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Conditional KIAA1549:BRAF mice reveal brain region- and cell
type-specific effects
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Abstract

Low-grade brain tumors (pilocytic astrocytomas)that result from a genomic rearrangement in
which the BRAF kinase domain is fused to the amino terminal of the KIAA1549 gene
(KIAA1549:BRAF fusion, -BRAF) commonly arise in the cerebellum of young children. To
model this temporal and spatial specificity in mice, we generated conditional KIAA1549:BRAF
strains that co-expresses green fluorescent protein (GFP). While both primary astrocytes and
neural stem cells (NSCs) from these mice express f-BRAF and GFP as well as exhibit increased
MEK activity, only f-BRAF-expressing NSCs exhibit increased proliferation /in vitro. Using Cre
driver lines in which KIAA1549:BRAF expression was directed to NSCs (~~-BRAF, BLBP-Cre
mice), astrocytes (~-BRAF, GFAP-Cre mice), and NG2 progenitor cells (~-BRAF, NG2-Cre mice),
increased glial cell numbers were only observed in the cerebellum of ~-BRAF, BLBP-Cre mice in
vivo. The availability of this unique K/IAA1549:BRAF conditional transgenic mouse strain will
enable future mechanistic studies aimed at defining the developmentally-regulated temporal and
spatial determinants that underlie low-grade astrocytoma formation in children.
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Brain tumors are the most common solid tumors in the pediatric population(Rickert and
Paulus, 2001). Among these tumors, the most frequently encountered histological type is the
pilocytic astrocytoma (PA), classified by the World Health Organization as a grade | glial
fibrillary acidic protein (GFAP)-immunoreactive glial cell tumor (CBTRUS, 2012). The
notion that these glial tumors represent developmental disorders is underscored by two
observations. First, these tumors typically arise during the first decade of life, and rarely
progress to higher grade (malignant) gliomas. Second, PAs usually arise in specific brain
regions (e.g., cerebellum, optic pathway).

Until recently, the most common known genetic cause for PA was the neurofibromatosis
type 1 (NF1) inherited tumor predisposition syndrome. NF1-associated PAs account for
15% of all PAs, and typically arise in the optic pathway (75% cases) of young children
(mean age, 4.5 years)(Guillamo et al., 2003; Listernick et al., 1989; Stern et al., 1980). In
these NF1-associated PAs, there is loss of A/FI protein (neurofibromin) expression
(Gutmann et al., 2000) and increased RAS pathway (MEK/ERK and AKT/mTOR)
activation(Dasgupta et al., 2005; Lee et al., 2010). However, over the past several years,
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numerous studies focused on sporadic PAs have revealed genomic rearrangements on
chromosome 7q in the region of the BRAF kinase gene (Bar et al., 2008; Jacob et al., 2009).
In 50-75% of these sporadic PAs, the kinase domain of the BRAF gene is fused to amino
terminal exons of the K/AA1549 coding sequence (Jones et al., 2008; Yu et al., 2009). This
signature KIAA1549:BRAF fusion event results in the expression of a de-regulated BRAF
kinase molecule, leading to increased MEK/ERK signaling and increased cell growth(Jones
et al., 2008; Kaul et al., 2012).

While the identification of this PA molecular abnormality represents a major advance for the
pediatric brain tumor field, one of the significant obstacles to fully understanding the
contribution of the KIAA1549:BRAF fusion to the temporal and spatial patterning of
gliomagenesis is the lack of mouse strains harboring this specific genetic alteration.
Although oncogenic BRARBRAFVS00E) strains and constructs have been informative, they
have yielded conflicting results. In some studies, BRAFVE0E expression had no effect on
cell proliferation(Raabe ef a/., 2011) and glioma formation(Robinson ef a/., 2010), whereas
expression of a truncated kinase domain of BRAFVY600E generated low-grade glioma-like
lesions in another(Gronych et al., 2011). To create a relevant reagent to define the temporal
and spatial determinants that underlie sporadic low-grade glioma formation and maintenance
in the intact animal, we developed a novel conditional and regulatable KIAA1549:BRAF (f-
BRAF) transgenic mouse strain.

