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Abstract Fourteen skull base chordoma specimens and three
normal specimens were microdissected from paraffin-
embedded tissue. Pools of RNA from highly enriched prepa-
rations of these cell types were subjected to expression profil-
ing using whole-transcriptome shotgun sequencing. Using
strict criteria, 294 differentially expressed transcripts were
found, with 28 % upregulated and 72 % downregulated. The
transcripts were annotated using NCBI Entrez Gene and com-
putationally analyzed with the Ingenuity Pathway Analysis
program. From these significantly changed expressions, the
analysis identified 222 cancer-related transcripts. These 294
differentially expressed genes and non-coding RNA tran-
scripts provide here a set to specifically define skull base
chordomas and to identify novel and potentially important
targets for diagnosis, prognosis, and therapy of this cancer.
Significance Genomic profiling to subtype skull base
chordoma reveals potential candidates for specific bio-
markers, with validation by IHC for selected candidates. The
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highly expressed developmental genes T, LMXI1A, ZIC4,
LHX4, and HOXA1 may be potential drivers of this disease.
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Introduction

Chordomas are rare malignant tumors arising from notochord-
al remnants along the axial skeleton [1]. Chordomas, which
account for only 1-4 % of all primary skeletal tumors, have an
incidence of 1 per 1 million individuals per year and are found
predominantly in men (58.4 %). They are generally locally
aggressive, invasive neoplasms that are resistant to conven-
tional chemo- and radiotherapy [2]. Chordomas most com-
monly arise in the sacrococcygeal area (50 %), followed by
the skull base (35 %) and vertebral bodies (15 %); however,
they also have been reported to originate in an extra-axial
distribution or within soft tissue [3—5]. Morphologically,
chordomas are identified as classical (conventional),
chondroid, or dedifferentiated.

Typical of chordoma are physaliferous cells, which appear
in clusters of large cells separated by fibrous septa into lobules
and surrounded by basophilic extracellular matrix rich in mu-
cin and glycogen. By morphology, chordomas are divided into
classical (conventional), chondroid, and dedifferentiated.
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, within the skull base, surround-
ing critical neurovascular structures and challenges in surgical
access render clinical management of these patients difficult
[3-5]. Therapeutic options for chordoma are limited, due to
lack of effective chemotherapy options and relative radio re-
sistance of these tumors necessitating high radiation doses.
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Despite optimal surgical resection followed by charged-
particle radiotherapy, recurrence is a common event, reported
as 30-85 %, with a median survival of approximately 6 years
[4, 6, 7]. Recent studies have suggested that there may be a
potential role for molecular therapy in the treatment of
chordomas [1]. Work from Barth et al. on chordoma cell lines
and tissues argue for an extension of palbociclib therapy to
chordoma patients with a potential responder phenotype de-
fined in this study [8]. Palbociclib is a specific inhibitor of
CDK4/6. Several clinical trials and studies with palbociclib
for various kinds of cancer show favorable effects on the
progression-free survival and only moderate side effects
(reviewed in [8]). Flanagan’s group just reported (p-)EGFR
expression in clinical samples, entertaining the efficacy of
EGFR inhibitors in the chordoma treatment [9].

Histologically and phenotypically, the chordomas are
well characterized, but currently, there are no predictive
or prognostic biomarkers for chordoma [1]. Identification
of predictive biomarkers would help identify patients at
risk for local and systemic progression; this information
could potentially aid in the identification of targeted ther-
apies for patients likely to fail standard surgical and radi-
ation options.

Advances in DNA sequencing have allowed massive
parallel throughput and data volumes that eclipse the
nucleic acid information content possible with other tech-
nologies, making feasible extensive genome analysis of
groups of individuals, including analysis of sequence dif-
ferences, polymorphisms, mutations, copy number varia-
tions, epigenetic variations, and transcript abundance.
Biomarker discovery is an attractive potential application
of this new technology.

