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cancer stem cells (CSCs) functionally defined by their
capacity to self-renew and give rise to differentiated
cells that phenotypically recapitulate the original tumor,
thereby causing relapse and patient death. These can- INTRODUCTION
cer stem cells present a unique opportunity to better ) )
understand the biology of solid tumors in general, as The concept of cancer stem cells that is sufficient for

well as targets for future therapeutics. The general ob- the initiation and maintenance of tumors and underlies
jective of the current study is to discuss the fundamen- treatment resistance has received significant attention in
tal concepts for understanding the role of CSCs with many areas of oncology'”. Recent studies have provided
respect to chemoresistance, radioresistance, special cell evidence that cancer stem cells (CSCs) exist in a variety

surface markers, cancer recurrence and metastasis in of human tumors, including brain and thyroid tumors,
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Figure 1 Division model of cancer stem cells. These cells are a small sub-
population of cancer cells (< 1%).

melanoma, breast cancer, prostate tumors and gastroen-
terological cancers™. It should be noted that CSCs from
different cancers, leukemia and solid tumors might be
different in their phenotypical properties and self-renewal
pathways; thus, these cells will need to be defined for each
disease. Cancer stem cells are typically recognized by
virtue of the expression of cell surface markers. CD133,
nestin and recently CD90 have been considered the
putative markers of CSCs in malignant cancers, includ-
ing glioblastoma multiform (GBM). Unlike non-tumor
stem cells, tumor stem cells lack the normal mechanisms
that regulate proliferation and differentiation, resulting
in uncontrolled production and incomplete differentia-
tion of cancer cells'”. These cells are considered to be
tumorigenic in contrast to the bulk of cancer cells, which
are thought to be non-tumorigenic and also responsible
for progression, metastasis and relapse after treatments'”.
The presence of such cells has also been demonstrated in
spine tumors'
affect only a minority of the population but can cause
significant morbidity in terms of limb dysfunction and
mortality as well™. The current theory implies that stem
cells may play an important role in tumors of the osseous
spine. In support of this hypothesis, there is increasing
evidence pointing to the existence of a subset of tumor
cells With high tumorigenic potential in many spine tu-
mors'™. It has been recently investigated that chordoma
cells and cancer stem cells exhibit similar charactetistics,
including self-renewal, differentiation, metastasis, thera-
peutic resistance and recurrence of cancer ™. In studies
of chordoma stem cells, the most promising findings
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concern how stem cells may offer a reasonable explana-
tion of why this tumor is so difficult to eradicate and
suggest how new therapies might be targeted. In this
review, we present current evidence regarding the role
of cancer stem cells in spine tumors, highlighting new
insights and unresolved issues in the identification of this
elusive population in chordoma.

THEORY OF CANCER STEM CELLS

The cancer stem cell theory was first postulated about 50

years ago, whereas it is only in the last 10 years that ad-
vances in stem cell biology have provided direct evidence
supporting this hypothesis[“’m. It has been proposed that
tumors are organized by a hierarchy of heterogeneous
cell populations with different proliferation potentials in
which the capability to initiate tumor formation and pro-
mote tumor growth exclusively resides in a small subpop-
ulation of cancer cells (< 1%) termed cancer stem cells
or tumor-initiating cells (Figure 1), In general, the
most important criteria to define CSCs are cancer-initiat-
ing ability on orthotopic implantation, genetic alterations,
aberrant differentiation properties, capacity to generate
non-tumorigenic end cells and multi lineage differentia-
tion ability"™>'"
that the introduction of key mutations known to cause

