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Abstract
Pilocytic astrocytomas (PAs) are benign tumors. However, clinically aggressive PAs despite benign histology have been 
reported, and histological and molecular risk factors for prognosis have not been elucidated. 38 PAs were studied for clinical, 
histological, and molecular factors, including tumor location, extent of resection, post-operative treatment, glioma-associated 
molecules (IDH1/2, ATRX, BRAF, FGFR1, PIK3CA, H3F3A, p53, VEGF, Nestin, PD-1/PD-L1), CDKN2A/B deletion, and 
chromosomal number aberrations, to see if there is any correlation with patient’s progression-free survival (PFS). Brainstem/
spinal location, extent of resection and post-operative treatment, and VEGF-A, Nestin and PD-L1 expression, copy number 
gain of chromosome 7q or 19, TP53 mutation were significantly associated with shorter PFS. None of the histological param-
eters was associated with PFS. Multivariate analyses demonstrated that high Nestin expression, gain of 7q or 19, and extent 
of removal were independently predictive for early tumor recurrence. The brainstem/spinal PAs appeared distinct from those 
in the other sites in terms of molecular characteristics. Clinically aggressive PAs despite benign histology exhibited high 
Nestin expression. Brainstem/spinal location, extent of resection and some molecular factors including Nestin expression 
and gains of 7q and 19, rather than histological parameters, may be associated with early tumor recurrence in PAs.
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VEGF	� Vascular endothelial growth factor
VHL	� Von Hippel-Lindau
WHO	� World health organization

Introduction

Pilocytic astrocytoma (PA) is a World Health Organization 
(WHO) grade I brain tumor with a 10-year survival rate of 
more than 95% [1]. PAs preferentially arise in the cerebellum, 
followed by the cerebrum, opticohypothalamic region, spinal 
cord, and brainstem, and typically occur in young adults [1]. 
Nearly all PAs are associated with alteration of the mitogen-
activating protein kinase (MAPK) pathway, with the most 
common mechanism being a tandem duplication of a fragment 
on chromosome 7q, resulting in a KIAA1549-BRAF fusion 
protein [1].

A small portion of PAs is clinically aggressive despite 
their typical histologic features, and cases of PAs with ana-
plastic features are described in the literature [2]. Rodri-
guez et al. [2] classified PAs into 3 groups; conventional 
PAs, clinically aggressive PAs, and histologically anaplas-
tic PAs, and they reported anaplastic PAs as being associ-
ated with the worst overall survival (OS). Prognostic fac-
tors in patients with PAs reported in the literature include 
patient age, extent of resection, prior irradiation, presence 
of necrosis, positive p53 staining, high-mitotic activity, 
and activation of the PI3K/AKT pathway [2, 3]. However, 
the molecular mechanism underlining clinical aggressive-
ness in PAs has not been fully elucidated, and the findings 
regarding the biological behavior of anaplastic PAs were 
not consistent [1]. Furthermore, the role of angiogenic fac-
tors, stemness markers, and immune checkpoint molecules, 
which have been found to be correlated with tumor progres-
sion and patient prognosis in several types of brain tumors 
[4–6], have not been well examined in PAs. In the present 
study, molecular factors involved in pathological classifica-
tion (IDH1/2, ATRX, H3F3A) or known to be associated 
with glioma development and biological behavior (PIK3CA, 
p53, vascular endothelial growth factor [VEGF], Nestin, 
programmed cell death-1 [PD-1]/ programmed cell death-
ligand 1 [PD-L1], cyclin dependent kinase inhibitor (CDKN) 
2A/B and MAPK pathway genes such as BRAF and FGFR1) 
were investigated. Furthermore, the clinical, and histological 
prognostic factors were analyzed in association with patients' 
progression-free in PAs.

Methods

Tumor samples

Pathology records of brain tumors treated at Department 
of Neurosurgery, and Orthopaedic Surgery, Keio University 

Hospital between 2014 and 2017 were reviewed. Patients 
with brain tumors of which institutional histological diag-
nosis was PA according to WHO criteria were included in 
the study [7, 8]. Written informed consent for the transla-
tional research was obtained from all the enrolled patients. 
This research has been approved by the Institutional Review 
Board at our institute (IRB No. 20050002).

Clinical and histological evaluation

Tumors were classified by their primary sites; cerebellum, 
supratentorium, brainstem, spinal cord, opticohypothalamus 
and aqueduct. PAs epicentered on the aqueduct have been 
reported as unique entity (Fig. 1A) [9, 10]. The extent of 
resection was determined by review of medical records. His-
topathological findings were assessed by a neuropathologist 
(KO) using haematoxylin and eosin (H & E) based scoring 
system; cellularity (1:mild, 2:moderate, 3:marked), nuclear 
atypia (1:mild, 2:moderate, 3:marked), mitosis (0: absent, 
1: present), endothelial proliferation (0:absent, 1:present) 
and necrosis (0: absent, 1:present) (Fig. 2A). Anaplastic PA 
was defined as PA with high mitotic activity, hypercellular 
areas with hyperchromatic, enlarged nuclei and multinuclear 
giant cells, with or without necrosis and endothelial prolif-
eration, as previously described [3]. Clinically aggressive 
PA was defined as PA progressing despite adequate therapy 
or requiring additional surgical intervention within a year 
of surgery, but lacking histologic features of anaplasia, as 
previously described [2].

