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Genomic profiles and clinical presentation i
of chordoma
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Xing Hua'?, Xin Li'?, Difei Wang', Yujia Xiong®, Kristine Jones'?, Aurelie Vogt', Belynda Hicks'?, Dilys Parry'”,
Alisa M. Goldstein'" and Xiaohong R.Yang' "

Abstract

Chordoma is a rare bone cancer with variable clinical outcomes. Here, we recruited 184 sporadic chordoma patients
from the US and Canada and collected their clinical and treatment data. The average age at diagnosis was 45.5 years
(Range 5-78) and the chordoma site distribution was 49.2% clivus, 26.2% spinal, and 24.0% sacral. Most patients
(97.5%) received surgery as the primary treatment, among whom 85.3% also received additional treatment. Except
for the most prevalent cancers like prostate, lung, breast, and skin cancer, there was no discernible enrichment for any
specific cancer type among patients or their family members. Among a subset of patients (N=70) with tumor materi-
als, we conducted omics analyses and obtained targeted panel sequencing and SNP array genotyping data for 51
and 49 patients, respectively. The most recurrent somatic driver mutations included PIK3CA (12%), followed by chro-
matin remodeling genes PBRM1 and SETD2. Amplification of the 6g27 region, containing the chordoma susceptibility
gene TBXT, was detected in eight patients (16.3%). Clival patients appeared to be less likely to carry driver gene muta-
tions, chromosome arm level deletion events (e.g., 5p, 5p, and 9p), or 6q27 amplification compared to sacral patients.
After adjusting for age, sex, tumor site, and additional treatment, patients with somatic deletions of 14q (OR=13.73,
95% (I 1.96-96.02, P=0.008) and 18p (OR=13.68, 95% Cl 1.77-105.89, P=0.012) were more likely to have persistent
chordoma. The study highlights genomic heterogeneity in chordoma, potentially linked to location and clinical
progression.

Keywords Chordoma, Chordoma sites, Treatment, Genomic landscape, Clinical outcome

Introduction
Chordoma is a rare, slow-growing bone tumor (<1
per 100,000) which is believed to originate from noto-
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radiation treatment option, but its availability continues
to be restricted [2]. There is presently inadequate clinical
guidance on patient stratification regarding post-surgical
treatment and treatment options for chordoma patients,
particularly those with advanced disease, remain limited.

A better understanding of the molecular processes
involved in chordoma tumorigenesis could lead to bet-
ter-tailored treatments as well as improvements in prog-
nostic prediction tools. We previously conducted whole
genome sequencing (WGS) and RNA sequencing (RNA-
Seq) in patients with skull-based chordoma from China
and identified genomic alterations and molecular sub-
types that were associated with patient clinical outcomes
[3, 4]. Tumors in one expression subtype were more
likely to have somatic mutations and reduced expres-
sion in chromatin remodeling genes, such as PBRM1 and
SETD2, whereas the other subtype was characterized
by the upregulation of genes in epithelial-mesenchy-
mal transition and Sonic Hedgehog pathways. However,
genomic investigations of chordoma are limited particu-
larly in datasets with well-annotated clinical data.

To gain insight into the predisposing and medical fac-
tors that might be related to chordoma prognosis, we
evaluated clinical and questionnaire data collected from
184 chordoma patients recruited from the United States
(US) and Canada. We conducted targeted panel sequenc-
ing and genome-wide SNP genotyping on a subset of 70
patients for whom tumor tissue and/or saliva samples
were available.

