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Abstract Chordomas are rare, slowly growing, locally aggres-
sive bone neoplasms that arise from embryonic remnants of the
notochord, showing dual epithelial-mesenchymal differentia-
tion. The high plasticity probably is the main reason for the
high variety in phenotypes of chordoma, from its high hetero-
geneity on a cellular level to its subtype variations depending
on tissue location, with its potential to develop from an inactive
quiescent form to an aggressive cancer with extreme adaptabil-
ity and resistance to drugs and other treatments. Gene expres-
sion profiles of formalin-fixed, paraffin-embedded skull
chordoma, spine chordoma, and normal tissue specimens were
generated and compared. Using strict criteria, we identified 222
differentially expressed transcripts unique to skull base
chordoma, 261 unique to spine chordoma, and 192 common
to both chordoma subtypes. Further analysis of these three
groups of transcripts allowed the selection of three subsets of
highly differentially expressed genes as potential biomarkers,
disease drivers, and therapeutic targets in both chordoma sub-
types. Immunohistochemistry revealed LMX1A to be

dominant in skull base chordoma, SALL3 to be unique to spine
chordoma, and T to be common to both chordoma subtypes. In
both chordoma subtypes, the genes with the highest expression
were predominantly development-related genes, mostly tran-
scription factors. Our findings indicate that these developmen-
tal genes play important oncogenic roles in chordoma, mainly
causing high plasticity and resistance to therapy in both these
cancer subtypes but also determining their differentiation status
and proliferation activity, pointing to features expected of het-
erogeneous stem cell-like tissues with similarities to their noto-
chord origins.
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Introduction

Chordomas are rare, slowly growing, locally aggressive bone
neoplasms that arise from embryonic remnants of the notochord
and show a dual epithelial-mesenchymal differentiation [1].
These tumors typically occur in the axial skeleton and have a
proclivity for the spheno-occipital region of the skull base and
sacral regions. They arise from the sacrum in approximately
50–60% of cases, from the skull base region (spheno-occipi-
tal/nasal) in approximately 25–35% of cases, from the cervical
vertebrae in approximately 10% of cases, and from the
thoracolumbar vertebrae in approximately 5% of cases.
Chordoma has been considered of low metastatic potential;
however, distant metastasis to lung, bone, soft tissue, lymph
node, liver, and skin has been reported in up to 43% of patients
[2, 3]. Typical of chordoma are physaliferous cells, which ap-
pear in clusters of large cells separated by fibrous septa into
lobules and surrounded by basophilic extracellular matrix rich
inmucin and glycogen. Bymorphology, chordomas are divided
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into classical (conventional), chondroid, and dedifferentiated
[4]. Although chordomas have been studied histologically, very
little is known about the molecular mechanisms that drive these
tumors [4].

Next generation sequencing (NGS) and its integration with
related technologies have enabled extensive genome analysis
of groups of individuals, including the identification and
quantification of their transcriptomes.

Compared with microarray technology, RNA-Seq is more
accurate and provides much more information about the can-
cer transcriptome [5, 6].

The purpose of the present study was to identify candidate
biomarkers specific and common to spine chordoma or skull
base chordoma. For this, RNA-Seq of spine chordoma was
performed and analyzed together with the RNA-Seq data gen-
erated in our previously published skull base chordoma. In-
silico pathway analysis was run to determine such genes’ po-
tential biological and disease functions, to help selecting po-
tential biomarkers. Finally, to confirm our selected set of can-
didate biomarkers on protein level, and for validation of our
RNA-Seq results, IHC analysis was carried out. Additionally,
to identifying biomarkers that may also serve as therapeutic
targets in spine and/or skull base chordoma, the present study
helps to elucidate the phenotypic variations of these two
chordoma subtypes.

