
Summary. In spite of numerous studies concerning the
pathogenesis of pilocytic astrocytoma (PA), the exact
mechanism of the process still remains undetermined. It
is difficult to obtain concordance between particular
studies, which makes review of existing data especially
troublesome. Nevertheless, the most important causative
factors seem to be NF1 gene inactivation, in cases
related to neurofibromatosis type 1, and BRAF gene
overexpression in sporadic PAs, both resulting in
MAPK/Erk pathway upregulation. Other molecular
alterations, like mTOR or PI3K pathway deregulation, or
Matrilin 2 overexpression, may influence the course of
the disease, leading to the development of more
aggressive and recurrent tumors. In the current paper we
review genetic alterations in PA and describe currently
studied molecular markers that may contribute to the
development of the tumor and can be used in
pathological staging of the malformation.
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Introduction

Pilocytic astrocytoma (PA), a WHO grade I tumor of
the central nervous system (CNS), is the most frequently
occurring glioma of childhood and adolescence, with
virtually no difference in incidence between genders

(Louis et al., 2007; Potter et al., 2008; Belirgen et al.,
2012; CBTRUS, 2012). Microscopically, PAs have a
characteristic biphasic morphology, with compact areas
of pilocytic cells and microcystic areas of multipolar
cells (Fig. 1). They may also have Rosenthal fibres (Fig.
2) and eosinophilic granular bodies. Other, less
frequently occurring features, include cellular
pleomorphism, foci of non-palisading necrosis and
vascular proliferation (Fig. 3). Immunohistochemistry of
PA shows strong staining for glial fibrillary acidic
protein (GFAP) (Fig. 4). Mitotic figures are uncommon
and MIB-1 index is lower than 3% (Tihan et al., 1999;
Reifenberger and Collins, 2004; Belirgen et al., 2012). 

Generally, PAs occur more frequently infra-
tentorially than supratentorially, and their most common
location is the cerebellum, followed by the
thalamic/hypothalamic region, midbrain and brainstem.
Less frequent locations of the tumor include spinal cord,
cortex or basal ganglia (Reifenberger and Collins, 2004;
Tibbetts et al., 2009; Horbinski et al., 2010).

PAs are usually benign, with observed survival rates
reaching even 100% at 5 years and 95.8% at 10 years
after diagnosis (Burkhard et al., 2003), although the
clinical course of the disease may be unpredictable. In
some cases, prognosis is worse, with recurrence,
progression or dissemination (Krieger et al., 1997;
Kageji et al., 2003; Stüer et al., 2007), while in some
spontaneous regression is observed (Colosimo et al.,
2000; Cakirer and Karaarslan, 2004). The gold standard
in the therapy of PAs is surgical intervention, but if
necessary, adjuvant post-operative radio- or
chemotherapy may be introduced (Gajjar et al., 1997;
Belirgen et al., 2012). It was shown that location of the
tumor correlates with progression-free survival (PFS),
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with the longest PFS demonstrated in patients with
cerebellar tumors and the shortest PFS among patients
with optochiasmatic/hypothalamic tumors (Fernandez et
al., 2003; Belirgen et al., 2012). This is believed to be a
result of differences in difficulty of total resection
achieved between superficially and deeply settled
tumors, since the extent of resection is one of the most
important prognostic factors in PAs (Reifenberger and
Collins, 2004; Tibbetts et al., 2009). However, it was
shown that even among tumors that were resected
completely, PFS differs between various locations, so it
is possible that features other than extent of resection
may play a role in the outcome. No correlation was
found between age or sex and PFS (Tibbetts et al.,
2009). Other factors, which were shown to be associated
with worse prognosis, include age lower than 5 years
and invasion of surrounding structures in patients with
partial resection (Gajjar et al., 1997; Fernandez et al.,
2003). Histological negative prognostic factors include
necrosis, vascular hyalinization, calcification, and
oligodendroglioma-like cytology (Tibbetts et al., 2009).
However, molecular predictors of mild and aggressive
behavior of tumor remain undetermined.

Also, molecular alterations implicated in the
development of PA are still poorly understood.
Recapitulation of known data concerning the problem is
puzzling due to several factors. First of all, in the group

of glial neoplasms the most frequently tested tumor is
glioblastoma, an example of high-grade glioma, thus
studies focusing on PA are limited. On top of that, in
several studies PAs are grouped together with diffuse
astrocytoma as low-grade astrocytomas and are not
considered as a distinct entity. Moreover, particular
studies use various methods, different sets of genes etc.,
not mentioning the differences in tested groups in the
number of cases and histological or clinical variants (e.g.
including pilomyxoid variant, not distinguishing NF1-
related from sporadic PAs). However, based on available
data, some general conclusions can be drawn. 
Genetics of pilocytic astrocytoma

