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Pilocytic astrocytoma (PA) is the most common type of primary brain tumor in children and the second most frequent
cancer in childhood. Children with incompletely resected PA represent a clinically challenging patient cohort for whom
conventional adjuvant therapies are only moderately effective. This has produced high clinical demand for testing of new
molecularly targeted treatments. However, the development of new therapeutics for PA has been hampered by the lack of
an adequate in vivo tumor model. Recent studies have identified activation of MAPK signaling, mainly by oncogenic BRAF
activation, as a hallmark genetic event in the pathogenesis of human PA. Using in vivo retroviral somatic gene transfer
into mouse neural progenitor cells, we have shown here that ectopic expression of the activated BRAF kinase domain is
sufficient to induce PA in mice. Further in vitro analyses demonstrated that overexpression of activated BRAF led to
increased proliferation of primary mouse astrocytes that could be inhibited by treatment with the kinase inhibitor sorafenib.
Our in vivo model for PA shows that the activated BRAF kinase domain is sufficient to induce PA and highlights its role as
a potential therapeutic target.
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Pilocytic	astrocytoma	(PA)	is	the	most	common	type	of	primary	brain	tumor	in	children	and	the	second	most	
frequent	cancer	in	childhood.	Children	with	incompletely	resected	PA	represent	a	clinically	challenging	patient	
cohort	for	whom	conventional	adjuvant	therapies	are	only	moderately	effective.	This	has	produced	high	clini-
cal	demand	for	testing	of	new	molecularly	targeted	treatments.	However,	the	development	of	new	therapeutics	
for	PA	has	been	hampered	by	the	lack	of	an	adequate	in	vivo	tumor	model.	Recent	studies	have	identified	acti-
vation	of	MAPK	signaling,	mainly	by	oncogenic	BRAF	activation,	as	a	hallmark	genetic	event	in	the	pathogen-
esis	of	human	PA.	Using	in	vivo	retroviral	somatic	gene	transfer	into	mouse	neural	progenitor	cells,	we	have	
shown	here	that	ectopic	expression	of	the	activated	BRAF	kinase	domain	is	sufficient	to	induce	PA	in	mice.	
Further	in	vitro	analyses	demonstrated	that	overexpression	of	activated	BRAF	led	to	increased	proliferation	
of	primary	mouse	astrocytes	that	could	be	inhibited	by	treatment	with	the	kinase	inhibitor	sorafenib.	Our	in	
vivo	model	for	PA	shows	that	the	activated	BRAF	kinase	domain	is	sufficient	to	induce	PA	and	highlights	its	
role	as	a	potential	therapeutic	target.

Introduction
Pilocytic astrocytoma (PA) is the most common primary brain 
tumor in children. This WHO grade I neoplasm characteristically 
displays noninfiltrative growth and shows benign biological behav-
ior that translates into a remarkably high 10-year overall survival 
rate of greater than 90% upon gross total resection (1). Nevertheless, 
up to 20% of patients may not be cured by surgery alone (2). Because 
of the slow-growing nature of PA, complete responses to adjuvant 
radiation and chemotherapy are rare, and most tumors eventually 
progress after a stabilization period of typically more than 3 years. 
Thus, there is demand for novel targeted therapeutic options (3).

Recent studies suggest that most PAs feature constitutive activa-
tion of the MAPK signaling cascade as a molecular hallmark. Thus, 
PA may be a prototypic single-pathway disease, with MAPK signal-
ing constituting the critically important molecular target for future 
therapeutic intervention. Previously, we identified tandem duplica-
tions or activating mutations (V600E) of the proto-oncogene BRAF 
at 7q34 as by far the most prevalent genetic mechanism leading to 
constitutive MAPK pathway activation, occurring in more than 50% 
of sporadic PAs (4). Subsequent studies confirmed similar or even 
higher frequencies of BRAF tandem duplications and activating 
mutations in PAs, with V600E being the most frequent, and showed 
that the duplication leads to formation of fusion genes of BRAF (5–9).  
The unifying molecular feature of all RAF fusion products identi-

fied to date is that the RAF kinase domain alone, upon loss of the 
autoinhibitory N terminus, has the potential to drive proliferation 
via constitutive MAPK activation. Hence, it is commonly assumed 
that RAF activation, either by fusion or by mutation, constitutes a 
critically important genetic event in PA tumorigenesis.

