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Background and Need for Novel Biomarkers: Brain tumors are the leading cause of death
by solid tumors in children. Although improvements have been made in their radiological
detection and treatment, our capacity to promptly diagnose pediatric brain tumors in their
early stages remains limited.This contrasts several other cancers where serum biomarkers
such as cancer antigen (CA) 19-9 and CA 125 facilitate early diagnosis and treatment.

Aim:The aim of this article is to review the latest literature and highlight biomarkers which
may be of clinical use in the common types of primary pediatric brain tumor.

Methods: A PubMed search was performed to identify studies reporting biomarkers in
the bodily fluids of pediatric patients with brain tumors. Details regarding the sample type
[serum, cerebrospinal fluid (CSF), or urine], biomarkers analyzed, methodology, tumor type,
and statistical significance were recorded.

Results: A total of 12 manuscripts reporting 19 biomarkers in 367 patients vs. 397 controls
were identified in the literature. Of the 19 biomarkers identified, 12 were isolated from CSF,
2 from serum, 3 from urine, and 2 from multiple bodily fluids. All but one study reported
statistically significant differences in biomarker expression between patient and control
groups.

Conclusion:This review identifies a panel of novel biomarkers for pediatric brain tumors. It
provides a platform for the further studies necessary to validate these biomarkers and, in
addition, highlights several techniques through which new biomarkers can be discovered.
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INTRODUCTION
BACKGROUND
Brain tumors are the leading cause of death from solid tumors in
children (1). This statistic, coupled with the rising incidence rate
of pediatric brain tumors from 2.3 cases per 100,000 in 1975 to
3.6 cases per 100,000 in 2009 (1), highlights the need for novel
approaches aimed at tackling these tumors.

Whereas serum biomarkers, such as cancer antigen (CA) 125
and CA 19-9, facilitate the early diagnosis and treatment of several
cancers of adults, few biomarkers exist for pediatric malignan-
cies. Examples include alpha-fetoprotein in hepatoblastomas and
yolk sac tumors, and neuron-specific enolase in neuroblastomas.
Biomarkers of pediatric brain tumors remain elusive however,
with the exception of alpha-fetoprotein and β-human chorionic
gonadotropin in intracranial germ cell tumors (2, 3).

BIOMARKERS AND THEIR CLINICAL USE
A tumor biomarker is a substance, measureable in cancer patients,
whose detection reflects the presence of a tumor (4). One clinical

Abbreviations: AT/RT, atypical teratoid/rhabdoid tumor; bFGF, basic fibroblast
growth factor; CNS, central nervous system; CSF, cerebrospinal fluid; ELISA,
enzyme-linked immunosorbent assay; IGF, insulin-like growth factor; IGFBP,
insulin-like growth factor-binding protein; MMP,matrix metalloproteinase; PGD2S,
prostaglandin D2 synthase; PSA-NCAM, polysialic-neural cell adhesion molecule;
VEGF, vascular endothelial growth factor.

use for tumor biomarkers is in the screening of asymptomatic
populations for occult tumors. Despite a rising incidence rate,
pediatric brain tumors remain relatively uncommon. As such,
mass screening of asymptomatic children using novel biomarkers
is unlikely to be cost-effective at present. Fluid analysis for novel
biomarkers could, however, facilitate the timely diagnosis of chil-
dren in whom there is a clinical suspicion of a brain neoplasm.
Furthermore, an early histological diagnosis may be made possible
by analysis for biomarkers specific to particular types of pediatric
brain tumor. This would help direct pre-operative management,
such as chemotherapy and radiotherapy, as well as aid prognos-
tication. Following treatment, serial measurement of biomarker
levels could also be used to monitor treatment response and detect
recurrence.

CURRENT CHALLENGES
A likely contributing factor to the paucity of biomarkers in the
serum of pediatric brain tumor patients is the blood-brain bar-
rier. The cerebrospinal fluid (CSF) has thus been investigated as
an alternative diagnostic fluid to serum in the search for pedi-
atric brain tumor markers. Numerous CSF biomarkers of pediatric
brain tumors were highlighted in literature reviews published in
the 1980s (5). Perhaps the most promising were polyamines in
children with medulloblastomas. One study demonstrated consis-
tent elevations in CSF levels of putrescine, a polyamine, in 32
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children with medulloblastomas relative to controls (6). Many
other candidates were too non-specific for routine clinical use,
however.

Moreover, the value of urine as an alternative diagnostic fluid
to serum and CSF is already well established in the case of
one pediatric malignancy. In neuroblastomas, quantification of
urinary catecholamine metabolites facilitates disease diagnosis,
with a reported specificity and sensitivity of >99 and 66–100%,
respectively (7).

