated
by the exogenous addition of geranylgeraniol to replenish the cytosolic isoprenyl lipid substrate.

5 The present findings demonstrate that alendronate inhibited the PI3K-Akt-NF«B cell survival
pathway at the point of PI3K activation, thus indicating the presence of new targets of alendronate.
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Introduction

Bisphosphonates (BP) are inhibitors of bone resorption. They
have been used for more than 30 years clinically, and are now
most widely used in the treatment of patients who have bone
diseases such as osteoporosis, Paget’s disease, hypercalcemia
and metastatic cancer in the bones (Russell & Rogers, 1999).
The possibility of their use in the treatment of rheumatoid
arthritis, periodontal disease (Binderman er al., 2000; Kaynak
et al., 2003) and reconstruction of bone in orthopedics (van der
Poest Clement et al., 2002) is also being investigated. BP are
analogues of pyrophosphates, and can be separated into two
classes based on their structure, non-nitrogen-containing BP
and nitrogen-containing BP (or amino-BP). Non-nitrogen-
containing BP can be metabolically incorporated into non-
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hydrolysable analogues of ATP for osteoclast apoptosis (Firth
et al., 1997). It has been suggested that amino-BP affect
osteoclast function by inhibiting protein prenylation of the
small GTP-binding regulatory protein (G protein) in the
mevalonate pathway (Luckman et al., 1998). Briefly, amino-
BP inhibit the synthesis of farnesyldiphosphate and geranyl-
geranyldiphosphate which are absolutely required for the
prenylation of small G proteins, since this modification is
essential to anchor the proteins in plasma membranes allowing
participation in protein—protein interactions. Amino-BP also
affect osteoclast function, including causing loss of the ruffled
border, disruption of the actin cytoskeleton and induction of
osteoclast apoptosis (Sato & Grasser, 1990; Fisher et al., 1999).
It has also been reported that BP inhibit the differentiation of
osteoclast precursors (Schmidt et al., 1996). Although Halasy-
Nagy et al. (2001) reported that the use of amino-BP,
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alendronate and risedronate, to inhibit bone resorption did not
cause cell apoptosis, it is generally accepted that the inhibition
of bone resorption by this drug can be attributed to the
induction of osteoclast apoptosis (Hughes et al., 1995; Rodan
& Fleisch, 1996; Ebetino et al., 1998).

Recent reports have also suggested that amino-BP can act
directly on the growth of tumor cells by inducing the apoptosis
of tumor cells such as myeloma cells (Shipman et al., 1998),
breast cancer cells (Jagdev et al., 2001) and osteosarcoma cells
(Cheng et al., 2004). However, the mechanism of the effect on
cancer cells in bone has not been investigated.

The Akt activation pathway is known to be a major cell
survival pathway (Li et al., 1999; Ozes et al., 1999), which
subsequently activates the nuclear transcription factor, nuclear
factor kB (NFxB). This regulates the gene expression involved
in immunity, stress responses, inflammation and the inhibition
of apoptosis, thus providing appropriate conditions for cell
survival (Foo & Nolan, 1999; Ozes et al., 1999). Akt is one
of the targets of phoshoinositide 3-kinase (PI3K) (Toker &
Cantley, 1997), and contains the pleckstrin homology domain
which directly binds phosphatidylinositol 3.,4,5-trisphosphate
(PtdIns(3,4,5)Ps), a product of PI3K activation.

In the present study, we investigated the mechanisms by
which amino-BP exert antitumor actions. We determined the
effect of alendronate, one of the amino-BP currently widely
used clinically, on each step of the cellular signaling involved
in the cell survival pathways as described above, using the
osteosarcoma cell line MG-63. In some experiments, another
cell line, Saos-2, was also used. We mainly used tumor necrosis
factor-o (TNFo) to stimulate the pathway, and insulin in some
experiments, because we have experience with experiments
using TNFo (Sandra et al., 2002). Alendronate was found to
inhibit PI3K activation, an initial step of the cell survival
pathway examined. The subsequent processes, including the
activation of Akt and NFxB, were also inhibited, thus
indicating a new target for alendronate.