Several different KIAA1549:BRAF alterations have been identified in sporadic PAs;
however, the most commonly observed fusion event joins exons 1-16 of the KIAA1549
gene to exons 9-18 of the BRAF gene (KIAA:BRAF 16 _9) (Jones et al., 2008; Lin et al.,
2012). To recapitulate this PA-associated genetic alteration in mice, the entire coding
sequence of KIAA:BRAF 16 _9was cloned into a ROSA26 backbone vector. The targeting
construct also contains a tetracycline-responsive(Tet-off) cassette to allow for regulatable
expression of the transgene along with an enhanced green fluorescent protein (eGFP) driven
from an internal ribosomal entry site (IRES) downstream of /~-BRAF for eGFP-mediated cell
visualization (Miyazaki et al., 2004). The resulting vector (Fig. 1), following homologous
recombination in embryonic stem (ES) cells, blastocyst injection and germline transmission,
generated two independent knock-in lines of LSL-KIAA1549:BRAF (f-BRAF) mice (lines 3
and 21).

To verify the conditional and regulatable expression of f-BRAF, primary cerebellar
astrocytes and neural stem cells (NSCs) were generated from postnatal day 1-2 (PN1-2) 7
BRAF mice. Following Ad5-Cre infection, GFP expression was observed in both astrocytes
and NSCs, which was silenced upon the addition of 1ug/ml doxycycline (line 21, Fig.2a,b,c;
line 3, Supplementary Fig. 1a,b). Because currently-available BRAF antibodies do not
recognize f-BRAF, transgene expression was verified by RNA RT-PCR (line 21, Fig. 2d,e,
right panels; line 3, Supplementary Fig. 1c,d, right panels). Parallel cultures infected with
Ad5-LacZ (controls) did not show GFP or f-BRAF expression. Consistent with previous
observations (Kaul et al,, 2012), f-BRAF expression resulted in an 1.6-2.0-fold increase in
MAPK activation in both cerebellar astrocytes and NSCs (line 21, Fig. 2d,e, left panels; line
3, Supplementary Fig. 1c,d, left panels). However, f-BRAF expression resulted in increased
NSC proliferation (25-27% increase in second-generation neurosphere diameters and 1.4—
1.5-fold increase in direct cell counts, line 21, Fig. 2g; line 3, Supplementary Fig. 1f) and
self-renewal (8 vs.3.7 cells required to form at least one neurosphere, line 21, Fig. 2h), with
no effect on astrocyte proliferation (line 21, Fig. 2f; line 3, Supplementary Fig. 1e).

To define the differential impact of f-BRAF expression on NSCs and astrocytes /n vivo, we
next employed Cre transgenic mice in which Cre-mediated recombination first occurs in
BLBP+ NSCs at E9.5 (Hegedus ef a/., 2007), NG2+ neuroglial progenitor cells at E14.5(Zhu
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et al., 2008), and GFAP+ astroglial progenitor cells at E14.5 (Bajenaru et al., 2002). Both
conditional 7-BRAF transgenic lines were intercrossed with these Cre driver strains to
generate ~BRAFLBP £BRAANC2 and -BRAFCFAP mice. All mice were analyzed
between 4 and 6 weeks of age.

Using these transgenic mice, we made several novel observations. First, the most robust
transgene(GFP) expression was observed in ~BRAFLBP mice (line 21, Fig. 3; line 3,
Supplementary Fig. 2). The fact that f-BRAF expression was highest in BLBP+ cells, but
not NG2+ or GFAP+ cells, is intriguing in light of our previous observations that ectopic f-
BRAF expression only increased NSC, but not astrocyte, proliferation /n vitro (Kaul et al.,
2012). Experiments are currently underway using other NSC-Cre driver strains (prominin-
CreER(Zhu er al., 2009) and nestin-CreER(Lagace et a/., 2007) mice to further explore this
cell type specificity.

Second, among the different brain regions, transgene expression was highest in the
cerebellum of ~BRAFPLBP mice (line 21, Fig. 3; line 3, Supplementary Fig. 2).
Consequently, transgene expression in the cerebella of these mice (RNA RT-PCR; Fig. 4a)
resulted in a 1.5-fold increase in MAPK phosphorylation (Western blot; Fig. 4b) and
immunohistochemistry (line 21, Fig. 4c; line 3, Supplementary Fig. 3a). Additionally, within
the cerebellar molecular and granular layers,40-50% of the transgene-expressing (GFP*)
cells were GFAP* astrocytes, while the rest of the GFP* cells were neurons (30-54% and
25-62% of the GFP™ cells co-labeled with SMI1132 and NeuN, respectively)(Supplementary
Fig. 3b). There were no APC*/GFP™* double-positive cells (oligodendrocytes),and fewer
than 7%of the GFP* cells co-stained with either the Sox2 or nestin neural stem/progenitor
markers.

