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Purpose: Chordomas are locally aggressive tumors arising from notochordal remnants.

Brachyury, a protein coded by T-gene, is crucial for chordoma cell proliferation. The aim

of this study was to evaluate the effects of glycogen synthase kinase 3 beta (GSK3β) activity

on brachyury expression and on the growth and survival of skull base chordoma cells.

Patients and methods: In this study, 16 paraffin-embedded specimens of primary skull base

chordomas were analyzed for the expression of phosphorylated GSK3β and brachyury using

immunohistochemistry. The UM-Chor1 cell line derived from a clival chordoma was treated

with AR-A014418 (AR), an inhibitor of GSK3β, and brachyury expression was analyzed by

qRT-PCR andWestern blotting. The possible mechanism by which brachyury regulates theWnt/

β-catenin signaling pathway was investigated by immunocytochemistry. The effects of AR on

cell proliferation as well as sensitivity to chemotherapeutic drugs were also examined.

Results: The results suggested that phosphorylated GSK3β and brachyury were upregulated

in chordoma tissues. The GSK3β inhibitor (AR) decreased brachyury expression and sup-

pressed the growth and survival of the chordoma cells, possibly via regulation of the Wnt/β-

catenin signaling pathway. Moreover, AR increased the sensitivity of chordoma cells to

chemotherapeutic drugs in vitro.

Conclusion: This study provides evidence for the clinical development of the GSK3β

inhibitor (AR-A014418) as a potential chemotherapeutic adjuvant for the treatment of

chordoma.

Keywords: GSK3β inhibitor, skull base chordoma, brachyury, Wnt/β-catenin signaling

pathway

Introduction
Chordoma, which is a rare and locally aggressive tumor arising from notochordal

remnants,1 occurs frequently along the cranial-spinal axis. A recent comprehensive

analysis showed that 42% of all chordomas are cranial.2 Although surgery is the

main therapy for chordoma at present, a large tumor burden at the time of diagnosis,

poor margination and impingement on surrounding structures make gross total

resection difficult.3 Especially in cases of skull base chordoma, wide local excision

is usually not an option.4 Combined with the insensitivity to conventional radio-

therapy and chemotherapy, the recurrence rates for cranial chordoma have been

reported to be high as 68%.5 In secondary patients, surgery is more difficult and is
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associated with a high rate of incomplete resection.6

Moreover, local recurrence has become the major cause

of mortality in chordoma patients.4 Improvements in chor-

doma treatment require a better understanding of the mole-

cular biology and oncogenesis of chordomas to identify

and develop efficient targeted chemotherapies.6

Brachyury, a core T-box transcription factor coded by

the T-gene, is thought to be the vital protein in

chordomas.7 Recent reports revealed that T-gene duplica-

tion is a major susceptibility factor for familial chordoma8

and suppression of brachyury expression in a chordoma

cell line suppressed growth in vitro.9 On the other hand,

brachyury plays a vital role in the development of early

embryonic notochord formation,10 which is subsequently

downregulated in late-stage embryos and eventually

becomes undetectable in the majority of normal adult

tissues. To date, brachyury expression in normal adult

human tissues has been reported only in scattered cells in

seminiferous tubules11 and isolated cells in the thyroid.12

However, almost 100% of chordomas express high levels

of brachyury protein.13,14 Studies in stem cells have shown

that Wnt signaling regulates brachyury expression;15

therefore, we investigated the role of this pathway in

chordomas. Glycogen synthase kinase 3 beta (GSK3β)
regulates β-catenin destabilization and consequently,

plays a central role in Wnt/β-catenin signaling.16 Studies

have confirmed that the potent and selective GSK3β inhi-

bitor (AR-A014418; AR) reduces the expression of β-
catenin.17,18 Thus, in the present study, we investigated

the effects of GSK3β activity on brachyury expression and

the role of Wnt signaling pathway in the skull base

chordoma.

Materials And Methods
Clinical Data And Materials
Sixteen formalin-fixed paraffin-embedded samples were

collected when tumors were resected from patients diag-

nosed with skull base chordoma at the Xuanwu Hospital

between 2012 and 2018. All the patients were treated

primarily with surgery and had not undergone chemother-

apy or radiotherapy.

