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Abstract Chordoma is a rare low-grade primary malignant
skeletal tumor, which is presumed to derive from notochord
remnants. The pathogenesis of chordoma has not been fully
elucidated. However, recent advances in the molecular biolo-
gy studies have identified brachyury underlying the initiation
and progression of chordoma cells. More efforts have been
made on accumulating evidence of the notochordal origin of
chordoma, discovering signaling pathways and identifying
crucial targets in chordomagenesis. In this review, we summa-
rize the most recent research findings and focus on the patho-
physiology and molecular mechanisms of chordoma.
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Introduction

Chordoma is a rare, low-grade, primary malignant skeletal
tumor [1]. It accounts for 1–4% of all primary skeletal tumors,
and its incidence rate is inferior to 1.0 individual per million a
year with a dominance in males (a male-to-female ratio of 2:1)
[1, 2, 3•]. It is a tumor with lobules and vacuolated, moder-
ately atypical, neoplastic cells across a myxoid stroma sepa-
rated by fibrous bands. It predominantly arises at the cranial

and caudal ends of the axial skeleton and has a slow aggres-
sive and locally invasive character [4–7]. Histologically,
chordomas are categorized as classical (or conventional),
chondroid, and dedifferentiated. Surgical resection is the most
effective treatment modality for chordoma, as chordoma is
known to be relatively resistant to conventional chemotherapy
and radiotherapy. Due to some puzzling features, there has
been a longstanding discussion on the origin of chordoma
related to notochord or not. For better understanding of the
pathophysiology of this disease, studies have identified some
genomic and epigenetic alterations underlying the develop-
ment of chordoma, using robust techniques, such as compar-
ative genomic hybridization (CGH), fluorescence in situ hy-
bridization (FISH), single nucleotide polymorphisms (SNP),
and micro-ribonucleic acid (microRNA, miRNA, miR)-ex-
pression arrays. We would like to present an overview of
recent significant advances on the pathophysiology and mo-
lecular mechanisms of chordoma.

The embryological formation of chordoma

Physaliferous cells are typical of chordoma, appearing as clus-
ters of gray-white large cells separated by fibrous septa into
lobules and surrounded by a basophilic extracellular matrix
rich in mucin and glycogen. This distinctive histological ap-
pearance led to the first hypothesis in 1858 that chordoma was
of notochordal origin [8]. Later, ecchordosis physaliphora was
introduced to designate hamartomatous lesions of notochordal
origin, which are considered the benign counterparts of
chordoma and hypothesized as a precursor of chordoma up
to date [9]. It has been generally accepted that chordoma cells
originate from remnants of the embryonic notochord [10]. In
humans, the notochord is a transient embryonic structure with
critical developmental role. After inducing vertebral column
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formation, the notochord disappears, leaving cellular rem-
nants in the nucleus pulposus. It has been proposed that noto-
chordal remnants are derived from the embryonic notochord
since notochordal remnants are similar in size to notochord
cells and reside in the region of the embryo in which the
embryonic notochord was present [3•, 11]. To clarify the path-
ophysiology, we constructed a figure to describe that
chordomas arose via transformation of notochordal cells
(Fig. 1). Since the occurrence of notochordal remnants in
humans is much higher than the incidence of chordoma, it is
presumed that notochordal remnants stay dormant in most
cases but may transform into malignancies when stimulated
by a mutation, environmental insult, or other events [11].
Yamaguchi et al. documented the link between persistent no-
tochordal remnants and chordoma, i.e., the site of the vestiges
corresponds closely with the distribution of chordoma, the
morphological similarities by both transmitted and electron
light microscopy, and the overlapped immunophenotype
(cytokeratin and S100 protein expression) [12]. Several au-
thors reported cases indicating an association between benign
notochordal cell tumor (BNCT) and chordoma [13]. BNCTs
are notochordal remnants that have the potential for malignant
transformation. Moreover, the anatomical distribution of
BNCT and chordoma completely overlaps. This distribution
pattern indirectly supports the evidence that BNCT is a pre-
cursor of chordoma [13].

