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Abstract

Background: Brachyury has recently garnered attention as both a biomarker and a causative factor in chordoma

development, making it a promising therapeutic target.

Objectives: Herein, we report a systematic review and meta-analysis to evaluate brachyury as a diagnostic biomarker and

therapeutic molecular target in chordomas.

Methods: Scopus, PubMed/Medline, Cochrane Library databases, and Web of Science were searched up to July 18, 2024, without

any restrictions. The Comprehensive Meta-Analysis version 3.0 software was used to calculate the event rate (ER) with a 95%

confidence interval (CI). We utilized STRING to explore functional interactions among the studied genes.

Results: Twenty-five studies related to the expression of brachyury and five related to the treatment vaccine of brachyury were

included in this category. The ER of brachyury expression among chordoma patients was 92.2% (95% CI: 87.3% - 95.3%), with I² =

74.65%. Among the five studies related to treatment vaccines, there were three studies with Phase 1, one with Phase 2, and a case

report.

Conclusions: The high expression suggests that brachyury serves as a reliable diagnostic marker for chordomas. The findings

indicate potential therapeutic implications for targeting brachyury in chordoma treatment.
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1. Background

A chordoma is a type of sarcoma characterized by

low-grade, slow-growing behavior, yet it exhibits local

invasiveness and aggressiveness (1). The incidence rate

varies between 0.18 and 0.84 per million individuals

annually and shows geographical and likely racial

differences (2). Most chordomas originate in the skull

base and sacrococcygeal spine, with a clear male

predominance (2). The overall 5-year survival rate is

around 50% with en bloc surgical resection followed by

proton beam radiation (1).

In the context of skull base chordoma, prior studies

have indicated that disease recurrence, incomplete or

intralesional tumor resection, absence of postoperative

radiotherapy, and the classic chordoma subtype

correlate with unfavorable patient outcomes (3-5).

Furthermore, studies have provided accumulating

evidence supporting the use of molecular biomarkers

for predicting prognosis in both skull base and spinal

chordomas (5, 6). Recently, the nuclear transcription

factor brachyury, an immunohistochemical marker

associated with notochordal differentiation, has

emerged as an exceptionally sensitive and specific

diagnostic tool for identifying chordomas, even in extra-

axial locations, and distinguishing them from

myoepithelial tumors or para chordomas (7-10).

Brachyury, also known as the T-gene and TBXT, serves

as the founding member of a transcription factor family
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characterized by the presence of the T-box a 200 amino

acid DNA-binding domain (11). Located at 6q27 (10),

brachyury has recently garnered attention as both a

biomarker and a causative factor in chordoma

development, making it a promising therapeutic target

(12). Notably, a significant subset of brachyury’s targets

is involved in cell cycle regulation, including genes such

as NUSAP1 and BUB1, which play roles in spindle

checkpoint control and cell proliferation (13, 14).

Additionally, brachyury influences genes encoding

extracellular matrix components, such as laminin

alpha2, collagen type VI alpha3, and olfactomedin (15).

2. Objectives

Our team embarked on a novel endeavor to

systematically evaluate brachyury’s diagnostic and

therapeutic potential in chordomas through a

comprehensive review and meta-analysis.

3. Methods

The research question, framed in the context of PECO

and PICO, was: What is the prevalence of brachyury

expression in chordomas in studies reporting on

chordoma patients? Additionally, what are the effects of

brachyury therapy on chordomas in studies involving

chordoma patients?

3.1. Identification of Articles

A comprehensive review was performed by one

researcher (M.S.) across multiple databases, including

PubMed/Medline, Scopus, Cochrane Library, and Web of

Science, up to July 18, 2024, without any restrictions.

Another researcher (A.S.) evaluated the titles and

abstracts of the retrieved articles and accessed full texts

for those meeting the eligibility criteria. The search

strategy involved terms related to chordoma and

immunotherapy, including keywords such as

‘immunotherapy,’ ‘immune,’ ‘vaccine,’ ‘brachyury,’ ‘GI-

6301,’ and ‘vaccine encoding brachyury.’ Additionally,

reference lists of relevant articles were examined to

ensure that no significant studies were overlooked.

Another author (N.G.) also verified the search and

selection procedures.

3.2. Selection Criteria

3.2.1. Inclusion Criteria

(1) Studies examining brachyury expression or

brachyury therapy in individuals diagnosed with

chordoma.

(2) Chordoma diagnosis is based on either clinical or

pathological criteria.

(3) Chordoma patients without other systemic

diseases, with control subjects being healthy individuals

or those without cancer.

3.2.2. Exclusion Criteria

(1) Review articles, meta-analyses, and systematic

reviews.

(2) Studies conducted on animals.

(3) Articles lacking complete data or without a

control group.

(4) Conference papers.

(5) Studies where the control group included

individuals with systemic diseases.

(6) Book chapters and duplicate studies.

(7) Studies involving cases under active treatment.

3.3. Data Summary

Two authors (M. S. and A. S.) independently collected

the data from the original studies. Any differences were

resolved through joint discussion.

3.4. Statistical Analyses

The Comprehensive Meta-Analysis version 3.0 (CMA

3.0) software was used to calculate the effect sizes, which

were presented as the event rate (ER) with a 95%

confidence interval (CI). Begg’s and Egger’s tests were

used to assess the presence of publication bias, with P-

values less than 0.10 (2-sided) indicating the presence of

publication bias.

In terms of sensitivity analysis, the "one-study-

removed" and "cumulative" analyses were conducted to

assess the disproportionate impact and the effect of

each additional study on the overall estimate,

respectively. To reduce bias and heterogeneity, we did

not include studies with fewer than 10 cases for

expression.

We utilized the protein-protein interaction (PPI)

network software called STRING to explore functional

interactions among the studied genes. Our analysis was

conducted using the STRING database (accessed on May

5, 2024; https://string-db.org) with a focus on 'Homo
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sapiens.' For constructing the PPI networks, we

considered interactions with an interaction score

exceeding 0.400. In these networks, proteins are

represented as nodes, and their interactions are

depicted as edges. This approach allowed us to

investigate potential interactions among differentially

expressed genes related to various tissues.