. Numerous investigations have suggested

aberrations in key signaling pathways can transform nor-
mal stem cells into tumor- initiating cells”'"”. Neverthe-
less, other experimental evidence has manifested that the
introduction of certain oncogenes can transform more
differentiated cell types into cancer cells that result in
tumors' . Morecover, current studies have considered the
role of hypoxia in cancer by demonstrating different re-
sponses to hypoxia between heterogenic subpopulations
within the tumor!”*". This sensitivity of tumor structure
to oxygen status is driven by the hypoxia inducible factor
(HIF) proteins in the CSCs population. The HIFs have
been determined to be expressed in the cancer stem cell,
possibly promoting the stem-like phenotype and driving
tumor growth. Notch signaling also has a significant role
in the formation of numerous malignancies; therefore,
hypoxia may promote Notch signaling in cancer stem
cells and maintain them in an undifferentiated state”™'.
Since the presence of cancer-initiating cells within a
cancerous mass greatly impairs long-term survival after
therapy, it is imperative to understand the characteristics
of these cells, including their specific markers and the
molecular mechanism for their resistance to conventional
therapiesm].

CANCER STEM CELL MARKERS

Certain barriers complicate the characterization and isola-
tion of CSCs within tumor bulk, particularly chordoma.
Among these obstacles are the facts that stem cells are
relatively rare and lack a unique morphology that is easily
distinguished from its progeny i vivd™*Y. In an effort to
identify specific markers to enrich this population, many
groups have used assays based on cell-surface proteins
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Table 1 Cell surface markers and transcription factors

potentially associated with cancer stem cells

Tumor type Cell surface markers and transcription factors
Chondrosarcoma SOX9
Osteosarcoma CD133, CD117, CD44, CD105, ABCG2, CXCR4,

ICAM-1, STRo-1, OCT 3/4, Nanog, STAT3, SOX2
CD133/Prominin-1, OCT4, SOX2, Nanog
CD19, CD20, CD27°, CD138, SOX2
CD105, CD37, CD166, CD117, CD113, CD44, CD73,
CD166, FGF-R3
CD133, CD15, OCT4, kIf4, C-myc, SOX2, SSEA-1,
Nanog, Brachyury

Ewing’s sarcoma
Multiple myeloma
Giant cell tumor

Chordoma

ICAM-1: Intercellular adhesion molecule 1; STAT3: Signal transducer and
activator of transcription 3.

such as CD20, CD24, CD34, CD90, CD44, CD133,
stage-specific embryonic antigen 1 (SSEA-1), nestin, in-
tegrin o6, epithelial-specific antigen, efflux activity (side-
population cells) and more recently, label-retention (Table
D Tt s highly noticeable that the expression of
CSC surface markers is tissue type-specific, even tumor
subtype—speciﬁcizg]. In addition, aldehyde dehydrogenase
(ALDH]1) is a marker used initially for the enrichment of
normal stem cells and has recently been used to identify
CSC in colon, breast and lung cancers' **, Noticeably,
one of the biggest challenges of using ALDH as a mark-
er of CSC is the arbitrary nature of the 2% or 3% cut-
off of cells with the highest and lowest ALDH activity™!,
Expression of stem cell genes such as (sex determining
region Y)-box 2 (SOX2), octamer-binding transcription
factor 4 (OCT4) and NANOG is also used as a marker
of tumor-initiating cells. These genes are found in em-
bryonic stem cells and appear to be essential for mainte-
nance of an undifferentiated state, pluripotency and self-
renewal ™,

ROLE OF CSCS IN CANCER METASTASIS

Metastasis, frequently a final and fatal step in the progres-
sion of solid malignancies, encompasses several funda-
mental biological events: cancer initiation, breach of the
basement membrane barrier, vascularization, invasion,
detachment, embolization, survival in the circulation, ar-
rest, extravasation, evasion of the host defense and pro-
gressive growth[33’34].