The recent cancer stem cell (CSC) theory has shed more
light on the embryonic transformations, which drives the no-
tochordal cells to differentiate into the benign or malignant
variant. This hypothesis suggests that a small subpopulation
of tumor cells which exhibit characteristics of CSC are the
driving force behind tumor growth and the presence of differ-
ent tumor cells. Stem-like cells in chordoma display stemness

gene expression, differentiation, sphere formation, and soft
agar anchorage-independent growth [14]. Further evidences
for the existence of a cell population with stem cell properties
in chordoma have been reported by Hsu et al. recently [15].
They illustrated the formation of sarcospheres in the human
chordoma cell line CHJ-7. Chordoma sarcospheres were
found to be self-perpetuating and exhibited higher expression
of the functional stem cell marker ALDH1 compared to clas-
sic chordoma cells. Moreover, sarcospheres enabled to differ-
entiate into neuroepithelial and mesodermal cell types, sug-
gesting a hierarchical model for transformation and differen-
tiation of chordoma cells. Further investigations concerning
the initiating factors for differentiation are crucial for our un-
derstanding of the embryological formation of chordoma.

Molecular mechanisms in chordoma

The molecular events in chordomagenesis have not been fully
delineated, particularly with respect to differentially expressed
genes involved in the origin of chordoma. Recent studies are
looking for novel mutations for better understanding of the
molecular mechanisms and potentially identifying therapeutic
targets [16, 17].

Chromosomal instability in chordoma

Chordoma is a cytogenetically heterogeneous tumor which
displays complex karyotypes. It has some chromosomal aber-
rations and is characterized by chromosomal gains and losses
at various regions throughout the wide genome. Furthermore,
quantitative changes in the tumor cell genome are frequently
detected using CGH [18, 19].

notochord 
remnant

Normal axial 
skeleton

benign notochordal cell tumor 
(BNCT)

chordoma

Fig. 1 A hypothesized model of
chordomagenesis. Chordomas
might also be a result of direct
malignant transformation of the
notochordal remnant, without a
benign notochordal tumor
intermediary stage. Or chordoma
might be derived from benign
notochordal cell tumor due to a
malignant transformation in
phenotype (switch) in the
chordomagenesis
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Molecular cytogenetic studies have demonstrated that a
variety of chromosomal markers exist in primary and recur-
rent chordomas, as well as frequent quantitative changes in the
tumor cell genome. Molecular cytogenetics showed that gains
of chromosomal material in chordoma were most prevalent at
7q (42 %), 12q (21 %), 17q (21 %), 20q (27 %), and 22q
(21 %), and DNA sequence losses occurred most frequently
at 1p (21 %), 3p (36 %), 4q (27 %), 10q (21 %), and 13q
(24 %) [18]. It seemed that losses were more frequent than
gains in chordoma. Bayrakli et al. found that chromosomes
1p36, 1q25, 2p13, and 7q33 were affected in seven primary
chordomas, and these aberrations persisted in 11 recurrent
tumors [20].Walter et al. investigated changes in copy number
of chromosome 7 by chromogenic in situ hybridization
(CISH) [21]. Molecular cytogenetic techniques have mapped
the most frequent gains at the following loci: 7p15, 7p21–p22,
and portions of arms 7q; 7q22, 7q33, 7q34, and 7q36. The
study also confirmed polysomy of chromosome 7 resulted in
c-MET expression alterations, presenting its genetic role in
chordoma progression. Loss of heterozygosity (LOH) and
genome-wide linkage studies have already been used to nar-
row down and define candidate regions for chordoma devel-
opment. Lononi et al. observed 1p36 LOH in 75–85 % of
chordoma samples and determined the expression pattern of
eight apoptotic genes mapped at 1p36, including CASP9,
DFFA, DFFB, TP73, TNFRSF1B, TNFRSF8, TNFRSF9,
and TNFRSF14 [22]. Among them, the deregulation of
TNFRSF8, TNFRSF9, and TNFRSF14 were detected more
common. They had unique structural attributes that coupled
directly to signaling pathways for cell proliferation, survival,
and differentiation, as members of the tumor necrosis factor
receptor superfamily.

