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Abstract Activation of the MAPK signaling pathway has
been shown to be a unifying molecular feature in pilocytic
astrocytoma (PA). Genetically, tandem duplications at
chromosome 7q34 resulting in KIAAI1549-BRAF fusion
genes constitute the most common mechanism identified to
date. To elucidate alternative mechanisms of aberrant
MAPK activation in PA, we screened 125 primary tumors
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for RAF fusion genes and mutations in KRAS, NRAS,
HRAS, PTPN11, BRAF and RAFI. Using microarray-based
comparative genomic hybridization (aCGH), we identified
in three cases an interstitial deletion of ~2.5 Mb as a novel
recurrent mechanism forming BRAF gene fusions with
FAMI131B, a currently uncharacterized gene on chromo-
some 7q34. This deletion removes the BRAF N-terminal
inhibitory domains, giving a constitutively active BRAF
kinase. Functional characterization of the novel
FAM131B-BRAF fusion demonstrated constitutive MEK
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phosphorylation potential and transforming activity in
vitro. In addition, our study confirmed previously reported
BRAF and RAF1I fusion variants in 72% (90/125) of PA.
Mutations in BRAF (8/125), KRAS (2/125) and NFI (4/
125) and the rare RAFI gene fusions (2/125) were mutually
exclusive with BRAF rearrangements, with the exception of
two cases in our series that concomitantly harbored more
than one hit in the MAPK pathway. In summary, our
findings further underline the fundamental role of RAF
kinase fusion products as a tumor-specific marker and an
ideally suited drug target for PA.

Introduction

Pilocytic astrocytoma (PA) constitutes the second most
common diagnosis in pediatric oncology after acute lym-
phoblastic leukemia, accounting for approximately 20% of
pediatric brain tumors [16]. PA typically shows benign
clinical behavior and, in contrast to World Health
Organization (WHO) grade II astrocytoma, malignant
progression is extraordinarily rare. Since radical resection
remains the mainstay of therapy, the extent of surgical
resection comprises the most important clinical determi-
nant with regard to tumor recurrence and progression [29,
33]. However, complete resection may not be possible in
up to 20% of cases, due to tumor localization in critical
anatomic locations such as the brain stem or optic tract [8].
Another clinical observation in a large review of the SEER
database was that infants with low-grade gliomas, partic-
ularly in their first year of life, have an inferior prognosis
[30]. PA represents a heterogeneous morphologic spectrum
ranging from pilocytic, bipolar cellular areas with Rosen-
thal fibers to less cellular protoplasmic areas with
eosinophilic granular bodies and clear cells [25]. This
varying morphological spectrum can make histopatholo-
gical diagnosis extremely difficult [10]. Until recently, our
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knowledge about the molecular mechanisms contributing
to PA development was restricted to a few consistent
findings including the association of neurofibromatosis
type 1 (NF1) with an increased incidence of low-grade
gliomas, especially of the optic tract [21]. Widespread
MAPK pathway activation in sporadic PA was first
reported in 2005 [32], with activating mutation of KRAS
being the first mechanism for aberrant MAPK activation to
be identified in sporadic PA [12, 32]. The most prevalent
point mutation reported to date, however, is a single base-
pair substitution at codon 600 (V600E) of BRAF, leading to
an amino acid exchange from valine to glutamate that is
associated with constitutive kinase activation [27]. Alter-
natively, a 3-bp insertion in close proximity to the hot spot
at position 600 confers the same phenotype [5, 15, 38].
Recent genome-wide DNA copy number studies enabled us
and others to detect a tumor-specific copy number gain at
7q34 in the majority of PAs [5, 7, 9, 11, 13, 14, 18, 19, 27,
34]. Several of these studies show that this aberration results
in a tandem duplication, leading to KIAA1549-BRAF fusion
genes with constitutive kinase activity. Moreover, a small
number of tumors were shown to harbor SRGAP3—RAF1
fusion genes, which arose through a tandem duplication at
3p25 [7, 15]. Notably, all fusion events reported to date
included an in-frame RAF kinase domain, while lacking the
N-terminal auto-inhibitory regions [7, 14, 34].