Cytogenetics

Cytogenetics is one of several different approaches
which have been attempted to unravel the mechanism of
the tumorigenesis. Analysis of chromosomal imbalance
showed various results, especially due to differences in
resolution between particular techniques, but one
observation, that large region changes are uncommon
among PAs, was concordant for most studies. The
percentage of pediatric tumors with aneuploidy varies
among particular studies, but generally does not exceed
30%. Observed alterations are either single or multiple,
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Fig. 1. Histopathological
features of pilocytic
astrocytoma. The dense
element and loose
microcystic component.
H&E.



and most commonly include gains of chromosomes 5, 6,
7. Other changes are gains of chromosomes 8, 9, 10, 11,
15, 20, and much less common, losses, including mainly
chromosomes 16, 17, 19, 22 (Sanoudou et al., 2000; Orr
et al., 2002; Jones et al., 2006; Belirgen et al., 2012). No
association between tumor location and cytogenetic
changes was found. Interestingly, changes were more
frequently observed in females than males, but the result
did not reach statistical significance (Sanoudou et al.,
2000; Jones et al., 2006). It was also shown that
frequency of genomic imbalance was higher in adult
cases, with most chromosomal alterations being multiple
(Sanoudou et al., 2000; Jones et al., 2006). The impact
of observed abnormalities is difficult to determine,
especially concerning chromosome 7, since its
aneuploidy is frequently observed in higher-grade
gliomas (Liu et al., 1998), but also in normal non-
neoplastic tissues (Johansson et al., 1993). Generally,
aneuploidy is a common feature of solid tumors, and the
debate over whether it is a cause or rather the effect of
tumorigenesis is still continuing, since it may develop as
a result of altered control of chromosomal segregation.
However, the presence of extra copies of genes,
especially those responsible for cell growth and
proliferation, may cause their overexpression and
therefore contribute to disease development. The third
possibility is that aneuploidy is coincidental to other

genetic changes truly responsible for oncogenesis (Jones
et al., 2006).

Another test, DNA flow cytometry, also showed
normal (diploid) DNA ploidy pattern in a majority of
PAs, with a frequency of 78%. Hypoploidy and
hyperploidy were less common, with the same frequency
of 11%. No statistical correlation between location of the
PAs and ploidy was found (Belirgen et al., 2012).

Usage of array comparative genomic hybridization
(array-CGH), which has resolution better than
conventional CGH, allowed more precise description of
genomic alteration in PAs. However, it is difficult to find
much concordance between particular studies. In some,
high frequency of copy number aberration (CNA) was
found, which reached even 100% of cases, but those
were mostly only focal abnormalities (Jacob et al., 2009;
Belirgen et al., 2012). Differences in the number of
tested cases resulted in lack of concordance in the
frequency of particular alterations, but generally it was
observed that CNA in PAs is much less common than
among high-grade gliomas (Sievert et al., 2009). On top
of that, some of the CNAs are present also in healthy
population, and it is less likely that they are implicated
in tumorigenesis (Sievert et al., 2009). However, it was
suggested that particular CNAs may be related to the
outcome, with 2p11.2 amp and 9p11.2 amp being
favorable and 1p36.21 del being an adverse prognostic
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Fig. 2. Pilocytic
astrocytoma. Densely
fibrillar region with
Rosenthal fibers. H&E.



factor (Belirgen et al., 2012). Different CNAs may be
found in particular intracerebral locations of PA, with
16p11.2 amp being more frequently present among
chiastmatic/hypothalamic PAs, 16p del found among
tumors arising from the midbrain, brainstem, and spinal
cord and 9q21.32 amp frequently observed in tumors
located in the cerebellum (Horbinski et al., 2010;
Belirgen et al., 2012). However, the relevance of this
information for pathologic and molecular features of PAs
needs further evaluation.

Emphasis in several studies was given to high
frequency of 7q34 gain, which was present in 45-68% of
PAs. The span of gained region differs among cases, but
was estimated as 0.97- 2 MB pairs and included
approximately 17 known or predicted genes (Bar et al.,
2008; Deshmukh et al., 2008; Jones et al., 2008; Pfister
et al., 2008; Sievert et al., 2009). Several genes from the
region were postulated to have a role in PA development,
mainly v-raf murine sarcoma viral oncogene homolog
B1 (BRAF) gene, but also homeodomain-interacting
protein kinase 2 (HIPK2) gene (Deshmukh et al., 2008;
Jacob et al., 2009). A high importance of 7q34 gain is
also believed to be related to its specificity to PAs, since
it was found only in a small number of grade II
astrocytomas and oligodendroglial tumors and was
absent in a wide variety of tested brain tumors, including
high grade astrocytomas, medulloblastomas,

gangliogliomas etc. (Jones et al., 2008; Pfister et al.,
2008; Jacob et al., 2009; Lawson et al., 2010; Zhang et
al., 2013). Data concerning frequency of 7q34 gain
among PAs from different intracerebral locations is
conflicting: most studies state that PAs with this
alteration originate from posterior fossa (Bar et al.,
2008), or more precisely in the cerebellum (Rodriguez et
al., 2008), as well as brainstem, hypothalamus, optic
pathway, and is almost absent in hemispheric PAs (Jacob
et al., 2009; Horbinski et al., 2010), whereas others
argue that the gain is more frequently observed in
astrocytomas located outside the cerebellum (Pfister et
al., 2008). 

