MODERN PATHOLOGY (2013) 26, 1279-1287

© 2013 USCAP, Inc. All rights reserved 0893-3952/13 $32.00

Pilocytic astrocytomas of the optic nerve
and their relation to pilocytic astrocytomas
elsewhere in the central nervous system
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Pilocytic astrocytoma is a low-grade glioma that affects mostly children and young adults and can occur
anywhere in the central nervous system. Pilocytic astrocytoma of the optic nerve is an equally indolent subtype
that is occasionally associated with neurofibromatosis type 1. In earlier studies, this subtype was considered
within the larger category of ‘optic pathway glioma,” which included infiltrating astrocytomas and other
hypothalamic tumors. However, there have been suggestions that gliomas in the optic nerve, and especially
pilocytic astrocytoma of the optic nerve, are biologically different from tumors within the hypothalamus and
other parts of the optic tract. Furthermore, the recent discovery of BRAF duplication and fusion with the
KIAA1549 gene is reported to be more typical for posterior fossa tumors, and the rate of this aberration is not
well known in pilocytic astrocytoma of the optic nerve. To determine the distinction of pilocytic astrocytoma of
the optic nerve from pilocytic astrocytoma of the posterior fossa and to investigate the prevalence of BRAF
aberrations, we reviewed the clinicopathological and molecular features of all such patients in our institution.
Our study demonstrates that BRAF duplication is more frequent in posterior fossa tumors compared with
pilocytic astrocytoma of the optic nerve (P=0.011). However, the rates of phospho-MAPK1 and CDKN2A
expression were high in both pilocytic astrocytoma of the optic nerve and posterior fossa pilocytic
astrocytoma, suggesting that the MAPK pathway is active in these tumors. Our study supports the notion
that BRAF duplication is more typical of posterior fossa pilocytic astrocytoma and that molecular alterations

other than KIAA1549 fusion may underlie MAPK pathway activation in pilocytic astrocytoma of the optic nerve.
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Pilocytic astrocytoma is one of the most common
central nervous system glial neoplasms seen in the
pediatric population. These tumors occur most fre-
quently in patients between the ages of 0 and 14 years
with a predilection for the infratentorial region.':?
Pilocytic astrocytoma is classified as a World Health
Organization (WHO) grade I neoplasm given its
excellent prognosis and long-term progression-
free survival even after subtotal tumor resection.??
However, approximately a fifth of the patients recur
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after resection* and undergo adjuvant therapy, which
carries significant toxicity and morbidity.

Optic glioma is a nonspecific clinical term that
includes pilocytic astrocytoma of the optic nerve,
infiltrating gliomas, and hypothalamic tumors.
While the majority of optic gliomas are in the
pilocytic category, the inclusion of other entities
can render high diversity to the group, in terms of
pathological features and prognosis. In addition,
tumors in different locations along the optic path-
way may also have different characteristics. Thus,
studies directed specifically at pilocytic astrocytoma
of the optic nerve are needed to provide better
insight on the biology and behavior of these tumors
in comparison to tumors located elsewhere along
the optic pathway and also in relation to tumors
with overlapping histological features located else-
where in the central nervous system.


http://dx.doi.org/10.1038/modpathol.2013.79
mailto:tarik.tihan@ucsf.edu
http://www.modernpathology.org

Optic nerve pilocytic astrocytoma

1280

GF Reis et al

As with all pilocytic astrocytomas, the majority of
pilocytic astrocytomas of the optic nerve are
sporadic, although an increased frequency is seen
in neurofibromatosis type 1 patients.® Sporadic- and
neurofibromatosis type 1-associated pilocytic astro-
cytomas typically behave in an indolent manner,
with some tumors showing spontaneous regression
after subtotal resection or in some cases even with-
out any surgery.® On the other hand, hypothalamic
tumors include pilocytic astrocytomas with more
aggressive behavior, such as the pilomyxoid astro-
cytoma, that have higher rates of recurrence or
cerebral spinal fluid dissemination.” These findings
suggest that pilocytic astrocytoma represents a
more heterogeneous group with varying histologic
patterns and biologic behaviors. This heterogeneity
also includes biological differences due to site,
histological variants, and molecular features,
requiring accurate characterization of variables to
identify objective predictive and prognostic markers.