4. Results

4.1. Study Selection

Figure 1 outlines the study selection process for the

systematic review or meta-analysis. The initial step

involves identifying records from various databases,

with a total of 726 records represented in four databases

and other electronic sources. After removing duplicates,

a total of 370 records remained. Next, the screening

phase commenced. All 370 records underwent scrutiny,

leading to the exclusion of 251 records due to

ineligibility reasons. Subsequently, 119 full-text articles

were assessed for eligibility. Among these, 89 articles

were excluded based on specific reasons. The eligible

studies were then categorized as follows:

- Qualitative synthesis: A total of 30 studies were

included.

- Quantitative synthesis (meta-analysis): Another set

of 30 studies, including 25 related to the expression of

brachyury (7-10, 16-36) and 5 related to the treatment

vaccine of brachyury (37-41), made it into this category.

4.2. Study Features

Table 1 shows the characteristics of the studies

reporting the expression of brachyury in chordomas.

The studies were reported from 2006 to 2024 and

included 999 cases of chordoma.

4.3. Pooled Analysis

Figure 2 represents the random-effects forest plot of

the ER of brachyury expression in chordomas. The ER

was 92.2% (95% CI: 87.3% - 95.3%), and I² = 74.65%.

4.4. Sensitivity Analysis

The sensitivity analyses did not change the pooled

ER, indicating that the result is stable.

4.5. Publication Bias

Both Egger's and Begg's tests were performed on the

pooled analysis. Figure 3 shows the funnel plot of the ER

of brachyury expression in chordomas. The P-values for

Egger's and Begg's tests were < 0.00001 and 0.30413,

respectively. Therefore, there was moderate bias across

the studies.

4.6. Brachyury Therapy

Five studies reported the effect of the brachyury

vaccine in chordomas (Table 2). One case report (41),

three phase 1 trials (37, 39, 40), and one phase 2 trial (38)

reported their results. In a phase 1 trial by Collins (2020),

the combination of the modified vaccine Ankara (MVA)-

Bavarian Nordic-Brachyury vaccine was found to be safe

and triggered immune responses against brachyury in

advanced chordoma patients. DeMaria et al. (2021)

conducted a phase 2 study with the Yeast-Brachyury

Vaccine (GI-6301) combined with radiotherapy (RT) in

locally advanced chordoma. While GI-6301 was safe, it

did not significantly improve the effectiveness of RT

(38). DeMaria’s Phase 1 study (2021) using the modified

vaccinia Ankara (MVA)-Bavarian Nordic-brachyury

TRICOM vaccine showed promising results, including

tumor size reduction (39). Heery et al. (2015) explored GI-

6301 in advanced chordoma patients, with some disease

control observed (40). Lastly, Pastor et al. (2020)

reported a case of metastatic chordoma undergoing

brachyury vaccine immunotherapy and contracting

COVID-19 (41).

4.7. String Results

Experimentally determined significant interactions

of TBX1 with NOTO, SMAD2, FOXH1, TEAD2, YAP1, SMAD3,

and FOXA2 were found in curated databases (Figure 4).

This indicates that the significant interaction of TBX1

with YAP1 has been established through experimental

and biochemical data. The coexpression analysis

revealed only poor coexpression of TBX1 with FOXH1

(coexpression score: 0.103) and FOXA2 (coexpression

score: 0.049).

5. Discussion

An event rate (ER) of 92.2% (95% CI: 87.3% - 95.3%) for

brachyury expression in chordomas was observed, with

moderate heterogeneity (I² = 74.65%). Publication bias

analysis revealed moderate bias across studies.

Individual studies explored vaccine safety, clinical

https://brieflands.com/articles/jrps-151774
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Figure 1. Flowchart of study selection

outcomes, and tumor response in chordoma patients.

Notably, the MVA-Bavarian Nordic-Brachyury vaccine

triggered immune responses, but its impact on

radiotherapy effectiveness varied. Additionally, a case

report suggested that immune-enhancing therapy

might offer protection against SARS-CoV-2.

Chordomas, rare malignant tumors occurring along

the spine, warrant consideration in the differential

diagnosis for midline tumors of the axial skeleton,

regardless of their morphology (42).

Immunohistochemistry targeting T brachyury can aid

in distinguishing chordoma from its mimics (32).

Brachyury expression is closely linked to chordoma

development and progression (43). Notably,

approximately 90% of pathologically confirmed

chordomas exhibit positive brachyury expression (9),

and our meta-analysis revealed an estimated rate of

92.2% for brachyury expression in chordomas.

Surgical resection remains the established treatment

approach for chordoma. However, recent evidence

highlights brachyury’s dual role as a diagnostic marker

and potential therapeutic target (44, 45). Brachyury is

implicated in epithelial-to-mesenchymal transition,

along with IL-8 and TGF-β (46-49). These findings suggest

that brachyury endows tumor cells with a mesenchymal

phenotype, promoting migration and invasion (39, 48).

The Bavarian Nordic-Brachyury vaccine, which is well-

tolerated and capable of inducing immune responses to

brachyury and cascade antigens, shows promising

clinical benefits (37-39). Brachyury positivity correlates

with improved 5-year progression-free survival in skull

base chordoma (29).