The observed cerebellar transgene expression in ~BRAFLBP mice was not the result of
mosaic BLBP-Cre expression in the brain. In this regard, robust Cre-mediated
recombination was seen throughout the brains of BLBP-Cre x Rosa-GREEN mice,
including the cerebral cortex (Supplementary Fig. 4a). Similarly, this unique pattern of f-
BRAF expression is unlikely to result from genomic integration effects, as this identical
targeting construct has been previously employed to drive Rheb expression throughout the
brain(Banerjee et al., 2011). Using genomic DNA PCR, we verified that the -BRAF
transgene was present in astrocytes from the forebrain, brainstem and cerebellum
(Supplementary Fig. 4b). However, following Cre-mediated excision /n vitro, quantitative
reverse transcription PCR (QRT-PCR) analysis revealed 3-4-fold more~-BRAF mMRNA
expression in cerebellar astrocytes relative to astrocytes from the forebrain or brainstem,
respectively(Supplementary Fig. 4c). Additional studies will be required to define the
mechanism underlying these brain region-specific ~-BRAFmRNA abundance differences.

Third, the observed spatial pattern of f-BRAF expression is also intriguing given the fact
that the signature 7~BRAF alteration is most commonly detected in cerebellar PAs (Forshew
et al., 2009; Jacob et al., 2009). In fact, this regional distribution more closely resembles the
brain expression of endogenous KIAA1549 mRNA (Supplementary Fig. 5a; http://
www.stjudebgem.org; Magdaleno et al., 2006), where high levels of expression are observed
in the cerebellum. In contrast, endogenous wild-type Brafexpression is restricted to Purkinje
cells in the cerebellum, with higher levels of expression in neurons within the dentate gyrus
and cortex (Supplementary Fig. 5b).

Fourth, since PAs are astrocytic tumors, we examined the impact of f-BRAF expression on
astrocyte numbers /n vivo. All three Cre driver strains (NG2-Cre, GFAP-Cre, and BLBP-
Cre) generate astrocytes following Cre-mediated recombination(Lee et a/., 2012; Solga et
al., 2013). Although NG2-Cre, GFAP-Cre, and BLBP-Cre mice crossed with Rosa-GREEN
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reporter mice exhibited Cre-mediated recombination in the cerebellum (Supplementary Fig.
6a), only ~BRAFPLBEF mice had increased numbers of GFAP+ and S100p+ astrocytes in
vivo (Fig. 5a,b). However, we did not observe any change in the number of proliferating or
apoptotic cells, as assessed by Ki-67 immunostaining (Fig. 6a), BrdU labeling
(Supplementary Fig. 6b), or TUNEL labeling (Fig. 6b).

While ~-BRAFLBP mice are born at the expected Mendelian ratios, they do not survive
beyond 8-10 weeks of age. The exact cause of their premature death remains to be
determined; however, these animals became malnourished and their alimentary canals
exhibited varying phenotypes, ranging from severely swollen stomachs to blackened
hindguts (data not shown). For this reason, we are currently employing tamoxifen-
regulatable NSC/neuroglial progenitor Cre driver lines to develop potential mouse PA
models.

In summary, we describe the generation of a unique conditional and regulatable -BRAF
mouse strain. This reagent provides a useful tool for studying the role of the ~-BRAF
transcript in neuroglial cell biology as well as glioma formation and maintenance. The use of
a conditional allele permits Cre-mediated ~BRAF expression in specific brain cell types to
best define the cell of origin of these common pediatric gliomas. Previous studies from our
laboratory have shown that neural stem cells increase their proliferation in response to
ectopic f-BRAF expression, whereas differentiated astrocytes do not (Kaul et a/., 2012).
However, these studies focused on cell autonomous effects of f-BRAF expression in vitro or
following re-engraftment /n vivo. While f-BRAF expression is sufficient to induce glioma-
like lesions in the cerebellum following explant /n vivo (tumor initiation;(Kaul et af., 2012),
it is not known whether f-BRAF is also necessary for glioma maintenance. The integration
of a doxycycline-regulatable promoter element provides an additional opportunity to
generate gliomas and to determine the requirement for continued f-BRAF expression in
maintaining glioma growth. Taken together, the availability of this novel ~-BRAF strain
should enable more rapid progress in the fields of developmental neurobiology and pediatric
neuro-oncology.