Methods

Study population

The current study included 184 patients ranging from 5
to 78 years of age from the US and Canada, unselected for
chordoma sites (Additional file 1). We posted the infor-
mation about our study including the study background,
goals, activities required to participate, and eligibility on
the website of the NCI Division of Cancer Epidemiology
and Genetics, The Chordoma Foundation, and The Chor-
doma Support Group. In addition, we also sent a letter
describing our study and contact information to neuro-
surgeons and radiation therapists at medical centers in
the US and Canada who specialize in the diagnosis and
treatment of chordoma patients. Patients interested in
participating contacted us and provided contact informa-
tion for eligible subjects/parents. We then sent a letter to
each eligible adult subject and the parents of each eligible
minor subject that described the goals and methods of
the study, including its voluntary nature, its major com-
ponents (completing a self-administered personal and
family medical history questionnaire, collecting a saliva
sample using the Oragene DNA Self-Collection kit, and
providing permission for NCI to obtain relevant medical
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records, pathology reports and pathology materials), and
provided the toll-free telephone number that the recipi-
ents could call if they had questions about the study. Par-
ents served as proxies for children who were 5-17 years
old. All diagnoses of chordoma were confirmed by
reviewing pathologic slides or reports, medical records,
or death certificates. The study was approved by institu-
tional review boards at the National Institutes of Health
(all participants provided written informed consent).

Genomic analyses
Formalin-fixed, paraffin-embedded (FFPE) tumor blocks
or unstained sections were retrieved for 125 patients
(Additional file 1). Thirty-one of them were removed
due to insufficient tumor tissue in the block or few tis-
sue sections available. Blocks/sections from 94 patients
were processed to maximize tumor cells through macro-
dissecting the tumor region and extracted for genomic
DNA and total RNA. Among them, 24 samples had low
DNA/RNA yield and/or quality, which led to 70 samples
proceeding with downstream genomic analyses. Targeted
sequencing was conducted using an AmpliSeq panel
targeting 39 genes on the Ion Torrent S5 with an aver-
age coverage of 1158x per sample. The list of potential
chordoma driver genes was compiled based on the work
by Tarpey et al. (Additional file 2) [5]. After excluding
samples with low sequencing quality, targeted sequenc-
ing data was available for 46 paired tumor and germline
DNA (extracted from saliva) and 5 tumor-only samples.
Torrent Variant Caller (TVC) was used for variant call-
ing. Tumor/germline paired calls were made using the
TVC algorithm implemented in Ion Reporter (V5.0.9).
Variants were filtered out using the following crite-
ria: P-value >5.0E—6, flagged by the Confident Somatic
Variants filter, allele frequency>0.001 in the gnomAD
database, variant allele fraction<10% in tumor sam-
ples, and<50 total reads. Tumor-only somatic vari-
ants were called using Torrent Variant Caller 5.0.2 and
excluded if minimum allele fraction<0.02, minimum
coverage <100, and minimum variant score<6. Vari-
ants were annotated using snpEff, SnpSift and Annovar.
We restricted our analysis to non-synonymous variants.
Variant calls for targeted genes were checked manually
through visual assessment using the Integrative Genom-
ics Viewer (IGV). A genome-wide SNP array (GSAMD-
24v1-0_20011747_A1, Illumina) was used to investigate
somatic copy number alterations (SCNAs). After remov-
ing QC-failed tumor and germline samples, SCNA data
was obtained from 49 tumors (42 tumor/germline pairs
and 7 tumor-only samples).

The MoChA software was used to detect SCNAs
in tumor/germline pairs and tumor-only samples [6].
MoChA uses hidden Markov models (HMM) to integrate
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Log R Ratio (LRR) and B Allele Frequency (BAF), lever-
aging haplotype information to detect subtle imbalances
between maternal and paternal allelic fractions in a cell
population. The Eagle software was used for phasing to
infer haplotypes. LRR was used to determine the status of
events (gain, loss, copy number neutral loss of heterozy-
gosity [CNLOH]). All potential events were plotted and
visualized, and false positive calls were excluded from the
analysis based on the manual review of each plot.

RNA was quantitated using a ThermoScientific Nan-
oDrop 2000 Spectrophotometer (cat. # ND-2000) and
Agilent 4200 TapeStation. After assessing for low con-
centration or low percentages of RNA molecules>300
nucleotides long (3%), the remaining samples were pro-
cessed by the University of North Carolina Translational
Genomics Laboratory using the Nanostring nCounter
Platform. Samples were run on a custom code set that
included gene sets selected from an independent RNA-
Seq analysis [4]. Forty-eight samples passed the quality
check and were included in the final analysis as previ-
ously described [4].