A growing body of evidence suggests that the
duplication/rearrangement of BRAF at 7q34 and
generation of the KIAA1549:BRAF fusion product is
the most common molecular alteration in sporadic
pilocytic astrocytoma, occurring at highest fre-
quency in tumors of the posterior fossa.8='® The
biologic significance of BRAF duplication lies in the
activation of the MAPK pathway, which can drive
tumor proliferation.® In addition to KIAA1549:BRAF
fusion product, other molecular alterations have
been reported in pilocytic astrocytoma, including other
BRAF  fusion  products,’*™ rtare = BRAFV000E
mutations,’®  BRAF  insertions,’” and KRAS
mutations.’® This list further highlights the critical
importance of the MAPK pathway in these tumors. The
remaining question is the type and degree of influence
that each genetic alteration exerts on this pathway and
whether specific genetic alterations can be recognized
in relation to tumor location and behavior.

While the clinical features of pilocytic astrocytoma
of the optic nerve have been fairly well characterized,
the relation of these tumors to pilocytic astrocytoma
located elsewhere in the central nervous system—
and especially those in the posterior fossa—is less
established, as prior studies on BRAF duplication and
activation of the MAPK pathway included only rare
examples from the optic nerve, except for a recent
study showing a high rate of BRAF duplication.'®
Thus, we evaluated the clinicopathological and
molecular features of pilocytic astrocytoma of the
optic nerve to determine whether these tumors can be
distinguished from pilocytic astrocytoma located
elsewhere in the central nervous system.

Materials and methods
Patients

A database search was performed for all pilocytic
astrocytoma of the optic nerve diagnosed and
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treated at the University of California Medical
Center between 1954 and 2010. In addition, existing
data were utilized from a recent multi-institutional
study of 116 intracranial pilocytic astrocytomas for
comparison.?’ Clinical information such as gender,
tumor location, type of surgery, and extent of
resection was obtained from a review of medical
records. Inclusion criteria required that tumors
involved only the optic nerve or optic chiasm and
that slides were available for review to confirm the
diagnosis. Consultation cases were excluded.
Recurrence was defined as the emergence of a new
radiologically defined lesion or lesions that required
treatment. All pathology specimens were reviewed
by three of the authors (MB, TT, and GR) to confirm
the diagnosis of pilocytic astrocytoma according
to the criteria by the WHO. Appropriate permission
for the study was obtained from the University of
California San Francisco Committee for Human
Research (CHR 10-01252).

Tissue Microarray

Of 19 cases identified, 13 had adequate neoplastic
tissue for immunohistochemical and molecular
analysis. Two representative 2-mm cores were taken
from designated areas of each available tumor block,
and samples from autopsy specimens of unremark-
able brains were used as non-neoplastic controls.

Immunohistochemistry

Immunohistochemistry was performed using an
automated immunohistochemical staining processor
at the University of California San Francisco
Immunohistochemistry Laboratory and Brain Tissue
Research Center (Leica Byosystems). After antigen
retrieval with pH 6.0 citrate buffer, we performed
immunohistochemistry for EMA, GFAP, synapto-
physin, Neu-N, OLIG2, phospho-MAPK1 (p-MAPK1),
CDKN2A, and Ki-67. For cytoplasmic markers, the
following antibodies and dilutions were used: EMA
(Dako; 1:120), GFAP (Dako; 1:5000), synaptophysin
(SPH; Dako; 1:150), p-MAPK1 (Zymed; 50 ug/ml),
and CDKN2A (Mtm Lab provided the kit). For
nuclear markers, the following antibodies and
dilutions were used: Neu-N (Chemicon; 1:2000),
OLIG2 (Dako; 1:250), and Ki-67 (Dako; 1:1000).
Previously prepared tissue microarrays from our
intracranial pilocytic astrocytoma cohort were ob-
tained for comparative analysis of CDKN2A. Tissue
microarrays for WHO grade II and III oligodendro-
gliomas (N=68), as well as grade IV glioblastomas
(N=60) were also used. Scoring for cytoplasmic
antibodies was carried out using a semiquantitative
method described previously.?? In brief, we deter-
mined the ratio of tumor cells staining positive to
those staining negative for each antibody without
consideration of staining intensity. Cases were
semiquantitatively scored as follows (% staining in



