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Abstract Pilocytic astrocytomas (PA) are well-differen-

tiated gliomas having a favorable prognosis when

compared with other diffuse or infiltrative astrocytomas.

Molecular genetic abnormalities and activation of signaling

pathways associated with clinically aggressive PA and

histologically anaplastic PA have not been adequately

studied. We performed molecular genetic, gene expression,

and immunohistochemical studies using three PA subsets,

including conventional PA (n = 43), clinically aggressive/

recurrent PA (n = 24), and histologically anaplastic PA

(n = 25). A clinical diagnosis of NF1 was present in 28%

of anaplastic PA. Molecular cytogenetic studies demonstrated

heterozygous PTEN/10q and homozygous p16 deletions in

6/19 (32%) and 3/15 (20%) cases of anaplastic PA,

respectively, but in neither of the two other groups. BRAF

duplication was identified in 33% of sporadic anaplastic

PA and 63% of cerebellar examples. BRAFV600E mutation

was absent in four (of 4) sporadic cases lacking duplica-

tion. IDH1R132H immunohistochemistry was negative in 16

(of 16) cases. Neither PDGFRA nor EGFR amplifications

were present. pERK staining levels were similar among the

three PA subsets, but a stepwise increase in cytoplasmic

pAKT and to a lesser extent pS6 immunoreactivity was

noted by immunohistochemistry in aggressive PA groups.

This was particularly true in histologically anaplastic PA

when compared with conventional PA (p \ 0.001 and

p = 0.005, respectively). In addition, PTEN expression at

the mRNA level was decreased in histologically anaplastic

PA when compared to the other groups (p = 0.05). In

summary, activation of the PI3K/AKT in addition to

MAPK/ERK signaling pathways may underlie biological

aggressiveness in PA. Specifically, it may mediate the

increased proliferative activity observed in histologically

anaplastic PA.

Keywords Pilocytic astrocytoma � Brain �
Neurofibromatosis � Glioma � PTEN � AKT

Introduction

Pilocytic astrocytoma (PA) is a well-differentiated astro-

cytoma occurring most frequently in children and young

adults. Compared to diffuse or infiltrative astrocytomas, PA

is associated with a favorable prognosis, 5-year survival

rates being [95% after gross total resection [19]. Histo-

logically, it is characterized by the presence of a biphasic
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pattern including compact, fibrillary tissue featuring

Rosenthal fibers and loosely arranged, microcyst-rich tissue

containing eosinophilic granular bodies.

Despite its favorable prognosis, approximately 20% of

PA patients experience tumor recurrence or clinical pro-

gression [5]. A subset may result in significant morbidity or

mortality, despite lack of atypical histologic features.

Conversely, histologically anaplastic PAs are less frequent.

These were defined in our previous study as PA demon-

strating hypercellularity, moderate to severe cytologic

atypia, and brisk mitotic activity with or without necrosis

[25]. So defined, anaplasia was associated with decreased

survival, corresponding to those of infiltrative astrocytomas

of grades II and III, depending if necrosis was absent or

present, respectively.

In recent years, our molecular understanding of gliomas

has greatly increased. Activation of the MAPK/ERK and

PI3K/AKT pathways are hallmarks of a variety of malig-

nancies, including high-grade astrocytomas [18]. Genetic

alterations frequently involved, include amplification of

genes encoding for receptor tyrosine kinases (EGFR,

PDGFRA) and deletions/mutations in tumor suppressor

genes (TP53, p16, PTEN) [18].

Recently, genetic alterations involved in the develop-

ment of low grade astrocytomas such as PA have also been

uncovered by high resolution genomic studies. MAPK/

ERK pathway activation through aberrations of BRAF and

RAF1 in sporadic PA or the NF1 gene in neurofibromatosis

type 1 (NF1)-associated PA are most frequent [1, 6, 8, 13,

15, 22, 31]. Our present study evaluates the status of

MAPK/ERK and PI3K/AKT pathways in PA subsets and

explores their association with clinical and histological

aggressiveness.

Materials and methods

Patients and tissue microarrays

Primary tumors were studied using primarily two tissue

microarrays, including conventional PA (n = 43), clini-

cally aggressive/recurrent PA (n = 24), and histologically

anaplastic PA (n = 25). Median patient age and gender

were 13 years (M 20; F 23), 23 years (M 14; F 10), and

29 years (M 17; F 8) for the three groups, respectively.

Clinical criteria for NF1 were present in 11 (26%), 1 (4%),

and 7 (28%) cases, respectively. Anatomical sites for

conventional, aggressive and histologically anaplastic PA,

respectively, included optic pathway/hypothalamus (21,

13, 0%), supratentorial CNS (37, 42, 36%) and infraten-

torial CNS (42, 46, 64%).