According to cancer stem cell theory, CSCs are favor-
able seeds of metastasis. Brabletz ¢f a/” first proposed
the hypothesis of migrating CSCs, which possess both
an element of stemness and mobility””. Evidence has
been offered that epithelial-to mesenchymal transition
(EMT) represents a crucial step towards invasiveness and
metastasis, and is strongly associated with poor clinical
outcome in a variety of tumors"’. Importantly, EMT
endows human mammary epithelial cells with CSCs-like
properties which ate characterized by their CD44ign/ CD-
2410w phenotype through up-regulating Mena, member
of the Ena/VASP family which plays a significant role
in tumor metastasis"*". In fact, induction of EMT in
immortalized human mammary epithelial cells led to the
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expression of stem cell markers, gain of mesenchymal
characteristics, and phenotypes associated with CSCs™.
These observations established a direct link between
EMT and the acquirement of properties of migratory
stem cells. Moreover, it has been found that up regulation
of some micro RNAs and down regulation or absence of
some of them have been observed in metastatic CSCs.
For instance, over-expression of miR-30 in breast CSCs
xenograft reduced lung metastasis, whereas blocking
miR-30 expression increased metastasis iz vive™, Target
genes with an established role in tumor cell invasion,
migration and other steps in the metastatic process have
been identified for many miRNAs, including matrix
metalloproteinases, human epidermal growth factor re-
ceptors, bone morphogenetic proteins, Phosphatase and
tensin homolog (PTEN), ZEB1, ZEB2 or E-cadherin'".
Additional evidence demonstrated that a subpopulation
of migrating CD133"CXCR4" cancer stem cells is es-
sential for tumor metastasis. Hermann e# 2/*” have also
shown that CD133"CXCR4" subsets determined the
migrating phenotype of pancreatic cancer, although
both CD133"CXCR4" and CD133"CXCR4 pancreatic
cancer stem cells were able to form pancreatic cancer
when transplanted into athymic mice™. In addition, the
CXCR4/stromal cell-derived factor-1 axis could mediate
metastasis of the distinct subpopulation of CSCs. On the
basis of the provided histological evidence for the exis-
tence of CXCR4™ CSC in the invasive front of human tu-
mor specimens, it has been hypothesized that a specific
subset of CXCR4™ CD133" CSC plays an important role

. . 43
in tumor metastasis'.

MECHANISMS OF CSCS RESISTANCE
TO THERAPY

Chemoresistance

It has become increasingly evident that CSCs are uniquely
resistant to standard chemotherapeutic agents compared
with their non-stem cell. There are several criteria attrib-
uted to the role of CSCs in chemoresistance: (1) entrance
into a long-term latent state; (2) CSCs activate DNA
damage response; and (3) dormant CSCs are concealed in
vascular niche with lower concentrations of reactive oxy-
gen species.

CSCs highly express multi-drug resistance due to up-
regulation of cellular efflux pumps[5’44’45]. Although there
is a growing body of literature considering the role of
CSCs in the chemoresistance for different malignancies,
including breast, lung, GBM, head and neck, and pan-
creatic cancer, there is a paucity of literature focusing
specifically on this subject for spine tumors™**". For in-
stance, Jiang e/ al™ investigated the expression of CD133
in primary Ewing’s tumors and cell lines to see if there
was a correlation between CD133 expression and chemo-
resistance. Similarly, functional studies of CD133" and
CD133" fractions derived from Ewing’s sarcoma family
tumors (ESFT) cell lines demonstrated that, although
CD133" cells could be isolated from all ESFT cell lines,
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only CD133" cells isolated from the STA-ET-8.2 cell
line displayed evidence of stem cell characteristics and
chemoresistance®. Noticeably, CD133" glioblastoma cell
chemoresistance may be caused by an over expression
of genes important in drug resistance, such as BCRP1,
DNA-mismatch repair (MGMT), and inhibition to cell
apoptosis [FLICE-like inhibitory protein (FLIP) B-cell
lymphoma 2, B-cell lymphoma-extra large] >, Bleau e
al™ reported that down-regulation of autophagy-related
proteins play a significant role in the resistance of CD133
glioma cells to temozolomide. The role of CSCs in che-
moresistance has also been investigated in tumors (most
notably breast and lung cancer) that commonly metasta-
size to the spine155 > For example, it is well established
that tumorigenic breast cancer cells expressing high levels
of CD44 and low or undetectable levels of CD24 may
be resistant to standard dose chemotherapy (docetaxel,
doxorubicin, cyclophosphamide and trastuzumab) and
therefore responsible for cancer relapselzg’57]. Moreovet,
several studies implicate adenosine triphosphate-binding
cassette super family as one type of multi drug resistant
proteins, which can pump chemotherapy drugs out of
the cell and lead to chemoresistance™”. ABCG2 is one
of the most important members of this family and rep-
resents a purified marker of cancer stem cell transporters
and its substrates include many commonly used drugs in
cancer chemotherapy™. Despite these finding demon-
strating the relationship between cancer stem cells and
chemoresistance, further studies are essential to provide
direct evidence supporting the existence of chemothera-
py-tesistant CSCs in order to develop alternative strategy
for targeted therapy.

