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Oral squamous cell carcinomas (SCCs) are malignant
tumours that frequently invade the mandibular bone and
bone invasion is a common clinical problem. Recent
studies have revealed that bone resorption by osteoclasts
is an important step in the process of bone invasion by
oral SCCs. However, the cellular and molecular mecha-
nisms of bone invasion by oral SCCs remain unclear. Oral
SCGCs invade the mandibular bone through an erosive,
mixed or infiltrative pattern that correlates with clinical
behaviours. The expressions of interleukin (IL)-6, IL-11,
tumour necrosis factor (TNF) o and parathyroid hor-
mone-related protein (PTHrP) were higher in the infil-
trative pattern than in the erosive pattern. These
cytokines lead to receptor activator of NF-«xB ligand
(RANKL) expression or osteoprotegerin (OPG) sup-
pression not only in oral SCC cells but also in cancer
stromal cells to induce osteoclastogenesis. Taken
together, oral SCCs provide a suitable microenviron-
ment for osteoclastogenesis to regulate the balance of
RANKL and OPG. In this review, we introduce recent
advances in the knowledge of the cellular and molecular
mechanisms, by which oral SCC invades mandibular bone
based on the recent findings of our lab and others.
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Introduction

Oral squamous cell carcinoma (SCC) represents 1-2%
of all human malignancies in Japan (Okamoto ef al,
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2000). However, oral SCC is the sixth most common
cancer and more than 300 000 new cases are diagnosed
each year worldwide (Choi and Myers, 2008). It is
estimated that 7000 patients die from this type of cancer
each year. Malignant tumours of the oral cavity account
for the majority (36%) of the newly diagnosed cases,
followed by larynx cancer, hypopharynx cancer and all
head and neck cancers (more than 90% of which are
squamous cell carcinoma) (Muir and Weiland, 1995;
Uchida, 1998; Otoh et al, 2005). At least 95% of oral
SCC cases occur in individuals aged 40 years or older
and SCC occurs twice as often in men as in women. Men
are affected more often than women because, in most
countries, men tend to be heavier users of tobacco and
alcohol. The most common sites for squamous cell
carcinoma are the tongue and gingiva. A malignant
tumour of epithelial origin, SCC has a regional distri-
bution that affects the biological activity of the neo-
plasm. The behaviour of SCC depends on its site of
origin and each anatomical site has its own particular
spread pattern and prognosis (Muir and Weiland, 1995;
Uchida, 1998; Otoh et al, 2005).

Oral SCC usually presents first as slightly elevated
surface lesions with erythema (Sokolosky et al, 1986;
Miiller and Slootweg, 1990). The lesions, termed
erythroplasia, should be biopsied. These early red
lesions are asymptomatic and may be either carcinoma
in situ or invasive carcinoma. One-third of lesions are
pure white; they are known as leukoplakia but only 10%
of them are carcinoma in situ or invasive carcinoma.
Tender, painful lesions are usually suggestive of peri-
neural invasions. When lesions become palpable masses,
symptoms such as a vague persistent sore throat or ear
infection occur. The clinical features may vary according
to the affected intraoral subsite. In more advanced cases,
dissemination to the ipsilateral submandibular and
jugulodigastric nodes are common, and the patient
may present with a mass in the neck (Sokolosky et al,
1986; Miiller and Slootweg, 1990; Stoeckli et al, 2002).
When lymph node or remote bone and organ metastases



are associated with an early oral primary lesion, a
second, more advanced primary upper acrodigestive or
lung cancer is often responsible for the metastases
(Sokolosky et al, 1986).

Squamous cell carcinomas of the gingiva are the
second most common carcinoma of the oral cavity next
to those of the tongue (Muir and Weiland, 1995;
Uchida, 1998; Otoh et al, 2005). Unlike lingual carci-
nomas, gingival carcinomas easily invade underlying
jawbone. Gingival SCCs are thus among the very rare
human neoplasms that directly invade the bone. In
particular, the extension of oral SCC into mandibular
bone classifies the tumour as stage IV and is considered
an indicator of poor prognosis (Shah and Lydiatt,
1999). Advanced oral SCC has a high mortality and
treatment is complicated by disruption of speech and
swallowing after surgical resection. Patients with man-
dibular invasion should be treated surgically but the
extent of mandibular resection required remains con-
troversial. Resection of the mandibular bone leads to
physical damage and frequently results in psychological
problems for patients (Totsuka et al, 1991a.b).