Cell Lines
The UM-Chor1 (ATCC® CRL-3270™) cell line, which

was the first chordoma cell line to be generated and origi-

nates from the clivus, was purchased from the American

Type Culture Collection (Manassas, VA, USA). The cells

were cultured in Dulbecco’s modified Eagle’s medium

(DMEM)1640 4:1 supplemented with 10% fetal calf

serum, penicillin, streptomycin (Sigma–Aldrich, Poole,

Dorset, UK) at 37°C under 5% CO2 and 95% humidity.

Immunohistochemical (IHC) Staining
Chordoma samples were fixed in 10% neutral buffered

formalin, embedded in paraffin and sectioned. After dewax-

ing, antigen retrieval was achieved by treating the sections

with 1% hot citric acid buffer. Sections were then incubated

with primary detection antibodies for 1 h at room tempera-

ture, followed by incubation for 30 min with secondary

detection antibodies. Phosphorylated GSK3β(Ser9) (1:50)

antibody was purchased from Santa Cruz (California, USA)

and brachyury (1:1000) antibody was purchased from

Abcam (Cambridge, UK). Immunohistochemical staining

was visualized using the DAB chromogenic substrate. After

counter-staining using hematoxylin and dehydration,

images were captured under a light-field microscope at

200× magnification. Immunoreactive in the cytoplasm/

nucleus was defined as positive for p-GSKβ, while in the

immunoreactive in the nucleus was defined as positive for

brachyury. Positive immunoreactivity in more than 95% of

the neoplastic cells was defined as positive. The adjacent

normal tissues were used as negative controls.

RNA Isolation And Quantitative PCR

(qRT-PCR)
Total RNA was isolated from the chordoma cell line using

TRIzol® Reagent (Sigma–Aldrich). RNA was converted to

cDNA using iScript™ cDNA Synthesis Kit (Bio-Rad

Laboratories Ltd., Hercules, CA, USA). Following reverse

transcription, brachyury gene expression was determined by

quantitative real-time quantitative PCR (qRT-PCR) using

SYBR Green PCR master mix (Applied Biosystems, Foster

City, CA, USA) on the Applied Biosystems 7500 Real-Time

PCR System. The qRT-PCR conditions were as follows: 95°C

for 10min, followed by 30 cycles of 95°C for 10 s, 55°C for 35

s, and 72°C for 10 s. The following primers were used in the

study: GAPDH sense: 5ʹ-GGGAAGGTGAAGGTCGGAGT

-3ʹ, antisense: 5ʹ-TTGAGGTCAATGAAGGGGTCA-3ʹ; bra-

chyury sense: 5ʹ-CTATTCTGACAACTCACCTGCAT-3ʹ,

antisense: 5ʹ-CTATTCTGACAACTCACCTGCAT-3ʹ. GAPD

Hwas used as an internal control to normalize brachyury gene

expression. Reactionswere performed in triplicatewith a set of

standards and negative controls.
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Western Blot Analysis
Cells were treated with AR-A014418 (2.5, 5, 10, 20, 30

μM) or DMSO, as a control, for 24 h. Then protein

expression in the chordoma cell lysates was assessed by

standard sodium dodecylsulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) and Western blot analysis.

GAPDH expression was used as an internal control.

GSK3β (1:500), phosphorylated GSK3β(Ser9) (1:500)

and GAPDH (1:2000) antibodies were purchased from

Santa Cruz (California, USA). β-catenin (1:800) and bra-

chyury (1:5000) antibodies were purchased from Abcam

(Cambridge, UK).

Immunofluorescence Staining
UM-Chor1 cells were plated on coverslips in 6-well plates

containing complete medium. Cells were treated with AR-

A014418 (30 μM) or DMSO, as a control, for 24

h. Coverslips were rinsed with PBS and permeabilized

with 4% paraformaldehyde (containing 0.2% Triton-100)

for 30 min, then washed three times with PBS and incu-

bated with brachyury and β-catenin antibodies overnight at

4°C. After washing three times with PBS, cells were

incubated with Alexa Fluor ®488-conjugated anti-mouse

IgG and Alexa Fluor ® 594-conjugated anti-rabbit IgG

(Cell Signaling Technology) for 30 min. The nucleus was

stained with Hoechst. Images of fixed cells were acquired

using a confocal microscope with Laser Sharp software.