Immunohistochemical analysis

Standard immunohistochemistry was carried out, as previ-
ously described [11, 12]. Expression levels of Ki-67, vas-
cular endothelial growth factor (VEGF) -A, VEGF receptor 
1 (VEGFR1), VEGFR2, Nestin, PD-1, PD-L1, CD3, CD8, 
p53, ATRX, H3K27M, and BRAF V600E were examined 
via immunohistochemistry. The results of the immunohis-
tochemical analysis were noted in Supplemental methods 
[11–13].

DNA extraction and metaphase comparative 
genomic hybridization (CGH)

DNA was extracted by microdissection of the representative 
area of each tumor from 4 um sections of formalin-fixed 
paraffin-embedded tissues. Metaphase CGH was performed 
as previously described (Supplemental methods) [14, 15].

Direct sequencing

Isocitrate dehydrogenase (IDH)1 codon 132, IDH2 codon 
172, fibroblast growth factor receptor (FGFR)1 codon 
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546 and 656, phosphatidylinositol-4,5-bisphosphate 
3-kinase catalytic subunit alpha (PIK3CA) codon 1047, 
BRAF codon 600, and H3F3A codon 27 were examined 
by Sanger sequencing following polymerase chain reaction 
(PCR). Sequencing was performed using Applied Biosys-
tems 3730xl DNA analyzer (Thermo Fisher Scientific), as 
previously described [16, 17]. Primer sequences are listed 
in Supplementary Table S1.

Fluorescence in situ hybridization (FISH)

FISH probes were generated to detect KIAA1549-BRAF 
fusions from the corresponding clone from a library of 
human genomic clones (clone no. TR015, GSP Labora-
tory, Inc.), which could detect the great majority of pat-
terns of previously reported KIAA1549-BRAF fusions; 
detection of 16–9, 15–9 and 16–11 fusions was validated 

Fig. 1   General characteristics. 
A This study includes PAs 
located on the cerebellum 
(n = 14), spinal cord (n = 7), 
opticohypothalamus (n = 7), 
supratentorium (n = 6), brain-
stem (n = 3), and aqueduct 
(n = 1). B Kaplan–Meier curve 
of PFS and OS for all patients. 
C Kaplan–Meier curve of PFS 
according to tumor location
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by PCR-sequencing flanking the fusions (Supplementary 
Fig. S1A) [18]. KIAA1549 was labeled with fluorescein 
isothiocyanate and BRAF with Texas Red. The probes were 
successfully tested on the slides with normal lymphocytes in 
metaphase. Fusion was confirmed by a yellow signal gener-
ated by the overlap of the KIAA1549 and BRAF signals. 
Sections from oligodendroglioma, IDH mutant, 1p/19q 
codeleted was used as a negative control. FISH was also 
performed to confirm a gain of chromosome 19q shown by 
CGH. Probe for chromosome region 19p13 was labeled with 
fluorescein isothiocyanate, and that for 19q13 with Texas 
Red (clone no. GC180, GSP Laboratory, Inc.) (Supplemen-
tary Fig. S1B).

Quantitative RT‑qPCR analysis

CDKN2A/B homozygous deletion was investigated by real-
time comparative quantitative PCR as well as presence of 
9p loss by metaphase CGH. To determine of CDKN2A/B 
homozygous deletion, six house keeping genes (GAPDH, 
HMBS, TBP, IPO8, TFRC and YWHAZ) were selected 
as reference genes. The CNV was calculated by rela-
tive changes comparing average of reference genes using 
theΔΔCt method. The RT-qPCR was performed with the 

following conditions: 95 ℃ for 120 s, followed by 40 cycles 
of 95 ℃ for 15 s, 55 ℃ for 15 s, 72 ℃ for 60 s, and melt-
ing curve analysis using Fast SYBR® Green Master Mix kit 
(Applied Biosystems) in ViiA™ 7 Real-Time PCR System 
(Applied Biosystems). The amplification efficiency of each 
primer pair (Supplementary Table S2) was evaluated by the 
standard curve method.

