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Abstract: c-Src is a proto-oncogene involved in the genesis of and invasion by many cancers. This non-receptor tyrosine kinase also
plays a crucial role in bone homeostasis, since inhibition or deletion of c-Src impairs the function of osteoclasts, the bone resorbing cells.
It is thus conceivable that c-Src could be a suitable target for the pharmacological treatment of cancers, skeletal metastases and diseases
of bone loss, such as osteoporosis. The pyrrolo-pyrimidines CGP77675 and CGP76030 proved to be effective in preventing bone loss in
animal models, while the effect of AZD0530, a dually active inhibitor of c-Src and Bcr-ABL, on bone resorption, has been tested in a
Phase 1 clinical trials with promising results. As far as the metastatic bone disease is concerned, c-Src inhibitors could potentially have
inhibitory effects both on osteoclasts and on tumour cells, and could disrupt the vicious circle established between these cell types in the
bone microenvironment. In accord with this idea, CGP76030 is able to reduce the incidence of osteolytic lesions and of visceral metasta-
ses, and to suppress morbidity and lethality in a bone metastasis mouse model without obvious adverse effects. The purine-based c-Src
inhibitor AP23451 and the dual c-Src/Abl inhibitors AP22408 and AP23236 proved efficacious in reducing bone metastases in preclini-
cal studies. These results open a new avenue for the development of innovative therapies for the treatment of bone metastatic disease.
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STRUCTURE AND FUNCTION OF C-SRC

c-Src is a non-receptor tyrosine kinase that belongs to a family
consisting of nine proteins: Src, Fyn, Yes, Lck, Lyn, Hck, Fgr, Blk
and Yrk, the latter only in chicken, with their domain structures
having considerable homology [1-3]. Src, Fyn and Yes are ubiqui-
tously expressed, while the expression of other family members is
more restricted, especially to cells of the haematopoietic lineage. c-
Src is most abundant in platelets [4,5], neural tissue [6], and osteo-
clasts [7,8], where it is implicated in multiple pathways that regu-
late cell growth, migration, and survival [9]. Its activity increases in
response to a number of signals, especially downstream of tyrosine
kinase growth factor receptors, G-protein coupled receptors, in-
tegrin receptors for adhesion molecules, and cytokine receptors
[10].

As showed in Fig. (1), the main structural and functional do-
mains of c-Src are:

- a NH2-terminal membrane-association domain, named SH4,
whose myristoylation allows binding of c-Src with the inner
surface of the plasma membrane;

- a unique domain, in which the members of the c-Src family
display the greatest sequence divergence;

- a SH3 domain, which mediates protein-protein interactions by
binding to proline-rich sequences;

- a SH2 domain, involved in phosphotyrosine-mediated protein-
protein interactions;

- a SH2-kinase linker, which is a loop functioning as a pseudo-
SH3-binding site;

- acatalytic SH1 domain, the most conserved domain in all tyro-
sine kinases, which contains the ATP-binding pocket;

- a COOH-terminal tail that upon phosphorylation can bind c-Src
SH2 domain.

Two major tyrosine phosphorg/lation sites are present in c-Src,
which regulate its activity: Tyr“®* (416 in chicken, 418 in hu-
man) and Tyr°2”*® (527 in chicken, 530 9n human). The autophos-
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phorylation of the former is necessary for the full c-Src kinase ac-
tivity. In contrast, the Tyr’?"**, [ocated in the COOH-terminal tail,
is a negative regulatory site, whose phosphorylation blocks c-Src
activity [1,2, 11].

c-Src is normally maintained in an inactive, or “closed” con-
formation Fig. (1B), where the SH2 domain is engaged with the
phosphorylated Tyr*?”%%, the SH3 domain binds the SH2-kinase
linker sequence and the Tyr*®*¥° is dephosphorylated. Dephos-
phorylation of Tyr**"%% disrupts its intramolecular interaction with
the SH2 domain and this ogen conformational state allows auto-
phosphorylation of Tyr**%*® resulting in c-Src activation. Phos-
phorylated Tyr*'¢*! is displaced from the substrate-binding pocket,
giving the kinase access to substrates, as shown in Fig. (1B). At the
cellular level, binding of the SH2 domain of c-Src to tyrosine phos-
phorylated growth factor receptors displaces Tyr?™™% allowing
Tyr*8%° phosphorylation and c-Src activation. Conversely, disso-
ciation of c-Src from the growth factor receptor allows the in-

tramolecular interactions to reform, thereby inactivating c-Src [1,2].

Two tyrosine kinases, named c-Src kinase (CSK) and CSK ho-
mologous kinase (CHK), are capable of phosphorylating Tyr*?"%%,

which results in c-Src inactivation.

C-SRC AS PHARMACOLOGICAL TARGET IN DISEASES
OF BONE LOSS

¢-Src and Osteoclast Functions

Numerous studies have provided compelling evidence that c-
Src plays a crucial role in osteoclast function. The interest in c-Src
within the bone metabolism field was stirred by the work from So-
riano and co-workers [12], which demonstrated that, despite the
ubiquitous expression of c-Src, knockout mice showed only a bone
phenotype, as they developed osteopetrosis, a disease characterized
by excess bone mass due to the lack of osteoclast activity [13,14].
In particular, c-Src-deficient mice had a high number of osteoclasts,
which failed to form a polarized ruffled membrane [15, 16] and
presented a migration defect with a consequent inability to resorb
bone. On the basis of these findings, c-Src is believed to have a
unique role in osteoclasts, since other c-Src family members appar-
ently cannot substitute for all c-Src functions in c-Src-deficient
mice.

