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Abstract

Introduction Chordoma is a rare slow-growing tumor that occurs along the length of the spinal axis and arises from primi-
tive notochordal remnants (Stepanek et al., Am J Med Genet 75:335-336, 1998). Most chordomas are sporadic, but a small
percentage of cases are due to hereditary cancer syndromes (HCS) such as tuberous sclerosis 1 and 2 (TSC1/2), or consti-
tutional variants in the gene encoding brachyury T (TBXT) (Pillay et al., Nat Genet 44:1185-1187, 2012; Yang et al., Nat
Genet 41:1176-1178, 2009).

Purpose The genetic susceptibility of these tumors is not well understood; there are only a small number of studies that have
performed germline genetic testing in this population.

Methods We performed germline genetic in chordoma patients using genomic DNA extracted by blood or saliva.
Conclusion We report here a chordoma cohort of 24 families with newly found germline genetic mutations in cancer predis-
posing genes. We discuss implications for genetic counseling, clinical management, and universal germline genetic testing

for cancer patients with solid tumors.

Keywords Chordoma - Germline - Genetic counseling - Hereditary - Predisposition

Introduction

Chordomas are rare, slow-growing tumors of skull base
and vertebra with an incidence of approximately 300 new
cases per year in the United States (McMaster et al. 2001;
Wedekind et al. 2021). Most chordomas are sporadic with a
few familial brachyury T (Bhadra and Casey 2006) and syn-
dromic (TSC1/TSC2) cases reported (Lee-Jones et al. 2004;
McMaster et al. 2011). Histologically, chordomas are clas-
sified into three subtypes—conventional (most common),
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de-differentiated (rare), and poorly differentiated (rare)
(Fletcher et al. 2013). They are most commonly found in
the sacrum/coccyx (50%), followed by skull base (35%), and
then mobile spine (15%) (Fletcher et al. 2013).

The molecular characterization of these tumors has been
well delineated; nearly all chordomas express T-brachyury
(Miettinen et al. 2015), approximately 80% of chordomas
have loss of CDKN2A, 16% have PI3K mutations, 17% have
SWI/SNF mutations (poorly differentiated and some de-dif-
ferentiated chordomas), and 10% have LYST mutations (Le
etal. 2011; Tarpey et al. 2017).

Previous reports examining the association of chordo-
mas with hereditary conditions or germline mutations have
focused on the relationship between TBXT variants and
familial chordoma and have identified an increased risk
associated with the presence of TBXT variants (Bhadra
and Casey 2006; Pillay et al. 2012; Yang et al. 2009).
More recent studies have performed germline sequencing
in chordoma patients and families to explore new associa-
tions with cancer predisposing genes. One such study per-
formed germline whole-exome sequencing in 19 familial
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chordoma patients and reported defects in PALB2 and
BRCA?2 in 17 patients, the PALB2 mutation co-segregated
with disease in one family (Xia et al. 2022). A second
study identified CHEK2 and ATM germline mutations in
one patient (Liang et al. 2018). Another study examined
germline DNA of 138 chordoma patients of European
ancestry and 80 skull-base chordoma patients of Chinese
ancestry with close to 23% of cases of both ancestries
harboring rare germline variants in relevant signaling
pathways such as notochord, mesoderm development,
and PI3K/Akt/mTOR (Yepes et al. 2021). Whole exome
and genome sequencing was performed in 11 patients
with advanced chordomas and found germline mutations
in NBN, BRCA2, and CHEK?2 (Groschel et al. 2019). More
recently, a case report was published of a chordoma patient
whose tumor was positive for mutations in the MSH6 and
MLH]I with subsequent germline testing confirming the
presence of the MLHI defect with an ultimate diagnosis
of Lynch syndrome (Shinojima et al. 2023).

We describe the germline findings of a cohort of 24
patients with chordoma who underwent genetic testing as
part of participation in the My Pediatric and Adult Rare
Tumor (MyPART) network (https://www.cancer.gov/pedia
tric-adult-rare-tumor/) Natural History and Biospecimen
Acquisition Study for Children and Adults with Rare Solid
Tumors (NHRST) (NCT03739827) at the National Cancer
Institute (NCI), Center for Cancer Research (CCR) in
response to NCI Cancer Moonshot™ (Singer et al. 2016).
MyPART is a team of clinicians and researchers partnering
with advocates, patients, and their families to accelerate
rare solid tumor research, focusing on patient experience
over time.

Methods
Patients

All patients were referred by physicians, self-referred,
or referred by the Chordoma Foundation (CF).
Information about the clinic was available on the NCI
Pediatric Oncology Branch and the CF websites. Written
informed consent was obtained from all participants or
their legal guardians. The NHRST was approved by the
NIH Institutional Review Board. Tumor diagnosis was
confirmed by pathology review at NCI’s Laboratory of
Pathology including immunohistochemical analysis and/or
molecular profiling. Imaging studies and standard clinical
assessment were performed as part of general participation
in the Rare Solid Tumor protocol and the NIH Chordoma
Clinics—NCT03739827 (Wedekind et al. 2021).
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Family history

Construction of pedigrees, family data/pedigree information
storage, and manipulation were performed using the genetic
data management system, Progeny Clinical — Version N
from Progeny Genetics (Copyright 2019. Reprinted with
permission of Progeny Genetics LLC, Delray Beach, FL,
http://www.progenygenetics.com/). By this method, the
incidence of primary tumors in 1st, 2nd, and 3rd relatives
for each proband was calculated.