Methods

Cell culture and treatment with alendronate

MG-63 and Saos-2, supplied by Teijin Pharma (Tokyo,
Japan), were cultured in Dulbecco’s minimum essential
medium (DMEM) and 10% fetal bovine serum in a humidified
atmosphere of 5% CO, at 37°C. The medium was changed
every 3 days. The cells were passaged twice a week. Cells were
cultured in a six-well dish overnight in medium containing
serum, and then cultured for 12h in a serum-free medium,
followed by treatment with alendronate at 100 uM for 24h
prior to the stimulation with TNFa or insulin. In assays using
a proteasomal inhibitor, lactacystin (10 uM) or N-acetyl-
leucine-leucine-norleucine-CHO (ALLN, 50 uM), the chemical
was added 2 h before the stimulation.

Experiments on cell death

MG-63 cells (30 x 10* cells) were cultured as described above,
followed by starvation for 12h, with or without TNFu at
5ngml~!. Alendronate (100 uM) and geranylgeraniol (GGOH,
20 uM) were then added and cultivated with the cells for 24 h.

Cells attached to dishes were collected and viability was
assessed using the trypan blue exclusion test.

Immunoblotting

Following the stimulation with 5ngml~" TNF« for the period
indicated or 10 ngml~" insulin for 10 min, cells were incubated
with lysis buffer (20 mM Hepes buffer at pH 7.2, 150 mM NaCl,
2mM EDTA, 1% Triton X-100, 50mM sodium fluoride,
40 mM sodium f-glycerophosphate, 2mM sodium orthovana-
date, 30 mM sodium pyrophosphate and a cocktail of protease
inhibitors (see below)) on ice for 10 min and scraped. Extracts
were separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyvinyl-
idene difluoride sheet. After blocking with 5% skimmed milk
in a Tris-buffered saline (150 mM NaCl and 20 mM Tris-HCl
at pH 7.2), the sheet was incubated with the first antibody of
interest. The secondary antibody was horseradish peroxidase-
conjugated donkey anti-rabbit IgG antibody, followed by
detection using the ECL system (Amersham). The cocktail of
protease inhibitors contained 10 uM aprotinin, 10 uM pepstatin
A, 10uM leupeptin and 1mM p-amidinophenylmethane-
sulfonyl fluoride. Concentration of TNFo used (5ngml~!) was
determined based on the results described in Results section.

Inhibitor of NFxB (IkB) kinase (IKK) activity assay

Following the stimulation with Sngml™' TNFa for the
period indicated, cells were scraped and lysed in an ice-cold
buffer containing 20 mM Tris-HCI at pH 8.0, S00 mM NaCl,
1mM EDTA, 1 mM EGTA, 10 mM f-glycerophosphate, 10 mmMm
sodium fluoride, 10mM p-nitrophenyl phosphate, 300 uM
sodium orthovanadate, 1 mM benzamidine, 1 mM dithiothrei-
tol, 0.25% Nonidet P-40 and the protease inhibitor mixture
described above. The supernatant, obtained by centrifugation
at 12,000 x g for 10min at 4°C was immunoprecipitated with
anti-IKK f antibody. Half of the immunoprecipitated samples
were analyzed for IKK activity using a method similar to that
described by Subha & Kundu (2003). Briefly, the immunopre-
cipitates were incubated with recombinant IxB-o (C-15, Santa
Cruz Biotechnology, Santa Cruz, CA, U.S.A.) in a kinase
assay buffer (20mM Tris-HCI at pH 7.7, 2mM MgCl,, 10 uM
ATP containing 3 uCi of [y-*P]JATP, 10mM p-glycerophos-
phate, 10mM sodium fluoride, 10mM p-nitrophenyl phos-
phate, 300 uM sodium orthovanadate, 1 mM benzamidine,
1 mM dithiothreitol and a protease inhibitor mixture) at 30°C
for 10 min. The reaction was stopped by the addition of SDS-
sample buffer. The sample was resolved by SDS-PAGE,
followed by autoradiography. The remaining half of the
immunoprecipitates was analyzed for quantification of IKKp
by immunoblotting using the specific antibody.

