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RASopathies are a class of developmental syndromes that result
from congenital mutations in key elements of the RAS/RAF/MEK
signaling pathway. A well-recognized RASopathy is the cardio-
facio-cutaneous (CFC) syndrome characterized by a distinctive fa-
cial appearance, heart defects, and mental retardation. Clinically
diagnosed CFC patients carry germ-line mutations in four different
genes, B-RAF, MEK1, MEK2, and K-RAS. B-RAF is by far the most
commonly mutated locus, displaying mutations that most often
result in constitutive activation of the B-RAF kinase. Here, we de-
scribe a mouse model for CFC generated by germ-line expression
of a B-Raf*SlVe0%F jjlele. This targeted allele allows low levels of
expression of B-Raf'é°%E, a constitutively active B-Raf kinase first
identified in human melanoma. B-Raf*/"**-V6°%€ mice are viable and
display several of the characteristic features observed in CFC
patients, including reduced life span, small size, facial dysmor-
phism, cardiomegaly, and epileptic seizures. These mice also show
up-regulation of specific catecholamines and cataracts, two fea-
tures detected in a low percentage of CFC patients. In addition,
B-Raf*/'SlV60%E mjce develop neuroendocrine tumors, a pathology
not observed in CFC patients. These mice may provide a means of
better understanding the pathophysiology of at least some of the
clinical features present in CFC patients. Moreover, they may serve
as a tool to evaluate the potential therapeutic efficacy of B-RAF
inhibitors and establish the precise window at which they could
be effective against this congenital syndrome.

B-Raf signaling | developmental defects | chromaffin-derived tumor

Oncogenic mutations in the B-RAF locus have been found in
a variety of human tumors (1, 2), with a single miscoding
mutation, V60OE, accounting for more than 80% of the B-RAF
mutations identified to date (1, 3). Miscoding mutations in the B-
RAF locus have also been observed in the germ line of patients with
cardio-facio-cutaneous (CFC) syndrome, a congenital disorder
that shares overlapping defects with other RASopathies such as
Noonan, Costello, LEOPARD, and Legius syndromes as well as
neurofibromatosis type I (4-8). All of these syndromes result from
constitutive hyperactivation of the RAS/RAF/MEK/ERK signal-
ing cascade, but they display unique characteristic features (8).
CFC is characterized by craniofacial defects, short stature, car-
diomegaly, ectodermal abnormalities, mental retardation, and
neurological defects (9). About 75% of the patients molecularly
diagnosed with CFC carry germ-line mutations in B-RAF (4, 5, 10).
The rest display germ-line mutations in other components of the
pathway, including K-RAS, MEK1, and MEK?2 (4, 11, 12). B-RAF
mutations in CFC patients are widely distributed across the coding
sequences, and most are predicted to result in hyperactivation of
the B-RAF kinase. However, these mutations cause more limited
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activation of the downstream MEK/ERK kinases than those ob-
served in human tumors, particularly those carrying the V60OE
mutation. In addition, some CFC patients carry B-RAF kinase-
impairing mutations (3-5) that may activate the pathway by in-
direct mechanisms, possibly activating the related c-RAF kinase
(13). Finally, some CFC-associated mutations have previously
been identified in tumors (4-6), a feature also observed in patients
with Costello syndrome (14).

Here, we report the generation and phenotyBic characteriza-
tion of mice expressing a hypomorphic B-Raf*°"’F allele that
phenocopies some of the key developmental defects observed in
CFC patients. These mice should provide a suitable model sys-
tem to better understand the molecular bases for this congenital
disease and assay the suitability of potential therapeutic strate-
gies (15, 16).