Statistical analysis

One-way ANOVA with post-hoc test was used to compare 
histological score, Ki-67/MIB-1 index, Nestin-positive cell 
ratio, and number of CD3, CD8, and PD-1 positive cells 
among the locations. Chi-square test was used to evaluate 
extent of resection, recurrence rate, immunohistochemical 
expression of VEGF-A, VEGFR1/2, PD-L1, and the results 
of FISH analysis. Progression was defined as radiological 
evidence of tumor regrowth requiring additional treatment. 
Progression-free survival (PFS) was calculated from the date 
of the initial treatment and estimated with the Kaplan–Meier 
method. The relationship between PFS and each of clini-
cal, histological, and molecular results was analyzed using 
the log-rank test. We performed univariate and multivariate 
analyses with Cox regression models to investigate the poor 

Fig. 2   Histopathological 
analysis. A Our scoring system 
uses the following parameters; 
cellularity (1: mild, 2: moderate, 
3: marked), atypia (1: mild, 2: 
moderate, 3: marked), mitosis 
(0, 1), endothelial prolifera-
tion (0,1), and necrosis (0,1). B 
Typical PAs with low and high 
histological scores. The low-
score case shows low cellularity 
composed of bipolar cells with 
microcysts. The high-score 
case shows high mitotic activ-
ity, hypercellular areas with 
enlarged nuclei and endothelial 
proliferation. Scale bar, 100 µm. 
C Histopathological score for 
PAs per location and subsets 
(PA, CAP and APA). The mean 
(bar) and SD (error bars) are 
shown. D Ki-67-positive cell 
ratio for PAs per location and 
subset (PA, CAP, and APA). 
The mean (bar) and SD (error 
bars) are shown. PA conven-
tional pilocytic astrocytoma, 
CAP clinically aggressive PA, 
APA histologically anaplastic 
PA
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prognostic factors of PAs. Variables with a P-value of < 0.15 
were included in a multivariate analysis. Analyses were per-
formed with IBM SPSS statistics (IBM Corp.). A P value 
of < 0.05 was considered statistically significant.

Results

Patient characteristics and tumor location

A total of 38 cases with original institutional diagnosis of 
PA were included in the study (Table 1). Fourteen out of 
the 38 tumors occurred in patients younger than 15 years 
old (defined as pediatric PA) [19]. Tumor location cor-
responded to the cerebellum in 14 cases, spinal cord in 7, 
opticohypothalamus in 7, supratentorium in 6, brainstem 
in 3, and aqueduct in 1 (Fig. 1A). The genetic background 
of neurofibromatosis type 1 (NF1) was identified in 2 PAs 
(opticohypothalamus, and aqueduct) and von Hippel-Lin-
dau (VHL) in 1 PA (spinal cord). With a median follow-
up of 7 years, 15 cases showed a progressive course; 11 

showed a progressive course after surgical resection alone, 
and 4 after chemo- and/or radio- therapy following sur-
gical resection (Fig. 1B). Three patients were diagnosed 
as clinically aggressive PA (dorsal pons, spinal cord, and 
aqueduct). There were three deaths at the time of data fixa-
tion (Fig. 1B). The median PFS was 72 months.

There were no significant differences in PFS between 
adult PAs (≥ 15 years old) and pediatric PAs (< 15 years 
old) (P = 0.77) (Supplementary Fig. S6A). PAs located on 
the brainstem and spinal cord showed significantly shorter 
PFS than PAs that occurred at the other sites (brainstem: 
P = 0.00076, spinal cord: P = 0.021, both: P = 0.0015) 
(Fig. 1C). Although there was no gross total resection 
(GTR) in brainstem PAs, the extent of resection was not 
significantly different among cerebellum, supratentorial, 
brainstem/spinal cord, and others (opticohypothalamus 
and aqueduct) (P = 0.072) (Table 1). PAs with post-oper-
ative treatment and GTR showed significantly shorter and 
longer PFS than other PAs, respectively (post-operative 
treatment: P = 0.0014, GTR: P = 0.029).

Table 1   Clinical characteristics

APA histological anaplastic pilocytic astrocytomam, PA conventional pilocytic astrocytoma, CAP clini-
cal aggressive pilocytic astrocytoma, GTR​ gross total removal, NF1 neurofibromatosis type 1, PR partial 
removal, STR subtotal removal, VHL von Hippel-Lindau disease

N (%)

Age
  ≤ 15 14 (37)
  > 15 24 (63)

Sex
 Male 22 (58)
 Female 16 (42)

Surgery
 GTR​ 22 (58)
 STR 5 (13.2)
 PR 8 (21.1)
 Biopsy 3 (7.9)

Tumor location/Extent of resection
 Cerebellum 14 (37)/GTR:10, STR:2, PR:2
 Supratentorial 6 (16)/GTR: 5, Biopsy:1
 Brainstem 3 (8)/STR:1, PR:1, Biopsy:1
 Spinal cord 7 (18)/GTR:5, STR:2
 Opticohypothalamus 7 (18)/GTR:2, PR:5
 Aqueduct 1 (3)/Biopsy:1

Past history
 NF1 2 (5)
 VHL 1 (3)

Clinico-pathological classification
 PA 32
 CAP 3 (frontal lobe, midbrain, and tectum)
 APA 3 (supratentorial, dorsal medulla and midbrain)
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Histopathological analysis

