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a b s t r a c t

The T gene plays a key role in chordoma pathology. To investigate the role of T gene isoforms in chor-
doma, 22 skull base chordomas, three chordoma cell lines and 9 infant notochords, which were used as
normal controls, were collected. We first conducted droplet digital PCR to quantify the absolute
expression levels of the long and short isoforms of the T gene (T-long and T-short, respectively) and
revealed that T-long was dominantly expressed in all chordomas and chordoma cell lines, but not in the
notochords. The T-long/T-short ratio was significantly different between the chordomas and the noto-
chords. Next, we validated the isoform expression pattern at protein expression level using Western blot
in 9 chordomas. Furthermore, the T gene single nucleotide polymorphism site rs2305089, which is the
only marker reported to be associated with chordomas, was sequenced in all of the chordoma samples.
Association between rs2305089 and T-long/T-short ratio was not significant, indicating it was not
involved in T gene alternative splicing. In conclusion, two T gene isoforms were investigated in skull base
chordomas and chordoma cell lines, and the longer isoform was dominantly expressed. The distinct
expression patterns of these T gene isoforms may contribute to the pathogenesis of skull base chordomas.
However, further studies on the function of these isoforms are needed.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

The T gene plays key role in chordoma, a rare bone tumor that
originates from the remnants of the notochord [1e4]. In
population-based studies, both familial and sporadic chordomas
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have been associated with the T gene [5,6], although population
heterogeneity was observed [7]. The brachyury protein, which is
encoded by the T gene, has been used as a diagnostic marker [2,8],
but not as a prognostic indicator of chordoma [9,10]. Brachyury is a
transcription factor that plays a key role in the development of the
notochord [11,12]. Chromatin immunoprecipitation assays using an
anti-brachyury antibody revealed that brachyury regulates the
expression of hundreds of target genes, thereby acting as a master
regulator of an elaborate oncogenic transcriptional network [3].
Knockdown of the T gene in the UeCH1 chordoma cell line resulted
in a marked decrease in cell proliferation and in the formation of
morphological features consistent with a senescence-like pheno-
type [3,13].

Alternative splicing (AS) generates different isoforms from a
single gene through the inclusion or exclusion of specific exons
[14]. AS plays critical roles in differentiation, development, and
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diseases such as cancers [15e19]. Approximately half of alternative
splicing events are changed in cancers [15]. Different protein iso-
forms generated from a single gene could display different locali-
zation, enzymatic properties and interactions with other proteins
and could even perform mutually antagonistic functions, such as
the distinct pro- and anti-apoptotic roles of two Bcl-x isoforms in a
variety of cancer types [18,20].

The T gene is alternatively spliced into three isoforms (http://
www.genome.ucsc.edu/). Despite the importance of the T gene in
chordomas, no T gene isoform study has been reported in the
literature to date. The present study aimed to investigate the
expression of T gene isoforms in chordomas and notochords using
droplet digital PCR (ddPCR) and Western blot (WB) assays.
Comparing the pattern of T gene isoform expression between
chordoma and notochord samples may provide further insight into
the role of the T gene in chordoma.

2. Materials and methods

2.1. Patients and samples

22 skull base chordomas were collected from 2010 to 2015 at the
Department of Neurosurgery, Beijing Tian Tan Hospital, Capital
Medical University. All of the cases were pathologically confirmed
via traditional HE staining and CK, S-100, vimentin, and EMA
staining. All of the clinical data andMR imageswere retrospectively
studied in detail. Patients were followed up via postsurgical office
visits or via telephone interviews for thosewhowere unable to visit
the office. All of the patient data were compiled from hospital and
office records, imaging findings, and patient-provided records. The
9 fetal notochord tissue samples were collected from spontaneous
abortions in the hospital. All of the specimens were stored imme-
diately using RNA protection solution and liquid nitrogen. The
present study was conducted according to the principles of the
Declaration of Helsinki and was approved by the ethical commit-
tees of Beijing Tian Tan Hospital. All of the patients signed written
informed consent (for those aged younger than 15 years, written
consent of the parents was provided, in addition to the fingerprints
of the children), and the ethics committees approved the consent
procedure.