The gain at 7q34 was characterized to be a tandem
duplication between uncharacterized gene KIAA1549 on
the centromeric end and BRAF on the telomeric end of
the chromosome. A precise description of region ends is
impossible, because it varies between particular cases,
but in general the duplicated region contains BRAF
kinase domain (carboxyl terminus) without
autoregulatory domain (amino-terminus), which results
in constitutive activity of the kinase (Bar et al., 2008;
Jones et al., 2008). The frequency of this aberration
stated in the literature varies from 50 to 100%
(Rodriguez et al., 2008; Forshew et al., 2009; Jacob et
al., 2009; Korshunov et al., 2009; Yu et al., 2009;
Lawson et al., 2010; Schiffman et al., 2010; Cin et al.,
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Fig. 3. Pilocytic
astrocytoma.
Microvascular
proliferation. H&E.



2011; Hasselblatt et al., 2011; Hawkins et al., 2011).
Some authors suggest that in PAs lacking 7q34
duplication other recurrent genetic abnormalities with a
postulated role in PA development may be found.
Among them, an amplification of 19p13, which includes
killer receptors inhibitory genes (KIR), being a regulator
of natural killer cell activity, 12p11.21 region embracing
OVOS2 gene (gene similar to ovostatin- proteinase
inhibitor involved in innate immune responses) (Jacob et
al., 2009), or 9q34.1-qter region containing, among
others, ABL (Abelson murine leukaemia), VAV2 (Rho-
family guanine-nucleotide exchange factor) and PBX3
(pre B-cell leukaemia transcription factor) (Sanoudou et
al., 2000). However, whether they truly play a role in PA
development requires more studies.
Microarray analysis

Another commonly used technique for searching for
genetic abnormalities is microarray-based gene profiling.
And again, finding common recurrent alterations in
available medical data is especially elusive, basically
due to differences between gene sets in particular
studies, but also because of differences in tested cohorts.
Moreover, authors usually stress the genes which are
extremely overexpressed compared to control, but it is
still possible that genes without impressive up-regulation

may also play a crucial role in the tumorigenesis of PA.
However, some general observations can be made.
Firstly, groups of genes which are overexpressed and
therefore postulated as having a role in PA pathogenesis
are similar in all studies and include extracellural matrix
(ECM) components, together with cell adhesion and
motility molecules, genes related to the immune system,
as well as molecules involved in angiogenesis,
neurogenesis, lipid metabolism and finally, several
intracellular pathways responsible for cell growth,
proliferation and differentiation (Huang et al., 2005;
Wong et al., 2005; Rorive et al., 2006; Anagnostopoulos
et al., 2011). In some studies no significant differences in
gene expression between PAs from various locations
were found (Huang et al., 2005), however other studies
show a possibility of specific genetic signature of PAs
arising in different regions of the brain (e.g.
overexpression of NOTCH 2, LHX2 and SIX6 genes in
PAs from hypothalamo-chiasmatic region. It was even
postulated that PAs from various locations may have
distinct cells of origin. (Sharma et al., 2007; Potter et al.,
2008; Tchoghandjian et al., 2009; Belirgen et al., 2012).
Moreover, NF1-related PAs have been shown to have a
distinct gene signature, other than sporadic tumors, with
12 differentially upregulated genes (including TAK-like
protein, SLC1A3, IFNGR1) (Sharma et al., 2007). A
summary of comparative analysis of microarray studies
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Fig. 4. Pilocytic
astrocytoma. Strong
reactivity for glial fibrillary
acidic protein (GFAP).



from medical databases and their confrontation with
real-time RT-PCR-based expression analysis was
attempted by Rorive et al. (2006) (Table 1).
Epigenetics