Genetic testing

Germline genetic testing for all participants was performed
using genomic DNA extracted from blood or saliva
samples. Clinical-grade germline whole-exome sequencing
(WES) was performed by GeneDx (GeneDx, Inc) or by the
Laboratory of Pathology, National Cancer Institute, National
Institutes of Health. Clinical cancer panel gene testing
was performed by INVITAE using an 84-gene screening
platform on the Invitae Multicancer panel (INVITAE
Corporation) which included all cancer-predisposing genes
identified by the American College of Medical Genetics and
Genomics (ACMG) guidelines. Germline variants tested at
the Laboratory of Pathology were from 154 genes with the
secondary findings in clinical tumor/normal paired WES.
All testing methodologies used next-generation sequencing
(NGS) technology; mean depth coverage ranged from 70 to
350X across all genes. The 84 cancer predisposing genes
were included in all three methods with equal coverage.

Results

A total of 24 participants previously diagnosed with
chordoma underwent germline genetic testing as described
below. There were 18 females and 6 males, ranging in age
from 1 to 86 years, with a median age of 16 and mean
age of 21 years at enrollment. Twenty participants had
conventional chordoma, three poorly differentiated, and one
de-differentiated chordoma. Seventeen of the tumors were
clival; one located in the extra-axial lumbar spinal canal,
three were sacral, one was cranio-cervical, and two were
C-Spine.

Table 1 summarizes the results of the germline findings
in all 24 participants and their tumor characteristics. A total
of 9 out the 24 were positive for heterozygous pathogenic
variants identified by either WES or multicancer panel.
The patients with positive findings were equally distributed
among the three testing methodologies (4 had T/N WES,
5 clinical panel); there were no positive finding in any of
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Table 1 Clinical characteristics

. . ID Gender Age at
and germline variants of

Primary chordoma location Sub-type Germline pathogenic variant

or ' diagnosis

participants with chordoma
1 F 32 C/T-Spine CC None
2 F 16 Clivus CC CHEK? c.1229delC/p.T410fs*
3 M 10 Extra-axial/lumbar CC BRCA2 c.4478_4481delAAAG/p.E1493fs*
4 F 5 Clivus/C-Spine CC RET ¢.2410G > A p.Val804Met
5 F 34 Clivus CC CHEK?2 ¢.1100del/p.Thr367Metfs*
6 F 29 Clivus CC None
7 F 5 Clivus CC None
8 F 19 Clivus PD None
9 F 5 Clivus PD None
10 F Clivus PD None
11 M 25 Clivus CC None
12 F 57 Sacrum CC CHEK?2 c.470 T> C/p.1le157Thr
13 M 14 Clivus CC None
14 F 15 Clivus CC FANCA c.2852G > A/p.Arg951GIn
15 F 24 Clivus CC None
16 F 14 Sacrum CC None
17 F 14 Clivus CC None
18 M 12 Clivus DD RADS51C ¢.706-2A > G/splice site
19 F 31 Clivus CC FH c.1431_1433dupAAA/p.K477dup
20 M 14 Clivus CC None
21 M 25 C-Spine CC None
22 F 24 Cranio-cervical CC None
23 F 14 Clivus CC none
24 F 46 Sacral CC BAPI c.1975A > T;p.K659Ter

C/T Spine cervical-thoracic spine; C-Spine cervical spine, CC conventional; PD poorly differentiated; DD

de-differentiated

the 70 additional genes covered by WES. Three CHEK?2
pathogenic variants (c.1229delC/p.T410fs*;c.1100del/
p-Thr367Metfs*; c.470 T > C/p.lle157Thr) were identified.
All three participants were female (16, 34, and 57 years old)
and had conventional chordomas, with two tumors in the cli-
vus and one in the sacrum. One of the patients (57-year-old)
was previously diagnosed with NF2 but had no knowledge
of her CHEK? status. Her family history was not positive
for CHEK?2-related tumors. The second patient (16-year-
old) had a negative family history and no other tumors. The
father of the third patient (34-year-old) was diagnosed with
late onset colon cancer.

A 5-year-old female with a conventional clival chordoma
was positive for a germline pathogenic RET variant
(c.2410G > A p.Val804Met) and a variant of uncertain
significance (VUS) in the SDHA gene (c.889C>T
p.Pro297Ser). Family history was negative for any RET-
or SDHA-related conditions, both variants were paternally
inherited with father (52-year-old) being unaffected.

A 10-year-old male with a conventional lumbar spinal
chordoma was found to harbor a pathogenic variant in the

BRCA2 gene (c.4478_4481delAAAG/p.E1493fs*); his fam-
ily history was non-contributory.

A 15-year-old female with a clival conventional chor-
doma tested positive for a heterozygous pathogenic muta-
tion in the FANCA gene (c.2852G > A/p.Arg951Gln); her
family history was significant for a maternal aunt with early
onset breast cancer with negative BRCAI/2, and maternal
grandmother with pancreatic cancer.

A 31-year-old female patient with a clival conventional
chordoma was found to have a mutation in the FH gene
(c.1431_1433dupAAA/p.K477dup). Her mother had late
onset colon cancer, and two paternal uncles had melanoma
in situ.