tumor cells; cytoplasmic staining): (0) no staining
(negative); (1) staining in <25%; (2) staining
between 25 and 50%; (3) staining between 50 and
75%; and (4) staining in >75%. Nuclear staining
was scored by counting approximately 1000 cells
(with a focus on areas of maximal staining) and
calculating a labeling index (number of positive
cells divided by the total number of cells, expressed
as a percentage).

Fluorescence In Situ Hybridization Analysis

We assessed BRAF duplication by fluorescence
in situ hybridization (FISH) performed on tissue
microarrays as described previously.?2%-22 For BRAF,
we used the RP11-355D18 (KIAA) and RP4-726N20
(BRAF) probes labeled with fluoroisothiocyanate
(green) and rhodamine (red), respectively. Non-
neoplastic samples were used as controls. At least
100 non-overlapping nuclei were assessed for the
presence of fused signals, with a positive result
defined by at least 25% of tumor cells displaying
both evidence of copy number gain (at least three
red and/or green signals) in combination with at
least one yellow fusion signal due to overlapping
red and green signals. For CDKN2A copy number
alterations, we utilized the LSI CDKN2A (9p21)
orange and CEP9 green Spectrum probes (Abbott
Laboratories). Hybridizations were interpreted as
described previously??2® and were considered
deleted regardless of whether the pattern suggested
hemizygous or homozygous losses.

BRAFV600E Mutation Analysis

The presence of the BRAFV6?%F point mutation was
assessed as described previously.?* In brief, genomic
DNA was isolated from formalin-fixed paraffin-
embedded tissue using proteinase K (3 mg/ml)
digestion solution (50mM Tris, 1mM EDTA, pH
8.0, 1% Tween-20).25> Samples were incubated at
55°C overnight (approximately 12h), and the
supernatant was transferred into a newly labeled
microcentrifuge tube after brief centrifugation.
Proteinase K was inactivated by incubating the
samples at 95 °C for 10min. The DNA was diluted
to a working concentration of 50 ng/ml before ampli-
fication. Primers were designed to amplify a 250 bp
region of exon 15 in the BRAF gene: forward, 5'-CTC
TTCATAATGCTTGCTCTGATAGG-3'; reverse, 5'-TAG
TAACTCAGCAGCATCTCAGG-3' (Integrated DNA
Technologies, Coralville, IA, USA). Fluorescent
hybridization probes were designed to detect the
BRAFV600E wild-type sequence: sensor, 5'-AGCTAC
AGTGAAATCTCGATGGAG-fluoroscein-3’; anchor,
5'-LCRed640-GGTCCCATCAGTTTGAACAGTTGTC
TGGA-phosphate-3’, with the sensor probe spanning
nucleotide position 1799 (IdahoTechnologies, Salt
Lake City, UT, USA). The reaction underwent 45
cycles of rapid PCR consisting of denaturation at

Optic nerve pilocytic astrocytoma

GF Reis et al

94 °C for 1s, annealing at 55 °C for 20s, and exten-
sion at 72 °C for 10s. Transition rates were 20 °C/s
from denaturation to annealing, 20 °C/s annealing to
extension, and 20°C/s extension to denaturation.
Post-amplification  fluorescent melting curve
analysis was performed by gradual heating of the
samples at a rate of 0.1°C/s from 45 to 95°C.
Fluorescent melting peaks were determined by
plotting of the negative derivative of fluorescence
with respect to temperature.