PI3K activity assay

MG-63 cells treated with or without 100 uM alendronate for
24 h, or together with 25 uM LY 294002 for 2 h were stimulated
with 5ngml™' TNF« for 10min. The cells were scraped
and lysed in 500 ul of lysis buffer (20mM Tris-HCI buffer
at pH 8.0, 137mM NaCl, Il mM MgCl,, 10 % Nonidet P-40,
1 mM dithiothreitol, 0.4 mM sodium orthovanadate and 1 mM
p-amidinophenylmethanesulfonyl fluoride). The cell lysate
collected by centrifugation was incubated with 25 ul of protein
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G-Sepharose, which had previously been conjugated with
polyclonal anti-PI3K (p85«) antibody (Santa Cruz Biotechnol-
ogy) overnight at 4°C. The beads were washed with each of the
following buffers: buffer A (PBS containing 1% Nonidet P-40
and 1mM dithiothreitol), buffer B (0.1 M Tris-HCl buffer
at pH 7.6, 0.5M LiCl and 1mM dithiothreitol) and buffer
C (10mM Tris-HCI buffer at pH 7.6, 0.1 M NaCl and 1 mMm
dithiothreitol), followed by incubation with 0.5mgml™!
phosphoinositide fraction in a reaction mixture (50 mmM MgCl,,
100 mM Hepes buffer at pH 7.6, 250 uM ATP containing 5 uCi
of [y-**P]ATP at 30°C for 10 min). The reaction was stopped by
adding 15 ul of 4N HCl and 130 ul of CHCls-methanol (1: 1 by
volume). After vortexing for 30s, 30 ul from the phospholipid-
containing chloroform phase was spotted onto a potassium
oxalate-impregnated silica-gel 60 plate and developed in a thin
layer chromatography tank with a solvent containing CHCls-
methanol-NH,OH-H,O (60:27:20:11.3 by volume). The
plate was activated by 15min at 110°C before spotting. After
the solvent front reached the top, the plate was dried and
labeled phospholipids were detected by autoradiography on
X-Omat film (Kodak).

PtdIns(3,4,5)P; production assay

MG-63 cells treated with 100 uM alendronate for 24h or
25 uM LY294002 for 2h were washed three times with saline
containing 30mM Hepes buffer at pH 7.4, 110mM NaCl,
10mM KCI, ImM MgCl, and 10mM glucose, followed by
incubation with [**PJorthophosphate (125 uCi ml™!) for 3h at
37°C. After extensive washing, cells were stimulated with
5ngml~! TNFo or 10ngml~! insulin for 10 min, and then any
activity was halted by adding 1 ml of 10% trichlorocetic acid.
After 15min on ice for quenching, the dishes were scraped and
washed once with 0.5ml of 10% trichloroacetic acid. The cell
lysates were centrifuged for Smin at 13,000 x g, and the
resulting pellet was washed with 5% trichloroacetic acid and
ImM EDTA. Lipids were extracted for 20 min in 0.75ml of
CHCl3-methanol-HCI (40:80:1 by volume) containing the
antioxidant BHT (0.63 mgml™") and phosphoinositides as cold
carrier. The phases were then split by the addition of 0.25ml
of CHCI; and 0.45ml of 0.1 M HCI. The lower phase, obtained
after 1min centrifugation at 13,000 x g, was re-extracted
once with 0.45ml of the synthetic lower phase. The lower
phases were pooled and dried down by N, bubbling. Then,
phospholipids were dissolved into 50 ul of methanol-CHCl;
(1:5 by volume) and spotted onto a potassium oxalate-
impregnated silica-gel 60 plate and developed in a thin layer
chromatography tank with a solvent containing CHCl;-
methanol-acetone-CH;COOH-H,O (7:5:2:2:2 by volume).
After the solvent front reached the top, the plate was dried and
labeled phospholipids were detected by autoradiography on
X-Omat film (Kodak).

Radioligand binding assay

Cells were cultured in CulturPlate-96 (Perkin-Elmer Life
Sciences, Norwalk, CT, U.S.A.) overnight, starved for 12h
and then incubated with 100 uM alendronate. After washing
with ice-cold phosphate-buffered saline containing 0.1%
bovine serum albumin, the cells were incubated with
['**IITNF« (Perkin-Elmer Life Sciences) at various concentra-

tions for 2h at 4°C. The cells were washed three times with
phosphate-buffered saline, and then the radioactivity obtained
after mixing with 200 ul of Microscint™ 40 (Packard) was
counted using Top Count NXT™ (Perkin-Elmer Life
Sciences). Nonspecific binding was also assayed in the presence
of 1000-fold excess of unlabeled TNFo, and was subtracted
from the total binding to yield the specific binding.