Since MAPK pathway downstream components (e.g.,
ERK) are phosphorylated in nearly all cases, growing
evidence suggests that virtually all sporadic PAs show
aberrant activation of MAPK signaling [32]. However, the
exact molecular mechanism can so far only be deciphered
for around 75% of cases. Thus, to define the spectrum of
genetic alterations in PA more precisely, we focused on the
identification and functional characterization of previously
described and novel BRAF and RAF1 fusion genes.

Materials and methods
Tumor specimens—Heidelberg series

Pilocytic astrocytoma tissues in this series were collected
at the Department of Neuropathology, Burdenko Neuro-
surgical Institute, Moscow, Russia or the Cnopf’sche
Kinderklinik in Niirnberg, Germany. Informed consent was
obtained for collection of specimens and scientific use.
Diagnoses were made by histological assessment following
the criteria of the WHO classification including a reference
pathology evaluation [22]. Only histologically unambigu-
ous cases of PA were enrolled in this study, whereas
pilomyxoid astrocytomas and other pediatric low-grade
gliomas were excluded. Clinical data are provided in
Online Resource Table 1.
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Tumor specimens—Cambridge series

These tissues were collected at the Karolinska Hospital,
Stockholm and the Sahlgrenska University Hospital,
Gothenberg, Sweden. This series included seven cases for
which no prior MAPK alteration had been identified (cases
PA1, PA3, PAILS, PA18, PA27, PA60, PA65) [15], and
from which only cDNA was available for the present study.

Tumor specimens—Montreal series

All samples were obtained with informed consent after
approval of the institutional review board of the respective
hospitals they were treated in and independently reviewed
by senior pediatric neuropathologists, according to the
WHO guidelines. All samples were taken at the time of the
first surgery before further treatment, when needed. Tissues
were obtained from the London/Ontario Tumor Bank,
Ontario, Canada and from the Montreal Children’s Hos-
pital, Montreal, Canada.

Nucleic acid extraction

Total RNA extraction was performed from snap-frozen
tumor tissues using TRIZOL (Invitrogen, Carlsbad, CA,
USA). RNA was analyzed on both NanoDrop (ND-1000,
Thermo Scientific, Wilmington, DE, USA) and Agilent
Bioanalyser (Agilent Technologies, Boblingen, Germany)
for quality assessment. Only samples with an RNA integ-
rity number (RIN) >5.0 and no evidence of ribosomal
degradation were included in the study. Before use, RNA
samples were treated with deoxyribonuclease at room
temperature for 15 min. First strand cDNA was synthe-
sized using oligo-dT primer or gene-specific primers.
Genomic DNA was isolated using Qiagen DNA Blood and
Tissue Midi Kit (Qiagen, Hilden, Germany).

Fusion detection in genomic DNA

For the mapping of breakpoints on the genomic level, long-
distance inverse PCR (LDI-PCR) was performed as pre-
viously described [24]. DNA was digested with either Spel
or Pcil according to the supplier’s specifications (New
England Biolabs, Frankfurt, Germany). The ligation reac-
tion was initiated by the addition of T4 DNA ligase to a
concentration of 1 U and was carried out at 4°C overnight.
The reaction was then terminated at 65°C for 10 min. The
resulting DNA circles served as templates for LDI-PCR
analyses using the Triple Master PCR System (VWR
International, Darmstadt, Germany). PCR reactions were
conducted according to the manufacturer’s recommenda-
tions. PCR amplimers were separated on 1% agarose gels.
Non-germline DNA amplimers were gel-extracted and

analyzed by direct sequencing. Primer sequences are
available upon request.

Fusion detection in cDNA

To verify the cDNA transcripts derived from the fusion
genes, we conducted RT-PCR using primers specific to
exons of BRAF/RAFI and the respective fusion partner
gene in a conventional PCR. Primer sequences are avail-
able upon request.