Results

Mouse Model for Human CFC androme. We have taken advantage
of a mouse strain, B-Raft""S-V0E that expresses a hypomorphic
B-Raf¥®"F allele at 5-10% the levels of the WT counterpart as
determined by quantitative RT-PCR analyses (Fig. S1). The ki-
nase activity of the B-Raf"%"°F oncoprotein has been shown to be
about 10- to 50-fold higher than that of other mutated B-Raf
proteins, including those responsible for the CFC syndrome (3-5),
and it causes embryonic lethality when expressed during embry-
onic development in mice (17). Thus, the low levels of expression
of the B-Raf-S=Vo%E allele are likely to result in constitutive levels
of B-Raf kinase activity similar to those present in CFC patients
(Limited Life Span, Size, and Fertility in B-Raf*"“5*"°"’F Mice).
To examine the status of the downstream Mek/Erk pathway in
B-Raf ""SEVO0E mice, we performed Western blot analysis of cell
extracts derived from adult heart and brain, two of the tissues
displaying the most defects in B-Raf™"™5"V"E mice (Limited Life
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Span, Size, and Fertility in B-Raf'"SFV%F pice). As illustrated in
Fig. 14, the levels of the B-Raf protein are about one-half of those
observed in the corresponding tissues from WT littermates, thus
indicating that the mutant B-Raf"¥*"’E isoform must be expressed
atlow levels as indicated by RT-PCR analysis. Similar results were
obtained with embryonic day (E)13.5 B-Raf+"-V*"F embryos
(Fig. 14). Expression of the B-Raf¥*’F isoform did not affect
either the expression or phosphorylation levels of the downstream
Mek and Erk proteins (Fig. 14). Analysis of the overall B-Raf
kinase activity in these mutant mice (that is, the kinase activity
contributed by the normal B-Raf kinase and constitutive B-
Raf¥**F hypomorphic isoform) did not increase, at least within
the sensitivity levels of available in vitro kinase assays (Fig. 1B),
thus suggesting that the activation of the Mek/Erk pathway in
these mice must be subtle. These results are reminiscent of those
previously obtained with a mouse model of Costello syndrome
that expressed an endogenous H-Ras®'?" oncoprotein (18).

Limited Life Span, Size, and Fertility in B-Raf*''StV6°%F Mice. B-
Raf ™8 mice were born at the expected Mendelian ratio,
indicating that limited expression levels of B-Raf¥°*’F did not
result in embryonic lethality. However, B-Raf™/"SEV0%%E mice
showed reduced postnatal fitness, a defect highly deg)endent on
their genetic makeup. Mice carrying the B-Raf'*"’F allele in
a mixed genetic background derived from C57BL/6J (75%) and
129Sv/J (25%) strains (designated as B6/129) displayed a bi-
modal survival curve characterized by death of 35% of the mice
during their first 3 wk of life. Moreover, very few of these mice
survived beyond 30 wk (Fig. 24). This survival rate was further
compromised when B6/129 B-Raft™S-VE mice were back-
crossed into the C57BL/6J background. Most mice carrying the
B-Raf"*"E allele in a genetic background with a 98.5% contri-
bution from C57BL/6J (designated as B6) died before they
reached 12 wk of age (Fig. 24). Conversely, survival increased
when the B6 mice were crossed with CD1 females, an outbred
strain (Fig. 24). About 60% of the resulting progeny (designated
as B6/CD1) survived more than 40 wk (Fig. 24).
Histol?athological analysis of tissues obtained from B-
Raf*™SEVO0OE mice that became sick during their first 3 wk of
life revealed marked disorganization and atrophy of the thymus
with increased numbers of apoptotic cells in the cortex and
medulla as well as a reduction in the number of immature, ter-
minal deoxynucleotidyl transferase (TdT)-positive thymocytes
(Fig. S2). In addition, all tissues with lymphoid aggregates, such
as the white pulp in spleen or gastrointestinal Peyer’s patches,
showed massive apoptosis (Fig. S3). Most of these animals dis-
played a reduction in the cytoplasm/nuclear ratio in most cells,
although this phenotype was more evident in the kidney and in
pancreatic acinar cells (Fig. S4). Finally, about one-half of the
mice had reduced numbers and size of sebaceous glands in the
skin and decreased white adipose tissue. None of these defects
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tibody against B-Raf, and the resulting immunopre-
cipitates were assayed for kinase activity using Mek1
as a substrate. The levels of pMek1 were deter-
mined by blotting with specific polyclonal antibodies
against pMek1. The same membrane was used for
Western blot analyses using B-Raf antibody as load-
ing control. Arrowheads indicate the migration of
the corresponding proteins.