Reagents

Alendronate (4-amino-1-hydroxybutylidene-1, 1-bisphospho-
nate) was a gift from Teijin Pharma (Tokyo, Japan). A stock
solution of alendronate (10 mM) was prepared in Dulbecco’s
phosphate-buffered saline (Sigma, St Louis, MO, U.S.A.), and
sterilized by filtration. Human recombinant TNFe, lactacystin
and ALLN were obtained from Calbiochem (San Diego, CA,
U.S.A.). LY294002 and geranylgeraniol (GGOH) were from
Sigma.

Statistical analysis

Values are expressed as mean +s.e. Statistical evaluation was
performed using Student’s z-test for paired data. P<0.05 was
considered statistically significant.

Results
Alendronate inhibited the phosphorylation of Ik B

We first analyzed the phosphorylation and degradation of IxB,
which is a prerequisite for the entry of NFxB into the nucleus
and its subsequent activation, in the osteosarcoma cell line
MG-63 in response to stimulation with TNFa at 5ngml~!. As
shown in Figure la, the amount of IxB in MG-63 cells
decreased as the duration of stimulation by TNFo increased,
as assessed by imunoblotting with a specific antibody against
IxB. Conversely, the phosphorylation at serine 32 (Ser32)
increased, as assessed by a phospho-specific antibody,
although little phosphorylation at Ser32 was seen at 7 and
10 min after stimulation. This was probably because kB was
almost completely degraded, as little IxB was seen at these
time points. These events were concentration-dependent;
TNFo at 10ngml™' induced almost complete phosphorylation
and degradation of IxB within 2 min after stimulation, which
was too fast to detect, while the drug at 1 ngml~' induced the
phosphorylation and degradation at 7min after the stimula-
tion (results not shown). Treatment with alendronate at
100 uM for 24 h prior to the stimulation with TNFo partially
inhibited the phosphorylation at Ser32 and retarded the
decrease in the amount of IxB. Similar results were obtained
with another osteosarcoma cell line, Saos-2 cells (data not
shown). Alendronate at 10 uM induced little effect, but at
500 uM it exhibited toxic effects to cause cell detachment from
the culture dishes. Alendronate at 100 uM added to MG-63
cells minimally and maximally required the incubation for
9 and 12-24h, respectively, for the inhibition, as examined
for 3, 6, 9, 12 and 24h. Therefore, TNFo at Sngml~!, and
alendronate at 100 uM for 24h were employed in following
experiments.

Phosphorylation of IxB is known to initiate ubiquitination
followed by proteasomal degradation (Karin & Ben-Neriah,
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Figure 1 Phosphorylation and degradation of IxB. (a) MG-63 cells (30 x 10*) were starved for 12h and then treated with or

without 100 uM alendronate for 24 h, followed by the stimulation with 5ngml~" TNFa for 1, 3, 5, 7 and 10 min. Cell lysates were
analyzed by immunoblotting using polyclonal anti-phospho-IxkB-o (Ser32) antibody (Cell Signaling Technology, Inc.) and
polyclonal anti-specific-IxB-u (Cell Signaling Technology, Inc.). (b) MG-63 cells (30 x 10*) were starved for 12 h and incubated with
10 uM lactacystin for 2h, followed by treatment with 100 uM alendronate for 24h and then 5ngml~' TNFu for 1, 3, 5, 7, 10 and
15min. Cell lysates were analyzed by immunoblotting as described above. Upper panels and lower graphs indicate typical
immunoblots and a summary of five separate experiments shown as the mean +s.e., respectively. *Indicates a significant difference
when compared with that seen in the control cells at the same time point. (¢) MG-63 cells were treated as described in (a), followed
by stimulation with 5ngml~' TNF« or 10ngml~' insulin for the period indicated. Cell lysates were immunoblotted as described

above. The blot shown is typical of three experiments.

2000). In the assay employed, the phosphorylation of IxB
represented not only the levels of phosphorylation but also
the remaining amount of IxB. Therefore, it could have been
difficult to discriminate the target site inhibited by alendro-
nate, the inhibition of the phosphorylation or the degradation.
However, at 3 min after stimulation, the phosphorylation was
inhibited even though the levels of IxB remained similar to
those before stimulation, indicating that alendronate inhibits
the phosphorylation process, but not the proteasomal degra-
dation process. For better discrimination, same experiments
were performed using MG-63 cells, which had been pretreated
with 10 uM lactacystin, an inhibitor of the proteasome, for 2h
(Figure 1b). The amount of IxB in lactacystin-treated cells was
greater than that in control cells (compared with that shown in
Figure la, in which same amounts of cells were analyzed using
the same anti-IkB antibody), indicating that constitutive
degradation of IkB occurs during the cultivation of cells.
The degradation and the phosphorylation of IxB appeared
to be prolonged in response to the stimulation with TNFo.
Alendronate inhibited the phosphorylation of IxB and further
prolonged the degradation of IxB. Similar results were
observed with another proteasome inhibitor, ALLN at
50 uM, which was added in place of lactacystin (results not
shown).

