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C
hordoma is a rare tumor, with an incidence of 0.08 
per 100,000 persons.6 The peak age of onset is in 
the 50s, and there is a slight male predominance.5,17 

Chordoma is presumed to originate from the embryonic 
notochord, which is involved in the early development of 
the body axis and is replaced subsequently by the skull 
base and vertebrae. Because the remnant notochord re-
sides in these bone structures, chordoma commonly occurs 

in the midline of the skull base, vertebrae, and sacrum, 
at frequencies of 32%, 32.8%, and 29.2%, respectively.31 
Generally, chordoma growth is slow, with low histological 
MIB-1 labeling indices reflecting low mitotic rates. How-
ever, complete resection of chordoma is not achievable in 
most cases because of destruction and infiltration of the 
surrounding bone tissue. 

The current standard treatment for chordoma is maxi-
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OBJECTIVE Chordoma is a slow-growing but clinically malignant tumor, and the prognosis remains poor in many 
cases. There is a strong impetus to develop more effective targeted molecular therapies. On this basis, the authors in-
vestigated the potential of Brachyury, a transcription factor involved in notochord development, as a candidate molecular 
target for the treatment of chordoma.

METHODS Brachyury gene copy number and expression levels were evaluated by quantitative polymerase chain reac-
tion in 27 chordoma samples, and the transcriptomes of Brachyury high-expression tumors (n = 4) and Brachyury low-
expression tumors (n = 4) were analyzed. A chordoma cell line (U-CH2) was used to investigate the signaling pathways 
that regulate Brachyury expression.

RESULTS All chordoma specimens expressed Brachyury, and expression levels varied widely. Patients with higher 
Brachyury expression had significantly shorter progression-free survival (5 months, n = 11) than those with lower expres-
sion (13 months, n = 16) (p = 0.03). Somatic copy number gain was confirmed in 12 of 27 (44%) cases, and copy number 
was positively correlated with Brachyury expression (R = 0.61, p < 0.001). Expression of PI3K/Akt pathway genes was 
upregulated in Brachyury high-expression tumors, and suppression of PI3K signaling led to reduced Brachyury expres-
sion and inhibition of cell growth in the U-CH2 chordoma cell line.

CONCLUSIONS Activation of the PI3K/Akt pathway and Brachyury copy number gain are strongly associated with 
Brachyury overexpression, which appears to be a key event in chordoma growth regulation. These findings suggest that 
targeting Brachyury and PI3K/Akt signaling may be an effective new approach for treating chordoma.

https://thejns.org/doi/abs/10.3171/2016.12.JNS161444

KEY WORDS chordoma; brachyury; PI3K/Akt pathway; copy number; oncology; skull base

©AANS, 2018J Neurosurg Volume 128 • May 20181428

Unauthenticated | Downloaded 08/26/22 03:25 PM UTC



Brachyury upregulation in skull base chordoma

J Neurosurg Volume 128 • May 2018 1429

mum safe resection followed by high-dose radiation ther-
apy. Unfortunately, radiation therapy is generally not 
curative, and there are no effective chemotherapeutic op-
tions, so the disease usually follows a clinically malignant 
course with repeated recurrence.7 A recent comprehensive 
analysis reported a median survival of 6.29 years, and 
5-, 10-, and 20-year survival rates of 67.6%, 39.9%, and 
13.1%, respectively.31 To improve the prognosis for this 
life-threatening disease, the development of novel chemo-
therapeutic approaches is required, including those that 
target molecules essential for chordoma growth. With this 
in mind, we examined the Brachyury gene, a key regulator 
of notochord development, as a potential target for chor-
doma therapy.

The Brachyury gene, also referred to as the T gene, is 
located on chromosome 6q27, and encodes a transcription 
factor that is essential for the generation of mesoderm and 
the regulation of mesodermal differentiation to notochord 
during embryogenesis.18 Brachyury is highly and specifi-
cally expressed in mesoderm and notochord, and is also 
overexpressed in chordoma.11,19,30 Previous reports showed 
that Brachyury expression is useful for distinguishing 
chordoma from other sometimes histologically indistin-
guishable tumors such as chondrosarcoma, which has a 
better prognosis.11,19,30

Knocking down Brachyury expression in a chordoma 
cell line suppresses growth in vitro,10 and the immuno-
histochemical detection of Brachyury protein is associ-
ated with shorter time to progression in patients with skull 
base chordoma.14 Given its role in mesoderm formation 
and the various clinical associations, we hypothesized that 
deregulated Brachyury expression might play a key role in 
chordoma progression.

