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Abstract: Chordoma is a malignant bone tumor, which currently can only be defined by his-
tologic and immunohistochemical criteria. There are no prognostic biomarkers to predict the
clinical outcome or response to treatment yet. Currently, chordoma pathogenesis is very poorly
understood; however, recent large-scale genetic and epigenetic studies have identified some of
the underlying mechanisms and pathways that may contribute to the disease. In this review, we
summarize the most recent findings in the field of chordoma genomics and epigenomics, from
comparative genomic hybridization to evaluate chromosomal alteration, large-scale deoxyribo-
nucleic acid (DNA) sequencing to determine the gene mutation, microarray to assess messenger
ribonucleic acid (RNA) and microRNA gene expression, and DNA-methylation profiling. These
studies may also hold valuable clinical potential in the management of chordoma.
Keywords: chordoma, chromosomal alterations, sequencing, miRNA, DNA methylation

Introduction

Chordoma is a very rare cancer that accounts for 1%-—4% of primary malignant bone
tumors and 20% of primary spine tumors.'? Epidemiological studies suggest that
chordoma affects roughly one in a million individuals, and is more predominantly
found in males (58.4%) than in females (41.6%) (Figure 1A).> Unlike most malignant
tumors, chordoma is generally a slow-growing, locally aggressive, and invasive tumor
that is typically mostly resistant to conventional chemo- and radiotherapy. Chordomas
most commonly arise in the sacrococcygeal area (50%), skull base (35%), and verte-
bral bodies (15%), while rare cases have been reported to originate in an extra-axial
distribution or within soft tissues (Figure 1B).* Information on chordoma develop-
ment is very limited. Chordoma is believed to arise from embryonic remnants of the
notochord. During normal development, the majority of fetal notochord cells regress,
leaving only a few cell remnants within the adult vertebral disk. In some rare cases,
small numbers of cells can be found within the vertebral body as benign notochordal
cell tumors. Although chordomas have been studied histologically, very little is known
about the molecular mechanisms that drive these tumors.

The gold-standard treatment for these tumors is en bloc resection; however, the
critical anatomic location (spread along critical bony and neural structures) and the
commonly large tumor size make clinical management of these patients difficult. As
a result, the recurrence of chordoma is a common event, which has been reported
to range from 30% to 85%, with a median survival of approximately 6 years.>¢
Therapeutic options for chordoma are limited, due to the lack of sensitivity to both
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Figure | (A—C) The epidemiology of chordoma. (A) Male patients comprise 58.4% and females account for 41.6% of chordomas. (B) Chordomas usually arise from
remnants of the primitive notochord, most commonly in the sacrococcygeal area (~50%), skull base (~35%), and vertebral bodies (~15%). (C) Overall survival is 64% at

5 years, and 40% at 10 years.

chemo- and radiotherapy of tumors. The overall survival of
chordoma is around 64% at 5 years, and 40% at 10 years
(Figure 1C).”

Histologically, chordoma is composed of nests and
cords of tumor cells with abundant eosinophilic or clear
vacuolated cytoplasm, and enmeshed in abundant myxoid
stroma. Recent studies based on biochemical and immuno-
histochemistry analyses have suggested that there may be
a potential role for molecular therapy in the treatment of
chordomas.**® Although the morphology and immunoprofile
of chordoma is well recognized, the genetic mechanisms
underlying the development of the tumor have not been
fully characterized. Therefore, there are currently no predic-
tive or prognostic biomarkers for chordoma. Over the past
decade, comparative genomic hybridization (CGH), fluo-
rescence in situ hybridization (FISH), methylation assays,
whole-genome single-nucleotide polymorphism (SNP)
microarrays, and gene-expression and micro-ribonucleic
acid (RNA) (miR)-expression arrays have become powerful
techniques to detect genomic and epigenomic alterations
in chordoma.®'? These robust technologies have led to
significant understanding of the biological pathogenesis
of chordoma.

Chromosome instability

in chordoma

Traditionally, chromosome abnormalities are detected by
generating a karyotype and analyzing the banding patterns
therein. Under ideal conditions, alterations as small as
approximately 5 megabases can be detected with banding
analysis. In recent years, however, increasing focus has
shifted to a newer cytogenetic technique. CGH is a popular
technique that provides an alternative means of genome-
wide screening for copy-number alterations. Instead of
using metaphase chromosomes, CGH uses slides arrayed
with small segments of deoxyribonucleic acid (DNA) as the
targets for analysis.

