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Abstract
Ependymomas are primary brain tumors found throughout the central nervous system
(CNS) in children and adults. Currently, many treatment protocols stratify grade I and II
ependymomas as low-risk tumors, whereas grade III anaplastic ependymomas are consid-
ered high-risk tumors. The prognostic significance of World Health Organization (WHO)
grade II or III, however, remains debated, and it is furthermore increasingly recognized that
the pathologic differentiation between grades II and III is arbitrary in daily practice, thus
resulting in imprecise risk stratification. Therefore, prognostic markers enabling more
precise stratification to guide treatment decisions are urgently needed. An analysis of
n = 379 tumor samples revealed that protein expression of nestin, a marker for neural stem
and progenitor cells established as a routine staining in most neuropathology centers, is
associated with poor outcome in intracranial ependymomas. Most importantly, nestin-
positive grade II ependymomas have the same prognosis as grade III ependymomas. Multi-
variable analysis demonstrates that nestin positivity is an independent marker for poor
progression-free survival (PFS) and overall survival (OS). Gene expression analysis for
transcriptionally co-regulated genes revealed a strong association of developmental and
epigenetic processes with nestin. In summary, our data implicate nestin as a useful novel
marker for intracranial ependymoma risk stratification easily implementable in routine
diagnostics.
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INTRODUCTION
Ependymoma is a primary central nervous system (CNS) tumor
commonly found in pediatric and, to a lesser extent, in adult
patients. The World Health Organization (WHO) 2007 classifica-
tion groups ependymal tumors into grade I (subependymoma,
myxopapillary ependymoma), II (ependymoma) and III (anaplas-
tic ependymoma) (23). WHO grade is an important variable in
clinical assessment, as grade III has been shown to be a poor
prognostic factor for both progression-free survival (PFS) and/or
overall survival (OS) (14, 20, 38, 46). However, the reliance

solely on grading for the neuropathological stratification of
patients is problematic, as grading is subject to significant inter-
observer variability even in the hands of the most experienced
neuropathologists (9, 46). Therefore, the addition of markers that
are already widely established in neuropathology routine diagnos-
tics and which complementarily identify prognostic subgroups
would allow for fast translation into the clinic. To address this
clinically challenging problem, we have previously proposed
improved stratification models, enabling stratification of ependy-
momas into cytogenetic risk groups 1–3 (21) (with cytogenetic
group 3 having the poorest prognosis), and posterior fossa
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ependymomas into groups A and B (PFA and PFB) (50) (with
PFA having the poorest prognosis). These stratification models
use a combination of fluorescence in situ hybridiziation (FISH)
(21) and immunohistochemistry (IHC) (50), and are waiting to
be implemented on a larger scale. Until then, histopathological
grading remains the most widely used stratification factor.

Nestin is an intermediate class VI filament and a robust marker
of neural (11, 22) and other stem cells (2, 17, 45). Most impor-
tantly, it is expressed by radial glia cells, a subset of neural stem
cells (25), which are the putative cells of origin of ependymoma
(16, 44). We have reported strong nestin expression in a high-risk
cancer stem cell model of anaplastic ependymoma (DKFZ-
EP1NS) (28), as have other groups on their cell lines nEPN1 and
nEPN2 (15), and D528 EP-X and D612 EP-X (26).

Through its ability to mark stem and progenitor cells, nestin has
garnered high interest as a marker of lack of differentiation and
prognosis in tumors of neural as well as nonneural origin: high
nestin protein expression has been correlated with tumor grade in
nonbrain tumors such as gastrointestinal stromal tumor and
angiosarcoma (53), and has been reported to be a predictor of poor
prognosis in patients with NSCLC (34), and melanoma (30, 43). In
primary brain tumors, nestin protein expression has been described
in ganglioglioma, pilocytic and anaplastic astrocytoma, medullo-
blastoma, glioblastoma, and ependymoma (1, 6, 7, 36, 47). Nestin
protein expression correlates with tumor grading in glioma (6, 8,
24), and in combination with the stem cell marker CD133, nestin
protein expression is a marker of poor prognosis in high-grade
glioma (55). Analyses of nestin expression in larger cohorts of
ependymoma and correlation with clinical course, however, have
not yet been conducted. Expression patterns characteristic for stem
cells have been implied as prognostic or predictive factors in cancer
subtypes including glioblastoma (12, 52), breast cancer (37), col-
orectal cancer (27) and leukemias (10). We therefore hypothesized
that nestin expression in ependymoma indicates a neural stem cell
program associated with poor prognosis. As staining for nestin is
already established in most neuropathology centers, it might serve
as a readily available marker to improve the identification of
ependymoma patients with poor outcome.

