& frontiers | Research Topics

Chordoma: Advances
In biology and clinical
management

Edited by
Jiwei Bai, Sebastien Froelich, Paul Gardner, Xiaohong Rose Yang
and Cheng Yang

Published in
Frontiers in Oncology
Frontiers in Neurology



https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/research-topics/34357/chordoma-advances-in-biology-and-clinical-management
https://www.frontiersin.org/research-topics/34357/chordoma-advances-in-biology-and-clinical-management
https://www.frontiersin.org/research-topics/34357/chordoma-advances-in-biology-and-clinical-management

& frontiers | Research Topics

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual
articles in this ebook is the property
of their respective authors or their
respective institutions or funders.
The copyright in graphics and images
within each article may be subject

to copyright of other parties. In both
cases this is subject to a license
granted to Frontiers.

The compilation of articles constituting
this ebook is the property of Frontiers.

Each article within this ebook, and the
ebook itself, are published under the
most recent version of the Creative
Commons CC-BY licence. The version
current at the date of publication of
this ebook is CC-BY 4.0. If the CC-BY
licence is updated, the licence granted
by Frontiers is automatically updated
to the new version.

When exercising any right under

the CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or ebook, as applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of
others may be included in the CC-BY
licence, but this should be checked
before relying on the CC-BY licence
to reproduce those materials. Any
copyright notices relating to those
materials must be complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed
in any copy, derivative work or partial
copy which includes the elements

in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers’ Conditions for Website Use
and Copyright Statement, and the
applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-8325-2503-6
DOI 10.3389/978-2-8325-2503-6

Frontiers in Oncology

May 2023

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-
access, online journals, promising a paradigm shift from the current review,
selection and dissemination processes in academic publishing. All Frontiers
journals are driven by researchers for researchers; therefore, they constitute
a service to the scholarly community. At the same time, the Frontiers journal
series operates on a revolutionary invention, the tiered publishing system,
initially addressing specific communities of scholars, and gradually climbing
up to broader public understanding, thus serving the interests of the lay
society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include
some of the world's best academicians. Research must be certified by peers
before entering a stream of knowledge that may eventually reach the public
- and shape society; therefore, Frontiers only applies the most rigorous

and unbiased reviews. Frontiers revolutionizes research publishing by freely
delivering the most outstanding research, evaluated with no bias from both
the academic and social point of view. By applying the most advanced
information technologies, Frontiers is catapulting scholarly publishing into

a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers
Jjournals series: they are collections of at least ten articles, all centered

on a particular subject. With their unique mix of varied contributions from
Original Research to Review Articles, Frontiers Research Topics unify the
most influential researchers, the latest key findings and historical advances
in a hot research area.

Find out more on how to host your own Frontiers Research Topic or
contribute to one as an author by contacting the Frontiers editorial office:
frontiersin.org/about/contact

1 frontiersin.org


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

& frontiers | Research Topics May 2023

Chordoma: Advances in biology
and clinical management

Topic editors

Jiwei Bai — Capital Medical University, China

Sebastien Froelich — Assistance Publique Hopitaux De Paris, France
Paul Gardner — University of Pittsburgh Medical Center, United States
Xiaohong Rose Yang — National Institutes of Health (NIH), United States
Cheng Yang — Shanghai Changzheng Hospital, China

Topic coordinators
Yazhuo Zhang — Capital Medical University, China
Jianru Xiao — Second Military Medical University, China

Citation

Bai, J., Froelich, S., Gardner, P, Yang, X. R., Yang, C., eds. (2023).
Chordoma: Advances in biology and clinical management.
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-2503-6

Frontiers in Oncology 2 frontiersin.org


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-2503-6

& frontiers | Research Topics

Table of
contents

Frontiers in Oncology

05

07

18

27

39

50

63

72

87

May 2023

Editorial: Chordoma: advances in biology and clinical
management

Paul Gardner, Jiwei Bai, Sebastien Froelich, Xiaohong Rose Yang and
Cheng Yang

PALB2 as a factor to predict the prognosis of patients with
skull base chordoma

Yujia Xiong, Mingxuan Li, Yutao Shen, Tianshun Ma, Jiwei Bai and
Yazhuo Zhang

Factors associated with artificial airway retention after skull
base chordoma resection: A retrospective cohort study
Yuxuan Fu, Yun Yu, Yidan Cui, Jing Wang, Bo Ma, Minyu Jian,
Jingxin Yao, Longnian Jing, Jiwei Bai and Ruquan Han

Research hotspots and trends of chordoma: A bibliometric
analysis

Jianxuan Gao, Runzhi Huang, Huabin Yin, Dianwen Song and
Tong Meng

Prognostic molecular biomarkers in chordomas: A systematic
review and identification of clinically usable biomarker panels
Franco Rubino, Christopher Alvarez-Breckenridge, Kadir Akdemir,
Anthony P. Conley, Andrew J. Bishop, Wei-Lien Wang,

Alexander J. Lazar, Laurence D. Rhines, Franco DeMonte and

Shaan M. Raza

High systemic inflammation score is associated with adverse
survival in skull base chordoma

Mingxuan Li, Jiwei Bai, Yujia Xiong, Yutao Shen, Shuai Wang,
Chuzhong Li and Yazhuo Zhang

Circulating tumor DNA - A potential aid in the management
of chordomas

Stephen C. Frederico, Corbin Darling, Xiaoran Zhang, Sakibul Hug,
Sameer Agnihotri, Paul A. Gardner, Carl H. Snyderman, Eric W. Wang
and Georgios A. Zenonos

Multi-spectral immunofluorescence evaluation of the
myeloid, T cell, and natural killer cell tumor immune
microenvironment in chordoma may guide
immunotherapeutic strategies

Diana C. Lopez, Yvette L. Robbins, Joshua T. Kowalczyk,

Wiem Lassoued, James L. Gulley, Markku M. Miettinen, Gary L. Gallia,
Clint T. Allen, James W. Hodge and Nyall R. London Jr

Emerging target discovery and drug repurposing
opportunities in chordoma

Daniel M. Freed, Josh Sommer and Nindo Punturi

3 frontiersin.org


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/

& frontiers | Research Topics

Frontiers in Oncology

103

115

126

140

149

May 2023

A chronicle review of new techniques that facilitate the
understanding and development of optimal individualized
therapeutic strategies for chordoma

Chenglong Zhao, Tao Tan, E. Zhang, Ting Wang, Haiyi Gong, Qi Jia,
Tielong Liu, Xinghai Yang, Jian Zhao, Zhipeng Wu, Haifeng Wei,
Jianru Xiao and Cheng Yang

Pure proton therapy for skull base chordomas and
chondrosarcomas: A systematic review of clinical experience
Menglin Nie, Liying Chen, Jing Zhang and Xiaoguang Qiu

In vivo efficacy assessment of the CDK4/6 inhibitor
palbociclib and the PLK1 inhibitor volasertib in human
chordoma xenografts

Thibault Passeri, Ahmed Dahmani, Julien Masliah-Planchon,

Rania El Botty, Laura Courtois, Sophie Vacher, Elisabetta Marangoni,
Fariba Nemati, Sergio Roman-Roman, Homa Adle-Biassette,

Hamid Mammar, Sébastien Froelich, Ivan Bieche and Didier Decaudin

Development and validation of a preoperative MRI-based
radiomics nomogram to predict progression-free survival in
patients with clival chordomas

Yixuan Zhai, Jiwei Bai, Yake Xue, Mingxuan Li, Wenbin Mao,
Xuezhi Zhang and Yazhuo Zhang

The role of Gamma Knife radiosurgery in the management of
skull base chordoma

Kuanyu Wang, Dezhi Gao, Jian Pan, Enmeng Bao and Shibin Sun

4 frontiersin.org


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/

& frontiers | Frontiers in Oncology

@ Check for updates

OPEN ACCESS

EDITED AND REVIEWED BY
David D. Eisenstat,
Royal Children’s Hospital, Australia

*CORRESPONDENCE
Paul Gardner
gardpa@upmc.edu

RECEIVED 27 February 2023
ACCEPTED 17 April 2023
PUBLISHED 05 May 2023

CITATION

Gardner P, Bai J, Froelich S,

Yang XR and Yang C (2023) Editorial:
Chordoma: advances in biology

and clinical management.

Front. Oncol. 13:1175683.

doi: 10.3389/fonc.2023.1175683

COPYRIGHT

© 2023 Gardner, Bai, Froelich, Yang and
Yang. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Oncology

TYPE Editorial
PUBLISHED 05 May 2023
Dol 10.3389/fonc.2023.1175683

Editorial: Chordoma: advances in
biology and clinical management

Paul Gardner™, Jiwei Bai?, Sebastien Froelich?®,
Xiaohong Rose Yang* and Cheng Yang®

tDepartment of Neurological Surgery, University of Pittsburgh Medical Center, Pittsburgh, PA, United
States, 2Department of Neurosurgery, Beijing Tiantan Hospital, Capital Medical University,

Beijing, China, *Department of Neurological Surgery, Assistance Publique Hopitaux De Paris,

Paris, France, “Division of Cancer Epidemiology and Genetics, National Cancer Institute, National
Institutes of Health (NIH), Bethesda, MD, United States, *Department of Orthopedics, Shanghai
General Hospital, Shanghai, China

KEYWORDS

chordoma, radiomics, biomarkers, tumor microenvironment, proton radiotherapy

Editorial on the Research Topic
Chordoma: advances in biology and clinical management

Perspective

Chordoma is a rare bony tumor, occurring across the neuraxis, most commonly in the
sacrum or skull base. Generally considered to be a malignant tumor, new evidence has
shown that it can have a wide range of clinical behavior (1). This range reflects the same
kind of variable molecular underpinnings that impact prognosis of every tumor type, the
study of which can help to unlock the drivers of oncogenesis with the hope of defining the
key targets for treatment. Current advances in chordoma treatment have arisen from the
development of new surgical techniques, application of logical immuno- and
chemotherapy trials, refinement of high-dose radiation techniques and individual
targeted therapies.

Much of the initial work and motivation which initiated the scientific creativity and
surprisingly rapid progress in the understanding of chordoma came from the efforts of the
Chordoma Foundation (2). An international patient and scientific community, this
foundation has brought together and supported a network of physicians and researchers
in an institutionally agnostic setting, encouraging rapid and free sharing of results, even
before publication. This has allowed a large number of clinicians and researchers to learn
rapidly from each other and drive understanding and progress in a logical and
cohesive fashion.

Tumor research in neurosurgery has largely focused on glioblastoma (GBM). However,
given the complexity and rapid transformation of this disease, these efforts have gone
largely unrewarded with respect to impactful treatments. However, applying the same
rigorous study and techniques to other tumors such as meningioma and chordoma have, at
a minimum, led to a dramatic improvement in understanding of the genetic range that
drives behavior and prognosis despite similar histology. This understanding is the first step
in personalized treatment for patients and begins to unlock the changes within these
tumors which may provide new and effective treatment options. It is likely that applying
similar efforts to chordoma, as have been applied to GBM, will yield far greater success as it
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has in head and neck surgery. It is with this hope that this Research
Topic was assembled with each article providing a small step along
this path. Covering topics from radiomics to circulating DNA and
new drug targets, this article collection will hopefully serve as part of
the foundation upon which future successful chordoma research
efforts will be built.

Article summary

The articles cover every aspect of chordoma, from predicting
prognosis to treatment options to molecular analysis and
personalized medicine. For the first time, radiomics have been
applied to chordoma. The article by Zhai et al. shows that radiomics
can be used to correlate chordoma prognostic categories. This would
potentially allow preoperative prediction of behavior to allow tailored
surgery. It could also be useful in settings where advanced molecular
techniques are not available or when the tumor sample is too small to
fully classify the tumor. Adding to that, further work on prognostic
biomarkers in a systematic review by Rubino et al. help identify which
biomarkers may provide the best surrogate for prognosis. Furthermore,
Xiong et al. describe PALB2 (Partner and Localizer of BRCA2) as a
novel prognostic factor, solidifying the concept of grades of chordoma
and allowing for refinement of future radiomics. New work revealing
the potential role of the tumor microenvironment (TME) in chordoma
progression identified a correlation between systemic inflaimmatory
score and adverse outcome (Li et al.). On the opposite end of the
spectrum, Lopez et al. evaluated the immune microenvironment using
immunofluorescence techniques and revealed spatial immune
composition in chordoma TME. As with any tumor, understanding
potential immunotherapies could go a long way toward
controlling disease.

This Research Topic also evaluates treatment options, from a
comprehensive review of new options to a systematic review of
proton radiotherapy for chordoma and chondrosarcoma, to a study
on the role of Gamma Knife Radiosurgery. Seeking to ease the impact
of surgery, Fu et al. looked at factors associated with postoperative
airway retention in skull base chordoma. Research hotspots are
evaluated using bibliometric criteria and other articles present
novel concepts for treatment or monitoring and diagnosing disease.
Passeri et al. show their work using xenograft models for preclinical
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testing of therapeutic options. Freed et al. evaluate drug repurposing
via target discovery and Zhao et al. review techniques for developing
new therapeutics. Finally, circulating DNA in chordoma shows
significant promise to allow detection of recurrence or even
confirmation of diagnosis at initial presentation without biopsy.

As editors of this Research Topic, we hope that it will
demonstrate the progress made in the understanding and
treatment of this rare tumor. We have all seen the devastation
chordoma can cause once uncontrolled; many of us have dealt with
the morbidity of our current treatment strategies. Over time, this
creates a strong desire for better treatment, to improve our patients’
lives and clarify the role of our treatments in order to limit their
impact. This desire underlies all of the work presented herein and
hopetfully helps to slowly achieve these mutually inclusive goals.
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Objective: This study aimed to study the role of PALB2 on the prognosis of skull
base chordoma patients and the proliferation, migration, and invasion of
chordoma cells.

Methods: 187 patients with primary skull base chordoma were involved in the
study. Immunohistochemical analysis was used to measure the PALB2 protein
expression. Kaplan-Meier analysis, univariate and multivariate Cox analysis
were used to evaluate the impact of PALB2 on patient prognosis. A
nomogram was established for predicting the progression free survival of
chordoma patients. Cell counting kit-8, colony formation, transwell
migration, and invasion assays were used to assess the proliferation,
migration, and invasion of chordoma cells with PALB2 knockdown. TIMER
2.0 was used to explore the expression and prognostic role of PALB2

in cancers.

Results: High PALB2 expression indicated an adverse prognosis in chordoma. A
nomogram involved PALB2, degree of resection, pathology, and Al-mefty
classification could accurately predict the progression free survival of
chordoma patients. The proliferation, migration, and invasion of chordoma
cells significantly decreased after PALB2 knockdown. Additionally, PALB2
showed high expression in various cancers and was associated with a

pPOOr prognosis.

Conclusion: In summary, our results reveal that high PALB2 expression
indicates a poor prognosis of chordoma patients and promotes the
malignant phenotypes of chordoma cells in vitro.

KEYWORDS

chordoma, PALB2, prognosis, immunohistochemistry, nomogram

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2022.996892/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.996892/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.996892/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.996892&domain=pdf&date_stamp=2022-09-08
mailto:zhangyazhuo@ccmu.edu.cn
https://doi.org/10.3389/fonc.2022.996892
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.996892
https://www.frontiersin.org/journals/oncology

Xiong et al.

Introduction

Chordomas are rare bone tumors located in the skull base
and axial skeleton (1). The incidence of chordomas is
approximately 5/1000,000 (2). So far, surgical resection
combined with radiotherapy is still the preferred treatment for
chordomas (3). There is no approved drug for the treatment of
chordomas (4). Chordomas are often adjacent to important
structures, so it is difficult to remove tumors completely,
which makes chordomas prone to recurrent (5). It is
important to identify effective prognostic markers and explore
the underlying mechanism of chordoma.

Partner and Localizer of BRCA2(PALB2) is a protein-coding
gene located in chromosome 16p12.2. Robust data demonstrates
that PALB2 mainly participates in DNA homologous
recombination repair by binding to BRCA2 (6, 7). Recent
studies reveal that the pathogenic variants of PALB2 are
associated with some cancers, such as breast, pancreatic, and
ovarian cancers (8, 9). PALB2 mutations lead to increased
susceptibility to these tumors. In addition, high PALB2
expression leads to a poor prognosis in advanced breast cancer
(10). However, to date, the role of PALB2 in chordoma remains
to be studied.

In our study, we investigated the potential prognostic role of
PALB?2 in skull base chordomas, and a nomogram was further
constructed. Moreover, we explored the effect of PALB2 on
chordoma cells using several cellular experiments in vitro. In
addition, we analyzed the possible role of PALB2 in
other tumors.

Methods
Patients

A total of 187 patients with primary skull base chordoma
received surgical treatment in the Neurosurgery Department of
Beijing Tiantan Hospital from January 2008 to December 2014
were included in the study. Patients were included according to
the following criteria (1) the pathological diagnosis was
chordoma (2), complete clinical information (3), the tumor
was located at the skull base. Exclusion criteria (1) tumor was
too few to build the tissue microarray (TMA) (2) patients had
other malignant tumors (3) patients were lost to follow up.

Clinical information

Tumor volume was estimated based on preoperative and
intraoperative findings (length x width x height/2). We divided
chordomas into tree types using AL-Mefty classification (11).
Type I: the tumor was confined to a single anatomic space at the
skull base. Type II: the tumor invaded 2 or even more anatomic
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spaces at the skull base, but the tumor could be completely
removed via one surgical approach. Type III: the tumor
extensively invaded multiple anatomic spaces, and the tumor
couldn’t be completely removed through one surgical approach.
Preoperative and postoperative imaging were compared to
estimate the extent of surgical resection (12). Total resection
(TR): postoperative imaging showed no residual tumor; subtotal
resection (STR): residual tumor <5%; and partial resection (PR):
postoperative imaging showed residual tumor >5%. Rich blood
supply: tumor resection surface bled easily and was difficult to
aspirate clearly; poor blood supply: tumor resection surface bled
less and was easy to aspirate clearly.

Immunohistochemistry

Chordoma tissues from the 187 chordoma patients were
fixed with formalin and embedded in paraffin for following
TMA construction. After assayed by TMA using the Tissue
Array MiniCore (ALPHELYS, Plaisir), the most representative
parts of the tissue were selected to build the TMA. Then TMAs
were cut into 4um thick sections for further staining with Leica
RM 2135 Rotary Microtome (Rankin, Wetzlar, Germany). Leica
BOND III automated system was used to perform
Immunohistochemical staining with primary antibody (anti-
PALB2 antibody, ab-202970, abcam, 1:500) and Bond Polymer
Refine Detection (Leica Biosystems, DS9800) including
secondary antibody. Leica Aperio AT2 scanner was used to
scan TMA images at 400x magnification. Three pathologists
examined the slides independently. Then, we analyzed the
images by Leica Aperio ImageScope software (version 12.3).
The H-score was used to evaluate staining intensity. H-Score
(12) = 1 x (percent of light staining cells) + 2 x (percent of
moderate staining cells) + 3 x (percent of strong staining cells).

Cell culture, cell counting kit-8, cell
migration and invasion, colony
formation assays

MUG-Chorl and UM-Chorl chordoma cell lines, donated
by the Chordoma Foundation (for MUG-Chorl) and purchased
from ATCC (for UM-Chorl), were cultured in IMDM (Isocove’s
modified Dulbecco’s medium)/1640-RPMI (4:1) with 10% fetal
bovine serum in an incubator at 37°C and 5% CO,.

The small interfering RNAs (siRNAs) (siPALB2-1: GCAGTG
AACTTACTACTCA, siPALB2-2: GGACCTTATTGTTCTAC
CA, siPALB2-3: GAACTCACCTACAATAACT), purchased
from RiboBio Medical Biotechnology (Guangzhou, China), were
used to silence PALB2 in chordoma cell lines with lipofectamine
3000 (Invitrogen). After seeding UM-Chorl cells and MUG-
Chorl cells into plates, PALB2 siRNA (si-PALB2) or control
siRNA (si-NC) was transfected to the cells (concentration: 50nM).
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After culturing chordoma cells in the 96-well plate (MUG-
Chor1:6x10°) cells/well, UM-Chorl: 2.5x10° cells/well) for 24
hours, chordoma cells were treated with si-PALB2 or si-NC. The
optical density (OD) values at 450 nm were measured at 24, 48,
72, 96 hours, respectively after 2 hours incubation of CCK-
8 (Dojindo).

For migration and invasion assays, 1x10° MUG-Chorl cells
and 2.5x10* UM-Chor1 cells transfected with si-PALB2 or si-
NC were added into the transwell chamber with (invasion) or
without (migration) Matrigel. After 48 hours, the cells on the
surface were fixed, then stained with 0.1% crystal violet.

For colony formation assay, 2x10° chordoma cells
transfected with si-PALB2 or si-NC were incubated into 6-well
plates and cultured at 37°C for 2 weeks. Cell colonies were fixed
and stained with 0.1% crystal violet.

Western blot and quantitative reverse
transcription polymerase chain reaction

After transfection for 2 days, chordoma cells were collected
for proteins and RNA extraction. For western blot, we used 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis to
separated protein samples (20 ng). Then, protein blots were
transferred to polyvinylidene difluoride membranes. The bands
were incubated overnight with anti-PALB2 (ab202970) and anti-
GAPDH or anti-B-actin (ZSGB-BIO) antibodies at 4°C, followed
by secondary antibodies. Chemiluminescence was performed by
Amersham Imager 600 for blot visualization.

After RNA extraction, the SuperScript III First-Strand
Synthesis System (Invitrogen) was used to synthesize cDNA.
QRT-PCR was performed using the QuantStudio 5 (Applied
Biosystems). The expression of PALB2 was normalized
according to GAPDH. The primers were as follows: GAPDH:
5-GGAGCGAGATCCCTCCAAAAT-3’ (Forward) and 5-GG
CTGTTGTCATACTTCTCATGG-3" (Reverse), PALB2: 5°-
AGGGAATACAGCAAGACACTAG-3" (Forward) and 5’-
GATCCTGCTGAGACAAACAATC-3 (Reverse).

Pan-cancer analysis

TIMER 2.0 was used to analyze the difference in PALB2
expression between normal tissue and tumor tissue in 33 types of
cancer. The Kaplan-Meier analysis was used to explore the
impact of PALB2 on the prognosis of liver hepatocellular
carcinoma (LIHC) and lower-grade glioma (LGG) patients via
the GEPIA website. Chordoma RNA sequencing datasets were
obtained from dbGaP phs002301.v1.pl. LIMMA R package was
used to select genes associated with PALB2. The clusterProfiler R
package and enrichplot R package were applied to perform the
KEGG enrichment analysis.
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Statistical analysis

Statistical analysis was performed using R software (version
3.6.3) and SPSS (version 22.0, IBM Corp). The relationship
between PALB2 and clinical characters was analyzed using
Wilcoxon Mann-Whitney test, 2 test, and 2 independent
samples t-test. Survival R package and survminer R package
were used to perform Kaplan-Meier analysis, Proportional
Hazard assumption, univariate and multivariate Cox analysis.
The nomogram and calibration curve were drawn using R
software with rm, Hmisc, lattice, survival, ormula, and ggplot2
packages. And survivalROC package was used to draw the ROC
curve. P value <0.05 indicated statistical significance.

Results

Associations between PALB2 and clinical
characters in chordoma

187 primary skull base chordoma patients were involved in
this study (Table 1; Supplementary Table 1). Those patients were
separated into 2 groups by the median of the H-score of PALB2
(101.0). In addition, we analyzed the correlations between PALB2
and clinical characteristics. There was no significant difference in
the distribution of males and females in the two groups (P=0.83).
The mean age of patients was 39 years (range 3-78 years) in the
high PALB2 group and 41 years (range 8-76 years) in the other
group (P=0.45). The course of the disease ranged from 1 month
to 84 months (mean 13 months) in the high group and 1 month
to 360 months (mean 27 months) in the low group (P=0.06). The
mean tumor volume in the high group was 34.7 cm® (range 1.7-
258.0 cm3), while in the low group, the mean tumor volume was
28.7 cm’ (range 2.5-152.0cm’) (P=0.19). Interestingly, we found
that there were more conventional chordomas in the high PALB2
group (P=0.02). The distribution of Al-Mefty classification in the
two groups showed no difference (P=0.46). Moreover, there was
no remarkable difference in the proportion of patients who
underwent endoscopy or craniotomy between the two groups
(P=0.14). 59/94 patients received TR/STR in the high PALB2
group and 66/93 patients in the low PALB2 group (P=0.28). For
blood supply, the tumor blood supply was rich in 109 patients
and poor in 78 patients, no significant difference was observed
between the two groups (P=0.51). By the end of follow-up, 129
patients suffered tumor recurrence and 72 patients died.

High levels of PALB2 indicated an
adverse prognosis

The expression of PALB2 in 187 human chordoma tissues

was analyzed by immunohistochemical staining, and we found
that PALB2 was variedly expressed between chordoma patients,
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TABLE 1 Patient characteristics.

Characteristic Total
Gender
Male 98
Female 89
Age, mean (range), year 40 (3-78)
Course of disease, mean (range), month 20 (1-360)

Tumor volume in cm®, mean (range) 31.7 (1.7-258.0)

Pathology
Conventional 126
Chondroid 61
AL-mefty
Type I 34
Type II 89
Type IIT 64
Surgical approach
Endoscopic transsphenoidal 79
Craniotomy 108
Extent of resection
Total resection/Subtotal resection 125
Partial resection 62
Blood supply
Poor 78
Rich 109

10.3389/fonc.2022.996892

PALB2 expression P value
High Low

0.83

50 48

44 45
39 (3-78) 41 (8-76) 0.45
13 (1-84) 27 (1-360) 0.06
34.7 (1.7-258.0) 28.7 (2.5-152.0) 0.19
0.02

71 55

23 38
0.46

15 19

43 16

36 28
0.14

45 34

49 59
0.28

59 66

35 27
051

37 41

57 52

with the H-scores range from 1.74 to 177.5 (Figure 1). Then, we
performed the Kaplan-Meier survival analysis between the low
and high PALB2 expression groups, and our data suggested that
the progression-free survival (PES) times of patients with a high
level of PALB2 were significantly shorter than those of patients
with low PALB2 (Figure 2A). However, PALB2 has no
significant effect on OS (p=0.124, Figure 2B). In addition,
we found that the extent of resection, pathology, tumor

volume, blood supply of tumor, and AL-Mefty level could
impact both the OS and PFS of patients (Figure 2C-F;
Supplementary Figure 1). The course of the disease was
correlated with OS but not PFS (Supplementary Figure 1).
Age, gender, and tumor calcification were not associated with
prognosis (Table 2).

Univariate Cox(All the variables satisfy the PH assumption)
revealed that high PALB2, partial resection, conventional

FIGURE 1

PALB2 immunohistochemical image of skull base chordoma (x400). (A) High expression of PALB2. (B) Low expression of PALB2.
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FIGURE 2

Kaplan—Meier survival curves of PFS and OS. PFS: (A) PALB2, (C) extent of resection, (E) pathology. OS: (B) PALB2, (D) extent of resection, (F) pathology.

chordoma, large tumor volume, the rich blood supply of the
tumor, and high Al-mefty classification were risk factors for PFS
(Figure 3A). And partial resection, conventional chordoma, the
long course of the disease, large tumor volume, the rich blood
supply, and high AL-mefty classification were risk factors for OS
(Figure 3B). Moreover, multivariate Cox revealed that PALB2,
the extent of resection, pathology, the course of the disease, and
Al-mefty were independently associated with prognosis in skull

base chordoma (Figures 3C, D).

Frontiers in Oncology

A nomogram for individual PFS
prediction in skull base chordoma

Based on the results of univariate Cox and multivariate Cox
analysis, we selected PALB2, degree of resection, pathology, and
AL-mefty classification to establish a nomogram model to
predict the PFS of skull base chordoma patients (Figure 4A).
The ROC curve revealed that the nomogram showed adequate
performance in the 3-year (AUC=0.728) and 5-year
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TABLE 2 Kaplan-Meier survival analysis of clinical characters.

Variables P value

PFS (O}
PALB2 0.01 0.124
Extent of resection <0.001 <0.001
pathology 0.015 0.011
tumor volume 0.002 0.044
blood supply 0.028 0.011
course of the disease 0.645 0.02
Age 0.485 0.708
gender 0.68 0.916
tumor calcification 0.687 0.332

(AUC=0.737) PES prediction (Figure 4B). Moreover, patients
were divided into two groups according to the median riskscore
calculated by the nomogram. The PFS times of patients with
high riskscore were shorter than those with low riskscore
(Figure 4C). Then, bootstrap was used to select samples for
verifying the accuracy of the nomogram model (62 samples/
time, 1000 times). The calibration curve showed the model
properly predicted 3-year PES and 5-year PFS (Figures 4D, E).

Knockdown of PALB2 suppressed
chordoma cells proliferation, migration,
and invasion

The effect of PALB2 in chordoma cells was assessed in both
UM-Chorl and MUG-Chorl. We first confirmed reduced
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PALB2 expression after transfection of si-PALB2 using qRT-
PCR and western blot (P<0.001, Figures 5A, B). CCK-8 was then
used to measure cell viability. The proliferation of chordoma cells
significantly reduced at 72 hours and 96 hours after si-PALB2
transfection compared to the si-NC group (Figure 5C). Colony
formation experiments also showed that cells with PALB2
knockdown had fewer colonies (Figure 5D). The transwell
assay revealed that the number of migrating and invading cells
notably decreased after PALB2 knockdown (Figures 5E, F).

High PALB2 predicted poor prognosis in
several cancers

To further explore the role of PALB2 in cancers, we performed
a pan-cancer analysis of PALB2 in 33 types of cancers.
Interestingly, the PALB2 expression level was higher in more
than 10 types of cancers than that in the normal controls
(Figure 6A). Moreover, we found that high expression of PALB2
indicated a poor prognosis in LTHC and LGG (Figures 6B, C). We
then performed KEGG enrichment analysis and genes significantly
correlated (cor>0.3, P<0.05) with PALB2 in LIHC and LGG were
applied. The KEGG results showed PALB2 was associated with
several cancer-associated pathways, including ubiquitin-mediated
proteolysis, protein processing in the endoplasmic reticulum,
autophagy, DNA replication, RNA transport, and cell cycle
(Figures 6D, E). In addition, We perform KEGG enrichment
analysis for genes significantly correlated (cor>0.3, P<0.05) with
PALB2 in chordoma. Enrichment results showed that PALB2 may
affect the Cell cycle and DNA replication in skull base chordoma,
which is similar to LIHC and LGG. Interestingly, PALB2 may also
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Univariate Cox and Multivariate Cox analysis of PFS and OS. (A) Univariate Cox analysis of PFS. (B) Univariate Cox analysis of OS. (C) Multivariate
Cox analysis of PFS. (D) Multivariate Cox analysis of OS.
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(A) Nomogram of 3-year and 5-year PFS in skull base chordoma patients. (B) ROC curves of the nomogram. (C) Kaplan—Meier survival curve of
the patients separated by nomogram-predicted score. (D) Calibration curve of the nomogram prediction of 3-year PFS. (E) Calibration curve of

the nomogram prediction of 5-year PFS.

affect many immune-related pathways, such as Thl7 cell
differentiation, the Chemokine signaling pathway, PD-L1
expression, PD-1 checkpoint pathway in cancer, and so on

(Supplementary Figure 2).

Discussion
Chordoma is easy to relapse, with a 5-year recurrent rate of

about 59.2% (13), leading to a poor prognosis of patients.
Therefore, it is important to determine the factors affecting
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PES in chordoma patients to better guide clinical treatment.
AL-Mefty classification, the extent of resection, PDGFR-f3, TGF-
o, Ki-67, and SNF5 have been reported to affect the prognosis of
chordoma patients (14-16). In addition, one previous study
established a nomogram to predict the prognosis of chordoma
patients according to the clinical characteristics and
immunohistochemistry, including the extent of resection, E-
cadherin, Ki-67, and VEGFA (12). However, the effect of PALB2
on the prognosis of chordomas has not been previously reported.
Our study is the first to show that PALB2 expression is
associated with chordoma recurrence, besides, we established a
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expression of PALB2 was decreased after transfected with si-PALB2 in MUG-Chorl. CCK8 assay (C) and Colony Formation Assays (D) indicated
that the proliferation ability of chordoma cells (UM-Chorl and MUG-Chorl) was decreased after being treated by si-PALB2. Transwell assay
revealed that knockdown PALB2 inhibited the migration (E) and invasion (F) ability of UM-Chorl and MUG-Chorl chordoma cells. The results
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nomogram comprising PALB2 and clinical features for
predicting the PES of chordoma.

Our data confirmed that the extent of resection was
significantly affecting the prognosis of patients, consistent with
the previous studies (17). Moreover, we found that tumor
pathology and Al-Mefty were correlated with PFS. Thus, in
clinical management, for conventional chordoma patients with
high PALB2 and high Al-Mefty classification, total resection
and/or postoperative proton therapy, and close monitoring
should be recommended to decrease the potential high
recurrent rate. Intraoperative MRI and navigation may be
helpful to achieve total resection (18).

Previous studies suggested that PALB2 served as a potential
tumor suppressor gene, and its mutation led to increased
susceptibility to breast cancer (19). However, our study found
that high PALB2 expression patients had an adverse prognosis,
and knockdown PALB?2 inhibited the proliferation, migration,
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and invasion of chordoma cells. Previous studies of other tumors
mainly focus on PALB2 mutations at the genome level rather
than the expression of PALB2 (19, 20). However, few PALB2
mutations were found in large chordoma genome sequencing
(21), suggesting that the role of PALB2 mutations reported in
other tumors may not be applicable in chordomas. To further
understand the effect of PALB2 expression on prognosis, we
performed a pan-cancer analysis of the relationships between
PALB mRNA level and prognosis in 33 tumor types. The results
showed that PALB2 was highly expressed in various tumors and
a high PALB2 level was associated with a poor prognosis, which
supports our findings. In addition, KEGG enrichment analysis of
PALB2-related genes revealed that PALB may promote tumor
malignant phenotype via regulation of cell cycle, autophagy, and
protein degradation.

The function of PALB2 in chordomas has not been reported.
Our study is the first to propose high PALB2 indicates an
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LGG; head and neck squamous cell carcinoma: HNSC; kidney chromophobe: KICH; kidney renal clear cell carcinoma: KIRC; kidney renal papillary
cell carcinoma: KIRP; acute myeloid leukemia: LAML; liver hepatocellular carcinoma: LIHC; lung adenocarcinoma: LUAD; lung squamous cell
carcinoma: LUSC; mesothelioma: MESO; ovarian serous cystadenocarcinoma: OV; pancreatic adenocarcinoma: PAAD; pheochromocytoma and
paraganglioma: PCPG; prostate adenocarcinoma: PRAD; rectum adenocarcinoma: READ; sarcoma: SARC; skin cutaneous melanoma: SKCM;
stomach adenocarcinoma: STAD; testicular germ cell tumors: TGCT; thyroid carcinoma: THCA; thymoma: THYM; uterine corpus endometrial
carcinoma: UCEC; uterine carcinosarcoma: UCS; and uveal melanoma: UVM). Kaplan—Meier survival curve showed that high PALB2 expression
indicated a poor prognosis in LIHC (B) and LGG (C). KEGG pathways analysis of genes strongly associated with PALB2 in LIHC (D) and LGG (E). *p < 0.05,

*p < 0.01, ***p < 0.001.

adverse prognosis in chordoma. The mutation of PALB2 is

mainly reported to influence DNA homologous recombination

repair in other tumors, especially breast cancer (7). While few

PALB2 mutations or copy number variation was found in

whole-genome sequencing in chordoma (21). This suggested

that PALB2 may function through different mechanisms in

chordomas. According to previous reports, the
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homodimerization, phosphorylation, and ubiquitylation of
different protein domains and modifications could regulate the
PALB2 function (22, 23). Thus, the observed differences in
PALB2 expression levels in chordoma might be due to the
regulation of transcription and translation. As for the possible
downstream mechanisms of PALB2 in chordomas, we
hypothesize that PALB2 may influence cell cycle and
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autophagy based on our analysis in other tumors. Interestingly,
PALB2 was reported to restrict the homologous recombination
in the S/G2 phase of cell cycle (24). We are currently verifying
the above hypothesis and will explore the potential mechanism
of PALB2 in chordoma using RNA sequencing.

Interestingly, one recent Phase III clinical trial of non-small
cell lung cancer demonstrated that patients with high PALB2
expression were more sensitive to cisplatin - docetaxel
chemotherapy (25), suggesting PALB2 as a promising biomarker
for the identification of chemotherapy-sensitive patients. Given
the high resistance of chordomas to chemotherapy, PALB2 may
aid in identifying potential chemotherapy-sensitive chordomas,
and further studies are highly needed.

In conclusion, our results reveal that high PALB2 expression
indicates a poor prognosis of chordoma patients and promotes
the malignant phenotype of chordoma cells in vitro.

Conclusion

In summary, our results reveal that high PALB2 expression
indicates a poor prognosis of chordoma patients and promotes
the malignant phenotypes of chordoma cells in vitro.
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Background: Chordoma is a malignant bone and soft tissue tumor derived
from embryonic notochord remnants, and skull base chordoma accounts
for ~1/3 of all chordoma cases. Skull base chordoma is closely related
to the brainstem and cranial nerves and has a high recurrence rate. The
purpose of this study was to investigate the influence of the timing of tracheal
extubation on perioperative pulmonary complications. We also aimed to
explore predictors of postoperative artificial airway (AA) retention in patients
with skull base chordoma.

Methods: This was a single-center, retrospective cohort study. The study
population included all skull base chordoma patients undergoing surgical
treatment between January 2019 and December 2021 at Beijing Tiantan
Hospital. The primary outcome was the incidence of postoperative pulmonary
complications. Several patient characteristics were evaluated for potential
associations with AA retention.

Results: A total of 310 patients with skull base chordoma were enrolled. The
frequency of AA retention after surgery for skull base chordoma was 30.97%.
The incidence of postoperative pulmonary complications was much lower in
those without AA retention (3.74 vs. 39.58%, P < 0.001). Factors with the highest
point estimates for the odds of AA retention included body mass index, cranial
nerve involvement, maximum tumor diameter, operative method, hemorrhage
volume, operative duration and intraoperative mechanical ventilation duration.

Conclusions: In this retrospective cohort study, most of the factors associated
with postoperative airway retention were closely related to the patient's
tumor characteristics. These data demonstrate that respiratory management
in patients with skull base chordoma remains an ongoing concern.

chordoma, artificial airway, postoperative pulmonary complications, anesthesiology,
perioperative

frontiersin.org
18


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2022.992308
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.992308&domain=pdf&date_stamp=2022-09-09
mailto:ruquan.han@ccmu.edu.cn
https://doi.org/10.3389/fneur.2022.992308
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fneur.2022.992308/full
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Fu et al.

Introduction

Chordoma is a rare malignant bone and soft tissue tumor
derived from embryonic notochord remnants. The incidence
of chordoma has been reported as 0.08 per 100,000, with
skull base chordoma accounting for ~1/3 of all chordoma
cases (1, 2). Skull base chordoma is closely related to the
brainstem and cranial nerves and has a high recurrence rate.
The 5-year survival rate is only 60-70% (3). Chordoma is not
sensitive to conventional low-dose radiation, and high-dose
radiation may damage surrounding brain tissue and nerves
(2,4). Treatment of chordoma has been based on surgical
resection and radiotherapy. A growing body of evidence to
support the particles-ion radiotherapy is an effective treatment.

The growth rate of skull base chordoma tumors is
slow, and the clinical manifestations are mainly mass
effect and compression symptoms. Compression of cranial
nerves by the tumor can result in preoperative neurological
dysfunction, with clinical manifestations including dysphagia,
choking on water, and decreased pharyngeal reflex. There
are 9-12 pairs of posterior cranial nerves, including the
glossopharyngeal nerve, vagus nerve, accessory nerve, and
hypoglossal nerve. La Corte et al. conducted a retrospective
study of 59 skull base chordoma patients and found that
the preoperative clinical symptoms, tumor resection degree,
surgeon’s experience, and postoperative complications were
significant factors affecting the prognosis (5). Additionally, long-
term artificial airway (AA) retention may lead to pulmonary
complications such as respiratory infection. However, in
the case of damage to the posterior cranial nerves, early
active extubation can lead to aspiration pneumonia due
to the weakened protective airway reflex and increase the
incidence of perioperative pulmonary complications. Therefore,
choosing the appropriate endotracheal extubation time is
particularly important. To date, there have been no studies on
predictors of postoperative AA retention in patients with skull
base chordoma.

This study aimed to explore predictors of postoperative
AA retention in patients with skull base chordoma using
data
We also aimed to

retrospective  observational from Beijing Tiantan

Hospital. investigate the influence
of the timing of tracheal extubation on perioperative

pulmonary complications.

Materials and methods

This was a single-center, retrospective cohort study
conducted at Beijing Tiantan Hospital. The trial protocol
was approved by the Clinical Research Ethics Committee of
Beijing Tiantan Hospital (approval no. KY2021-112-02), and
the requirement for informed consent was waived.
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Participants

The study population included all skull base chordoma
patients undergoing surgical treatment between January 2019
and December 2021 at Beijing Tiantan Hospital. Patients
younger than 18 years of age and patients without anesthesia
records were excluded.

Data collection and outcome assessment

All
preparation according to our hospital. Anticoagulants and

patients underwent standardized preoperative
antiplatelet drugs were discontinued for a specified period
of time and heparin bridging therapy was performed as
needed. Baseline data included demographic characteristics,
preoperative comorbidities, smoking and alcohol history,
and laboratory test results. Intraoperative data included the
types and doses of anesthetics/medications, vital signs, fluid
balance and blood transfusions, intraoperative mechanical
ventilation duration, and operative duration. In addition,
unplanned secondary endotracheal intubation and unplanned
secondary operations were recorded. The patients were divided
into two groups according to whether the AA was retained
postoperatively: patients with AA retention (AA group) and
without AA retention (WOAA group). AAs included those
present after oral endotracheal intubation, nasal endotracheal
intubation, and tracheotomy. Tumor diameter was measured by
a senior professional radiologist based on enhanced magnetic
resonance imaging of the head.

The primary outcome was the incidence of postoperative
pulmonary complications. The definition of perioperative
pulmonary complications included respiratory infection,
respiratory failure, pleural effusion, atelectasis, pneumothorax,
bronchospasm, and aspiration pneumonia. The Clavien-
Dindo classification was used to categorize pulmonary lesions.
Complications of grade II or above were used to calculate
the incidence rate (6). Secondary outcomes included the
incidence of extrapulmonary complications, postoperative
length of hospital stay, postoperative length of intensive
care unit (ICU) stay, and rate of unplanned secondary
endotracheal intubation.  Postoperative  extrapulmonary
complications were defined as new events outside the
respiratory system, including neurovascular complications
transient  ischemic cardiovascular

(stroke, accident),

complications  (acute coronary syndrome, circulatory

insufficiency, congestive heart failure, new-onset arrhythmia),
thromboembolic embolism,

complications  (pulmonary

deep venous thrombosis), gastrointestinal complications
(gastrointestinal hemorrhage, acute pancreatitis, ileus), surgical
bleeding),

infectious complications (sepsis, septic shock), and liver and

complications (surgical-site infection, surgical

kidney complications (acute hepatic injury, acute kidney
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Patients received surgical treatment
for skull base chordoma
(n=399)

v

S

Missing data (n=46)

Younger than 18 years old (n=43)

(n=310)

Included in the statistical analysis

AA group
(n=96)

FIGURE 1
Patient flow chart.

WOAA group
(n=214)

injury) (6). The diagnosis of all postoperative complications
was confirmed by two senior specialists. Surgical site infection
is defined as infection related to an operative procedure,
occurred at or near the surgical incision within 30 days
of the procedure or cerebrospinal fluid tests confirm an
intracranial infection (6). A poor prognosis was defined as
death during hospitalization or Glasgow score of eight or less
at discharge.

