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a b s t r a c t 

Central nervous system (CNS) tumors are the leading cause of cancer death in pediatric patients. Though these 

tumors typically require invasive surgical procedures to diagnose, cerebrospinal fluid (CSF) liquid biopsy presents 

a potential method for rapid and noninvasive detection of markers of CNS malignancy. To characterize molecular 

biomarkers that can be used in the diagnosis, prognosis, and monitoring of pediatric cancer patients, a literature 

review was conducted in accordance with PRISMA guidelines. PubMed and EMBASE were searched for the terms 

biomarkers, liquid biopsy, cerebrospinal fluid, pediatric central nervous system tumor, and their synonyms. Stud- 

ies including pediatric patients with CSF sampling for tumor evaluation were included. Studies were excluded if 

they did not have full text or if they were case studies, methodology reports, in languages other than English, 

or animal studies. Our search revealed 163 articles of which 42 were included. Proteomic, genomic, and small 

molecule markers associated with CNS tumors were identified for further analysis and development of detection 

tools. 
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Tumors of the central nervous system (CNS) are the leading cause of

ancer death among pediatric patients, the second most common onco-

ogic condition in children less than 14-years-old, and the most common

ondition in adolescents age 15-19 years-old [1] . Pathological diagnosis

ypically requires invasive approaches such as open surgery or stereo-

actic biopsy which carry the potential for significant morbidity and are

ubject to sampling error. Monitoring treatment response with imag-

ng remains problematic since magnetic resonance imaging (MRI) is im-

erfect, often failing to differentiate tumor progression from treatment

esponse [2] . Furthermore, information regarding longitudinal tumoral

olecular changes throughout treatment is limited to repeated biopsies.

The ability to rapidly assess biologic specimens for tumor molecular

ignatures has been aided by the growth of gene sequencing and other

igh-throughput biochemical testing. Cerebrospinal fluid (CSF) provides

n excellent candidate for “liquid biopsies ” as CSF is typically in con-

act with a CNS tumor and provides access to molecules which are se-

uestered from the rest of the body by the blood brain barrier [3 , 4] .

iquid biopsies have potential to to diagnose CNS tumors —perhaps ob-

iating the need for surgery in some cases, identify tumor recurrence,

onitor response to treatment, and tailor therapy to genetic changes in

hroughout the patient’s treatment. 
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Here we provide a systematic review of the use of CSF sampling

or biomarkers of pediatric CNS tumors. Broadly, these biomarkers can

e split into three groups —proteomic markers, genomic markers, and

mall molecule markers which provide insight into the metabolome and

ipidome of the tumor in question. 

ethods 

A literature review was conducted according to Preferred Report-

ng Items for Systematic Reviews and Meta-analysis (PRISMA) guide-

ines ( Fig. 1 ). Two independent researchers performed search, selec-

ion, data collection, and assessments. PubMed and EMBASE searches

ere conducted for ( “biomarkers ” OR “liquid biopsy ”) AND ( “CSF ”

R “cerebrospinal fluid ”) AND ( “pediatric brain tumor ” OR “pediatric

NS tumor ” OR “pediatric central nervous system tumor ” OR “pediatric

lioma ” OR “childhood brain tumor ” OR “childhood CNS tumor ” OR

childhood central nervous system tumor ”) in all combinations. Reviews

dentified in the literature search were checked for references to ensure

o studies were missed. 

Studies including predominantly pediatric patients with CNS tumors

ho had CSF sampling for biomarkers to diagnose, prognosticate, mon-

tor treatment, and assess for recurrence or tumor evolution over time

ere included. Studies were excluded if they did not include full text,
 have no competing interests to report. All data is publicly available. 

ovember 2022 

ticle under the CC BY-NC-ND license 
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Fig. 1. Flow diagram demonstrating PRISMA identification, screening, eligibility, and inclusion. 42 studies were included in the final analysis. 
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ere methodology reports, were predominantly adult studies, were in

anguages other than English, were about non-primary CNS malignan-

ies such as leukemia, or were animal studies. Methodology reports were

efined as reports that were specific to assay optimization and lacked

ovel findings. Of note, a single methodology study was identified (Li,

t al) and is discussed in the discussion. 

esults and review 

Our literature search revealed 166 articles. 75 were excluded as re-

iews, case studies, or non-English. 46 excluded as non-pediatric brain

umor CSF biomarker studies. 42 studies were ultimately included in

he review, 26 pertaining to protein biomarkers and the remaining 19

tudies evaluating genomic or small molecule markers. 