Statistical analyses

The questionnaire asked about current health regarding
chordoma with the following response choices: (1) having
no chordoma anywhere in the body, (2) having chordoma
at the original site but tumor was not growing, (3) having
chordoma at the original site or elsewhere and tumor was
growing, or (4) having chordoma metastasized at other
sites. Follow-up data was available for only 53 patients,
and therefore, to assess patient characteristics associated
with clinical outcomes, we used the presence of chor-
doma, either due to incomplete dissection, recurrence, or
metastasis, at the time of the questionnaire (i.e. combined
groups 2, 3, and 4) as a surrogate prognostic measure or
recurrence or death status when available. We examined
this outcome in relation to clinical characteristics such as
age at diagnosis, sex, and tumor site after adjustment for
radiation therapy. When associating the chordoma out-
come with genomic events, we were not able to adjust for
additional treatment due to insufficient power. This proxy
prognostic measure correlated well with the self-reported
chordoma status from the follow-up data (Additional
file 3). Since the majority of clival patients might not have
complete surgical resection and the presence of chor-
doma is based on patients’ self-report, we also conducted
a sensitivity analysis by combining groups 1 and 2 into
one category (no growing chordoma) and groups 3 and 4
into another category (growing or metastatic chordoma).
Fisher’s exact test was used to investigate differences of
genomic and clinical characteristics between different
groups. We utilized logistic regression models to assess
the associations between clinical characteristics/outcome
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and genomic events with the adjustment for age at diag-
nosis, sex, and chordoma site. Among the 51 patients
with targeted sequencing data, only three of them had
received radiation treatment prior to surgery. Therefore,
we did not adjust for pre-surgery radiation treatment in
the regression model.

Unsupervised consensus clustering was conducted
based on RNA Nanostring profiling and SNP array
data to achieve gene expression and SCNA classifica-
tion, respectively. We dichotomized the percent genome
affected by SCNAs using the median value. Oncoplot was
produced using the ComplexHeatmap package in R [7].
We utilized the Cancer Genome Interpreter (CGI) frame-
work to identify potentially oncogenic mutations (https://
www.cancergenomeinterpreter.org/home). All statistical
tests in the present study were two-sided and performed
using SAS version 9.4 (SAS Institute, Cary, NC, USA) or
R version 4.3.1 (R Foundation for Statistical Computing,
Vienna, Austria).