Statistics

For descriptive data of variables with a normal
distribution, mean and standard deviation were
used. For variables for which a normal distribution
was not assumed, median and range were used.
Comparisons among population characteristics were
made using the 7* and Fisher’s exact tests, and
comparisons among nominal variables were made
using the Student’s t-test. Results with a P-value
<0.05 were accepted as statistically significant.

Results

The study cohort consisted of 14 girls and 5 boys
(N=19; Table 1). Most patients presented with
proptosis (65%) and vision loss (40%). Additional
signs included extraocular movement defects, eso-
tropia, blurring of the optic disc, optic atrophy, and
pupillary light defects with dilated and fixed pupil,
as well as absent reaction to light. One patient had a
history of grand mal seizures. A total of eight
patients (42%) underwent a subtotal resection,
whereas four patients (21%) underwent a gross total
resection; the extent of resection could not be
determined for the remaining 7 (37%). Subsequent
to initial surgery, three patients received adjuvant
therapy (one patient received radiation, one patient
received chemotherapy, and one patient received
both radiation and chemotherapy). The patient who
received radiation alone was a 10-month-old neuro-
fibromatosis type 1 baby boy with an optic nerve
pilocytic astrocytoma involving the bilateral optic
nerves and optic chiasm. The baby developed
irritability and fussiness with marked proptosis of
the left globe following surgery. The radiotherapy
was felt to yield relief to the symptoms. The baby
subsequently underwent an uncomplicated left eye
and optic nerve enucleation but died 8 months later
because of unknown causes (an autopsy was not
performed). The patient who received chemoradia-
tion was a 4-year-old girl with progressive proptosis
of the right eye. She developed radiation-induced
orbital edema and optic neuritis and underwent
hyperbaric oxygen therapy following radiation. The
chemotherapy was complicated by gastrointestinal
symptoms, limiting medication dose. On follow-up
imaging 7 months after the initiation of therapy,
there was apparent stabilization in lesion size.
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Table 1 Pertinent clinical features of 19 patients with pilocytic
astrocytoma of the optic nerve

Patient characteristics No. of cases (percentage)

Age
Median 120 months
Mean 118 months
Gender
Male 5 (26%)
Female 14 (74%)
Location
Optic nerve 16 (84%)
Optic chiasm 1 (5%)
Both 2 (11%)
Lateralization (cases affecting only the optic nerve)
Right 7 (44%)
Left 8 (50%)
Both 1 (6%)
NF-1 4 (21%)
Surgery
Subtotal resection 8 (42%)
Gross total resection 4 (21%)
Unknown 7 (37%)
Recurrence 4 (21%)

Adjunct therapy

Chemotherapy 1 (5%)

Radiotherapy 1 (5%)

Both 1 (5%)
Outcome

Died of disease 1 (5%)

Alive with tumor 1 (5%)

Lost to follow-up 17 (89%)

Because of prominent proptosis and disfigurement,
however, the patient underwent a tumor debulking
procedure approximately 19 months later. On
follow-up imaging 10 months later, there was
evidence of tumor progression, and the patient
underwent an excision. She was alive and without
evidence of disease progression 63 months later. The
patient who received chemotherapy alone was a
3-year-old boy with a chiasmatic pilocytic astro-
cytoma. Although therapeutic records were not
available for review, the patient was alive and
without evidence of recurrence at the end of the
follow-up period (216 months).

The mean follow-up period for the entire cohort
was 39 months (range 0-216 months). At the end of
the follow-up period, 10 patients (53%) were alive
and 1 patient (5%) had died; the remaining 8
patients (42%) were lost to follow-up. Four patients
(21%) experienced disease recurrence (range 5-108
months) and underwent a second surgical proce-
dure: two patients underwent an enucleation, one
patient underwent a gross total resection, and one
patient underwent a subtotal resection. Of the four
patients who had a second surgical procedure, two
subsequently presented with disease recurrence and
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underwent a third surgical procedure: the status of 1
patient was after enucleation 6 years earlier, and the
other status was after subtotal resection 24 months
earlier. These two patients underwent excision and
subtotal resection, respectively, and showed no
evidence of recurrence 13 and 8 months later (last
follow-up visit). The mean progression-free survival
for the cohort was 33 months.