Although some controversy still exists, the bone
destruction associated with invasion is thought to be
mediated by osteoclasts rather than directly by the
carcinoma (Guise and Mundy, 1998). Invasion of the
maxilla or mandible by oral SCC is currently ascertained
only by radiological inspection. In some patients, the
tumour causes invasive resorption of the mandible; in
others, it is in contact with the mandible but does not
show invasive progression into the mandible. Therefore,
radiographic diagnosis alone is inadequate and the
development of a new diagnostic technique that allows
accurate estimation of the extent of mandibular invasion
is needed (Totsuka ez al, 1991a,b).

Recently, techniques utilizing molecular biology,
cancer genetics and cancer biology have been developed
(Stephenson, 2000) and used to generate new data on
the cellular and molecular mechanisms of bone invasion
by oral SCC. Therefore, in this review, we first summa-
rize the histological patterns of bone invasion by oral
SCC. We next describe recent advances in knowledge of
the cellular and molecular mechanisms, by which oral
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SCC invades mandibular bone based on the recent
findings of our lab and others. Finally, we discuss
possible molecular therapeutic targets for oral SCCs.

Histological patterns of bone invasion by oral
squamous cell carcinoma

Squamous cell carcinoma is thought to arise from
keratinizing or malpighian epithelial cells (McGregor
and MacDonald, 1988, 1993). The hallmark of squa-
mous cell carcinoma is the presence of keratin, or
‘keratin pearls’, on histological samples. These are well-
formed desmosome attachments and intracytoplasmic
bundles of keratin tonofilaments. Morphologically,
squamous cell carcinoma is variable and may appear
as plaques, nodules, or verrucae that may be scaly or
ulcerated and white, red, or brown (McGregor and
MacDonald, 1988, 1993).

Recent studies have shown that once the oral SCC has
invaded the mandible, it may progress through the bone
in an erosive, mixed or infiltrative histological pattern
(Totsuka et al, 1991b; Slootweg and Muller, 1989;
Carter et al, 1983). The erosive pattern of bone invasion
is marked by a broad pushing front, a sharp interface
between tumour and bone, osteoclastic bone resorption
and fibrosis along the tumour front and an absence of
bone islands within the tumour mass (Figure la). In
contrast, the infiltrative pattern of bone invasion is
characterized by nests and projections of tumour cells
along an irregular front, residual bone islands within the
tumour and haversian system penetration (Figure 1b)
(Miiller and Slootweg, 1990; Totsuka et al, 1991a). SCC
nests are located within stromata with polyhedral
fibroblasts. The stroma is myxoid with abundant deli-
cate reticulin fibres and few collagen fibres (Ito et al,
2003). Cases exhibiting features of both patterns are
described as having a mixed pattern. The histological
pattern of mandibular invasion seems to correlate with
the clinical behaviour. In fact, the infiltrative lesions are
more likely to have primary, regional and distant
recurrence. According to Wong’s report, the 3-year
disease-free survival in the infiltrative pattern was 30%
and that in the erosive pattern was 73% (Wong et al,

Figure 1 Representative samples of gingival SCC with erosive (a) and infiltrative patterns (b). The surgically resected samples were decalcified and
stained with haematoxylin and eosin (H&E). (a) The erosive pattern of bone invasion is marked by a broad pushing front, a sharp interface between
tumour and bone, osteoclastic bone resorption and fibrosis along the tumour front and an absence of bone islands within the tumour mass (x40).
(b) The infiltrative pattern of bone invasion is characterized by nests and projections of tumour cells along an irregular front, residual bone islands

within the tumour and haversian system penetration (x40)
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2000). It has been suggested that the erosive pattern of
oral SCC extends in a more predictable fashion and may
be treated with marginal mandibulectomy rather than
segmental resection. Therefore, the identification of
these distinct histological patterns raised the possibility
that each pattern may exhibit a different behaviour,
which questions previous assumptions that mandibular
invasion presents a universally ominous sign. Further-
more, the postoperative pathological determination of
the bone invasion pattern provides important prognostic
information and therefore should be routinely com-
mented on by pathologists reviewing cases with man-
dibular invasion (Wong et al, 2000).