Aberrant transcript expression includes changes in ex-
pression levels, isoforms, and polymorphisms, which are
commonly observed in cancer; these aberrations could
alter biological pathways and disease phenotypes. Next-
generation sequencing (NGS) of RNA (RNA-Seq) has
become a superior tool for studying the comprehensive
transcriptome [10]. Since its inception, array technology
has improved in terms of its sensitivity and dynamic range
for assessing gene expression. However, RNA-Seq tech-
nology provides sequence information for all expressed
transcripts, including new and unknown transcripts, much
more accurately than array technology ever could and
thus provides much greater knowledge of the cancer tran-
scriptome [10, 11].

Understanding the transcriptome is essential for
interpreting the functional elements of the genome, re-
vealing the molecular constituents of cells and tissues,
and understanding development and disease [10]. The
key aims of transcriptomics are to catalog all species of
transcript, including messenger RNAs (mRNAs), non-
coding RNAs, and small RNAs; to determine the
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transcriptional structure of genes (start sites, 5’ and 3’
ends, splicing patterns, and other post-transcriptional
modifications); and to quantify the changing expression
levels of each transcript under different conditions, e.g.,
during development of diseases [12].

The NGS method described here enables transcriptome-
wide cancer biomarker discovery with archival formalin-
fixed paraffin-embedded (FFPE) tissue. The FFPE material
is linked to mature clinical records in hospital pathology ar-
chives. This material can be used for tumor gene expression
profiling and therefore may enable rapid clinical biomarker
discovery in studies that are statistically well-powered.

The purpose of this retrospective study was to identify
abnormally expressed genes in skull base chordomas. We
used high-throughput mRNA sequencing (RNA-Seq) to char-
acterize the differences and similarities in transcriptome ex-
pression between patient specimens of skull base chordoma
tissue and healthy skull base tissue.

Materials and methods
Tissue specimens

We identified 37 patients for whom clinical outcome data and
FFPE specimens of primary skull base tumors were available.
Six non-matching FFPE specimens of normal nasal turbinate
tissue were analyzed in parallel.

Sample preparation and RNA sequencing

RNA was extracted from the 37 tumor and 6 normal tissue
specimens using the RNeasy Universal kit (Qiagen,
Gaithersburg, MD, USA). Total RNA quality and quantity
were verified spectrophotometrically with a NanoDrop 100
spectrometer (ThermoScientific, Wilmington, DE, USA) and
electrophoretically with a 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA). To construct Illumina-
compatible libraries, we used the TruSeq RNA Gold library
preparation kit (Illumina, San Diego, CA, USA) according to
the manufacturer’s instructions. In brief, we used the Ribo-
Zero method to remove ribosomal RNA from total RNA.
The residual RNA was chemically fragmented and converted
into single-stranded complementary DNA (cDNA) using ran-
dom hexamer priming. Double-stranded cDNA synthesis with
strand selection, adapter ligation, and PCR amplification was
used to generate the TruSeq whole-transcriptome cDNA
library.

The library samples of 21 tumor and 6 normal speci-
mens could be subjected to RNA-Seq on a HiSeq 2000
platform (Illumina) with 50 bp paired-end reads from each
end of the RNA insert. The range of the adjusted read
depths was 6.4—67.8 million. Most samples had 40-60
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million reads (80—120 million if counting each paired read
separately); the median number of reads per sample was
52 million.

RNA-Seq analysis of differentially expressed genes
and isoforms

RNA-Seq analysis was performed with the RNAv9 pipe-
line developed by EQ-quintiles using open source pro-
grams and a variety of internally developed programs;
many of which are available at https://code.google.
com/p/ea-utils/. These tools were coordinated to perform
the analysis, which included both quality control and gene
and isoform quantification.

In brief, RNA-Seq reads were mapped to the human ge-
nome using the RNA-STAR (Spliced Transcripts Alignment
to a Reference) software program (version 2.4; developed by
Dobin et al. at Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY, USA; email: dobin@cshl.edu) [13] and quanti-
fied using the RSEM software program (version 1.2.14).

