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GRAPHICAL ABSTRACT 

PUBLIC SUMMARY

 The notochord can either develop into nucleus pulposus or undergo malignant 

transformation into chordoma. 

 Aging and disc tears drive the loss of notochord cells, leading to inflammation, pain and 

disc degeneration.  

 The bone microenvironment drives chordoma by activating the embryonic notochordal 

features. 

 Targeting this shared origin offers new hope for treating disc degeneration and chordoma. 
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ABSTRACT

The notochord is a transient embryonic structure with two distinct postnatal fates. While most 

notochord cells are compressed into the intervertebral disc to form the nucleus pulposus (NP), 

incomplete regression leaves remnants in the vertebral body that may serve as chordoma 

precursors. From this "shared notochord lineage" perspective, this review integrates the 

regulatory mechanisms governing notochord development, NP formation, and chordoma 

tumorigenesis. We focus on how the mechanical force-YAP signaling axis and the Shh 

signaling network coordinately regulate notochord cell fate, and how the aberrant reactivation 

of these developmental pathways (e.g., brachyury, YAP) drives malignant transformation in 

chordoma. By bridging embryonic development and cancer biology, this review provides a 

unified conceptual framework that informs emerging targeted therapies and precision subtyping 

strategies for chordoma. This integrated perspective highlights how notochord biology 

determines cell fate and tumorigenesis across these distinct but interrelated contexts.
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INTRODUCTION 

The notochord is a transient embryonic structure that gives rise to two principal postnatal fates. 

Most notochord cells are compressed into the intervertebral disc to form the nucleus pulposus 

(NP) of the intervertebral disc (IVD).1,2 However, this compression is often incomplete, leaving 

notochordal remnants within the vertebral bodies. The majority of these remnants remain 

benign, manifesting as intraosseous notochordal cell tumors, whereas only a small minority 

undergo malignant transformation. Lineage tracing in mice provides strong evidence that these 

remnants can serve as the cellular origin of chordoma, a rare and aggressive malignancy.3,4 

From this “shared notochord lineage” perspective, this review focuses on how key 

developmental pathways, particularly Brachyury-driven transcription and the mechanical 

force‑Yes‑associated protein (YAP) signaling axis, are aberrantly reactivated in chordoma. By 

integrating recent advances in single-cell transcriptomics, spatial transcriptomics, and organoid 

models, we elucidate the mechanistic links between notochord development and chordoma 

tumorigenesis. We further highlight how these insights are informing emerging therapeutic 

strategies, including brachyury-targeted vaccines, YAP inhibitors, and molecular subtyping-

guided precision therapy. Notably, both the NP and chordoma share a notochordal origin,3,4 yet 

previous reviews have largely addressed their development and tumorigenesis as separate 

topics.5-7 Our framework integrates developmental biology and chordoma oncology to make 

four core contributions. First, it repositions chordoma as the aberrant end of a continuous 

developmental trajectory, linking notochord development, NP formation, and chordoma in a 

single fate map. Second, it proposes a spatiotemporal paradigm where identical signaling 

pathways yield embryogenesis, homeostasis, or malignancy depending on context, translating 

shared molecular tools into context‑dependent outcomes. Third, it redirects attention from a 

descriptive common origin to a mechanistic common logic, revealing that the same regulatory 

code governs both notochord patterning and chordoma maintenance. Fourth, it leverages this 

mechanistic insight to anchor molecular subtyping in developmental pathway dependencies, 

moving subtype‑guided therapy from descriptive genomics to developmental biology. To our 

knowledge, this is the first framework to systematically unify a continuous fate trajectory, 

spatiotemporal dynamics, regulatory circuitry, and molecular subtyping for chordoma, 

effectively shifting the field from descriptive genomics to mechanistic developmental oncology. 

Page 4 of 52

https://mc03.manuscriptcentral.com/innovation-medicine

The Innovation Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Pr
e-p
roo
f



For Review Only

5

This narrative review is based on literature searches in PubMed and Web of Science (up to May 

2026) using keywords such as “notochord”, “nucleus pulposus”, “chordoma”, “Brachyury”, 

“YAP”, “Shh”, “targeted therapy”, and “immunotherapy”. For established developmental 

mechanisms (e.g., Shh gradient in neural tube patterning), we cited seminal earlier studies. We 

prioritized peer-reviewed original research and reviews directly relevant to the “shared 

notochord lineage” framework, with emphasis on recent findings (last five years) for chordoma 

biology and therapy, while citing classic studies for established developmental mechanisms.

THE EMBRYONIC DEVELOPMENT AND FATE DETERMINATION OF THE 

NOTOCHORD 

Morphogenesis and structure establishment

The notochord is a transient rod-shaped structure that forms during gastrulation (Figure 1).5 It 

comprises two cell types: inner vacuolated cells, which generate hydrostatic pressure, and outer 

sheath cells, which secrete an extracellular matrix (ECM)-based basement membrane.8 This 

design makes the notochord a hydrostatic skeleton that drives elongation along the anterior-

posterior axis and provides mechanical support during development.6 Notch signaling controls 

the balance between vacuolated and sheath cells,8,9 and mechanical coupling between the 

notochord and paraxial mesoderm coordinates their development.10
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Figure 1. Notochord at Different Stages

(A) Around day 19 of embryonic development, mesenchymal cells from the primitive node migrate cranially, generating 

notochordal process. By day 23, the notochordal plate further forms, and by day 25, the notochord is fully developed. (B) In human 

embryos, the notochord stage (Noto) is present at 7 weeks of gestation, with the notochord indicated in purple and the forming or 

developing vertebrae in brown. The transition stage (Trans) spans weeks 8-9, and the nucleus pulposus-like stage (NPL) is reached 

by weeks 10-11. (C) In mouse embryos, at embryonic day 11.5 (E11.5), the notochord stage (Noto) is evident, with the notochord 

represented in purple and the forming or developing vertebrae in brown. The transition stage (Trans) occurs at E13.5, and the 

nucleus pulposus-like stage (NPL) is observed at E15.5. (Abbreviations: Noto, the notochord stage; Trans, the transition stage; 

NPL, the nucleus pulposus-like stage)

Notochord cell fate regulatory network

Upstream inputs: mechanical force and YAP. Atomic force microscopy (AFM) revealed a 

stiffness gradient in the developing neural tube, peaking in the notochord and the ventral 

region.11 This mechanical cue activates YAP, a classical mechanotransducer. Activated YAP 

translocates to the nucleus, binds TEAD factors, and initiates downstream gene expression. 