The molecular mechanisms regulating osteo-
clast differentiation and function

The osteoclast, which is the sole bone-resorbing cell, is a
unique polykaryon, whose activity in the context of the
osteoblast dictates skeletal mass. The differentiation and
activation of osteoclasts are closely regulated. Osteo-
clastic bone resorption consists of several steps: the
proliferation of osteoclast precursors and hematopoietic
cells, differentiation of progenitors into mononuclear
prefusion osteoclasts (pOCs), fusion of pOCs into
multinucleated osteoclasts, formation of the clear zone
(actin ring) and ruffled border (activation) and apopto-
sis. It has been proposed that osteoblasts or bone
marrow stromal cells are involved in osteoclastogenesis
through a mechanism involving cell-to-cell contact with
osteoclast precursors. This hypothesis was proved by the
discovery of a new member of the TNF ligand family:
receptor activator of nuclear factor-xB ligand
(RANKL) (Suda et al, 1999; Nakashima et al, 2003;
Boyle et al, 2003).

Osteoclastogenesis is regulated by a complex signal-
ling system that involves three essential molecules:
RANKIL, its receptor (RANK) and its decoy receptor
osteoprotegerin (OPG). RANKL is expressed in osteo-
blasts and bone marrow stromal cells. RANKL and
macrophage colony-stimulating factor (M-CSF) can
induce osteoclastogenesis in the absence of osteoblasts
suggesting that RANKL and M-CSF are both crucial
for osteoclast development. RANK is expressed as a
transmembrane heterotrimer on the surface of hemato-
poietic osteoclast progenitors, mature osteoclasts, chon-
drocytes and mammary gland epithelial cells.
Interactions between RANKL and RANK have been
shown to induce differentiation from osteoclast precur-
sors to osteoclasts. Osteoblasts and stromal cells also
synthesize osteoprotegerin. Thus, a balance between the
expression levels of RANKL and osteoprotegerin is
crucial for regulating osteoclast differentiation and
function (Figure 2) (Suda et al, 1999; Nakashima et al,
2003; Boyle et al, 2003). This notion is supported by the
finding that the targeted disruption of RANKL and
OPG in mice results in severe osteopetrosis due to the
absence of osteoclasts and osteoporosis by an increased
number of osteoclasts, respectively. Furthermore, mice
lacking RANK have a complete block of osteoclast
development that can be rescued by the transplantation
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Figure 2 The differentiation pathway of osteoclast progenitors into
functionally active osteoclasts. Osteoclastic bone resorption consists of
multiple steps: the proliferation of osteoclast precursors and hemato-
poietic cells, differentiation of progenitors into mononuclear prefusion
osteoclasts (pOCs), fusion of pOCs into multinucleated osteoclasts,
clear zone (actin ring) and ruffled border formation (activation) and
apoptosis. RANKL is the sole factor for both osteoclast differentiation
and function

of bone marrow cells from wild-type mice, indicating
that RANK-deficient mice have an intrinsic defect in
osteoclast function (Nakashima er al, 2003; Boyle et al,
2003).