The results of the histopathological and molecular analy-
ses are summarized in Supplementary Table S3 and S6. A 
neuropathologist (K.O.) reviewed the pathology slides of 
all 38 tumors and confirmed the diagnosis of PA according 
to WHO2016. Typical cases with histological high-score 
and low-score are shown in Fig. 2B. Most cerebellar and 
opticohypothlamic PAs showed mild nuclear atypia, and 
either mitosis, endothelial proliferation, or necrosis was not 
observed in the PAs at those locations. On the other hand, 
many of the supratentorial, brainstem, and spinal PAs were 
associated with moderate to marked nuclear atypia, mitosis, 
and endothelial proliferation. Necrosis was seen only in one 
supratentorial PA. The histological scores for supratentorial, 
brainstem, or spinal cord PAs were significantly higher than 
that of cerebellar PAs (brainstem, P < 0.01; supratentorium, 
P < 0.01; spinal cord, P < 0.05) (Fig. 2C). Three patients 
were histologically diagnosed as anaplastic PA (supraten-
torium, dorsal medulla, and midbrain) with the score 7 for 
medullary anaplastic PA, 9 for midbrain anaplastic PA, and 9 
for occipital one. Unexpectedly, neither the histological high 
score (≧5) nor anaplastic PA was associated with shorter 
PFS (histological score: P = 0.41, APA: P = 0.68) (Fig. 2C).

The Ki-67 index for brainstem PAs was significantly 
higher than that of PAs occurring at the other sites, includ-
ing the spinal PAs (P < 0.01) (Fig. 2D). However, there were 
no significant differences for PFS between cases with Ki-67 
index ≥ 3% and cases with index < 3% (P = 0.37) (Fig. 2D).

IDH1/2, FGFR1, PIK3CA, ATRX, KIAA1549‑BRAF 
fusion, and BRAF‑V600E mutation

The IDH1/2, FGFR1, ATRX, and PIK3CA mutations were 
negative in all cases. Twenty of the 38 cases (53%) showed 
KIAA1549-BRAF fusion; 11 of 14 (79%) cerebellar PAs, 2 
of 6 (33%) supratentorial PAs, and 4 of 10 (40%) brainstem/
spinal cord PAs were positive for the fusion (Fig. 3A) (Sup-
plementary Table S3 and S6). The positive ratio of cerebellar 
PAs was significantly higher than that of supratentorial PAs 
(P = 0.033). Two of the 3 anaplastic PAs, and one of the 
3 clinically aggressive PAs were positive for KIAA1549-
BRAF fusion. BRAF-V600E mutation was observed in 2 
tumors—a cerebellar PA and a supratentorial PA. Alterations 
in the BRAF gene (fusion or mutation) were not associated 
with prolonged PFS (fusion, P = 0.23, mutation, P = 0.40, 
fusion or mutation, P = 0.29) (Fig. 3B).

p53 immunohistochemistry

Only 5 cases exhibited positive staining of p53 (1 supraten-
torial, 2 brainstem, and 2 spinal cord PAs). All 3 anaplas-
tic PAs showed p53-positive staining. PFS of cases with 

p53-positive staining was significantly shorter than that of 
cases with p53-negative staining (P = 0.048) (Fig. 3C) (Sup-
plementary Table S3 and S6).

Histone H3.3 mutation

Although the histological characteristics were consistent 
with the diagnosis of PA in all 38 tumors, histone H3.3 
mutations were detected by direct sequencing in 2 cases 
(brainstem PA: H3.3 K27M mutation, spinal cord PA: H3.3 
G34R mutation) (Fig. 3D), Supplementary Fig. S3 and S5). 
The brainstem (midbrain) PA showed moderate cellularity 
composed of bipolar cells with Rosenthal fibers, and par-
tially showed atypia, mitosis, and endothelial proliferation, 
which indicated anaplastic PA. On the other hand, the spinal 
cord PA showed typical PA findings including mild cellu-
larity composed of bipolar cells with Rosenthal fibers, and 
KIAA1549-BRAF fusion (Supplementary Fig. S5B). As 
illustrated below, the patient with K27M-mutant midbrain 
anaplastic PA has been free from tumor progression with 
radiotherapy and temozolomide/interferon beta for more 
than two years. The patient with G34R-mutant spinal PA 
showed tumor recurrence 10 years after the initial surgery 
followed by radiotherapy, and subsequently suffered from 
a new brainstem lesion with a pathological diagnosis of 
sarcoma.