The FGF/MEK/ERK pathway influences brachyury

expression and signaling in chordomas, potentially

contributing to chordomagenesis (45, 50). In mouse

embryos, both brachyury and FOXA2 are upstream of

the homeobox gene Noto, which is down-regulated in

mutant embryos for either gene, suggesting a

synergistic interaction within a compact regulatory

region (51, 52). Brachyury plays a critical role in

stemness regulation in chordoma and other aggressive

cancers. Unexpectedly, it controls the synthesis and

https://brieflands.com/articles/jrps-151774
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Table 1. Characteristics of the Studies Reporting Expression of Brachyury in Chordomas

First Author, Year Total
Cases

Cases with Brachyury
Expression Age (Y); (Mean ± SD) Tumor Site

Aviel-Ronen, 2016
( 16) 18 18 59.2 ± 13.98 Chest wall, cranium, spine

Clayton, 2013 ( 17) 10 10 NA Axial (clivus, cervical spine, thoracic spine, and lumbar spine) and extra-axial (paraspinal soft
tissue at L3-L4)

Dridi, 2021 ( 18) 62 37 57.7 ± 17.1 Skull, mobile spine (cervical, thoracic, or lumbar) and the sacrum

Hong, 2024 ( 19) 100 98 Median (IQR): 44 (30 - 58) Clivus

Indelicato, 2021 ( 20) 14 13 median (range): 4.3 (1.0 - 10.7) Skull base/cervical spine

Jäger, 2017 ( 21) 24 24
Median (IQR): 49 (40; 80) for clivus versus 70 (51; 75.75)
for sacral Clivus and sacral

Jambhekar, 2010
( 10) 51 46 Median (range): 54 (22 - 78) Axial

Jo, 2014 ( 22) 20 17 NA Sacrococcyx, spine, and skull base

Kitamura, 2013 ( 23) 37 30 43.6 (range: 10 - 75) Skull base

Lauer, 2013 ( 24) 10 10 44 (range: 13 - 71) Soft tissue

Lv, 2019 ( 25) 86 86 44.8 ± 20.4 Extra-axial

Miettinen, 2015 ( 26) 76 75 NA NA

Mobley, 2010 ( 27) 14 14 NA Sacrum and clivus (poorly differentiated chordomas, and typical chordomas)

Oakley, 2008 ( 9) 73 51 41 (range: 22 - 62) Skull base

Otani, 2018 ( 28) 27 27 Range: 26 - 77 Skull base

Pattankar, 2022 ( 29) 20 14 39.7 ± 13 Skull base

Scheipl, 2012 ( 30) 44 44 median (range): 54 (24 - 90) NA

Shen, 2013 ( 31) 46 46 Range 17 - 79 Cords, strands, or solid nests

Shih, 2018 ( 32) 18 18 11.9 (range: 1 to 29) NA

Tirabosco, 2008 ( 7) 12 10 45.9 (range: 16 to 68) Extra-axial skeletal and soft tissue

Vujovic, 2006 ( 8) 53 53 NA NA

Wakely, 2023 ( 33) 24 23 Range: 5 to 81 Sacrum, hemipelvis, upper back, coccyx, obturator foramen, neural foramen, and vertebra

Wang, 2015 ( 34) 57 52 35.7 ± 13 Skull base

Zhai, 2017 ( 35) 25 25 14.44 (range: 8 to 19) Clivus

Zhang, 2013 ( 36) 78 59 NA Sacral and mobile spine

Abbreviations: NA, not available; IQR, interquartile; SD, standard deviation.

Figure 2. Forest plot of event rate of expression of brachyury in chordomas

stability of Yes-associated protein (YAP), a key regulator of tissue growth and homeostasis (53). The brachyury-

https://brieflands.com/articles/jrps-151774
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Figure 3. Funnel plot of event rate of expression of brachyury in chordomas

Table 2. Characteristics of the Studies Reporting the Effect of Brachyury Vaccine in Chordomas

First

Author,

Year

Study Design Intervention Cases Main Results

Collins,

2020 ( 37)
Phase 1

Advanced chordoma with modified

vaccine Ankara (MVA)-Bavarian

Nordic-Brachyury vaccine

3
The combination of MVA and fowlpox virus vaccines targeting brachyury is safe and triggers immune responses against brachyury and

related antigens, potentially leading to the destruction of tumor cells through immunological mechanisms.

DeMaria,

2021 ( 38)

Phase 2, randomized,

double-blind,

placebo-controlled

Locally advanced, unresectable

chordoma with Yeast-Brachyury

Vaccine (GI-6301) combined to

Radiotherapy (RT)

11: GI-6301+ RT

group; 13:

Placebo

group

While GI-6301 was deemed safe, the clinical outcomes and immune data did not demonstrate that the yeast brachyury vaccine

improved the in vivo effectiveness of RT in chordoma patients. The median progression-free survival (PFS) for the vaccine and placebo

groups was 20.6 and 25.9 months, respectively. Importantly, the vaccine was well tolerated, with no vaccine-related serious adverse

events.

DeMaria,

2021 a ( 39)

Phase 1 open-label, 3

+ 3 design, dose-

escalation

Advanced chordoma with modified

vaccinia Ankara (MVA)-Bavarian

Nordic-brachyury TRICOM vaccine

10

Following treatment, a patient with advanced sacral chordomas exhibited a partial response, which was notable. Additionally, three

patients experienced clinical benefits in the form of reduced pain. Notably, there was a dose-dependent trend observed for fever,

chills/rigor, and hypotension. Tumor size decreased by 33% and by 66% according to exploratory volumetric measurements.

Heery, 2015

( 40)
Phase 1 Advanced chordoma with GI-6301 11

During the trial, two chordoma patients exhibited signs of disease control—one with a mixed response (MR) and another with a partial

response. Interestingly, both patients had received radiation treatment for their tumors approximately 3 months before enrolling in

the vaccine study. Notably, in the patient with the MR, the lesion that responded to the vaccine was the same one that had previously

received radiation, while the non-responding lesion did not. The median progression-free survival (PFS) for patients with chordomas

was 253 days (with a range from 41 days to beyond 600 days).

Pastor,

2020 ( 41)
Case report

Metastatic chordoma was diagnosed

with COVID-19 while went under

intravenous brachyury vaccine

immunotherapy

1 Brachyury vaccine immunotherapy had a protection against SARS-CoV-2.

YAP regulatory pathway is related to tumor

aggressiveness, offering potential therapeutic targets

(53).

Brachyury has garnered attention in tumorigenesis

and therapy due to its activation by multiple signaling

pathways and its role in regulating a complex

downstream network (48). As clinical trials for

therapeutic cancer vaccines continue to develop (37-40),

brachyury emerges as a promising target for controlling

advanced cancer populations.