The mean number of patients in each study within the proteomic

s. genomic group was 55 (range: 10–159) vs 34 (range: 4–123), re-

pectively. Since 2020, there has been a trend towards publishing more

enomic studies. The majority of studies in the protein category fo-

used on germ cell tumors (GCTs) (36%). The majority of genomic

tudies focused on midline tumors (35%) including diffuse midline

liomas (DMGs) and diffuse intrinsic pontine gliomas (DIPGs), followed

hortly by studies on medulloblastoma (MB) (29%). The majority of pro-

eomic studies focused on one or two proteins (92%). Genomic studies,

n contrast, had a wide range of targets and methodology frequently

tilizing whole genome sequencing (WGS) (35%), whole exome se-

uencing (WES), or deep sequencing. The specifics of the review are

elow. 

enomic biomarkers ( Table 1 ) 

Circulating tumor DNA (ctDNA) are 150-200 nucleotide fragments

hich exist as a small proportion of cell free DNA (cfDNA) that is pri-
2 
arily released when circulating cells undergo apoptosis [5 , 6] . ctDNA

n the blood is frequently overwhelmed by cell-free DNA from other cells

hich compromise the majority of the circulating DNA mass. The use of

SF to sample ctDNA circumvents this problem, especially in the case of

NS malignancy where it is relatively excluded from the circulation and

he blood-brain barrier prevents the circulation of cells which contribute

o cfDNA [7] . Next-generation sequencing (NGS) and polymerase chain

eaction (PCR) technologies are invaluable tools to detect the presence

f genetic targets which exist in low quantities and sequence tumor tar-

ets enriched in the CSF [3 , 8] . Applications of these techniques specific

o pediatric CNS malignancy are reviewed below. As many of these stud-

es are small, the details are outlined to a greater extent. 

istone gene mutations 

Diffuse midline gliomas (DMGs) occur in the thalamus or brainstem

n young children. Their location makes surgical access difficult, and

iopsy has potential for high morbidity. Most of these tumors carry a

utation in the histone isoform H3 (H3F3A or HIST1H3B) resulting in a

ysine to methionine substitution (H3K27M) which alters the N-terminal

ail of the H3 protein and post-translational modification. The presence

f this mutation is associated with resistance to treatment and a poor

rognosis, and makes it an attractive target for CSF liquid biopsy exam-

ning ctDNA [9] . 

The detection of H3 mutations in the CSF was first described in a

tudy of 11 children with brain tumors, six of which had DMGs. ctDNA

as isolated from five patients, four of which were found to have the

3K27M mutation by Sanger sequencing, all of whom had DMGs. An-

ther H3 mutation, H3G34V, was detected in one patient with supra-

entorial HGG [10] . Mutations in histone genes have also been detected

sing Nanopore technology, a fast, less expensive alternative to next-
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Table 1 

Genomic studies. 

Author and Year Neoplasms Targets Techniques N Findings 

Vu Han et al, 2014 [27] AT/RT SMARCB1 rtPCR 7 ctDNA present in 2/7 patients 

Wang et al, 2015 [3] Mixed CNS tumors TP53, IDH1, TERT, 

NF2, PIK3R1, PTCH1, 

PTEN 

Targeted sequencing, 

WES 

35 tumors, 14 

pediatric 

ctDNA was common in high grade 

neoplasms 

Murray et al, 2016 [64] GCT miR–371a–3p, 

miR–372–3p, 

miR–373–3p, 

miR–367–3p 

rtPCR 45 samples from 25 

patients 

miRNA used for GCT diagnosis 

Huang et al, 2017 [10] Midline pediatric 

tumors 

H3K27M Sanger sequencing 11 H3K27M and H3G34V were present 

in tumor and CSF 

Stallard et al, 2018 [12] DIPG H3K27M ddPCR 2 DIPG, 2 HGG H3K27M levels correlated with 

tumor size, location, treatment 

Panditharatna et al, 2018 [14] DMG H3K27M, ACVR1, 

PIK3R1, BRAF 

ddPCR 110 samples from 48 

DMGs 

H3K27M correlated with tumor size 

Pan et al, 2019 [17] DIPG, HGG H3F3, TP53, ATRX, 

PDGFRA, FAT1, 

HIST1H3B, PPM1D, 

IDH1, NF1, PIK3CA, 

ACVR1 

Deep sequencing 57 brainstem tumors Mutations detected by liquid biopsy 

not present in tissue sample 

Garcia-Romero et al, 2019 [25] Mixed CNS tumors BRAF V600E ddPCR 14 samples from 29 

patients, 2 with 

confirmed BRAF 

V600E 

2 samples with BRAF V600E 

present 

Escudero et al, 2020 [18] MB Tumor-specific 

mutations 

WES, ddPCR 13 Somatic mutations in ctDNA 

correlated with disease progression 

Li et al, 2020 [28] MB Epigenome Whole genome 

bisulfate screening 

4 Epigenomes determined from 

ctDNA, CpG islands used monitor 

treatment 

Bruzek et al, 2020 [11] HGG Histone mutations Nanopore, ddPCR, 

NGS 

12 tumor, 6 control Nanopore sequencing had 

comparable results to NGS for 

detection of H3F3A and H3C2 

mutations 

Izquierdo et al, 2021 [26] DMG, HGG H3K27M, BRAF V600E ddPCR 41 non-brainstem 

DMG or HGG 

ctDNA correlated with tumor 

progression 

Liu et al, 2021 [19] MB Copy number varients WGS 476 samples from 123 

patients 

CNVs correlated with measurable 

residual disease 

Sun et al, 2021 [20] MB Tumor-specific 

mutations 

NGS 58 ctDNA in CSF correlated with 

progression 

Pagès et al, 2022 [21] Mixed CNS tumors 46 commonly mutated 

genes 

WGS, deep sequencing 46 CSF specimens 

compared to urine and 

serum (564 specimens 

total) 