MATERIALS AND METHODS

Patients

Paraffin-embedded samples of intracranial ependymoma WHO II
and anaplastic ependymoma WHO III were collected at diagnosis
between 1993 and 2003 at the Department of Neuropathology,
Burdenko Neurosurgical Institute (Moscow, Russia), as described
previously (21). Diagnoses were confirmed through assessment by
at least two neuropathologists including a central pathology
review. Approval to link laboratory data to clinical and pathologi-
cal data was obtained from the Institutional Review Board. For
description of treatment modalities, see Korshunov et al (21).
Briefly, patients with grade 2 tumors and complete resection
received no adjuvant therapy. Patients 4 years of age or older with
grade 3 tumors or incompletely resected grade 2 tumors received
radiotherapy (total radiation doses: 55 to 64 Gy). All patients
younger than 4 years with grade 3 tumors or incompletely
resected grade 2 tumors received chemotherapy with vincristine,
lomustine and cisplatin (21). The median length of follow-up was

53 months (lower 95% confidence interval: 43 months, upper 95%
confidence interval: 63 months); maximum follow-up was 192
months. For data of patients from the tissue microarray (TMA),
see Table 1. For data of patients from the gene expression analy-
ses, see Witt et al (50).

TMA and IHC

For preparation of the TMA, see Witt et al (50). All IHC stainings
were performed on 5-mm thick sections of formalin-fixed, paraffin-
embedded microdissected specimens. For detection of nestin, the
antibody No. MAB5326 (Millipore, Billerica, MA, USA) was
used. IHC was performed with an automated stainer (Benchmark
XT, Ventana, Strasbourg, France) following the protocols of the
manufacturer. In brief, sections were stained by incubation with the
primary antibody at 1:200 dilution, for 32 minutes at 37°C. No
blocking step was required for nestin staining. Binding of the
primary antibody was detected using DAB (Ultra View DAB
Detection Kit v3, Ventana) followed by counterstaining with
hematoxilin (Nexes Hematoxilin, Ventana) for 4 minutes and by a
blueing step (Nexes blueing reagent, Ventana) for 4 minutes.

The scoring of the IHC was performed by two investigators (AK
and HW), who were both blinded to the clinical information. Any
detectable staining for nestin was considered “positive.”

Gene expression analysis

For data of patients and procedures on analysis of the Heidelberg
(GSE27287) and Toronto (GSE27287) ependymoma datasets, see
Witt et al (50). The database analysis tool R2 (http://r2.amc.nl) was
used to investigate nestin mRNA expression in brain tumors and
normal brain tissues using publicly available datasets (GEO acces-
sion numbers: ependymoma: GSE16155 and GSE21687; medullo-
blastoma: GSE10327; glioma: GSE4290; pediatric high-grade
glioma: GSE19578; normal brain: GSE11882; prefrontal cortex:
GSE13564; embryogenesis: GSE15744; neural tissue: GSE9770;
normal cerebellum: GSE3526).

The following analyses were carried out with R/Bioconductor
(32), based on log2-transformed mRNA expression data. Pear-
son’s correlation coefficient with nestin (NES) expression was
calculated for all available transcripts on the Heidelberg and
Toronto dataset. Transcripts were ranked according to strength of
correlation. Transcripts with an absolute correlation exceeding 0.5
were defined as nestin co-regulated transcripts.

Overrepresentation of Gene Ontology (GO) terms and KEGG
pathways within co-regulated transcripts was assessed based on
hypergeometric tests. Geneset enrichment analysis (GSEA) (41)
ranking all transcripts according to their absolute correlation with
nestin expression was performed as implemented by Wang et al
(49). P-values were adjusted for multiple testing using Benjamini–
Hochberg correction.

Statistics

Statistical analysis was performed using “GraphPad Prism”
version 3.03 for Windows (GraphPad Software, La Jolla, CA,
USA) and R version 2.14 (32). “GraphPad Prism”: Fisher’s exact
t-test and logrank-test for survival analysis (IHC). The following
analyses were carried out with R using add-on packages rms and
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pec: Median follow-up time was calculated using the reverse
Kaplan–Meier method approach, that is, time to censoring (35).
Prognostic value of nestin IHC was analyzed in univariable and
multivariable Cox PH regression models. Cox PH model for WHO
stage and nestin was compared with the model for WHO stage
alone using the likelihood-ratio test (LRT). Prediction accuracy of
prognostic models was assessed with prediction error curves based
on the Brier score (13) using .632+ bootstrap estimates. Explained
variation was determined based on the integrated Brier scores
(IBS) after 5 years. IBS of prognostic models were compared with
a multisplit test approach (48). Logrank-test was used for survival
analysis (mRNA), including determination of optimal cutpoints
and correction for multiple testing. All P-values were two sided.
P-values below 0.05 were considered significant.