E13.5 Embryos

were observed in healthy animals of similar age. Moreover, they
were present in all genetic backgrounds, albeit that they were
more prevalent in the B6 mice.

All B-Raf"SLV0E mice, regardless of genetic background,
displayed significant growth defects (Fig. 2B). They had reduced
size and body weight at postnatal day 5 (P5), a phenotype that was
further a§§ravated as the animals aged (Fig. 2B and Fig. S5). B-
Raf ""SEVO0OE mice also failed to mate. However, B-Raf*/™SEV600E
males were not infertile, because their sperm efficiently fertilized
WT oocytes in vitro. The contribution of the CD1 genetic
background in B6/CD1 B-Raf™™“VE males ameliorated
mating defects, indicating that the breeding problems of B6 and

A T T T T T T T
100 ([ @  C @@ @ @@©  —

O B-Raf*
A B_Haﬁ/LSLVBUOE B6 —
A\ B-Raf*/'SLV600E Bg/129

80

< 60 A B-Raf/-S1Ve0%E Bg/CD1 | |
K]
>
S 40 B
5
®
20 B
0
10 20 30 40 50 60 70
Weeks
B B6/129 mice B6/CD1 mice
T T T T T T T T T T T
50 - O B-Raf* 4+ OB-Raf'* i
40 [ A B-Raf/LSLV600E T A B-Raf+/-SLV600E ]
3 B T 4
S 30t ] ]
—~ 20 ] ]
c 3 g ]
= 10 - ! ]
5 , ]
© 0 } } } 7 T t t t + }
E R i
> T 4
e
<3 - i
o — -
1 I L L L L L 1

0
1 5 10 20 30 60 901 5 10 20 30 60 90
Age (days)

Fig. 2. B-Raf*'StV69E mice display decreased survival and growth rates. (A)
Survival of B-Raf*"* mice of all genetic backgrounds (open circles; n = 40) and
B-Raf*/">-V6%0E mjce of various genetic background including B6/CD1 (open
triangles; n = 44), B6/129 (gray triangles; n = 33), and B6 (solid triangles; n =
18). (B) Body weights of B-Raf** male and female mice of B6/129 and B6/CD1
genetic backgrounds (open circles) compared with those of B-Raf*/-S-V600F
male and female mice of B6/129 (gray triangles) and B6/CD1 (open triangles)
genetic backgrounds. Error bars represent SEMs.
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B6/129 mice were a consequence of their limited size and/or
behavioral abnormalities.

B-Raf*''StVé°%E Mice Display Craniofacial Dysmorphism and Develop
Cataracts. B-Raf*/"S"V**F mice, regardless of their genetic back-
ground, displayed more rounded and shorter heads as well as
defects in the shape of their skull vault (Fig. 3). X-ray comR/uted
tomography (CT) analysis of 10-wk-old B6/129 B-Raf+/-SEV600E
mice revealed significant differences in 6 of 10 cranial landmarks
compared with WT siblings (Fig. 3C). The most significant devi-
ations corresponded to the shape of frontal and parietal bones that
form the skull vault. Milder but significant changes were also ob-
served in the base of the cranium (Fig. 3). In addition, 40% of the
B-Raf M SLVOE pjce developed cataracts by 8 wk of age g i§\./S6 .
This percentage increased with time, with 80% of B-Raf*/™5-V60
mice being affected by 32 wk of age.

B-Raf*'*S'Vé% Mice Develop Defects in Their Central and Autonomous
Nervous Systems. B-Raf™S-VOUE mice, regardless of genetic
background and age, displayed marked hyperactivity character-
ized by an increased frequency of repetitive movements and lo-

A B6/129 mice

++ +/LSLV600E

B6/CD1 mice

++ +/LSLV600E

comotion. Despite these abnormalities, we did not observe
alterations in locomotor coordination. The most prominent neu-
rological alteration of these mice was the development of seizures,
highly reminiscent of human tonic-clonic epilepsy (Movie S1).
Seizures were first detected at 1012 wk of age. The percentage of
mice undergoing seizures increased progressively from 15% in 12-
wk-old mice up to 50% in 20-wk-old animals (Fig. S7A4). This
percentage remained constant at later ages and did not seem to
have an effect on mortality (Fig. S74). Seizures normally appeared
in response to routine handling and consisted of generalized
convulsions that lasted 4-8 s (Movie S1). Seizure duration did not
increase signiﬁcantlZ with age (Fig. S7B). We also observed that
4-mo-old B-Raf"™"V"E mice had tachypnea and increased lev-
els of noradrenaline, suggesting up-regulation of some sympathetic
functions (Fig. S8).