Low levels of ctDNA identified in 

CSF, serum, and urine 

Miller et al, 2022 [22] Mixed CNS tumors 468 cancer-associated 

genes 

NGS 45 ctDNA used for diagnosis, treatment 

monitoring, and tumor monitoring 

Cantor et al, 2022 [15] DMG H3K27M ddPCR 24 H3K27M used for longitudinal 

tumor monitoring, differentiated 

pseudoprogression 

Lee et al, 2022 [31] MB Metabolomes, 

transcriptomes 

RNAseq, MS 40 Combination of metabolomic and 

trancriptomic information 

differentiates MB CSF 

Majzner et al, 2022 [16] DMG H3K27M Not discussed 4 GD2 expressed in H3K27M can be 

targeted with CAR-T cell therapy 

for clinical benefit 
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eneration sequencing, in patients with high grade gliomas with H3F3A

nd H3C2 mutations [11] . 

This finding was reproduced by another group who described their

xperience utilizing CSF liquid biopsy to detect H3K27M in two patients

ith diffuse intrinsic pontine glioma (DIPG) and two patients with HGG

tilizing droplet digital PCR (ddPCR) and probes specific to the K27M

utation. They found that tumors with a large cross-sectional area of en-

ancement on MRI were associated with the highest number of copies of

he K27M mutation. Higher levels of K27M were also detected in the lat-

ral ventricles compared to lumbar puncture in one patient, indicating

hat the amount of ctDNA obtained may be dependent on the location of

he tumor. Cells collected from one patient were cultured and radiated;

opies of K27M were found to increase with tumor growth and decrease

ith treatment, indicating the potential utility in this marker for moni-

oring treatment [12] . The ability to detect K27M was again verified in

nother study of 2 pediatric patients with DMG [13] . 
3 
The largest study examining the role of CSF liquid biopsy to detect

3K27M as a biomarker for DMG in pediatric patients utilized 110 CSF

nd plasma specimens from 48 subjects. ctDNA was quantified using

dPCR with H3K27M detected in 88% of patients, and the highest levels

ere found in CSF. Longitudinal samples with MRI comparison were

vailable in 12 patients, and a significant decrease in H3K27M ctDNA

as observed in 10/12 patients undergoing radiotherapy, providing the

rst in vivo evidence of clinical utility [14] . 

The clinical utility of CSF liquid biopsy was demonstrated in a lon-

itudinal assessment of CSF for the H3K27M mutation in 24 patients

ith DMG. Patients without recurrence of their DMG following treat-

ent were associated with a decrease in concentrations of H3K27M, and

udden increases in H3K27M preceded tumor progression in 5/11 cases.

arly decreases in H3K27M were associated with longer progression-

ree survival, and levels of H3K27M did not increase in patients found

o have pseudo-progression [15] . This biomarker has also been used for
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argeting of GD2-CAR T-cell therapy to H3K27M mutant diffuse midline

liomas in a study of four patients, three of which exhibited clinical and

adiographic improvement in their tumors [16] . 

ntargeted sequencing 

Tumor-specific genes provide an attractive target for CSF liquid biop-

ies. In a study of 35 patients with primary CNS tumors, 14 of which

ere pediatric patients, tumors underwent WES or sequencing for a

ange of known mutations to identify somatic mutations in tumor tis-

ue obtained at biopsy. CSF collected from patients was then assessed

sing a sensitive sequencing-based method to identify the presence

f ctDNA. MBs, ependymomas, or HGGs abutting CSF spaces had de-

ectable ctDNA, however, tumors isolated from CSF did not have de-

ectable levels of ctDNA. ctDNA mutations identified included mutations

n TP53, IDH1, TERT, NF2, PIK3R1, PTCH1, PTEN [3] . 

In a similar study, CSF was collected from 57 patients with brainstem

liomas prior to biopsy in 47 of those patients. Genomic DNA libraries

ncluding 68 commonly mutated brain tumor genes were generated from

umor DNA and compared with ctDNA from the CSF using NGS. H3F3A,

P53, ATRX, PDGFRA, FAT1, HIST1H3B, PPM1D, IDH1, NF1, PIK3CA ,

nd ACVR1 were the most commonly identified gene mutations in the

SF samples. In 97% of cases with detectable primary tumor mutations

n tissue, a single detectable tumor-specific mutation was identified in

he CSF; all primary tumor alterations in CSF were identifiable in 84% of

ases. At least half of the tumor-specific alterations in the CSF were iden-

ified in 92% of cases, demonstrating the power of this tool for molec-

lar diagnosis [17] . Furthermore, a study of 13 MB patients using WES

f tumor tissue and ctDNA isolated from CSF samples successfully risk

tratified patients based on the molecular profile of ctDNA in CSF [18] .

The use of CSF liquid biopsy in MB patients was further explored

n a large study with 123 patients and 476 CSF samples collected lon-

itudinally during treatment. MB has relatively fewer driver mutations

ompared to other CNS tumors, however, the MB genome is character-

zed by large numbers of chromosomal copy number variations (CNVs).