Epigenetic changes, including aberrant microRNA
(miRNA) expression or DNA methylation, have been
recently shown to have an important role in PA
development. Several miRNAs have been demonstrated
to be differentially expressed in pediatric CNS tumors,
compared to normal brain, as well as particular types of
tumors. In PAs, overexpression of miR-432,miR-29a,
miR-138, miR-299-5p, and miR-34a miRNAs and
underexpression of miR-93, miR-135a, miR-129, miR-
135b, and miR-106b miRNAs has been described (Birks
et al. 2011; Ho et al. 2013). Studies on global DNA
methylation have shown differences in DNA methylation
between PAs from various locations (namely
infratentorial and supratentorial) as well as between
cerebellar PAs and normal cerebellum. Among others,
genes encoding the key brain developmental regulators
(e.g. nuclear receptor subfamily 2, group E, member 1
(NR2E1) and Engrailed Homeobox 2 (EN2) genes) were
differentially methylated and therefore differentially
expressed. Interestingly, most of the methylations were
located within the body of the gene and were correlated
with its increased expression (Lambert et al., 2013)
Factors with a potential role in pilocytic astrocytoma
development

NF1

NF1 gene alteration is responsible for neurofibro-

matosis type 1 (NF1), an autosomal dominant genetic
disorder. A characteristic feature of the disease is
development of several types of neoplasms concerning
mainly skin and central nervous system (CNS). In CNS,
the most frequently occurring tumors are PAs located in
the optic pathway, followed by those developing in the
cerebellum and brainstem. Pathogenesis of neoplastic
alteration in NF1 patients is tightly connected with the
function of NF1 gene product. The protein, called
neurofibromin, acts as a tumor suppressor by changing
an active (GTP-bound) to inactive (GDP-bound) form of
Ras protein (Larizza et al., 2009). 

In some cases of sporadic PA, loss of 17q (where the
NF1 gene is located) was found (von Deimling et al.,
1993), however the role of NF1 gene in tumor
development was excluded, since no mutation in NF1
gene among sporadic PAs was found (Scheurlen and
Senf, 1995; Platten et al., 1996; Kluwe et al., 2001;
Wimmer et al., 2002). Moreover, sporadic PAs may
exhibit overexpression of the gene when compared to
normal brain, which can be explained as a regulatory
response to growth stimuli (Platten et al., 1996).
Interestingly, neurofibromatosis is commonly considered
as a favorable prognostic factor in patients with PAs with
high incidence of spontaneous regression (Deliganis et
al., 1996; Perilongo et al., 1999; Grill et al., 2000) but in
some series was shown to correlate with progressive
disease (Valdueza et al., 1994) or high percentage of
histologically anaplastic PAs (Rodriguez et al., 2011).
RAF kinase family and MAPK/Erk pathway

BRAF gene overexpression resulting from a
described 7q34 gain, causing a KIAA1549:BRAF
fusion, is believed to be an important causative factor in
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Table 1. Presentation of differences in particular genes expression between pilocytic astrocytoma and respectively: normal brain and higher-grade
astrocytomas (grade II-IV), according to Rorive et al. (2006).

Gene name Gene expression level comparison Gene expression level comparison in pilocytic 
in pilocytic astrocytoma vs. normal brain astrocytoma vs. higher-grade astrocytomas (II-IV)

based on microarray based on Real-time based on microarray based on Real-time
comparison RT-PCR comparison RT-PCR

TIMP4 Tissue inhibitor of metalloproteinases 4 # # # #
CHAD Chondroadherin # # # #
THBS4 Thrombospondin # # # #
CSPG2 Chondroitin sulfate proteoglycan 2 # # NT -
COL9A1 Collagen type IX ·1 chain # NT # NT
SEMA5A Semaphorin 5A # NT NT NT
AGC1 Aggrecan 1 # NT NT NT
IGFBP2 Insulin-like growth factor binding protein-2 # # # #(II)/$(IV)
LPL Lipoprotein lipase # # # -
CINH First component of complement inhibitor # # # #
TLE2 Transducing-like enhancer of split-2 # $ # #
SPARC Secreted protein acidic, rich in cysteine # NT # NT
APOD Apolipoprotein D NT # # #
EGFR Epidermal growth factor receptor NT $ $ $

#, expression upregulated in PA; $, expression downregulated in PA; - no differences; NT, not tested.



PA development. BRAF is a member of the RAF family
and plays a role in the development of a variety of
tumors, usually as a result of activating mutation, but in
some cases also as a genetic rearragement (Sievert et al.,
2009). It was shown that PAs with 7q34 duplication have
a higher level of BRAF expression and increased
phosphorylation of Erk, compared to normal brain
(Pfister et al., 2008). KIAA1549:BRAF fusion protein
may function as a homodimer and cause CRAF-
independent activation of MAPK/Erk pathway (Sievert
et al., 2013). However, there was no correlation between
patient age, gender, histology or location of the tumor
with the duplication (Sievert et al., 2009). Also, in the
same location there were no differences in outcome
between tumors with and without BRAF rearrangement
(Horbinski et al., 2010).