2.2. Pathologic confirmation and IHC of chordoma samples

The specimens were collected immediately after resection
without electrocoagulation. For storage, 10% neutral formalin so-
lution, RNA storage solution (Beijing Tiangen Tech) and liquid ni-
trogen were used. For IHC, specimens were then embedded in
paraffin within 1 week of collection. HE staining was performed on
3-mm slices to confirm the pathology of the specimen before anti-
brachyury antibody staining. IHC was performed using a two-step
streptavidin-peroxidase (SP) method (the rabbit polyclonal anti-
brachyury antibody from Santa Cruz Biotechnology, Inc., was used
at a dilution of 1:500). The expression of brachyury was evaluated
by 2 independent investigators who were blinded to the clinico-
pathological data, and a consensus was reached in all cases. Spec-
imens in which fewer than 70% of the cells were classified as tumor
cells were excluded from subsequent examination.

2.3. RNA extraction

RNAwas extracted using TRIzol® Reagent (Invitrogen) according
to the manufacturer's instructions, and the absorbances at 260 and
280 nmwere measured using the Nanodrop-8000 system (Thermo
Scientific) to determine the RNA concentration and the A260/A280
ratio. The cDNA was synthesized using the M-MLV Kit (Life
Technologies, AB & Invitrogen).

2.4. Genotyping of the rs2305089 SNP

The genomic region harboring rs2305089 was amplified via PCR
and subjected to Sanger sequencing. The primer sequences used
were CTGTGCTTCCATTTCAAGTTCCG and CCCACTTCCCTCAACAGC
AGA.

2.5. Primer design and ddPCR

Different ddPCR primers were designed specifically for each
brachyury isoform according to the difference in exon 6 between
each isoform using the software Primer Premier 5.0 (Premier Bio-
soft); the objective product size was 100e250 bp. The primers used
were as follows: short isoform forward: CCTGGGTACTCCCAATCC-
TATTC, short isoform reverse: AGGCTGGGGTACTGACTGGAG; long
isoform forward: TGCAAAGGAAAGAAGTGATCACAA, long isoform
reverse: CTCAGGGTTGGGTACCTGTCAC. The primers were then
tested by qPCR using the TransStart Top Green qPCR SuperMix
(Transgene, Inc.). Melting curve analysis showed a single peak for
each primer pair. The detection of a single band via gel electro-
phoresis and Sanger sequencing of the PCR products confirmed the
isoform specificity of the primers. Next, the primers were used in
ddPCR. The standard EvaGreen procedure of Bio-Rad, Inc., was
performed using the ddPCR system, and QuantaSoft software was
used to record and analyze the data.

2.6. Western blot

All of the chordoma samples were stored in liquid nitrogen, and
WB was performed by Beijing JK Green Tech, Inc., using primary
antibodies against brachyury (1:1000; sc20109; Santa Cruz
Biotechnology, Inc.), b-tubulin (1:1000; ab101019; Abcam), and b-
actin (1:1000; CST4970; Cell Signaling Technology).

2.7. Statistical analysis

The association between the rs2305089 genotype and the T-
long/T-short ratio was assessed using the “plink-assoc” command
in plink 1.07. The clinical and follow-up data were collected using
database software (Epidata 3.02).

3. Results

3.1. Sample information

First, 22 skull base chordomas and nine fetal notochords were
collected, and the clinical characteristics of the chordomas are
presented in Table 1. All of the patients underwent radical resection
of the lesion, all of which were confirmed to be a conventional
chordoma. The mean age was 38 ± 13 years (range 12e58 years),
the numbers of male and female were 10 and 12, and the mean
volume of the tumor pre-operatively was 27.3 ± 23.4 ml. Based on a
mean follow-up duration of 28.6 ± 12.5 months, there were six
recurrences (recurrence ratio: 27.3%), and four cases died of com-
plications postoperatively. The mean age of the controls upon
notochord sampling was 19.2 weeks (16e26 weeks), and the
numbers of male and female were 5 and 4.