METHODS
Generation of the f-BRAF Conditional Strain

Mice

Lox-stop-Lox (LSL)-KIAA1549-BRAF (LSL-f-BRAF) mice were generated using a knock-
in strategy described previously (Banerjee ef al., 2011; Miyazaki et al., 2004). Briefly, the
coding sequence of the KIAA1549:BRAF16 9 gene(generously provided by Dr. Peter
Collins, Cambridge, UK) was cloned into a ROSA-26 backbone vector (provided by Dr. S.
Miyazaki, Osaka, Japan) containing the tetracycline-regulated transcriptional activator (tTA)
cassette upstream of the hCMV*1 promoter (Fig. 1). The tTA protein, expressed under the
ROSA-26 promoter, activates hCMV*1 and results in 7~-BRAF expression. The knock-in
vector was introduced into the ES cell line, EDJ22, by electroporation. G418-resistant clones
were then picked and targeted insertion of the transgene into the ROSA-26 locus was
assessed by PCR. Two positive cell lines were karyotyped and injected into blastocysts to
generate ~-BRAF knock-in mice. Germline transmission was verified in several chimeric
mice, and two independently-generated founders (lines 21 and 3)were chosen for further
study. These lines were back-crossed with C57BL/6 mice and subsequently maintained on
the C57BL/6 background.

F-BRAF mice were intercrossed with BLBP-Cre(Hegedus et al., 2007), GFAP-Cre(Bajenaru
et al., 2002) or NG2-Cre(B6,FVB-Tg(Cspg4-cre)1Akik/J, Jackson Laboratory) (Zhu et al.,
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2008) mice to generate ~BRAFPLBP £-.BRAFSFAP and --BRAPNG2 mice, respectively. At
least three mice from each genotype and line were euthanized between 4-6 weeks of age for
analyses. Age-matched F~-BRAF littermates were used as controls. All studies were
conducted in accordance with an approved animal studies protocol at the Washington
University School of Medicine.

Toe clips were lysed by incubating in 25mM NaOH at 95°C for 30min and then neutralized
using 40mMTris-HCI at pH 5.0(Truett ef a/., 2000). Transgenic mice were genotyped by
performing PCR for 7~-BRAFand Cre using the following primers, respectively: Fwd: 5’-
ACA ATC CCT GCA GTG ACT TGA TTA GAG ACC-3’; Rev: 5°-TTG TAA CTG CTG
AGG TGT AGG TGC TGT CAC-3’ ; Fwd: 5’-GCA TTA CCG GTC GAT GCA ACG AGT
GAT GAG-3’; Rev: 5’-GAG TGA ACG AAC CTG GTC GAA ATC AGT GCG-3.

Primary Astrocyte and NSC Cultures

Primary astrocyte and NSC cultures were established from the cerebella of postnatal day1-2
mouse pups(Dasgupta and Gutmann, 2005; Kaul et a/., 2012;Yeh et al., 2009). For both
astrocytes and NSCs, wild-type and f-BRAF-expressing cultures were generated following
infection with Adenovirus type 5 containing f-galactosidase (Ad5-LacZ) or Cre
recombinase (Ad5-Cre) (University of lowa Gene Transfer Vector Core, lowa City),
respectively. Transgene expression was verified by RNA RT-PCR analysis(Lee et al., 2012).
f-BRAF-expressing cells were grown in the presence of 1ug/ml doxycycline to silence
transgene expression/n vitro.

Cell Proliferation

Astrocyte proliferation (8000 cells/well in a 96-well plate) was assessed using the BrdU Cell
Proliferation ELISA kit (Roche) following the manufacturer’s instructions. Briefly, cells
were labeled with BrdU for 16 hrs in serum-free medium, and proliferating cells identified
using a peroxidase-conjugated anti-BrdU antibody by colorimetric substrate reaction
measured at 450nm with a spectrophotometer. NSC proliferation was assessed as described
previously(Leeet al., 2010). Briefly, wild-type and f-BRAF-expressing NSCs were
trypsinized and plated in ultralow-binding 24-well plates at 5000 cells/well for direct cell
counts. For the neurosphere diameter assay, at least 10 neurospheres were individually
picked, trypsinized and plated in 24-well plates. The diameters of the resulting neurospheres
were measured using Metamorph 7.3.3. Both assays were performed 6 days post-plating.
Limiting dilution analysis was performed as described previously (Dasgupta and Gutmann,
2005).

Western Blotting

Mouse cerebella or cells were lysed in 1% NP-40 lysis buffer, supplemented with protease
and phosphatase inhibitors, and protein concentrations determined using the bicinchoninic
acid (BCA) assay (Pierce). Following SDS-PAGE separation and transfer onto Immobilon
membranes, proteins were detected using the following antibodies: MAPK, pMAPK (Cell
Signaling Technology) and a-tubulin (Sigma). Detection was accomplished by
chemiluminescence using the ChemiDoc-It Imaging System (UVP) and quantified using
Visionworks software (UVP).

In Vivo Proliferation Assay

3-4 week old mice were injected intraperitoneally with 50 mg/kg bromodeoxyuridine
(BrdU, Sigma) 3 hrs prior to dissection. Brain tissue preparation for paraffin sectioning,
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BrdU (Abcam) and Ki-67 (BD Pharmingen) immunostaining was performed as previously
described (Hegedus et al., 2007).