Importantly, YAP plays stage- and context-dependent roles in notochord development. During 

early notochord fate specification, timely inactivation of YAP, together with FGF-mediated 

MAPK signaling, promotes WNT activation and induces TBXT (Brachyury) expression. 
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Persistent YAP activation at this stage suppresses TBXT, indicating that a precise temporal 

window of YAP inactivation is critical for notochord lineage commitment.12 During later 

notochord morphogenesis and neural tube patterning, YAP activation in the notochord and floor 

plate supports mechanical signaling, upregulates FoxA2, and cooperates with FoxA2 to activate 

Shh expression (Figure 2).11 This tightly regulated, stage-dependent YAP circuitry is frequently 

hijacked in chordoma, where sustained YAP activation forms a regulatory axis with Brachyury, 

driving tumorigenesis, therapy resistance, and tumor stemness.13

Figure 2. Regulation of Shh Expression by YAP

Upon receiving mechanical signals, YAP is activated in the cytoplasm, translocates to the nucleus, and promotes the expression of 

FoxA2 in the notochord, which subsequently enhances the expression of Shh. Additionally, YAP can synergize with FoxA2 to 

augment Shh expression in the floor plate. FoxA2 is activated by Shh produced in the notochord or later through activated Gli 

transcription factors, creating a positive feedback loop. These mechanisms are supported by studies in mice. (Abbreviations: YAP, 

Yes-associated protein 1; FoxA2, Forkhead box protein A2; Noto, Notochord; FP, floor plate; Shh, Sonic hedgehog; GliA, activated 

Gli transcription factors)

Core regulators: Shh, FoxA2 and Brachyury. The notochord acts as a key signaling center by 

secreting Sonic hedgehog (Shh). Shh establishes a concentration gradient along the 

dorsoventral axis of the neural tube. Importantly, both the concentration and duration of Shh 
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exposure determine ventral neuron identities.14-16 The floor plate, the most ventral structure, 

requires the highest Shh levels and prolonged exposure. Progressively lower Shh concentrations 

and shorter exposure times induce ventral interneurons and motor neurons at more lateral 

positions.16 This Shh-mediated patterning is recapitulated in human trunk-like structures 

lacking the notochord, in which the neural tube exhibits pronounced dorsalization.17 Beyond its 

role in neural patterning, Shh signaling also operates within the notochord itself, where it 

contributes to notochord cell survival and sheath formation.18 

FoxA1 and FoxA2 are forkhead box transcription factors highly expressed in the notochord.19 

Studies show that YAP signaling upregulates FoxA2, facilitates notochord formation, and 

collaborates with FoxA2 to activate Shh signaling, which in turn induces floor plate 

development (Figure 2).11 Double-mutant mice with notochord-specific conditional knockout 

of Foxa2 and global knockout of Foxa1 exhibit multiple developmental defects: abnormal 

notochord development, loss of Shh expression, and improper formation of the NP.19 

Meanwhile, FoxA2 itself is a downstream target of Shh signaling, potentially forming a positive 

feedback loop in the floor plate that stabilizes the signal output.11

Brachyury, encoded by the T-box transcription factor T (TBXT) gene, is another key 

transcription factor of the notochord. Its homozygous mutations can result in notochord loss 

and disrupt primitive streak formation and axial elongation.20 A study identified a 37 kb region 

upstream of TBXT, containing a crucial T-bound notochord enhancer (TNE) essential for 

notochord function and tailbud outgrowth. Deletion of this TNE leads to abnormal tail bud 

formation, resulting in tail truncation and impaired axial development.21,22

The divergence of notochord fate differentiation

During spine formation, the notochord gradually becomes confined to the IVD and 

differentiates into the NP. Lineage tracing studies confirm that NP cells originate from 

notochord cells.3,23 However, this compression is sometimes incomplete, leaving rare isolated 

embryonic notochord cells within the vertebral bodies. These remnants are considered the 

cellular origin of chordoma, although most remain benign.24 Thus, the distribution of notochord 

cells during late embryonic development determines their distinct fates: those that enter the 

IVD differentiate into the NP, whereas those that remain within the vertebral bodies may serve 

as the origin of chordoma.
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TRANSITION FROM NOTOCHORD TO NP: FROM HYDROSTATIC SKELETON 

TO DISC CORE

During late embryonic development, the notochord undergoes marked morphological 

remodeling as the vertebral bodies form. The notochord within the vertebral bodies degenerates, 

while that within the IVDs persists as the NP. This transition represents a critical branching 

point in notochord fate, shifting its role from an embryonic axial hydrostatic skeleton to a 

postnatal load-bearing capacity.

Morphology and dynamics during the transition

Two main models explain how notochord cells are confined to IVD regions. The pressure model 

proposes that compressive forces drive notochord cells into the intervertebral spaces. This 

model is further supported by mutant mice lacking a notochord sheath yet possessing normal 

vertebrae, in which notochord cells are dispersed throughout the vertebral bodies.18,25 The 

repulsion-attraction model proposes that notochord cell distribution is guided by molecular cues: 

attraction within IVD regions and repulsion within the vertebral bodies.26 These models may 

operate concurrently; however, direct measurement of mechanical pressure on the notochord is 

needed to distinguish their relative contributions. 

Molecular reprogramming and cellular heterogeneity

Whole-transcriptome analysis of the notochord-to-NP transition revealed a shift from active 

Shh/Wnt signaling to upregulated TGF-β/IGF pathways and ECM components.27 Single-cell 

RNA-seq identified at least two notochord-derived subpopulations spanning a continuum from 

notochord-like to chondrocyte-like cells, with activation of TGF-β and PI3K-AKT signaling.28 

Spatial transcriptomics further resolved outer and inner NP subpopulations, with progenitor 

markers enriched at the periphery.29,30 Together, these techniques have reshaped our 

understanding of NP heterogeneity and delineated a fine molecular map of the notochord-to-

NP transition, offering new perspectives on the cellular origin and functional maintenance of 

the NP.

Consistent with its role in NP maintenance function, the NP resides in an avascular 

microenvironment characterized by low oxygen tension and high hydrostatic pressure.31 

Transcriptome analysis showed that HIF-1α is continuously expressed in notochord-derived NP 

cells during the notochord-to-NP transition,27 and it is essential for NP cell survival under 
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hypoxia by upregulating glycolytic key enzyme PGK-1.31 Additionally, FOXO transcription 

factors directly regulate autophagy, hypoxia adaptation, and resistance to oxidative stress in 

human NP cells, thereby mediating NP maturation and maintenance.32 Thus, the transition from 

notochord to NP involves reprogramming from an embryonic signaling state to an ECM 

synthesis state adapted to the hypoxic microenvironment.

Outstanding controversies

Despite these models, the precise mechanisms governing notochord cell migration into the NP 

remain not fully understood. The pressure model lacks direct in vivo measurements of the 

compressive forces proposed to drive this migration. The attraction model has identified 

attractive cues such as the SDF-1α/CXCR4 axis in bone marrow-derived mesenchymal stem 

cells (BMSCs),33 but whether analogous mechanisms confine notochord cells to the IVD 

remains unknown. Additionally, the identity of putative repulsive signals that prevent their 

entry into vertebral bodies has yet to be molecularly characterized.

Furthermore, the relative contributions of mechanical versus molecular guidance remain poorly 

defined. While YAP-mediated mechanotransduction is critical for notochord formation,11 it 

remains unclear whether tissue stiffness gradients directly guide cell migration or primarily 

modulate gene expression, thereby controlling chemotactic responses. Addressing these 

questions will require combining quantitative in vivo force measurements with targeted genetic 

perturbations of mechanotransduction components in migrating notochord cells.

In addition, the extent to which current animal models recapitulate human notochord 

development remains a limitation. Most mechanistic insights have been derived from mouse, 

chick, and zebrafish embryos, yet important species differences exist. Improved models, 

including recently developed human trunk organoids that contain a functional notochord,12 are 

beginning to bridge this gap and provide new platforms to address these outstanding questions.