FISH

Two-color interphase FISH was performed using custom-
made probes: FITC (Fluorescein isothiocyanate)-labeled
clone RP11-355D18 (Deutsches Resourcen-zentrum fiir
Genomforschung) corresponding to KIAA1549 (green) and
digoxigenin-labeled clone RP4-726N20 mapping to BRAF
(red). Metaphase FISH was performed to verify the correct
mapping of clones [20]. Pre-treatment of slides, hybrid-
ization, post-hybridization processing and signal detection
were performed as reported elsewhere [28]. Samples
showing sufficient FISH efficiency (>90% nuclei with
signals) were evaluated by two independent investigators.
Signals were scored in at least 100 non-overlapping, intact
nuclei. Non-neoplastic specimens were used as a control.
Chromosome gains at the 7q34 region were defined as
>10% nuclei containing three or more signals for both
probes. A KIAA1549-BRAF gene fusion was scored in
cases showing fusion of one red signal and one green signal
resulting in a yellow signal [18]. The analysis for
SRGAP3-RAFI was done in the same way, using probes
RP11-334L22 and RP11-163D23 labeled with FITC and
digoxigenin, respectively.

Array-based comparative genomic hybridization

Array-CGH was carried out as previously described [23,
35, 39]. Selection of genomic clones, isolation of BAC
DNA, performance of degenerate oligonucleotide primed
PCR, preparation of microarrays, labeling, hybridization
and washing procedure, as well as data analysis, were
performed as outlined elsewhere [23, 39].

Mutation analysis

We investigated tumor samples for activating mutations of
MAPK pathway intermediates using either denaturing
high-performance liquid chromatography (DHPLC [12])
followed by direct DNA sequencing or by PCR amplifi-
cation and sequencing. Specific intronic primer pairs were
used for PCR amplification of exons 11 and 15 of BRAF,
exon 2 and 3 of KRAS and NRAS, and exon 13 of PTPNI1.

@ Springer
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Mutation screening of RAFI exon 2 to exon 7 was done in
19 samples, which showed no other MAPK alteration.
Primer sequences are available upon request.

Western blot analysis and MEK phosphorylation

Plat-E cells were transfected with the retroviral pMIG
expression vector encoding N-terminally HA-tagged
human BRAFY', FAMI31B-BRAF, BRAF'*" or
BRAF™T At48 h following transfection, cells were lysed
and analyzed by Western blotting as described previously
[1]. Polyclonal rabbit antibody raised against the
C-terminus of BRAF (C-19; Santa Cruz Biotechnology,
Heidelberg, Germany) and anti HA-tag 3F10 (Roche,
Mannheim, Germany), as well as ERK and MEK (all from
Cell Signaling Technologies, Frankfurt, Germany), were
used in the dilution recommended by the manufacturer.
Quantification of MEK phosphorylation in total cellular
lysates expressing the indicated BRAF proteins was
assessed by quantifying chemiluminescence signals using a
Fuji LAS 4000 imager and Multi-Gauge software.

Transduction of NIH 3T3 cells

NIH 3T3 cells were infected with bi-cistronic pMIG retro-
viral vectors encoding BRAFYT, FAMI131B-BRAF,
BRAFY°F and the BRAF™ protein, as well as the green
fluorescent protein (GFP) as an infection marker. Cells were
fed every 2 days and grown to confluence. Phase contrast
and fluorescence micrographs were taken at days 13 and 20.

Statistical analysis

The median duration of follow-up was calculated according
to Korn [17]. Estimation of survival time distribution was
performed by the method of Kaplan and Meier. The prog-
nostic value of clinical and molecular factors was assessed
by their estimated hazard ratios including 95% confidence
intervals. The proportional hazards regression model by
Cox was applied to examine the association of single and
multiple markers with the hazard of disease progression.
The result of a test was judged as statistically significant
when the corresponding two-sided p value was smaller than
5%. All statistical computations were performed with the
statistical software environment R, version 2.11.0 [31].