The object of this study was to assess Brachyury as a 
possible molecular target for the treatment of chordoma. 
First, we examined whether Brachyury expression was 
correlated with clinical malignancy in skull base chor-
doma. Second, we investigated the potential mechanisms 
driving Brachyury overexpression in chordoma, including 
Brachyury gene copy number aberrations and transcrip-
tional regulators of Brachyury expression. Finally, we dis-
cuss the potential of Brachyury, and pathways regulating 
Brachyury expression, as therapeutic targets for chordoma 
treatment.

Methods
Patient Population

We analyzed 29 frozen tumor samples resected from 19 
patients diagnosed with skull base chordoma at the Uni-
versity of Tokyo Hospital between September 1994 and 
March 2014. Patient characteristics and clinical histories 
are presented in Fig. 1. Similar numbers of patients were 
treated with craniotomy or transnasal-transsphenoidal en-
doscopic procedures. This study was approved by the Hu-
man Genome, Gene Analysis Research Ethics Committee 
of the University of Tokyo. Written informed consent was 
obtained from all patients involved.

Evaluation of Disease Progression

We used progression-free survival (PFS) as an indicator 

of clinical malignancy. Overall survival was not consid-
ered to be appropriate for evaluating clinical malignancy 
in our series because only 4 of 19 patients died during the 
follow-up period, and the duration of the terminal phase 
appeared to be affected by the temperament and social 
environment of each patient. The PFS was calculated as 
the period from the day of surgery to the day when a new 
enhancing lesion or enlargement of residual tumor was de-
tected by MRI.

Quantitative Real-Time Reverse Transcription Polymerase 
Chain Reaction

Brachyury messenger (m)RNA expression was analyzed 
by quantitative real-time reverse transcription polymerase 
chain reaction (qRT-PCR), using RNA samples extracted 
from frozen tumor specimens and a human chordoma 
cell line. Total RNA was extracted by RNeasy Mini Kit 
(Qiagen) following the manufacturer’s instructions. RNA 
was considered to be of suitable quality at A260/A230 and 
A260/A280 ratios of > 1.7 measured by Nano Vue Plus (GE 
Healthcare), and RNA integrity numbers > 7.0 measured by 
Agilent 2100 bioanalyzer (Agilent Technologies). Comple-
mentary DNA (cDNA) was synthesized from 1 mg of total 
RNA using a SuperScript VILO kit (Invitrogen). The qRT-
PCR was performed using Fast SYBR Green Master Mix 
(Life Technologies) and a StepOnePlus Real-Time PCR 
System (Applied Biosystems). Forward and reverse prim-
ers were designed from Brachyury exon 4 and 7 sequenc-
es, which amplify a 191-bp cDNA fragment (Brachyury 
forward 5′-TGAGACCCAGTTCATAGCGG- 3′, reverse 
5′-TGCTGGTTCCAGGAAGAAGC-3′). GAPDH primers 
amplify a 138-bp cDNA fragment and were designed ac-
cording to previous reports (GAPDH forward 5′-GCACC-
GTCAAGGCTGAGAAC-3′, reverse 5′-TGGT G AAGAC-
GCCAGTGGA-3′).1,9

Aliquots of cDNA were amplified for 40 cycles consist-
ing of 30 seconds of denaturation at 95°C, 30 seconds of 
annealing at 60°C, and 30 seconds of extension at 72°C. 
Each PCR was performed in triplicate. The specificity of 
the amplification products was validated by postamplifi-
cation melt curve analysis. Expression was calculated by 
the relative quantitation method in which a standard curve 
made with a mixture of all samples was used and normal-
ized to GAPDH expression. Gene expression levels were 
presented relative to those of normal adult whole brain tis-
sue (Clontech Premium RNA #636530, Takara Bio).

Copy Number Analysis

We analyzed Brachyury gene copy number in 27 paired 
tumor and normal blood DNA samples. Tumor DNA 
was extracted using a QIAamp DNA Mini Kit (Qiagen), 
and matching blood DNA was extracted using QIAamp 
DNA Blood Mini Kit (Qiagen) following the manufac-
turer’s instructions. The DNA quality and quantity were 
evaluated by Nano Vue Plus, and samples with A260/
A230 and A260/A280 ratios > 1.6 were considered suit-
able for analysis. Copy number was analyzed using Taq-
Man qPCR Copy Number Assays (Applied Biosystems) 
and a predesigned TaqMan probe targeting exon 7 of the 
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Brachyury gene (Hs02212422_cn; Applied Biosystems). 
To address the reproducibility of the results, we included 
another TaqMan probe targeting Brachyury exon 6, based 
on a previous report.13 The sequences of the PCR prim-
ers and TaqMan probe targeting exon 6 were as follows: 
forward 5′-GTACTCCCAATGTACGGTTTGTTG -3′, 
reverse 5′-TCA GCAAGTCTAGTCCCGATGAC-3′, Taq-
Man probe, 5′-CTCTGTCATGTCATTCTG-3′. A RNaseP 
probe (#4403326; Applied Biosystems) was used as an in-