Cell Viability Assay
Cell viability was measured using the the CCK-8 tetrazolium

salt (WST-8)-based colorimetric assay. Briefly, cells were

seeded in 96-well plates at an initial density of 5000 cells

per well. At the time points indicated, spent medium was

replaced with fresh medium containing 100 μl CCK-8 solu-

tion, and the plate was incubated for 1 h. Cell viability was

detected by scanning at 450 nm using a spectrophotometric

microplate reader.

Colony Formation Assay
Cells were seeded into 6-well plates (500 cells/well) and

treated with AR-A014418 (0.1, 1 or 10μM) or DMSO, as

a control, for 12 days. Cells were then stained with 0.01%

(w/v) crystal violet, and cell colonies were counted. The

assays were performed in triplicate with at least three

replicates per treatment.

FACS (Fluorescence-Activated Cell

sorting) Analysis
Cells were seeded into 6-well plates (5×105 cells/well) and

treated with AR-A014418, rapamycin or DMSO, as

a control, for 48 h. Then cells were harvested and washed

twice with ice-cold PBS. Cells were then resuspended in

binding buffer and stained with annexin V-FITC and pro-

pidium iodide (PI) in the dark. The samples were analyzed

using a Muse® Cell Analyzer (Merck).

Statistical Analysis
Statistical analyses were performed using the SPSS 22.0

(SPSS Inc, Chicago, IL, USA) and GraphPad Prism 7

(GraphPad Software Inc., San Diego, CA, USA). Data

were presented as mean±SD of at least three independent

experiments. Two tailed Student’s t-test was used for

comparisons between two groups, and one-way analysis

of variance (ANOVA) was used for comparisons among

more than two groups. A value of P<0.05 was considered

to indicate statistical significance.

Results
Phosphorylated GSK3β And Brachyury

Were Expressed At High Levels In

Chordoma
Patient characteristics are presented in Table 1. Sixteen

paraffin-embedded specimens of primary skull base chor-

domas were collected and the expression of p-GSK3β and

brachyury was analyzed using immunohistochemical

methods. The results showed that the levels of p-GSK3β
and brachyury proteins were elevated in samples of chor-

domas tissues, compared to those in the adjacent normal

tissues (Figure 1A and B).

The GSK3β Inhibitor AR-A014418

Treatment Decreased Brachyury

Expression
The chordoma cell lines were treated with AR (GSK3β inhi-

bitor) for 24 h. The expression of brachyury mRNA signifi-

cantly decreased in chordoma cells in a dose-dependent

manner (Figure 2A).Western blotting confirmed the decreased

brachyury expression after AR treatment. Downregulated

expression of β-catenin was also observed in the AR-treated

cells (Figure 2B). In addition, immunofluorescent staining

showed that the nuclear accumulation of β-catenin was

reduced after AR (30 μM) treatment for 24 h (Figure 2C).
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Taken together, our results suggested that brachyury expres-

sion is regulated by GSK3β via a mechanism that involves the

Wnt/β-catenin signaling pathway.

AR Suppressed The Growth And Survival

Of Chordoma Cells In Vitro
Cell viability assays showed that the growth of UM-Chor1

chordoma cells was markedly suppressed after treatment

with AR (30 μM) (Figure 3A). In addition, AR treatment

of chordoma cell lines for 14 days strongly inhibited colony

formation in a dose-dependent manner (Figure 3B). Taken

together, these findings demonstrated that AR effectively

reduces survival and growth of chordoma cells in vitro,

possibly due to the inhibition of brachyury expression.

AR Induced Apoptosis Of Chordoma

Cells And Increased The Sensitivity To

The Rapamycin Chemotherapy In Vitro
To determine the effects of AR on the cellular response, we

performed cell apoptosis assays on chordoma cells after AR

treatment. Compared to the control group (treated with

DMSO), chordoma cell apoptosis increased in a dose-

dependent manner after AR treatment, and the effect reached

the level of statistical significance in the 40μM and 50μM
groups. No significant increase in apoptosis was after treat-

ment with high-dose rapamycin (500 nM). However, the

combined treatment with 500 nM rapamycin and 40 μM
AR showed a statistically significant increase in cell apopto-

sis compared to that in the single treated cells (Figure 4). The

results showed that AR induced apoptosis of chordoma cells

and increased the sensitivity to the rapamycin chemotherapy.

