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Summary

The most prevalent forms of bone cancer are osteosarcoma, chondrosarcoma, and Ewing’s sarco-
ma. Although chemotherapy and radiotherapy have replaced traditional surgical treatments, sur-
vival rates have undergone only marginal improvements. Current knowledge of the molecular path-
ways involved in each type of cancer has led to better approaches in cancer treatment. A number
of cell signaling molecules are involved in tumorigenesis, and specific targets have been identified
based on these signal transducers. This review highlights some of the important cellular pathways
and potential therapeutic targets, tumor site-specific irradiation techniques, and novel drug deliv-
ery systems used to administer these drugs.
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BACKGROUND

Primary bone tumors most commonly originate in the bone.
The malignant forms of these tumors manifest as osteosar-
coma, chondrosarcoma, Ewing’s sarcoma, malignant fibrous
histiocytoma, fibrosarcoma, and some other sarcoma types
[1]. Gaining an understanding of various factors such as tu-
mor environment, mechanisms of apoptosis and cell-cycle
control, and cellular and molecular pathways could help
in identifying novel molecular markers and targeted drug
therapies for treatment of these tumors. In this review, we
present recent developments in the treatment strategies of
the 3 most prevalent forms of primary bone cancer: osteo-
sarcoma, chondrosarcoma, and Ewing’s sarcoma.

Relevant literature searches for this review were carried out
using PubMed and Google Scholar. The search terms includ-
ed “osteosarcoma,” “chondrosarcoma,” and “Ewing’s sarco-
ma.” Subsequently, we conducted searches with MESH ter-
minology to determine the current trends in each type of
bone tumor. These included diagnosis and treatment and
related current trials and preclinical research.

OSTEOSARCOMA

Although bone tumors are rare neoplasms [1], many of
them, including osteosarcoma, affect young children and
have their origin in the metaphyseal areas of long bones [2,
3]. Osteosarcoma has been reported to be the sixth most
common cancer in children and adolescents [3], and the
5-year survival rate is about 65% [4]. Osteosarcoma mostly
occurs in adolescents — an age group in which bone growth
is rapid. Therefore, a direct relationship may exist between
rapid bone growth and osteosarcoma occurrence in this age
group [3,5]. The skeletal growth period is longer in males
than in females; hence, osteosarcoma is generally more
common in males than in females [6].

Fuchs and Pritchard [7] have suggested that certain agents
contribute to the pathogenesis of osteosarcoma by alter-
ing the genetic make-up. These include radiation, chemi-
cal agents like beryllium, and viruses such as Finkel-Biskis-
Jinkins (FBJ) virus containing the src oncogene. Figure 1
depicts the various causes of osteosarcoma.

Osteosarcoma is generally fatal due to its tendency to me-
tastasize to the lungs. Therefore, the survival of patients
with osteosarcoma is a significant challenge despite the use
of aggressive chemotherapy and radiotherapy. Attempts to
modify chemotherapy and surgical procedures, accompa-
nied by the application of radiotherapy, have made limb
salvage (bone replacement) procedures possible, thereby
increasing survival rates to a certain extent [8]. However,
these efforts have not led to any major improvements in
treatment outcome and quality of life of osteosarcoma pa-
tients. The current management of osteosarcoma is still as-
sociated with radical surgery involving excision of the pri-
mary tumor and/or amputation of the affected part, and
painful and expensive chemotherapy [8].

Grading of osteosarcoma

Histological grading of sarcomas was introduced to im-
prove the prediction of disease prognosis and to facilitate
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Figure 1. The causative agents contributing to the pathogenesis of
osteosarcoma by altering the genetic make-up include
the mutations in p53 and Rb tumor suppressor pathways,
teenage growth spurt, Paget’s disease, chemical agents
such as beryllium, radiations, and viruses such as Finkel-
Biskis-Jinkins (FBJ) containing the src oncogene.

patient treatment decisions. It also plays an important
role in comparing patient outcomes in clinical trials [9].
There are several grading systems for osteosarcoma. The
Musculoskeletal Tumor Society staging system [10,11] for
osteosarcoma is based on tumor grade (I =low-grade; Il =
high-grade), tumor extension (A = intra-compartmental; B
= extra-compartmental), and presence of macroscopic dis-
tant metastases (III). Localized high-grade osteosarcoma
is classified as stage IIA or IIB. The presence of metastatic
disease, regardless of the extent of the primary lesion, rep-
resents stage III disease. The American Joint Committee
on Cancer Staging System is similar to the Musculoskeletal
Tumor Society Staging System; however, it classifies stage
III as any tumor with skip metastases [14]. Tumor nodules
growing outside the reactive rim but within the same bone
or across a neighboring joint are termed “skip lesions” and
represent regional intraosseous or transarticular metas-
tases, respectively [12,13]. Stages I and II are subdivided
into categories A and B based on tumor size being great-
er or less than 8 cm in any dimension, respectively, rath-
er than tumor extension. This system also uses an extra
stage IV, which is divided into IVA or Mla describing pul-
monary metastases, and IVB or M1b describing other me-
tastases [14]. The European and American Osteosarcoma
Study Group uses the Enneking system to stage bone sar-
comas, which is based on the grade of the tumor (G), the
local extent of the primary tumor (T), and metastasis of
the tumor to regional lymph nodes or other organs (M)
[15]. Tumors are classified as either low grade (G1) or high
grade (G2), and the extent of the primary tumor is clas-
sified as either localized intra-compartmental (T1) or ex-
tended extra-compartmental (T2). Tumors that have not
spread to the lymph nodes or other organs are classified as
MO, while those that have spread are M1 [15]. In addition
to clinical grading, Meister et al characterized osteosarco-
mas as ranging from + to +++ by semi-quantitative evalua-
tion of histological features based on cellular atypism and
mitotic activity [16].
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Diagnosis
Laboratory findings

Increased levels of erythrocyte sedimentation rate (ESR), al-
kaline phosphatase (AP) and lactate dehydrogenase (LDH)
are indicators of osteosarcoma [4].