A key function of c-Src in osteoclasts is to promote the rapid
assembly and disassembly of the podosomes, which are important

© 2008 Bentham Science Publishers Ltd.
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text for details. (B) Schematic representation of c-Src activation. c-Src normally is maintained in an inactive or “closed” conformation, where Tyr
phorylated and binds to the SH2 domain, Tyr*® is dephosphorylated and the SH3 domain is engaged with the SH2 kinase linker. Dephosphorylation of Tyr
and interaction of c-Src with substrates.

leads to an “open” conformation, allowing autophosphorylation of Tyr*®

for osteoclast’s resorption activity. Once recruited to the activated
integrins, especially alphaVbeta3, by the adhesion tyrosine kinase
Pyk2, c-Src binds to and phosphorylates Cbl and Cbl-b, homolo-
gous adapter proteins with ubiquitin ligase activity. The c-Cbl pro-
teins, in turn, recruit and activate additional signalling effectors,
which regulate cell polarity, cell attachment and motility [17, 18].
¢-Src and the c-Cbl proteins are also involved in signalling cascades
that are activated by several important receptors for osteoclast for-
mation and function, such as RANK (receptor activator of nuclear
factor kappa B) and the macrophage colony-stimulating factor re-
ceptor [18].

Another important role of c-Src in osteoclasts is the regulation
of vesicle transport and secretion of proteases. Moreover, c-Src is
also involved in the organization of microtubules and actin poly-
mers [19-21], and in cell survival [22]. Finally, a recent paper from
Miyazaki and colleagues [23] showed a c-Src kinase activity also
within mitochondria, which seems to be essential for the regulation
of osteoclastic bone resorption.

c-Src as Pharmacological Target in Osteoclasts

Given the crucial role of c-Src in osteoclast physiology, it is
conceivable that this molecule is a potential pharmacological target
for the treatment of diseases of bone loss. One of the first com-
pounds employed to inhibit c-Src activity was the antibiotic her-
bimycin A that, even while displaying an inhibitory effect versus
other protein kinases, proved to be efficacious in inhibiting osteo-
clastic bone resorption in vitro and hypercalcemia in vivo [24]. By
now, numerous other compounds have been synthesised and tested
in vitro and in vivo, and for some of them clinical trials are in pro-
gress.

Active

c-Src kinase
Fig. (1A). Schematic illustration of the primary structure of c-Src. The most important domains of c-Src are shown from the NH2- to the COOH-terminus. See

527 is phos-
527

According to the mechanisms of action, c-Src inhibitors can be

classified into two major groups [3]:

- Inhibitors of the tyrosine kinase activity [adenosine triphos-
phate (ATP) binding domain-mediated];

- Inhibitors of protein-protein (SH2-, SH3-, or substrate binding
domain-mediated) interaction.

Between the two groups, the first seems to be the most promis-
ing in terms of potency, selectivity and therapeutic application. This
group includes the following heterocyclic ATP analogs, as shown
in Fig. (2):

- pyrazolo-[2,3-d]pyrimidines (PP1 and PP2);
- pyrrolo-[2,3-d]pyrimidines (CGP76030 and CGP77675);

- pyrido-[2,3-d]pyrimidines (PD166585, PD173955 and

PD180970);

- quinoline carbonitriles (SK1606);
- olomucines (NVP-AAK980 and CGP79883).

Among the 5,7-diphenyl-pyrrolo [2,3-d]-pyrimidines synthe-
sised, promising results have been obtained with two compounds,
named CGP77675 and CGP76030 (Novartis Pharma, Basel, Swit-
zerland) whose enzymatic selectivity is reported in Table 1. These
compounds proved to be potent and fairly selective c-Src inhibitors
[25,26] relative to other non-receptor tyrosine kinases. Equipotent
inhibition of c-Yes, a member of the c-Src family, is likely not im-
portant for bone, as c-Yes expression in osteoclasts is much lower
than that of c-Src [7].

CGP77675 inhibited human c-Src in enzymatic assays and cel-
lular Src in a Src-overexpressing cell line, with 1Cs, of 20 and 200
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Fig. (2). Chemical structure of the principal c-Src inhibitors discussed in the text.

nM, respectively [25]. In rat foetal long bone cultures, CGP77675
inhibited parathyroid hormone-induced bone resorption with an
ICso of 0.8 micromol/L [25]. In vivo, it dose-dependently reduced
the hypercalcaemia induced in mice by interleukin-1beta and partly
prevented bone loss and microarchitectural changes in young ova-
riectomised rats [25].

Similar effects were observed for the CGP76030 compound that
was previously administered to hypercalcaemic animals and ani-
mals treated with the bone loss inducer retinoic acid [27]. Moreo-
ver, a drop in osteoclast number associated with clear evidence of
cell damage, suggestive of apoptosis, was found in these animals.
Further in vitro study showed that treatment with CGP77675 or
CGP76030 disrupted osteoclast actin rings and impaired adhesion
and bone resorption in a dose-dependent manner [27]. Despite the
in vivo results of Soriano and colleagues [12] that indicated no
change in osteoclast number, inhibition of osteoclastogenesis was
observed in vitro [27]. This could be explained either by lack of
induction of compensation mechanisms after acute administration

Pyrazolopyrimidines

of the inhibitors, which may instead prevent changes in osteoclast
numbers in Src-null animals or by differences between in vitro
cultures and more complex in vivo mechanisms. Finally, both in-
hibitors induced apoptosis in mature osteoclasts by a mechanism
driven by late ERK1/2 activation [27].