Materials and methods

Tissue specimens

The study population consists of 37 patients with primary
skull base chordoma and 32 patients with primary spine
chordoma for whom clinical data and FFPE specimens were
available. Six nonmatching FFPE specimens of normal nasal
turbinate tissue were selected as a reference. Institutional re-
view board approved this study. All procedures performed in
studies involving human participants were in accordance with
the ethical standards of the institutional and/or national re-
search committee and with the 1964 Helsinki declaration
and its later amendments or comparable ethical standards.
Histological diagnosis was confirmed by dedicated head and
neck pathologist (DB), soft tissue pathologist (VGP), and neu-
ropathologist (GNF).

Sample preparation and RNA sequencing

Total RNAwas extracted from 32 spine chordoma and enriched
by ribosomal RNA depletion. A whole-transcriptome strand-
specific cDNA library was successfully generated for 30 sam-
ples as described previously [4].

RNA sequencing (RNA-Seq) of library samples of 30
spine chordoma was performed on a HiSeq 2000 platform

(Illumina) with 50-bp paired-end reads from each end of the
RNA insert.

The resulting RNA-Seq data of the 30 spine chordoma
samples were then combined with the previously generated
RNA-Seq data of 21 skull base chordoma, and six normal
tissue specimens [4] for RNA-Seq analysis. Across all 57
samples, the range of the adjusted read depths was 50–68
million; the median number of on-target reads per sample
was 52 million.

All RNA sequencing data are available for download from
the National Center for Biotechnology Information (NCBI)
sequence reader archive (reference SRP 109781; NCBI,
National Institutes of Health, Bethesda, MD).

RNA-Seq analysis of differentially expressed genes
and isoforms

RNA-Seq analysis was performed with the RNAv9 pipeline
(EA Quintiles) as described previously [4]. The analysis in-
cluded gene and transcript identifier information from EA
Quintiles’ database covering 34,495 gene and 88,933 isoform
transcripts.

RNA-Seq data quality control analyses of the 57 tissue
specimens, mainly principal component analyses of upper-
quartile normalized and log-transformed gene counts for
uncentered and gene-centered data, yielded statistically con-
sistent and reliable data for a subtype comparison analysis of
three normal tissue (N2, N3, N4), 14 skull base chordomas
(T3, T8, T11, T17, T18, T19, T22, T26, T28, T30, T31, T32,
T34, T36), and 12 spine chordoma (CT21, CT23, ST3, ST4,
ST6, ST9, ST10, TM28, TT11, TT13, TT15, TT17) samples.
For each chordoma subtype, this resulted 27,349 gene tran-
scripts and 70,420 isoform transcripts, representing the whole
human transcriptomes for skull base chordoma and for spine
chordoma, including long noncoding RNA and excluding ri-
bosomal, small noncoding RNA, and control transcripts
(Supplemental Tables 1 and 2). Genes and transcripts were
automatically identified and annotated during the alignment
analysis.

These whole transcriptome tables were used to select the
gene and isoform transcripts characteristic of either skull base
chordoma or spine chordoma using the strict criteria of a log2
fold change > 1 plus, for genes, an FDR < 0.015 with an
unadjusted p value < 5.1E-4 or, for transcript isoforms, an
FDR < 0.022 with an unadjusted p value < 2.0E4
(Supplemental Table 3). Unknown annotations were manually
updated using the NCBI Entrez Gene, ENSEMBL, and UCSC
Genome Browser databases.

Next the tables of the gene and isoform transcripts charac-
teristic of skull base chordoma or spine chordoma were com-
pared to generate three groups of genes and transcripts: (1)
those unique to skull base chordoma, (2) those unique to spine

490 Virchows Arch (2018) 472:489–497



chordoma, and (3) those common to both chordoma subtypes
(Supplemental Table 4).

These three gene groups of 222, 261, and 192 differentially
expressed genes and transcripts of Supplemental Table 4 were
then used to create panel lists of 30–41 genes and transcripts
strongest differentially up- and downregulated, and catego-
rized according to their biological functions and subcellular
locations (Supplemental Table 5).

