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Chordoma is a rare malignant bone tumor that mainly occurs in the sacrum and
the clivus/skull base. Surgical resection is the treatment of choice for chordoma,
but the local recurrence rate is high with unsatisfactory prognosis. Compared with
other common tumors, there is not much research and individualized treatment
for chordoma, partly due to the rarity of the disease and the lack of appropriate
disease models, which delay the discovery of therapeutic strategies. Recent
advances in modern techniques have enabled gaining a better understanding of
a number of rare diseases, including chordoma. Since the beginning of the 21st
century, various chordoma cell lines and animal models have been reported,
which have partially revealed the intrinsic mechanisms of tumor initiation and
progression with the use of next-generation sequencing (NGS) techniques. In this
study, we performed a systematic overview of the chordoma models and related
sequencing studies in a chronological manner, from the first patient-derived
chordoma cell line (U-CH1) to diverse preclinical models such as the patient-
derived organoid-based xenograft (PDX) and patient-derived organoid (PDO)
models. The use of modern sequencing techniques has discovered mutations
and expression signatures that are considered potential treatment targets, such as
the expression of Brachyury and overactivated receptor tyrosine kinases (RTKs).
Moreover, computational and bioinformatics techniques have made drug
repositioning/repurposing and individualized high-throughput drug screening
available. These advantages facilitate the research and development of
comprehensive and personalized treatment strategies for indicated patients and
will dramatically improve their prognoses in the near feature.
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Introduction

Chordomas are extremely rare malignant bone tumors
originating from the remnant notochord (1, 2). The estimated
annual incidence is approximately 0.8-1 out of 1,000,000, with
male dominance (3, 4). Almost all primary tumors accumulate in
the axial skeleton, with a predilection of the sacrum and the
clivus/skull base. According to the WHO classification (5th
edition), chordomas are pathologically classified into three
subtypes: conventional (including the chondroid), poorly
differentiated, and dedifferentiated (5). The conventional
subtype is the most common, accounting for more than 95%
of all cases (6).

Chordomas are considered as low- to intermediate-grade
malignancies with a moderate growth rate, but with locally
aggressive features. The ideal treatment is en bloc resection of
the primary tumor without metastasis (7, 8). However, most
patients with chordoma lack the typical clinical symptoms in the
early stage due to the indolent characteristic of this tumor. Most
chordoma tumors are large at the first diagnosis, with a pseudo-
capsule that is vulnerably violated intraoperatively. On the other
hand, as most chordoma tumors originate from the cranio-
caudal ends of axial skeletons, vital structures such as the
pituitary, spinal cord or cervical/sacral nerve roots, vertebral/
iliac arteries, rectum, and the sigmoid colon are often involved or
even enrolled by the tumor mass, which constitutes a great
challenge in the surgical intervention of this malignancy.
Subtotal resection with adjuvant radiotherapy is considered as
an alternative treatment, but insufficient resection of the tumor
often leads to a high risk of subsequent local recurrence or even
metastasis (9).

The 5-year recurrence-free survival (RES) of chordoma is
over 50% for patients with adequate resection margins, but the
rate may drop dramatically to less than 20% in the presence of
contamination (7, 9, 10). Few advanced cases can be cured
radically by surgery, and systemic treatment is required, but the
effect is limited (6, 8, 9). Conventional chordomas are considered
as indolent to cytotoxic chemotherapy, while the poorly
differentiated and dedifferentiated subtypes are considered as
sensitive to chemotherapy. Systemic treatment is considered as
upfront management for chordoma by most researchers and
clinicians, but more evidence-based verification is required
(11-14).

To some extent, the current clinical dilemma is attributed to
the lack of basic research on chordoma compared with other
tumors. Given the low occurrence rate and the indolent biological
feature of chordoma, it is usually difficult to develop stable cell
lines and suitable xenograft animal models, which hinders gaining
a deeper understanding of the intrinsic mechanism of the
biological processes of chordoma. It was not until 2001 that the
first chordoma cell line was established and well characterized
(15). With the joint efforts of clinicians, biologists,
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pharmacologists, and numerous other multidisciplinary teams,
chordoma research has made great progress in the new century.
New treatment strategies, including tumor vaccines, targeted
therapies, and immunotherapies, have been developed and have
shown promising prospects. In the current review, we focus on the
progress in the basic research of chordoma in recent years and its
far-reaching impact on clinical practices. In addition, we provide
an overview of modern individualized drug screening systems
for chordoma.

The research tools: Chordoma cell
lines and animal models

The importance of cell lines and animal models for disease
research cannot be doubted. However, since the identification of
the first case in 2000, chordoma research has mainly focused on
the clinical symptoms, radiological expressions, and pathological
manifestations. Compared with other types of malignant
tumors, the lack of understanding of the pathogenesis of
chordoma and effective medical therapies is the partial reason
for the delayed establishment of model systems. There is limited
basic research in identifying karyotype abnormalities and
characteristic molecules from clinical samples. It was not until
2001 that the first human chordoma cell line, U-CHI1, was
established (15), and about 10 years later, the first xenograft
model was reported (16). Today, over 20 chordoma cell lines and
several different types of animal models have been established,
which substantially expands our understanding of the
pathogenesis of chordoma.

Cell lines

The U-CHI cell line was developed from a sacrum tumor of
a 46-year-old male patient who received radiotherapy for local
recurrence of the tumor 4 years after the primary resection.
Further characterization proved typical physaliphorous
morphological features and stable expression of several
markers, including Brachyury, vimentin, and cytokeratin (15).
Since its establishment, the U-CH1 cell line has become one of
the most widely used chordoma cell lines worldwide. Several
interesting intrapersonal models of cell line families with unique
characteristics have been established. The U-CHI1 and U-
CHIIR cell lines were established from the primary and the
recurrent sacral chordoma (recurred 4 years after primary
resection) of the same patient, respectively (17). The primary
tumor tissue, the U-CHI1 cell line, and the corresponding
recurrent cell lines were compared using RNA sequencing
(RNA-seq). The results demonstrated that transcriptomic
reprogramming occurred during chordoma recurrence, which
did not derive from genomic events. Similar conclusions were
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also drawn from another series of cell lines originating from the
same patient. U-CH17P, U-CH17M, and U-CH17S were
established from the primary site, lung metastasis, and skin
metastasis, respectively (18). Although there was some loss of
genetic variations compared with the parental chordoma tissues,
such cell line model systems are meaningful for the investigation
and understanding of the intrinsic mechanisms underlying the
process of tumor progression.

Compared with cell lines established from sacrococcygeal
tumors, clivus-originated chordoma cell lines are even more
difficult to breed. Lucia et al. reported a technical note on
establishing three clival chordoma cell lines from patients, but
the cells were not permanent (19): the cells underwent crisis with
continued passaging for about 40 generations. Owen et al.
established the first permanent human clival chordoma cell
line, UM-Chorl, and successfully transduced it with a
luciferase lentiviral vector (20). A para-sacral xenograft model
in non-obese diabetic/severe combined immunodeficiency
(NOD/SCID) mice was also built, which showed slow growth
via bioluminescence. The lack of clival chordoma cell lines could
possibly be explained by the role of aggressive telomerase in
chordoma and the destruction or damage of tumor cells
intraoperatively (19). Gellner et al. thoroughly analyzed such
suspects and successfully bred the clival cell line MUG-CC1
using a full endoscopic technique under suitable culture
conditions (21). Since non-tumorigenic notochordal cell lines
are unlikely to be available in near future, their team also
creatively presented a non-tumorigenic, spontaneously
established lymphoblastoid cell line originating from the same
chordoma patient (termed as MUG-CCI1-LCL) for comparative
analysis. Recently, Kino et al. have established a novel skull base
chordoma cell line, TSK-CHO1 (22), which has been proven to
be neoplastic and which exhibited pleomorphic features. It was
also revealed that the TSK-CHOL1 cell line secretes Brachyury
and SOX9 into conditioned medium (CM), which can further
induce human dental pulp stem cell differentiation and promote
the production of hyaluronic acid and type II collagen. This new
cell line is expected to be used for elucidating the pathogenesis of
skull base chordoma and investigating the mechanism
underlying the production of fibrocartilage.

Most currently available cell lines have been derived from
conventional chordomas, but the origin of the other subtypes is
unknown. Kim et al. successfully established a chordoma cell line
from a patient with recurrent dedifferentiated chordoma and named
it DTC (23). Compared with U-CHI cells, DTC cells showed a
unique polygonal morphology and higher clonogenic activity.
Compared with conventional chordomas, a distinct expression
spectrum was also identified, with a high expression of platelet-
derived growth factor receptor-3 (PDGFR-fB) and stemness- and
epithelial-to-mesenchymal transition (EMT)-related proteins, but
low levels of Brachyury and cytokeratins. DTC cells were also
demonstrated to have a high surface expression of CXCR4 and
the capacity to form xenograft subcutaneous tumors in nude mice.
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3D cultures of chordoma cell lines

It is well documented that chordoma cells are embedded in
a massive extracellular myxoid matrix in vivo. The extracellular
components not only function as a passive scaffold within the
tumor architecture but also play a more active role, thus
facilitating the communication between cells and
participating in the regulation of cellular proliferation,
differentiation, and motility. Therefore, 3D cultures are
considered to have obvious superiority over traditional 2D
cultures (24, 25). Cao et al. reported their experience using 3D
cultures of chordoma cell lines (26). They cultured three cell
lines (U-CHI1, CHS8, and GB60) the growth factor-reduced
Matrigel by using an assay medium with the addition of extra
growth factor 12 (DMEM/F12) containing 2% horse serum,
0.5 g/ml hydrocortisone, 100 ng/ml cholera toxin, 10 g/ml
insulin, 100 U/ml penicillin G, and 100 mg/ml streptomycin
after the tumor was seeded on the reconstituted basement
membrane. The clusters and acini-like spheroids formed by the
cells partially restored the in vivo morphology. Locquet et al.
prepared 3D cellular models using cell lines representative of
three different stages of the disease: U-CH12 for primary, U-
CH1 for relapsed, and CH22 for metastatic tumor (27). Their
tumor spheroids recapitulated the main histological and
morphological features, as well as the radioresistant
environment of chordoma.