Recent in vivo studies showed the ability of CGP76030 to fully
prevent hypercalcemia and bone loss in retinoid-treated male thy-
roparathyroidectomised (TPTX) rats at 100 mg/kg [3]. In ovariec-
tomised (OVX) female rats, measurements of serum calcium and
urine hydroxyproline showed a significant prevention of bone loss
at 10-20 mg/kg in both young and old animals. In addition, OVX-
induced disruption of trabecular bone microarchitecture was par-
tially prevented by treatment with 50 mg/kg CGP76030 adminis-
tered orally twice a day [3].

As far as the purine-derived olomucine class is concerned, the
compound NVP-AAK980 was tested only in short-term retinoid-
treated rat model, where it was active at 30 and 100 mg/kg, with the
latter dose showing a full protection against hypercalcemia [3].
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Among the compounds being tested in clinical trials, AZD0530
should be mentioned, an orally-active, dually-specific, small mo-
lecular weight inhibitor of c-Src and BCR-AbI that has been devel-
oped by Astra Zeneca [28]. The efficacy of AZD0530 on bone re-
sorption has been demonstrated in two Phase | clinical trials: one
single ascending dose and one multiple ascending dose (60-250 mg)
study in healthy male volunteers [29].

C-SRC AS PHARMACOLOGICAL TARGET IN CANCER

Several studies demonstrated that c-Src, the first proto-
oncogene to be described, plays an important role in the genesis and
progression of human cancers, including carcinomas of the breast,
colon, prostate, lung and ovary, and in myeloproliferative disorders
[1,30, 31]. The role of c-Src in tumorigenesis is based on its support
of cell proliferation and migration. c-Src activity increases during
cancer progression, with the highest expression and/or activity in
metastases [32,33]. In colorectal carcinoma c-Src activity can be
predictive of poor prognosis [34].

Another key role of c-Src is the regulation of specific angio-
genic factors that promote tumour progression. Recent studies dem-
onstrated that this tyrosine kinase regulates both constitutive and
growth factor-induced VEGF and IL-8 expression [35,36]. In-
creased c-Src activity in tumour cells stimulated VEGF expression,
resulting in increasing activation of VEGF receptors on endothelial
cells. VEGF receptor activation in turn leads to association of c-Src
with these receptors, thus increasing its activity in endothelial cells
as well [31].

Prostate Cancer

c¢-Src inhibitors CGP76030 and CGP77675 proved to be effica-
cious in reducing in vitro migration, invasion and adhesion of the
human prostate cancer cell line PC3 [37]. Other c-Src inhibitors
belonging to pyrazolo[3,4-d]pyrimidines class, named S135 and
S140, inhibited PC3 cell proliferation, adhesion and EGF-mediated
migratory ability [38].

Breast Cancer

It has been documented that c-Src kinase activity is 4-fold to
20-fold greater in human mammary carcinomas than in normal
tissues [39]. In addition, c-Src plays a critical role in ErbB2-
mediated breast cancer invasion and metastases [1]. It has been
observed that maximally active c-Src was over-expressed in a sub-
set of tamoxifen-resistant breast cancer variants, thus suggesting
that inhibitors of c-Src activity may delay or prevent progression
and metastasis of estrogen receptor-positive tumours [40].

Colon Cancer

In this type of cancer, the activation and function of c-Src have
been extensively studied and various c-Src inhibitor compounds
have been tested. In particular, a recent study demonstrated that
PP2 reduced urokinase-plasminogen activator receptor (UPAR)
transcription in human colon cancer cells, with a consequent reduc-
tion of their invasiveness [41]. Moreover, treatment of human colon
tumour cells with pyrido[2,3-d] pyrrolo pyrimidine compounds
inhibited their growth in culture as well as colony formation in soft
agar [42].

Finally, both CGP76030 and the olomoucine NVP-AAK980
inhibited proliferation and viability in colon cancer cells, with simi-
lar potency with respect to the clinically used compound 5-
fluorouracil [3]. In vivo, both c-Src inhibitors were, however, inac-
tive in the HT-29 xenograft models [3].

Pancreatic Cancer

In an orthotopic implantation model performed using the L3.6pl
human pancreatic tumour cells, where c-Src expression was down-
regulated by siRNA, Trevino and colleagues [35] showed a signifi-
cant reduction of the incidence of metastases, suggesting that c-Src
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activity is critical to tumour progression. Moreover, in animals
bearing established wild-type tumour and treated with the Src/Abl-
selective inhibitor BMS-354825 (dasatinib, Bristol Myers Squibb),
tumour and the incidence of metastases were reduced as compared
to controls [35].

c-Src inhibition by the AZM475271 compound (Astra Zeneca)
alone or in combination with gemcitabine, inhibited growth and
metastases of orthotopically implanted human pancreatic carcinoma
cells. Moreover, this treatment significantly reduced tumour cell
proliferation and tumour microvessel density and increased apopto-
sis in vivo [43].

Other c-Src Inhibitors in Cancer Treatment

From the pyrido-pyrimidine class, PD180970 is the most re-
cently reported compound. In CD34-positive leukaemia cells from
patients with imatinib (Novartis)-resistant chronic myeloid leuke-
mia (CML), this compound induced apoptosis [44].