Results
Identification and characterization of RAF fusion genes

We screened a total of 125 PA samples for all known
KIAA1549—-BRAF and SRGAP3—RAF1 fusion variants, as

@ Springer

well as novel fusion partners of BRAF (Online Resource
Table 1). Sequencing confirmed previously published
breakpoints within KIAA1549 exon 16, BRAF exon 9 in 42
patient samples; KIAA1549 exon 15, BRAF exon 9 in 24;
and KIAA1549 exon 16, BRAF exon 11 in 11 samples. In
ten cases, we could only determine 7q34 duplication
indicating KIAA1549—-BRAF fusion, but localization of the
exact breakpoint was not possible (Online Resource
Table 1). Overall, we identified gene fusions targeting RAF
kinases in 72% (90/125) of PA. Detailed analysis of
genomic DNA (available only for a subset of the Heidel-
berg series) mapped 96% (52/54) of the breakpoints to the
same breakpoint cluster region in intron 8 of the BRAF
gene (Figs. la, b and 2a).

We determined the first non-intronic breakpoint variant
in a single case, located between KIAA1549 intron 15 and
BRAF exon 8. On the transcript level, we observed that
exon 8 was skipped and the fusion was formed between
KIAA 1549 exon 15 and BRAF exon 9. In a single case, we
identified a fusion gene in KIAA1549 intron 16 and BRAF
intron 8, which additionally displayed an internal inversion
of 1,623 bp in the remaining BRAF fragment of intron 8. In
another case, we identified an insertion of a 550-bp frag-
ment of the DENN/MADD domain containing 2A gene
(DENND2A) within the breakpoint between KIAAI1549
intron 15 and BRAF intron 8. At the genomic level,
therefore, KIAAI549-BRAF rearrangements are more
diverse and complex than previously identified.

A further interesting observation in terms of the mech-
anism behind these rearrangements was that a majority of
cases showed inserts of ‘filler-DNA’ or mini-direct repeats
(MDR) directly at the fusion sites. Both filler-DNA and
MDRs are hallmarks for non-homologous end-joining
(NHEJ) DNA repair processes [37].

Most importantly, however, LDI-PCR analysis revealed
a novel BRAF fusion partner other than KIAA1549. The
novel fusion genes are composed of the 5’ part of the
FAM131B gene and the 3’ part of the BRAF gene (Fig. 2b,
¢). Sequence analysis mapped the breakpoint of the first
case (2A23) to the exon 2 of the FAM131B gene and exon
9 of BRAF (Online Resource Fig. la). The full-length
FAM131B-BRAF transcript for this first case (2A23)
consists of 1,223 bp. The full sequence is provided in
Online Resource Table 2. Moreover, in a case which we
received for consultation (BT-005), we detected a second
FAM131B-BRAF fusion gene. Further investigation using
LDI-PCR located the breakpoint to intron 1 of FAMI31B
and intron 9 of BRAF, forming an even smaller fusion gene
of 1,152 bp. This led us to additionally screen cDNA from
further tumors (Cambridge series) for FAM131B—BRAF
fusion. We identified a third case (PA60, 21-year-old male
with a cerebellar tumor) with two splice variants of a
similar fusion gene, with a junction between FAMI3IB



Acta Neuropathol (2011) 121:763-774

767

Fig. 1 Distribution and
clustering of (a) 52 breakpoints 8
in the BRAF gene and (b) 51
breakpoints in KIAA1549

a BRAF breakpoint cluster region

b KIAA1549 breakpoint cluster region

15

16 17

exon 2 or exon 3 and BRAF exon 9, respectively (Online
Resource, Fig. 1b—d). These cases were histologically
indistinguishable from cases with KIAA1549-BRAF fusion
or other alterations. The genomic order of BRAF and
FAMI31B suggested interstitial deletion rather than tan-
dem duplication as the most likely mechanism to form
fusion genes. This hypothesis was confirmed by aCGH
analysis of samples 2A23 and BT-005, demonstrating a
deleted region encompassing ~2.5 Mb (Fig. 3a, b). We
conducted further functional characterization with the
fusion transcript from 2A23, since this was also the more
prevalent variant in PA60. In total, we identified three
novel FAMI131B—BRAF fusion variants in three cases,
suggesting that further fusion variants may also occur.