Insulin (10ngml™'), a ligand involved in the Akt activation
pathway also caused the phosphorylation and degradation of
IxB in MG-63 cells and the effect was partially inhibited by
pretreatment with alendronate, in a similar manner to when
TNFo was used (Figure 1c).

Alendronate inhibited the activation of IKK

IxB is phosphorylated by IKK, comprising IKKa, IKKf and
IKKy (Rothwarf et al., 1998). We examined IKK activity
using immunoprecipitates obtained by incubating anti-IKKf
antibody with cells treated with TNFa and alendronate. As
shown in Figure 2, IKK activity, as determined by in vitro
phosphorylation of IxB increased with TNFo stimulation
to a peak at 5 and 7min, and then decreased with further
incubation. Alendronate at 100 uM inhibited this process.
Treatment with alendronate for 24 h prior to the stimulation
with TNFo (at time 0) caused decreased IKK activity,
indicating that activation was constitutive.

Alendronate inhibited the phosphorylation of Akt

One of the upstream pathways of IKK activation is Akt
activation (Ozes et al., 1999). Akt activity was assessed by
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Figure 2 Activity of IKK. MG-63 cells (1 x 10°) were starved
for 12h and treated with or without 100 uM alendronate for 24 h,
followed by stimulation with Sngml~' TNFa for the period
indicated. Lysates were immunoprecipitated by polyclonal anti-
IKKf antibody (Santa Cruz Biotechnology, Inc.). The procedures
used are described in ‘Methods’. Upper panels indicate typical
immunoblots, and the lower graph indicates the results expressed as
the density of anti-phospho-I«xB relative to that of anti-IKKf in the
mean +s.e. of five independent experiments. *Indicates a significant

difference when compared with that seen in the control cells at the
same time point.
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analyzing the phosphorylation at serine 473 (S473) and
threonine 308 (T308) (Alessi et al., 1996; Sandra et al.,
2002). The phosphorylation at both residues, as assessed by
phospho-specific antibodies, was stimulated by TNFo in a
time-dependent manner, and this was inhibited by pretreat-
ment with alendronate (Figure 3).

Alendronate inhibited the activation of PI3K

Activation of Akt caused by phosphorylation at residues S473
and T308 is catalyzed by activation of phosphoinositide-
dependent kinase (PDK). Consequently, we examined the
production of PtdIns(3,4,5)P; in cells and PI3K activity using
cell extracts (Figure 4). MG-63 cells, metabolically labeled
with *?P-orthophosphate, were stimulated with TNFax at
5ngml~! for 10min, and the lipid extract from cell membranes
was analyzed for the production of PtdIns(3,4,5)P;. As shown
in Figure 4, production of PtdIns(3,4,5)P; was detected
within 10min of stimulation with TNFa«. The position of
PtdIns(3,4,5)P; on the plate for thin layer chromatography was
confirmed by analyzing an authentic PtdIns(3.,4,5)P; followed
by iodine vapor detection and the phospholipid extracts from
[*Hlinositol-labeled cells. The production of PtdIns(3,4,5)P;
was almost completely inhibited when cells were pretreated
with 25 uM of LY294002. These results suggest that stimula-
tion of TNFu resulted in PI3K activation in MG-63 cells and
this action is LY?294002-sensitive, as observed in other cell
types (Ozes et al., 1999; Sandra et al., 2002). Alendronate had
no effect alone, but partially inhibited the production of
PtdIns(3.4,5)P;, although not as much as LY294002. Similar
inhibition by alendronate was also observed in cells stimulated
with insulin (10 ngml™").