Rinner et al. demonstrated common losses including chro-
mosome 1, 4, 9, 10, 13, 14, 18, 20, and 22 as well as common
gains in 7, 12, and 19 using CGH in ten chordoma specimens
[23]. They found significant genomic instability a loss of
3q26.32 (PIK 3CA) and 3q27.3 (BCL6) thus underlining the
potential importance of the PI3K pathway in chordoma devel-
opment. Phi Le et al. reported the copy change analysis of 21
sporadic chordomas [17]. The study demonstrated large copy
number losses, involving chromosomes 1p, 3, 4, 9, 10, 13, 14,
and 18, were more common than copy number gains. They
elucidated that majority of chordoma might rely on mecha-
nisms of large copy number losses, like loss of CDKN2A on
9p21.3, and loss of PTEN on 10q23.31, other than copy num-
ber gain [24]. In another study, CDKN2A gene on chromo-
some 9p21 was found to be homozygously or heterozygously
lost in 70 % of chordomas [25]. Choy et al. tested 865 hotspot
mutations within 45 human chordoma tumor samples and
reported the largest comprehensive mutational analysis of
chordoma [24]. The study showed that 18 of 21 chordoma
samples displayed copy loss at the locus for CDKN2A, 17
of 21 chordoma samples displayed copy loss at PTEN, and

3 of 4 chordoma samples displayed deletion at the SMARCB1
locus (at chromosome 22q). Thus, it was inferred that a loss of
heterozygosity at CDKN2A, PTEN, as well as SMARCB1
might play a significant role in chordomagenesis.

Embryological pathways in chordoma

To verify the hypothesis that chordoma differentiates down a
notochordal lineage and derives from notochord, many studies
have investigated the proteins implicated in preservation of
this embryonic structure in chordoma.

Brachyury is a transcription factor encoded by T gene in
humans, a member of the T-box gene family [26]. It helps with
the promotion of cell movement and adhesion, which are fun-
damental for both morphogenesis and tumorigenesis. Long
before it has been proposed as a unique specific diagnostic
marker of chordoma, brachyury has been identified as a major
regulator of notochord formation and a specific marker for the
notochord and notochord-derived tumors [26, 27]. Vujovic
et al. confirmed brachyury was localized and restricted to
chordoma cells at a high protein expression in all 53 primary
chordoma tissue samples, but not in a wide variety of other
neoplasms or normal tissues [27]. Its expression is required for
the specification of posterior mesodermal identity,
representing one of the key genes regulating notochord for-
mation during embryogenesis. They also found that brachyury
was detected in both the chondroid and chordoid components
of chordomas, which argued that the chondroid component of
chordoma was supposed to arise from the notochord [27, 28].
It was the first time to specifically link chordoma and the
notochord together by a specific molecule. As the evolution
of multicellular organisms proceeded, brachyury involved in
the specification of an area of the blastopore with distinctive
properties in axis formation and later on turned into a driver of
mesoderm specification. Eventually, through the synergistic
interaction with other transcription factors, such as members
of the Fox family, brachyury acquired its crucial role in noto-
chord formation.

In the early embryo, the notochord produces and secretes
some signaling factors (Sonic hedgehog, Wnt/β-catenin,
BMP/Nodal, and FGF) to direct organogenesis by providing
fate and positional guidance [29–31]. Further researches
should be investigated in order to gain a better understanding
of that whether aberrant activation of these signaling pathways
contributes to chordomagenesis.

Prognostic significance of other pathways in chordoma

Recent studies have shed lights on the genomic analysis in
predicting chordoma growth and the ability to genetically
modify or inhibit certain chromosomal loci or their protein
products. These efforts may contribute to identify diagnostic
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and prognostic biomarkers, which can be applied to adjuvant
therapies and improve oncologic outcomes in chordoma.