In comparison to the 116 intracranial pilocytic
astrocytoma cohort previously reported by our
group,?? pilocytic astrocytoma of the optic nerve
showed a significant higher number of affected girls
(P=0.03) but no difference in terms of outcome
(P=0.86), extent of resection (P=0.7), recurrence
(P=0.37), neurofibromatosis type 1 status (P=0.92),
age of diagnosis (P=0.11), chemotherapy (P=0.31),
or radiotherapy (P=0.24).

Histologic Features

In general, pilocytic astrocytoma of the optic nerve
elicited meningothelial hyperplasia of the orbital
connective tissue in 30% of the cases (Figures 1a
and 2a). The underlying optic nerve showed
moderate to marked hypercellularity with distortion
of the normal nerve columnar pattern or complete
loss of septa. Clusters of neoplastic cells demon-
strated fibrillar cytoplasm. The nuclei were often
enlarged and pale, with one or more tiny nucleoli
(Figure 1b). Rosenthal fibers were present in 15
(79%) of cases, 6 of which (40%) also contained
eosinophilic granular bodies (Figure 1c). Loose
microcystic areas with variable mucinous/myxoid
stroma were seen in 33% of the cases (Figure 1d).
Mitotic figures were inconspicuous.

Immunohistochemical Features

We evaluated select cases using antibodies to
markers of glial and neuronal differentiation (see
Materials and methods; Figure 2 and Table 2). The
neoplastic cells were typically strongly positive for
GFAP (Figure 2b) and negative for Neu-N
(Figure 2c). In 85% of the cases, GFAP demonstrated
category 4 staining. Most cases (77%) had extensive
OLIG2 positivity (Figure 2d), 62% of which were
scored as category 3 or 4 staining. Synaptophysin
positivity was present in 46% of the cases
(Figure 2e), typically in the same areas that were
GFAP positive and within long astrocyte-like pro-
cesses rather than more typical neuronal morphol-
ogy. For one-half of the cases, Ki-67 was entirely
negative. For the other half, only rare cells stained
with Ki-67, yielding labeling indices of <1%. This
immunohistochemical pattern was similar to that
observed for intracranial pilocytic astrocytoma.

We analyzed activation of the MAPK pathway
with antibodies to p-MAPK1 and CDKN2A (Figure 2
and Table 2). Approximately 81% of the cases
showed staining for p-MAPK1 (Figure 2f), with
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Figure 1 Histologic features of pilocytic astrocytoma of the optic nerve. Pilocytic astrocytoma of the optic nerve elicited meningothelial
hyperplasia (a). The neoplastic cells frequently exhibited enlarged, pale nuclei with numerous small nucleoli (b). The neoplastic cells
were interspersed within a fibrillary and fibrous connective tissue background with numerous Rosenthal fibers (c). Loose areas

containing mucinous material were seen in some of the cases (d).

62% of the cases displaying category 3 or 4 staining.
No staining was identified in 19% of the cases. This
pattern was significantly different (P<0.0001) from
that seen for intracranial pilocytic astrocytoma, with
a higher proportion of neoplastic cells staining for
p-MAPK1 in pilocytic astrocytoma of the optic
nerve. All pilocytic astrocytomas of the optic nerve
were positive for CDKN2A (Figure 2g), and 62% of
the cases displayed category 3 or 4 staining. While
intracranial pilocytic astrocytoma was also positive
for CDKN2A, it demonstrated category 3 or 4
staining only in 5% of cases, which was signifi-
cantly different from pilocytic astrocytoma of the
optic nerve (P<0.01).