Dasatinib (BMS354825) is a dually-specific c-Src and Abl
kinase inhibitor that can bind BCR-AbI in both the active and inac-
tive conformations [45]. Recent studies demonstrated that this com-
pound was 300-fold more potent than imatinib against the wild-type
Bcer-Abl, with little or no inhibitory effect against normal haema-
topoietic progenitors [46,47]. Dasatinib demonstrated in vitro and
in vivo activity against 14 of 15 BCR-Abl mutants that are resistants
to imatinib. Moreover, promising results have been obtained from a
Phase | study performed in Philadelphia chromosome-positive
CML patients after failure or intolerance to imatinib, as reported by
Talpaz and colleagues [48].

Among dual c-Src/Abl kinase inhibitors, the AP23464 com-
pound proved to be efficacious in inhibiting proliferation of human
CML cell lines and BCR-Abl-transduced Ba/F3 cells [1]. In pre-
clinical studies, AP23464 was more potent than PP1 in causing
growth inhibition and c-Src kinase inhibition in the human myeloid
cell line MV4-11 [1].

Finally, the compound SKI-606, a c-Src/Abl kinase dual inhibi-
tor, was efficacious in several in vitro and in vivo CML models of
resistance to imatinib [49].

C-SRC AND BONE METASTASES

Bone metastases are a major complication of many types of
cancers, occurring in up to 70 percent of patients with advanced
breast and prostate carcinomas [50]. Once skeletal metastases have
developed, the chances of survival dramatically drop. In particular,
it has been estimated that only 20 percent of breast cancer patients
are still alive five years after the diagnosis of bone metastases [51].
Moreover, the quality of life is also seriously compromised, as
skeletal metastases can cause severe pain, pathologic fractures,
nerve-compression syndromes and hypercalcaemia.

Skeletal metastases can be osteolytic or osteoblastic in nature,
but this distinction is not so obvious because patients can have
mixed lesions with both features. Moreover, secondary formation of
bone can occur in response to bone destruction. Most patients with
breast cancer develop preferentially osteolytic lesions [52], charac-
terised by intense bone resorption activity leading to focal bone
fragility. In contrast, the metastases in prostate cancer are predomi-
nantly osteosclerotic [53] and are characterised by new bone tissue
with the features of primary “woven” bone formed by deregulated
osteoblasts. Although the metastatic bone disease is characterised
by high morbidity, its chronic nature makes the prognosis more
favourable than visceral lesions, opening up an avenue for its per-
sistent remission by medications.

Osteolytic Bone Metastases and the Vicious Circle

In osteolytic metastases, the destruction of bone is mediated by
the osteoclasts rather than by the tumour cells [50,54]. However,
tumour cells that colonise bone produce factors that directly or
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indirectly induce the formation of osteoclasts. It is well known that
the destruction of bone matrix by osteoclasts results, in turn, in the
release of tumour-seeking factors therein stored, such as TGFbeta
(transforming growth factor beta), IGFs (insulin-like growth fac-
tors), FGFs (fibroblast growth factors), PDGF (platelet-derived
growth factor) and BMPs (bone morphogenetic proteins) that fur-
ther stimulate cancer expansion [50,51,54] Fig. (3). This mutual
enhancement between tumour cells and the bone microenvironment
results in a vicious circle that progressively increases both bone
destruction and the tumour burden Fig. (3).

Several molecules, released by tumour cells at the site of tu-
mour bone colonisation, contribute to foster the vicious circle. The
PTHrP (paraphyroid hormone-related peptide) is produced by tu-
mour cells and it induces the expression of RANKL in the bone
marrow stromal cells, as depicted in Fig. (3). Breast cancer cells
also produce M-CSF (macrophage colony stimulating factor),
PGE2 (Prostaglandin E2) and a number of pro-inflammatory cyto-
kines such as IL-1 (interleukin-1), IL-6, TNFalpha (tumour necrosis
factor alpha), GM-CSF (granulocyte macrophage-colony stimulat-
ing factor), which stimulate osteoclast formation and enhance their
bone-resorption activity [50,54,55].

Tumour cells

IL- 6 TNF-a,
~CSF PGE2

TGF-B,PDGF,BMPs

s,IGF-1

Bone Matrix Bone resorption

Fig. (3). Schematic representation of the vicious circle. Tumour cells intrud-
ing the bone marrow produce factors such as PTHrP, IL-6, TNFa, M-CSF,
PGE2 which stimulate osteoclastogenesis either directly or stimulating
RANKL expression in osteoblasts (PTHrP). Increased osteoclast formation
leads to an increase of bone resorption, which in turn allows the release
from the bone matrix of growth factors (BMPs, PDGF, TGFbeta, IGF-I,
FGFs) that enhance tumour growth. (OBs=Osteoblasts; pre-OC=pre-
osteoclast; OC=0Osteoclast).

Thus, there is clearly a close relationship between bone destruc-
tion and tumour growth. However, definitive evidence that pharma-
cologically decreasing bone destruction reduces tumour burden in
patients with bone metastases has not been clearly demonstrated. It
may be necessary to break the vicious circle by blocking activated
bone resorption, as well as tumour growth.