Cellular extracts prepared from MG-63 cells treated with
TNFa or insulin with/without alendronate or LY294002, as
described in the Methods section, were analyzed for in vitro
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Figure 3 Phosphorylation of Akt. MG-63 cells (30 x 10%) were
starved for 12h and treated with or without 100 uM alendronate for
24 h, followed by stimulation with 5ngml~' TNFa for the period
indicated. Cell lysates were analyzed by immunoblotting using
polyclonal anti-phospho-Akt (Ser473) (New England BioLabs Inc.)
or polyclonal anti-phospho-Akt (Thr308) (New England BioLabs
Inc.) for the phosphorylation assay, and polyclonal anti-Akt (New
England BioLabs Inc.) for the quantification. The upper panel and
lower graph show typical immunoblots and the results are expressed
as the density of anti-phospho-Akt relative to that of anti-Akt and
shown as the mean+s.e. of five independent experiments, respec-
tively. *Indicates a significant difference when compared with that
seen in the control cells at the same time point.
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Figure 4 Activity of PI3K. MG-63 cells (1 x 10°) were starved for
12h and treated with or without 100 uM alendronate for 24h
or 25 uM LY294002 for 2 h, followed by incubation with [**P]ortho-
phosphate (125 uCi ml~") for 3h at 37°C. After extensive washing,
cells were stimulated with Sngml™' TNFoa or 10ngml™' insulin
for 10 min. PtdIns(3.4,5)P; production assay was performed as
described in ‘Methods’. Similar results were seen in four other
experiments.

PI3K activity. TNFoa stimulated PI3K, which was almost
completely inhibited by alendronate, similarly to 1LY294002
(data not shown).

Alendronate had no effect on TNFo ligand receptor
binding

We next examined the receptor binding of TNFa to MG-63
cell surfaces treated with alendronate by ligand binding assay.
As shown in Figure 5, there was little difference in the specific
binding of ['**I]TNFu to cell surface receptors of alendronate-
treated and control cells.

Cell death induced by alendronate

The results obtained indicate that alendronate caused cell
death by inhibiting a cell survival pathway mediated by PI3K/
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Figure 5 Radio ligand binding assay. MG-63 cells (1 x 10 cells in a
well) were starved for 12h in 96-well plates (CulturPlate-96) and
treated with or without 100 uM alendronate for 24 h. After washing
with a phosphate-buffered saline three times, cells were incubated
with 0.2, 0.5, 1.0, 2.0, 3.0, 4.0 or 5.0nM ['*I]TNFoa (Amersham
Bioscience) for 2h at 4°C. After washing with PBS three times,
Microscint™ 40 (Packard) was added to each well, followed by
scintillation counting using Top Count NXT™ (Perkin-Elmer).
Open and closed symbols represent the specific binding obtained
with control and alendronate-treated cells, respectively. Nonspecific
binding assayed in the presence of 1000-fold excess amount of
unlabeled TNFo was within 150-300 c.p.m. Each point indicates the
mean +s.e. of six independent measurements.

Akt/NFkB. This was corroborated by counting viable cells
after treatment with alendronate. As shown in Figure 6,
alendronate caused a decrease in viable cells to about 30%,
while TNF« at 5ngml™' slightly, but not significantly,
increased the number of viable cells. Alendronate was also
effective in the presence of TNFo, but less so. A higher
concentration of TNFa (1 ugml™') caused considerable cell
death (data not shown), as suggested by its name and as seen
in other cell types (Sandra et al., 2002; Bezzi et al., 2003).

The effect of GGOH on alendronate activity with respect
to cell survival and the inhibition of IxB phosphorylation

As described in the ‘Introduction’, it has been suggested that
amino-BP effects are exerted by inhibiting prenylation of the
small G protein (Luckman et al., 1998). These effects are
prevented by the addition of exogenous isoprenoid lipids, such
as farnesol and GGOH which replenish the cytosolic
isoprenoid substrate (Shipman ez al., 1998; Benford et al.,
1999; Fisher et al., 1999). Therefore, we examined the effects
of exogenous addition of GGOH on cell viability, and the
phosphorylation and degradation of IxB. As shown in
Figure 6, GGOH at 20 uM partly rescued cells from the death
induced by alendronate. Increasing the concentration of
GGOH to 50 uM did not increase the extent of cell rescue.
Since Benford et al. (1999) reported that the effect of GGOH
on cell apoptosis required 48 h using a macrophage cell line, we
also analyzed cell viability up to 48 h, but cell viability was not
further improved. This indicated that the cell death induced by
alendronate was partially, but not completely, caused by the
inhibition of small G protein function probably through the
inhibition of synthesis of farnesyldiphosphate or geranyl-
geranyldiphosphate. Figure 7 shows the effect of GGOH on
the phosphorylation and degradation of IxB. TNFa induced
the phosphorylation and degradation of IxB in a time-
dependent manner, which was inhibited by alendronate as