Results
Patient characteristics
Table 1 shows the clinical characteristics for 184 chor-
doma patients from the US and Canada included in this
study. The average age at diagnosis was 45.5 years (range
5-78); the majority were females (56.3%) and non-His-
panic Whites (95.5%). The chordoma site distribution
was 49.2% clivus, 26.2% spinal, and 24.0% sacral. Con-
sistent with previous studies [8], we found that clival
patients were associated with younger age at diagno-
sis (Mean=41.8 years) than patients with sacral tumors
(Mean=52.3 years, P<0.0001). Twenty-one out of 155
patients (13.5%) reported having a history of other can-
cer either before (N=12) or after chordoma diagno-
sis (N=7). Only breast, prostate, and skin cancer were
reported by more than one patient (Table 1). Eighty-eight
patients (56.8%) reported having a family history of can-
cer among first-degree relatives, with breast, cervical,
and skin cancer the most common cancer types among
female relatives, and prostate, skin, and lung cancer the
most prevalent among male relatives (Table 1). Two
patients were subsequently found to have family mem-
bers diagnosed with chordoma. All patients were alive at
the time when the initial questionnaire was completed.
Among 157 patients with treatment data available, the
vast majority (97.5%) had surgery as their primary treat-
ment after chordoma diagnosis, including 12 patients
who received radiation prior to surgery (Table 1). The
average time between chordoma diagnosis and the first
surgery was 1.9 months, with almost all surgeries (97.3%)
performed within a year. Most patients (85.3%) received
additional treatment, including additional surgery
(31.5%), proton radiation (42.5%), conventional radiation
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Table 1 Patient characteristics in 184 chordoma patients Table 1 (continued)
Characteristic N % Characteristic N %
Age at diagnosis (years) Cervix 8 6.1
Mean, SD 455 154 Colon 6 46
<18 9 495 Kidney 4 3.1
18-30 22 12.1 Liver 4 3.1
30-50 68 374 Lung 7 53
>50 83 456 Lymphoma® 6 46
Missing 2 Prostate 19 14.5
Sex Skin' 23 176
Female 103 56.3 Other? 25 19.1
Male 80 437 Missing
Missing 1 Number of additional treatments after surgery
Race/Ethnicity 1 71 559
Hispanic/Latino 7 4.5 2 25 19.7
Non-Hispanic white 150 955 3+ 31 244
Missing 27 Missing 1
Chordoma site Chordoma outcome'
Clivus 90 492 Not having chordoma anywhere in the body 76 49.7
Sacrum 48 26.2 Having chordoma at original site but tumor not growing 31 203
Spine 44 240 Having chordoma at original site or elsewhere and tumor 26 17.0
Multiple 1 0.5 was growing
Missing 1 Having chordoma spreading at other sites! 20 13.0
Personal history of additional cancer Missing 31
No 134 86.5 2 Self-reported data without confirmation
Yes 21 135 5 Family history of cancer was defined as any other type of cancer in a first-
. degree relative
Missing 29
.  FDR first-degree relative
Type of additional cancer” J
lood : 48 Includes one case of male breast cancer
Bloo ’ ¢ Includes Hodgkins and non-Hodgkins cases
Breast 2 9.5 ¢
Includes basal cell (n=6), melanoma (n=14), Merkel cell (n=1), and squamous
Colon 1 48 cell (n=2) carcinomas
Endometrial 1 438 9Includes abdomen (n=2), appendix (n=1), brain (n=1), bone (n=1),
Ovarian 1 48 esophagus (n=2), mouth (n=2), nose (h=1), ovary (n=2), stomach (n=1),
’ pancreas (n=2), penis (n=1), testicle (n=2), thyroid (n=2), uterus (n=3),
Prostate 3 143 unknown (n=2) carcinomas
Skin 7 333 I Self-reported data among those with updated follow-up data
Solid pseudopapillary 1 4.8 J Death cases are included in this category
Testicular 1 4.8
Thyroid 1 4.8 . . .
Unknown , o5 (24.4%), systemic (0.8%), and multi-modality (0.8%) treat-
Missing ment (Additional file 4). At the time of the administra-
Having additional cancer before chordoma diagnosis tion of the initial questionnaire, w}}1Ch w.as on ave‘rage
No ; 368 7.0 years after the first chordoma diagnosis, 76 patients
Vs 1 63:2 reported not having chordoma anywhere, 31 had chor-
Missing 5 doma at the original site but the tumor was not growing,
. 26 had chordoma at the original site or elsewhere and the
Family history of cancer” . .
No 67 432 tumor was growing, and 20 had chordoma spreading to
Yes a8 68 other sites (Table 1). Among 53 patients with a returned
Missing 59 follow-up questionnaire 7-12 years after completing
Type of cancer among FDRE the initial questlc‘)nnalrg (on average 13.1 years since the
Bladder 31 first chordoma diagnosis), there were 12 reported deaths
Blood 5 18 (Additional file 4), 9 patients (3 clivus, 4 spinal, and 2
Breast® 20 153 sacral) reported a recurrence or relapse of chordoma (5

of them developed multiple recurrences/relapses), and 6



Koka et al. Acta Neuropathologica Communications (2024) 12:129

reported that the chordoma had metastasized to other
organs (lung, abdomen, brain stem, and pancreas).