RESULTS

Nestin is differentially expressed in normal
brain tissue and brain tumors

In order to investigate differential nestin expression in common
brain tumors, normal embryonic and adult brain tissues, we
searched publicly available datasets in the R2-database for nestin
mRNA expression. Nestin mRNA was expressed at higher levels in
ependymoma, various low and high-grade gliomas, and embryonal
tissues, and at lower levels in medulloblastoma and adult brain
tissues from various regions (Supporting Information Figure S1).
IHC for nestin protein on ependymoma sections showed typical
cytoplasmic staining and revealed distinct expression patterns of

Table 1. Characteristics of patients included in
the ependymoma TMA. Abbreviations:
TMA = tissue microarray; WHO = World Health
Organization.

All patients Pediatric patients only Adult patients only

Variable n % (total) n % (total) n % (total)
Patients 379 100.0 193 50.9 186 49.1

Variable n % (group) n % (group) n % (group)
Age (years)

<4 53 14.0 53 27.5 — —
4–18 140 36.9 140 72.5 — —
>18 186 49.1 — — 186 100.0

Gender
Female 167 44.1 71 36.8 96 51.6
Male 212 55.9 122 63.2 90 48.4

Location
Supratentorial 110 29.0 67 34.7 43 23.1
Infratentorial 269 71.0 126 65.3 143 76.9

WHO histologic grade
II 137 36.1 44 22.8 93 50.0
III 242 63.9 149 77.2 93 50.0

Cytogenetic group
1 118 31.1 32 16.6 86 46.2
2 82 21.6 64 33.2 18 9.7
3 40 10.6 26 13.5 14 7.5
n/a 139 36.7 71 36.8 68 36.6

Posterior fossa group
PFA 81 21.4 75 38.9 6 3.2
PFB 134 35.4 24 12.4 110 59.1
n/a 164 43.3 94 48.7 70 37.6

Level of resection
Gross total resection 210 55.4 91 47.2 119 64.0
Subtotal resection 169 44.6 102 52.8 67 36.0

Radiotherapy
Yes 245 64.6 76 39.4 128 68.8
No 134 35.4 117 60.6 58 31.2

Recurrence
Yes 138 36.4 87 45.1 51 27.4
No 241 63.6 106 54.9 135 72.6

Metastasis
Yes 46 12.1 37 19.2 9 4.8
No 333 87.9 156 80.8 177 95.2

Death
Yes 62 16.4 43 22.3 19 10.2
No 317 83.6 150 77.7 167 89.8
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nestin on the protein level in different patients, in both children and
adults (Figure 1). Of note, IHC for nestin was very strong in posi-
tive and virtually absent in negative cases. In summary, nestin is
expressed in ependymoma on the mRNA and protein levels, and a
strong difference in staining intensity can be seen between positive
and negative cases.

Nestin protein expression is significantly
correlated with survival in pediatric and adult
intracranial ependymoma patients and is
an independent prognostic factor

The differential expression of nestin prompted us to investigate the
prognostic relevance of nestin IHC in primary intracranial ependy-
momas by staining a TMA of n = 379 pediatric and adult intracra-
nial ependymomas (Table 1). Patients were grouped in a blinded
fashion into “nestin positive” or “nestin negative” and analyzed in
combination (all) or separately (pediatric or adult) together with the
clinical parameters gender, location, grade and extent of resection
(Supporting Information Figure S2), as well as for PFS and OS
(Figure 2A). A significantly higher percentage of nestin-positive
tumors was detected in supratentorial and WHO III ependymoma
(Supporting Information Figure S2). When analyzed separately in
children (�18 years) or adults (>18 years), a significantly higher
percentage of nestin-positive tumors was detected in pediatric
supratentorial ependymomas, and adult WHO III ependymomas
(Supporting Information Figure S2).

Survival analysis revealed that nestin separates the patients into
two distinct groups with statistically significant differences in sur-
vival (PFS and OS), which holds true for both pediatric and adult
patients when analyzed separately (Figure 2A). A univariable and
multivariable Cox regression model was used to assess the prognos-
tic effect of nestin adjusted for clinical parameters. It revealed nestin
positivity to be an independent marker for poor PFS in all, pediatric
or adult patients, and for OS in all, or adult patients, respectively

(Supporting InformationTable S1 and Table 2).When the variables’
molecular markers (cytogenetic group only, or cytogenetic group
and posterior fossa group) were included, nestin proved to be an
independent marker for poor PFS and OS for all patients (Table 3).