Investigating tumors without any BRAF alteration for
SRGAP3-RAF1 fusions, we identified two novel fusion
variants, bringing the total identified to date to four. The
first shows breakpoints in intron 11 of SRGAP3 and intron
6 of RAF 1, including a one base pair deletion and a cryptic
fragment of 12 bp of intron 11. The second novel fusion
gene is formed between intron 10 of SRGAP3 and intron 8
of RAFI. Although the mode of fusion and the exact
breakpoints vary within the respective introns of BRAF and
RAFI, all of the fusion genes lose the RAF N-terminal
auto-inhibitory regions while retaining an intact C-terminal
kinase domain (Fig. 2a).

Altogether, we identified BRAF and RAFI fusion genes
in 82% (62/76) of cerebellar tumors, whereas in non-
cerebellar tumors, fusions were significantly less frequent
at 57% (28/49; p < 0.005, two-tailed Fisher’s exact test;

Online Resource Table 1). The two SRGAP3—-RAF 1 fusion
genes were also found in cerebellar tumors. This is in line
with previous reports on RAFI fusion genes, which were
also detected in cerebellar tumors. Notably, PFS was not
associated with the presence of fusion genes (p = 0.47,
log-rank test).

Confirmation of fusion genes by FISH

In tumors for which formalin-fixed and paraffin-embedded
(FFPE) tissues were available (61/125), breakpoints iden-
tified by PCR-based methods (n = 42) were validated by
two-color FISH with probes corresponding to the BRAF
and KIAA1549 loci or SRGAP3 and RAFI, respectively
(Online Resource Table 1). Strikingly, carrying out anal-
yses in a blinded manner, the fusion was confirmed in
39/42 cases (one of the negative cases being the
FAM131B-BRAF fusion) indicating a high sensitivity of
92.9% for this FISH assay. Only one false positive case
was identified, giving a specificity of 94.4%. These figures
clearly indicate the potential clinical utility of this
screening method as a diagnostic tool.

Mutational analysis of MAPK pathway components

Screening the samples for activating mutations of MAPK
pathway intermediates, we found six BRAF'®° muta-
tions, two cases with a BRAF™®T insertion and two
tumors harboring a KRAS mutation (Online Resource
Table 1). No mutations were seen in HRAS, NRAS or

@ Springer
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Fig. 2 a Graphic illustration of
the breakpoint region within the
BRAF gene demonstrating that
all breakpoints are located
N-terminally of the BRAF
kinase domain, leaving the
catalytic domain intact.
Schematic representation of

b KIAA1549-BRAF,

¢ FAM131B-BRAF and

d SRGAP3—-RAF I fusion genes
in pilocytic astrocytomas.

e Schematic illustration of the
FAM131B-BRAF fusion gene in
2A23 depicting the junction
created by the fusion partners.
Exon 1 and parts of exon 2
correspond to the 5" UTR as
indicated by the shorter bars
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Fig. 3 Array-CGH trace of sample BT-005 (a) and 2A23 (b) showing a deletion at 7q34 leading to a fusion between FAM131B and BRAF

PTPNII. Most mutations were detected in a mutually
exclusive fashion to RAF gene fusions, suggesting that
BRAF and KRAS mutations as well as loss of NFI (clini-
cally diagnosed) may constitute alternative mechanisms of
MAPK activation in this tumor. However, we found that
mutations and fusion genes can occasionally occur toge-
ther, with two cases in our series harboring concomitant
BRAF mutation and BRAF fusion. One of the cases har-
bored a BRAF"°°’% mutation together with a KIAA1549—
BRAF fusion. This 7-year-old patient after complete
resection of her cerebellar tumor has been tumor free for
43 months without requiring adjuvant therapy. The other
patient (3 years old at diagnosis) in addition to the same

two hits was also diagnosed with NFI. Her diencephalic
tumor could not be completely resected and she experi-
enced tumor progression after an observation time of
36 months. Our study thus demonstrates the co-existence
of mutations and fusions, indicating that more than one
alteration of MAPK pathway components can arise in the
same tumor.