To evaluate CDKN2A expression in higher-grade
gliomas in comparison to pilocytic astrocytoma of
the optic nerve, we performed CDKN2A staining in a
group of oligodendrogliomas (WHO grades II and III)
and glioblastomas (WHO grade IV). Of the 68 oligo-
dendrogliomas tested, 32 (47%) showed CDKN2A
staining, although only 11.8% was category 2 or

higher (Table 2). In glioblastomas, 57 of 60 cases
showed CDKN2A staining, but only 33% were cate-
gory 2 or higher. A significantly higher percentage of
neoplastic cells in pilocytic astrocytoma of the optic
nerve was positive for CDKN2A as compared with
oligodendroglioma or glioblastoma (oligodendro-
glioma, P<0.001; GBM, P<0.01).

FISH Findings

Of the 13 cases tested, 5 were negative (39%;
Figure 2h), 3 were positive (23%; Figure 2i), and 5
were indeterminate (39%). The latter represented
mostly older cases (>30 years), where it is well
recognized that rates of success for FISH are consi-
derably diminished. Compared with pilocytic astro-
cytoma of the posterior fossa,?® the observed
frequency of BRAF duplication in pilocytic astro-
cytoma of the optic nerve was significantly less
(P=0.011; Fischer’s exact test). We also used FISH
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Figure 2 Immunohistochemical and molecular features of pilocytic astrocytoma of the optic nerve. The epithelial membrane antigen
(EMA) highlighted foci of meningothelial hyperplasia (a). The neoplastic cells were positive for glial fibrillary acidic protein (GFAP) (b)
and negative for neuronal nuclei (Neu-N) (¢). Numerous neoplastic cells were positive for OLIG2 (d), and positivity for synaptophysin
was also observed (e). Strong staining for phospho-mitogen-activated protein kinase 1 (p-MAPK1) (f) and CDKN2A (g) were a feature of
pilocytic astrocytoma of the optic nerve. KIAA1549:BRAF fusion was negative in 39% of cases (h) and positive in 23% of cases (i).

o

to evaluate for CDKN2A deletions in pilocytic
astrocytoma of the optic nerve and found no
evidence of CDKN2A alterations. Of the 13 cases
tested, 11 (85%) were negative and 2 (15%) were
indeterminate.

BRAFV6%F Findings

We tested pilocytic astrocytoma of the optic nerve
for BRAFV00%F and found 1 positive case (8%) of 13
cases tested. Seven cases (54%) were negative, and
the remaining 5 (38%) were indeterminate. Interest-
ingly, the one positive BRAFV60%F cage also showed
KIAA1549:BRAF fusion by FISH.

Discussion

Our study evaluated the clinicopathological and
molecular features of pilocytic astrocytoma of the
optic nerve to determine whether these tumors can
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be distinguished from pilocytic astrocytoma located
elsewhere in the central nervous system. The data
demonstrate that pilocytic astrocytoma of the optic
nerve has similar clinicopathological features to
posterior fossa pilocytic astrocytoma, including age
of diagnosis, neurofibromatosis type 1 status, extent
of resection, adjuvant therapy, tumor recurrence,
and outcome, although the small size for our data set
(N=19) is a shortcoming in our study. The shorter
follow-up period for pilocytic astrocytoma of the
optic nerve constitutes another shortcoming, but
this is often suggested to be related to the tumor’s
favorable biologic behavior. Most patients without
neurofibromatosis type 1 do not seek further treat-
ment, especially after a gross total resection of the
neoplasm. Pilocytic astrocytoma of the optic nerve
has been reported to regress spontaneously subse-
quent to subtotal resection or even without surgery.®
For these reasons, the term optic glioma should be
avoided when referring to these tumors. Several
patients in our cohort underwent an enucleation or



Table 2 Immunohistochemical results: (A) cytoplasmic anti-
bodies, (B) nuclear antibodies, and (C) CDKN2A