Heatmaps with cluster analyses

Heatmaps with cluster analyses for 14 skull base and 12 spine
chordoma samples in comparison to three normal samples were
generated, for the top 100 differentially expressed genes and
isoforms, based on their log2 FC expression values. Similarity
clusters were included, calculated as average linkage clustering
based on the Euclidean distance of the samples, comparing their
top 100 gene and top 100 isoform expressions. All cluster and
heatmap analyses and the visualization of differentially
expressed genes were conducted by EA Quintiles using the
R2.15.1 software package (www.r-project.org) (Fig. 1a and b).

Sample cluster analysis and pathway network analyses

To show dissimilarity among all samples, we performed den-
drogram cluster analysis as described previously [7] (Fig. 2a).

Computational analysis of the gene data from Supplemental
Table 4 was performed using Ingenuity Pathway Analysis (IPA;
content version 33559992, release date 2017–03-28; QIAGEN
Silicon Valley, Redwood, CA) to identify disease associations,
pathway networks, and biomarkers among the genes unique to
skull base chordoma, genes unique to spine chordoma, and
genes common to both chordoma subtypes (Fig. 2b–d).

Immunohistochemistry

To validate the gene expression profiles identified by RNA-
Seq analysis, we used immunohistochemistry (IHC) to assess
the protein expression of certain candidate genes highly up-
regulated in and considered important for skull base or spine
chordomas.

IHC was performed with antibodies against RAB3B
(monoclonal; Lifespan Biosciences, Seattle, WA), which is
expressed in normal tissue as well as skull base and spine
chordomas; T (monoclonal; AbCam, Cambridge, MA) and
HOXA3 (polyclonal; Lifespan Biosciences), expressed in
both skull base and spine chordomas; LMX1A (polyclonal;
Sigma-Aldrich, St. Louis, MO), expressed primarily in skull
base chordomas; and SALL3 (polyclonal; Novus Biologicals,
Littleton, CO), expressed in spine chordomas only.

All tissue specimens were assessed as described pre-
viously [4].

Results

Clinical and histologic data

The clinical characteristics of the 26 patients whose chordoma
specimens were included in the subtype comparison analysis
are given in Supplemental Table 6A. Ages at diagnosis ranged
from 6 to 74 years for patients with skull base chordomas and
from 33 to 80 years for spine chordomas. Most patients with
either skull base or spine chordomas were men (n = 9 for
both). Among patients with skull base chordomas, the most
frequent primary tumor site was the clivus (n = 10); among
those with spine chordomas, most primary tumors were equal-
ly distributed among the thoracic, lumbar, and sacral spine
(n = 4 for each). The dominant morphologic subtype for both
skull base chordoma patients and spine chordoma patients was
conventional (n = 9 and 12, respectively). Figure 3 illustrates
examples of the conventional and chondroid types of
chordoma.

Genome wide RNA-Seq analysis

Average linkage cluster analysis of the top 100 genes and
transcripts revealed that HOXA1 and HOXA2 from the
HOXA cluster, together with ZIC1, ZIC4, and FOXD1, were
upregulated in skull base chordoma (Fig.1a), whereas
HOXA2, HOXA3, HOXA4, HOXA5, and HOXC8 from
the HOXA and HOXC clusters, together with T, were upreg-
ulated in spine chordoma (Fig.1b).

Hierarchical cluster analysis for dissimilarities among the
29 chordoma samples, based on the expression data for the top
5000 isoform transcripts, revealed no major group separa-
tions, rather a continuous change from the normal samples at
the bottom to the top samples, mainly represented by skull
base specimens (Fig. 2a). However, the analysis revealed
two distinct cluster groups. The top cluster group was domi-
nated by seven skull base chordoma specimens and four spine
chordoma specimens, and the second cluster group was dom-
inated by five specimens of skull base and spine chordoma
each and even included one normal tissue specimen. This
clustering was probably correlated with the severity and stage
of each tumor tissue sample.