VEGF‑A/VEGFRs and nestin expression

Among the 38 cases, 20 cases showed negative VEGF-A 
staining, and 16 cases were positive. Strong (+ +) VEGF-
A staining was observed in 2 brainstem PAs (clinically 
aggressive PA and anaplastic PA) (Fig. 4A) (Supplementary 
Table S3). Eleven cases showed negative VEGFR1 stain-
ing, and 27 cases showed + staining (Supplementary Fig. 
S6B) (Supplementary Table S3 and S6). Five cases showed 
negative VEGFR2 staining, and 33 cases showed + staining 
(Supplementary Fig. S6C). All clinically aggressive PAs and 
anaplastic PAs showed + staining of VEGFR1/2. VEGFR1/2 
expression in tumor cells was observed only in the clini-
cally aggressive PAs and anaplastic PAs. PFS of cases with 
positive VEGF-A expression was significantly shorter than 
that of cases with negative expression (P = 0.045) (Fig. 4A). 
VEGFR1 or VEGFR2 expression was not related to PFS 
(VEGFR1, P = 0.35, VEGFR2, P = 0.41) (Supplementary 
Fig. S6B, C). Although there was no significant difference in 
VEGF-A and VEGFR1/2 expression among the 5 locations 
(VEGF-A, P = 0.12, VEGFR1, P = 0.22, VEGFR2, P = 0.24) 
(Fig. 4A, Supplementary Fig. S6B, C), all 3 brainstem PAs 
were positive for all of the VEGF-A and VEGFR1/2.

The Nestin-positive cell ratio was below 10% in most 
cases. However, the ratio of brainstem PAs was sig-
nificantly higher than that of the other PAs (P < 0.01) 
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(Fig. 4B). All clinically aggressive PAs and one anaplas-
tic PA in the dorsal medulla showed quite high Nestin-
positive cell ratio (≥ 15%). PFS of cases with high Nestin-
positive cell ratio (≥ 10%) was significantly shorter than 
that of cases with low ratio (P = 0.0035) (Fig. 4B).

CD3, CD8, PD‑1 and PD‑L1 expression

As for the tumor immune-microenvironment, the density of 
CD3+ and CD8+ T cells was low in most PAs as compared 
with higher grade gliomas (CD3, 20 cases were ≤ 15/5 HPF; 

Fig. 3   Molecular analysis. A Left panel: FISH analysis of 
KIAA1549-BRAF fusion. Right panel: The number of positive and 
negative PA cases with KIAA1549-BRAF fusion per location and 
subsets (PA, CAP and APA). B Left panel: Immunohistochemical 
expression of BRAF-V600E. Middle panel: Determination of the 
BRAF V600E mutation in tumor specimens through direct sequenc-
ing. Right panel: Kaplan–Meier curve of PFS according to the sta-

tus of BRAF fusion or mutation. C Left panel: Immunohistochemical 
expression of p53. Right panel: Kaplan–Meier curve of PFS accord-
ing to p53 status. Scale bar, 100  µm. D Left panel: Immunohisto-
chemical expression of H3 K27M. Right panel: Determination of the 
H3 K27M mutation in tumor specimens through direct sequencing. 
Scale bar, 100 µm. PA conventional pilocytic astrocytoma, CAP clini-
cally aggressive PA, APA histologically anaplastic PA
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CD8, 30 cases were ≤ 15/5 HPF) [12]. Tumor location was 
not associated with the number of CD3+ or CD8+ T cells 
(Supplementary Fig. S6D, E) (Supplementary Table S3). 
The number of CD3+ or CD8+ T cells was not associ-
ated with PFS (Supplementary Fig. S6D, E). The number 
of PD-1+ cells in the brainstem or supratentorial PAs was 

significantly higher than that of other PAs (P < 0.05 for 
each), however, PD-1 expression was not associated with 
PFS (Supplementary Fig. S6F).

A total of 23 of the 38 tumors were PD-L1-negative. 
The supratentorial and brainstem PAs were more frequently 
PD-L1-positive than the cerebellar PAs (supratentorium, 

Fig. 4   Angiogenesis, stemness, 
and tumor immune-micro-
environment. A Upper left 
panel: Immunohistochemical 
expression of VEGF-A. Lower 
left panel: The number of 
positive and negative PA cases 
with VEGF-A expression per 
location and subsets (PA, CAP 
and APA). Upper right panel: 
Kaplan–Meier curve of PFS 
according to VEGF-A status. 
Scale bar, 50 µm. B Upper left 
panel: Immunohistochemical 
expression of Nestin. Lower left 
panel: Nestin-positive cell ratio 
per location and subsets (PA, 
CAP, and APA). Upper right 
panel: Kaplan–Meier curve of 
PFS according to the status of 
Nestin. Scale bar, 50 µm. C 
Upper left panel: Immunohisto-
chemical expression of PD-L1. 
Lower left panel: The number 
of low and high score PA cases 
with PD-L1 expression per 
location and subset (PA, CAP, 
and APA). Upper right panel: 
Kaplan–Meier curve of PFS 
according to PD-L1 status. 
Scale bar, 50 µm. PA conven-
tional pilocytic astrocytoma, 
CAP clinically aggressive PA, 
APA histologically anaplastic 
PA
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P = 0.03, brainstem, P = 0.055) (Fig. 4C), and all 3 anaplas-
tic PAs were PD-L1-positive. PFS of cases with high PD-L1 
score (≥ 2) was significantly shorter than that of cases with 
scores of 0 and 1 (P = 0.029) (Fig. 4C).