Degeneration of notochord-derived cells in the NP and stem cell replacement therapy

Postnatally, notochord-derived NP cells gradually decline in number with age and are replaced 

by chondrocyte-like cells.34 Beyond the rate of this physiological transition, intervertebral disc 

degeneration (IVDD) involves the depletion of notochord-derived TAGLN⁺ progenitor cells 

and the loss of their trophic "housekeeping" functions, thereby impairing NP regeneration and 

homeostatic maintenance.2,29,35,36 Key features of this degenerative process include 
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proteoglycan loss, reduced hydration, inflammation, neovascularization, and sensory nerve 

ingrowth into the NP, contributing to discogenic low back pain (LBP).37 Additionally, 

progressive structural failure of the annulus fibrosus (AF) may permit lumbar disc herniation 

(LDH), mechanically compressing nerve roots (Figure 3).38,39 

Figure 3. Morphological Changes in Discogenic Low Back Pain and Lumbar Disc 

Herniation

(A) Blood vessels and sensory nerves grow into the normally avascular and aneuronal NP of the IVD, leading to discogenic back 

pain. (B) The NP shifts through the AF, leading to narrowing of the central canal or neural foramina, compressing mechanically 

the spinal cord or associated nerve roots. 

For the treatment of IVDD, replenishing notochord-like cells has been explored in both animal 

models and early-phase human trials. Some small, uncontrolled clinical studies have reported 

that autologous BMSCs injected into the degenerated IVD may relieve pain and increase disc 

water content in some patients with chronic LBP.40,41 Additionally, induced pluripotent stem 

cells (iPSCs) can be differentiated into notochord-like cells and have shown therapeutic benefits 

in a pig IVDD model.2 However, these preclinical and early clinical studies have several key 

limitations. First, most evidence derives from small, uncontrolled pilot studies with short 

follow-up durations, limiting the generalizability of the reported benefits in pain relief and disc 

hydration.40,41 Second, the clinical translation of BMSCs faces major obstacles, including poor 

cell survival and retention within the harsh NP microenvironment (low oxygen tension, high 

hydrostatic pressure, and nutrient deprivation), as well as the risk of impaired functional 

differentiation imposed by the degenerated disc niche.42 Third, while iPSC-derived notochord-

like cells offer a compelling alternative, challenges persist regarding differentiation fidelity, 
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tumorigenicity, manufacturing standardization, and long-term safety.43 Fourth, the absence of 

standardized protocols for cell sourcing, dosing, delivery routes, and patient selection criteria 

hampers cross-study comparisons.44 Collectively, these limitations underscore the urgent need 

for larger, randomized controlled trials with extended follow-up, alongside rigorous 

mechanistic studies, before cell-based therapies can be considered for clinical translation in 

IVDD.

NOTOCHORD TUMORIGENESIS: THE MALIGNANT BRANCH OF NOTOCHORD 

FATE

Notochordal remnants: from normal development to malignant transformation

Incomplete compression of the notochord leaves notochordal remnants within the vertebral 

bodies. These remnants are detected in approximately 20% of adult spines at autopsy.4 The vast 

majority remain benign, whereas a small minority, under the influence of genetic alterations 

and the bone microenvironment, undergo malignant transformation into chordoma.7,45,46 Thus, 

the notochord not only gives rise to the NP (the normal branch) but also serves as the precursor 

of chordoma (the malignant branch). 

This raises a key question: why do most notochord remnants remain quiescent or benign, 

whereas a few undergo malignant transformation? Existing evidence suggests that chordoma 

development may involve genetic predisposition, epigenetic alterations, and 

microenvironmental factors.7,45,47 In familial chordoma, TBXT gene amplification is observed, 

whereas sporadic cases often harbor deletions of tumor suppressor genes such as CDKN2A and 

PTEN, as well as deletion of chromatin subfamily B member 1 (SMARCB1).7 These alterations 

may collectively confer proliferative advantages and a differentiation blockade to notochordal 

remnant cells. Furthermore, integrative multi-omics analysis has revealed that chordoma cells 

exhibit skeletal development-related features at the levels of the transcriptome, chromatin 

accessibility, and three-dimensional genome architecture.45 Clinical imaging shows that 

chordoma occurs predominantly in bone tissue rather than in the IVD, suggesting that the bone 

microenvironment may play a key driving role in chordoma development.45

Molecular mechanisms of malignant transformation

Chordoma shares conserved histological and anatomical features with the embryonic notochord, 

strongly supporting its origin from persistent notochord cells. Anatomically, chordoma exhibits 
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a striking predilection for the clivus and sacrococcygeal region, corresponding to the typical 

distribution of embryonic notochordal remnants.5 Moreover, chordoma retains core 

notochordal functions that are lost in the postnatal NP.45 This functional conservation, together 

with shared molecular markers such as Brachyury, underscores the enduring notochord-like 

identity of chordoma. At the molecular level, chordoma tumorigenesis involves a complex 

interplay among aberrant reactivation of developmental pathways, epigenetic and genomic 

alterations, and immune evasion mechanisms that collectively drive malignancy.

The Brachyury-YAP regulatory axis. Brachyury, a master regulator of notochord development, 

is a highly sensitive and specific diagnostic marker for chordoma. It is expressed in 

conventional and poorly differentiated subtypes but lost in dedifferentiated components. This 

consistent expression across most subtypes establishes Brachyury as a key therapeutic target.7,48 

Its gene amplification observed in familial chordoma points to TBXT amplification as a key 

genetic driver.7 Furthermore, chordoma cells exhibit oncogene addiction to Brachyury; 

experimental knockdown of T suppresses tumor cell growth, induces apoptosis, and reduces 

tumor formation in chordoma xenograft models, underscoring its functional dependency.13,48 

Mechanistic studies showed that Brachyury promoted tumor invasion by controlling YAP 

synthesis and stability,13 and formed a regulatory axis with fibroblast growth factor receptor 

(FGFR) signaling to drive tumor cell growth and survival.48 However, targeting Brachyury 

directly presents a major challenge. As a ligandless transcription factor, Brachyury has 

historically been considered "undruggable" due to its lack of traditional small-molecule binding 

pockets.49 This has prompted alternative strategies, including targeting Brachyury's upstream 

regulators,50 using Brachyury-targeting cancer vaccines,51 and designing ankyrin repeat 

proteins that block TBXT-DNA binding.52 However, recent structural insights and fragment-

based screening have challenged this notion by identifying small-molecule ligands that bind to 

Brachyury's DNA-binding domain, demonstrating that it is ligandable.49 While these early-

stage compounds are not yet clinical-grade drugs, they provide a crucial proof of concept and 

open a new direct pharmacological avenue alongside the established alternative strategies.

Notably, YAP itself, a mechanotransducer involved in notochord development (see Section 

2.2.1), is aberrantly activated in chordoma, and together with brachyury, sustains tumor 

stemness. However, systemic inhibition of YAP raises substantial safety concerns, given the 
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essential roles of the Hippo pathway in normal tissue homeostasis. Germline deletion of Yap, 

Taz, or Teads in mice results in embryonic lethality or severe developmental abnormalities.53 

Moreover, YAP/TAZ activity is not uniformly tumor-promoting; rather, it is context-dependent 

and can even exert tumor-suppressive functions in certain cell types.54 These findings 

underscore the need for strategies that achieve tumor-selective YAP inhibition while 

minimizing on-target toxicity in normal tissues.