First, DNA is extracted from a test sample, such as
blood, skin, or fetal cells. The test DNA is then labeled with
a specific color fluorescent dye, while DNA from a normal
control (reference) sample is labeled with a different-color
dye. Two genomic DNAs of sample and control are then
mixed together and implemented onto a microarray. Since
the DNAs have been denatured as single strands, they will
hybridize with the arrayed single-strand probes. Digital
imaging systems are then applied to capture and quantify the
relative fluorescence intensities of the labeled DNA probes
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that have hybridized to each target. At different positions
along the genome, the fluorescence ratio of the sample and
reference-hybridization signals is determined, and it provides
information on the relative copy number of sequences in the
sample genome compared to the reference genome."

Application of unbiased genome-wide approaches, such
as CGH, provides the greatest potential to discover unstable
loci and candidate genes associated with a variety of cancers,
including chordoma.'* During the last decade, significant
progress has been achieved in molecular cytogenetics by
CGH." Alteration of distinctive chromosome regions in
chordoma has uncovered new candidate oncogenes and
tumor-suppressor genes (TSGs). Therefore, high-resolution
screening of genetic instabilities may provide a more com-
prehensive landscape of the chordoma genome and chordoma
genesis.

Frequently lost regions

of chromosomes in chordoma

CGH studies reveal that deletions were found on all chromo-
somes of chordoma, except chromosome 5 (Table 1). Among
these aberrations, the most frequent loss is the region on
chromosome arm 1p36.'2! It has been suggested primarily
on the basis of loss-of-heterozygosity results that 1p36 may
be a putative TSG locus of skull-base chordoma because of
its association with poor prognosis in chordoma.' Loss of
1p36 was also identified in another chordoma group; however,
no correlation with survival was observed.!” Therefore, the
loss of 1p36 may be an early event in chordoma genesis.

Moreover, this region contains several genes, including
RUNX3, a transcription factor that has often been demon-
strated to be deleted or transcriptionally silenced in various
cancers.”?> RUNX3 has been shown to be involved in the
maturation of chondrocytes, providing a putative biologi-
cal connection to the development of chordoma. Moreover,
several investigations have suggested, primarily on the basis
of loss-of-heterozygosity results, that 1p36 may be a putative
TSG locus of skull-base chordoma because of its association
with poor prognosis in chordoma.'®!”-' The potential reasons
for these discrepancies may reflect the different sites of tumor
origin, differences in the ethnicities of the populations, or
different methodologies used in these studies.

Deletion of chromosome arm 9p is the second-most fre-
quently observed chromosomal alteration in chordoma. 617232
The chromosome 9p21 locus encodes CDKN2A. Specific
deletions of CDKN2A4 on 9p21 have been detected in up to
70% of all chordomas.?*?” Functional studies have shown that
CDKN2A blocks the function of CDK4 and CDK6—cyclin D
complexes. CDK—cyclin complexes modify the retinoblas-
toma protein, thus controlling the G,/S-phase checkpoint of
the cell cycle. Inactivation of CDKN2A thereby can result
in cellular proliferation. A recent study demonstrated that
immunohistochemical staining for the CDKN2A protein
in chordoma tissues consistently yielded negative results.?®
Therefore, CDKN2A inactivation is frequently an early and
critical event during tumorigenesis. Furthermore, deletion
of CDKN24 in normal cells is associated with centrosome
dysfunction and genomic instability, ultimately leading to

Table | Most common aberrant chromosomes and genes in chordoma

Cytoband Gain or loss Gene name Clinical significance Gene function or pathway Reference(s)
involvement
Ip36 Loss RUNX3 Poor prognosis Tumor-suppressor gene 19, 22
1p36 LOH TNFRSF8 Worse prognosis Apoptotic pathway 19
3q26.32 Loss PIK 3CA Chordoma development Transcriptional repressor, PI3K 65
pathway
3q27.3 Loss BCL6 B-cell development Arrests the differentiation of 65
neural crest cells
6q27 Gain Brachyury Chromosomal instability Notochordal development, and 4042, 45, 46
proliferative activity
7q21—q31 Gain MET Chordoma progression Growth and cell survival and 51
and invasion progression
9p21 Loss CDKN2A Aggressive behavior Ciritical cell-cycle checkpoint 17
protein pl6
10ql 1-q24 Loss PTEN Regulators of chordomas Aberrant cell growth and escape 27
from apoptosis and involving
PI3K and MAPK pathway
22ql1.1-q13.33 Loss CHEK2 NA Tumor suppressor, regulates 27, 65
cell division
Abbreviations: LOH, loss of heterozygosity; NA, not applicable.
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aneuploidy and malignant transformation.” These studies
collectively indicate that inactivation of the CDKN2A gene
may play a crucial role in the development of chordoma.
In addition to CDKN2A gene loss, MTAP, whose coding
gene is adjacent to CDKN2A4, is also lost in a significant
percentage of chordomas. Cytoplasmic MTAP immunore-
activity was not detectable in 39% of chordomas.”> MTAP
is frequently codeleted with CDKN2A in several different
types of malignancies. Moreover, MTAP loss is a potential
therapeutic target.*