Statistical analysis

EmpowerStats software and R software (R version 4.2.0)
were used for statistical analysis. The Kolmogorov-Smirnov test
was applied for continuous variables with a normal distribution.
Data conforming to a normal distribution are represented
as the mean =+ standard deviation (SD). Nonnormally
distributed data are expressed as medians and interquartile
ranges. The independent T-test or Mann-Whitney U test was
performed according to the data distribution. Classification
variables are expressed as a percentage and were analyzed
using the chi-square test or Fisher’s exact test. Based on
the univariate logistic regression analysis, possible factors
influencing postoperative pulmonary complications were found,
and variables with a P < 0.05 were included in the multiple
regression analysis. By logistic regression, odds ratios (ORs) and
95% confidence intervals (CIs) were calculated to evaluate the
factors associated with postoperative AA retention. According
to the multivariate analysis, continuous variables related to
postoperative AA retention were selected to draw receiver
operating characteristic (ROC) curves. P < 0.05 was considered
statistically significant.
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Results

From January 2019 to December 2021, 399 patients
underwent surgical treatment for skull base chordoma at Beijing
Tiantan Hospital. Among them, 43 patients were younger than
18 years, and anesthesia data were unavailable for 46 patients.
Thus, a total of 310 patients were included in the statistical
analysis (Figure 1).

Patient characteristics

The baseline characteristics of the patients in the two
groups are shown in Table 1. There were no significant
differences between the two groups in terms of smoking history,
diabetes mellitus, hypertension, stroke history, heart disease,
respiratory disease, recurrence, or maintenance of anesthesia.
The operative duration, intraoperative mechanical ventilation
duration, maximum tumor diameter, and hemorrhage volume
were significantly greater in those with than those without
AA retention. In addition, there were significant differences
in age, body mass index (BMI), sex, posterior cranial nerve
involvement, ASA physical status and the operative method
between the two groups.

Postoperative outcomes
In this study, we found that the rate of AA retention

after surgery for skull base chordoma was 30.97%; buccal
endotracheal intubation was maintained in 55 patients, nasal
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TABLE 1 Patient characteristics.
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Total WOAA group AA group P-value

No. of cases 310 214 (69.03%) 96 (30.97%)
Age (yr) 50.0 (37.0-59.0) 52.0 (39.8-60.0) 48.0 (34.0-56.0) 0.018
BMI (kg/mz) 241+£37 246 £35 232+4.0 0.002
Sex <0.001

Male 186 (60.00%) 142 (66.36%) 44 (45.83%)

Female 124 (40.00%) 72 (33.64%) 52 (54.17%)
Smoking history 42 (13.55%) 31 (14.49%) 11 (11.46%) 0.471
Diabetes mellitus 12 (3.87%) 10 (4.67%) 2 (2.08%) 0.274
Hypertension 44 (14.19%) 35 (16.36%) 9 (9.38%) 0.103
Stroke 4(1.29%) 3 (1.40%) 1 (1.04%) 0.795
Heart disease 9 (2.90%) 7 (3.27%) 2 (2.08%) 0.565
Respiratory disease 4 (1.29%) 4 (1.87%) 0 (0.00%) 0.178
Relapse 170 (54.84%) 115 (53.74%) 55 (57.29%) 0.561
Cranial nerve involvement 59 (19.03%) 17 (7.94%) 42 (43.75%) <0.001
ASA physical status 310 0.008
I 18 (5.8%) 13 (6.1%) 5(5.2%)
1I 255 (82.3%) 184 (86.0%) 71 (74.0%)
I 35 (11.3%) 17 (7.9%) 18 (18.8%)
v 1(0.3%) 0 (0%) 1(1.0%)
\% 1(0.3%) 0 (0%) 1(1.0%)
Operative method <0.001

Endoscopy 230 (74.19%) 184 (85.98%) 46 (47.92%)

Craniotomy 80 (25.81%) 30 (14.02%) 50 (52.08%)
Maintenance of anesthesia 0.169

TIVA 18 (5.81%) 15 (7.01%) 3(3.12%)

Combined intravenous-inhalation anesthesia 279 (90.00%) 188 (87.85%) 91 (94.79%)

Inhalation 13 (4.19%) 11 (5.14%) 2 (2.08%)
Tranexamic acid 17 (5.48%) 10 (4.67%) 7 (7.29%) 0.349
Maximum tumor diameter (mm) 40.0 (32.0-50.0) 38.0 (30.0-48.5) 45.0 (37.0-58.0) <0.001
Hemorrhage volume (ml) 400.00 (200.00-800.00) 300.00 (200.00-600.00) 600.00 (300.00-1000.00) <0.001
Hemorrhage volume (ml/kg) 5.76 (3.33-11.67) 4.76 (2.87-8.60) 10.00 (4.98-17.94) <0.001
Operative duration (min) 235.00 (160.00-340.00) 194.00 (140.00-255.00) 375.00 (300.00-466.25) <0.001
Intraoperative mechanical ventilation duration (min) 287.50 (210.00-418.75) 250.00 (185.75-315.00) 447.50 (363.75-547.50) <0.001

AA, with a retained artificial airway; BMI, body mass index; TIVA, total intravenous anesthesia; WOAA, without a retained artificial airway; ASA, American Society of Anesthesiologists.

endotracheal intubation in 22 patients, and tracheotomy in
19 patients.

The outcomes of the patients are shown in Table 2. In
this study, 46 patients developed perioperative pulmonary
complications, including 38 patients with AA retention and
eight without AA retention. The incidence of postoperative
pulmonary complications was much lower in those without
AA retention (3.74 vs. 39.58%, P < 0.001). The incidence
of postoperative extrapulmonary complications was 32.29 and
19.63% in those with and without AA retention, respectively (P
= 0.015). Both the length of postoperative hospital stay and the
length of ICU stay were extended in the AA group (P < 0.001).
There were two patients (0.93%) with an unfavorable prognosis
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in the WOAA group and 23 patients (23.96%) in the AA
group (P < 0.001).

There was no significant difference between the two groups
in terms of unplanned secondary endotracheal intubation
and unplanned secondary surgery. Six patients in the AA
group underwent secondary endotracheal intubation; causes
of secondary endotracheal intubation included dyspnea, poor
cough reflex, and respiratory infection. Eleven patients in the
WOAA group underwent secondary endotracheal intubation;
reasons for endotracheal intubation included the need for a
second operation, postoperative local cerebral edema, reflux
aspiration, and pulmonary infection. Of the 17 patients who
underwent secondary endotracheal intubation, one died, and
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TABLE 2 Outcome variables, stratified by AA retention.

Total

No. of cases 310

Pulmonary complication 46 (14.84%)
Respiratory infection 40 (12.90%)
Extrapulmonary complications 73 (23.55%)
Unplanned secondaryendotracheal intubation 17 (5.48%)
Unplanned secondary operation 16 (5.16%)
Postoperative hospital stay (day) 8.00 (6.00-13.00)
Postoperative ICU stay (day) 0.00 (0.00-1.00)
Discharged

Home 285 (91.94%)
Rehabilitation hospital 21 (6.77%)
4(1.29%)

25 (8.06%)

Death

Poor prognosis

10.3389/fneur.2022.992308

WOAA group AA group P-value
214 96
8 (3.74%) 38 (39.58%) <0.001
7 (3.27%) 33 (34.38%) <0.001
42 (19.63%) 31 (32.29%) 0.015
11 (5.14%) 6 (6.25%) 0.691
9 (4.21%) 7 (7.29%) 0.256
7.00 (5.00-9.00) 12.00 (8.00-16.00) <0.001
0.00 (0.00-1.00) 1.00 (1.00-4.25) <0.001
<0.001
212 (99.07%) 73 (76.04%)
2(0.93%) 19 (19.79%)
0 (0.00%) 4(4.17%)
2(0.93%) 23 (23.96%) <0.001

AA, with a retained artificial airway; ICU, intensive care unit; WOAA, without a retained artificial airway.

seven had a poor prognosis and required continued treatment
in the rehabilitation hospital.

The artificial airway was retained for 20h (15-219h) after
operation. The patients who retained the artificial airway after
operation were divided into two groups: those who retained the
artificial airway for < 24h after operation were in the short-
term group, and the others were in the long-term group. There
were 50 people in the short-term group and 46 people in the
long-term group. Short-term group of postoperative artificial
airway retention time is 15.5h (13.0-17.0 h), long-term group is
230.0h (144.8-321.0 h).

Predictors associated with postoperative
AA retention

Univariate analysis showed that women were more likely
than men to require AA retention postoperatively (OR = 2.33,
95% CI: 1.43-3.81; P = 0.0007). Patients with cranial nerve
involvement were also more likely to require AA retention
postoperatively (OR = 9.01, 95% CI: 4.76-17.07; P < 0.0001).
Compared with endoscopic surgery, patients who underwent
craniotomy had a higher risk of postoperative AA retention
(OR = 6.67, 95% CI: 3.82-11.63; P < 0.0001) (Table 3).
In addition, the maximum tumor diameter, intraoperative
hemorrhage volume, operative duration, and intraoperative
mechanical ventilation duration were related to postoperative
AA retention.

Two multifactor analysis models were established (Table 4).
Model one was adjusted for sex and age, while model two was
adjusted for sex, age, and smoking history. After adjusting for
potential confounding factors, the multivariate analysis showed
that BMI (OR = 0.91, 95% CI: 0.85-0.97; P = 0.0077), cranial

Frontiersin Neurology

22

nerve involvement (OR = 10.12, 95% CI: 5.11-20.05; P <
0.0001), maximum tumor diameter (OR = 1.05, 95% CI: 1.03-
1.07; P < 0.0001), operative method (OR = 6.85, 95% CI:
3.84-12.21; P < 0.0001), hemorrhage volume (OR = 1.06, 95%
CIL: 1.03-1.09; P < 0.0001), operative duration (OR = 1.01,
95% CI: 1.01-1.02; P < 0.0001), and intraoperative mechanical
ventilation duration (OR = 1.01, 95% CI: 1.01-1.02; P < 0.0001)
were all associated with postoperative AA retention.

According to the multivariate analysis, continuous variables
related to AA retention were selected for ROC curve analysis,
and the results are shown in Figure 2. The area under the ROC
curve (AUC) of the BMI was 0.61 (95% CI: 0.54-0.67). When
the optimal threshold was 22.64, the specificity was 0.74, and the
sensitivity was 0.49. The AUC of the maximum tumor diameter
was 0.66 (95% CI: 0.59-0.73), with a specificity and sensitivity
of 0.68 and 0.63, respectively, when the optimal threshold was
43.50 mm. The AUC of the operative duration was 0.85 (95%
CI: 0.81-0.89), with a specificity and sensitivity of 0.83 and
0.83, respectively, when the optimal threshold was 282.50 min.
The AUC of the intraoperative mechanical ventilation duration
was 0.86 (95% CI: 0.82-0.91), with a specificity and sensitivity
of 0.83 and 0.85, respectively, when the optimal threshold was
343.50 min. The AUC of the hemorrhage volume was 0.71 (95%
CI: 0.64-0.77), when the optimal cutoft point was 8.63 ml/kg,
with a specificity of 0.75 and sensitivity of 0.58.

Discussion

Chordoma is a rare malignant and aggressive tumor
with a poor prognosis. Skull base chordomas are often
more complex than other chordomas (7, 8). This study
the of postoperative
pulmonary complications in patients with skull base chordoma

retrospectively analyzed incidence
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TABLE 3 Univariate analysis for risk factors associated with retained artificial airways.

Statistics Retained artificial airways P-value

Sex 0.0007

Male 186 (60.00%) 1.0

Female 124 (40.00%) 2.33(1.43,3.81)
Age (yr) 483 +13.7 0.98 (0.96, 1.00) 0.0155
Relapse 170 (54.84%) 1.15 (0.71, 1.88) 0.5612
Smoking history 42 (13.55%) 0.76 (0.37, 1.59) 0.4724
Cranial nerve involvement 59 (19.03%) 9.01 (4.76, 17.07) <0.0001
BMI (kg/mz) 241437 0.90 (0.84, 0.96) 0.0024
Maximum tumor diameter (mm) 42.22 +14.19 1.04 (1.02, 1.07) <0.0001
Hemorrhage volume (ml) 400.0 (200.0-800.0) 1.00 (1.00, 1.00) 0.0001
Hemorrhage volume (ml/kg) 5.76 (3.33-11.67) 1.07 (1.04, 1.09) <0.0001
Operative duration (min) 235.0 (160.0-340.0) 1.01 (1.01, 1.02) <0.0001
Intraoperative mechanical ventilation duration (min) 287.50 (210.00-418.75) 1.01 (1.01, 1.02) <0.0001
Maintenance of anesthesia

TIVA 18 (5.81%) 1.0

Combined intravenous-inhalation anesthesia 279 (90.00%) 2.42 (0.68, 8.57) 0.1707

Inhalation 13 (4.19%) 0.91 (0.13, 6.40) 0.9237
Operative method

Endoscopy 230 (74.19%) 1.0

Craniotomy 80 (25.81%) 6.67 (3.82,11.63) <0.0001
BMI, body mass index; TIVA, total intravenous anesthesia.
TABLE 4 Multifactorial regression for risk factors associated with retained artificial airways.
Exposure Adjust I P-value Adjust IT P-value
Relapse 1.19 (0.72, 1.96) 0.5073 1.18 (0.71, 1.96) 0.5133
Cranial nerve involvement 9.58 (4.90, 18.73) <0.0001 10.12 (5.11, 20.05) <0.0001
Maximum tumor diameter (mm) 1.05 (1.02, 1.07) <0.0001 1.05 (1.03, 1.07) <0.0001
Operative method

Endoscopy 1.0 1.0

Craniotomy 6.85 (3.84, 12.23) <0.0001 6.83 (3.83,12.21) <0.0001
Maintenance of anesthesia

TIVA 1.0 1.0

Combined intravenous—inhalation anesthesia 2.25(0.62, 8.15) 0.2169 2.30 (0.63, 8.32) 0.2055

Inhalation 0.99 (0.14, 7.22) 0.9913 1.03 (0.14, 7.56) 0.9766
Hemorrhage volume (ml) 1.00 (1.00, 1.00) 0.0001 1.00 (1.00, 1.00) 0.0001
Hemorrhage volume (ml/kg) 1.06 (1.03, 1.09) <0.0001 1.06 (1.03, 1.09) <0.0001
Operative duration (min) 1.01 (1.01, 1.02) <0.0001 1.01 (1.01, 1.02) <0.0001
Intraoperative mechanical ventilation duration (min) 1.01 (1.01, 1.02) <0.0001 1.01 (1.01, 1.02) <0.0001
BMI (kg/mz) 0.91 (0.85, 0.98) 0.0083 0.91 (0.85,0.97) 0.0077

Adjust I model adjust for: sex; age.
Adjust IT model adjust for: sex; age; smoke.

BMI, body mass index; TIVA, total intravenous anesthesia.

and explored the risk factors for postoperative AA retention.

Among them, 30.97% of patients required postoperative

AA retention, which was found to be associated with an

increased frequency of pulmonary complications and a poor
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prognosis. The results of this study are consistent with those

of studies of nonneurosurgical patients (9-12). Prolonged

AA retention can lead to complications, including lung

infection, glottis narrowing, and difficulty swallowing (13).
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FIGURE 2
ROC curve for AA retention. (A) Duration of intraoperative
mechanical ventilation (min); (B) operative duration (min); (C)
hemorrhage volume (ml/kg); (D) maximum tumor diameter
(mm); (E) BMI (kg/m?). AUC, area under the ROC curve; BMI,
body mass index; ROC, receiver operating characteristic.

Postoperative pulmonary complications are also associated with
an increased mortality rate, length of hospital stay, and cost of
hospitalization (14-19).

In neurosurgical patients, prolonged surgery, substantial
diabetes
pulmonary  disease,

obstructive
ASA>3
classification, and skull base occupation are risk factors

hemorrhage, mellitus,  chronic

preoperative  leukocytosis,
for postoperative pneumonia (20). Additionally, symptoms
of cranial nerve involvement, prolonged surgery, long-
term mechanical ventilation, decreased postoperative
consciousness, and skull base surgery increase the incidence
of pulmonary complications

in neurosurgical patients

during the perioperative period (21, 22). Furthermore,
postoperative blood transfusions, posterior cranial nerve
ICU

are independent predictors

compression, prolonged stay, and tracheotomy
of postoperative pulmonary
complications in skull base surgery (20). Furthermore,

postoperative pulmonary complications are significantly

associated with a poorer prognosis, including higher
rates of secondary surgery, readmission, mortality, and
extended  hospitalization, after  craniocerebral  tumor
surgery (20).

Retained AAs and mechanical ventilation can provide
direct access to the lungs for pathogens and reduce the
immune barrier function of the mucosa, which may increase
the risk of postoperative pulmonary complications (10). We
identified several risk factors for perioperative AA retention,

and the possibility of AA retention is considerable for
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patients with specific characteristics. Posterior cranial nerve
involvement, craniotomy for chordoma resection, BMI >
22.64 kg/mz, maximum tumor diameter > 43.5 mm, operative
duration > 282.50 min, intraoperative mechanical ventilation
duration > 343.50 min, and hemorrhage volume > 8.63
ml/kg were all independent risk factors for postoperative
AA retention. Considering that most factors related to AA
retention are tumor characteristics, few factors can be actively
addressed. Therefore, clinical work may focus on reducing
the incidence of pulmonary complications in high-risk
patients who require AA retention. A meta-analysis of 178
randomized controlled studies found that exercise interventions
and inspiratory muscle training reduced perioperative
pulmonary complications in patients undergoing elective
major surgery (23). Laurent et al. found that preoperative
ventilator endurance training could improve respiratory muscle
endurance and reduce the incidence of postoperative pulmonary
complications (24).

More than 20% of complications in respiratory management
occur during extubation, with severe consequences, including
hypoxia and death (13). Although many guidelines focus
on endotracheal intubation, there is limited literature
on endotracheal extubation at the end of surgery. At
the end of the surgery, endotracheal extubation or AA
retention is necessary according to the patient’s specific
situation. In patients with skull base chordoma, cranial
nerve involvement results in impaired cranial nerve function
and poor protective airway reflexes. Therefore, caution
is needed when considering whether to retain AAs. In
addition, surgeons should minimize the operative duration
and hemorrhage volume, and anesthetists should refine
perioperative airway management methods. There are some
limitations to this study. First, this was a single-center,
retrospective study, and we could only determine the patient’s
condition through medical records. In addition, we could
not collect intraoperative mechanical ventilation parameters,
including the tidal volume, respiratory rate, airway pressure,
and other data. Previous randomized controlled studies have
found no significant difference in the incidence of pulmonary
complications 7 days after surgery between adults patients
ventilated with a low intraoperative tidal volume and those
ventilated with a conventional tidal volume (25). There
were significant differences in maximum tumor diameter,
hemorrhage volume, operative duration, and intraoperative
mechanical ventilation duration between the two groups.
The above factors will affect the postoperative status of
patients, making patients more sensitive to infection and
other complications. It is difficult to draw a firm line between
these factors as direct causes of poor prognosis or as reasons
for the preservation of the artificial airway after surgery.
However, the results of this study need to be validated by large

prospective studies.

frontiersin.org


https://doi.org/10.3389/fneur.2022.992308
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Fu et al.

Conclusion

Postoperative AA retention in patients with skull base

chordoma is associated with an increased incidence of

pulmonary complications in the perioperative period. BMI,
tumor compression of posterior cranial nerves, maximum
tumor diameter, operative method, intraoperative hemorrhage
volume, operative duration, and intraoperative mechanical
ventilation duration are independent predictors of postoperative
AA retention.
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Background: Chordoma is a type of mesenchymal malignancy with a high
recurrence rate and poor prognosis. Due to its rarity, the tumorigenic
mechanism and optimal therapeutic strategy are not well known.

Methods: All relevant articles of chordoma research from 1 January 2000 to 26
April 2022 were obtained from Web of Science Core Collection database.
Blibliometrix was used to acquire basic publication data. Visualization and data
table of collaboration network, dynamic analysis, trend topics, thematic map, and
factorial analysis were acquired using Blibliometrix package. VOSviewer was used
to generate a visualization map of co-citation analysis and co-occurrence.

Results: A total of 2,285 articles related to chordoma were identified. The most
influential and productive country/region was the United States, and Capital
Medical University has published the most articles. Among all high-impact
authors, Adrienne M. Flanagan had the highest average citation rate.
Neurosurgery was the important periodical for chordoma research with the
highest total/average citation rate. We focused on four hotspots in recent
chordoma research. The research on surgical treatment and radiotherapy was
relatively mature. The molecular signaling pathway, targeted therapy and
immunotherapy for chordoma are not yet mature, which will be the future
trends of chordoma research.

Conclusion: This study indicates that chordoma studies are increasing. Surgery
and radiotherapy are well reported and always play fundamental roles in
chordoma treatment. The molecular signaling pathway, targeted therapy,
and immunotherapy of chordoma are the latest research hotspots.
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Introduction

Chordoma is a relatively rare malignancy characterized by
local invasion (1). To reduce the risk of recurrence and improve
the prognosis of patients, the en-bloc tumor resection with wide
margins is recommended (2). Due to the notochord origination,
chordoma is normally located in the axial skeleton, such as the
skull base and sacrum (3). These specific anatomical structures
compromise the application of en-bloc methods, leading to a
high relapse rate (4, 5) . In addition, the chemo-/radiotherapy
resistance features also challenge the management of chordoma
(6). To improve the prognosis of chordoma patients, exploring
the tumorigenic mechanisms and optimizing therapeutic
strategies are pressing needs.

Pathologically, chordoma is derived from notochord
remnants with the impacts of carcinogenic factors. Therefore,
the identification of tumorigenic biomarkers may provide
therapeutic targets for chordoma (7). Receptor tyrosine kinases
(RTKs), which are crucial regulators of chordoma, can activate
signaling cascades, leading to the dysfunction of various essential
proteins. Thus, tyrosine kinase inhibitors (TKIs) are widely used
in clinical practice for chordoma, such as imatinib, sunitinib, and
apatinib (8, 9). Besides targeted therapies, novel techniques in
adjuvant radiotherapies like proton and carbon ion therapy have
been applied in chordoma with promising therapeutic effects (10,
11). Thus, recent progresses of basic and clinical research optimize
chordoma treatment and improve patients’ prognosis.

Due to the rarity of chordoma, studies focused on this
malignancy are still limited. Given this limitation, it would be
useful to summarize the current hotspots and future trends of
chordoma research. Bibliometrics, a quantitative and qualitative
analysis, can assist researchers in refining current research
hotspots and future development trends by co-word and co-
citation (12). Recently, bibliometrics and visualization have been
used to analyze various fields of research, such as coronavirus
disease 2019 (COVID-19) and breast cancer, whereas none focus
on chordoma (13-15). In this study, we collected and collated
the publications on chordoma in the twenty-first century from
the Web of Science (Wos) database. By analyzing the current
research hotspots and knowledge framework in chordoma field,
we point out its research emphases and future trends.

Methods
Data sources and retrieval strategies

This study was approved by our Institutional Review Board
(IRB). Data were obtained from the Wos Core Collection and
analyzed by bibliometric analysis software. Publications were
selected from SSCI and SCIE indexes, excluding other databases,
such as Scopus. The retrieval strategy was as follows: subject
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words= chordoma or chordomas, literature type= article,
language= English, date= 1 January 2000-26 April 2022. A
total of 2,285 studies were retrieved. All records and references
were downloaded in a TXT format, and all literature retrievals
and data extractions were introduced into VOSviewer software
(version 1.6.18) and R software version 4.1.0 using Bibliometrix
R package (version 3.2.1) and Biblioshiny for further analysis.

Data and statistical analysis

Biblimetrix package is an open-source tool to analyze
publications by qualitative and quantitative method (16).
Biblimetrix package could convert and output simplify
bibliographic information and complete data analysis and
visualization, including annual scientific production,
collaboration network, dynamic analysis, trend topics,
thematic map, and factorial analysis. The institution impact or
author impact was mainly determined by h-index, which was
used to quantify the certain institutions and authors scientific
influence by statistics of publication number and citation
frequency (17).

Vosviewer was used to analyze bibliographic data on
countries, institutions, authors, citations, and keywords and
construct network maps of co-authorship, co-citation, and co-
occurrence (18). In addition, VOSviewer could output three
different visualization maps by setting thresholds: network
visualization, overlay visualization, and density visualization.

Results
Annual publication analysis

A total of 2,285 articles were published in the chordoma field
with a total citation frequency of 42,808 times (Table 1). The
fitting curve of annual publication growth trend was y %
+46.20=( R2= 0.9244), consistent with the current research
trend of chordoma, so was the curve of annual cited frequency
growth trend (Figure 1; Supplementary Figure SI). Since the
twenty-first century, more scientific issues have been focused on
chordoma. The research progress of chordoma has emerged
endlessly, and the annual numbers of articles are also increasing
year by year, indicating that chordoma is attracting more
attention, and chordoma research has great clinical
significance and development potential.

Most productive countries/regions
and institutions

Since 2000, 68 countries/regions participated in chordoma
research, of which the top 10 cumulative publication frequency
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TABLE 1 Main information of publications.

Description Results
Timespan 2000.01.01-2022.04.26
Sources (journals, books, etc) 594
Documents (articles) 2,285
Times Cited 42,808
References 31,268
Countries 68
Institutions 2,267
Funds 781
Authors 9,716
All Keywords 6,070
Author Keywords 3,691

was 1,880. Google Earth mapped the country/region distribution
based on the number of publications (Figure 2A). Three
countries published more than 1,000 articles, namely, the
United States (N=703), China (N=306), and Japan (N=210)
(Supplementary Table S1). Regarding the regional distribution
of chordoma incidence rate, Asian/Pacific Islander (0.096; 95%
CI 0.082-0.111) and White (0.093; 95%CI 0.093-0.096)
individuals were relatively high, while American Indian/
Alaskan Native (0.049; 95%CI 0.029-0.077) and Black (0.042;
95%CI 0.036-0.048) were correspondingly low (1). Thus,
regional incidence distribution might be associated with
country-related chordoma publications. Centrality is often
used to evaluate the importance of nodes in the network. The
United States had the highest centrality, indicating its prolificacy
and influence in chordoma research. The United States paid the
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best attention to regional cooperation among countries,
especially China, which promotes the rapid construction of
knowledge framework (Figure 2B). In addition, high-impact
institutions/authors in various countries cooperated with those
in the United States inordinately (Supplementary Figures S2A,
B). Collectively, we supposed that besides the incidence rate of
chordoma, regional cooperation is another crucial driving force
for chordoma research development.

A total of 2,098 institutions were involved in chordoma
research (Supplementary Table S2), in which Capital Medical
University has published the most articles (N=126), followed by
University of Pittsburgh (N=124) and Massachusetts General
Hospital (N=122). Among the top 10 institutions with the most
article productions, seven are from the United States, publishing
666 articles with an average citation frequency of 23.9 times. The
other three are from China (N=126, TC=696), Austria (N=87,
TC=510), and Canada (N=66, TC=1,029), respectively. In recent
years, Chinese institutions ranked high in total publication
volume, whereas the h-index and average citations were lower
than most institutions in the United States.

Fund is an important driving force for institutions to carry out
research progress. Since 2000, 781 different types of funds
financially aided chordoma research worldwide. Projects funded
by US National Institutes of Health and United States Department
of Health and Human Services produced the same number of
articles (N=142), followed by National Natural Science Foundation
of China (N=112). In the top 10 funds, four are from the United
States, with three from China, two from Japan, and one from
Europe (Supplementary Table S3). Based on these 10 funds, 625
articles were published, accounting for 27.4% of all studies. In
addition, Chordoma Foundation, a non-profit organization, also

3 Number of Publications

2010 2015 2020
Year

Trend of annual publication numbers and fitting curve for chordoma research in the twenty-first century.
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FIGURE 2
Main countries/regions of chordoma research and collaboration. (A) Countries/regions distribution of chordoma research and collaboration
map; (B) collaboration network of 20 countries/regions in chordoma research.

plays a pivotal role in advancing chordoma research. Composed of Chordoma Foundation has funded 28 studies and supported 73
more than 400 chordoma specialists worldwide, Chordoma chordoma-related studies in various forms. Therefore, institutions’
Foundation provides trusted resources and assistance to prolificacy and high impact were related to the national and fund
thousands of researchers and patients around the world. By 2022, support for chordoma research.
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Most productive and influential journal
and author analysis

Journal analysis

We identified 594 journals publishing articles focused on
chordoma. The top 10 published 551 articles accounted for 24.1%
of all articles. World Neurosurgery, Journal of Neurosurgery,
Neurosurgery, Spine, and Journal of Neurosurgery-Spine are the
top 5 productive journals with Nature Medicine, Nature Genetics,
European Urology, Acta Neuropathologica, and Journal of the
American Chemical Society as top 5 high-impact journals
(Table 2; Supplementary Table S4).

Total/average citations indicate the quality and impact, in
which Neurosurgery ranked the first place. Its research topics of
chordoma ranged from surgical options to combined treatment
of surgery and adjuvant therapy. The recent topics are multi-
dimensional therapeutic strategies including targeted therapy
and immunotherapy, while scholars paid more attention to
recurrent chordoma treatment. Chordoma articles in high-
impact journals are mostly associated with multi-omics
sequencing and clinical trials to identify tumorigenic signaling
pathways, therapeutic targets, and novel treatment strategy.

Currently, the research system of the chordoma field is
relatively mature, and the distribution and number of core
journals accord with law of Bradford. The number of articles
published in these journals shows an upward trend year by year
(Figures 3A, B). As different journals have preferences for specific
research fields, to grasp the hotspots of chordoma, we compared
the changes in journals focusing on chordoma. The results
revealed that studies of novel surgery and radiotherapy options,
immune microenvironment, and tumorigenic signaling pathways
are gradually expanding.

Most productive and influential authors

A total of 9,716 authors published articles in the chordoma
field. As the first/corresponding author, Junting Zhang (N=21),

TABLE 2 Top 10 most productive journals in chordoma field.

Rank Journal
1 World Neurosurgery 98
2 Journal of Neurosurgery 77
3 Neurosurgery 66
4 Spine 60
5 Journal of Neurosurgery-Spine 52
6 International Journal of Radiation Oncology Biology Physics 47
7 Acta Neurochirurgica 46
8 European Spine Journal 41
9 Chordomas and Chondrosarcomas of the Skull Base and Spine 33
10 Journal of Clinical Neuroscience 31
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Huilin Yang (N=20), and Yazhuo Zhang (N=19) are the top 3
high-yield authors (Supplementary Table S5). H-index of articles
from Huilin Yang was 10, which ranked first among these
authors. In addition to productivity, the average citation rate
also optimizes the assessment of scientific influence. The average
citation rate of Adrienne M. Flanagan was as high as 80.36.
Adrienne M. Flanagan made significant contributions to the
histopathology, tumorigenic mechanism of chordoma, and
identification of potential therapeutic targets. Based on the law
of Lotka, a relatively stable author-cooperation group has
formed in chordoma fields, which cultivated several well-
known scholars to promote the development of chordoma
research (Supplementary Figures S3A, B).

Research hotspots and trends

Co-citation analysis

Citation is a useful method to evaluate the impact and
recognition in the scientific community. Thus, identification of
highly cited articles assists in recognizing the hotspots and future
trends. All articles cited in chordoma publications were
identified by co-citation analysis of VOSviewer (Figure 4A).
Based on their intrinsic relevance, articles are divided into three
color-coded clusters, in which the topics of blue cluster are
oncogenic mechanism and targeted therapy; red and green are
radiotherapy and surgery, respectively. The red/green nodes are
distributed densely, while blue nodes are less. In the hotspots of
chordoma research, the field of surgery and radiotherapy are
relatively mature, while tumorigenic mechanism and targeted
therapy are still in the development stage (Figure 4B).

In view of time-accumulating factors, the average citation
rate per year was also adopted. The top 100 most-cited articles
on average by year were analyzed, and the top 20 ones were
described in Supplementary Table S6. The most cited article was
an epidemiological survey published by McMaster et al., which
was also the largest case series of chordoma in the United States
before publication (3). This study analyzed and interpreted data

Records Proportion (%) Total Citations Citations per item h-index

4.29 885 9.03 18
3.37 2,251 29.23 27
2.89 3,818 57.85 33
2.63 2,028 33.80 24
2.28 1,477 28.40 21
2.06 2,450 52.13 29
2.04 644 14 15
1.79 804 19.61 18
1.44 11 0.33 1

1.37 333 10.74 11
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Core journals in chordoma research. (A) Identification of 19 core journals of chordoma field by law of Bradford; (B) publication numbers of top

10 core journal dynamic trend.

on incidence, treatment, and survival patterns chordoma from
1973 to 1995 based on the Surveillance, Epidemiology, and End
Results (SEER) program of the National Cancer Institute.
Among them, surgical treatment and radiotherapy remained
the hottest topics. To grasp the future trends, we ranked the 100
high-impact articles according to the publication date. In the
past 5 years, most publications focused on tumorigenic signaling
pathways, immune microenvironments, and targeted therapy for
chordoma (Supplementary Figure S4), consistent with the above
co-citation analysis. As the similar features of chordoma and
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chondrosarcoma, their treatment therapy and tumorigenic
mechanism were discussed together previously. Currently, the
multi-omics sequencing specific for chordoma has been
performed, and several signaling pathways has been identified
as candidate therapeutic targets.

Co-word analysis

Co-word analysis can effectively identify the high-frequency
keywords and reveal the specific research topics, hotspots, and
future trends. After literature search (chordoma-related
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publications, N=2,285; keywords, N=6,070), we analyzed the
keywords provided by original authors and WoS using
VOSviewer. Based on the frequency and ranking of keywords,
we classified the 50 high-frequency keywords through co-
occurrence network and Blibliometrix (Figure 5A;
Supplementary Figures S5A, B). Based on the top 15 high-
frequency keywords, surgery and radiotherapy are the focus of
chordoma research. Recently, tumorigenic mechanism and
molecular signaling pathway presented an upward trend
(Figures 5B, C). Based on the strategic diagram analysis, we
calculated four cluster’s centrality and density (Figure 5D). The
cluster of surgery, located in the first quadrant, had high
centrality and density. Thus, this topic is relatively mature and
crucial for chordoma research. Besides, radiotherapy is also a
mature research topic. Although the research of tumorigenic
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mechanism was in the central position of the chordoma field, the
current research was still insufficient.

Discussion

Chordoma is a relatively rare disease with a high relapse rate
and poor prognosis. The tumorigenic mechanism and optimal
therapeutic strategy are still unclear. In this article, we used
bibliometrics to analyze the publications of chordoma since the
twenty-first century. By 26 April 2022, a total of 2,285 articles in
the field of chordoma have been published, with the citation
times of 42,808. The most influential and productive country/
region was the United States, followed by China and Japan. A
total of 2,267 institutions participated in chordoma research, in
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which Capital Medical University published the most articles,
followed by University of Pittsburgh and Massachusetts General
Hospital. Among all high-impact authors, Huilin Yang had the
highest h-index and Adrienne M. Flanagan had the highest
citation rate and average citation rate. World Neurosurgery,
Journal of Neurosurgery, Neurosurgery, Spine, and Journal of
Neurosurgery-Spine were the first five periodicals with
maximum publications in chordoma research. Among them,
the highest total and average citation rate was Neurosurgery.
Moreover, we also identified four hotspots by analyzing the topic
of highly cited articles and co-word in the chordoma field: (1)
molecular signaling pathway and targeted therapy of chordoma;
(2) surgical treatment of chordoma; (3) optimization of
radiotherapy; and (4) immunotherapy of chordoma.

Molecular signaling pathway and
targeted therapy of chordoma

Facing the treatment dilemma of chordoma, exploring the
tumorigenic mechanisms and the corresponding molecular
signaling pathways are important. TBXT gene is a
transcription factor for notochord development, and its
duplication confers major susceptibility to familial chordoma
(19). Its encoding protein, brachyury, is highly expressed in
chordomas, which are associated with progression-free survival
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of chordoma patients (5, 20, 21). Besides, other gene mutations
have also been identified in chordoma, such as CDKN2A, TP53,
and LYST (22). CDK4 and p53, which function in the G1 phase
cell cycle, are related to overall survival (OS) of chordoma
patients (23, 24). In an integrated multi-omics analysis, CA2
and THNSL2 were identified in the switched compartments,
cell-specific boundaries, and loops, indicating their tumorigenic
roles in chordoma (25). Based on their key roles in chordoma
tumorigenesis, targeting them provides potential therapeutic
options. CDK7/12/13 inhibitor and the CA2 inhibitor,
Dorzolamide, have been found to inhibit chordoma in vitro
and in vivo (20, 25).

RTKs, such as platelet-derived growth factor receptor
(PDGFR), epidermal growth factor receptor (EGFR), fibroblast
growth factor receptor (FGFR), and vascular endothelial growth
factor receptor (VEGFR), are also important oncogenic
regulators of chordoma (26-28). They continuously translate
extracellular stimuli into intracellular signaling cascades, such as
PI3K-Akt-mTOR, and promote cell growth and tumorigenicity
(29-31). Imatinib, an inhibitor of PDGFR, was used in six
patients with advanced chordoma, and patients’ prognoses
were improved with more than 1 year follow-up (32). Gefitinib
and afatinib, EGFR inhibitors, were also effective in chordoma
patients (33, 34). With the treatment of apatinib, a potent
inhibitor of VEGFR, one in seven patients achieved objective
response according to RECIST and Choi criteria in 27 advanced
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chordoma patients (9). In addition, targeting PI3K-Akt-mTOR
pathway worked well in TKI-resistant chordoma, and the
combination of sirolimus plus imatinib significantly reduced
the tumor size in imatinib-resistant chordoma patients (8, 35).

Chordoma in different locations also has variable biological
behaviors and molecular features. Poorly differentiated
chordoma is mainly found in the clivus/cervix location (36).
Histologically, skull base chordoma had more abundant
chondroid matrix and diffuse growth pattern, whereas sacral/
spinal chordoma had non-chondroid, myxoid matrix, and a
lobulating pattern (37). As for transcriptome biomarkers,
LMXI1A is dominant in skull base chordoma, and SALL3 is
unique to spine chordoma (38). Additionally, compared to clival
chordoma, higher cMET dependence was found in sacral
chordoma, indicating that cMET inhibitors alone or in
combination with other drugs might particularly benefit
patients with sacral chordoma (27).

Surgical treatment of chordoma

Surgical resection has always been a research hotspot in
chordoma field and cornerstone of therapeutic strategy. The
possible reasons for surgery as a key hotspot are as follows: (1)
the complicated anatomical structures of axial skeleton and local
invasiveness nature of chordoma increase the difficulty of
resection (39, 40); (2) the surgical method is altered according
to different locations (41-43); (3) the reconstruction is needed
after tumor resection, and biomaterials with novel technologies,
such as 3D printing, may provide optimized fixation (44); (4) the
improvement of postoperative adjuvant therapy is beneficial to
improve the survival outcomes of chordoma patients (45-47).

Chordoma-specific factors (volume, location, and
pathological subtype) are associated with the surgical
consideration, such as surgical method, approach, and scope.
Take tumor location for example; skull base chordoma has a
high recurrence rate because it infiltrates the skeleton and is
closed to vital structures including brainstem and vital arteries.
Thus, radical surgery combined with adjuvant radiotherapy is
preferred for long-term survival (48). As for mobile spine and
sacral chordoma, marginal resection or gross total resection is
recommended (41). Based on single- and multi-center case series
of chordoma, Meng et al. reported the glorious local control with
the treatment of en-bloc spondylectomy (49, 50). However,
more than 1 cm margin in three planes is hard to achieve even
when performed by experienced surgeons (51). Therefore,
accurate marginal excision is crucial, which promotes the
application of computer navigation in tumor resection (52).

Bone stability maintenance is also a focus of tumor resection,
and advanced biomaterials are widely used. Currently, custom-
made prostheses have been successfully used, while 3D printing
may have more benefits (44, 53). 3D-printed prostheses based on
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computer simulation can fit perfectly to defective sites and
achieve personalized treatment (44, 54). Additionally, the bone
contact surface of 3D-printed prosthesis can be made porous,
inducing bone ingrowth to increase long-term stability (55).
Other advanced biomaterial technologies, such as carbon-fiber-
reinforced polyetheretherketone (CFR-PEEK) composite
implants also improved the prognosis and decreased the risk
of local recurrence (45).

Optimization of radiotherapy

Conventional radiotherapy is almost ineffective for
chordoma either alone or combined with surgery (56-58). As
the specific anatomical structure of peritumoral spinal cord,
nerve root, and vessels, the methods, timing and complications
of radiotherapy have always been the research focus (56).
Currently, proton and carbon ion therapies that relied on
Bragg peak effects are the preferred radiotherapy in most
quaternary centers. Proton and carbon ion radiotherapies have
little damage to normal tissue and target chordoma site for
maximum dose of radiation therapy (10, 11). Thus, they are
effective treatment options for chordoma with acceptable
radiation toxicity (59, 60). Timing of these high-dose
radiotherapy is also taken into consideration. DeLaney et al.
confirmed that survival outcome of chordoma patients was
significantly improved with preoperative radiotherapy (61).
However, the preoperative high-dose radiotherapy may
increase the complication of wound healing, and primary
resection combined with postoperative proton or carbon ion
therapy was recommended by many researchers (62-64).

The duration, dosage, and adjuvant materials [e.g.,
phosphorus-32 (P32), yttrium] of proton or carbon ion
therapy are also key points. Due to the radioresistant
characteristic of chordoma, local control rate of low-dose
radiotherapy is often poor. Therefore, proton or carbon ion
therapy, whether as a radical therapy or adjuvant option, has
high-dose requirements. Several studies reported that current
dose of radiotherapy strategies typically exceeded 70 Gy, and
multi-cycles therapy was necessary (56, 65, 66). The local
recurrence rate could remain low under high-dose
radiotherapy, but the radiotoxicity still needs further
discussion. Folkert et al. reported dural plaques as an auxiliary
mean of external irradiation could increase radiotherapy dose
delivery in radiation-resistant chordoma and improve local
control rates with less toxic risk (45, 67). Increasing
radiotherapy sensitivity is another option to reduce the
radiation resistance and complication. In a preclinical
research, Hao Shuyu et al. identified a protein phosphatase 2A
(PP2A) inhibitor LB100, which could serve as a supplement for
radiation to effectively enhance DNA damage-induced
chordoma cell death and delay tumor growth in vivo (68).
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Immunotherapy of chordoma

Immune checkpoint can attenuate the tumor killing ability
of T lymphocytes. Recently, immune checkpoint inhibitors
worked well in the treatment of chordoma (69). Programmed
cell death protein-1 (PD-1) and programmed cell death ligand-1
(PD-L1) are highly expressed in chordoma (70-72). Nivolumab,
an anti-PD-1 monoclonal antibody, showed effectivity against
chordoma in vivo and is currently evaluated in clinical trials for
chordomas (73, 74). In addition, avelumab could inhibit the
chordoma cell proliferation by targeting PD-L1, while further
clinical evidence is still needed for chordoma (75).

As brachyury is highly expressed in chordoma, it may serve
as a target of current immunotherapy. Brachyury vaccines have
been produced. GI-6301, which delivers antigens through
dendritic cells, specifically activates CD4" and CD8" cell and
has a lethal effect on brachyury-expressing tumor cells (76, 77).
Additionally, modified vaccinia Ankara (MVA) poxviral vaccine
vector encodes human brachyury, and adenovirus serotype 5
(Ad5) has been developed and applied in clinical trials (5, 78).
Thus, immunotherapy is regarded as one future trend in the
basic research and clinical treatment of chordoma.