3.2. Different expression pattern of T gene isoforms between
chordomas and notochords

T gene is alternatively spliced into three isoforms, isoform1,
isoform2 and isoform3, as annotated by UCSC (Fig. 1, http://www.
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Table 1
Clinical data of the 22 skull base chordoma cases.

No Age
(year)

Gendera Tumor
volume (ml)

Surgical
degree

Recurrence
(time)

State at follow
up

Follow-up period
(month)

KPS at
follow up

Brachyury protein T-
long/T-shorta

Brachyury mRNA T-
long/T-short&

rs2305089
in chordoma
tissue

1 19 2 27 2 / dead 3 0 1.5 10 AA
2 40 2 75 3 None Live without

recurrence
37 70 4.4 29.2 AG

3 57 1 11 2 None Live without
recurrence

27 90 3.2 15.9 AG

4 30 1 16 2 None Live without
recurrence

34 90 1.1 21.9 GG

5 44 2 5 2 None Live without
recurrence

30 100 1.1 15.5 AG

6 46 2 40 1 None dead 38 0 8.6 24.5 GG
7 12 2 60 3 None Live without

recurrence
32 100 11.6 10.6 GG

8 16 2 80 2 Y(6 month
po%)

Live without
recurrence

33 100 NA 12.8 GG

9 42 1 12 2 Y(6 month
po%)

Live without
recurrence

30 80 NA 18.3 AG

10 35 2 11.25 2 None live without
recurrence

26 80 NA 20.1 GG

11 40 2 21 2 None live without
recurrence

31 80 NA 14.1 GG

12 38 1 26.25 3 None live without
recurrence

32 90 NA 15.4 AA

13 58 2 6 1 Y(52 month
po%)

live with
recurrence

59 90 NA 11.4 AG

14 57 1 6 2 Y(6 month
po%)

dead 13 0 NA 21.5 AG

15 28 1 12 2 None live without
recurrence

38 90 NA 12.7 AA

16 23 2 17 2 None live without
recurrence

21 90 NA 14.0 AG

17 40 2 70 2 None live without
recurrence

30 90 NA 13.6 AG

18 40 1 28.4 2 Y(6 month
po%)

live with
recurrence

21 70 NA 20.2 AG

19 50 1 36 2 None dead 6 0 NA 24.6 GG
20 41 1 7.5 2 None live without

recurrence
34 90 NA 10.5 GG

21 26 1 20.6 3 Y(22 month
po%)

live with
recurrence

43 30 NA 10.1 AG

22 44 2 13.6 2 None live without
recurrence

12 90 NA NAb AG

Gender, 1 for male, 2 for female; surgical degree, 1 for total removal, 2 for subtotal removal, 3 for part removal.
a These values are from the West Blot test; &, these values are from the ddPCR test; %, the second treatments for the tumor recurrence, including surgery and g-knife.
b The droplet quality of ddPCR experiment for this sample is not good enough for analysis.
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genome.ucsc.edu/). In addition to the distinct 50UTR sequences
among all three isoforms, isoform1 and isoform2 contain one more
exon than isoform3 (Fig. 1, upper panel). There are three distinct
nucleotides at the 50 end of the additional exons, resulting in a
difference of two amino acids (Fig. 1, bottom panel). These two
different amino acids are located outside the DNA-binding domain,
indicating a small functional difference between isoform1 and
Fig. 1. Illustration of three isoforms of the T gene. In the upper panel, each exon, intron and U
DNA-binding domain is denoted by a semitransparent box. The bottom panel is an enlarged v
acids between these two exons.
isoform2. In the present study, isoform1 and isoform2 were clas-
sified together as T-long, and isoform3 was classified as T-short.