Aggressive/recurrent PA was defined as PA progressing

within a year of surgery despite adequate therapy or

requiring additional surgical intervention, but lacking his-

tologic features of anaplasia. Histologically anaplastic PAs

were obtained predominantly from the consultation files

from one of us (BWS); their clinicopathologic features

were the subject of our previous publication [25]. Their

morphologic characteristics were summarized above. The

tissue microarrays were constructed using 0.6 mm diame-

ter cores per tumor in triplicate. All studies were approved

by the Institutional Review Board and Biospecimen com-

mittee at Mayo Clinic.

Fluorescence in situ hybridization

All fluorescence in situ hybridization (FISH) studies were

performed upon formalin-fixed, paraffin-embedded tissue

microarray or whole tissue sections using previously

described methods [26]. Locus-specific probes targeted the

following regions: EGFR (7p12, Abbott Molecular/Vysis),

P16 (9p21, Abbott Molecular/Vysis), PTEN (10q23,

Abbott Molecular/Vysis), PDGFRA (Custom Made) and

BRAF (Custom Made with clones RP4-592P3, RP4-

726N20, RP5-839B19, RP4-813F11) (7q34). All target

probes were labeled with SpectrumOrangeTM (Abbott

Molecular/Vysis, Des Plaines, Ill). Respective reference

probes (CEP 4, 7, 9, 10) were labeled with Spectrum-

GreenTM. A minimum of 100 non-overlapping nuclei were

assessed per case. Chromosomal loses and gains were

evaluated using previously established cutoffs [26]. The

identity of the BACs used to construct the custom-made

BRAF probe was confirmed with PCR analysis (Supple-

mentary Fig. 1).

BRAFV600E mutation analysis

Five cases with sufficient material for DNA extraction were

used for BRAFV600E mutation analysis. Four to six 10-lm

paraffin sections were used for genomic DNA extraction

by the phenol:chloroform:isopropyl alcohol (Invitrogen)

method. A 224-bp fragment of BRAF gene exon 15 was

amplified using the following PCR primers: 50-TCATAA

TGCTTGCTCTGATAGGA (forward) and 50-GGCCAAA

AAT TTAATCAGTGGA (reverse), as previously reported

[17]. PCR products were separated on a 2% agarose gel and

visualized by ethidium bromide staining. Aliquoted prod-

ucts were used for bidirectional DNA sequencing on an ABI

Prism 377 DNA Sequencer (PE Applied Biosystems, Foster

City, CA, USA). NPA (thyroid tumor) cell lines with a

known BRAFV600E mutation and PTC1 cells with a known

wild type BRAF genotype were used for controls.
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Real-time RT-PCR

Total RNA was extracted from 5 to 10 sections of formalin-

fixed paraffin-embedded tissue, each 10 lm thick, using the

RecoverALLTM Total Nucleic Acid Isolation Kit (Applied

Biosystems). Quantitation of gene expression was per-

formed using Taqman gene expression assays (Applied

Biosystems), including PTEN (Hs02621230_s1) and BRAF

kinase domain (Hs01052468_g1), GAPDH serving as an

endogenous control. A total of 100–1,000 ng of total RNA

were converted to cDNA, 10 ng loaded per well. Tumor and

control brain samples were run in triplicate on the ABI

7900HT Fast real-time PCR system (Applied Biosystems)

using 96-well plates. Data analysis was performed using

DDCt method with SDS software according to the manu-

factures recommendations (http://www.appliedbiosystems.

com).

Immunohistochemistry

Immunohistochemical studies were performed using a

Dako autostainer and the Dual Link Envision? or

ADVANCE detection systems on 5-lm thick formalin-

fixed, paraffin-embedded tissue microarray sections. Anti-

bodies applied were directed against AKT (total) (Rabbit

polyclonal, 1:500 dilution, cell signaling technology),

pAKT (clone736E11 recognizing phospho-ser473 site,

1:800; cell signaling technology), pERK (Rabbit poly-

clonal Erk1/2) (Thr202/Tyr204; 1:250 cell signaling

technology); pS6 (Rabbit polyclonal p-S6 (Ser235/236)

1:200, cell signaling technology); EGFR (2-18C9, predi-

luted; Dako), p53 protein (clone DO7, 1:2,000; Dako),

IDH1R132H (Clone H09, 1:50, Dianova), and ki67 (clone

MIB-1, monoclonal, 1:300; Dako). Cytoplasmic staining

for EGFR, AKT, pAKT, and pERK were scored on a four-

tier semi-quantitative scale by two observers as previously

described [26]. Nuclear stains (p53, ki67) were quantita-

tively estimated using the Hamamatsu NanoZoomer

Digital Pathology scanning and IHCScore software for

computer-assisted analyses.