Approaches based on constitutive MAPK activation were pur-
sued to model human brain tumors in mice (10–12). However, 
generation of an adequate model for PA has been hampered by the 
low proliferative character of these tumors and a lack of knowl-
edge about the molecular etiology.

To assess the oncogenic potential of BRAF in the formation of 
astrocytic tumors, we used the replication-competent avian leuko-
sis virus with splice acceptor/Tv-a (RCAS/Tv-a) system for retro-
viral gene transfer (13, 14). Using this system, we introduced dif-
ferent BRAF constructs into nestin-expressing neural progenitor 
cells of newborn mice. We show that transgenic expression of the 
activated BRAF kinase domain was sufficient to induce PA forma-
tion in mice, with tumors closely recapitulating the clinical and 
histological features of human PA.

Results and Discussion
Generation of MAPK-activating RCAS-BRAF variants. To assess the role of 
BRAF in brain tumor etiology, we cloned a variety of BRAF constructs —  
the full-length gene (BRAF WT FL), the full-length gene carrying the 
V600E mutation (BRAF VE FL), the WT kinase domain spanning 
exons 9–18 of WT BRAF (BRAF WT kin), and the V600E mutated 
BRAF kinase domain (BRAF VE kin) — into the RCASBP(A) vector 
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(Figure 1A). Transduction of primary Ntv-a astrocytes with these dif-
ferent constructs and GFP as a control in vitro revealed morphologi-
cal alterations and focal growth induced by overexpression of BRAF 
VE kin (Figure 1B). Cells expressing all other constructs displayed a 
morphology similar to the GFP control.

BRAF VE kin induces tumors in Ntv-a mice. For expression of BRAF 
variants in neural progenitor cells in vivo, we injected virus-produc-
ing DF-1 cells into hemispheres or brainstem of neonatal Ntv-a 
mice for each of the 4 variants (Table 1). In the first cohort, 7 of 39 
animals died as a result of encephalitis during the first weeks after 
injection. At 17 weeks after inoculation, all surviving mice were still 
clinically asymptomatic. These animals were then sacrificed, and 
presence of a tumor was detected upon histopathologic evaluation 
only in animals overexpressing BRAF VE kin. In a second cohort, 
BRAF VE kin was injected into the cerebral hemispheres. Using high-
field MRI, unilateral hemispheric hyperintensity in T1-weighted 
images after application of contrast agent was detected (Figure 2A).  
Of note, this radiologic finding resembled the MRI appearance of 
human PAs, which are frequently contrast enhancing. Postmortem 
histopathologic analysis confirmed the presence of glial tumors 
based on GFAP immunoreactivity. Furthermore, activated MAPK 
signaling, as assessed by immunohistochemical staining for Erk 
phosphorylation, overlapped with the contrast enhancement seen in 
the MRI and with GFAP staining. FLAG-tagged BRAF transgene was 
also detected in the neoplastic region, but exhibited more diffuse 
staining (Figure 2A). Strikingly, the relatively slow tumor growth 
seen upon RCAS-mediated oncogene induction again recapitulated 
the biological behavior of human PAs. Tumor-bearing animals were 
clinically asymptomatic until at least 4 months after induction; in 

contrast, animals subjected to tumor induction with RCAS-PDGF 
survive no longer than 3 months in the same system (15).

Tumor incidence and histology. Histopathological analysis revealed a 
total of 21 neoplasias in the cerebral hemispheres (n = 17) and in the 
brainstem (n = 4). All of these lesions were found upon overexpres-
sion of BRAF VE kin, with an incidence of 91% (21 of 23; Table 1). 
With all remaining constructs, no tumor development was observed 
up to 4 months after injection. This confirmed the findings of an 
earlier study, in which overexpression of full-length WT BRAF or the 
full-length V600E variant alone did not result in tumor formation 
after 3 months, whereas overexpression of BRAF VE FL resulted in 
high-grade astrocytic tumors only on an Ink4/Arf-deficient back-
ground (16). This, in turn, is consistent with considerations on the 
role of Ink4/Arf in Ras-driven mouse models in the literature (17).