In cases lacking the KIAA1549:BRAF fusion,
activation of the MAPK/Erk pathway may be a result of
other genetic events, including SRGAP3-RAF1 gene
fusion, activating mutations in KRAS or BRAF as well
as intragenic duplication of FGFR1 region encoding
tyrosine kinase domain (Jones et al., 2008, 2009;
Forshew et al., 2009; Jeuken and Wesseling, 2010;
Zhang et al., 2013). Similar to KIAA1549:BRAF fusion,
in the case of SRGAP3-RAF1 fusion the autoinhibitory
amino-terminal domain of Raf1 protein is replaced, in
this case by SRGAP3, leading to elevated kinase activity
and constant stimulation of its downstream effectors
belonging to the MAPK/Erk pathway (Jones et al., 2009;
Lawson et al., 2010). 

As far as RAF gene mutation is concerned, BRAF
V600E mutation is the one most commonly present in
PAs. The mutation is observed in various tumors,
generally those localized outside the CNS, including
melanoma, colon and thyroid carcinomas (Sievert et al.,
2009; Schindler et al., 2011). In the case of PA, BRAF
V600E mutants were more frequently observed in extra-
cerebellar tumors, with the most common location being
diencephalon - 33% of cases. In contrast to BRAF
duplication, the highest frequency of the mutation was
not observed among PAs but other glial tumors, namely
pleomorphic xanthoastrocytomas and gangliogliomas,
but it was not found in tested non-glial tumors (Sievert et
al., 2009; Schindler et al., 2011). Activating mutations of
K-RAS were observed sporadically in PAs, whereas N-
RAS or H-RAS alteration was not encountered in PAs
(Sharma et al., 2005; Janzarik et al., 2007).

Generally, PAs showed an increased level of MEK
and Erk phosphorylation, in comparison to normal brain,
but interestingly, no significant association between
hyperactivation of MAPK/Erk signaling pathway and
event-free survival in PA patients or clinical behavior
was observed. Even though nuclear pErk staining was
not present in all tested cases of PAs, it was also
observed in those lacking 7q34 duplication (Bar et al.,
2008; Forshew et al., 2009; Rodriguez et al., 2011).
Therefore, the role of RAF gene alterations in PAs is
conflicting. Some studies have shown that tumors with
BRAF duplicaton had a higher level of Erk activation

(Sievert et al., 2009) and higher median cyclin D1
mRNA level than tumors without this aberration (Pfister
et al., 2008). However, other studies state that activation
of Erk is present in all PAs, regardless of BRAF
alterations (Jacob et al., 2009). More information
concerning the topic was brought by cell line studies. In
the one performed on cell lines established from primary
LGAs with MEK1/2 inhibitor (UO126), reduction of
proliferation, with an arrest in G2/M phase,
dephosphorylation of Erk1/2 and downregulation of
cyclin D1 was observed. Silencing of BRAF by RNA
interference in a cell line also resulted in significantly
reduced proliferation and, similarly to MEK1/2
inhibition, cell cycle arrest in the G2/M phase (Pfister et
al., 2008). Overexpression of activated BRAF increases
astrocyte proliferation which can be limited by usage of
sorafenib, a multikinase inhibitor (Gronych et al, 2011).
Recently, BRAF inhibitors have also been shown to
inhibit Erk phosphorylation, especially second-
generation inhibitors (like PLX PB-3) which do not
induce paradoxical activation of MAPK/Erk, in contrast
to the first-generation inhibitors (like PLX4720) (Sievert
et al., 2013). It was also shown that ectopic expression
of activated BRAF kinase domain, namely BRAF gene
lacking autoinhibitory domain with V600E activating
mutation, was sufficient to induce brain tumors highly
resembling human PAs in mice. The effect was not seen
after transfection with wild type (WT) and full length
BRAF, which was concordant with another study using
hTERT-immortalised astrocytes, with transfection of
BRAF gene, where WT constructs did not alter cell
morphology, whereas transformation was observed
among cells with V600E BRAF mutation transfect.
Overexpression of WT BRAF did not influence
proliferation and Erk expression or phosphorylation, but
interestingly, cells with BRAF upregulation were more
prone to stimulation by EGFR ligands, resulting in a
higher level of Erk phosphorylation, compared to cells
lacking overexpression (Jacob et al., 2009). 
HIPK2

HIPK2 is a serine/threonine protein kinase, which
acts as transcriptional regulator (co-repressor), by
interacting with transcription factors (e.g. BRN3a, c-
Ski). It can also phosphorylate transcriptional factors
(e.g. p53, Pax6, c-Myb and AML1) and cause, for
example, apoptosis repression or proliferation inhibition.
Once more, a lack of concordance between data
concerning the presence and role of deregulated HIPK2
gene in PA development is seen. In Deshmukh et al.
(2008) study it was observed that HIPK2 gene
amplification results in increased expression of the gene
at the RNA and protein level and that transfection of
human glioma cells (U87) with an active HIPK2 leads to
cell growth promotion (Deshmukh et al., 2008). Another
study reports no differences in HIPK2 gene expression
between tumors having and lacking the 7q34
duplication, without any differences in HIPK2 IHC
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staining among normal brain, various brain tumors and
PAs with and without the duplication (Sievert et al.,
2009). A study on hTERT-immortalised astrocytes with
transfection of HIPK2 gene showed no changes in
morphology, with gene overexpression not influencing
proliferation (Jacob et al., 2009).
OLIG2 