Loss of the chromosome region 10g23 has also drawn
interest in chordoma research, because another key TSG,
PTEN, is located on 10923 and is commonly inactivated
in neoplasms by somatic mutations, deletions, and/or
genetic inactivation.’'*2 Genomic DNA analyses by CGH
revealed deletion of chromosome region 10g23 in sporadic
chordomas.?®** Recently, a study found that widespread
loss of PTEN expression is strongly associated with hyper-
activation of AKT/mTORCI signaling in sporadic sacral
chordomas.** PTEN has at least two major biochemical
functions: one is lipid phosphatase activity, and the other
is protein phosphatase activity.’>* Lipid phosphatase
downregulates AKT activity through negative regulation of
the growth factor-induced PI3K pathway, and upregulates
proapoptotic mechanisms, such as caspases. The protein
phosphatase activity of PTEN is involved in the inhibition
of focal adhesion and in cell spreading and migration, as
well as in the inhibition of growth factor-stimulated MAPK
signaling. The combined effects of the PTEN lipid and pro-
tein phosphatase activities may result in aberrant cell growth
and escape from apoptosis, as well as abnormal cell spread-
ing and migration.’ Thereby, loss of PTEN function results
in PI3BK/AKT/mTOR pathway activation, which promotes
cellular proliferation and migration.”” PTEN may also act to
promote overall genomic stability in chordoma. In contrast,
the expression of PTEN has been evaluated in two chordoma
cell lines — U-CH1 and U-CH2. Based on PTEN gene loss
in U-CHI, no PTEN protein expression was observed.*®
However, PTEN expression in U-CH2 was near the level of
normal human fibroblasts. Heterogeneity of expression of
PTEN has been described among chordoma tumors, and these
observations are consistent with differences in phospho-Akt
between these two cell lines.

Other chordoma candidate TSGs have also been reported.
The deleted region of chromosome 11q22, where ATM is har-
bored, has been reported in chordoma cases.?® ATM is impor-
tant for genome stability associated with checkpoint kinase 2,
tumor protein 53, and other cell-cycle checkpoint proteins.®

Although a few studies have shown deletion of chromo-
somes 3, 4, 10, 13, and 18 in chordoma, no obvious known
candidate TSGs were noticed in these lost regions.

Frequently gained regions

of chromosomes in chordoma

In general, gains within chromosomes are less common
than losses in chordoma. Common gains include regions of
chromosomes 1, 5, 6,7, 8, 12, 15, 16, 19, and 20. However,
as shown in previous studies, gain of chromosome 6 is
common in familial chordomas.*** High-resolution CGH
profiling of four multiplex families of chordoma cases
demonstrated duplication of the chromosome region 6q27.4
Since the duplicated chromosome region 6q27 contains only
the brachyury gene, brachyury may be a major susceptibil-
ity gene in familial chordoma. As chordomas presumably
originate from notochord, in which the brachyury gene
drives development, there is increasing evidence demonstrat-
ing that brachyury also plays an important role in sporadic
chordomas. At the functional level, one study showed that
in vitro inhibition of brachyury halted cell proliferation in
two different chordoma cell lines.*® In a cell line that did
not express brachyury protein or messenger RNA (mRNA),
overexpression of brachyury resulted in reinforced prolifera-
tion, motility, and invasiveness.*® This study suggests that
brachyury acts as an oncogene and may play a role in the
pathogenesis of chordoma.