The cellular and molecular mechanisms regu-
lating osteoclast differentiation and function by
oral SCC

The role of cytokines released from oral SCC cells on
osteoclast formation
Recent studies have established that bone resorption by
osteoclasts is an important step in the process of bone
invasion and metastasis in several malignancies (Guise
and Mundy, 1998). Once cancer cells invade the bones,
they proliferate inhibiting their apoptosis as the bone is
a storehouse of variety of cytokines and growth factors
and thus provides an extremely fertile environment for
cell growth (Guise and Mundy, 1998). Carter et al
(1983) demonstrated that oral SCC cells produced
prostaglandins E, and F,, which are involved in
osteoclastic bone resorption. Several in vitro and animal
experiments using human oral SCC cells have shown
that tumour cells produce several cytokines, such as
transforming growth factor (TGF)-f, interleukin (IL)-
1B, IL-6, IL-11, TNFa and parathyroid hormone-
related protein (PTHrP) (Guise and Mundy, 1998).
Recently, Shibahara et a/ (2005) histopathologically
classified 38 specimens of lower gingival SCC into an
invasion group (23 cases) and a non-invasion group (15
cases) and then examined protein expression of TGF-p,
IL-1o/p, IL-6, IL-11, IL-18, TNFo and PTHrP using
immunohistochemical techniques. The invasion group
showed a high level of expression of IL-6, IL-11, TNFa
and PTHrP. In contrast, expression of TGF-f, IL-1o/f8
and IL-18 was not different between these two groups
suggesting that various cancer-derived cytokines, such
as IL-6, IL-11, TNFo and PTHrP, play important roles
in bone invasion by oral SCC (Shibahara et al, 2005).
IL-6 is an important cytokine that stimulates osteo-
clastic bone resorption by inducing RANKL expression
in osteoblasts (O’Brien et al, 1999). More importantly,
several reports have revealed that the serum levels of
IL-6 are elevated in patients with head and neck SCC
and the elevation correlates with clinical outcomes such
as radioresistance, recurrence and survival (Jabonska



et al, 1997, Chen et al, 1999; Duffy er al, 2008).
Furthermore, PTHrP, which was originally identified
as a factor responsible for humoral hypercalcemia of
malignancy (Burtis et al, 1987), is synthesized by many
malignant tumours, including oral SCC (Shibahara
et al, 2005). Although previous reports have suggested
the importance of IL-6 and PTHrP in oral SCC-induced
bone resorption, few studies have investigated their roles
in osteoclastogenesis induced by oral SCC. Therefore,
Kayamori et al (2010) recently performed microarray
analysis using 43 human oral SCC specimens and found
that many of the specimens highly expressed PTHrP;
but a few overexpressed IL-6 mRNA. However, the
expression of IL-6 was observed in both cancer cells and
host stromal cells. In the same study, conditioned
medium (CM) from oral SCC cell lines stimulated
RANKL expression in stromal cells and osteoclasto-
genesis. Antibodies against PTHrP and IL-6 receptor
suppressed RANKL expression in stromal cells and
osteoclastogenesis induced by cancer cell-derived CM.
These data suggest that oral SCC provides a suitable
microenvironment for osteoclastogenesis not only by
producing IL-6 and PTHrP but also by stimulating
stromal cells to synthesize IL-6 (Figure 3) (Kayamori
et al, 2010).

RANKL/RANK system in osteoclastic bone resorption

The RANKL/RANK signalling pathway also regulates
bone invasion and bone metastasis by several types of
human cancer, such as breast cancer (Thomas et al,
1999; Bendre et al, 2003), prostate cancer (Brown et al,
2001), myeloma (Sezer et al, 2003; Yaccoby et al, 2004)
and oral SCC (Nagai et al/, 2000). It has been reported
that cancer cells expressing RANKL were able to induce
osteoclastogenesis even in the absence of other accessory
cells (Nagai et al, 2000; Farrugia et a/, 2003). On the
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Figure 3 Schematic representation of the role of IL-6 and PTHrP in
oral SCC-induced osteoclast formation. Bone is a storehouse of
various growth factors, including insulin-like growth factor and
transforming growth factor f. IL-6 and PTHrP produced by oral
SCC cells and IL-6 produced by stromal cells induce fibroblasts/
osteoblasts to synthesize RANKL and they subsequently induce
osteoclast formation. These growth factors are released into the bone
microenvironment in active forms as a consequence of osteoclastic
bone resorption and they stimulate cancer cell proliferation and inhibit
apoptosis
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other hand, not all cancers express RANKL; and cell-
to-cell contact between cancer cells and host cells does
not always lead to RANKL expression (Giuliani et al,
2001; Ohshiba et al, 2003).