Statistical analysis

Survival rates were described using Kaplan–Meier curves

and analyzed with Cox proportional hazard regression. The

time to event was defined as time from surgery to death (or

last follow-up if censored). Fisher’s exact tests were used

to compare proportions, and the Student’s t, Wilcoxon rank

sum, or Kruskal–Wallis tests were used to compare con-

tinuous variables between groups of interest. Statistical

analyses were performed using SAS version 9 or JMP

version 8 software (SAS Institute, Inc., Cary, NC). P values

\0.05 were considered statistically significant.

Results

Molecular genetic abnormalities of histologically

anaplastic PA

The molecular genetic abnormalities observed in this sub-

set of tumors are summarized in Table 1 and are illustrated

in Fig. 1.

PTEN and p16

Molecular cytogenetic analysis demonstrated heterozygous

PTEN (10q) deletions in 6/19 (32%) histologically ana-

plastic PA but in none of 39 conventional or clinically

aggressive PA (p \ 0.001). Whole chromosome 10 loss

was not observed. Homozygous deletions of p16 were

noted in 3/15 (20%) histologically anaplastic PA but in

none of 16 conventional or clinically aggressive PA. These

alterations were present both in the histologically ana-

plastic component and PA precursor when tested (2 cases

with PTEN deletion and one with p16 deletion). All p16

homozygous deleted tumors had PTEN deletions. How-

ever, three PTEN-deleted tumors had intact p16 loci

(Table 2).

BRAF

Duplication of BRAF was present in 5/15 (33%) sporadic

histologically anaplastic PA (mean BRAF/CEP7 ratio

1.38), but in none of two NF1 associated histologically

anaplastic PA tested. The frequency of BRAF duplication

was highest in cerebellar examples (5/8) (63%) cases, and

limited to this anatomic location. Conversely, proportional

gains/polysomies of chromosome 7 were more frequent

(15/21 cases (71%). In addition, BRAF duplication was

present in (16/40) (40%) sporadic PA without anaplasia.

Re-examination of histologically anaplastic PA lacking

BRAF duplication demonstrated convincing classical his-

tological features of conventional PA in these tumors

(Fig. 2), arguing against the alternative diagnosis of infil-

trating glioma.

Because of the increased frequency of polysomies in

histologically anaplastic PA when compared with the other

groups, we performed qRT-PCR analysis using primers

targeting RNA coding for the BRAF kinase domain to see if

increasing copy number was associated with gene overex-

pression. There were no differences in BRAF expression

levels noted among the groups (p [ 0.05).

Testing for BRAFV600E mutation by DNA sequencing

was successfully performed in four sporadic histologically

anaplastic PA lacking BRAF duplication. This demon-

strated wild type BRAF (Supplementary Fig. 2).
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PDGFRA and EGFR

PDGFRA or EGFR, two cell surface receptor tyrosine

kinases, are often amplified in pediatric and adult high-

grade astrocytomas, respectively. Neither was present in

the histologically anaplastic PA tested (0/15 and 0/18,

respectively). Nonetheless, increased EGFR protein

immunoreactivity was noted in aggressive PA and histo-

logically anaplastic PA as compared to conventional PA

(p = 0.05 and 0.02, respectively).

IDH1R132H

To exclude the possibility of histologically anaplastic PA

representing progression from a diffuse glioma, immuno-

histochemistry using an antibody recognizing the most

frequent mutant protein, IDH1R132H, was performed and

was negative in 16 (of 16) cases tested.

Activation of the PI3K/AKT signaling pathway is

associated with an aggressive PA phenotype

PTEN gene expression

Given the increased frequency of PTEN heterozygous

deletions present in histologically anaplastic PA, we

hypothesized that the PI3K/AKT pathway may be differ-

entially activated in this subset of tumors as compared to

conventional PA. Upon evaluating tumors for PTEN gene

expression, PTEN mRNA levels were decreased in histo-

logically anaplastic PA relative to PA without anaplasia

(p = 0.05) (Wilcoxon Rank Sum) (Fig. 3). As a group,

PTEN mRNA levels were approximately twofold lower in

histologically anaplastic when compared with non-ana-

plastic PA. With the caveat that subgroups within the

histologically anaplastic PA group were small, we found no

differences in PTEN gene expression levels between

Fig. 1 Molecular genetic

alterations in histologically

anaplastic PA. Case 8:

Conventional PA component

characterized by astrocytes with

degenerative atypia, hyalinized

vasculature and numerous

eosinophilic granular bodies (a).