AIMS
The search for biomarkers in the serum, CSF, and urine of pedi-
atric brain tumor patients has continued in recent years. We review
the latest literature and highlight those biomarkers which may be
of clinical use in the common types of primary pediatric brain
tumor. By identifying such biomarkers we hope to facilitate the
prompt diagnosis and treatment of novel and recurrent disease
through minimally invasive means.

METHODS
A PubMed search was performed to identify studies reporting
biomarkers in the prevalent forms of primary pediatric brain
tumor. The following terms were combined along with appropri-
ate synonyms, abbreviations, and MeSH terms: “serum,”“plasma,”
“blood,”“CSF,”“urine,”“biomarker,”“marker,”“pediatric,”“brain,”
“central nervous system (CNS),” “tumor,” “neoplasm,” “medul-
loblastoma,” “glioma,” “pilocytic,” “astrocytoma,” “primitive neu-
roectodermal,”“craniopharyngioma,”“atypical teratoid,”“ependy-
moma.”

The search was limited to manuscripts published since 1990.
Studies reporting biomarkers in the serum, CSF, and urine of
pediatric brain tumor patients that were differentially expressed
relative to controls were selected. For each study selected, the num-
ber and age of patients and controls was recorded along with details
regarding the biomarkers being analyzed, the diagnostic fluid cho-
sen, patient tumor types, quantification methodologies, and any
outcome measures reported.

RESULTS
Twelve studies were identified, highlighting a total of 19
biomarkers in 367 tumor patients vs. 397 controls (Table 1).
The biomarkers from all but one study were able to discriminate
between tumor patients and controls to a statistical significance of
p≤ 0.05. In the remaining study, the authors did not specify the
statistical significance of their findings (8).

Of the 19 biomarkers reported, 12 were biomarkers in CSF
alone, 2 in serum alone, 3 in urine alone, 1 in CSF and plasma, and
1 in CSF and urine. A wide range of techniques were used to detect
and quantify the biomarkers, with enzyme-linked immunosorbent
assays (ELISA), western blots, and radioimmune assays being the
most frequently used. The majority of studies included a vari-
ety of CNS tumors in patient cohorts. Only two studies included
tumors from outside the CNS within the patient cohort (8, 9). In
both cases, the authors separated these tumors from those of CNS
origin during subsequent analysis.

In all but one study, patient cohorts were of a pediatric/young
adult age range. The remaining study included both adult and

pediatric patients but proceeded to analyze the two age groups
separately (10). The control cohort used in this study also included
both children and adults, but again, these groups were separated
during further analysis. All other studies used only controls of a
young age, apart from one study which compared pediatric tumor
patients to healthy adult controls (9).

DISCUSSION
URINARY MATRIX METALLOPROTEINASES
Matrix metalloproteinases (MMPs) are degradative enzymes with
central roles in tumor neovascularization, invasion, and metas-
tasis. Several MMPs are known to be overexpressed in primary
brain tumors (11). This, coupled with the detection of MMPs in
the urine of patients with a variety of cancers (12–15) prompted
the investigation of their utility as urinary biomarkers of brain
tumors (10). In this study, MMP-2, MMP-9, and MMP-9/NGAL,
in addition to the pro-angiogenic molecule vascular endothelial
growth factor (VEGF), were found to be elevated in the urine of
28 brain tumor patients relative to controls (p < 0.001). Although
the cohort of brain tumor patients contained both children and
adults, the elevations remained statistically significant on analy-
sis of the 11 pediatric patients alone. With optimal cut-off levels,
MMP-2 and VEGF had sensitivities of 82.1 and 95.2% and speci-
ficities of 95.7 and 89.5%, respectively, in differentiating tumor
patients from controls.

During the longitudinal follow-up of a subset of patients, the
authors observed clearance of the biomarkers following tumor
resection. When coupled with their demonstration of a correlation
between overexpression of MMPs and VEGF in tumor specimens
and their presence in urine, these findings suggest a tumor-source
for the urinary biomarkers.

The authors also noted elevations of MMP-9 in the CSF of brain
tumor patients relative to controls (p < 0.05). This is in keeping
with the results of a previous study, which detected MMP-9 in the
CSF of 10/15 adult brain tumor patients with positive CSF cytol-
ogy, compared to 0/27 controls (16). Interestingly, this study also
found pro-MMP-9, the precursor of MMP-9, to be detectable in
the CSF of all 39 brain tumor patients irrespective of CSF cytology
status but in none of the controls. The potential utility of MMP-9
as a biomarker in urine and CSF contrasts the results of a recent
study investigating MMP-9’s role as a serum biomarker of gliomas
(17). In this study, the longitudinal monitoring of serum MMP-9
concentrations was not found to correlate with survival or disease
status.

