Check for
updates

Pathology of Bone Metastasis

Carlo Della Rocca and Claudio Di Cristofano

Abstract

Bone metastases are a frequent complication
of advanced cancer. Interactions between can-
cer cells and marrow stromal cells and bone
turnover mechanisms are crucial in metastases
growth and the pathogenesis of bone damage.
Metastatic tumour cells stimulate the bone
remodelling and indirectly induce the osteo-
cytes to release several growth factors that
promote the proliferation of stromal, haemato-
poietic and neoplastic cells in a sort of vicious
circle. Histological examination of bone
metastasis of known origin is performed usu-
ally to define prognostic and/or predictive
markers for target cancer therapy; in the
10-30% of patients in which the primary
tumour is not identified, the histologic
findings derived from bone biopsy could be
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diagnostic by morphological or immunohisto-
chemical assessment of the neoplastic tissue.

1.1 Introduction

Bone metastases are a frequent complication
occurring in patients with advanced cancer, and
these are a significant problem in the management
of cancer patients. Patients with bone metastases
often have a poor prognosis, and it results from
the systemic spread of tumour. The skeleton is the
third most frequent site for metastatic carcinoma
dissemination after the lung and liver, and its col-
onization causes significant morbidity in patients
with solid tumours. The breast and prostate cancer
are responsible for more than 80% of cases of
bone metastases, but also haematopoietic malig-
nancies, such as multiple myeloma, or sarcomas
may develop bone metastases.

Bone metastases are often characterized as
osteolytic, as in breast cancer, or osteoblastic, as
in prostate cancer. Although each bone segment
may be involved, the thoracic spine is the most
frequently involved site, followed by the cervical
and lumbosacral spine.

Pain is the most common symptom of bone
metastases related to pathological fractures,
microfractures or interruption of the cortical
bone; more rarely it is secondary to mechanical
disturbances due to deformities.
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Pathological fracture occurs in the absence of
a mechanical stress sufficient to interrupt the
continuity of the bone segment, but it is caused
by pre-existing bone structural modifications,
such as the presence of metastases.

The interest in the study of bone metastases is
not only due to the high prevalence of these
lesions in cancer patients but also because it is a
model to study the interaction of tumour cells and
the associate marrow stromal cells. Indeed, bone
metastases represent the first good example of the
importance of the microenvironment in meta-
static spread.

The biological affinity of cancer cells for the
bone is due to the high vascularization of the
bone marrow; moreover the bone microenviron-
ment produces factors that promote the survival
and the proliferation of cells.

The metastatic cancer cells migrate to the bone
marrow across the sinusoidal wall and proliferate
and stimulate bone turnover with the development
of osteolytic or osteoblastic lesions. These two
radiological aspects of metastases represent the
two extremes of the abnormal regulation of physi-
ological processes involved in bone remodelling.

Under physiological conditions, the bone
homeostasis requires a continuous bone remodel-
ling to adjust its resistance according to the load
to which it is subjected and to remodel its form
according to mechanical stress, depositing new
organic matrix and removing the worn part.

This balance between bone regeneration and
degradation is guaranteed by the coupled action
of osteoblasts and osteoclasts. Osteoblasts are
involved directly in remodelling, secreting
organic matrix components and adjusting the
deposition of minerals. When the osteoblasts
become trapped in the matrix and transform in
osteocytes unable to proliferate, the bone forma-
tion is interrupted.

Osteoclasts are the major actors in bone
resorption; they form an extracellular bone com-
partment where pouring hydrochloric acid, pro-
teolytic enzymes and other proteins is required
for the acidic digestion of the organic and inor-
ganic bone matrix. Osteoblasts secrete lysosomal
enzymes that degrade the calcium ions, collagen
fibres, glycoproteins and proteoglycans. The

action of the osteoblasts and osteoclasts depends
on the systemic factors including hormones and
cytokines that promote their proliferation and
modulate their actions.