Features of anaplasia in PA

include coagulative necrosis

(b) and brisk mitotic activity

(inset). Molecular alterations

included heterozygous PTEN
deletions (c), homozygous p16
deletions (arrow points to a

non-neoplastic endothelial cell

with preservation of both p16
loci) (d), and BRAF
duplications (arrows) in

association with polysomies (e).

Amplifications of receptor

tyrosine kinases were not

identified, although proportional

chromosomal gains/polysomies

were frequent (f)
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Table 2 Alterations of the MAPK/ERK and PI3K/AKT pathways in histologically anaplastic PA (n = 25), clinically aggressive PA (n = 24),
and conventional PA (n = 43)

Case # Age Sex Location NF1 clinical
status

Tumor
type

PTEN
FISH

PTEN qRT-PCR
FC FINAL

pAKT
IHC

pS6
IHC

BRAF
FISH

pERK
IHC

P16
FISH

1 5 M Cerebellum Sporadic APA 1.07 2 2 Dup 3 Normal

2 70 M Cerebellum Sporadic APA Het Del 2 2 Normal HD

3 28 M Cerebellum Sporadic APA WT 2 3 2

4 11 M R frontal lobe Sporadic APA WT -13 3 3 ?7 3 Normal

5 36 F Cerebellum Sporadic APA Het Del -19 1 3 Dup ? 7 3 Normal

6 29 M Cerebellum NF1 APA Het Del -3.9 2 3 Normal 3 HD

7 20 M Cerebellum Sporadic APA WT 1 2 Dup 2 Normal

8 27 M Cerebellum Sporadic APA Het Del 1.9 2 3 Dup 2 HD

9 75 M L temporal lobe Sporadic APA WT 2 1 ?7 3 Normal

10 10 M 3rd ventricle Sporadic APA WT 3 2 ?7 3 Normal

11 39 F Cerebellum Sporadic APA -1.44 3 Dup Normal

12 46 M L parietal lobe NF1 APA WT -6 2 0

13 46 F R temporal lobe NF1 APA WT -3.6 0 0 ?7 3 Normal

14 73 F Tectum Sporadic APA WT -7 2 ?7 3 Normal

15 51 M Spinal cord Sporadic APA Het Del -1.75 2 3 Normal Normal

16 19 M Cerebellum NF1 APA WT

17 26 M Cerebellum NF1 APA WT

18 16 M Spinal cord Sporadic APA Het Del 2 ?7 Normal

19 49 F Cerebellum Sporadic APA WT 0

20 21 F Medulla Sporadic APA WT 2 ?7 Normal

21 33 M L parietal lobe NF1 APA WT

22 55 F Cerebellum Sporadic APA 3 ?7

23 41 M Pineal region Sporadic APA -1.9

24 11 F R occipital lobe NF1 APA 3 3

25 14 M Posterior fossa Sporadic APA 0 Failed

26 39 F Cerebellum Sporadic Agg PA WT 1 0 Normal 3

27 4 F Suprasellar Sporadic Agg PA 2 0 Dup 3

28 28 M 3rd ventricle Sporadic Agg PA 0 Normal 2

29 32 M R lat ventricle Sporadic Agg PA WT 1 3 ?7 3

30 10 M R parietooccipital Sporadic Agg PA WT 0 0 Dup

31 23 F 4th ventricle Sporadic Agg PA WT 1 1 ?7 3

32 4 F R thalamus NF1 Agg PA

33 6 F L frontal lobe Sporadic Agg PA WT 0 2 Normal 3 Normal

34 26 M R temporoparietal Sporadic Agg PA WT 2 0 ?7 3 Normal

35 50 M Cerebellum Sporadic Agg PA

36 39 F L frontal lobe Sporadic Agg PA 0 0 3 Normal

37 1 F Posterior fossa Sporadic Agg PA WT -1.56 2 2 Dup 3 Normal

38 42 F L temporal lobe Sporadic Agg PA WT -1.05 2 0 Dup 3 Normal

39 44 M R frontal lobe Sporadic Agg PA WT 2 Dup 3 Normal

40 6 F Posterior fossa Sporadic Agg PA WT 2 3 Normal 2 Normal

41 18 M Cerebellum Sporadic Agg PA WT 1 0 Dup 2 Normal

42 37 M Cerebellum Sporadic Agg PA 2 Normal 3 Normal

43 23 F L thalamus Sporadic Agg PA WT 1.04 2 1 Normal 3 Normal

44 22 M 3rd ventricle Sporadic Agg PA WT -2.3 2 3 Dup 2 Normal

45 7 M 3rd ventricle Sporadic Agg PA WT 1 3 Normal 2 Normal

46 3 M Cerebellum Sporadic Agg PA 0 0 Normal

47 34 M Posterior fossa Sporadic Agg PA 3

48 2 M Cerebellum Sporadic Agg PA 2 Normal

49 23 M R temporal lobe Sporadic Agg PA -2.6 Normal
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Table 2 continued