However, unlike familial chordomas, some of the spo-
radic chordoma cases do not possess brachyury duplication
or amplification. Only two of 16 analyzed cases showed an
abnormal brachyury copy number (approximately three and
four copies per cell).* In the follow-up study, it was shown
that duplication or amplification of the brachyury locus was
present in less than 5% of investigated chordoma cases.*
Amplification of brachyury was only observed in approxi-
mately 7% of the sporadic form of chordoma.* These findings
were in accordance with two earlier studies that showed only
10% and 29% of chordoma cases exhibited chromosome
region 6927 gain.?¢*’ Furthermore, recent tissue-microarray
immunohistochemical studies showed brachyury is not a
prognostic indicator in chordoma*; 59 of 78 (75.64%) tumors
showed nuclear staining for brachyury. Brachyury nuclear
staining was detected more frequently in sacral chordomas
than in chordomas of the mobile spine. However, there was
no significant relationship between brachyury expression and
other clinical variables. By Kaplan—Meier analysis, brachyury
expression failed to produce any significant relationship with
the overall survival rate. Therefore, these studies suggest that
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alteration of brachyury is not the primary event in the devel-
opment of chordoma, and the potential role of brachyury in
chordoma needs to be studied further.

Brachyury has been shown to be mutated in chordoma,
and copy-number variants have been associated with familial
risk for developing the tumor, as described earlier. However,
the exact functional role of brachyury in chordoma remains
unknown. In addition, due to brachyury’s nuclear localiza-
tion and the “undruggable” characteristic of such molecules,
current strategies to target brachyury are limited. Different
sites of tumor origin and difference in the ethnicities of the
populations may also be associated with inconsistencies
between results and discrepancy of brachyury SNP stud-
ies. As only two studies with limited cases of chordoma on
brachyury SNP study exist so far, further evaluation on larger
patient numbers will be needed to validate this association of
single-nucleotide variant in brachyury with chordoma.

Another common gain in chordoma is in the region of
chromosome 7q. Gains within chromosome 7q have been
reported in primary and recurrent chordomas. In a CGH
and FISH study of six sacral chordomas, the most frequent
gain (66%) was found on chromosome 7q.*” A similar
report showed that gains on chromosome 7q were found
in 69% of chordomas.* In addition, it was found that the
chromosome 7q gains appear more frequently in patients
older than 26 years, and it is common in sacral tumors.*
These facts imply that the alteration of chromosomes is
not only an early effect of chordoma genesis but also that it
persists during tumor progression. Notably, chromosome 7
harbors the genes that encode the EGFR, MET, LMTK2,
EPHAL1, EPHB4, and EPHBG proteins. It has been reported
that the MET proto-oncogene plays important roles in
many cellular processes, and during tumor progression
and invasion of different types of cancers. In chordomas,
expression of MET was seen in up to 94.5% of primary
lesions and 88% of recurrent lesions.**! CGH studies
provided evidence that polysomy of chromosome 7 could
contribute to MET overexpression in some chordomas.
Aberrant gain of chromosome 7q and MET expression in
primary and all recurrent chordomas have been confirmed
by FISH, which suggests the crucial role of MET in chor-
doma progression.

Chromosome number-variation profiling is considered
to be a promising diagnostic and prognostic indicator for
chordoma patients. Further studies are needed to demonstrate
the significance of chromosome alteration, the expression and
function of located genes, and their influence on chordoma
progress.

Single-nucleotide variants

in chordoma

Germ-line duplication of T has been reported to correlate
with familial risk for developing chordoma.* However,
the genetic basis of brachyury expression in chordoma is
largely unknown. A recent study combined traditional Sanger
sequencing with whole-exome sequencing to examine germ-
line DNA from 45 individuals in European populations with
sporadic chordoma.* The results demonstrated a recurring
SNP — 152305089 (Gly177Asp), which lies in exon 4 — that
encodes part of the DNA-binding domain of brachyury.>
This mutation, therefore, alters the DNA-binding properties
of brachyury, indicating that the dysregulation of some of the
genes regulated by brachyury could be a mechanism implicit
in the genesis of chordoma. However, a more recent study in a
Chinese population of 65 skull-base chordoma cases showed
that the brachyury Gly177Asp SNP was not associated with
skull-base chordoma.**