Additional genetic and signaling drivers. Beyond Brachyury-YAP signaling, chordoma 

tumorigenesis is driven by a convergence of additional molecular alterations, including 

chromatin remodeling abnormalities, SMARCB1 loss, epigenetic reprogramming, and genomic 

instability, which collectively establish a permissive landscape for the aberrant reactivation of 

notochordal developmental programs. 

Chromatin remodeling and SMARCB1 loss. The SWI/SNF chromatin remodeling complex, a 

master regulator of gene accessibility, is frequently disrupted in chordoma through mutations 

in genes such as ARID1A and PBRM1.55 SMARCB1, a core subunit of the SWI/SNF complex, 

is specifically lost in poorly differentiated chordomas.56 Mechanistically, SMARCB1 represses 

ATG5 transcription, thereby regulating autophagy and exerting a protective effect against tumor 

progression.47 This chromatin remodeling defect is not an isolated event; it alters chromatin 

accessibility and may thereby permit the aberrant reactivation of notochordal developmental 

programs.55 Indeed, Brachyury has been shown to recruit the acetyltransferase p300 to its target 

gene loci, increasing H3K27ac marks and maintaining an accessible chromatin state during 

development.57 Whether SWI/SNF dysfunction, such as SMARCB1 loss, disrupts this 

cooperative regulation in chordoma, thereby lowering the threshold for developmental gene 

activation and contributing to the aggressive phenotype of poorly differentiated chordoma, 

remains an important open question.

Epigenetic reprogramming. Beyond SWI/SNF-mediated chromatin remodeling, chordoma 

exhibits broader epigenetic dysregulation. DNA methylation profiling has defined two distinct 

epigenetic subtypes of skull base chordomas: subtype C, characterized by global 

hypomethylation with concurrent CpG island hypermethylation, upregulation of cell cycle 

genes, and heightened chromosomal instability; and subtype I, distinguished by global 

hypermethylation and an immune-enriched microenvironment.58 Collectively, these epigenetic 
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alterations, together with chromatin remodeling defects, establish a permissive epigenetic 

landscape that facilitates the reactivation of notochordal developmental genes while 

concurrently silencing differentiation programs.58

Genomic instability. Chordoma is typified by complex chromosomal copy number alterations, 

alongside a low mutation burden.59 Non-random copy number losses are the genomic hallmark, 

commonly involving chromosomes 1p, 3, 9p, 10, 13, 14, and 18.60,61 Gain of chromosome 1q 

is frequently observed and correlates with chromosomal instability and upregulated 

mitochondrial functions.62 Proteogenomic analyses further link chromosomal instability to 

immune-cold tumor microenvironments, particularly in subtypes harboring 9p/10q loss. TP53 

mutations, although rare at initial presentation, are acquired during tumor progression and are 

associated with more aggressive phenotypes.63 Collectively, these genomic alterations may 

synergize with Brachyury-YAP-driven transcriptional programs to promote malignant 

transformation.

Additional signaling drivers. SOX9, a transcription factor essential for chondrogenesis and 

notochord development, is overexpressed in chordoma, where it correlates with poor prognosis. 

Functional studies have demonstrated that SOX9 knockdown inhibits chordoma cell growth and 

induces apoptosis and cell cycle arrest.64 Beyond individual candidate genes, multi-omics 

approaches have further expanded the molecular landscape of chordoma. A comparative multi-

omics study of chordoma and NP unveiled the role of the bone microenvironment in chordoma 

progression. Carbonic anhydrase II (CA2) was identified as a novel therapeutic target for 

chordoma. Indeed, CA2 ablation via genetic knockout or dorzolamide HCl significantly 

suppressed cell growth and migration of chordoma cells.45 At the single-cell level, 

transcriptomic profiling of skull base chordoma has revealed that malignant cells highly express 

features associated with partial epithelial-mesenchymal transition (p-EMT).YL-13027, a p-

EMT inhibitor that blocks the TGF-β signaling pathway, demonstrated therapeutic efficacy in 

UM-Chor1 cell line and xenograft models. In a phase I clinical trial that enrolled three skull 

base chordoma patients, this treatment achieved stable disease with no serious adverse events.65 

Immune‑related mechanisms and emerging targets. Immune evasion is a hallmark of 

chordoma progression, driven by at least four distinct mechanisms: 1) immune checkpoint 
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upregulation that dampens T-cell activity;66 2) recruitment of immunosuppressive cells that 

fosters a pro-tumoral microenvironment;67 3) T-cell exclusion mediated by fibrovascular septa 

that restrict immune cell infiltration into tumor lobules;67 and 4) functional silencing of the 

cGAS-STING pathway linked to 9p/10q co-deletion, which impairs antigen presentation and 

immune cell recruitment, thereby contributing to an immune-cold phenotype.62,67

The chordoma microenvironment contains abundant immune cell infiltration, with regulatory 

T cells (Tregs) and M2-polarized tumor-associated macrophages (TAMs) comprising a 

substantial proportion.68 The CCL5‑CCR5 axis plays a key role in regulating macrophage 

recruitment and M2 polarization, thereby promoting chordoma progression, and has been 

validated as a potential therapeutic target.69 Furthermore, the PD-1/PD-L1 axis has been 

highlighted as a major immune checkpoint in chordoma, given the high frequency of PD-L1 

expression in patient samples.66 PD-1/PD-L1 engagement directly suppresses T-cell effector 

functions, representing a canonical immune evasion pathway. Single-cell analyses have further 

identified additional immune-related dependencies, including the PD-1/PD-L1 axis.65 However, 

the chordoma immune landscape is markedly heterogeneous, spanning immune-hot to immune-

cold phenotypes. This immune heterogeneity is partly driven by genomic alterations such as 

chromosome 9p/10q loss, which correlates with immune-cold microenvironments. Preclinical 

studies in chordoma cell lines have also suggested the potential for NK cell-mediated antibody-

dependent cellular cytotoxicity (ADCC) against chordoma cells using the anti-PD-L1 antibody 

avelumab.70 Nevertheless, the clinical relevance of these targets remains to be established, as 

most evidence is derived from small case series or preclinical models.68,71 Given this 

heterogeneity, patient selection, potentially guided by genomic features and immune infiltration 

patterns, and combination strategies will likely be critical for successful immunotherapy.

Research models: from mechanistic exploration to drug screening

Significant advances in chordoma modeling have provided a strong impetus for mechanistic 

exploration and drug screening.72 Multiple chordoma models derived from different cell lines 

have been successfully established, covering primary, recurrent, and metastatic chordoma.72 

The 3D cell culture system, which mimics in vivo growth conditions in vitro, is currently 

regarded as a significant advancement in cancer cell modeling.72,73

Xenograft models, generated by implanting tumor cell lines or patient-derived tumor cells into 
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immunodeficient animals, are regarded as the gold standard for assessing the in vivo efficacy 

of potential cancer therapies. A PDX model derived from patient-derived chordoma cells 

successfully recapitulated key features of the parental tumor, including activation of the mTOR 

pathway. This model revealed aberrant mTOR pathway activity in chordoma and highlighted 

the mTOR inhibitor MLN0128 as a potential drug for suppressing chordoma growth and 

recurrence (Figure 4).74 However, PDX models lack a fully intact human immune system and 

cannot faithfully replicate the human tumor microenvironment, thereby limiting their utility in 

the evaluation of immunotherapies.