Chromosomal number aberrations by metaphase 
CGH

Nine of the 38 cases showed chromosomal number aberra-
tions (CNAs) (7 adult PAs, and 2 pediatric PAs). Gain of 
chromosome 7q was detected in one brainstem anaplastic 
PA, one aqueduct clinically aggressive PA (Fig. 5A), and 3 
of the 7 spinal PAs. Six of the 7 spinal PAs exhibited gain of 
chromosome 19 which was confirmed by FISH analysis in 
5 cases where extra samples were available (Fig. 5B). PFS 
of PAs with copy number gain of chromosome 7q and/or 19 
was significantly shorter than that of the other PAs (7q gain, 
P = 0.0027; 19 gain, P = 0.026; gain of both, P = 0.00030) 
(Fig. 5C). Loss of chromosome 9p21, the gene locus for the 
CDKN2A gene was detected in a case of histologically ana-
plastic PA (Supplementary Fig S2). CDKN2A/B homozy-
gous deletion was also verified multiplex ligation-dependent 
probe amplification analysis.

Univariate and multivariate analyses for prognostic 
factors

The data from all cases are summarized in Supplementary 
Table S6. To determine the poor prognostic factors in PAs, 
we performed univariate analysis with Cox regression mod-
els for the factors that were shown to be associated with 
patient PFS by Kaplan Meier analysis and log-rank test: 
the brainstem/spinal cord location, extent of resection and 
post-operative treatment among the clinical factors, and 
p53 expression, VEGF-A expression, Nestin-positive cell 
ratio (≥ 10% vs. < 10%), PD-L1 score (1 and 2 vs. 0), and 
CNAs (a gain of copy number with chromosome region 7q 
and/or 19 vs. others) among molecular factors. As a result, 
brainstem/spinal location, extent of removal, postoperative 
treatment, nestin-positive cell ratio, and gain of either 7q or 
19 were significantly associated with shorter PFS (Table 3). 
Subsequently, to exclude the impact of possible confounding 
factors due to clinical heterogeneity, we performed multi-
variate analysis with the above molecular factors and extent 
of resection (GTR vs others), post-operative treatment (wait 
and see vs either chemotherapy or radiotherapy), or brain-
stem/spinal location; the Nestin-positive cell ratio, CNAs, 
and extent of removal were independent predictors of poor 
prognosis (Table 3).

The characteristics of all clinically aggressive PAs in the 
present studies are summarized in Table 2. All 3 clinically 
aggressive PAs showed at least 2 molecular prognostic fac-
tors confirmed by multivariate analyses, and, indeed, high 

expression of Nestin positive cell ratio was shared in all of 
the 3 tumors. For example, a clinically aggressive PA with a 
cyst on the dorsal pons demonstrated +  + staining of VEGF-
A, as well as 33% of Nestin-positive cells (Supplementary 
Fig. S4A, B).

Moreover, it should be noted that 2 of the 3 clinically 
aggressive PAs occurred in the patients with hereditary 
genetic disease (NF1 and VHL).

Illustrative cases

Two cases of anaplastic PAs that showed contrasting clini-
cal course and a case of spinal PA with H3.3 G34 mutation 
was detailed in the Supplementary files (Supplementary Fig. 
S2, 3, and 5).

Discussion

In the present study, 38 PAs were investigated for the rel-
evance to tumor recurrence by comprehensive analyses of 
clinical, histological and molecular factors which were pre-
viously known to be possibly associated with tumorigenesis 
or progression of gliomas. The study demonstrated that the 
extent of resection, post-operative treatment, brainstem/
spinal location, TP53 mutation, VEGF pathway, Nestin 
expression, PD-/PD-L1 immune checkpoint, and chromo-
somal gain of 7q or 19, but neither histological features nor 
Ki-67 index, might be associated with aggressiveness of the 
tumor, with the majority of which being the first to report to 
our knowledge. Importantly, the Nestin-positive cell ratio, 
CNAs, and extent of removal were suggested to be independ-
ent predictors of poor prognosis by multivariate analyses. 
Moreover, the study also showed that PAs in the brainstem 
or spinal cord might be associated with distinct molecular 
characteristics including those listed above, leading to the 
aggressive clinical course shown by the univariate analysis.