Conclusion

This study indicates that chordoma studies are increasing.
Surgery and radiotherapy are well reported and always play
fundamental roles in chordoma treatment. The molecule
signaling pathway, targeted therapy, and immunotherapy of
chordoma are the latest research hotspots.
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Introduction and objective: Despite the improvements in management and
treatment of chordomas over time, the risk of disease recurrence remains high.
Consequently, there is a push to develop effective systemic therapeutics for
newly diagnosed and recurrent disease. In order to tailor treatment for
individual chordoma patients and develop effective surveillance strategies,
suitable clinical biomarkers need to be identified. The objective of this study
was to systematically review all prognostic biomarkers for chordomas reported
to date in order to classify them according to localization, study design and
statistical analysis.

Methods: Using the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines, we systematically reviewed published
studies reporting biomarkers that correlated with clinical outcomes. We
included time-to-event studies that evaluated biomarkers in skull base or
spine chordomas. To be included in our review, the study must have
analyzed the outcomes with univariate and/or multivariate methods (log-
rank test or a Cox-regression model).

Results: We included 68 studies, of which only 5 were prospective studies.
Overall, 103 biomarkers were analyzed in 3183 patients. According to FDA
classification, 85 were molecular biomarkers (82.5%) mainly located in nucleus
and cytoplasm (48% and 27%, respectively). Thirty-four studies analyzed
biomarkers with Cox-regression model. Within these studies, 32 biomarkers
(31%) and 22 biomarkers (21%) were independent prognostic factors for PFS
and OS, respectively.
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Conclusion: Our analysis identified a list of 13 biomarkers correlating with
tumor control rates and survival. The future point will be gathering all these
results to guide the clinical validation for a chordoma biomarker panel. Our
identified biomarkers have strengths and weaknesses according to FDA's
guidelines, some are affordable, have a low-invasive collection method and
can be easily measured in any health care setting (RDW and D-dimer), but
others molecular biomarkers need specialized assay techniques (microRNAs,
PD-1 pathway markers, CDKs and somatic chromosome deletions were more
chordoma-specific). A focused list of biomarkers that correlate with local
recurrence, metastatic spread and survival might be a cornerstone to
determine the need of adjuvant therapies.

KEYWORDS

Chordoma, prognostic biomarkers, molecular, skull base, spine, systematic review,
multivariate analysis

Introduction

Chordomas are malignant bone tumors, of possible
embryologic origin, arising anywhere along the neuroaxis (1),
that are prone to both local recurrence and systemic relapse.
Successful treatment of chordomas requires an experienced
multidisciplinary team. The median overall survival of patients
with chordoma is between 6.3 and 7.7 years (1, 2) with a 5-year
overall survival around 70% in most series (2-4). For newly
diagnosed patients, primary treatment consists of radical but
safe resection; importantly, the extent of resection directly
impacts outcomes in patients with skull base and spine
chordomas. Over time, treatment of newly diagnosed
chordomas has also evolved to incorporate adjuvant
radiation, commonly with particle therapy (carbon-ion or
proton-ion), particularly for skull base chordomas (5-8).
While outcomes have improved over time, the rates of both
local recurrence and distant metastases remain high.
Ultimately, it is widely accepted that chordoma behaves
across a biological spectrum - ranging from an indolent to a
more aggressive phenotype with poorer survival and increased
risk of local recurrence and metastatic disease. Unfortunately,
there is still an unmet clinical need to develop effective systemic
therapeutic agents that can be incorporated into the treatment
paradigm for newly diagnosed and recurrent disease. To this
end, clinical biomarkers that can be used to better tailor

Abbreviations: PRISMA, Preferred Reporting Items for Systematic Reviews
and Meta-Analyses; FDA ,Food and Drug Administrations; PFS, Progression
Free Survival; OS, Overall Survival; PD-1, programmed cell death protein 1;
CDK, cyclin dependent kinases.
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treatment and implement surveillance strategies for patients
with chordoma are needed.

To meet this need for clinical biomarkers, several
molecular studies have been conducted to identify
therapeutic targets and prognostic markers in order to
predict outcome (9-12). While many of the identified
biomarkers have been validated in the research laboratory
setting, the challenge lies in creating a biomarker panel that
can be used in the clinical setting to guide real-time decision-
making (13, 14). According to the US Food and Drug
Administration (FDA), a biomarker is defined as a
measurable characteristic that serves as an indicator of
normal or pathological biological processes or responses to
an exposure or intervention. Additionally, biomarkers can
include molecular, histologic, radiographic or physiologic
features (15). To be clinically utilized, there are certain
critical features that any biomarker should include: 1) it
should be non-invasive, easily measured, affordable, and
produce rapid results; 2) it should be accessible from readily
available sources, such as blood or urine; 3) it should have high
sensitivity to allow early detection and have a high specificity in
diseased samples; 4) the expression level of the biomarker
should aid in risk stratification and possess prognostic value
in terms of clinical outcomes; and 5) the biomarker should
provide insight into the underlying disease mechanism (16).
Specifically, a prognostic biomarker identifies the likelihood of
a clinical event, disease recurrence, or progression in patients
who have a medical condition of interest (17).

The objective of the present study was to review all
prognostic biomarkers reported to date for chordomas in
order to classify them according to localization, clinical utility,
study design and statistical analysis.
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Methods
Study design

The current systematic review was performed according to
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (18). Studies were classified
according to their design as prospective or retrospective. The
level of evidence of each study was determined according to
Oxford Centre for Evidence-Based Medicine (OCEBM)
guidelines (19, 20). A systematic search was conducted in the
PubMed/Medline and Google Scholar databases using the
following terms: “chordoma”, “biomarker”, “overall survival”,
“progression free survival”, “prognosis” and “biological marker”.
Any discrepancies were resolved through consensus. The search
strategy utilized is reported in Figure 1. Inclusion criteria were as
follows: i) the study must have been a prospective clinical trial or
a retrospective case-control/cross sectional study published in
English with no start date restriction and until February 2022
(when analyses for this review were performed); ii) the studies
had to have reported chordomas confirmed by pathology (either
in the skull base, mobile spine or sacrum); iii) the studies must
have been time-to-event studies, which determined Progression
Free Survival (PFS), and/or Overall Survival (OS); iv) the

10.3389/fonc.2022.997506

outcomes must have been analyzed by employing Kaplan-
Meier (K-M) analysis with log-rank test or a Cox proportional
hazards analysis (Cox model); v) the study must have included a
full biomarker description including the brand name of the assay
used, the source/matrix, the measurement technique and the
assay technology used; vi) studies must not have had
overlapping patients.

Studies using other biomarker categories, such as susceptibility/
risk, diagnostic, monitoring, predictive, pharmacodynamic/
response or safety were excluded.

Data abstraction

The extracted variables of each study include the following:
Type of study, number of patients, localization of the primary
tumor (skull base, mobile spine and/or sacrum), localization of
the biomarker (cellular [nuclear, cytoplasm or cell membrane]
or extracellular [blood or extracellular matrix]), assay technique
for measurement, prognostic variable analyzed, non-parametric
statistical approach, level of significance (p-value), and study
design (prospective or retrospective). For classification purposes,
we divide the biomarker as ‘positive’ or ‘negative’, according to
its correlation with PFS or OS.

PubMed and Google Scholar
(2005-2022)
1361 citations

Crossed References (2005-2022)

8 Citations

93 non-duplicate citations screened

l

Inclusion/Exclusion criteria
applied
-Not prognostic biomarker

-Not Human studies

-Other Sarcomas than Chordomas

text assessment

77 articles retrieved for full

FIGURE 1
PRISMA-based flow chart of the study.
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Statistical analysis

The primary goal was to determine whether there was
significant correlation between the biomarker and prognostic
variable analyzed, either using Log-rank univariate analysis or
Cox regression multivariate analysis. All statistical analyses were
performed using Microsoft Excel 365 (Microsoft, Washington,
USA) and GraphPad Prism 9.0 statistical software package (La
Jolla, California, USA). Descriptive statistics was the main
statistical technique. Categorical variables are presented as
proportions and the continuous variables are presented with
mean and standard deviation or median and interquartile range.

Results
Literature review

Sixty-eight studies met predetermined eligibility criteria and
were included for data abstraction (Figure 1). Fourteen studies
used the same cohort of patients with different biomarkers, so a
total number of 1263 patients are duplicated (21-33). Two
studies were multicenter, which includes different populations,
increasing the strength of the study (21, 34). With regard to
study design, 5 studies were prospective (7.3%) (26, 35-38) and
63 studies were retrospective (92.7%) (21-25, 27-34, 39-87).

Identification of pertinent biomarkers

Data for a total of 3183 patients (not duplicated) were
analyzed using different prognostic biomarkers. We excluded
data from patients that was collected from the same hospital and
in the same time frame. Of these, 3150 cases were adult patients
(99%) and 33 were pediatric patients (1%); there were 1595
(50%) skull base chordomas, 1165 (36.6%) sacrococcygeal
chordomas and 423 (13.4%) chordomas in mobile spine
segments. A total of 103 biomarkers were analyzed in the 68
studies included in our analysis. Using the FDA classification
system (15) we divided the biomarkers into 4 groups: molecular
(82.5%; n=85), physiological (9.7%; n=10), histological (6.8%;
n=7) and radiographic biomarkers (1%; n=1) (82).

Localization for each biomarker was different. A total of 40%
were located in the nucleus (n=41), 22% in the cytoplasm
(n=23), 14% in the cellular membrane (n=14), 7% in the
extracellular matrix (n=7), and 16% from blood samples
(n=17). The most common detection technique used was
immunohistochemistry (IHC) in 66% of the studies (n=45)
followed by polymerase chain reaction (PCR), serum protein
analysis, and DNA sequencing in 20% (n=14), 9% (n=6) and 5%
(n=3), respectively.

Three studies did not consider the expression of individual
biomarkers, but instead they described a score using a group of
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biomarkers. One study describes an “miRNA-score”, which
measures the nuclear concentration of different microRNAs
(miR-1290; miR-574-3p; miR-1; miR-1237-3p; miR-155; miR-
140-3p) using PCR-based techniques (42). Another study
describes a “Systemic Inflammatory Index” (SII), which is
obtained by multiplying blood platelet count and neutrophil
count and dividing by lymphocyte blood counts (P x N/L) (41),
and the last study describes an “Immunoscore” based on the
expression of CD3+ and CD8+ cells in the tumor specimen,
using THC (58).

Correlation of biomarkers with
clinical outcomes

The clinical outcomes commonly evaluated in the selected
studies were Progression free survival (PFS) and overall survival
(OS). Only those biomarkers that demonstrated significant
correlation with clinical outcomes in non-parametric tests
were considered. Significant correlation of biomarkers with
OS, PES, or both, appeared in 35% (n=24), 23% (n=16) and
40% (n=27) of the studies, respectively. One study found that the
lack of 1p36 LOH correlates with improved OS and PFS but did
not report the HR and/or the CI (60). Because of this, we did not
include their results in the following figures and analysis.
Ultimately, 82 biomarkers were demonstrated to have
statistical correlation in PFS and/or OS.

Elevated expression of 15 biomarkers was found to be
associated with improved PFS and/or OS in chordoma
patients (23, 24, 30, 31, 39, 55, 58, 62, 69, 76, 78, 84, 88).
Among them, five biomarkers correlated with improved OS
(elevated CD8+/Foxp3+ ratio, H-TERT promoter mutations,
and high expression of SNF5 protein, c-MET receptor, and
miRNA-1), eight biomarkers correlated with improved PFS
(high Immunoscore, elevated PD1+ Tumor-Infiltrating
Lymphocytes (TIL), high expression of PHLPP1 protein, Raf-1
and ERK proteins, elevated MMP-9/RECK protein ratio, and the
high nuclear expression of miRNA-1290 and mi-RNA-1237-3p)
and, 2 biomarkers were linked with both PES and OS (elevated
PD-L1+ TIL and high preoperative serum albumin level).

Increased expression of the remaining biomarkers (82%,
n=67) correlated with poorer PFS and/or OS outcomes.
Among them, the Ki-67 Level Index (LI) was the most
frequent biomarker analyzed across the collection of studies
(n=7, 10.3%). A high Ki-67 LI correlated with a shorter OS or
PES (even on COX regression analysis) (27, 33, 56).

Thirty-four studies analyzed the correlation between
biomarkers and clinical outcomes using Cox multivariate
regression and found that 35 biomarkers (43%) and 22
biomarkers (27%) were independent prognostic factors for PFS
and OS, respectively. Although these biomarkers demonstrated a
p-value less than 0.05, the confidence intervals (95% CI) varied
greatly, partly due to limited sample sizes. To mention some
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examples, in one study, high Brachyury gene expression or
increased number of alterations in chromosome 2p (CNA 2p)
correlated with improved PFS in a sample of 37 patients, but the
CI of both is wide and include the value 1 (45). Furthermore,
other biomarkers like VEGFA and E-cadherin had a CI of almost
1 in a sample size of 151 patients (27).

Forest plots in Figures 2 and 3, help to clearly differentiate
those studies with more statistical strength. Overall, 13
biomarkers (19%) had significant correlation with both clinical
outcomes (Table 1).

Discussion

There is increasing recognition of the need for predictive
biomarkers to assist in the management of chordomas. To the
best of our knowledge, this is the first comprehensive review that
summarizes prognostic biomarkers in chordoma that have been
reported to date. The mainstay of treatment for localized
chordomas is extensive resection with negative margins, but
local recurrence and systemic metastases are common. Clinically
reliable prognostic biomarkers that could aid in determining
whether a particular chordoma is likely to recur would impact
clinical decision-making, particularly with regard to the need for

10.3389/fonc.2022.997506

adjuvant therapy, the early incorporation of systemic therapy
agents, and surveillance strategies.

PES is a surrogate for OS (89). However, OS in diseases with
more than 12 months of survival after disease progression/
recurrence (like chordomas) is not a reliable endpoint, and a
very large number of patients is required to power studies to detect
statistically significant differences in solely in OS (90). Therefore,
we focused on studies of biomarkers with a significant correlation
for both endpoints. Because most of these studies are
retrospective, potential confounders must be unmasked and
multivariate analysis is an effective method of ranking various
prognostic factors (91, 92). We found 13 biomarkers which are
independently prognostic for both PFS and OS with statistical
significance (Table 1). In each case, we compared the Hazard ratio
(HR) and the Confidence Interval (CI). As a rule, the width of the
CI correlates inversely with the precision of the biomarker. In
other words, some biomarkers have a significant p-value, but the
CI could be wide or includes the value of 1 (Figures 2 and 3). This
situation decreases the precision of the biomarker when compared
with others and is therefore an important consideration. We
further discuss some of the 13 biomarkers below.

The expression of Programmed Death-1 (PD-1) receptor, its
ligand, and the immune microenvironment in chordoma have
been widely studied (30, 58). The PD-1/PD-L1 pathway is
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Forest plot showing biomarkers associated with PFS benefit on multivariate analysis. Those biomarkers with benefit in PFS and OS are marked in
red. Prospective studies are marked in yellow. AS (Anatomic Site), TECH (Assay technique used), N (number of patients), LOC (Biomarker
localization), SB (Skull base), S (Spine), IHC (Immunohistochemistry), PCR (Polymerase chain reaction), DNA Seq (DNA sequencing), FISH
(fluorescence in situ hybridization), ECM (extracellular matrix), CM (Cell Membrane), TSR (Tissue-stroma ratio), PD-L1 TIL (Programmed death
ligand 1, Tumor infiltrating lymphocytes), CDK (Cyclin-dependent kinase), TGFo. (Tumor Growth Factor o), RDW (Red cell distribution width),

CNA (copy number alterations), N/A (Not available).
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AS TECH | N l Loc | BIOMARKER AND AUTHOR HAZARD RATIO [95% CI] P-VALUE
SBandS | IHC 54 ECM TSR (Zou Ming-Xiang, et.al. etal. 2019) ————— 0.12[0.03,0.51] 0.004
sB DNASeq 80 Nucleus 22q del (Jiwei Bai, et.al. 2021) —_— 5.88(1.85,18.68] 0.0027
s8 IHC 70 Cytoplasm cblb (Luo Peng, etal. 2017) —_— 0.32(0.23,0.73] 0018
sB IHC 70 Cytoplasm Ccbl (Luo Peng, et.al. 2017) —_— 0.34[0.15,0.77) 0.01
s IHC 54 ECM CDB+/Foxp3+ ratio (Zou Ming-Xiang, et.al. 2018) —————— 0.15(0.03,0.76] 0.022
SBandS | HC 56 Nucleus CDK 12 (Thanindratar Pichaya, et.al. 2020) —_ 3.09(1.04,9.19] 0.043
SBandS | PCR 68 Blood DNA methylomes (Zuccato Jefirey, et al. 2021) —————————1420[2.10,94.80] 0.0063
SBandS | HC 75 Nucleus Cyclin E1 (Wei Ran, et.al. 2020) e 0.50(0.27,0.93) 0.029
SBandS | Serum 224 Blood D.dimer (Li Bo, et.l. 2019) —_— 370[181,7.55] 0.001
s IHC 54 ECM (Zou Ming-Xiang, et.al. 2018) 0.28[0.08, 0.98] 0.046
s PCR 36 Nucleus LncRNA KRT8P41 (Wen Hai, et al. 2021) —_— 3.68(1.23,11.00] 0.02
SBandS | PCR 54 Nucleus mi-RNA score (Huang Wei, et.al. 2020) —_— 237[1.13,4.94) 0.021
sB PCR 50 Cytoplasm mRNA of Survivin (Junpeng Ma, et.al. 2020) ol 1.23[1.06,1.43] 0.008
sB DNASeq 80 Nucleus PBRM1 (Jiwei Bai, et.al. 2021) —_— 4.79[1.57,14.59] 0.0058
SBandS | IHC 54 ECM PD.L1+ TIL (Zou Ming-Xiang, et.al. 2016) +———+———+ 0.19[0.05, 0.69] 0.01
SB Serum 187 Blood PDW (Li Mingxuan, et.al. 2020) —_—— 215[1.26,369] 0.005
SB. Serum 187 Blood RDW (Li Mingxuan, et.al. 2021) —— 276[1.67.4.53] 0.001
SBand S |Cytometry 172 Blood SiI (Hu Wenhao, et al. 2018) —— 1.90(1.20.3.00] 0.015
s DNASeq 109 Nucleus  SNP 152305089 AG (Bettegowda Chetan, et.al. 2017) —_—— 2.80[1.15,6.85] 0.024
s DNASeq 109 Nucleus ~ SNP 12305089 GG (Bettegowda Chetan, et.al. 2017) —_— 6.85(2.33,20.17] 0.001
s IHC 55 Cytoplasm TOPK (Thanidratar Pichaya, et.al. 2020) —_— 5.58(0.72,43.14] 01
s IHC 32 Cytoplasm YBX1 (Liang Chen, et.al. 2019) —_———— 6.80[1.16,39.93] 0.034

0.05 014 036 098 266 717 1937 5230
HR (Natural log Scale) 95% CI
FIGURE 3

Forest plot showing biomarkers associated with OS benefit on multivariate analysis. Those biomarkers with benefit in PFS and OS are marked in
red. Prospective studies are marked in yellow. AS (Anatomic Site), TECH (Assay technique used), N (number of patients), LOC (Biomarker
localization), SB (Skull base), S (Spine), IHC (Immunohistochemistry), PCR (Polymerase chain reaction), DNA Seq (DNA sequencing), FISH
(fluorescence in situ hybridization), ECM (extracellular matrix), CM (Cell Membrane), TSR (Tissue-stroma ratio), PD-L1 TIL (Programmed death
ligand 1, Tumor infiltrating lymphocytes), RDW (Red cell distribution width), PDW (Platelet distribution width), LncRNA (Long non coding RNA).

responsible for modulating T-cell activation (anti-tumor
response) and exhaustion in cancer (93). Tumor cells express
PD-L1 as an adaptive immune mechanism to escape this anti-
tumor environment with a high number of CD8+ cells
(Immunoscore) (58) or a high CD8+/Foxp3 ratio (30),

consistently analyzed in our review. The blockade of this
immune checkpoint signal has the potential clinical benefit of
increasing the sensitivity of chordoma cells to T-cell mediated
lysis. In this sense, PD-L1+ is currently a prognostic and
therapeutic biomarker (10, 94). FDA-approved monoclonal

TABLE 1 List of reported biomarkers with independent prognostic impact in PFS and OS (with Cox multivariate analysis).

Biomarker Level of evi- N Localization Assay HR O0S95% p-valuer HR PFS95%  p-value
dence Technique  os CI oS PFS CI PES
22q del IIb 80 Nucleus DNA 5.88 1.85-18.68 0.046 3.74 1.89-7.38 0.0024
sequencing
Cbl-B IIb 70  Cytoplasm THC 0.32 0.234-0.734 0.018 0.32 0.20-1.054 0.037
C-Cbl IIb 70 Cytoplasm IHC 0.34 0.153-0.771 0.01 0.42 0.20-0.92 0.025
CDK-12 IIb 56 Nucleus THC 3.09 1.04-9.19 0.043 2.89 1.42-5.9 0.003
Ciclin E1 Ib 75 Nucleus IHC 0.5 0.27-0.93 0.029 0.45 0.22-0.95 0.035
Immunoscore (Cd3 1Ib 54  Extracellular IHC 0.28 0.08-0.98 0.046 0.35 0.14-0.88 0.026
+/Cd8+) matrix
mi-RNA Score IIb 54 Nucleus PCR 2.37 1.13-4.94 0.021 2.81 1.08-7.31 0.034
PBRM1 1Ib 80 Nucleus DNA 4.79 1.57-14.59 0.006 5.72 2.68-12.19 0.00006
sequencing
PD-L1+ TIL 1Ib 54  Extracelullar IHC 0.188 0.051-0.69 0.01 0.3 0.10-0.91 0.033
matrix
RDW b 187 Blood sample Hemocytometry — 2.757 1.67-4.53 0.001 1.85 1.26-2.7 0.001
Survivin (mRNA) IIb 50 Nucleus PCR 1.23 1.06-1.43 0.008 1.17 1.03-1.33 0.018
Tissue-Stroma Ratio 1Ib 54  Extracellular IHC 0.12 0.03-0.51 0.004 3.66 1.42-9.43 0.007
matrix
D-Dimer b 224 Serum sample Serum analysis 37 1.81-7.55 0.001 2.68 1.58-4.55 0.001

Le (Level of evidence); N (Number of Patients); PCR (Polymerase Chain Reaction); ihc (Immunohistochemistry); RDW (Red Cell Distribution Width); CDK (Cyclin-Dependent Kinase).

Bold letters mean statistical significance.
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antibodies currently used to block the PD-1/PD-L1 pathway
include Pembrolizumab, Nivolumab, and Avelumab.
Additionally, Nivolumab is currently being evaluated amongst
rare CNS cancers including chordoma in 3 open clinical trials
(NCT03173950, NCT02989636, NCT03623854). Even though
the PD-1/PD-L1 pathway appears to be a very promising
therapeutic and prognostic marker, the clones of anti-mouse
PD-1 antibodies used are not consistent, and validation of them
is needed to reach a wide reproducibility.

MicroRNA are small noncoding RNAs that play important
roles in transcriptional gene regulation. Different miRNAs have
been implicated in several cancers, including chordomas (30, 31,
42, 69, 88). Multiple proteins are involved in chordomagenesis,
therefore it is unlikely that a single miRNA would provide optimal
information regarding prognosis. Rather than focusing on a single
miRNA, Huang et al. identified 6 prognostic miRNAs and
developed a miRNA score (miRscore) based on integrated data.
Using this approach, the miRscore was able to predict clinical
outcome in chordoma (42). However, the main limitation of using
this biomarker in clinical practice is the affordability along with
ease and consistency of measurement using RT-PCR. An
alternative approach is miRNA-seq but that is also hampered by
technical complications limiting broad adoption (95).

Survivin is an apoptosis inhibitor protein widely expressed in
tumors and non-terminally differentiated tissues (96). Ma et al.
evaluated the expression of survivin in primary versus recurrent
chordomas and demonstrated that survivin expression is elevated
in recurrent tumors. Additionally, they found survivin levels were
increased in recurrent tumors collected from the same patient,
and expression of survivin was found to be an independent
prognostic factor for progression (44). However, the lab
technique used to quantify survivin expression was quantitative
RT-PCR which is not practical assay from a clinical testing
standpoint, although the use of survivin as a biomarker offers
the advantage of measuring a single molecule as compared with
the use of miRscore which measures 6 different miRNAs (42).

The Cyclin-dependent kinases (CDKs) are serine/threonine
nuclear protein kinases involved in DNA transcription and cell
cycle progression. In chordoma, CDK overexpression induces
migration of tumor cells, proliferation, and tumor growth. In
particular, the CDKN2A/p16INK4a/CDK4-6/RB pathway is a
well-known cascade involved in tumor cell proliferation across
multiple cancer types (97). The CDKN2A gene, and its protein
product pl6INK4a, have an inhibitory role over CDK4 and 6,
decreasing cell proliferation. Mutations in CDKN2A gene have
been studied as a prognostic biomarker in independent studies
(38, 43, 50), but none have found a significant correlation with
clinical outcomes. Only Sommer et al. (50) found that CDKN2A
gene expression level correlated with a higher PES (p=.03);
however, this correlation was not significant in multivariate
analysis. CDK4 expression was found to be significantly
associated with OS in a study by Yakkioui et al. (83), however,
this was only in univariate analysis (p=.021). These data suggest
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that this pathway has an unclear prognostic role in chordoma
PES or OS. Despite these uncertain results, the pathway is
currently being evaluated for chordoma therapy. For example,
palbociclib is an approved CDK4/6 inhibitor for chordomas with
CDKN2A gene loss (98) and is currently being evaluated in a
clinical trial (NCT03110744).

CDKI12 overexpression increases the phosphorylation of
antiapoptotic proteins, including Survivin and MCL-1 and
correlates with shorter overall survival in breast cancer,
ovarian cancer and gastric cancer (99, 100). Pichaya et al.
measured the expression of CDK12 in tumor tissue in a cohort
of 56 spine chordoma patients using immunohistochemistry,
and grouped chordomas as those with low CDK-12 expression
(less than 75% of the cells with positive nuclear staining) and
those with high CDK-12 expression (more than 75% of the cells
with positive nuclear staining) (52). The statistical analysis
demonstrated a negative effect of this CDK in prognosis,
however the results need to be interpreted with caution
because the wide CI indicates lack of precision and little
knowledge about the effect. While a study with a larger sample
is required, the strength of this biomarker lies in the relatively
easy assay technique, affordability and it resides upstream of
other biomarkers implicated in poor clinical outcomes.

Somatic chromosome deletions have been studied as a type of
genomic driver event in chordomas. Bai et al. conducted whole-
genome sequencing of 80 skull base chordomas and evaluated the
prognostic value of 17 somatic chromosomal events including
gains of chromosomes 1q, 7p, and 7q, and deletions of 1p, 3, 4, 9,
10, 13q, 14q, 18, and 22q (43). Of these, the hemizygous deletion
of 22q, where SMARCBI gene is located, demonstrated a strong
association with clinical outcomes. The homozygous deletion of
SMARCSBI is a hallmark of poorly differentiated chordoma (101),
but this finding suggests that even partial inactivation of
SMARCBI in conventional chordoma could be used as a
prognostic biomarker. Nevertheless, the wide CI in this study
highlights the need for validation with a larger sample. Although
genome sequencing is an expensive and highly specialized assay
technique, chromosomal deletion can be assessed with
Fluorescence in situ hybridization (FISH) or spectral
karyotyping (SKY) (102). In this regard, it is worth mentioning
that Zenonos et al. present one of the few prospective studies with
a strong statistical design (36). Using FISH, they found that skull
base chordoma patients with a threshold percentage of cells with
1p36 and 9p21 deletions (more than 15% for 1p36 and more than
4% for 9p21) have a shorter PFS. Despite being a prospective
study with thorough statistical design and promising HR, we did
not include in Table 1 because the study did not include OS and
ClIs in the analysis.

The last two biomarkers were assessed in blood samples and
are the most promising in terms of affordability, limited
invasiveness, reproducibility, assay technique, and required
sample size (22, 46). Other studies have reported that
increased levels of RDW or D-dimer are observed in many
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types of cancers and act as useful markers of adverse prognosis
(103-106). In chordoma patients, a preoperative measurement
above the cut-off values of 12.7 for RDW (in a spine chordoma
population) and 840 pg/L for D-dimer (in a skull base chordoma
population) were associated with a poor prognosis. However,
these biomarkers do not provide an insight about the underlying
disease mechanism, and they lack specificity (106-108).

After analyzing all of the available information gathered for
this review, Table 1 presents a set of biomarkers that have been
demonstrated to correlate with both PFS and OS. While
additional studies are needed to validate a narrower list of
biomarkers with the strongest prognostic value, this proposed
panel serves as a starting point. Given the techniques employed
and the already available testing, there are biomarkers that can
be readily incorporated into routine clinical setting. For example,
preoperative D-dimer can be readily integrated as a potential
prognostic biomarker due to its low-invasiveness, accessible
measurement technique, and affordability. Also, the D-dimer
study collected a significant cohort of patients (n=224) when
compared with other biomarker studies and reported results
using multivariate analysis with narrow CI (PFS, HR 2.68 [1.58,
4.55], p=.001; OS, 3.70 [1.81, 7.55], p=.001).

Furthermore, our inferential statistical analysis of the data has
limitations because chordoma has intrinsic low incidence. Most of
the studies report a limited patient cohort, making it difficult to
assess the multivariate analysis of each biomarker. It is worth
mentioning that none of the biomarkers met all the criteria
mentioned in the introduction of this manuscript. They need to
be validated in prospective studies with a larger sample size, and
across multiple institutions. Affordability is one of the most
important factors to consider for a biomarker that can be tested
ubiquitously. The less expensive techniques used were serum
protein analysis or hemocytometry, followed by
immunohistochemistry and finally, some of the studies used
expensive measurement techniques such as DNA sequencing
(21, 43, 62), DNA microarrays (60, 86) and FISH (36, 45, 74).
Also, when the lab technique is expensive or difficult to use, the
studies are concentrated among the same centers, resulting in
limited widespread integration. In order to use biomarker
information to evaluate chordoma patients and enable clinical
decision-making, high-quality prospective studies to evaluate the
known potential biomarkers with strong biological underpinnings
in chordomas are warranted. While retrospective studies remain
useful in identifying potential new biomarkers, prospective trials
with larger cohorts are essential for the eventual clinical
translation of biomarkers.

Conclusion

In this study we gathered all the prognostic biomarker studies
reported to date according to PRISMA guidelines. More than a
hundred biomarkers have been analyzed. The information is
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assorted, heterogenous, and lacks consistency in terms of
markers used and tests performed. There is an increasing need
to gather all these results to guide future validation studies to
determine its clinical utility. A comprehensive understanding of
this information can eventually help determine adjuvant
treatments and surveillance strategies for patients with the worst
prognosis. Further work is needed to validate a narrower list of
biomarkers that correlate with overall survival, local recurrence,
and metastatic spread with the strongest significance. Taken
collectively, we encourage the comprehensive centers that
evaluate and treat chordoma patients to collaboratively work to
create a panel of prognostic biomarkers that can then be
applied universally.
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Background: The systemic inflammation score (SIS), based on preoperative
lymphocyte to monocyte ratio (LMR) and albumin (ALB), was recently
developed and is demonstrated to be a novel prognostic indicator in several
cancers. However, data discussing the utility of SIS in chordoma are lacking. We
aimed to investigate the distribution and the prognostic role of SIS in primary
skull base chordoma patients undergoing surgery.

Material and methods: Preoperative SIS was retrospectively collected from 183
skull base chordoma patients between 2008 and 2014 in a single center. Its
associations with clinical features and overall survival (OS) were further
analyzed. The SIS-based nomogram was developed and evaluated by the
concordance index (C-index), time-dependent receiver operating
characteristic (ROC) curve, calibration curve, and decision curve analysis (DCA).

Results: The numbers of patients in the SIS 2, 1, and 0 group were 29 (15.8%),
60 (32.8%), 94 (51.4%), respectively. High SIS was associated with older age (p =
0.008), brainstem involvement of tumors (p = 0.039), and adverse OS (p <
0.001). Importantly, multivariate Cox analysis showed that high SIS
independently predicts adverse OS. Furthermore, the nomogram based on
SIS and clinical variables showed eligible performance for OS prediction in both
training and validation cohorts.

Conclusions: The SIS is a promising, simple prognostic biomarker, and the SIS-
based nomogram serves as a potential risk stratification tool for outcome in
skull base chordoma patients.

KEYWORDS

systemic inflammation score, skull base chordoma, prognosis, biomarker, nomogram

Abbreviations: LMR, lymphocyte to monocyte ratio; ALB, albumin; SIS, systemic inflammation score; OS,
overall survival; HR, hazard ratio; CI, confidence interval; C-index, concordance index; ROC, receiver

operating characteristic; DCA, decision curve analysis.
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Introduction

Chordoma accounts for 1-4% of primary bone neoplasm, and
previous studies recognized that chordoma originates from the
remnant of notochord (1, 2). Chordoma is largely found in the
axial skeleton, about 30-40% of which is located at the skull base
(clivus) (2, 3). To date, surgery with the help of radiotherapy is the
main treatment for chordoma patients. However, the commonly
large tumor burden and the involvement of critical neurovascular
tissues make chordoma difficult to eradicate, especially for skull
base chordoma (4). In addition, studies showed no significant
value of classical chemotherapy. Despite the development of
surgical technology, such as endoscopic surgery and
intraoperative navigation, and the effort on targeted therapy,
skull base chordoma patients had a high recurrent rate and
sequent mortality (2, 5, 6). Improvement of the survival of
chordoma patients requires the identification of reliable
biomarkers and effective patient risk stratification.

Inflammation has been widely recognized as a prevalent
characteristic of cancer since Virchow first promoted a potential
association between inflammation and cancer (7). Cancer patients
can present both local inflammatory symptoms and systemic
inflammation, such as changes in the peripheral blood cell
count (8). Moreover, increasing studies show that systemic
inflammation plays an essential role in cancer patient outcomes
via several aspects, including tumor oncogenesis, progression, and
metastasis (9, 10). Consequently, several pretreatment
inflammatory biomarkers based on blood cells, including
neutrophil to lymphocyte ratio (NLR), prognostic nutritional
index (PNI), lymphocyte to monocyte ratio (LMR), platelet to
lymphocyte ratio (PLR), and Glasgow prognostic score (GPS), are
developed in recent studies; and these biomarkers can act as
prognostic indicators in various cancers (11-14). In addition,
accumulating studies identify preoperative level of serum albumin
(ALB) as a prognostic factor for cancer (15). However, there are
currently few studies investigating the establishment of a scoring
system that combines these inflammatory indicators for
prognostic prediction in skull base chordoma patients (16).

More recently, a promising prognostic score based on levels of
ALB and LMR, known as the systemic inflammation score (SIS),
is proposed, and is highly associated with outcomes in colorectal
cancer, oral cavity squamous cell carcinoma, and clear cell renal
cell carcinoma (17-19). Until now, the role of SIS in predicting the
prognosis of skull base chordoma patients remains to be
elucidated. Thus, in this study, we evaluated the distribution of
SIS in a relatively large cohort of skull base chordoma patients
undergoing surgery and investigated the associations of SIS with
patient characteristics. We also examined the prognostic impact
of SIS on overall survival (OS) in skull base chordoma patients,
and a nomogram including SIS and clinical variables was further
developed and validated for survival prediction.
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Material and methods
Patient population

This retrospective study enrolled 183 skull base chordoma
patients undergoing surgery between January 2008 and September
2014 in our institute. This cohort has been previously described in
our studies (20). The following inclusion criteria were applied: 1)
patients were histopathologically diagnosed as chordoma and the
tumor located at the skull base. 2) patients with detailed medical
records, routine blood tests before surgery, and follow-up data.
Exclusion criteria were as follows: 1) patients with an unclear
diagnosis or tumors located at the cervical vertebra alone were not
included; 2) patients who received adjuvant radiotherapy and/or
chemotherapy, cancer-related operation including biopsy before
their first surgery at our institute were excluded; 3) unavailable
clinical/laboratory data; 4) patients with infection, inflammatory
disease, hemopathy, liver/kidney disorder, other malignant
diseases were excluded.

Follow-up investigation and
survival analysis

Patients were recommended to follow up with physical
examination, magnetic resonance imaging, and/or computed
tomography every 3-6 months for the first 2 years and annually
thereafter. For patients unable to come to our hospital for a check,
telephone, or email was applied. The follow-up investigation was
terminated in October 2019. The primary endpoint, OS, was
defined as the time from operation to death or censored at the last
follow-up.

For survival analysis and the development of the nomogram,
183 patients were divided into training and validation groups
with a ratio of 2:1.

Data extraction

For each participant, clinical and pathological data and
blood tests were gathered, including age at surgery, sex,
pathological type, degree of resection, tumor size, tumor
texture, tumor blood supply, brainstem involvement,
preoperative complete blood cell count, and ALB level (g/L).
Pathological types of chordoma were confirmed by a
professional pathologist and recorded as classical, chondroid,
or dedifferentiated types (2). The degree of resection was
recorded as total/subtotal resection (< 5% residual tumor) and
partial resection (> 5% residual tumor) according to the
postoperative images (21).
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Definition of SIS

Given the contiguous features of preoperative LMR and
ALB, the optimal cutoff values, determined by the
“surv_cutpoint” function of R package “survminer”, were used
to transfer LMR and ALB into categorical variables (high level, >
the cutoff value; and low level, < the cutoff value). The threshold
point was defined as the value with the maximally selected log-
rank test statistics (22). The SIS was then defined based on ALB
and LMR levels as previously described: score 0, patients with a
high LMR and a high ALB; score 1, patients with either low LMR
or low ALB; and score 2, patients with both low ALB and low
LMR (17, 19).

Statistical analysis

The analysis was performed with SPSS for Windows version
19.0 (IBM Corp, Armonk, NY, USA), and R software version
4.0.2 (R Foundation for Statistical Computing, Vienna, Austria).
Continuous variables were shown as median with interquartile
range (IQR). Correlations between SIS, LMR, and categorical
variables were analyzed by the chi-squared test, and their
correlations to continuous variables were analyzed using the
Kruskal-Wallis test or Wilcoxon rank-sum test. The Kaplan-
Meier survival curve and log-rank test were applied to find the
difference in OS between groups. Univariate and multivariate
Cox proportional hazard regression model was also performed,
and variables with P < 0.05 in the univariate analysis were
included in the multivariate analysis. A nomogram was
developed based on our multivariate analysis and previously
reported prognostic-related variables (2, 4, 23). The concordance
index (C-index), time-dependent receiver operating
characteristic (ROC) curve, and the calibration curve were
used to assess the predictive performance and accuracy of the
nomogram. Decision curve analysis (DCA) was performed to
evaluate the clinical value of the nomogram. A two-sided P value
less than 0.05 was considered to indicate statistical significance.

Results
Patient characteristics

In total, 183 patients were included in this study.
Supplementary Table S1 showed the clinicopathological
characteristics of enrolled patients. There were 96 (52.5%)
males and 87 (47.5%) females. The median age at admission
was 41 years (IQR, 29-51 years). Respectively, 125 (68.3%), 58
(31.7%), 0 (0%) patients had classical, chondroid, and
dedifferentiated chordoma. Based on the longest diameters of
the coronal, sagittal, and axial axes, the median tumor size was
21.0 cm’® (IQR, 11.9-38.8 cm®). The median value of preoperative
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LMR was 5.35 (IQR, 4.17-6.75), and the median level of
preoperative ALB was 45.8 g/L (IQR, 43.9-48.2 g/L). The
excellent cutoff value of LMR was 4.75, and 44.5 g/L for ALB
in the training cohort (Supplementary Figure S1). According to
the above definition of SIS, the distribution of SIS in our cohort
was 29 (15.8%) patients in the SIS 2 group, 60 (32.8%) patients
with an SIS of 1, and 94 (51.4%) patients with an SIS of 0.

Correlations between SIS and
clinicopathological findings

Relationships between SIS and clinicopathological variables
were detailed in Table 1. Higher SIS was significantly correlated
with older patient age (p = 0.008). In addition, patient with
brainstem involvement was associated with a higher SIS (p =
0.039). Patients with higher SIS tended to have tumors with a
rich blood supply, although the difference was not significant
(p = 0.096). No significant differences in gender, tumor size,
tumor texture, and pathology types were observed between
different SIS groups (all p > 0.05). Additionally, we observed
that low ALB was associated with older age (p <0.001), though
no significant difference between low LMR and old age was
found (p = 0.316) (20). Decreased ALB was also correlated with

TABLE 1 Association between SIS and clinicopathological features in
skull base chordoma.

Variables SIS
0 1 2 P value

Cases 94 60 29

Age, years 0.008
Median 37.0 43.5 47.0

Gender 0.889
Male 48 33 15
Female 46 27 14

Tumor size 0.814
<20cm’ 45 31 13
>20cm’ 49 29 16

Texture 0.992
Soft 28 18 9
Others (hard or moderate) 66 42 20

Blood supply 0.096
Rich 50 35 22
Others (poor or moderate) 44 25 7

Pathology 0.634
Classical 63 40 22
Chondroid 31 20 7

Brainstem involvement 0.039
Absent 30 30 8
Present 64 30 21

SIS, systemic inflammation score.
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soft tumors and chondroid chordoma types (p = 0.023 and 0.026,
respectively) (20), while LMR was not associated with tumor
texture (p = 0.094) or pathological type (p = 0.311).

Survival analysis

The median follow-up period was 74 months (IQR, 53-96
months; range, 3-141 months). During the follow-up period, 72
(39.3%) patients died and the 5-year OS rate was 67.8% for the
whole cohort. In the training cohort, Kaplan-Meier curves
indicated that decreased LMR was associated with shorter OS
time (median OS time, 87 months vs 125 months; 5-year OS
rate, 61.9% vs 85.0%; p = 0.004) (Figure 1A). Similarly, patients
with low ALB had adverse OS than that of patients with high
ALB (median OS time, 73 months vs not reached; 5-year OS rate,
61.1% vs 83.7%; p < 0.001, Figure 1B) (20). Moreover, we found
that patients with higher SIS were correlated with worse OS (p <
0.001, Figure 1C). Specifically, significant differences of OS were
observed between SIS = 2 group and SIS = 1 group (median OS
time, 47 months vs 110 months; 5-year OS rate, 38.9% vs 81.0%;
p =0.001) or SIS = 0 group (median OS time, 47 months vs 125
months; 5-year OS rate, 38.9% vs 85.5%; p < 0.001). In the
validation cohort, we also observed that low LMR was correlated
with shorter OS time (median OS time, 59 months vs 107
months; 5-year OS rate, 52.4% vs 77.2%; p = 0.024)
(Figure 2A). Additionally, low ALB was associated with

10.3389/fonc.2022.1046093

decreased 5-year OS rate (median OS time, 49 months vs not
reached; 5-year OS rate, 36.1% vs 78.1%; p = 0.001) (Figure 2B).
Importantly, patients with higher SIS were correlated with worse
OS outcome (median OS time, 38 months, 59 months, and not
reached, respectively; 5-year OS rate, 87.5%, 42.8%, and 24.2%,
respectively; p = 0.003) (Figure 2C).

We also performed a subgroup analysis of LMR, ALB, and
SIS stratified by degree of resection. For patients with total/
subtotal resection, decreased ALB (p < 0.001 in the training
cohort and p = 0.003 in the validation cohort) and high SIS (p <
0.001 in the training cohort and p = 0.024 in the validation
cohort) were associated with unfavorable OS, low LMR tended
to correlate with poor OS (p = 0.197 in the training cohort and
p = 0.107 in the validation cohort) (Figure 3). For patients with
partial resection, we also confirmed the potential prognostic
value of LMR (p = 0.011 in the training cohort), ALB (p = 0.052
in the training cohort and p = 0.006 in the validation cohort),
and SIS (p = 0.024 in the training cohort and p = 0.071 in the
validation cohort) (Figure 4).