Gene-expression profiling
in chordoma
Gene expression (mMRNA) profiling is a powerful technique
applied in molecular biology for measurement of the expres-
sion of thousands of genes simultaneously, and creates a
global map of cellular function. Profiling combines DNA
microarray technology and sequence-based techniques, such
as serial analysis of gene expression. DNA microarrays are
an ordered series of microscopic spots of predefined DNA
oligonucleotides, known as probes, which are covalently
attached to form a gene chip. DNA labeled with fluorophores
(target) is prepared from a sample and is hybridized to the
complementary DNA sequences on the gene chip. The chip
is then scanned for the fluorescent label’s presence and
strength at each spot, which represent probe-target hybrids.
The fluorescence level at a specific spot provides quantitative
information about the expression of the particular gene.
An HG-U133A Affymetrix (Santa Clara, CA, USA) chip
platform has been applied to determine the gene-expression
signature in six chordoma and 14 chondrosarcoma tissues.*
This study showed that chordoma is grouped together in a
genomic cluster distinct from that of chondrosarcoma. The
result showed extracellular matrix genes, including aggre-
can, types II and X collagen, fibronectin, matrillin 3, high-
molecular-weight melanoma-associated antigen, MMP9Y,
and MMP19. Particularly, brachyury and CD24 were
selectively overexpressed in chordomas. In another study
of chordoma cell lines (CCL4B, CM319, GB60, U-CHI,
and U-CH2) and in comparison with three control groups
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(nonchordoma mesenchymal tumors, normal tissues, and
including intervertebral disk), five genes — brachyury, CD24,
COL2A1, CA3,and KRT19 —were significantly differentially
expressed in chordoma tumor cell lines.*® Interestingly, in
another xenograft gene-expression profiling of chordoma,
a number of the genes were found to be expressed at high
levels, including IL11, CXCLS5, VEGFC, and CCL20.°° These
results suggest that the NFkB-pathway genes are critical
mediators of chordoma growth. Furthermore, a number of
genes with established roles in tumorigenesis were also found
overexpressed in chordoma, including ROS1, DLX1, CPA4,
and VEGFC2.*

DNA methylation in chordoma

DNA methylation is an important regulator of gene tran-
scription, and is a tightly regulated process during normal
development, which becomes deregulated during neoplastic
genesis and disease development.’” DNA methylation is
involved in numerous mechanisms indispensable for genome
stability and control of gene expression.’®%® Alterations in
DNA-methylation patterns result in genetic instability or
dysregulated gene expression, thus contributing to tumori-
genesis and malignant transformation. The cancer epigenome
is characterized by promoter CpG-island hypermethylation
that leads to TSG silencing or hypomethylation, which con-
tributes to proto-oncogene activation, affecting noncoding
RNA expression.!** DNA methylation of cytosine at CpG
islands can act as a transcription repressor, which subse-
quently contributes to the silencing of the correlated genes.
Hypomethylation and/or hypermethylation of specific gene
loci, including TSGs, are strongly associated with disease
development.®!

Methylation is relatively stable in such body fluids
as serum or plasma, and can therefore be easily detected
by sensitive polymerase chain reaction (PCR)-based
assays, methylation-specific PCR, or by whole-genome

bisulfate sequencing.>® DNA methylation plays a crucial role
in the development of nearly all types of cancer.** However,
very few DNA-methylation epigenetic studies on chordomas
are available thus far (Table 2). Using methylation-specific
PCR, it was found that loss of CDKN2A and PTEN expres-
sion in the majority of cases was not attributed to promoter
methylation in recurrent sporadic chordomas.”” However,
tissue-microarray immunohistochemistry demonstrated
absent or reduced fragile histidine triad (FHIT) protein
expression in 98% of sacral chordomas and 67% of skull-
base chordomas.” The results suggest that chromosome 3
aberration and epigenetic regulation of FHIT contributes
to loss of the FHIT tumor suppressor in chordoma. Both of
these mechanisms may also play important roles in chordoma
pathogenesis. Bisulfite sequencing of the 5’-CpG island at
the FHIT locus in skull-base and sacral chordoma and con-
current evaluation of FHIT mRNA and protein expression
will further define the extent to which epigenetic changes
contribute to chordoma pathogenesis. The study implies that
FHIT loss due to DNA hypermethylation in a majority of
chordomas may provide new insight into chordoma patho-
genesis, and points to a potential new therapeutic target for
this challenging neoplasm.

Using the AITCpG360 methylation assay, it has been
demonstrated that 20 genes were hyper- or hypomethylated
in chordoma.®® The most compelling candidates of hyper/
hypomethylated genes are C3, XIST, TACSTD2, FMRI,
HICI, RARB, DLECI, KL, and RASSF1I. It is known that
RASSF1, KL, and HIC1 are TSGs.