The significance of anaplastic features as well as the 
Ki-67 index was controversial in PAs. Rodriguez et  al. 
reported that, in their analysis of 34 cases of anaplastic 
PAs, anaplastic PA was associated with a worse progno-
sis as compared with PAs [2]. However, other reports have 
demonstrated that the clinical course of anaplastic PA was 
perceived as more favorable [20, 21]. Similarly, Ki-67 index 
was typically below 1% in PAs, and several investigators 
reported that PAs with high Ki-67 index were associated 
with a shorter PFS [22, 23]. However, some cases showed 
poor prognosis despite the low Ki-67 index [24]. In this 
study, neither the histological score nor Ki-67 was shown 
to be associated with the patients’ PFS. Indeed, 2 of the 
3 patients with anaplastic PAs did not show a progressive 
course, and histological diagnosis of anaplastic PA was 
not associated with shorter PFS. Thus, although PAs with 
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histological characteristics of malignancy should be care-
fully treated and observed, the biological behavior of PAs 
appear to be difficult to be predicted only from histological 
findings.

Although VEGF-A/VEGFRs expression was typically 
low in PAs as compared with high-grade gliomas [5, 25], 
in the present study, the expression of VEGF was noted in 
approximately one third of PAs, that of VEGFR1 in about 

two thirds, and VEGFR2 in the majority of cases. Impor-
tantly, positive VEGF expression was significantly associ-
ated with shorter PFS in univariate analysis. All clinically 
aggressive PAs were positive for VEGF, VEGFR1, and 
VEGFR2 (Supplementary Table S5). These data suggest 
that angiogenesis involving the VEGF pathway might be 
relevant to the aggressive biological behavior of PAs.

Fig. 5   CGH analysis. A Left panel: The PA located on the aqueduct 
has rapidly enlarged over the 11  months after the operation (white 
arrow). Right panel: A gain of copy number with chromosome region 
7q is detected (red arrow). B Upper panel: Spinal PA shows recur-
rence 3 years after surgery (white arrow). Lower left panel: Two copy 

number gain of chromosome is also confirmed with FISH analysis. 
Lower right panel: A gain of copy number with chromosome region 
19 is detected (red arrow). C Kaplan–Meier curve of PFS according 
to the status of 7q and/or 19 gain
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The level of Nestin expression correlates with the grade 
of malignancy in malignant glioma [4]. Although Nestin 
expression is generally low in PAs [26], moderate Nestin 
expression is occasionally identified in PAs [27]. Impor-
tantly, high Nestin-positive cell ratio (≥ 10%) was an inde-
pendent predictor of early recurrence in this study (Table 3). 
Indeed, all clinically aggressive PAs were associated with 
high Nestin positive cell ratio (Table 2). Therefore, Nestin 
expression is likely to be an indicator of aggressive clinical 
course in PAs.

There are few reports regarding the tumor immune-
microenvironment in PAs [28–30]. There was no associa-
tion between PD-L1 expression and patients’ prognosis in 
a previous study with 10 cases of PAs [30]. Conversely, 
although PD-L1 expression was not detected in most PAs in 
this study, 8 PAs with high PD-L1 expression were associ-
ated with shorter PFS. Indeed, the aggressive anaplastic PA 
located on the dorsal medulla showed an extremely high 
expression of the cancer immunity-associated molecules/
cells including PD-L1 (Supplementary Fig. S2). These find-
ings suggest that the immune-microenvironment including 
PD-1/PD-L1 signaling might be associated with aggressive-
ness of PAs.

Almost all PAs show abnormality in the MAPK path-
way mostly caused by KIAA1549-BRAF fusion and point 
mutation of BRAF-V600E [1]. The prognostic impact of 
KIAA1549-BRAF fusion is controversial [31–33]. In the 
present study, although there was no significant difference, 
there might be a trend towards favorable PFS in the cases 
with BRAF alterations; lack of statistical significance might 
be attributable to the small number of cases included in the 
study.

CNAs are rarely found in PAs; however, gains of chro-
mosomes 5, 6, and 7 and losses of chromosomes 16, 17, 19, 
and 22 have been reported previously [34, 35]. Whole chro-
mosome 7 gain was more frequent in patients aged 16 years 
and older and was significantly associated with tumor recur-
rence [35]. In the present study, there was no PA with gain 
of 7 (whole), however, gain of 7q was significantly associ-
ated with a shorter PFS. Moreover, a gain of chromosome 
19 was detected in 6 out of the 7 spinal PAs and was also 
associated with shorter PFS. The gain of 19 has rarely been 
reported in PAs in the literature [36–38] and was exclusively 
detected in spinal PAs in the present study. Because the rate 
of GTR did not differ between cerebellar and spinal PAs, 
gain of chromosome 19 could partly account for the rela-
tive poor prognosis of patients with spinal PAs as compared 
with cerebellar PAs. There are some genes and genetic locus 
implicated in cancer development on chromosome 19 men-
tioned in the literature, such as AKT2, cyclin E and MLL2 
at 19q13 [39–42].

TP53 mutation is rare in PAs [43], but it is a common 
observation in anaplastic PAs (Supplementary Table S3) 

[2, 21, 44–58]. Indeed, in this study, 5 cases were positive 
for p53 staining; 3 anaplastic PAs, 1 clinically aggressive 
PA, and 1 PA with recurrence, and p53 staining were sig-
nificantly associated with shorter PFS. Therefore, TP53 
mutation is likely relevant to the aggressiveness as well as 
histological anaplasia of PAs [59]. However, TP53 mutation 
was not significant at the multivariate level, which may be 
associated with the small number of the patients.