Gene definitions of the RNAV9 analysis pipeline consist of
34,495 gene transcripts and 88,933 isoform transcripts.
Transcript counts for gene expression levels were calculated,
and the relative transcript abundance was determined as frag-
ments per kilobase of exon per million fragments mapped
(FPKM) using the Cufflinks software program (version
1.2.1) with upper quartile normalization. Raw data were ex-
tracted as FPKM values across all samples, and samples with
zero values across more than 50 % of the genes were
excluded.

The statistical significance of the fold change (FC) in a
gene’s expression between tumor tissue and normal tissue
was determined using paired ¢ tests with the null hypothesis
that no difference existed between the two values. The false
discovery rate (FDR) was controlled by using the Benjamini-
Hochberg algorithm to adjust p values.

These analyses yielded consistent and reliable data for 3
normal and 14 tumor samples and produced 28,265 gene tran-
scripts and 73,485 isoform transcripts representing the whole
human transcriptome of skull base chordoma, including non-
coding RNA (ncRNA) and excluding ribosomal and control
transcripts (Supporting Table 1). Transcripts were identified
and annotated automatically during the alignment analysis,
and the remaining unknown annotations were manually up-
dated using the ENSEMBL, UCSC Genome Browser, and
NCBI Entrez Gene databases.

Gene and isoform transcripts that are characteristic of only
skull base chordoma and that fulfilled the strict criteria of
having FDR values below 0.012 (corresponding to unadjusted
p values of less than 1.3E—4 for genes and less than 5.4E—5 for
isoforms) and log2 FCs greater 1 are shown in (Supporting
Table 2).

Cluster analysis and heatmaps

To show the dissimilarity among all samples, we performed a
dendrogram cluster analysis of the expression data of all log-
transformed transcripts (not just the differentially expressed
ones) using the matrix-cluster-sample-analysis correlation
procedure, in which dissimilarity between neoplastic and nor-
mal samples is calculated as (1—correlation) (Fig. 2a).

Heatmaps with cluster analyses were generated for the top
100 differentially expressed genes and the top 100 differen-
tially expressed isoforms based on their log2 FC expression
values. Similarity calculations were performed as average
linkage clustering, based on the Euclidean distance of the
samples, to compare the 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).

Computational analysis of pathway networks
and biomarkers

Skull base chordoma pathway networks and biomarkers were
identified using the Ingenuity Pathway Analysis (IPA) pro-
gram (content version, 24718999; release date, 2015-09-14)
from Ingenuity Systems (QIAGEN Silicon Valley, Redwood,
CA).

Immunohistochemical analysis

To validate the gene expression patterns detected by
RNA-Seq analysis, we used immunohistochemical analy-
sis to assess the protein expression of five genes highly
upregulated in and considered important for skull base
chordoma. Immunohistochemical analysis was performed
with antibodies against human T brachyury (Abcam,
Cambridge, MA, USA), LMXI1A, ZIC4, LHX4, and
HOXAT1 (LifeSpan Biosciences, Seattle, WA, USA). All
slides were analyzed by the same pathologist (DB). For
each protein, the results were categorized as positive
(staining of >10 % of the area of the entire tissue speci-
men) or negative (staining of <10 % of the area of the
entire tissue specimen).

Results
Clinical and histologic data
The clinical characteristics of the 37 patients are given in

Table 1. Patient’s ages at diagnosis ranged from 6 to 76 years.
Most patients (51 %) were women. The most frequent primary
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tumor site was the clivus (n = 26). The morphologic subtypes
of chordoma, conventional (54 %, n = 20), chondroid (41 %,
n = 15), and spindled/ dedifferentiated (5 %, n = 2), are illus-
trated in Fig. 1.

Genome-wide RNA-Seq analysis

RNA-Seq yielded sequence data for 21 of the 35 skull base
chordoma specimens and 6 of the 6 normal tissue samples.
Statistical analysis of these 27 samples’ data identified 3 nor-
mal tissue samples (N2, N3, N4) and 14 neoplastic tissue
samples (T3, T8, T11, T17, T18, T19, T22, T26, T28, T30,
T31, T32, T34, and T36) for comparative analysis.
Hierarchical cluster analysis for dissimilarities among these
17 samples, which was based on the expression data for the
top 5000 isoform transcripts, revealed no major group separa-
tions between normal tissue samples and tumor samples;
Kaplan-Meier curve of progression-free survival (Fig. 2a).
All samples’ expression data were used to create a heatmap
and a dendrogram of the 100 gene-isoforms with the highest

differential expression between normal tissue and tumor spec-
imens (Fig. 2b).