The cell cycle aberrations have been proved to contribute to
tumorigenesis and progression in many human malignancies,
including chordoma [25, 32]. Some percentage of chordomas
present alterations of p53, MDM2, cyclin D1, and pRb pro-
teins [32]. Among them, p53 overexpression was the only
independent factor for higher MIB-1 LI. In the same study,
MDM2 gene amplification was found in 15.4 % of chordoma
samples and associated with higher MIB-1 LI [32]. Yakkioui
et al. noted that MDM2 expression within chordomas nega-
tively regulates tumor suppressor functions of p53 by binding
at the N-terminal and modifying it for degradation [33]. Com-
bined with the interesting finding that the 5-year survival rate
was 38.9 % for patients with p53 overexpression and 79.4 %
for patients without p53 overexpression, there are reasons to
believe that p53 overexpression in particular indicates an un-
favorable prognosis in patients with chordoma. All these stud-
ied were based on immunohistochemical staining, so p53
overexpression should be interpreted carefully. Not all the
overexpression was of mutant p53, as wild-type p53 could
also be detected at a small concentration [34]. CDK4 is well
known as a regulator in the growth 1-synthesis phases of the
cell cycle, and its expression is highly correlated to MIB1-LI
[33]. It exerts a negative effect on the tumor suppressor reti-
noblastoma gene, increasing cell proliferation and growth
[25]. CDKN2A gene which is located on 9p21 encodes the
p14ARF protein. This protein has been reported to interfere
with the function of MDM2 and, by blocking the MDM2-
mediated ubiquitination, facilitates the action of p53 with
overexpression of CDK4 [33]. As the results of the study,
expression of CDK4 and p53 were both significantly correlat-
ed with poor overall survival of chordoma patients. It could be
identified CDK4 and p53 as possible potential targets for fu-
ture studies aimed at inhibiting tumor progression.

Fibroblast growth factor (FGF) has been found to be asso-
ciated with chordoma pathophysiology. Hu et al. explored that
fibroblast growth factor receptor 2 (FGFR2), FGFR3,
mitogen-activated protein kinase (MEK), and extracellular
signal-regulated kinase (ERK) were expressed in both
UCH1 and UCH2 chordoma cell lines [35]. Neutralization
of FGF2 inhibited MEK/ERK phosphorylation, decreased
brachyury expression, and induced apoptosis while reducing
cell growth. The selective inhibition of FGFR, MEK, and
ERK phosphorylation decreased brachyury expression, in-
duced apoptosis, and inhibited cell growth and epithelial-
mesenchymal transition (EMT). Moreover, knockdown of
brachyury by small hairpin RNA reduced FGF2 secretion,
inhibited FGFR/MEK/ERK phosphorylation, and blocked
the effects of FGF2 on cell growth, apoptosis, and EMT.
The FGFR/MEK/ERK/brachyury pathway has been proposed
to coordinately regulate chordoma cell growth and survival
and represent a novel chemotherapeutic target for chordoma.

DNA methylation in chordoma

DNA methylation is now a well-documented aspect of can-
cer development, and hyper-/hypo-methylation of specific
gene loci has been shown to be strongly associated with
malignancy [36]. DNA methylation has already provided
useful biomarkers for diagnosing cancer, monitoring treat-
ment, and predicting the prognosis. Aberrant DNA hyper-
methylation of CpG islands in the promoter region of genes
is well established as a common mechanism for the silenc-
ing of tumor suppressor genes and serve as an alternative
mechanism of functional inactivation in malignances, includ-
ing chordoma [37]. Rinner et al. demonstrated DNA meth-
ylation of tumor suppressor genes exited in chordoma and
served as a marker for early tumor detection [23]. They
found 20 significantly differentially methylated genes, 15
hypermethylated in chordoma (RASSF1, KL, HIC1, and
others), and 5 hypomethylated. Among them, RASSF1,
KL, and HIC1 are known to be tumor suppressor genes.
Inactivation of RASSF1 was found to be correlated with
CpG island promoter region hypermethylation. KL potently
inhibits ligand-dependent activation of the insulin and IGF-1
pathways and binds to FGFR. Expression of KL gene was
inversely correlated to chordomagenesis. HIC1 is a tran-
scriptional target of p53. HIC1 methylation could be used
as a target for pharmacologic DNA-methyl transferase and
could suit as a potential new target to treat chordoma
patients.