Histopathological examination of B-Ra mice did
not reveal major alterations in brain structure, regardless of the
genetic background analyzed. Moreover, Nissl staining of the
hippocampal area did not reveal gross differences in organiza-
tion or neuron number. However, immunohistochemical stain-
ing for GFAP revealed significant increase in the number of

/LSLV600E

Fig. 3. Cranial defects in B-Raf*/'>-V6%%€ mjce. (A) Repre-
sentative side views of heads (Upper) and sagittal CT
images (Lower) of adult B-Raf*"* and B-Raf**-V6%%E mjce in
B6/129 genetic background illustrating the more rounded
skull vault of the mutant mice (arrowheads). (B) Overlay

of two representative sagittal CT sections of a B6/129 B-
Raf*"* mouse (white) and a B6/129 B-Raf*/“>tVeO0E [itter-
E F mate (red). (C) Same as A, but images correspond to mice
- — — in a B6/CD1 genetic background. Note the cataracts in the
Landmark Anatomical Position Significance eye of the two B-Raf*/StV600E 1nice (D) Overlay of two
T representative sagittal CT sections of a B6/CD1 B-Raf*’*
! Opisthion 0.0081 mouse (white) and a B6/CD1 B-Raf*”-'V6°°E |ittermate
2 Intersection of interparietal and parietal bone NS X . L
3 Intersection of frontal and parietal bone < 0.00001 (red). (E) 2D analysis of sagittal CT projections of 10-wk-
M Base of nasal bone < 0,00001 old adult B-Raf*’* (n = 6) and B-Raf*'"S-V600E (n = 5) [itter-
5 Tip of nasal bone .NS mates (B6/129 genetic background). The anatomical posi-
6 Center of alveolar ridge over maxillary incisor 0.0002 tlon. of a set of 10 homo/logous Ia.nrjim&.lrks n a sagltt.al
7 Spheno-ethmoid synchondrosis NS section of an adult B-Raf*"* mouse is indicated by red cir-
8 Spheno-occipital synchondrosis NS cles. (F) P values of differences between WT and mutant
9 Intersphenoidal suture 0.0066 mice by Hotteling's T° test for each landmark coordinate (x
10 Basion 0.0028 and y) depicted in E after generalized procrustes super-

imposition. NS, not significant.
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astrocytes in about 50% of adult B-Raf**"V"E animals (Fig.

4). This increase in GFAP-positive cells was found to be in-
dependent of whether the mice had suffered seizures, thus sug-
gesting that it was not a direct consequence of injuries caused by
seizures (19, 20).

Heart and Kidney Defects in B-Raf*""*"V®*°F Mice. Further examina-
tion of B-Raf"SFV0%%E mice indicated that they had increased
heart/body weight ratios, regardless of their genetic background
(Table S1). This defect was specific for hearts, because other
viscera, such as liver or kidney, showed no significant size
alterations (Table S1). The cardiomegaly of B-Raf*/-S-V600E
mice was caused by an increase in the total number of car-
diomyocytes rather than alterations in their size (Fig. 5 C and D).
We did not observe gross alterations in the histological structure
of auricles, ventricles, or aortic valves (Fig. 54). Likewise, we did
not detect any sign of tissue fibrosis (Fig. 5B).