We then created a more complete and characteristic gene-
transcript panel for skull base chordoma. Subjecting our RNA-
Seq analysis results to strict statistical and biological criteria
identified 294 differentially expressed gene transcripts (28 %
upregulated and 72 % downregulated in chordoma as compared
to normal tissue) as being the most characteristic of the disease
(Supporting Table 2). We further annotated these transcripts
using NCBI Entrez Gene and analyzed them for gene disease
assignments, pathway networks, and biomarkers using the [PA
program. Of the 294 genes with significantly differential expres-
sion, 222 were identified by IPA as being related to cancer.

Based on the 294 gene transcripts we identified as being
characteristic of skull base chordoma (Supporting Table 2), this
disease seems to have an abnormally high number of upregulat-
ed genes involved in development and differentiation. The seven
such genes with the highest expression were 7' (T brachyury
transcription factor; log2FC: 14), LMXIA (LIM homeobox tran-
scription factor 1; log2FC: 11), ZICI (Zic family member 1;
log2FC: 8.4), ZIC4 (Zic family member 4; log2FC: 8), LHX4

Table 1  Clinical characteristics of 37 chordoma patients
Sample ID Age Sex  Location Histology chordoma  Adjuvant therapy FU months  FU (status)
1 T1 6 M Clival Spindle/dedifferentiated ~ Proton 72 Deceased 2nd malignancy
2 T8 27 M Clival Chondroid Proton, chemo 120 DOD recurrence, drop met
3 T3 69 M Pituitary Conventional XRT N/A Deceased 2nd malignancy
4 T6 39 F Clival Chondroid XRT 216 AWD
5 T7 53 F Sphenoid Chondroid XRT 108 NED
6 T9 43 F Clival Conventional 108 NED
7 T10 48 F Clival Chondroid 96 NED
8 T11 10 M Clival Spindle/dedifferentiated ~ XRT chemo 48 DM DOD
9 T12 58 F Clival Chondroid XRT 96 NED
10 TI3 34 M Clival Chondroid XRT 96 NED
11 T15 45 F Clival Conventional XRT 84 DM DOD
12 TIi6 57 MM  Clival Conventional Proton 36 N/A
13 T17 72 M Pharynx Chondroid Proton 60 AWD
14 Ti8 47 F Nasopharynx Conventional XRT 60 AWD
15 T19 74 M Sphenoid Conventional Proton 48 AWD
16 T20 62 F Nasopharynx Chondroid Proton 84 NED
17 T22 36 F Clival Conventional Proton chemo 48 DM AWD
18 T23 61 M Sphenoid Chondroid Proton 24 DM DOD
19 T25 60 M Nasopharynx Conventional
20  T26 69 M Clival Chondroid Proton 72 AWD
21 T27 74 F Clival Chondroid IMRT N/A
22 T28 65 M Clival Conventional XRT; gamma-knife 120 AWD
23 T29 52 F Clival Conventional XRT; gamma-knife; chemo 156 DOD
24 T30 69 M Clival Conventional XRT; cyber-knife 12 N/A
25 T31 65 M Clival Conventional Proton 12 N/A
26 T32 39 F Clival Conventional XRT 12
27  T33 3 F Nasopharynx/clival ~ Chondroid AWD
28 T34 6 F Clival Conventional XRT 12 AWD
29 T35 57 M Retropharyngeal Conventional XRT 204 AWD
30 T36 72 F Clival Chondroid XRT 72 AWD
31 T37 60 M Clival Conventional XRT 12 NED
32 T38 40 F Clival Conventional XRT 12 AWD
33 T39 13 M Clival Conventional Proton 12 AWD
34 T40 40 F Clival Conventional Proton 108 AWD
35 T42 51 M Sellar Conventional XRT 12 N/A
36 T43 68 M Clival Chondroid XRT 4 NED
37  T44 68 F Clival Chondroid 3 NED

@ Springer



Virchows Arch (2016) 469:439-449

443

(LIM homeobox 4; log2FC: 7), HOXA2 (homeobox A2;
log2FC: 6), and HOXA (homeobox Al, log2FC: 6).