Immunohistochemistry

Frozen brains were prepared for sectioning and immunostaining as previously described
(Hegedus et al., 2007). Sections were incubated with the following primary antibodies:
pMAPK (Cell Signaling Technology), GFP (Abcam), GFAP (Millipore), S100p (Abcam).
For immunohistochemistry, detection was performed using the Vectastain Elite ABC kit
followed by counterstaining with hematoxylin. For immunofluorescence detection,
appropriate Alexa-Fluor tagged (Invitrogen) secondary antibody was used followed by
counterstaining with DAPI. Terminal deoxynucleotidyl transferase—mediated dUTP nick end
labeling (TUNEL) was performed using a fluorescence-based (TMR-red) in situ cell death
detection kit, following manufacturer’s protocol (Roche Diagnostics).

Statistical Analysis

All in vitro experiments were performed at least three times with similar results using
independent litters. Data was analyzed using Student’s #test and statistical significance was
set at /<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
Strategy for the construction of the ~BRAF mouse strain. Schematic of the targeting
construct depicts the conditional (LoxP) and regulatable(tTA) elements.
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Tet-regulatable f-BRAF expression /n vitro. Ad5-Cre mediated recombination results in
GFP expression in cerebellar astrocytes (a) and NSCs (b), which is silenced following the
addition of 1pg/ml doxycycline for 3 days (line 21). (c) GFP immunostaining reveals
expression of the transgene (green) in Ad5-Cre-infected neurospheres. f-BRAF expression
in astrocytes (d) and NSCs (e) results in increased MAPK activation (Thr-202/Tyr-204
phosphorylation). a-tubulin is included as an internal loading control. RNA RT-PCR
confirms the presence of the transgene (d, €; right panel). S-actinis included as an internal
control. (f) There was no change in astrocyte proliferation following f-BRAF expression. (g)
f-BRAF expression results in increased NSC proliferation. Ad5-LacZ infected cells serve as
controls. (h) Limiting dilution assay shows a higher frequency of secondary neurosphere
formation in f-BRAF (Cre)-expressing NSCs. Error bars denote mean + SD. Scale bar,
100pm. (*) A< 0.01. ns, not significant.
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FIG. 3.

Conditional f-BRAF expression in specific neuroglial cell types /n vivo. GFP expression is
most prominent in the cerebellum (CB) of ~BRAFLBPmice (line 21). In contrast,
significantly less GFP expression is found in the brainstem (BS) or cortex (CTX). Nuclei are
counterstained with DAPI (blue). Arrows and insets denote representative GFP+ cells. Scale
bar, 100um.
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FIG. 4.
Conditional f-BRAF expression results in increased MAPK activation in the cerebellum /n

vivo. (a) RNA RT-PCR confirms /-BRAF transcript expression in the cerebella of
representative ~BRAFLBPmice. (b) f-BRAF expression results in increased MAPK
phosphorylation in the cerebella of ~-BRAFLBP mice, as determined by Western blotting
and (c) immunohistochemistry (arrows; inset shows representative pMAPK™ cells). Scale
bar, 100um.
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FIG. 5.

f-BRAF expression increases astrocyte numbers in the cerebellum /n vivo. Transgene
expression (GFP; green) is observed in the cerebella of ~BRAPLBP £BRAANG2 and £
BRAFBLBP mice. Increased (a) GFAP (red) (b) S100p (red) immunoreactivity in the
cerebellum was only observed in ~-BRAFLBP mice. Arrows denote representative GFP* or
S100p* cells, respectively. Arrowheads and inset denote cells co-labeled with GFAP and
GFP (yellow) or S100p and GFP (yellow). Nuclei are counterstained with DAPI (blue).
Scale bar, 100pm.
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f-BRAF expression does not increase cell proliferation or survival in the cerebellum /n vivo.
(a) No change in cell proliferation, as determined by Ki-67 immunostaining, was observed
in the cerebella of ~BRAFBLBP mice relative to controls (arrows; inset shows representative
Ki-67* cells). (b) There was no change in the number of TUNEL™* cells (red) in the cerebella
of ~-BRAFLBP mice as compared to the control mice (arrows; representative TUNEL™*
cells). Nuclei are counterstained with DAPI (blue). Age-matched /~-BRAF mice served as
controls. Bar graph denotes total number of Ki-67* or TUNEL™ cells in 10 fields of control
and ~BRAFLBP mouse cerebella. Error bars denote mean = SEM. Scale bar, 100pm. ns,

not significant.
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