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Objective: Although cerebrospinal fluid (CSF)-based liquid biopsy was proved to be practi-
cal in molecular analysis of intracranial gliomas, liquid biopsy of primary intramedullary
astrocytoma was rarely reported. Given the distinct genomic profiles between primary in-
tramedullary glioma and intracranial astrocytoma, whether the feasibility of CSF-based
molecular analysis of intracranial gliomas can be replicated in primary spinal cord astrocy-
toma needs to be investigated. The aim of this pilot study is to evaluate the feasibility of mo-
lecular analysis of primary intramedullary astrocytoma through sequencing CSF-derived
circulating tumor DNA (ctDNA).

Methods: Two grade IV diffuse midline gliomas, 1 grade II, and 1 grade I astrocytoma were
included. Intraoperative collection of peripheral blood and CSF samples was conducted,
along with postoperative collection of matched tumor tissues. A panel covering the 1,021
most common driver genes of solid tumors was used for targeted DNA sequencing.

Results: CSF-derived ctDNA was detected in 3 CSF samples (2 grade IV diffuse midline gli-
omas and 1 grade I astrocytoma), 5 mutations were found in both tumor tissues and CSF
samples, while 11 mutations and 20 mutations were detected exclusively in tumor tissues
and CSF samples, respectively. Importantly, hotspot genetic alterations, including H3F3A
K28M, TP53, and ATRX, were identified in CSF and the average mutant allele frequency
was often higher in CSF than in tumor tissues.

Conclusion: CSF-based liquid biopsy showed potential feasibility for molecular analysis of
primary intramedullary astrocytoma through sequencing of ctDNA. This approach may as-
sist in diagnosis and prognostic evaluation of this rare spinal cord tumor.

Keywords: Astrocytoma, Circulating tumor DNA, Spinal cord, Intramedullary, Liquid biopsy

cellular vesicles etc., can serve as biomarker platform for liquid
biopsy. Among these, circulating tumor DNA (ctDNA), which

Liquid biopsy via biofluid sampling, such as blood, ascites,  is shed by necrotic or apoptotic tumor cells into body fluid, has

hydrothorax, cerebrospinal fluid (CSF) etc., was increasingly =~ gain traction in recent years. Sequencing ctDNA can describe

used to analyze molecular profile of tumors."* Various tumor-  the mutational landscape of tumor. Importantly, mutation anal-

derived molecules, including proteins, nucleic acids, and extra-  ysis by ctDNA hold several advantages over that by traditional
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tissue biopsy, including mini-invasion, dynamic monitoring
and capturing global tumor genome.*” In central nervous sys-
tem tumor, CSF is considered the optimal carrier of ctDNA shed
by brain tumor compared to blood due to blood-brain barrier.
As expected, CSF-derived ctDNA has been successfully and in-
creasingly used to assess molecular profile of brain gliomas.*’
However, the utility of CSF-derived ctDNA in mutation analy-
sis of primary spinal cord astrocytoma, the second common in-
tramedullary glioma, has been seldomly reported. Given that
the clinical characteristics and molecular profile of primary spi-
nal cord astrocytoma were reported to be different from its in-
tracranial counterpart,®” it was suspected that the feasibility of
mutation analysis through sequencing CSF-derived ctDNA in
intracranial glioma could be reproduced in primary spinal cord
astrocytoma.

Here, we report results from a pilot study in patients with pri-
mary spinal cord astrocytoma aiming to evaluate the practicali-
ty of molecular analysis through sequencing of CSF-derived
ctDNA.

MATERIALS AND METHODS

1. Patients

Four patients with primary intramedullary tumor underwent
surgical treatment in Xuanwu Hospital, Capital Medical Uni-
versity and postoperative pathology confirmed astrocytoma.
Tumor grade was classified according to 2016 World Health
Organization (WHO) Classification of Tumors of the Central
Nervous System by 2 independent neuropathologists. Forma-
lin-fixed, paraffin-embedded tumor samples were obtained
postoperatively for genomic DNA extraction. Matched periph-
eral blood (PB) samples were obtained at the time of anesthetic
induction and CSF was collected upon opening dura and prior
to tumor resection (Fig. 1). Demographic data and clinicoradio-
logical features were collected. Follow-up data until June, 2020
were available. Overall survival was defined as the duration
from the date of the diagnosis to the date of final follow-up or
death. This study was approved by the Clinical Research Ethics
Committee of Xuanwu Hospital (2022020). All participants
gave written informed consent.