APOLIPOPROTEIN A-II
SELDI-TOF mass spectrometry was used by de Bont et al. to com-
pare the protein expression profiles of CSF samples obtained from
32 pediatric patients with a wide range of brain tumors and 70
pediatric controls (18). Of the protein peak clusters found to be
differentially expressed between the two groups, apolipoprotein
A-II was found to be highly significant (p < 0.0001) and double-
loop classification analysis of the differentially expressed protein
clusters demonstrated a mean prediction accuracy and specificity
of 88% in separating brain tumor patients from controls. The
high CSF/blood albumin concentration ratio and lack of cellular
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Table 1 | Reports in the literature describing fluid biomarkers of pediatric brain tumors.

Authors Year Biomarker(s) Sample type(s) Methodology n Tumor type(s) Findings p Value

Smith et al.

(10)

2008 MMP-2,-9,-

9/NGAL and

VEGF

Urine, CSF ELISA,

zymography

51 Various CNS

tumors

Elevations in urinary

MMP-2, -9, -9/NGAL and

VEGF in tumor patients.

MMP-9 elevated in CSF of

tumor patients

<0.001 (Urine),

<0.05 (CSF)

de Bont et al.

(18)

2006 Apolipoprotein

A-II

CSF MS, WB 102 Various CNS

tumors

Overexpressed in tumor

patients

<0.0000001

Li et al. (19) 1994 bFGF CSF ELISA 44 Various CNS

tumors

Detectable in 16/26 tumor

patients, but not in

controls

<0.0001

Rajagopal et

al. (20)

2011 PGD2S, Apo E

and J

CSF 2D-

electrophoresis,

MS, ELISA

58 Medullo. PGD2S and Apo E

reduced, and Apo J

increased, in tumor

patients

<0.00001

(PGD2S), <0.01

(Apo E and J)

de Bont et al.

(22)

2008 IGFBP-3,4,6 Blood, CSF Radioimmune

assay

62 Medullo.,

ependy.

IGFBP-3, -4, -6 elevated in

the CSF, but not blood, of

medulloblastoma patients

<0.001/=0.011/

=0.010

Müller et al.

(23)

1993 IGFBP-3 Serum, CSF Radioimmune

assay, WB

61 Various CNS

tumors

Elevated in CSF, but not

serum, of 16/23 tumor

patients, incl. 12/13

medullo./ependy. patients

<0.0001

Müller et al.

(24)

1994 IGFBP-2 Serum, CSF Radioimmune

assay, WB, IP

67 Various CNS

tumors

Elevated in CSF, but not

serum, of tumor patients

<0.001

Figarella-

Branger et al.

(28)

1996 PSA-NCAM CSF ELISA 43 Medullo. Concentrations greater in

treatment-refractory and

relapsing patients than

patients in remission or

controls

<0.05

de Bont et al.

(29)

2008 t-Tau, p-Tau(181P) CSF IP 61 Various CNS

tumors

t-Tau and p-Tau(181P)

increased and decreased

in tumor patients,

respectively

<0.001 (=0.002

for t-Tau in

non-medullo.)

Kao et al. (35) 2005 Osteopontin Plasma, CSF ELISA 39 AT/RT,

medullo.

Elevated in the CSF and

plasma of AT/RT patients

<0.05

Krizkova et al.

(9)

2010 Metallothionein Serum DVP, WB 96 Solid tumors Elevated in cancer

patients’ sera, incl. that of

medullo. and ependy.

patients

<0.05

Behrends

et al. (8)

2003 Humoral

responses

Serum cDNA libraries,

plaque assays

80 Various

cancers

Humoral responses to

several medullo. antigens

noted exclusively/

predominantly in cancer

patients.

Not specified

See text for individual details. p Value significant if p < 0.05. WB, western blot; MS, mass spectrometry; IP, immunoprecipitation; DVP, differential pulse voltammetry;

ELISA, enzyme-linked immunosorbent assay.
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apolipoprotein A-II staining in tumor patients led the authors to
conclude that the elevated apolipoprotein A-II levels resulted from
entry from blood into the CSF across a leaky blood-brain barrier
as opposed to increased tumor production.

BASIC FIBROBLAST GROWTH FACTOR
In view of the abundant neovascularization present in brain
tumors, one group analyzed levels of basic fibroblast growth
factor (bFGF), a pro-angiogenic molecule, in the CSF of 26
pediatric and adolescent brain tumor patients (19). bFGF was
found to be detectable in 16 of the 26 brain tumor patients
but no controls (p < 0.0001). Furthermore, the concentration of
bFGF in CSF samples correlated with the microvessel density
of tumor sections from the same patients (p < 0.005), which,
in turn, was associated with tumor recurrence (p= 0.005) and
mortality (p= 0.02). The authors concluded that bFGF may be
an important angiogenic mediator in brain tumors and thus a
novel therapeutic target, as well as a diagnostic and prognostic
biomarker.

