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Figure 2. Molecular dynamics (MD) simulations. (A) Structural perturbations promoted by the p.Val55Met substitution as obtained from MD simulations of the
RRAS/GDP complex. The wild-type (WT) protein is also shown for comparison. To%panels report the protein structures at the beginning of simulations, whereas
the final structures (200 ns) are shown at the bottom. The final structure of RRASY>*M is well representative of the last 120 ns of the trajectory. The protein
surface of RRAS is shown with GDP (yellow). The mutated residues and those forming a cluster in the simulation of mutated RRAS are coloured as follows:
Val®*/Met®® (blue), Tyr*® (pink) and Ile*® (cyan). Residues 59—64, which, together with Tyr®, form the switch I region, are coloured in green. (B) Solvent accessible
surface of GDP in the MD simulations of wild-type (red) and mutant (blue) RRAS/GDP complexes. (C) Conformation of the loop comprised between Val®*/Met> and
Asp®® in wild-type (red) and mutant (blue) RRAS/GDP complexes obtained from MD simulations. GDP is reported as semi-transparent yellow surface. Superimposed
conformations of the corresponding loop (residues 29-33) in GDP-bound HRAS (violet) (PDB: 4Q21) and GDP-bound HRAS complexed with SOS1 (cyan) (PDB:

1BKD) are shown for comparison. The side chains of Tyr*® and the corresponding residue in HRAS, Tyr*2, are displayed as sticks.
g~

and extent of signalling through the MAPK and PI3K/AKT
cascades were evaluated using transient expression in COS-7
cells. Consistent with the above-mentioned findings, pull-down
assays revealed a variably higher proportion of active, GTP-
bound form for both mutants (Fig. 4A). Moreover, similarly to
what observed under cell-free conditions, RRAS®*™ was re-
sistant to GAP stimulation. Expression of both mutants promoted
enhanced serum-dependent MEK, ERK and AKT phosphoryl-
ation (Fig. 4B), which was more evident in cells expressing the
RRAS*®P mutant.

Caenorhabditis elegans studies

To explore further the functional impact of the RASopathy
causative RRAS mutants on RAS signalling in vivo, we used
the nematode C. elegans as an experimental model. In C.
elegans, the role of ras-1, the RRAS ortholog (33), has not
been characterized yet. On the contrary, proper signalling
through LET-60, the C. elegans ortholog of RAS proteins, has
been established to play a crucial role in vulval development
(34). In particular, LET-60/RAS is known to mediate the
priming signal (LIN-3/EGF) released by the anchor cell to
induce the three nearby vulval precursor cells (VPCs), P5.p,
P6.p and P7.p, to generate a normal vulva. Enhanced and
decreased signalling through LET-60 and the MAPK cassette

results in multiple ectopic pseudovulvae (multivulva phenotype)
and a failure in VPC induction (vulvaless phenotype), respect-
ively (34,35).