Alholle et al. identified a preliminary set of nine probes
(eight gene loci, FAM181B, KANK2, NPR3, PON3,
RAB32, RAI1, SLC16A5, and ZNF397OS) that were differ-
entially methylated in 26 chordomas and normal nucleus
pulposus samples plus UCH1 chordoma cell line [36]. Seven
probes were located in gene promoter region CpG islands and
the rest two were located in CGI shores, likely to be associated
with gene expression. The study demonstrated that these
genes were re-expressed and/or regulated in methylated
chordoma cell lines. Among them, KANK1 is a candidate
tumor suppressor gene and was shown to be involved in gene
fusion in a myeloproliferative neoplasm.

Promoter methylation of the MGMT gene represents a
well-established molecular feature with prognostic and
predictive significance in some tumors. Marucci et al.
found methylation of MGMT promoter was present in a
significant portion of recurring clival chordomas. On the
contrary, MGMT promoter was unmethylated in clival
chordomas without recurrence [38]. Furthermore, promot-
er methylation of the MGMT gene contributes to predict
the efficaciousness of temozolomide. These results indi-
cated that methylation of MGMT promoter was related to
recurrent chordomas and prompted further investigation
into the potential role of temozolomide as an adjuvant
treatment of chordoma.
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MicroRNA expression in chordoma

Aberrant miRNA expression enables to affect some pathways
important for tumor initiation and maintenance in the diagno-
sis and prognosis of many malignancies, including chordoma
[39, 40] (Table 1).

Duan et al. first established a direct connection between a
cell signaling pathway implicated in the molecular pathogen-
esis of chordoma and the miRNA machinery. Twenty-one
miRNAs were profiled that were differentially expressed in
chordoma cell lines (UCH1, CH22), and similar expression
patterns were also found in primary chordoma tissues. The
expression of miRNA-1 and miRNA-206 were markedly de-
creased in both chordoma tissues and cell lines. The proto-
oncogene MET, which harbors two conserved miR-1 cognate
sites, is expressed in most chordomas (94.4 %). With stable
transfect miR-1 expression vectors in chordoma cells, re-
introduction of miR-1 mimics by transient transfection sup-
presses Met expression and inhibits growth and proliferation
of chordoma cells [40, 41]. Thirty-three miRNAs and 2791
mRNAs were indicted to be significantly dysregulated in
chordoma relative to fetal notochord tissue using microarrays
with hierarchical clustering analysis [39]. MAPK signaling
pathway is the most highly overrepresented genetic pathway,
governing cellular processes such as proliferation, differentia-
tion, and survival. A pathway analysis showed that the five
significantly downregulated miRNAs (miR-149-3p, miR-
663a, miR-2861, miR-1908, and miR-3185) were predicted

to target MAPK signaling pathway-related genes, including
FGF2, JUND, DUSP4, MAP3K3, TGFB1, PRKACA, and
RAPGEF2 through an inverse correlation. In the meantime,
another three downregulated miRNAs (miR-762, miR-1228,
and miR-2861) were reported to be associated to the calcifi-
cation or osteoblast differentiation of notochord tissues. Loss
of the capability of calcification or osteoblast differentiation
might result in the formation of undifferentiated notochordal
remnants and chordomagenesis. Another study has found 53
dysregulated miRNAs were in chordoma with the comparison
between the miRNA profile of chordoma samples and the
profile of normal nucleus pulposus samples, including 30 up-
regulated miRNAs and 23 downregulated miRNAs [42]. For
example, miR-140-3p and miR-148a were upregulated, while
miR-31 and miR-222 were downregulated in most chordomas
[43]. These findings delineated the differential regulation of
cancer-related genes in chordoma tumor cells and defined the
complex molecular biology of the initiation and progression
mechanisms. Zhang et al. uncovered miR-608 and miR-34a as
novel tumor suppressors in chordoma. They also identified the
commonly deregulated oncogenes EGFR/Bcl-xL as direct tar-
gets of miR-608 and MET as direct target of miR-34a. Both
the inhibition of EGFR and MET inhibits chordoma cell pro-
liferation and survival. In the study, both of miRNAs contrib-
uted to induce apoptosis and inhibit proliferation, growth and
invasion in chordoma cells. As miRNAs enable to target mul-
tiple genes, overexpression of miR-608 or miR-34a is sup-
posed to exert greater anti-tumor effects than EGFR or MET