ternal reference for normal diploid copy number in each 
sample. As additional normal controls, we analyzed blood 
samples of patients with chondrosarcoma and meningioma 
who were diploid for the Brachyury gene. The DNA was 
amplified for 40 cycles consisting of 15 seconds of denatur-
ation at 95°C, and simultaneous annealing and extension 
for 60 seconds at 60°C. Copy numbers were calculated by 
the DDCt method, and > 2.5 was deemed positive for copy 
number gain.

FIG. 1. Chart showing characteristics of 19 patients with skull base chordoma. Age denotes the patient’s age when the surgery 
was performed, and PFS consists of the period from the date of surgery to the date when the recurrence was detected. The as-
terisks indicate that the RNA or DNA was of suitable quality to be analyzed. For the time course, the black circles indicate surgery 
(analyzed sample); white circles denote other surgeries; triangles represent radiation therapy or Gamma Knife surgery; “x” denotes 
patient death; and “+” denotes time of latest follow-up. GTR = gross-total resection; PR = partial resection.
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Microarray Analysis

Microarray analysis was performed at the Contract 
Development and Manufacturing Center (Takara Bio) 
using GeneChip Human Genome U133 Plus 2.0 Arrays 
(Affymetrix, Inc.), which contain more than 54,000 probe 
sets, representing more than 38,500 genes. The array 
experiment was performed according to the GeneChip 
3′IVT Express Kit User Manual, using 250 ng of total 
RNA for each sample. To allow comparisons across mul-
tiple arrays, gene expression levels were normalized for 
each array by assigning the average of overall expression 
levels as 500.

The expression levels of all analyzed genes were com-
pared between the group with higher Brachyury expres-
sion and those with lower Brachyury expression. Fold 
change (FC) for each gene was calculated as the average 
of Brachyury expression in the group with high expres-
sion/the average in the group with low expression. The p 
value was calculated using the Student t-test comparing 2 
groups.

To assign target genes to signaling pathways, we used 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway database (http://www.genome.jp/kegg/pathway.
html). To evaluate the statistical significance of the rela-
tionship between a set of target genes and a given pathway, 
p values were calculated by Fisher’s exact test.

Immunostaining

Formalin-fixed, paraffin-embedded tumor samples 
were subjected to antigen retrieval by microwave treat-
ment in sodium citrate buffer (pH 6.0), and incubated with 
primary antibody. After incubation with secondary anti-
body, samples were treated with 3’3-diaminobenzidine 
substrate solution and counterstained with hematoxylin. 
The primary antibodies used were antiphosphorylated S6 
ribosomal protein (#2211; Cell Signaling Technology) and 
anti–Ki-67 (M7240; Dako). The percentage of cells ex-
pressing Ki-67 (Ki-67 labeling index) was evaluated by 
counting approximately 1000 nuclei per field.

Analysis of the U-CH2 Chordoma Cell Line

The chordoma cell line U-CH2 was provided by the 
Chordoma Foundation in July 2014,4 and has been de-
scribed in previous reports.12,16,26,32 The characteristics and 
molecular features of U-CH2 are shown in Supplementary 
Table 1. To address the effect of PI3K/Akt pathway sup-
pression on Brachyury expression in vitro, U-CH2 cells 
were cultured for 7 days at 37°C in 5% CO2 in a 4:1 ratio 
of IMDM (12440, Invitrogen)/RPMI 1640 (R8758, Sigma-
Aldrich) supplemented with 10% fetal bovine serum and 
100 U/ml penicillin-streptomycin (15140122, Invitrogen/
Gibco) in 6-well flasks. After serum starvation for 24 
hours, PI3K/Akt pathway inhibitors or vehicle (dimethyl 
sulfoxide [DMSO]) was added to each well. The PI3K in-
hibitors included 50 mM LY294002 (#9901; Cell Signaling 
Technology), 1 mM BEZ235 (#1281; Axon Medchem), and 
0.5 mM wortmannin (#9951; Cell Signaling Technology). 
Rapamycin (100 nM) (#9904; Cell Signaling Technology) 
was used as a mammalian target of rapamycin (mTOR) 

inhibitor. After 24 hours of incubation, cells in each well 
were collected, and Brachyury mRNA expression was 
analyzed by qRT-PCR as described before.