Our systematic review and meta-analysis had two

significant limitations. First, due to the limited number

of trials, we couldn’t thoroughly examine the

characteristics and side effects of brachytherapy in

chordoma or perform a meta-analysis specifically

related to treatment. This limitation arises from the

relatively new status of brachytherapy as a treatment for

chordoma, leaving room for future trials. Second, there

was moderate bias across studies reporting brachyury

expression in chordoma. This bias could be attributed to

differences in patient selection, including demographic,

clinical, and pathological factors.

5.1. Conclusions

An event rate of 92.2% was observed for brachyury

expression in chordomas. This high expression suggests

that brachyury serves as a reliable diagnostic marker for

chordomas. In addition, brachyury serves as a specific

marker for chordoma, aiding in its differential

diagnosis from other tumors with similar histology. The

https://brieflands.com/articles/jrps-151774
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Figure 4. Protein-Protein Interaction (PPI) network graph and heatmap for TBX1 gene from STRING database. The graph shows gene interactions in medium confidence (0.400)
involving the number of nodes: 11, number of edges: 35, average of degree: 6.36, PPI enrichment P-value: 9.54e-9. Each node (colored circle) shows a gene, and each edge (line)
shows an interaction between two genes.

findings suggest potential therapeutic implications for

targeting brachyury in chordoma treatment.

Future research should explore personalized

approaches to enhance the efficacy of brachyury-

targeted therapies. Investigating the interplay between

brachyury expression, immune responses, and

treatment outcomes could guide novel therapeutic

strategies.

Footnotes

Authors' Contribution: Study concept and design: A.

S. and M. S.; acquisition of data: N. G.; analysis and

interpretation of data: M. S.; drafting of the manuscript:

M. S.; critical revision of the manuscript for important

intellectual content: A. S. and N. G.; statistical analysis:

M. S.; administrative, technical, and material support: A.

S. and N. G., and M. S.; study supervision: A. S.

Conflict of Interests Statement: The authors

declared that they have no conflict of interests.

Data Availability: The dataset presented in the study

is available on request from the corresponding author

during submission or after publication.

Funding/Support: There is no financial support and

sponsorship.

References

1. Tenny S, Varacallo M. Chordoma. StatPearls. Treasure Island:

StatPearls Publishing; 2024.

2. Bakker SH, Jacobs WCH, Pondaag W, Gelderblom H, Nout RA, Dijkstra

PDS, et al. Chordoma: a systematic review of the epidemiology and

clinical prognostic factors predicting progression-free and overall

survival. Eur Spine J. 2018;27(12):3043-58. [PubMed ID: 30220042].

https://doi.org/10.1007/s00586-018-5764-0.

3. Wang L, Wu Z, Tian K, Wang K, Li D, Ma J, et al. Clinical features and

surgical outcomes of patients with skull base chordoma: a

retrospective analysis of 238 patients. J Neurosurg. 2017;127(6):1257-67.

[PubMed ID: 28059654]. https://doi.org/10.3171/2016.9.Jns16559.

4. Zhai Y, Bai J, Wang S, Gao H, Li M, Li C, et al. Analysis of clinical factors

and PDGFR-β in predicting prognosis of patients with clival

chordoma. J Neurosurg. 2018;129(6):1429-37. [PubMed ID: 29303447].

https://doi.org/10.3171/2017.6.Jns17562.

5. Zou MX, Lv GH, Zhang QS, Wang SF, Li J, Wang XB. Prognostic Factors

in Skull Base Chordoma: A Systematic Literature Review and Meta-

Analysis. World Neurosurg. 2018;109:307-27. [PubMed ID: 29045855].

https://doi.org/10.1016/j.wneu.2017.10.010.

6. Zou MX, Lv GH, Wang XB, Li J. Prognostic Biomarkers in Spinal

Chordoma: A Systematic Review. J Neuropathol Exp Neurol.

2016;75(12):1184-7. [PubMed ID: 27941139].

https://doi.org/10.1093/jnen/nlw094.

7. Tirabosco R, Mangham DC, Rosenberg AE, Vujovic S, Bousdras K,

Pizzolitto S, et al. Brachyury expression in extra-axial skeletal and soft

https://brieflands.com/articles/jrps-151774
http://www.ncbi.nlm.nih.gov/pubmed/30220042
https://doi.org/10.1007/s00586-018-5764-0
http://www.ncbi.nlm.nih.gov/pubmed/28059654
https://doi.org/10.3171/2016.9.Jns16559
http://www.ncbi.nlm.nih.gov/pubmed/29303447
https://doi.org/10.3171/2017.6.Jns17562
http://www.ncbi.nlm.nih.gov/pubmed/29045855
https://doi.org/10.1016/j.wneu.2017.10.010
http://www.ncbi.nlm.nih.gov/pubmed/27941139
https://doi.org/10.1093/jnen/nlw094


Sheikhi A et al. Brieflands

8 J Rep Pharm Sci. 2024; 12(1): e151774

tissue chordomas: a marker that distinguishes chordoma from

mixed tumor/myoepithelioma/parachordoma in soft tissue. Am J

Surg Pathol. 2008;32(4):572-80. [PubMed ID: 18301055].

https://doi.org/10.1097/PAS.0b013e31815b693a.

8. Vujovic S, Henderson S, Presneau N, Odell E, Jacques TS, Tirabosco R,

et al. Brachyury, a crucial regulator of notochordal development, is a

novel biomarker for chordomas. J Pathol. 2006;209(2):157-65.

[PubMed ID: 16538613]. https://doi.org/10.1002/path.1969.

9. Oakley GJ, Fuhrer K, Seethala RR. Brachyury, SOX-9, and podoplanin,

new markers in the skull base chordoma vs chondrosarcoma

differential: a tissue microarray-based comparative analysis. Mod

Pathol. 2008;21(12):1461-9. [PubMed ID: 18820665]. [PubMed Central

ID: PMC4233461]. https://doi.org/10.1038/modpathol.2008.144.