Radiographic studies

Preoperatively, radiographic studies are useful for determin-
ing the location of the primary tumor and for detecting me-
tastasis. The current conventional and novel methods for
radiographic diagnosis include plain radiographs, comput-
ed tomography (CT) scans, and magnetic resonance imag-
ing (MRI). CT scans and MRI are employed to investigate
the extent of the tumors and to study the involvement of
surrounding structures such as blood vessels, nerves, and
soft tissues in the development of bone cancer [4,13,17].
CT is often used to improve assessment, as it can delineate
tumors in inaccessible sites. The 3-dimensional anatomy
of the pelvis is difficult to interpret with conventional ra-
diology; CT is particularly helpful in such situations [10].
CT can reveal the extent of both intra- and extra-osseous
spread, as well as metastasis [18]. Vanel et al have shown
that CT is the best technique to detect and enumerate pul-
monary metastases originating from an osteosarcoma [19].
However, O’Flanagan et al argue that since MRI best dem-
onstrates soft-tissue extension and bone marrow involve-
ment, it should be preferred over CT [20]. CT has limited
value in the assessment of intra-articular tumor growth [21].
Eftekhari et al. state that MRI is the most specific modality
for staging [22]. According to Schima et al, MRI is highly
sensitive for detecting joint invasion in patients with osteo-
sarcoma; however, they also note that false-positive diagno-
ses might lead to overstaging of the tumor, resulting in un-
necessarily radical surgical procedures [23]. In a review of
bone sarcomas, Lietman and Joyce report that MRI is the
primary imaging technique for evaluating the proximity of
bone lesions to neurovascular structures [24]. MRI can de-
termine the relationship between the tumor and the neu-
rovascular bundle, which helps in estimating the need for
resection [13]. Another technology that is proving increas-
ingly useful in the preoperative planning of pelvic tumors
is magnetic resonance angiography [10].

Recently, radionuclides or radiopharmaceuticals have been
used to assess the metabolic activity of tumors. These chem-
icals can localize to specific organs and are thus helpful in
monitoring the site and spread of the tumor. Positron emis-
sion tomography-CT (PET-CT) is emerging as an impor-
tant tool for assessing the response of tumors to neoadju-
vant chemotherapy [25-27]. Hawkins et al demonstrated
that [F-18]-fluorodeoxy-D-glucose (FDG)-PET is a success-
ful noninvasive imaging tool that can be used for accurate
discrimination between responding and nonresponding os-
seous tumors [25]. Bone scintigraphy involves a total body
scan, and it helps in determining the intra-osseous exten-
sion of tumors and the sites of bone metastasis [13,17]. This
method also identifies axial and appendicular skeletal me-
tastases [13]. Thallium scintigraphy is particularly used for
detecting local recurrence and for determining tumor re-
sponse to neoadjuvant (preoperative) chemotherapy when
MRI is not helpful [13].

Genetics of osteosarcoma

Osteosarcoma tumorigenesis is associated with vital genetic
alterations, including the inactivation of tumor suppressor
genes; gain, loss, or rearrangement of chromosomal regions;
and misregulated signal transduction pathways [4,28,29].
Gaining an understanding of the molecular pathogenesis of
osteosarcoma could expand research horizons for the devel-
opment of prognostic biomarkers and targeted therapies in
the management of osteosarcoma. Some important molecu-
lar pathways and associated mutations are explained below.

The retinoblastoma susceptibility gene (RBI) and p53 tu-
mor suppressor gene are involved in the cell-cycle regula-
tion [27,28] and pathogenesis of osteosarcoma [28]. The
other altered genes that are involved in the alteration of
RBI and p53 pathways include the overexpressed murine
double minute gene 2 (MDM?2), cyclin-dependent kinase
4 (CDK4), and tumor growth factor B (TGF B) [30-32].

Overexpression of HER2/neu, alteration in receptor acti-
vator of NF-kB (RANK) signaling in pagetic patients, and
mutations in the RECQL4 gene in Rothmund-Thomson syn-
drome patients are linked with the occurrence of osteosar-
coma [28,29,33]. RANK is an important gene involved in
the regulation of bone remodeling [34,35]. Further, alter-
ations in RANK signaling are associated with Paget’s dis-
ease of the bone [29].

Surgery and radiotherapy

Cancer therapy aims to increase disease-free survival. The
primary objective of cancer surgery is complete tumor exci-
sion; conservation of the limb is always the secondary objec-
tive, while amputation is the last choice [13]. Limb salvage
(bone replacement) is also possible by careful resection of
the tumor, followed by the reconstruction of a viable, func-
tional limb, thereby leading to a better quality of life for the
patient [4,13]. However, with the development of effective
surgical procedures and chemotherapy regimens, the dis-
ease-free survival rate has substantially increased and limb
removal is seldom necessary [8,13].

In the case of metastatic tumors, more aggressive chemother-
apy and surgical regimens should be adopted for achieving
higher disease-free survival [4]. Radiotherapy along with sur-
gical resection is also recommended in the treatment pro-
gram. Itis generally used to treat lesions situated in inaccessi-
ble sites. Preoperative radiotherapy could be given before the
surgery to increase the success rates of limb-amputation tech-
niques and reduce the risk of recurrence of the tumor [4].

High-dose photon irradiation (50-70 Gy) can be used in
combination with aggressive chemotherapy when tumors
are located in inaccessible sites such as the pelvic bone, ver-
tebral column, and base of the skull. This irradiation is also
useful in patients who do not consent to surgery [28,36].

An innovative approach of carrying out intraoperative ex-
tracorporeal irradiation to the bone was recommended by
Anacak etal. [37]. The affected bone was irradiated at 50 Gy
and was then reimplanted into the body. No local recurrence
or symptoms of graft failure were detected in the irradiated
bone during the mean follow-up period of 22 months [37].
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Chemotherapy

Before the 1970’s, when the treatment for osteosarcoma was
mainly limb amputation, the 5-year survival rate of patients
was 10-20% [3,36]. However, the combination of surgery
and modern multiagent, dose-intensive chemotherapy dras-
tically increased the 5-year survival rates of patients to about
60-70% [4,8,36,38]. The current protocols for osteosarco-
ma typically include neoadjuvant (preoperative) therapy,
followed by adjuvant (postoperative) therapy, if required
[13]. The most commonly administered chemotherapy
drugs include cisplatin, doxorubicin, ifosfamide, and high-
dose methotrexate with leucovorin calcium rescue [13,38].

Currently, attempts are being made to predict the respons-
es of patients to preoperative chemotherapy based on their
genetic profiles. One such attempt was made by Man et al.
[39]. They developed a multigene classifier that could pre-
dict the response of osteosarcoma to preoperative chemo-
therapy at the time of diagnosis. Forty-five genes were iden-
tified, and poor responders had overexpression of these
genes [40]. Despite aggressive chemotherapy involving high
doses of methotrexate, relapse and pulmonary metastases
have been found to be very common in these patients [4].