120 -

100

80 - *

60 |-

Cell Number (%)

20 -

0
TNFa () (+) ) (+) ) (+)
Control ALN ALN + GGOH

Figure 6 Experiments for cell death. MG-63 cells (30 x 10* cells)
were cultured as described above, followed by starvation for 12h,
with or without TNFea at 5ngml~". Alendronate (100 um), with or
without GGOH (20 uM), was then added for 24h, either in the
presence or absence of TNFa. Cells attached to dishes were collected
and then viability was assessed using the Trypan blue exclusion test.
*Indicates a significant difference from the control cells.

20 UM GGOH
+

100 uM ALN 100 uM ALN

TNF(min) 0 3 5 0 3 5 0 3 5

kB - e —

p-lkB - -

Figure 7 The effect of geranylgeraniol on phosphorylation and
degradation of IkB. MG-63 cells starved for 12h were treated with
alendronate with or without GGOH (20 uM) for 24 h, followed by
stimulation with 5ngml™" TNFa for 3 or 5min. Cell lysates were
immunoblotted as described above. The blot shown is typical of
three experiments.

seen in Figure 1. GGOH did not modify the effect of
alendronate, indicating that the effect of alendronate on the
IxB pathway is mediated by a mechanism(s) other than the
inhibition of synthesis of farnesyldiphosphate or geranyl-
geranyldiphosphate.

Discussion

BP are widely used for the treatment of patients who have
bone diseases, such as osteoporosis, Paget’s disease, hypercal-
cemia and metastatic cancer in bone (Russell & Rogers, 1999).
One of the rationales for this usage is to inhibit bone
resorption by inducing osteoclast apoptosis (Rodan & Fleisch,
1996; Coxon et al., 1998). Amino-BP such as alendronate
inhibit the prenylation of small G proteins (Luckman et al.,
1998), thus causing the inhibition of small G protein function.
They also cause disruption of the cytoskeleton, and induction
of osteoclast apoptosis. In addition to this application, there
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are several reports showing that alendronate is effective
against cancer cells by inducing apoptosis in in vivo and
in vitro experimental systems (Suri et al., 2001; Cheng et al.,
2004), although the mechanisms for the anticancer action
of alendronate are still unclear. Therefore, the present study
was undertaken to clarify the mechanisms underlying the
antitumor action of amino-BP, with special reference to the
effect on the PI3K-Akt—NFxB cell survival pathway.

NFxB is composed of DNA-binding subunits (p50 and
p52) and subunits with transcriptional activity (p65(RelA),
RelB or c-Rel), which dimerize in various combinations. The
primary form of NFxB is a heterodimer of the p50 and
RelA subunits and is localized mainly in the cytoplasm in an
inactive form bound to an inhibitory protein termed IxB
(Siebenlist et al., 1994; Shao et al., 1999; Simeonidis et al.,
1999). NF«B activation occurs via phosphorylation of IxB
at Ser32 and Ser36, and Ser32 phosphorylation is essential
for the release of active NFxkB. NFxB is activated by
stimulation of the IKK complex, which phosphorylates
IxB. The IKK complex is composed of three subunits, IKKa,
IKKp and IKKy (Ghosh & Karin, 2002). IKK phosphory-
lation by Akt is essential for NFxB activation (Li et al.,
1999; Ozes et al., 1999). In the present study, we examined the
effect of alendronate on this Akt-IkB-NFxB pathway,
known to be one of the major cell survival pathways (Datta
et al., 1999). We found that alendronate inhibited the
production of PtdIns(3,4,5)P;, probably caused by the inhi-
bition of PI3K activity and, therefore, the following proces-
ses including Akt/IxkB/NFxB were also inhibited. In spite
of almost the full inhibition of the production of
PtdIns(3,4,5)P;, 100 uM alendronate only partially inhibited
IKK activity and the following phosphorylation of IxB. IKK
can be activated by phosphorylation by several kinases, that is,
Akt might be just one of the enzymes involved in the
phosphorylation of IKK (Datta er al., 1999). The IKK
complex can be activated by various kinases such as NIK,
MEKKI1, Cot, NAK, MEKK3, PKCp PKC$ and PKD (Lee
et al., 1997; 1998; Malinin et al., 1997; Woronicz et al., 1997;
Lin et al., 1998; 1999; 2000; Lallena et al., 1999; Storz & Toker,
2003). There are several reports that MEKKI1 (one of
MAPKKK) was phosphorylated by TNF« to activate IKK
(Nemoto et al., 1998; Zhou et al., 2003). Therefore, we
examined whether alendronate inhibited the MAPK pathway
by analyzing the phosphorylation of MAPK in response to
TNFa stimulation. Alendronate had no effect on the
phosphorylation of p44/p42 MAPK, as assessed by a
phospho-specific antibody to p44/p42 MAPK using the same
cell extract as for a phospho-IxB antibody. Thus, mechanisms
other than Akt activation, which are not affected by
alendronate, are also involved in the activation of IKK.
However, inhibition of PI3K—Akt could not be fully compen-
sated by other pathways to activate IKK, and, therefore, the
involvement of Akt in the activation of IKK-IxB-NFxB
is physiologically relevant, indicating that this pathway is a
pharmacologically relevant target.