A 12-year-old male with a clival de-differentiated
chordoma presented with a RADS51C pathogenic defect
(c.706-2A > G/splice site). This variant was paternally
inherited, and his father was unaffected with non-
contributory family history.

The last patient to have a significant pathogenic finding
was a 46-year-old female with a sacral conventional chor-
doma and a BAPI deleterious mutation (c.1975A > T;p.
K659Ter). Her family history was significant for her sister
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Table 2 Site-specific family history of cancer by degree of relative

ID 1st Degree (paternal) 2nd Degree

3rd Degree (paternal) 1st Degree

2nd Degree (maternal) 3rd Degree (maternal)

(paternal) (maternal)
1
2 Melanoma (1)
3 Lymphoma (1)
Leukemia (1)
4 Colon (1) Breast (1) Throat (1)
5 Colon (1)
6 Colon (1)
7 Liver (1) Breast (1) Melanoma (1)
8 Unknown Type (2)
9 BCC(1) Prostate (1) Prostate (1)
Leukemia (1)
Liver (1)
10 Breast (1) Stomach (1)
11 Colon (1)
12 Thyroid (1) Unknown Type (1) Lymphoma (1)
Lung (2)
13 Lung (1) Lung (1) Brain Unknown (1)
14 Breast (1) Breast (1)
Bladder (1) Pancreas (1)
Skin Unknown (1)
15 Breast (2) Breast (1) Lung (1)
16 Uterine (1) Liver (1)
Colon (1)
17
18 Lung (1) Unknown Type (1)
19 Colon (1) Melanoma (2) Multiple Myeloma (1)
20
21
22 SCC Skin (1) SCC Skin (1) SCC skin (1)
Oligodendroglioma
H
23 Melanoma (1) Lymphoma (1)
Breast (1)
24 RCC (1)

SCC squamous cell carcinoma; BCC basal cell carcinoma; RCC renal cell carcinoma. Parentheses depict number of relatives affected by the

specified cancer site

who was diagnosed at 41 years of age with renal cell carci-
noma (RCC).

Table 2 summarizes the number of relatives with specific
cancer per proband; the family history in all patients was
non-contributory including the two patients with paternally
inherited germline pathogenic variants (RET and RAD51C).

Discussion

The genetic somatic landscape of chordoma has been well
described (Fletcher et al. 2013; Le et al. 2011; Miettinen
et al. 2015; Tarpey et al. 2017) but the germline drivers
underlying its variability of expression and incomplete
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penetrance are not fully understood. Here, we report 9 out of
24 patients with non-contributory family history, harboring
germline heterozygous deleterious mutation in well-known
cancer predisposing genes (CHEK2, RAD51C, BRCA2,
FANCA, RET, FH, and BAPI). Interestingly, five of these
genes (BAPI1, FANCA, CHEK2, RADS51C and BRCA2) are
part of the BRCA DNA repair pathway (McReynolds et al.
2022). These findings are consistent with previous studies
of chordoma patients that have reported germline defects in
cancer predisposing genes (PALB2, CHEK2, ATM, NBN,
BRCA2 and MLH) (Groschel et al. 2019; Liang et al. 2018;
Xia et al. 2022; Yepes et al. 2021), and support their hypoth-
esis that genes involved in DNA repair pathways affecting
homologous recombination (HR) may increase susceptibility
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to chordomas (Groschel et al. 2019; Shinojima et al. 2023;
Xia et al. 2022). RET and FH, also identified in our cohort,
are not directly involved in this pathway. To our knowledge,
these two genes have not been associated with increased
susceptibility to chordomas.

The family histories (Table 2) in all germline-positive
patients were negative for significant findings suggestive
of a hereditary cancer syndrome or familial chordoma.
This finding is consistent with previous studies that have
demonstrated that the vast majority of chordomas are
sporadic (Tarpey et al. 2017). All patients except for the
RADS5IC and FH heterozygotes, were referred to the NIH
without prior knowledge of their germline status and
had been followed according to the chordoma screening
protocol, as recommended in the published guidelines by
the Chordoma Global Consensus Group in 2017 (Stacchiotti
et al. 2017). Follow-up surveillance for all cases was adapted
post-test according to each defect we identified. The medical
history for all 24 patients in this chordoma cohort was
otherwise unremarkable.

CHEK?2 mutations were identified in three patients;
mutations in this gene are associated with increased risk
in breast, colon, and prostate cancer (Hale et al. 2014;
Leedom et al. 2016; Shaag et al. 2005; Wang et al. 2015).
Risk estimates vary depending on the mutation. One of our
patients had the ¢.470 T > C associated with a lower risk
of breast cancer than another patient with the c.1100del
(Leedom et al. 2016; NCCN Guidelines® 2022a, b). Two
other studies have reported CHEK?2 mutations associated
with chordomas (Groschel et al. 2019; Liang et al. 2018);
additional studies are needed to determine causality. Our
study is also one of the few to report BRCA2 mutations in
association with chordoma (Groschel et al. 2019; Xia et al.
2022). Our patient was a 10-year-old male with conventional
chordoma and no significant family history of cancer
(Table 2, #10). The remaining gene defects in the other five
patients are first reported here as germline defects identified
in chordoma. All five genes (BAPI, FANCA, RET, FH, and
RAD51C) are well-known cancer predisposing genes with
incomplete penetrance and variability of expression. All but
FANCA are penetrant in heterozygotes and their associated
conditions are inherited in an autosomal dominant manner.