Multiple transgenic lines were generated to conditionally
express the wild-type ras-1 cDNA (ras-1"7) or the allele hom-
ologous to the disease-associated three-nucleotide duplication
(ras-1927"P) which was identified to occur both as a germline
and somatic event. Exogenous RAS-1 expression was induced
by heat shock at early L3 larval stage to investigate the effects
of the mutant protein on vulval development. Animals expres-
sing ras-1927%% displayed abnormal vulval morphogenesis
resulting in the formation of a protruding vulva (Pvl) (Fig. 5A
and B and Supplementary Material, Table S6), a phenotype asso-
ciated with aberrant traffic through different signalling cascades
(36,37). Of note, this phenotype had previously been reported in
worms expressing the RASopathy causative SHOC2%%° mutant
(38). Like those animals, ras-1°“""? worms showed decreased
egg-laying efficiency (Egl phenotype), and accumulation of
larvae inside the mother (Bag-of-worms phenotype). A signifi-
cantly less penetrant phenotype was observed in animals expres-
sing ras-1"". These findings, together with the observation that
animals lacking ras-1 do not exhibit any vulval defect (Worm-
Base, http://www.wormbase.org/, and our personal assessment),
supported the gain-of-function role of the mutation on
RAS-1 function. At the late L3/early L4 larval stage, vulva
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Figure 3. I vitro biochemical characterization of the RRAS®*?® and RRASY**™ mutants. (A) Intrinsic (eft) and SOS1-accelerated (right) mantGDP nucleotide
dissociation measured in the presence of 20-fold excess of non-labelled GDP. The decrease in mant fluorescence was fitted by single exponentials to obtain k,ps values
for nucleotide dissociation. RRAS %™ exhibited a 35-fold increased intrinsic dissociation of mantGDP, whereas SOS1-accelerated mantGDP dissociation was aug-
mented by ~30-fold for both mutants, compared with RRAS™ T and HRAS™T. The K values are an average of five to seven independent measurements. (B) Intrinsic
GTP hydrolysis kinetics (left) and rate constants (right) of RRAS®**"? and RRAS Y>> proteins, documenting the impaired catalytic activity in the former. The Koy,
values are an average of five to seven independent measurements. (C) Binding of RRASYT, RRASY>*M and RRAS?9% t0 the RAS-binding domain of RAF1 mea-
sured as variation in fluorescence polatization of each mantGppNHp-bound RRAS protein at increasing concentrations of RAF1-RBD (left), and dissociation con-
stants (Kg) for the interaction of HRASWT and RRAS proteins to the RBDs of RAF1, RALGDS, PLCE1, PIK3CA and RASSF5 (right). K4 values were obtained by
quadratic fitting of the concentration-dependent binding curves from fluorescence polarization measurement as exemplified for RAF1-RBD. Of note, RRASY” binds
to RAF1, RALGDS, RASSFS and PLCE] less efficiently than HRAS, whereas an increased binding affinity to PIK3CA is observed.

morphogenesis normally begins with the descendants of VPC  phenotype associated with a hyperactive let-60 allele (121046), ex-
P6.p detaching from the cuticle and forming a symmetric invagir}— pression of wild-type RAS-1 failed to do so (Table 1). Similarly, a

ation (Fig. 5C) (34). Animals in which the expression of ras-1"7
had been induced at early L3 largely maintained this pattern (17/
20). In contrast, in larvae expressing ras-17“"“?_ descendants of
VPCs P5.p and/or P7.p more frequently detached from the
cuticle, resulting in larger and more asymmetric invaginations
(10/30). This morghcggenesis defect was the earliest detectable
effect of the ras-19?7“? allele on vulval development, similarly
to that greviously documented in transgenic lines expressing
SHOC2%¢ (38).

Genetic interaction between the RAS-1/RRAS mutant and
LET-60/RAS was also investigated. While expression of the
RAS-1927% mutant was able to exacerbate the multivulva

significant, although partial rescue of the VPC induction defect asso-
ciated with a let-23/EGFR hypomorphic allele (syl) was observed
in animals expressing the activating RAS-192"4"P mutant, but not
in worms expressing the wild-type counterpart (Table 1). Overall,
these experiments provided evidence of a positive modulatory
role of the RAS-1/RRAS mutant on LET-60/RAS signalling.

DISCUSSION

Mutations of genes coding for proteins with role in RAS signal-
ling and the RAF/MEK/ERK cascade have been identified as the
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Figure4. RRAS4P and RRASY**M signalling activities in cells. (A) Determination of GTP-bound RRAS levels in COS-7 cells transiently expressing wild-type or
mutant FLAG-tagged RRAS proteins. Assays were performed in the presence of serum (above), and in serum-free conditions (— GAP) or in the presence of the neu-
rofibromin GAP domain (+GAP) (below). RRAS?9P yas predominantly present in the active GTP-bound form and was resistant to GAP stimulation, whereas a
slightly increased level of GTP-bound RRASY>*™ was observed in the presence of serum. Representative blots of three performed experiments are shown. (B) De-
termination of MEK, ERK and AKT phosphorylation levels (pMEK, pERK and pAKT) in transiently transfected COS-7 cells cultured in medium with serum (left) or
basal medium (right). Expression of each RRAS mutant resulted in variably enhanced MEK, ERK and also partially AKT phosphorylation after stimulation. Total
MEK, ERK and AKT in cell lysates are shown for equal protein expression and loading. Expression levels of exogenous, FLAG-tagged RRAS in cell lysates are shown
for each experiment. Representative blots of three performed experiments are shown.