10. Jambhekar N, Rekhi B, Thorat K, Dikshit R, Agrawal M, Puri A.

Revisiting Chordoma With Brachyury, a "New Age'' Marker Analysis

of a Validation Study on 51 Cases. Arch patholo lab med. 2010;134:1181-7.

https://doi.org/10.1043/2009-0476-OA.1.

11. Smith J. Brachyury and the T-box genes. Curr Opin Genet Dev.

1997;7(4):474-80. [PubMed ID: 9309177]. https://doi.org/10.1016/s0959-

437x(97)80073-1.

12. Nibu Y, José-Edwards DS, Di Gregorio A. From notochord formation to

hereditary chordoma: the many roles of Brachyury. Biomed Res Int.

2013;2013:826435. [PubMed ID: 23662285]. [PubMed Central ID:

PMC3626178]. https://doi.org/10.1155/2013/826435.

13. Raemaekers T, Ribbeck K, Beaudouin J, Annaert W, Van Camp M,

Stockmans I, et al. NuSAP, a novel microtubule-associated protein

involved in mitotic spindle organization. J Cell Biol. 2003;162(6):1017-

29. [PubMed ID: 12963707]. [PubMed Central ID: PMC2172854].

https://doi.org/10.1083/jcb.200302129.

14. Ricke RM, van Deursen JM. Aurora B hyperactivation by Bub1

overexpression promotes chromosome missegregation. Cell Cycle.

2011;10(21):3645-51. [PubMed ID: 22033440]. [PubMed Central ID:

PMC3266005]. https://doi.org/10.4161/cc.10.21.18156.

15. Nelson AC, Pillay N, Henderson S, Presneau N, Tirabosco R, Halai D, et

al. An integrated functional genomics approach identifies the

regulatory network directed by brachyury (T) in chordoma. J Pathol.

2012;228(3):274-85. [PubMed ID: 22847733]. [PubMed Central ID:

PMC6089345]. https://doi.org/10.1002/path.4082.

16. Aviel-Ronen S, Zadok O, Vituri A, Nass D, Schwartz I, Avivi C, et al. α-

methylacyl-CoA racemase (AMACR) expression in chordomas

differentiates them from chondrosarcomas. Sci Rep. 2016;6:21277.

[PubMed ID: 26888362]. [PubMed Central ID: PMC4758046].

https://doi.org/10.1038/srep21277.

17. Clayton EF, Ziober A, Yao Y, Bing Z. Malignant tumors with clear cell

morphology: a comparative immunohistochemical study with renal

cell carcinoma antibody, Pax8, steroidogenic factor 1, and brachyury.

Ann Diagn Pathol. 2013;17(2):192-7. [PubMed ID: 23218904].

https://doi.org/10.1016/j.anndiagpath.2012.10.006.

18. Dridi M, Boutonnat J, Dumollard JM, Peoc'h M, Karpathiou G.

Patterns of brachyury expression in chordomas. Ann Diagn Pathol.

2021;53:151760. [PubMed ID: 33989961].

https://doi.org/10.1016/j.anndiagpath.2021.151760.

19. Hong S, Shinya Y, Mahajan A, Laack NN, O'Brien EK, Stokken JK, et al.

Long-term outcome of primary clival chordomas: a single-center

retrospective study with an emphasis on the timing of recurrences

based on the primary treatment. Neurosurg Focus. 2024;56(5). E4.

[PubMed ID: 38691852]. https://doi.org/10.3171/2024.2.Focus23924.

20. Indelicato DJ, Rotondo RL, Mailhot Vega RB, Holtzman AL, Looi WS,

Morris CG, et al. Local Control After Proton Therapy for Pediatric

Chordoma. Int J Radiat Oncol Biol Phys. 2021;109(5):1406-13. [PubMed

ID: 33253819]. https://doi.org/10.1016/j.ijrobp.2020.11.051.

21. Jäger D, Barth TF, Brüderlein S, Scheuerle A, Rinner B, von Witzleben

A, et al. HOXA7, HOXA9, and HOXA10 are differentially expressed in

clival and sacral chordomas. Sci Rep. 2017;7(1):2032.

https://doi.org/10.1038/s41598-017-02174-5.

22. Jo VY, Hornick JL, Qian X. Utility of brachyury in distinction of

chordoma from cytomorphologic mimics in fine-needle aspiration

and core needle biopsy. Diagn Cytopathol. 2014;42(8):647-52. [PubMed

ID: 24554551]. https://doi.org/10.1002/dc.23100.

23. Kitamura Y, Sasaki H, Kimura T, Miwa T, Takahashi S, Kawase T, et al.

Molecular and clinical risk factors for recurrence of skull base

chordomas: gain on chromosome 2p, expression of brachyury, and

lack of irradiation negatively correlate with patient prognosis. J

Neuropathol Exp Neurol. 2013;72(9):816-23. [PubMed ID: 23965741].

https://doi.org/10.1097/NEN.0b013e3182a065d0.

24. Lauer SR, Edgar MA, Gardner JM, Sebastian A, Weiss SW. Soft tissue

chordomas: a clinicopathologic analysis of 11 cases. Am J Surg Pathol.

2013;37(5):719-26. [PubMed ID: 23588366].

https://doi.org/10.1097/PAS.0b013e31827813e7.

25. Lv GH, Zou MX, Liu FS, Zhang Y, Huang W, Ye A, et al.

Clinicopathological and Prognostic Characteristics in Extra-Axial

Chordomas: An Integrative Analysis of 86 Cases and Comparison

With Axial Chordomas. Neurosurgery. 2019;85(3):E527-e542. [PubMed

ID: 30892619]. https://doi.org/10.1093/neuros/nyz073.

26. Miettinen M, Wang Z, Lasota J, Heery C, Schlom J, Palena C. Nuclear

Brachyury Expression Is Consistent in Chordoma, Common in Germ

Cell Tumors and Small Cell Carcinomas, and Rare in Other

Carcinomas and Sarcomas: An Immunohistochemical Study of 5229

Cases. Am J Surg Pathol. 2015;39(10):1305-12. [PubMed ID: 26099010].