The 3D cultures of the patient-derived primary tumor cells
were named as organoids (patient-derived organoids, PDOs).
More advantages of organoids over conventional 2D patient-
derived cell cultures (PDCs) have been recognized and
documented (28-30). However, similar obstacles, such as
indolent tumor growth and difficulty in stable passage, need
to be overcome by establishing chordoma organoid models in
tumor cell lines. Scognamiglio et al. reported their experience
in predicting the response of patients to the checkpoint
inhibitors (ICIs) programmed cell death 1/programmed
death ligand 1 (PD-1/PD-L1) (31). In their brief
communication, they reported the first evidence of using
chordoma PDOs to examine individual responses to
treatment. In a recent report, Shihabi et al. have documented
their experience in establishing the PDO model with a 100%
success rate, stating that the model mimicked the
immunohistopathological characteristics of the parental
tumor (32). Furthermore, they built an effective and timely
high-throughput drug screening platform with their PDO
model. Additionally, the PDO model was obviously more
cost-effective than the patient-derived xenograft (PDX)
model. Details are presented in the subsequent section.

Collectively, the 3D culture and PDO models can serve as
important supplements to traditional in vitro and in vivo animal
models, which can greatly accelerate the study of such a rare
disease and help in the discovery of potential therapeutic drugs.
Details are presented in subsequent discussions.
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Animal models

Two types of animal models have been established: the
xenograft tumor model and the zebrafish tumor model. The
former was derived based on chordoma cell lines or patient-
derived tumors, while the latter is mostly a spontaneous animal
model used to facilitate the understanding of the mechanisms of
tumor initiation and progression.

Wesley et al. injected JHC7 cells into immunodeficient mice
subcutaneously and successfully constructed the first cell line-
derived (CLD) chordoma xenograft animal model (16). Further
experiments demonstrated that the injected tumor vividly
resembled the parental tumor phenotype. Siu et al. established
the first serial transplantable PDX model (33). Compared with
the CLD model, the PDX model more closely mimicked the
original tumor and was more valuable for effective therapeutics
(34). Using this model, Siu et al. (35) further evaluated the
efficacy of the epidermal growth factor receptor (EGFR)
inhibitor erlotinib in vivo. Subsequently, several PDX models
reflecting different tumor characteristics were established,
including primary or recurrent tumors involving the cervical
spine or sacrum (36-38). However, all these tumors were
subcutaneously injected; in situ transplanted models continue
to be pursued.

Diaz et al. (34) established a clival chordoma xenograft to
mimic in situ tumor characteristics (34). The tumors were
harvested intraoperatively, digested, resuspended, and mixed
with Matrigel. NOD/SCID gamma (NSG) mice were prepared
by scraping the outer cortex of the parietal bone with a scalpel.
The obtained tumor cells were implanted into the subcutaneous
epicranial space above the posterior parietal bone and the sub-
occipital musculature thereafter. Although not on each PDX
model, bony invasion was observed in each generation, which
partially restored the clinical features of patients compared with
the primary tumor. Salle et al. (39) developed an orthotopic
primary PDX model with tumors implanted in the lumbosacral
area. Compared with the clivus, the lumbosacral area was
preferred in order to allow tumor growth and avoid animal
suffering and mortality related to the growth of the tumor. The
success rate of tumor engraftment was significantly increased
using this orthotopic technique, from about 30%-40% to
60%-80%.

Compared with the xenograft model, the tumorigenic
model was more suitable for the investigation and
understanding of tumor development and progression. In the
new century, zebrafish has emerged as a powerful genetic
model of human cancer with the advantages of high genetic
conservation, operable genetic manipulations, and feasibility
for observation (40). Burger et al. reported the first zebrafish
model for chordoma research (41). They built a notochord-
specific expression of HRASV12 in the Gal4/upstream
activating sequence (UAS) system, which was one of the first
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inducible transgenic methods providing a unique opportunity
to induce oncogene expression in a tissue-specific manner in
zebrafish. Although no evidence of HRAS mutations has been
reported in human chordomas, their model firstly observed a
chordoma-like tissue malformation of the notochord with
positive expressions of Brachyury and cytokeratin. A primary
distinction observed between the examined zebrafish
notochord tumors and the human chordoma is the rapid
phenotype onset in the fish model compared with the slow
growth of human cancer. These features facilitated an
application in high-throughput drug screening. With this in
vivo platform, the authors further investigated other potential
drivers of chordoma initiation (42). Notably, their data imply
that Brachyury per se might be insufficient to initiate chordoma
and that the active receptor tyrosine kinase may potently
induce a chordoma phenotype.

Several other genes were examined for their ability to induce
tumor initiation in zebrafish models. The upregulation of the
metastasis-associated gene PRL-3 and the downregulation of the
transforming growth factor-f3 family member TGFB3 have been
proven to be correlated with chordoma formation (43).
Although there was no direct evidence of the contribution of
FAS/FASL dysregulation to chordoma formation, the
knockdown of this pair of genes in zebrafish strikingly
impaired notochord formation in the zebrafish model,
suggesting their possible involvement in chordoma occurrence
(44). In addition to these genetic manipulated models, an
interesting finding should be noted. Cooper et al. (45)
reported a series of 24 cases of spontaneous primary intestinal
chordomas in zebrafish and nine cases of spontaneous vertebral
chordoma. The former represents a novel tumor type that had
not been previously described in any species.

At present, most chordoma cell lines and several serial
passable PDX models are well documented by the Chordoma
Foundation (https://www.chordomafoundation.org/research/
disease-models/) and are available to researchers. With the
help of these valuable research models, chordoma research has
made great strides and accelerated the development of
comprehensive therapeutic drug discovery.

Leap to the next generation:
Advances in genetic research

The identification of driver mutations and downstream
regulatory abnormalities in malignancies is beneficial to
revealing the intrinsic mechanisms of tumor initiation,
progression, and recurrence and has dramatically changed the
treatment landscape for many tumors. Multiple techniques for
genetic analysis have been applied to karyotype analysis,
comparative genetic hybridization (CGH), high-throughput
microarray, and the NGS of chordoma. Some recent studies
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have applied modern sequencing techniques to chordoma
investigation, including single-cell RNA sequencing (scRNA-
seq), whole-genome bisulfite sequencing (WGBS), transposable
accessible chromatin by high-throughput sequencing (ATAC-
seq), and Hi-C.

Early exploration of cytogenetic changes
in chordoma

Due to restrictions in the investigation techniques, only
limited studies with 18 chordoma cases focusing on
cytogenetic changes were reported before 2000 (46). Few
specific or characteristic chromosomal anomalies have been
determined, except in one study by Butler et al.,, which
reported the results of cytogenetic analysis of five chordomas
(46). Only random abnormalities in one tumor cell out of 100
cells from Patient No. 5 were identified. However, their study
identified elongation, but not reduction as in other tumors, of
telomere length and an increase of telomerase activity. In the
new century, several studies have demonstrated loss of
heterozygosity for different loci in chordoma. In Klingler’s
cohort of 12 patients with chordoma, microsatellite instability
(MIN) was demonstrated in six patients and loss of
heterozygosity (LOH) for at least one locus in two patients
(47). Several other LOH and comparative genomic hybridization
(CGH) studies demonstrated more chromosome abnormalities
that showed a feature of more loss than gain, including loss of
1p36, 7q33, and 9p21 as an important mechanism for tumor
development (48-50). Furthermore, candidate genes mainly
located in the locus of interest were mapped and identified
using PCR, gene chips, and immunohistochemistry (IHC). At
the same time, researchers firstly attempted to use imatinib
mesylate, a selective tyrosine kinase inhibitor (TKI) of ¢-KIT and
platelet-derived growth factor receptors, for patients with
chordoma as it was shown to be highly effective in
gastrointestinal stromal tumors (GIST) (51). Although some
benefits in tumor control have been demonstrated in clinical
practice, most of the samples were negative with activating
mutations but overexpression of the receptor tyrosine kinase
(RTK) genes, which can be identified with RT-PCR or IHC (52—
54). Since then, many studies concerning the expression and
functional analyses of RTK and other candidate genes have been
performed with tissue microarray, with the results indicating a
promising pattern for corresponding inhibitors in the treatment
of chordoma (55-59).

High-throughput microarray has further promoted our
understanding of such a rare tumor. The first array-based
study characterizing DNA copy number changes in chordoma
identified copy number alterations in all samples (50). Deletions
were more common than gains, and no high-level amplification
was found. Henderson et al. firstly drew a molecular map of
mesenchymal tumors and identified a gene expression signature
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of chordoma through gene expression microarray (GEM) in a
machine learning model (60). Among which, the T-box
transcription factor (TBXT) Brachyury was first identified,
which was mainly expressed in the developing notochord and
strongly linked the embryonic structure with chordoma. Pillay
et al. identified TBXT amplification in both familial and sporadic
chordomas, finding that it was the rs2305089 polymorphism
that altered the binding ability of TBXT, which is known to be
closely correlated with tumor initiation in individuals of
European ancestry (61). Further mutation studies also
identified other common variants of TBXT with risk of
chordomas, such as rs3816300 in sporadic chordomas and
rs1056048 in familial cases (62). Since then, large numbers of
studies have verified the important roles of Brachyury in the
initiation, progression, and prognosis of chordoma. As the
results have been well collective and compared in several other
reviews (63-65), we will not discuss them herein. However, a
recent randomized, double-blind, placebo-controlled phase II
trial failed to observe advantages of the yeast-Brachyury vaccine
combined with standard-of-care radiotherapy in locally
advanced unresectable chordoma (66). Although the results of
the yeast-Brachyury vaccine are not consistent, the idea of
targeting Brachyury with other immune or targeted methods
for chordoma therapy is still worth further exploration.