This disease also has many upregulated genes involved in
cell matrix and cell membrane remodeling. The six such genes
with the highest expression were COL2AI (collagen, type II,
alpha 1; log2FC: 11), HRNR (hornerin; log2FC: 11), ACAN
(aggrecan; log2FC: 8), NIPAL4 (NIPA-like domain containing
4; 1og2FC: 6), FNI (fibronectin 1; log2FC: 6), and CDSN
(corneodesmosin; log2FC: 6).

We also found upregulated genes involved in cell signal-
ing. The three genes with the highest expression were CPLX2
(complexin 2; 1og2FC: 7), PPEFI (protein phosphatase, EF-

Fig. 1 Morphologic chordoma
subtypes: conventional (a—c),
chondroid (d-f), and spindle
type/dedifferentiated (g—i).
Specimens were stained
hematoxylin and eosin

hand calcium binding domain 1; log2FC: 6), and I[QGAP3 (1Q
motif containing GTPase activating protein 3; log2FC: 5).
Many of the genes we found to be downregulated in
skull base chordoma are directly or indirectly involved
in tumor suppression. The dominant nine genes were
STATH (indirect tumor suppression by enabling a high
concentration of intracellular calcium; log2FC: —18); the
BPI fold containing family members BPIFB1 (log2FC:
—17), BPIFB2 (log2FC: —12), BPIFB3 (log2FC: —12),
and BPIFA1 (log2FC: —17); DMBTI (deleted in malig-
nant brain tumors 1; log2FC: —14); PIGR (polymeric
immunoglobulin receptor; log2FC: —14); MSMB
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(microseminoprotein, beta-; log2FC: —13), and MUC7
(mucin 7, secreted; log2FC: —13).

Pathway analysis

IPA of the 294 gene transcripts revealed a pathway-network
for embryonic, organismal, and tissue development that in-
cludes T acting on SOX6 (Fig. 2c).

Biomarker analysis

To validate the gene expression patterns detected by RNA-Seq
analysis, we used immunohistochemistry to assess the protein
expression of five representative development-related genes
highly upregulated in and considered important for skull base
chordoma: T, LMX1A, ZIC4, LHX4, and HOXA1. These
genes’ corresponding gene log2FCs were 14, 11, 7, and 6.
Of the 14 chordoma specimens with transcriptome data, 13
(81 % of 35 tumors tested) had T expression and 12 (68 %)
had HOXA1 expression. Respiratory mucosa and submucosal
seromucinous glands within normal turbinates had weak pos-
itive LMX1A, LHX4, ZIC4, and HOXA1 expression and no
T expression; the cartilaginous component within turbinates
lacked expression of LMX1A, LHX4, ZIC4, HOXA1, T All
14 chordoma specimens with transcriptome analysis had
LMXIA, ZIC-4, and LHX4 expression (78 and 81 % of 35
tumors tested (Fig. 3)). A detailed analysis of immunohisto-
chemistry with various biomarkers is shown in Table 2.

Dissimilarity = 1 - Correlation

T26
=
N T36
T28

T32
L——T19

N4

——N3
L N2

I T T T 1
0.8 0.6 0.4 0.2 0.0

Fig. 2 a The cluster dendrogram shows the dissimilarities between
neoplastic and normal tissue samples. Kaplan-Meier curve of
progression-free survival. b Heatmap of 100 genes with the highest
differentially transcribed RNA transcript isoforms with dendrograms.
Red indicates upregulation; green indicates downregulation. ¢ IPA
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Discussion

The present study demonstrates that RNA-Seq analysis of
FFPE chordoma tissue is feasible and can provide insights
into skull base chordoma progression.