The panel lists the top 30–41 genes and transcripts stron-
gest differentially up- and downregulated in the three groups:
unique to skull base chordoma, unique to spine chordoma, and
common to both chordoma subtypes, and categorized accord-
ing to their biological functions and subcellular locations
(Supplemental Table 5), present the main candidates assumed
to play major roles in defining the disease subtypes of skull
base and spine chordoma. Comparing these panels revealed
the major differences and commonalities between the skull
base and spine chordoma subtypes.
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The most striking differences are easily seen at upregulated
transcription-related genes. Both chordoma subtypes expressed
the transcription factors T [8], LMX1A [9], FOXD1 [10], and
the HOXA cluster genes HOXA1, HOXA2, and HOXA3 [11],
all of which are involved in development and differentiation.
Spine chordomas also expressed other transcription-related
genes, including other HOXA cluster members (HOXA4,
HOXA5, and HOXA10), a HOXB cluster member
(HOXB6), and HOXC cluster members (HOXC6, HOXC8,

and HOXC10) [11] as well as the development-related tran-
scriptional regulators SALL3 [12], stem cell marker HOPX
[13], and the cell cycle activator ZNF695 [14]. Spine
chordomas also dominantly expressed the transcription factor
ZNF385B, whose function is unclear; it might be involved in
apoptosis [15]. In contrast, skull base chordomas expressed no
other HOX cluster genes but strongly expressed the
development-related transcription factors ZIC1 [16], ZIC4
[17], and LHX4 known to activate the oncogenic WNT/beta

Fig. 1 Heatmaps for a skull base chordomas (black to light red,
increasing gene upregulation; dark green to light green, increasing gene
downregulation) and b spine chordomas (dark green to black to light red,

increasing gene upregulation; green to light green, increasing gene
downregulation)
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catenin/TCF4 pathway [18], and the posttranscriptional regula-
tor NANOS, which promotes tumor cell invasion [19] and
helps preserve stem cell status [20].

The second most notable differences between skull base
and spine chordoma appear in the categories of upregulated
signaling-related genes and proteins. In spine chordoma, the
most prominent signaling gene was sonic hedgehog (SHH),

known for its signaling pathway of the same name, which is
involved in development and cell-to-cell differentiation [21].
Spine chordoma also had upregulation of the DDIT4L gene,
indicating the inhibition of the mTOR signaling pathways [22],
which are involved in stem cell differentiation, cell prolifera-
tion, and inhibition of apoptosis [23]. Other upregulated genes
in spine chordoma included ARHGAP40, MRGPRX3,

Fig. 2 a Sample dissimilarity cluster analysis (black, normal tissues [N];
red, skull base chordomas; blue, spine chordomas). b Differentially
expressed (DE) genes common to both skull base and spine chordomas
were related to embryo, organism, and tissue development (red,
upregulated; green, downregulated). c DE genes specific to skull base

chordomas were related to embryo, organ, and nervous system
development and function (red, upregulated; green, downregulated). d
DE genes specific to spine chordomas were related to organ
morphology and embryonic, skeletal, and muscular development (red,
upregulated; green, downregulated)
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POPDC3, PKD1L2, and ADGRD1, which are involved in the
signaling of G protein and its direct targets. In contrast, skull
base chordoma had upregulation of PBK, which is involved in
the oncogenic FOXM1/PBK/beta catenin pathway and in the
inhibition of the p53/p21 signaling pathway, which accelerates
cell cycle progression and proliferation [24]; as well as upreg-
ulation of DIO1, which is a part of the thyroid hormone T3
signaling pathways essential for growth, differentiation, and
basal metabolism [25]. Skull base chordoma overexpressed
only one component involved in G protein signaling, the
orexin receptor HCRTR1. Other genes and transcripts differ-
entially overexpressed between skull base and spine
chordomas were mostly related to intracellular structures, re-
modeling, catabolism, vesicle transport, membrane compo-
nents, extracellular matrix, and cell adhesion (Supplemental
Tables 4 and 5). These genes and transcripts also make major
contributions to the phenotype of each chordoma subtype.