Radioresistance

Radiation therapy is crucial in the treatment of the ma-
jority of spine tumors, whether in combination with
chemotherapy and/or surgical resection®”. There is
considerable evidence to suggest the role of CSCs in
the resistance of a wide panel of tumors to radiation
therapy’. Diehn es a/*” suggested that human and
mouse cancer stem cells contained lower levels of reac-
tive oxygen species (ROS) compared with their non-
tumorigenic progeny. Thus, the heterogeneity of (ROS)
levels in a subsets of CSCs may contribute to their ra-
dioresistance”™*’. Based on this evidence, it is possible
that the poor tumor control associated with chordoma
may be due to hypoxic effects and/or cancer stem cells
Which are resistant to ionizing radiation and chemical
agents %, Recent clinical data suggest that the combina-
tion with topoisomerase II inhibitor razoxane improve
the effectiveness of chordoma radiotherapy[()“(’]. Bao ez
al®” have recently shown that CD133" positive glioma
cells survive ionizing radiation by preferentially activating
DNA damage response and also inhibiting the cell cycle
checkpoint kinases Ch1 and Ch2 sensitized the resistant
cells to radiotherapy[ﬁsl. As a result, CD133" positive cell
fraction seems to be responsible for acquiring radiore-
sistance and presumably is one of the main sources of
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tumor recurrence after radiotherapy®’. More importantly,
in CD133 positive glioma stem cells, the expression of
the autophagy-related proteins LC3, ATGS and ATG12
was increased as a response to radiation”™. Noticeably,
other stem cell mechanisms, including notch, hedgehog,
PTEN and epidermal growth factor receptor (EGFR),
may also have a role in CSCs radioresistance!” .

ROLE OF CSCS IN PRIMARY SPINE
TUMORS

Chondrosarcoma
Chondrosarcoma is the most common primary malig-
nant bone tumor of chondrogenic origin, typically oc-
curring in the fourth and fifth decades of life™"™. Mo-
lecular lesions and aberrant oncogene expression in the
p16INK4a/pRb pathway may be characteristic of this
tumor'™”, Chondrosarcoma is most commonly observed
in the petrous portion of the temporal bone, as well as
in petro-occipital, spheno occipital, and sphenopetrosal
synchondrosis areas'”. The treatment of chondrosar-
coma is usually limited to wide-margin surgical resection
and conventional radiation therapy and chemotherapy
have not been proven to be effective™"). Recent studies
demonstrated that resistance to chemotherapy may be at-
tributed to multidrug resistance-1 and to P-glycoprotein
express10n . Based on histopathology, chondrosarcoma
is able to divide into primary subtypes, conventional, de-
differentiated, clear cell and mesenchymal, and only 12%
of all skull base chondrosarcomas show mesenchymal
characteristics™**

). Importantly, chondrosarcomas with
mesenchymal features are associated with an approxi-
mately tenfold increase in 5-year mortality compared to
those with conventional histopathological traits"”. The
novel findings suggest that this tumor differentiates along
the chondrocytic lineage and normal differentiation of
mesenchymal stem cells into chondrocytes is accompa-
nied by sequential production of characteristic extracellu-
lar matrix proteins” . Transcription factor SOX9 is also
involved in the activation of chondrogenesis from mes-
enchymal chondroprogenitor cells in an adult organism
during fracture repair. Furthermore, increased expression
of SOX9 and the prechondrogenic splice variant type IIA
collagen in chondrosarcomas provides further evidence
that these tumors may originate from a multipotent stem
cell committed to differentiation along the chondrogenic
pathway'™*"