A histological analysis of cancer stromal cells shows
that they comprise various types of cells, including
fibroblasts, myofibroblasts, endothelial cells and inflam-
matory cells (Ito er al, 2003; Ishikuro et al, 2008). These
cells and their products play crucial roles in establishing
the tumour microenvironment, which regulates the
proliferation, survival, invasion and metastasis of cancer
cells. The fibrous stroma intervened between the invad-
ing cancer nests and the resorbing bone surface (Fig-
ure 1). These results strongly indicate that stromal cells
regulate osteoclast formation induced by oral SCCs. As
described previously, IL-6 and PTHrP released from oral
cancer cells induced osteoclastogenesis through RANKL
expression in stromal cells (Kayamori ez al, 2010).

We also have examined the molecular mechanisms, by
which oral SCCs regulate osteoclastogenesis using BHY
cells. BHY cells were derived from a highly differenti-
ated human squamous cell carcinoma from the lower
alveolus. The original tumour of BHY cells was highly
invasive to the mandibular bone and the muscle layer of
the oral floor and grew aggressively at the primary site
(Kawamata et al, 1997). We have shown that although
BHY cells, which were highly invasive into mandibular
bone when inoculated into the masseter in nude mice
(Okamoto et al, 2000), expressed RANKL on their cell
surface, they failed to induce osteoclastogenesis in
cocultures of mouse bone marrow cells (BMCs) and
BHY cells (Tada et al, 2005). However, adding BHY
cells to a coculture of mouse primary osteoblasts (POBs)
and BMCs markedly induced osteoclastogenesis in the
absence of osteotropic factors. To further analyse
possible mechanisms of tumour cell-induced osteoclas-
togenesis in our coculture system, we examined the
expression level of mouse and human RANKL, OPG
and GAPDH using species-specific PCR primers in
cocultures of POBs and BHY cells. Neither mouse nor
human RANKL expression was changed in cocultures
of POBs with BHY cells. Adding BHY cells suppressed
mouse OPG mRNA expression and protein production
by POBs. This is consistent with the finding that BHY
cells do not enhance osteoclastogenesis in cocultures of
BMCs and POBs from OPG-deficient mice, suggesting
that cell-to-cell contact of BHY cells and osteoblasts
downregulates OPG expression in osteoblasts. To fur-
ther determine whether this holds true in vivo, we
examined the relationship between osteoclasts and SCC
cells in mandibular bone lesions caused by invasive oral
SCC in five patients. The immunohistochemical analysis
showed a reduction of OPG expression in stromal cells
in osteolytic lesions when compared with normal
lesions. These results strongly indicate that induction
of RANKL expression or reduction of OPG expression
in cancer stromal cells is more important for osteoclast
formation than the expression of RANKL in oral SCC
cells.

Despite the importance of oral SCC cells for osteo-
clastogenesis, the role of its mechanisms in osteoclast
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function, such as multinucleation, survival and pit-
forming activity, is not fully understood. Therefore, we
examined the effect of oral SCCs on osteoclast function
using BHY cells. Purified osteoclasts rapidly died due to
spontaneous apoptosis, but M-CSF, IL-1 and RANKL
prevented the apoptotic cell death of purified osteoclasts
(Jimi et al, 1995, 1999). We therefore examined the
effects of BHY cells and BHY-CM on the survival of
osteoclasts. Both BHY cells and conditioned medium
from BHY cells supported the survival of osteoclast
survival by suppressing Bim expression, a member of the
BH (Bcl-2 homology) three-only family of pro-apoptotic
proteins. Enriched osteoclasts (purity was <70%) did
not have pit-forming activity and adding osteoblasts or
RANKL induced their pit-forming activity (Jimi et al,
1996; Jimi et al, 1999). Therefore, we examined the
effects of BHY cells and BHY-CM on the pit-forming
activity of enriched osteoclasts. Adding BHY cells but
not the BHY-CM induced pit-forming activity by
osteoclasts and adding OPG abrogated the activity
(Tada et al, 2009). Taken together, oral SCC cells
regulate not only osteoclast formation but also function
(Figure 4).