Case # Age Sex Location NF1 clinical
status

Tumor
type

PTEN
FISH

PTEN qRT-PCR
FC FINAL

pAKT
IHC

pS6
IHC

BRAF
FISH

pERK
IHC

P16
FISH

50 7 F L temporal lobe Sporadic PA 1 0 Normal 2

51 17 M L frontal lobe NF1 PA WT -1.72 2 2 Normal 3

52 14 F 3rd ventricle Sporadic PA WT 2 2 Normal 2

53 13 M R frontal lobe NF1 PA WT 1.64 2 2 Normal 3

54 33 M Spinal cord Sporadic PA WT 0 Failed 2

55 10 M Cerebellum NF1 PA -2.56 0 3 Normal 3

56 22 M R parietal lobe Sporadic PA WT 0 0 Normal 2

57 9 F Suprasellar Sporadic PA 1 0 Normal 2

58 14 F R temporal lobe Sporadic PA WT 0 0 Normal

59 18 F Cerebellum Sporadic PA WT 0 0 Normal 2

60 2 M L optic nerve NF1 PA -1.78

61 21 M L parietooccipital Sporadic PA WT 1 0 Dup 2

62 5 M Posterior fossa Sporadic PA WT 1 0 Normal 2

63 21 F Temporal lobe NF1 PA 1 3 Normal 3

64 5 F L optic nerve NF1 PA 0 2

65 2 F L lat ventricle NF1 PA 0 0 Normal 2

66 30 F R lat ventricle NF1 PA 0 3 Normal 3

67 18 F Cervicomedullary Sporadic PA WT 0 2 Dup 2

68 4 M Posterior fossa Sporadic PA WT 0 0 Normal 2

69 16 M Posterior fossa Sporadic PA WT 2 3 Normal 3

70 58 M L frontotemporal Sporadic PA -2.6 ?7

71 11 F Midbrain Sporadic PA 0 Dup 2

72 1 F Posterior fossa Sporadic PA WT 0 0 Dup 2

73 37 M L frontal lobe Sporadic PA WT 2 ?7 3

74 37 F L thalamus Sporadic PA 2 3

75 13 F Posterior fossa Sporadic PA WT 1 3 Normal 3

76 5 F Suprasellar Sporadic PA WT 0 1 Dup 2

77 12 M R thalamus Sporadic PA 0 1 Normal 3

78 46 F Cerebellum Sporadic PA WT 1 0 Dup 2

79 18 F 3rd ventricle Sporadic PA 3 Normal 3

80 47 F Hypothalamus Sporadic PA 1 0 ?7 3

81 4 M Cerebellum Sporadic PA WT 1 0 Dup 3

82 19 M 4th ventricle Sporadic PA WT 0 0 Dup 1

83 7 M Suprasellar Sporadic PA WT 0 1 Normal 3

84 11 F Posterior fossa Sporadic PA WT 1 0 Dup 3

85 3 F R optic nerve NF1 PA 0 0 1

86 2 M Suprasellar Sporadic PA 2 Dup 3

87 3 F Cerebellum Sporadic PA WT 0 0 Dup 2 Normal

88 13 M R temporooccipital NF1 PA WT 1 3 ?7 3 Normal

89 45 F Brainstem NF1 PA 0 0 2

90 3 M Cerebellum Sporadic PA -1.7 Normal

91 19 M 4th ventricle Sporadic PA 3.66 Dup

92 76 F Cerebellum Sporadic PA -2.6 Normal

93 40 M L temporal lobe Sporadic Control WT 1 0 0 Normal 0

94 52 M L temporal lobe Sporadic Control WT 6.428604 0 0 Normal 0

95 1 F Cerebellum Sporadic Control WT 0 1 Normal 0

NF1 neurofibromatosis type 1, Het del heterozygous deletions, HD homozygous deletions, WT wild type
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PTEN-deleted and non-deleted tumors, or between pAKT/

pS6 immunohistochemistry. However, there was an

increase in pS6 staining in PTEN-deleted versus non-

deleted tumors.