In the univariate Cox analysis of the training cohort, LMR,
ALB, and SIS were associated with OS as well as age at
admission, tumor pathology, degree of resection, and
lymphocyte count. Moreover, multivariate analysis including
these variables revealed that SIS was an independent
prognostic indicator for OS (Table 2). Consistently, in the
validation cohort, higher SIS was independently associated
with adverse survival (Table 3).
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Prognostic nomogram for OS

We then developed the nomogram integrating SIS and
significant clinical variables for clinical OS prediction
(Figure 5A). The C-indexes of the nomogram were 0.791 (95%
CI, 0.720-0.861) in the training cohort and 0.798 (95% CI, 0.727-
0.868) in validation cohort. Time-dependent ROC also revealed
the satisfying prediction performance of the SIS-based
nomogram during the follow-up time (Figure 5B). Moreover,
calibration curves for 3-year, 5-year, and 8-year OS suggested
favorable agreements between the nomogram and actual
observation in both training and validation cohorts
(Figure 6A). Importantly, DCA, a tool to assess the clinical
values of models, showed that the SIS-based nomogram had
higher net benefits (Figure 6B).

Discussion

In the current study, we described the distribution of SIS in
newly diagnosed skull base chordoma and investigated its
associations with the clinical features of patients. To our
knowledge, the current study was the first report to
characterize the prognostic role of SIS in chordoma. Our
results showed that higher SIS was correlated with older
patient age and brainstem involvement of the tumor, and the
multivariate analysis demonstrated that high SIS could
independently predict adverse OS. Moreover, a nomogram
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including SIS and significant clinical variables showed a
favorable prediction ability for OS. Our data highlighted the
SIS-based nomogram may be of important value for clinical
survival prediction, and further supported that drugs targeting
inflammation may be a promising therapy for chordoma.

The role of inflammation, a prevalent characteristic of
cancer, on tumor pathogenesis and progression has gained
much attention in recent years (7, 24). Increasing research has
indicated that inflammatory cytokines in tumors, including
tumor-infiltrating lymphocyte and tumor-infiltrating
neutrophils, play essential roles in tumor oncogenesis and
patient outcome (25, 26). Moreover, tumor-associated
macrophage was also correlated with poorer outcome and
therapy resistance in cancer (27). In addition, the peripheral
blood cells of cancer patients, such as neutrophil, monocyte, and
lymphocyte, and further pretreatment NLR, PLR, and LMR
showed effective prognostic values in various cancers (11, 13).
Recently, one retrospective study by Hu et al. investigated the
role of inflammatory indexes including NLR, PLR, and
monocyte lymphocyte ratio (MLR) in 172 chordoma patients
(16). However, the authors found that preoperative MLR was
not correlated with patient OS, which is inconsistent with the
finding in this study. Our result of Kaplan-Meier analyses
showed that low LMR was associated with unfavorable OS in
skull base chordoma (p = 0.004 in the training cohort and 0.024
in the validation cohort). Several differences exist in the current
study compared to Hu’s study, which may help explain the
inconsistency. First, the study populations differed from each
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Kaplan-Meier survival analysis of LMR, ALB, and SIS in skull base chordoma with total or subtotal resection. (A) OS analysis of LMR in the training
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(E) OS analysis of ALB in the validation cohort. (F) OS analysis of SIS in the validation cohort. LMR, lymphocyte to monocyte ratio; ALB, albumin;

SIS, systemic inflammation score; OS, overall survival.

other; in the study of Hu, 79 skull base chordoma, 43 spine
chordoma, and 50 sacrum chordoma were enrolled while our
study only involved skull base chordoma. Spine chordoma often
correlated with metastasis while limited metastasis was reported
in skull base chordoma patients, and metastasis was identified as
a significant prognostic factor for outcome (2, 28). Given the
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potential differences between spine chordoma and skull base
chordoma, the results may be biased by the analysis of the entire
cohort without stratification by tumor location. Second, the cut-
off values were not consistent; the cutoff value of MLR was 0.36
(LMR, 2.78) in the study of Hu, while the cutoff value of LMR in
the current study was 4.75. Finally, methods determining cutoff
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systemic inflammation score; OS, overall survival.

values were not the same; R package “survminer” was used in the
current study while ROC analysis was applied in Hu’s study.
SIS attracts accumulating attention in recent studies for its
integration of ALB and LMR, which may indicate the status of
both nutrition and systemic inflammation in patients (17).
Increasing studies have shown the prognostic value of SIS in
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cancer patients (19, 29). In our study, similar to previous studies,
we found high SIS was correlated with older age and brainstem
invasion, and SIS was independently associated with OS,
identifying SIS as a novel risk stratification system for skull
base chordoma. Given the difficulty and high risk of surgery
involving the brainstem, patients with a high SIS may need a
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TABLE 2 Univariate and multivariate Cox proportional analysis of OS in the training cohort.

Variables

Age, years (>55 vs <55)

Gender (female vs male)

Tumor size, cm>(>20 vs <20)
Texture (hard + moderate vs soft)

Blood supply
(poor + moderate vs rich)

Pathology
(chondroid vs classical)

Brainstem involvement
(present vs absent)

Degree of resection
(partial vs total/subtotal)

Postoperative radiotherapy
(yes vs no)

Neutrophil count (10°/L) *
Lymphocyte count (10°/L) *
Monocyte count (10°/L) *
Platelet count (10°/L) *
LMR (£4.75 vs >4.75)

ALB (<44.5 vs >44.5)

SIS

0

1

2

Univariate analysis

HR
(95% CI)

2.626 (1.345-5.128)
0.904 (0.500-1.634)
1.593 (0.873-2.906)
1.154 (0.603-2.207)
0536 (0.281-1.026)

0.303 (0.128-0.717)
0.938 (0.512-1.717)
2.696 (1.488-4.883)
0.880 (0.482-1.607)

0.996 (0.798-1.242)
0521 (0.305-0.891)
0.244 (0.028-2.115)
0.999 (0.994-1.004)
2309 (1.277-4.184)
3370 (1.827-6.216)

Reference
1.827 (0.891-3.749)
5.848 (2.756-12.406)

P value

0.005
0.738
0.129
0.666
0.060

0.007

0.835

<0.001

0.678

0.969
0.017
0.200
0.586
0.006
<0.001

0.100
<0.001

Multivariate analysis

HR
(95% CI)

2.895 (1.412-5.935)

0.385 (0.159-0.913)

2.085 (1.123-3.870)

NA

NA
NA

Reference
1.702 (0.799-3.626)
4.626 (2.124-10.074)

“analyzed as continuous variables; NA, not acquired; OS, overall survival; HR, hazard ratio; CI, confidence interval; LMR, lymphocyte to monocyte ratio; ALB, albumin; SIS, systemic inflammation score.
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P value

0.004

0.034

0.020

0.168
<0.001
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TABLE 3 Univariate and multivariate Cox proportional analysis of OS in the validation cohort.

Variables

Age, years (>55 vs <55)

Gender (female vs male)

Tumor size, cm>(>20 vs <20)
Texture (hard + moderate vs soft)

Blood supply
(poor + moderate vs rich)

Pathology
(chondroid vs classical)

Brainstem involvement
(present vs absent)

Degree of resection
(partial vs total/subtotal)

Postoperative radiotherapy
(yes vs no)

Neutrophil count (10°/L) *
Lymphocyte count (10°/L) *
Monocyte count (10°/L) *
Platelet count (10°/L) *
LMR (£4.75 vs >4.75)

ALB (£44.5 vs >44.5)

SIS

0

1

2

Univariate analysis

HR (95% CI)

1.169 (0.443-3.085)
1.204 (0.564-2.568)
1.728 (0.793-3.765)
2711 (0.936-7.850)
0.510 (0.223-1.167)

0.932 (0.430-2.019)
1.245 (0.573-2.706)
3.907 (1.812-8.423)
0.581 (0.246-1.370)

1.434 (1.146-1.793)
1.253 (0.681-2.302)
3.357 (0.325-34.622)
1.005 (1.001-1.010)
2.306 (1.093-4.865)
3.364 (1.573-7.195)

Reference
2.807 (1.158-6.808)
4.480 (1.712-11.720)

P value

0.752
0.632
0.168
0.066
0.111

0.857

0.580

0.001

0.215

0.002
0.468
0.309
0.018
0.028
0.002

0.022
0.002

Multivariate analysis

HR (95% CI)

4.193 (1.934-9.089)

NA

NA
NA
NA

Reference
2.697 (1.108-6.564)
5.167 (1.962-13.610)

“analyzed as continuous variables; NA, not acquired; OS, overall survival; HR, hazard ratio; CI, confidence interval; LMR, lymphocyte to monocyte ratio; ALB, albumin; SIS, systemic inflammation score.
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P value

<0.001

0.029
0.001
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Development and validation of a nomogram for OS prediction in skull base chordoma. (A) Nomogram for OS prediction. (B) Time-dependent
ROC curve of the nomogram. SIS, systemic inflammation score; OS, overall survival; ROC, receiver operating characteristic.

more careful preoperative preparation such as navigation-
assisted operation, and electrophysiological monitoring, aiming
for maximal safe resection and less possibility of recurrence.
Moreover, patients with high SIS are recommended to receive
closer monitoring after surgery and a more radical therapeutic
option due to the increased risk of death (SIS =1 vs SIS =0, 1.702
times; SIS = 2 vs SIS = 0, 4.626 times in the training cohort).
The reason for the prognostic role of SIS in cancer is largely
unclear, and previous studies proposed that it may be elucidated by
the role of lymphocyte, monocyte, and ALB. The lymphocyte is
recognized as an essential component of the immune system and it
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contributes to immune surveillance of cancer cells, inhibition of
tumor cell growth, and metastasis via secreting various cytokines
(30). A decrease in lymphocytes may lead to an insufficiency of the
immune response to cancer, and it is correlated with poor outcomes
in various cancers (31). In contrast, monocyte-derived tumor-
associated macrophage in tumor tissues can act as a cancer-
promoting role by enhancing tumor cell proliferation, increased
angiogenesis, stroma remodeling, and inhibiting antitumor
immunity (32). Moreover, monocyte count is correlated with
survival in cancer patients (33). Therefore, the association
between low LMR and adverse outcome is found in cancer
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The nomogram showed satisfactory performance for OS prediction in the training and validation cohort. (A) 3-year, 5-year, and 8-year OS
calibration curves of the nomogram. (B) Decision curve analysis of the nomogram for OS. OS, overall survival.

patients in recent studies (13). ALB, which is regarded as an index of
nutrition, is also a negative acute phase protein involved in systemic
inflammation response (10). Previous studies indicated the
association between low ALB and poor prognosis, which may be
explained by the abnormal response to surgical stress, insufficient
immune defense, and increased risks of complications (34).

Several limitations existed in this study. First, retrospective
nature may be subject to selection bias. The prognostic role of
SIS in chordoma remains to be elucidated in future large-scale
research. In addition, preoperative C-reactive protein and
pretreatment GPS were not collected due to the not routine
measurement in examinations; and their associations with SIS
were not analyzed in this study, while the previous study showed
the prognostic value of C-reactive protein in chordoma (35).
Finally, the associations between SIS and inflammatory cells in
tumor tissues such as tumor-infiltrating lymphocyte were not
analyzed (36).

In summary, our results reveal that SIS is an independent
prognostic indicator of OS in skull base chordoma, and the SIS-
based nomogram can act as a clinically preoperative risk
stratification tool for the decision-making of individualized
therapy for skull base chordoma patients.
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Circulating tumor DNA — A
potential aid in the management
of chordomas

Stephen C. Frederico'?, Corbin Darling™?, Xiaoran Zhang?,
Sakibul Hug? Sameer Agnihotri?, Paul A. Gardner?,
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and Georgios A. Zenonos*

tSchool of Medicine, University of Pittsburgh, Pittsburgh, PA, United States, 2Department of
Neurological Surgery, University of Pittsburgh, Pittsburgh, PA, United States, *Department of
Otolaryngology, University of Pittsburgh, Pittsburgh, PA, United States

Chordomas are a locally invasive, low-grade, CNS malignancy that are primarily
found in the skull base, spine, and sacrum. They are thought to be derived from
notochordal remnants and remain a significant clinical challenge due to their
local invasiveness, resistance to chemoradiation, and difficulty in achieving a
complete resection. Adjuvant therapy such as proton beam therapy is critical in
preventing recurrence in patients who are at high risk, however this treatment
is associated with increased risk of complication. Currently, intraoperative
observation and imaging findings are used to determine recurrence and
success of gross total resection. These methods can be unreliable due to
limited operative view, bony and soft tissue involvement, and complex post-
operative changes on MRI. Earlier detection of incomplete resection or
recurrence will allow for earlier ability to intervene and potentially improve
patient outcomes. Circulating-tumor DNA (ctDNA) is cell-free DNA that is
released by tumor cells as they undergo cellular turn-over. Monitoring ctDNA
has been shown to be more sensitive at predicting residual tumor than imaging
in numerous solid malignancies. Furthermore, ctDNA could be detected earlier
in peripheral blood as opposed to imaging changes, allowing for earlier
intervention. In this review, we intend to give a brief overview of the current
state of molecular diagnosis for skull base chordomas. We will then discuss
current advances in the utilization of ctDNA for the management of CNS
pathologies such as glioblastoma (GBM) and brain metastases. We will also
discuss the role ctDNA has in the management of non-CNS pathologies such
as osteosarcoma and Ewing sarcoma (EWS). Finally, we will discuss potential
implications of ctDNA monitoring for chordoma management.
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Introduction

Chordomas are low grade tumors that reside primarily in the
sacral region, skull base, or within the vertebral bodies. Known
to primarily affect patients that are 40-75 years of age, this tumor
accounts for approximately 3% of all bone tumors, and roughly
300 new cases of chordoma are diagnosed in the United States
each year (1, 2).

Derived from remnants of the notochord, these tumors are
very slow growing yet locally invasive, enabling this tumor to
have a higher recurrence rate compared to other low grade CNS
tumors. Specific genes that are known to contribute to the
formation of chordomas include the mTOR signaling pathway,
a deficiency in the PTEN pathway, and the brachyury gene,
among others (3-5). Deletions of 1p36 and 9p21 (pl6/
CDKN2A) have been shown to be strongly predictive of
outcomes and have recently been incorporated into treatment
paradigms allowing for the individualization of treatment (6-8).

The centerpiece of treatment for skull base chordomas is
surgical resection, however, total en bloc resection of this tumor
is often challenging as it is often difficult to achieve negative
margins. Surgical outcomes for this disease are difficult to
determine as outcomes are often determined through intra-
operative observation as well as post-operative imaging,
however these methods of assessment are often inaccurate due
to both the presence of unresected microscopic disease, as well as
the presence of significant post-operative changes.

While patients can undergo adjuvant radiation therapy for
this disease, this treatment modality is associated with significant
risks (9). Studies by Abdallah and colleagues highlighted how
genetic information can be helpful in determining whether skull
base chordoma patients should undergo radiation therapy.
Specifically, the results from this study suggested that skull
base chordomas with genetic profiles that were deemed “low
risk” (based on the presence of 1p36 and 9p21 deletions) could
forgo radiation therapy as these patients experienced minimal
benefit from this treatment which carries significant risks of
complication. The phenotype for tumors with low-risk genetic
profiles was defined by the authors as tumors that were smaller,
less invasive, asymptomatic when discovered, and more often
discovered in younger patients. While genetically profiling
chordomas is helpful in determining whether to administer
radiation therapy following initial surgical resection, new
methods must be created to aid in determining the true extent
of surgical resection and the presence of microscopic disease, as
well as in determining whether patients are experiencing a
recurrence so that they can be more closely monitored. ctDNA
could aid in addressing these areas of concern as this technology
is being used in cancers outside the CNS to monitor for tumor
recurrence as well as to glean genomic information about CNS
and non-CNS cancers.

Cell-free DNA (cfDNA) are DNA fragments that can be
found in the blood, CSF, or other bodily fluids, that are derived
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from different cell populations within the body. A subtype of
cfDNA is circulating-tumor DNA (ctDNA) which are DNA
fragments that have been released into the blood stream from a
tumor. It has been well established that tumors are often highly
vascularized as tumors need an increased blood supply to
continue their growth and proliferation. As tumors grow, their
cells undergo apoptosis/necrosis and these cells release their
DNA into the blood stream which is often adjacent to the lesion
(10). This ctDNA can then be detected via liquid biopsy and
analyzed to determine whether a tumor is recurring, as well as to
establish a mutational profile for the lesion which can be
exploited via targeted therapies.

In this review, we intend to highlight how ctDNA
technology is currently being used in clinical studies to
monitor for tumor recurrence in patients diagnosed with brain
metastases, glioblastoma (GBM), as well as osteosarcoma and
Ewing sarcoma (EWS). In addition to highlighting whether this
monitoring of recurrence improved patient outcomes, we will
also highlight genomic findings that were gleaned from these
studies. Finally, we will share our reasons for why we believe the
field should consider incorporating ctDNA monitoring into the
management of patients diagnosed with skull base chordomas.

Current molecular methods for
diagnosing skull base chordomas

The current methods used for diagnosing skull base
chordomas are quite limited as fine-needle aspiration or core
needle biopsy are the preferred methods of diagnosis prior to
surgical resection. However, these methods pose a concern for
tumor seeding (11). Until recently, chordomas were diagnosed
by examining their histopathological features as well as their
immunoreactivity for S-100 and the presence of epithelial
markers such as cytokeratins (12). However, while these
methods were useful in diagnosing chordomas, it was quite
difficult to differentiate between chordoma and chondrosarcoma
which are managed quite differently and bear different
prognoses. Recently, brachyury has been recognized as a
biomarker capable of distinguishing between chordomas and
other chondroid tumors. A study by Oakley and colleagues
found that in tissue microarray analysis of 103 chondroid
tumors residing within the skull base and other regions within
the head and neck, brachyury and cytokeratin staining had a
specificity and sensitivity for detecting chordomas of nearly
100% (13). Additionally, histopathologic features such as
mitotic figures and a Ki-67 labeling index of greater than 6%
are used as measures predictive of chordoma recurrence (14).

Given the risks associated with needle biopsy, the time is
now to develop a minimally invasive molecular method for
diagnosing and monitoring skull base chordomas. ctDNA
analysis is a promising molecular method in the management
of skull base chordomas as it has been shown that ctDNA
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harbors tumor specific somatic mutations, which can potentially
be therapeutically exploited, and many tumors will release
ctDNA into the bloodstream (15-17). Additionally, it has been
shown that ctDNA can be utilized to detect microscopic disease
burden up to six months before disease is able to be observed via
conventional imaging studies (15, 16, 18). This finding
highlights how blood based ctDNA monitoring may be
incredibly useful in chordoma management as chordomas are
often slow growing and can recur years after initial resection.
Early detection of recurrence may allow for therapy to be
administered earlier in a patient’s recurrence, which could lead
to a potential improvement in patient outcomes.

While studies assessing the value of ctDNA analysis in
chordoma management are few, one study by Mattox and
colleagues found that 87.1% of patients with spinal chordomas
were ctDNA positive at the time of their initial blood draw,
which was prior to initial surgical resection (18). Additionally,
the authors note that follow up blood draws in twenty of the
thirty-two patients enrolled in this study suggested that ctDNA
levels may reflect clinical status of disease however, these results
were not statistically significant due to small sample size (18).
Finally, the authors observed that patients who had positive
ctDNA levels had greater mutant allele frequencies and were
more likely to undergo radiation therapy (18). While not
statistically significant, findings from this study suggest that
the presence of ctDNA may be correlated with systemic
response to chemotherapy and/or recurrence of disease (18).

Currently, little if any studies are present in the literature
that assess whether ctDNA analysis is valuable for managing
skull base chordomas. Therefore, in addition to discussing the
few studies showing how ctDNA has been used in the
management of chordomas, we will also discuss how this
promising technology is being used in the management of
brain metastases, GBM, EWS and osteosarcoma, as we hope to
create a narrative for why this technology may be useful in the
management of skull base chordomas.

Brain metastases

Brain metastases are the most common neurological
complications of systemic cancer, with most neurological
metastases frequently found within the brain parenchyma,
cranium, dura, and leptomeninges (19). Among all cancer
types, lung cancer, breast cancer, and melanoma are the most
frequent to metastasize to the brain (20). In many instances,
patients with established diagnosis or primary malignancy don’t
undergo biopsies for metastatic lesions due to the procedure’s
invasiveness. Additionally, the tissue biopsy approach for brain
lesion sampling is dependent upon access to the tumor, and is
subject to sampling bias due to tumor heterogeneity (19). Within
recent years, peripheral blood cell-free circulating tumor DNA
(ctDNA) has been used to characterize and monitor various
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types of cancer (21, 22). Research suggests that ctDNA is not
only an extremely effective method of disease assessment more
so than CT imaging, but it can be used to determine response to
treatment, differentiating pseudo progression from true tumor
progression, and track levels of residual disease (23).

ctDNA, also referred to as liquid biopsy, carries specific gene
mutations, and has been used to analyze somatic sequence
alterations in various cancers through next-generation
sequencing (NGS) or droplet digital polymerase chain reaction
(ddPCR) (24). With the promising emergence of this biomarker,
several studies have demonstrated its use in the monitoring of
intracranial and extracranial brain metastases (16, 25, 26). In a
large-case series that sought to determine the predictive value
and limitations of peripheral blood-derived ctDNA at baseline
and during treatment in patients with melanoma with brain
metastases receiving PD-1 inhibitor-based therapy, ctDNA
reflected extracranial melanoma activity (27). However, it was
not an accurate biomarker of intracranial activity. Intracranial
and extracranial disease volume was evaluated in 57 of 72 (79%)
patients via CT and MRI at baseline. Of those evaluated, 19%
had intracranial metastases only, while 81% had intracranial and
concurrent extracranial metastases. ctDNA at baseline was
undetectable in all patients with intracranial metastases only,
while the concurrent group had a ctDNA detection rate of 70%.
Intracranial disease response was evaluable in all patients, with
ctDNA detectable in 53%, 0% of which were intracranial
responses and 64% of which were extracranial, supporting the
conclusion that ctDNA is associated with extracranial response,
but not intracranial response.

Despite the either absent or extremely low levels of plasma-
derived ctDNA associated with exclusive intracranial lesions, it
has been shown that ctDNA is present in cerebrospinal fluid
(CSF) of brain tumor patients (28). Given CSF’s intimate contact
with tumor cells of the CNS derived from primary or metastatic
lesions and its routine use in cytology examinations for patients
with brain lesions (19), there is substantial clinical relevance in its
analysis for CNS malignancies. In a recent case report published
by Huang W.T. et al, ctDNA was analyzed and used to tailor the
treatment of a patient with brain metastases. In a 35-year-old
woman who presented with hydrocephalus due to
leptomeningeal metastases and a focal mass in the spinal cord
adjacent to the cerebellum, the large spinal tumor was excised
with histopathological examination confirming adenocarcinoma.
The patient was then given several adjuvant immunotherapeutic
regimens and chemotherapy drugs, with only anti-HER2 therapy
resulting in any clinical benefit. ctDNA analysis was then
performed which revealed amplifications of HER2 and MPL, as
well as mutations in the PIK3CA, CDKN2A and TP53 genes.
Given the ctDNA mutation profile, ado-trastuzumab emtansine
was added to a combination regimen of intrathecal trastuzumab
and oral lapatinib. Within two weeks of the new anti-HER2
regimen combination, neurological signs increased dramatically
and a significant decrease in tumor markers CEA and CA19-9
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were noted. Not only does this highlight ctDNA’s ability to
monitor the effectiveness of ongoing treatment, but its ability to
provide insight to the tailoring of personalized treatment.

A prospective study of 21 consecutive patients with non-
small cell lung cancer (NSCLC) and brain metastasis also
confirmed the specificity of CSF-derived ctDNA over plasma-
derived c¢tDNA in detecting genetic abnormalities specific to
brain metastases (29). The study found that mutations were
detected in the CSF ctDNA of 20 (95.2%) patients, with a
detection rate of epidermal growth factor receptor (EGFR)
mutations of 57.1% in CSF ctDNA versus only 23.8% in
peripheral blood ctDNA and plasma circulating tumor cells
(CTCs). EGFR mutations were found in the CSF of 81.8% of
patients with leptomeningeal metastases, as compared with 30%
of patients with brain parenchymal metastases. Additionally, the
status of EGFR and TP53 mutations was consistent between CSF
ctDNA and brain lesion tissue in all patients. As this study
further confirms the ability of CSF ctDNA to assist in improving
the management of patients with brain metastases, in terms of
EGFR-driven genes, the results supported prior studies by Li et al
(30) who indicated that CSF was more representative of EGR
mutation status in brain metastases than plasma-derived.
Additionally, its specificity gives credence to the fact that CSF
ctDNA may also reveal uncommon EGFR mutations that could
be targeted with specific treatments (31, 32), a consequential tool
in molecular brain metastases surveillance.

Another case in a HER2-positive metastatic breast cancer
patient with brain metastases also confirms CSF-derived ctDNA’s
ability to harbor clinically relevant genomic alterations in patients
with CNS metastases, making it an effective tool in tracking tumor
evolution (33). Baseline CSF-derived ctDNA analysis revealed
TP53 and PIK3CA mutations as well as ERBB2 and cMYC
amplification. Post treatment ctDNA analysis showed decreased
marker levels in plasma, consistent with extra-CNS disease
control, while increased in the CSF, confirmed poor treatment
benefit in the CNS. Consequently, these results are a positive
indicator that CSF ctDNA is more suitable than plasma in
revealing the mutational profile of CNS metastases, enabling the
characterization of genomic complexity (23) as we seek to create
optimized management and treatments for patients with known
and unknown brain metastases.

Glioblastoma (GBM)

GBM is one of the most common primary brain tumors and
boasts an average life expectancy of just 15-18 months after
initial diagnosis. The standard of care for GBM includes
maximal surgical resection and chemoradiation therapy,
however, despite these measures, patient survival remains
poor. One of the major challenges associated with GBM
management is monitoring for tumor recurrence as patients
often undergo radiation therapy following surgical resection and
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it is often difficult to differentiate between tumor recurrence and
radiation necrosis. This often requires patients to undergo a
tumor biopsy which is highly invasive.

ctDNA has been a useful tool in the management of patients
with GBM as it has enabled physicians to establish a mutational
profile for one’s tumor. A study by Bettegowda and colleagues,
was able to use ctDNA to detect IDH1, EGFR, TP53 and PTEN
mutations in a subset of patients diagnosed with high- and low-
grade gliomas (16). However, the authors note that only 10% of
patients with gliomas enrolled in the study were able to have
ctDNA detected whereas 100% of patients with cancer residing
outside the CNS (bladder, colorectal, gastroesphogeal and
ovarian) were able to have ctDNA detected. Studies performed
since this have had higher ctDNA detection rates in GBM as one
study by Piccioni and colleagues detected ctDNA in 50% of
patients diagnosed with GBM (34). The results from this study
suggest that the ability to detect ctDNA in patients diagnosed
with GBM may be correlated with tumor grade and
histopathology. Other studies have successfully used ctDNA to
detect mutations in the TP53, EGFR, MET, PIK3CA and
NOTCHLI genes, as well as the NF1, APC and PDGFRA genes
in GBM (34, 35).

ctDNA monitoring has also been used to predict patient
outcome in patients diagnosed with GBM that had MGMT
methylation. Specifically, it was observed that patients with
MGMT methylation detected via ctDNA analysis had an
improved response and time till progression following
treatment with alkylating agents (36). An additional study by
Chen and colleagues found that GBM patients whose ctDNA
demonstrated Alu methylation had an improved survival when
compared to control (37). Studies that seek to use ctDNA as a
means to monitor for GBM recurrence are few as GBMs are
typically far removed from areas of the brain where CSF abounds,
leaving blood as the most viable means to detect GBM ctDNA.

Ewing sarcoma and osteosarcoma

While skull base chordomas reside within the intracranial
compartment, unlike brain metastases and primary brain tumors,
these bone tumors are outside of the BBB. Additionally, like other
bone tumors, chordomas are considered slow growing.

Osteosarcoma is the most common primary bone tumor that
primarily affects individuals between the ages of 10 and 30 years
old (38). Treatment for osteosarcoma includes surgery which
can be targeted to removing just the cancer or removing the
affected limb (amputation) if the cancer is too widespread (39).
Following surgery, patients undergo chemo-radiation therapy
(39). The National Cancer Institute reports in the SEER database
that if an osteosarcoma is considered “localized” the five-year
survival rate is 77%. However, if this tumor has spread beyond
the bone regionally or distantly, the five-year survival reduces to
65% and 26% respectively.
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Ewing sarcoma (EWS) are the second most common type of
primary bone cancer and are rarely found in individuals over the
age of 30 (40). In contrast to treatment for osteosarcoma,
patients diagnosed with EWS typically receive chemotherapy
prior to surgical resection as this tumor is known to respond well
to chemotherapy (41). Following chemotherapy, patients will
undergo surgical resection or radiation therapy to remove any
remaining disease (41). The National Cancer Institute reports in
the SEER database that if the tumor is considered localized the
five-year survival rate is 81%. However, if this tumor has spread
beyond the bone regionally or distantly, the five-year survival
reduces to 67% and 38% respectively.

ctDNA has proven to be a valuable tool in the management
of patients diagnosed with osteosarcoma or EWS. In a study by
Shulman and colleagues, ctDNA was detected in 53% and 57% of
plasma samples from patients with newly diagnosed EWS and
osteosarcoma respectively (42). In patients diagnosed with
localized EWS detection of ctDNA was correlated with an
inferior 3-year event free survival of 48.6% compared to a 3-
year event free survival of 82.1% for those without detectable
ctDNA (42). The risk of event and death increased in patients
diagnosed with EWS or osteosarcoma as the levels of ctDNA
increased (42). These findings are supported by Shah and
colleagues whose work highlights that EWS and osteosarcoma
patients with high ctDNA levels have a significantly increased
risk of disease-related death and that a rise in ctDNA levels is
predictive of patient relapse (43).

In a study by Krumbholz and colleagues, the authors
demonstrate that ctDNA levels in treatment naive patients are
correlated with event-free and OS in patients diagnosed with
EWS (44). Like Shah and colleagues, the authors observed that
patients experience a reduction in ctDNA levels following

10.3389/fonc.2022.1016385

treatment with chemotherapy (44). However, the authors also
highlight that persistent ctDNA presence following two blocks of
treatment with vincristine, ifosfamide, doxorubicin and
etoposide is a strong predictor of poor survival (44).

In addition to serving as a valuable predictor of patient
survival and highlighting patient response to treatment, ctDNA
can reveal complex chromosomal rearrangements. In the study
by Shah and colleagues, the research team was able to identify a
novel EWSR1-PKNOX2 translocation in a EWS patient’s plasma
at the time of their relapse (43). This translocation has not been
previously described in the literature. While the impact this
translocation has on patient survival is unknown, it has been well
established that translocations can lead to gene fusions which
have been shown to impact disease course (45). Incorporating
ctDNA into the management of CNS and non-CNS cancers may
allow for the detection of other translocations and gene fusions,
allowing the field to develop a further understanding of how
tumors progress, as well as better understand how these events
impact patient outcomes.

Discussion

In this review we have highlighted cancers of the CNS where
ctDNA technology has demonstrated success in determining
disease recurrence and/or allowed for the further understanding
of tumor genetics (Table 1). It is important to note that ctDNA
technology has been valuable in patient care for those diagnosed
with non-CNS cancers as well (Table 1). In patients with breast
cancer, ctDNA has become a valuable biomarker and enabled
physicians to better determine overall patient prognosis (46, 47).
Additionally, in patients diagnosed with non-small cell lung

TABLE 1 Clinical trials that have used ctDNA in the management of breast cancer, non-small cell lung cancer, melanoma, brain metastases,

glioblastoma, osteosarcoma, EWS, and chordoma.

Trial # Detection

Method Used

Tumor Type

NCT04353557 Stage I - III
Breast Cancer

liquid biopsy (blood)  1-month post-surgery

NCT04768426 Triple-negative
Breast Cancer
(TNBC)

liquid biopsy (blood)

treatment

NCT05079074 Late-stage
Metastatic

liquid biopsy (blood) 1. Before treatment

Breast Cancer

NCT04906369 Stage IV Breast
Cancer

liquid biopsy (blood) 1. Baseline

Collection Time

1. At initial standard adjuvant treatment
2. 6 months after standard adjuvant

2. After two medication cycles
3. After disease progression

2. 2 weeks after start of treatment

3. Beginning of each new treatment cycle

NCT03881384 Breast
Neoplasms

liquid biopsy (blood)

to 100 months)

Frontiers in Oncology

first documented disease progression (up

ctDNA Measurement Trial
Status
Determine ctDNA presence at first post-operative Recruiting
timepoint
Characterize the ctDNA profile of TNBC in Recruiting
participants with residual disease after standard
neoadjuvant chemotherapy receiving standard-of-
care adjuvant capecitabine
Determine the progression free survival ctDNA Completed
change index (12 months)
Identify patients with high ctDNA fractions in an Recruiting
effort to detect treatment failure (1 year)
Prior to every chemotherapy session until Determine the concentration of ctDNA Recruiting
(Continued)
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Trial # Tumor Type Detection Collection Time ctDNA Measurement Trial
Method Used Status
NCT05382052 Stage ITIA Non- liquid biopsy (blood) 1. Before starting neoadjuvant treatment  Assess the association between the baseline ctDNA  Recruiting
small Cell Lung  (QIAamp Circulating 2. At the end of the neoadjuvant and ctDNA clearance with each one of three
Cancer Nucleic Acid Kit) treatment & before surgery outcomes: after neoadjuvant treatment, before
3. After surgery surgery and PFS
4. 6 months after surgery
5. At first disease progression (if occurs
within 24 months after surgery
NCT03465241 Stage II-IIIA liquid biopsy (blood) 1. Day before surgery To detect ctDNA in patients using the second Completed
Non-small Cell ~ (Secondary Gene 2. 3rd to 7th day after surgery generation of high-throughput gene sequencing
Lung Cancer Sequencing -NGS) 3. 3-4 weeks after adjuvant chemotherapy (NGS)
4. 6-month intervals in following 2 years
NCT04791215 Non-Small Cell  liquid biopsy (blood) 1. Baseline Verify radiologic response to immune checkpoint Recruiting
Lung Cancer (WES) 2. With routine clinical blood draw blockade (ICB) by clonal dynamics of serial ctDNA
NCT04761783 Melanoma liquid biopsy (blood) 1. Baseline To use ctDNA to determine patient PFS and OS as  Recruiting
Non-small Cell ~ (SIGNATERA) 2. During routine care well as response rate and duration of response
Lung Cancer
NCT03808441 Stage III/IV liquid biopsy (blood) 2 to 3 months throughout study To assess decrease in ctDNA levels of mutant Recruiting
Melanoma completion (an average of 1 year) BRAF by >80% as an appropriate cut off for
changing to immune therapy
NCT05079113 Stage III liquid biopsy (blood) 1. baseline To use ctDNA to identify genetic alterations Recruiting
Melanoma 2. 3, 6, 18 months correlating with the development of disease
Stage IV recurrence
Cutaneous
Melanoma
NCT02251314 BRAF Mutant liquid biopsy (blood) ~ Pre-mortem - 3x 1-30 days apart (Ist Determine the percentage correlation between Completed
Melanoma blood draw during 1st visit) ctDNA and metastatic sites
Post-mortem - 48-72 hours from when
death expected
NCT02875652 Choroidal liquid biopsy (blood) 1. Before treatment Assess change of ctDNA from baseline to 3 years Completed
Melanoma 2.1 month after local treatment
3. 7 months
4. Every 6 months up to 3 years
NCT02071056 Leptomeningeal —cerebrospinal fluid During clinically indicated procedures To determine whether circulating tumor DNA can ~ Completed
CNS Metastasis throughout study be identified in the CSF of patients prior to
cytological evidence of leptomeningeal metastasis in
patients with history of visceral cancer
NCT04112238 Diffuse Large B cerebrospinal fluid 1. At time of diagnosis Determine CSF tumor ¢fDNA and metabolite Recruiting
Cell Lymphoma 2. At time of relapse detectability and cytological/flow cytometric
CNS Metastasis confirmation of CNS lymphoma at the time of
diagnosis and relapse
NCT05480644 Primary Brain  liquid biopsy (blood) 6 weeks post radiation therapy To create a repository of blood samples with Not yet
Tumor number of circulating immune cells and ¢tDNA in  recruiting
Brain peripheral blood to associate with radiation therapy
Metastases outcomes
NCT04109131 CNS Metastases liquid biopsy (blood)  Pre-diagnosis: To use ctDNA to better understand the Recruiting
cerebrospinal fluid 1. TNBC/HER2+ BC: once a year epidemiology and biology of CNS metastases
2. NSCLC/SCLC: every 4 months derived from solid tumors
3. Melanoma: every 6 months
At 1st CNS diagnosis:
As close to diagnosis of CNS metastases
and no later than 6 weeks after
Post diagnosis:
Every 3 months (+/- 1 month)
NCT02060890 Glioblastoma liquid biopsy (blood) 1. Before surgery To use ctDNA to help guide treatment plan in Completed
2. After surgery adults with recurrent/progressive disease
3. 2-month intervals (post-op)
NCT05281731 Glioblastoma liquid biopsy (blood) 1. 10 minutes prior to ultrasound Determine the feasibility of sonobiopsy as Recruiting
sonication measured by change in ctDNA level
(Continued)
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TABLE 1 Continued
Trial # Tumor Type Detection Collection Time ctDNA Measurement Trial
Method Used Status
2. 10 minutes after ultrasound sonication
3. 30 or 60 minutes after ultrasound
sonication
NCT04776980 Glioblastoma liquid biopsy (blood) ~ During surgical biopsy Determine proportion of mutations identified by Recruiting
biopsy that are correctly identified in samples of
plasma ctDNA
NCT03496402 Osteosarcoma liquid biopsy (blood) 1. At time of diagnosis Compare between genetic variations identified at Recruiting
and Ewing cerebrospinal fluid 2. During treatment diagnosis and those identified on ctDNA during
Sarcoma 2. At time of relapse treatment, FU and/or relapse
NCT02736565 Ewing Sarcoma  liquid biopsy (blood) 1. Chemotherapy Cycle 1 Week 1 Day 1~ Assess ctDNA (EWSR-FLII) levels and compare to ~ Active,
2. Chemotherapy Cycle 1 Week 3 Day 1~ tumor burden and disease response prior to and not
3. Chemotherapy Cycle 2 Week 1 Day 1 following pbi-shRNA EWS/FLI1 Type 1 lipoplex recruiting
Prior to product infusion and every even  administration
cycle thereafter at week 1 day I prior to
product infusion
NCT02306161 Ewing Sarcoma  liquid biopsy (blood) ~ Unknown Determine the proportion of patients that have Active,
change in translocation result associated with not
ctDNA testing over different time periods recruiting
NCT02180867 Osteosarcoma liquid biopsy (blood) At time of diagnosis Determine the prevalence of ctDNA at the time of  Active,
diagnosis not
recruiting
NCT03083678 Chordoma liquid biopsy (blood) 1. Baseline To gather ctDNA at baseline, during treatment and  Active,
2. Cycle 4 - Day 1 at the end of treatment for patients treated with not
3. Cycle 7 - Day 1 afatinib recruiting

4. End of Treatment (within 30 days of

last dose)

cancer, ctDNA has been shown to predict overall survival in
patients treated with PD-L1I blockade or with chemotherapy, in
addition to revealing valuable tumor genetic information (48).

Few studies have utilized ctDNA in the management of
chordoma, however, a study by Zuccato and colleagues revealed
that chordomas have different subtypes based on their DNA
methylation profiles (49). The research team found that different
methylation profiles had a strong impact on clinical outcome
(49). Additionally, the study found that cell-free DNA
methylomes can be used to distinguish chordomas from
meningiomas and spinal metastases (49).

There are many potential benefits ctDNA may provide
should it be incorporated into the management of those
diagnosed with chordomas. In CNS and non-CNS cancers
discussed throughout this manuscript, ctDNA has been used
to glean valuable tumor genetic information. Given that tumor
genetics impacts chordoma invasiveness and risk of recurrence,
analysis of genetic information from ctDNA may aid in
determining whether patients should undergo radiation
therapy, which has risks of complication (7). Additionally,
genetic information gleaned from ctDNA analysis may inform
patient prognosis as well as aid in understanding tumor subtype.

There are major challenges in determining chordoma
recurrence via conventional imaging studies due to anatomical
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changes following surgical resection as well as the slow growing
nature of chordomas (50). ctDNA has been used in determining
recurrence for tumors residing outside the CNS and may be of
value in determining chordoma recurrence as this tumor resides
outside the BBB, allowing for the release of ctDNA into the
bloodstream and subsequent detection via peripheral biopsy.
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Background: Chordoma is a rare, invasive, and devastating bone malignancy of
residual notochord tissue that arises at the skull base, sacrum, or spine. In order
to maximize immunotherapeutic approaches as a potential treatment strategy
in chordoma it is important to fully characterize the tumor immune
microenvironment (TIME). Multispectral immunofluorescence (MIF) allows for
comprehensive evaluation of tumor compartments, molecular co-expression,
and immune cell spatial relationships. Here we implement MIF to define the
myeloid, T cell, and natural killer (NK) cell compartments in an effort to guide
rational design of immunotherapeutic strategies for chordoma.

Methods: Chordoma tumor tissue from 57 patients was evaluated using MIF.
Three panels were validated to assess myeloid cell, T cell, and NK cell
populations. Slides were stained using an automated system and HALO
software objective analysis was utilized for quantitative immune cell density
and spatial comparisons between tumor and stroma compartments.

Results: Chordoma TIME analysis revealed macrophage infiltration of the
tumor parenchyma at a significantly higher density than stroma. In contrast,

frontiersin.org
72


https://www.frontiersin.org/articles/10.3389/fonc.2022.1012058/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1012058/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1012058/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1012058/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1012058/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1012058/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1012058/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.1012058&domain=pdf&date_stamp=2022-10-21
mailto:nlondon2@jhmi.edu
mailto:nyall.london@nih.gov
https://doi.org/10.3389/fonc.2022.1012058
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.1012058
https://www.frontiersin.org/journals/oncology

Lopez et al.

10.3389/fonc.2022.1012058

helper T cells, cytotoxic T cells, and T regulatory cells were significantly more
abundant in stroma versus tumor. T cell compartment infiltration more
commonly demonstrated a tumor parenchymal exclusion pattern, most
markedly among cytotoxic T cells. NK cells were sparsely found within the
chordoma TIME and few were in an activated state. No immune composition
differences were seen in chordomas originating from diverse anatomic sites or
between those resected at primary versus advanced disease stage.

Conclusion: This is the first comprehensive evaluation of the chordoma TIME
including myeloid, T cell, and NK cell appraisal using MIF. Our findings
demonstrate that myeloid cells significantly infiltrate chordoma tumor
parenchyma while T cells tend to be tumor parenchymal excluded with high
stromal infiltration. On average, myeloid cells are found nearer to target tumor
cells than T cells, potentially resulting in restriction of T effector cell function.
This study suggests that future immunotherapy combinations for chordoma
should be aimed at decreasing myeloid cell suppressive function while

enhancing cytotoxic T cell and NK cell killing.

KEYWORDS

chordoma, tumor immune microenvironment (TIME), immunotherapy, myeloid cells,
T cells, natural killer cells

Introduction

Chordoma is a rare, invasive, and devastating bone
malignancy (1, 2). Chordomas arise from residual notochord
tissue within the axial skeleton (1-3), and are therefore found in
the clivus of the skull base, spine, or sacrum (1, 2). Prognosis is
poor with reported five and ten-year survival rates of
approximately 70% and 40%, respectively (3, 4). When feasible,
standard treatment typically consists of surgical resection and
radiotherapy. However, the tumor’s invasive nature and close
proximity to critical neurovascular structures makes a negative
margin or gross total resection difficult (2, 3). Furthermore,
chordoma’s resistance to traditional chemotherapy and
radiation is well established (5), and primary and adjuvant
treatment strategies come with significant morbidity (1, 6).
Thus, there is an unmet need for additional or targeted
treatment options, and the role of immunotherapy for
chordoma remains under investigation.