Staining

Antigen N 0 1 2 3 4
A

GFAP 13 0 1 0 1 11

Synaptophysin 13 7 6 0 0 0

p-MAPK1 13 2 3 0 3 6
Antigen N Mean LI (%) Median LI (%) Range (%)
(B)

Neu-N 13 0 0 N/A

OLIG2 13 55 63 5-90

Ki-67 13 <1 <1 N/A

Staining
N  0(%) 1(%) 2(%) 3(%) 4(%)

@

Pilocytic of 13 0 (0) 1(8) 4 (31) 3 (23) 5 (38)

optic nerve

Pilocytic of 116 8 (7)
posterior fossa

Oligodendro- 68 36 (53) 24 (36) 4 (6) 3 (4) 1(2)
glioma

Glioblastoma 60 2 (4)

41 (35) 46 (39) 17 (15) 4 (3)

38 (63) 6 (10) 4 (7)

gross total resection and required no further
treatment. On the other hand, our longest follow-
up periods correlated with subtotal resection cases
requiring multiple repeat resections. This suggests
that the risk of recurrence is still associated with the
extent of surgical resection, which is not surprising
and is consistent with the biology reported for
pilocytic astrocytoma in all locations. Although the
number of patients undergoing adjuvant therapy
was limited in our study, radiation and chemo-
therapy did not appear to provide significant benefit
and were associated with a few complications.

The histological and immunohistochemical fea-
tures of pilocytic astrocytoma of the optic nerve
were similar to those of intracranial pilocytic
astrocytoma. Both pilocytic astrocytoma of the optic
nerve and intracranial pilocytic astrocytoma show
expansive growth, Rosenthal fibers, eosinophilic
granular bodies, biphasic appearance, and rare
mitotic figures. We did not encounter cases with
pilomyxoid or anaplastic features. Like intracranial
pilocytic astrocytoma, the immunohistochemical
features of pilocytic astrocytoma of the optic nerve
included positivity for GFAP, OLIG2, and synapto-
physin, while being largely negative for Neu-N.
We also tested for alterations in the MAPK pathway,
as these have been proposed to drive tumor proli-
feration in low-grade gliomas.?627 Qur analysis of
downstream factors in the MAPK pathway demon-
strated positivity for p-MAPK1 and CDKN2A in
both pilocytic astrocytoma of the optic nerve and
intracranial pilocytic astrocytoma. However, pilo-
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cytic astrocytoma of the optic nerve had a signifi-
cantly higher proportion of cells positive for
p-MAPK1 and CDKN2A (p-MAPK1, P<0.0001;
CDKN2A, P<0.01). When compared with higher-
grade gliomas, CDKN2A positivity in pilocytic astro-
cytoma of the optic nerve was also significantly
higher  (oligodendroglioma, P<0.001; GBM,
P<0.01). While these findings are not likely due to
poor tissue quality, artifactual changes cannot be
entirely excluded given some of our samples were
nearly 50 years old.

One of the upstream activators of the MAPK path-
way is the oncogene BRAF, and many studies have
documented BRAF alterations in pilocytic astrocy-
toma.®91820 Qur molecular analysis of BRAF in
pilocytic astrocytoma of the optic nerve showed
KIAA1549:BRAF fusion and BRAFV0%F point
mutation, which further supports the presence of
BRAF alterations in pilocytic astrocytoma. However,
the rate of BRAF fusion in pilocytic astrocytoma of
the optic nerve was significantly lower than for
posterior fossa pilocytic astrocytoma (optic nerve,
38%; posterior fossa, 84%; P=0.011, Fischer’s exact
test). This is consistent with previous studies sug-
gesting a higher frequency of the KIAA1549:BRAF
fusion in posterior fossa pilocytic astrocytoma.!8:20
Of note, our findings on BRAF differ from a recently
reported pilocytic astrocytoma of the optic nerve
cohort,’® where the frequency of KIAA1549:BRAF
fusion (73%) was similar to that of posterior fossa
pilocytic astrocytoma. The reason for this difference
is not clear, and the two cohorts of pilocytic astro-
cytomas of the optic nerve showed no significant
difference in terms of gender, neurofibromatosis
type 1 status, median age at diagnosis, and outcome.
However, the presence of a group of pilocytic astro-
cytoma of the optic nerve tumors without BRAF
alterations suggests that molecules other than BRAF
may be associated with pilocytic astrocytoma of the
optic nerve. Interestingly, one of our cases tested
positive for both BRAF duplication and BRAFV000E
mutation. The presence of both alterations has been
recently reported for a low-grade astrocytoma.?8
As there is only a single such case, the effect of
both alterations on tumor behavior, while curious,
is not clear.