The therapeutic potential of bisphosphonates such as zole-
dronic acid, minodronate, risedronate, and alendronate has
gained wide recognition in recent years due to their inhibi-
tory effect (antitumor effects) on the growth of human os-
teosarcoma cells [40-44]. Additionally, Horie et al demon-
strated the antitumor effects of zoledronic acid along with
paclitaxel (PAC) or gemcitabine (GEM) in mouse osteo-
sarcoma cells [45].

Molecular targets for therapy

Early assessment of disease is vital to study the physiology
of tumor progression. As discussed earlier, surgical remov-
al of the tumor may be combined with chemotherapy regi-
mens, radiotherapy and immunotherapy. Toxicity is a com-
mon problem associated with aggressive chemotherapy.
Due to low therapeutic indices of chemotherapeutic treat-
ments, efficient molecular target drugs are currently being
employed. They are promising from the viewpoint of maxi-
mizing the treatment potential for cancer with limited tox-
ic effects. The important feature of these targeted drugs is
their ability to locate and destroy tumor cells without harm-
ing the normal cells [46].

Interferon-yis known to enhance the sensitivity of osteosar-
coma to a number of chemotherapeutic drugs, and it plays
an important role in angiogenesis [4]. Studies conducted
by Yuan et al have demonstrated that a combination of in-
terferon-y and conventional chemotherapeutic agents such
as doxorubicin may be used for the management of osteo-
sarcoma with functional p53 [47]. It has also been demon-
strated that interferon-y sensitizes osteosarcoma cell lines
via the upregulation of Fas receptors and caspase-8 [48].

Interleukins (ILs) have been adopted as immunotherapeu-
tic molecules against osteosarcoma cell lines. Interleukin-2
(IL-2) is known to facilitate the generation of immuno-
globulins and induce the differentiation of natural killer
(NK) cells [4]. In a study on pre- and postoperative IL-2

and chemotherapy regimens for childhood osteosarcoma,
Luksch et al. demonstrated the magnitude of NK cell activ-
ity. It was found that the NK cell count significantly corre-
lated with the clinical outcome and IL-2-induced immune
activation despite intensive chemotherapy [49]. Gaining
an understanding of the role of receptor tyrosine kinase
(RTK) in tumor growth factor signaling and pathogenesis
of osteosarcoma has led to the development of target anti-
bodies and inhibitors [50].

Clinically, targeted drug therapy with trastuzumab
(Herceptin) has been very successful in breast cancer pa-
tients with human epidermal growth factor receptor 2
(HER2/neu) overexpression [51]. Hughes et al demonstrat-
ed that the expression of HER2 with epidermal growth fac-
tor receptors can contribute to osteosarcoma pathogenesis,
thus providing another therapeutic target [52].

Insulin-like growth factors (IGFs) are involved in cell dif-
ferentiation and growth, and their association with osteo-
sarcoma with regard to rapid bone growth has been clear-
ly delineated [50]. An overexpression of IGF-1 and IGF-2
was found to be present in a number of cancer cell lines, in-
cluding primary sarcomas. The usefulness of the molecules
that target the IGF-1 receptor is currently being investigat-
ed in a number of preclinical and clinical studies. OSI-906
(OSI Pharmaceuticals, NY, USA), which specifically targets
the IGF-1 receptor, has entered phase 1 trials [50]. The
molecule exhibited inhibitory activity in an IGF-1 recep-
tor-dependent xenograft model in preclinical studies [53].

The importance of signal transduction in a number of cancer
types has led to the development of drugs targeting various
signal transduction pathways. Currently, research is being
conducted to understand the signal transduction pathways
that are activated by binding of the growth factors to the re-
ceptors. One such promising approach is the use of mam-
malian target of rapamycin (mTOR) inhibitors in osteosar-
coma [54]. mTOR is a key component of the AKT signaling
pathway, which plays an important role in cell growth and
proliferation. The inhibitory activity of rapamycin against
tumor cells has been demonstrated in murine osteosarco-
ma models and in pediatric clinical studies [55,56]. Gazzit
et al observed that rapamycin strongly inhibits cell growth
by increasing the Gl-phase and decreasing the S-phase of
the cell cycle, which also results in the downregulation of
cyclin D1 and m-TOR [57].

The role of vascular endothelial growth factor (VEGF),
which supports angiogenesis by the inhibition of apopto-
sis, has also been implicated in the treatment of osteosar-
coma. Recently, a study on AZD2171, a specific inhibitor
of the VEGF receptor, has shown encouraging results, with
AZD2171 showing an inhibitory effect on solid osteosarco-
ma tumor xenografts [58].

Pigment epithelium-derived factor (PEDF), in contrast to
VEGEF, is a potent inhibitor of angiogenesis, and a decreased
level of PEDF is associated with many types of tumors [59].
Studies conducted on osteosarcoma cell lines have dem-
onstrated that PEDF inhibits angiogenesis by the suppres-
sion of VEGF and induction of apoptosis of endothelial
cells via the Fas/FasL death pathway [60,61]. However, to
our knowledge, the exact correlation between PEDF and
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Table 1. Examples of molecular markers in osteosarcoma prognosis.

Tenascin-C

Cytochrome-C 1 (CYC-1) CDH 11 gene

Technique employed for gene Microarray data and gene

Surface Enhanced Laser Use of osteosarcoma xenografts.

identification ontology analysis. Desorption/lonization-Time
of Flight-Mass Spectrometry
(SELDI-TOF-MS).
Activity observed The gene belongs to extracellular ~ The gene plays animportantrole  The gene is critical for cell-cell

matrix (ECM).

The gene is differentially
distributed amongst cells with
different metastatic potentials.

adhesion.
Activity of the gene is lower
amongst osteosarcoma patients.

in mitochondrial respiratory chain
and apoptosis.

High levels of CYC-1 observed
among osteosarcoma patients;
surgical removal of the tumor
reduces the levels.

osteosarcoma has not yet been studied. A recent study con-
ducted by Choong et al demonstrated the in vivo and in
vitro effects of overexpressed recombinant PEDF (rPEDF)
in orthotopic models of osteosarcoma [62]. It revealed the
multi-modal antitumor activity of PEDF via the inhibition
of angiogenesis, cell proliferation, differentiation, and met-
astatic activity. The receptor activator of the nuclear factor-
kB ligand (RANKL) is known to play an important role in
osteoclast biology by controlling osteoclastogenesis and os-
teoclast activity [34]. Therefore, the inhibitors of RANKL
are potential drug candidates, as they have been shown to
exhibit antitumor effects with fewer adverse effects [50].