[PubMed Central ID: PMC4567944].

https://doi.org/10.1097/pas.0000000000000462.

27. Mobley BC, McKenney JK, Bangs CD, Callahan K, Yeom KW,

Schneppenheim R, et al. Loss of SMARCB1/INI1 expression in poorly

differentiated chordomas. Acta Neuropathol. 2010;120(6):745-53.

[PubMed ID: 21057957]. https://doi.org/10.1007/s00401-010-0767-x.

28. Otani R, Mukasa A, Shin M, Omata M, Takayanagi S, Tanaka S, et al.

Brachyury gene copy number gain and activation of the PI3K/Akt

pathway: association with upregulation of oncogenic Brachyury

expression in skull base chordoma. J Neurosurg. 2018;128(5):1428-37.

[PubMed ID: 28753115]. https://doi.org/10.3171/2016.12.Jns161444.

29. Pattankar S, Warade A, Misra BK, Deshpande RB. Long-term outcome

of adjunctive Gamma Knife radiosurgery in skull-base chordomas

and chondrosarcomas: An Indian experience. J Clin Neurosci.

2022;96:90-100. [PubMed ID: 35030499].

https://doi.org/10.1016/j.jocn.2021.12.018.

30. Scheipl S, Froehlich EV, Leithner A, Beham A, Quehenberger F, Mokry

M, et al. Does insulin-like growth factor 1 receptor (IGF-1R) targeting

provide new treatment options for chordomas? A retrospective

clinical and immunohistochemical study. Histopatholo.

2012;60(6):999-1003. [PubMed ID: 22372631].

https://doi.org/10.1111/j.1365-2559.2012.04186.x.

31. Shen J, Shi Q, Lu J, Wang DL, Zou TM, Yang HL, et al. Histological study

of chordoma origin from fetal notochordal cell rests. Spine (Phila Pa

1976). 2013;38(25):2165-70. [PubMed ID: 24296480].

https://doi.org/10.1097/brs.0000000000000010.

https://brieflands.com/articles/jrps-151774
http://www.ncbi.nlm.nih.gov/pubmed/18301055
https://doi.org/10.1097/PAS.0b013e31815b693a
http://www.ncbi.nlm.nih.gov/pubmed/16538613
https://doi.org/10.1002/path.1969
http://www.ncbi.nlm.nih.gov/pubmed/18820665
https://www.ncbi.nlm.nih.gov/pmc/PMC4233461
https://doi.org/10.1038/modpathol.2008.144
https://doi.org/10.1043/2009-0476-OA.1
http://www.ncbi.nlm.nih.gov/pubmed/9309177
https://doi.org/10.1016/s0959-437x(97)80073-1
https://doi.org/10.1016/s0959-437x(97)80073-1
http://www.ncbi.nlm.nih.gov/pubmed/23662285
https://www.ncbi.nlm.nih.gov/pmc/PMC3626178
https://doi.org/10.1155/2013/826435
http://www.ncbi.nlm.nih.gov/pubmed/12963707
https://www.ncbi.nlm.nih.gov/pmc/PMC2172854
https://doi.org/10.1083/jcb.200302129
http://www.ncbi.nlm.nih.gov/pubmed/22033440
https://www.ncbi.nlm.nih.gov/pmc/PMC3266005
https://doi.org/10.4161/cc.10.21.18156
http://www.ncbi.nlm.nih.gov/pubmed/22847733
https://www.ncbi.nlm.nih.gov/pmc/PMC6089345
https://doi.org/10.1002/path.4082
http://www.ncbi.nlm.nih.gov/pubmed/26888362
https://www.ncbi.nlm.nih.gov/pmc/PMC4758046
https://doi.org/10.1038/srep21277
http://www.ncbi.nlm.nih.gov/pubmed/23218904
https://doi.org/10.1016/j.anndiagpath.2012.10.006
http://www.ncbi.nlm.nih.gov/pubmed/33989961
https://doi.org/10.1016/j.anndiagpath.2021.151760
http://www.ncbi.nlm.nih.gov/pubmed/38691852
https://doi.org/10.3171/2024.2.Focus23924
http://www.ncbi.nlm.nih.gov/pubmed/33253819
https://doi.org/10.1016/j.ijrobp.2020.11.051
https://doi.org/10.1038/s41598-017-02174-5
http://www.ncbi.nlm.nih.gov/pubmed/24554551
https://doi.org/10.1002/dc.23100
http://www.ncbi.nlm.nih.gov/pubmed/23965741
https://doi.org/10.1097/NEN.0b013e3182a065d0
http://www.ncbi.nlm.nih.gov/pubmed/23588366
https://doi.org/10.1097/PAS.0b013e31827813e7
http://www.ncbi.nlm.nih.gov/pubmed/30892619
https://doi.org/10.1093/neuros/nyz073
http://www.ncbi.nlm.nih.gov/pubmed/26099010
https://www.ncbi.nlm.nih.gov/pmc/PMC4567944
https://doi.org/10.1097/pas.0000000000000462
http://www.ncbi.nlm.nih.gov/pubmed/21057957
https://doi.org/10.1007/s00401-010-0767-x
http://www.ncbi.nlm.nih.gov/pubmed/28753115
https://doi.org/10.3171/2016.12.Jns161444
http://www.ncbi.nlm.nih.gov/pubmed/35030499
https://doi.org/10.1016/j.jocn.2021.12.018
http://www.ncbi.nlm.nih.gov/pubmed/22372631
https://doi.org/10.1111/j.1365-2559.2012.04186.x
http://www.ncbi.nlm.nih.gov/pubmed/24296480
https://doi.org/10.1097/brs.0000000000000010


Sheikhi A et al. Brieflands

J Rep Pharm Sci. 2024; 12(1): e151774 9

32. Shih AR, Cote GM, Chebib I, Choy E, DeLaney T, Deshpande V, et al.

Clinicopathologic characteristics of poorly differentiated chordoma.