The most highly downregulated genes and transcripts in
each chordoma subtype mainly affect cellular functions related
to development and differentiation, to membrane and cell struc-
tures, and to tumor suppression and immune defense responses
(Supplemental Table 5). Interesting in this context is the high
number of downregulated immune system-related genes and
transcripts, noticeably the encoded follicular dendritic cell-
secreted protein FDCSP, which is linked to dendritic cell im-
mune response [26], and the innate immune response-related
genes BPIFA1, BPIFB1, BPIFB2, and BPIFB3 [27], which
were suppressed in both skull base and spine chordomas.

Finally, we found that 21, 19, and 8 unknown genes or
transcripts were up- or downregulated in skull base chordoma
only, spine chordoma only, and both chordoma subtypes, re-
spectively. We assume that most of them belong to noncoding
RNAs with unknown regulatory functions, but at least 12 of
them also seem to be coded into proteins with unknown
functions.

Pathway network analysis

IPA for disease- and biological function-related genes and
transcripts identified 207 such genes and transcripts in skull
base chordoma, of which 155 (75%) were cancer-related; 239
in spine chordoma, of which 178 (74%) were cancer-related;
and 181 in both skull base and spine chordoma, of which 144
(80%) were cancer-related. The IPA results confirmed the
strong contribution of development- and differentiation-
related genes and, as the network analyses demonstrated, iden-
tified not only those which are common to both chordoma
subtypes but also those which are specific to each disease
subtype (Fig. 2b–d).

IHC for biomarker analysis

Detailed findings of the IHC analysis are given in Supplemental
Table 6B.We performed IHC with antibodies against the pro-
teins of five representative development-related genes (T,
LMX1A, HOXA3, SALL3, and LHX4) and the membrane

Fig. 3 Morphologic chordoma subtypes. Conventional (a) and chondroid (b) chordoma specimens were stained with hematoxylin and eosin. The tumor
is immunoreactive with anti-keratin cocktail (c) and with anti T, brachyury monoclonal antibodies (d)
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protein-encoding gene RAB3B, all of which the RNA-Seq anal-
ysis revealed to be highly upregulated in one of both chordoma
subtypes. These genes’ corresponding differential gene expres-
sion values, calculated as log2 fold changes, were 14, 11, 9, 9, 7,
and 8, respectively.

The IHC results confirmed our RNA-Seq gene results ex-
cept for differences in the degree of subtype specificity. IHC
indicated that LMX1A expression was higher in skull base
chordoma than in spine chordoma (Fig. 4b), whereas the
RNA-Seq analysis included LMX1A in the group of genes
common to both chordoma subtypes. IHC showed high
SALL3 expression in spine chordoma and low SALL3 expres-
sion in skull base chordoma (Fig. 4s), whereas the RNA-Seq
analysis included SALL3 in the group of genes specific to spine
chordoma. IHC showed equal expression of T (Fig. 3c),
HOXA3 (Fig. 4a), LHX4 (Fig. 4b), and RAB3B (Fig. 4c) in
skull base and spine chordomas. At the gene level, these IHC
results matched those of the RNA-Seq analysis, except for
LHX4, whose transcript was differentially overexpressed in
the skull base chordoma-specific group, and RAB3B, whose
transcript was differentially overexpressed in the spine
chordoma-specific group.

Together, these results indicate that IHC with antibodies
against LMX1A (to stain for skull base chordoma) and
SALL3 (to stain for spine chordoma) enables us to differenti-
ate between the chordoma subtypes. These results also clearly
show that the differences between the chordoma subtypes, at
least for the chosen target proteins, are not absolute, since all
of the tested proteins were expressed in both chordoma sub-
types but at greatly different levels.