Denosumab, a monoclonal antibody inhibiting the activity
of RANKL, has shown promising results in the treatment
of patients with breast cancer-related bone metastases [63].
Its potential benefit in osteosarcoma is yet to be investigat-
ed. Therefore, clinical studies that investigate the role of
RANKL inhibitors in osteosarcoma are envisaged.

The delivery of transferrin receptors, which are expressed
by cancer cells, can be used to enhance the effectiveness
of gene therapy for cancer. Nakase et al examined the effi-
cacy of the p53 gene by introducing it into a transferrin re-
ceptor expressing a human osteosarcoma cell line (HOSM-
1) [64]. Transferrin-mediated liposomes were used for the
delivery. The results demonstrated the inhibitory effect of
transferrin-mediated liposomes on tumor cells, suggest-
ing an effective strategy for the treatment of osteosarcoma.

Rexin-G is the first gene therapy vector that has a cytocidal
cyclin G1 construct [65]. It is the only broad-spectrum, tu-
mor-targeted, systematically engineered genetic medicine
that has been clinically adopted for cancer [65]. Chawla et
al studied the activity of Rexin-G simultaneously in phase I
and phase II clinical trials for chemotherapy-resistant met-
astatic sarcoma, pancreatic cancer, and breast cancer [66].
They also studied chemotherapy-resistant osteosarcoma in
phase II trials. Their findings indicated that Rexin-G could
control tumor growth and the progression of metastasis,
thereby improving the survival rates of patients with che-
motherapy-resistant osteosarcoma.

Table 1 depicts the other promising molecular markers that
may help in the prognosis of osteosarcoma and may serve
as potential treatment targets [67-69].

Novel drug delivery systems

Novel drug delivery mechanisms have the potential to over-
come the resistance exhibited by the tumor to convention-
al chemotherapeutic agents. They achieve this by maximiz-
ing the efficacy and minimizing the toxicity levels. The drug
delivery systems employ synthetic polymers, microcapsules,
cells, lipoproteins, and liposomes for efficient and controlled
release of the drugs. Of these, gene therapy is the most
promising modality that is being studied. The novel drug
delivery systems have the potential to improve the manage-
ment of inaccessible tumors, which require very high doses
of chemotherapy. Most of these agents are currently under
phase II or phase III of clinical testing [70].

Few therapeutic options are available for osteosarcoma pa-
tients with pulmonary metastases. One such system is the
aerosolized drug formulation of cisplatin, which is current-
ly in phase Ib/IIa trials. This system has been proven to be
a useful model for the delivery of high concentrations of
the drug in osteosarcoma patients with pulmonary relapse.
The inhaled drug was well tolerated, with limited associat-
ed systemic adverse effects, and minimum discontinuation
was required [70].

Stem cell therapy

Numerous studies have been conducted to investigate the
effect of combining autologous stem cells with high doses
of chemotherapy in the treatment of relapsed osteosarco-
ma [71,72]. Although these studies failed to demonstrate
an improvement in survival rate, the combination of stem
cell transplantation and high-dose chemotherapy remains
an important therapeutic area for further exploration.

CHONDROSARCOMA

Chondrosarcoma is a diverse group of malignant bone tu-
mors that have some relationship with the cartilage pheno-
type. The cells of different types of chondrosarcoma produce
a cartilaginous (chondroid) matrix [73]. Chondrosarcoma
is the third most common type of primary bone tumor (after
myeloma and osteosarcoma) and accounts for 20-27% of
all primary malignant osseous tumors [74]. The incidence
in males and females is almost equal, and the mean age
at diagnosis is 30-60 years [75]. Due to their extracellular
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matrix, low percentage of dividing cells, and poor vascular-
ity, these tumors have a tendency to be chemo- and radio-
therapy resistant. However, chondrosarcomas grow slowly
and rarely metastasize [75].

Types of chondrosarcoma

Chondrosarcoma can be primary or secondary depending
on whether the tumor has developed de novo or has superim-
posed on preexisting benign cartilaginous neoplasms such
as enchondroma or osteochondroma. Based on the loca-
tion and histologic characteristics, primary chondrosarco-
ma is categorized further into conventional intramedullary,
clear cell, juxtacortical, myxoid, mesenchymal, extraskele-
tal, and dedifferentiated [75,76].

Chondrosarcoma is most frequently found in the bones that
elongate due to endochondral ossification. The most com-
mon sites include proximal femur, proximal humerus, dis-
tal femur, and ribs [78]. The difference between the tumor
types can be observed when they are compared histological-
ly. Resting chondrocytes are found in mesenchymal chon-
drosarcoma, while hypertrophic chondrocytes are found in
clear cell chondrosarcoma [77,78]. Osteochondroma reca-
pitulates all the different levels of a growth plate and occurs
at the surface of the bone [79]. In contrast, conventional
peripheral and central chondrosarcomas generally con-
tain proliferating chondrocytes lying in small lacunae [80].

Enchondromas, which are benign cartilage tumors, are gen-
erally found incidentally, most commonly in the bones of
the hand and feet. Radiographically, they appear as small
cartilage nests (generally <5 cm in diameter) with multiple
intralesional calcifications. Occasionally, very mild endoste-
al scalloping occurs; however, true cortical invasion and the
involvement of adjacent soft tissues are rare. Histologically,
the islands of normal hyaline cartilage are surrounded by
the lamellar bone. On rare occasions, enchondromas be-
come symptomatic or lead to a pathologic fracture and the
patient then needs surgical treatment [81]. Juxtacortical
chondrosarcoma arises on the surface of the bone and is
histologically identical to conventional intramedullary chon-
drosarcoma [82].

Mesenchymal chondrosarcomas are highly aggressive tu-
mors that are radiographically and histologically distinct
from the conventional and de-differentiated types. They
are eccentrically located in the bone and commonly extend
into soft tissues. This variant of chondrosarcoma is charac-
terized by a bimorphic pattern that is composed of highly
undifferentiated small round cells (similar to Ewing’s sar-
coma) and islands of well-differentiated hyaline cartilage.
This tumor generally affects young adults and teenagers
and shows a widespread distribution in the skeleton. The
craniofacial bones, ribs, ileum, and vertebrae are the most
common sites [83].