Cell growth was evaluated by WST-1 assay. Briefly, 
U-CH2 cells were dispensed at 2000 cells per well into 
96-well plates and cultured overnight at 37°C in 5% CO2, 
and the experiment was started 24 hours after the cells 
were dispensed. For Brachyury suppression, 5 pmol each 
of Stealth RNAi targeting Brachyury (110425 [Bra1] or 
110427 [Bra3]; Invitrogen) were transfected with lipo-
fectamine 2000 (Invitrogen) into each well. Negative 
Control Medium GC (Nega M, Invitrogen) was used as 
a control. For PI3K/Akt pathway inhibition experiments, 
3 ml of 1 mM BEZ235, 0.1 mM BEZ235, or DMSO were 
added to each well and the medium was changed every 
day while culturing. Cell number was evaluated using a 
Premix WST-1 Cell Proliferation Assay Kit (Takara Bio). 
Absorbance was measured at 440 nm by using an Infinite 
200 Microplate reader (TECAN).

Western Blotting

Cells were lysed in RIPA buffer containing 50 mM 

TABLE 1. Upregulated and downregulated pathways in 

chordomas with higher Brachyury expression

KEGG Pathway

No. of 

Genes

p 

Value Included Genes

Upregulated pathway

 PI3K-Akt signaling 

pathway

8 0.006* BCL2L1, CHRM1, ITGA3, 

ITGA6, LAMA4, 

MDM2, NRAS, RHEB

 Pathways in cancer 8 0.007* BCL2L1, ITGA3, ITGA6, 

LAMA4, MDM2, 

NRAS, SLC2A1, STK4

 Cell cycle 6 0.001* BUB1, BUB1B , MCM3, 

MDM2, ORC6, TTK

 Others 305

 Total 327

Downregulated pathway

 Metabolic pathways 8 0.07 AGXT, ASPA, CBR3, 

CYP2C18, IDUA, 

NAT8L, TST, UPB1

 Pathways in cancer 8 0.44 EGFR, GLI3, RASSF5, 

RET, RUNX1T1, SUFU, 

TCF7L1, TGFB2

 Calcium signaling 

pathway

7 0.01* CACNA1D, CACNA1, 

MYLK, PRKCA, 

PRKCG, STIM2, 

TACR1

 MAPK signaling 

pathway

7 0.09 CACNA1D, CACNA1I, 

CACNA2D3, EGFR, 

RAP1A, TGFB2, ZAK

 Others 465

 Total 495

* Significant at p < 0.05.
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Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM EDTA, 1% 
NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 
sulfate, and inhibitors of proteases and phosphatases. The 
lysates were separated on 11% sodium dodecyl sulfate–
polyacrylamide gels and electroblotted onto PVDF mem-
branes (Immuno-Blot PVDF Membrane, Bio-Rad Labo-
ratories). Membranes were blocked in 2% nonfat milk/
PBST (0.03% Tween 20) and probed with anti–b-actin 
mouse monoclonal antibody (A3854; Sigma-Aldrich), 
anti-Brachyury mouse monoclonal antibody (ab140661; 
Abcam), anti-Akt1/2/3 rabbit polyclonal antibody (sc-
8312; Santa Cruz Biotechnology), or antiphospho-Akt 
rabbit monoclonal antibody (#3787; Cell Signaling Tech-
nology). Blots were then incubated with Amersham ECL 
antimouse IgG peroxidase-linked species-specific whole 
antibody (NA931; GE Healthcare Life Sciences) or goat 
anti–rabbit IgG horseradish peroxidase (sc-2004; Santa 
Cruz Biotechnology) followed by enhanced chemilumi-
nescence detection (#RPN2232, GE Healthcare), accord-
ing to the manufacturer’s instructions.

Statistical Analysis

The Student t-test was used for evaluation of probability 
of the coefficient of correlation, comparing the gene copy 
number of tumors and blood samples, and comparing gene 
expression profiles of the 2 groups in microarray analysis. 
The log-rank test was used for comparing the PFS of the 
2 groups. The Wilcoxon rank-sum test was used for com-
paring Brachyury expression between the 2 groups. The 
Fisher exact test was used for evaluation of the probability 
of pathway involvement, and for comparing the positive 
ratio of phosphorylated S6 ribosomal protein staining. 
JMP Pro v.11 (SAS Institute) software was used for the 
statistical analyses. Differences were considered signifi-
cant at p < 0.05.