PROSTAGLANDIN D2 SYNTHASE AND APOLIPOPROTEINS E AND J
In a recent study, CSF samples from 33 children with medul-
loblastomas were analyzed using two-dimensional electrophore-
sis and mass spectrometry (20). This demonstrated a sixfold
mean reduction in prostaglandin D2 synthase (PGD2S) levels
in medulloblastoma patients relative to age-matched controls
(p < 0.00001). Similarly, the authors reported a nearly eightfold
reduction in PGD2S concentration in tumor patients when quan-
tified using ELISA (p < 0.000002). The CSF levels of apolipopro-
teins E and J were also noted to be different in medulloblastoma
patients relative to controls, albeit less significantly, with a twofold
reduction and three-fold elevation, respectively (p < 0.01 in both
cases).

INSULIN-LIKE GROWTH FACTOR PATHWAY
In view of the likely role played by the insulin-like growth factor
(IGF) system in the development of CNS neoplasms (21), several
studies have investigated their utility as biomarkers of pediatric
brain tumors.

In one study, radioimmune assays were used to determine the
protein levels of various components of the IGF pathway in the
blood and CSF of children with medulloblastomas and ependymo-
mas (22). Insulin-like growth factor-binding protein-3 (IGFBP-3)
showed most promise as a biomarker. Relative to age- and gender-
matched controls, median levels of IGFBP-3 were significantly
higher in the CSF, but not blood, of children with medulloblas-
tomas (p < 0.001). Protein levels of IGFBP-4 and IGFBP-6 were
also noted to be significantly elevated in the CSF of medul-
loblastoma patients (p= 0.011 and p= 0.010, respectively). When
corrected for total CSF protein content,however,only IGFBP-3 ele-
vations remained statistically significant relative to controls. The
findings of de Bont et al. are in line with those of an earlier study, in
which elevations of IGFBP-3 were found in the CSF, but not serum,
of 16 out of 23 children with CNS neoplasms (p < 0.0001) (23).

A separate study by Müller et al. investigated IGFBP-2 as a bio-
marker in 21 children with malignant CNS tumors (24). IGFBP-2

was significantly elevated in the CSF, but not serum, of children
with CNS tumors (p < 0.001), contrasting the findings of de Bont
et al. who failed to show elevations in IGFBP-2 in the CSF of
medulloblastoma and ependymoma patients (22). de Bont et al.
note, however, that Müller et al. failed to correct for total CSF
protein count and thus a non-specific elevation of protein in the
CSF cannot be excluded.

POLYSIALIC-NEURAL CELL ADHESION MOLECULE
Polysialic-neural cell adhesion molecule (PSA-NCAM) is a cell-
surface glycoprotein, transiently expressed in the developing brain
but not in mature cells (25). PSA-NCAM is re-expressed in
tumors of neuroectodermal origin, including medulloblastomas,
and its presence in the CSF of several medulloblastoma patients
appears to correlate with invasion of the meninges by the tumor
(26, 27).

One study investigated PSA-NCAM’s role as a biomarker of
meningeal invasion in the follow-up of patients with medul-
loblastoma (28). ELISA was used to quantify the concentra-
tion of PSA-NCAM in samples of CSF taken at various points
in the follow-up of 29 children with medulloblastomas. In
treatment-refractory and relapsing patients, PSA-NCAM concen-
trations were significantly higher than in patients in remission
(p < 0.05), with concentrations undetectable in the CSF of con-
trols. Of the eight medulloblastoma patients with persistently
elevated PSA-NCAM levels all but one were refractory to treat-
ment and all eight patients died during follow-up. Of the 12
medulloblastoma patients with persistently undetectable PSA-
NCAM, 11 achieved first remission and lived to the end of
the follow-up period. PSA-NCAM may therefore have a role
in the staging, prognostication, and ultimately management of
medulloblastomas.

TAU
Tau is a group of microtubule-associated proteins found pre-
dominantly within neurons. Working on the hypothesis that
neurodegeneration is likely to occur during brain tumor evo-
lution, one group analyzed levels of total-Tau (t-Tau) and
hyperphosphorylated-Tau(181P) [p-Tau(181P)] in the CSF of 22
children with newly diagnosed brain tumors using monoclonal
antibodies (29).

When compared to pediatric controls, t-Tau was significantly
elevated in the CSF of children with both medulloblastomas
(p < 0.001) and other types of brain tumor (p= 0.002); indicative
of neuronal and axonal degeneration. Conversely, CSF levels of
p-Tau(181P) were significantly lower than controls, both in cases
of medulloblastoma (p < 0.001) and other brain tumor types
(p < 0.001). The authors speculate whether this reflects an increase
in phosphatase activity in tumor patients.