As grading of ependymoma is currently the most important neu-
ropathological criterium for risk stratification but prone to interob-
server variability, we sought to elucidate whether nestin could
improve the current practice. Indeed, combined survival analysis of
both categories, grade and nestin expression, revealed that patients
with WHO II nestin-negative ependymoma have the best and
patients with WHO III nestin-positive tumors have the poorest PFS
and OS, for all, pediatric or adult cases (Figure 2B; Supporting
Information Table S2). Most importantly, patients with WHO II,
nestin-positive ependymoma show a similar PFS or OS compared
with patients with WHO III nestin-negative ependymoma (all,
pediatric or adult) (Figure 2B), and patients with WHO II nestin-
negative tumors show significantly better PFS (all, pediatric or
adult) and OS (all, or adult) compared with patients with WHO II
nestin-positive tumors (Figure 2B).

The prognostic information improved significantly by addition
of the variable nestin to the current practice of grading for both PFS
and OS (Figure 3; LRT: P < 0.0001). Comparison of prediction
error curves for both models showed that the prediction accuracy
for PFS (P = 0.02) as well as OS (P = 0.03) was significantly
improved by the addition of nestin, as indicated by a lower Brier
score (Figure 3). The explained variation, indicating to which
extent prognostic factors are able to describe differences in survival
increased for both PFS (from 15% to 21%) and OS (from 10% to
14%) when adding nestin to grading.

In summary, high expression of nestin protein is an independent
marker for PFS and OS in ependymoma. Importantly, high protein
expression of nestin discriminates a group of patients with WHO II
ependymoma with the same (poor) clinical outcome as WHO III
ependymoma, and the addition of nestin to grading significantly
improves prediction error rates.

Figure 1. Immunohistochemistry reveals
differential expression of nestin in pediatric
and adult ependymoma. A–D. Nestin protein
is differentially expressed in pediatric and
adult ependymoma. Four different
representative cases are depicted: one
negative and one positive pediatric case each
(A and B), and one negative and one positive
adult case each (C and D).
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Nestin identifies patients with poor survival in
anatomical subgroups

In order to investigate if nestin protein is able to discriminate
patients with poor survival in anatomical subgroups, we compared

the survival of patients with nestin-negative and -positive tumors in
supra- and infratentorial ependymoma. When comparing tumors
from the same location (infratentorial or supratentorial), nestin
consistently separated the patients into two groups with distinct
survival probabilites in infratentorial tumors (Figure 4). Infratento-
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rial nestin-negative ependymoma always showed the best PFS and
OS, and supratentorial nestin-positive tumors the worst PFS and
OS (Figure 4; Supporting Information Table S2). We conclude that
positive IHC for nestin identifies patients with poor survival in
anatomical subgroups.

Gene expression profiling reveals co-regulated
genes associated with neural development and
epigenetic processes

As our data showed nestin protein expression to be closely linked to
clinical outcome, we investigated gene expression profiles from two
sets of n = 75 and n = 102 ependymomas, respectively [Heidelberg
and Toronto dataset (50)]. Nestin mRNA expression separated the
patients of the Heidelberg dataset into two groups with significantly
different OS, with patients with high mRNA expression showing

poorer survival than patients with low nestin mRNA expression
(Figure 5). For PFS, patients with high nestin mRNA expression
also showed an inferior survival, but without statistical significance
(Figure 5). No survival data were available for theToronto dataset.

In order to elucidate the molecular background of ependymoma
with differential expression of nestin, we analyzed expression
datasets for genes transcriptionally co-regulated with nestin.
We found n = 345 (Heidelberg) and n = 513 (Toronto) genes
co-regulated with nestin (r-value >0.5) (Supporting Information
Tables S3 and S4), of which n = 296 (85.8%) and n = 499 genes
(97.3%) were positively and n = 49 (14.2%) and n = 14 (2.7%)
were negatively co-regulated (Heidelberg and Toronto datasets,
respectively). The n = 104 genes from both datasets overlapped,
n = 90 positively and n = 14 negatively co-regulated, and EPHB2
was the gene most strongly co-regulated with nestin in the overlap-
ping set (Supporting Information Table S5).

Figure 2. Nestin positivity is a marker of poor prognosis in primary
ependymoma and discriminates WHO II ependymoma with poor sur-
vival. The n = 379 primary ependymoma samples on a tissue microarray
(TMA) were stained for nestin and scored for negativity or positivity.
Progression-free survival (PFS; top row) and overall survival (OS; bottom
row) of all (left), pediatric only (middle) and adult only (right) patients. A.