Growth factors released from bone matrix stimulates
tumour cell growth

Bone is a good environment for the progression of
bone invasion. It has been suggested that oral SCC
cells release soluble factors that activate osteoclast
differentiation and function directly or indirectly via
osteoblasts (Figure 3) (Guise and Mundy, 1998). Dur-
ing bone destruction, osteoclasts release various growth
factors, including insulin-like growth factor (IGF-1),
fibroblast growth factor (FGF) and TGF f that are
deposited into mineralized bone matrix (Figure 3).
These growth factors enhance the local microenviron-
ment surrounding the tumour cells, which express
receptors for these growth factors and stimulate
tumour cell proliferation and inhibit their apoptosis
(Partridge et al, 1996; Papadimitrakopoulou et al,

Cancer cells (BHY cells)

Osteoclast
precursor

Figure 4 Schematic representation of the role of the RANKL/RANK
system on oral SCC-induced osteoclast differentiation and function in
BHY cells. BHY cells induce fibroblast stromal cells/osteoblasts to
synthesize RANKL or suppress OPG expression. This subsequently
induces osteoclast formation and bone resorption activity. BHY cells
also directly modulate osteoclastic function such as survival, multinu-
cleation and bone resorption activity
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2006; Goda et al, 2010). This cycle, called the ‘vicious
cycle’, has been proposed to explain tumour develop-
ment in bone (Guise, 2009).

Conclusions and Perspectives

The presence of mandibular invasion is an important
criterion when considering surgical intervention. How-
ever, it is not yet possible to preoperatively determine
from clinical findings whether bone invasion has taken
place or ascertain the degree of malignancy from
cytological evidence obtained by biopsy. This under-
scores the urgent need for more accurate analysis
(Totsuka et al, 1991a,b).

Oral SCCs invade mandibular bone through an
erosive, mixed or infiltrative pattern and poor prognosis
is highly correlated with the infiltrative pattern (Totsuka
et al, 1991b; Slootweg and Muller, 1989; Carter et al,
1983). Among cancer-related cytokines, IL-6, IL-11,
TNFo and PTHrP are more highly expressed in the
infiltrative pattern than in the erosive pattern (Shibahara
et al, 2005). Furthermore, IL-6 is produced in oral SCC
cells and cancer stromal cells to induce RANKL
expression in conjunction with PTHrP in stromal cells
and osteoclastogenesis (Kayamori et al, 2010). Although
there is still controversy about whether oral SCCs
expressing RANKL or stromal cells expressing RANKL
contribute more to osteoclastogenesis, oral SCC pro-
vides a suitable microenvironment for osteoclastogenesis
to regulate the balance of RANKL and osteoprotegerin
(Tada et al, 2005; Kayamori et al, 2010).

In the past few decades, a great deal of progress has
been made in our understanding of the pathogenesis of
oral SCC. In addition, new approaches have been
developed in the fields of molecular biology, cancer
genetics and cancer biology to examine the cellular and
molecular mechanisms of bone invasion by oral SCCs.
Using these techniques, the specific molecular events
involved in bone invasion of this cancer are gradually
being clarified. The development of targeted approaches
(e.g. IL-6, RANKL) to oral SCC analysis will yield an
accurate estimation of bone invasion and contribute to
the development of target therapy for oral SCC.

Recently, the RANKL inhibitor denosumab, a
human monoclonal antibody against human RANKL
has been developed and is being tested in the clinic.
A phase 1 clinical trial was conducted with denosumab
in 54 patients with multiple myeloma and breast cancer
with radiographically evident bone lesions (Body et al,
2006). The inhibition of osteoclast differentiation and
function by blocking RANKL/RANK constitutes a
potentially novel approach to maintaining skeletal
integrity. Indeed, blocking RANKL/RANK with
sRANK or OPG successfully prevents the development
of bone invasion induced by oral SCCs.
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