2. Sample Preparation: Sample Processing and DNA
Extraction

More than 10 mL of PB and 7-10 mL CSF were collected from
each patient using cell-free DNA (cfDNA) collection tubes (Streck,
Omaha, NE, USA) at room temperature before receiving any
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Fig. 1. Schematic diagram of cerebrospinal fluid (CSF) collec-
tion. Prior to dura opening, 10-mL CSF would be collected
using a syringe.

treatment. PB samples and CSF samples were processed within
3 days after gathering, and centrifuged at 2,500 g for 10 min-
utes, then moved to microcentrifuge tubes and centrifuged at
16,000 g for 10 minutes to remove remaining cellular debris.
Peripheral blood lymphocytes (PBLs) generated from the first
centrifugation were gathered as germline control samples. Plas-
ma, CSF supernatant and PBLs were stored at -80°C. The DNA
of PBL was extracted using the DNeasy Blood & Tissue Kit (Qia-
gen, Hilden, Germany). Circulating cfDNA was isolated from
1.6-2.8 mL plasma and 7-10 mL CSF using QIAamp Circulat-
ing Nucleic Acid Kit (Qiagen). DNA concentration was mea-
sured with the Qubit fluorometer using dsDNA HS kit (Life
Technologies, Carlsbad, CA, USA), and the size of cfDNA frag-
ments were assessed using the Agilent 2100 BioAnalyzer and
DNA HS kit (Agilent Technologies, Santa Clara, CA, USA).

3. Targeted Sequencing: Sequencing Library Construction

and Hybridization Capture-Based Sequencing

Before library construction, genomic DNA were sheared into
200-250 bp fragments with a Covaris S2 instrument (Covaris,
LLC, Woburn, MA, USA). Indexed Illumina NGS libraries were
prepared from PBL germline and circulating DNA using the
KAPA Library Preparation Kit (Kapa Biosystems, Wilmington,
MA, USA). For c¢fDNA, after end repairing and A-tailing, well-
designed adapters with unique identifiers were ligated to both
ends of the double-stranded cfDNA fragments. The SeqCap EZ
Library system (Roche NimbleGen, Madison, WI, USA) was
used for target enrichment. All libraries were hybridized to cus-
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tom-designed biotinylated oligonucleotide probes (IDT, Coral-
ville, IA, USA) covering 1.6 Mbp of the genome. The captured
genomic regions included the most common driver genes of
solid tumors, including glioma. We chose their entire exome
regions to construct the basic panel. Next, genomic regions rel-
evant to the effects of chemotherapy, targeted drugs, and im-
munotherapy per available clinical and preclinical research were
added to the panel. Finally, high-frequently mutant regions re-
corded in the Catalogue of Somatic Mutations in Cancer (COS-
MIGC, http://cancer.sanger.ac.uk/cosmic) and The Cancer Ge-
nome Atlas (TCGA, https://cancergenome.nih.gov/) were in-
volved. All included 1,021 genes are shown in Supplementary
Table 1. Captured DNA fragments were amplified after hybrid
selection and then pooled into several multiplexed libraries. Se-
quencing was performed using the MGIseq-2000 sequencing
system (BGI, Shenzhen, China) according to the manufactur-
er’s guideline.

4. Raw Data Processing

After removal of terminal adaptor sequences and low-quality
reads (>50% N rate, >50% bases with Q <5), remaining reads
were mapped to the reference human genome (hg19) and aligned
using Burrows-Wheel Aligner (version 0.7.12-r1039, http://bio-
bwa.sourceforge.net/) with default parameters, followed by du-
plicate reads identification using Picard’s Mark Duplicates tool
(https://software.broadinstitute.org/gatk/documentation/tool-
docs/4.0.3.0/picard_sam_markduplicates_MarkDuplicates.php).
Base quality recalibration and local realignment were conduct-
ed by the Gene Analysis Toolkit (GATK, https://www.broadin-
stitute.org/gatk/).