Reports of PAs with H3 mutation raise the issue of dif-
ferential diagnosis from diffuse midline glioma, H3K27M-
mutant, which is associated with poor prognosis regardless 
of the histological appearance and is thus designated as 
WHO grade IV [60, 61]. In 4 previous studies, H3K27M 
mutation was not detected in a total of 154 PAs [62–65]; 
however, recently, PAs with H3K27M mutation have been 
reported (Supplementary Table S4) [66–72]. According to 
the recommendation by the cIMPACT-NOW, circumscribed 
glial tumors such as PA and ganglioglioma with H3 muta-
tion do not meet the criteria of diffuse midline glioma [73]. 
However, a meta-analysis showed that H3K27M mutation 
remained the prognostic factor for poor survival in circum-
scribed gliomas [74]. Furthermore, among the 11 PAs with 
H3K27M mutation found in the literature (Supplementary 
Table S4), 6 were associated with tumor recurrence or 
poor prognosis. In the present study, a midbrain PA with 
H3K27M mutation survives more than 2.3 years after initial 
resection, suggesting a better clinical course as compared 
with diffuse glioma with the same mutation (Supplemen-
tary Fig. S3). However, the tumor was slowly progressive on 
serial MRIs, and the patient is being observed closely. In the 
present study, a spinal PA showed a H3G34R mutation. The 
patient had tumor recurrence 10 years after initial resection, 
and eventually died 2 years after recurrence. H3G34 mutant 
glioblastomas typically occur in the cerebral hemispheres in 
adolescents and young adults [63, 64]. To our knowledge, 
this study is the first to report G34R mutation in PAs and 
in spinal tumors. Further analysis is needed to discuss the 
prognosis of PAs with H3G34 mutation.

The five-year survival rate of spinal cord PAs was 81%-
85.4%, according to the literature, which was slightly lower 
than that for cerebellar PAs [75]. In this study, in line with 
previous studies, PAs located on the brainstem and spi-
nal cord were associated with shorter PFS than the other 
PAs. There were several differences in molecular findings 
between brainstem or spinal PAs and those of the other 
sites, especially in terms of cerebellar PAs (Supplemen-
tary Table S3); the Nestin-positive cell ratio of brainstem 
PAs was significantly higher than those of PAs arising in 
the other sites, the number of PD-1 + cells in brainstem 
or supratentorial PAs was significantly higher than that of 
other PAs, brainstem PAs were more frequently positive for 
PD-L1 than cerebellar PAs. Moreover, CNAs were almost 
exclusively found in brainstem/spinal PAs (Supplementary 
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Table S3). Therefore, brainstem/spinal PAs appear to have 
distinct molecular characteristics as compared with those 
arising at the other sites, which likely accounts for relatively 
aggressive clinical course.

Importantly, Reinhardt et al. [76] reported that signifi-
cant proportion of histologically anaplastic PAs constitutes a 
separate DNA methylation cluster, leading to the new tumor 
type designated as high-grade astrocytoma with piloid fea-
tures (HGAP, WHO 2021 [8]). Currently, DNA methyla-
tion profiling is the only method for definitive diagnosis of 
HGAP, and the most common molecular alterations in those 
tumors were deletions of CDKN2A/B, MAPK pathway 
gene alterations, and mutations of ATRX or loss of ATRX 
mutations. We regret that DNA-methylation profiling has 
not been available in the current study. It is notable that 
deletions of CDKN2A/B were observed in a case of histo-
logically anaplastic PA with KIAA1549-BRAF fusion, sug-
gesting that the case was likely to be HGAP (Supplementary 
Fig S2).

Limitation of the study

The major limitation of the present study includes the ret-
rospective study design, small sample size, and heterogene-
ity in post-operative treatment. In particular, studies using 
a larger number of patients with rare categories (anaplastic 
PAs and clinically aggressive PAs) are warranted in order 
to confirm the findings of this study. Nonetheless, the study 
with multistep analyses clearly showed relevance of some 
molecular factors to the recurrence of PAs and those factors 
are likely associated with the distinct biological behavior of 
the brainstem and spinal PAs.

Conclusions

The present study demonstrated that some molecular fac-
tors, rather than histological parameters, may be associ-
ated with aggressiveness of PAs, including TP53 mutation, 
upregulation of VEGF pathway, upregulation of PD-1/
PD-L1 immune checkpoint, Nestin expression and gains of 
7q and 19. On the other hand, among the clinical factors, the 
extent of resection, postoperative treatment, brainstem/spinal 
location were suggested to be associated with early tumor 
recurrence. PAs with those characteristics may be succumb 
to early tumor recurrence, and, patients with those tumors 
should be more carefully managed than the others.
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