The FANCA gene is involved in an autosomal recessive
bone marrow syndrome which causes cancer predisposition
in homozygote patients. However, the current data on
increased susceptibility to cancer in FANCA heterozygote
carriers is conflicting and not supportive of a strong effect
(McReynolds et al. 2022). More studies are needed to
establish risk of cancer for FANCA heterozygote carriers.

Pathogenic variants in the RET proto-oncogene cause
multiple endocrine neoplasia type 2 (MEN2) and familial
medullary thyroid cancer (FMTC); penetrance and clinical
presentation varies according to the type and location of the

variants. Our patient inherited the c.2410G > A p.Val804Met
variant from her father who was unaffected. This variant
has been described in numerous patients with MEN2 and
MTC and is classified as moderate (Eng and Plitt 1999).
The clinical manifestations of RET variants located in
codon 804 are variable even within families (Eng and Plitt
1999), but chordomas have never been reported as part of
the phenotype.

Heterozygous mutations in the fumarate hydratase (FH)
cause FH tumor predisposition syndrome, an autosomal
dominant condition with increased risk for uterine and
cutaneous leiomyomata, renal tumors, and a lower risk
of pheochromocytomas and paragangliomas (Kamihara
et al. 1993). Homozygosity causes fumarase deficiency,
an autosomal recessive condition characterized by failure
to thrive, neonatal distress, developmental delay, brain
abnormalities, and progressive encephalopathy (Bourgeron
et al. 1994). Our patient did not have any symptoms
suggestive of FH tumor predisposition syndrome, and her
family history was negative for chordoma and FH-related
complications.

RADS5IC is also involved in DNA repair by initiating
HR when DNA damage occurs (Boni et al. 2022) with
pathogenic variants conferring higher risk of breast and
ovarian cancer (Yang et al. 2020). Our patient’s family
history was not significant for familial chordoma, breast, or
ovarian cancer.

BAP] is a tumor suppressor gene that contains binding
domain for BRCAI and BARDI (Han et al. 2021); germline
mutations predispose patients to a variety of cancers
including uveal and cutaneous melanoma, mesothelioma,
lung adenocarcinoma, meningioma, and renal cell
carcinoma (Carbone et al. 2015, 2020). A few patients
with missense mutations in BAPI have been reported with
a neurodevelopmental disorder with variable expression
(Kury-Isidor syndrome; KURIS) (Kiiry et al. 2022)
characterized by mild global developmental delay. The
patient’s sister suffered from renal cell carcinoma, but no
genetic testing was performed; family history was negative
for developmental delay.

The genetic etiology of chordoma has not been fully
characterized and little is known about factors that increase
susceptibility to these tumors. Our study represents an
addition to the small pool of published reports of germline
testing in chordoma patients that have identified deleterious
mutations in cancer predisposing genes (Groschel et al.
2019; Liang et al. 2018; Shinojima et al. 2023; Xia et al.
2022; Yepes et al. 2021).

The patients described here did not meet criteria for
clinical genetic testing; they underwent germline genetic
testing as part of a research protocol. Thus, identification
of these cancer predisposing variants would have been
missed in a clinical setting. Current criteria for germline
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testing of solid tumor cancer patients are mostly based
on positive family history (Esplin et al. 2022; Perkins
et al. 2021). However, in recent years, several studies
have demonstrated that universal germline genetic testing
in unselected cancer patients with solid tumors yields a
significant percentage (3.9-56.2%) of positive pathogenic
mutations in cancer predisposing genes (Esplin et al. 2022;
Jones et al. 2023; Perkins et al. 2021; Samadder et al.
2021; Uson Junior et al. 2022; Uson et al. 2021, 2022). In
comparison, our testing on chordoma patients identified
pathogenic mutations in 38% of patients, which is within
the reported range on other solid tumors. Our findings
highlight the potential benefits of universal germline
genetic testing in cancer patients with solid tumors.

All chordoma patients in our study received genetic
counseling regarding their results, and all 1st degree
relatives were offered genetic testing. Preventive measures
for these patients would have not been implemented had
they not participated in our study. Though it is still too
early to establish an association between chordoma and
these genetic defects, it is undeniable that the universal
germline testing was informative to the patients and their
families.

Conclusions

This study represents another essential contribution to the
data supporting the role of these cancer genes in increased
susceptibility to chordomas and supports the evidence that
universal germline genetic testing for solid tumor cancer
patients is beneficial and informative. We examined a
cohort of 24 patients with chordoma and found germline
mutations in well-known cancer predisposing genes in
38%. The patients all had non-contributory family history
and did not meet the criteria for clinical genetic testing.
Our findings proved to be significant to the clinical
management of this cohort, suggesting potential benefits in
the implementation of universal germline testing for solid
tumor cancer patients. With future expansion of genetic
testing, we aim to better understand the genetic etiology
of chordoma and other solid tumors.

Author contributions All authors reviewed the manuscript

Funding Open access funding provided by the National Institutes of
Health. This project has been funded in whole or in part by the National
Institute of Health (NIH), National Cancer Institute (NCI), Center for
Cancer Research (CCR) Intramural Research Program, the Cancer
Moonshot (ZIA BC0118542) funding to My Pediatric and Adult Rare
Tumor Network (MyPART).