molecular cause underlying a group of clinically related devel-
opmental disorders, the RASopathies. Here, we used a gene can-
didacy approach based on large-scale protein—protein
interaction/functional network analysis to identify RRAS as a
novel gene implicated in a condition with features within the
RASopathy spectrum. Disease-causing RR4S mutations are ac-
tivating and act by maintaining the GTPase in its GTP-bound
active state. Aberrant RRAS function was demonstrated to
perturb variably intracellular signal flow through the RAF/
MEK/ERK cascade, and to a certain extent also the PI3K/AKT
pathway. Of note, these gain-of-function mutations are likely
to define a novel leukaemia-prone condition. Consistent with
this view, the same class of RRAS lesions was identified to
occur as acquired somatic event in JMML, characterizing a
subset of this myeloproliferative/myelodysplastic disorder
with rapid progression to AML.

RRAS shares several biochemical properties with HRAS,
NRAS and KRAS, as well as some common function, including

stimulation of cell proliferation, survival and transformation
(19,39). Despite these similarities, however, previous observa-
tions have emphasized the role of RRAS in cell adhesion, spread-
ing and migration, and its modulatory function on effectors
distinct from those used by ‘classical’ RAS proteins (40,41).
While PI3K/AKT has been recognized as a major effector
pathway of RRAS, only a minor impact on MAPK signalling
had been reported (41,42). The present in vifro findings
provide evidence that disease-associated RRAS mutants
enhance the activation of the MAPK cascade, at least in response
to specific stimuli. On the other hand, the identification of RRAS
as a novel disease gene implicated in a RASopathy disorder
further emphasizes the relevance of dysregulated signalling con-
trolling cell spreading and migration in certain features of NS
(e.g. congenital heart defects and lymphedema) and IMML
(leukocyte infiltration in non-haematopoietic tissues) (43 —45).

Caenorhabditis elegans studies provided evidence for a
genetic interaction between the RAS-19274P/RRASF9WP apd
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Figure 5. Consequences of ras- expression on C. elegans valval development. (A) Heat-shock-driven expression of ras-1""" and ras- atearly L3 stage
results in protruding vulva (Pvl), egg laying defective (Egl) and bag-of-worms (Bag) phenotypes. [sogenic animals that had lost the transgene (control group) and
worms expressing the heat shock-inducible vector (empty vector) were subjected to heat shock and scored in parallel for comparison. The dose at which the transgene
has been injected is reported at the bottom. Error bars indicate SD of three independent experiments. Asterisks indicate significant differences compared with ras-1"7
at the corresponding dose of injection (*P < 0.05;™* P < 0.005; ***P < 0.0005; Fisher’s Exact Test). (B) A proper vulva develops in heat-shocked control animals
(left), whereas a protruding vulva is observed in heat-shocked ras-1 G274up young adults (imiddle) and adult worms (right). (C) Nomarski images of vulval precursor
cells in late L3 (left), early L4 (middle) and mid-late L4 (right) stages from synchronized animals heat-shocked at early L.3. In control animals (N = 48), only P6.p
descendants invaginate (upper panel), whereas in 10 of 30 analysed ras-1%2"?-expressing worms, P5.p and/or P7.p descendants also detach from the cuticle, gen-
eratingasyminetric invaginations (lower panel). Black arrowheads point to P6.p descendant invagination, whereas white arrowheads pointto P5.p and P7.p descendant

invagination. Anterior is to the left and dorsal is up, in all images.