Current Treatments

To date the most efficacious therapy for treatment of patients
with bone metastases are nitrogen-containing bisphosphonates,
introduced into the clinical practice during the last decades [56,57].
These compounds bind to the bone surface, where they are taken-up
by osteoclasts during the bone resorption process. Inside of osteo-
clast, bisphosphonates interfere with specific signal transduction
pathways (i.e. mevalonate pathway) and enzymes (farnesyl pyro-
phosphate synthase), resulting in osteoclast apoptosis and inhibition
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of osteolysis. It has been demonstrated that treatment with zole-
dronic acid (Novartis) results in delayed skeletal events in patients
with bone metastases from breast cancer, prostate cancer and multi-
ple myeloma [58]. However, experimental studies in animals, as
well as clinical experience in humans, have demonstrated that
bisphosphonates do not significantly affect tumour cells, therefore
tumour burden is not reduced and survival is not improved [59,60].
Patients benefit from a better quality of life mainly due to the im-
provement of pain and from reduced risk of fractures. Recent clini-
cal evidence has demonstrated a close relationship between bis-
phosphonate treatment and the onset of the osteonecrosis of the jaw,
a rare but severe pathology with as yet unclear mechanism [61].

New Potential Therapies for Treatment of Bone Metastases

It has been well established that in addition to its role in osteo-
clasts, c-Src has also important functions in malignant cells in
which it regulates cell division, growth factor signalling, migration
and invasion. Indeed, c-Src activity is up-regulated in many can-
cers. Thus, in patients with metastatic bone disease, c-Src inhibitors
could potentially have negative effects not only on osteoclasts, but
also on tumour cells and on their interactions with osteoclasts.

Among the c-Src inhibitors whose effect on osteoclasts and
cancer cells has been tested both in vitro and in vivo, the following
compounds have provided promising results.

CGP76030. As already mentioned, this compound, belonging
to the 5,7-diphenyl-pyrrolo[2,3d] pyrimidine, successfully inhibited
osteoclast bone resorption both in vitro and in vivo [3,27]. A recent
report also demonstrated the ability of CGP76030 to reduce the
incidence of bone metastases in an in vivo animal model [62]. This
in vivo model employs the injection of human tumour cells in the
arterial circulation through the left ventricle of the heart in four-
week-old nude mice (Balb-c nu/nu). As a consequence, mice de-
velop metastases in bones, preferentially in the hind limbs [63,64].
Fig. (4) shows the hind limb of a mouse after intracardiac injection
with vehicle (PBS) Fig. (4A), or with the human breast cancer cells
MDA-MB-231, Fig. (4B). Four weeks after injection it is possible
to appreciate the presence of osteolytic lesions by X-ray, Fig. (4B),
left panel, and to detect by histological staining with hematox-
ylin/eosin tumour cells that have invaded the bone marrow, Fig.
(4B), middle panel. Histological sections stained for the osteoclast
specific marker TRACP (tartrate resistant acid phosphatase) clearly
show high numbers of these cells lining the bone surface, Fig. (4B),
right panel.

Treatment of mice inoculated with the MDA-MB-231 cells with
CGP76030 (100 mg/kg/day p.o.) decreased the morbidity, Fig. (4C)
and lethality, Fig. (4D) compared to vehicle-treated mice [61].
Moreover, CGP76030 was also able to reduce the incidence of
bone, Fig. (4E), as well as of visceral metastases, Fig. (4F). Inter-
estingly, the effect of CGP76030 seemed not to be restricted to the
inhibition of osteoclast bone resorption [25,27], but it acted also on
metastases developed in other organs. Worth noting is that this
treatment did not induce any obvious detrimental effect in animals.

These results were consistent with data showing that intracar-
diac injection of nude mice with MDA-MB-231 cells stably trans-
fected with a c-Src kinase-dead dominant-negative construct in-
duced less morbidity, lethality and incidence of bone and visceral
metastases relative to mice injected with parental MDA-MB-231
cells [62,65]. Finally, treatment of MDA-MB-231 cells with
CGP76030 significantly reduced in vitro cell proliferation, migra-
tion and invasion in a concentration-dependent manner.

AP23451(ARIAD) is a purine-based c-Src tyrosine kinase in-
hibitor which contains a bisphosphonate group that conferrs bone-
targeting properties [66]. In vitro, this compound inhibited osteo-
clast formation and stimulated osteoclast apoptosis, while in vivo
studies showed its ability to dose-dependently prevent parathyroid
hormone-induced bone resorption and hypercalcaemia, and ovariec-
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Fig. (4A-B). Hind limb of a BALB/c-nu/nu mouse inoculated in the left ventricle with vehicle alone (PBS) (A) or with 100,000/100 microL of MDA-MB-231
cells (B). Left panels: x-ray analysis (arrow, osteolytic lesions). Middle panels: haematoxylin/eosin staining (*, tumour mass). Right panels: histochemical
staining for tartrate-resistant acid phosphatase activity (TRACP). (C-F) In vivo treatment with the c-Src inhibitor CGP76030. As described in (B), from the day
after injection of tumour cells, animals were treated with CGP76030 (100 mg/kg/day) or with vehicle alone. Mice were then monitored daily for body weight
(cachexia) (C) and survival (D) and were weekly subjected to x-ray analysis to evaluate osteolytic lesions (E). After 38 days, animals were sacrificed and
subjected to anatomical dissection to evaluate visceral metastases (F). Similar results were observed in 4 independent experiments. (F) *p=0.043 (N. of

mice/group=8). A similar experiment has already been published by us in [62].

tomy-induced bone loss [67]. Interestingly, treatment of nude mice,
which have been inoculated with the MDA-MB-231 cells via intra-
cardiac injection, with this compound reduced metastasis-induced
osteolysis [68] and resulted in smaller tumours developed in the
bone marrow cavities [69].