OSTEOPONTIN
Osteopontin is a bone matrix glycoprotein overexpressed in
numerous cancers and implicated in several tumorigenic processes
(30, 31), including via the induction of MMPs (32, 33).

Following their demonstration that the osteopontin gene and
its protein product are up-regulated in primary cell cultures and
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tumor specimens from CNS atypical teratoid/rhabdoid tumors
(AT/RTs) (34), Kao et al. investigated the osteopontin protein
product as a fluid biomarker of CNS AT/RTs (35). Using ELISA,
the median osteopontin levels were shown to be significantly ele-
vated in the plasma and CSF of children with CNS AT/RTs, relative
to medulloblastoma patients and controls (p < 0.05). Moreover,
elevations in osteopontin correlated inversely with patient sur-
vival time (p < 0.0001, plasma; p= 0.0003, CSF). Further analysis
of five AT/RT cases found that plasma osteopontin levels decline
on tumor remission and increase on tumor relapse (p < 0.05).
The authors went on to demonstrate amplification of osteopon-
tin transcripts in AT/RT tumor specimens, supporting increased
tumor production as the source of elevated osteopontin protein
levels in the plasma and CSF.

METALLOTHIONEIN
Metallothioneins are a family of intracellular proteins implicated
in several aspects of oncogenesis (36). In a recent study, metal-
lothionein levels were quantified in the sera of 38 children with
a variety of newly diagnosed solid tumors (including 10 medul-
loblastomas and 4 ependymomas) using differential pulse voltam-
metry (9). When compared to controls, a fivefold elevation in
serum metallothionein levels was noted in children with cancer
(p < 0.05). When analyzed separately, serum metallothionein lev-
els were significantly elevated in both the medulloblastoma and
ependymoma groups (p < 0.05). It should be noted, however, that
the controls used in this study were healthy adults rather than chil-
dren. Given the numerous metallothionein isoforms with variable
tissue distributions, further investigation is needed to elucidate
whether any isoforms in particular are elevated relative to others;
as eluded to by the authors.

HUMORAL RESPONSES TO MEDULLOBLASTOMA ANTIGENS
Working on the principle that cancer patients may develop
immune responses to tumor antigens, Behrends et al. investi-
gated tumor-specific humoral responses as novel biomarkers of
pediatric brain tumors (8). Using autologous sera, the authors
screened the cDNA expression libraries of four medulloblas-
tomas, highlighting 15 antigens of interest. Sera from 40 chil-
dren with cancer, including 20 cancers of neuroectodermal ori-
gin, were then analyzed for humoral responses against each of
the 15 antigens using plaque assays, and compared to healthy
controls.

Humoral responses against five of the antigens were found
exclusively in cancer patients, with frequencies ranging from 2/40
to 7/40 patients. Antibodies against two of these antigens were
present in the sera of 2/5 medulloblastoma patients but in no
controls. Two of the remaining 10 antigens had antibodies in the
sera of 8/40 and 12/40 cancer patients but in only one control.
This included 3/5 and 2/5 medulloblastoma patients, respectively,
in addition to 1/2 astrocytoma patients in both cases. As the
authors point out, immune responses against a homolog of the
latter antigen, GLEA2, had previously been demonstrated in a
study of glioma patients (37). In this study, anti-GLEA2 humoral
responses were present in 20/50 glioma patients but in only 2/14
controls.

CONCLUSION
SUMMARY
Brain tumors are the leading cause of solid tumor mortality in
children. At present, no biomarkers exist for the prevalent forms
of pediatric brain tumor. Their discovery could facilitate disease
diagnosis, prognostication, management and follow-up, and may
ultimately improve survival. Through a literature search, this study
identifies 19 candidate biomarkers, all but one of which separated
tumor patients from controls to a statistically significant degree.

The majority of these biomarkers were identified from sin-
gle studies with widely varying cohorts and heterogeneous tumor
types. Subsequently, there has been no apparent effort to vali-
date these findings in second populations or to incorporate the
biomarkers into prospective clinical trials. Although promising,
it is not therefore possible to draw firm conclusions on the
biomarkers’ clinical utility based on these studies alone.

This review highlights the pressing need for further study
in a field that has had little study so far. Moreover, it pro-
vides a platform for subsequent study by identifying a panel of
novel biomarkers warranting further investigation and an array of
techniques through which this panel can be expanded upon.

FUTURE DIRECTIONS
Studies to validate the biomarkers presented here will require
multi-center collaboration to increase cohort numbers and homo-
geneity. The separation of patient cohorts by tumor histology
will help identify tumor type-specific biomarkers, facilitating
early histological diagnoses and aiding both prognostication and
pre-operative management.