Approximately 10% of all chondrosarcomas are of the de-
differentiated type. The most common sites of involvement
are the pelvic bones, femur, and humerus; however, they
may also occur in the head, spine, breast, and prostate.
These tumors form a distinct variety of chondrosarcoma —
they contain 2 clearly defined components: a well-differen-
tiated cartilage tumor (enchondroma or chondrosarcoma

grade I and II) that is juxtaposed to a high-grade non-car-
tilaginous sarcoma. Histologically, there is a typical abrupt
transition between the cartilaginous and non-cartilaginous
components. Both tumor components are evident in varying
proportions. The malignant non-cartilaginous component
is most frequently a malignant fibrous histiocytoma, osteo-
sarcoma, or fibrosarcoma, although other malignant tumors
have been reported as the differentiated component. The
cartilaginous and non-cartilaginous components are often
adjacent, and the term “collision of two tumors” has been
applied to this lesion. Radiographically, the tumor produces
an ill-defined, lytic, and intra-osseous lesion associated with
cortical disruption and extending into the soft tissues [84].

Grading of chondrosarcoma

Conventional chondrosarcoma is divided into 4 histologic
grades based on its appearance under a microscope. The
grading is primarily based on the nuclear size of tumor
cells, nuclear staining (hyperchromasia or darker staining
of nuclear material), and cellularity [85]. Grade I (or low-
grade) tumors closely resemble normal cartilage; however,
they may surround areas of lamellar bone (this is not seen
in benign lesions) or may show atypical cells, including bi-
nucleate forms (cells with 2 nuclei). It is difficult to distin-
guish between enchondroma and central grade I chondro-
sarcoma, and conventional radiography is not reliable [86].
Grade II (or intermediate-grade) tumors are more cellular,
with a greater degree of nuclear atypia, hyperchromasia, and
nuclear size [87]. Grade III (or high-grade) tumors have
significant areas of marked pleomorphism, large cells with
more hyperchromatic nuclei than grade II tumors, occasion-
al giant cells, and abundant necrosis. Mitosis is frequent-
ly detected. Myxoid changes or chondroid matrix liquefac-
tion is a common feature of chondrosarcoma, particularly
in grade II and grade III lesions. Grade I and grade II tu-
mors have the highest occurrence, whereas grade III tu-
mors are rare and are thought to arise from 1 of the other
3 histologic subtypes or from a benign precursor [74]. De-
differentiated chondrosarcomas are highly malignant, par-
ticularly aggressive (they grow rapidly and disturb surround-
ing tissues), and have a poor prognosis [84].

Diagnosis

Benign cartilaginous tumors are asymptomatic, whereas ma-
lignant tumors almost always produce symptoms such as lo-
cal swelling and pain. Diagnosis should be made in a mul-
tidisciplinary setting, based on clinical, radiological, and
histological aspects. CT and MRI are vital adjunct tools for
accurate tumor characterization [88]. It is particularly ad-
vised that CT be performed in the pelvis and other flat bones
where it may be difficult to discern the pattern of bone de-
struction and the presence of matrix mineralization. MRI
is required to define the extent of intra-osseous and soft tis-
sue involvement [75].

Surgery and radiotherapy

Surgical resection remains the mainstay of treatment of
chondrosarcomas. The extent of surgical resection and ad-
juvant therapy is dependent on the clinical and histologic
characteristics of the lesions. While wide, en-bloc excision
is ideal for intermediate- and high-grade chondrosarcoma,
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in low-grade chondrosarcoma, extensive intralesional curet-
tage followed by local adjuvant treatment (e.g., phenoliza-
tion or cryosurgery) and filling the cavity with bone graft has
shown promising long-term clinical results and satisfactory
local control [89,90]. Recently, Okada et al. treated 2 cases
of grade 1 chondrosarcoma by curettage with pasteuriza-
tion n situ, and long-term follow-up showed excellent on-
cological results. In addition, there was no functional def-
icit in either case [91]. Local adjuvant treatment can be
successfully used only in lesions confined to the bone [90].

Chondrosarcomas are considered relatively radiotherapy re-
sistant. Radiotherapy can be considered after incomplete
resection, aiming at maximal local control (curative) and
in situations where resection is not feasible or would cause
unacceptable morbidity (palliative). For curative intentions,
doses >60 Gy are required to achieve local control [75]. Due
to the limitations of conventional radiotherapy, the role of
photon radiotherapy in chondrosarcoma has been tested.
This therapy is advantageous in that the exit dose after en-
ergy deposition in the target volume leads to better sparing
of critical structures close to the tumor. It has been found
that proton radiotherapy is beneficial in incompletely re-
sected chondrogenic tumors of the skull base and axial skel-
eton. Local control rates of 85-100% with mixed photon-
proton or proton-only protocols (doses up to 79 cobalt Gray
equivalents) have been reported by several authors [92-95].

Radiotherapy with carbon ions or other charged particles
represents another attractive radiation modality, which com-
bines the physical advantages of protons with a higher ra-
diobiological activity. Schulz-Ertner et al. recently reported
the effectiveness and toxicity of carbon ion radiotherapy in
chondrosarcomas of the skull base [96].

Chemotherapy

Chemotherapy is generally not effective in chondrosarco-
ma, particularly in the most frequently observed conven-
tional type and the rare (low-grade) clear-cell variant. An
explanation for chemotherapy resistance may be the expres-
sion of the multidrug-resistance 1 gene P-glycoprotein, re-
sulting in resistance to doxorubicin in vitro [97]. The effect
of chemotherapy on grade II and III chondrosarcomas is
difficult to assess because the number of reported cases is
very low and the reported series are mostly retrospective.
There is an urgent need for the inclusion of these patients
in prospective trials. Due to the lack of clear evidence, the
role of adjuvant chemotherapy in de-differentiated chon-
drosarcoma remains unclear, and the standard use of ad-
juvant chemotherapy outside a clinical protocol should be
reconsidered [75].

However, chemotherapy appears to be effective in the treat-
ment of mesenchymal chondrosarcoma. Huvos et al. report-
ed a retrospective series of mesenchymal chondrosarcoma
patients treated with preoperative chemotherapy; they ob-
served 3 complete and 3 partial responses (all T-10 or T-11
protocols) and 3 nonresponders (all high-dose methotrex-
ate monotherapy) among 9 patients treated with preopera-
tive chemotherapy [98]. The T-10 protocol and its variants
comprise a multi-agent regimen with high-dose methotrex-
ate, doxorubicin, cisplatin, and a combination of bleomy-
cin, cyclophosphamide, and dactinomycin [98-100]. The

histologic response to neoadjuvant chemotherapy using the
T-10 protocol is an important prognostic factor in patients
with non-metastatic disease [100,101]. This observation has
influenced recent treatment regimens [101]. The T11 pro-
tocol of the Memorial Sloan-Kettering Cancer Center is also
a multi-drug chemotherapy regimen, including actinomy-
cin, doxorubicin, cyclophosphamide, vincristine, methotrex-
ate, and bleomycin [102]. Nooij et al observed 1 of 2 good
pathological responses in the primary tumor after preop-
erative doxorubicin-cisplatin combination therapy; howev-
er, only a limited effect was observed in 4 patients treated
with the same regimen in a metastatic setting (2 with stable
diseases) [103]. Thus, patients with mesenchymal chondro-
sarcoma could be considered for adjuvant chemotherapy.