Mod Pathol. 2018;31(8):1237-45. [PubMed ID: 29483606].

https://doi.org/10.1038/s41379-018-0002-1.

33. Wakely PJ, Saoud C, Ali SZ. Chordoma: analysis of 47 fine-needle

aspiration biopsy, cytologic imprint, and small biopsy specimens. J

Am Soc Cytopathol. 2023;12(1):30-40. [PubMed ID: 36270910].

https://doi.org/10.1016/j.jasc.2022.09.005.

34. Wang K, Tian K, Wang L, Wu Z, Ren C, Hao S, et al. Brachyury: A

sensitive marker, but not a prognostic factor, for skull base

chordomas. Mol Med Rep. 2015;12(3):4298-304. [PubMed ID:

26099340]. [PubMed Central ID: PMC4526090].

https://doi.org/10.3892/mmr.2015.3976.

35. Zhai Y, Bai J, Gao H, Wang S, Li M, Gui S, et al. Clinical features and

prognostic factors of children and adolescent patients with clival

chordomas. World Neurosurg. 2016;98.

https://doi.org/10.1016/j.wneu.2016.11.015.

36. Zhang L, Guo S, Schwab JH, Nielsen GP, Choy E, Ye S, et al. Tissue

microarray immunohistochemical detection of brachyury is not a

prognostic indicator in chordoma. PLoS One. 2013;8(9). e75851.

[PubMed ID: 24086644]. [PubMed Central ID: PMC3781148].

https://doi.org/10.1371/journal.pone.0075851.

37. Collins JM, Donahue RN, Tsai YT, Manu M, Palena C, Gatti-Mays ME, et

al. Phase I Trial of a Modified Vaccinia Ankara Priming Vaccine

Followed by a Fowlpox Virus Boosting Vaccine Modified to Express

Brachyury and Costimulatory Molecules in Advanced Solid Tumors.

Oncologist. 2020;25(7):560-e1006. [PubMed ID: 31876334]. [PubMed

Central ID: PMC7356719]. https://doi.org/10.1634/theoncologist.2019-

0932.

38. DeMaria PJ, Bilusic M, Park DM, Heery CR, Donahue RN, Madan RA, et

al. Randomized, Double-Blind, Placebo-Controlled Phase II Study of

Yeast-Brachyury Vaccine (GI-6301) in Combination with Standard-of-

Care Radiotherapy in Locally Advanced, Unresectable Chordoma.

Oncologist. 2021;26(5):e847-58. [PubMed ID: 33594772]. [PubMed

Central ID: PMC8100546]. https://doi.org/10.1002/onco.13720.

39. DeMaria PJ, Lee-Wisdom K, Donahue RN, Madan RA, Karzai F, Schwab

A, et al. Phase 1 open-label trial of intravenous administration of

MVA-BN-brachyury-TRICOM vaccine in patients with advanced

cancer. J Immunother Cancer. 2021;9(9). [PubMed ID: 34479925].

[PubMed Central ID: PMC8420671]. https://doi.org/10.1136/jitc-2021-

003238.

40. Heery CR, Singh BH, Rauckhorst M, Marté JL, Donahue RN, Grenga I,

et al. Phase I Trial of a Yeast-Based Therapeutic Cancer Vaccine (GI-

6301) Targeting the Transcription Factor Brachyury. Cancer Immunol

Res. 2015;3(11):1248-56. [PubMed ID: 26130065]. [PubMed Central ID:

PMC4636967]. https://doi.org/10.1158/2326-6066.Cir-15-0119.

41. Pastor DM, Lee-Wisdom K, Arai AE, Sirajuddin A, Rosing DR, Korchin

B, et al. Fast Clearance of the SARS-CoV-2 Virus in a Patient

Undergoing Vaccine Immunotherapy for Metastatic Chordoma: A

Case Report. Front Oncol. 2020;10:603248. [PubMed ID: 33330104].

[PubMed Central ID: PMC7717959].

https://doi.org/10.3389/fonc.2020.603248.

42. Bjornsson J, Wold LE, Ebersold MJ, Laws ER. Chordoma of the mobile

spine. A clinicopathologic analysis of 40 patients. Cancer.

1993;71(3):735-40. [PubMed ID: 8431853]. https://doi.org/10.1002/1097-

0142(19930201)71:3<735::aid-cncr2820710314>3.0.co;2-8.

43. Chen M, Wu Y, Zhang H, Li S, Zhou J, Shen J. The Roles of Embryonic

Transcription Factor BRACHYURY in Tumorigenesis and Progression.

Front Oncol. 2020;10:961. [PubMed ID: 32695672]. [PubMed Central ID:

PMC7338565]. https://doi.org/10.3389/fonc.2020.00961.

44. Ma T, Bai J, Zhang Y. Current understanding of brachyury in

chordoma. Biochimica et Biophysica Acta (BBA) - Reviews on Cancer.

2023;1878(6):189010. https://doi.org/10.1016/j.bbcan.2023.189010.

45. Barber SM, Sadrameli SS, Lee JJ, Fridley JS, Teh BS, Oyelese AA, et al.

Chordoma-Current Understanding and Modern Treatment

Paradigms. J Clin Med. 2021;10(5). [PubMed ID: 33806339]. [PubMed

Central ID: PMC7961966]. https://doi.org/10.3390/jcm10051054.

46. Thiery JP, Sleeman JP. Complex networks orchestrate epithelial-

mesenchymal transitions. Nat Rev Mol Cell Biol. 2006;7(2):131-42.

[PubMed ID: 16493418]. https://doi.org/10.1038/nrm1835.

47. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal

transition. J Clin Invest. 2009;119(6):1420-8. [PubMed ID: 19487818].

[PubMed Central ID: PMC2689101]. https://doi.org/10.1172/jci39104.

48. Fernando RI, Litzinger M, Trono P, Hamilton DH, Schlom J, Palena C.

The T-box transcription factor Brachyury promotes epithelial-

mesenchymal transition in human tumor cells. J Clin Invest.