Discussion

The findings of our previous skull base chordoma study [4] and
those of the present study suggest that both spine and skull base
chordomas arise from the notochord stem cells. This assertion is
best supported by findings in the present study that 192 genes
were equally differentially expressed in both skull base and spine
chordomas (Supplemental Table 4) and that many genes and
transcripts were dominantly, rather than exclusively, differentially
expressed in spine or skull base chordomas (Supplemental
Table 1). This is also supported at the protein level by the present
study’s IHC results, which indicated that proteins were

Fig. 4 IHC analyses of spine and skull base chordomas with a anti-HOXA3 polyclonal antibody, b anti-LMX1A polyclonal antibody, c anti-RAB3B
monoclonal antibody, and d anti-SALL3 polyclonal antibody
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dominantly, rather than exclusively, differentially expressed be-
tween the subtypes. Therefore, the differences between these two
chordoma subtypes are likely the result of signaling with local
surrounding tissues and of certain genomic damages, which pre-
vent the changed cells from fully differentiating and protect them
against immune and damage responses (e.g., innate and dendritic
cell immune responses, apoptosis, senescence). In this regard, the
most obvious differences between these two chordoma subtypes
are the differentially expressed upregulated developmental genes:
skull base chordomas seem to have an aborted expression of
HOX gene cluster pathways at the first HOX cluster (the
HOXA cluster), whereas spine chordomas have differential ex-
pression of not only HOXA cluster members but also HOXB
and HOXC cluster members.

Beside of their promoter regulation, gene clusters are main-
ly regulated by epigenetics and over enhancers [28–30], there-
fore defects affecting these regulatory mechanisms, rather
than direct mutations of the developmental genes, may cause
the changes in the differentiation program of skull base
chordomas versus spine chordomas. Skull base chordomas
seem to bypass these defects by changing the differentiation
pathway to overexpressing the developmental transcription
factors ZIC1 [16], ZIC4 [17], and LHX4 [18].

The main factors here responsible for these chordoma sub-
types depend on supporting network pathways of transcripts,
genes, and proteins. In spine chordoma, many of the compo-
nents of these supporting network pathways, such as SALL3
[12], ZNF385B [15] transcription factors, and the SHH [31]
signaling pathway, seem to remain active and help drive dif-
ferentiation closer to a somatic state. In contrast, skull base
chordoma does not seem to be able to differentiate out of stem
cells states and thus can more quickly develop into more sta-
ble and increasingly aggressive cancer stem cells.

Most of the strongly downregulated, differentially expressed
transcripts and genes in spine and skull base chordoma in the
present study are mainly related to immune and damage re-
sponse, and their roles in these chordoma subtypes seem fairly
obvious.

The findings of the present study indicate that spine and
skull base chordomas are caused and driven by genetic damage
leading to the deregulation of development- and differentiation-
related pathways, which results in notochordal stem cells dif-
ferentiating into cancer stem cells rather than into surrounding
somatic tissue. The high numbers of activated, upregulated
development- and differentiation-related genes likely provide
these cells with the high potential to adapt to very different
surroundings and/or drugs and other treatments and may even
enable them to hibernate in a quiescent state during unfavorable
conditions.

On the basis of the results of the present study along with
the results from our previous work on ACC of salivary gland
[7] and results of our not yet published genomic studies of
neoplastic tissues, we strongly assume that most, if not all,

tumor tissues majorly depend on activated development- and
differentiation-related genes and their proteins to allow them
to develop into stable and aggressive cancer stem cells and to
provide them with the adaptability against the patients’ own
immune and defense responses and against medical drugs and
other treatments. Because most developmental genes are
deactivated in most human tissues (i.e., in somatic cells), fu-
ture cancer research should focus on investigating the
development- and differentiation-related pathways, genes,
and proteins specific to each cancer type as potential therapeu-
tic targets. Thus, simple inhibition of the highest differentially
overexpressed development-related gene or protein (e.g., by
stable synthetic microRNA) might lead to even more
adaptable/aggressive cancer stem cells, and the strategy for
intercepting a developmental pathway—for example, by
inhibiting differentiation pathways at developmental check-
points to drive cells to apoptosis or into senescence, or by
influencing signaling to rescue their normal differentiation
pathways—must be chosen carefully.
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