Notably, we observed no mutations in RAFI in a
selected cohort of tumors without detectable BRAF alter-
ations (n = 19). This is likely due to differences in the
charged residues, meaning RAFI has a lower basal kinase
activity than BRAF and, therefore, two synergistic muta-
tions would be needed to induce elevated kinase activity

@ Springer
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[6]. In contrast to the high frequency of BRAF and RAFI
fusions in cerebellar tumors, activating mutations of either
BRAF or KRAS were predominantly found in non-cere-
bellar tumors (10/49; 20%), whereas analysis of cerebellar
tumors revealed mutations in only 4% (3/76) of cases
(p = 0.005, two-tailed Fisher’s exact test; Online Resource
Table 1). As with BRAF and RAFI fusion events, PFS was
not significantly associated with the presence of an acti-
vating mutation in either BRAF or KRAS (p = 0.11, log-
rank test).

Functional characterization of the novel
FAM131B-BRAF fusion protein

To elucidate the activating potential of the novel FAM131B—
BRAF fusion gene, we compared its protein product with the
BRAFY®"% and BRAF™T mutants by Western blot analysis.
Using an antibody raised against the HA-tag of our constructs,
we were able to analyze and compare the expression levels of
the BRAF proteins. As expected, BRAF" ', BRAF"*%F and
BRAF™ are detected as 95 kDa proteins. In contrast, due to
the absent N-terminal regions, FAM131B-BRAF migrates
with the theoretically predicted mass of 47 kDa in SDS-
PAGE. As shown in Fig. 4a, all of the altered BRAF variants
show higher levels of MEK and ERK phosphorylation, indi-
cating activation of downstream effectors of the MAPK
pathway due to these BRAF alterations. Interestingly, as
shown in Fig. 4b, the cellular MEK phosphorylation elicited
by the FAM131B-BRAF fusion protein was significantly
lower than that of BRAFY®’ (p = 0.006; ANOVA single
factor analysis) and at the same time significantly elevated
compared to BRAFYT (p = 0.0004).

FAM131B-BRAF induces the transformation
of NIH 3T3 cells

To functionally assess the transforming potential of the
novel fusion gene FAM131B—BRAF, NIH 3T3 cells were
retrovirally transduced with either empty pMIG vector or
pMIG vectors containing either the BRAF"", FAM131B—
BRAF, BRAF"*"* or BRAF™" cDNAs. The bi-cistronic
pMIG vector system was chosen as it also encodes a GFP
marker allowing the tracking of infected cells [1]. As
shown in Fig. 5, GFP-positive cells expressing FAM131B—
BRAF or the two oncogenic full-length BRAF mutants
display a refractile morphology and loss of contact inhi-
bition, clearly demonstrating transforming activity.

Analysis of clinical data
Median follow-up for the series was 54 months, and the

5-year PFS rate was 71%. Unlike for all tested molecular
variables, univariable proportional hazards regression
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Fig. 4 FAM131B-BRAF migrates as a 47 kDa protein and represents
a potent activator of the MEK/ERK pathway. Plat-E cells were
transfected with expression vectors encoding N-terminally HA-tagged
human BRAF wild type (BRAF"'; WT), FAMI131B-BRAF (FAM),
BRAFY%E ot BRAF™T. a At 48 h following transfection, cells were
lysed and analyzed by Western blotting using the indicated antibod-
ies. The correct expression of FAMI31B—BRAF was additionally
confirmed by probing the membrane using an antibody raised against
the C-terminus of BRAF, which also recognizes endogenous BRAF as
indicated by the faint band present in the lysate generated from empty
vector transfected cells. b Quantification of MEK phosphorylation in
total cellular lysates expressing the indicated BRAF proteins. The
signal elicited by the internal reference (BRAF"') was set in each
analysis to 1. Data represent the arithmetic mean from four
independent transfections, and error bars indicate standard deviation
from the mean

analysis revealed a significant association of progression-
free survival (PFS) and radical tumor resection
(HR = 0.11, 95% CI 0.04-0.32, p < 0.001), with PFS
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Vector

day 13

day 20

2.