Table 1 Dysregulated microRNAs in chordoma

miRNA Expression Target gene(s) Function and/or pathway involvement in chordoma Reference

miR1 Downregulated MET, HDAC4 Inhibit chordoma cell growth and proliferation Duan Z et al., 2014 [40]

miR-149-3p Downregulated MAP, PKA Tumor suppressor, MAPK pathway-related gene Long C et al. 2013 [39]

miR-663a,
miRNA-1908,
miRNA-2861

Downregulated TGFB,JUND Tumor suppressor, MAPK pathway-related gene Long C et al. 2013 [39]

miR-3185 Downregulated FGF, CNrasGEF Tumor suppressor, MAPK pathway-related gene Long C et al. 2013 [39]

miR-762 Downregulated NCX1, PMCA1,
NCKX4

loss of calcification Long C et al. 2013 [39]

miR-1228 Downregulated MOAP1, BMP2K loss of osteoblast differentiation Long C et al. 2013 [39]

miR-2861 Downregulated BMP BMP-induced osteoblastogenesis Long C et al. 2013 [39]

miR-222 Downregulated NA Decrease epithelial-to-mesenchymal transition,
cell migration and invasion

Bayrak, O.F. et al. 2013 [42]

miR-31 Downregulated c-MET Apoptotic effect on chordoma cells Bayrak, O.F. et al. 2013 [42]

miR-608 Downregulated EGFR/Bcl-xL Tumor suppressor Zhang, Y.et al. 2014 [44]

miR-34a Downregulated MET Tumor suppressor, deregulated RTKs Zhang, Y. et al. 2014 [44]

miR-155 Upregulated NA Regulating cell proliferation, apoptosis, differentiation,
angiogenesis, epithelial-to-mesenchymal transition;c
correlating with advanced disease stage and the
present metastasis

Zhang, Y.et al. 2014 [44]

miR-1237-3p Downregulated MMP-2 Chordoma invasion and prognosis Zou, M.X. et al. 2015 [46]
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inhibitions [44]. Global miRNA expression and activity anal-
ysis suggested miR-155 was biologically active in chordoma
[45]. Its upregulated expression was correlated with tumor
progression in chordoma. Osaka et al. demonstrated that con-
trolled downregulation of miR-155 expression inhibited mul-
tiple in vitro correlates of tumor aggression, including sup-
pressed proliferation, and the migratory and invasive activities
of chordoma cells. miR-155 expression was also analyzed to
be significantly correlated with poor outcomes for chordoma
patients, which suggested that modulating miR-155 expres-
sion could inhibit local recurrence and metastasis. Based on
these differential expression of miRNAs and overlapping tar-
get genes selected in GO and pathway analysis, Zou et al.
established a miRNA-gene regulatory network and revealed
the interactions of these differentially expressed miRNAs and
the potential target genes [46]. Five upregulated (miR-107,
miR-20a-5p, miR-665, miR-202-3p, and miR-181a-5p) and
one downregulated miRNAs (miR1237-3p) formed a gene
regulation network, which included major target genes, such
as CNOT4, KIF1B, NR4A3, CTNND1, KALRN, PCDHA9,
CNOT6, ZAK, CIT, NTRK2, TSC22D2, HMGA1, CO-
L19A1, EPHA7, SENP1, EFNB3, FNDC3B, TET3,
PLAGL2, and CSNK1G1. The study showed that miR-
1237-3p expression was an independent predictor with
recurrence-free survival of the chordoma patients in the mul-
tivariate analysis. As the potential target gene, MMP-2 was
associated with local invasion and worse prognosis of
chordoma. Thus, downregulation of miR-1237-3p expression
is supposed to promote MMP-2 expression, exerting a nega-
tive effect on recurrence and invasion of chordoma.