LET-60/RAS in vivo. Specifically, expression of the RAS-1
mutant protein was able to rescue, in part, the VPC induction
defect resulting from a hypomorphic LET-23 mutant and
enhanced the multivulva phenotype associated with a LET-60
gain-of-function genetic background. No impact of wild-type
RAS-1/RRAS expression was observed in both models. We
also observed that worms expressing ras-197#? displayed ab-
normal vulval morphogenesis (protruding vulva), possibly
resulting from aberrant morphogenetic movements of the VPC
descendant cells. Of note, we observed an equivalent phenotype
in transgenic lines expressing SHOC25% (38) and a PTPN11/
SHP2 gain-of-function mutant (our unpublished data), suggest-
ing functional equivalence of these mutants. Genetic studies
support the view that these vulva defects arise, in part, through
perturbation of signalling mediated by the RHO-related
GTPase, RAC, which plays a critical role in vulval morphogen-
esis (37). This finding is in line with the established role of RRAS
on RAC signalling (40,41) and with preliminary data indicating
enhanced migration and chemotactic capabilities in cells stably
expressing the disease-associated RRAS mutants (our unpub-
lished data).

The biochemical characterization of disease-associated RRAS
mutations provided strong evidence for the existence of distinct
structural and mechanistic effects resulting in an overall en-
hancement of RRAS signalling. Function of RAS family pro-
teins in signal transduction is controlled by two events, the
GDP/GTP exchange and GTP hydrolysis. Any perturbation of
these processes can affect dramatically the fine-tuned balance
of the GTPase interaction with effectors and signal output. The
majority of gain-of-function mutations affecting RAS proteins,
including those contributing to oncogenesis, trigger the accumu-
lation of these GTPases in the active state by impairing intrinsic
GTPase activity, and/or conferring resistance to GAPs (17). This
is also the case of two of the three mutations identified in this

study, p.Gly39dup and p.GIn87Leu, the latter corresponding to
the p.GIn61Leu in RAS proteins (present study and ref. 18,19).
The characterization of the biochemical behaviour of
RRASF however, also demonstrated a dramatic increase
in both the intrinsic and GEF-catalysed nucleotide exchange as
a process contributing to the accumulation of this mutant in its
GTP-bound state. Aberrant GEF-accelerated nucleotide ex-
change dynamics was identified as the event driving functional
dysregulation in the RRASY**™ mutant, which was documented
tobe hyperresponsive to GEF stimulation, but retained stimulus-
dependency. Remarkably, the RRASE™ and RRASY>M
mutants were demonstrated to exhibit a diverse binding behav-
iour to effectors suggesting a differential impact of mutations
on downstream signalling cascades, including PI3K/AKT and
RALGDS/RAL, whose biological significance and impact,
however, require further studies.

The clinical phenotype of the two subjects with germline
RRAS mutations was reminiscent of NS. The individual with
the Gly>® duplication displayed pulmonic stenosis, reduced
growth, café-au-lait spots, mild motor delay and low-set ears,
whichrecur in NS (5). Facial features, however, were distinctive,
and not typical of NS. In contrast, the patient heterozygous for
the p.Val55Met substitution exhibited a very mitigated pheno-
type characterized by suggestive facial characteristics (triangu-
lar face, downslanting palpebral fissures and low-set ears), low
posterior hairline, broad chest and borderline cognitive abilities,
without cardiac involvement or defective growth, indicating that
clinical features associated with RRA4.S mutations might be quite
subtle. Of note, the milder phenotype associated with the
p.Val55Met change is consistent with the weaker perturbing
effect of the RRASY>*™ mutant on MAPK and PI3K/AKT sig-
nalling compared with the RRAS*% protein. Additional in-
formation on the spectrum of germline RRAS mutations, their
associated phenotype and their functional impact on signalling,
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Table 1. Vulva phenotypes in C. elegans mutant strains expressing wild-type RAS-1 or the disease-associated RAS-1927% mutant
Genotype Transgene N Muv (%) Vul (%) Pvl (%) N P6.p induction (%)
wild-type none 207 0 0 1.0 48 100
let-60(n1046) none 201 719 - 0.5 50 100
let-60(n1046) ras-1"" 244 76.4 - 2.8 43 100
let-60(n1046) ras-19274 . 231 87.1° - 3.0 50 100
let-23(syl) none 194 - 87.8 3.6 178 134
let-23(sy1) ras-1"" 169 - 84.3 4.1 156 14.0
let-23(sy1) ras-19274® 282 - 833 103 128 24.2°