Figure 4. Some Therapeutic Targets for Chordomas

The ATG5 promoter initiates ATG5 transcription, which in turn promotes autophagy to maintain intracellular homeostasis in 

chordoma cells. SMARCB1 directly binds to the promoter region of ATG5 and epigenetically inhibits ATG5 transcription, thereby 

suppressing autophagy. Upon activation, RTK triggers a series of signal transduction processes to activate PI3K, which then 

activates AKT. The activation of AKT further activates mTOR, leading to the growth and recurrence of chordomas. The mTOR 

inhibitor MLN0128 can inhibit the activity of the mTOR pathway, thereby suppressing the growth and recurrence of chordomas. 

(ATG5: autophagy‐related gene 5; SMARCB1, subfamily B member 1; RTK, Receptor Tyrosine Kinase; AKT, Protein Kinase B; 

mTOR, Mammalian Target of Rapamycin)
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In addition, a transgenic zebrafish model of chordoma was successfully generated through 

notochord-specific expression of HRASV12. This model closely recapitulates human chordoma 

in histology, ultrastructure, and immunohistochemical features, providing a convenient 

platform for high-throughput drug screening.75 

Patient-derived chordoma organoid models have also emerged as complementary platforms that 

better preserve intratumoral heterogeneity and 3D architecture, although their long-term 

stability and reproducibility require further optimization. Nevertheless, current models face 

several limitations, including the lack of immune and vascular components,76,77 batch-to-batch 

variability in ECM scaffolds,78 and the static nature of conventional culture systems, which 

cannot replicate dynamic biomechanical cues.79

Treatment strategies: from local control to precision subtyping

As understanding of chordoma molecular mechanisms deepens, treatment strategies are 

evolving from traditional local control toward targeted therapy, immunotherapy, and precision 

subtyping. This evolution reflects the translational application of the “notochord lineage 

perspective” in cancer treatment.

Local therapy: surgery and radiotherapy. Due to the limited sensitivity of chordoma to 

conventional radiotherapy and chemotherapy, surgery remains the therapeutic cornerstone for 

chordoma.80 However, chordomas are often located in deep sites such as the skull base and 

sacrococcygeal region, making complete resection difficult and leading to high postoperative 

recurrence rates.

Advancements in radiation therapy have introduced promising alternatives. Proton therapy, for 

instance, enables precise delivery of higher radiation doses to the tumor while minimizing 

damage to surrounding healthy tissues, making it an emerging therapeutic option for 

chordoma.81 Carbon ion beams offer unique physical and biological advantages, including a 

high relative biological effectiveness and a low oxygen enhancement ratio, yielding high 

therapeutic efficacy with low toxicity. Multiple studies have demonstrated favorable clinical 

outcomes in patients with chordoma, and carbon ion radiotherapy is now considered a preferred 

option for advanced, unresectable chordoma in specialized centers.82 Nevertheless, both proton 

and carbon ion therapies remain unavailable at most institutions due to high infrastructure costs, 

and long-term toxicity data are still being collected.83,84 Furthermore, patient selection criteria, 
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and optimal dose and fractionation schedules require further standardization.85

Targeted therapy: targeting chordoma-specific molecules. Receptor tyrosine kinases (RTKs) 

are frequently overexpressed and activated in chordoma, such as PDGFR, EGFR, FGFR, 

VEGFR, and c-Met, with downstream PI3K/AKT and RAS/MAPK pathways also 

upregulated.86-89 These findings establish RTKs as key therapeutic vulnerabilities and provide 

the molecular rationale for evaluating tyrosine kinase inhibitors (TKIs), the most extensively 

investigated class of targeted agents in chordoma.

Apatinib, a selective VEGFR2 inhibitor, was evaluated in a single-arm phase II study involving 

30 patients with advanced chordoma. In the trial, the median progression-free survival (PFS) 

was 18 months. The objective response rate (ORR) was 25.9% by Choi criteria, compared with 

3.7% by Response Evaluation Criteria in Solid Tumors (RECIST) 1.1.90 Building on this 

experience with apatinib, the same group subsequently reported a phase II trial of camrelizumab 

(anti-PD-1) combined with apatinib in refractory chordoma (N = 33), achieving an ORR of 24.2% 

by RECIST and a median PFS of 28 months.91

Lapatinib, a dual EGFR/HER2 TKI, was assessed in a phase II trial of 18 patients with EGFR-

positive chordoma. The study met its primary endpoint, achieving a Choi partial response (PR) 

rate of 33.3%, although no PR was observed per RECIST. The median PFS was 6 months (Choi) 

and 8 months (RECIST), with a clinical benefit rate of 22%, indicating modest antitumor 

activity.92 

Imatinib, a multi-kinase inhibitor targeting PDGFR and KIT, has been used off-label for 

chordoma. A systematic review of case series reported that when restricted to the RECIST-

reporting subset (4 studies; 181 evaluable patients), the pooled PR rate by RECIST was only 

2.2% (4/181), whereas stable disease was observed in 73.5% (133/181). However, the level of 

evidence remains low (derived largely from phase II trials and retrospective series), and 

imatinib is not specifically approved for this indication.93

Beyond TKIs, other targeted strategies have been explored. Palbociclib, a CDK4/6 inhibitor, 

demonstrated modest activity in a phase II single-arm trial of 28 patients with advanced 

chordoma harboring CDKN2A or p16 loss. The RECIST disease control rate was 39%, with 

no objective responses observed. Median PFS was 5.6 months, and the safety profile was 

manageable.94 The mTOR inhibitor nab-rapamycin (ABI-009) was evaluated in combination 

Page 19 of 52

https://mc03.manuscriptcentral.com/innovation-medicine

The Innovation Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Pr
e-p
roo
f



For Review Only

20

with nivolumab (anti-PD-1) in a completed phase I/II trial for advanced sarcoma, including 

chordoma (NCT03190174). The combination exhibited a manageable safety profile, with 100 

mg/m² established as the recommended phase II dose (RP2D). In the planned expansion cohort 

(n = 25 across sarcoma subtypes), promising antitumor activity was observed, with a 24week 

PFS rate of 88%, warranting further investigation in chordoma. Direct therapeutic targeting of 

the Brachyury (TBXT) protein, exemplified by agents such as T-DARPins and small-molecule 

binders identified through fragment screening, remains an active area of preclinical 

investigation.49,52 Preclinical evidence establishes SMO-dependent SHH-Gli1 signaling as a 

key driver in chordoma, with high Gli1 expression predicting poor prognosis. The SMO 

inhibitor vismodegib demonstrated significant antitumor activity in chordoma cell lines and 

xenograft models, validating Shh as a therapeutic target complementary to Brachyury. Given 

that direct Brachyury inhibitors are still in early development, these data support advancing 

hedgehog inhibitors into clinical trials, underscoring the necessity of biomarker-driven 

approaches for future regulatory approval.95,96 Overall, no targeted therapy has yet received 

regulatory approval specifically for chordoma, highlighting the need for continued drug 

development and biomarker-driven clinical trials. 