@ Springer

Data availability Data are available through controlled access at
dbGAP (RRID:SCR_002709) accession phs003143.v1.p1 (http://www.
ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs003143.
vl.pl).

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Bhadra AK, Casey ATH (2006) Familial chordoma. A report of two
cases. ] Bone Joint Surg 88(5):634-636. https://doi.org/10.1302/
0301-620X.88B5.17299

Boni J, Idani A, Roca C, Feliubadal6 L, Tomiak E, Weber E, Foulkes
WD, Orthwein A, El Haffaf Z, Lazaro C, Rivera B (2022) A dec-
ade of RAD51C and RADS51D germline variants in cancer. Hum
Mutat 43(3):285-298. https://doi.org/10.1002/humu.24319

Bourgeron T, Chretien D, Poggi-Bach J, Doonan S, Rabier D, Letouzé
P, Munnich A, Rétig A, Landrieu P, Rustin P (1994) Mutation of
the fumarase gene in two siblings with progressive encephalopa-
thy and fumarase deficiency. J Clin Investig 93(6):2514-2518.
https://doi.org/10.1172/JCI117261

Carbone M, Flores EG, Emi M, Johnson TA, Tsunoda T, Behner D,
Hoffman H, Hesdorffer M, Nasu M, Napolitano A, Powers A,
Minaai M, Baumann F, Bryant-Greenwood P, Lauk O, Kirsch-
ner MB, Weder W, Opitz I, Pass HI, Yang H (2015) Combined
Genetic and genealogic studies uncover a large BAP1 cancer
syndrome kindred tracing back nine generations to a common
ancestor from the 1700s. PLoS Genet 11(12):e1005633. https:/
doi.org/10.1371/journal.pgen.1005633

Carbone M, Harbour JW, Brugarolas J, Bononi A, Pagano I, Dey A,
Krausz T, Pass HI, Yang H, Gaudino G (2020) Biological mech-
anisms and clinical significance of BAP1 mutations in human
cancer. Cancer Discov 10(8):1103-1120. https://doi.org/10.1158/
2159-8290.CD-19-1220

Eng C, & Plitt G (1999) Multiple endocrine neoplasia type 2. In: Adam
MP, Mirzaa GM, Pagon RA, Wallace SE, Bean LJ, Gripp KW, &
Amemiya A (Eds.), GeneReviews®. University of Washington,
Seattle. http://www.ncbi.nlm.nih.gov/books/NBK 1257/

Esplin ED, Nielsen SM, Bristow SL, Garber JE, Hampel H, Rana HQ,
Samadder NJ, Shore ND, Nussbaum RL (2022) Universal ger-
mline genetic testing for hereditary cancer syndromes in patients
with solid tumor cancer. JCO Precis Oncol 6:¢2100516. https://
doi.org/10.1200/P0O.21.00516

Fletcher C, Bridge J, PCW H, & F M (2013). WHO classification of
tumours of soft tissue and bone. https://publications.iarc.fr/Book-
And-Report-Series/Who-Classification-Of-Tumours/WHO-Class
ification-Of-Tumours-Of-Soft-Tissue-And-Bone-2013


http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs003143.v1.p1
http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs003143.v1.p1
http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs003143.v1.p1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1302/0301-620X.88B5.17299
https://doi.org/10.1302/0301-620X.88B5.17299
https://doi.org/10.1002/humu.24319
https://doi.org/10.1172/JCI117261
https://doi.org/10.1371/journal.pgen.1005633
https://doi.org/10.1371/journal.pgen.1005633
https://doi.org/10.1158/2159-8290.CD-19-1220
https://doi.org/10.1158/2159-8290.CD-19-1220
http://www.ncbi.nlm.nih.gov/books/NBK1257/
https://doi.org/10.1200/PO.21.00516
https://doi.org/10.1200/PO.21.00516
https://publications.iarc.fr/Book-And-Report-Series/Who-Classification-Of-Tumours/WHO-Classification-Of-Tumours-Of-Soft-Tissue-And-Bone-2013
https://publications.iarc.fr/Book-And-Report-Series/Who-Classification-Of-Tumours/WHO-Classification-Of-Tumours-Of-Soft-Tissue-And-Bone-2013
https://publications.iarc.fr/Book-And-Report-Series/Who-Classification-Of-Tumours/WHO-Classification-Of-Tumours-Of-Soft-Tissue-And-Bone-2013

Journal of Cancer Research and Clinical Oncology (2024) 150:227

Page70of8 227

Groschel S, Hiibschmann D, Raimondi F, Horak P, Warsow G, Frohlich
M, Klink B, Gieldon L, Hutter B, Kleinheinz K, Bonekamp D,
Marschal O, Chudasama P, Mika J, Groth M, Uhrig S, Kriamer
S, Heining C, Heilig CE, Frohling S (2019) Defective homolo-
gous recombination DNA repair as therapeutic target in advanced
chordoma. Nat Commun 10(1):1635. https://doi.org/10.1038/
$41467-019-09633-9

Hale V, Weischer M, Park JY (2014) CHEK2 (x) 1100delC mutation
and risk of prostate cancer. Prostate Cancer 2014:294575. https://
doi.org/10.1155/2014/294575

Han A, Purwin TJ, Aplin AE (2021) Roles of the BAP1 tumor suppres-
sor in cell metabolism. Can Res 81(11):2807-2814. https://doi.
org/10.1158/0008-5472.CAN-20-3430