Since only a few driver mutations but dramatic functional
gene expression signatures were identified in chordomas,
exploration of the epigenetic changes was conducted (67, 68).
Rinner et al. (69) reviewed 10 chordoma samples and found that
the PI3K pathway played a potential important role in the
development of chordoma. They first provided evidence of the
DNA methylation of tumor suppressor genes in chordoma,
suggesting that they could serve as markers for its early
detection. Another study (70) identified a subset of probes that
were differentially methylated between recurrent and non-
recurrent chordomas. Identification of the DNA methylation
features of chordoma has provided a wealth of information in
establishing useful biomarkers for diagnosis, prognosis
prediction, and disease monitoring, and these biomarkers
could also be potential therapeutic targets for this rare tumor.

NGS techniques provide a deeper
understanding of chordoma

Due to the urgent need to gain more thorough insights into
the molecular biology and genetics of chordoma, ultra-deep
NGS analysis was performed (as listed in Table 1). Fischer et al.
(71) performed the first panel-based NGS study in nine patients
with chordoma for the mutations of 48 cancer genes, but failed
to identify somatic mutations in “hotspots” of genes known to be
involved in cancer development; very low mutation rates of
KDR, KIT, and TP53 were determined. Another panel-based
study of 341 key cancer-associated genes was performed in 23
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chordoma samples (72). The results revealed non-random copy
number losses across the genome and a very low mutation rate,
with an average of 0.5 mutation per sample. However, about 40%
of the mutation events were grouped as chromatin regulatory
genes, including SETD2, PBRM1, ARIDIB, and SMARCBI, and
the co-occurrence of alterations in CDKN2A/CDKN2B was fairly
common. These findings hinted that chordoma might belong to
the C class tumors in terms of copy number changes whose
oncogenic signature was a non-random multiple copy number
loss across the genome, and these genomic aberrations
frequently alter chromatin regulatory genes.

Restricted by the limited number of genes investigated in
panel-based studies, a number of studies used whole-exome and
whole-genome sequencing (WES and WGS, respectively), as these
techniques can shed further light into the pathogenesis of and
potential treatment options for chordoma. Jason et al. (74)
combined WES and whole-transcriptome sequencing on 10
clivus chordomas and identified a novel gene fusion of SMAD5-
SASHI for the first time in the skull base, which can be employed
as a therapeutic and prognostic marker (74). Tarpey et al. (76)
constructed a driver landscape of 104 cases of sporadic chordoma
with 11 WGS, 26 WES, and 67 panel-based sequencing. WGS/
WES studies were used as the discovery cohort and the remaining
studies used as the validation cohort. This study identified somatic
duplications of TBXT, recurrent mutations of PI3K signaling genes,
and driver events in chromatin modeling genes, consistent with the
results of the aforementioned studies. In addition, they also
identified non-random enrichment of truncating mutations in
the lysosomal trafficking regulator (LYST) protein for the first
time and found that the expression of LYST was correlated with
the function of lysosomes, a histological hallmark of
physaliphorous vacuole-packed cells that characterize chordoma.
LYST may work as a cancer gene in chordoma and prove to be an
adjunct diagnostic marker.

The genomic features differed between ethnicities, tumor
locations, and pathological subtypes. As aforementioned, the
1rs2305089 polymorphism in TBXT was associated with a sixfold
increase in the risk of developing chordoma in a European
population, but it was not found to be correlated with an
increased risk in East Asians (81). On the other hand, somatic
duplications of TBXT and mutations in PI3K signaling genes are
rare in skull base chordomas, which was different from that
observed in sacral chordoma. In a Chinese patient-based study
of sacral chordomas, Xu et al. (79) identified a new CLDN9 T120A
substitution as a potential oncogene in indicated populations,
which had not been previously reported. Previous analyses have
identified pathological changes in chordomas (12). Compared with
benign notochordal cell tumors, the conventional and
dedifferentiated chordoma subtypes showed an increased
genomic instability (78). In dedifferentiated chordomas,
Brachyury was expressed in the conventional/chondroid
components, but was completely lost in the dedifferentiated
component. Poorly differentiated chordomas are characterized by
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the loss of INII/SMARCBI and may also represent a discrete entity
with a more aggressive phenotype, which is more similar to
rhabdoid tumors. However, driver gene alterations are critical in
tumor initiation and progression, but may not be involved in
tumor dedifferentiation and high-grade transformation (82).

WES/WGS in chordoma tissues demonstrate a low-frequency
mutation rate compared with that in other cancer tissues. Apart
from genetic alterations, epigenetic regulators and chromatin
spatial organization are also crucial for gene regulation by
regulating the accessibility of DNA to sequence-specific binding
proteins and bringing distant promoters, enhancers, and other cis-
regulatory regions together (85, 86). Meng et al. (87) performed a
multi-omics analysis with RNA-seq, ATAC-seq, and Hi-C and
found that the bone microenvironment played an important role
in chordoma tumorigenesis. In addition, they identified carbonic
anhydrase IT (CA2) as a novel therapeutic target in chordoma.
ScRNA-seq could elucidate the mechanisms underlying
carcinogenesis and the molecular features of cancers. Duan et al.
(84) first delineated the transcriptomic landscape of chordoma
using scRNA-seq. Their results identified six subclusters of
chordoma cells, which exhibited properties of an epithelial-like
extracellular matrix, and stem cells with immunosuppression.
They also identified a strong immunosuppressive effect exerted
by regulatory T cells (Tregs) and M2 macrophages and an
enhanced TGF-B signaling pathway in tumor progression.
Immune therapy is considered as a promising strategy for
tumor control, and several clinical cases have been reported to
respond to immune ICIs. The study of Duan et al. partially
explained the rationale for immune therapy in patients with
chordoma, although in-depth research is still required.

With the development of NGS techniques, the design of
individualized therapy using comprehensive genomic analysis has
been attempted and clinically practiced. Screening for hotspot
mutations in cancer-associated genes prior to a personalized
treatment approach in patients with limited therapeutic options
can provide a rationale for genomics-guided therapy. Liang et al. (88)
reported their experience on the combined use of WES and RNA-
seq in four patients with chordoma and found that the incorporation
of different sequencing techniques could help further clarify which
DNA alterations are expressed or could be used as therapeutic
targets. Another more detailed analysis of WES/WGS-guided
therapy was reported by Stefan et al. (77). The authors observed
that advanced chordomas were characterized with frequently
impaired DNA repair via homologous recombination (HR) and
with mutations of HR-related genes, including BRCA2, NBN, and
CHEK2. Treatment with the poly(ADP-ribose) polymerase (PARP)
inhibitor showed promising clinical prospects for such patients.
However, one case gained olaparib resistance after a 10-month
treatment, when tumor reprogression occurred due to a second
mutation of the p.T910A allele and restored the activity of PARP.
Gene expression-based estimates of immune cell abundance have
the potential to identify patients that may respond to ICI treatment
(89-91). Growing evidence has also shown responses to ICIs in
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TABLE 1 Next-generation sequencing (NGS) studies on chordoma.

Reference No. of Sequencing technique Tumor sites
patients
Pillary et al. 20 WES NA
(59) (European
ancestry)
Fischer etal. 9 NGS (the TruSeq Amplicon Cancer Panel) 3 skull base, 4 spine, and 2
(71) (Caucasians) sacrum/coccyx
Wangetal. 24 NGS (MSK-IMPACT) 3 spine, 18 sacrum, and 3 pelvic
(72)
Bell et al. 14 RNA-seq analysis Skull base
(73)
Saetal (74) 10 WES in 8 patients and RNA-seq analysis ~ Skull base
in 5 patients
Bell et al. 12 RNA-seq analysis in 12 patients Spine
(75)
Tarpey et al. 104 WGS in 11 patients, WES in 26 patients, 19 skull base, 25 spine, 50 sacrum/
(76) and NGS (targeted sequencing) in 67 coccyx, 3 extra axial, and 7
patients unknown
Groschel 11 WES in 9 patients and WGS in 2 patients 3 skull base, 5 spine, and 3 sacurm
etal. (77)
Hungetal. 4 WES in 4 patients NA
(12)
Zhu et al. 11 NGS (MSK-IMPACT) NA
(78)
Bai et al. 80 (Chinese WGS Skull base
(79) patients)
Mattox et al. 32 WES 14 spine, 15 sacrum, 2 pelvic, and
(80) 1 chest
Yepes et al. 138 WES 55.7% skull base, 23% spinal, and
(81) (European 20.3% sacral
ancestry)
Wen et al. 3 NGS (MSK-IMPACT) Extra-axial
(82)
Xu et al. 8 (Chinese ~ WES Sacrum
(83) patients)
Duan et al. 6 (Chinese scRNA-seq 3 spine, 1 sacrum, and 2 skull base
(84) patients)

Primary/
recurrent

NA

Primary

21 primary and 3
recurrent

NA

6 primary and 4
recurrent

Primary

NA

NA

4 primary and 1
Paired metastatic

NA

80 primary and
11 paired
recurrences

31 primary and 1

metastatic

NA
Primary
4 primary and 4

recurrent

NA

10.3389/fonc.2022.1029670

Subtypes

NA

Conventional (7 classic and 2
chondroid)

Conventional

13 conventional (including 3
chondroid) and 1 dedifferentiated

Conventional (5 classic and 5
chondroid)

Conventional

89 conventional, 5 dedifferentiated, 4
poorly differentiated, and 6
unknowns

NA

Dedifferentiated

NA

78 conventional (including 14
chondroid) and 2 dedifferentiated

NA

NA

1 conventional and 2 poorly
differentiated

NA

NA

WES, whole-exome sequencing; NGS, next-generation sequencing; RNA-seq, RNA sequencing; WGS, whole-genome sequencing; scRNA-seq, single-cell RNA sequencing; NA, not available.

tumors deficient in SWI/SNF chromatin remodeling genes (92, 93).
Therefore, poorly differentiated chordoma with a characteristic
SMARCBI deficit is a potential candidate for ICI treatment.
Williamson et al. (94) performed multi-omics sequencing
including WGS, RNA-seq, and WGBS and successfully identified
a recurrent pediatric poorly differentiated chordoma with features of
single copy losses affecting SMARCBI, hypomethylation of the
TBXT promoter, overexpression of the Brachyury tumor antigen
and CD274 (PD-L1), and CD8" T-cell, CD79a" B-cell, and plasma
cell infiltration. All these features hinted of a potential effect of ICIs,
which have been used in clinical practice and with proven
satisfactory outcomes.