We examined heart function in 2-mo-old B6/CD1 B-
Raf""SLVOE mice by positron emission tomography (PET)
analysis. These mice generated significantly lower end systolic
and end diastolic volumes compared with WT littermates (Fig. 5
E and F). The heart ejection fractions were significantly in-
creased in the mutant animals (Fig. 5G), but this did not affect
their systolic arterial blood pressure (Table S1). Moreover, B-
Raf*™SV6% mice did not display arrhythmias or high blood
pressure, regardless of their genetic background (Table S1). The
absence of hypertension in these mutant mice is in agreement
with the lack of heart fibrosis and cardiovascular remodeling.
Finally, no major differences in renal morphology or histology
were observed in these mutant mice. However, urine production
and creatinine clearance in 2-mo-old B6 mice were significantly
lower than in WT littermates, suggesting a possible deficiency in
glomerular filtration (Table S1).

High Incidence of Chromaffin-Derived Tumors in B-Raf*''SLVé°%E Mice.
Expression of B-Raf¥®"’F in adult mice results in rapid de-
velopment of lung adenomas and melanomas (21, 22). B6/CD1
B-Raft"SFVOE ‘mice developed paragangliomas and pheo-
chromocytomas with high frequency (20/25) and relatively short
latency (about 5 mo) (Fig. 6). These tumor types are derived
from chromaffin cells of the sympathetic/parasympathetic chain
and adrenal gland medulla, respectively (23). Immunohisto-

+/+

+/LSLV600E

Fig. 4. Increased number of GFAP positive cells in hippocampal and cortical
areas. (A and B) GFAP staining of hippocampal areas from 8-wk-old B-Raf*’*
and B-Raf*StVE0%E |ittermates (B6/CD1 background). (C and D) Amplified
image of the quadrant indicated in A and B. (Scale bar, 1,000 um.)
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chemical staining with antibodies against chromogranin A and
synaptophysin confirmed their neuroendocrine origin (Fig. 6B).
Although these tumors were usually benign, 20% of the tumor-
bearing mice (4 of 20) displayed metastasis to distant tissues,
including stomach, pancreas, liver, or lung (Fig. 6C). A limited
number of B6/CD1 B-Raf* JLSLVWOE 1hice (10-20%) also de-
veloped lung adenomas (grades II-1II) and melanocytic hyper-
plasia in the skin dermis (Fig. S9). We did not observe tumors in
B6 or B6/129 B-Raf™"™S-VS®E mice, with the exception of a sin-
gle animal that carried a low-grade lung adenoma.

Discussion

A significant fraction of patients with CFC syndrome carry germ-
line mutations in their B-RAF locus. These mutations are thought
to result in constitutive activation of B-RAF kinase activity (3-5).
Here, we have generated a mouse strain that expresses low levels
of a constitutively active B-Raf¥®"’F kinase, hoping to mimic the
limited but constitutive levels of B-RAF kinase activity present
in patients with CFC syndrome. Indeed, B-Raf*/LSLVO00E mjce
display similar, albeit not identical, defects to those found in
CFC patients, including reduced life span, small size, facial dys-
morphism, and epileptic seizures (9). These mice also show up-
regulation of specific catecholamines and cataracts, two features
detected in a low é)ercentage of CFC patients (11).

B-Raf+/ISLV600E mijce display cardiomegaly because of an in-
creased number of cardiomyocytes. Instead, the cardiomegaly
observed in CFC patients is believed to be because of car-
diomyocyte hypertrophy. However, there are no sufficient histo-
logical data to rule out the possibility that early onset
cardiomyopathies with hypertrophic appearances could have in-
creased cardiomyocyte numbers. B-Raf™""S-V0E mice do not
develop other cardiovascular defects typically present in CFC
patients, such as pulmonary valve stenosis, septal defects, and
aortic abnormalities (12, 24, 25). Whether these differences are
caused by the intrinsic physiological differences between the
cardiovascular systems of rodents and humans or differences in
the constitutive B-Raf kinase activity remains to be determined.
However, B-Raft"™S-VE mjce display certain phenotypes not
described in CFC patients, including tachypnea, thymic disorga-
nization, increased brain astrocyte numbers, and development of
neuroendocrine tumors such as pheochromocytomas and para-
gangliomas. It is possible that some of these defects may also
appear in CFC patients but with sufficiently low penetration to
have escaped detection thus far.