Strains: let-60(n1046) is a gain-of-function allele of Jet-60 (ortholog of the human HRAS, KRAS and NRAS geneg)z; let-23(syl) is a hypomorphic allele of let-23

(ortholog of the human EGFR gene). ras-1"" and ras-1 G27dup indicate hsp-16.41::7as-1"*- and hsp-16.41: :ras-1

7dur_containing constructs injected at 100 ng/pl,

respectively. After each cross, isogenic worms that had lost the transgene were cloned separately and used as controls.

Animals were grown at 20°C and heat-shocked in parallel at early L3 stage. N indicates the number of animals scored. Multivulva (Muv), vulvaless (Vul) and
protruding vulva (Pvl) phenotypes are expressed as percentage of worms with ectopic pseudovulvae, animals lacking a vulva and adults with a protruding vulva,
respectively. Induction of vulval cell fate is expressed as percentage of P6.p that has been induced to invaginate.

In all comparisons, P-values were calculated using two-tailed Fisher’s exact test.

Significantly different from let-60(n1046) (P < 0.02).

bSignificantly different from le-23(sy1) (P < 0.01) and lez-23(sy1);ras-1"" (P < 0.02).
“Significantly different from lez-23(syl) (P = 0.02) and let-23(sy1),;ras-1"" (P < 0.05).

however, is necessary to establish clinically relevant genotype—
phenotype correlations.

JMML is a clonal myeloproliferative/myelodysplastic dis-
order of childhood characterized by overproduction of immature
myeloid cells that variably retain the capacity to differentiate.
Upregulation of RAS/MAPK signalling owing to germline and
somatic mutations in PTPNI11, NRAS, KRAS, NF1 and CBL is
a major event implicated in this malignancy (13,46,47). Our
data document that upregulated RRAS function represents a
novel event contributing to JMML pathogenesis and/or disease
progression. Notably, somatic RRAS mutations co-occurred
with acquired NRAS lesions in atypical JMML characterized
by late onset and rapid progression to AML. While IMML is gen-
erally an aggressive malignancy, a subset of NRAS/KRAS
mutation-positive patients has been reported to exhibit a mild
course, with spontaneous remission despite the R4AS-mutated
clone persisting for years (4850, our unpublished data). This
suggests that in some instances, certain NRAS mutations are
not sufficient to support full leukaemogenesis, requiring syner-
gism with a second RAS signalling targeting event. In line
with this view, NRAS mutations have been documented to
co-exist with defects in other RASopathy genes (e.g. PTPNII)
in some cases resulting in a particularly aggressive disease re-
sembling AML with myelodysplasia-related changes (51,52),
as that observed in the present cases. Other studies, however,
are required to appreciate more precisely the role of enhanced
RRAS function in leukaemogenesis as well as its clinical rele-
vance in haematological malignancies.