Collectively, genetic research on chordoma using multiple
techniques revealed a relatively quiet cancer genome driven by a
limited repertoire of cancer genes, and epigenetic regulations
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may play an important role in tumor initiation and progression.
The combination of multi-omics analyses helps in the
comprehensive understanding of the tumor landscape and
facilitates the design of individualized treatment strategies.

New era: Modern personalized
precision drug treatment

At present, surgery remains the mainstay of treatment for
chordoma. However, complete tumor resection is not always
available; therefore, there is an urgent need to develop new
therapeutic options for this tumor (1, 8, 9). Conventionally,
chordoma is considered resistant to chemotherapy, and only
anecdotal cases have provided limited evidence for the clinical
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employment of cytotoxic agents (6, 95). Recent studies have
reported responses to agents such as anthracyclines, alkylating
agents, cisplatin, and etoposide in the ultra-rare subtype of
dedifferentiated chordoma (96-98). The combined use of
cytotoxic drugs as sensitizers for radiotherapy or targeted
therapy has also garnered attention (99, 100). Through
sequencing efforts in chordoma, targeted therapies have shown
promising prospects in tumor management. Nevertheless,
unclear indications for individualized application of the
limited available drugs have hindered comprehensive
treatment of patients with chordoma. Drug discovery for this
rare tumor has attracted significant interest from investigators
with approaches such as drug repositioning, computational-
assisted high-throughput drug screening, and PDO-based
drug screening.

Multidimensional drug discovery
strategies for chordoma

Chordoma is a type of tumor with a low-frequency mutation
rate, and the number of suitable medications identified by
sequencing is limited. Preclinical studies have identified several
targeted medications for the systemic management of
chordoma, and indicated clinical trials have provided the
efficacy and safety data (101). However, no medications have
been approved so far as first-line treatments for chordoma. The
main obstacles for the identification of novel therapeutic avenues
include the extremely low incidence of morbidity and the lack of
appropriate models for preclinical research. Conventional drug
discovery pipeline is long-lasting and is not cost-effective for rare
diseases such as chordoma, for which new strategies are
required (102).

Given the fact that chordoma has not been sufficiently
covered by target-based approaches and that it is difficult for
single-agent therapies to provide lasting effects, the combined
use of phenotypic screening drugs may help in the development
of novel therapeutic strategies. Anderson et al. examined the
combination of synergistic drugs in chordoma with a machine
learning method and demonstrated a synergistic effect of
palbociclib and AZD2014 with afatinib for chordoma cells in
vitro (103). Scheipl et al. (104) performed drug screening of 133
clinically approved anticancer drugs as single agents and in
combination with EGFR inhibitors (EGFRis; e.g., afatinib and
erlotinib) (100) and demonstrated that the combination of
crizotinib, panobinostat, and doxorubicin with EGFRis showed
a promising prospect of application. The histone deacetylase
(HDAC) inhibitor panobinostat exerted a moderate synergistic
effect when used in combination with afatinib. Although the
study has not shown groundbreaking success of these treatments
as monotherapeutics in solid tumors, including chordoma (104),
there appears to be a role for this class in combination therapy
and multi-target inhibition (104, 105).
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The combined administration of different drugs has shown
advantages of prolonged efficacy, avoidance or delayed
occurrence of drug resistance, and synergistic effects with
increased clinical outcomes. Combination screening as a
translational approach will pave the way for improved
personalized drug therapies for orphan diseases like chordoma.

Drug repositioning/repurposing has become an important
approach to identifying new uses for already-approved regimens
beyond original indications (106, 107). Previously, drug
repositioning/repurposing has often been initiated by serendipitous
observation of unexpected effects (108, 109). Now, however, it has
gradually shifted to a rational, computer-assisted method.
Computational techniques have facilitated the drug repositioning
process, which is considered time-saving and cost-effective. It offers
an opportunity for secondary analysis of vetted therapies with
optimized pharmacokinetics and acceptable toxicity profiles for
candidates with rare diseases in clinical trials (110). A deep
learning strategy featured with combination and comprehensive
analyses of gene expression features, signaling pathways, clinical
prognoses, and pharmacochemical characteristics has promoted the
implementation of precision medicine and our understanding and
management of rare diseases including chordoma (102). Integrative
mining approaches include ksRepo processing, Swanson’s ABC
approach, Chemotext, and ROBOKOP (Reasoning Over
Biomedical Objects linked Knowledge-Oriented Pathways) (111-
114). Traylor et al. (115) compared the differentially expressed genes
(DEGs) of chordoma tissue samples with pharmacogenomic
interactions in the Comparative Toxicogenomics Database using a
drug repositioning platform named ksRepo. Alves et al. (102)
reported a case of knowledge-based approach for drug
repurposing with chordoma by building a connection between
metformin and chordoma using the ROBOKOP platform. Their
results suggested a potential treatment value by targeting
osteoblast differentiation.

Personalized drug therapies
for chordoma

As a typically fatal and extremely rare disease with complex
molecular mechanisms, chordoma is suitable for personalized
drug therapies. Individualized identification and testing of
suitable agents can provide optimal application in indicated
patients. Sequencing-based computational-assisted identification
of molecular targeted therapies are generally accepted by patients
and clinicians (8). Medications such as TKIs, CDK4/6 inhibitors,
PARP inhibitors, and EZH2 inhibitors have been widely used for
patients with corresponding molecular characteristics (116).
However, the response of patients to medications as identified
by sequencing may not be as expected, and considering the
adverse effects of medications, personalized in vivo or in vitro
screening of the indicated drugs with PDC, PDX, or PDO models
is considered extremely valuable.
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There are several obstacles that may hinder the process of
personalized drug screening with PDC and PDX models. Firstly,
the establishment and the passages of PDC or PDX models
are time-consuming and have low success rates. Patients need to
wait for about 1-3 months after subjecting the tumor tissue
to drug screening, during which the disease may have already
progressed (32, 36). Secondly, PDC models are highly dependent
on sampling and often fail to recapitulate the heterogeneity of
the tumor microstructures and microenvironments, resulting in
changes to the drug response (117). The PDX model could
provide more simultaneous features as parental tumors, but is
more expensive and is not suitable for high-throughput
screening (37, 39).

As aforementioned, Shihabi et al. (32) reported their
experience in a proof-of-concept study of personalized drug
discovery with PDO models. They successfully established a
high-throughput drug screening platform of personalized
organoids with the following advantages compared with the
previous platforms: the PDOs could be established from biopsies
or tumor resections and restored most features of primary
tumors, which is superior to PDCs and similar to PDXs, but is
more cost-effective; moreover, it is more time-saving, as the
results can be available within a week from surgery (118, 119).
Based on such a high-throughput platform, the authors also
established a comprehensive analysis algorithm. A dot map was
then generated and subjected to clinical consideration based on
the combination analysis of BioAssay from the PubChem
database and the WikiPathways database.

Shihabi’s research is a typical example that illustrates the
considerable value of new techniques in facilitating our
understanding and management of chordoma. Successful
establishment of such a screening platform profited from the
advantages of the models, sequences, and bioinformatics analysis
techniques, finally promoting personalized precision clinical
management. Research tools and modern NGS techniques
served as the two “wheels” of the “chordoma motorbike.”
Comprehensive use of these two “wheels” will strikingly
accelerate our understanding and management of chordoma.
Efforts are still needed in the future to benefit chordoma patients
by building more precise disease models, determining the intrinsic

References

1. Strauss SJ, Frezza AM, Abecassis N, Bajpai J, Bauer S, Biagini R, et al. Bone
sarcomas: ESMO-EURACAN-GENTURIS-ERN PaedCan clinical practice
guideline for diagnosis, treatment and follow-up. Ann Oncol (2021) 32(12):1520—
36. doi: 10.1016/j.annonc.2021.08.1995

2. McMaster ML, Goldstein AM, Bromley CM, Ishibe N, Parry DM. Chordoma:
incidence and survival patterns in the united states, 1973-1995. Cancer Causes
Control (2001) 12(1):1-11. doi: 10.1023/a:1008947301735

3. Chambers KJ, Lin DT, Meier ], Remenschneider A, Herr M, Gray ST.
Incidence and survival patterns of cranial chordoma in the united states.
Laryngoscope (2014) 124(5):1097-102. doi: 10.1002/lary.24420

Frontiers in Oncology

09

10.3389/fonc.2022.1029670

mechanisms in tumor initiation and progression, and developing
optimal cutting-edge technologies for clinical application.

Author contributions

CZ, JX, and CY conceived the study. CZ, TT, TW and XY
reviewed the cell line and animal model part. CZ, EZ, HG, TL
and JZ reviewed the sequencing study part. CZ, ZW, QJ and HW
reviewed the personalized treatment part. CZ, TT, and EZ
drafted the manuscript. JX and CY reviewed and modified the
Manuscript. All authors contributed to the article and approved
the submitted version.