MicroRNA expression in chordoma

miRs are small, noncoding RNAs that posttranscrip-
tionally regulate gene expression by interacting with
18-25 nucleotides of target genes. The genes that encode
miRs are transcribed from DNA, but not translated into pro-
tein. miRs are processed from primary transcripts (pri-miRs)

Table 2 Genes methylated in chordoma proposed as diagnostic and prognostic biomarkers

Gene name Methylation Clinical correlation Gene function and Reference
frequency pathway involvement
RASSFI 100% Tumor suppressor Controlling cell cycle and 65
in repairing DNA
antisenescence
KL (klotho) 100% Tumor suppressor and IGF-1 and FGF pathway 65
antisenescence
Hicl 75% Diagnosis p53 pathway 65
FHIT NA Chordoma pathogenesis Protein kinase (ATR)/ 23

and tumor-suppressor

function

checkpoint kinase |
(CHK) pathway

Abbreviations: DNA, deoxyribonucleic acid; NA, not applicable.
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to form short stem-loop structures called precursor miRs
(pre-miRs).%¢7 Pre-miRs are subsequently converted to func-
tional mature miRs in the cytoplasm; once in the cytoplasm,
miRs are further cleaved by the Dicer enzyme, similar to the
formation of miRs by the RNA-induced silencing complex
that participates in RNA interference. It is believed that there
are approximately 2,000 miRs in the human genome, and
up to 30% of human genes are regulated by miRs, which
are implicated in many crucial biological processes, such
as development, differentiation, apoptosis, and prolifera-
tion.%® Moreover, miRs can act as either oncogenes or tumor
suppressors, which may be involved in tumor formation or
recurrence (Figure 2).%

Several studies have reported that miR profiles are useful
in the refinement of diagnosis and prognosis of chordoma
(Table 3).7%72 Chordoma tissues and cell lines revealed
significant differences in miR expression in comparison
with normal controls.” Expression of miR-1, miR-206, and
miR-133 was significantly reduced in chordoma.” The role of
miR-1 in the oncogenesis of chordoma is unknown, although

miR-1 has been shown to contribute to the development of
liver and lung cancer.®7"” Furthermore, the proto-oncogene
MET, which harbors two conserved miR-1 cognate sites, is
overexpressed in many human cancers.”” The MET proto-
oncogene is expressed in almost all chordomas (94.4%), as
well as many chondrosarcomas (54.2%) and osteosarcomas
(23.3%).® A more recent study suggests that the MET
oncoprotein plays a leading role in the metastatic process in
chordoma, and that a MET-HGF pair is involved in chordoma
malignancy.” It was also shown that endogenous MET levels
were overexpressed in both chordoma cell lines and chordoma
tissues, while reintroduction of miR-1 to the chordoma cells
significantly decreased MET expression. Recent research
showed that miR-1 was downregulated in 93.7% of chordoma
tissues, and expression was inversely correlated with MET
expression.”” MiR-1 expression levels also correlated with
clinical prognosis. Therefore, miR-1 is suggested to have a
functional effect on the pathogenesis of chordoma.

Another study has shown that 53 miRs are dysregulated
in chordoma, in which 30 miRs were upregulated and

miRNA gene
3 C Oncogenic ]III[ Dm
miRNA TIT1T TITIT Duplex miRNA
Pol Il —
Pri-miRNA LI LU
i LLLLLLLL Mature miRNA
Nucleus
Drosha \
Pre-miRNA AAA
mRNA
T W/\/
AAA
Cytoplasm Bier mRNA \/\./
B Tumor- Tumor suppressor gene
suppressor miRNA
Duplex miRNA
m Duplex miRNA
Mature miRNA \
Incorporated into -LLLL”-”— Mature miRNA
RISC \
Target
miRNA MRNA M AAA
miRNA Translation mRNA
cleavage inhibition LR

A miRNA in normal tissues

mRNA AAA
Oncogene

Figure 2 (A-C) Mechanisms of micro-ribonucleic acid (miR) in chordoma. (A) In normal tissues, proper miR transcription, processing, and binding to complementary
sequences on the target messenger ribonucleic acid (MRNA) results in the repression of target-gene expression through a block in protein translation or altered mRNA
stability. The overall outcomes are normal rates of cellular growth, proliferation, differentiation, and cell death. (B) The reduction or deletion of a “tumor-suppressor
miR” due to mutation, deletion, epigenetic modification, or irregularities in miR processing cause inappropriate elevation of miR-target oncoproteins. The overall result
might involve increased proliferation, invasiveness, or angiogenesis, decreased levels of apoptosis, or undifferentiated or dedifferentiated tissue, ultimately leading to tumor
formation. (C) Amplification or overexpression of an “oncogenic miR” inhibits miR targets of vital tumor-suppressor genes. The overall outcomes are increased cell
proliferation, angiogenesis, and metastasis, or augmented chromosomal instability.
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Table 3 Dysregulated micro-ribonucleic acids (miRNAs) as putative prognostic and predictive biomarkers in chordoma