Oligodendrocyte lineage transcription factor 2
(OLIG 2) is a basic helix-loop-helix (bHLH)
transcription factor involved in oligodendroglial
specification. Several studies suggest that the activity of
OLIG2 can be a potential link between neural stem cells
and growth of progenitors of malignant glioma (Bachoo
et al., 2002; Hack et al., 2005; Menn et al., 2006). Some
authors demonstrate OLIG2 expression in PAs (Otero et
al., 2011; Utsuki et al., 2012). Otero et al. (2011) showed
diffuse high expression of OLIG2 in PAs, compared to
other non-oligodendroglial tumors (except for
glioblastoma). Otero et al. (2011) also demonstrated
glioblastoma to have the highest ratio of OLIG2-
expressing cells which were also Ki-67 positive (mean
16.3%), in comparison to PAs, which had the lowest
ratio (mean 0.9%). The authors also evaluated the
mutational status of BRAF in pediatric gliomas: they
revealed and confirmed previous data concerning the
association between the presence of KIAA1549-BRAF
fusion transcripts in PAs and their absence in other
tumor groups, but in that case, they did not observe
statistically significant correlation between OLIG2
expression and BRAF mutation (Otero et al., 2011).
Interestingly, the authors also demonstrate significantly
increased expression of OLIG 1, OMG (Oligo-
dendrocyte Myelin Glycoprotein) and nestin (Otero et
al., 2011) in PAs. The tumor also showed expression of
SOX10, PEN5, PLP, PMP-22, MBP and OMG, which
brings the authors to the hypothesis that PAs are
uniquely delineated from nonneoplastic white matter and
other low grade gliomas, and are more similar to fetal
astrocytes and to oligodendroglial lineages (Gutmann et
al., 2002; Bannykh et al., 2006; Colin et al., 2006; Otero
et al., 2011).
p53

P53 is crucial in cell cycle regulation and developing
of numerous neoplasms, including high grade gliomas
(Wemmert et al., 2006), therefore some authors try to
demonstrate the possible correlation between p53 and
PA formation, as well as tumor aggressiveness or
progression. Loss of 17p13 region (containing the TP53
gene) among PAs was found in several studies
(Sanoudou et al., 2000; Horbinski et al., 2010). It was
observed that 17p13 loss of heterozygisity (LOH) of
cerebellar tumors was related to worse prognosis than
among tumors without this genetic alteration. As far as
an increase of p53 nuclear staining between

conventional, aggressive, recurrent and anaplastic PAs is
concerned, only a relation between cellular proliferation
and p53 staining has been found in anaplastic tumors
(p>0.05) (Rodriguez et al., 2011). Facoetti et al. (2008)
correlated the status of p53 with tumor proliferative
index. However, other studies failed to show a
correlation between p53 expression and outcome
(Nakamizo et al., 2002; Horbinski et al., 2010) or even
were not able to demonstrate p53 immunoreactivity
(Cheng et al., 2003) or TP53 mutations (Ishii et al.,
1998; Matsumoto et al., 1998).
ErbB tyrosine kinase family and Sox10

Foreman et al. (2006) reported a lack of ErbB1
expression in PAs. The authors showed the blockade of
PA cell culture by gefitinib, which blocks not only
ErbB1, but also other members of the Erb tyrosine
kinase family. The Erb family consists of ErbB1, ErbB2,
ErbB3 and ErbB4, which take part in such processes as
growth or differentiation (Buonanno and Fischbach,
2001; Yarden and Sliwkowski, 2001). Sox10 is a
transcription factor which regulates the expression of
ErbB3 in the development of embryonic neural crest
(Britsch et al., 2001). Addo-Yobo et al. (2006) revealed a
significant elevation of ErbB3 and its transcription factor
Sox10 expression in PAs, in comparison to the majority
of other brain tumors. Bannykh et al. (2006) showed
hyperactivity of Sox10 in astrocytomas, but also in
oligodendrogliomas. However, in the study of Schlegel
et al. (1994), overexpression of ErbB3 in astrocytomas
(grade II through IV) has not been found. Strong
correlation between Sox10 and ErbB3 in PAs can be
explained by the role of ErbB3: after heterodimerizing
with ErbB1 or ErbB2 it activates PI3K and MAPK
(Soltoff et al., 1994). 
Postulated molecular prognostic and diagnostic
markers