In our study, BRAF VE kin–induced cerebral tumors exhibited 
more extensive growth within the hemisphere along the lateral 
ventricle, compared with the more focal appearance of brainstem 

Table 1
Incidence and histologic grade of tumors induced by BRAF 
variants

Construct	 Incidence	 Histology
BRAF WT FL 0/10 (0%) –
BRAF VE FL 0/10 (0%) –
BRAF WT kin 0/10 (0%) –
BRAF VE kin 21/23 (91%) Pilocytic astrocytoma

Figure 1
BRAF variants induce MAPK activation. (A) Different BRAF constructs used for RCAS-mediated gene delivery. Truncated variants containing 
the kinase domain corresponded to exons 9–18 of the human BRAF gene. The V600E mutation is indicated. (B) Phase-contrast microscopy 
demonstrated altered cell morphology and focal growth of cells transduced with BRAF VE kin compared with control and other BRAF constructs. 
Scale bars: 100 μm.
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tumors (Figure 2, A and B). In one of the cerebral tumors, neoplas-
tic tissue was also found in the cerebellum (Figure 2B). In all cases, 
neoplastic tissue showed the presence of the transgene, and tumors 
were well-delineated from healthy tissue, as shown by FLAG and 
GFAP staining, respectively (Figure 2C). Staining of nestin, a mark-
er for neural precursors, showed weak to negative immunoreactiv-
ity (Figure 2C). Histopathological analysis of the tumors revealed 
characteristic morphological patterns closely resembling human 
PA (Figure 2D). Tumor cells showed typical biphasic, piloid pat-
terns and a predominantly elongated shape with round or oval, fre-
quently pale nuclei. Eosinophilic elongated structures resembling 
Rosenthal fibers and eosinophilic granular bodies, so-called pro-
tein droplets, were interspersed. Blood vessels were relatively scarce. 
Endothelial proliferation, microcystic degeneration, or regions 
with oligodendroglioma-like cells were not observed. All tumors 
showed strong immunopositivity for GFAP, which demonstrated 
in the majority of tumor cells the presence of bipolar long pro-
cesses forming a tight network in the intercellular spaces. Intensity 
of GFAP immunostaining was noticeably stronger than in reactive 
astrocytes from surrounding brain tissue (Figure 2C). The low pro-

liferative index, as assessed by Ki67 immunohistochemistry, and the 
clear phospho-Erk positivity were again reminiscent of human PA 
(Figure 2D). These observations underline the similarity between 
the induced murine tumors and their human counterparts.

MAPK activation and proliferation after BRAF overexpression and 
sorafenib treatment. To further investigate the effects of BRAF overex-
pression in vitro, we isolated primary neurospheres from Ntv-a mice 
and transduced them with the 4 different RCAS-BRAF constructs 
or RCAS-GFP. Expression of BRAF variants was confirmed on pro-
tein and RNA levels (Figure 3A). Interestingly, although success-
ful viral transduction was demonstrated by quantitative RT-PCR,  
protein levels of BRAF VE FL were considerably reduced and only 
slightly above endogenous levels compared with all other variants. 
This is in line with a previous report showing that intrinsic sta-
bility of the V600E form of BRAF is reduced compared with the 
WT protein (18). In spite of this, increased MAPK activation was 
detected, as reflected by phosphorylation of Erk1/2 compared with 
the control (Figure 3A). BRAF VE kin, although showing lower 
RNA abundance, was present in higher protein amounts and led to 
clearly increased MAPK activation. In both cases, Erk phosphoryla-