Fig. 5 NIH 3T3 cells were infected with retroviral vectors encoding
the indicated BRAF proteins and GFP as an infection marker. The
medium was replenished every 2 days, and cells were grown to
confluency and photographed at days 13 and 20. Note that GFP-
positive cells expressing BRAF“" display a normal morphology and

being better after gross total resection as assessed by post-
operative MRI (5-year PFS was 91% vs. 47% after total
or subtotal resection, respectively). An increased risk of
progression was also observed for patients aged 1 year or
younger (HR = 4.46, 95% CI 1.53-13.0, p = 0.006,
Table la, Online Resource Fig. 2), with a 5-year PFS in
this group of 33%, compared with 72% in the older group.

Confirming previous results, multivariable Cox propor-
tional hazards regression analysis showed that radical
surgery was the most important clinical prognostic factor
for PA (HR = 0.06, 95% CI1 0.02-0.22, p < 0.001). Young
age at diagnosis (<1 year) was also independently associ-
ated with a worse prognosis (HR = 4.03, 95% CI
1.24-13.1, p = 0.02, Table 1b, Online Resource Fig. 2).
Since we had only a single patient in our cohort who died
during follow-up, we did not perform statistical analysis for
overall survival.

Discussion

The tumorigenesis of pilocytic astrocytoma has been
shown to center around aberrant activation of the MAPK

are well integrated into the monolayer. In contrast, cells expressing
FAM131B-BRAF, BRAFY%"E and BRAF™T display a refractile
morphology, criss-cross growth and have overridden contact
inhibition

pathway, which regulates a wide range of substrates from
transcription factors to additional protein kinases that
control cell proliferation, growth, differentiation and
apoptosis [4, 36]. In particular, activating (BRAF, KRAS) or
inactivating (NFI) point mutations and fusion genes
involving members of this pathway have been shown to be
the most common genetic lesions. Recent studies have
identified BRAF and RAF1 fusion genes arising from tan-
dem duplications in up to 80% of PAs [7, 14, 27, 34]. A
total of five different fusion variants for KIAA1549-BRAF
and two for SRGAP3—-RAF have been identified to date [7,
14, 34].

The study presented here extends the spectrum of
MAPK alterations in PAs, and reveals further evidence that
RAF kinase fusion genes are a key oncogenic mechanism
in constitutively activating MAPK signaling in this entity.
Applying LDI-PCR as a robust and reliable way to detect
novel fusion partners in genomic DNA, we identified a
novel BRAF fusion partner, FAM131B, which is currently
uncharacterized and has not previously been implicated in
tumorigenesis. Moreover, aCGH data demonstrated that
this novel fusion gene results from an interstitial deletion at
7q34, rather than a tandem duplication as seen with prior

@ Springer



772

Acta Neuropathol (2011) 121:763-774

Table 1 Proportional hazards regression analysis of clinicopatho-
logical data

Variable n % HR (95% CI) p Value
a. Univariable analysis (n = 115)
Age (n = 108)
>1 year 101 94
<1 year 7 6 4.46 (1.53; 13.0) 0.006
Gender (n = 115)
Male 65 57
Female 50 43 1.47 (0.73; 2.98) 0.29
Tumor localization (n = 115)
Cerebellar 72 63
Non-cerebellar 43 37 1.87 (0.93; 3.75) 0.08
NF1 (clinical diagnosis; n = 102)
No 98 96
Yes 4 4 1.96 (0.46; 8.29) 0.36
Complete resection (n = 111)
No 51 46
Yes 60 54 0.11 (0.04; 0.32) <0.001
K1AA1549:BRAF (n = 113)
Negative 30 27
Positive 83 73 1.78 (0.68, 4.64) 0.24
Variable HR (95% CI) p Value
b. Multivariable model (complete case analysis; n = 93)
Age
<1 year: >1 year 4.03 (1.24; 13.1) 0.02
Gender
Female: male 1.43 (0.61; 3.36) 0.41
Tumor localization
Non-cerebellar: cerebellar 0.56 (0.22; 1.46) 0.24
NF1
Yes: no 0.66 (0.13; 3.23) 0.60
Complete surgical resection
Yes: no 0.06 (0.02; 0.22) <0.001
K1AA1549: BRAF fusion
Yes: no 1.53 (0.55; 4.23) 0.41

HR hazard ratio, CI confidence interval

fusions. Despite several recent studies reporting RAF
fusion genes, deletion has not previously been implicated
as a mechanism for promoting these fusions. This finding
provides support for the involvement of multiple mecha-
nisms in the formation of fusion genes and proto-oncogene
activation, and also suggests a likelihood for the presence
of further fusion variants targeting RAF genes. The dem-
onstration of alternative splice variants resulting in the
formation of two distinct fusion gene isoforms is also
believed to be a novel finding.