5. Mutation Identification

Somatic single-nucleotide variations and insertions or dele-
tions of small fragments (Indels) were called by MuTect algo-
rithm (https://software.broadinstitute.org/gatk/documentation/
tooldocs/3.8-0/org_broadinstitute_ gatk_tools_walkers_can-
cer_m2_MuTect2.php). PBL sequencing data were used to fil-
ter germline mutations. All reliable alterations were supported
by >5 high-quality sequencing reads (mapQthres > 30, base-
Qthres >30). Multiple single-nucleotide polymorphism data-
bases (dbsnp, https://www.ncbi.nlm.nih.gov/projects/SNP/;
1000G, https://www.1000genomes.org/; ESP6500, https://evs.
gs.washington.edu/; ExAC, http://exac.broadinstitute.org/; self-
built SNP database) were used to ensure the accuracy of somat-
ic detection.
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RESULTS

1. Clinicoradiological Features

All the 4 patients underwent biopsy only. Postoperative his-
tological morphology confirmed astrocytoma, and integrating
with molecular pathology, final pathological diagnosis revealed
2 diffuse midline glioma (DMG), H3 K27M-mutant (WHO
IV), 1 grade II diffuse astrocytoma, 1 grade I diffuse astrocyto-
ma. Mean age was 22.3 years (range, 18-28 years). The dura-
tion of symptom was 1 month and 2 months for the 2 patients
with high-grade astrocytoma, respectively, while the duration
of symptom was 10 months and 60 months for patient with
grade I and grade II astrocytoma, respectively. Of the 4 spinal
cord astrocytomas, 2 confined to the thoracic region, 1 in cervi-
cal region, and 1 involved holocord. The 2 patients with DMG
received postoperative radiotherapy and chemotherapy with
Temozolomide, while the remaining 2 patients did not receive
postoperative adjuvant treatment. At the last follow-up, 2 pa-
tients (DMG) died with an average survival time of 12 months,
while the remaining 2 patients were alive with an average sur-
vival time of 42 months. Clinicoradiological features were showed
in Table 1 and preoperative MRI were showed in Fig. 2.

2. Tumor-Specific Mutations Detected in CSF-Derived
ctDNA

CSF-derived tumor DNA was identified in 3 CSF samples (2
DMGs and 1 grade I astrocytoma) and was sequenced to an av-

Fig. 2. Preoperative contrast-enhanced magnetic resonance
imaging (MRI). (A, D) Radiological characteristics of the 2
patients with diffuse midline gliomas. (B) MRI of the patient
with World Health Organization (WHO) I grade astrocyto-
ma. (C) MRI imaging of the patient with WHO II grade as-
trocytoma.
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MRI, magnetic resonance imaging; CSF, cerebrospinal fluid; OS, overall survival; ctDNA, circulating tumor DNA; WHO, World Health Organization; RT, radiotherapy; CT, chemotherapy.

erage depth of 1,039 (range, 100-2,041). The median mutant
allele frequency (MAF) was 3.65% (range, 0.74%-84.84%). At
least 1 tumor mutation was identified in these 3 CSF samples.
The most frequently mutated genes were TP53 (3/4), H3F3A
K27M (2/4), ATRX (2/4), APC (1/4), ZEHX3 (1/4), SETD2 (1/4),
NOTCH2 (1/4), BLM (1/4), NCORI (1/4), PIK3R1 (1/4), CD5L
(1/4), KRAS (1/4), EGFR (1/4), BRAF (1/4), MLL3 (1/4), PTEN
(1/4) and CDKNIA (1/4). The average MAF of these mutated
genes were TP53 53.83%, H3F3A K27M 36.53%, ATRX 21.75%,
APC 4.30%, ZFHX3 (4.36%), SETD2 (4.70%), NOTCH2 (7.11%),
BLM (5.80%), NCORI (5.95%), PIK3R1 (1.49%), CD5L (0.74%),
KRAS (7.02%), EGFR (3.38%), BRAF (5.34%), MLL3 (1.85%),
PTEN (1.46%) and CDKNIA (21.05%), respectively (Supple-
mentary Table 2).