AP22408 and AP23236 (ARIAD) belong to the dual c-Src/Abl
kinase inhibitor class, which blocks c-Src noncatalytic SH2 domain
or catalytic activity in osteoclasts. These compounds are bone-
targeted and are both active in the preclinical studies of osteoporo-
sis and osteolytic bone metastases [1,70].

CONCLUSIONS

Proto-oncogene c-Src plays a role in the development and pro-
gression of many human cancers and in osteoclast function. Ac-

cordingly, c-Src inhibitors target both tumour cells and osteoclasts,
thus disrupting their mutual interactions in bone metastases. Phar-
macological treatment with c-Src inhibitors is promising for the
treatment of bone metastasis complications, which could lead to a
better quality of life and improved survival of patients. Pilot clinical
studies support the feasibility of this treatment since c-Src inhibitors
were found not to cause significant adverse effects in male volun-
teers [29].

ACKNOWLEDGEMENTS

The original work was supported by the E.C. grant METABRE
(# LSHM-CT-2003-503049) and by a grant from the Associazione
Italiana per la Ricerca sul Cancro (AIRC). We gratefully acknowl-
edge the contribution of Dr. Rita Di Massimo in the editing this
manuscript.



348 Anti-Cancer Agents in Medicinal Chemistry, 2008, Vol. 8, No. 3

REFERENCES

[1] Alvarez, R.H.; Kantarjian, H.M.; Cortes, J.E. Cancer, 2006, 107,
1918.

[2] Fukami, Y.; Nagao, T.; lwasaki, T.; Sato, K.I. Pharmacol. Ther.,
2002, 93, 263.

[3] Suga, M.; Missbach, M.; Gamse, R.; Kneissel, M.; Buhl, T.; Gas-
ser, J.A.; Glatt, M.; O’Reilly, T.; Teti, A.; and Green, J. In Cancer
Drug Discovery and Development: Protein Tyrosine Kinases: from
inhibitors to useful drugs, Fabbro D and McCormick F, Eds.; Hu-
mana Press Inc: Totowa NJ, 2005; pp. 71-92.

[4] Avraham, H.; Price, D.J. Methods, 1999, 17, 250.

[5] Clark, E.A.; Brugge, J.S. Mol. Cell Biol., 1993, 13, 1863.

[6] Salter, M.W. Biochem. Pharmacol., 1998, 56, 789.

[7 Horne, W.C.; Neff, L.; Chatterjee, D.; Lomri, A.; Levy, J.B;
Baron, R. J. Cell Biol., 1992, 119, 1003.

[8] Tanaka, S.; Amling, M.; Neff, A.; Peyman, A.; Uhlmann, E.; Levy,
J.B.; Baron, R. Nature, 1996, 383, 528.

[9] Schlessinger, J. Cell, 2000, 100, 196.

[10] Thomas, S.M.; Brugge, J.S. Ann. Rev. Cell Dev. Biol., 1997, 13,
513.

[11] Chong, Y.P.; Kui la, K.; Mulhern, T.D.; Cheng, H.C. Biochem.
Biophys. Acta, 2005, 1754, 210.

[12] Soriano, P.; Montgomery, C.; Geske, R.; Bradley, A. Cell, 1991,
64, 693.

[13] Whyte, M.P. In Connective Tissue and its Heritable Disorders:
medical, genetic, and molecular aspects, 2™ ed, Royce and Steine-
mann, Eds.; Wiley-Lyss: New York, 2002; pp. 753-770.

[14] Frattini, A.; Orchard, P.J.; Sobacchi, C.; Giliani, S.; Abinun, M;
Mattsson, J.P.; Keeling, D.J.; Andersson, A.K.; Wallbrandt, P.;
Zecca, L.; Notarangelo, L.D.; Vezzoni, P.; Villa, A. Nat. Genet.,
2000, 25, 343.

[15] Boyce, B.F.; Yoneda, T.; Lowe, C.; Soriano, P.; Mundy, G.R. J.
Clin. Invest., 1992, 90, 1622.

[16] Lowe, C.; Yoneda, T.; Boyce, B.F.; Chen, H.; Mundy, G.R.; Sori-
ano, P. Proc. Natl. Acad. Sci. USA, 1993, 90, 4485.

[17] Miyazaki, T.; Sanjay, A.; Neff, L.; Tanaka, S.; Horne, W.C.; and
Baron, R. J. Biol. Chem., 2004, 279, 17660.

[18] Horne, W.C.; Sanjay, A.; Bruzzanti, A.; Baron, R. Immunol. Rev.,
2005, 208, 106.

[19] Abu-Amer, Y.; Ross, F.P.; Schlesinger, P.; Tondravi, M.M.;
Teitelbaum, S.L. J. Cell Biol., 1977, 137, 247.

[20] Nakamura, I.; Jimi, E.; Duong, L.T.; Sasaki, T.; Takahashi, N.;
Rodan, G.A.; Suda, T. J. Biol. Chem., 1998, 273, 11144.

[21] Teti, A.; Taranta, A.; Migliaccio, S.; DeGiorgi, A.; Santandrea, E.;
Villanova, |.; Faraggiana, T.; Chellaiah, M.; Hruska, K.A. J. Bone
Miner. Res., 1998, 13, 50.

[22] Lee, S.E.; Chung, W.J.; Kwak, H.B.; Chung, C.H.; Kwack, K.B.;
Lee, Z.H.; Kim, H.H. J. Biol. Chem., 2001, 276, 49343.