Funding

National Natural Science Foundation of China (Award
number(s): 81902732) to CZ; Shanghai Municipal Health and
Family Planning Commission (Award number(s): 201840209)
and Beijing Xisike Clinical Oncology Research Foundation
(Award number(s): Y-HR2020MS-0751) to CY.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

4. YuE, Koffer PP, DiPetrillo TA, Kinsella TJ. Incidence, treatment, and survival
patterns for sacral chordoma in the united states, 1974-2011. Front Oncol (2016)
6:203. doi: 10.3389/fonc.2016.00203

5. Schaefer IM, Gronchi A. WHO pathology: Highlights of the 2020 sarcoma
update. Surg Oncol Clin N Am (2022) 31(3):321-40. doi: 10.1016/j.50¢.2022.03.001

6. Wedekind MF, Widemann BC, Cote G. Chordoma: Current status, problems,
and future directions. Curr Probl Cancer (2021) 45(4):100771. doi: 10.1016/
j.currproblcancer.2021.100771

7. Meng T, Yin H, Li B, Li Z, Xu W, Zhou W, et al. Clinical features and
prognostic factors of patients with chordoma in the spine: A retrospective analysis

frontiersin.org


https://doi.org/10.1016/j.annonc.2021.08.1995
https://doi.org/10.1023/a:1008947301735
https://doi.org/10.1002/lary.24420
https://doi.org/10.3389/fonc.2016.00203
https://doi.org/10.1016/j.soc.2022.03.001
https://doi.org/10.1016/j.currproblcancer.2021.100771
https://doi.org/10.1016/j.currproblcancer.2021.100771
https://doi.org/10.3389/fonc.2022.1029670
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhao et al.

of 153 patients in a single center. Neuro Oncol (2015) 17(5):725-32. doi: 10.1093/
neuonc/nou331

8. Stacchiotti S, Sommer J. Chordoma global consensus G: Building a global
consensus approach to chordoma: a position paper from the medical and patient
community. Lancet Oncol (2015) 16(2):e71-83. doi: 10.1016/S1470-2045(14)
71190-8

9. Stacchiotti S, Gronchi A, Fossati P, Akiyama T, Alapetite C, Baumann M,
et al. Best practices for the management of local-regional recurrent chordoma: a
position paper by the chordoma global consensus group. Ann Oncol (2017) 28
(6):1230-42. doi: 10.1093/annonc/mdx054

10. Passer JZ, Alvarez-Breckenridge C, Rhines L, DeMonte F, Tatsui C, Raza
SM. Surgical management of skull base and spine chordomas. Curr Treat Options
Oncol (2021) 22(5):40. doi: 10.1007/s11864-021-00838-z

11. Yeter HG, Kosemehmetoglu K, Soylemezoglu F. Poorly differentiated
chordoma: review of 53 cases. APMIS (2019) 127(9):607-15. doi: 10.1111/
apm.12978

12. Hung YP, Diaz-Perez JA, Cote GM, Wejde J, Schwab JH, Nardi V, et al.
Dedifferentiated chordoma: Clinicopathologic and molecular characteristics with
integrative analysis. Am ] Surg Pathol (2020) 44(9):1213-23. doi: 10.1097/
PAS.0000000000001501

13. Nachwalter RN, Rothrock RJ, Katsoulakis E, Gounder MM, Boland PJ,
Bilsky MH, et al. Treatment of dedifferentiated chordoma: a retrospective study
from a large volume cancer center. ] Neurooncol (2019) 144(2):369-76. doi:
10.1007/s11060-019-03239-3

14. Rekhi B, Michal M, Ergen FB, Roy P, Puls F, Haugland HK, et al. Poorly
differentiated chordoma showing loss of SMARCB1/INI1: Clinicopathological and
radiological spectrum of nine cases, including uncommon features of a relatively
under-recognized entity. Ann Diagn Pathol (2021) 55:151809. doi: 10.1016/
j.anndiagpath.2021.151809

15. Scheil S, Bruderlein S, Liehr T, Starke H, Herms ], Schulte M, et al. Genome-
wide analysis of sixteen chordomas by comparative genomic hybridization and
cytogenetics of the first human chordoma cell line, U-CHI. Genes Chromosomes
Cancer (2001) 32(3):203-11. doi: 10.1002/gcc.1184

16. Hsu W, Mohyeldin A, Shah SR, ap Rhys CM, Johnson LF, Sedora-Roman
NI, et al. Generation of chordoma cell line JHC7 and the identification of brachyury
as a novel molecular target. ] Neurosurg (2011) 115(4):760-9. doi: 10.3171/
2011.5JNS11185

17. Seeling C, Lechel A, Svinarenko M, Moller P, Barth TFE, Mellert K.
Molecular features and vulnerabilities of recurrent chordomas. J Exp Clin Cancer
Res (2021) 40(1):244. doi: 10.1186/s13046-021-02037-y

18. Jager D, Lechel A, Tharehalli U, Seeling C, Moller P, Barth TFE, et al. U-
CH17P, -m and -s, a new cell culture system for tumor diversity and progression in
chordoma. Int ] Cancer (2018) 142(7):1369-78. doi: 10.1002/ijc.31161

19. Ricci-Vitiani L, Pierconti F, Falchetti ML, Petrucci G, Maira G, De Maria R,
et al. Establishing tumor cell lines from aggressive telomerase-positive chordomas
of the skull base. Tech note ] Neurosurg (2006) 105(3):482-4. doi: 10.3171/
jns.2006.105.3.482

20. Owen JH, Komarck CM, Wang AC, Abuzeid WM, Keep RF, McKean EL,
et al. UM-Chorl: Establishment and characterization of the first validated clival
chordoma cell line. J Neurosurg (2018) 128(3):701-9. doi: 10.3171/
2016.10.JNS16877

21. Gellner V, Tomazic PV, Lohberger B, Meditz K, Heitzer E, Mokry M, et al.
Establishment of clival chordoma cell line MUG-CCI1 and lymphoblastoid cells as a
model for potential new treatment strategies. Sci Rep (2016) 6:24195. doi: 10.1038/
srep24195

22. Kino H, Akutsu H, Ishikawa H, Takano S, Takaoka S, Toyomura J, et al.
Inducing substances for chondrogenic differentiation of dental pulp stem cells in
the conditioned medium of a novel chordoma cell line. Hum Cell (2022) 35(2):745-
55. doi: 10.1007/s13577-021-00662-5

23. Kim JY, Lee J, Koh JS, Park M]J, Chang UK. Establishment and
characterization of a chordoma cell line from the tissue of a patient with
dedifferentiated-type chordoma. | Neurosurg Spine (2016) 25(5):626-35. doi:
10.3171/2016.3.SPINE151077

24. Anders M, Hansen R, Ding RX, Rauen KA, Bissell MJ, Korn WM.
Disruption of 3D tissue integrity facilitates adenovirus infection by deregulating
the coxsackievirus and adenovirus receptor. Proc Natl Acad Sci U.S.A. (2003) 100
(4):1943-8. doi: 10.1073/pnas.0337599100

25. Lee GY, Kenny PA, Lee EH, Bissell MJ. Three-dimensional culture models
of normal and malignant breast epithelial cells. Nat Methods (2007) 4(4):359-65.
doi: 10.1038/nmeth1015

26. Yang C, Hornicek FJ, Wood KB, Schwab JH, Choy E, Iafrate J, et al.
Characterization and analysis of human chordoma cell lines. Spine (Phila Pa 1976)
(2010) 35(13):1257-64. doi: 10.1097/BRS.0b013e3181c2a8b0

Frontiers in Oncology

10.3389/fonc.2022.1029670

27. Locquet MA, Dechaume AL, Berchard P, Abbes L, Pissaloux D, Tirode F,
et al. Aldehyde dehydrogenase, a therapeutic target in chordoma: Analysis in 3D
cellular models. Cells (2021) 10(2):399. doi: 10.3390/cells10020399

28. Barker HE, Scott CL. Preclinical rare cancer research to inform clinical trial
design. Nat Rev Cancer (2019) 19(9):481-2. doi: 10.1038/s41568-019-0172-2

29. de Witte CJ, Espejo Valle-Inclan J, Hami N, Lohmussaar K, Kopper O,
Vreuls CPH, et al. Patient-derived ovarian cancer organoids mimic clinical
response and exhibit heterogeneous inter- and intrapatient drug responses. Cell
Rep (2020) 31(11):107762. doi: 10.1016/j.celrep.2020.107762

30. Vlachogiannis G, Hedayat S, Vatsiou A, Jamin Y, Fernandez-Mateos J, Khan K,
et al. Patient-derived organoids model treatment response of metastatic gastrointestinal
cancers. Science (2018) 359(6378):920-6. doi: 10.1126/science.aa02774

31. Scognamiglio G, De Chiara A, Parafioriti A, Armiraglio E, Fazioli F, Gallo
M, et al. Patient-derived organoids as a potential model to predict response to PD-
1/PD-L1 checkpoint inhibitors. Br ] Cancer (2019) 121(11):979-82. doi: 10.1038/
541416-019-0616-1

32. Al Shihabi A, Davarifar A, Nguyen HTL, Tavanaie N, Nelson SD, Yanagawa
J, et al. Personalized chordoma organoids for drug discovery studies. Sci Adv (2022)
8(7):eabl3674. doi: 10.1126/sciadv.abl3674

33. Siu IM, Salmasi V, Orr BA, Zhao Q, Binder ZA, Tran C, et al. Establishment
and characterization of a primary human chordoma xenograft model. ] Neurosurg
(2012) 116(4):801-9. doi: 10.3171/2011.12.JNS111123

34. Diaz RJ, Luck A, Bondoc A, Golbourn B, Picard D, Remke M, et al.
Characterization of a clival chordoma xenograft model reveals tumor genomic
instability. Am J Pathol (2018) 188(12):2902-11. doi: 10.1016/j.ajpath.2018.08.004

35. Siu IM, Ruzevick J, Zhao Q, Connis N, Jiao Y, Bettegowda C, et al. Erlotinib
inhibits growth of a patient-derived chordoma xenograft. PloS One (2013) 8(11):
€78895. doi: 10.1371/journal.pone.0078895

36. Trucco MM, Awad O, Wilky BA, Goldstein SD, Huang R, Walker RL, et al.
A novel chordoma xenograft allows in vivo drug testing and reveals the importance
of NF-kappaB signaling in chordoma biology. PloS One (2013) 8(11):279950.
doi: 10.1371/journal.pone.0079950

37. Bozzi F, Manenti G, Conca E, Stacchiotti S, Messina A, Dagrada G, et al.
Development of transplantable human chordoma xenograft for preclinical
assessment of novel therapeutic strategies. Neuro Oncol (2014) 16(1):72-80. doi:
10.1093/neuonc/not152

38. Davies JM, Robinson AE, Cowdrey C, Mummaneni PV, Ducker GS, Shokat
KM, et al. Generation of a patient-derived chordoma xenograft and
characterization of the phosphoproteome in a recurrent chordoma. J Neurosurg
(2014) 120(2):331-6. doi: 10.3171/2013.10.JNS13598

39. Salle H, Pocard M, Lehmann-Che ], Bourthoumieu S, Labrousse F, Pimpie
C, et al. Development of a novel orthotopic primary human chordoma xenograft
model: A relevant support for future research on chordoma. J Neuropathol Exp
Neurol (2020) 79(3):314-24. doi: 10.1093/jnen/nlz121