As described above, alendronate is known to affect the
functions of small G proteins, including Ras, by inhibiting
isoprenylation, and thus their localization at the plasma
membrane (Luckman ez al., 1998). Ras is involved in the
activation of PI3K (Rodriguez-Viciana et al., 1994; Mansell
et al., 2001), suggesting the mechanism of action of alendro-
nate. However, PI3K could be activated by a variety of

mechanisms, including the recruitment of the PI3K holoen-
zyme through binding to tyrosine phosphorylated receptors
and/or adaptor proteins to the SH2 domain in the p85-p55
regulatory subunit, an event which is not related to the
function of Ras (Toker & Cantley, 1997; Wu et al., 2001;
Sandra et al., 2002). Therefore, alendronate appears to
influence additional mechanisms involved in the activation
of PI3K, in which Ras does not play a part.

There are many reports that the exogenous addition of
GGOH or farnesol protects a variety of cell types from
apoptosis induced by amino-BP: myeloma cells (Shipman
et al., 1998), Caco-2 cells (Suri et al., 2001), J774 cells
(Benford er al., 1999) and osteoclasts (Fisher er al., 1999;
Halasy-Nagy et al., 2001). Therefore, we examined the
effect of GGOH on cell death, and the phosphorylation
and degradation of IxkB. GGOH partially prevented cell
death, but showed little effect on the profile of IxB. These
results clearly indicate that alendronate has a target other
than that which inhibits the synthesis of farnesyldiphos-
phate or geranylgeranyldiphosphate, which would probably
be PI3K, and the subsequent activation of Akt, IKK and
NFxB.

Alendronate, at concentrations lower than 100uM and
in periods of treatment shorter than 12h, had no effect on
the phosphorylation of IxB. It has been reported that
alendronate, at concentrations from 107° to 10~'>M, resulted
in a significant increase in osteosarcoma cell proliferation,
but at a concentration of 10™*M inhibited cell prolifera-
tion (Plotkin et al., 1999; Im et al., 2004). It was shown that
apoptosis of J774 cells occurred after 16h of continuous
treatment with 100 uM alendronate (Coxon et al., 1998). Thus,
the conditions employed in this study with respect to the
concentration and the duration of treatment appear to be
ordinal, indicating that the events observed here are pharma-
cologically relevant.

Plotkin et al. (1999) reported that amino-BPs, etidronate,
pamidronate, olpadronate and alendronate protect osteocytes
and osteoblasts from apoptosis, probably through the
early activation of extracellular signal-regulated kinases.
However, the concentrations required were approximately
three orders of magnitude lower than those required for the
promotion of osteoclast apoptosis in vitro (Hughes et al., 1995)
as well as that in the present study. Therefore, the anti-
apoptotic effect is most likely to be mediated by stimulation of
receptors involved in cell growth pathways, which are shared
by amino-BP.

Bezzi et al. (2003) reported that zoledronate, an amino-
bisphosphonate also inhibited the TNFa-induced phosphory-
lation of Akt (referred to as PKB in the paper) in human
umbilical vein endothelial cells, thus causing the cell death,
consistent with the results obtained here. However, the
inhibitory effect was seen in a sustained activation process at
6h, but not in a short period up to 30 min.

In conclusion, alendronate inhibits the cell survival pathway
stimulated by the PI3K/Akt/NF«kB pathway by inhibiting the
initial step, the activation of PI3K, thus causing apoptosis of
osteosarcoma cells.
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