Results
Association Between Brachyury Expression and PFS

An RNA sample of sufficient quality for analysis was 
obtained from 27 of the 29 specimens (Fig. 1). The av-
erage follow-up period was 17.5 months. All chordoma 
samples expressed Brachyury at higher levels than nor-
mal brain tissue, and the relative Brachyury expression 
level compared with normal brain was 1249 ± 743 (aver-
age ± SD). However, the expression levels varied widely 
between samples (Fig. 2A). A moderate but significant 
positive correlation between Brachyury expression and 
positive Ki-67 labeling index was observed (R = 0.47, p = 
0.014) (Fig. 2B).

To address the association between Brachyury expres-
sion and PFS, we divided the specimens into 2 groups 
based on the average Brachyury expression cutoff value 
of 1249. The group with higher Brachyury expression 
contained 11 samples, and the group with lower expres-
sion contained 16 samples. We compared the PFS of the 
2 groups using Kaplan-Meier curves. The group with 
higher Brachyury expression showed significantly shorter 
PFS than the group with lower expression (median PFS 
5 months vs 13 months, respectively; p = 0.03) (Fig. 2C).

Copy Number Analysis of the Brachyury Gene

The average copy number of the tumor DNA was 2.6 
± 0.6 (± SD), and 12 of 27 (44%) tumors had a gain of 
more than 2.5 copies. In contrast, no copy number gain 
was observed in the matched blood DNA (2.0 ± 0.1) (Fig. 
3A). There was a significant difference between Brachy-
ury gene copy number in tumors and blood samples (p < 
0.001). To address the reproducibility of the result, a gene 
copy number analysis was performed using another prim-
er set targeting exon 6 of the Brachyury gene. These data 
were strongly correlated with the original data (R = 0.76, 
p < 0.001).

There was a significant positive correlation between 
Brachyury expression and copy number (R = 0.61, p < 
0.001), suggesting that the copy number gain led to Brachy-
ury overexpression (Fig. 3B). The Brachyury expression 
levels in the tumors with copy number gain were signifi-
cantly higher than those of tumors with normal copy num-
ber (p = 0.008). Therefore, somatic Brachyury gene copy 
number gain appears to be a mechanism driving Brachy-
ury overexpression in at least some chordomas.

Regulation of Brachyury Transcription

To identify other genes with expression patterns that 
were significantly correlated with Brachyury expression, 
we performed whole transcriptome microarray analysis 
of 4 samples with higher Brachyury expression (sample 
numbers 12, 20, 25, 29) and 4 samples with lower Brachy-
ury expression (sample numbers 8, 14, 18, 19) (Fig. 1). 
Brachyury expression levels in the 2 groups were signifi-
cantly different (the average ± SD was 2384 ± 339 in the 
higher group, and 435 ± 431 in lower group; p = 0.03). A 
volcano plot including all probe sets was constructed by 
plotting the -log10 p value on the y-axis and the log2 FC on 
the x-axis (see Supplementary Fig. S1). 

We first extracted the probe sets with p < 0.05 and ab-
solute FC > 2. On this basis, there were 327 upregulated 
and 495 downregulated genes in the higher Brachyury 
expression group. Interrogation of the KEGG pathway 
database revealed that the “PI3K/Akt pathway” was the 
most significantly associated gene network (p = 0.006), 
including 8 upregulated genes (BCL2L1, CHRM1, ITGA3, 
ITGA6, LAMA4, MDM2, NRAS, and RHEB) (Table 1), 
which are all known to function as activators of the PI3K/
Akt cascade. Other networks linked to the upregulated 
genes according to the KEGG database were “pathways 
in cancer” and “cell cycle.” The “calcium signaling path-
way” was the network most significantly associated with 
the downregulated genes. When stricter criteria were 
applied (p < 0.01, FC > 2), 68 genes were significantly 
upregulated and 87 downregulated (Supplementary Table 
2). Under the stricter criteria, “PI3K/Akt pathway” was 
still the most significantly associated network (p = 0.03), 
including 4 upregulated genes (CHRM1, ITGA3, MDM2, 
and RHEB).