As with all previously reported RAF fusion genes,
such as KIAAI1549-BRAF and SRGAP3-RAFI in PA,

@ Springer

AKAP9-BRAF in thyroid cancer, FCHSDI-BRAF in mel-
anocytic nevi and, more recently, SLC45A3-BRAF and
ESRPI-RAFI in prostate cancer and AGTRAP-BRAF in
gastric cancer, the novel FAM131B-BRAF fusion products
share a lack of the RAF auto-inhibitory domain [2, 3, 26].
We have shown here that removal of the N-terminal reg-
ulatory regions in FAM131B-BRAF results in constitutive
kinase activity and that the fusion gene is able to transform
NIH 3T3 cells. Strikingly, the novel fusion genes contain
only a small number of exons of FAMI31B, which com-
prise mostly the 5° UTR. This strongly suggests that the
role of the RAF fusion partners is restricted to providing an
efficient promoter and a splice donor site, thereby facili-
tating constitutive activation of the respective RAF gene.

Analysis of junction sequences at the fusion sites pro-
vided a mechanistic insight into the formation of tandem
duplications at 7q34 and 3p25, since filler-DNA and MDRs
were found to be present in a majority of cases, indicating
the participation of NHEJ in the promotion of fusion
events. NHE] is initiated in response to DNA double-strand
break repair and is referred to as ‘“non-homologous”,
because the break ends can be directly ligated without the
need for extensive sequence homology. Therefore, it is
predicted to cause translocations with microhomology at
the repair junction. Genetic translocations consistent with
NHEJ have also been discussed in several hematological
and other malignancies with known translocations (dis-
cussed in [37]).

The vast majority of MAPK aberrations in our series
were fusions of RAF family oncogenes, removing the auto-
inhibitory domain and rendering the kinase constitutively
active. However, we also diagnosed neurofibromatosis type
1 and/or detected BRAF/KRAS mutations in 10% of
patients with PA. Interestingly, fusions of RAFI and BRAF
in our series were highly prevalent in cerebellar tumors
(62/76, 82%), whereas point mutations were found in only
4% (3/76) of tumors in this location. In contrast, fusion
genes were much less frequent in non-cerebellar PAs (28/
49, 57%), while mutations were detected at a higher fre-
quency (10/49; 20%). These findings further substantiate
the hypothesis of localization-specific genetic events acti-
vating MAPK signaling in PA [9]. The significance of
these findings in terms of tumor origin and potential
additional alterations warrants further investigation.

The clinical behavior of tumors in our cohort, in terms
of PFS, strongly correlates with the degree of surgical
resection, in line with previous reports [30, 33]. Patients
with gross total resection showed an excellent PFS. Also,
clinically interesting was the finding that patients aged
1 year or below showed a significantly inferior prognosis,
which remained an independent marker in multivariate
analysis. It would be of interest to investigate the interre-
lation of clinical behavior and the presence of specific
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genetic events in a larger cohort of these very young
infants.

Taken together, our findings further stress the role of
RAF kinase fusions as a central oncogenic mechanism in
the development of PA and strengthen their potential role
as both a tumor-specific marker for molecular diagnosis
and an ideally suited molecular target for future therapeutic
strategies. Since almost all genetic events detected in PA to
date converge on MAPK pathway activation, established
multikinase inhibitors such as sorafenib, which is already
in the market, currently in phase I clinical trials in children
and effective in vitro against BRAF fusion genes [26], may
be good first candidates to treat these patients. However,
drugs directly targeting the constitutively active RAF
kinase domain may show even greater efficacy, compared
with unselective MAPK inhibitors, and would certainly
constitute a promising next step in drug development.
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