The main phenotypes present in B-Raf*™"V"E mice are
independent of the genetic background. They include reduced
size and body weight, craniofacial changes, cataracts, car-
diomegaly, and epileptic seizures. These observations indicate
that increased and/or constitutive B-Raf kinase activity triggers
such defects without significant epistatic influence from other
loci. In contrast, their postnatal lethality is clearly influenced by
other ancillary genetic factors, because its severity depends on
the genetic background. In addition, the development of chro-
maffin cell-derived tumors was also exclusively observed in the
B6/CD1 genetic background. However, in this case, we cannot
rule out that the absence of tumors in B6 and B6/129 back-
grounds is because of the limited survival of these mice.

The phenotype of B-RaftS-V6E animals shows limited
overlap with that of mice carrying a constitutively active H-Ras
oncogene in their germ line, a model for Costello syndrome (14).
These strains develop similar facial dysmorphism and enlarged
hearts (18, 26). However, unlike B-Raf*/-SLV600E mice, H-Ras*/G12V
animals develop left ventricular hypertrophy, enlarged aortic
valves, angiotensin II-dependent hypertension, extensive car-
diovascular remodeling, and fibrosis in the heart and kidneys
(18). Also, H-Ras*/S12V mice (even in homozy/gé)sitgg do not
display some of the defects present in B-Raf™/™S-V00E mice,
such as small size, cataracts, and increased numbers of brain
astrocytes or epileptic seizures (18, 26). These mouse strains also
differ in their tumorigenic potential, because H-Ras mutant mice
develop mammary hyperplasia (18) as well as papillomas and
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Fig. 5. Heart defects in B-Raf*/*>-V6%%F mice. (A) Histological analysis of heart chambers and aortic valves of 8-wk-old B-Raf** and B-Raf*"->-Vé°E |ittermates.
(Left) H&E staining of atrial cardiomyocytes. (Scale bar, 100 um.) (Center) H&E staining of ventricular cardiomyocytes. (Scale bar, 50 um.) (Right) H&E staining
of aortic valves (arrowheads). (Scale bar, 500 um.) (B) Sirius red staining of ventricular cardiomyocytes of B-Raf** and B-Raf*"->-V6%° |ittermates. (Scale bar, 100
um.) (C) Relative cardiomyocyte size. (D) Relative number of cardiomyocytes per area. (E-G) PET analysis of heart functions including (E) end systolic volume,
(F) end diastolic volume, and (G) ejection fraction. B-Raf*’* (open bars) and B-Raf*--V¢°E (solid bards) mice (n = 6) had a B6 (A-D) or B6/CD1 (E-G) genetic
background. For each mouse, three photos of the ventricular area were taken using the same magnification (20x). The number of cardiomyocytes was
determined by counting the nuclei. The area occupied by the cardiomyocytes was determined using Image J software. Relative values represented in Cand D
were obtained by normalizing with those values obtained from control B-Raf** animals. Error bars represent SEMs. *P < 0.05; **P < 0.01.

angiosarcomas (26) but not neuroendocrine tumors. Limited
overlapping defects have also been reported between human
CFC and Costello syndromes (12).

Indeed, the defects observed in H-RAS-induced Costello syn-
drome and B-RAF-dependent CFC syndrome are difficult to ex-
plain based on our current knowledge of H-RAS and B-RAF
signaling. In mice, it could be expected that H-Ras*/¢'?V ani-
mals would display a broader range of defects considering that
H-Ras proteins signal through pathways not available to B-Raf,
such as the PI3Kinase and the Ral-guanine nucleotide dissociation

Chromogranin A

Synaptophysin
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stimulator pathways. Moreover, H-Ras*/9'?" mice express the

oncogenic H-Ras®!12V protein at normal levels, whereas the
B-Raft/ISLVO0OE gllele is only expressed at about 5-10% nor-
mal levels. Biochemical analysis of the Raf/Mek/Erk pathway in
H-Ras*/'?Y and B-Raft/"SLVO0E mice did not reveal significant
alterations (this study and ref. 18), suggesting that the develop-
mental defects induced by these mutations might be because of
changes in signal intensity too subtle to be detected by standard
biochemical methods. Alternatively, some of the observed dif-
ferences may stem from the differential pattern of expression of