Activation of the PI3K/Akt Pathway

To follow up the microarray data, we examined wheth-
er the PI3K/Akt pathway was indeed activated in chor-
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doma with higher Brachyury expression. As a marker of 
PI3K/Akt pathway activation, we assessed the phosphory-
lation status of the S6 ribosomal protein by using immu-
nohistochemistry.2,34 Cells exhibiting cytoplasmic staining 
were considered positive (Fig. 3C). There was a significant 
difference in the number of phosphorylated S6 ribosomal 
protein–positive specimens in the higher Brachyury group 
(9 in 10; 90%) compared with in the lower Brachyury 
group (6 in 16; 38%) (p = 0.014) (Table 2). These findings 
were consistent with PI3K/Akt pathway activation in chor-
domas with higher Brachyury expression. 

Next, to see whether Brachyury gene copy number was 
linked to PI3K/Akt pathway activation, we assessed the 
correlation between phosphorylated S6 ribosomal pro-
tein positivity and Brachyury gene copy number in the 2 
groups. Seven of the 12 specimens with copy number gain 
and 7 of the 12 without copy number gain were phosphor-
ylated S6 ribosomal protein–positive. The lack of a sig-
nificant association between copy number gain and PI3K/
Akt pathway activation indicated that PI3K/Akt activation 
was not the consequence of Brachyury gene amplification, 

which is associated with higher Brachyury expression. 
Instead, these data suggest that the PI3K/Akt pathway is 
driving Brachyury expression, independent of Brachyury 
gene copy number.

Brachyury Is Upregulated by PI3K/Akt Signaling and 
Promotes Chordoma Cell Growth

To further evaluate the relationship between PI3K/
Akt signaling and Brachyury expression, we used the 
drugs LY294002, BEZ235, and wortmannin to inhibit 
the activity of the PI3K/Akt pathway in the chordoma 
cell line U-CH2. Suppression of the PI3K/Akt pathway 
by BEZ235 was confirmed by reduced phospho-Akt ex-
pression (Fig. 4A). Suppression of PI3K with LY294002, 
BEZ235, or wortmannin resulted in decreases in Brachy-
ury expression of 68%, 44%, and 32%, respectively (Fig. 
4B). Treatment with LY294002 and BEZ235 significantly 
suppressed Brachyury expression (p = 0.001 and 0.006, 
respectively), while suppression of mTOR with rapamycin 
decreased expression marginally (approximately 20%). 

FIG. 3. A: TaqMan Copy Number Assays targeting exon 7 of the Brachyury gene revealed that the Brachyury gene copy number in 
chordoma was significantly higher than in matched normal blood samples (n = 27, p < 0.001). B: There was a significant positive 
correlation between Brachyury gene copy number (exon 7) and Brachyury expression (R = 0.61, p < 0.001). C: Representative 
positive and negative immunostaining of phosphorylated S6 ribosomal protein is shown. The samples containing cells with stained 
cytoplasm were considered positive.

FIG. 2. A: Distribution of Brachyury expression levels in all chordoma specimens (n = 27) measured by qRT-PCR. Box plot shows 
maximum, upper quartile, median, lower quartile, and minimum. Expression levels are relative to that of normal brain. B: The re-
lationship between Brachyury gene expression and Ki-67 labeling index. The coefficient of correlation was 0.47. C: Kaplan-Meier 
curves of PFS comparing the Brachyury high-expression and Brachyury low-expression groups. The Brachyury high-expression 
group had significantly shorter PFS than the Brachyury low-expression group (p = 0.03).
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Brachyury protein levels were decreased when the U-CH2 
cell line was treated with BEZ235 (Fig. 4A). In addition, 
both Brachyury knockdown (Fig. 4C and D) and inhibition 
of the PI3K/Akt pathway with BEZ235 (Fig. 4E) markedly 
suppressed the growth of U-CH2 chordoma cells. These 
results suggest that Brachyury expression is upregulated 
by PI3K/Akt pathway activation, and inhibition of the 
pathway leads to suppression of chordoma cell growth.

Discussion
We demonstrated that Brachyury expression was a prog-

nostic factor in chordoma and that somatic Brachyury gene 
copy number gain and PI3K/Akt pathway activation are 
probably mechanisms that drive Brachyury overexpression 
(Fig. 5). There are a few earlier studies addressing Brachy-
ury expression and the prognosis of chordoma. Kitamura et 
al.14 reported significantly shorter PFS in Brachyury-posi-
tive chordoma based on qualitative immunohistochemical 
evaluation of Brachyury expression. Consistent with this, 
we examined Brachyury mRNA expression quantitatively 
by qRT-PCR, and confirmed that Brachyury expression 
levels varied among samples and were associated with 
prognosis. A relationship between Brachyury expression 
and prognosis was also reported in other neoplasms such 
as colorectal, breast, prostate, and lung cancers.20–22,25 In 
these other cancers, Brachyury was considered to pro-
mote epithelial-mesenchymal transition (EMT), leading 
to a worse prognosis in general. Given that chordoma has 
both epithelial and mesenchymal characteristics, we also 
looked into the possible relationship between Brachyury 
expression and EMT in our transcriptome microarray data. 
However, expression levels of both E-cadherin and Snail, 
known markers of EMT, were not significantly different 