GS was used to detect tumor-associated CNVs in CSF, which was then

sed as a marker for measurable residual disease (MRD). MRD was de-

ected in 64% of baseline samples, 39% of post-radiation therapy, 28%

id-chemotherapy, and 34% at the end of therapy. 32 patients achieved

omplete radiographic response, and 50% of these patients had MRD de-

ected via CNVs at least 3 months prior to radiographic appearance of re-

urrence [19] . Similar use of liquid biopsy was demonstrated in another

tudy of 58 patients utilizing deep sequencing based on an NGS plat-

orm. Variations were detected in the following genes: KMT2D, KMT2C,

MARCA4, BCOR, TP53, PTCH1, EP300, NF1, SETD2, MED12 , and SPEN .

nterestingly, only 15/58 patients had detectable ctDNA in CSF despite

umors being located in the fourth ventricle in 48/58 patients. Notably,

his was low-coverage whole genome sequencing [20] . 

It is unclear why there is such a difference in detection of ctDNA

etween the two above studies. This could be secondary to lack of stan-

ardization of CSF collection or storage methods, methods used to detect

he ctDNA, or the difference in searching for CNVs versus specific MB-

ssociated mutations. Pagès et al. detected similarly low levels of ctDNA

n 67 CSF specimens collected from pediatric brain tumor patients with

 range of tumor types. They utilized ultra-low pass WGS and were able

o detect ctDNA via CNVs in 9/46 CSF samples and a deep sequencing

f specific mutations associated with pediatric CNS tumors were able

o detect ctDNA in 3/10 CSF samples. Only patients with high grade

umors had positive results [21] . 

The multiple uses of CSF liquid biopsy were recently described by

iller et al. in a study which included 64 CSF samples from 45 pa-

ients, 20 of whom were pediatric, using NGS and the Memorial Sloan

ettering-Integrated Molecular Profiling of Actionable Cancer Targets

MSK-IMPACT) assay which captures all protein-coding exons of 468

ancer-associated genes and select introns. 30/64 samples were found

o be positive for at least one somatic mutation described in the MSK-
4 
MPACT panel, and 20/45 patients were found to have a positive CSF

ample. Specifically, 5/5 pineoblastomas, 4/4 diffuse leptomeningeal

lioneuronal tumors, 7/10 HGG, 3/10 MB, 1/4 retinoblastoma, and 0/4

ow grade glioma CSF samples were positive. They further described

hree categories where liquid biopsy altered the patients care. In the

rst, ctDNA was used to establish a diagnosis or identify actionable mu-

ations in patients with nondiagnostic biopsies or surgically inaccessible

isease. In the second, cfDNA was used to monitor the tumor’s response

o therapy. In the third, cfDNA was used to monitor the evolution of the

umor over time [22] . 

argeted sequencing 

RAF V600E 

The BRAF V600E mutation leads to constitutive activation of the

APK/ERK pathway and is found in up to 33% of pediatric midline

umors with the highest incidence in pleomorphic xanthoastrocytomas

PXAs) [23] . Tumors harboring this mutation have BRAF -targeted ther-

pies available which may increase survival and increases the utility of

etecting this mutation [24] . This mutation was detected in 2 CSF sam-

les using ddPCR in a study consisting of 14 CSF samples in a cohort of

9 pediatric patients, four of which were confirmed to harbor the BRAF

600E mutation [25] . A similar study included 32 patients with pedi-

tric HGGs or DMGs. 9 CSF samples were analyzed, 6 of which demon-

trated molecular alterations in ctDNA. The presence of TP53, H3K27M,

RAF V600E, H3G34R, and a known ETV6:NTRK3 fusion gene was de-

ected. Longitudinal CSF samples were not available to assess the re-

ponse to treatment, however, plasma samples demonstrated a decrease

n levels of BRAF V600E in response to BRAF-targeted therapy, indicat-

ng a potential role for CSF liquid biopsy [26] . 

MARC-B1 

AT/RTs are characterized by loss of function mutations in the

MARCB1 tumor suppressor gene which forms the SMARCB1/INI1 sub-

nit of the SWI/SNF chromatin remodeling complex. A single study an-

lyzed 5 CSF samples from patients with AT/RTs utilizing real time-PCR

rtPCR) and mutation-specific primers based on DNA extracted from tu-

or tissue collected at time of surgery. Tumor-specific DNA was identi-

ed in the CSF of 2 patients [27] . 

pigenetic studies 

A single study examining the epigenetic profile of patients with pe-

iatric CNS tumors was identified. CSF samples from four patients were

ollected via lumbar puncture. DNA methylomes and hydroxymethy-

omes were obtained with whole genome bisulfite screening and anti-

ytosine-5-methylenesulfonate immunoprecipitation sequencing result-

ng in an average of 600 million read over 13 million CpG sites. There

as a high correlation observed with epigenetic modification of tran-

cription start sites, exons, CpG islands, and promoters between tumor

issue and cfDNA from CSF, and the DNA methylation levels within the

pG islands were highly consistent within individuals, suggesting their

otential utility as a biomarker. Compared to normal cerebellum, cfDNA

rom CSF showed lower overall levels of methylation but higher levels

f methylation at CpG islands, consistent with data regarding MB epi-

enetic patterns. Two patients had CSF samples collected at diagnosis

nd treatment, and the methylation patterns of CpG islands were seen to

hange, suggesting a use to monitor response to treatment. Differences

n the epigenome were also observed between MB subtypes [28] . 