PI3K/AKT pathway

Using phospho-specific antibodies reflecting activation of

the MAPK/ERK and PI3K/AKT pathways, immunohisto-

chemical studies were undertaken (Fig. 4). A stepwise

increase in pAKT staining in clinically aggressive/recur-

rent PA and histologically anaplastic PA was noted when

compared with conventional PA (respectively, p = 0.02

and p = 0.006). Although the staining for total AKT was

weak, this was uniform in all tumor groups (p [ 0.05).

This finding could be related to differences in antibody

sensitivity between AKT and pAKT, but support that the

increases in the latter are due to phosphorylation rather

than a simple increase in total levels. pS6 staining intensity

was also increased in histologically anaplastic PA when

Fig. 2 Histologically anaplastic PA lacking BRAF duplication have

morphological components identical to conventional PA. Case 15:

Well circumscribed spinal cord neoplasm in a 51-year-old man (a);

histological review demonstrates numerous Rosenthal fibers (arrows)

in a relatively circumscribed astrocytoma with piloid cells (b);

immunohistochemistry for IDH1R132H was negative (c). Case 4:

Histologically anaplastic PA involving the frontal lobe of an 11-year-

old male with prominent microcysts and hyalinized vessels (d);

eosinophilic granular bodies were also present (arrows) (e); neuro-

filament protein immunostain highlights compressed axons at the

periphery of the tumor consistent with a solid architecture (f); Case 6:

Loose textured tumor with microcysts involving the cerebellum of a

29-year-old with NF1 (g); Rosenthal fibers were present in other

piloid areas (h); histologically malignant component with nuclear

hyperchromasia, hypercellularity and mitoses (arrows) (i)
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compared with conventional PA (p = 0.005), but there was

only a non-significant trend for increased staining when

compared with aggressive/recurrent PA (p = 0.09). In

contrast, pERK staining intensity was similarly increased

in all three PA groups, a reflection of consistent activation

of MAPK/ERK signaling in astrocytomas of all types and

grades. When comparing pERK/pS6/pAKT staining

between conventional and anaplastic components of the

same tumor (in the same resection or prior precursor) or

between the precursor and recurrence in recurrent/clini-

cally aggressive PA (available in 13, 10, and 12 cases,

respectively), we found that in most instances, increased

staining was present in the precursors. These findings

suggest that activation of these pathways is an early feature

of clinical aggressiveness/anaplasia in these tumors.

Cellular proliferation and p53

Quantification of MIB1-labeling indices showed increased

cell proliferation in histologically anaplastic PA when

compared with conventional as well as aggressive/recur-

rent PA (p \ 0.001). No difference was noted between

conventional and aggressive/recurrent PA (p = 0.31)

(Fig. 5). In addition, there was an association between

increased MIB1-labeling indices and pAKT immunostain-

ing (p = 0.008). There was a trend for increased p53

nuclear staining in histologically anaplastic PA, but no

stepwise increase was seen between the three groups

(p [ 0.05).

Survival analyses

Overall survival decreased from conventional through

clinically aggressive/recurrent PA to histologically ana-

plastic PA, with anaplasia remaining the strongest adverse

prognostic factor (p \ 0.001) (Fig. 6a). pAKT staining was

also associated with decreased survival in all groups

combined after adjusting by extent of resection, age and

location, but not when adjusting for clinical and histologic

aggressiveness (Fig. 6b). Other features showing an

inverse association with overall survival on univariate

analyses included increasing age, MIB1-labeling index,

and extent of resection (gross total vs. subtotal/biopsy only)

(p \ 0.05). Only age and extent of resection remained

statistically significant after adjusting by histologic ana-

plasia (p \ 0.05).

Discussion

Activation of the PI3K/AKT and MAPK/ERK pathways by

various molecular mechanisms is ubiquitous in a variety of

malignancies, including high grade astrocytomas [18]. Our

study evaluated the association of alterations of these

pathways with various PA subsets. In recent years, several

studies have highlighted the importance of MAPK/ERK

activation in the pathobiology of PA. Activation occurs

most frequently by alterations in the BRAF gene, particu-

larly a tandem duplication of its kinase domain resulting in

a BRAF:KIAA1549 gene fusion [15]. More recently, a

similar duplication–fusion event was reported in a minority

of PA involving RAF1 and SRGAP3 genes [16]. Other less

specific alterations reported in PA include the BRAFV600E

point mutation, which leads to constitutive activation of

BRAF. BRAFV600E may more often be found in pediatric

diffuse gliomas [27] and gangliogliomas [6]. The

BRAFV600E mutation also occurs in melanoma and papil-

lary thyroid carcinoma.