The study of the tumor microenvironment, consisting of
tumor, immune, vascular, and fibroblast cells (7), has garnered
increased recent attention due to advances in immunotherapeutic
options. An understanding of the host immune antitumor
response can be important in prognostication, tumor
phenotyping, and optimization of targeted treatment (8).
However, the characterization of chordoma’s complex and
heterogeneous tumor immune microenvironment continues to
be preliminary (7, 9). Of particular interest in the TIME are the
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myeloid, T cell, and natural killer cell compartments (10-12).
Myeloid cells include macrophages, monocytes, neutrophils, and
other cell types that can have a broad array of immunomodulatory
effects on the TIME (13). Furthermore, myeloid cells can
differentiate into myeloid-derived suppressor cells (MDSC)
which can have profound immunosuppressive disruption of T
cell mediated tumor immunity (13, 14). Amongst T cells, CD4"*
helper and CD8" cytotoxic T cells enact immune surveillance,
recognition, and destruction of tumor cells while regulatory T cells
(Tyeg) suppress anti-tumor immune responses (15). In contrast to
T cells, natural killer (NK) cells do not depend on antigen
presentation for their activity and can work in concerted effort
with antibodies and T cells to enact tumor cell destruction (16).

Harnessing a patient’s immune system to maximize therapeutic
efficacy and limit treatment toxicity is a promising research
direction for many treatment-resistant malignancies. Immune
checkpoint blockade is one such method that may prove
beneficial for chordoma (8). The programmed cell death
receptor/programmed cell death ligand 1 (PD-1/PD-L1) axis is a
known pathway exploited by neoplasms to evade immune
surveillance (17, 18), inhibition of which has demonstrated
clinical efficacy in melanoma and malignancies of the lung (19,
20). In chordoma specifically, tumor infiltrating lymphocyte (TIL)
PD-1 expression has been associated with worsened local
recurrence free survival (21). This notion substantiates a current
phase II clinical trial underway for nivolumab, a monoclonal
antibody against PD-1, in combination with relatlimab, another
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immune checkpoint inhibitor, for the treatment of recurrent,
advanced or metastatic chordoma (NCT03623854). Derivation of
additional therapeutic targets for the treatment of chordoma must
stem from a better understanding of its TIME. Future
immunotherapeutic chordoma clinical trial design would also
significantly benefit, as prior trials in breast cancer (22) and
melanoma (23) have, from precise evaluation of pre- versus post-
treatment tumor-host immune interactions.

Multispectral immunofluorescence (MIF) is an advanced
technique that involves staining of tissue specimens with
panels of multiple simultaneous antibody markers and allows
for appraisal of the high-resolution images. Single cell analyses of
these images enable cellular characterization by surface
phenotype into tumor compartment (i.e. tumor and stroma),
precise immune cell and tumor cell quantification, and
evaluation of spatial arrangements among these. Herein, we
describe the first comprehensive interrogation of the chordoma
TIME including the myeloid cell, T cell, and NK cell
compartments, using MIF. We hypothesized that myeloid, T
cells, and NK cells would be identifiable within the chordoma
TIME, and that effector cells may exhibit restricted tumor
penetrance while cells with potentially immunosuppressive
activity may be seen within closer proximity to chordoma cells.

Methods
Patient population

Ten chordoma specimens were obtained through a Johns
Hopkins Institutional Review Board approved study
(IRB00227737) and each patient provided written informed
consent. Ten chordoma specimens were also obtained from the
Chordoma Foundation Biobank and studied following National
Institutes of Health Institutional Review Board exemption.
Additionally, a tumor microarray (TMA) of 37 anonymized
chordoma samples was obtained from the NIH Department of
Pathology, totaling a sample size of 57 chordomas. Of these, clinical
data could be acquired for the 20 patients from the Chordoma
Foundation and Johns Hopkins University. A retrospective chart
review of chordoma patients at Johns Hopkins University was
conducted. Clinical variables collected included patient
demographics (age, sex, race, and ethnicity), anatomic site of
tumor origin (skull base, spine, sacrum/coccyx), disease stage,
tumor resection extent, tumor grade, treatment regimen
(chemotherapy and radiotherapy), and last documented
clinical status.

Tissue preparation

Slides were first baked at 60°C for 30 minutes and soaked in
Bond Dewax Solution (Leica Biosystems, #AR9222) at 72°C
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followed by rehydration with 100% ethanol. Leica BOND Rx
autostainer (Leica Biosystems Melbourne Pty Ltd, Melbourne,
Australia) was used for deparaffinization and staining of
all tissue.

Panel validation

The dilution of each antibody specific to formalin fixed
paraffin embedded (FFPE) chordoma tissue type was
determined first using monoplex immunohistochemistry
(IHC) and then monoplex immunofluorescence (IF). Staining
strength and specificity for the marker of interest with IHC,
carried out using chromogen 3’-3" diaminobenzidine
tetrahydrochloride hydrate (DAB) detection (BOND Polymer
Refine Detection, Leica Biosystems, New Castle Upon Tyne, UK;
#DS9800), determined the dilution to be used as a starting point
for IF optimization. IHC positive control tissue, either normal
tonsil or normal lung tissue (4-5pm sections), was chosen based
on previously identified protein of interest expression, as listed
in the Human Protein Atlas (proteinatlas.org) (24). Unstained
chordoma tissue (4-5um sections) served as a negative control
for all validation steps. Once optimal IF dilutions were
established, multiple combinations of antibodies were tested to
determine the most appropriate staining order for the final
creation of each multispectral immunofluorescence (MIF)
panel (Supplementary Table 1).

The myeloid cell panel was comprised of antibodies against
CD15 (BD Biosciences [HI98], #555400; 1:1500), CD68
(Invitrogen [KP1], #MA5-13324; 1:1000), CD11b (Abcam
[EPR1344], #ab133357; 1:5000), CD14 (Abcam [EPR3653],
#ab133335; 1:1000), HLA-DR (Abcam [TAL 1B5], #ab20181;
1:1200), and cytokeratin (Santa Cruz [AE1/AE3], #sc-81714;
1:400). Staining was completed in this order. The myeloid panel
allowed for the recognition of pan macrophages, monocytes, and
polymorphonuclear (PMN) leukocytes. Cells highly positive for
CD68 were categorized as pan macrophages. Tumor associated
macrophages (TAM:s) express a number of macrophage-specific
markers, among these CD68, a heavily glycosylated type I
transmembrane glycoprotein (25, 26). CD68 was chosen to
identify pan macrophages in this study in keeping with prior
investigations of TAMs for the purposes of generalizability and
because CD68 has been shown as a good prognostic indicator of
cancer patient survival (27-30). Monocyte phenotypes were
CD11b*/CD14"/CD15 /HLA-DR while PMN phenotypes were
CD11b*/C14/CD15*/HLA-DR". In the literature, monocyte
myeloid derived suppressor cells have been defined as
CD11b*CD14* CD15 HLA-DR 'lo. Conversely, PMN myeloid
derived suppressor cells have been defined as
CD11b*CD14™CD15" (31, 32). These established definitions
served as the authors’ rationale for identifying myeloid cell
subtypes as described above. However, we acknowledge that in
the absence of functional assays one cannot definitely determine

frontiersin.org


https://doi.org/10.3389/fonc.2022.1012058
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Lopez et al.

whether monocytes and PMNs meeting the phenotypic criteria
direct a suppressive response.

The T cell panel consisted of antibodies against CD4 (Abcam
[EPR6855], #ab133616; 1:1000), CD8 (Abcam [EPR10640(2)],
#ab215041; 1:2000), FOXP3 (Invitrogen [SP97], #MA5-16365;
1:200), PD-1 (Abcam [EPR4877(2)], #ab137132; 1:750), Ki67
(Ventana [30-9], #790-4286; 1:1), and cytokeratin (Santa Cruz
[AE1/AE3], #sc-81714; 1:400). Staining was completed in this
order. This T cell panel revealed the presence of T-regulatory
cells, CD4" T-helper cells, and CD8" cytotoxic T cells. T-
regulatory cells were simultaneously positive for CD4 and
FOXP3 markers, while non-T-regulatory cells were FOXP3
negative. CD4" T-helper cell phenotypes were CD4" and
CD8/FOXP3", while CD8" cytotoxic T cell phenotypes were
CD8" and CD4/FOXP3". Positive Ki67 staining denoted
proliferating cells. PD-1 stain allowed for identification of PD-
1" T cells.

The NK cell panel was comprised of antibodies against CD3
(Abcam [SP7], #ab16669; 1:300), CD56 (NCAMI) (Sigma
Aldrich [MRQ-42], #156R-94; 1:250), CD16 (Abcam [SP175],
#ab183354; 1:150), Granzyme B (Abcam [EPR8260], #ab134933;
1:200), and cytokeratin (Santa Cruz [AE1/AE3], #sc-81714;
1:400). Staining was completed in this order. CD16"/CD56"/
CD3" and a decreased size threshold relative to tumor cells was
the phenotype used to identify NK cells. Granzyme B positivity
denoted activated NK cells.

Similar to the validation stages, positive and negative
controls included normal human tonsil or lung tissue and
unstained sections lacking primary antibody, respectively. All
slides were counterstained with 4',6-diamidino-2-phenylindole
(DAPI) to identify cell nuclei. Cytokeratin distinguished
chordoma tumor cells in all panels.

Staining and scanning

Standardized staining protocols (Perkin Elmer platform),
using the Leica Bond Rx automated system described above,
were completed with 4um FFPE sections of chordoma tissue.
Heat induced epitope retrieval (HIER) was executed for all
antibodies except CD15 by heating slides to 95°C and treating
with paired BOND Epitope Retrieval (ER) solutions, either
citrate-based ER1 (Leica Biosystems, #AR9961) or EDTA-
based ER2 (Leica Biosystems, #AR9640). Primary antibody
was applied for 60 minutes, followed by secondary HRP-
conjugated antibody for 30 minutes, and finalized by
fluorescent signal amplification for every protein target.
OPAL (Akoya Biosciences) multiplex kit consisting of OPAL-
480, 520, 570, 620, 690, 780 conjugates allowed for the
evaluation of up to six colors simultaneously. With the
exception of Opal 780 made at 1:50 dilution, all opals were
made at a 1:150 dilution. Opal 780 was combined with TSA-
DIG at a 1:100 dilution. After staining, slides were cover
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slipped with the Leica CV5030 automated glass cover slipper
(Leica Biosystems, Nussloch, Germany Ltd) and scanned at 40x
magnification with suitable exposure times using PerkinElmer
Vectra Polaris for the creation of high-resolution digital
images. One slide stained with the myeloid panel was
excluded due to technical issues with slide scanning and
three tumors stained with the NK panel on the tumor
microarray slide were excluded due to overexposure with
scanning parameters best suited to the greatest number
of tumors.

Image analysis

Images were analyzed using the HALO® (Indica Labs,
Albuquerque, NM, USA) platform v3.3, which allows for
diverse cell type quantification, identification of marker of
interest co-localization, and cellular spatial relation analysis.
First, slides were annotated into tumor core and stroma using
the HALO® random forest classifier based on cytokeratin
staining. Histologic areas of bone, bone marrow, and blood
vessels, identified using hematoxylin and eosin (H&E) stains,
along with auto fluorescent tissue subsections, were manually
excluded for analysis. Cell size, nuclear to cytoplasmic ratio,
nuclear segmentation, and individual biomarker fluorescence
intensity thresholds were set to denote cells of each phenotype of
interest. These were calibrated for each independent specimen to
account for variability in staining uptake. Quantification
analyses were run using the HALO® Highplex FL analysis
algorithm v4.1.3. Nearest neighbor analyses, to determine the
average distance and number of unique neighbors between two
cell populations, and proximity analyses, for calculation of the
number of cells within a 20pm or 100pm distance of a given cell
of interest, were conducted. These were used to investigate
distances of helper T cells, cytotoxic T cells, T-regulatory cells,
pan macrophages, monocytes, and PMNs to chordoma cells.
Spatial relationships between T-regulatory cells and cytotoxic T
cells were also evaluated. HALO® density heat maps of all
immune cell compartments were created to visually compare
immune infiltrate patterns.

Statistical analysis

Immune cell densities and spatial relationships were
represented with box and whisker plots and histograms,
respectively. Wilcoxon signed rank tests were used to detect
statistical differences between dependent groups of tumors
versus stroma immune cell density. A Wilcoxon signed rank
test was also used to evaluate the difference between T-regulatory
cell distances to cytotoxic T cells by proliferation status. Two-
way ANOVA analysis was used to compare immune cell
densities among groups by anatomic site of origin and disease
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stage. A p value significance threshold of <0.05 was employed in
all cases. All statistics were conducted and graphs prepared using
GraphPad Prism version 9.2.

Results

The presence of myeloid cells, particularly a myeloid-derived
suppressor cell subset, within the tumor microenvironment has
been associated with immunosuppression and a decreased
clinical immunotherapy response (32-34). To identify myeloid
cells within the chordoma tumor microenvironment, chordoma
tissue sections were stained using an automated multispectral
immunofluorescence system with antibodies against C11b,
HLA-DR, CDI14, CD15, CD68, and cytokeratin (CK)
(Figure 1A) followed by digital scanning, image annotation,
and cellular analysis (Supplementary Figure 1). Significant
tumor parenchymal myeloid cell infiltration was noted. The
highest expressing CD68 cells were classified as pan
macrophages, and cytokeratin positive cells as chordoma
tumor cells. Myeloid cell quantification analysis revealed that
macrophages infiltrated the tumor parenchyma at a significantly
higher density than stroma (median 43.60 cells per mm? in

10.3389/fonc.2022.1012058

tumor, median 25.11 cells per mm? in stroma, p = 0.006) and
made up the majority of myeloid cells found within the
chordoma tumor microenvironment (Figure 1B). Co-
localization of CD11b and CD14 in the absence of CD15 and
with low HLA-DR identified monocytes. There was a slightly
greater monocyte cell density identified in the stroma as
compared to tumor (median 2.02 cells per mm* in tumor,
median 3.87 cells per mm? in stroma, p = 0.036) (Figure 1B).
Co-localization of CD11b and CD15 in the absence of CD14 and
with low HLA-DR identified PMN-like cells. PMN-like cell
density was comparable between tumor and stroma (median
1.79 cells per mm? in tumor, median 2.12 cells per mm” in
stroma, p = 0.378) (Figure 1B). Myeloid cell density differences
between tumor and stroma are graphed using mean * standard
error of the mean (SEM) in Supplementary Figure 2.

T cells are vital players to the antitumor response and
represent some of the most important targets for
immunotherapeutics to date (10). To identify T cells within
the chordoma tumor immune microenvironment, tissue
sections were stained with a panel of antibodies against CD4,
CD8, FOXP3, Ki67, PD-1, and CK (Figure 2A). Staining with the
validated T cell panel showed grossly appreciable T cell tumor
parenchymal exclusion with restriction of most T cells to stromal
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Myeloid cells are found within the chordoma tumor immune microenvironment. (A) Representative photomicrographs from one chordoma of
merged and single-color immunofluorescence images assessing the presence of myeloid cells with a validated panel of six biomarkers, CD11b
(yellow, Opal 570), HLA-DR (red, Opal 690), CD14 (turquoise, Opal 480), CD15 (orange, Opal 620), CD68 (green, Opal 520), and CK (white, Opal
780). Multispectral immunofluorescence images are counterstained with DAPI. High expression of CD68 identified pan macrophages. Co-
localization of CD11b and CD14 without CD15 and HLA-DR identified monocytes. Co-localization of CD11b and CD15 without CD14 and HLA-
DR identified PMNSs. Expression of CK identified chordoma tumor cells. (B) Quantification of pan macrophages, monocytes, and PMNs per mm?
in chordoma tumor and stroma (n = 56 individual tumors). Wilcoxon signed rank tests with p value threshold of <0.05 were used to compare
tumor and stroma myeloid cell infiltrate. *p < 0.05, **p < 0.01, ns, non significant. CK, cytokeratin; DAPI, 4’,6-diamidino-2- phenylindole; PMN,

polymorphonuclear cells.
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tissue (Figure 2A). FOXP3 negative CD4" cells were identified as
helper T cells, co-localization of CD4 and FOXP3 in the absence
of CD8 identified T.qs, and CD8" cells were identified as T cells
with potential cytotoxic activity against chordoma cells. T cell
quantification analysis objectively revealed significantly more T
cells per mm” in stroma as compared to tumor for all CD4* T
cells (median 11.43 and 30.56 cells per mm? in tumor and
stroma, respectively, p < 0.0001), CD8" T cells (median 10.11
and 36.71 cells per mm? in tumor and stroma, respectively, p <

10.3389/fonc.2022.1012058

mm? in tumor and stroma, respectively, p = 0.011) and PD1*
CD8" T cells (median 3.68 and 11.56 cells per mm? in tumor and
stroma, respectively, p = 0.0001) were also significantly more
abundant in chordoma stroma. Although proliferating CD4" T
cells (median 1.24 and 1.00 cells per mm? in tumor and stroma,
respectively, p = 0.888) and PD1* CD4" T cells (median 1.05 and
0.46 cells per mm? in tumor and stroma, respectively, p = 0.180)
were slightly more abundant in the tumor parenchyma, these
small differences failed to reach statistical significance. Only a

0.0001), and T, (median 0.75 and 3.18 cells per mm? in tumor
and stroma, respectively, p value < 0.0001) (Figure 2B).
Proliferating CD8" T cells (median 1.17 and 1.75 cells per

minor subset of samples contained proliferating T\egs (median
0.00 cells per mm? in tumor and stroma) and PD1* Tregs
(median 0.00 cells per mm? in tumor and stroma) (Figure 2B).
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FIGURE 2

T cells are found in abundance within the chordoma tumor immune microenvironment, most often within the stroma. (A) Representative photomicrographs
from one chordoma of merged and single-color immunofluorescence images assessing the presence of T cells with a validated panel of six biomarkers,
CD8 (yellow, Opal 570), CD4 (green, Opal 520), FOXP3 (turquoise, Opal 480), Ki67 (red, Opal 690), PD1 (orange, Opal 620), and CK (white, Opal 780)
Multispectral immunofluorescence images are counterstained with DAPI. Expression of CD4 without CD8 and FOXP3 identified CD4" T helper cells, while
expression of CD8 without CD4 and FOXP3 identified CD8" cytotoxic effector T cells. Co-localization of CD4 and FOXP3 without CD8 identified Tregs: T
cells with positive Ki67 nuclear expression were proliferating, and PD1 positivity denoted PD1" T cells. Expression of CK identified chordoma tumor cells. (B)
Quantification of CD4" T cell, CD8" T cell, and Treg cell density (per mm?, as well as proliferating and PD-1" subcategories of these are compared between
chordoma tumor and stroma (n = 57 individual tumors). Wilcoxon signed rank tests with p value threshold of <0.05 were used to compare tumor and

stroma T cell infiltrate. *p < 0.05, ***p < 0.001, ****p < 0.0001, ns, non significant. CK, cytokeratin; DAPI, 4',6-diamidino-2- phenylindole; PD1, programmed
cell death protein 1
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Similarly, Ki67", or proliferating CD4" and CD8" T cells, made
up small proportions, less than 20%, of these cell types. Of note,
the PD1* CD8" T cell subcategory represented over one third of
cytotoxic T cells. T cell density differences between tumor and
stroma are graphed using mean * standard error of the mean
(SEM) in Supplementary Figure 3.

The degree of tumor parenchymal T cell inclusion versus
exclusion was assessed (Figures 3A, B). A ratio of >1.5 tumor to
stroma T cell infiltrate defined substantial T cell inclusion
whereas a ratio of >4.5 stroma to tumor T cell infiltrate
defined substantial T cell exclusion. Figure 3A shows high
parenchymal CD4" T cell inclusion in six samples, high CD8"

T cell inclusion in three samples, and high T, inclusion in four

samples. However, notable tumor parenchyrflal exclusion was
seen at higher rates, with 13 samples meeting criteria for high
CD4" T cell exclusion, 23 samples for high CD8" T cell
exclusion, and 12 samples for high T, exclusion. Thus,
chordoma T cell compartment inflammation more commonly
takes on a tumor parenchymal exclusion pattern, most markedly
among cytotoxic T cells.

Natural killer (NK) cells are viable therapeutic targets known
to kill adjacent cells independently of antigen presentation and
have been shown by our group to effectively act against
chordoma tumor cells in an inducible fashion (11, 16). CD56,
also known as neural cell adhesion molecule, is a common

10.3389/fonc.2022.1012058

marker for NK cells. However, we found that a significant
proportion of chordoma cells express CD56 as previously
reported (35). We therefore defined NK cells by a decreased
size threshold as compared to larger chordoma cells along with
CD16, CD56 co-localization in the absence of CD3. Granzyme B
positivity revealed active NK cells. NK cells were sparsely
observed in chordoma tissue (Figure 4A). Quantification
uncovered slightly greater, albeit non-significant, tumor NK
cell infiltration (median 0.52 cells per mm? in tumor, median
0.11 cells per mm? in stroma, p = 0.085) with similar patterns
detected by Granzyme B™ subcategorization (median 0.30 cells
per mm? in tumor, median 0.00 cells per mm? p = 0.056)
(Figure 4B). Few NK cells expressed Granzyme B overall
(median 0.00 cells per mm? in tumor and stroma), although a
subset of five tumors were identified that expressed >2 Granzyme
B* NK cells per mm?® (Figure 4B).

Immune cell spatial analysis using the HALO® (Indica
Labs) v3.3 platform allowed for a greater understanding of
spatial relationships between immune cells and tumor cells
within the chordoma tumor immune microenvironment
(Figures 5A-C). The majority of myeloid cells and T cells
were found within 30um and 50pm of chordoma cells,
respectively (Figure 5D). Myeloid cell mean distance to
chordoma cells was comparable for all three cell types, pan
macrophage: 36.55um * 25.70pum, PMN-like: 43.59um * 37.15

Tumor Par y

I T Cell
Inclusion v Exclusion

Tumor N

=3 Tumor:Stroma Infiltrate Ratio >1.5

=3 Stroma:Tumor Infiltrate Ratio >4.5

FIGURE 3

A S
& A

Chordoma tumor parenchymal T cell inclusion versus exclusion. T cell compartment inflammation in chordoma more commonly takes on a
tumor parenchymal exclusion, rather than inclusion, pattern (n = 57 individual tumors). (A) A tumor:stroma T cell infiltrate ratio >1.5 defined
substantial tumor parenchymal inclusion. A stroma:tumor T cell infiltrate ratio >4.5 defined substantial tumor parenchymal exclusion.

(B) Representative chordoma samples with heavy tumoral infiltrate (left) versus heavy stromal infiltrate (right)
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NK cells are sparsely found within the chordoma tumor immune microenvironment. (A) Representative photomicrographs from one chordoma

of merged and single-color immunofluorescence images assessing the presence of NK cells with a validated panel

of five biomarkers, CD16

(orange, Opal 620), CD56 (red, Opal 690), CD3 (turquoise, Opal 480), Granzyme B (green, Opal 520), and CK (white, Opal 780). Multispectral
immunofluorescence images are counterstained with DAPI. Co-localization of CD16 and CD56 without CD3 and a decrease size threshold
compared to tumor cells identified NK cells. Expression of Granzyme B identified Granzyme B* or Granzyme B~ NK cells. Expression of CK
identified chordoma tumor cells. (B) Quantification of NK cells overall, Granzyme B*, and Granzyme B~ NK cells per mm? in chordoma tumor
and stroma (n = 54 individual tumors). Wilcoxon signed rank tests with p value threshold of <0.05 were used to compare tumor and stroma NK

cell infiltrate. ns, non significant. NK cell,

+

pm, monocyte: 50.67pum + 45.54pm. Mean distance to
chordoma cells was likewise similar among all T cells, CD4"
T cells: 97.40um + 185.07um, CD8" T cells: 92.52um +
167.04um, and T,eg: 114.66pum * 165.67um. The distance

between T cells and tumor cells was consistently greater than

+

+
the distance between myeloid cells and tumor cells. Similarly,
the mean percentage of myeloid cells identified within 100pum
of chordoma cells (PMN: 90.68% + 19.79%, monocyte: 86.66%
+ 23.44%, pan macrophage: 93.34% + 11.74%) was greater than
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natural killer cell; CK, cytokeratin; DAPI, 4’,6-diamidino-2- phenylindole

the mean percentage of T cells identified within 100pm of
chordoma cells (CD4" T cells: 81.40% + 26.22%, CD8" T cells:
80.49% % 26.65%, Tyegs: 62.76% * 33.15%). The T,y phenotype
is known to abrogate the CD8" T cell cytotoxic response and
inhibit effector T cell expansion (36, 37). Thus, it is important
to characterize the spatial relationship that exists between Teg
and effector cytotoxic T cells within the chordoma tumor
immune microenvironment. The mean percentage of Tregs
residing within 20pm of nonproliferating CD8" T cells (8.90
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FIGURE 5

HALO® spatial proximity analyses of immune cells to chordoma cells demonstrate that T cells are nearer than myeloid cells to tumor cells.

(A) Sacral chordoma specimen with three categories of T cells, CD4" T cells, CD8" T cells, and T,egs Shown in blue, yellow, and red respectively.
Tumor cells are shown in green. A segment of heavy T cell infiltrate is magnified. (B) Real time proximity analysis between CD4" T cells (green,
Opal 520) and chordoma cells (white, Opal 780) with bars measuring distance between these superimposed on the image in white.

(C) Proximity line series between T cells and chordoma tumor cells. (D) Proximity analysis histograms of myeloid cells (top row, red) and T cells
(bottom row, blue) to chordoma tumor cells within a 100pm radius by progressive segments of 20pm bands (n = 56 individual tumors).

+ 13.05) was significantly greater (p < 0.0001) than that
residing within 20um of proliferating CD8" T cells (1.34 +
4.28) (p < 0.001) (Figure 6). These data indicate that T\ eg,
consistent with known immunosuppressive capacity in other
solid tumor types, may be abrogating the proliferative capacity
of cytotoxic T cells. Density heat maps of a representative
chordoma specimen illustrated similar immune cell infiltration
patterns among myeloid cells, T cells, and NK cells

(Supplementary Figure 4).
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Of 20 patients with available clinical data, 40% were of
female sex, 94% of Caucasian race, and 15% of Hispanic
ethnicity. The mean patient age was 49 + 16 years. Patient
clinical data is delineated in Table 1. Interestingly, myeloid cell,
T cell, and NK cell density did not significantly differ among
tumors originating from skull base, spine, or sacral anatomic
subsites (Figure 7). No significant differences were appreciated in
the quantity or character of chordoma immune infiltrate of
patients with primary or locally advanced disease (Figure 7). No
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Spatial characterization of distance between Tregs to proliferating and nonproliferating CD8+ T cells in chordoma tumor slides (n = 57).
Percentage of Tregs within 20pum of nonproliferating CD8+ T cells (mean 8.90 + SEM 1.74) is significantly greater than that within 20pm of
proliferating CD8+ T cells (mean 1.34 + SEM 0.57) (p < 0.0001), shown above. A Wilcoxon signed rank test with a p value threshold of <0.05 was
used. ****p < 0.0001. Proximity analysis histograms of Tregs within a 20pum radius of nonproliferating CD8+ T cells (left, blue) and proliferating
CD8+ T cells (right, red) by progressive segments of 1um bands, shown below.

TABLE 1 Patient Clinical Data.

N (%)

Anatomic Site of Origin

Skull Base 9 (45%)

Spine 3 (15%)

Sacral/Coccygeal 8 (40%)
Disease Stage

Primary 9 (45%)

Advanced 9 (45%)

Recurrent 2 (10%)
Extent of Resection

Gross Total/Near Gross Total 13 (65%)

Partial 1 (5%)

Unavailable 6 (30%)
Therapeutic Regimen

Pre- or postoperative radiotherapy 11 (55%)

Chemotherapy 0 (0%)

Clinical data of patients diagnosed with chordoma included in the study (n = 20). Data is
shown as n(%).
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significant differences in immune cell infiltrate were appreciated
in tumors arising from patients < 35 years old compared to those
of patients >35 years old (Supplementary Figure 5).

Discussion

Chordoma is a rare tumor of the skull base and axial skeleton
with a well-established radiotherapy resistance and a strong
propensity for recurrence for which immunotherapeutic
strategies could play an important role. To adeptly set the
stage for future immunotherapy investigations and clinical
trial design, we appraised the myeloid, T cell, and NK cell
compartments of the chordoma TIME using multispectral
immunofluorescence. Our data demonstrated a strong myeloid
tumor parenchymal infiltrate, a predominant T cell parenchymal
exclusion profile, a spatial analysis suggestive of T,
immunosuppression, and the presence of a small number of
non-activated NK cells. Similar to extensively validated data in
other solid tumor types, these results suggest that therapeutic
strategies aimed at abrogating myeloid cell or T, tumor
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Chordoma myeloid, T cell, and NK cell density does not significantly differ by anatomic site. Immune infiltrate differences among chordomas (n
= 20) originating from skull base (n = 9), spine (n = 3), or sacrum/coccyx (n = 8) were assessed with two-way ANOVA analysis using a p value
threshold of <0.05. Chordoma myeloid, T cell, and NK cell density does not significantly differ by disease stage. Immune infiltrate differences
between chordoma patients (n = 20) with primary and advanced disease were assessed with Mann Whitney tests using a p value threshold of

<0.05. Advanced disease was defined as including cases of locally progressive and locally advanced, destructive disease. ns, non significant. NK
cell, natural killer cell.
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trafficking or immunosuppression in addition to direct
activation of cytotoxic T cells may be warranted.

In this study, CD68" pan macrophages more significantly
infiltrated chordoma tumor parenchyma than stroma, unlike
trends appreciated in the T cell compartment, and all myeloid
cell types identified were within notably closer proximity to
chordoma tumor cells than T cells. Potent macrophage tumor
penetrance and myeloid cell proximity to target cells points to a
potential immunosuppressive myeloid cell role within the
chordoma TIME. Myeloid-derived suppressor cells (MDSCs)
are known to foster neoplasm escape of immune-mediated
killing through inhibition of T cell and NK cell function (38).
Monocytic-MDSCs have been defined as HLA-DR '***/CD14"/
CD15/CD11b"* and have been associated with poor survival in
non-small-cell lung carcinoma (NSCLC) (32). PMN-MDSC
have been defined as HLA-DR '*"/CD14/CD15%/CD11b*
(32). We employed these corresponding phenotypes to identify
monocytes and PMN-like cells. Use of archived tissue for this
analysis precluded the ability to functionally determine the
suppressive capacity of these cells, but these phenotypes have
been definitively linked to immunosuppressive capacity in other
tumor solid types. In head and neck squamous cell carcinoma,
the colony stimulating factor 2 (CSF-2) gene encoding
granulocyte-macrophage colony-stimulating factor (GM-CSF)
expression, linked to MDSC, was strongly associated with poor
overall survival in anti-PD-1 treated recurrent and metastatic
patients, and CD34, an MDSC marker, was increased in tumors
without derived therapeutic benefit (34). Another study by
Karpathiou et al., demonstrated that high levels of infiltrating
tumor-associated-macrophages (TAMs) were linked to poor
induction chemotherapy response, corroborated by Sugimura
et al. in the study of esophageal cancer (39, 40). High TAM
infiltrates have been correlated with worsened prognosis in a
variety of cancers, including breast, urogenital, gastric, ovarian,
thyroid, and prostate neoplasms (41). Sun et al. demonstrated in
oral and lung squamous cell carcinoma that small molecule
inhibition of C-X-C Motif Chemokine Receptor 2 (CXCR2),
important to neutrophil chemotaxis, with SX-682 hindered
tumor growth in the setting of PD-axis immune checkpoint
inhibition and adoptive T cell transfer therapy (33). This
substantiates the strategy of abrogation of myeloid cell
trafficking into tumors to enhance T cell effector efficacy and T
cell-based immunotherapy. Although further study of the
chemokine profiles produced by chordoma cells that result in
myeloid infiltration are needed, such strategies may be applied to
chordoma in combination with T cell based immunotherapeutic
approaches (13, 38).

In this study, we found that T cells were predominantly
localized in the stroma and largely excluded from the tumor
parenchyma (Figures 2, 3). As previous studies of the head and
neck squamous cell carcinoma TIME have reported that high
lymphocytic tumor infiltration carries favorable prognostic
significance and is associated with positive predictive response
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to induction chemotherapy (39, 42), strategies to increase tumor
parenchymal infiltration may be of benefit for chordoma.
Additionally, T cells were found in closer proximity to non-
proliferating CD8" T cells, suggesting that T, cells may be
playing a significant immunosuppressive role in chordoma
(Figure 6). Thus, targeting T, cells may also aid in improving
T cell activation and proliferation. Lastly, few NK cells were
found in chordoma tissue and furthermore very few were in an
activated state (Figure 4). This suggests that strategies to increase
NK cell proliferation and activation such as with interleukin-15
superagonism, or adoptive NK cell therapies may be beneficial
for chordoma as previously shown in in vitro studies (16).
Collectively, this study suggests that future immunotherapy
combinations for chordoma should be aimed at decreasing
myeloid cell trafficking or suppressive function while
enhancing cytotoxic T cell and NK cell killing. Importantly,
this study also found a similar immune profile amongst
chordoma from each anatomic subsite. A lack of distinct
chordoma TIME composition amongst tumors of differing
sub-sites and disease stage (Figure 7) suggests that chordoma
may reasonably be treated with similar approaches and
uniformly investigated in clinical trials independent of
anatomic site of origin or diagnostic stage.

To our knowledge, this is the first application of
multispectral immunofluorescence to skull base chordomas
although spinal chordomas (43-45) and a single case of a
sacral chordoma (46) have been analyzed with such
techniques. Notable strengths of our study include the number
of tumors studied and the capacity to study spatial immune cell
relationships in situ in human tissue samples, obtaining nuance
that in vitro studies cannot afford, and offering information
previously undescribed in the literature. An ability to uniformly
stain tumors with antibody panels with an automated staining
system (PerkinElmer) controls for variation that accompanies
staining by hand. Similarly, uniform analysis methods applied
via HALO allow for high throughput, precise, and comparable
results amongst assorted chordoma samples. Although
chordomas are known to be heterogeneous with varying levels
of expression of the markers we examined (7), a large sample size
aided in achieving a more comprehensive idea of the chordoma
TIME than what has previously been described, with the
inclusion of myeloid and NK cell compartments.

This study is limited by its retrospective nature and, thus, by
restricted access to patient data, particularly treatment regimen
and outcome data, for chordoma tissue sections in the tumor
microarray. Additionally, recurrent tumors comprised a minor
proportion of the cohort available for clinical comparisons (10%,
n=2). Due to low statistical power, the authors were unable to
include recurrence as an independent category for TIME
analysis. Similarly, no metastatic cases were available for
inclusion. The study of recurrent and metastatic tumors
remain of interest as these have previously been associated
with inferior overall survival (47). Therefore, the field would
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benefit from prospective studies in which differences due to
recurrent or metastatic tumor status and the role of radiotherapy
on the chordoma TIME and could be further investigated. A
limitation of the analysis platform used is an inability to merge
or superimpose images of distinct panels (i.e. myeloid cell panel,
T cell panel, and NK cell panel) for a more extensive immune
cell-to- immune cell spatial relationship analysis. Currently, each
panel is restricted to a maximum of six antibodies due to the
upper limit of six fluorescent channels of the platform, and thus,
myeloid, T cell, and NK cell markers could not be combined
within a single panel. These limitations could be overcome with
emerging high-plex technologies such as spatial transcriptomics
or proteomics. There are also limitations attributable to analysis
of a tumor microarray with this method, including the ability to
interrogate only a small portion of each individual tumor and an
inability to set customized scanning exposure times for every
tumor on the slide in efforts to account for varying levels of
staining uptake amongst heterogeneous chordoma specimens.

Conclusion

This study characterizes the human chordoma TIME myeloid
cell, T cell, and NK cell composition, making comparisons
between tumoral and stromal infiltration and determining
spatial relationships between immune cells and tumor cells. We
conclude that the presence of myeloid cells, cytotoxic T cells, Tregs
and NK cells suggest chordoma’s susceptibility to
immunotherapeutic approaches. Given findings of increased
proximity of myeloid cells to tumor cells in the setting of
decreased tumor penetrance by effector T cells, and co-
localization of T, and cytotoxic T cells in the stroma,
treatment strategies aimed at restricting the trafficking and
function of potentially immunosuppressive myeloid cells and
Tregs may allow for greater T cell killing of target chordoma
cells. The establishment of an optimized chordoma
immunofluorescence protocol also affords scientists a powerful
tool with which to compare TIME alterations in future
immunotherapeutic studies with application to clinical
trial design.
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SUPPLEMENTARY FIGURE 1

Chordoma tissue samples (n=57) were stained using the Leica BOND Rx
automated system (PerkinElmer protocol), scanned with VectraPolaris,
and analyzed using the HALO® (Indica Labs) v3.3 platform (first panel). For
analysis, slides were digitally annotated based on cytokeratin stain (white,
Opal 780), which distinguished CK* chordoma cells from surrounding CK~
stroma (third panel). Immune cell quantification, spatial analysis, and
clinical comparisons were completed using the HALO® platform and
GraphPad Prism version 9.2 (fourth panel).

SUPPLEMENTARY FIGURE 2

Myeloid cells are found within the chordoma tumor immune
microenvironment. Quantification of pan macrophages, monocytes,
and PMNs per mm2 in chordoma tumor and stroma (n= 56 individual
tumors) presented in formatted here as mean + standard error of the
mean. Wilcoxon signed rank tests with p value threshold of <0.05 were
used to compare tumor and stroma myeloid cell infiltrate. *p < 0.05, **p <
0.01,ns, non significant. CK, cytokeratin; DAPI, 4’,6-diamidino-2-
phenylindole; PMN, polymorphonuclear cells.
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SUPPLEMENTARY FIGURE 5

Chordoma myeloid, T cell, and NK cell density does not significantly differ
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years old and >35 years old (n=20) were assessed with a Mann Whitney
test using a p value threshold of <0.05. ns, non significant.NK cell, natural
killer cell.

SUPPLEMENTARY FIGURE 6

HALO® spatial proximity analyses of immune cells to chordoma cells
demonstrate that T cells are nearer than myeloid cells to tumor cells. (A)
Sacral chordoma specimen with three categories of T cells, CD4" T cells,
CD8" T cells, and Tregs Shown in blue, yellow, and red respectively. Tumor
cells are shown in green. A segment of heavy T cell infiltrate is magnified.
(B) Real time proximity analysis between CD4"* T cells (green, Opal 520)
and chordoma cells (white, Opal 780) with bars measuring distance
between these superimposed on the image in white. (C) Proximity line
series between T cells and chordoma tumor cells. (D) Proximity analysis
histograms of myeloid cells (top row, red) and T cells (bottom row, blue)
to chordoma tumor cells within a 100pm radius by progressive segments
of 20pm bands (n=56 individual tumors). Histogram y axes have been
standardized for the direct comparison of immune cell
phenotype frequencies.
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Emerging target discovery and
drug repurposing opportunities
In chordoma

Daniel M. Freed*, Josh Sommer and Nindo Punturi

Chordoma Foundation, Durham, NC, United States

The development of effective and personalized treatment options for patients
with rare cancers like chordoma is hampered by numerous challenges.
Biomarker-quided repurposing of therapies approved in other indications
remains the fastest path to redefining the treatment paradigm, but
chordoma’s low mutation burden limits the impact of genomics in target
discovery and precision oncology efforts. As our knowledge of oncogenic
mechanisms across various malignancies has matured, it's become increasingly
clear that numerous properties of tumors transcend their genomes — leading
to new and uncharted frontiers of therapeutic opportunity. In this review, we
discuss how the implementation of cutting-edge tools and approaches is
opening new windows into chordoma’s vulnerabilities. We also note how a
convergence of emerging observations in chordoma and other cancers is
leading to the identification and evaluation of new therapeutic hypotheses for
this rare cancer.

KEYWORDS

chordoma, rare cancer, drug repurposing, target discovery, multi-omics, functional
genomics, synthetic lethality, precision oncology

Introduction

Chordoma is an ultra-rare bone cancer that arises in the skull base or spine of
pediatrics and adults, and originates from vestigial remnants of the embryonic
notochord. Normally a low-grade but locally invasive disease, current standard of care
for chordoma involves maximum surgical resection and/or radiotherapy (1). Despite
significant advances in surgical techniques and radiotherapy strategies, the majority of
chordoma patients eventually develop recurrent and/or metastatic disease and ultimately
require systemic therapy to control further progression (2). To date, no drugs are
approved for the treatment of advanced chordoma and conventional chemotherapy is
generally ineffective (1, 2), resulting in a poor prognosis in the advanced disease setting.
Research efforts over the past two decades have focused intensively on evaluating drug
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repurposing opportunities, primarily guided by detection of
activated signaling pathways (3-5), focused drug screens (6-8),
or anecdotal clinical responses to therapies (9, 10). These
investigations inspired several Phase II clinical trials primarily
involving multi-kinase inhibition with agents such as imatinib
(11), sorafenib (12), lapatinib (13), or everolimus plus imatinib
(14), for example, although modest efficacy and low objective
response rates were observed in each study. In parallel, efforts to
discover novel drug targets indicate that chordoma relies on the
lineage-specific transcription factor brachyury (15-17),
positioning it as arguably the most attractive — though, as of
yet undruggable - target in chordoma.

Over the same time period, the continued growth of genome-
guided precision oncology prompted an explosion of drug
repurposing efforts for molecularly-defined tumor types - a
trend that also extended into the realm of rare cancers. For
example, following its approval in chronic myelogenous
leukemia, imatinib was successfully repurposed for KIT-mutant
gastrointestinal stromal tumors (18), and dabrafenib plus
trametinib was repositioned for BRAF V600-mutated anaplastic
thyroid cancer (19) after the approval of this combination in non-
small cell lung cancer (NSCLC) and melanoma. These and other
success stories motivated a series of genomic profiling efforts in
chordoma (20-27), with the hope that lifting the veil on chordoma
genomes might reveal actionable therapeutic opportunities.
Instead, these studies revealed that, similar to most sarcomas
and pediatric cancers (28-30), chordoma appears to be
characterized by a low and infrequently-actionable mutation
burden - with only ~14% of chordomas harboring genomic
biomarkers predictive of response to FDA-approved or
investigational therapies in other indications (Table 1) (31).

Although this observation limits the current impact of
traditional genomic profiling on drug repurposing campaigns
and precision oncology efforts in chordoma, it does not mean
that chordoma is devoid of exploitable alterations per se (32).
Indeed, genomic profiling studies have identified several
potentially actionable alterations based on emerging science -
many of which we discuss further below - and validating these
therapeutic opportunities may increase the number of advanced-
stage chordoma patients that can benefit from genomics-guided
precision oncology. Moreover, systematic functional studies in
other rare cancers argue that multiple therapeutically actionable
vulnerabilities nonetheless exist in the context of a genomically
“quiet” background (33-35). In this review, we provide a
snapshot of the emerging drug repurposing landscape in
chordoma, while highlighting state-of-the-art approaches that
can open new windows into chordoma biology to extend our
view beyond that provided by genomics. We also discuss
opportunities to repurpose lessons learned in other cancers to
catalyze the identification of novel therapeutic hypotheses in
chordoma. The synthesis of this emerging knowledge may lead
to the discovery of new targets and the development of
personalized drug repurposing opportunities for chordoma.
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Although ~95-97% of chordomas belong to a single
histological subtype, multiple observations suggest that its
biology and disease mechanisms are heterogeneous. For example,
over half of patients experience disease recurrence following
complete tumor resection (2), and exhibit vastly different
responses to systemic therapies in the advanced disease setting
(36). Additionally, many chordomas are defined by complex
genomic rearrangements (20, 37) or recurrent copy number
losses (38), whereas other tumors harbor no detectable
alterations. This molecular heterogeneity is also reflected in
recent chordoma tumor profiling studies, which have utilized
next-generation sequencing to identify potentially actionable
alterations in chordoma (Table 1) (20-23). These studies indicate
that only ~14% of chordomas have biomarkers predictive of
response to FDA-approved or investigational therapies in other
indications. However, several opportunities for molecularly-guided
drug repurposing are emerging based on recent scientific advances
in chordoma and other cancers, and validation of these therapeutic
hypotheses may increase the number of chordoma patients that
can benefit from precision oncology (Figure 1A).