Even though the presence of BRAF alterations was
significantly less frequent in pilocytic astrocytoma
of the optic nerve, these tumors showed strong
staining for p-MAPK1 and CDKN2A. The presence
of other less common activating alterations in BRAF
is one possible explanation for our findings. Among
the BRAF fusion products reported in pilocytic
astrocytoma,?® we only tested for KIAA1549:BRAF.
This raises the possibility that other alterations in
BRAF may drive the activation of p-MAPK1 and
CDKNZ2A in pilocytic astrocytoma of the optic nerve.
Alternatively, alterations in negative regulatory
factors of the MAPK pathway, such as the Sprouty
family of proteins, Raf kinase inhibitor protein,
impedes mitogenic signal propagation, and the
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dual-specificity MAPK phosphatase?92¢ may be

found in pilocytic astrocytoma of the optic nerve.
Studies are currently under way to test for these
possibilities.

The BRAF/MEK/MAPK1 pathway has been im-
plicated in oncogene-induced senescence, a biolo-
gical process in which tumors induced to grow by an
oncogenic alteration ultimately undergo permanent
growth arrest.?’~39 The presence of BRAF alterations
and MAPK1 activation in pilocytic astrocytoma of
the optic nerve raises the possibility of an active
oncogene-induced senescence in these tumors.
Activation of oncogene-induced senescence may
provide a potential explanation for the long
periods of dormancy and/or spontaneous regres-
sion reported in pilocytic astrocytoma.*® Because
this particular pathway can induce senescence
through activation of CDKN2A,*! positivity for
CDKN2A may be a surrogate for the activation of
oncogene-induced senescence in pilocytic astro-
cytoma. Indeed, a worse clinical outcome has been
reported for pilocytic astrocytoma lacking CDKN2A
expression.*? The extent of follow-up in our study
permitted only limited evaluation of survival and
correlation with the molecular features of pilocytic
astrocytoma of the optic nerve, and future studies will
be needed to address the relationship between
CDKN2A activation and clinical behavior in these
tumors. Nevertheless, the presence of an active
MAPK pathway and indirect evidence of increased
oncogene-induced senescence in pilocytic astro-
cytoma of the optic nerve can explain their indolent
behavior. Of course, one caveat of treating tumors
with an activated oncogene-induced senescence may
be introduction of additional mutations in check-
points such as CDKN2A or TP53, which allow them to
escape senescence and become aggressive.*3 Indeed,
low-grade gliomas treated with radiotherapy have
been reported to recur as anaplastic tumors.**

In summary, the elucidation of the MAPK pathway
as the centerpiece of alterations in pilocytic astro-
cytoma provides a better understanding of these
tumors, which become chronic diseases with a
protracted and arduous course. Our data along with
an increasing body of evidence in the literature
suggest that indolent behavior in pilocytic astrocyto-
ma of the optic nerve is associated with oncogene-
induced senescence initiated by the activation of the
MAPK pathway. Therapy regimens that can abrogate
oncogene-induced senescence through inactivation of
molecules such as CDKN2A or TP53 are more likely
to be associated with aggressive outcome and will
need to be avoided. This evidence also confirms the
historical wisdom of earlier studies that warn us
about overtreating such tumors.*?
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