3. Concordance of Molecular Profile Between Paired

Tissues and CSF Samples

Using the targeted sequencing approach, a total of 16 somatic
mutations were identified in the 2 DMGs tissues, while no mu-
tation was determined in grade I and grade II tumor tissues, re-
spectively, average sequencing depth was 340 (range, 186-452)
and the average MAF was 22.36% (Fig. 3A). In 3 CSF samples
with detectable ctDNA, 28 somatic mutations were identified,
the average MAF was 13.84%; of those, 5 of 28 mutations (17.86%)
were shared between tumor tissues and CSF (Fig. 3B, C); the av-
erage MAF of the 5 variants detected in CSF was 52.9% (range,
30.0%-84.8%) compared to that of 36.4% (range, 16.1%-91.0%)
in tumor tissues (Fig. 3D-F). Twenty-three mutations and 11
mutations were detected exclusively in CSF and tumor tissues,
respectively (Fig. 3C). No tumor mutation was identified in mat-
ched blood.

DISCUSSION

Primary spinal cord astrocytoma is a rare disease. Different
from its intracranial counterpart, intramedullary astrocytoma
rarely receives gross total resection without neurological deficit,
due to poorly defined margins between the tumor and normal
spinal cord, as well as the highly dense nerve fiber tracts in the
spinal cord. Therefore, less-invasive diagnostic methodology
and postoperative longitudinal monitoring of residual tumor in
molecular level have clinically practical value and may help cli-
nicians evaluate treatment response. Blood-based liquid biopsy
has been used in clinical practice for assessing several noncen-
tral nervous system tumors, including lung cancer, colorectal
cancer, pancreatic cancer, melanoma and others."** As to cen-
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Fig. 3. (A) Average mutant allele fraction of mutations detected in tumor tissues, cerebrospinal fluid (CSF) and blood, respec-
tively. (B) Mutational characteristics and concordance between CSF and tumor tissues, molecular biomarkers associated with
survival and diagnosis, such as H3F3A K27M, TP53, and ATRX, were detected in CSE. (C) Five mutations were shared in CSF
and tumor tissues, number of mutations detected in CSF were more than that in tumor tissue. (D-F) The mutant allele frequen-
cy (MAF) of the 5 mutations shared in CSF and tumor tissues was frequently higher in CSF than that in tumor tissues. DMG,
diffuse midline glioma; WHO, World Health Organization.

tral nervous system tumor, molecular analysis via CSF-derived ~ ma in proof-of-principle studies”'*"”; which may pave the way

ctDNA was emergingly confirmed to be feasible in brain glio-  for the application of CSF-derived ctDNA to assess the molecu-
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lar characteristics of primary spinal cord astrocytoma. Howev-
er, given the distinction in genetic profiles between intramedul-
lary glioma and cranial glioma, especially in terms of MAF, the
MAF in spinal cord astrocytoma is likely to be low due to the
fact that most spinal astrocytomas occur in children and young-
aged populations.’ Therefore, further investigation is warranted
to determine the feasibility of applying CSF-derived ctDNA to
evaluate the genetic profile of primary spinal cord astrocytoma.

In this pilot study, concordance of genetic alteration detected
in paired tissues and CSF samples was evaluated. The results
showed that 5 mutations shared in tumor tissues and CSF sam-
ples, but 11 mutations detected in tumors tissues were not iden-
tified in CSE additionally, 23 mutations were exclusively detect-
ed in CSE The concordance rate was lower than that in brain/
brainstem gliomas.”"” Of note, in spite of the low concordance
rate, genetic mutations in H3F3A, TP53, and ATRX, which were
hotspot mutations found in spinal cord astrocytoma and were
diagnostic and prognostic markers of glioma,”** could be de-
tected in CSF-derived ctDNA using next-generation sequenc-
ing approach and showed favorable concordance with tissue-
based testing. Particularly, H3F3A K27M, the representative di-
agnostic marker of DMG, was identified in CSF samples of the
2 patients with DMG, suggesting that CSF-based H3F3A K27M
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Fig. 3. (A) Average mutant allele fraction of mutations detect-
ed in tumor tissues, cerebrospinal fluid (CSF) and blood, re-
spectively. (B) Mutational characteristics and concordance
between CSF and tumor tissues, molecular biomarkers associ-
ated with survival and diagnosis, such as H3F3A K27M, TP53,
and ATRX, were detected in CSF. (C) Five mutations were
shared in CSF and tumor tissues, number of mutations de-
tected in CSF were more than that in tumor tissue. (D-F) The
mutant allele frequency (MAF) of the 5 mutations shared in
CSF and tumor tissues was frequently higher in CSF than that
in tumor tissues. DMG, diffuse midline glioma; WHO, World
Health Organization. (Continued)