NA and miRNAs 

miRNAs are small, non-coding RNAs identifiable in CSF which modu-

ate post-transcriptional gene expression and act as both tumor suppres-

ors and oncogenes [29 , 30] . There was a single study utilizing miRNA

s a biomarker for pediatric CNS tumors. As discussed above, while AFP
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nd bHCG are useful biomarkers for malignant GCTs, they have a lim-

ted sensitivity and specificity for diagnosis. Malignant GCTs overex-

ress miRNAs from the miR–371–373 and miR–302/367 clusters. Mur-

ay et al. quantified these miRNAs in serum and CSF of 25 pediatric pa-

ients with GCTs [62] . Utilizing quantitative real time-PCR (qRT-PCR)

nd a miRNA panel with miR–371a–3p, miR–372–3p, miR–373–3p and

iR–367–3p, they were able to distinguish intracranial malignant GCTs

rom intracranial non-GCTs at diagnosis, indicating potential for diag-

osing and monitoring disease treatment. 

Lee et al. examined CSF samples from 40 patients with MB with

NAseq and high-resolution MS to identify RNA profiles associated with

he tumor. A multivariate analysis utilizing the Data Integration Analy-

is for Biomarker discovery using a Latent component method for Omics

tudies (DIABLO) package identified RNA changes within CSF that ac-

urately characterized tumor CSF compared to non-tumor using the 48

ost differentially expressed genes. A large scale approach such as this

as able to determine transcripts which clustered together, and a novel

ircular RNA circ_463 was identified as a potential future MB biomarker

31] . 

roteomic markers ( Table 2 ) 

erm cell tumors (GCTs) 

Intracranial GCTs are primary malignant CNS tumors in the pineal

r suprasellar regions with variable prognoses depending on their clas-

ification as germinomas or nongerminomatous (NGGCTs). Germino-

as are the most common form of GCT and are highly responsive to

hemoradiotherapy with > 90% remission rates. NGGCTs are relatively

ess responsive to treatment with remission rates of 65-85% and poorer

urvival. Diagnostic tool development has focused on improving early

etection of GCTs, distinguishing germinoma and NGGCTs, and moni-

oring treatment response. 

eta-human chorionic gonadotropin (bHCG) and alpha fetoprotein (AFP) 

Patients with intracranial GCTs have elevated levels of bHCG in CSF

hich decrease after treatment and predict treatment success better than

RI which cannot distinguish necrotic masses from residual tumor [32] .

n germinomas, higher levels of CSF bHCG are also correlated with more

requent recurrence [33] . 

There is some disagreement regarding the diagnostic sensitivity of

iomarker detection and CSF biomarker yield depending on the loca-

ion of CSF access (e.g. lumbar vs ventricular). In a study of 86 patients

ith GCTs, lumbar bHCG values were equal to or greater than values in

entricular CSF or serum, suggesting that lumbar CSF may be a more re-

iable source of bHCG [34] . Another study on 67 patients found 96.2%

greement in serum and CSF, but did not specify the location of CSF

ccess [35] . 

AFP is used alongside bHCG for diagnosis, is detected in both serum

nd CSF, and correlates with treatment response. The diagnostic sensi-

ivity of AFP across different sources of CSF is also debated. For patients

ith mixed malignant GCTs, lumbar AFP levels are greater than ven-

ricular values, but serum AFP values remain the highest —a rare exam-

le where serum values are higher than CSF values [32] . Nevertheless,

ggressive removal of tumor is effective as a first-line therapy in pre-

enting craniospinal dissemination in patients with GCTs who have a

elative increase in levels of bHCG or AFP [36] . 

GCTs are traditionally diagnosed by CSF bHCG > = 50 IU/L or AFP

 = 10 ng/mL. However, this diagnostic cutoff has a very poor sensitiv-

ty of 34.6%. A recent study of predominantly pediatric patients found

hat reducing the diagnostic threshold to bHCG > = 8.2 IU/L increased

ensitivity to 47% while maintaining specificity at 100%. This bHCG

hreshold, taken together with a cutoff of AFP > = 3.8 ng/mL, creates a

otal diagnostic sensitivity of 65.4% [37] . 
5 
-kit/PLAP 

Our review found that bHCG and AFP are the most commonly used

iomarkers for GCTs, however, recent studies have identified new mark-

rs. C-kit is a protooncogene involved in stem cell growth factor signal-

ng and has been implicated in a variety of extra-CNS cancers such as

eukemia and breast cancer [38 , 39] . The soluble form of c-kit (s-kit)

s found on germinoma cells and is elevated in CSF of germinomas and

yncytiotrophoblastic giant cells, but not teratomas, non-germ cell brain

umors, or controls. Furthermore, the level of s-kit is correlated with re-

ponse or non-response to chemoradiation [40] . 