Growth factor signaling

In one large cohort (20), PI3K pathway alterations were
observed in 16% of cases (n = 17/104), indicating an opportunity
to explore repurposing of inhibitors targeting PI3K or its
downstream effector mTOR. One of the most frequently altered
genes in chordoma is PTEN (Figure 1A); the resulting potential
dependence on PI3KP signaling (40) suggests an opportunity to
evaluate PI3Kp inhibitors in chordoma (41). Indeed, a recent
preclinical study revealed significant tumor growth inhibition by
the pan-PI3K inhibitor buparlisib (BKM120) in patient-derived
xenograft models (42). Downstream of PI3K, clinical trials
involving mTOR inhibitor combinations have demonstrated
modest clinical benefit in chordoma patients, particularly in
tumors with mTOR effector activation (14, 43). Intriguingly,
chordoma sometimes occurs in patients with tuberous sclerosis
complex (44-46), which is characterized by loss of the mTOR
negative regulators TSC1/2, further hinting at a role for the PI3K/
mTOR pathway in chordoma pathogenesis. Moreover, PI3K and
mTOR are regulated by receptor tyrosine kinases (RTKs), of which
several appear to be activated in most chordoma tumors (4).
Several studies have analyzed the activation state or effects of
targeting RTKs including MET (47, 48), IGFIR (49, 50), and the
FGFR family (51), though PDGFR (5, 10) and EGER (3, 52) have
received the most attention, primarily owing to evidence of some
clinical benefit from agents targeting these RTKs (9-11, 13). Since
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TABLE 1 Chordoma mutations reported in genes of potential therapeutic significance.

Gene

PIK3CA

PTEN

PIK3R1
BRCA2

CHEK2
ATM
PALB2

SMARCB1

PBRM1

Frontiers in Oncology

Process

Growth Factor Signaling

DNA Damage Repair

Chromatin Remodeling

Type

Single Nucleotide Variant
Homozygous Deletion
Missense (n=2)
Missense

Missense

Missense

Frameshift Indel
Homozygous Deletion
Nonsense

Frameshift Indel
Frameshift Indel
Missense

Nonsense

Frameshift Indel
Missense

Missense
Rearrangement
Missense

Nonsense

Missense

Nonsense

Missense

Missense

Missense

Missense

Missense

Missense

Missense

Frameshift Indel
Missense

Missense

Missense (n=2)
Missense

Missense

Missense

Missense

Missense

Nonsense

Single Nucleotide Variant
Structural Variant (n=5)
Indel (n=4)

Missense

Frameshift Indel
Nonsense

Frameshift Indel
Frameshift Indel
Homozygous Deletion

Frameshift Indel
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Mutation

NA
p.E545K
p.M10431
p.N3458
p.N48S
p.P246f5*8
NA
p.R335*

p.G251V
p.R233*
p-M271fs*9
p.A75S
p.R2842C
BRCA2-SPATA13
p.E714A
p.G715*
pI1173F
p.C1200*
p.E1593D
p.K1690N
p.E2301G
p.T23371
p.S2522F
p.N2706S
p.R2784W
p.T3676s*15
p.SI33T
p.Q348K
p.S543A
p.Vo191
p.I1035V
p.S1165L
p.E95K
p.E360*

p.I555K
p.F1007£s*6
p.R88Y*
p.F120fs*54
p.S383fs*1
NA

Reference

@1
@en
(20), (25)

(
(
(20)
(
(25)
(25)
@1

(23)
(22)

(Continued)
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TABLE 1 Continued
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Gene Process Type Mutation Reference
Missense - (23)
Nonsense - (23)
Frameshift Indel - (23)
Missense p.S1315F (24)
Nonsense p-E924* (22)
ARID1A Frameshift Indel p.D641V{s*8 (20)
Indel p-A345_A349del (25)
Missense - (23)
Frameshift Indel - (23)
Nonsense - (23)
Nonsense p-S320* (22)
ARID1B Missense - (23)
Missense p-V602A (24)
Indel p.315_315del (24)
ARID2 Single Nucleotide Variant - 21)
Homozygous Deletion NA (25)
SETD2 Single Nucleotide Variant (n=2) - (21)
Structural Variant - (21)
Frameshift Indel p-S2253fs*56 (20)
Frameshift Indel p.T2338fs*31 (25)
Missense - (23)
Indel p-2517_2519del (24)
Frameshift Indel p.P2381fs* (24)

Mutations denoted with a “-” signify that the mutation type was reported in the associated study without a specific protein alteration call. In such cases, sometimes multiple mutations of the

same type were reported, which is signified in parentheses. For alterations classified as single nucleotide or structural variants, no further detail regarding the specific nature of these

alterations was provided in the associated study. Alterations colored in red text are existing standard care or investigational biomarkers predictive of response to an FDA-approved or
investigational drug in another indication (OncoKB Therapeutic Level 3B; AMP/ASCO/CAP Level C Evidence), and those in blue text may be predictive of response to a drug as supported
by compelling biological evidence (OncoKB Therapeutic Level 4; AMP/ASCO/CAP Level D Evidence). The alterations colored red and blue make up 14% of all tumors sequenced across

each published profiling study.

RTK mutations are not frequently seen in chordoma, these
receptors are presumably activated through alternative
mechanisms such as aberrant growth factor production, which
may be directly regulated by brachyury (53). The frequent
activation of RTKs observed in chordoma may be related to the
role of the notochord in regulating embryonic tissue patterning; in
this context RTKs are thought to dictate proliferation and
differentiation through the interpretation of morphogen gradients
(54, 55). Inhibitors of wild-type EGFR, such as afatinib and
cetuximab, have reproducibly shown promising activity against
chordoma cell lines (3, 6, 7) and xenograft models (39, 47), which
has motivated two Phase II clinical trials (NCT03083678 and
NCT05041127). Since these strategies rely on inhibition of wild-
type EGFR, it remains to be seen whether skin and gastrointestinal
toxicities will limit their efficacy in the clinic (56).

Growth factor signaling drives cell proliferation by
upregulation of cyclin D, CDK4/6 activation, and progression
through the G1/S cell cycle checkpoint. RTK activation along
with frequent loss of the cell cycle tumor suppressor CDKN2A in
chordomas (24, 38, 57, 58) has motivated preclinical
repurposing studies with CDK4/6 inhibitors (39, 59, 60) and a
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Phase II trial involving palbociclib in CDKN2A-null chordoma
patients (NCT03110744). It remains unclear, however, whether
CDKN2A loss is a faithful predictor of sensitivity to CDK4/6
inhibition (61, 62) — possibly because, in addition to plGINK4A,
CDKN2A encodes p14ARF, whose loss results in CDK2
deregulation and compensatory G1/S cell cycle progression.
Nevertheless, tumors with co-deletion of the CDKN2A-
proximal MTAP gene may present an opportunity for
combinations involving CDK4/6 inhibitors and antagonists of
the PRMTS5 axis (63-65). Notably, CDK4/6 inhibition has been
reported to potentiate T cell immunity in several contexts (66,
67), and we discuss opportunities for evaluating CDK4/6
inhibitor combinations in this context further below.

DNA damage repair

Genomic profiling studies have also revealed potential synthetic
lethality strategies in chordoma. Several deleterious alterations have
been reported in genes involved in DNA damage repair and
response, including BRCA2, CHEK2, PALB2 and ATM (20, 23,
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FIGURE 1

Therapeutically relevant genomic alterations found in chordoma and non-small cell lung cancer (NSCLC). (A) Nonsynonymous mutation call
data from chordoma tumors were compiled from seven published genomic profiling studies (20-26). Genes are grouped by their protein
functionality (chromatin remodeling, DNA damage repair (DDR), growth factor (GF) signaling, and receptor tyrosine kinases (RTKs)) and were

selected by on their association with potential therapeutic opportunities based on current scientific literature, as reviewed here. The cohort of
tumors analyzed for potentially targetable alterations varied on a per gene basis to account for variation between sequencing techniques and
data presentation across studies: SMARCBL (n = 2 altered/123 total), PBRM1 (22/203), ARID1A (6/123), ARID1B (3/104), ARID2 (2/203), SETD2 (8/
203), PTEN (8/179), PIK3CA (6/203), PIK3R1 (1/123), BRCA2 (12/260), CHEK2 (1/123), ATM (1/123), PALB2 (7/260). The subset of actionable gene
alterations are existing standard care or investigational biomarkers predictive of response to an FDA-approved or investigational drug in another
indication (OncoKB Therapeutic Level 3B; AMP/ASCO/CAP Level C Evidence) or are predictive of response to a drug as supported by
compelling biological evidence (OncoKB Therapeutic Level 4; AMP/ASCO/CAP Level D Evidence). Potentially actionable alterations are variants

of currently-unknown significance (31). (B) Actionable gene alterations in metastatic NSCLC (39). (C) Examples of potential therapeutic
opportunities indicated by specific gene alterations. The letter “i” signifies an inhibitor, whereas “d” denotes a degrader.

25, 26). In one recent study, a novel defective homologous
recombination signature was identified in advanced chordomas
that appears to impart a “BRCAness” phenotype and sensitivity to
PARP inhibition (22). This strategy is being explored further in a
Phase 2 clinical trial combining olaparib plus trabectedin for solid
tumors with this defective homologous recombination signature
(NCT03127215). Future studies aimed at examining the potential
link between DNA damage repair defects and complex genomic
rearrangements in chordoma may provide further mechanistic
insight into this therapeutic opportunity.

Chromatin remodeling

Other studies have identified alterations in chromatin
remodeling genes such as SETD2 and SWI/SNF complex
members SMARCB1, ARID1A, and PBRM1 (20, 21, 24).
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Notably, biallelic loss of SMARCBI1 defines an aggressive,
poorly differentiated histopathological subtype of chordoma
(<5% of cases) that most commonly afflicts the pediatric
patient population (68, 69). Based on the apparent EZH2
dependence bestowed by SWI/SNF alterations (70, 71), a
Phase II study is underway to explore repurposing of
tazemetostat for SMARCBI1-null chordoma (NCT02601950).
The presence of SWI/SNF alterations also suggests
opportunities for therapeutically exploiting aberrant SWI/SNF
function, for example through resulting synthetic lethality with
BRD9 antagonists (72-74), inhibitors of DNA repair (75-77), or
p53 activation (78). Implementation of functional genomics
screens may lead to the discovery of additional chordoma-
specific synthetic lethal strategies in this context, which we
discuss in more detail below.

An interesting connection appears to exist between SWI/
SNF, the Hippo pathway, and brachyury, chordoma’s main
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Achilles” heel (79). Hippo transcriptional effectors YAP and
TEAD are critical for notochord differentiation during
embryonic development (80). Indeed, a YAP/TEAD motif is
one of the top brachyury binding sites in chordoma cells (81),
and reports have linked brachyury-mediated YAP upregulation
to stemness and growth (82) - suggesting convergence between
the Hippo and brachyury signaling networks. Intriguingly, SW1/
SNF appears to sequester YAP, preventing its association with
TEAD and thus antagonizing oncogenic Hippo transcriptional
outputs (83). A key role of loss-of-function SWI/SNF alterations
in chordoma may therefore be de-sequestration of YAP, which,
when augmented by brachyury-mediated upregulation of YAP
synthesis and stability, drives Hippo pathway flux to an
oncogenic level. These observations suggest opportunities for
evaluating an emerging class of TEAD palmitoylation inhibitors
(84-86) in chordoma.

Moving beyond genomics to identify
new therapeutic strategies

Creating a multidimensional map of
chordoma cell circuitry

Although genomic profiling studies have informed our
understanding of chordoma biology and expanded the list of
potentially actionable therapeutic targets, chordoma nevertheless
remains largely devoid of the recurring, actionable genomic
alterations that define other solid tumors. For example, therapeutic
biomarkers guide care for over two-thirds of metastatic NSCLC
patients, with response rates to targeted therapies often approaching
70-80%, while chordoma profiling studies indicate ~14% of cases
have potentially actionable genomic alterations (Figure 1). As
highlighted in the previous section, our developing understanding
of cancer biology suggests up to an additional ~30% of chordomas
might have actionable genomic alterations; nevertheless, a majority
of advanced-stage patients lack clear or effective treatment options.

This creates a need to open new windows into chordoma
biology that extend our view beyond the “single oncogenic
driver” perspective of cancer’s dependencies. To this end,
studies across several cancers have revealed new categories of
therapeutic targets, called “non-oncogene dependencies”, that
mediate epigenetic changes, dysregulated signal transduction,
metabolic rewiring, immune evasion, and other hallmarks of
cancer (32). Multiple efforts are underway to analyze and
integrate data layers derived from different aspects of cell
biology, with a view to providing a more detailed molecular-
resolution view of chordoma pathogenesis. For example, a
recent investigation of methylation signatures in circulating
tumor DNA revealed the existence of two distinct epigenetic
subtypes in chordoma with prognostic relevance (87). A gene-set
enrichment analysis pointed to dysregulated signaling pathways
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operating within each subtype, uncovering potential therapeutic
opportunities that prompt further evaluation in functional
studies. The exploration of additional data layers may further
elucidate chordoma’s molecular subtypes, including their
association with specific therapeutic vulnerabilities, risk of
recurrence, and other features of the disease. Such multi-omics
studies may also lead to the identification of tumor-specific or
lineage-restricted cell surface proteins that can serve as targets
for antibody-drug conjugates, bispecific antibodies, chimeric
antigen receptor T cells, or other surface antigen-
targeted modalities.

Tumor-host interactions in the tumor
microenvironment

In addition to tumor cell intrinsic targets, therapeutic
opportunities may exist within the tumor microenvironment,
where crosstalk with various immune and stromal cell subsets can
profoundly influence chordoma progression and therapy
response (88, 89). Studies of the chordoma immune
microenvironment to date have focused on the PD-1 axis (90,
91), as well as other potentially important immune checkpoints
such as B7-H3 and HHLA2 (92, 93). A recent single-cell
transcriptomic analysis of six chordoma tumors identified
putative immunosuppressive contributions from regulatory T
cells, tumor-associated macrophages, and TGEp signaling (94).
Notably, TGFp pathway genes are upregulated by brachyury (81).
These results point to a repurposing opportunity for antagonists
of TGFp signaling in combination with immune checkpoint
blockade (95, 96). Interestingly, a chordoma patient treated
with a bifunctional fusion protein targeting TGFf} and PD-L1
experienced late-onset tumor shrinkage in a Phase 1 trial (97).
The set of factors that govern antitumor immunity is complex,
and more comprehensive phenotyping of the chordoma immune
microenvironment - through single-cell sequencing, digital
spatial profiling, multispectral immunofluorescence and other
approaches — will be important for creating an atlas of the various
lineage states in chordoma and revealing therapeutically-
reversible defects in the cancer-immunity cycle (98).

Tumor-host interactions at the
physiological level

Other important tumor cell extrinsic features extend beyond
the microenvironment, highlighting the need to study chordoma
biology at various resolutions - including contributions from
host physiology. For example, germline genetics are now
understood to play a role in cancer predisposition (99) and
tumor immunity (100). Additionally, the gut microbiome
impacts immunotherapy efficacy in several solid tumor types
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(101-103), and recent data indicate that certain dietary habits
can modulate the composition of the gut microbiome and
influence immunotherapy response (104). Though it remains
unclear how these factors contribute to the biology or treatment
response of chordoma tumors, some studies are beginning to
explore these questions. For example, MD Anderson’s Patient
Mosaic initiative aims to collect genetic, immune, and
microbiome profiles from thousands of cancer patients to
inform treatment strategies. Biospecimens collected from
chordoma patients enrolled on the cetuximab Phase II study at
MD Anderson will be included in the Patient Mosaic protocol,
shedding light on how host (and other tumor extrinsic) factors
shape chordoma tumor biology.

Recent advances in the establishment
and availability of chordoma models

The functional validation of new therapeutic targets and
strategies resulting from multi-omics studies requires
appropriate patient-derived samples and preclinical models. To
this end, a variety of chordoma models have been developed by
several groups (105, 106). In addition, the Chordoma Foundation
has built a tumor biobank of over 500 biospecimens and a model
repository currently consisting of 26 cell lines, 12 patient-derived
xenograft (PDX) models, and a PBMC-humanized mouse model
(www.chordoma.org/research). The majority of these models
have been characterized by whole-exome and whole-
transcriptome sequencing and will undergo additional multi-
omics characterization in the future, with a view to facilitating
hypothesis testing through the establishment of models
representing the full diversity of chordoma. Moreover, these
models are available to the research community, as are in-kind
drug testing services offered through the Chordoma Foundation’s
Drug Screening Program. As emerging drug repurposing
concepts are evaluated in the Drug Screening Program,
resulting data are publicly shared, whenever possible (107), to
provide justification for further evaluation of the most promising
therapeutic opportunities.

Unbiased functional assays for
target discovery and personalized
medicine

Patient-derived models for target
discovery and precision oncology

In translational cancer research, PDX models have been the
gold standard for preclinical drug testing because they accurately
recapitulate features of the patient’s tumor (108, 109); this has
motivated the development of over two dozen chordoma PDXs
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by the Chordoma Foundation and others (47, 105) that
represent the anatomical, age, histopathological, and known
molecular diversity of chordoma. More recently, patient-
derived organoids (PDOs) have generated significant interest
as functional models because they provide faithful
representations of patient tumors, while improving on
initiation time, cost, and efficiency scales compared to PDXs
(110). This technology is now being actively explored in
chordoma; one recent proof-of-concept study reportedly
developed chordoma PDOs from five different patients and
screened them against various drugs to nominate personalized
repurposing opportunities (111). In other cancer types, PDOs
accurately mimic patient drug response (112-114) and have
been utilized for personalized therapy (115, 116). The slow
growth rate of chordoma tumors provides a large window of
opportunity to develop protocols for establishing, validating,
screening chordoma PDOs from high-risk or relapsing patients
to enable identification of effective drug repurposing
opportunities within the timeframe required to make
treatment decisions.

Implementing systematic functional
screens to develop new therapeutic
hypotheses

Patient avatars like PDXs, PDOs and cell lines also serve as
key platforms for target discovery because they allow functional
studies capable of revealing or validating non-oncogene
dependencies in chordoma. Genome-scale loss-of-function
screens in various cancer cell lines have enabled the creation
of “dependency maps” (33, 117), and this cutting-edge approach
has recently been applied to chordoma to identify selective
genetic dependencies (79). Perhaps unsurprisingly, T (or
TBXT), the gene encoding brachyury, appears to be the most
selectively essential gene in chordoma. Since brachyury (like
most transcription factors) is a challenging drug target, the
authors performed a drug repurposing screen and found that
inhibitors of CDK9 or CDK7/12/13 (118) downregulate TBXT
transcription and suppress chordoma cell proliferation. These
results have motivated further in vivo testing of transcriptional
CDK inhibitors, including KB-0742 (119), in the Chordoma
Foundation’s Drug Screening Program (120).

Ongoing systematic screening of genetic and chemical
vulnerabilities in chordoma is facilitating the development of
new therapeutic hypotheses. For example, CDK6 - but not
CDK4 - appears to be a genetic essentiality in some chordoma
cell lines (79). Outside of their common cell-cycle target RBI,
CDKG6 possesses a much broader substrate repertoire than does
CDK4 (121) - suggesting that one or more non-RB1 targets may
be mechanistically linked to chordoma’s CDK6 dependence.
One interesting possibility relates to the observation that
chordoma cells are sensitive to the lipid hydroperoxidase
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inhibitor RSL3 (79), which is known to promote ferroptotic cell
death via antagonism of GPX4. CDK6 can upregulate
glutathione and NADPH via phosphorylation of two glycolytic
enzymes (122); depletion of these antioxidants can prime cells
for ferroptosis (123). CDK6 may therefore be crucial for
maintaining redox homeostasis in chordoma to safeguard
against ferroptosis, providing rationale for evaluation of
CDK4/6 inhibitors in combination with ferroptosis inducers.
Chordoma’s apparent CDK6 dependence and potential
ferroptosis susceptibility raises intriguing and unexpected
parallels with clear-cell carcinomas (124, 125). Histologically,
clear-cell renal cell carcinoma (ccRCC) is almost
indistinguishable from chordoma, owing to morphological
similarities between ccRCC’s characteristic lipid droplets and the
physaliferous cells that define conventional chordoma (126).
Notably, ferroptosis susceptibility in clear-cell carcinomas has
been linked to HIF-1/20-dependent accumulation of
polyunsaturated lipids within the intracellular droplets that give
rise to the clear-cell morphology (124). Both brachyury and
mTOR are known to upregulate HIF-low (81, 127-129),
suggesting a possible connection between dysregulated hypoxia
signaling, physaliferous morphology, and establishment of a
ferroptosis-susceptible state in chordoma (Figure 2A). Although
the precise composition of physaliferous vacuoles remains unclear
(130-132), chordoma and ccRCC share additional similarities,
including resistance to chemotherapy and modest mutational
burdens enriched in chromatin modifier and PI3K/mTOR
pathway alterations (133). Collectively, these observations

10.3389/fonc.2022.1009193

suggest these cancers of different tissue origins share a similar
cellular context, and potentially associated therapeutic
vulnerabilities — providing opportunities for repurposing lessons
learned from a well-studied and common cancer.

Functional screens to identify
synthetic lethalities

Another key implementation of systematic functional
screens involves the discovery of synthetic lethal and
combination therapy strategies. Loss-of-function screens in
large cell line panels have led to identification of new synthetic
lethal interactions (117, 134, 135), including PRMT5
dependence in cells with MTAP loss (63, 64). As noted above,
the CDKN2A/MTAP locus is frequently deleted in chordoma
(20, 21), suggesting an opportunity for repurposing PRMT5 or
MAT2A inhibitors (136, 137). Exploiting such synthetic
lethalities not only provides an avenue for targeting tumor
suppressor loss in cancer, but is a particularly important
approach to explore in genomically quiet malignancies. In
addition to potential vulnerabilities created by loss of MTAP,
SWI/SNF, or homologous recombination repair (as noted
above), an intriguing candidate for synthetic lethality screening
is LYST - a lysosomal trafficking protein of unknown function
that’s lost in 10% of chordomas (20). Functional genomics
screens in chordoma cell lines with LYST loss may reveal
targetable vulnerabilities created by this unique alteration.
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Examples of emerging therapeutic hypotheses in chordoma. (A) Potential mechanisms of ferroptosis susceptibility in chordoma and parallels
with clear-cell carcinomas. In clear-cell carcinomas, dysregulated HIF-1/2a functions through HILPDA to promote deposition of
polyunsaturated fatty acid (PUFA) lipids in intracellular lipid droplets. GPX4 activity counteracts PUFA-lipid oxidation and protects cells from
ferroptosis. In chordoma, brachyury and mTOR activity may upregulate HIF-1/2a, resulting in deposition of PUFA lipids in physaliferous vacuoles.
CDK®6 activity may be critical for antioxidant production to protect chordoma cells against ferroptosis. (B) Combined inhibition of MAPK
signaling and CDK4/6 activity promotes robust cell cycle arrest and antitumor immunity. Studies in other cancers revealed that combined
inhibition of MEK and CDK4/6 with trametinib and palbociclib leads to sustained proliferative arrest and a senescence-associated secretory
phenotype (SASP) that promotes NK and T cell immunity. As single agents, cetuximab and palbociclib reportedly augment NK and T cell
immunity, respectively. Thus, combining cetuximab with palbociclib may synergistically inhibit tumor growth while stimulating a SASP that
augments the activation of NK and T cell-based immunity promoted by each agent.
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The next frontiers
Combination therapy strategies

Preclinical and clinical research has yet to identify a therapy
capable of producing frequent responses in chordoma (36),
motivating the development of combination strategies aimed
at increasing the magnitude and duration of therapeutic benefit.
One approach with this goal in mind involves performing
unbiased anchor screens, in which genome-wide CRISPR
screening is utilized to identify genes whose loss sensitizes cells
to a given targeted therapy ‘anchor’ (136). Such genes - if
druggable - may serve as attractive targets for combination
therapy regimens. A similar approach can also be employed to
identify candidate resistance mechanisms - that is, genes whose
loss (or gain) reduce sensitivity to the anchor drug.

As one of the most well-validated therapeutic targets in
chordoma, inhibitors of wild-type EGFR are arguably the best
‘anchors’ to initially explore in unbiased screens or rational
combination studies. Indeed, combination therapy
investigations with afatinib (47) or cetuximab (138) have
yielded encouraging results. One interesting hypothesis
involves combining cetuximab with a CDK4/6 inhibitor
(Figure 2B). Since CDK4/6-mediated G1/S cell cycle
progression is highly dependent on RTK/MAPK signaling,
concomitant antagonism of EGFR-mediated cyclin D
upregulation and CDK4/6 kinase activity may cause a more
complete cell cycle arrest. This effect has been observed in lung
(139) and pancreatic cancers (140), where combined MEK and
CDXK4/6 inhibition induced a profound G1/S arrest, resulting in
a senescence-associated secretory phenotype (SASP) that
promoted increased NK cell-mediated cytotoxicity and
infiltration of CD8+ T cells, respectively. Importantly, as an
IgG1 antibody, cetuximab monotherapy appears to promote
antibody-dependent NK cell-mediated cytotoxicity in several
cancers including chordoma (141). A cetuximab/CDK4/6
inhibitor combination may therefore act synergistically to halt
the growth of chordoma tumor cells and provoke a strong NK-
and T-cell based antitumor response. As a result, further
exploration of this concept may be warranted, particularly
once the single-agent activity of cetuximab (NCT05041127)
and palbociclib (NCT03110744) in chordoma is benchmarked
in the clinic. Notably, similar combination immunotherapy
approaches aiming to enhance NK cell-mediated killing have
recently been described in chordoma (138), and these strategies
were reported to selectively target the reservoir of cancer stem-
like cells that promote recurrence and therapy resistance.

Immunotherapy strategies

Achieving deep and durable responses in chordoma will
likely require identification of therapeutic concepts capable of
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invigorating antitumor immunity. Despite a low tumor
mutational burden, a significant proportion of chordomas
appear to be characterized by complex genomic
rearrangements (20, 37), which may lead to high neoantigen
expression. In addition to the examples noted above,
documented patient responses to vaccines (142) and PD-1
inhibitors (143-146) provide important proof-of-concept for
the use of immunotherapies in chordoma, and prompt
evaluation of different immune checkpoints and combinations
thereof. For example, strong scientific rationale exists for co-
blockade of the PD-1 and TIGIT checkpoints in cancer (147),
and a new clinical study enrolling chordoma patients is testing
this concept with atezolizumab plus tiragolumab
(NCT05286801). Another promising approach involves the
cell-surface protein CD24, which is frequently expressed in
chordomas and - along with brachyury and low molecular
weight cytokeratins — has been used as a diagnostic marker for
chordoma in some cases (148). Intriguingly, tumor-derived
CD24 was recently identified as a key anti-phagocytic “don’t
eat me” signal in other solid tumors (149), making it a promising
immunotherapeutic target and prompting evaluation of CD24
blockade in chordoma. The evaluation of immunotherapy
combinations in chordoma, such as PD-1 antagonism plus
inhibition of TIGIT or TGFp signaling as noted above, may
reinvigorate the tumor-immunity cycle at multiple points.
Multi-omics studies of chordoma may be valuable in guiding
these efforts and revealing key molecular details governing the
chordoma immune microenvironment.

New drug discovery driving
repurposing in reverse

Tumorigenesis appears to require three main ingredients: an
oncogenic signaling input, deregulation of the signal through
tumor suppressor loss (150, 151), and a permissive
transcriptional environment for interpretation of oncogenic
signaling (152, 153). Lineage-specific transcription factors —
such as brachyury in chordoma - are essential for creating a
permissive environment (79), and thus represent attractive drug
targets. While oncogenic signaling and tumor suppressor loss
can be targeted by kinase inhibitors and synthetic lethal
strategies, respectively, transcription factors like brachyury are
inherently challenging drug targets (Figure 3A). However,
advances in drug discovery and the development of new
targeted protein degradation technologies, such as proteolysis
targeting chimeras (PROTACs) and molecular glues, provide
opportunities to redefine this paradigm (154). To this end,
numerous projects have recently been launched to develop
novel compounds that bind brachyury with high affinity,
which can either serve as functional inhibitors, molecular
glues, or warheads for PROTACS. Notably, an open-source
project through the Structural Genomics Consortium is
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focusing on the development of high-quality probes that bind
pockets identified in brachyury crystal structures (Figure 3B) to
induce industry investment in further brachyury drug discovery.

The development of functional inhibitors is a challenging
endeavor, given that brachyury lacks the deep binding pockets
commonly associated with enzymatic activity. Yet, transcription
factors like brachyury are often involved in multiprotein
complexes, pointing to the development of compounds that
modulate protein-protein interactions as an attractive strategy.
For example, brachyury associates with the histone
acetyltransferase p300 using an interface involving amino acid
residue Y88 (Figure 3A) (155). The proximity of Y88 to residue
G177 (Figure 3A) is interesting, as a G177D germline variant is
strongly associated with chordoma (15). Because residue G177
is on a flexible, solvent-exposed loop, the G177D mutation is
unlikely to affect brachyury structure - however this substitution
may stabilize intermolecular contacts with p300 or other binding
partners, thus modulating brachyury function. Indeed, the
interaction between brachyury and p300 appears to regulate
histone 3 lysine 27 acetylation (155) - a modification associated
with active enhancers. Since association of brachyury with super-
enhancers appears to be crucial to its role in chordoma (79, 81),
designing compounds that can block or allosterically modulate
this protein-protein interaction — for example, by targeting pocket
A’ or F (Figure 3B) - may represent an attractive therapeutic
strategy. Another novel approach to functionally modulating
brachyury involves the development of Transcription Factor
Targeting Chimeras (TRAFTACs) (156). In contrast to
PROTACs, TRAFTACs utilize a transcription factor-specific
DNA sequence to achieve target specificity, which is linked to
an E3 ligase-recruiting moiety that directs brachyury to the
proteasome for degradation.

Although new drug discovery in an ultra-rare indication
presents numerous challenges, the concept of “reverse” drug
repurposing — that is, repurposing drugs initially developed in a
rare cancer to more common indications - represents a
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promising path. Further highlighting the intriguing parallels
between chordoma and kidney cancer, brachyury expression is
associated with poor survival in ¢ccRCC and papillary RCC
(Figure 4) (133, 157). Interestingly, expression of CDK6 - an
apparent dependency in both chordoma and ccRCC (125), as
noted above - appears to be regulated by brachyury (79).
Numerous additional studies indicate brachyury is associated
with poor prognosis and implicated in driving recurrence,
metastasis, and/or resistance to standard of care therapy in
several more common cancers including breast (158-161),
lung (162-166), and colon (167). Thus, chordoma represents a
“pure” and target-rich setting for the initial development of
brachyury antagonists, which can then be expanded into larger
indications where brachyury plays a role in disease progression.

Perspective

Even when macroscopic complete resection is achieved using
cutting-edge surgical approaches, the majority of chordoma
patients experience disease recurrence and are unlikely to be
cured (1, 2). At some point, local therapies such as surgery and/or
radiation are no longer safe or feasible, and treatment options
become limited due to a lack of effective systemic therapies. This
has motivated intensive research to identify effective therapeutic
strategies in chordoma, but drug repurposing efforts have been
hampered by chordoma’s resistance to conventional
chemotherapy and a paucity of actionable genomic alterations.

In this review, we highlight several therapeutic hypotheses
inspired by developing knowledge of chordoma biology and its
parallels with other cancer types. In particular, we focus on
emerging therapeutic opportunities based on emerging
knowledge linking drug sensitivity to specific biomarkers.
Nevertheless, through the lens of genomic sequencing, most
chordomas still lack actionable alterations — underscoring the
need to implement more sophisticated multi-omics approaches.
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lung adenocarcinoma). The results shown in this figure are in whole or part based upon data generated through the Lumin Bioinformatics

Software of Champions Oncology, Inc

Indeed, genomics is only one piece of the puzzle; tumor growth
is controlled by multiple integrated systems, with each
contributing uniquely to chordoma’s biology. Therapeutic
opportunities exist within each of these systems, and efforts
focused on elucidating and integrating them will provide a fuller
view of chordoma’s biology. A key goal of multi-omics profiling
efforts will be the identification of molecular subtypes, stratified
by risk and therapeutic vulnerabilities, as has been demonstrated
in other cancers (168-170).

In parallel, unbiased functional assays, utilizing genome-
wide CRISPR or high-throughput drug screening, may reveal
non-oncogene dependencies or combination therapy strategies
that would otherwise be difficult to detect through multi-omics
profiling approaches. The identification of additive or synergistic
therapeutic combinations is of particular interest, given the low
historical response rates in chordoma (36). In addition to
guiding target discovery campaigns, functional assays can
provide personalized medicine opportunities. For example, if
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multi-omics studies identify patients at high risk for recurrence,
the ability to establish and profile drug sensitivity of PDXs or
PDOs at time of initial surgery may allow nomination of
potential therapeutic options upon disease recurrence, as
successfully demonstrated recently in breast cancer (116). Due
to the intrinsically slow growth of chordoma tumors, such an
approach could also be considered at the time of recurrence.
Finally, we highlight how technological advances are opening
the door to targeting the transcription factor brachyury, the main
Achilles heel of chordoma. The identification of binding pockets
on brachyury can serve as target sites for PROTAC warheads or
molecular glues, but they may also be functionally important. One
such potential site is pocket A’ or F (Figure 3B), near the putative
p300 interface and residue G177, which is the site of a germline
variant strongly associated with chordoma development. If efforts
to target brachyury are ultimately successful, these drugs can be
repurposed for more common cancers in circumstances where
brachyury drives resistance to standard of care therapy.
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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.

KEYWORDS

chordoblast, organoid, NGS—next-generation sequencing, precision treatment,
drug discovery
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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-B (PDGFR-f) 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-$ 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, 7¢33, 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 (IBXT) 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, ARID1B, 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
1s2305089 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 II (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
et al. (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 etal. 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

frontiersin.org


https://doi.org/10.3389/fonc.2022.1029670
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhao et al.

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 (EGFRIis; 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
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Background: Skull base chordoma and chondrosarcoma are exceptionally rare
bone tumors with high propensity for local recurrence. Different postoperative
radiation modalities are often used to improve the clinical efficacy. Proton
therapy (PT) might be among the most promising ones because of the unique
ballistic characteristics of high-energy particles. However, previous meta-
analysis often included studies with combined radiation techniques. No
systematic review to date has directly analyzed the survival and toxicity of
pure PT for these two types of malignancies.

Methods: By following the PRISMA guidelines, a systematic search of three databases
was conducted. Articles were screened and data were extracted according to a
prespecified scheme. R 4.2.0 software was used to conduct the meta-analysis.
Normal distribution test was used for the incidence rate of each subgroup.

Results: A total of seven studies involving 478 patients were included in this
analysis. The quality of included articles ranged from moderate to high quality.
All patients were histopathologically diagnosed with chordoma or
chondrosarcoma, and the follow-up time of the cohort ranged from 21 to
61.7 months. For PT planning, the median target volume ranged from 15 cc to
40 cc, and the administered median dose varied from 63 to 78.4 Gygrge at 1.8—
2.0 Gygge per fraction. The 1-, 2-, 3-, 5-, and 7-year local control and overall
survival rates were 100%, 93%, 87%, 78%, and 68%, and 100%, 99%, 89%, 85%,
and 68%, respectively. The late grade 3 or higher toxicities were reported in
only two involved articles.

Conclusions: Until now, medical centers worldwide have exerted PT to improve
outcomes of skull base chordomas and chondrosarcomas. PT not combined
with other radiation modalities showed favorable local control and survival with a
low incidence of severe radiation-induced toxicities, which manifests promising
clinical benefits. However, high-quality evidence is still limited, requiring future
clinical trials and prospective studies in selected patients.
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Introduction

Chordoma and chondrosarcoma are slowly progressive,
locally aggressive bone tumors with extremely low incidence
(1). The common locations often include the skull base, as well
as the extracranial skeleton, mostly in the sacrococcygeal area
and spine. Skull base chordomas mainly arise from remnants of
the notochord in the clivus of sphenoid bone, usually presenting
with typical symptoms, such as headache and diplopia (2).
Chordoma is mainly divided into three common categories,
namely, conventional, chondroid, and dedifferentiated
histopathologic subtypes (3). Chondrosarcomas are rare
malignant cartilaginous neoplasms comprising 6% of all skull
base primary malignant bone tumors (4, 5). Both of these rare
pathological tumors require maximal debulking resection so as
to achieve optimal clinical outcomes, whereas a bloc clean
surgical resection is difficult to achieve because of the complex
anatomy of the skull base. In addition, due to the intrinsic
aggressive pathological features, tumors tend to relapse and
progress frequently even after achieving optimal surgical
resection (1). As a result, postoperative adjuvant therapies are
crucial to achieve favorable local control and long-term survival
of these patients (6, 7).

To date, radiotherapies with different modalities and
radioactive particles have been developed. Radiotherapy used
curatively or postoperatively seems to be an effective measure to
precisely eliminate the residual or subclinical lesions, reduce
local recurrence, and improve prognosis (8-10).

Conventional photon radiotherapy (CRT) has been
employed since the last century and is the most accessible
radiation therapy modality. Despite the fact that CRT can
deliver nearly 60-70 Gy to a highly conformed tumor target,
dose escalation to greater than 70 Gy might be required for
chordomas and chondrosarcomas to achieve better tumor
control (11, 12). However, tumors located in the skull base
represent a challenge for CRT because adjacent critical
neurologic structures, such as optic pathways, brainstem, and
cervical spinal cord, limit the prescription dose. Charged
particles such as protons were then explored to improve the
biological effect of radiotherapy, as well as to protect organs at
risk and minimize both early and late radiation-related toxicities
(13, 14). Compared to photon therapy, the ballistic
characteristics of proton beams loaded with sharp kinetic
energy allow more dose escalation to the precise target while
limiting the exposure dose of adjacent critical structures (15, 16).

To date, medical centers worldwide have gathered more
information about the effects of PT used as either radical or

Abbreviations: PT, proton therapy; GTR, gross total resection; STR, subtotal
resection; LC, local control; OS, overall survival; NOS, Newcastle-Ottawa
Scale; GRADE, Grading of Recommendations, Assessment, Development and
Evaluations; CRT, conventional photon radiotherapy; SRS/SRT, stereotactic
radiosurgery/stereotactic radiotherapy; CIRT, carbon ion radiotherapy
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adjuvant therapy in skull base chordomas and chondrosarcomas
(17-19). However, access to PT is still limited and much more
costly compared with conventional photon therapy; thus, the
included patients in some existing systematic reviews were not
purely receiving PT. In this systematic review, we analyzed the
clinical outcomes and potential toxicities of skull base
chordomas and chondrosarcomas after PT-only plannings
without combination of any other radiation modalities. A
better insight into delivering proton beams alone in skull base
chordomas and chondrosarcomas should be achieved, and the
accuracy together with reliability of published research should
be clarified.

Methods
Search strategy

The systematic search was conducted on three electronic
literature databases (1997-present), namely, PubMed, the
Cochrane Library, and MEDLINE, to identify articles
appropriate for this study. The Medical Subject Headings
(MeSH) terms and keywords used for searching were as
follows: (“chordoma” [MeSH Terms] OR “chordomas” [All
Fields]) AND (“skull base neoplasms” [MeSH Terms] OR
“skull base” [All Fields] OR “clivus” [All Fields] OR “cranial”
[All Fields] OR “intracranial” [All Fields] OR “atlas” [All Fields])
AND (“proton therapy” [MeSH Terms] OR “proton therapies”
[All Fields] OR “proton beam therapy” [All Fields] OR “proton
beam radiation therapy” [All Fields]) AND (“radiotherapy”
[MeSH Terms] OR “radiotherapies” [All Fields] OR “radiation
therapy” [All Fields] OR “radiation therapies” [All Fields]) AND
(“survival” [All Fields] OR “mortality” [All Fields] OR
“prognosis” [All Fields] OR “prognostic factor” [All Fields]
OR “recurrence” [All Fields]).

Selection criteria

The review was conducted in compliance with the Preferred
Reporting Items for Systematic reviews and Meta-Analysis
(PRISMA) guidelines and recommendations [1]. Only English-
language articles were included. All retrieved articles were screened
by two reviewers (MN and LC). The inclusion criteria were as
follows (1): primary or recurrent chordoma or chondrosarcoma
located in the skull base location, (2) managed by proton-only
radiotherapy after surgical resection or biopsy, and (3) the
observation indicator included either survival outcomes and/or
toxicity incidence. Either local control (LC) or overall survival (OS)
could be considered as survival outcomes. The exclusion criteria
were the combined photon-proton radiotherapy and median
follow-up of less than 1 year. Rare presentations or metastases
due to clival chordoma should also be excluded.
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Metadata extraction

The full text of all eligible articles should be available and then
a data extraction form was made. All the observation indicators,
including authors and year of study, study period, location of the
study conducted, trial design, cohort size, median age and follow-
up, pathological diagnosis, surgical resection, median target
volume, proton radiotherapy regimen, survival outcomes, and
toxicity, were extracted from each included article.

Statistical techniques

R 4.2.0 software (R-4.2.0, 64 bit, The Cochrane Collaboration,
Oxford, UK) was used to make a single-arm meta-analysis.
Normal distribution test was performed before further analysis.
All the W-values were close to 1 and p-value > 0.05. The Cochran
Q test and I’ statistics were used to assess the heterogeneity. The
forest plots were used to show the results of a single study and
summary analysis. The funnel plots and Egger’s linear regression
test were conducted to analyze the bias assessment of all studies.
Sensitivity analysis was also used to analyze the publication bias.

Certainty, quality, and bias assessments

To assess the quality of included articles, the Newcastle-
Ottawa Scale (NOS) (20) was used. Items for assessment
included representativeness of the exposed cohort, whether it
was histopathologically confirmed, whether the follow-up was
long enough for outcomes to occur, whether all important data
were cited in the report, and whether the outcome was correctly
ascertained. The Grading of Recommendations, Assessment,
Development and Evaluations (GRADE) (21) criteria were
used to assess the certainty of the results based on the
information of the included studies. Publication bias was
assessed using funnel plots and Egger’s regression. Asymmetry
in plots indicated publication bias (22), and Egger’s regression
test provided a statistical verification of funnel plot asymmetry.

Results
Search strategy

A total of 141 candidate articles were identified from
systematic searches of the literature databases, and no
additional studies were identified from other sources (Figure 1).
After screening by title, 4 case reports and 19 reviews were
excluded, and 36 studies were inconsistent with our research
content. Furthermore, by reading the abstract, 57 articles were
filtered. There were then 25 articles remaining for full-text
analysis, of which 8 studies were excluded because the
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treatment methods were mixed with combined proton-photon
therapy, 8 studies were excluded because the tumor location was
not limited to the skull base, 1 article was excluded because the full
text could not be found, and 1 article was excluded because it
failed to show enough survival data records. Finally, only seven
articles were included in this meta-analysis: one came from the
Radiological Research Center of Russia (23), two studies
originated from different institutes in Japan (24, 25), two studies
were conducted by the Paul Scherrer Institute in Switzerland (26,
27), and two studies were finished by different cancer centers in
the USA (28, 29). Of note, one study was specific to chordoma
(25), and one study reported only survival outcomes (27).