In conclusion, our findings document that germline activating
mutations in RRAS underlie a condition within the RASopathy
family that may resemble NS phenotypically. In the examined
cohorts, RRAS lesions were found to account for only a small
portion of cases, which might be related to their severe conse-
quences on embryonic/foetal development and/or to the biased
selection of the subjects included in this study. Based on the
present findings, however, RRAS mutations are expected to be
more common among subjects with clinical features only par-
tially overlapping NS, and particularly in patients with syndrom-
ic JIMML/AML not associated with mutations in the PTPN11,
NF1, CBL, KRAS and NRAS genes. While further efforts are

required to characterize more precisely the clinical impact of
germline and somatic mutations affecting RRAS, our findings
suggest an unpredicted role of this GTPase in development
and haematopoiesis. Consistent with the recent identification
of RITI as disease gene implicated in a significant proportion
of NS (9), our findings further extend the concept of ‘RAS-
opathy gene’ to a transducer whose dysregulated function per-
turbs signal flow through the MAPK cascade but does not
belong to the core RAS/MAPK signalling cassette.

MATERIALS AND METHODS
Selection of RASopathy candidate genes

A web-based tool, Genes2FANs (http://actin.pharm.mssm.edu/
genes2FANs), using a large-scale protein—protein interaction
network coupled to a panel of functional association networks
(FANSs) was utilized to build a subnetwork connecting proteins
to the known RASopathy genes (i.e. PTPNI1, SOSI, NF1,
SPREDI, CBL, NRAS, KRAS, HRAS, RAF1, BRAF, SHOC2,
MAP2K]I and MAP2K?2), as seed proteins. Gene Ontology (bio-
logical process tree), mammalian phenotype browser, and Con-
nectivity Map (drug-associated gene expression signatures),
ChEA and TRANSFAC (transcription factor networks) data-
bases were selected to construct the functional subnetworks uti-
lized for prioritization of candidates (15). The programme
allows to calculate z-scores for intermediate nodes (i.e. candi-
dates), which are ranked based on their connections to the seed
proteins.

Subjects and mutation analysis

Three cohorts of patients were considered in the study. A first
group including 96 subjects with clinical features within the
RASopathy spectrum and without mutation in previously identi-
fied RASopathy genes (i.e. CBL, PTPN11,S0S1, KRAS, HRAS,
NRAS, RAFI1, BRAF, SHOC2, MAP2KI and MAP2K2) was
screened for a selected panel of candidates. A second cohort in-
cluding 408 subjects with NS or a closely related phenotype pre-
viously tested negative for mutations in a heterogeneous subset
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of RASopathy genes was scanned for RRAS mutations. All sub-
jects included in this cohort had been screened for mutations in
PTPNI1, SOSI and RAF1 genes. In both cohorts, the clinical
diagnosis was made on the basis of standardized clinical criteria
assessed by experienced clinical geneticists and paediatricians.
Clinical features for the majority of subjects satisfied diagnostic
criteria reported for NS, LEOPARD syndrome and cardiofacio-
cutaneous syndrome (53~-57), but individuals who lacked suffi-
cient features for a definitive diagnosis were also included. RRAS
mutation analysis was also carried out on a cohort including 110
subjects with non-syndromic JMML that had prospectively been
collected and genotyped (58). Mutation screening was perfor-
med on the entire RRAS coding sequence and flanking intronic
stretches (NC_000019.10, 49635295.. 49640143, complement;
NM_006270.3; NP_006261.1) on genomic DNA extracted
from circulating leukocytes (cohorts I, ILand IIT) or bone marrow
aspirates (cohort III) by denaturing high-performance liquid
chromatography (DHPLC) (3100 or 3500HT WAVE DNA frag-
ment analysis system, Transgenomic, Omaha, NE, USA) and/or
direct bidirectional sequencing (ABI Prism 3130, 3730 and 3500
Genetic Analyzers; Applied Biosystems, Foster City, CA, USA).
Primer pairs, PCR and DHPLC conditions are available upon
request. dbSNP137  (http://www.ncbi.nlm.nih.gov/projects/
SNP/snp_summary.cgi), HapMap (rel.27) (http://hapmap.ncbi.
nlm.nih.gov/) and 1000 Genomes (http://www.1000genomes.
org/) databases were used to annotate the identified sequence
variants. SIFT (http://sift.jcvi.org/), PolyPhen-2 (hitp://genetics.
bwh.harvard.edu/pph2/) and MutationTaster (http://www.muta
tiontaster.org/) were used to predict the functional impact of
the identified variants. Paternity was confirmed by STR geno-
typing, using the PowerPlex 16 System (Promega). DNA from
leukocytes, hair bulb cells, bone marrow aspirates and skin fibro-
blasts was extracted using standard protocols. DNA specimens
were collected under Institutional Review Board-approved pro-
tocols. Informed consent for DNA storage and genetic analyses
was obtained from all subjects. Permission was obtained to pub-
lish picture of patient 9802, whereas subject NS1166 denied
consent for picture publication.