Of note, several of the biomarkers identified here originate from
processes such as blood-brain barrier disruption, neurodegener-
ation, extracellular matrix remodeling, and angiogenesis. These
processes are by no means tumor-specific, and the inclusion of
control cohorts such as stroke or trauma patients in subsequent
studies will help determine the biomarkers’ specificity for tumors.

The choice of quantification technique and diagnostic fluid for
further studies will need careful consideration of cost- and time-
efficiency if the biomarkers are to enter the clinical arena. Urine is
particularly appealing as a diagnostic fluid given the relative ease
and low cost of its collection and analysis (10); especially true when
compared to the expense and need for sedation in many pediatric
imaging studies.

Novel avenues for biomarker discovery must be also inves-
tigated. A prime example is the recent detection of exosomes
containing tumor-specific proteins, mRNA, and microRNAs in
the sera of glioblastoma patients (38). As the authors state, nucleic
acids carry great potential as biomarkers, both due to the avail-
ability of polymerase chain reaction as a highly sensitive means
of detection and the presence of tumor-specific mutations such as
EGFRvIII.

Finally, the application of multi-analyte profiling technology to
the study of pediatric brain tumors could assist both biomarker
discovery and validation. Multi-analyte profiling permits high-
throughput screening of diagnostic fluids against large panels of
biomarkers and has already advanced knowledge of biomarkers in
a number of other conditions (39).

www.frontiersin.org March 2013 | Volume 1 | Article 7 | 5

http://www.frontiersin.org
http://www.frontiersin.org/Pediatric_Oncology/archive


Russell et al. Biomarkers of pediatric brain tumors

REFERENCES
1. Howlader N, Noone AM, Krap-

cho M, Neyman N, Aminou R,
Altekruse SF, Kosary CL, Ruhl J,
Tatalovich Z, Cho H, Mariotto
A, Eisner MP, Lewis DR, Chen
HS, Feuer EJ, Cronin KA, editors.
SEER Cancer Statistics Review,
1975–2009 (Vintage 2009 Popu-
lations). Bethesda, MD: National
Cancer Institute. Available from:
http://seer.cancer.gov/csr/1975_
2009_pops09/ based on Novem-
ber 2011 SEER data submission,
posted to the SEER web site, April
2012.

2. Echevarria ME,Fangusaro J,Gold-
man S. Pediatric central ner-
vous system germ cell tumors:
a review. Oncologist (2008) 13:
690–99.

3. Packer RJ, Cohen BH, Cooney
K. Intracranial germ cell
tumors. Oncologist (2000) 5:
312–20.

4. Marshall WJ, Bangert SK. Clini-
cal Chemistry. 6th ed. Edinburgh:
Mosby Elsevier (2008). p. 341–2.

5. Koskiniemi M. Malignancy mark-
ers in the cerebrospinal fluid. Eur
J Pediatr (1988) 148:3–8.

6. Marton LJ, Edwards MS, Levin
VA, Lubich WP, Wilson CB. CSF
polyamines. A new and impor-
tant means of monitoring patients
with medulloblastoma. Cancer
(1981) 47:757–60.

7. Erdelyi DJ, Elliott M, Phillips B.
Urine catecholamines in paedi-
atrics. Arch Dis Child Educ Pract
Ed (2011) 96:107–11.

8. Behrends U, Schneider I, Rossler
S, Frauenknecht H, Golbeck A,
Lechner B, et al. Novel tumor
antigens identified by autolo-
gous antibody screening of child-
hood medulloblastoma cDNA
libraries. Int J Cancer (2003) 106:
244–51.

9. Krizkova S, Masarik M, Majzlik
P, Kukacka J, Kruseova J, Adam
V, et al. Serum metallothionein
in newly diagnosed patients with
childhood solid tumours. Acta
Biochim Pol (2010) 57:561–6.

10. Smith ER, Zurakowski D, Saad
A, Scott RM, Moses MA. Urinary
biomarkers predict brain tumor
presence and response to ther-
apy. Clin Cancer Res (2008) 14:
2378–86.

11. Kachra Z, Beaulieu E, Delbec-
chi L, Mousseau N, Berthelet
F, Moumdjian R, et al. Expres-
sion of matrix metalloproteinases
and their inhibitors in human
brain tumors. Clin Exp Metastasis
(1999) 17:555–66.

12. Chan LW, Moses MA, Goley E,
Sproull M, Muanza T, Coleman
CN, et al. Urinary VEGF and
MMP levels as predictive mark-
ers of 1-year progression-free sur-
vival in cancer patients treated
with radiation therapy: a longi-
tudinal study of protein kinet-
ics throughout tumor progression
and therapy. J Clin Oncol (2004)
22:499–506.