Jones JC, Golafshar MA, Coston TW, Rao R, Wysokinska E, John-
son E, Esplin ED, Nussbaum RL, Heald B, Klint M, Barrus K,
Uson PL, Nguyen CC, Colon-Otero G, Bekaii-Saab TS, Dronca
R, Kunze KL, Samadder NJ (2023) Universal genetic testing vs.
Guideline-directed testing for hereditary cancer syndromes among
traditionally underrepresented patients in a community oncology
program. Cureus 15(4):e37428. https://doi.org/10.7759/cureus.
37428

Kamihara J, Schultz KA, & Rana HQ (1993) FH tumor predisposi-
tion syndrome. In: Adam MP, Mirzaa GM, Pagon RA, Wallace
SE, Bean LJ, Gripp KW, & Amemiya A (Eds.), GeneReviews®
University of Washington, Seattle. http://www.ncbi.nlm.nih.gov/
books/NBK 1252/

Kiiry S, Ebstein F, Mollé A, Besnard T, Lee M-K, Vignard V, Hery T,
Nizon M, Mancini GMS, Giltay JC, Cogné B, McWalter K, Deb
W, Mor-Shaked H, Li H, Schnur RE, Wentzensen IM, Denommé-
Pichon A-S, Fourgeux C, Isidor B (2022) Rare germline heterozy-
gous missense variants in BRCA1-associated protein 1, BAPI,
cause a syndromic neurodevelopmental disorder. Am J Hum
Genet 109(2):361-372. https://doi.org/10.1016/j.ajhg.2021.12.011

Le LP, Nielsen GP, Rosenberg AE, Thomas D, Batten JM, Deshpande
V, Schwab J, Duan Z, Xavier RJ, Hornicek FJ, Iafrate AJ (2011)
Recurrent chromosomal copy number alterations in sporadic chor-
domas. PLoS ONE 6(5):e18846. https://doi.org/10.1371/journal.
pone.0018846

Leedom TP, LaDuca H, McFarland R, Li S, Dolinsky JS, Chao EC
(2016) Breast cancer risk is similar for CHEK?2 founder and non-
founder mutation carriers. Cancer Genet 209(9):403—407. https://
doi.org/10.1016/j.cancergen.2016.08.005

Lee-Jones L, Aligianis I, Davies PA, Puga A, Farndon PA, Stemmer-
Rachamimov A, Ramesh V, Sampson JR (2004) Sacrococcygeal
chordomas in patients with tuberous sclerosis complex show
somatic loss of TSC1 or TSC2. Genes Chromosom Cancer
41(1):80-85. https://doi.org/10.1002/gcc.20052

Liang WS, Dardis C, Helland A, Sekar S, Adkins J, Cuyugan L,
Enriquez D, Byron S, Little AS (2018) Identification of thera-
peutic targets in chordoma through comprehensive genomic and
transcriptomic analyses. Cold Spring Harbor Mol Case Stud
4(6):a003418. https://doi.org/10.1101/mcs.a003418

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

McMaster ML, Goldstein AM, Parry DM (2011) Clinical features dis-
tinguish childhood chordoma associated with tuberous sclerosis
complex (TSC) from chordoma in the general paediatric popula-
tion. J Med Genet 48(7):444-449. https://doi.org/10.1136/jmg.
2010.085092

McReynolds LJ, Giri N, Leathwood L, Risch MO, Carr AG, Alter BP
(2022) Risk of cancer in heterozygous relatives of patients with
fanconi anemia. Genet Med: off ] Am Coll Med Genet 24(1):245—
250. https://doi.org/10.1016/j.gim.2021.08.013

Miettinen M, Wang Z, Lasota J, Heery C, Schlom J, Palena C (2015)
Nuclear brachyury expression is consistent in chordoma, common
in germ cell tumors and small cell carcinomas, and rare in other
carcinomas and sarcomas: an immunohistochemical study of 5229
cases. Am J Surg Pathol 39(10):1305-1312. https://doi.org/10.
1097/PAS.0000000000000462

NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®)
for genetic/familial high-risk assessment: Breast, Ovarian and
Pancreatic v.1.2023© National Comprehensive Cancer Network,
Inc. (2022a)

NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®)
for genetic/familial high-risk assessment: Colorectal v.1.2022 ©
National Comprehensive Cancer Network, Inc. (2022b)

Perkins AT, Haslem D, Goldsberry J, Shortt K, Sittig L, Raghunath
S, Giauque C, Snow S, Fulde G, Moulton B, Jones D, Nadauld L
(2021) Universal germline testing of unselected cancer patients
detects pathogenic variants missed by standard guidelines without
increasing healthcare costs. Cancers 13(22):5612. https://doi.org/
10.3390/cancers13225612

Pillay N, Plagnol V, Tarpey PS, Lobo SB, Presneau N, Szuhai K, Halai
D, Berisha F, Cannon SR, Mead S, Kasperaviciute D, Palmen J,
Talmud PJ, Kindblom L-G, Amary MF, Tirabosco R, Flanagan
AM (2012) A common single-nucleotide variant in T is strongly
associated with chordoma. Nat Genet 44(11):1185-1187. https://
doi.org/10.1038/ng.2419