Osteosarcoma

Osteosarcoma, the most common primary malignant tu-
mor of bone, is among a group of mesenchymal tumors
identified by clinical, histological and molecular heteroge-
neity, and karyotypes with a high degree of aneuploidy™.
It is an aggressive bone tumor of osteoblastic origin
which primarily affects children and young adults™"”.
Despite modest advances in surgical resection techniques
and chemotherapy regimens, long-term survival rates
for osteosarcoma have had no significant improvement,
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stable at approximately 65%, attributable to the aggres-
sive malignant potential and early metastasis”’". Lesions
frequently occur in the metaphyses of long bones, which
express the major pool of mesenchymal stem cells™.
Recent studies suggest the existence of stem-like cells in
primary osteosarcomas and cell lines derived from human
osteosarcoma in a subpopulation of cells capable of self-
renewal ™", These cells have been detected in spherical
clones under anchorage-independent, serum-starved cul-
ture conditions as side population cells based on efflux of
Hoechst 33342 dye or using cancer stem cell markers” "7,
The identification of CSCs in human osteosarcoma has
been more difficult than in tumors originating from other
types of tissues”™”". Because of differences in mesenchy-
mal origin, the markers that have been characterized and
developed for epithelial, hematological and neural cancers
are not necessarily useful for isolation of CSCs from hu-
man osteosarcoma' !, There is preliminary evidence that
osteosarcoma stem cells express the mesenchymal stem
cell markers CD133, CD117, ABCG2, CXCR4, ICAM-1
and nucleostemin, as well as key marker genes Oct3/4 ,
Nanog, Signal transducer and activator of transcription
3 (Stat3) and Sox2”"". Tt has been also reported that
osteosarcoma stem cells express more anti-apoptotic
proteins, including Bcl-2, FLIP, apoptosis inhibitor XIAP,
TAP-1, IAP-2 and survivin than normal osteosarcoma
cells™. In addition, Wang ez al” have shown that CSCs
could be identified in the established human osteosar-
coma OS99-1 cell line based on high ALDH activity™”,
More importantly, cells with elevated ALDH activity
preferentially represented the stem cell markers Nanog,
Oct3/4A and Sox-2 compared with cells with low
ALDH1 activity”, Tang et al"™ and Mohsenyer a/""" have
reported that mesenchymal stem cells or osteoprogenitor
cells, because of disruption in the osteoblast differentia-
tion pathway, develop osteosarcoma. Different pathways,
including Hedgehog signaling, notch signaling pathway,
Wnt/B-catenin and Mitogen-activated protein kinases,
may also be involved in the determination of the fate of

11,102,103
osteosarcoma stem cells' 1

Ewing’s sarcoma

The ESFT is the second most frequent solid bone and
soft tissue malignancy of childhood and young adults
111" Genetically, this tumor is associated with specific
chromosomal translocations that result in the forma-
tion of fusion genes encoding proteins composed of the
transactivation domain of EWS and the DNA binding
domain of one of five ETS family transcription fac-
tors, including ERG, ETV1, FLI1, FEV and ETV4",
The EWS-FLI1 fusion protein is a favorable candidate
for targeted therapy as its expression is limited to tumor
cells and is critical for initiation and maintenance of the
tumor" . Further evidence suggests that the regulation
of EWS-FLI1 in hypoxic environments may occur at
the posttranscriptional level, which is supported by the
observation that HIF-1a-activated genes, such as vascular
endothelial growth factor, Aldolase-C, Glucose trans-
porter-1, CA9 and Insulin-like growth factor-binding
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protein 3, were increased under hypoxiam. Interestingly,