Nestin seprates the cohorts (all, pediatric only or adult only) into two
distinct groups with statistically significant different PFS or OS probabili-

ties (logrank-test). B. WHO II nestin-postive tumors have the same poor
prognosis as WHO III nestin-negative tumors: in all analyses (PFS or OS
for all, pediatric or adult), no significant differences could be detected
between WHO II nestin-positive tumors and WHO III nestin-negative
tumors (logrank-test). WHO II tumors positive for nestin have a signifi-
cantly inferior PFS in all, pediatric and adult patients, and a significantly
inferior OS in all and adult patients (logrank-test).

�

Table 2. Cox proportional hazards model for progression-free (PFS) and overall survival (OS) estimation—multivariable analysis. Abbreviations:
GTR = gross total resection; HR = hazard ratio; CI = confidence interval; RT = radiotherapy; STR = subtotal resection; WHO = World Health Organization.

n = 379 patients n = 193 patients n = 186 patients

PFS

All patients Pediatric only Adult onlyVariable

HR Lower
CI

Upper
CI

P HR Lower
CI

Upper
CI

P HR Lower
CI

Upper
CI

P

Gender (male vs. female) 1.2 0.8 1.6 0.3827 0.9 0.6 1.4 0.7229 1.5 0.9 2.7 0.1552
Age, years (�4 vs. <4) 0.4 0.2 0.8 0.0135 0.6 0.3 1.1 0.1032 — — — —
Location (supratentorial vs. infratentorial) 1.6 1.1 2.4 0.0082 1.3 0.8 2.1 0.2620 2.6 1.4 4.7 0.0017

WHO histologic grade (III vs. II) 2.3 1.4 3.9 0.0012 1.5 0.8 2.8 0.1819 2.3 0.9 5.9 0.0820
Level of resection (STR vs. GTR) 1.7 1.2 2.5 0.0031 2.0 1.2 3.1 0.0042 1.4 0.7 2.8 0.3273
Irradiation (RT vs. no RT) 1.1 0.6 1.9 0.8636 1.0 0.5 1.9 0.9295 1.5 0.4 5.3 0.4986
Nestin protein expression (positive vs. negative) 2.4 1.6 3.4 0.0000 1.8 1.1 3.0 0.0241 3.2 1.8 5.9 0.0002

OS

All patients Pediatric only Adult onlyVariable

HR Lower
CI

Upper
CI

P HR Lower
CI

Upper
CI

P HR Lower
CI

Upper
CI

P

Gender (male vs. female) 1.2 0.7 2.0 0.5061 0.8 0.4 1.5 0.4779 2.6 1.0 6.8 0.0637
Age, years (�4 vs. <4) 0.6 0.2 1.5 0.2491 0.6 0.2 1.7 0.3264 — — — —
Location (supratentorial vs. infratentorial) 1.5 0.9 2.5 0.1721 1.6 0.8 3.1 0.1972 1.2 0.4 3.3 0.7686
WHO histologic grade (III vs. II) 3.0 1.3 6.8 0.0101 2.5 0.9 7.0 0.0869 4.9 1.0 25.7 0.0581
Level of resection (STR vs. GTR) 1.9 1.1 3.2 0.0241 1.4 0.8 2.6 0.2910 3.5 1.1 10.6 0.0294

Irradiation (RT vs. no RT) 0.6 0.3 1.6 0.3539 0.7 0.3 2.0 0.5177 0.3 0.0 2.3 0.2464
Nestin protein expression (positive vs. negative) 2.7 1.5 4.9 0.0010 2.1 1.0 4.4 0.0616 3.1 1.1 8.7 0.0307

All boldface are HR and P-value of statistically significant parameters.

Milde et al Nestin in Ependymoma

853Brain Pathology 22 (2012) 848–860

© 2012 The Authors; Brain Pathology © 2012 International Society of Neuropathology



Table 3. Cox proportional hazards model for
progression-free (PFS) and overall survival (OS)
estimation—multivariable analysis including
“cytogenetic group” and/or “posterior fossa
group”. Abbreviations: GTR = gross total
resection; HR = hazard ratio; CI = confidence
interval; RT = radiotherapy; STR = subtotal
resection; WHO = World Health Organization.

Variable “cytogenetic group” included
n = 240 patients

PFS

All patientsVariable

HR Lower CI Upper CI P

Gender (male vs. female) 0.9 0.6 1.3 0.4533
Age, years (�4 vs. <4) 0.8 0.4 1.5 0.4045
Location (supratentorial vs. infratentorial) 0.9 0.6 1.5 0.7623
WHO histologic grade (III vs. II) 1.9 1.1 3.4 0.0298

Cytogenetic group (2 vs. 1) 5.0 2.8 9.1 <0.0001

Cytogenetic group (3 vs. 1) 12.5 6.7 23.9 <0.0001

Level of resection (STR vs. GTR) 1.5 1.0 2.2 0.0621
Irradiation (RT vs. no RT) 0.9 0.5 1.7 0.7603
Nestin protein expression (positive vs. negative) 2.3 1.5 3.7 0.0001