miRNA Clinical significance Target gene(s) Gene function and (or) pathway(s) Reference(s)
in chordoma involvement
miRNA-| Chordoma malignancy MET, HDAC4 Metastatic process invasive growth, 71,75
MET-HGF
miRNA-31 Tumor invasion MET Apoptosis mitogenic and transforming 70
functions, tyrosine-kinase phosphorylation,
MET-HGF
miRNA-31 Metastasis Radixin Cell transformation, cell survival, cell motility 70
miRNA-222 NA NA Early entry into the S phase of the cell cycle 70
and leading to proliferation, cell migration,
and invasion
miRNA-149-3p Tumor suppressors FGF2, JUND, MAPK signaling pathway-related gene 72
DUSP4, MAP3K3
miRNA-663a Tumor suppressors TGFBI, PRKACA, MAPK signaling pathway-related gene 72
RAPGEF2
miRNA-2861 Metastatic invasion, NA MAPK signaling pathway-related gene 72
angiogenesis
miRNA-1908 NA NA MAPK signaling pathway-related gene 72
miRNA-3185 NA NA MAPK signaling pathway-related gene 72
miRNA-762 Loss of calcification NCXI1, PMCAI, Calcium transport, NOTCH signaling pathway 72
NCKX4
miRNA-1228 Loss of ossification MOAP| Cellular apoptosis, NOTCH signaling pathway 72
capacity
miRNA-1228 Loss of ossification BMP2K Osteoblast differentiation, NOTCH signaling 72
capacity pathway
miRNA-2861 Loss of calcification BMP Inhibits bone formation, NOTCH signaling 72
pathway

Abbreviation: NA, not applicable.

23 were downregulated.” Notably, miR-140-3p and
miR-148a were upregulated in most chordomas, while
miR-31 and miR-222 were downregulated. Functional
analyses showed that miR-31 has an apoptotic effect on
chordoma cells and downregulates the expression of MET
and radixin. Tumors are dependent on continuous MET
stimulation, as overexpression of MET is related to inva-
sion, evasion from apoptotic signals, angiogenesis, and cell
scattering.”® Additionally, overexpression of the closely
related ezrin, radixin, and moesin genes is associated with
cell transformation, cell survival, cell motility, and tumor
invasion.”””” Moreover, it was also reported that miR-222 is
also downregulated in chordoma cells; miR-222 is known to
induce early entry into the S phase of the cell cycle and lead
to the proliferation of cancer cells, which may be an important
mechanism in the slow growth of chordomas.

Recently, miR and mRNA were examined to reveal the
potential roles of miRs in chordoma.” Microarray results
indicated that 33 miRs and 2,791 mRNAs were significantly
dysregulated. Among the 2,791 mRNAs, 911 overlapped
with putative miR target genes. The pathway analysis dem-
onstrated that the MAPK pathway was consistently enriched
in the chordoma tissue, and that miR-149-3p, miR-663a,

miR-1908, miR-2861, and miR-3185 probably play impor-
tant roles in the regulation of MAPK pathways. These five
significantly downregulated miRs have been proposed to
target MAPK signaling pathway-related genes, which include
FGF2, JUND, DUSP4, MAP3K3, TGFBI, PRKACA, and
RAPGEF?2 in an inverse manner. The MAPK signaling path-
way was the most heavily overrepresented genetic pathway.
Many normal eukaryotic cellular processes are controlled
by the MAPK signaling pathway, such as proliferation, dif-
ferentiation, and survival; however, constitutive activation
of the MAPK signaling pathway is a remarkable occurrence
in various human neoplasms.®%? Recently, several studies
revealed the critical role of MAPK signaling pathways in
chordomas.® Taken together, miR-149 and miR-663 have
been regarded as tumor suppressors,®*% and miR-1908 and
miR-2861 have been proposed to have a significant role in
the metastatic invasion, angiogenesis, and colonization of
chordoma.®#7

Currently however, only chordoma cell lines and tissues
have been used for miR-expression studies. Potential
circulating biomarkers of chordoma may also exist in body
fluids, including serum, plasma, and saliva. As many miRs
identified in peripheral blood have been shown to be potential
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diagnostic and prognostic biomarkers for cancer,** future
studies on identifying dysregulated miRs in the body fluids
of chordoma patients may also provide useful ground-
work for diagnostic, prognostic, and predictive biomarker
discovery.