Samadder NJ, Riegert-Johnson D, Boardman L, Rhodes D, Wick M,
Okuno S, Kunze KL, Golafshar M, Uson PLS, Mountjoy L, Ertz-
Archambault N, Patel N, Rodriguez EA, Lizaola-Mayo B, Lehrer
M, Thorpe CS, Yu NY, Esplin ED, Nussbaum RL, Stewart AK
(2021) Comparison of universal genetic testing vs guideline-
directed targeted testing for patients with hereditary cancer syn-
drome. JAMA Oncol 7(2):230-237. https://doi.org/10.1001/jamao
ncol.2020.6252

Shaag A, Walsh T, Renbaum P, Kirchhoff T, Nafa K, Shiovitz S, Man-
dell JB, Welcsh P, Lee MK, Ellis N, Offit K, Levy-Lahad E, King
M-C (2005) Functional and genomic approaches reveal an ancient
CHEK?2 allele associated with breast cancer in the Ashkenazi Jew-
ish population. Hum Mol Genet 14(4):555-563. https://doi.org/
10.1093/hmg/ddi052

Shinojima N, Ozono K, Yamamoto H, Abe S, Sasaki R, Tomita Y,
Kai A, Mori R, Yamamoto T, Uekawa K, Matsui H, Nosaka K,
Matsuzaki H, Komohara Y, Mikami Y, Mukasa A (2023) Lynch
syndrome-associated chordoma with high tumor mutational bur-
den and significant response to immune checkpoint inhibitors.
Brain Tumor Pathol 40(3):185-190. https://doi.org/10.1007/
$10014-023-00461-w

Singer DS, Jacks T, Jaffee E (2016) A U.S. “Cancer Moon-
shot” to accelerate cancer research. Science (new York NY)
353(6304):1105-1106. https://doi.org/10.1126/science.aai7862

Stacchiotti S, Gronchi A, Fossati P, Akiyama T, Alapetite C, Baumann
M, Blay JY, Bolle S, Boriani S, Bruzzi P, Capanna R, Caraceni
A, Casadei R, Colia V, Debus J, Delaney T, Desai A, Dileo P,
Dijkstra S, Sommer J (2017) Best practices for the management of
local-regional recurrent chordoma: a position paper by the chor-
doma global consensus group. Ann Oncol: off ] Euro Soc Med
Oncol 28(6):1230-1242. https://doi.org/10.1093/annonc/mdx054

Stepanek J, Cataldo SA, Ebersold MJ, Lindor NM, Jenkins RB, Unni
K, Weinshenker BG, Rubenstein RL (1998) Familial chordoma
with probable autosomal dominant inheritance. Am J Med Genet
75(3):335-336. https://doi.org/10.1002/(sici)1096-8628(19980
123)75:3%3c335::aid-ajmg23%3e3.0.co;2-p

Tarpey PS, Behjati S, Young MD, Martincorena I, Alexandrov LB,
Farndon SJ, Guzzo C, Hardy C, Latimer C, Butler AP, Teague JW,
Shlien A, Futreal PA, Shah S, Bashashati A, Jamshidi F, Nielsen
TO, Huntsman D, Baumhoer D, Campbell PJ (2017) The driver

@ Springer


https://doi.org/10.1038/s41467-019-09633-9
https://doi.org/10.1038/s41467-019-09633-9
https://doi.org/10.1155/2014/294575
https://doi.org/10.1155/2014/294575
https://doi.org/10.1158/0008-5472.CAN-20-3430
https://doi.org/10.1158/0008-5472.CAN-20-3430
https://doi.org/10.7759/cureus.37428
https://doi.org/10.7759/cureus.37428
http://www.ncbi.nlm.nih.gov/books/NBK1252/
http://www.ncbi.nlm.nih.gov/books/NBK1252/
https://doi.org/10.1016/j.ajhg.2021.12.011
https://doi.org/10.1371/journal.pone.0018846
https://doi.org/10.1371/journal.pone.0018846
https://doi.org/10.1016/j.cancergen.2016.08.005
https://doi.org/10.1016/j.cancergen.2016.08.005
https://doi.org/10.1002/gcc.20052
https://doi.org/10.1101/mcs.a003418
https://doi.org/10.1023/a:1008947301735
https://doi.org/10.1136/jmg.2010.085092
https://doi.org/10.1136/jmg.2010.085092
https://doi.org/10.1016/j.gim.2021.08.013
https://doi.org/10.1097/PAS.0000000000000462
https://doi.org/10.1097/PAS.0000000000000462
https://doi.org/10.3390/cancers13225612
https://doi.org/10.3390/cancers13225612
https://doi.org/10.1038/ng.2419
https://doi.org/10.1038/ng.2419
https://doi.org/10.1001/jamaoncol.2020.6252
https://doi.org/10.1001/jamaoncol.2020.6252
https://doi.org/10.1093/hmg/ddi052
https://doi.org/10.1093/hmg/ddi052
https://doi.org/10.1007/s10014-023-00461-w
https://doi.org/10.1007/s10014-023-00461-w
https://doi.org/10.1126/science.aai7862
https://doi.org/10.1093/annonc/mdx054
https://doi.org/10.1002/(sici)1096-8628(19980123)75:3%3c335::aid-ajmg23%3e3.0.co;2-p
https://doi.org/10.1002/(sici)1096-8628(19980123)75:3%3c335::aid-ajmg23%3e3.0.co;2-p

227 Page8of8

Journal of Cancer Research and Clinical Oncology (2024) 150:227

landscape of sporadic chordoma. Nat Commun 8(1):890. https://
doi.org/10.1038/541467-017-01026-0