Immunotherapy: remodeling the tumor microenvironment. Immunotherapeutic strategies 

have been explored in chordoma, but clinical translation remains limited. For example, active 

immunotherapy targeting Brachyury was evaluated in a phase I dose-escalation trial (n = 13) 

of patients with advanced solid tumors, including chordoma. The vaccine, administered 

intravenously as MVA-BN-Brachyury-TRICOM, was well tolerated and elicited Brachyury-

specific T-cell responses. Among 13 evaluable patients, one RECIST PR was observed.97 A 

subsequent phase II trial evaluated a different subcutaneous “prime-boost” BN-Brachyury 

vaccine regimen combined with radiation therapy. Among 26 evaluable chordoma patients, the 

trial reported two mRECIST PRs.51

T cells are central to immune checkpoint inhibitor (ICI) therapy. In chordoma, the PD-1/PD-

L1 axis has been a major research focus. Clinical evidence supporting its relevance includes 

immunohistochemical analysis of 78 chordoma specimens, which showed that 94.9% were PD-

L1 positive,66 and this expression significantly correlated with tumor-infiltrating lymphocyte 

abundance and metastasis. These findings provide a rationale for clinical investigation. 
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Accordingly, a case report described favorable antitumor responses to the anti-PD-1 antibody 

pembrolizumab in chordoma patients.98 However, robust evidence from larger prospective 

trials is still lacking. Importantly, due to tumor heterogeneity and other immune resistance 

mechanisms, PD-L1 expression alone is not a reliable predictor of response to ICI in chordoma.

CAR-T therapy involves modifying T cells with chimeric antigen receptors to specifically 

recognize tumor-associated antigens. Single-cell RNA-seq of 14 chordoma samples identified 

chordoma-specific antigens (e.g., VEGFR) and TGF-β signaling as potential targets for CAR-

T cell therapy, potentially enhancing the efficacy of CAR-T cells.99 Beyond VEGFR, B7-H3 

represents another promising CAR-T target, characterized by universal high expression in 

chordoma tissues and limited expression in normal tissues.100 Preclinical studies in xenograft 

models suggest that combining B7-H3 CAR-T cells with radiotherapy can significantly 

improve antitumor efficacy.100 Moreover, engineering the B7-H3 CAR to include IL-7 may 

further augment CAR-T cell function and potency, offering a novel dual-therapy approach for 

chordoma.101 Despite these promising preclinical insights, no clinical trials of CAR-T therapy 

for chordoma have been reported to date.

In summary, although immunotherapy holds promise for chordoma, no immunotherapeutic 

agent has yet received regulatory approval for this indication. Future efforts should focus on 

combination strategies (e.g., vaccine combined with ICI or CAR-T plus radiotherapy) and the 

identification of predictive biomarkers.

Precision subtyping therapy: individualized strategies based on molecular subtypes. Despite 

advances in chordoma therapy, tumor heterogeneity results in variable clinical outcomes, 

underscoring the need for personalized approaches. The current histological classification 

(conventional, dedifferentiated, poorly differentiated) provides prognostic value but remains 

too broad to guide precise therapeutic decisions.89

Transcriptomic profiling has identified two distinct molecular subtypes (CC1 and CC2) of 

chordoma, with the CC2 subtype showing upregulation of EMT and SHH signaling pathways, 

while CC1 is characterized by chromatin remodeling gene mutations.102 The association 

between SHH pathway activation and the CC2 subtype is noteworthy from a developmental 

biology perspective. During embryonic development, Shh acts as a morphogen whose 

concentration and exposure duration determine distinct cell fates.14-16 In chordoma, aberrant 
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reactivation of this developmental pathway in the CC2 subtype may drive a more aggressive 

transcriptional program. Consistent with this notion, the CC2 subtype exhibits a more invasive 

phenotype compared with CC1 tumors.102 This developmental parallelism suggests that SHH 

pathway activation is not merely a molecular marker but may function as a bona fide driver of 

subtype-specific biology, raising the possibility that SHH inhibitors could be therapeutically 

effective in CC2-enriched patient populations. Furthermore, DNA methylation profiling has 

identified two distinct epigenetic subtypes (C and I) of skull base chordomas: subtype C is 

characterized by global hypomethylation with CpG island hypermethylation, upregulation of 

cell cycle, and higher chromosomal instability, while subtype I shows global hypermethylation 

and an immune-enriched microenvironment.58 Subsequently, a proteomic analysis involving 

102 chordoma patients was conducted to classify chordomas into distinct molecular subtypes 

and to propose precise treatment strategies based on these subtypes.103 Non-negative matrix 

factorization (NMF) clustering revealed three distinct molecular subtypes. The first, a bone 

microenvironment (BM)-dominant subtype, was strongly associated with osteoclastogenesis 

and immunogenicity. The second, a mesenchymal-derived subtype, exhibited high activity in 

mitochondrial oxidative phosphorylation (OXPHOS). The third, a mesenchymal-to-epithelial 

transition (MET)-mediated subtype, showed a strong association with activated RTK signaling, 

particularly involving the FGFR and PI3K-AKT pathways. Based on these distinct patterns, 

Denosumab, S-Gboxin, and Anlotinib were selected as targeted options, each exerting marked 

suppressive effects. To facilitate preclinical validation of these subtype-specific therapies, a 

subsequent study established corresponding in vivo and in vitro models, including cell-derived 

and patient-derived xenografts, based on these proteomic subtypes.104

However, the implementation of proteomic subtyping in routine clinical practice remains 

challenging due to high costs, limited tissue availability, and the need for prospective validation 

in large, multicenter cohorts (see Table 1 for a summary of treatment strategies).105,106 Table 2 

compares notochord cell fate across five dimensions (definition, cellular origin, stage of 

occurrence, key drivers, and microenvironmental features) between normal differentiation (NP 

formation) and malignant transformation (chordoma development). This comparison illustrates 

the molecular basis and translational value of distinct cell fates from the perspective of the 

“shared notochord lineage”. 
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Challenges in clinical translation

Despite the promising therapeutic strategies described above, several barriers impede their 

translation into clinical practice.

Safety concerns. On-target off-tumor toxicities, particularly for Brachyury-targeted and CAR-

T therapies, remain poorly characterized in chordoma. Clinical data for these approaches are 

extremely limited: no phase III trials of a Brachyury-targeted agent have been completed in 

chordoma, and no CAR-T clinical trial has been initiated to date.107 Additionally, while YAP 

inhibitors are attractive in principle, they may disrupt normal tissue homeostasis given the 

essential roles of Hippo signaling in development and adult physiology.53 Collectively, these 

safety uncertainties, combined with the lack of clinical data and predictive tools, render 

the direct clinical application of Brachyury-targeted and CAR-T therapies challenging at 

present. Addressing these obstacles will require international consortia, standardized 

biobanking, and adaptive clinical trial designs tailored to rare diseases.