40. Hayes MN, Langenau DM. Discovering novel oncogenic pathways and new
therapies using zebrafish models of sarcoma. Methods Cell Biol (2017) 138:525-61.
doi: 10.1016/bs.mcb.2016.11.011

41. Burger A, Vasilyev A, Tomar R, Selig MK, Nielsen GP, Peterson RT, et al. A
zebrafish model of chordoma initiated by notochord-driven expression of
HRASV12. Dis Model Mech (2014) 7(7):907-13. doi: 10.1242/dmm.013128

42. D'Agati G, Cabello EM, Frontzek K, Rushing EJ, Klemm R, Robinson MD,
et al. Active receptor tyrosine kinases, but not brachyury, are sufficient to trigger
chordoma in zebrafish. Dis Model Mech (2019) 12(7):dmm.039545. doi: 10.1242/
dmm.039545

43. Li L, Shi H, Zhang M, Guo X, Tong F, Zhang W, et al. Upregulation of
metastasis-associated PRL-3 initiates chordoma in zebrafish. Int ] Oncol (2016) 48
(4):1541-52. doi: 10.3892/ij0.2016.3363

44. Ferrari L, Pistocchi A, Libera L, Boari N, Mortini P, Bellipanni G, et al. FAS/
FASL are dysregulated in chordoma and their loss-of-function impairs zebrafish
notochord formation. Oncotarget (2014) 5(14):5712-24. doi: 10.18632/
oncotarget.2145

45. Cooper TK, Murray KN, Spagnoli S, Spitsbergen JM. Primary intestinal and
vertebral chordomas in laboratory zebrafish (Danio rerio). Vet Pathol (2015) 52
(2):388-92. doi: 10.1177/0300985814537531

46. Butler MG, Dahir GA, Hedges LK, Juliao SF, Sciadini MF, Schwartz HS.
Cytogenetic, telomere, and telomerase studies in five surgically managed
lumbosacral chordomas. Cancer Genet Cytogenet (1995) 85(1):51-7. doi:
10.1016/0165-4608(95)00127-1

47. Klingler L, Shooks ], Fiedler PN, Marney A, Butler MG, Schwartz HS.
Microsatellite instability in sacral chordoma. J Surg Oncol (2000) 73(2):100-3. doi:
10.1002/(SICI)1096-9098(200002)73:2<100::AID-JSO8>3.0.CO;2-M

48. Miozzo M, Dalpra L, Riva P, Volonta M, Macciardi F, Pericotti S, et al. A
tumor suppressor locus in familial and sporadic chordoma maps to 1p36. Int |

frontiersin.org


https://doi.org/10.1093/neuonc/nou331
https://doi.org/10.1093/neuonc/nou331
https://doi.org/10.1016/S1470-2045(14)71190-8
https://doi.org/10.1016/S1470-2045(14)71190-8
https://doi.org/10.1093/annonc/mdx054
https://doi.org/10.1007/s11864-021-00838-z
https://doi.org/10.1111/apm.12978
https://doi.org/10.1111/apm.12978
https://doi.org/10.1097/PAS.0000000000001501
https://doi.org/10.1097/PAS.0000000000001501
https://doi.org/10.1007/s11060-019-03239-3
https://doi.org/10.1016/j.anndiagpath.2021.151809
https://doi.org/10.1016/j.anndiagpath.2021.151809
https://doi.org/10.1002/gcc.1184
https://doi.org/10.3171/2011.5.JNS11185
https://doi.org/10.3171/2011.5.JNS11185
https://doi.org/10.1186/s13046-021-02037-y
https://doi.org/10.1002/ijc.31161
https://doi.org/10.3171/jns.2006.105.3.482
https://doi.org/10.3171/jns.2006.105.3.482
https://doi.org/10.3171/2016.10.JNS16877
https://doi.org/10.3171/2016.10.JNS16877
https://doi.org/10.1038/srep24195
https://doi.org/10.1038/srep24195
https://doi.org/10.1007/s13577-021-00662-5
https://doi.org/10.3171/2016.3.SPINE151077
https://doi.org/10.1073/pnas.0337599100
https://doi.org/10.1038/nmeth1015
https://doi.org/10.1097/BRS.0b013e3181c2a8b0
https://doi.org/10.3390/cells10020399
https://doi.org/10.1038/s41568-019-0172-2
https://doi.org/10.1016/j.celrep.2020.107762
https://doi.org/10.1126/science.aao2774
https://doi.org/10.1038/s41416-019-0616-1
https://doi.org/10.1038/s41416-019-0616-1
https://doi.org/10.1126/sciadv.abl3674
https://doi.org/10.3171/2011.12.JNS111123
https://doi.org/10.1016/j.ajpath.2018.08.004
https://doi.org/10.1371/journal.pone.0078895
https://doi.org/10.1371/journal.pone.0079950
https://doi.org/10.1093/neuonc/not152
https://doi.org/10.3171/2013.10.JNS13598
https://doi.org/10.1093/jnen/nlz121
https://doi.org/10.1016/bs.mcb.2016.11.011
https://doi.org/10.1242/dmm.013128
https://doi.org/10.1242/dmm.039545
https://doi.org/10.1242/dmm.039545
https://doi.org/10.3892/ijo.2016.3363
https://doi.org/10.18632/oncotarget.2145
https://doi.org/10.18632/oncotarget.2145
https://doi.org/10.1177/0300985814537531
https://doi.org/10.1016/0165-4608(95)00127-1
https://doi.org/10.1002/(SICI)1096-9098(200002)73:2%3C100::AID-JSO8%3E3.0.CO;2-M
https://doi.org/10.3389/fonc.2022.1029670
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhao et al.

Cancer (2000) 87(1):68-72. doi: 10.1002/1097-0215(20000701)87:1<68::AID-
1JC10>3.0.CO52-V

49. Kelley MJ, Korczak JF, Sheridan E, Yang X, Goldstein AM, Parry DM.
Familial chordoma, a tumor of notochordal remnants, is linked to chromosome
7q33. Am ] Hum Genet (2001) 69(2):454-60. doi: 10.1086/321982

50. Hallor KH, Staaf ], Jonsson G, Heidenblad M, Vult von Steyern F, Bauer HC,
et al. Frequent deletion of the CDKN2A locus in chordoma: analysis of
chromosomal imbalances using array comparative genomic hybridisation. Br J
Cancer (2008) 98(2):434-42. doi: 10.1038/sj.bjc.6604130

51. Casali PG, Messina A, Stacchiotti S, Tamborini E, Crippa F, Gronchi A, et al.
Imatinib mesylate in chordoma. Cancer (2004) 101(9):2086-97. doi: 10.1002/
cncr.20618

52. Weinberger PM, Yu Z, Kowalski D, Joe J, Manger P, Psyrri A, et al.
Differential expression of epidermal growth factor receptor, c-met, and HER2/
neu in chordoma compared with 17 other malignancies. Arch Otolaryngol Head
Neck Surg (2005) 131(8):707-11. doi: 10.1001/archotol.131.8.707

53. Tamborini E, Miselli F, Negri T, Lagonigro MS, Staurengo S, Dagrada GP,
et al. Molecular and biochemical analyses of platelet-derived growth factor receptor
(PDGEFR) b, PDGFRA, and KIT receptors in chordomas. Clin Cancer Res (2006) 12
(23):6920-8. doi: 10.1158/1078-0432.CCR-06-1584

54. Fasig JH, Dupont WD, LaFleur BJ, Olson SJ, Cates JM.
Immunohistochemical analysis of receptor tyrosine kinase signal transduction
activity in chordoma. Neuropathol Appl Neurobiol (2008) 34(1):95-104.
doi: 10.1111/§.1365-2990.2007.00873.x

55. Presneau N, Shalaby A, Idowu B, Gikas P, Cannon SR, Gout I, et al.
Potential therapeutic targets for chordoma: PI3K/AKT/TSC1/TSC2/mTOR
pathway. Br J Cancer (2009) 100(9):1406-14. doi: 10.1038/sj.bjc.6605019

56. Shalaby AA, Presneau N, Idowu BD, Thompson L, Briggs TR, Tirabosco R,
et al. Analysis of the fibroblastic growth factor receptor-RAS/RAF/MEK/ERK-
ETS2/brachyury signalling pathway in chordomas. Mod Pathol (2009) 22(8):996-
1005. doi: 10.1038/modpathol.2009.63

57. Sommer J, Itani DM, Homlar KC, Keedy VL, Halpern JL, Holt GE, et al.
Methylthioadenosine phosphorylase and activated insulin-like growth factor-1
receptor/insulin receptor: potential therapeutic targets in chordoma. J Pathol
(2010) 220(5):608-17. doi: 10.1002/path.2679

58. Shalaby A, Presneau N, Ye H, Halai D, Berisha F, Idowu B, et al. The role of
epidermal growth factor receptor in chordoma pathogenesis: A potential
therapeutic target. J Pathol (2011) 223(3):336-46. doi: 10.1002/path.2818

59. Akhavan-Sigari R, Gaab MR, Rohde V, Brandis A, Tezval H, Abili M, et al.
Expression of vascular endothelial growth factor receptor 2 (VEGFR-2), inducible
nitric oxide synthase (iINOS), and ki-M1P in skull base chordoma: a series of 145
tumors. Neurosurg Rev (2014) 37(1):79-88. doi: 10.1007/s10143-013-0495-5

60. Henderson SR, Guiliano D, Presneau N, McLean S, Frow R, Vujovic S, et al.
A molecular map of mesenchymal tumors. Genome Biol (2005) 6(9):R76.
doi: 10.1186/gb—2005—6—9—r76

61. Pillay N, Plagnol V, Tarpey PS, Lobo SB, Presneau N, Szuhai K, et al. A
common single-nucleotide variant in T is strongly associated with chordoma. Nat
Genet (2012) 44(11):1185-7. doi: 10.1038/ng.2419