Placental alkaline phosphatase (PLAP) has also been proposed as a

umor marker for intracranial germinomas. Watanabe et al. reported

igh CSF PLAP in germinoma patients which decreased after remis-

ion following radiochemotherapy. The assay achieved a sensitivity of

4% and a specificity of 97% [41] . A similar assay detected higher CSF

LAP levels in patients with germinomas compared to NGGCTs which

emained elevated in patients with recurrence [42] . 

osterior fossa tumors 

Posterior fossa tumors comprise up to 70% of all childhood brain tu-

ors [43] . There are a few studies examining specific protein markers

f posterior fossa tumors, the most common of which are MB, ependy-

omas, and cerebellar astrocytomas [44] . 

olysialic-neural cell adhesion molecule (PSA-NCAM) 

PSA-NCAM is a marker of developing neurons and plays a role in

eural plasticity. PSA-NCAM levels are increased in the CSF of patients

ith MB and levels correspond to the extent of disease. Following treat-

ent, elevated levels of PSA-NCAM remain present in patients refractory

o treatment. The PSA-NCAM test correlates with cytology results and

as a higher sensitivity than cytology [45] . 

nsulin-like growth factors (IGFs) and insulin-like growth factor binding 

roteins (IGFBPs) 

Insulin-like growth factor (IGF) and insulin-like growth factor bind-

ng proteins (IGFBP) play an important role in CNS development and

ay have a role in brain tumor development, but can become imbal-

nced in pathologic states. In normal CSF, IGF-1 is detectable only in

race amounts and IGF-2 is abundant. Likewise, IGFBP-2 and IGFBP-

 are abundant in normal CSF and IGFBP-3 is typically only a minor

omponent. In MBs and ependymomas, IGFBP-2 and IGFBP-3 are over-

xpressed. IGFBP-3 is elevated in children with highly malignant CNS

umors and returns to normal following chemotherapy. Elevated IGFBP-

 levels correlate with microscopically detectable malignant cells in CSF

n MBs and ependymomas [46] . Though studies are limited, IGFBP-4 is

lso reported to be significantly elevated in patients with CNS metastasis

ompared to controls [47 , 48] . 

rostaglandin D2 Synthase and hemorphins 

While most biomarkers are detected in elevated levels, prostaglandin

2 synthase (PGD2S is six-fold decreased in MB samples [49] . PGD2S

s one of the most abundant glycoproteins in healthy CSF and its reduc-

ion in cancer patients is speculated to be a host response to the tumor.

imilarly, LVV-hemorphin-7 (LVV) and VV-hemorphin-7 (VV-h7), de-

ived from the hemoglobin family, act as negative biomarkers. These

eptides are absent in posterior fossa tumor patients prior to treatment

nd in patients with residual tumor or metastatic disease, yet are ele-

ated immediately following surgery [50] . Though studies have been

imited, preliminary data on the reduction of PGD2S, LVV, and VV-h7

n posterior fossa tumor patients suggest that the absence of these CSF

rotein markers may serve clinical utility in the monitoring of response

o treatment and early detection of recurrence [49 , 50] . 
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Table 2 

Proteomic studies. 

Author and Year Neoplasm Protein identified Technique N Findings 

Müller et al, 1993 [46] CNS tumors IGF family proteins Radioimmunoassay 23 CNS tumors, 18 

leukemia, 13 

meningitis, 38 control 

Elevated IGFBP-3 in CNS tumors 

Müller et al, 1994 [65] CNS tumors IGFBP-2 Western blot 21 CNS tumors, 25 

leukemia, 4 peripheral 

solid tumors 

Elevated IGFBP-2 in CNS tumors 

Nishizaki et al, 2001 [36] GCT AFP/bHCG ELISA 19 GCTs Disseminated disease can be prevented 

with surgery in GCTs with elevated 

bHCG and AFP 

Seregni et al, 2002 [32] GCT AFP/bHCG Radioimmunoassay 30 bHCG and AFP can be used to monitor 

response to therapy 

Miyanohara et al, 2002 [40] GCT s-kit ELISA 47 samples from 32 pts Elevated s-kit in germinanomatous 

GCT’s 

Kao 2005 [52] CNS tumors Osteopontin ELISA 16 MB, 8 AT/RT, 15 

control 

Osteopontin elevated in AT/RT 

de Bont 2006 CNS tumors Apolipoprotein A2 SELDI-TOF, Q10 

ProteinChip arrays 

32 CNS tumor, 70 

control 

Apolipoprotein A2 elevated in CNS 

tumors 

Figarella-Branger et al, 2006 [45] MB PSA-NCAM ELISA 145 samples from 29 

MB, 14 control 

PSA-NCAM correlated with tumor and 

response to treatment 

de Bont 2008 [54] CNS tumors t-Tau ELISA 37 CNS tumor, 51 

control 

Elevated t-Tau in CNS tumors, 

especially MB 

de Bont et al, 2008 [47] MB, ependymoma IGF Radioimmunoassay 16 MB, 4 

Ependymoma, 23 

control 

IGF system is a source of biomarkers 

Rajagopal et al, 2011 [49] MB PGD2-S ELISA, MALDI-TOF 33 MB, 25 control PGD2-S levels negatively correlated 