Molecular targets for therapy

Recently, substantial new insights into molecular biology, cy-
togenetics, and immunopathology have helped researchers
gain a better understanding of the disease, and this should
help in the development of targeted treatments. The new
therapeutic options available include agents targeting the
molecular pathways of the disease, hormonal therapy, and
antiangiogenesis therapy.

The exostosin (EXT) genes have been implicated in hered-
itary multiple exostoses — an autosomal dominant disorder
characterized by multiple osteochondromas. The 3 genes
related to this disease are EXT'1, EXT2, and EXT3. These tu-
mor suppressor genes code for proteins called glycosyltrans-
ferases and are involved in the biosynthesis of heparan sul-
fate proteoglycans. Heparan sulfate proteoglycans bind and
create gradients of Indian hedgehog (IHH), parathyroid re-
lated protein (PThRP), and fibroblast growth factor (FGF),
all of which are involved in cartilage growth and matura-
tion. Thus, the loss of a binding protein for growth regulat-
ing proteins results in abnormal growth [104].

The IHH/PThRP pathway is active in multiple enchondro-
matosis and potentially the development of chondrosarco-
ma. In the growth plate, IHH maintains chondrocytes in
the proliferative phase, and PThRP causes the downregu-
lation of IHH. Preclinical studies have confirmed the role
of IHH/PThRP in tumorigenesis [105,106]. This has led re-
searchers to propose IHH blocking compounds as promis-
ing therapy for cartilaginous neoplasms [106-108]. A study
by Miyaji et al revealed that monoclonal antibody against
PTHLH induced differentiation and apoptosis of chon-
drosarcoma cells in vitro; this occurred because of down-
regulation of its downstream target BCL2 — the antiapop-
totic protein [108].

More traditional suppressor genes such as p16 and p53 have
also been implicated in the progression of chondrosarcoma
to higher grades, although results for the latter are incon-
sistent [109-112]. Sex hormones, particularly estrogen, are
important in the regulation of longitudinal skeletal growth
that results from chondrocyte proliferation. They also play
an important role in the differentiation in the epiphyseal
growth plates of long bones. In chondrosarcoma, the recep-
tor for estrogen signaling is present in the nucleus, as re-
vealed by immunohistochemistry, thereby suggesting that
estrogen signaling is active [113]. Further, most chondro-
sarcomas have been shown to express aromatase and have
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specific activity in primary cultures and in an established
chondrosarcoma cell line. These observations suggest that
antiestrogen treatment could be used for the treatment of
chondrosarcoma.

Hypoxia-induced hypoxia-inducible factor-1a (HIF-1a) ex-
pression is consistent with the hypothesis that hypoxia is a
driving force behind the angiogenic activity in chondro-
sarcoma [114]. The most important angiogenic cytokine
activated by HIF-1a is VEGF, which alleviates the hypoxic
condition by stimulating vascular ingrowth. Inhibiting the
expression of HIF-1a by using the strategy of short inhibi-
tory RNA sequences complementary to HIF-1a caused an
upregulation of VEGF mRNA [115]. This confirms the role
of HIF-1a as an antiangiogenic target.

Other markers of angiogenesis — cysteine proteinases (ca-
thepsins) and matrix metalloproteinases (MMP) — are
involved in the destruction of the extracellular matrix.
Overexpression of the proteolytic activity of MMP 1, 2, 9,
and 13 and cathepsin B and L correlated with a high his-
tological grade in chondrosarcomas. Thus, there is a po-
tential role for cathepsin and MMP inhibitors in the treat-
ment of chondrosarcoma [116]. Additionally, prostaglandin
G/H synthase 2 (COX2), a mediator of angiogenesis, was
shown to be expressed in chondrosarcoma [117]. Selective
COX2 inhibitors can therefore be effective in the treatment
of chondrosarcoma.

Studies have reported incidental responses of chondro-
sarcomas to novel agents, including recombinant human
Apo2L/tumor necrosis factor receptor apoptosis-inducing
ligand (TRAIL) and VEGF antisense [118,119]. A study by
Sulzbacher et al reported the occurrence of platelet-de-
rived growth factor receptor o, (PDGFa) in chondrosarco-
ma [120]. The study also showed that an increase in the
expression of PDGFa was associated with increasing histo-
logical grade and shorter survival. If the role of PDGFo is
confirmed, imatinib could serve as a possible treatment for
chondrosarcoma [121].

EWING’S SARCOMA

Ewing’s sarcoma (ES) is the most common primary bone tu-
mor malignancy occurring in childhood and the second most
common form of primary bone cancer. ES is typically char-
acterized by a small round-cell tumor arising in the bones
in approximately 85% of cases. It occurs less commonly in
the soft tissues, including the mouth [122]. Caucasians are
more prone to developing ES as compared to Asians, while
the disease is non-existent in Africans or African-Americans
[124]. Pathologically, this form of bone cancer is not a sin-
gle condition — it is often a combination of several clinical-
ly related disorders with similar molecular alterations, (i.e.,
expression of tumor-specific chimeric oncoproteins). These
oncoproteins are expressed through balanced chromosom-
al translocations that involve the EWS gene. Therefore, all
ES-related disorders are collectively referred to as the Ewing
sarcoma family of tumors (ESFT) [124]. This family com-
prises ES, extra-osseous ES, Askin tumor, and primitive neu-
roectodermal tumor (pNET).

The symptoms of ES include pain at the site of the mass and
soft tissue swelling around the mass. Patients with metastatic

disease may experience general symptoms such as non-spe-
cific signs of inflammation, anorexia, fever, malaise, fatigue,
and weight loss. ES is predominantly a childhood malignan-
cy — approximately 80% of ES cases occur in patients <20
years of age [123].