In PA developing in the context of NF1 disease, homo-

zygous inactivation of the NF1 gene is an alternative

mechanism for MAPK/ERK activation and seems to be a

mutually exclusive alternative to BRAF mutation [34].

Although NF1-associated PA seems to be associated with a

better outcome when compared with its sporadic counter-

part, associations of BRAF aberrations with prognosis have

been less consistent [8, 13, 15, 22]. Of note, 28% of

the histologically anaplastic PA in our series were NF1-

associated and not related to the optic pathways. Although

NF1-associated PA tend to have a better outcome when

compared with their sporadic counterparts, this is highlighted

Fig. 3 Decreased PTEN gene

expression in histologically

anaplastic PA (APA). Decreased

levels of PTEN mRNA were

identified by qRT-PCR in a

subset of APA tumors (n = 11)

when compared with

conventional PA (n = 17) (a).

In contrast, there was no

difference in BRAF mRNA

levels between the two groups

(b) (Wilcoxon Rank-Sum; error
bars SEM)
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more in optic pathway tumors, which may even spontane-

ously regress, and are usually not resected in most instances

at the current time [20, 24]. The optic pathway, at the bio-

logic level, represents a unique niche in NF1 [33], with a

low potential for clinical and histological progression,

explaining in part the absence of these tumors in our series.

However, infiltrating and high grade astrocytomas may

occur throughout the neuraxis in NF1, especially in older

patients, and be associated with similar molecular abnor-

malities and adverse outcome as their sporadic counterparts

[11, 24]. Another possible explanation for the increased

prevalence of NF1 cases in our series is that they are

Fig. 4 AKT pathway signaling is increased in histologically ana-

plastic PA (APA) when compared with conventional and clinically

aggressive PA. Tissue microarray sections stained with immunohis-

tochemistry using total protein and phospho-specific antibodies (a).

Semiquantification results corresponding to the immunohistochemis-

try tests are illustrated on the right (b) (white bars conventional PA;

gray bars clinically aggressive PA; black bars APA(B)(Wilcoxon

rank sum, error bars SEM)

416 Acta Neuropathol (2011) 121:407–420

123



predominantly consultation derived, and NF1-associated

tumors other than PA, especially with unusual morpholo-

gies, are more likely to be shared in consultation.

It is of interest that BRAF duplications were identified in

63% of the cerebellar anaplastic PA, but in none of seven

non-cerebellar examples. This may suggest that non-cere-

bellar anaplastic PA may activate the ERK pathway by

alternative mechanisms, in spite of similar histology, which

may involve, among other alterations, point mutations (e.g.

RAS) or RAF1 rearrangements as previously described in a

minority of PA [16, 30]. In addition, only 40% of the

sporadic non-anaplastic PA in our series showed BRAF

duplication, although this alteration was present in almost

half (47%) of posterior fossa examples. Variation in BRAF

aberration frequency according to anatomic site has been

reported, with prior studies showing a decreased frequency

of BRAF rearrangements in non-cerebellar examples [34],

down to 38% in one study [12]. In addition, BRAF rear-

rangements may also be associated with lower patient age

[12], which can in part explain the lower prevalence in our

relatively older patient population.

Although clinical observations and prior studies both

noted aggressive clinical behavior in a subset of PA

showing otherwise conventional histology [5], molecular

Fig. 5 Increased cellular proliferation in histologically anaplastic PA

(APA) when compared with aggressive and conventional PA. MIB1

and p53 nuclear immunostains in conventional PA, aggressive PA,

and APA. Increased MIB1-labeling indices, in particular, are a feature

of APA (a). Increased p53 staining was present in some histologically

anaplastic PA, but the differences between the groups were not as

evident as proliferation and pAKT staining. Re-review of the

histology of this specific case demonstrating strong p53 staining

(b) showed classic pilocytic histology in part of the tumor (Case 6,

Fig. 2) (white bars conventional PA, gray bars clinically aggressive

PA, black bars APA (Wilcoxon rank sum, error bars SEM)

Fig. 6 Histologic anaplasia and

AKT activation are associated

with decreased overall survival

in PA. Kaplan–Meier curves

illustrate decrease survival in

APA (3) when compared with

clinically aggressive (2) and

conventional PA (1) (p \ 0.005,

Log rank test) (a). Higher levels

of pAKT as assessed by

immunohistochemistry are also

associated with decreased

survival in PA (p \ 0.001) (b)
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abnormalities associated with the worse outcome remained

elusive, comprehensive gene expression studies demon-

strating no global changes reliably distinguishing

conventional from clinically aggressive PA [28]. However,

alterations in specific genes and proteins associated with a

clinically aggressive phenotype were noted including

increased levels of matrilin-2 [29] and decreased levels of

ALDH1L1 [23].