OS

All patientsVariable

HR Lower CI Upper CI P

Gender (male vs. female) 0.7 0.4 1.2 0.1820
Age, years (�4 vs. <4) 1.5 0.6 4.3 0.3580
Location (supratentorial vs. infratentorial) 0.6 0.3 1.1 0.0798
WHO histologic grade (III vs. II) 3.2 1.4 8.3 0.0062

Cytogenetic group (2 vs. 1) 26.6 8.2 135.7 <0.0001

Cytogenetic group (3 vs. 1) 87.8 26.0 457.9 <0.0001

Level of resection (STR vs. GTR) 1.5 0.8 2.6 0.1964
Irradiation (RT vs. no RT) 0.3 0.1 0.9 0.0207

Nestin protein expression (positive vs. negative) 2.2 1.2 4.3 0.0106

Variable “cytogenetic group” and “posterior fossa group” included
n = 144 patients

PFS

All patientsVariable

HR Lower CI Upper CI P

Gender (male vs. female) 0.7 0.4 1.4 0.2902
Age, years (�4 vs. <4) 1.6 0.7 3.7 0.2472
WHO histologic grade (III vs. II) 1.0 0.5 2.1 0.9098
Cytogenetic group (2 vs. 1) 3.5 0.9 12.3 0.0611
Cytogenetic group (3 vs. 1) 6.9 1.8 26.0 0.0047

Posterior fossa group (PFA vs. PFB) 5.1 1.6 19.5 0.0057

Level of resection (STR vs. GTR) 1.9 1.0 3.5 0.0384

Irradiation (RT vs. no RT) 0.8 0.4 1.8 0.5520
Nestin protein expression (positive vs. negative) 2.5 1.4 4.9 0.0033

OS

All patientsVariable

HR Lower CI Upper CI P

Gender (male vs. female) 1.2 0.4 3.3 0.7814
Age, years (�4 vs. <4) 3.2 1.1 10.9 0.0400

WHO histologic grade (III vs. II) 2.0 0.7 6.1 0.1996
Cytogenetic group (2 vs. 1) 16.7 1.7 223.8 0.0145

Cytogenetic group (3 vs. 1) 31.3 3.0 448.2 0.0023

Posterior fossa group (PFA vs. PFB) 6.3 1.0 104.4 0.0544
Level of resection (STR vs. GTR) 1.4 0.6 3.4 0.4019
Irradiation (RT vs. no RT) 0.2 0.1 0.8 0.0207

Nestin protein expression (positive vs. negative) 2.7 1.2 7.1 0.0187

All boldface are HR and P-value of statistically significant parameters.
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Applying KEGG and GO annotations to both datasets separately,
we determined gene sets showing both overrepresentation within the
co-regulated genes and enrichment according to nestin correlation
by means of hypergeometric tests and GSEA. The gene sets found

were associated with neural development (nervous system develop-
ment, axon guidance), chromatin modification and transcription
factor processes (NuRD complex, DNA-dependent regulation of
transcription, metal ion binding, zinc ion binding, DNA binding),
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the nuclear compartment (nucleus, nucleoplasm), and Ras protein
signal transduction (Table 4 and Supporting InformationTable S6).

In summary, high nestin mRNA expression is associated with
poor survival and supratentorial location, and pathway analysis
indicates a co-regulation of developmental and epigenetic pro-
cesses with nestin.

DISCUSSION
We here show for the first time that nestin, a well-established
marker of neural stem and progenitor cells, is an independent
marker of prognosis in intracranial ependymoma. This comple-
ments the finding that supratentorial ependymomas with a
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more differentiated phenotype, as defined by neurofilament light
polypeptide 70 (NEFL) positivity, have a favorable prognosis (3).
Our data furthermore indicate that nestin protein expression distin-
guishes patients with WHO II ependymoma with poor prognosis.
Finally, our analysis of gene expression data indicates that nestin
co-regulated genes are involved in developmental and epigenetic
processes.

The practice of histopathological grading has been controver-
sially discussed, as differing conclusions can be reached by experi-
enced neuropathologists when assessing the same cohort of tumors
(9). Hence, the use of grading as the only neuropathologic marker
used for stratification of patients is prone to incorrect classification.
Although strong molecular markers for risk stratification based on
chromosomal aberrations have been proposed by us and others (4,
19, 21, 29, 50), molecular analysis using FISH is not available in
every neuropathology center. Most importantly, most neuropathol-
ogy centers already have established staining protocols for nestin.
We propose nestin as a novel biomarker detectable in paraffin-
embedded sections, using already established protocols in most
centers. If our findings can be confirmed in an independent pro-
spective setting, this would allow for improved risk stratification,
possibly guiding clinical decision making in the future, for
example, choice of radiation intensity during therapy, or frequency
of follow-up visits.