All types of bone metastases, characterized as
osteolytic, osteoblastic or mixed, are due to
osteoclast activation, and this is associated with
increased serum biochemical markers of bone
remodelling, such as pyridinoline (PYD) that
reflects the degradation of mature collagens or
bone-specific alkaline phosphatase (BALP) that
is associated to bone formation.

Several studies have been performed to assess
the utility of markers of bone turnover to evaluate
bone metastases [1, 2] or to monitor anticancer
treatment response [1, 3, 4], as well as to predict
bone complications. However, the clinical prac-
tice guidelines do not recommend the use of bone
turnover markers to understand the clinical data
and the treatment response in metastatic patients
[5-7].

1.2 Bone Turnover

and Metastasis

The bone remodelling is the process whereby
microscopic mature bone tissue is reabsorbed
and equivalent new bone tissue is formed. The
process takes place at the BMU (bone multicel-
lular units) level. The BMU are temporary micro-
anatomic structures with resorption of old bone
by osteoclasts and by a reconstruction phase,
with osteoblasts activity. The two phases are in
equilibrium, and the more bone is reabsorbed, the
more it will be formed. For a long time it has
been believed that osteocytes were only viewer of
this important process, but now it’s well known
that they play an important role in bone turnover
control and regulation. Dendritic shape is a char-
acteristic of osteocytes, and the dendrites are lon-
ger and more abundant in mineralized matrix
close to the bone surface; moreover the number
of osteocyte dendrites is inversely proportional to
the cell size and activity. In the transformation of
the active osteoblast in the corresponding osteo-
cyte, dendrite proliferation is directly related to
osteocyte maturation.
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The network formed by osteocytes with their
dendritic extensions allows to control, through
chemical mediators, bone formation and resorp-
tion and haematopoiesis [8]. In this model, osteo-
cytes “feel” the load variations in the bone and, for
a sort of piezoelectric stimulus, begin to produce
some factors, such as the sclerostin, that stimulate
osteoblasts and osteoclasts to adapt bone microar-
chitecture to mechanical variations [9, 10].

Sclerostin is a protein expressed mainly by
mature osteocytes (Fig. 1.1), but is not expressed
in osteoblasts, and it has an inhibitory activity on
Whnt-p-catenin pathway [11]. The p-catenin is
involved in many processes; it plays a key role in
cytoskeleton and intercellular junction stabiliza-
tion. Moreover, when Wnt ligand interacts with
the cell surface Frizzled receptor, the -catenin is
not degraded by proteasome, but it enters into the
nucleus and acts as a nuclear transcription factor,
leading to activation of genes involved in Wnt

pathway. In the bone the Wnt-f-catenin signal-
ling promotes the maturation of osteoblasts and
the survival of osteocytes and indirectly inhibits
osteoclastogenesis by inducing the expression of
OPG by osteocytes.

In osteoclast precursors, osteoclastogenesis is
a process linked to the activation of the nuclear
receptor NF-kB (RANK, receptor activator of
nuclear factor-kB) induced by interaction with its
ligand, the RANK-L protein (ligand of receptor
activator of nuclear factor-kB), produced by
osteocytes [12]. However, the osteocytes also
produce the osteoprotegerin (OPG) protein
(Fig. 1.1) that by binding to RANK-L inhibits the
interaction with RANK and consequently osteo-
clast differentiation. In bone tissue microenviron-
ment, the RANK-L and OPG ratio is a key factor
in the differentiation of osteoclasts and so in bone
resorption [13, 14].

All these actions are summarized in Fig. 1.2.

Fig. 1.1 (a HE 20X; b SOST 20X; ¢ OPG 20X; d RANKL 20X) Sclerostin (b) and OPG (c) are clearly expressed in
mature osteocytes, while RANKL (d) is only occasionally seen in the same cells



During the development of metastasis, the
malignant cells undergo genetic and epigenetic
alterations that allow it to move away from the
primary tumour site in order to enter into the
bloodstream and eventually develop a secondary
tumour at the other site. The molecular mecha-
nisms related to the development of metastases
and to the spread of circulating tumour cells
(CTC) are not yet completely understood.