Uson PLS, Samadder NJ, Riegert-Johnson D, Boardman L, Borad MJ,
Ahn D, Sonbol MB, Faigel DO, Fukami N, Pannala R, Kunze K,
Golafshar M, Klint M, Esplin ED, Nussbaum RL, Stewart AK,
Bekaii-Saab T (2021) Clinical impact of pathogenic germline
variants pancreatic cancer: results from a multicenter, prospec-
tive, universal genetic testing study. Clin Transl Gastroenterol
12(10):e00414. https://doi.org/10.14309/ctg.00000000000004 14

Uson PLS, Riegert-Johnson D, Boardman L, Kisiel J, Mountjoy L,
Patel N, Lizaola-Mayo B, Borad MJ, Ahn D, Sonbol MB, Jones J,
Leighton JA, Gurudu S, Singh H, Klint M, Kunze KL, Golafshar
MA, Esplin ED, Nussbaum RL, Jewel Samadder N (2022) Ger-
mline cancer susceptibility gene testing in unselected patients with
colorectal adenocarcinoma: a multicenter prospective study. Clin
Gastroenterol Hepatol: off Clin Pract J] Am Gastroenterol Assoc
20(3):e508-e528. https://doi.org/10.1016/j.cgh.2021.04.013

Uson Junior PL, Kunze KL, Golafshar MA, Riegert-Johnson D, Board-
man L, Borad MJ, Ahn D, Sonbol MB, Faigel DO, Fukami N,
Pannala R, Barrus K, Mountjoy L, Esplin ED, Nussbaum RL,
Stewart AK, Bekaii-Saab T, Samadder NJ (2022) Germline cancer
susceptibility gene testing in unselected patients with hepatobil-
iary cancers: a multi-center prospective study. Cancer Prev Res
(philadelphia, Pa.) 15(2):121-128. https://doi.org/10.1158/1940-
6207.CAPR-21-0189

Wang Y, Dai B, Ye D (2015) CHEK?2 mutation and risk of prostate
cancer: a systematic review and meta-analysis. Int J Clin Exp Med
8(9):15708-15715

Wedekind MF, Widemann BC, Cote G (2021) Chordoma: cur-
rent status, problems, and future directions. Curr Probl Cancer

@ Springer

45(4):100771. https://doi.org/10.1016/j.currproblcancer.2021.
100771

Xia B, Biswas K, Foo TK, Gomes TT, Riedel-Topper M, Southon E,
Kang Z, Huo Y, Reid S, Stauffer S, Zhou W, Zhu B, Koka H,
Yepes S, Brodie SA, Jones K, Vogt A, Zhu B, Carter B, Yang XR
(2022) Rare germline variants in PALB2 and BRCA?2 in familial
and sporadic chordoma. Hum Mutat 43(10):1396-1407. https://
doi.org/10.1002/humu.24427

Yang XR, Ng D, Alcorta DA, Liebsch NJ, Sheridan E, Li S, Goldstein
AM, Parry DM, Kelley MJ (2009) T (brachyury) gene duplica-
tion confers major susceptibility to familial chordoma. Nat Genet
41(11):1176-1178. https://doi.org/10.1038/ng.454

Yang X, Song H, Leslie G, Engel C, Hahnen E, Auber B, Horvéth
J, Kast K, Niederacher D, Turnbull C, Houlston R, Hanson
H, Loveday C, Dolinsky JS, LaDuca H, Ramus SJ, Menon U,
Rosenthal AN, Jacobs I, Antoniou AC (2020) Ovarian and breast
cancer risks associated with pathogenic variants in RAD51C and
RADSID. J Natl Cancer Inst 112(12):1242-1250. https://doi.org/
10.1093/jnci/djaa030

Yepes S, Shah NN, Bai J, Koka H, Li C, Gui S, McMaster ML, Xiao
Y, Jones K, Wang M, Vogt A, Zhu B, Zhu B, Hutchinson A,
Yeager M, Hicks B, Carter B, Freedman ND, Beane-Freeman L,
Goldstein AM (2021) Rare germline variants in chordoma-related
genes and chordoma susceptibility. Cancers 13(11):2704. https://
doi.org/10.3390/cancers13112704

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/s41467-017-01026-0
https://doi.org/10.1038/s41467-017-01026-0
https://doi.org/10.14309/ctg.0000000000000414
https://doi.org/10.1016/j.cgh.2021.04.013
https://doi.org/10.1158/1940-6207.CAPR-21-0189
https://doi.org/10.1158/1940-6207.CAPR-21-0189
https://doi.org/10.1016/j.currproblcancer.2021.100771
https://doi.org/10.1016/j.currproblcancer.2021.100771
https://doi.org/10.1002/humu.24427
https://doi.org/10.1002/humu.24427
https://doi.org/10.1038/ng.454
https://doi.org/10.1093/jnci/djaa030
https://doi.org/10.1093/jnci/djaa030
https://doi.org/10.3390/cancers13112704
https://doi.org/10.3390/cancers13112704

	Germline findings in cancer predisposing genes from a small cohort of chordoma patients
	Abstract
	Introduction 
	Purpose 
	Methods 
	Conclusion 

	Introduction
	Methods
	Patients
	Family history
	Genetic testing

	Results
	Discussion
	Conclusions
	References