Demographics

This study analyzed the clinical data of 478 patients from six
centers around the world. Two of the studies did not list the
proportions of chordoma and chondrosarcoma separately. In the
remaining five studies, there were 211 patients with chordoma
and 92 patients with chondrosarcoma. Overall, the median age
and follow-up time of the cohort ranged from 38 to 52 years and
21 to 61.7 months, respectively. The proportion of male and
female patients in this analysis was about 47% and 53%. The
characteristics of the included cohort are summarized in Table 1.

Clinical features

All patients included in the analysis were histopathologically
diagnosed with chordoma or chondrosarcoma by gross total
resection (GTR) or subtotal resection (STR) or biopsy, among
which the proportion of recurrent disease was 6.7% to 36.8%.
One of the studies did not clearly report the extent of surgical
resection for each patient (24), the proportions who underwent
GTR and STR procedures in the remaining six studies were
approximately 13% and 83.6%, respectively, and only about 3.4%
of the patients received histological biopsies. The clinical features
of all included studies are summarized in Table 2.

Proton radiotherapy

For PT, the median target volume ranges from 15 to 40 cc,
and the median total dose for proton radiotherapy regimen
varies from 63 to 78.4 Gygpg, most of which with a single
fraction dose of 1.8-2.0 Gygrgg (Table 2). For one of the studies
conducted in Japan, Hayashi et al. (25) evaluated the
hyperfractionated high-dose proton beam therapy for patients
with clival chordomas; the prescribed dose for the first 9
consecutive patients was 77.44 Gygrpg in 64 fractions, and the
latter 10 patients were treated with 78.4 Gygpg in 56 fractions.
The dose per fraction was set at 1.2 Gygrpg and 1.4 Gyggg,
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PRISMA flowchart of the literature screening process.

respectively. Survival analysis showed that the 5-year LC, cause-
specific, and OS rates of the latter 10 cases were higher than all
19 cases, indicating that a hyperfractionated high-dose scheme
after maximum surgical resection seems to be efficient for
patients with clival chordomas. For another study conducted
in Paul Scherrer Institute, Switzerland, Hottinger et al. (27)
utilized a total dose of 72.6-80.0 Gy at 1.8-2.5 Gy per fraction.

Local control

Data were extracted from seven included studies for LC
analysis (Figure 2 and Table 3). For the 1-year LC, six studies
(23, 25-29) were analyzed, and the incidence was 100% (95% CI
98-100%, I* = 34%). Five studies (23-28) were included in the
analysis of the 2-year and 3-year LC rates, with an incidence of
93% (95% CI 89%-97%, P= 56%) and 87% (95% CI 84%-91%,
I = 0%), respectively. The incidence of 5-year LC was 78% (95%
CI 72%-84%, I* = 24%), calculated from three articles (25-27).
As to the 7-year LC rate, only two studies (25, 26) were analyzed,
and the incidence was 68% (95% CI 43%-93%, I* = NA).
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Overall survival

The outcomes of OS were calculated from a total of seven
studies, including 1-, 2-, 3-, 5-, and 7-year incidence and 95% CI
(Figure 3 and Table 3). The 1-year OS was 100% (95% CI 98%-—
100%, I? = 0%) calculated from five articles (23-25, 28, 29). For the
2-year OS, four studies were analyzed and the incidence was 99%
(95% CI 94%-100%, I* = 64%). Analysis of 3- and 5-year OS
included three studies (23-27), and the incidence was 89% (95%
CI 70%-100%, I* = 83%) and 85% (95% CI 82%-89%, I* = 0%),
respectively. As to the 7-year OS, only two studies (25, 26) were
analyzed, and the incidence was 68% (95% CI 43%-93%, PP =NA).

Toxicity

For the seven studies included in the analysis, only one study
did not report toxicity (27), and none of the remaining studies
reported early grade 3 or higher toxicity. As to the late grade 3 or
higher toxicity, two studies were involved. Weber et al. (26)
showed that high-grade late toxicity was observed in 8.1% of the
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overall patients, which consisted of grade 3 unilateral optic
neuropathy in 5 (25%) patients, grade 3 temporal lobe necrosis
and grade 3 cerebellum brain parenchyma necrosis in 13 (56%)
patients and 1 (8%) patient, respectively, grade 3 unilateral
hearing loss in 3 (12%) patients, grade 4 bilateral optic
neuropathy in 2 (8%) patients, and 1 (8%) patient with grade
4 spinal cord necrosis. Gordon et al. (23) reported two cases of >
grade 3 late toxicity, with one case of grade 3 myelitis (11 months
after PT) and one case of grade 5 brainstem injury. According to
the included studies, reported early or late toxicities of less than
grade 3 included otitis media, temporal lobe necrosis, diplopia,
unilateral hearing loss, fatigue, vomiting, headache, mild
cognitive and memory impairment, keratitis, and
laryngeal mucositis.

Quality assessment and publication bias

The quality of the included articles was assessed according to
the NOS (Supplementary Table 1). All of the studies were
considered moderate to high quality. GRADE assessment
results showed that the certainty of the evidence was very low
to moderate (Supplementary Table 2), mainly due to the high
heterogeneity between studies and wide confidence intervals. For
the data used for survival analysis, we firstly verified with several
methods, including PRAW, PLN, PLOGIT, PAS, and PFT, to
ensure that the data conformed to normal distribution. The
funnel plots appeared symmetrical in comparison models except
the 2- and 3-year OS (Supplementary Figure 1), mainly due to
high heterogeneity. Sensitivity analysis was performed on the 2-
and 3-year OS analysis, and the included articles were separately
excluded for re-analysis. Results showed that when the article by
Deraniyagala (2014) was excluded, the I* for the 2-year OS
decreased to 0, and when the article of Gordon (2021) was
excluded from the analysis, I decreases to 0 for the 3-year OS.

Discussion

The main treatment of chordoma and chondrosarcoma is
surgery, and the extent of surgical resection is often related to
survival outcomes. However, GTR is hard to achieve. Thus,
compared with surgery alone, residual tumors have been treated
with adjuvant local radiation therapy. A retrospective review of
20 patients diagnosed with clival chordoma indicated that
adjuvant RT after GTR may play a vital role in the elevated
progression-free survival and OS (30). However, there remains
heterogeneity in literature on the effects of different radiotherapy
modalities adopted in skull base chordoma and
chondrosarcoma. A meta-analysis indicated that adjuvant
radiotherapy improved the survival of patients undergoing
partial resection, and the 5-year OS of patients treated with
surgery followed by adjuvant radiotherapy was 90% compared
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TABLE 2 Clinical features of all included studies.

Study Pathology Surgical Diagnostic Recurrent

resection resection  disease (%)

(%)
Fuji, H. Yes NR 100% NR
(2011)
Deraniyagala, Yes GTR 27%; STR 67%; 100% 9%
R.L. (2014) Biopsy only 6%
Grosshans, Yes GTR 20%; STR 80% 100% 6.70%
D.R. (2014)
Hayashi, Y. Yes GTR 42.1%; STR 100% 36.80%
(2016) 47.3%; Biopsy only
10.6%

Weber, D.C. Yes GTR 3.2%; STR 100% 23%
(2016) 96.8%
Hottinger, Yes GTR 13%; STR 83%; 100% 24%
A.L. (2020) Biopsy4%
Gordon, K. Yes GTR 32.2%; STR 80.6% 12.90%
(2021) 48.4%

with 70% of those treated by surgery alone, but it failed to show
significant statistical benefits in this subgroup (31).

To date, apart from conventional photon radiotherapy
(CRT), various radiation techniques have been applied for
chordoma and chondrosarcoma, such as stereotactic
radiosurgery or hypofractionated stereotactic radiotherapy
(SRS/SRT), proton therapy (PT), and other heavy charged
particles like carbon ion radiotherapy (CIRT), aiming to
improve clinical efficacy. However, a previous systematic
review showed no difference in 5-year PFS and OS between
the various particle types of radiotherapy (32). Thus, the role of
radiation therapy for skull base chordomas should be
well established.

SRS/SRT could be performed in skull base chordoma by
delivering a relatively high and homogenous dose to target
volume. An international multi-institutional study analyzed 93
patients who underwent single-session SRS for intracranial
chordoma. The mean margin and maximum doses utilized
were 17 Gy and 34.2 Gy, respectively. The 5- and 10-year OS
rates could reach 83% and 70%, respectively (33). Other articles
reported that a better LC can be reached by a higher prescription
dose of at least more than 20 Gy (34). However, the adoption of
SRS/SRT is usually limited by tumor volume, which made it
more appropriate for a small tumor of less than 10 cc to remain
after surgery to avoid severe toxicities.

Carbon ion radiotherapy (CIRT) is an emerging radiation
modality used in skull base tumor. Lu et al. conducted a meta-
analysis of nine studies including 632 patients with skull base
chordoma or chondrosarcoma. This research showed favorable
results concerning survival outcomes. For chordoma-only
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Median Proton radiotherapy regimen
target
volume (cc) Total dose (Gygrpr) Fractions Dose/
(n) fraction
(GYRBE)
40 (7-546) 63 (50-70) NR 1.8
(GTV)
NR 74 (70-79) NR 1.8-2.0
15-26.2 69.8 (68-70) chordoma; NR 1.8-2.0
68.4 (66-70)
chondrosarcoma
NR 9 cases: 77.44; 10 cases: 77.44/64 bid; 1.2-14
784 78.4/56 bid
35.7 +29.1 725 +22 NR 1.8-2.0
(GTV)
26.3 (0.0-130.4) 74.0 (72.6-80.0) NR 1.8-2.5
(GTV)
25.6 (4.2-115.6) 70 (60-74) NR 2
(GTV)

studies, the LC incidence at 1, 5, and 10 years was 99%, 80%,
and 56%, respectively. As for the 1-, 5-, and 10-year OS
probability, the estimated results were 100%, 94%, and 78%,
respectively (35). The existing articles showed a low incidence of
severe early and late toxicity (grade > 3), ranging from 0 to 4%.
However, this new treatment pattern can only be accessible at a
limited number of centers around the world.

PT is increasingly becoming the preferred treatment
modality because of its unique ballistic characteristics of high-
energy particles that allow dose escalation to the tumor and
delivery of substantially lower doses to critical structures
compared to other radiation modalities (36). However, most
systematic reviews on this respect usually included publications
that incorporated patients receiving combined beam planning
like proton-photon- based radiotherapy. Since the innate dose
distribution characteristics were different between photons and
protons, combined radiation mode may cause suboptimal dose
sparing to the adjacent tissues, which would impair the intended
biological effects of the dose-escalated tumor region (37, 38). At
the same time, combined mode led to unfavorable protection of
the organ at risk, consequently indicating that clinically relevant
acute or late toxicities might increase (39). Hence, a systematic
review focusing on PT not combined with other radiation
modalities can represent one of just a few methods to evaluate
the true clinical efficacy of PT on skull base chordoma
and chondrosarcoma.

A total of seven retrospective observational cohort studies
met the inclusion and exclusion criteria for this analysis and our
outcomes were able to load unique metadata to indicate actual
clinical efficacy of delivering PT. Herein, we present our results
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Weight Weight
Study Events Total Proportion 95%-CIl (common) (random)

Deraniyagala, R. L. (2014) 32 33 —i 0.97 [0.84; 1.00] 1.7% 4.6%
Grosshans, D.R. (2014) 15 15 1.00 [0.78; 1.00] 0.8% 3.8%
Hayashi, Y. (2016) 19 19 — 1.00 [0.82; 1.00] 1.0% 4.1%
Weber, D. C.(2016) 222 222 \ 1.00 [0.98; 1.00] 11.3% 5.4%
Hottinger, A.L.(2020) 140 142 ] 0.99 [0.95; 1.00] 7.2% 5.4%
Gordon, K.(2021) 31 31 ——a 1.00 [0.89; 1.00] 1.6% 4.6%
Deraniyagala, R. L. (2014) 28 33 —l— 0.85 [0.68; 0.95] 1.7% 4.6%
Hayashi, Y. (2016) 19 19 —— 1.00 [0.82; 1.00] 1.0% 4.1%
Weber, D. C.(2016) 210 222 h 0.95 [0.91;0.97] 11.3% 5.4%
Hottinger, A.L.(2020) 126 142 & 0.89 [0.82; 0.93] 7.2% 5.4%
Gordon, K.(2021) 29 31 —— 0.94 [0.79; 0.99] 1.6% 4.6%
»
-

Fuiji, H. (2011) 15 16 —-— 0.94 [0.70; 1.00] 0.8% 3.9%
Hayashi, Y. (2016) 18 19 —_— 0.95 [0.74; 1.00] 1.0% 41%
Weber, D. C.(2016) 195 222 B 0.88 [0.83;0.92] 11.3% 5.4%
Hottinger, A.L.(2020) 118 142 —.— 0.83 [0.76; 0.89] 7.2% 5.4%
Gordon, K.(2021) 26 31 —_—— 0.84 [0.66; 0.95] 1.6% 4.6%

i

<
Hayashi, Y. (2016) 14 19 —-— 0.74 [0.49; 0.91] 1.0% 4.1%
Weber, D. C.(2016) 181 222 = 0.82 [0.76; 0.86] 11.3% 5.4%
Hottinger, A.L.(2020) 106 142 —a— 0.75 [0.67; 0.82] 7.2% 5.4%

-

-
Hayashi, Y. (2016) 10 19— —— 0.53 [0.29; 0.76] 1.0% 4.1%
Weber, D. C.(2016) 174 222 - 0.78 [0.72; 0.84] 11.3% 5.4%

- \

‘—l
Common effect model 1963 ¢ 0.91 [0.89; 0.92] 100.0% -
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FIGURE 2
The local control of chordoma and chondrosarcoma treated with PT.

TABLE 3 Local control and overall survival incidence and error estimates as indicated by the contemporary literature, with certainty assessed for
each outcome per the GRADE criteria.

All studies Local Control Overall Survival
(n =478
patients)
Number at Incidence 95% I* Studies Certainty Number at Incidence 95% I* Studies Certainty
risk (n) (%) CI (%) (n) risk (n) (%) CI (%) (n)
1 year 459 100 98- 34 6 Moderate 114 100 98- 0 5 Moderate
100 100
2 years 412 93 89-97 56 5 Moderate 96 929 94— 64 4 Low
100
3 years 372 87 84-91 0 5 Moderate 55 89 70— 83 3 Very low
100
5 years 301 78 72-84 24 3 Very low 326 85 82-89 0 3 Very low
7 years 184 68 43-93  NA 2 Very low 184 68 43-93  NA 2 Very low
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Weight Weight
Study Events Total Proportion 95%-Cl (common) (random)
Fuiji, H. (2011) 16 16 —_— 1.00 [0.79; 1.00] 1.8% 5.3%
Deraniyagala, R. L. (2014) 33 33 —a 1.00 [0.89; 1.00] 3.7% 6.1%
Grosshans, D.R. (2014) 15 15 —_— 1.00 [0.78; 1.00] 1.7% 5.3%
Hayashi, Y. (2016) 19 19 — 1.00 [0.82; 1.00] 2.1% 5.6%
Gordon, K.(2021) 31 31 = 1.00 [0.89; 1.00] 3.4% 6.1%
: q
Lo
Fuji, H. (2011) 16 16 — 1.00 [0.79; 1.00] 1.8% 5.3%
Deraniyagala, R. L. (2014) 30 33 — 0.91 [0.76; 0.98] 3.7% 6.1%
Hayashi, Y. (2016) 19 19 — 1.00 [0.82; 1.00] 2.1% 5.6%
Gordon, K.(2021) 31 31 —a 1.00 [0.89; 1.00] 3.4% 6.1%
-
Fuiji, H. (2011) 16 16 — 1.00 [0.79; 1.00] 1.8% 5.3%
Hayashi, Y. (2016) 18 19 —_— 0.95 [0.74; 1.00] 2.1% 5.6%
Gordon, K.(2021) 21 31 —_— 0.68 [0.49; 0.83] 3.4% 6.1%
i
—_—
Hayashi, Y. (2016) 16 19 4-7 0.84 [0.60; 0.97] 2.1% 5.6%
Weber, D. C.(2016) 192 222 - 0.86 [0.81;0.91] 24.6% 6.9%
Hottinger, A.L.(2020) 118 142 —i— 0.83 [0.76; 0.89] 15.7% 6.8%
<
-
Hayashi, Y. (2016) 12 19 w 0.63 [0.38; 0.84] 2.1% 5.6%
Weber, D. C.(2016) 178 222 — 0.80 [0.74; 0.85] 24.6% 6.9%
=
R
Common effect model 903 * 0.89 [0.87;0.91]  100.0% -
Random effects model - 0.96 [0.90; 0.99] -= 100.0%
Heterogeneity: /% = 87%, 1 = 0.0486, p <0.017 T T r
04 05 06 07 08 09 1
FIGURE 3

The overall survival of chordoma and chondrosarcoma treated with PT

of a systematic review of seven articles concerning PT in a total
of 478 patients. Through metadata extraction and analysis, we
achieved 100% 1-year LC and OS. The 2- and 3-year LC was 93%
and 87%, and 2- and 3-year OS was 99% and 89%, respectively.
The symmetry of the funnel plots for 2- and 3-year OS was poor,
and sensitivity analysis results indicated that the heterogeneity
stemmed from the publications by Deraniyagala (2014) and
Gordon et al. (2021). It was believed that the possible reasons
were the small number of enrolled patients, and the relatively
lower proportion of patients undergoing GTR surgery compared
with other involved literatures. With respect to long-term
clinical analysis, LC and OS over 5 years were the major
concern. Three included articles reported 5-year LC and OS
(25-27), and we determined the corresponding incidence to be
78% and 89%, respectively. Only two articles documented the 7-
year OS rate (25, 26), and the calculated incidence was 68%.
Because of the limited number of involved studies, further
analysis between the two pathologic subgroups was not
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conducted. However, as a whole, our study was consistent
with different institutional findings concerning PT, with 5-year
OS rates ranging from 62% to 88% for chordoma and 91% to
100% for chondrosarcoma (28, 40-43). A recent meta-analysis
revealed that PT was more effective following surgery for
chordoma than CRT and confirmed the benefit of PT in
chordoma, which showed an OS advantage for protons over
conventional radiotherapy at 3 (89% vs. 70%), 5 (78% vs. 46%),
and 10 years (60% vs. 21%) (44). A retrospective study of the
NCDB also demonstrated improved 5-year OS to be associated
with the PT for definitive radiotherapy (45). For long-term
survival, typically after 5 years, PT seems to be more beneficial
than other radiation management.

Though dose escalation for skull base chordoma and
chondrosarcoma shows superiority in survival aspects, it may
also be latently treacherous on some critical adjacent structures,
specifically the anterior optic pathway. Visual toxicity is an
irreversible severe late complication induced by a higher
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maximum dose (Dmax), among which vision loss is the most
detrimental outcome (46). Alexandra et al. (47) analyzed 148
patients and 283 individual eyes with functional vision at
baseline receiving a minimum of 30 Gyggg to 0.1 cm’ of the
anterior optic pathway. The reported median time to vison loss
was 15.2 months following high-dose proton-based
radiotherapy. The 5-year incidence of functional blindness was
2.1%. It further demonstrated the acceptable long-term
complication of vision loss with an incidence rate of 3.6% over
60 Gygrpg and no blindness occurred under 60 Gyggg. As to our
systematic review, Weber et al. (26) showed that high-grade late
toxicity was observed in 8.1% of the overall patients, with grade 3
unilateral optic neuropathy occurring in 2.3% of the patients. No
late grade 3 or higher toxicities were found in most of the other
involved studies. Feuvret et al. (39) compared treatment
planning between combined photon-proton planning and
proton planning for skull base tumors, so as to assess the
potential limitations of combined planning for these tumors.
In this research, mean doses delivered to the GTVs and CTVs
were not significantly different between the two groups.
However, the dose inhomogeneity was drastically increased
with the combined beam group. In the proton-only planning,
it could significantly reduce the tumor dose inhomogeneity and
the delivered sharp kinetic energy to adjacent normal tissues.
This may give us a hint that proton-only modality is more
suitable for children or patients with longer life expectations,
which might achieve better protection against radiation-induced
functional impairment and improve quality of life.

Our systematic review also has some limitations that need to
be addressed in future studies. In the first place, since chordoma
is a slowly progressive bone tumor with a relatively long natural
history, the involved seven studies did not have follow-up
statistics for more than 7 years, which prompted us to figure
out the long-term oncologic outcomes such as recurrence
pattern and radiation-induced secondary malignancies.
Second, greater cohort studies or prospective studies were
encouraged, which would provide us with a more reliable and
comprehensive understanding of the management of PT. Last
but not least, neurocognitive evaluation and other neuro-
oncological relative outcomes, such as quality of life, should be
included, since such information is critical to distinguish PT
from other radiation modalities so that we could make the best
individual recommendations to patients.

Conclusions

Our analyses have shown the satisfactory survival outcomes
and acceptable toxicity of PT. PT might be a promising option to
treat chordomas and chondrosarcomas especially for the skull
base location. However, currently, a major concern in the use of
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PT is the limited literature, most of which are retrospective
observational cohort studies. With this concern, multicenter
randomized controlled studies and prospective clinical trials
should be conducted in the future to truly validate the existing
outcomes to date. Standardized procedures and observational
endpoints of PT in the skull base chordomas and
chondrosarcomas are encouraged so as to establish a clear
guideline to select the optimal method that is most beneficial
to patients.
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Background: Management of advanced chordomas remains delicate
considering their insensitivity to chemotherapy. Homozygous deletion of the
regulatory gene CDKNZ2A has been described as the most frequent genetic
alteration in chordomas and may be considered as a potential theranostic
marker. Here, we evaluated the tumor efficacy of the CDK4/6 inhibitor
palbociclib, as well as the PLK1 inhibitor volasertib, in three chordoma
patient-derived xenograft (PDX) models to validate and identify novel
therapeutic approaches.

Methods: From our chordoma xenograft panel, we selected three models, two
of them harboring a homozygous deletion of CDKN2A/2B genes, and the last
one a PBRM1 pathogenic variant (as control). For each model, we tested the
palbociclib and volasertib drugs with pharmacodynamic studies together with
RT-PCR and RNAseq analyses.

Results: For palbociclib, we observed a significant tumor response for one of
two models harboring the deletion of CDKN2A/2B (p = 0.02), and no significant
tumor response in the PBRM1-mutated PDX; for volasertib, we did not observe
any response in the three tested models. RT-PCR and RNAseq analyses showed a
correlation between cell cycle markers and responses to palbociclib; finally,
RNAseq analyses showed a natural enrichment of the oxidative phosphorylation
genes (OxPhos) in the palbociclib-resistant PDX (p = 0.02).
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Conclusion: CDK4/6 inhibition appears as a promising strategy to manage
advanced chordomas harboring a loss of CDKN2A/2B. However, further
preclinical studies are strongly requested to confirm it and to understand
acquired or de novo resistance to palbociclib, in the peculiar view of a
targeting of the oxidative phosphorylation genes.

KEYWORDS

CDKN2A/2B deletion, chordoma patient’'s derived xenograft, CDK4/6 inhibitor,
palbocicib, PLK1 inhibitor, volasertib

Introduction

Chordomas are rare bone tumors of the skull-base and spine
which originate from remnants of the notochord, explaining
their common location along the neuraxis. They are
characterized by a locally invasive extension despite slow
growth. Considering their chemoradioresistance, a radical
resection associated with a high-dose radiation is the gold-
standard therapeutic strategy (1). However, despite this
aggressive treatment, the disease-free survival is generally short
(2, 3) due to the fact that locoregional recurrence is a common
event following the initial treatment (4). The management of
these tumor relapses or progression after surgery and proton
beam therapy is a clinical challenge, especially for patients with
metastases and inoperable recurrence disease. Difficulties in
managing advanced chordomas explain the poor long-term
prognosis of this cancer with an overall survival evaluated at
~30% at 10 years (3). There is, therefore, an unmet need for
systemic therapies, which are especially difficult to raise given the
lack of data (5-15) concerning the tumor biology (genetic driver
events), and that chordomas have a relatively low mutation
burden with few therapeutically actionable alterations (5, 6).
Over the years, a wider use of new targeted therapies, such as
tyrosine kinase inhibitors (TKI), has been developed.
Unfortunately, the proportion of objective responses to all
these agents was very low in chordomas (16-24). The limited
number of patients included in these studies, as well as the lack
of follow-up, interfere with the preliminary proof of effectiveness
of these drugs, that encourages the development of several pre-
clinical models (25-34).

Recently, we established and well-characterized a large panel of
12 chordoma patient-derived xenografts (PDXs) (35), including all
relevant clinical features, their immunohistochemical and genomic
profiles, serving as a support for preclinical drug testing. In this way,
the Next Sequencing Generation (NGS) genomic characterization
of our models showed a preponderance (58%) of homozygous
deletions of CDKN2A/2B and mutations affecting the mammalian
SWItch/Sucrose Non-Fermentable (SWI/SNF) chromatin
remodeling complexes (such as PBRMI, SMARCBI, ARIDIA
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pathogenic mutations), as described in a majority of chordomas
(5, 6, 14). Mutations in the SWI/SNF complexes were also mutually
exclusive with homozygous deletions of CDKN2A/2B in our panel.
Genes encoding subunits of SWI/SNF complexes are collectively
altered in over 20% of human malignancies (36) and became an
interesting target for new therapies as enhancer of zeste homolog 2
(EZH?2) inhibitors (35, 37, 38).

Cyclin-dependent kinase (CDK) inhibitor 2A (CDKN2A) is

a tumor suppressor gene encoding the p16i“k4a

protein which
plays an important role in cell-cycle regulation through the
inhibition of cyclin-dependent kinases (CDK) 4/6 that protects
the p53 protein from degradation (39). CDKN2A loss or
mutation is found in a wide range of malignancies and may
lead to an increased CDK activity, bypassing a critical senescent
signal (40). In chordomas, the regulatory gene CDKN2A is also
frequently lost (5, 6), and thus, CDK4/6 may be in an over-
activated state (41), although multiple upstream seem to be the
input in the dysregulation of CDK4/6 activity (42). Palbociclib
(PD 0332991), a selective inhibitor of CDK4/6, approved for the
treatment of hormone-receptor positive breast cancer (43), has
been recently tested in in vitro cell-line chordoma models
harboring the loss of CDKN2A (41), suggesting a potential in
vivo action of anti-CDK4/6 in chordomas harboring this
genomic alteration.

The Polo-like kinase (PLK) family, particularly PLK1, has
recently become an attractive oncogenic target considering its
regular roles in the G2/M cell cycle checkpoint, via its effects on
chromosome segregation, spindle assembly, and cytokinesis
(44). Volasertib (BI 2536), a selective PLK1-inhibitor, showed
a promising antitumor activity in other cancer preclinical
models (45-47). Considering that several genomic analyses of
chordoma samples reveal widespread cell cycle dysregulation
(48), testing the inhibition of PLK1 in chordomas makes sense.

In this study, we therefore focused our pharmacological
expertise on the CDK4/6 inhibitor palbociclib and the PLK1-
inhibitor volasertib in two xenograft models harboring
homozygous deletions of CDKN2A/2B, and in a third PBRM1I-
mutated model (control), in order to evaluate the CDKN2A/2B
loss as a theranostic biomarker in chordomas.
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Materials and methods
Chordoma patient-derived xenografts

Three previously established and characterized chordoma
PDXs were used for in vivo experiments: cluster of
differentiation (CD) 3, CD7, and CD39 (35). The main
clinical, histological, and genomic features of our xenografts
panel have been previously described (35). PDX models of
chordomas were obtained by engrafting a primary tumor
sample into nude mice (Charles River Laboratories). All in
vivo experimental procedures, animal care, and housing were
performed in accordance with the recommendations of the
European Community (2010/63/UE) for the care and use of
laboratory animals. Experimental procedures were specifically
approved by the ethics committee of the Institut Curie CEEA-IC
#118 (Authorization APAFiS# 25870-2020060410487032-v1
given by National Authority) in compliance with the
international guidelines.

Next-generation sequencing

DNA was extracted from frozen tumor samples using a
standard phenol/chloroform procedure. RNA was extracted
from microdissected areas using the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA).

DNA from xenografts and a part of patients’ tumors were
then analyzed for gene mutations by targeted next-generation
sequencing (NGS). The in-house NGS panel includes 571 genes
of interest in oncology for diagnosis, prognosis, and theranostics
including chordoma genes of interest such as PIK3CA, PTEN,
CDKN2A/2B, PBRM1, SETD2, and ARIDIA. The library
preparation was performed using the Agilent Sureselect XT HS
kit, and sequencing was completed on an Illumina NovaSeq
6000 sequencer. All variants, called using Varscan2 (v2.4.3-0),
that passed the following thresholds were validated: allelic ratio
above 5% and population frequency lower than 0.1% in 1000 g,
ESP, or gnomAD. This large targeted NGS panel also allowed
molecular analysis of tumors for CNV (copy number variation)
status including CDKN2A homozygous deletion detection. In
case of doubt concerning the originating link between the
patient’s tumors and PDXs, an identity monitoring was
performed based on polymorphisms.

Antitumor efficacy of targeted
therapy drugs

Considering the results of the molecular analysis of our
chordoma xenograft panel, two drugs on three PDXs (CD3,
CD7, and CD39) were considered in our pharmacological
program, i.e. the CDK4/6 inhibitor palbociclib (Ibrance®,
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Pfizer) and the PLK1 inhibitor volasertib (Boehringer
Ingelheim). This last targeted treatment was tested in the field
of our huge expertise developed in various types of human
cancers, such as non-small cell lung cancers (46) and breast
cancers (47). Palbociclib was administered orally at a dose of 75
mg/kg/day (tween 80 0.5% + methylcellulose 0.5% + water 99%),
once daily, 5 days per week; volasertib was administered orally at
the dose of 10 mg/kg/day (methylcellulose 0.5% + tween 80 0.5%
+ DMSO 2% + water 97%), once daily, 4 days per week. The
treatment was administered from day 1 to mouse sacrifice.
Drugs were sourced from the oncological department of
Institut Curie, Paris, France.

For in vivo therapeutic studies, a 15 mm> tumor fragment
was grafted into 30 female immunodeficiency nude mice. Mice
bearing growing tumors with a volume of 60-150 mm® were
randomly assigned to control or treatment groups. Animals with
tumor volumes outside this range were excluded. Mice were
weighted and tumors were measured once a week. Considering
the slow growth of these tumors, xenografted mice were
sacrificed when tumor volume reached a mean volume of
500 mm’.

Tumor volumes were calculated using two perpendicular
diameters with calipers as follows: V' (volume) = (i axb)?/2 where
a and b are the largest and smallest perpendicular tumor
diameters (in mm). Relative tumor volumes (RTV) were
calculated from the following formula: RTV = (V,/V1), where
V. is the tumor volume on day x and V1 is the tumor volume at
initiation of therapy (day 1). Antitumor activity was evaluated
according to tumor growth inhibition (TGI), calculated
according to the following formula: percent GI = 100 —
(RTVt/RTVc x100), where RTVt is the median RTV of treated
mice and RTVc is the median RTV of controls, both at a given
time point when the antitumor effect was optimal. A meaningful
biological effect was defined as a TGI of at least 50% (49). The
statistical significance of differences observed between the
individual RTVs corresponding to the treated mice and
control groups was calculated using the two-tailed Mann-
Whitney U test.

Moreover, to evaluate the response to treatments observed in
the three models according to individual mouse variability, we
decided to consider each mouse as one tumor-bearing entity.
Hence, in all in vivo experiments, a relative tumor variation
(RTVV)) was calculated for each treated mouse as follows:
[(RTVt/mRTVc)], where RTVt is the relative tumor volume of
the treated mouse and mRTVc is the median relative tumor
volume of the corresponding control group at the end of
treatment. We then calculated an overall response rate (ORR)
for each treated mouse as follows: ORR = [(RTVV) - 1]. A tumor
was considered to be responding to treatment, if the ORR was
below -0.5. The statistical significance of the ORR between tested
treatments was determined using Fisher’s Exact test. Finally, we
evaluated the impact of treatments on tumor progression, by
evaluating all progression-free survival probabilities taking
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tumor doubling time (RTV x 2) and time for RTV X 4 into
account. A log-rank (Mantel-Cox) test was used to perform
treatment comparisons.

Pharmacodynamics study by RT-PCR
analysis and RNAseq after in vivo
pharmacological experiments

A RT-PCR study was performed after the administration of
palbociclib and volasertib drugs on the two models CD3 and
CD?7. The RT-PCR technique has been previously described by
our group (50). Results, expressed as N-fold differences in target
gene expressions relative to the murine and human TBP genes
(both the murine and the human TBP transcripts), and termed
Niargerr Were determined as Nigger = gACtsample o here the ACt
value of the sample was determined by subtracting the Ct value
of the specific target gene from the Ct value of the TBP. The
Niarget Values of the samples were subsequently normalized so
that the value for “basal mRNA level” (smallest amount of
quantifiable target gene mRNA, Ct = 35) was 1 for selected
genes. The expression of the following cancer genes potentially
implied in palbociclib resistance (51, 52) was studied: CCNEI,
CDK4, PTEN, RBI, and E2F1. The PLKI gene was also studied,
as the target of PLK1 inhibitors. Finally, we studied some genes
implied in the proliferation, or overexpressed in chordomas:
MKI67, MYC, TBXT and EGFR (53). The nucleotide sequences
of the gene primers used are available on request.

For RNAseq analyses, RNA was extracted from
microdissected areas using the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). Library preparation was performed using
the QuantSeq 3’ mRNA-Seq reverse (REV) Library Prep Kit
(Lexogen, Vienna, Austria) using 150 ng of total RNA, and
according to the manufacturer’s instruction. The pool was
sequenced on a NovaSeq 6000 SP 2x75bp flow cell (Illumina
Inc., San Diego, CA, USA). RNA sequencing data were analyzed
using the BlueBee Genomics Platform (Lexogen, Vienna,
Austria). Gene Ontology Enrichment Analysis was performed
using the ShinyGO (http://bioinformatics.sdstate.edu/go/) and
gProfiler (https://biit.cs.ut.ee/gprofiler/gost) Web sites.

Statistical analyses

Statistical analyses were performed using the Prism v9.0
software (GraphPad Software, Inc., La Jolla, CA, USA).
Statistical characteristics were used to describe all variables.
Numerical variables were expressed as the median or mean
and standard deviation, as appropriate. Categorical variables
were expressed as the count and percentage. Variables were
tested by the Mann-Whitney U test, Fisher’s Exact test, or chi-
squared test, as appropriate. Survival distributions were
determined using the Kaplan-Meier method and the log-rank
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(Mantel-Cox) test was used to compare groups. Every statistical
test used in this manuscript was two-tailed, and p-values less
than 0.05 were considered as significant.

Results
Patient-derived xenograft selection

The histological and genomic features of the three PDXs are
described in Table 1. CD3 was obtained from a patient’s sacral
primary tumor previously operated on and displaying a
homozygous deletion of CDKN2A/2B; CD7 was obtained from
a skull base primary tumor previously operated on and
irradiated and displaying a homozygous deletion of CDKN2A/
2B; CD39 was obtained from a skull base primary tumor
previously operated on and presenting a pathogenic PBRM]I
variant (c.599C>G), without CDKN2A/2B deletion (Figure 1).
The CD39 model which does not harbor any loss-of-function
genomic alteration of CDKN2A or CDKN2B but a PBRMI-
variant was chosen as a negative control in order to reinforce the
fact that CDKN2A/2B might be a biomarker of response to
palbociclib. None of these models harbored another CNV or
pathogenic variant of theranostic interest.

In vivo antitumor efficacy of
targeted therapies

In vivo therapeutic experiments with palbociclib and
volasertib were done on these three xenografts. For each
model, PDX tumor-bearing mice were randomized into
treatment and control groups (n = 4-7 mice per group). For
the palbociclib drug, TGI was calculated at 80, 49, and 85 days,
for CD3, CD7, and CD39, respectively. For the volasertib drug,
TGI was calculated at 77, 28, and 51 days, for CD3, CD7, and
CD39, respectively.

In vivo responses to palbociclib and volasertib are shown in
the Figure 2. For the CD3 xenograft, palbociclib induced a
significant TGI (p = 0.02) with an optimal TGI of 60%, whereas

TABLE 1 Histopathological and molecular features of the three
selected PDX models.

Models Histology =~ Molecular alteration Targeted-
type* therapy

CD3 Conventional CDKN2A/2B loss Palbociclib
Volasertib
CD7 Conventional CDKN2A/2B loss Palbociclib
Volasertib
CD39 Conventional PBRM1 variant (c.599C>G; Palbociclib
p-(Ser200Ter)) Volasertib

*According to the WHO (World Health Organization) 2020.
CD, cluster of differentiation.
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FIGURE 1

Genome view profiles of the allele-specific copy number of the CD3 (A), CD7 (B), and CD39 (C) chordoma PDX models. The top graph log-
odds-ratio represents the B-Allele Frequency (BAF), and the bottom graph the log depth ratio between tumor and a healthy witness. Both CD3
and CD7 chordoma PDX models harbored a homozygous deletion of CDKN2A/2B (red bar), whereas CD39 did not.

volasertib showed a slight tumor growth response close to
statistical significance (p = 0.065) (Figure 2A). The probability
of progression-free survival at RTV x 4 was significantly longer in
the palbociclib and volasertib treatments groups than in the
control (p = 0.03 and p = 0.02, respectively), but not at RTVx 2
(p = 0.09 and p = 0.052, respectively) (Figure 2B).

For the CD7 xenograft, we did not observe any tumor
growth response to both palbociclib and volasertib (p = 0.85
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and p > 0.99, respectively), as well as for the CD39 xenograft
without CDKN2A/2B deletion (p = 0.40 and 0.058, respectively).

Hence, when we looked at the individual tumor responses in
the three treated models (Figure 3A), the ORRs lower than -0.5
were 33.3% and 18.8% after palbociclib and volasertib,
respectively (p = 0.25). Finally, the study of the progression-
free survival across the three PDX models at RTV x 2 and RTV x
4 did not show any significant effect for palbociclib (p = 0.39 and
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FIGURE 2

In vivo efficacy of palbociclib and volasertib, in the CD3, CD7, and CD39 chordoma PDXs. PDX tumor-bearing mice were randomized into each
treatment group (n = 4-7 mice per group), and treated with palbociclib 75 mg/kg, 5 days per week (orange), or volasertib 10 mg/kg, 4 days per
week (blue). Untreated control is shown in black. (A) Relative tumor volumes. Tumor growth was evaluated by plotting the mean of the relative
tumor volume + SD per group. (B) Probability of tumor progression. The time to reach RTV x 2 and RTV X 4 for each treated mouse has been

calculated using Kaplan Meier curves and log-rank test.

p = 039 for RTV x 2 and RTV X 4, respectively) nor with
volasertib (p=0.13 and p=0.27 for RTV x 2 and RTV x 4
respectively) (Figures 3B, C).

Pharmacodynamics study

Using RT-PCR analyses, we first looked at modifications of
candidate gene expression occurring after palbociclib and
volasertib in vivo therapies in CD3 and CD7 models compared
to the control groups (Figure 4). For that, we applied RT-qPCR
on the genes of interest (described in the materials and methods
section) on 28 samples assigned to the control or treatment
group. After palbociclib treatment, we observed a significant
decrease in human MKI67 (p = 0.008), E2F1 (p = 0.016), and
PLKI (p = 0.016) gene expression in the in vivo responding CD3
xenograft; in contrast, we only observed decreased gene
expression in E2FI (p = 0.029) in the non-responding model
CD?7. No significant modification of gene expression was noted
for CDK4 (palbociclib target), MYC, TBXT, EGFR, CCNEI, and
RBI in both studied models. After volasertib administration, we
observed a significant gene expression modification of RBI (p =
0.03) in the CD3 model. No significant modification of gene
expression was noted for the other genes, including PLKI
(volasertib target).
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To better understand the opposite efficacy of palbociclib in
the two CDKN2A/2B deleted CD3 and CD7 PDXs, we then
performed RNAseq analyses in both control and treated groups
(three tumors per group). In a differential supervised analysis,
comparing control tumors and tumors treated with palbociclib
in both PDX models, we observed a more important
modification of gene expression in the responding CD3 PDX
model (n = 318 genes, Supplementary Table S1) compared to the
non-responding CD7 PDX model (n = 12 genes; Supplementary
Table S2), which correlated with in vivo observations. Next, we
tested the enrichment of the set of genes resulting from the
KEGG database. As expected, we found a significant decrease in
the enrichment of cell cycle genes in the responding CD3 tumors
(p = 0.04), such as TOP2A (p = 2.2 &%), MKI67 (p=43 e29),
and AURKB (2.5 ¢™®). Moreover, we compared in a supervised
analysis the gene expression of control untreated CD3 PDX
tumors and control untreated CD7 PDX tumors in order to find
predictive biomarkers of intrinsic palbociclib resistance
(Supplementary Table S3). We observed an upregulation of
genes implied in hypoxia such as S10044 (p = 6.5 ¢”’) and
CA3 (p = 3.8 ¢°) in the resistant CD7 PDX model (Figure 5A).
Among the top 1000 genes in which we observed a significant
gene expression variation in both the models (adjusted p-value),
we noted an enrichment of the oxidative phosphorylation genes
in the resistant CD7 PDX model (p = 0.02) using the KEGG data
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base, such as NDUFAI (p = 6.5 e’'), NDUFB2 (p=12 e,
COX6C (p = 4.4 ¢"7), COX7A2 (p=1.9¢*), COX7C (p=32¢
7), and COX17 (p = 42 e19) (Figure 5B). To resume the
pharmacodynamic study, we observed a decrease in the
expression of genes implied in the cell cycle in the responding
CD3 compared to the CD7 PDX model treated by palbociclib.
Moreover, we noted a significant enrichment of the expression of
genes implied in oxidative phosphorylation (OxPhos) into the
non-responding control CD7 PDX model in comparison with
the responding control CD3 PDX model.

Discussion

In this current study, we explored the antitumor effect of the
targeted therapy palbociclib in three PDX chordoma models in
order to consider the homozygous deletion of CDKN2A/2B as a
theranostic biomarker of response to palbociclib, as suggested in
other cancer types (43, 54, 55). We observed various responses to
palbociclib concerning both models (CD3, CD7) harboring a
loss of CDKN2A/2B, and no tumor efficacy in the non-CDKN2A/
2B-deleted PBRM1-mutated PDX (CD39). We also tested the
PLK1 inhibitor volasertib in these three PDXs and did not
observe any significant anti-tumor response.