the histological features of Ewing’s sarcoma suggest that
this tumor may arise from a neural crest stem cell exhibit-
ing mesenchymal features or from a mesenchymal stem
cell that is neural derived"”. It has been also investigated
that human and mouse bone marrow (BM) mesenchy-
mal stem cells expressing EWS-Fli-1, when engrafted
into NOD/SCID mice, induce a malignancy with similar
pathological characteristics to Ewing’s sarcoma">""”,
Other evidence implicates a significant role of cancer
stem cells in Ewing’s sarcoma pathogenesis. For instance,
it has been reported that the cell surface glycoprotein
CD133 is a marker of tumor-initiating cells in ESFT. In
fact, functional studies of CD133" and CD133 fractions
derived from ESFT cell lines provide new insight into the
biology of these tumors and constitutes the first iden-
tification of CSCs in a human sarcoma'"”. Notably, al-
though CD133" cells could be isolated from all ESFT cell
lines, only CD133" cells isolated from the STA-ET-8.2
cell line exhibited evidence of stem cell features and che-
moresistance” . Recently, Suva ¢ a/''"! demonstrated that
the cell surface marker CD133/Prominin-1, which has
been associated with CSCs in glioblastoma, can also be
used to isolate a subpopulation of Ewing’s sarcoma cells.
Awad et al'”" reported that the subpopulation of ESFT
cells that express the highest levels of ALDH have some
characteristics of stem cells, including the capacity to
generate a heterogeneous population, 7 vifro clonogenic
activity and 77 vipe tumorigenic activity. The current stan-
dard treatment for ESFT is chemotherapy with interca-
lated loco regional management with surgery for patients
with localized disease! ™. Accumulating data demonstrat-
ed that Ewing’s sarcoma stem cells are resistant to two of
the standard agents used to treat ESFT, doxorubicin and
etoposide, suggesting that these cells have relatively high-
er transport protein activity than the bulk population, and
chemoresistance is reversed by verapamil, an inhibitor of
ABC transport proteins'

Multiple myeloma

Multiple myeloma (MM) is a clonal B-cell malignancy
characterized by clonal expansion of malignant bone
marrow cells engaged in the production of a unique
monoclonal immunoglobulinm3]. This tumor has a re-
ported incidence of 5 per 100000 persons and is the
cause of 1% of all cancer-induced deaths"'¥. More than
70% of multiple myeloma patients may present with
bone disease as the onset symptom or develop osteolytic
lesions, osteoporosis or spinal compression fractures dur-
ing the development of the disease!"™. This is a result
of either erosion of bone caused by direct infiltration
of plasma cells or secretory factors released by plasma
cells resulting in an imbalance in bone metabolism!”.
Analysis of the immunoglobulin gene sequence itself has
provided significant insights into the stage of normal B
cell development that gives rise to this tumor'. Several
key observations provide evidence for the role of can-
cer stem cells in multiple myeloma and these CSCs have
characteristics similar to those of memory B cells"”. It
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has been demonstrated that CD138" multiple myeloma
plasma cells cannot undergo long-term proliferation
but rather arise from clonogenic CD138neg B cells"",
It has been investigated that CD138" cells isolated from
both established multiple myeloma cells lines and from
clinical BM samples give rise to colonies and could be
successfully replicated, whereas CD138" cells did not. In
contrast to CD138" cells, CD138 MM cells from human
BM were capable of successful engraftment into NOD/
SCID mice, indicating their potential for self-renewal ™.
In addition, CD138 MM stem cells isolated from cell
lines expressed CD19 and CD20 molecules characteristic
of B lymphocytes"'”. Ghosh and Matsui investigated
the functional role of Hedgehog signaling on multiple
myeloma stem cells and found that pathway activation
by Hedgehog ligand induced the expansion of less dif-
ferentiated CD138neg cells, whereas pathway inhibition
using a monoclonal neutralizing antibody against Hedge-
hog ligands or the naturally occurring small molecule
inhibitor cyclopamine limited subsequent clonogenic
growth!' """ ‘Moreover, the embryonic stem cell-
assoclated antigen SOX2 may represent another potential
antigen expressed by multiple myeloma stem cells"*, Po-
tentially curative treatment of MM consists of standard
chemotherapeutic agents (dexamethasone, lenalidomide,
bortezomib, cyclophosphamide, thalidomide) followed
by autologous or allogeneic stem cell transplantationw’m].
Despite the availability of novel therapies, multiple my-
eloma remains incurable for the vast majority of patients,
suggesting that cancer stem cells with the growth capacity
to mediate relapse are relatively resistant to these clinical
strategies. It has been shown that circulating clonotypic
B cells may persist following systemic treatment and their
frequency increases during clinical relapse“zz]. These find-
ings suggest that these cells are drug resistant and medi-
ate tumor regrowth and supports our data that multiple

myeloma stem cells are not inhibited by these drugs[m].