Tumor heterogeneity. Single-cell RNA-seq has identified six functionally distinct chordoma 

cell subclusters, directly demonstrating intratumoral heterogeneity.65 Moreover, transcriptomic 

profiles differ between skull base and spinal chordomas, indicating interpatient 

heterogeneity.108 Consequently, a single biopsy may not capture the full molecular landscape, 

and repeat or multi-region sampling may be required to guide precision therapy.109

Delivery challenges. The treatment of chordoma faces dual challenges. On the one hand, its 

unique physical microenvironment represents a significant biological barrier. The dense ECM, 

rich in collagen and proteoglycans, together with the highly sclerotic bone microenvironment, 

severely restricts the diffusion and penetration of small-molecule targeted drugs. It also hinders 

the infiltration and survival of adoptive cell therapies, such as CAR-T cells, rendering many 

therapies that are effective in other tumors less efficacious in chordoma.107,110 On the other hand, 

the epidemiological characteristics of the disease pose challenges for clinical research. Because 

chordoma is an extremely rare tumor with a low annual incidence, the small patient pool makes 

it exceptionally difficult to recruit enough participants for large-scale, randomized controlled 

phase III clinical trials. This, in turn, hampers the generation of high-level medical data and 

slows the accumulation of long-term safety and efficacy assessments for new therapies.111,112

FUTURE RESEARCH AND CHALLENGES
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From the perspective of the “shared notochord lineage”, this review systematically delineates 

the fate trajectory of the notochord from embryonic development to NP formation and 

tumorigenesis. This framework not only elucidates the regulatory networks of notochord cells 

across physiological and pathological states but also provides a roadmap for future research and 

treatment. Despite significant progress in recent years, substantial challenges remain. 

Breakthroughs are urgently needed in three key areas: mechanistic understanding, model 

development, and interdisciplinary integration.

Mechanistic understanding: from molecular networks to spatiotemporal integration

Current understanding of the regulatory mechanisms underlying notochord development and 

fate determination has advanced considerably, but several key questions remain. Quantitative 

analysis of mechanical force signals is one important direction. AFM has been used to measure 

the stiffness gradient along the dorsoventral axis of the developing neural tube and to identify 

YAP as a mechanotransducer. However, how mechanical forces are precisely sensed during 

notochord morphogenesis, and how they cooperate with biochemical signals (such as WNT and 

TGF-β) to regulate cell fate, remain mechanistically unclear. Future efforts should combine in 

vivo mechanical measurements with single-cell resolution imaging to establish dynamic maps 

of mechanosignal transduction.

Another key issue is the temporal control of signaling pathways. Rito et al.12 found that the 

“time window” of TGF-β signaling determines notochord fate: delaying TGF-β inhibition by 

24 hours markedly increases the proportion of notochord-like cells, whereas inhibiting too early 

or too late directs cells toward other fates. This finding suggests that the activation and 

inhibition of signaling pathways during development are not simple on-off switches, but rather 

dynamic processes governed by precise timing. Future work should further dissect the 

molecular basis of “time windows”, their conservation across species, and their potential 

dysregulation in chordoma.

Model development: from 2D cultures to 3D organoids

Traditional research models have inherent limitations in dissecting notochord biology. Two-

dimensional (2D) cell cultures fail to recapitulate the 3D architecture and mechanical 
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microenvironment of the notochord, whereas animal models are constrained by interspecies 

differences and technical complexity. In recent years, rapid advances in organoid technology 

have provided a new platform for notochord research. A 3D trunk organoid model containing 

the notochord, neural tube, and somites was successfully established through precise temporal 

control of signaling pathways in human pluripotent stem cells.12 This model not only 

recapitulates notochord morphogenesis and cellular features such as vacuoles, basement 

membrane, and extracellular matrix sheath but also demonstrates the potential inductive role of 

the notochord on surrounding neural tissues.

For chordoma, although molecular subtyping (e.g., bone microenvironment-dominant, 

mesenchymal-derived, and MET-mediated) provides a framework for precision therapy,103 

substantial validation is still needed to translate these subtypes into clinically actionable 

strategies. Organoid and PDX models can serve as touchstones for drug screening, accelerating 

the clinical translation of potential targets such as CA2, mTOR, and TGF-β. However, no single 

model system is perfect: PDX models lack a functional human immune system;113 zebrafish 

models may not fully recapitulate human chordoma genetics;114 long-term culture of chordoma 

cell lines can lead to phenotypic drift,115 and organoids lack immune and vascular 

components.77 Future efforts should focus on integrating multiple complementary models, 

including patient-derived organoids, humanized PDX models, and genetically engineered 

mouse models, to rigorously validate therapeutic candidates.

Interdisciplinary integration: driving a paradigm shift in research

Research on notochord biology is shifting from a traditional molecular biology paradigm 

toward a multidisciplinary approach integrating biomechanics, organoid engineering, single-

cell omics, and artificial intelligence (AI). Single-cell and spatial transcriptomics have already 

revealed cellular heterogeneity during notochord development and chordoma. Future 

integration with spatial transcriptomics will further elucidate the spatiotemporal dynamics of 

cell-cell interactions within the notochord microenvironment. The convergence of 

biomechanics and tissue engineering will drive a shift from “static culture” to “dynamic 

simulation”, providing more physiologically relevant in vitro models to reveal the role of 

mechanical forces in notochord fate determination. Meanwhile, AI applications in image 
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analysis, drug screening, and predictive modeling will accelerate the translation from basic 

discoveries to clinical practice.116

CONCLUSION

This review introduces a “shared notochord lineage” framework that unifies notochord 

development, NP formation, and chordoma tumorigenesis. The notochord gives rise to two 

major postnatal branches: the NP (the normal fate) and notochordal remnants that, under rare 

genetic and microenvironmental conditions, may undergo malignant transformation into 

chordoma. By systematically comparing the regulatory networks governing notochord 

development, including mechanotransduction via YAP signaling, Shh concentration-time 

gradients, and Brachyury-driven transcription, with their aberrant reactivation in chordoma, we 

demonstrate how developmental pathways are co-opted to drive tumor stemness, therapy 

resistance, and disease progression.

YAP plays stage- and context-dependent roles: its inactivation is required for early notochord 

fate specification, whereas its activation is essential for later mechanotransduction and Shh 

expression. This same YAP-Brachyury axis is hijacked in chordoma to sustain tumor stemness. 

Molecular subtyping, including transcriptomic CC1/CC2 and proteomic subtypes (BM-

dominant, mesenchymal-derived, MET-mediated) provides a roadmap for precision oncology. 

Emerging therapies, such as Brachyury-targeted vaccines, YAP inhibitors, CAR-T cells, and 

subtype-guided agents (denosumab, S-Gboxin, anlotinib), are beginning to translate 

developmental biology into clinical testing, although none has yet received regulatory approval 

specifically for chordoma.