Genomic profiles
After removing QC-failed samples at various steps, tar-
geted sequencing, SNP array genotyping, and RNA
profiling data were available for 51, 49, and 48 patients,
respectively. Non-synonymous mutations were detected
in 23 (45.1%) tumor samples, involving 17 potential chor-
doma driver genes (Fig. 1a). The most frequently mutated
gene was PIK3CA, mutations in which were present in six
(12%) patients, followed by LYST (10%), ATM (6%), and
USP9X (6%). A notable observation was the seemingly
mutually exclusive nature of mutations among LYST,
ATM and USP9X as well as PIK3CA, ATM, and USP9X,
although these are based on small numbers, within this
patient cohort. Additionally, mutations within the chro-
matin remodeling genes PBRM 1, SETD2, and SMARCBI,
which have previously been recognized as frequently
altered in chordoma [3, 5], were each identified in two
patients. Using the CGI tool (https://www.cancergeno
meinterpreter.org/home), we found that 53% of muta-
tions shown in Fig. 1a were predicted to be driver rather
than passenger mutations. Notably, almost all mutations
in PIK3CA (except one), PBRMI1, SETD2, SMARCBI,
TP53 and MAP3K4 were predicted as driver mutations.
One patient, who was a Hispanic female diagnosed with
skull-base chordoma at the age of 26 and later developed
metastases post-surgery and radiation therapy, exhibited
both a missense mutation in PBRMI and a frameshift
mutation in SMARCBI, both predicted as driver muta-
tions. Consistent with previous findings that TP53 muta-
tions are rare in chordoma [3, 5], only one patient carried
a TP53 mutation, which was predicted as a driver muta-
tion based on the CGI framework (Fig. 1a). In contrast,
none of the mutations observed in LYST, ATM, ATR, and
USP9X were predicted as driver mutations (Fig. 1a).
Somatic SCNAs were identified in the majority of
tumors, with the percentage of genome affected by SCNAs
ranging from 1 to 70% (mean=30% across all patients).
Frequent chromosome-level or arm-level SCNAs (i.e., 90%
of the p or q arm of the chromosome covered by SCNAs)
included gains of chromosomes 1q, 2, and 7, and dele-
tions of 1p, 3, 4, 9p, 9q, 10, 13q, 14q, 18, and 22 (Fig. 1b).
Clustering analysis revealed two distinct groups of patients
based on SCNA events. The first group (C1, N=33) dem-
onstrated extensive SCNAs, while the tumors in the sec-
ond group (C2, N=16) had either few SCNAs or scattered
events such as copy neutral loss of heterozygosity (LOH)
events and copy number gains (Fig. 1b). Amplification of
the 6q27 region, which harbors the chordoma susceptibil-
ity gene TBXT, was detected in eight patients (16.3%), six
of whom exhibited high copy number gains.
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Fig. 1 Genomic landscape of chordoma tumors: A Driver gene
mutations; and B Somatic copy number alterations (Red: gain; Light
blue: deletion; Dark blue: copy neutral LOH). Patients were clustered
into two major groups. C1 (green): extensive SCNAs; C2 (gray): few
or scattered SCNAs

We utilized a NanoString panel, comprising 21 of the
most differentially expressed genes identified through an
RNA-Seq analysis of skull-base chordoma samples [4], to
perform molecular classification within our cohort. We
observed two primary groups in 48 tumors, with tumors
in one of the clusters (NCC2) showing upregulation of
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most examined genes, as previously described in Fig. 1 of
our previously published work by Bai et al. [4].