Grading of Ewing’s sarcoma

As described by Kotilingam, the AJCC soft tissue sarcoma
staging system includes tumor (T), grade (G), node (N),
and metastasis (M), with “a” indicating superficial (those
lacking involvement of the superficial muscular fascia) and
“b” indicating deep designations. Stages I to III describe
localized soft tissue sarcoma, whereas soft tissue sarcoma
that has metastasized to lymph nodes and/or other distant
sites is classified as Stage IV. ES is always considered a high-
grade lesion [125]. Costa et al described the NCI system,
which depends on the histological features of the lesion.
Grade 1 lesions include myxoid and well-differentiated li-
posarcomas and deep-seated dermatofibrosarcoma protu-
berans, leiomyosarcoma, malignant hemangiopericytoma,
malignant schwannoma, and chordoid sarcoma or myxoid
chondrosarcoma; Grade 2 includes lesions with absent or
minimal necrosis (up to 15%); and Grade 3 includes lesions
with moderate or marked necrosis [126]. ES is categorized
as a Grade 3 lesion with poor prognosis [126]. Shortly after
Costa et al published their initial grading system, the French
Federation of Cancer Centers (FNCLCC) also proposed a
3-tier grading system (the French system). From the crite-
ria examined, 3 independent prognostic factors (necrosis,
mitotic activity, and degree of differentiation) were identi-
fied. Points were assigned for each category: 0-2 depending
on the amount of necrosis (0%, <50%, and >50%), 1-3 for
mitotic figures per 10 high-power fields (0-9, 10-19, and
>20), and 1-3 according to the degree to which tumor cells
resembled the normal counterpart [9,127]. Nomograms,
which incorporate clinical, histological, and demographic
findings, have proved accurate in predicting disease-specif-
ic survival in sarcomas. The FNCLCC system requires sig-
nificant amounts of tissue for diagnosis and grading. Using
core needle biopsies has decreased the amount of material
available to type and grade sarcomas and has reduced the
cost of out-patient care [127].

Diagnosis

Diagnostically, age is a very important factor in ES. This is
because ES is normally associated with other small round-
cell tumors such as small-cell carcinoma and large-cell lym-
phoma in patients older than 30 years of age. In patients
younger than 5 years of age, ES may be associated with met-
astatic neuroblastoma. Therefore, depending on the age of
the patient, these conditions need to be ruled out prior to
treatment initiation.

Positive immunohistochemical staining of the MIC2 gene
product is reported in 90% of cases. Although diagnostic
imaging is often carried out to determine the disease, bi-
opsy is considered the most definitive method [124]. As
observed histologically, ES is composed of a homogeneous
population of small round cells with a high nucleus-to-cy-
toplasm ratio. The cytoplasm in these cells is very limited,
pale, vacuolated, and characterized by faded outer bound-
aries. Immunohistochemical and cytogenetic studies are
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often employed for differentiating between ES and other
small cell tumors.

The most common genetic diagnostic factor, occurring
in 85% of the cases, is the translocation of t(11;22) (q24:
q12). Recently, translocations on chromosome 22, t(21;22)
(922;q12) and t(7;22) (p22;q12), involving the EWS gene
have also been identified as diagnostic factors [124]. The
CD99 antigen is consistently expressed in all the cells be-
longing to ESFT. They also serve as markers to distinguish
ESFT from other small blue round cell tumors [128,129].

Surgery and radiotherapy

ES patients are usually receptive to chemotherapy as well as
radiation therapy. Therefore, surgical techniques are gen-
erally employed only in severe cases. Large unresectable
tumors are normally treated with radiation. Intralesional
procedures have not shown any significant advantages over
radiotherapy [130]. Conventionally, chemotherapy is fol-
lowed by limb salvage and postoperative adjuvant chemo-
therapy. Local resections and reconstruction procedures
have considerable advantages over the traditional amputa-
tion procedures and do not affect survival rates [130,131].
In a comprehensive analysis of a large series of patients with
ESFT treated at the St. Jude Children’s Research Hospital
over the last 2 decades, Rodriguez-Galindo et al studied fac-
tors that influence local and distant control [132]. They
found that optimal systemic and local treatment modali-
ties are intertwined, and a combined therapeutic approach
helps in the successful treatment of ESFT (both local and
distant disease).

Chemotherapy

Prognosis is very poor in children with metastatic/relapsed
disease; therefore, there exists a constant need for targeted
and effective therapy. There have been numerous advances
in the treatment strategies for ES; however, there has been
very little improvement in the survival rates. It has been pro-
posed that the treatment of ES should include chemother-
apy to treat distant metastases regardless of initial staging.

Combination chemotherapy has been more useful in the
treatment of ES in comparison to mono therapy. The most
effective drugs are doxorubicin, cyclophosphamide, vin-
cristine, actinomycin-D, ifosfamide, and etoposide. The
Italian Association for Pediatric Hematology-Oncology and
the National Council of Research conducted a study to as-
sess the overall survival rate and event-free survival. They
concluded that a combination of ifosfamide and etoposide
used in addition to the standard chemotherapy with vincris-
tine, actinomycin D, doxorubicin, and cyclophosphamide
can improve the prognosis of ES. The authors suggested an
improvement in event-free survival, which could be due to
a change in the treatment strategy that accentuated tumor
control. The new chemotherapeutic regime proposed by
this group is suggested to be more conducive to surgery as
well as to better prognosis [133]. A 5-year study conducted
on patients with localized ES revealed that the 5-year event-
free survival rate was 69% in patients receiving etoposide
in addition to the standard 4-drug VACD (vincristine, acti-
nomycin D, cyclophosphamide, and doxorubicin) therapy,
while patients receiving VACD alone had a rate of 54% [134].

Molecular targets for therapy

The t(11;22) (q24: q12) translocation results in the forma-
tion of the EWS-FIi] fusion gene constituting the 5’ end of
the EWS gene (chromosome 22) fused with the 3’ end of the
Flil gene (chromosome 11) [135,136,47]. The EWS-Fli1 fu-
sion gene is normally detected in peripheral blood samples
and is often employed as a diagnostic method. The active
role of the EWS-Fli1 fusion gene in the oncogenetic process
suggests that a mediator affecting the pathway could serve
as a valuable molecular chemotherapeutic target. The in-
hibition of EWS-Flil by antisense oligonucleotides or small
interfering RNAs (SiRNAs) has proven to be useful in ar-
resting cell growth in vivo. However, the inhibitory potential
was limited due to the rapid degradation and poor penetra-
tion abilities of the oligonucleotides and SiRNAs [137-140].

A study has also indicated that the immunomodulatory drug
rapamycin has the potential to downregulate the EWS-Fli1
fusion gene [141]. This effect of rapamycin is mediated via
the inhibition of the protein kinase mTOR that acts down-
stream of the phosphatidylinositol 3-kinase (PI3K) activa-
tion pathway [142].