In summary, we suggest, that all ependymoma patients should be
risk stratified using FISH as previously proposed (21) where avail-
able, and IHC for grade and nestin, as well as additional IHC for
LAMA2 and NELL2 in case of posterior fossa tumors (50).

As nestin is a marker of neural stem and progenitor cells,
co-regulated pathways are likely to contain programs conferring
stem cell properties to the tumor. Indeed, our analysis of genes
co-regulated with nestin mRNA showed pathways annotated with
developmental and epigenetic functions. Hence it is conceivable
that these pathways could contribute to an undifferentiated and
more aggressive ependymoma phenotype.

Strikingly, the gene found to be most strongly co-regulated in
both datasets was EPHB2 (Supporting Information Table S5).
EPHB2 has previously been shown to act as an ependymoma onco-

gene in murine Ink4a/Arf(–/–) neural stem cells, leading to deregu-
lation of neural differentiation pathways (16). Indicating similar
transcriptomes, we found nervous system development and axon
guidance gene sets significantly co-regulated with nestin mRNA
abundance in our datasets. It is therefore possible that nestin
protein expression marks EPHB2-driven ependymomas.

Gene set analysis revealed that neural development and epige-
netic regulation processes were among the most significantly
co-regulated gene sets. Furthermore, Ras signal transduction was
revealed to be among the most significantly co-regulated pathways,
which has been identified as one of the pathways defining PFA
ependymoma (50), possibly indicating common pathways contrib-
uting to poor prognosis in nestin positive and PFA ependymoma.
As PFA tumors exhibit a largely balanced genomic profile (50) but
are associated with poorer clinical outcome, mechanisms other
than genetic events have to contribute to the poor clinical pheno-
type. It is conceivable that the chromatin remodeling and stem
cell-related processes co-regulated with nestin contribute to the
aggressive PFA behavior.

A striking number of genes involved in epigenetic processes
and/or chromatin remodeling were found to be co-regulated, such
as the histone deacetylase HDAC4 and members of the nucleosome
remodeling and histone deacetylase (NuRD) complex (MTA1,
MTA2, RBBP4), histone methyltransferases (EZH2, EHMT2,
SETDB1, WHSC1), the demethylase JMJD2A, the DNA-
methyltransferase DNMT3A, members of the nucleosome remod-
eling and deacetylase complex with helicase activity (CHD4,
CHD5), and finally histone proteins (H1F10, H2AFY) (Supporting
Information Table S6), suggesting an important role of epigenetic
activity in the propagation of the aggressive nestin-positive pheno-
type. It is therefore tempting to speculate that therapies including
epigenetic drugs, such as HDAC inhibitors and/or demethylating
agents, could be of benefit in this particular subset of patients.
The use of histone deacetylase inhibitors (HDACi) in preclinical
ependymoma models has shown antitumor effects (28, 33), also
affecting stem cell properties in ependymoma cells (28). The
NuRD complex contains HDAC1 and HDAC2 activity, and is
involved in epigenetic control of maintenance of pluripotency and

Table 4. Gene sets in the Heidelberg or Toronto dataset with significant adjusted P-value in both hypergeometric test and gene set enrichment analysis
(GSEA).

Dataset Gene set name Gene set ID Hypergeometric
test P-value

GSEA
P-value

Heidelberg Nervous system development GO:0007399 0.0000 0.0000
NuRD complex GO:0016581 0.0416 0.0000
Axon guidance GO:0007411 0.0429 0.0000
Nucleoplasm GO:0005654 0.0429 0.0000
Ras protein signal transduction GO:0007265 0.0471 0.0000

Toronto Nucleus GO:0005634 0.0000 0.0000
Metal ion binding GO:0046872 0.0015 0.0000
Regulation of transcription, DNA dependent GO:0006355 0.0039 0.0000
Zinc ion binding GO:0008270 0.0042 0.0000
DNA binding GO:0003677 0.0158 0.0000
Axon guidance hsa04360 0.0158 0.0403
Nervous system development GO:0007399 0.0415 0.0000
Chromatin modification GO:0016568 0.0415 0.0000
Intracellular GO:0005622 0.0415 0.0000
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control of differentiation in embryonic stem cells (ESCs) (18, 56)
and hematopoietic stem cells (54). As HDAC4 as well as parts of
the NuRD complex are significantly co-regulated with nestin
mRNA, the use of HDACi with an inhibitory profile containing
HDAC1,2 and 4 (such as vorinostat or panobinostat) (51) could
possibly target specific stem cell properties in ependymoma.