Ki-67 staining

In most studies, increased mitotic index (Ki-67
activity) was associated with progression and higher
WHO grade of the tumor. Fernandez et al. (2003)
reported an association between mitotic index (Ki-67
activity) and reduced event-free survival in the group of
80 patients with PAs, but the study also included a
significant number of pilomyxoid astrocytomas, which
are more clinically aggressive. In another study, which
was conducted by Bowers et al. (2003), the authors
showed the association between Ki-67 labeling index >2
and shortened progression-free survival in patients with
PAs. On the other hand, Fisher et al. (2002) found only
limited significance of Ki-67, used for progression-free
survival testing in low-grade gliomas, and Tibbetts et al
(2009) observed no clear correlation with clinical
outcome in event-free survival of PA patients.
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MCM7

The minichromosome maintenance family consists
of proteins MCM 2, MCM 3, MCM 4, MCM 5, MCM 6
and MCM 7, which play an important role in eukaryotic
DNA replication, making them attractive diagnostic
tumor markers (Tye, 1999; Endl et al., 2001; Facoetti et
al., 2006). Facoetti et al. (2006) evaluated the expression
of MCM7 protein in all histopathological grades of
astrocytic tumors and for the first time they examined
the frequency and pattern of MCM7 protein expression
in PA and compared MCM7 expression with Ki67 index.
While MCM7 and Ki67 were observed in all cases of
diffuse astrocytomas, anaplastic astrocytomas and
glioblastoma multiforme, in 2/27 cases (7,5%) of PAs,
neither the Ki67 nor MCM7 antibody could detect any
cells (Facoetti et al., 2006). The mean Ki-67 index in
PAs was 1.13, whereas the mean MCM7 staining for the
tumors was 2.94%. Therefore, MCM7 has been
hypothesized to stain more cells than Ki-67, due to the
fact that MCM7 is present not only in already
proliferating cells, but also in these licensed to
proliferate (Stoeber et al., 2001; Facoetti et al., 2006),
which could make MCM7 a potentially better marker of
aggressiveness than Ki-67, also in PA diagnosis.
PI3K/Akt and mTOR pathways

The PI3K/Akt pathway plays a crucial role in
multiple cellular processes, like apoptosis, proliferation,
cell migration or transcription, therefore its
overexpression may be involved in tumorigenesis.
Immunohistochemical studies showed increased pAkt
staining in clinically aggressive, recurrent and anaplastic
PAs, in comparison to conventional PAs (Rodriguez et
al., 2011). One of the reasons for Akt pathway
upregulation may be PTEN gene inactivation. Generally,
PTEN mutations are frequently present in high grade
gliomas, especially those arising among adult patients,
and sporadically observed in PAs, though PTEN LOH
was present in 53.1% of tested PAs (Rasheed et al.,
1997; Duerr et al., 1998; Horbinski et al., 2010). It was
shown that PTEN gene deletion may be related to
aggressive behavior of PA, since it was observed in
anaplastic astrocytomas (Broniscer et al., 2007;
Rodriguez et al., 2011), as well as in NF1-related benign
tumors undergoing malignant progression (Gregorian et
al., 2009). However, some studies report no correlation
of PTEN loss with the outcome (Nakamizo et al., 2002;
Horbinski et al., 2010), which suggests the possibility of
alternative ways of Akt signaling activaton in PAs
(Network TGATR, 2008; Rodriguez et al., 2011). 

mTOR kinase, being downstream of the PI3K/Akt
pathway, is also postulated to be involved in progression
of PA. Although, Tibbetts et al. (2009) observed no
significant association between hyperactivation of
mTOR signaling and event-free survival of PAs, some
mTOR downstream proteins were activated, including
pS6, and their expression was increased in 23% of the

tumors. pS6 staining intensity was also increased in
anaplastic PAs, compared to conventional tumors, but,
interestingly, there was only a weak correlation between
the increase of pS6 staining and aggressiveness or
recurrence of PA (Rodriguez et al., 2011).
L1CAM

L1-cell adhesion molecule (L1CAM) is a neuronal
cell adhesion molecule which is involved in cell
migration and has an important role in treatment-
resistant tumors. Kernagis et al. (2012) identified
L1CAM as a bimodally expressed gene in PAs and
hypothesized it to be another potential marker of
aggressive phenotype. L1CAM staining, positive in half
of tested PAs, was correlated with Ki-67 index and
worsened PFS. It was also shown that expression of
L1CAM in PAs was a more reliable independent
prognostic factor for recurrence of the tumor in
comparison with Ki67 index (Kernagis et al., 2012).
ALDH1L1