The EWS-FliI fusion gene product regulates the expression
of many cell cycle regulatory molecules that are involved in
the control of the G1-S phase transition. It causes the up-
regulation of G1 cyclins (cyclin D1 and E) and induces the
downregulation of CDK inhibitors (p16, p14, p21, and p27)
[143-145]. The p53 tumor suppressor pathway is responsi-
ble for the positive regulation of p21, and it has been ob-
served that the expression of p21 is lost in 55% of all ESFT
cases [144,146]. The suppression of p21 by the EWS-F1i1 fu-
sion gene results in the downregulation of histone acetyl-
transferase (HAT) activity, which in turn is responsible for
the transcriptional regulation of the genes [147]. Histone
acetylation modulates the chromatin structure and balance
between HAT and histone deacetylases (HDAC) [148]. Thus,
the treatment of ES cells with an HDAC inhibitor not only
restores HAT activity via p21 induction, but also leads to the
inhibition of cell growth and apoptosis [147,149]. The in-
duction of apoptosis was also observed in wild-type p53 ESFT
cells. Similar results have been observed following the over-
expression of p27. The induction of p27 by using an adenovi-
ral vector results in the inhibition of ESFT cell growth [150].

The formation of fusion proteins constituting the EWS and
ETS family genes also affects important cellular pathways
such as insulin growth factor 1 (IGF-1) /insulin-like growth
factor 1 receptor (IGF-1R), epidermal growth factor (EGF) /
human epidermal growth factor receptor 2 (HER2), and
p53. Alterations in p53 have been observed in a majority of
ESFT cell lines [151]. Lessnick et al constructed a primary
human fibroblast model overexpressing the EWS-Flil gene
[152]. These cells underwent growth arrest, thereby suggest-
ing that growth arrest-abrogating collaborative mutations
are essential for tumorigenesis. Further, gene expression
profiling confirmed the upregulation of p53. Subsequent
inhibition of p53 resulted in an improved growth arrest sta-
tus, thus suggesting an active role of p53 in ES transcription-
al profiling [152]. The mutations in p53 have been associ-
ated with a reduction in response to chemotherapy [153].
Adenoviral transfection of wild-type p53 in the ESFT cell
line and RH1 containing mutp53 resulted in decreased
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viability and increased sensitivity to the chemotherapeutic
agents cisplatin and doxorubicin [154].

A novel IGF-1R inhibitor, NVP-AEW541, has been shown to
decrease the proliferation of ES cells by arresting the cells
in the Gl-phase and inducing apoptosis [155]. Treatment
of HER2-overexpressing ES cell lines with trastuzumab, a
humanized antibody, only moderately inhibited cell growth.
However, when trastuzumab was combined with IGF-1R anti-
bodies, growth inhibition of up to 60% was observed [156].

Another molecular target that has recently been identified is
TRAIL. TRAIL binds to the receptors on the surface of cancer
cells, thus initiating apoptotic signals. ES cells are highly sus-
ceptible (~80%) to TRAIL-mediated apoptosis in vitro [157—
160]. Similar observations have been made in a mouse xeno-
graft model [161]. On account of the significant apoptotic
aspects of TRAIL in ES cells, several clinical studies employ-
ing TRAIL-R/R2 agnostic antibodies are currently underway
[162,163]. ES cells express low levels of caspase-8 —an enzyme
that is resistant to TRAIL-induced cell death. An in vitro study
suggested that the addition of interferon-y causes resistant
cells to produce more caspase-8, thus increasing their sensi-
tivity to TRAIL-induced death. A study conducted on human
tumor tissues revealed that the administration of interferon-
Y increases caspase-8 expression in deficient cells. Further,
treatment with TRAIL resulted in cell death, thus indicating
the role of caspase-8 in the restoration of cellular sensitivi-
ty to TRAIL. These results indicate the importance of inter-
feron-yand caspase-8 as therapeutic targets during ES [164].

Another study demonstrated that the addition of interfer-
on-y to ES cells increases the cellular sensitivity to TRAIL-
mediated apoptosis via the upregulation of procaspase-8
[158-163]. Alterations in these pathways lead to enhanced
tumor growth via the suppression of apoptosis. The inacti-
vation of EWS/ETS could serve as a promising therapeutic
target due to its role in tumorigenesis as well as its specific-
ity for transformed cells alone. As mentioned earlier, CD99
is an important diagnostic factor for ESFT. In vitro studies
suggest that the incubation of ES cells with an anti-CD99 an-
tibody causes rapid cell aggregation and induces caspase-in-
dependent apoptosis. Additionally, anti-CD99 also increas-
es the sensitivity of ESFT cells to chemotherapeutic agents
[165,166]. Numerous small molecules targeting specific mo-
lecular pathways and kinases have been identified for the
treatment of ES. These molecules have shown significant po-
tential in various stages of the cell growth cycle. Combination
treatment strategies with traditional chemotherapeutic agents
and molecular targets have been suggested to synergistically
arrest cell growth and reduce the chances of developing re-
sistance among ES patients [167]. In a retrospective analy-
sis of 72 patients diagnosed with ESFT, Kavalar et al. report-
ed that the expression of EMA, NSE, CD99, TdT, bcl-2, p53,
CD117, S-100, and CK MNF116 had no statistically signifi-
cant impact on survival [168]. Tumor location was also not
a significant prognostic factor. The age of the patient at the
time of diagnosis and the presence of tumor necrosis were
the only significant prognostic factors in the study [168].

Stem cell therapy

Recently, stem cells for ESFT have been identified and char-
acterized. Suva et al. isolated a subpopulation of CD133+

tumor cells that displayed potential to initiate and sustain
tumor growth [169]. This effect on tumor growth was pos-
sible via serial transplantation carried out in non-obese di-
abetic or severely immunocompromised mice. In vitro cell
differentiation assays suggest that CD133+ cells retain the
ability to distinguish between adipogenic, osteogenic, and
chondrogenic lineages. These properties are characteris-
tic of mesenchymal stem cells. Higher levels of OCT4 and
NANOG were observed in CD133+ cells as compared to
CD133- cells, as analyzed via quantitative real-time poly-
merase chain reaction studies [169].

CONCLUSIONS

Traditional chemo- and radio-therapeutic targets remain the
main treatment modalities for these 3 types of bone cancer.
However, several limitations exist, including development
of drug resistance, toxicity associated with high-dose thera-
pies, non-selective receptor targeting, and inaccessibility of
tumor sites. Current research is targeted toward providing
essential prognostic and therapeutic factors that could in-
crease survival in patients with primary bone tumors. The
progressive efforts are directed toward molecular patho-
genesis, cell biology, signal transduction pathways, and tar-
geted radiotherapy. Promising developments in these ar-
eas could reduce the need for surgical interventions, thus
improving the quality of life of patients with bone tumors.
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