TABLE 2. Correlation between Brachyury expression and PI3K/

Akt pathway activation

Phospho-S6  

Ribosomal Protein

Brachyury Level

High* Low

Positive 9 6

Negative 1 10

* One sample in this group could not be evaluated with immunohistochemistry.

FIG. 4. Effect of PI3K pathway inhibition on Brachyury expression and chordoma cell growth. A: Western blot analysis of Brachy-
ury, phospho-Akt (p-Akt), Akt, or b-actin in U-CH2 cells treated with 0.1 mM BEZ235, 1 mM BEZ235, or DMSO. The inhibition of 
the PI3K/Akt pathway by BEZ235 was confirmed by suppression of phospho-Akt expression. Phospho-Akt and Brachyury expres-
sion were decreased after inhibition of the PI3K/Akt pathway by BEZ235. B: The chordoma cell line U-CH2 was treated with PI3K 
inhibitors (LY294002, BEZ235, or wortmannin), mTOR inhibitor (rapamycin), or vehicle (DMSO) for 24 hours. Brachyury expres-
sion was measured by qRT-PCR, and expression levels were compared with control (*p < 0.05). C: The U-CH2 cell line was 
treated with lipofectamine 2000 (control), 5 pmol of small interfering RNA targeting Brachyury (Bra1 or Bra3), or Negative Control 
Medium GC (Nega M). Suppression of Brachyury expression was confirmed by qRT-PCR. D: The U-CH2 cell growth curves were 
evaluated by WST-1 assay. Cell growth decreased in response to Brachyury suppression. E: Cell growth curves of U-CH2 cells 
treated with 0.1 mM BEZ235, 1 mM BEZ235, or DMSO evaluated by WST-1 assay. Maximum significant cell growth inhibition was 
achieved with 0.1 mM BEZ235. Error bars in each figure show the standard deviation.
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between the higher and lower Brachyury expression groups 
(p values 0.49 and 0.71, respectively; Student t-test). Thus, 
based on these data, EMT does not appear to be linked to 
Brachyury expression in chordoma.

Somatic copy number gain is observed frequently in 
various types of cancers and is considered to be an impor-
tant mechanism contributing to the upregulation of onco-
gene expression.3 Several previous reports demonstrated 
Brachyury gene copy number gain in chordoma. Presneau 
et al.24 reported Brachyury gene copy number gain in 7% 
of 181 sporadic chordomas, and 38% had polysomy of 
chromosome 6. Similarly, other reports indicated that in 
20%–30% of chordoma cases there was Brachyury gene 
copy number gain.8,14,15 In addition, germline duplication 
of the Brachyury gene was reported in patients with famil-
ial chordoma.33 Overall, these results indicate that Brachy-
ury overexpression plays an important role in chordoma 
oncogenesis.

The PI3K/Akt pathway has been linked to chordoma 
pathogenesis by several groups. Presneau et al.23 detect-
ed expression of phosphorylated S6 ribosomal protein in 
22% of 50 chordoma samples by immunohistochemistry. 
Schwab et al.27 showed activation of the PI3K/Akt path-
way by Western blot, and demonstrated that suppression 
of the pathway by an mTOR inhibitor, PI-103, resulted in 
growth inhibition in chordoma cell lines. Tamborini et al.29 
also reported activation of both the PI3K/Akt and RAS/
MAPK pathways in chordoma. Our data expand on these 
observations and identify a link between PI3K/Akt path-
way activation and Brachyury overexpression that has not 
been described previously. To look for possible functional 
links between Brachyury and the PI3K/Akt pathway, we 
experimentally inhibited the PI3K/Akt pathway in a chor-
doma cell line and observed downregulation of Brachyury 
expression. The results indicated that oncogenic Brachy-
ury expression was linked not only to gene amplification 
but also to PI3K/Akt pathway activation, consistent with 
the fact that higher Brachyury expression was observed 
in some skull base chordomas without Brachyury gene 

amplification. It is possible that aberrant PI3K/Akt path-
way activation might have induced genomic instability 
that subsequently resulted in Brachyury gene copy num-
ber gain. However, our data suggest that this is unlikely 
because there was no obvious relationship between PI3K/
Akt pathway activation and copy number gain in our clini-
cal samples.