Fig. 6. B-Raf"“'V®%t mijce develop chromaffin cell
tumors. (A Left) H&E staining of a representative para-
ganglioma (PG) located adjacent to the renal artery (RA).
Dotted line serves to separate both structures. (A Right)
A pheochromocytoma depicting a mitotic figure (arrow-
head). (B) Immunohistochemical staining for chromogra-
nin A and synaptophysin of a representative pheochromo-
cytoma. (C) H&E staining of micrometastases (m) detected
in the lung of a pheochromocytoma-bearing mouse. Note
the difference in nuclear and cellular size between normal
lung parenchyma and a group of cells forming micro-
metastases. (Scale bars, 50 pm.)
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these proteins. For instance, the higher levels of expression of
the B-Raf locus in the nervous system may account for the sei-
zures and neuroendocrine tumors exclusively observed in the
B-Raf /"SEVOE animals. Full understanding of the molecular
events responsible for the developmental defects observed in the
various RASopathies (8) will require a more profound knowledge
of how these proteins signal in vivo.

The B-Ra 99F “animals described here may help in un-
derstanding the pathophysiology of at least some of the clinical
features present in CFC patients and possibly other RASopathies.
Moreover, they could help to identify genetic factors that contrib-
ute to the pleiotropic manifestations of the clinical disorders by
introducing the B-Raf"SLY°™E allele in different genetic back-
grounds or combined with other alleles. Recently, MEK and fi-
broblast growth factor receptor 1 (FGFR1) inhibitors have been
used to study development of zebra fish embryos carrying CFC
mutations (27). Whereas prolonged treatments resulted in axis
abnormalities, short exposure during specific developmental win-
dows prevented these defects (27). More recently, B-RAF selective
inhibitors have been developed and shown to have a significant
antitumor effect in B-RAFV000E_induced human melanomas (15,
16). The B-Raf*"S"V"E gtrain could be a tool, not only to de-
termine the therapeutic efficacy of these compounds in the treat-
ment of CFC but as previously shown in zebra fish (27), to establish
the precise window at which these inhibitors could be effectively
used to treat this congenital syndrome.

Materials and Methods

Generation of Mice. The detailed strategy used to generate the B-Ra
strain and genotype the corresponding alleles is described in S/ Materials
and Methods.

f+/LSLV600E

Western Blot and Kinase Assay. Protein extracts obtained from whole-mouse
embryos (E13.5; 50 pg), adult heart (70 pg), and adult brain (50 ug) were
fractionated in SDS/PAGE gels, transferred onto nitrocellulose membranes,
and subjected to immunoblot analysis according to standard procedures (S/
Materials and Methods).

Histopathology and Immunohistochemistry. Tissues were dissected, fixed in
10% buffered formalin (Sigma), and embedded in paraffin; 2- to 3-pm-thick
sections were stained with H&E. Antibodies used for immunohistochemistry
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included those to synaptophysin (1:1; Dako), GFAP (1:25; Dako), chromog-
ranin A (1:300; Abcam), active caspase 3 (1:20; R&D Systems), and terminal
deoxynucleotidyl transferase (1:15; Dako). Heart sections were stained with
Sirius Red (Fluka) to visualize fibrosis (28, 29).

Physiological Parameters. Blood pressure and heart rates were recorded in
conscious mice with an automated multichannel system using the tail-cuff
method and a photoelectricsensor (Niprem 546; CibertecSA) (29, 30). Creatinine
concentrations in urine and plasma were determined by a modification of
Jaffé's reaction method (28, 29). Adrenaline and noradrenaline levels were
determined by using CatCombi ELISA kit (IBL) following the manufacturer’s
instructions. For the determination of breathing activity, animals were lightly
anesthetized with 1 g urethane/kg body weight. Forceps connected to a force
transducer by a flexible wire were attached to the anesthetized mice at the
diaphragm level. Respiratory amplitude and frequency were then collected
using a digital data recorder (MacLab/4e; AD Instruments), and data were in-
tegrated with the Chart v3.4 software (AD Instruments).

CT and PET. Acquisition of CT and PET images was carried out according to
standard protocols using an eXplore Vista PET CT (GE Healthcare). Mor-
phometric analysis was carried out as described in S/ Materials and Methods.
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