Of 294 genes whose expression is characteristic of skull
base chordoma, at least 222 have been associated with some
other type of cancer (Supporting Table 3). This supports the
view that skull base chordoma is in fact a cancer.

There is tremendous need for robust biomarkers to identify
and predict which tumors are more likely to result in specific
clinical outcomes to optimize treatment decisions.

Biomarker studies in chordoma in general (and in particular
in skull base chordomas) have faced a challenge in which the
number of specimens available, associated with very long-
term follow-up (>8 years) is scarce.

Our RNA-Seq analysis identified a prominent group of
genes that are involved in embryonic, organismal, and tissue
development and whose expression is characteristic of
chordoma (Supporting Table 2). From this group, we identi-
fied the five genes whose expression was most upregulated in
chordoma compared with normal tissue and that may serve as
biomarkers for the disease 7, LMXIA, ZIC4, LHX4, and
HOXAL.

T (T brachyury transcription factor, also known as
brachyury, TFT, and SAVA) is an embryonic nuclear tran-
scription factor that binds to a palindromic T-site on DNA. T
is normally expressed in notochord-derived cells, where it
affects the transcription of genes required for mesoderm
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revealed a pathway network that includes genes of differentially
expressed RNA related to embryonic, organismal, and tissue
development, including T brachyury acting on SOX6. Red indicates
upregulation; green indicates downregulation



Virchows Arch (2016) 469:439-449

445

b
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Fig. 2 (continued)

formation and differentiation. T is already used as diagnostic
marker for the differential diagnosis of chordoma and
hemangioblastoma versus neoplastic histological
mimickers [14—17]. T’s deregulated expression, its gene
sequence variants, and its germline duplications are
known to be involved in different types of cancer, in-
cluding prostate cancer progression and aggressiveness
[18], familial and sporadic chordoma [19], and poor
prognosis-associated breast carcinomas [20].

LMXIA (LIM homeobox transcription factor 1, alpha, also
known as LMX1.1) is a homeodomain- and LIM domain-
containing transcription factor that functions as an activator
of insulin gene transcription and plays a role in the develop-
ment of dopamine-producing neurons during embryogenesis.
[21] LMX1A has also been reported to have a role in the
differentiation of human embryonic stem cells into midbrain
dopamine neurons in a model of Parkinson disease [22].
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Allelic variation in the LMX1A gene influences the improve-
ment of training-related working memory, and the
hypermethylation-mediated reduction of LMX1A expression
has been found in gastric cancer [23].

ZIC4 (Zic family member 4, also known as zinc finger
protein of the cerebellum 4) is a member of the ZIC family
of C2H2-type zinc finger proteins. Members of this family are
important during development and have been associated with
X-linked visceral heterotaxy and holoprosencephaly type 5.
ZIC4 is closely linked to ZIC1, a related family member also
located on chromosome 3. Deregulated ZIC4 expression has
been found in patients with paraneoplastic neurologic disor-
ders and small-cell lung cancer [24].

LHX4 (LIM homeobox 4, also known as CPHD4) encodes
a member of a large protein family that contains the LIM
domain, a unique cysteine-rich zinc-binding domain. The
LHX4 protein is a transcription factor involved in the control
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Fig. 3 Expression of T
brachyury (a), HOAX (b), LHX4
(¢), LMX (d), and ZIC4 (e) in
tumor tissue from chordoma
patients

of the differentiation and development of the pituitary gland.
Mutations in this gene can cause panhypopituitarism [25],
combined pituitary hormone deficiency, and congenital hypo-
pituitarism. In colorectal cancer, LHX4 has oncogenicity
through the Wnt/[3-catenin/TCF4 cascade [26].