with presence of tumor 

Desiderio et al, 2012 [50] MB, ependymoma, PA LVV-hemorphin-7, 

VV-hemorphin-7 

LC-MS 14 PA, 1 MB, 5 

ependymoma, 5 

control 

Hemorphins were present post-resection 

if residual or with spinal dissemination 

Watanabe et al, 2012 [41] GCT PLAP Chemi-luminescence 36 GCTs, 3 

nongerminomatous 

GCTS, 21 glioma, 12 

other, 37 control 

Elevated PLAP in GCT’s 

Qaddoumi et al, 2012 [35] GCT AFP/bHCG 67 GCTs CSF and serum bHCG and AFP 

correspond 

Saratsis 2012 [57] DIPG CypA, DDAH1 MS 10 DIPG, 1 GBM, 4 

control 

CypA and DDAH1 marker of DIPG 

Legault et al, 2013 [34] GCT AFP/bHCG 86 Lumbar CSF has better yield of AFP and 

bHCG relative to ventricular CSF 

Cengiz 2015 [53] CNS tumors C-tau levels ELISA 26 c-Tau elevated with tumors, correlated 

axonal damage, not diseasde extent 

Fukuoka et al, 2016 [33] GCT bHCG ELISA 35 High levels of bHCG are associated with 

GCT recurrence 

Hu et al, 2016 [37] GCT AFP/bHCG ELISA (bHCG), 

Chemi-luminescence 

(PLAP) 

58 GCTs, 17 suspected 

GCTs, 17 controls 

Establishes cut-off alues of bHCG and 

AFP for diagnosis 

Spreafico 2017 [48] CNS tumors CSF Proteome Core-shell hydrogel 

nanoparticles, LC-MS, 

ELISA, Westernblot 

27 brain tumors, 13 

control 

Type 1 collagen, IGFBP-4, procollagen 

C-endopeptidase enhancer 1, GDNF 𝛼2, 

ITIH4, NPDC1 elevated with metastatis 

Low 2020 [55] Metastatic MB Cytokines Proteome array for 43 

proteins 

10 metastatic MB CCL2, CXCL1, IL6, IL8 elevated in 

metastatic MB 

Okamoto et al, 2021 [42] GCT PLAP 37 intra- or 

periventricular tumors 

PLAP can be used to monitor response 

to treatment and recurrence 

Bruschi et al, 2021 [59] All CNS tumors 

requiring 

ventriculostomy 

CSF Proteome ELISA 31 brain tumors, 37 

control 

TAF15 and S100B differentiate tumor 

and nontumor 

O

O
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C  
ther protein biomarkers 

steopontin 

Osteopontin (OPN) is a bone-related extracellular protein which me-

iates immune responses and cell migration critical to cancer progres-

ion. OPN has been evaluated in atypical teratoid/rhabdoid tumors

AT/RTs) which are WHO grade IV tumors comprising approximately

0% of malignant brain tumors in children less than 1-year-old [51] .

PN in CSF is significantly higher in AT/RTs compared with MB, and

orrelates with treatment response [52] . 

au 

Tau is an internal skeleton protein found in neurons commonly as-

ociated with neurodegeneration. Total tau is a general marker of neu-
6 
odegeneration, elevated in lumbar but not ventricular CSF in children

ith brain tumors. Cleaved tau is associated with neuronal damage and

s found to be elevated by 400-fold in children with newly diagnosed

rain tumors. Of note, elevated tau in CSF is a non-specific indicator of

alignancy, as it is also an indicator of other CNS insults like hydro-

ephalus, infection, and traumatic brain injury [53 , 54] . 

ytokines 

Cytokines are signaling proteins released in response to inflam-

ation and immune function. These proteins are increasingly studied

ith regard to pediatric brain tumors. CCL2 is involved in regulating

acrophage recruitment during inflammation and is increased in the

SF of patients with metastatic MB compared to non-metastatic. In
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Table 3 

Summary of selection of techniques discussed. 

Technique Description Benefits Limitations 

Genetic 

Sanger sequencing [66] Sequences DNA with primers using 

fluorescent nucleotides and 

electrophoresis to generate 

sequence 

Highly accurate, long read length 

(400–900 bp) 

Low throughput, high cost 

Droplet digital PCR (ddPCR) [67] Allows for detection of known 

variants based on primer, best for 

point mutations 

Small amount of CSF necessary, 

quantitative assay 

Assay is expensive, time-consuming 

set-up 

Next generation sequencing (NGS) [ 66 , 68] Simultaneously sequences multiple 

DNA fragments for larger genome 

coverage 

Multiple platforms, can provide 

whole-genome/exome, allows discovery 

of new genes, low error rate 

Lower sensitivity, may require 

larger volumes of CSF, expensive, 

complex data analysis 

Nanopore sequencing [ 11 , 69] Direct electronic analysis of nucleic 

acids fed through biologic pores 

Inexpensive, handheld; high sensitivity, 

requires small amounts of CSF 

Potentially high error rate 

Proteins 

Enzyme linked immunosorbent assay 

(ELISA) [70] 

Immuno assay to detect specific 

proteins of interest 

Rapid, standardized, high sensitivity, 

can be multiplexed 

Requires well-defined antibody to 

protein(s) of interest, no discovery 

ability 

Liquid Chromatography-Mass 

Spectrometery (LC-MS) [ 71 , 72] 

Separates proteins in sample with 

chromatography and analyzes with 

MS 

High throughput, quantitative Extensive data processing, difficult 

to identify specific proteins, 

expensive equipment 
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f  

s  
roup 3 MB, MYC-amplified patients express higher levels of CXCL1,

L6, and IL8 in CSF [55] . 