13. Coticchia CM, Curatolo AS,
Zurakowski D, Yang J, Daniels
KE, Matulonis UA, et al. Urinary
MMP-2 and MMP-9 predict
the presence of ovarian cancer
in women with normal CA125
levels. Gynecol Oncol (2011)
123:295–300.

14. Moses MA, Wiederschain D,
Loughlin KR, Zurakowski
D, Lamb CC, Freeman MR.
Increased incidence of matrix
metalloproteinases in urine of
cancer patients. Cancer Res (1998)
58:1395–99.

15. Roy R, Yang J, Moses MA. Matrix
metalloproteinases as novel
biomarkers and potential thera-
peutic targets in human cancer. J
Clin Oncol (2009) 27:5287–97.

16. Friedberg MH, Glantz MJ,
Klempner MS, Cole BF, Perides G.
Specific matrix metalloproteinase
profiles in the cerebrospinal fluid
correlated with the presence of
malignant astrocytomas, brain
metastases, and carcinoma-
tous meningitis. Cancer (1998)
82:923–30.

17. Iwamoto FM, Hottinger AF,
Karimi S, Riedel E, Dantis J,
Jahdi M, et al. Longitudinal
prospective study of matrix
metalloproteinase-9 as a serum
marker in gliomas. J Neurooncol
(2011) 105:607–12.

18. de Bont JM, den Boer ML, Red-
dingius RE, Jansen J, Passier M,
van Schaik RH, et al. Identification
of apolipoprotein A-II in cere-
brospinal fluid of pediatric brain
tumor patients by protein expres-
sion profiling. Clin Chem (2006)
52:1501–09.

19. Li VW, Folkerth RD, Watanabe
H, Yu C, Rupnick M, Barnes
P, et al. Microvessel count and
cerebrospinal fluid basic fibrob-
last growth factor in children with
brain tumours. Lancet (1994)
344:82–6.

20. Rajagopal MU, Hathout Y, Mac-
Donald TJ, Kieran MW, Guru-
rangan S, Blaney SM, et al. Pro-
teomic profiling of cerebrospinal
fluid identifies prostaglandin D2
synthase as a putative biomarker

for pediatric medulloblastoma: a
pediatric brain tumor consor-
tium study. Proteomics (2011) 11:
935–43.

21. Zumkeller W, Westphal M. The
IGF/IGFBP system in CNS malig-
nancy. Mol Pathol (2001) 54:
227–9.

22. de Bont JM, van Doorn J, Red-
dingius RE, Graat GH, Passier
MM, den Boer ML, et al. Vari-
ous components of the insulin-
like growth factor system in
tumor tissue, cerebrospinal fluid
and peripheral blood of pediatric
medulloblastoma and ependy-
moma patients. Int J Cancer
(2008) 123:594–600.

23. Müller HL, Oh Y, Gargosky
SE, Lehrnbecher T, Hintz RL,
Rosenfeld RG. Concentrations of
insulin-like growth factor (IGF)-
binding protein-3 (IGFBP-3), IGF,
and IGFBP-3 protease activity in
cerebrospinal fluid of children
with leukemia, central nervous
system tumor, or meningitis. J
Clin Endocrinol Metab (1993) 77:
1113–9.

24. Müller HL, Oh Y, Lehrnbecher
T, Blum WF, Rosenfeld RG.
Insulin-like growth factor-
binding protein-2 concentrations
in cerebrospinal fluid and serum
of children with malignant solid
tumors or acute leukemia. J
Clin Endocrinol Metab (1994)
79:428–34.

25. Rougon G. Structure, metabo-
lism and cell biology of polysialic
acids. Eur J Cell Biol (1993) 61:
197–207.

26. Figarella-Branger DF, Durbec PL,
Rougon GN. Differential spec-
trum of expression of neural cell
adhesion molecule isoforms and
L1 adhesion molecules on human
neuroectodermal tumors. Cancer
Res (1990) 50:6364–70.

27. Figarella-Branger D, Durbec P,
Bianco N, Gambarelli D, Pellissier
JF, Rougon G. Expression of adhe-
sion molecules N.CAM, L1 and
HNK1 epitope by medulloblas-
toma. Rev Neurol (Paris) (1992)
148:417–22.

28. Figarella-Branger D, Dubois C,
Chauvin P, De Victor B, Gen-
tet JC, Rougon G. Correla-
tion between polysialic-neural cell
adhesion molecule levels in CSF
and medulloblastoma outcomes. J
Clin Oncol (1996) 14:2066–72.

29. de Bont JM, Vanderstichele H,
Reddingius RE, Pieters R, van
Gool SW. Increased total-tau
levels in cerebrospinal fluid of
pediatric hydrocephalus and

brain tumor patients. Eur J
Paediatr Neurol (2008) 12:
334–41.