First, immunohistochemistry(IHC) was performed to confirm
that brachyury was expressed in all tumor samples (Fig. 2, the
brachyury protein was observed as positive nuclear expression).
Then, to investigate the mRNA expression of T-long and T-short, we
conducted ddPCR in the above samples using isoform-specific
TR is represented by a large box, a line with an arrow and a small box, respectively. The
iew of the gray shaded region in the upper panel, showing the difference in two amino

http://www.genome.ucsc.edu/


Fig. 2. IHC of the skull base chordoma samples ( � 400).
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primers. Of the 21 chordomas (one samples was not subjected to
analysis because droplet formation in ddPCR experiment was not
qualified), all showed higher T-long expression than T-short
expression when using the same amount of cDNA template (See an
example in Fig. 3a and full data in Supplementary Fig. 1aeb), with a
T-long/T-short ratio of 16.5 ± 5.5 (10.0e29.2) (Fig. 3b, Table 1).
However, the T-long/T-short ratio in the notochords was quite
different, as no consistent isoform expression pattern was
observed. T-long was expressed dominantly in five samples, and T-
short was expressed dominantly in four samples (See an example in
Fig. 3a and full data in Supplementary Fig. 2). Though high vari-
ability of T-long/T-short ratio was observed within both chordoma
group and notochord group, it's clear that T-long was dominantly
expressed in chordomas and the expression pattern is different in
notochords (Fig. 3b).

Due to post-transcriptional regulation, the T-long/T-short ratio
in chordoma may be different between the mRNA and protein
levels. Thus, we conducted WB(Western blot) using an anti-
brachyury antibody to investigate the protein expression of T-
long and T-short in chordoma samples using b-tubulin and b-actin
as internal controls. Samples 8 and 9, which displayed no or little
expression of b-tubulin or b-actin, were excluded from the subse-
quent protein expression analysis (Fig. 4). The other seven samples
showed one or more bands in the brachyury protein panel. The T-
long protein is 436 (or 435) amino acids in length, corresponding to
the 50 kDa band in the WB image. Densitometric analysis of the
WBs revealed that the T-long protein was dominantly expressed in
the tumors, with a T-long/T-short ratio of 5.9 ± 5.2 (1.1e16.1)
(Table 2). Although the T-long/T-short ratio was not identical be-
tween the mRNA and protein levels, T-long was dominantly
expressed at both levels (Table 1).

3.3. T-long is dominantly expressed in chordoma cell lines

We then conducted ddPCR in three chordoma cell lines, UeCH1
[21], UeCH2 [22] and UM-Chor1, all of which were derived from
European ancestry patients. As shown in Supplementary Fig. 3, T-
long was dominantly expressed in all of these three cell lines, with
T-long/T-short ratio 4.4, 26.4 and 4.6 in UeCH1, UeCH2 and UM-
chor1 (Fig. 3b). Thus, the isoforms expression pattern of T gene
was consistence in different populations, European derived sam-
ples and Chinese chordoma samples.

3.4. Test of the association between rs2305089 and T-long/T-short
ratio

SNP rs2305089, a nonsynonymous variation in the T gene, is a
susceptibility locus of chordoma. The functional consequence of
this variant is not fully understood. Here, we tested whether its
genotype is associated with the T-long/T-short ratio. DNA was
extracted from the 22 tumors, and the genotype of rs2305089 in
each sample was determined via Sanger sequencing (Table 1). No
associationwas observed between the rs2305089 genotype and the
T-long/T-short ratio (p ¼ 0.77), indicating rs2305089 was not
involved in T gene alternative splicing.
4. Discussion

The prevalence of chordoma was approximately 0.8 and 0.4 per
million person-years in the United States and Asia (Taiwan district),
respectively, and these rates are much lower than those of
commonly observed tumor types [1,23,24]. In previously reported
studies, the sample size of chordoma patients ranged from 2 to 65
[6,25]. Here, we collected 22 samples from patients to investigate
the expression of T gene isoforms. We observed that the T-long
isoformwas dominantly expressed in chordomas at both the mRNA
and protein levels in all of the samples examined, strongly sug-
gesting that T-long is the dominant isoform in chordomas.