Recent studies have also explored the relationship of

various molecular alterations and outcome in PA. Tibbetts

et al. [32] did not find an association with recurrence free

survival in PA with respect to ERK or mTOR activation.

However, their study did not include histologically ana-

plastic PA, which had the highest degree of pS6 staining in

our study, and AKT activation (pAKT) was not tested. At

difference with our study, Horbinski et al. [12] found

homozygous p16 deletions by FISH in 6% of PA and LOH

at the PTEN locus in 50% by PCR-based microsatellite

LOH analysis, findings not associated with adverse out-

come. Their study also did not include histologically

anaplastic PA, and the prevalence of homozygous p16

deletions was higher in this cohort (20%) in our study.

With respect to PTEN, we did not find heterozygous

deletions by FISH in non-anaplastic PA, but in 32% of

histologically anaplastic PA. These findings suggest that

even though PTEN LOH may be found in conventional PA,

large deletions identified by FISH may be more closely

associated with anaplastic histology.

Amplifications of receptor tyrosine kinases are impor-

tant genetic events in the development of high-grade

astrocytomas. EGFR amplification is most frequently seen

in primary glioblastomas of adults, while PDGFRA

amplification has been identified in a subset of pediatric

high-grade astrocytomas [21]. In our study, we did not

encounter these aberrations.

In the current study, we demonstrate that, in addition to

MAPK/ERK pathway activation, increased PI3K/AKT

activity also seems to be a feature of clinically aggressive

PA and particularly histologically anaplastic PA. A possi-

ble model summarizing these findings is illustrated in

Fig. 7. Notably, however, NF1-associated tumors, includ-

ing PA, are associated with increased mTOR pathway

signaling [4, 14]. In addition to aberrations of MAPK/ERK,

histologically anaplastic PA develop alterations character-

istic of high grade astrocytomas, including heterozygous

PTEN/10q and homozygous p16 deletions. Frequent alter-

ations in the PTEN/PI3K/AKT pathway were also noted in

a prior study of malignant transformation in pediatric low

grade gliomas [3], although only one example progressed

from a PA.

Although the status of the remaining PTEN allele was

not tested in our study, decreased expression of the gene at

the mRNA level in histologically anaplastic PA suggests

that this aberration may have biological significance. Fur-

thermore, it seems to occur early in their evolution, being

present in two (of 2) cases in which the PA precursors were

Fig. 7 Model of molecular

mechanisms underlying PA and

histologically anaplastic PA.

RAS/BRAF/MEK pathway

activation by various

mechanisms is a key feature of

sporadic PA and NF1 PA.

Histologically anaplastic PA

develop in addition

hyperactivation of the PI3K/

PTEN/AKT pathway and

inactivation of cell cycle

inhibitors such as p16 leading to

increased proliferation
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tested. Our findings also reinforce recent findings high-

lighting the importance of PTEN loss in malignant

progression of other NF1-associated tumors, particularly

neurofibromas progressing to malignant peripheral nerve

sheath tumors [10]. Now, in the current study, we were

unable to demonstrate a definite relationship between

PTEN deletion, PTEN gene underexpression and pAKT/

pS6 immunohistochemistry, even though each of these

variables was more prevalent in histologically anaplastic

PA. This suggests that alternative mechanisms to PTEN

loss may also activate AKT signaling in histologically

anaplastic PA, in a similar way to other astrocytomas that

have mutations in other PI3K pathway components [18].

Future studies should be more illustrative in this regard.

PI3K/AKT activation underlies increased cellular pro-

liferation characteristic of anaplasia and an adverse

histologic phenotype in PA. Indeed, an inverse relation

between MIB1-labeling index and progression-free sur-

vival was noted in one prior study of PA [2]. Interestingly,

a worsening of prognosis with increased MIB1 labeling

was not confirmed by other studies [5, 7, 9]. We did not

identify a significant difference in MIB1-labeling indices

between clinically aggressive/recurrent PA and conven-

tional PA, but did find a significant increase in

histologically anaplastic PA. These findings support the

notion that increased cellular proliferation is an important,

defining trait of histologic anaplasia in PA and a factor

underlying the worse prognosis associated with these

tumors.

In summary, this study assessed the prevalence of key

molecular genetic abnormalities in clinically and histo-

logically aggressive PA, and highlighted important

differences in PA subsets with respect to PI3K/AKT acti-

vation status. Further, more comprehensive studies should

confirm these findings and identify additional molecular

aberrations in aggressive PA subsets, perhaps identifying

therapeutic targets beneficial to astrocytoma patients in

general.
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