Discussion
At present, surgery remains the major treatment for chor-

doma and the endoscopic endonasal approach (EEA) is

becoming the preferred surgical approach.19,20 However,

achieving oncology resection is usually difficult due to the

Table 1 Clinical Features Of Chordoma Patients

No. Sex Age (Years) Tumor Site Surgical

Approach

1 M 61 Clivus EEA

2 F 59 Clivus & SR EEA

3 M 28 Clivus & CV EOA

4 F 57 Clivus & SR & NS EEA

5 F 68 Clivus & SR & NS EEA

6 M 5 Clivus & SR TA

7 M 30 Clivus & CV EEA+EOA

+OCF

8 F 35 SR EEA

9 M 54 SR EEA

10 M 4 Clivus & SR EEA

11 F 51 Clivus & SR EEA

12 M 42 Clivus & SR EEA

13 F 51 Clivus & SR & NS EEA

14 F 36 Clivus & SR & CV EEA+EOA

15 M 49 Clivus EEA

16 M 19 Clivus EEA

Abbreviations: SR, sellar region; NS, nasal sinus; CV, cervical vertebra; EEA,

endoscopic endonasal approach; EOA, endoscopic transoral approach; TA, tradi-

tional approach; OCF, occipitocervical fusion.

Brachyury
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Figure 1 Protein level of p-GSK3β and brachyury were elevated in chordomas than adjacent normal tissues (ANT). (A) Representative photomicrographs in the left panel

show positive immunoreactivity for p-GSK3β and brachyury in chordomas, while the right panel show adjacent normal tissues (ANT). (B) Histopathology scores processed
with Image J. Magnification ×200. ***p< 0.001.
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complexity of the growth site, especially in cases of skull

base chordoma. Total resection is achieved has been

reported to range from 45.1% to 83% in several

series,3,21,22 which makes the recurrent rates high. Many

patients will require repeated surgeries during the of sur-

vival period (average, approximately 6 years),23 which

severely affects the quality of life of these patients and

their families. Therefore, new and effective methods other

than surgery are urgently required to reduce tumor growth

and prolong surgery intervals.

In previous studies, brachyury was proposed as the

vital molecule in chordomas. Increased brachyury gene

copy numbers were found in both sporadic8 and familial

chordoma.23 In vitro studies in chordoma cell lines con-

firmed that cell growth was significantly inhibited by

brachyury gene-silencing.24 In addition, it has been

shown that increased brachyury expression in lung can-

cer cell lines is associated with increased resistance to

cisplatin, vinorelbine, docetaxel, and radiation in vitro

and reduced brachyury expression in tumor cells resulted
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Figure 2 AR-A014418 (AR) decreased the expression level of brachyury in chordoma cells involving Wnt/β-catenin signaling pathway. (A) After treatment of chordoma

cells with serial dilutions of AR (2.5–30 μM) or DMSO (as control), brachyury mRNA was isolated and quantified by qRT-PCR. (B) After treatment with DMSO (as control)

or AR at the indicated dose, the protein expression was assessed by Western blotting and quantified with Image J. (C) After AR (30 μM) or DMSO (as control) treatment,

the chordoma cells were stained and observed under a confocal microscope. DMSO, dimethyl sulfoxide. *p<0.05, **p< 0.01, ***p< 0.001.
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in increased tumor responsiveness to chemotherapy.25