Summary of strategies for
studying genomic and epigenetic

instability in chordoma

The genetic and epigenetic events involved in the develop-
ment and progression of chordomas are not well understood,
and biomarkers are still unknown. To gain further insight
into the pathogenesis of this rare tumor entity, modern
strategies for chordoma management require integrating and
combining data at multiple dimensions from various genome-
wide “-omics” approaches, such as chromosome-aberration
research based on CGH and next-generation sequencing;
mRNA and miR expression profiling; and DNA methylation
profiling and functional studies of the identified genes and
pathways (Figure 3).% Furthermore, proteomic studies of
chordoma tissues may also provide important information

It

Chordoma: integrated=> il
genomic analyses

Chromosomal
?Iterations

mRNA- and miRNA-
expression profiling

on this disease.”®®' The available genome-wide approaches
and integration of data from multiple assay sources will bring
deeper insight into the molecular mechanisms that regulate
chordoma development and progression.

Potential diagnostic and

therapeutic models of chordoma

The scarcity of preclinical diagnostic and therapeutic
models hampers the development of new medical strate-
gies in chordoma. Only a few chordoma cell lines and even
fewer animal models are available for preclinical testing,
and no druggable genetic drivers have been identified so
far. A transplantable human chordoma-xenograft model
for preclinical assessment of novel therapeutic strategies
has been developed recently.” In this study, eight samples
taken from eight chordoma patients were implanted in
nude mice. Four engrafted successfully, and gave rise to
tumor masses. All four engraftments retained the histo-
logical, genetic, and biochemical features of the human
chordomas from which they came. In one EGFR-positive
xenograft, responsiveness to lapatinib was evaluated by

(R0
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profiling Next genomic sequencing. —_—
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Figure 3 The concept of integrative genomic approaches in the study of chordoma. Combinations of different genomic approaches, including chromosomal aberration analyses,
messenger ribonucleic acid (MRNA)- and microRNA (miRNA)-expression profiling, deoxyribonucleic acid (DNA)-methylation analysis, and next-generation sequencing contribute
to a better understanding of mechanisms underlying chordoma development and progression. The characterization of molecular changes of chordoma at multiple biological levels
provides a deeper insight into tumor stratification (chordoma pathology), leading to improved chordoma diagnostics, treatment, and patient-outcome prediction.

Abbreviations: cDNA, complementary DNA; shRNA, short hairpin RNA.
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comparing the pre- and posttreatment findings. This model
was similar to human chordoma, and represents a new
means of undertaking preclinical investigations and devel-
oping targeted therapies. A zebrafish model of chordoma
initiated by notochord-driven expression of HRASV12
has been reported recently.” The zebrafish tumors shared
characteristics of human chordoma, as demonstrated
by immunohistochemistry and electron microscopy. In
another chordoma-xenograft model,* the xenograft was
serially transplantable, and was characterized by both gene-
expression analysis and whole-genome SNP genotyping.
Sensitivity to an inhibitor of IxB, as well as inhibition
of an NFxB gene-expression signature demonstrated the
importance of NFxB signaling for chordoma growth.

Conclusion and future prospects

In light of recent studies, significant advances in identifying
the molecular signatures of chordoma enable us to decipher
the underlying tumorigenesis mechanisms. It is clear that
a link exists between genetic and epigenetic alterations
(chromosomal rearrangements, DNA mutation/methylation,
mRNA/miR expression) and chordoma development. These
genomic and epigenetic instabilities can exhibit themselves
at the nucleotide level as gross chromosomal alterations, as
mutations/methylations/expression in the genes that encode
crucial proteins are responsible for a variety of tumor
cell-growth, proliferation, apoptosis, and drug-resistance
mechanisms. In general, the current understanding of
genomic and epigenetic instability in chordoma is very
limited. Further work is needed to understand the causes (the
molecular basis) and roles of these genomic and epigenetic
instabilities in tumor cells. In recent years, interest in chor-
doma has grown dramatically, and important discoveries of
chordoma biology have been revealed. These integrative
approaches may also provide an opportunity to identify
diagnostic and prognostic biomarkers that can be applied
toward the personalization of cancer therapy and significantly
improve chordoma clinical outcomes.
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