The class of homeobox genes is located in clusters named
A, B, C, and D on four separate chromosomes and encodes
transcription factors. Expression of the homeobox proteins is
spatially and temporally regulated during embryonic develop-
ment. The HOXAI gene homeobox Al (aliases: BSAS,
HOXIF) is part of the A cluster on chromosome 7 and en-
codes a transcription factor which regulates gene expression,
morphogenesis, and differentiation. HOXA1 overexpression
has been identified in oral squamous cell carcinoma and he-
patocellular carcinoma, and its expression is correlated with
poor prognosis [27, 28]. Furthermore, HOXA1 drives the
growth and metastasis of melanoma and elicits an invasion
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gene expression signature that prognosticates the clinical out-
come [29].

Although this study is done on a small cohort of patients,
the cluster dendrogram shows correlation from neoplastic
samples versus normal samples, based on the log values of
all expressed RNA, and patients with similar clinical outcome
grouped together.

RNA-Seq may be too complex and expensive for clin-
ical translation; thus, the development of TagMan, digital
PCR, or NanoString assays for the identification of
chordoma may be more realistic. In addition, a percent-
age of FFPE tissue samples may yield RNA that fails to
meet quality control criteria for RNA-Seq; however,
whether alternative assays can be used to analyze speci-
mens with more degraded RNA remains unknown.
Generally applicable to other tumor types, additional val-
idation of a biomarker panel using another independent,
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expanded set of patient samples will increase the robust-
ness of the specific panel and speed the translation of the
biomarkers into a laboratory test for widespread clinical
application. Such a test could be used to discriminate
between aggressive and indolent disease, thereby

Table2 Detailed immunohistochemical analysis of tissue samples with
various biomarkers

Sample

ID Brachyury ~ LX4 LMXIA HOXAl ZIC4
1 T1 n/a n/a n/a n/a n/a
2 T8 Positive Positive  Positive Negative Positive
3 T3 Positive Positive  Positive Positive  Positive

TS Positive Positive  Positive Positive  Positive
4 T6 Positive Positive  Positive Positive  Positive
5 17 Positive Positive  Positive Positive  Positive
6 T9 n/a n/a n/a n/a n/a
7 TI0 n/a n/a n/a n/a n/a
8 TI11 Positive Positive Positive Positive n/a
9 TI2 n/a n/a n/a n/a n/a
10 T13 Positive Positive  Positive Positive  Positive
11 TI15 Positive n/a Positive Negative Positive
12 Tl16 Positive Positive  Positive Positive  Positive
13 T17 Focally Positive  Positive Positive  Positive

positive

14 TI18 Positive Positive  Positive Positive  Positive
15 T19 Positive Positive  Positive Positive  Positive
16 T20 Positive Positive  Positive Positive  Positive
17 T22 Positive Positive  Positive Positive  Positive
18 T23 Positive Negative Positive Negative Positive
19 T25 Positive Positive  Positive Positive  Positive
20 T26 Positive Positive  Positive Positive  Positive
21 T27 n/a n/a n/a n/a n/a
22 T28 Positive Positive  Positive Positive  Positive
23 T29 Positive Positive  Positive Positive n/a
24 T30 Positive Positive Positive Positive Positive
25 T31 Positive Positive Positive Positive Positive
26 T32 Negative Positive Positive Negative Positive
27 T33 Positive Positive  Positive Positive  Positive
28 T34 Positive Positive  Positive Positive  Positive
29 T35 n/a n/a n/a n/a n/a
30 T36 Positive Positive  Positive Positive  Positive
31 T37 n/a n/a n/a n/a n/a
32 T38 Positive Positive  Positive Positive  Positive
33 T39 Positive Positive  Positive Negative Positive
34 T40 Positive Positive  Positive Positive  Positive
35 T42 Positive Positive  Positive Positive  Positive
36 T43 Positive Positive  Positive Positive  Positive
37 T44 Positive Positive  Positive Positive n/a

n/a not available

@ Springer

enabling the avoidance of unnecessary treatments and
improving patients’ treatment course.

In conclusion, the 294 differentially expressed gene
transcripts we identified provide here, for the first time,
a sufficiently large set to define skull base chordoma.
They also provide a basis for the identification of novel
and potentially important targets for the diagnosis, prog-
nosis, and treatment of this cancer.
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