[23] Miyazaki, T.; Tanaka, S.; Sanjay, A.; Baron, R. Mod. Rheumatol.,
2006, 16, 68.

[24] Yoneda, T.; Lowe, C.; Lee, C.H.; Gutierrez, G.; Niewolna, M.;
Williams, P.J.; Izbicka, E.; Uehara, Y.; Mundy, G.R. J. Clin. In-
vest., 1993, 91, 2791.

[25] Missbagh, M.; Jeschke, M.; Feyen, J.; Miiller, K.; Glatt, M.; Green,
J.; and Susa, M. Bone, 1999, 24, 437.

[26] Suga, M.; Missbach, M.; Green, J. Trends Pharmacol. Sci., 2000,
21, 489.

[27] Recchia, I.; Rucci, N.; Funari, A.; Migliaccio, S.; Taranta, A,;
Longo, M.; Kneissel, M.; Susa, M.; Fabbro, D.; Teti, A. Bone,
2004, 4, 65.

[28] Eastell, R.; Hannon, R.A.; Gallagher, N. J. Clin. Oncol., 2005, 23,
16S.

[29] Hannon, R.A; Clack, G.; Gallagher, N. Bone, 2005, 36, S135.

[30] Irby, R.B.; Yeatman, T.J. Oncogene, 2000, 19, 5636.

[31] Summy, J.M.; Gallick, G.E. Clin. Cancer Res., 2006, 12, 1398.

[32] Talamonti, M.S.; Roh, M.S.; Curley, S.A.; Gallick, G.E. J. Clin.
Invest., 1993, 91, 53.

[33] Termuhlen, P.M.; Curley, S.A.; Talamonti, M.S.; Saboorian, M.H.;

Gallick, G.E. J. Surg. Res., 1993, 54, 293.

[34]

[35]

[36]

[37]

[38]

[39]
[40]
[41]
[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]
[51]
[52]
[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]

[63]

Rucci et al.

Allgayer, H.; Boyd, D.D.; Heiss, M.M.; Abdalla, E.K.; Curley,
S.A,; Gallick, G.E. Cancer, 2002, 94, 344.

Trevino, J.G.; Summy, J.M.; Lesslie, D.P.; Parikh, N.U.; Hong,
D.S.; Lee, F.Y.; Donato, N.J.; Abbruzzese, J.L.; Baker, C.H.; Gal-
lick, G.E. Am. J. Pathol., 2006, 168, 962.

Summy, J.M.; Trevino, J.G.; Lesslie, D.P.; Baker, C.H.; Shake-
speare, W.C.; Wang, Y.; Sundaramoorthi, R.; Metcalf, C.A. 3";
Keats, J.A.; Sawyer, T.K.; Gallick, G.E. Mol. Cancer Ther., 2005,
4,1900.

Recchia, I.; Rucci, N.; Festuccia, C.; Bologna, M.; MacKay, AR;
Migliaccio, S.; Longo, M.; Susa, M.; Fabbro, D.; Teti, A. Eur. J.
Cancer, 2003, 39, 1927.

Angelucci, A.; Schenone, S.; Gravina, G.L.; Muzi, P.; Festuccia,
C.; Vicentini, C.; Botta, M.; Bologna, M. Eur. J. Cancer, 2006, 42,
2838.

Ottenhoff-Kalff, A.E.; Rijksen, G.; Van Beurden, E.A.; Hennip-
man, A.; Michels, A.A.; Staal, G.E. Cancer Res., 1992, 52, 4773.
Planas-Silva, M.D.; Bruggerman, R.D.; Grenko, R.T.; Stanley
Smith, J. Biochem. Biophys. Res. Commun., 2006, 341, 73.

Boyd, D.D.; Wang, H.; Avila, H.; Parikh, N.U.; Kessler, H.; Mag-
dolen, V.; Gallick, G.E. Clin. Cancer Res., 2004, 10, 1545.

Kraker, AJ.; Hartl, B.G.; Amar, A.M.; Barvian, M.R.; Showalter,
H.D.; Moore, C.W. Biochem. Pharmacol., 2000, 60, 885.
Yezhelyev, M.V.; Koehl, G.; Guba, M.; Brabletz, T.; Jauch, KW.;
Ryan, A.; Barge, A.; Green, T.; Fennell, M.; Bruns, C.J. Clin. Can-
cer Res., 2004, 10, 8028.

La Rosee, P.; Corbin, A.S.; Stoffregen, E.P.; Deininger, M.\W.;
Druker, B.J. Cancer Res., 2002, 62, 7149.

Tokarshi, J.S.; Newitt, J.; Lee, F.Y. Blood, 2004, 104, 160a.
Burgess, M.R.; Skaggs, B.J.; Shah, N.P.; Lee, F.Y.; Sawyers, C.L.
Proc. Natl. Acad. Sci. USA, 2005, 102, 3395.

Shah, N.P.; Tran, C.; Lee, F.Y.; Chen, P.; Norris, D.; Sawyers, C.L.
Science, 2004, 305, 399.

Talpaz, M.; Shah, N.P.; Kantarjian, H.; Donato, N.; Nicoll, J.;
Paquette, R.; Cortes, J.; O’Brien, S.; Nicaise, C.; Bleickardt, E.;
Blackwood-Chirchir, M.A.; lver, V.; Chen, T.T.; Huang, F.;
Decilis, A.P.; Sawyers, C.I. New Eng. J. Med., 2006, 354, 2531.
Puttini, M.; Coluccia, A.M.L.; Boschelli, F.; Cleris, L.; Marchesi,
E.; Donella-Deana, A.; Ahmed, S.; Redaelli, S.; Piazza, R.; Magis-
troni V.; Andreoni, F.; Scapozza, L.; Formelli, F.; Gambacorti-
Passerini, C. Cancer Res., 2006, 66, 11314.