Increasing interest in molecular signatures of pediatric brain tumors

as uncovered novel markers for potential use in liquid biopsy. In dif-

use intrinsic pontine glioma (DIPG), the overexpression of tenascin-C

TNC) gene and protein, an extracellular matrix glycoprotein involved

n neuronal development, has been linked to higher tumor grade and

oorer survival [56] . DIPG has also been associated with an increase in

ecreted cyclophillin A and dimethylarginase 1 in CSF [57] . 

roteomic analyses 

Large-scale proteomic analysis has also been utilized. SELDI-TOF

ass spectrometry (MS) was used on CSF from 32 pediatric brain tumor

atients to identify protein expression profiles using Q10 ProteinChip ar-

ays. 247 proteins were identified with MS and 123 were differentially

xpressed in tumors. The authors selected one of the proteins overex-

ressed in tumors and identified it as apolipoprotein A2a. The levels

ere correlated with CSF albumin levels, and it was thought that the el-

vated values were secondary to blood-brain barrier disruption [58] . An

dditional study examining 29 patients with tumors requiring CSF di-

ersion utilized liquid chromatography-MS to evaluate the proteome of

SF obtained. TATA-binding protein assoicated factor 15 (TAF15) and

100B were identified as discriminating tumor from non-tumor among

598 proteins. Additional proteins which could discriminate specific

ypes of tumors included thymosin-beta 4, CD109, 14.3.3, and HSP90

lpha [59] . 

In a study on 27 patients with brain tumors, Spreafico et al. pro-

essed CSF samples using nanoparticles to identify low abundance and

ow molecular weight proteins associated with the tumors. Of 558 pro-

eins identified using reverse phase protein array, 14 were found to

iscriminate metastatic CNS tumors from extra-CNS cancer controls.

roteins identified included type 1 collagen, IGFBP4, procollagen C-

ndopeptidase enhancer 1, glial cell-line derived neurotrophic factor re-

eptor 𝛼2, inter-alpha-trypsin inhibitor heavy chain 4, and neural prolif-

ration and differentiation control protein-1 [48] . Thus, novel biomark-

rs are rapidly being identified with high throughput methods of protein

nalysis. 

mall molecule and metabolomic biomarkers 

The ability to detect and profile large numbers of small molecule

etabolites and lipids has been greatly facilitated by high resolution

S, and these molecules can now be profiled to develop a picture of a

umor’s microenvironment [60] . One study examining the metabolome
7 
f CSF in pediatric CNS tumors was identified in our review. Lee et al.

xamined CSF samples from 40 patients with MB with high-resolution

S (in addition to RNAseq, as mentioned above) to identify metabo-

ite and lipid profiles associated with the tumor. Metabolomic analysis

emonstrated alterations in metabolites of the tricarboxylic acid cycle

nd amino acid metabolism in MB CSF, and total triacylglycerols were

lso found to be upregulated. These profiles provided evidence of a hy-

oxic environment within the tumor and allowed accurate categoriza-

ion of MB CSF [31] . 

uture directions 

As described above, techniques for profiling the proteomic, genomic,

nd metabolomic profile of pediatric CNS malignancies are becoming in-

reasingly used and are enabling the rapid identification of large num-

ers of molecules to facilitate diagnosis, monitor treatment, and evalu-

te recurrence of disease. We briefly review a selection of these methods

n Table 3 . Despite this vast toolbox, the research has yet to be imple-

ented in neuro-oncology clinics as standard of care. Disparate methods

ave been used to build this body of literature. This is necessary given

he variety of genetic changes that have been identified, and clinicians

nd researchers will need to be familiar with the basics of these methods

nd their benefits and limitations to facilitate their use and contextualize

omparison of studies. It is also possible that the current data is biased

ince most studies occurred at tertiary care centers where patients likely

ave more severe disease. Larger prospective studies are needed to val-

date the utility of the above studies. 

To facilitate larger studies, standardization of CSF collection and of

ssays will be necessary to ensure results are translatable between insti-

utions. Indeed, only a single paper describing a standardized method

or detection of the H3K27 mutation was identified in our review, in-

icating the need for further research to standardize and validate find-

ngs [61] . Additionally, the tools to perform high-throughput molecular

nalysis are frequently expensive and not readily available, so less ex-

ensive technology such as the Nanopore sequencing mentioned above

s critical for dissemination of these methods. Newer high-throughput

ethods are able to sequence genomes, transcriptomes, proteomes, and

etabolomes, as opposed to prior methods which could only examine

 few biomarkers of interest. With increasing data, computational bi-

logy approaches are becoming increasingly useful to provide a deeper

nderstanding of tumor biology and cancer treatment [62 , 63 , 16] . In the

uture, approaches that combine insights from DNA, RNA, protein, and

mall molecule diagnostic tests may allow for excellent monitoring of
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umor progression and treatment and provide further targets for man-

gement of childhood brain tumors. 
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