Patient

testing has the potential to serve as a noninvasive method for
the diagnosis of DMG. Although H3F3A K27M does not exclu-
sively occur in DMG, other gliomas, such as glioblastoma, can
also harbor this mutation,”* the clinicoradiological features of
primary spinal cord DMG and glioblastoma are distinct. There-
fore, noninvasive-multimodal diagnostic modality integrating
CSF-based liquid biopsy of H3F3A K27M with clinicoradiolog-
ical parameters, rather than CSF-based H3F3A K27M testing
alone, hold promise for the differential diagnosis of DMG in
lieu of traditional biopsy and real-time monitoring of tumor re-
lapse and response.”

Additionally, of the mutations shared in tumor tissues and
CSE the MAF in CSF was frequently higher than that in tumor
tissues, which may be attributed to intratumoral heterogeneity
or sampling bias via biopsy. Consequently, mutation analysis
based on tumor tissues obtained via a biopsy could not provide
comprehensive mutation assessment of all tumor sites,>” while
ctDNA has been proven to be a reliable source for intratumoral
heterogeneity analysis, due to ctDNA is shed from the various
heterogeneous tumor clones.”® Additionally, molecular analysis
using biopsy-obtained tumor tissues with a low proportion of
tumor cells might be prone to error. That is why several muta-
tions were exclusively detected in CSE.
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Several factors likely contribute to the detectability of ctDNA
in CSE Tumor grade and location were reported to be highly
associated with the detectability of tDNA in CSE”"® From a tech-
nological standpoint, the quantity of ctDNA released into CSF
by high-grade glioma and tumor that abut a CSF reservoir is
more likely to be sufficient for detection. In our study, one pa-
tient with grade I astrocytoma showed positive ctDNA in CSE
that patient had a 28-month history of primary spinal cord le-
sion and MRI showed the tumor almost involved totally cross-
sectional spinal cord and adjacent leptomeningeal enhancement,
thus, complete exposure to CSF reservoir likely contributes to
positive detection of ctDNA in CSE Of note, in our study, all
CSF samples were collected intraoperatively from the site of tu-
mor rather than through lumbar puncture. CSF circulates in
spinal canal, therefore, it's hypothesized that the anatomical lo-
cation of CSF collection has no impact on the detectability of
ctDNA. Consistently, the study by Miller et al."” revealed the
genomic profiles of CSF samples collected in different locations
were highly concordant. Thus, molecular analysis in CSF col-
lected via lumbar puncture is clinically feasible.

To our knowledge, this is the first study exclusively focused
on the feasibility of CSF-derived ctDNA in evaluating the mo-
lecular profile of primary spinal cord astrocytoma to date. ctD-
NA could be detected in CSF from primary spinal cord astro-
cytoma. However, given that only 4 patients were included, the
concordance of molecular profiles between paired tissues and
CSF samples needs further investigation in large sample-sized
study. Favorably, hotspot genetic alterations that could assist
molecular diagnosis or prognostic evaluation for gliomas, such
as H3F3A K27M, TP53, ATRX, etc. could be identified in CSF,
indicating that extraction and sequencing of CSF-derived ctD-
NA hold promising potential in assisting differential diagnosis
or prognostic assessment of spinal cord lesions.

CONCLUSION

CSF-derived ctDNA could be detected in patients with pri-
mary spinal cord astrocytoma. Molecular analysis through se-
quencing of CSF-derived ctDNA hold promise in assisting with
the diagnosis and prognostic evaluation for primary spinal cord

astrocytoma.

NOTES
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