Aldehyde dehydrogenase 1 family, member L1
(ALDH1L1) has been shown to be underexpressed in
cancer and, to stimulate apoptosis when it is
overexpressed (Krupenko and Oleinik, 2002). Rodriguez
et al. (2008) validated ALDH1L1 as a differentially
expressed gene that is underexpressed in more clinically
aggressive PAs. In that case, aggressiveness of PA has
been observed to be strongly correlated with
underexpression of ALDH1L1 in the aggressive
subgroup (7 samples), in comparison to typical sporadic
PAs (40 samples) (Rodriguez et al., 2008).
Matrilin 2

Matrilin 2 is one of the noncollagenous proteins
localized in the extracellular matrix, which functions to
link proteoglycans to the collagen matrix (Sharma et al.,
2006). The role of the matrilin family (Matrilin 1,
Matrilin 2, Matrilin 3) in tumorigenesis of PAs has been
tested in only one study by Sharma et al. (2006),
whereas a related family of noncollagenous proteins of
extracellular matrix (fibulins) has been previously
implicated in cancer. It has been shown that fibulin is
overexpressed in breast cancer, lung adenocarcinoma,
colon cancer, and other solid tumors, suggesting that
these proteins might have a potential role in tumor
formation and/or progression (Gallagher et al., 2001;
Greene et al., 2003; Sharma et al., 2006). Sharma et al.
(2006) observed increased expression of matrilin 2 in
67.4% (58/86) of sporadic PAs. Overexpression of
matrilin 2 was associated with localization of the tumor:
almost all supratentorial PAs (14/15 cases = 93% of
tumors from thalamus, third ventricle, frontal lobe, and
parietal lobe) revealed hyperactivity of matrilin 2 vs.
53% (10/19) of cerebellar PAs. Clinically aggressive
phenotype was associated with the increase of matrilin-2
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(Sharma et al., 2006) in four recurrent sporadic PAs as
well as all sporadic tumors (5 cases) arising in patients
who had died at the time of last follow-up. Expression of
matrilin 1 and matrilin 3 in PAs was at the same level as
in the controls (Sharma et al., 2006). Therefore,
overexpression of matrilin 2 might be a potential clinical
biomarker for the grade of aggressiveness and future
progression of PA.
ApoD

Apolipoprotein D (apoD) emerged as an attractive
diagnostic marker, due to observed significant
overexpression in PAs, compared to higher grade
gliomas and some other brain tumors like ependymomas
or oligodendrogliomas. ApoD is a member of a gene
family implicated in transport of hydrophobic molecules.
It was shown that its expression correlated with cell
cycle arrest of senescent fibroblasts, as well as prognosis
of medulloblastomas (Hunter et al., 2005). Upregulation
of ApoD in PAs was shown at both RNA and protein
level (Gutmann et al., 2002; Hunter et al., 2002, 2005;
MacDonald et al., 2007). Staining of the protein was not
restricted to PAs but was also seen in gangliogliomas,
pleomorphic xanthoastocytomas (PXAs), or
subependymal giant cell astrocytomas (SEGAs), so it
was proposed that apoD may be a marker of slowly
growing, non-infiltrating brain tumors and therefore may
be helpful in differential diagnosis of PAs (Hunter et al.,
2002).
Isocitrate dehydrogenase 1 (IDH1)

Determining IDH1 mutational status may be useful
in differential diagnosis of PA and higher grade glioma,
especially diffuse astrocytoma (DA). IDH1 encodes
isocitrate dehydrogenase 1, a protein engaged in citric
acid cycle. Its mutations were found frequently in DAs
and secondary glioblastoma, as well as in
oligodendrogliomas and were rare in PAs (Watanabe et
al., 2009; Korshunov et al., 2009).
MBP

It is believed that expression of myelin basic protein
(MBP), a marker of oligodendroglial differentiation,
may be used for evaluation of astrocytoma grade and
infiltration, due to observation of a decrease in the
number of MBP-positive cells associated with increased
grade of tumor (Landry et al, 1997). Positive MBP
staining was shown in PAs to be inversely related to
proliferation index and tumor progression, as it was
present in 6 out of 8 non-progressive PAs and absent in 8
out of 10 progressive tumors (Wong et al., 2005; Takei et
al., 2008). 
Conclusion

Although it seems that BRAF overespression and

resulting hyperactivation of the MAPK/Erk pathway
may be the most crucial factors contributing to the
development of PA, there are still many other pathways
that most probably participate in the development of the
tumor. PI3K/Akt, often implicated in different brain
tumors, is found in clinically aggressive PAs. This is a
common finding, since interplay between Akt and Erk is
a feature often observed in our studies on human brain
tumors, e.g. in medulloblastoma, subependymal giant
cell tumors, etc. Matrilin 2 seems to denote a more
aggressive phenotype and is a potential candidate for a
marker of grave prognosis. Also, microarray analysis
allowed identification of several upregulated genes,
although their real significance for the development of
the tumor and usability in the targeted treatment of PA
remains to be elucidated.
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