GIANT CELL TUMOR

Giant cell tumors (GCTs) are the second most common
primary sacral tumor after chordomas, with a generally
benign course and frequently located at the meta-epiph-
yseal region of long bones, including the distal femur,
proximal tibia and the radius'*", Benign GCTs mostly ac-
count for expansive osteolytic defects associated with sig-

nificant bone destruction and represent a high recurrence
rate!'™, GCTs are characterized by multinuclear glant cells
scattered among a mass of mononuclear cells™. The
currently favored hypothesis indicates that giant cell tu-
mors of bone contain a subpopulation of cells localized
in the stromal component of the tumor that is spindle
shaped and expresses antigens related to the mesenchy-
mal stem cell!"”. Interestingly, this subpopulation has
been identified to express mesenchymal stem cell markers
like CD73, CD105 and CD1606, as well as the mesenchy-
mal markers FGFR3 (fibroblast growth factor receptor
3), collagen type IIa and CD34" antibody"*. Evidence
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has also been offered that giant cell tumor stromal cells
show differentiation features of mesenchymal stem cells
in the form of CD105 (SH2) and CD73 (SH3, SH4)
markers, in addition to expressing markers of early osteo-
blastic differentiation (Thy 1.1, Stro1)!™”. In support of
this hypothesis, Lan ez al"™ confirmed the heterogeneity
in stromal cells (SCs) of GCTB, showing that there were
at least two different subsets of cells: Stro-1" and Stro-1".
Both subpopulations can be further subtyped using addi-
tional markers such as CD117, CD133 and CD44. Taking
this into account, up-regulation of these markers (CD117,
CD113 and CD44) in Stro-1" SCs further implies that
the Stro-1" subset is enriched with TSCs and may sug-
gest that CD117, CD113, and CD44 may have key roles
in the function of tumor stem-like cells in GCTs. Recent
clinical studies have used interferon alpha-2b, denosumab
and bisphosphonates to treat inoperable Giant cell tumor
of bone (GCTB), but the optimal treatment and medi-
cal management of this tumor in the spine and sacrum
has not been well established" ™", These agents mainly
inhibit angiogenesis or osteoclast-induced osteolysis in
GCTB rather than eliminating the neoplastic SCs.

Chordoma

Chordoma is the most common primary malignant bone
tumor of the spine that accounts for 1%-4% of all bone
malignanciesm. The median age is 58.5 years but skull-
base presentations affect a younger age and may even
appear in children and adolescents”. Chordoma is
believed to atise from vestigial notochordal remnants or
ectopic notochordal tissue and can occur along the whole
length of the spinelmj. Chordomas were characterized
by their physaliferous features and immunoreactivity for
S-100 and epithelial markers such as epithelial membrane
antigen and cytokeratins. In fact, the term chordoma was
first introduced by Ribbert in the 1890s, in view of the
notochord hypothesis“m. It has been shown that noto-
chordal cell nests topographically correspond and dis-
tribute to the sites of occurrence of chordoma. Perhaps
the discovery of brachyury transcription factor in familial
chordoma was the most compelling evidence of the no-
tochordal hypothesis“%]. Brachyury is highly expressed
in chordoma but not in a wide variety of normal or neo-
plastic tissue and therefore could be a novel discriminat-
ing biomarker for this tumor””. In addition, brachyury
regulates several compelling stem-cell genes and has been
implicated in promoting epithelial-mesenchymal transi-
tion in other human carcinomas'”. Chordomas are tra-
ditionally considered to be slow-growing, radioresistant
tumors that are locally aggressive and invasive. Chot-
domas have the potential for metastases, with extension
to the lungs, bone, brain, skin and liver and also the high
tendency for local recurrence . Despite advances in ra-
diotherapy techniques, including charged particle (proton
beam) radiotherapy for cranial disease, surgery remains
the mainstay of chordoma managementlm]. Some case
studies reported that complete radical resection produces
better local control compared with subtotal resection
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and chemotherapy. However, due to the anatomical loca-
tion of these tumors, gross total resection can be very
challenging®*"™¥. Tt is suggested that PI3K/AKT/TSC1/
TSC2/mTOR pathway and EGFR are potential thera-
peutic targets for chordoma and the combination with
topoisomerase Il inhibitor razoxane enhances the effec-
tiveness of radiation therapy in this tumor! "',