Several obstacles remain. The mechanisms driving benign-to-malignant transformation of 

notochordal remnants remain poorly understood. The dense ECM and sclerotic bone 

microenvironment severely impede the delivery of both small‑molecule drugs and cell-based 

therapies. Moreover, the rarity of chordoma makes large-scale randomized trials  challenging, 

and most evidence currently remains at the preclinical or early clinical stage. To address these 

challenges, international consortia and adaptive trial designs tailored to rare cancers are 

essential. Multi-region and longitudinal biopsies, combined with single-cell and spatial omics, 

should be implemented to capture intratumoral heterogeneity. At the preclinical level, the 

integration of organoid, PDX, and humanized mouse models will accelerate the validation of 
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novel targets such as CA2, YAP, and Brachyury. At the clinical level, combination strategies 

(e.g., vaccine plus immune checkpoint blockade, CAR-T plus radiotherapy, and YAP inhibitor 

plus conventional therapy) offer the greatest promise.

Unlike previous reviews that treated development, degeneration, and tumorigenesis as separate 

topics, our “shared notochord lineage” framework explicitly links developmental pathways to 

chordoma biology. This shifts the research paradigm from a descriptive account of chordoma 

genetics toward a mechanism-driven, development-informed approach. It encourages 

researchers to ask which other developmental regulators are reactivated in chordoma, and 

whether the temporal dynamics of signaling pathways (e.g., the TGF-β window) can be 

exploited therapeutically. Answering these questions will not only deepen our understanding 

of chordoma but also accelerate the translation of developmental biology discoveries into 

clinical practice.
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Table 1 Summary of chordoma treatment strategies: development status and evidence 

level.

Treatment 

category

Specific strategy Development 

stage

Outcomes Main limitations Reference

Local therapy Carbon ion / 

proton 

radiotherapy

Clinical use 

(specialized 

centers)

5-year DFS 50% 

(N=188); 3-year 

PFS 81% (N=20)

High cost; limited 

availability; 

long-term toxicity 

unknown

81

Targeted 

therapy

Direct 

brachyury-targeted 

agents

Preclinical T-DARPins, 

small-molecule 

binders identified

No clinical-grade 

compounds yet

52

Apatinib 

(VEGFR2 

inhibitor)

Phase II Median PFS 18 

months; ORR 

25.9% (Choi)

Phase III data lacking; 

hypertension/proteinuria

90

Lapatinib 

(EGFR/HER2 

inhibitor)

Phase II 

completed

Median PFS 6 

months; CBR 

22%

Modest activity; no 

RECIST responses

92

Imatinib 

(multi-kinase 

inhibitor)

Off-label / 

Phase II

 minimal PR Low evidence level; 

off‑label 

93

Palbociclib 

(CDK4/6 

inhibitor)

Phase II 

completed

median PFS 5.6 

months,  median 

OS 24.6 months

Modest single-agent 

activity

94

Vismodegib (SMO 

inhibitor)

Preclinical G1/S arrest in 

vitro; xenograft 

growth inhibition

No clinical trial initiated 96

Immunotherapy Brachyury vaccine Phase I/II 

completed

Immunogenic 

platform; 1 PR 

(IV, Ph I) and 2 

Limited single-agent 

cytotoxicity (ORR <8%)

51,97
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PRs (with RT, Ph 

II, mRECIST).

Pembrolizumab 

(anti-PD-1)

Case report One durable PR Lacks prospective data 98

CAR-T (B7-H3, 

VEGFR)

Preclinical Effective in 

xenografts; 

synergy with 

radiation

No clinical trial initiated 99,100

Precision 

subtyping

YL-13027 (p-

EMT inhibitor, 

targets TGF-β)

Phase I 

completed

SD in 3 SBC 

patients, no severe 

AEs

Small sample size 65

Denosumab 

(BM-dominant)

Preclinical Suppresses 

osteoclastogenesis

Requires prospective 

validation

103

S-Gboxin 

(OXPHOS-high)

Preclinical Targets 

mitochondrial 

metabolism

Only validated in 

preclinical models

103

Anlotinib 

(MET-mediated)

Preclinical RTK inhibition subtype-specific activity 

unproven

103

Abbreviations: CBR, clinical benefit rate; ORR, objective response rate; PFS, progression-free 

survival; PR, partial response; OS, overall survival; RECIST, Response Evaluation Criteria in 

Solid Tumors; IV, intravenous; RT, radiotherapy; SD, stable disease; AE, adverse event(s).
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Table 2. Branching of notochord fate: comparison between NP formation and chordoma 

development.

This table compares notochord cell fate in normal differentiation (NP formation) versus 

malignant transformation (chordoma development) across five dimensions: definition, cellular 

origin, stage of occurrence, key drivers, and microenvironmental features. It illustrates the 

molecular basis and translational value of distinct fates under the "shared notochord lineage" 

perspective.

Feature NP formation (normal 

branch)

Chordoma development 

(malignant branch)

Definition Notochord cells persist and 

differentiate in the IVD region, 

forming the NP and providing 

cushioning function

Notochord cells remain in the 

vertebral body and undergo 

malignant transformation to 

form chordoma

Cellular origin Notochord cells are compressed 

into the intervertebral space

Embryonic notochord remnants

Stage of occurrence Late embryonic development Peak incidence at 50 years of 

age; rarely affects patients 

under 40, especially children

Key drivers Mechanical compression, 

hypoxic microenvironment, 

TGF-β signaling

Genetic predisposition, 

epigenetic alterations, bone 

microenvironment

Microenvironmental features Avascular, hypoxia, high 

hydrostatic pressure

Bone microenvironment-

dominated; accompanied by 

angiogenesis and nerve 

invasion in advanced stages; 

rich in immune cell infiltration
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Notochord

Normal branch 
(Postnatal disc core)

NP formation
(Avascular, hypoxia, high 

hydrostatic pressure) 

NP degeneration
(discogenic LBP, LDH) 

Malignant branch
(Embryonic notochord 

remnants)

Mechanical signals

YAP

Shh

GliA

YAP

FoxA2

ShhFoxA2
YAP

Noto

FP SMARCB1

ATG5 Promoter

ATG5 mRNA

ATG5

Autophagy↓
Proteomics-based 

subtyping of chordoma

BM-dominant OXPHOS-high MET-mediated

Denosumab S-Gboxin Anlotinib 

Chordoma precursor
(Genetic predisposition, 
epigenetic alterations, 

bone microenvironment)

Chordoma
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Notochordal
plate
forms

Notochord
forms

Notochordal
process
forms

A

C

Human Embryos

B

Human Embryos

Mouse Embryos

Human Embryos

Day 19 Day 23 Day 25

Noto(E11.5) Trans(E13.5) NPL(E15.5)

Noto
(7th week)

Trans
(8-9th weeks)

NPL
(10-11th weeks)
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YAP
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FoxA2

Shh
FoxA2

YAP

Noto

FP

Cell membrane

Cytoplasm

Nucleus
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Vascularisation

Sensory innervation

Blood vessels

Nerve fibres

Nucleus Pulposus

Cartilage endplate

Vertebra

A

Lumbar disc herniation
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NucleusNucleus

Cell proliferation ↑

Chordoma
cell

Untreated chordoma cells Treated chordoma cells

PI3K

AKT

mTOR

active RTK

P P

P P

SMARCB1

Some Therapeutic Targets for Chordomas

ATG5 Promoter

ATG5 mRNA

ATG5

Autophagy↑

Chordoma
cell

Cell proliferation ↓

PI3K
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