30. Hirama M, Takahashi F, Takahashi
K, Akutagawa S, Shimizu K, Soma
S,et al. Osteopontin overproduced
by tumor cells acts as a potent
angiogenic factor contributing to
tumor growth. Cancer Lett (2003)
198:107–17.

31. Rittling SR, Chambers AF. Role
of osteopontin in tumour pro-
gression. Br J Cancer (2004) 90:
1877–81.

32. Agnihotri R, Crawford HC,
Haro H, Matrisian LM, Havrda
MC, Liaw L. Osteopontin,
a novel substrate for matrix
metalloproteinase-3 (stromelysin-
1) and matrix metalloproteinase-7
(matrilysin). J Biol Chem (2001)
276:28261–67.

33. Philip S, Kundu GC. Osteo-
pontin induces nuclear factor
kappa B-mediated promatrix
metalloproteinase-2 activation
through I kappa B alpha/IKK
signaling pathways, and curcumin
(diferuloylmethane) down-
regulates these pathways. J Biol
Chem (2003) 278:14487–97.

34. Kao CL, Chiou SH, Chen YJ, Singh
S, Lin HT, Liu RS, et al. Increased
expression of osteopontin gene in
atypical teratoid/rhabdoid tumor
of the central nervous system. Mod
Pathol (2005) 18:769–78.

35. Kao CL, Chiou SH, Ho DM, Chen
YJ, Liu RS, Lo CW, et al. Elevation
of plasma and cerebrospinal fluid
osteopontin levels in patients with
atypical teratoid/rhabdoid tumor.
Am J Clin Pathol (2005) 123:
297–304.

36. Pedersen MO, Larsen A,
Stoltenberg M, Penkowa M.
The role of metallothionein in
oncogenesis and cancer prognosis.
Prog Histochem Cytochem (2009)
44:29–64.

37. Fischer U, Struss AK, Hem-
mer D, Pallasch CP, Steudel WI,
Meese E. Glioma-expressed anti-
gen 2 (GLEA2): a novel pro-
tein that can elicit immune
responses in glioblastoma patients
and some controls. Clin Exp
Immunol (2001) 126:206–13.

38. Skog J, Wurdinger T, van Rijn
S, Meijer DH, Gainche L, Sena-
Esteves M, et al. Glioblastoma
microvesicles transport RNA and
proteins that promote tumour
growth and provide diagnostic
biomarkers. Nat Cell Biol (2008)
10:1470–76.

39. Schwarz E, Guest PC, Rahmoune
H, Martins-de-Souza D, Niebuhr

Frontiers in Pediatrics | Pediatric Oncology March 2013 | Volume 1 | Article 7 | 6

http://seer.cancer.gov/csr/1975_2009_pops09/
http://seer.cancer.gov/csr/1975_2009_pops09/
http://www.frontiersin.org/Pediatric_Oncology
http://www.frontiersin.org/Pediatric_Oncology/archive


Russell et al. Biomarkers of pediatric brain tumors

DW,Weber NS,et al. Identification
of a blood-based biological signa-
ture in subjects with psychiatric
disorders prior to clinical mani-
festation. World J Biol Psychiatry
(2012) 13:627–32.

Conflict of Interest Statement:
The authors declare that the

research was conducted in the
absence of any commercial or
financial relationships that could
be construed as a potential conflict
of interest.

Received: 28 December 2012;
accepted: 04 March 2013; published
online: 21 March 2013.

Citation: Russell MD, Young
AMH and Karri SK (2013)
Biomarkers of pediatric brain
tumors. Front. Pediatr. 1:7. doi:
10.3389/fped.2013.00007
This article was submitted to Fron-
tiers in Pediatric Oncology, a spe-
cialty of Frontiers in Pediatrics.
Copyright © 2013 Russell,
Young and Karri. This is an

open-access article distributed
under the terms of the Creative
Commons Attribution License,
which permits use, distribution
and reproduction in other forums,
provided the original authors and
source are credited and subject
to any copyright notices con-
cerning any third-party graphics
etc.

www.frontiersin.org March 2013 | Volume 1 | Article 7 | 7

http://dx.doi.org/10.3389/fped.2013.00007
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Pediatric_Oncology/archive

	Biomarkers of pediatric brain tumors
	Introduction
	Background
	Biomarkers and their clinical use
	Current challenges
	Aims

	Methods
	Results
	Discussion
	Urinary matrix metalloproteinases
	Apolipoprotein A-II
	Basic fibroblast growth factor
	Prostaglandin D2 synthase and apolipoproteins E and J
	Insulin-like growth factor pathway
	Polysialic-neural cell adhesion molecule
	Tau
	Osteopontin
	Metallothionein
	Humoral responses to medulloblastoma antigens

	Conclusion
	Summary
	Future directions
	References