Therefore, brachyury represents a potential target for

drug development. Based on studies of the chordoma

cell lines JHC7, UCH1, and UCH2 (all originating from

sacral chordoma), Hu et al proposed that FGF/FGFR and

brachyury promote chordoma cell growth and survival

via a positive feedback loop.26 After analyzing frozen

specimens of chordoma, Schwab et al reported that the

PI3K/AKT/mTOR pathway is activated in the tumor and

that the inhibitor PI-103 suppressed the growth of chor-

doma cell line UCH127 This theory was supported by

studies of the chordoma cell line UCH2 reported by

Otani et al.9 However, despite rational selection of agents

based on potential therapeutic targets identified in pre-

clinical studies, radiographic response rates have been

very low.28
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Figure 3 AR-A014418 (AR) suppressed growth and survival of UM-Chor1 cells. (A) After treatment with AR (30 μM) or DMSO (as control), chordoma cell growth curves

were evaluated by CCK8 assay. (B) Cells were seeded into 6-well plates at 500 cells per well in triplicate and treated with AR or DMSO (as control) for 14 days.

Representative images of three independent colony formation assays are shown. The relative colony formation ratios are based on colony counting. DMSO, dimethyl

sulfoxide. **p< 0.01, ***p< 0.001.
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Figure 4 AR-A014418 (AR) induced apoptosis and increased chemotherapy sensitivity of chordoma cells. After treatment with DMSO (as control), Rapamycin (500nM),

gradient concentration of AR (30, 40, 50μM) or a combination of rapamycin and AR for 48 h, cells were stained with Annexin-V-FITC and PI and apoptosis was examined by

flow cytometry. The percentages of chordoma cells in apoptosis are shown. DMSO, dimethyl sulfoxide. **p< 0.01, ***p< 0.001.
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Chordoma is believed to originate from residual embryonic

chordate tissue, and brachyury is specifically expressed in the

embryonic stage as an important molecule guiding mesoderm

differentiation. Previous studies of embryonic stem cell differ-

entiation and proliferation indicated that brachyury expression

is regulated by theWnt signaling pathway;15,29 however, there

is no current evidence for this mechanism in chordoma.

GSK3β is known as the central molecule in canonical

Wnt signaling. In this study, we observed that phosphory-

lated-GSK3β is highly expressed in skull base chordoma. In

biochemical studies of skull base chordoma cell lines, we

observed that GSK3β inhibition downregulated the expres-

sion of brachyury. Furthermore, Western blot analysis

showed a corresponding decreased in β-catenin expression.

We also observed that nuclear accumulation of β-catenin was
reduced, suggesting that brachyury expression is regulated

by the Wnt/β-catenin pathway. The AR-induced decrease in

brachyury expression was associated with reduced chordoma

cell viability. Moreover, the cells become more sensitive to

the chemotherapy drug rapamycin, which is consistent with

cases of other cancer.30,31 These results suggest that brachy-

ury expression in chordoma is regulated by the Wnt/β-
catenin pathway and inhibition of this pathway suppresses

the growth and survival of chordoma cells. Thus, the GSK3β
inhibitor AR-A014418 is implicated as a potential adjuvant

chemotherapeutic agent in chordoma. Interestingly, GSK3

activity is also dysregulated in numerous neurodegenerative

disorders such as Alzheimer’s Disease and Parkinson’s

Disease;32 thus, GSK3 is also a promising therapeutic target

in these conditions. Independent studies have demonstrated

that direct or indirect inhibition of GSK3β improves the

condition of neurological disorders.33–39 It is reported that

AR-A014418 can prevent dopaminergic neurons from

MPTP-induced apoptosis and be candidates for PD

treatment.38 However, changes in GSK3β activity can leads

to several side-effects because of the pleiotropic function of

the kinase in cellular physiology and a variety of functional

cross-talk. Thus, GSK3β inhibition as a treatment approach

remains a challenge in clinical practice.

Conclusion
This study provides evidence that, similar to embryonic stem

cells, the Wnt/β-catenin signaling pathway is activated in

chordoma cells, which are known to originate from residual

embryonic chordate tissue. Inhibition of Wnt/β-catenin by

a GSK3β inhibitor (AR-A014418) downregulated brachyury
expression, leading to suppression of the growth and survival

of skull base chordoma cells in vitro. Furthermore, AR

significantly increased the sensitivity of chordoma cells to

the rapamycin chemotherapy. Overall, this study provides

evidence for the clinical development of the GSK3β inhibitor
AR-A014418 as a potential adjuvant chemotherapeutic agent

in the treatment of chordoma.
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