Figure 2
MRI and tumor histology. (A) Hemispheric contrast-enhancing tumor induced with BRAF VE kin, as observed in T1-weighted MRI and coronal brain 
sections, showed overlapping expression of GFAP, the BRAF VE kin transgene (FLAG-tag), and Erk phosphorylation after immunohistochemical 
staining. (B) Tumors were also induced in the brainstem and cerebellum after expression of BRAF VE kin. (C) Higher-magnification views show 
the presence of transgene (FLAG), tumor delineation from normal tissue, and stronger GFAP staining of tumor cells compared with adjacent 
normal reactive astrocytes. Nestin staining of tumor cells was low compared to endothelial cells in neoplastic and normal tissue that exhibited a 
strong immunoreactivity. (D) Histological comparison between human PA and murine BRAF VE kin–induced PA. H&E-stained sections showed 
histological features of PA, such as piloid tumor cells, eosinophilic Rosenthal fibers, and moderate cellularity. GFAP staining revealed strong immu-
noreactivity with a tight network of elongated processes and protein droplets characteristic for PA. The low proliferation index of both tumors was 
represented by Ki67 staining. Tumors displayed Erk phosphorylation in both cases, indicating constitutive MAPK activation. Scale bars: 100 μm.
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tion was abrogated by treatment with 5 μM sorafenib (Figure 3A). 
The WT variants did not induce detectable MAPK activation in 
this context. Therefore, absence of tumors after overexpression of 
BRAF VE FL could be attributed to the reduced protein abundance 
of this variant, whereby its MAPK activation does not suffice for 
neoplastic transformation without further oncogenic hits.

To assess the effect of the different BRAF constructs on proliferation, 
transduced cells were incubated with EdU in serum-containing medi-
um for 48 hours (Figure 3B). GFP-transduced cells showed a very low 
proliferation rate of 1.1% ± 0.1%. Whereas expression of BRAF VE FL 
and BRAF WT kin increased the proliferating fraction to 4.0% ± 0.4%  
and 2.9% ± 0.4%, respectively, BRAF VE kin led to an increase to 13.0% ± 1.2%.  
Proproliferative effects of the V600E constructs were significantly 
abrogated by treating the cells with 5 μM of the kinase inhibitor 
sorafenib (Figure 3B), which highlights the potential of MAPK inhibi-

tors for clinical use. Since in human PA, oncogenic BRAF activation 
by fusion genes that lack activating point mutations is much more 
frequent than that by the V600E mutation itself, it will be highly inter-
esting and relevant for preclinical testing of targeted drugs to model 
tumor induction by BRAF fusion genes in the future.

In conclusion, we provide in vivo evidence that BRAF activation 
is sufficient to generate PA in mice and demonstrate that the his-
topathological and biological characteristics of induced murine 
tumors are highly reminiscent of human PA. Thus, we have gener-
ated a mouse model that allows for comprehensive preclinical test-
ing in a system that closely resembles the situation in humans.

Methods
Vector construction and in vivo infection. C-terminally FLAG-tagged BRAF vari-
ants were amplified using primers containing ClaI and NotI restriction sites 

Figure 3
Transformation and sorafenib treatment of primary astrocytes in vitro. (A) Primary Ntv-a astrocytes were transduced in vitro with BRAF variants 
and GFP as a control. BRAF VE FL protein was considerably reduced, whereas all other variants showed high expression after transduction. 
Stronger activation of Erk phosphorylation in BRAF VE kin than in BRAF VE FL was decreased to control levels upon treatment with 5 μM 
sorafenib for 6 hours. DMSO was used as vehicle control. All other variants did not show increased Erk phosphorylation. BRAF transcript 
abundance showed high variation among constructs depending on transduction efficiency (normalized to 3 housekeeping genes [HKGs]). (B) 
Representative FACS plots from EdU incorporation assays of astrocytes transduced and treated as indicated, and quantification of the prolifer-
ating fraction for all BRAF variants and GFP treated with 5 μM sorafenib or DMSO control. Proliferation and RNA and protein expression were 
assayed from the same experiment. FSC, forward scatter. Data are mean ± SD of 3 technical replicates.
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(NotI_BRAF-Kin380, GGGGGCGGCCGCACCATGGACTTGATTAGAGA-
CCAAG; ClaI_BRAF-Kin reverse, GGGGATCGATCTACTTATCGTCGT-
CATCCTTGTAATC; NotI_BRAF-FL forward, GGGGGCGGCCGCAC-
CATGGCGGCGCTGAGCG) and cloned into RCASBP(A) plasmid. BRAF 
plasmids were provided by N. Rosen (Memorial Sloan-Kettering Cancer 
Center, New York, New York, USA).