Two different PI3K inhibitors, LY294002 and BEZ235, 
significantly suppressed Brachyury expression in the 
U-CH2 cell line, indicating that Brachyury transcription 
is indeed regulated by the PI3K pathway. Wortmannin, 
another PI3K inhibitor, also suppressed Brachyury ex-
pression, but the difference was not statistically signifi-
cant, possibly because wortmannin is more unstable than 
LY294002 in aqueous solution. Similarly, a trend toward 
suppression of Brachyury expression was also observed 
using rapamycin, an mTOR inhibitor. These results indi-
cate that the regulation of Brachyury expression by PI3K/
Akt signaling is not only mediated through the mTOR 
pathway but also through other factors downstream of 
Akt, suggesting that while targeted inhibition of mTOR 
could be effective, inhibition of upstream signaling might 
be more efficient for the treatment of chordoma.

The activity of PI3K/Akt has been linked to the mainte-
nance of human embryonic stem cell (hESC) pluripotency, 
and blockage of the pathway accelerated hESC differen-
tiation and induction of mesodermal markers, including 
Brachyury.28 These data suggest that PI3K/Akt activity 
may also be important for maintaining the undifferentiated 
state of other immature tissues, including notochord. How-
ever, in such a scenario, Brachyury expression would be 
expected to decrease in response to inhibition of the PI3K/
Akt pathway, in contrast to the case of hESCs, because 
Brachyury expression in the notochord is lost during differ-
entiation. Chordoma is thought to originate from notochord 
cells, and induction of differentiation in chordoma may be 
the underlying mechanism for downregulation of Brachy-
ury expression caused by PI3K/Akt pathway inhibition.

A remaining question is what causes aberrant PI3K/Akt 
pathway activation in some chordomas. In the 8 samples 
analyzed by microarray, 5 (4 samples from the Brachyury 
high-expression group and 1 from the Brachyury low-ex-
pression group) were positive for phosphorylated S6 ribo-
somal protein staining, indicative of activation of the PI3K/
Akt pathway. The results of microarray analysis showed 
that candidate upstream genes that can activate the PI3K/
Akt pathway, such as EGFR, FGFR, PDGFR, VEGFR, 
MET, and IGF1R, were not significantly upregulated in the 
chordomas with higher Brachyury expression (p = 0.23, 
0.13, 0.36, 0.46, 0.42, and 0.38, respectively) or in the chor-
domas positive for phosphorylated S6 ribosomal protein 
expression (p = 0.24, 0.12, 0.45, 0.87, 0.09, and 0.47, respec-
tively). Our preliminary exome sequence analysis did not 
identify additional mutations (e.g., PIK3CA mutation) that 
might be responsible for pathway activation (unpublished 
data). Further study will be necessary to comprehensively 
address this issue.

Based on our results, we propose that the Brachyury 
gene, and genes encoding molecules involved in PI3K/Akt 
pathway activation, can be considered as chordoma onco-
genes and, as such, represent new therapeutic targets for 

FIG. 5. Schematic depiction of the interplay between Brachyury copy 
number gain, Brachyury overexpression, and activation of the PI3K/Akt 
pathway in chordoma pathogenesis.
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the disease. Although drugs targeting Brachyury have not 
yet been developed, the immunotherapeutic targeting of 
Brachyury has been reported. Palena et al.20 successfully 
established Brachyury-specific cytotoxic T cells, and dem-
onstrated targeted cell killing in which a lung cancer cell 
line expressing Brachyury was used.25 Importantly, the 
PI3K/Akt/mTOR pathway can be effectively targeted by 
existing agents such as temsirolimus and everolimus, and 
our data provide some grounds for optimism that a Phase 
II study currently under way in Italy, in which chordomas 
are being treated with imatinib and everolimus, will yield 
encouraging results.

Conclusions
We demonstrated that increased Brachyury expression 

was associated with a worse prognosis for skull base chor-
doma and that the overexpression was likely to be caused 
by somatic Brachyury gene copy number gain. Activa-
tion of the PI3K/Akt pathway also upregulated Brachyury 
expression and promoted chordoma cell growth in vitro. 
Therefore, Brachyury, or molecules involved in PI3K/Akt 
pathway activation upstream of Brachyury, may represent 
important new targets for chordoma treatment.
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