62. Kelley MJ, Shi J, Ballew B, Hyland PL, Li WQ, Rotunno M, et al.
Characterization of T gene sequence variants and germline duplications in
familial and sporadic chordoma. Hum Genet (2014) 133(10):1289-97. doi:
10.1007/s00439-014-1463-z

63. Nibu Y, Jose-Edwards DS, Di Gregorio A. From notochord formation to
hereditary chordoma: the many roles of brachyury. BioMed Res Int (2013)
2013:826435. doi: 10.1155/2013/826435

64. Gill CM, Fowkes M, Shrivastava RK. Emerging therapeutic targets in
chordomas: A review of the literature in the genomic era. Neurosurgery (2020)
86(2):E118-23. doi: 10.1093/neuros/nyz342

65. 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. doi: 10.3389/fonc.2020.00961

66. 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. doi: 10.1002/
onco.13720

67. Yu X, Li Z. Epigenetic deregulations in chordoma. Cell Prolif (2015) 48
(5):497-502. doi: 10.1111/cpr.12204

68. Tu K, Lee S, Roy S, Sawant A, Shukla H. Dysregulated epigenetics of
chordoma: Prognostic markers and therapeutic targets. Curr Cancer Drug Targets
(2022) 22(8):678-90. doi: 10.2174/1568009622666220419122716

69. Rinner B, Weinhaeusel A, Lohberger B, Froehlich EV, Pulverer W, Fischer
C, et al. Chordoma characterization of significant changes of the DNA methylation
pattern. PloS One (2013) 8(3):¢56609. doi: 10.1371/journal.pone.0056609

Frontiers in Oncology

11

10.3389/fonc.2022.1029670

70. Alholle A, Brini AT, Bauer ], Gharanei S, Niada S, Slater A, et al. Genome-
wide DNA methylation profiling of recurrent and non-recurrent chordomas.
Epigenetics (2015) 10(3):213-20. doi: 10.1080/15592294.2015.1006497

71. Fischer C, Scheipl S, Zopf A, Niklas N, Deutsch A, Jorgensen M, et al.
Mutation analysis of nine chordoma specimens by targeted next-generation cancer
panel sequencing. J Cancer (2015) 6(10):984-9. doi: 10.7150/jca.11371

72. Wang L, Zehir A, Nafa K, Zhou N, Berger MF, Casanova J, et al. Genomic
aberrations frequently alter chromatin regulatory genes in chordoma. Genes
Chromosomes Cancer (2016) 55(7):591-600. doi: 10.1002/gcc.22362

73. Bell D, Raza SM, Bell AH, Fuller GN, DeMonte F. Whole-transcriptome
analysis of chordoma of the skull base. Virchows Arch (2016) 469(4):439-49. doi:
10.1007/s00428-016-1985-y

74. SaJK, Lee IH, Hong SD, Kong DS, Nam DH. Genomic and transcriptomic
characterization of skull base chordoma. Oncotarget (2017) 8(1):1321-8. doi:
10.18632/oncotarget.13616

75. Bell AH, DeMonte F, Raza SM, Rhines LD, Tatsui CE, Prieto VG, et al.
Transcriptome comparison identifies potential biomarkers of spine and skull base
chordomas. Virchows Arch (2018) 472(3):489-97. doi: 10.1007/s00428-017-2224-x

76. Tarpey PS, Behjati S, Young MD, Martincorena I, Alexandrov LB, Farndon
SJ, et al. The driver landscape of sporadic chordoma. Nat Commun (2017) 8(1):890.
doi: 10.1038/s41467-017-01026-0

77. Groschel S, Hubschmann D, Raimondi F, Horak P, Warsow G, Frohlich M,
et al. Defective homologous recombination DNA repair as therapeutic target in
advanced chordoma. Nat Commun (2019) 10(1):1635. doi: 10.1038/s41467-019-
09633-9

78. Zhu GG, Ramirez D, Chen W, Lu C, Wang L, Frosina D, et al. Chromosome
3p loss of heterozygosity and reduced expression of H3K36me3 correlate with
longer relapse-free survival in sacral conventional chordoma. Hum Pathol (2020)
104:73-83. doi: 10.1016/j.humpath.2020.07.002

79. BaiJ, ShiJ, Li C, Wang S, Zhang T, Hua X, et al. Whole genome sequencing
of skull-base chordoma reveals genomic alterations associated with recurrence and
chordoma-specific survival. Nat Commun (2021) 12(1):757. doi: 10.1038/s41467-
021-21026-5

80. Mattox AK, Yang B, Douville C, Lo SF, Sciubba D, Wolinsky JP, et al. The
mutational landscape of spinal chordomas and their sensitive detection using
circulating tumor DNA. Neurooncol Adv (2021) 3(1):vdaal73. doi: 10.1093/noajnl/
vdaal73

81. Yepes S, Shah NN, Bai J, Koka H, Li C, Gui S, et al. Rare germline variants in
chordoma-related genes and chordoma susceptibility. Cancers (Basel) (2021) 13
(11):2704. doi: 10.3390/cancers13112704

82. Wen X, Cimera R, Aryeequaye R, Abhinta M, Athanasian E, Healey J, et al.
Recurrent loss of chromosome 22 and SMARCBI deletion in extra-axial chordoma:
A clinicopathological and molecular analysis. Genes Chromosomes Cancer (2021)
60(12):796-807. doi: 10.1002/gcc.22992

83. Xu Z, Zhang L, Wen L, Chao H, Wang Q, Sun M, et al. Clinical and
molecular features of sacrum chordoma in Chinese patients. Ann Transl Med
(2022) 10(2):61. doi: 10.21037/atm-21-6617

84. Duan W, Zhang B, Li X, Chen W, Jia S, Xin Z, et al. Single-cell transcriptome
profiling reveals intra-tumoral heterogeneity in human chordomas. Cancer
Immunol Immunother (2022) 71(9):2185-95. doi: 10.21203/rs.3.rs-167938/v1

85. Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ.
Transposition of native chromatin for fast and sensitive epigenomic profiling of
open chromatin, DNA-binding proteins and nucleosome position. Nat Methods
(2013) 10(12):1213-8. doi: 10.1038/nmeth.2688

86. Vian L, Pekowska A, Rao SSP, Kieffer-Kwon KR, Jung S, Baranello L, et al.
The energetics and physiological impact of cohesin extrusion. Cell (2018) 173
(5):1165-1178.1120. doi: 10.1016/j.cell.2018.03.072

87. Meng T, Huang R, Jin ], Gao J, Liu F, Wei Z, et al. A comparative integrated
multi-omics analysis identifies CA2 as a novel target for chordoma. Neuro Oncol
(2021) 23(10):1709-22. doi: 10.1093/neuonc/noab156

88. Liang WS, Dardis C, Helland A, Sekar S, Adkins J, Cuyugan L, et al.
Identification of therapeutic targets in chordoma through comprehensive genomic
and transcriptomic analyses. Cold Spring Harb Mol Case Stud (2018) 4(6):a003418.
doi: 10.1101/mcs.a003418

89. Jelinic P, Ricca J, Van Oudenhove E, Olvera N, Merghoub T, Levine DA,
et al. Immune-active microenvironment in small cell carcinoma of the ovary,

hypercalcemic type: Rationale for immune checkpoint blockade. ] Natl Cancer Inst
(2018) 110(7):787-90. doi: 10.1093/jnci/djx277

90. Miao D, Margolis CA, Gao W, Voss MH, Li W, Martini DJ, et al. Genomic
correlates of response to immune checkpoint therapies in clear cell renal cell
carcinoma. Science (2018) 359(6377):801-6. doi: 10.1126/science.aan5951

91. Leruste A, Tosello J, Ramos RN, Tauziede-Espariat A, Brohard S, Han 7Y,
et al. Clonally expanded T cells reveal immunogenicity of rhabdoid tumors. Cancer
Cell (2019) 36(6):597-612 €598. doi: 10.1016/j.ccell.2019.10.008

frontiersin.org


https://doi.org/10.1002/1097-0215(20000701)87:1%3C68::AID-IJC10%3E3.0.CO;2-V
https://doi.org/10.1002/1097-0215(20000701)87:1%3C68::AID-IJC10%3E3.0.CO;2-V
https://doi.org/10.1086/321982
https://doi.org/10.1038/sj.bjc.6604130
https://doi.org/10.1002/cncr.20618
https://doi.org/10.1002/cncr.20618
https://doi.org/10.1001/archotol.131.8.707
https://doi.org/10.1158/1078-0432.CCR-06-1584
https://doi.org/10.1111/j.1365-2990.2007.00873.x
https://doi.org/10.1038/sj.bjc.6605019
https://doi.org/10.1038/modpathol.2009.63
https://doi.org/10.1002/path.2679
https://doi.org/10.1002/path.2818
https://doi.org/10.1007/s10143-013-0495-5
https://doi.org/10.1186/gb-2005-6-9-r76
https://doi.org/10.1038/ng.2419
https://doi.org/10.1007/s00439-014-1463-z
https://doi.org/10.1155/2013/826435
https://doi.org/10.1093/neuros/nyz342
https://doi.org/10.3389/fonc.2020.00961
https://doi.org/10.1002/onco.13720
https://doi.org/10.1002/onco.13720
https://doi.org/10.1111/cpr.12204
https://doi.org/10.2174/1568009622666220419122716
https://doi.org/10.1371/journal.pone.0056609
https://doi.org/10.1080/15592294.2015.1006497
https://doi.org/10.7150/jca.11371
https://doi.org/10.1002/gcc.22362
https://doi.org/10.1007/s00428-016-1985-y
https://doi.org/10.18632/oncotarget.13616
https://doi.org/10.1007/s00428-017-2224-x
https://doi.org/10.1038/s41467-017-01026-0
https://doi.org/10.1038/s41467-019-09633-9
https://doi.org/10.1038/s41467-019-09633-9
https://doi.org/10.1016/j.humpath.2020.07.002
https://doi.org/10.1038/s41467-021-21026-5
https://doi.org/10.1038/s41467-021-21026-5
https://doi.org/10.1093/noajnl/vdaa173
https://doi.org/10.1093/noajnl/vdaa173
https://doi.org/10.3390/cancers13112704
https://doi.org/10.1002/gcc.22992
https://doi.org/10.21037/atm-21-6617
https://doi.org/10.21203/rs.3.rs-167938/v1
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1016/j.cell.2018.03.072
https://doi.org/10.1093/neuonc/noab156
https://doi.org/10.1101/mcs.a003418
https://doi.org/10.1093/jnci/djx277
https://doi.org/10.1126/science.aan5951
https://doi.org/10.1016/j.ccell.2019.10.008
https://doi.org/10.3389/fonc.2022.1029670
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhao et al.