Tumor induction. Neonatal Ntv-a mice were injected with 1 μl suspension 
containing approximately 40,000 virus-producing DF-1 cells using a 10-μl 
Hamilton syringe. After injection, mice were monitored for neurological 
symptoms. Mice were sacrificed, and brain tissue was fixed in 10% buffered 
formalin. All animal experiments were conducted according to the guide-
lines of the ATBW (authorities for animal welfare) and were approved by 
the Regierungspräsidium Karlsruhe (G-18/09; Karlsruhe, Germany).

Immunohistochemistry. Sections from formalin-fixed, paraffin-embedded 
mouse brains were stained with H&E or with antibodies directed against 
FLAG (Sigma-Aldrich), GFAP (Dako), Ki67 (Thermo Scientific), pErk (Cell 
Signaling), and nestin (Chemicon) on a Ventana BenchMark XT immu-
nostainer (Ventana Medical Systems). Antigen detection was done using a 
DAB Detection Kit (Ventana Medical Systems).

Imaging. MRI was performed on a 9.4 Tesla experimental MR scanner 
(Bruker Biospec 94/20 USR) using a 4-channel surface coil as receive RF coil. 
Before the start of the examination, 0.5 mmol/kg body weight of a para-
magnetic contrast agent (gadodiamide) was administered by intraperitoneal 
injection. In each animal, we performed a 3D T1-weighted fast low-angle shot 
(FLASH) sequence (TR, 50 ms; TE, 1.6 ms; pulse angle, 29.5; field of vision, 
20 mm × 20 mm × 10 mm; matrix, 256 × 256 × 40). Slice direction (axial) and 
the center of the slice stack was chosen to be identical for all sequences.

Western blot. Protein extracts from astrocytes were subjected to electro-
phoresis and transferred onto a PVDF membrane for immunoblot analy-
sis. The following antibodies were used: BRAF-C19 (1:5,000; Santa Cruz), 
pErk1/2 (1:1,000; Cell Signaling), Erk1/2 (1:1,000; Cell Signaling), GAPDH 
(1:1,000; Calbiochem).

Quantitative RT-PCR. Real-time PCR for BRAF and 3 housekeeping genes 
was performed on an ABI Prism 7900 using the following primers: BRAF 
forward, CTCGAGTGATGATTGGGAGATTCCTGATGG; BRAF reverse, 
CTGCTGAGGTGTAGGTGCTGTCAC; Lmna forward, CAGCAGTCTC-
GAATCCGCA; Lmna reverse, AGGTCACGCAGCTTTGCCT; Ldha for-
ward, GAAGGACTTGGCGGATGAG; Ldha reverse, CCGCGGTGATAAT-

GACCAG; Abcd1 forward, AGTGCATCTGGCCTGCTCAT; Abcd1 reverse, 
CTGTACGCTCACTAACCAGC.

In vitro transduction. Neurospheres from neonatal mice were cultivated in 
medium consisting of Neurobasal A (Gibco, Invitrogen), B27 serum-free 
supplement (Gibco, Invitrogen), heparin (100 μg/ml, Sigma-Aldrich), and 
glutamine. For in vitro transduction, neurospheres from Ntv-a mice were 
dissociated with trypsin and resuspended in serum-containing conditioned 
medium from virus-producing DF-1 cells. Under these conditions, cells 
undergo astrocytic differentiation. Infection was repeated 3 times. Cells 
were treated with 5 μM sorafenib (provided by Bayer-Schering Pharma) or 
DMSO 48 hours prior to analysis.

Flow cytometry. Cell proliferation was analyzed with the Click-iT EdU 
assay (Invitrogen) according to the manufacturer’s protocol. In brief, cells 
were incubated with 10 μM EdU for 48 hours before measurement. Incor-
porated EdU was detected by conjugation of Alexa Fluor 488 and subse-
quent flow cytometry on FACS Canto (BD Biosciences). For each measure-
ment, at least 10,000 events were counted. Data were analyzed using FACS 
Diva software (BD Biosciences).

Statistics. For statistical analysis, 2-tailed Student’s t test was used. P val-
ues of 0.05 or less were considered significant.
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