2010;120(2):533-44. [PubMed ID: 20071775]. [PubMed Central ID:

PMC2810072]. https://doi.org/10.1172/jci38379.

49. Du R, Wu S, Lv X, Fang H, Wu S, Kang J. Overexpression of brachyury

contributes to tumor metastasis by inducing epithelial-

mesenchymal transition in hepatocellular carcinoma. J Exp Clin

Cancer Res. 2014;33(1):105. [PubMed ID: 25499255]. [PubMed Central

ID: PMC4279691]. https://doi.org/10.1186/s13046-014-0105-6.

50. Hu Y, Mintz A, Shah SR, Quinones-Hinojosa A, Hsu W. The

FGFR/MEK/ERK/brachyury pathway is critical for chordoma cell

growth and survival. Carcinogenesis. 2014;35(7):1491-9. [PubMed ID:

24445144]. [PubMed Central ID: PMC4593008].

https://doi.org/10.1093/carcin/bgu014.

51. Abdelkhalek HB, Beckers A, Schuster-Gossler K, Pavlova MN,

Burkhardt H, Lickert H, et al. The mouse homeobox gene Not is

required for caudal notochord development and affected by the

truncate mutation. Genes Dev. 2004;18(14):1725-36. [PubMed ID:

15231714]. [PubMed Central ID: PMC478193].

https://doi.org/10.1101/gad.303504.

52. Passamaneck YJ, Di Gregorio A. Ciona intestinalis: chordate

development made simple. Dev Dyn. 2005;233(1):1-19. [PubMed ID:

15765512]. https://doi.org/10.1002/dvdy.20300.

53. Shah SR, David JM, Tippens ND, Mohyeldin A, Martinez-Gutierrez JC,

Ganaha S, et al. Brachyury-YAP Regulatory Axis Drives Stemness and

Growth in Cancer. Cell Rep. 2017;21(2):495-507. [PubMed ID:

29020634]. [PubMed Central ID: PMC5637538].

https://doi.org/10.1016/j.celrep.2017.09.057.

https://brieflands.com/articles/jrps-151774
http://www.ncbi.nlm.nih.gov/pubmed/29483606
https://doi.org/10.1038/s41379-018-0002-1
http://www.ncbi.nlm.nih.gov/pubmed/36270910
https://doi.org/10.1016/j.jasc.2022.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26099340
https://www.ncbi.nlm.nih.gov/pmc/PMC4526090
https://doi.org/10.3892/mmr.2015.3976
https://doi.org/10.1016/j.wneu.2016.11.015
http://www.ncbi.nlm.nih.gov/pubmed/24086644
https://www.ncbi.nlm.nih.gov/pmc/PMC3781148
https://doi.org/10.1371/journal.pone.0075851
http://www.ncbi.nlm.nih.gov/pubmed/31876334
https://www.ncbi.nlm.nih.gov/pmc/PMC7356719
https://doi.org/10.1634/theoncologist.2019-0932
https://doi.org/10.1634/theoncologist.2019-0932
http://www.ncbi.nlm.nih.gov/pubmed/33594772
https://www.ncbi.nlm.nih.gov/pmc/PMC8100546
https://doi.org/10.1002/onco.13720
http://www.ncbi.nlm.nih.gov/pubmed/34479925
https://www.ncbi.nlm.nih.gov/pmc/PMC8420671
https://doi.org/10.1136/jitc-2021-003238
https://doi.org/10.1136/jitc-2021-003238
http://www.ncbi.nlm.nih.gov/pubmed/26130065
https://www.ncbi.nlm.nih.gov/pmc/PMC4636967
https://doi.org/10.1158/2326-6066.Cir-15-0119
http://www.ncbi.nlm.nih.gov/pubmed/33330104
https://www.ncbi.nlm.nih.gov/pmc/PMC7717959
https://doi.org/10.3389/fonc.2020.603248
http://www.ncbi.nlm.nih.gov/pubmed/8431853
https://doi.org/10.1002/1097-0142(19930201)71:3%3C735::aid-cncr2820710314%3E3.0.co;2-8
https://doi.org/10.1002/1097-0142(19930201)71:3%3C735::aid-cncr2820710314%3E3.0.co;2-8
http://www.ncbi.nlm.nih.gov/pubmed/32695672
https://www.ncbi.nlm.nih.gov/pmc/PMC7338565
https://doi.org/10.3389/fonc.2020.00961
https://doi.org/10.1016/j.bbcan.2023.189010
http://www.ncbi.nlm.nih.gov/pubmed/33806339
https://www.ncbi.nlm.nih.gov/pmc/PMC7961966
https://doi.org/10.3390/jcm10051054
http://www.ncbi.nlm.nih.gov/pubmed/16493418
https://doi.org/10.1038/nrm1835
http://www.ncbi.nlm.nih.gov/pubmed/19487818
https://www.ncbi.nlm.nih.gov/pmc/PMC2689101
https://doi.org/10.1172/jci39104
http://www.ncbi.nlm.nih.gov/pubmed/20071775
https://www.ncbi.nlm.nih.gov/pmc/PMC2810072
https://doi.org/10.1172/jci38379
http://www.ncbi.nlm.nih.gov/pubmed/25499255
https://www.ncbi.nlm.nih.gov/pmc/PMC4279691
https://doi.org/10.1186/s13046-014-0105-6
http://www.ncbi.nlm.nih.gov/pubmed/24445144
https://www.ncbi.nlm.nih.gov/pmc/PMC4593008
https://doi.org/10.1093/carcin/bgu014
http://www.ncbi.nlm.nih.gov/pubmed/15231714
https://www.ncbi.nlm.nih.gov/pmc/PMC478193
https://doi.org/10.1101/gad.303504
http://www.ncbi.nlm.nih.gov/pubmed/15765512
https://doi.org/10.1002/dvdy.20300
http://www.ncbi.nlm.nih.gov/pubmed/29020634
https://www.ncbi.nlm.nih.gov/pmc/PMC5637538
https://doi.org/10.1016/j.celrep.2017.09.057