Chordoma tumors are known to overexpress multiple
kinases (56) (included PDGFR-0, PDGFR-B, c-Kit, c-Met,
pAKT, mTOR, HER2, VEGFR, and EGFR) which are involved
in a multitude of cellular functions relevant to cancer
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pathogenesis. These kinases are well-studied in the field of
oncology, and several FDA-approved drugs on the market
targeting each kinase can be used as repurposing candidates
for advanced chordomas. The first pre- and clinical results of
some FDA-approved drugs targeting EGFR, PDGFR-q,
PDGFR-f, and c-Kit, have shown partial objective response
and clinical benefit in chordomas (57). The lack of data
concerning the biology of chordomas (genetic driver events)
and theranostic markers hampers the selection of molecularly
guided therapies and may explain these sparse results. As
kinases, CDK4 and CDK6 play a crucial role in the G1-S
phase transition, which is an important restriction point in the
normal cell cycle, often reduced in cancer, leading to
uncontrolled cell proliferation (Figure 6). Importantly, in
chordomas, as well as in our PDX chordoma panel (35), the
CDK4/6 regulatory gene CDKN2A (also known as pl6) is
frequently lost (5, 6), leading to the fact that CDK4/6 may be
found in an over-activated state (41). However, it should be
noted that other signaling pathways, in addition to CDKN2A
loss, are inputted in cyclin D overexpression and promote
CDK4/6 activity, leading to uncontrolled cell proliferation
(42). Palbociclib, a specific inhibitor of CDK4/6, has recently
been tested in in vitro cell line chordoma models harboring the
loss of CDKN2A and showed an efficient inhibition of the tumor
cell growth (41). Finally, the efficacy of palbociclib has been
tested in numerous clinical trials for cancers, and is also
currently being tested in a phase II trial, in patients with
locally advanced/metastatic chordomas (NCT03110744).
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FIGURE 4

Gene expression modifications after treatments with palbociclib and volasertib (CD3 and CD7 models). Quantitative RT-PCR was performed to
measure the expression of the target genes. Data are presented as level of gene expression compared to the standard level of Homo sapien (Hs)
TBP. Genes expressions were compared between mice treated with the indicated agent and the control group. Error bars show the standard error
of the mean. * and ** achieve statistical significance compared to control (p < 0.05 and p < 0.01, respectively) by Mann-Whitney U test.
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FIGURE 5

Volcanoplots illustrating the top 1000 genes (A) and all genes related to the oxidative phosphorylation (OxPhos) pathway (B), in which we
observed a significant gene expression variation in both untreated CD3 and CD7 PDX models (adjusted p-value).

Frontiers in Oncology

frontiersin.org
134


https://doi.org/10.3389/fonc.2022.960720
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Passeri et al.

In our in vivo pharmacological program, the CD3 model
harboring CDKN2A/2B showed a significant tumor growth
inhibition (p = 0.02), while the CD7 model showed no tumor
response (p = 0.85). Pharmacodynamic study (RT PCR and
RNAseq) confirmed the difference between both PDX models
harboring both the loss of CDKN2/2B. Indeed, in the responding
CD3 PDX model, we observed a decrease in the expression of
genes implied in the cell cycle, such as MKI67 (p = 0.008), E2F1
(p = 0.016), PLK1 (p = 0.016), TOP2A (p = 2.2 ¢*°), and AURKB
(p = 2.5 ¢™®), compared to the non-responding model (CD7). We
did not observe tumor response to palbociclib with the xenograft
CD39 (p = 0.40) (which did not harbor a loss of CDKN2A/2B);
such an observation raises the possibility to consider CDKN2A/
2B loss as a theranostic marker of palbociclib antitumor efficacy

10.3389/fonc.2022.960720

in chordomas. Considering the various sensitivities to
palbociclib, we can formulate the hypothesis on which tumor
heterogeneity and preexistence of a resistant clonal subtype to
palbociclib in the CD7 PDX model might be present. Indeed,
chordoma is known as a heterogeneous tumor (58) with various
cell phenotypes. Genetic heterogeneity contributes to selecting a
clonal cell population during tumor development and
progression, and is well-known as a prominent contributor to
therapeutic failure (59). This hypothesis is reinforced by genetic
analyses performed on the CD7 chordoma PDX model, which
confirmed the loss of CDKN2A/2B in treated and control mice,
but not in the primary patient’s tumor (35), suggesting a spatial
tumor heterogeneity in which some cells harbor the homozygous
deletion of CDKN2A, and others do not. Moreover, as observed
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FIGURE 6

The classic model for the regulation of the G1/S transition by cyclins and CDK. (A) In basal situation, RB protein phosphorylation performed by
cyclin D-CDK4/6 kinase induces E2F releasing and facilitates the expression of E2F target genes, which are critical for initiation of DNA synthesis
and entry into S-phase. CDK4/6 activity is repressed by the p16 protein. (B) Loss of p16/CDKN2A/2B activity leads to an overactivation of the
CDK4/6 activity and therefore an uncontrolled cell proliferation. (C) The CDK4/6 inhibitor re-establishes the activity of the RB protein activity as

an inhibitor of cell division.
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in hormone receptor-positive breast cancers, many tumors
demonstrate de novo (or intrinsic) resistance to palbociclib,
implying genomic alterations (60). When we compared the
gene expression in the RNAseq-supervised analysis in non-
treated CD3 and CD7 PDX tumors, we observed a significant
enrichment of the expression of genes implied in oxidative
phosphorylation (OxPhos) into the non-responding CD7 PDX
model, as compared to the responding CD3 PDX model.
Metabolism reprogramming is well known as a hallmark of
cancer (61). While normal cells commonly use mitochondrial
oxidative metabolism for energy generation, tumor cells often
switch to aerobic glycolysis, described as the Warburg effect (62).
Classically, glycolytic metabolism is involved in the induction of
acquired drug resistance, such as in estrogen-receptor breast
cancer treated with palbociclib (63). However, some authors also
suggested that drug resistance could be associated with an
upregulation of the oxidative phosphorylation (OxPhos)
pathway, which may be explained by the “reverse Warburg
effect” (64, 65). Evans et al. (66) recently showed an OxPhos
dependence in chemotherapy-resistant triple-negative breast
cancer. Moreover, radiation therapy seems to increase in vitro
and in vivo OxPhos activity (67). Thus, we can suppose a
selection of clonal subtypes to palbociclib in the CD7 PDX
model, increased by the history of radiation, leading to a higher
OxPhos activity in this model. Interestingly, drug resistance can
be reversed by blocking OxPhos (68). In several cancers, new
OxPhos inhibitors have already been identified, and are under
preclinical and/or clinical evaluation (66, 69). Moreover,
favorable results about the synergistic antitumoral effect of the
combination of OxPhos inhibitors and palbociclib in a triple-
negative breast cancer cell line (66), encourage testing the use of
this drug combination or OxPhos inhibitors alone in
palbociclib-resistant PDX chordoma models harboring the
CDKN2A/2B loss. However, some authors revealed an
upregulation of oxidative metabolism (OxPhos) in CDK4/6
inhibitor-tolerant uveal melanomas (70), suggesting further
experimental research to conclude a causal association in the
Oxphos dependency of palbociclib-resistant chordomas.
Although being not fully understood, several other resistance
mechanisms of CD4/6 inhibitors exist, as mechanisms bypassing
the CDK4/6 inhibition via activating CDK2 signaling, which is
another way that phosphorylates RB (52).

The PLK1 inhibitor showed a slight antitumor efficacy
without significant activity (p = 0.065) in one model (CD3).
These results could be explained by the absence of concomitant
amplification or copy number gains of CCNDI and CCNE2 in
our chordoma PDXs models (35), both of which are involved in
RB inactivation driving tumor cells through the S phase (47).
PLK1 inhibition seems to be more promising in a combination
of treatments than in monotherapy (46, 71), therefore suggesting
the importance of future preclinical trials in order to assess the
combination of PLK1 inhibitors with other targeted drugs such
as palbociclib. Indeed, PLK1 inhibition results in a G2-M arrest
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(72). Consequently, the combination of drugs resulting in a dual
G1 (palbociclib) and G2-M arrest (volasertib) might therefore be
addressed in chordomas.

Study limitations

Considering our disparate results and the low number of
tested models (n = 3), there is a lack of support evidence to
consider CDKN2A/2B loss as a potential biomarker for CDK4/6
inhibitor sensitivity, suggesting the importance of further studies
on more preclinical models. Secondly, we did not perform drug
combinations, especially with volasertib and palbociclib,
considering the slow-growth of the tumor in PDX models
(35). Moreover, we also hypothesized that the enrichment of
the expression of genes implied in oxidative phosphorylation
(OxPhos) could lead to primary resistance in chordoma.
However, our results are insufficient to definitely conclude a
causal association considering the few tested models and the
absence of additional pharmacogenomic experiments.

Conclusion

Considering the frequency of genomic alterations affecting
the CDKN2A/2B gene in chordomas, targeting this biomarker
was fundamental. The present study described for the first time
the in vivo activity of a CDK4/6 inhibitor and a PLK1 inhibitor
in two human chordoma xenografts harboring homozygous
deletions of CDKN2A/2B. We also hypothesized that OxPhos
activity could lead to as a resistance mechanism to CDK4/6
inhibitors in chordomas. CDK4/6 inhibition may be effective,
but further studies in several PDX models are strongly necessary
to confirm such an observation, and to identify predictive
markers of response or resistance to palbociclib in chordomas
and reverse primary or secondary resistances. Investigating
volasertib in combination with palbociclib could also provide a
novel therapeutic strategy.
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!Beijing Neurosurgical Institute, Capital Medical University, Beijing, China, 2Department of
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Objectives: The aim of this study was to establish and validate a MRI-based
radiomics nomogram to predict progression-free survival (PFS) of clival chordoma.

Methods: A total of 174 patients were enrolled in the study (train cohort: 121
cases, test cohort: 53 cases). Radiomic features were extracted from
multiparametric MRIs. Intraclass correlation coefficient analysis and a Lasso
and Elastic-Net regularized generalized linear model were used for feature
selection. Then, a nomogram was established via univariate and multivariate
Cox regression analysis in the train cohort. The performance of this nomogram
was assessed by area under curve (AUC) and calibration curve.

Results: A total of 3318 radiomic features were extracted from each patient, of
which 2563 radiomic features were stable features. After feature selection,
seven radiomic features were selected. Cox regression analysis revealed that 2
clinical factors (degree of resection, and presence or absence of primary
chordoma) and 4 radiomic features were independent prognostic factors.
The AUC of the established nomogram was 0.747, 0.807, and 0.904 for PFS
prediction at 1, 3, and 5 years in the train cohort, respectively, compared with
0.582, 0.852, and 0.914 in the test cohort. Calibration and risk score stratified
survival curves were satisfactory in the train and test cohort.

Conclusions: The presented nomogram demonstrated a favorable predictive
accuracy of PFS, which provided a novel tool to predict prognosis and
risk stratification. Our results suggest that radiomic analysis can effectively
help neurosurgeons perform individualized evaluations of patients with
clival chordomas.
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Introduction

Chordoma is a rare malignant neoplasm that arises from the
remnants of the primitive notochord (1). The annual incidence
is lower than one case per million people (2). Chordoma mainly
involves the axial skeleton, and about 25% of chordoma
originates from the skull base (3). Skull base chordoma has the
tendency to invade surrounding structures which makes it
difficult to achieve gross-total resection (GTR) in the operation
(4). Furthermore, chordoma isn’t sensitive to chemotherapy and
radiotherapy, resulting in extensive recurrences. The local
recurrence rate is as high as 50% in four years after surgery.
Until now, there is no effective method for predicting
recurrence (5).

Radiomics generally refers to the extraction and analysis of
large amounts of advanced quantitative imaging features with
high throughput from medical images obtained using CT, MRI
or PET. The researchers are able to develop models that may
potentially improve diagnostic, prognostic, and predictive
accuracy. Radiomics has been widely used in prediction of
tumor consistency, prognosis, and blood supply in many
tumors such as pituitary adenomas (6), gliomas (7),
meningiomas (8) et al. It enables doctors to deliver more
personalized treatment with regard to tumor detection,
prediction of tumor subtypes, and prognosis. However, few
studies have focused on radiomics application in chordoma.
Therefore, in this study, we aimed to establish a radiomics
nomogram to predict progression-free survival (PFS) in
patients with clival chordomas.

Methods
Patients

Our study retrospectively analyzed skull base chordoma
patients who received operations at Beijing Tiantan Hospital
from September 2003 to September 2014. The inclusion criteria
were as follows: 1) chordoma diagnosis was confirmed by the
pathological report, 2) medical records were complete, and 3)
lesions were located in the clival region. Exclusion criteria were
as follows: 1) incomplete medical records, 2) poor quality
imaging, and 3) lack of patient follow-up. Accordingly, 174
skull base chordoma patients were included in the study.

The patients were divided randomly into train cohort
(n=121) and test cohort (n=53). Patients’ data was collected,
including gender, age, course of disease, chief complaint, KPS
score, degree of resection, postoperative treatment, and
complications. The gross total resection (GTR) was defined as
no residual tumor in the post-operative image. Non-gross total
resection (NGTR) was defined as residual tumor detected in the
post-operative image.
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MRI acquisition

All patients underwent MR imaging scan before operation.
Three clinical scanners (Siemens Healthcare, Toshiba Medical
Systems, and GE Medical Systems) were used in the study. The
MR imaging protocol included T1-weighted contrast-enhanced
imaging with fluid-attenuated inversion-recovery sequence
(T1C), T1-weighted imaging with fluid-attenuated inversion-
recovery sequence (T1WI), and T2-weighted imaging sequence
(T2WI). The T1C sequence was acquired with the following
parameters: Repetition time (TR):2031.01-2803.86ms, Echo time
(TE): 10.35-19.76ms, Flip angle: 90°, and Slice thickness: 4-
6.5mm. The T1IWI sequence was acquired with the following
parameters: TR: 2031.01-2458.22ms, TE:9.50-19.76ms, Flip
angle: 90°, and Slice thickness: 5-6.5mm. The T2WI sequence
was acquired with the following parameters: TR:2680-6000ms,
TE:102.17-123.62ms, Flip angle: 90°, and Slice thickness:
5-6.5mm.

Tumor segmentation, preprocessing, and
feature extraction

The tumors were manually drawn on T1C imaging by two
neuroradiologists independently, using a free 3D-Slicer
software (v4.9.0).

Preprocessing was performed by SimpleITK package
(v1.2.4). First, image registration was performed to register T1,
and T2 sequence images to the T1C sequence images. Next, N4
bias field correction was applied to each sequence images to
correct non-uniformities in intensity. The feature extraction was
performed using PyRadiomics package (v3.0). The detail
parameter settings are provided in the Supplementary
document. For each imaging sequence, a total of 1106
radiomics features were calculated. For each patient, a total of
three imaging sequences were calculated, which generated 3318
radiomic features.

Radiomic feature selection

To avoid overfitting, feature selection was performed before
model training. Features were selected by two steps. First, the
ROIs drawn by the two neuroradiologists were compared, and
intraclass correlation coefficients (ICCs) were calculated. If the
ICCs > 0.7, the radiomic features were defined as stable features.
Then, the stable features were analyzed by a Lasso and Elastic-
Net regularized generalized linear model (glmnet). Five-fold
cross-validation with minimizing deviance was performed to
find the optimal A. With the optimal A, the coefficient of each
feature was calculated, then features with non-zero coefficients
were selected. This step was repeated 1000 times. The features
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that appeared more than 150 times were selected as the
prognostic radiomic features.

Survival model training and
nomogram establishment

Cox regression analysis was used to identify the prognostic
factors. First, prognostic radiomics features and all the clinical
variables were analyzed by univariate Cox regression. Then, all
the variables with p value < 0.1 were further analyzed by
multivariate Cox regression with the backward model (9).
After that, all the significant variables were identified as the
independent prognostic variables.

The Rad-score for each patient was calculated using the sum
of the values of selected radiomic features weighted by the
corresponding mean non-zero coefficients (see Supplementary
document). The nomogram was established with the Rad-score
and the independent prognostic clinical variables.

Predictive performance of nomogram

To evaluate the nomogram performance, the area under
curve (AUC) of receiver operating characteristic (ROC) was
performed in the train and test cohorts. A value of AUC > 0.7
indicates a good discrimination. Then, to compare the
consistency between the predicted value and actual value, a
calibration curve was drawn (10). Lastly, we calculated the risk
score for each patient according to the nomogram. Using the risk

10.3389/fonc.2022.996262

score, patients were divided into two groups (low-risk and high-
risk). If the risk score was lower than the mean score of the train
cohort, the patient was placed in the low-risk group, otherwise
they were placed in the high-risk group. The PFS was compared
between the low-risk and high-risk group using the Kaplan-
Meier method. And Rad-scores were also compared between the
two groups. The flowchart of this study is shown in Figure 1.

Statistical analysis

Statistical analysis was conducted in Python (v3.7.6) with the

» o«

packages (“os”,

» o«

pandas”, “SimpleITK”, “pyradiomics”) and R

plyr”,

» o«

software (v4.0.0) with the packages (“survival”, “rms”,
“glmnet”, “timeROC”, “survminer”).

Results
Patient clinical characteristics

A total of 174 patients (97 male and 77 female) were
included in the study. There are 140 primary chordomas and
34 recurrent chordomas. The mean age was 40.51 years old
(range: 8-78 years old), the mean course of disease was 21.77
months (range: 1-360 months). The KPS score ranged from 50 to
90 (mean: 80). GTR was achieved in 48 patients, and NGTR was
achieved in 126 patients. There were 65 patients (37.4%)
receiving post-operative radiotherapy. The total radiotherapy
dose was between 50 Gy and 64 Gy (mean: 54.1 Gy). The mean
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FIGURE 1
The flow chart of the study
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follow-up interval was 86 months (range: 52-185 months).
Patient characteristics are shown in Table 1, which were
similar overall between the train and test cohorts.

Radiomic feature selection

In total, 3318 radiomic features were extracted, and 2563
radiomic features were selected as stable features by ICCs (see
Supplementary Table 1). Through Lasso and Elastic-Net
regularized generalized linear model selection, seven radiomic
features were selected.

Survival model training and
nomogram establishment

Univariate Cox regression analysis was performed to detect
the relationship between PFS and each of the seven radiomic
features and clinical factors. Among the 7 radiomic features, 4
features were favorable prognostic features. Among the 10
clinical factors, 2 factors (GTR and primary chordoma) were
favorable clinical factors. Multivariate Cox regression analysis
was further performed. We found that 2 clinical factors and 4

TABLE 1 Patient characteristics.

Characteristics

No. of patients 121
Gender, n

Male 72
Female 49

Mean age (range), yrs 40.72 (11-78)

Mean course of disease (range), mos 17.62 (1-240)

Primary chordoma, n 98
Recurrent chordoma, n 23
Degree of resection, n

GTR 34
NGTR 87
Post-operative radiotherapy, n

Yes 40
No 81
Complications, n

Yes 29
No 92

GTR, gross total resection; NGTR, non-gross total resection.
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radiomic features were significant prognostic factors
(see Table 2).

The Rad-score for each patient was calculated in train and
test cohorts. The formula of Rad-score is presented in the
Supplementary Document. Based on the clinical factors and
Rad-scores, we established a nomogram for easier clinical
use (Figure 2).

For each patient, prognostic points were calculated by the
following equation: Total points = 41.67 x (Rad-score + 1.8) +
1.39 x (primary chordoma or not) + 24.51 x (degree of
resection). Higher total points indicated worse prognosis. The
established 1-, 3-, and 5-year PFS rates were obtained according
to the total points.

In the train cohort, the AUCs of the model were 0.747, 0.807
and 0.904 for PFS prediction at 1, 3 and 5 years, respectively (see
Figure 3). This showed that the model had a satisfactory
predictive ability. The calibration curves were drawn to test
the model consistency which showed the nomogram had a
satisfactory calibration curve (see Figure 4).

Model validation and comparison

The AUCs of the model in the test cohort were 0.582, 0.852,
and 0.914 for PFS prediction at 1, 3 and 5 years, respectively.

Test cohort P value
53
25
0.18
28
40.04 (8- 63) 0.77
31.20 (1-360) 0.15
)
0.95
11
14
0.96
39
25
0.11
28
16
05
37
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TABLE 2 Univariate and multivariate Cox regression analysis.

Variables
95%ClI

Clinical factors

Age 1.01 0.99-1.02
Gender (female vs male) 1.14 0.74-1.76
Course of disease 1 0.99-1
KPS score 0.99 0.96-1.02
Pituitary gland involved 1.04 0.67-1.6
Brainstem involved 1.14 0.71-1.85
Degree of resection (NGTR vs GTR) 5.05 2.71-9.43
Recurrent vs primary chordoma 2.35 1.41-3.92
With vs without post-operative radiotherapy 1.48 0.96-2.29
With vs without complication 1.04 0.64-1.72
Radiomics features

T1_square_glrlm_ShortRunEmphasis 1.79 1.38-2.31
T1_wavelet HLL_firstorder_Range 1.65 1.32-2.07
T1_wavelet. HLL_ngtdm_Complexity 1.66 1.33-2.08
Tlc_square_gldm_LowGrayLevelEmphasis 0.5 0.38-0.67
Tlc_wavelet. HHH_firstorder_Range 1.47 1.18-1.82
T2_wavelet. HLL_firstorder_Mean 1.89 1.44-2.48
T2_square_firstorder_Median 0.55 0.42-0.71

CI, confidence interval; GTR, gross total resection; NGTR, non-gross total resection; HR, hazard ratio.

Univariate analysis

10.3389/fonc.2022.996262

Multivariate analysis

P value 95%Cl P value
0.3653
0.5617
0.2571
0.4817
0.8626
0.5908
<0.001 4.69

2.50-8.83 <0.001

0.001 1.06-2.96 0.03

0.0757

0.8638

<0.001
<0.001

<0.001 1.03-1.69 0.03

<0.001 0.57 0.41-0.78 <0.001

<0.001 1.14 1.10-1.79 0.006

<0.001 1.06-1.97

<0.001

This demonstrated a satisfactory prediction performance (see
Figure 3). The calibration curves of the test cohort also showed a
satisfactory calibration (see Figure 4).

According to the established nomogram, the risk score of
each patient was calculated. The mean risk score of the train

cohort was 91.98 (range: 29.82-122.44). The mean risk score of
the test cohort was 95.40 (range: 23.17-125.45). Patients were
divided into two groups by the mean risk score of the train
cohort. If the risk score was lower than the mean score of train
cohort, the patient was placed in the low-risk group, otherwise
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The performance evaluation of the radiomics nomogram. (A) The ROC curve in the train cohort; (B) The ROC curve in the test cohort.

they were placed in the high-risk group. In the train cohort, the
median PFS of the low-risk group was 110 months, and the
median PFS of the high-risk group was 16 months (p<0.0001). In
the test cohort, the median PES of the low-risk group was 60
months, and the median PFS of the high-risk group was 24
months (p=0.0046) (see Figure 5).

Discussion

The chordoma has the tendency of recurrence which results
in poor prognosis. It has been reported that the 5-year PFS rate is

as low as 59% (11). It has been reported that many factors are
related to prognosis, such as total resection (12), post-operative
radiotherapy (13), PBRM1 (14), PARP1, PDGFR-f (15), etc. A
few prediction models were established using these prognostic
factors. However, the performance of these models was not
satisfactory. Therefore, we established a more efficient prediction
model in this study.

Many studies have reported clinical factors that could
predict patient PFS, but no consensus has been reached. In
our study, we found that degree of resection was the independent
prognostic factor. Radical resection can significantly prolong
patient PFS. Sekhar et al (16) retrospectively studied 42 patients
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Fraction
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FIGURE 4

The calibration curves of the radiomics nomogram. (A) Calibration curve for prediction 1-year PFS in the train cohort; (B) Calibration curve for
prediction 3-year PFS in the train cohort; (C) Calibration curve for prediction of 5-year PFS in the train cohort; (D) Calibration curve for prediction of
1-year PFS in the test cohort; (E) Calibration curve for prediction of 3-year PFS in the test cohort; (F) Calibration curve for prediction of 5-year PFS

in the test cohort.
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Kaplan-Meier survival curve of patients in the train cohort (A) and test cohort (B) stratified by nomogram predicted score. In the low-risk group,
the score is lower than the mean score of the group; in the high-risk group, the score is higher than the mean score of the group.

and built a Chordoma Grading System. In these patients,
complete resection rate was 36%, and subtotal resection rate
was 64%. After Cox proportional hazards model analysis, they
found that complete resection rate was significantly associated
with PFS. Carl H Snyderman et al (17) present their endoscopic
endonasal experience in the treatment of 60 patients with cranial
base chordomas. The overall rate of GTR was as high as 66.7%.
The mean PFS was 14.4 months. The recurrence rate of patients
who underwent GTR was 20%, which was significantly lower
than that of patients who underwent NGTR (60%). The high
GTR rate can be attributed to the extensive experience of the
surgeons. In most published studies, the GTR rate was about
30% to 50%. Thus, improvement of operative technique was the
key to improve GTR rate. In this study, we also found that the
PFES of primary chordoma was significantly longer than that of
recurrent chordoma, which emphasized the importance of the
first operation. If GTR is achieved in the primary chordoma, the
prognosis will be significantly improved. Recently, some
molecular features have been reported to be important
prognostic factors in clival chordomas. Georgios A Zenonos et
al (18) prospectively evaluated the 1p36 and 9p21 state, Ki-67
expression level in 105 clival chordomas samples, and found that
homozygous 1p36 deletions and 9p21 deletions were
independent prognostic factors.

Radiomics is a new area of study, which has been widely used
in the differential diagnosis and prognosis prediction of many
tumors (19-21). Nan Hong et al (22) developed a clinical-
radiomics nomogram to differentiate sacral chordoma and
sacral giant cell tumor before operation, which yielded an
AUC of 0.948. Jie Tian et al (23) established a radiomic
signature with multiparametric MRI for differentiating skull
base chordoma and chondrosarcoma, which yielded an AUC
of 0.975 and 0.872 in the train and test cohorts, respectively.

Only two articles that used radiomic features to predict
prognosis of patients with clival chordoma have been published.
Jie Tian et al (24) enrolled 80 patients with skull base chordomas,
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and selected 5 features from MR images to build a radiomics
signature, which was used to train a logistic regression model.
The model achieved an AUC=0.8600 in the train cohort and
AUC=0.8568 in the test cohort. One year later, the author (25)
developed a clinical-radiomic model to predict PFS of
chordoma. They enrolled 148 patients, including 64 with
disease progression. The Harrell’s concordance index of their
model was only 0.745 for the test cohort. In our study, we
enrolled more patients with clival chordoma and extended
follow-up time. Thus, our model achieved higher AUC and
accuracy. The AUCs of our model were as high as 0.904 and
0.914 for PFS prediction at 5 years in the train and test cohorts,
respectively. In addition, our model displayed a good calibration
and discrimination ability. With the help of a nomogram, a
neurosurgeon can stratify their patients. If the patient is
classified in the high-risk group, the surgeon could shorten the
follow-up interval and use more therapeutic measures. Thus, it is
possible to develop an individualized treatment plan.

Our study has several limitations. First, all the patients were
enrolled over the course of several years from one center, which
may lead to patient selection bias. A multicenter study is needed
for further analysis. Second, patient imaging was acquired by
different scanners, which may increase the data heterogeneity
bias. To avoid this, all imaging was subjected to imaging
normalization before feature extraction.

Conclusion

In our study, we developed and validated a nomogram based
on the multiparametric MRI radiomics signatures and clinical
factors. The nomogram demonstrated a favorable predictive
accuracy of PFS which provided a novel tool to predict
prognosis and risk stratification. Our results suggest that
radiomics analysis can effectively help neurosurgeons perform
individualized evaluations of patients with clival chordomas.
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Objective: Chordoma is a slow-growing and locally aggressive cancer, which
arises from the remnants of the primitive notochord. The first line treatment for
the skull base chordoma is neurosurgery. Gamma Knife radiosurgery (GKS) is
often be chosen especially in the setting of residual or recurrent chordomas.
The purpose of this study is to evaluate the prognosis of patients with skull base
chordoma who underwent GKS.

Methods: The present study was a retrospective analysis of 53 patients with
skull base chordomas who underwent GKS. Univariate Cox and Kaplan-Meier
survival analysis were performed to analyze the relationship between the tumor
control time and the clinical characteristics.

Results: The 1-, 2-, 3-, and 5-year progression free survival (PFS) rates were 87,
71, 51, and 18%, respectively. After performing the univariate analysis, the
clinical characteristics were not found to be significantly associated with the
time of PFS; however, surgical history, peripheral dose, and tumor volume did
have tendencies to predict the prognosis.

Conclusion: GKS provided a safe and relatively effective treatment for residual
or recurrent chordomas after surgical resection. A higher tumor control rate
depends on two approaches, an appropriate dose of radiation for the tumor
and the accurate identification of the tumor margins.

KEYWORDS

Gamma Knife radiosurgery (GKS), chordoma, MDT, multi-procedure radiosurgery,
multi-modality imaging
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Introduction

Ribbert first described the term chordoma in 1894, as having
a rare incidence rate of about 0.1 per 100,000 individuals (1).
Chordoma, which arises from the remnants of the primitive
notochord, is characteristically slow-growing and locally
aggressive (2), and occurs more frequently in adults than
children, with most diagnoses occurring between 40 to 60
years of age (3). Chordomas often occur in the skull base
region (35%), the sacrococcygeal region (50%), and the
vertebrae region (15%) (3, 4).

According to the World Health Organization (WHO)
classification system, chordoma is divided into 3 distinct types:
conventional chordoma (chondroid chordoma), dedifferentiated
chordoma, and poorly differentiated chordoma (5). Patients with
untreated chordomas have poor prognoses, with a mean survival
< 1 year (6).

Although there is no doubt that neurosurgical therapy is the
first line treatment option for the skull base chordoma, a total
resection is often difficult to obtain, due to the invasion of the
tumor into skull base and its location being adjacent to
numerous important structures, along with a high tumor
recurrence rate (7). The chemotherapy and traditional low-
dose radiotherapy is not sensitive to this tumor (8). It is
difficult to perform a repeat neurosurgical resection,
necessitating the utilization of various radiotherapy
approaches, including Gamma Knife radiosurgery (GKS), in
an effort to control the tumor recurrence (9). GKS has been
used for residual or recurrent chordoma as an effective
treatment. In this study, we performed a large single-
institution retrospective review of the prognosis for the skull
base chordoma patients who underwent GKS. The purpose of
this study is to define the role of GKS in the treatment of the
chordoma patients.

Materials and methods
Patient demographics

We identified a total of 53 consecutive patients with
chordomas who underwent GKS in Tiantan Hospital Gamma
Knife Center between January 2006 and December 2019. The
initial treatment for 52 of the patients was microsurgical
resection, and the diagnosis of chordoma was confirmed by
histopathology prior to the patients undergoing GKS, except for
the 53rd patient, who underwent a remedial surgical resection
post-GKS. Of the 53 patients, 34 (64%) were male and 19 (36%)
were female. The mean age was 45 years (range, 16-71 years). Of
the 53 patients, 8 had previously undergone radiotherapy - 5
underwent external beam radiotherapy and 3 underwent
stereotactic radiosurgery (2 with GKS and 1 with cyber knife).
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Adjuvant GKS for the treatment of residual or recurrent
chordomas occurred at an average of 11.9 months (range, 1-
60 months) after the initial surgical resection. Of the 52 patients
who were treated with salvage GKS, 1 patient underwent 8
surgical resections prior to GKS, 12 underwent 2 surgical
resections, and 39 underwent 1 surgical resection (Table 1).
Written informed consent was obtained from all patients
involved in the present study.

Radiosurgical parameters

In all 53 cases, a Leksell stereotactic frame was fixed to the
patient’s skull under local anesthesia. High-resolution contrast-
enhanced magnetic resonance imaging (MRI) was performed,
utilizing a slice thickness of 2 mm for treatment planning.
Radiosurgery was performed using the Leksell Gamma Knife
model B (Elekta AB) before 2007, the Leksell Gamma Knife
model C (Elekta AB) between January 2007 and October 2011,
and the Leksell Gamma Knife Perfexion (Elekta AB) thereafter.
Multiple dose planning sessions were carried out using the
GammaPlan system (Elekta Instruments).

In the cohort evaluated in the present study, the mean
prescribed radiation dose was 13.5 Gy (range, 10-16 Gy), for
which the equivalent dose in 2-Gy fractions (EQD2; calculated
assuming an o/f = 3 for chordomas) ranged from 26 to 60.8 Gy
(mean, 44.8 Gy). The mean isodose line was 45.8% (range, 40—
50%); the mean maximum dose was 29.4 Gy (range 22-33.3 Gy);
and the mean tumor volume was 17.1 cm? (range, 1.1-62.2 cm?).
Some patients had complicated radiotherapy histories, so the

TABLE 1 The basic information.

Gender Male, 34
Female, 19

Age 45 16-71
Surgery History None, 1

Yes, 53
Prior Radiotherapy None, 45

Yes, 8
Postoperative Interval (months) 12 1-60
Tumor Volume (cm?) 17.1 1.08-62.6
Peripheral Dose (Gy) 135 10.0-16.0
Central Dose (Gy) 29.4 22.0-33.3
Follow-up (months) 53 8-168
EQD2 (Gy) 44.8 26-60.8
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average total EQD2 for these patients was 60.3 Gy (range, 26—
200 Gy) (Table 1).

Follow-up and statistical analysis

All patients were recommended to undergo MRI and clinical
evaluations at 6-month intervals during the first year post-GKS,
and every 6-12 months thereafter. Tumor recurrence was
defined as an increase in the tumor size after GKS, or the
development of a new tumor, as seen on follow-up MRIL.
Tumor recurrences were categorized as local (enlargement of
the treated tumor), marginal (new tumor formation out of the
prescribed line, but within the resection cavity), and distant (new
tumor formation away from the resection cavity). In order to
account for the variability between scanners and images, tumor
shrinkage or growth was defined as a 25% decrease or increase in
volume, respectively. Univariate Cox and Kaplan-Meier survival
analysis were performed to analyze the relationship between the
tumor control time and the clinical characteristics.

Results

For the present study, the mean duration of follow-up was 53
months (range 6-115 months). Of the 53 patients included in this
study, follow-up MRI demonstrated that only 10 (19%) had good
tumor control which remained stable, while 43 (81%) had varying
degrees of tumor development, for an overall total tumor control
rate of 19%. Of the 43 patients who experienced tumor
development, 15 underwent repeat GKS, 1 underwent local
radiotherapy, 12 underwent repeat surgical resection, 15 received
only clinical observation or ceased follow-up, and 2 died from
repeated tumor recurrence. The pattern of recurrence was as
follows: local + marginal for 35 patients; distant for 3 patients;
and local + marginal + distant for 5 patients. The 1-, 2-, 3-, and 5-
year progression free survival (PFS) rates were 87, 71, 51% and
18%, respectively. Complex treatment strategies were adopted for
most patients through their last follow-up, undergoing surgical
resections as follows: 32 patients underwent a single surgical
resection; 14 underwent 2 surgical resections; 5 underwent 3
surgical resections; 1 underwent 4 surgical resections; and 1
underwent 8 surgical resections. The patients underwent
radiotherapy treatments as follows: 25 underwent a single
radiotherapy treatment; 15 underwent 2 radiotherapy
treatments; 7 underwent 3 radiotherapy treatments; 4 underwent
4 radiotherapy treatments; 1 underwent 5 radiotherapy treatments;
and 1 underwent 6 radiotherapy treatments.

To evaluate the prognostic value of various factors in
patients with chordomas who underwent GKS, the univariate
Cox regression analysis was performed. The results of this
analysis showed that several factors, including sex, age,
surgical history, postoperative interval, number of shots,
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TABLE 2 Univariate analysis

HR 95.0% CI P-value
Sex 1.87 0.96-3.65 0.07
Age 1.00 0.98-1.03 0.77
Surgical History 1.17 0.94-1.45 0.15
Postoperative Interval 0.99 0.96-1.02 0.54
Central Dose 0.95 0.85-1.05 0.29
Peripheral Dose 0.86 0.69-1.06 0.16
Tumor Volume 1.01 0.99-1.03 0.19
EQD2 0.97 0.94-1.00 0.11

central dose, peripheral dose, and tumor volume, were not
significantly associated with PES (P > 0.05) (Table 2).
Although there was no significant difference (P < 0.05)
between these factors and PFS, the trend was existing, as the
surgical history, peripheral dose, and tumor volume tended to
predict the prognosis. Similar results were also obtained by
Kaplan-Meier analysis (Figure 1), the results of which implied
that PFS might be related to the surgical history, peripheral dose,
and tumor volume in chordoma patients.

Discussion

Chordomas are often considered to be low-grade
malignancies; however, the tumor cells frequently show locally
aggressive growth, leading to a higher recurrence rate after the
initial neurosurgical resection. The standard treatment for clival
chordomas is complete or subtotal neurosurgical resection, while
radiotherapy treatments are necessary for the residual or
recurrent tumors after surgical management to improve local
tumor control (10). The results of retrospective studies from
multiple institutions have shown that GKS plays an important
role in the treatment of residual or recurrent chordomas.

The first clinical report of GKS for chordoma was published
in 1991 by Kondziolka from the University of Pittsburgh
Medical Center, which revealed the confirmed efficacy of GKS
with 20 Gy to the tumor margin for four patients. Subsequently
Muthukumar et al. (11) also from the Pittsburgh group reported
9 patients with chordoma treated with GKS in 1998. A
multicenter study investigated by Kano showed that the skull
base chordomas patients who underwent GKS had a 5-year local
control rate of 66% and a 5-year survival of 80%. The median
marginal doses of 12.7-20 Gy were used in these studies of GKS
for chordoma from Table 3. The clinical data from this table
showed that the 5-year local control rate of chordoma after
Gamma Knife treatment was 21.4%-76%, and the 5-year
survival was 67-100 (1, 7, 11-20) (Table 3). The tumor control

frontiersin.org


https://doi.org/10.3389/fonc.2022.1046238
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al. 10.3389/fonc.2022.1046238
A Survival Analysis for volume B Survival Analysis for dose
o | < |
- — Big-vol N=27 - —— High-dose N=27
—— Small-vol N=26 —— Low-dose N=26
© | P-value = 0.0863 @ | P-value = 0.1727
o (=]
193 [
L 2
E o | = o |
© [0
<o Q
<] <}
o a
® ®
=2« 2
2 o 2 o]
> >
9} 0]
o o
o o
_
o | o |
o o
T T T T T T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
PFS (months) PFS (months)
FIGURE 1
Kaplan-Meier analysis of tumor volume (A) and peripheral dose (B).

rates from these clinical investigations varied widely, which
demonstrated the radio-resistant characteristic of chordomas.
For the patients who underwent GKS at our center, the 3-
and 5-year local control rates were 51 and 18%, respectively. As
early as 2008, Liu et al. (21) had completed a retrospective study
of 31 patients with skull base chordoma who underwent
radiosurgery in our center. The results of that study showed
that the 3- and 5-year local control rates were 64.2 and 21.4%,

TABLE 3 Summary table of GKS studies for chordoma.

respectively. The mean follow-up time after the radiosurgery
treatment was 30.2 months (range, 6-102 months) (21). In the
present study, the mean follow-up was extended to 38.9 months
(range, 6-115 months); however, there was no significant
improvement in the tumor control rate between the two
clinical investigations performed at our center. It is believed
that the relatively low control effect may be related to the
relatively large postoperative residual tumor volume, the

Author No. Vol. Median Prescription 5-years Local 5-years Survival Follow-Up
(cm3) Dose (Gy) Control (%) (%) (months)

Muthukumar 1998 9 NA 18 66 NA 48

et al.

Krishnan et al. 2005 25 144 15 32 90 58

Hasegawa et al. 2007 27 19.7 14 76 80 59

Martin et al. 2007 18 9.8 16 63 63 NA

Liu et al. 2008 31 114 12.7 214 75.8 30.2

Dassoulas et al. 2009 15 5.8 15.3 50 NA 88

Tto et al. 2000 19 33 17.8 479 100 87

Koga et al. 2010 14 NA 15 43 NA 65

Kano et al. 2011 71 7.1 15 66 80.2 60

Mori et al. 2014 7 5.1 16.9 67 100 NA

Kim et al. 2014 5 10.7 20 35 73 53

Hafez et al. 2019 12 7 14.7 25 NA 45

Cahill et al. 2021 15 10 20 67 67 84
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identification of the target area, and the relatively low peripheral
radiation dose. From our experience, the ideal approach to
improve tumor control of chordomas post-GKS depended on
three aspects: how to appropriately increase the prescribed
radiation dose for each tumor; how to strengthen the multi-
disciplinary treatment (MDT) for each patient; and how to
determine the real biological margins of each tumor.

Although the differences were not significant, the patient’s
surgical history, tumor volume, and peripheral dose had some
correlation with the tumor control effect. Perfect total surgical
resection and an appropriate increase in the peripheral radiation
dose may improve the post-GSK tumor control in patients with
chordoma. Several studies have reported that there was a correlation
between the local control rate and the radiation dose, such as Koga
et al. (18), who reported a significant difference between patients
treated with GKS at different doses (18 vs. 12 Gy). The median
marginal dose used in the study of Cahill et al. (1) was 20 Gy which
is higher than many other studies, the tumor control rates at 5 and
10 years in the chordoma group were 67% and 49%, and the 5- and
10-year overall survival rates were 67% and 53% respectively. In the
clinical practice, 20 Gy of prescription margin dose per fraction was
difficult to be administered because of the adjacent critical structure.
A prescription marginal dose of at least 16 Gy per fraction should be
recommended to improve tumor control effect. Multi-procedure
radiosurgery, including multi-stage radiosurgery and fractionated
radiosurgery, could be performed to achieve the boost of
irradiation dose.

To improve tumor control rates in patients with chordoma,
it is necessary to introduce the concept of MDT to the diagnosis
and treatment process. Neurosurgeons need to remove as much
of the tumors as possible, on the premise of preserving nerve
function and reducing the residual tumor volume. Radiologists
and radiosurgeons should detect any residual tumor or tumor
recurrence and perform a radiosurgical treatment as soon as
possible. They also should pay attention to the location of the
target area and appropriately increase the radiation dose, as
necessary. We have recommended that the ideal window of
opportunity for radiotherapy intervention when treating
residual chordomas is approximately 3 months after the initial
surgical resection.

The precise definition of the tumor target volume is crucial to
the radiosurgery process, and for this it is necessary to determine
which imaging techniques should be utilized for the identification
of the real target area. The CT, MRI and PET characteristic
features of chordomas have been revealed. CT displays osteolysis
and a soft tissue component in almost all cases and frequently
contain mineralized matrix or sequestered bone. The T1 sequence
of MRI displays isointense signal with heterogeneous contrast
enhancement. The T2 sequence displays a high signal intensity
with heterogeneous hypointensity associated with mucous,
hemorrhage, and calcification. Small foci of internal increased
T1 and predominant T2 hyperintensity may also appear on MRIs
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of chordomas (22). PET generally displays heterogeneous '*F-
FDG activity with moderate but variable avidity. From our
experience, the T2 sequence is of equal importance to the T1
contrast sequence in the MRI localization of the chordoma to
outline the real tumor margin for GKS. Recent studies have
demonstrated the uptake of multiple positron-emission
tomography (PET) tracers in chordomas, which may have an
important role in the diagnosis, follow-up, and personalized
treatment of chordomas (23). We consider that multi-modality
imaging localization fused with MRI, CT, and PET/MR or PET/
CT will be utilized in the future for the identification of chordoma
tumor margins to achieve higher local tumor control rate.

Additionally, the results of some recent studies have shown
that certain adjuvant treatments also play an important role in
improving disease control rates in patients with chordomas. A
study published in 2021 by DeMaria et al. (2) showed that a
novel yeast-brachyury vaccine could be used to treat patients
with unresectable chordoma. The results, however, showed
that this vaccine did not significantly improve the efficacy of
radiotherapy in patients with chordoma (2). Another study,
published in 2018 by Gregory et al. described the use of
nilotinib, a kind of platelet-derived growth factor receptor
(PDGFR) inhibitor, in addition to radiation in the treatment
of high-risk chordomas. The results of their study showed that
the median PFS was 58.15 months, with a 2-year overall
survival rate was 95% (24). Studies such as these provide a
research direction for the utilization of MDT in the treatment
of chordomas.

This research was a retrospective study and the limitation of
our study was that the number of cases was relatively small. The
reason was related to the rare incidence of this disease. The
univariate Cox analysis had no statistical significance might be
related with the small sample size. In the future, we will further
expand the sample size through multi-center cooperation.

Conclusions

GKS provides a safe and relatively effective management for
residual or recurrent chordomas after the initial surgical
resection. To achieve higher local tumor control of GKS for
chordomas, three approaches can be recommended: Multi-
procedure radiosurgery to increase the prescription margin
dose, MDT management for the patients with chordomas, and
Multi-modality imaging fusion to obtain the accurate
identification of the tumor margins.
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