Roodman, G.D. New Eng. J. Med., 2004, 350, 1655.

Coleman, R.E. Cancer. Treat. Rev., 2001, 27, 165.

Coleman, R.E.; Seaman, J.J. Semin. Oncol., 2001, 28, Suppl 6, 11.
Charhon, S.A.; Chapuy, M.C.; Delvin, E.E.; Valentin-Opran, A.;
Edouard, C.M.; Meunier, P.J. Cancer, 1983, 51, 918.

Guise, T.A.; Mohammad, K.S.; Clines, G.; Stebbins, E.G.; Wong,
D.H.; Higgins, L.S.; Vessella, R.; Corey, E.; Padalecki, S.; Suva,
L.; Chirgwin, J.M. Clin. Cancer Res., 2006, 12, 6213s.

Park, B.K.; Zhang, H.; Zeng, Q.; Dai, J.; Keller, E.T.; Giordano, T.;
Gu, K.; Shah, V.; Pei, L.; Zarbo, R.J.; McCauley, L.; Shi, S.; Chen,
S.; Wang C-Y. Nat. Med., 2007, 13, 62.

Lipton, A.; Theriault, R.L.; Hortobagy, G.N.; Simeone, J.; Knight,
R.D.; Mellars, K.; Reitsma, D.J.; Heffernan, M.; Seaman, J. Can-
cer, 2000, 88, 1082.

Rosen, L.S.; Gordon, D.; Tchekmedyiann, N.S.; Yanagihara, R.;
Hirsh, V.; Krzakowski, M.; Pawlicki, M.; De Souza, P.; Zheng, M.;
Urbanowitz, G.; Reitsma, D.; Seaman, J. Cancer, 2004, 100, 2613.
Lipton, A. Clin. Cancer Res., 2006, 12, 635s.

Dallas, S.L.; Garrett, I.R.; Oyajobi, B.O.; Dallas, M.R.; Boyce,
B.F.; Bauss, F.; Radl, J.; Mundy, G.R. Blood, 1999, 93, 1697.

van der Pluijm, G.; Que, I.; Sijmons, B.; Buijs, J.T.; Lowik, C.W.;
Wetterwald, A.; Thalmann, G.N.; Papapoulos, S.E.; Cecchini, M.G.
Cancer Res., 2005, 65, 7682.

Bilezikian, J.P. New Engl. J. Med., 2006, 355, 2278.

Rucci, N.; Recchia, I.; Angelucci, A.; Alamanou, M.; Del Fattore,
A.; Fortunati, D.; Susa, M.; Fabbro, D.; Bologna, M.; Teti, A. J.
Pharmacol. Exp. Therap., 2006, 318, 161.

Arguello, F.; Baggs, R.B.; Frantz, C.N. Cancer Res., 1988, 48,
6876.



Inhibition of Protein Kinase c-Src as a Therapeutic Approach for Cancer

[64]
[65]

[66]

Yoneda, T.; Sasaki, A.; Dunstan, C.; Williams, P.J.; Bauss, F.; De
Clerk, Y.A.; Mundy, G.R. J. Clin. Invest., 1997, 99, 2509.

Myoui, A.; Nishimura, A.; Williams, P.J.; Tamura, D.; Michigami,
T.; Mundy, G.R.; and Yoneda, T. Cancer Res., 2003, 63, 5028.
Wang, Y.; Metcalf, C.A. Ill; Shakespeare, W.C.; Sundaramoorthi,
R.; Keenan, T.P.; Bohacek, R.S.; van Schravendijk, M.R.; Violette,
S.M.; Narula, S.S.; Dalgarno, D.C.; Haraldson, C.; Keats, J.; Liou,
S.; Mani, U.; Pradeepan, S.; Ram, S.; Adam, S.; Weigele, M.; Saw-
yer T.K. Bioorg. Med. Chem. Lett., 2003, 13, 3067.

Received: 27 March 2007

Revised: 11 June 2007 Accepted: 12 June 2007

[67]
[68]

[69]

[70]

Anti-Cancer Agents in Medicinal Chemistry, 2008, Vol. 8, No.3 349

Boyce, B.F.; Shakespeare, W., Xing, L. J. Bone Miner. Res., 2002,
17, S159.

Boyce, B.F.; Xing, L.; Shakespeare, W.; Wang, Y.; Dalgarno, D.;
luliucci, J.; Sawyer, T. Kidney Int. Suppl., 2003, S2.

Boyce, B.F.; Xing, L.; Yao, Z.; Yamashita, T.; Shakespeare, W.C.;
Wang, Y.; Metcalf 1l C.A.; Sundaramoorthi, R.; Dalgarno, D.C.;
luliucci, J.D.; Sawyer, T.K. Clin. Cancer Res., 2006, 12, 6291.
Shakespeare, W.C.; Metcalf, C.A. lll; Wang, Y.; Sundaramoorthi,
R.; Keenan, T.; Weigle, M.; Bohacek, R.S.; Dalgarno, D.C.; Saw-
yer, T.K. Curr. Opin. Drug Discov. Dev., 2003, 6, 729.