Expression comparison of different isoforms can't be made by
traditional qPCR, as primer efficiencies of different primer pairs are
not equal. Different isoforms can be quantified and compared with
each other by ddPCR, because ddPCR quantifies each isoform in
absolute molecular count [26]. Though the copies of T gene iso-
forms detected in notochords were relative low, resulting large
sampling error (Supplementary Fig. 2, lower panel), the T-long/T-
short ratio in notochords is apparently different from the ratio in
chordomas [26]. The T-long was dominantly expressed in chordo-
mas, significantly different with the pattern in notochords. The T
gene encodes a transcription factor that binds to the TTTCACAT
sequence motif in promoter regions and activates the transcription
of hundreds of target genes [3]. The function of transcription factors
requires cooperation with various co-activators to form large pro-
tein complexes [27,28]. There is no difference in DNA-binding
domain between T-long and T-short [29], but the protein struc-
ture difference at the 60 (or 59) amino acids long exon of T-long
may affect the interactions between brachyury and its co-
activators, or even change its DNA binding affinity by spacial
interaction with the DNA binding domain. Thus, T-long and T-short
may display different transcriptional activation abilities. This
different T-long/T-short ratio between notochord and chordoma
tissue suggests the importance of the T gene expression pattern in
chordoma, as the T gene plays a key role in chordoma pathology.

At the protein expression level, the anti-brachyury antibody
used in the present study (sc20109; Santa Cruz Inc.) showed more
than two bands in two of the nine samples, suggesting that the
antibody was not specific for the two brachyury isoforms, thereby
reducing the reliability of the present WB results for the brachyury
isoforms. Recently, more specific antibodies have been produced,



Fig. 3. a, Illustration of ddPCR result, T-long/T-short ratio in chordoma1 and notochord1, The upper panel in is raw data from ddPCR, and the number of blot above the purple line in
the plot stands for the amount of isoform detected, the lower panel in is concentration calculated by ddPCR software(QuantaSoft 1.6.6.0320), the error bars represent Pisson 95%
confidence intervals; b, The T-long/T-short ratio in chordomas, notochords and chordoma cell lines.
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and these antibodies may be used in future studies to confirm our
results at the protein level [30].

rs2305089 is a nonsynonymous variation in the T gene reported
to be associated with chordoma [6]. It is located in a linkage
disequilibrium block harboring exon 6 based on the HapMap
database (http://hapmap.ncbi.nlm.nih.gov/). As this linkage
disequilibrium block contains elements affecting alternative
splicing of the T gene [14,31], we hypothesized that this poly-
morphism or variations linked to it may affect T gene alternative
splicing, thus contributing to chordoma development. Here, we
tested the association between the rs2305089 genotype and the T-
long/T-short ratio. However, this association was not significant in
the 22 cases studied, suggesting rs2305089 was not involved in T
gene alternative splicing.

http://hapmap.ncbi.nlm.nih.gov/


Fig. 4. Western blot analysis of brachyury expression. Actin and the tubulin were used
as internal references.

Table 2
Results of the brachyury proteinWestern blot analysis for the 9 skull base chordoma
cases.

No. Concentration
（ug/ul）

Gray value
of T-long

Gray value
of T-short

T-long/
T-short

Gray value
of actin*

Gray value
of tubulin*

1 14.611244 27319 17905 1.5 4438 14434
2 15.394412 3567 806 4.4 25512 1389
3 8.362216 24238 7503 3.2 14553 11984
4 5.0827 798 747 1.1 4679 1417
5 7.85642 21506 19552 1.1 25331 20361
6 18.037604 12472 1443 8.6 31592 13992
7 9.439072 8790 755 11.6 20990 13142

*The actin and the tubulin were both used as the internal reference in the present
test.
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