As is known, miRNAs can act as either oncogenes or tumor
suppressors in chordoma. While some issues remain unre-
solved regarding the monitoring of circulating miRNA as bio-
markers or the efficacy of miRNA delivery, miRNA
reexpression therapy constitutes a novel approach and repre-
sents a therapeutic challenge in chordoma.

Receptor tyrosine kinase expression in chordomas

Previous studies have focused on the expression of receptor
tyrosine kinases (RTKs) and their related secondary messen-
gers in chordoma [47, 48]. Some RTKs have demonstrated
dysregulated expression in chordoma and played a consider-
able role in chordoma’s makeup, including platelet-derived
growth factor receptor (PDGFR), epidermal growth factor re-
ceptor (EGFR), human epidermal growth factor receptor
(HER2/neu), and c-Met (hepatocyte growth factor receptor),
as well as their downstream effectors phosphatidylinositide 3-
kinase/protein kinase B (PI3K/AKT) andmammalian target of
rapamycin (mTOR) [3•, 49, 50]. Concerning the downstream
signaling following RTK’s phosphorylation, a considerable
number of second messengers are reported to be
overexpressed, and these are cross-linked in a very complex

manner. Once activated, GTP-Ras instigates an intricate net-
work of intracellular phosphorylation cascades, of which ac-
tivation of the PI3K/RAS/Akt/mTOR pathway is most fre-
quently described.

PDGFR-β expression and evidence of receptor phosphor-
ylation were detected in all of the 18 samples analyzed in the
study of Tamborini [48]. As an inhibitor of tyrosine kinases
(especially PDGFR-β), imatinib acts as a competitive antag-
onist at the ATP binding site of the kinase domain and disrupts
the ability of the kinase to phosphorylate its substrates. The
absence of the pivotal role of KITactivating mutations and the
constitutive pathologic activation of wild-type imatinib-relat-
ed receptors in chordoma could explain why chordoma re-
sponds more slowly than gastrointestinal stromal tumor
(GIST) to imat in ib . The co-express ion and co-
immunoprecipation of PDGFR-β and EGFR have been de-
scribed at the preclinical level [49, 51]. It is known that
PDGF-β stimulates the activation of PDGFR-β and subse-
quently stimulates EGFR unidirectionally. In vitro studies
demonstrated that two small molecule inhibitors of EGFR,
erlotinib and gefitinib, inhibited proliferation of the chordoma
cell line UCH1 [52]. Both EGFR and HER2/neu are members
of the ErbB/HER family of RTKs. Variable amounts of HER2
immunoreactivity has been reported in chordoma [49]. In ad-
dition to the PDGFR family, which is inhibited by imatinib,
the presence of activated receptors of the EGFR family may
provide a rationale for chordoma treatment with small mole-
cules that are effective on both EGFR and HER2/neu [50].
Chromosome 7 copy number was evaluated by chromogenic
in situ hybridization (CISH) and protein expression of EGFR
and c-Met in 22 chordoma samples [21]. Only c-Met protein
expression was significantly correlated with chromosome 7
aneusomy. Its overexpression might represent an early chro-
mosome 7 alteration that could play an important role during
chordoma pathogenesis. Presneau et al. hypothesized that
75 % of chordoma samples would be responsive to mTOR
inhibitors based on the expression of either the activated phos-
phorylated mTOR or the downstream activated protein phos-
phorylated S6K, which they considered as a surrogate marker
for phosphorylated mTOR activity. Key downstream proteins
within the PI3K/AKT/mTOR pathway were also shown to be
phosphorylated in human chordomas tested including PDK,
AKT, mTOR, and S6 [53]. The activation of important effec-
tors of signaling downstream of RTK was analyzed in the
study of Dewaele et al.. Using kinase antibody arrays, AKT
was the most frequent (9 out of 10 cases analyzed) and highest
phosphorylated in chordomas [51]. The consistent activation
of AKT, the recurrent activation of upstream EGFR and of
downstream effectors like p70S6K and mTOR, together with
frequent loss of TSC1 and PTEN gene loci, all indicated that
the PI3K/AKT pathway was an important mediator of trans-
formation in chordoma. Since the downstreammolecules have
been observed to be activated, an explanation has yet to be
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offered for the failed regulation by inhibitory phosphatases
such as PTEN, which is responsible for the regulation of
mTOR. Another study found a significant correlation between
negative expression (10/40) of PTEN and positive expression
(25/40) of mTOR in sacral chordomas, indicating that mTOR
and PTENmight co-regulate the progression of the tumor and
participate in proliferation, invasion, and metastasis of sacral
chordoma [54].