92. Forrest SJ, Al-Ibraheemi A, Doan D, Ward A, Clinton CM, Putra J, et al.
Genomic and immunologic characterization of INI1-deficient pediatric cancers.
Clin Cancer Res (2020) 26(12):2882-90. doi: 10.1158/1078-0432.CCR-19-3089

93. Pender A, Titmuss E, Pleasance ED, Fan KY, Pearson H, Brown SD, et al.
Genome and transcriptome biomarkers of response to immune checkpoint
inhibitors in advanced solid tumors. Clin Cancer Res (2021) 27(1):202-12. doi:
10.1158/1078-0432.CCR-20-1163

94. Williamson LM, Rive CM, Di Francesco D, Titmuss E, Chun HE, Brown SD,
et al. Clinical response to nivolumab in an INII-deficient pediatric chordoma
correlates with immunogenic recognition of brachyury. NPJ Precis Oncol (2021) 5
(1):103. doi: 10.1038/s41698-021-00238-4

95. Chugh R, Dunn R, Zalupski MM, Biermann JS, Sondak VK, Mace JR, et al.
Phase II study of 9-nitro-camptothecin in patients with advanced chordoma or soft
tissue sarcoma. J Clin Oncol (2005) 23(15):3597-604. doi: 10.1200/JC0O.2005.02.170

96. Al-Rahawan MM, Siebert JD, Mitchell CS, Smith SD. Durable complete
response to chemotherapy in an infant with a clival chordoma. Pediatr Blood
Cancer (2012) 59(2):323-5. doi: 10.1002/pbc.23297

97. Lee MH, Kim SR, Jeong JS, Lee EJ, Lee YC. Pulmonary metastatic chordoma
improved by platinum-based chemotherapy. Lung Cancer (2012) 76(2):255-7. doi:
10.1016/j.Jlungcan.2012.02.007

98. Dhall G, Traverso M, Finlay JL, Shane L, Gonzalez-Gomez I, Jubran R. The
role of chemotherapy in pediatric clival chordomas. J Neurooncol (2011) 103
(3):657-62. doi: 10.1007/s11060-010-0441-0

99. Cao X, LuY, LiuY, Zhou Y, Song H, Zhang W, et al. Combination of PARP
inhibitor and temozolomide to suppress chordoma progression. ] Mol Med (Berl)
(2019) 97(8):1183-93. doi: 10.1007/s00109-019-01802-z

100. Scheipl S, Barnard M, Lohberger B, Zettl R, Brcic I, Liegl-Atzwanger B,
et al. Drug combination screening as a translational approach toward an improved
drug therapy for chordoma. Cell Oncol (Dordr) (2021) 44(6):1231-42. doi: 10.1007/
$13402-021-00632-x

101. Colia V, Stacchiotti S. Medical treatment of advanced chordomas. Eur J
Cancer (2017) 83:220-8. doi: 10.1016/j.ejca.2017.06.038

102. Alves VM, Korn D, Pervitsky V, Thieme A, Capuzzi SJ, Baker N, et al.
Knowledge-based approaches to drug discovery for rare diseases. Drug Discovery
Today (2022) 27(2):490-502. doi: 10.1016/j.drudis.2021.10.014

103. Anderson E, Havener TM, Zorn KM, Foil DH, Lane TR, Capuzzi SJ, et al.
Synergistic drug combinations and machine learning for drug repurposing in
chordoma. Sci Rep (2020) 10(1):12982. doi: 10.1038/s41598-020-70026-w

104. Shah RR. Safety and tolerability of histone deacetylase (HDAC) inhibitors
in oncology. Drug Saf (2019) 42(2):235-45. doi: 10.1007/540264-018-0773-9

105. Rodrigues DA, Pinheiro PSM, Fraga CAM. Multitarget inhibition of histone
deacetylase (HDAC) and phosphatidylinositol-3-kinase (PI3K): Current and future
prospects. ChemMedChem (2021) 16(3):448-57. doi: 10.1002/cmdc.202000643

Frontiers in Oncology

12

10.3389/fonc.2022.1029670

106. Ekins S, Williams AJ, Krasowski MD, Freundlich JS. In silico repositioning
of approved drugs for rare and neglected diseases. Drug Discovery Today (2011) 16
(7-8):298-310. doi: 10.1016/j.drudis.2011.02.016

107. Ashburn TT, Thor KB. Drug repositioning: identifying and developing
new uses for existing drugs. Nat Rev Drug Discovery (2004) 3(8):673-83. doi:
10.1038/nrd1468

108. Pushpakom S, Iorio F, Eyers PA, Escott KJ, Hopper S, Wells A, et al. Drug
repurposing: Progress, challenges and recommendations. Nat Rev Drug Discovery
(2019) 18(1):41-58. doi: 10.1038/nrd.2018.168

109. Franks ME, Macpherson GR, Figg WD. Thalidomide. Lancet (2004) 363
(9423):1802-11. doi: 10.1016/S0140-6736(04)16308-3

110. Govindaraj RG, Naderi M, Singha M, Lemoine J, Brylinski M. Large-Scale
computational drug repositioning to find treatments for rare diseases. NPJ Syst Biol
Appl (2018) 4:13. doi: 10.1038/541540-018-0050-7

111. Brown AS, Kong SW, Kohane IS, Patel CJ. ksRepo: a generalized platform
for computational drug repositioning. BMC Bioinf (2016) 17:78. doi: 10.1186/
512859-016-0931-y

112. Swanson DR. Medical literature as a potential source of new knowledge.
Bull Med Libr Assoc (1990) 78(1):29-37.

113. Capuzzi SJ, Thornton TE, Liu K, Baker N, Lam WI, O'Banion CP, et al.
Chemotext: A publicly available web server for mining drug-Target-Disease
relationships in PubMed. J Chem Inf Model (2018) 58(2):212-8. doi: 10.1021/
acs.jcim.7b00589

114. Bizon C, Cox S, Balhoff J, Kebede Y, Wang P, Morton K, et al. ROBOKOP
KG and KGB: Integrated knowledge graphs from federated sources. ] Chem Inf
Model (2019) 59(12):4968-73. doi: 10.1021/acs.jcim.9b00683

115. Traylor JI, Sheppard HE, Ravikumar V, Breshears J, Raza SM, Lin CY,
et al. Computational drug repositioning identifies potentially active therapies
for chordoma. Neurosurgery (2021) 88(2):428-36. doi: 10.1093/neuros/
nyaa398

116. 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):1054. doi: 10.3390/jcm10051054

117. Honkala A, Malhotra SV, Kummar S, Junttila MR. Harnessing the
predictive power of preclinical models for oncology drug development. Nat Rev
Drug Discovery (2022) 21(2):99-114. doi: 10.1038/s41573-021-00301-6

118. Phan N, Hong JJ, Tofig B, Mapua M, Elashoft D, Moatamed NA, et al. A
simple high-throughput approach identifies actionable drug sensitivities in patient-
derived tumor organoids. Commun Biol (2019) 2:78. doi: 10.1038/542003-019-
0305-x

119. Nguyen HTL, Soragni A. Patient-derived tumor organoid rings for
histologic characterization and high-throughput screening. STAR Protoc (2020) 1
(2):100056. doi: 10.1016/j.xpro.2020.100056

frontiersin.org


https://doi.org/10.1158/1078-0432.CCR-19-3089
https://doi.org/10.1158/1078-0432.CCR-20-1163
https://doi.org/10.1038/s41698-021-00238-4
https://doi.org/10.1200/JCO.2005.02.170
https://doi.org/10.1002/pbc.23297
https://doi.org/10.1016/j.lungcan.2012.02.007
https://doi.org/10.1007/s11060-010-0441-0
https://doi.org/10.1007/s00109-019-01802-z
https://doi.org/10.1007/s13402-021-00632-x
https://doi.org/10.1007/s13402-021-00632-x
https://doi.org/10.1016/j.ejca.2017.06.038
https://doi.org/10.1016/j.drudis.2021.10.014
https://doi.org/10.1038/s41598-020-70026-w
https://doi.org/10.1007/s40264-018-0773-9
https://doi.org/10.1002/cmdc.202000643
https://doi.org/10.1016/j.drudis.2011.02.016
https://doi.org/10.1038/nrd1468
https://doi.org/10.1038/nrd.2018.168
https://doi.org/10.1016/S0140-6736(04)16308-3
https://doi.org/10.1038/s41540-018-0050-7
https://doi.org/10.1186/s12859-016-0931-y
https://doi.org/10.1186/s12859-016-0931-y
https://doi.org/10.1021/acs.jcim.7b00589
https://doi.org/10.1021/acs.jcim.7b00589
https://doi.org/10.1021/acs.jcim.9b00683
https://doi.org/10.1093/neuros/nyaa398
https://doi.org/10.1093/neuros/nyaa398
https://doi.org/10.3390/jcm10051054
https://doi.org/10.1038/s41573-021-00301-6
https://doi.org/10.1038/s42003-019-0305-x
https://doi.org/10.1038/s42003-019-0305-x
https://doi.org/10.1016/j.xpro.2020.100056
https://doi.org/10.3389/fonc.2022.1029670
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	A chronicle review of new techniques that facilitate the understanding and development of optimal individualized therapeutic strategies for chordoma
	Introduction
	The research tools: Chordoma cell lines and animal models
	Cell lines
	3D cultures of chordoma cell lines
	Animal models

	Leap to the next generation: Advances in genetic research
	Early exploration of cytogenetic changes in chordoma
	NGS techniques provide a deeper understanding of chordoma

	New era: Modern personalized precision drug treatment
	Multidimensional drug discovery strategies for chordoma
	Personalized drug therapies for chordoma

	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