In accordance with the hypothesis that activation of the Notch
pathway is important for ependymoma pathogenesis (31), we were
able to identify members of the Notch pathway (NOTCH1, HES4)
to be co-regulated with nestin mRNA (Supporting Information
Table S6). Therefore, activation of the Notch pathway also seems to
be important in nestin-positive ependymomas. Finally, apart from
components of developmental and stem cell pathways such as
Notch (NOTCH1, HES4) and sonic hedgeheog (GLI2), the neural
stem cell markers NR2E1/TLX and MSI1 were significantly
co-regulated with nestin mRNA (Supporting Information
Table S6), indicating a stem cell phenotype of the co-regulated
transcriptome.

The cancer stem cell hypothesis postulates that cancer stem cells
(CSCs) are a subpopulation of the tumor with the ability to self-
renew and drive tumor growth (5). CSCs have been described in
many solid tumors including pediatric medulloblastoma, supraten-
torial PNET, glioblastoma and ependymoma (15, 39, 40, 44), and
nestin has indeed been used to identify the CSC population (44)
and the cell of origin (16) in ependymoma. Our finding that the
neural stem cell marker nestin is an independent marker of poor
prognosis is well in accordance with the growing evidence that
application of the CSC model can indeed lead to the identification
of stem cell signatures with clinical significance, as has been shown
for glioblastoma (12, 52), breast cancer (37), colorectal cancer (27)
and acute myeloid leukemia (10).

In summary, we have shown that (i) nestin protein expression is
an independent prognostic marker for poor survival; (ii) nestin
distinguishes a subset of WHO II ependymoma with poor outcome
similar to the outcome of WHO III ependymoma; and (iii) nestin
co-regulated genes indicate an activation of developmental and
epigenetic pathways, possibly contributing to a high-risk stem cell-
like phenotype.
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version of this article:

Figure S1. Nestin mRNA is differentially expressed in brain
tumors and normal brain tissue. The database R2 was searched for
nestin expression using publicly available datasets. Nestin is highly
expressed in ependymoma (red) and astrocytomas and gliomas
(astrocytoma, oligodendroglioma, anaplastic astrocytoma, ana-
plastic oligoastrocytoma, glioblastoma; blue), but not in medullo-
blastomas (blue). Normal adult tissue of varying brain regions
(green) show low expression, while embryonal tissue shows high
expression of nestin (green). Numbers following an underscore
indicate the total numbers of samples in each dataset; in the second
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ependymoma dataset, letters following “83:” indicate the molecu-
lar subgroup; in the medulloblastoma, dataset letters following
“120:” indicate the subgroup; in the embryogenesis, dataset
numbers following “18:” indicate the week of human embryonic
development; lca = large cell anaplastic; nd = not determined.
Figure S2. Nestin protein is differentially expressed in ependy-
moma of differing location and grade. While no differences in
nestin-positive and -negative ependymoma were found regarding
gender or resection status, a significantly higher proportion of
nestin-positive ependymoma was found in all supratentorial
and WHO III ependymoma. When separated by age groups, a
significantly higher proportion of pediatric supratentorial, and
adult WHO III ependymoma were found to be nestin posi-
tive. infra = infratentorial; supra = supratentorial; STR = subtotal
resection; GTR = gross total resection; nes = nestin; pos =
positive; neg = negative; n.s. = not significant; *P < 0.05, **P <
0.005, ***P < 0.0001 (Fisher’s exact t-test).
Table S1. Cox proportional hazards model for progression-free
(PFS) and overall survival (OS) estimation—univariable analysis.
HR = hazard ration; CI = confidence interval.
Table S2. Five-year progression-free (PFS) and overall survival
(OS). infra = infratentorial; supra = supratentorial; neg = negative;

pos = positive; infra = infratentorial; supra = supratentorial; PFA =
posterior fossa group A; PFB = posterior fossa group B.
Table S3. Genes co-regulated (correlation coefficient >0.5)
with nestin from the Heidelberg dataset, ranked by correlation
coefficient.
Table S4. Genes significantly co-regulated (correlation coeffi-
cient >0.5) with nestin from the Toronto dataset, ranked by correla-
tion coefficient.
Table S5. Genes co-regulated with nestin found in both datasets
(Heidelberg and Toronto), ranked by correlation coefficient for
each dataset and displayed according to average rank.
Table S6. Gene sets in the Heidelberg or Toronto dataset with
significant adjusted P-value in both hypergeometric test and gene
set enrichtment analysis (GSEA), with genes from the respective
dataset (Supporting Table S3 or S4) in alphabetical order.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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