Genomic profiles in relation to clinical characteristics

and outcomes

Among 63 distinct patients with any genomic data, the
chordoma site distribution was 42.8% clivus, 28.6% spi-
nal, and 28.6% sacral. The self-reported chordoma status
distribution was: having no chordoma present anywhere
(N =24, 49.0%), having chordoma at the original site but
the tumor was not growing (N=5, 10.2%), having chor-
doma at the original site or elsewhere and the tumor was
growing (N=10, 20.4%), or having chordoma spreading
to other sites (N=10, 20.4%). Older patients (>50 years)
were more likely to have a higher percent of the genome
affected by SCNA events (PGA, P=0.005), particularly
deletion events on chromosomes 1p, 3p, 4p, 4q, 10p,
10q, and 18q (Table 2). Interestingly, deletions of chro-
mosome 4p were more prevalent among females than
males (P=0.004), while 7p gain was more common
among males than females (P=0.029, Table 2). Among
49 patients with both genomic and clinical data, 21 had
clival, 15 had sacral, and 13 had spinal chordoma. After
adjustment for age and sex, sacral tumors (OR=5.76,
P=0.020) were more likely to harbor driver gene muta-
tions compared to clival tumors. Deletions of chromo-
somes 5p (P=0.033), 5q (P=0.026) and 9p (P=0.004)
were more prevalent in sacral tumors compared to clival
tumors, whereas chromosome 1q gain (P=0.013) was
more likely to be present in clival tumors (Table 2, Fig. 2).
Among the tumors with TBXT amplification, two were
clival, one was spinal, and the remaining five were sacral
and from female patients. RNA expression subtype did
not appear to be associated with age, sex, or chordoma
site (Table 2). The individual diagnosed with a poorly
differentiated chordoma had SNP array data exclusively
accessible and was categorized into cluster C2 according
to SCNA events observed in his tumor.

Compared to patients free of chordoma at the time of
the questionnaire, patients with persistent chordoma or
who died were more likely to have deletions of chromo-
some 4p (OR=13.28, 95% CI 1.11-158.60, P=0.041),
14q (OR=13.73, 95% CI 1.96-96.02, P=0.008), and 18p
(OR=13.68, 95% CI 1.77-105.89, P=0.012, Table 2,
Additional file 5). On the other hand, RNA expression
subtype, SCNA cluster, PGA, or driver gene mutations
were not significantly associated with the presence of
chordoma (Table 2). We also conducted a sensitivity
analysis comparing patients with chordoma that was
growing or metastatic chordoma to those with either no
chordoma present or no growing chordoma. The main
findings did not differ significantly (Additional file 6).
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Discussion

The rarity of chordoma poses a significant challenge in
comprehensively exploring its disease course, clinical
behavior, and biology. In this study, we accrued 184 chor-
doma patients residing in the United States and Canada
and collected information on personal and family history
of cancer, treatment for chordoma, and chordoma status
through questionnaires. The collection of tumor mate-
rials and saliva samples from a subset of these patients
enabled us to perform molecular analyses, validating
molecular markers previously identified in recent omics
studies [3, 5]. Our genomic data confirmed previous find-
ings that PIK3CA and chromatin remodeling genes were
among the most frequently mutated genes in chordoma,
while the potential driver role of LYST and USP9X were
less certain. Results from our study also underscore the
heterogeneous nature of chordoma, revealing variations
based on tumor location and genomic features, which
appear to be interrelated. This emphasizes the impor-
tance of integrating molecular markers into clinical man-
agement practices.

Most patients in this study underwent additional treat-
ment following the initial tumor resection, with over
half of patients having multiple additional treatments.
At the time of questionnaire administration, conducted
on average approximately 7 years post-initial chordoma
diagnosis, nearly half of the patients exhibited chordoma
persistence either at the original site or in other locations.
This underscores the formidable challenge of achieving
complete tumor resection, particularly evident in clival
chordoma patients, who were more prone to needing
additional treatment and having residual tumor at the
original site. It is worth noting that advancements in sur-
gical techniques may have contributed to improvements
in recent years. Although clival patients are more likely
to have chordoma persistence, metastases are known
to occur more commonly among non-clival than clival
patients [9]. Data from the current analysis also revealed
a higher incidence of metastasis among sacral patients,
although the difference did not reach statistical signifi-
cance, possibly due to the small sample size. Further, we
previously have shown that sacral patients in chordoma
high-risk families were more likely to have larger tumors
than clival patients [1]. While the larger tumor size and
higher propensity for metastasis might be attributed to
delayed diagnosis due to a lack of symptoms in the early
stages, our genomic findings suggest that sacral tumors
may exhibit a more aggressive biological behavior com-
pared to clival tumors. We found that sacral patients
were more inclined to harbor driver gene mutations,
deletion events, such as the deletion of chromosome 9p
containing the tumor suppressor gene CDKN2A, and
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Fig. 2 Distributions of genomic features by tumor location (Nejiyys=21), (Nsacrym = 14), (Ngpine = 14)