There is increasing evidence suggesting that the poor
tumor control associated with chordoma may be due to
hypoxic effects and/or cancer stem cells which are resis-
tant to ionizing radiation and chemical agents in an 7 vivo
tumor environment””. More recently, a positron emis-
sion tomography study also revealed that a substantial
volume of chordoma is hypoxic. Therefore, it is reason-
able to consider that chordoma tumors contain a large
fraction of hypoxic area. More evidence is now available
that cancer stem-like cells may be present in chordoma,
contributing to its aggressive nature. Aydemir ez al" have
shown for the first time that chordoma cells (U-CH1
cells) and tissues express all the common stem cell mark-
ers, including oct4, kif4, c-myc and sox2, and embryonic
stem cell markers SSEA-1 and nanog, according to the
gene expression analysis. Moreover, they have revealed
that chordoma cells are enriched by cancer stem-like cell
markers, namely CD133 and CD15, which are able to
live in a nonadherent soft agar medium, demonstrating
a self-renewal capability. Importantly, these cells could
be differentiated into another mesenchymal lineage (an
osteogenic lineage) when treated with an osteogenic
differentiation agent, indicating that a subpopulation
of chordoma cells may possess cancer stem-like char-
acteristics. Further evidence for the existence of a cell
population with stem cell properties in human chordoma
has been recently reported by Hsu ez a/” (27" Annual
Meeting of the AANS/CNS Section on Disorders of
the spine and peripheral nerves). They have established a
stable chordoma cell line that is morphologically identical
to classical chordoma with expression of brachyury, S-100
and keratin. Chordoma sarcospheres were found to be
self-perpetuating and exhibited higher expression of the
functional stem cell marker ALDH1 compared to typi-
cal chordoma cells. Moreover, sarcospheres were able to
successfully differentiate into neuroepithelial and meso-
dermal cell types. The mechanism that controls the for-
mation of chordoma is not cleatly understood. However,
the resistance of chordoma to chemotherapy and radia-
tion therapy, as well as the high rate of recurrence after
surgical resection, suggests that CSCs may play a role in
the pathogenesis of this tumor. Therefore, understanding
the molecular pathways that control the maintenance and
differentiation ability of normal and cancer stem cells
may contribute to new strategy for treating chordoma.

CONCLUSION AND FUTURE
PERSPECTIVES

Since the discovery of oncogenes and tumor suppressot
genes established the genetic nature of cancer, the cancer
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stem cell hypothesis is probably the only novel notion
that has provided distinct new views in cancer biology in
the last decade. Although knowledge of the identification
and characterization of CSCs are quickly expanding, little
is known about the cellular and molecular mechanisms
underlying their distinct functions. Recently, emerging
studies have focused on the roles of CSCs in the patho-
genesis of many tumors, including spine tumors. Howev-
er, there have been scarce numbers of publications focus-
ing on the potential role of CSCs in chordoma. Perhaps
the rarity of this tumor coupled with a lack of cell lines
available to facilitate investigation explains the paucity of
literature on this subject.

To sum up, this study is the first of its kind to review
further evidence supporting the role of CSCs in spine
tumors, specifically in chordoma. Consequently, with a
growing appreciation for the essential role of CSCs in
tumorigenesis and metastasis, there is significant interest
in developing novel therapeutic approaches to effectively
target this unique subpopulation.
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