Through the vessels, the CTC arrive in highly
vascularized bone marrow, and through the inter-
action with the haematopoietic cells and stromal
microenvironment, they contribute to their sur-
vival. Metastatic tumour cells stimulate the oste-
olysis and/or proliferation of osteoblasts with bone
formation. Such bone remodelling stimulus acts
on the osteocytes leading to the release of several
growth factors that promote the proliferation of
stromal, haematopoietic and neoplastic cells.

Metastatic cancer cells, moreover, produce
metalloproteases (MMPs) that degrade the matrix
(type I collagen), and this stimulates the osteo-
cytes to produce other factors, such as the scleros-
tin, that activate bone remodelling in a vicious
circle (Fig. 1.3).

Initially, it was thought that only osteoblasts
and osteoclasts were directly activated by meta-
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static cancer cells, but to date it has been shown
that osteocytes also are involved in bone turnover
induced by cancer cell through the Wnt pathway
and sclerostin secretion [15, 16]. Moreover sev-
eral studies suggested that osteocytes not only
play a key role in the regulation of bone marrow
microenvironment [17-20] but also are involved
in the proliferation of metastatic tumour cells
[21, 22] through the production of cytokines and
growth factors (Fig. 1.4).

1.2.1 Diagnosis of Bone Metastasis
Metastases are the most common type of second-
ary bone malignant tumour. Any malignant tumour
can give rise to bone metastases [23-27]. In
25-30% of cases, the bone lesions may be the first
manifestation of malignancy [27-29]. In the latest
years, new technologies allowed an early detection
of metastasis and helped to identify primary tumour
site through imaging techniques and tumour
marker identification [23, 27, 28, 30, 31]. Usually,
histological examinations are not performed on
bone metastasis of known origin. However, this
was used to define prognostic and/or predictive
markers for target cancer therapy (Fig. 1.5).
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Fig. 1.3 (HE 20X) The
intimate relationship
between this bony
trabecula resorption and
metastatic cancer cells
strongly suggests a
crosstalk between bone
cells and tumour cells
involved in remodelling

Fig. 1.4 (HE 10X) This
metastatic squamous
carcinoma grows up in
marrow spaces
permeating the bony
trabeculae. Cytokines
and growth factors are
certainly involved in
such extensive invasion
without important bone
destruction

Fig. 1.5 (Left HE 20X, right Her2 40) This bone metastatic breast carcinoma is tested for Her2 expression as a predic-
tive and prognostic indicator
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Fig. 1.6 (HE 20X)
Peculiar morphology in
this case of metastatic
follicular thyroid
carcinoma allows an
easy diagnosis of the
primary location to be
performed

Fig. 1.7 (Oestrogen
20X)
Immunohistochemical
detection of the presence
of oestrogen receptors in
this bone metastatic
breast carcinoma allows
a diagnosis of the
primary location to be
supposed

At the time of diagnosis, in 10-30% of patients
with bone metastases, the primary tumour is not
identified [24, 31-35]; despite clinical history,
physical examinations and routine laboratory or
imaging exams, the site of the primary tumour is
not detected [35]. Therefore, in these cases the
histologic findings derived from bone biopsy
could be diagnostic (Fig. 1.6).

Sometimes, a metastatic bone lesion could have
such a histological appearance of undifferentiated
tumours not to allow a precise pathological classi-
fication using haematoxylin-eosin stain. Therefore,
using the immunohistochemistry method (IHC)
with labelled antibodies, it is possible to identify

the immunophenotype of metastatic cells and to
determine the origin of primary tumour [34, 36].

For example, oestrogen receptor, progesterone
receptor and gross cystic disease fluid protein
(GCDFP) are positive in breast carcinoma
(Fig. 1.7), thyroid transcription factor-1 (TTF-1)
in lung carcinoma, prostate-specific antigen
(PSA) in prostatic carcinoma, renal cell carci-
noma marker (RCCMA) and CD10 in renal car-
cinoma and thyroglobulin in thyroid carcinoma
[37]. A simplified correspondence among immu-
nohistochemical markers and possible primary
tumour in bone metastasis of unknown origin is
reported in Table 1.1 [38].
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