TBXT amplifications. These insights shed light on the
complexities of chordoma progression and underscore
the importance of tailoring treatment strategies based on
the specific characteristics of the tumor’s location.
Researchers from the University of Pittsburgh previ-
ously reported an independent association between 1p36
and 9p21 deletions and shorter survival among clival
patients [10]. They classified patients into three risk
groups based on the combinations of these two mark-
ers. Similarly, our previous analysis of clival chordoma
tumors using whole-genome sequencing revealed that
deletions of 9p and 9q were linked to worse recurrence-
free survival. However, we demonstrated that the com-
bined alterations of PBRM1 and 22q deletion were more
significant in predicting prognosis [3]. In the current
study, encompassing all tumor locations, we identified
potential prognostic value in deletions of two additional
chromosomal regions, 14q and 18p. The variability in
these findings underscores the importance of validat-
ing these markers in studies with many patients using
standardized assays. The panel of 1p36 and 9p21 mark-
ers has already been incorporated into some pathol-
ogy laboratories. In our patient cohort, spanning nearly
five decades of chordoma diagnoses, only the four most
recently diagnosed patients were tested for this panel.
Future studies are warranted to evaluate the predic-
tive value of these genetic markers with more compre-
hensive data available. Additionally, there is a need to

develop a more comprehensive scheme that incorporates
both genetic and epigenetic markers, along with targets
related to the tumor microenvironment, to refine prog-
nostic classification.

Chordoma has been noted for its morphological resem-
blance to clear cell renal cell carcinoma (ccRCC) [11].
Our previous whole-genome sequencing (WGS) analysis
revealed similar mutational signature profiles for chor-
doma and c¢cRCC [3]. However, none of the chordoma
patients in our study exhibited ccRCC, and kidney can-
cer was not prevalent among their first-degree relatives.
Moreover, apart from the most prevalent cancers like
prostate, lung, breast, and skin cancer, there was no dis-
cernible enrichment for any specific cancer type among
patients or their family members.

Our study is relatively small due to the challenges of
researching rare cancers, which have limited our statis-
tical power, especially in identifying associations with
molecular data. While we invited all chordoma patients
in the US and Canada to participate, our study population
may not fully represent the general patient demographic.
For instance, patients with more advanced disease might
not have been included in the study since they may have
been too ill or have died before they were enrolled into
the study. The molecular analyses conducted are sus-
ceptible to selection bias, as they rely on high-quality
tumor materials. Additionally, the variability in surgical
and pathology reports is significant due to patients being
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diagnosed and treated at different times and in different
hospitals. Information on immunohistochemical markers
and histology types is also limited. Our study is primar-
ily cross-sectional and questionnaire-based, with limited
longitudinal follow-up data, which hinders our ability
to assess survival associations. Lastly, our exploration
of relationships between genomic and clinical features
was largely exploratory, limited by the small number of
patients with genomic data.

In conclusion, our study provides a comprehensive
clinical and molecular landscape of chordoma across
multiple sites. The identified heterogeneity in chordoma
underscores the complexity of the disease. The insights
gleaned from our research provide a deeper understand-
ing of chordoma, laying the groundwork for the devel-
opment of personalized management and treatment
options.
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