These results contribute to the understanding of the molec-
ular alterations related to chordomas and support the develop-
ment of targeted therapies with RTK inhibitors, which may
have a synergistic effect for chemotherapy in patients with
chordoma.

In vivo models of chordoma

Several in vivo models have recently been developed for fur-
ther understanding the molecular and cellular biology of
chordomagenesis [55–57].

Zebrafish models have a rapid onset of the tumor phe-
notype, and they contribute to readily accomplish the
stable expression of transgenic constructs. Burger et al.
described a zebrafish model of chordoma, driven by
notochord-specific GFP-tagged HRASV12 expression
during notochordal development. HRASV12 is well
known as oncogenic mutation. The tumors of zebrafish
models shared histological characteristics of human
chordoma. The mTORC1 inhibitor rapamycin was dem-
onstrated to delay the onset of tumor formation in this
model and improve survival of tumor-bearing fish [55].

Chordoma cell lines have been shown to generate tu-
mors in established mouse xenograft models and retain
molecular characteristics of the parent tumor and expand-
ed cells [57]. Subsequently, recent studies have
established chordoma xenografts from patient-derived pri-
mary human chordoma cells, which also inherit and reca-
pitulate the molecular features of parent tumors [56, 58,
59]. SF8894 was a chordoma xenograft derived from a
recurrent clival chordoma [57]. The PI3K/Akt/mTOR
pathway was activated in both the parent tumor and the
xenograft. Treatment with ATP-competitive mTOR inhib-
itor, MLN0128, resulted in decreased activity of the
PI3K/Akt/mTOR signaling pathway as indicated by de-
creased phospho-mTOR levels in the mice harboring
chordoma xenografts. A primary sacral dedifferentiated
chordoma was xenografted into NOD/SCID/IL-2R γ-null
mice in another study [59]. Sunitinib and bortezomib, as
proteasome inhibitor by inhibiting the activity of nuclear
factor κB (NF-κB), were identified by a high-throughput
in vitro screen. Both of the agents significantly slowed the
growth of the established xenograft tumors. The results
strongly implicated NF-κB signaling as a critical mediator
of chordoma growth.

Conclusion

Chordoma is a malignant tumor with some puzzling features,
such as its origin, and its local invasive and slow aggressive
character. Here, we presented some investigations concerning
the embryologic formation of chordoma for better understand-
ing of the complex pathophysiology. We also summarized
molecular researches yielding significant findings. Brachyury
is discovered as both a crucial regulator of notochordal devel-
opment and a novel biomarker for chordoma. Losses of
CDKN2A and PTEN, as representative karyotype changes,
have functional significance to the underlying biology and
potential therapeutics for chordoma. We reviewed other dis-
coveries of molecular pathways including cell cycle regulato-
ry pathway and activated receptor tyrosine kinase pathway,
both of which were well known to play considerable roles in
chordoma process. DNA methylation of tumor suppressor
genes has been demonstrated tomodify both during notochord
cell differentiation and malignant transformation. We also de-
fined a set of miRNA candidates, which were dysregulated in
chordomas, and proposed to utilize this miRNA profiling in
the diagnosis and survival prediction of chordoma. We hope
these integrative approaches could provide useful novel bio-
markers advancing diagnostic workup and prognostic
predictors.
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