Exome sequencing

Targeted enrichment and massively parallel sequencing were
performed on genomic DNA extracted from circulating leuko-
cytes and fibroblasts of patient 9802. Exome capture was
carried out using the SureSelect Human All Exon V4+UTRs
(Agilent), and sequencing with a HiSeq2000 instrument (Illu-
mina). Image analysis and base calling were performed using
the Real Time Analysis (RTA) pipeline v. 1.14 (Illumina).
Paired-end reads alignment to the reference human genome
(UCSC GRCh37/hgl9) and variant calling were carried out
using the CASAVA v. 1.8 pipeline (Illumina). Variant annota-
tion, SNP filtering (dbSNP135, 1000 Genomes, HapMap and
IntegraGen Exome databases) and patient-matched germline
variant filtering were attained using an in-house pipeline by Inte-
graGen (Evry, France).

Molecular dynamics analyses

Starting coordinates for MD simulations were obtained from the
RRAS crystallographic structure in complex with GDP and

Mg** (PDB: 2FN4; RCSB Protein Data Bank, http://www.
resb.org/pdb/home/home.do). The N-terminus and C-terminus
of RRAS, absent in the crystal, were not considered in simula-
tions. Deep View software was used to add atoms missing in
the PDB file, belonging to residues 31, 96, 114, 121 and 192 as
well as to substitute residue 55 (simulation of the p.Val55Met
mutant) (59). All MD simulations were performed with
GROMACS 4.5 package, by using the GROMOS96 43al
force field parameters for the protein. Parameters for GDP
were taken from the GROMACS website (http://www.groma
cs.org). Simulations were performed as previously described
(60,61), except for some details. Briefly, the proteins were ini-
tially placed in a dodecahedral box, solvated with ~6700 SPC
water molecules, and six Na™ ions were added to neutralize
the protein charge. Following initial energy minimization and
a 100-ps MD run, during which the protein atoms were position
restrained, the temperature of solute and solvent wasraised from
50t0 300 K in a stepwise manner. 200-ns-long simulations were
performed for wild-type RRAS and the RASopathy causative
mutant. The particle mesh Ewald method was used to evaluate
clectrostatic interactions (62), whereas a cut-off scheme was
employed for Van der Waals interactions. Temperature and pres-
sure were kept constant at 300 K and 1 bar by using the Berend-
sen weak-coupling method (63), using separate temperature
baths for protein—GDP complex and solvent, with a relaxation
time of 0.1 ps for temperature and 1 ps for pressure. A time
step of 2 fs was employed. Root mean square deviations were
calculated according to standard definitions. UCSF Chimera
(http://www.cgl.ucsf.edu/chimera/) was used for molecular
graphics and structures superposition, by using the MatchMaker
option.

Biochemical and functional characterization of RRAS
mutants

The generation of constructs, and preparation and purification of
proteins were as previously described (64). The intrinsic activ-
ities of the RAS proteins, their modulation by GEFs and GAPs
and their interaction with different effector proteins were deter-
mined as described earlier (65,66). Dissociation of mantGDP
from RAS proteins (0.1 pm) was measured in the presence of
20 pM GDP in 30 mm Tris—HCL, pH 7.5, 10 mm KH,PO,/
KoHPO,, 5 mm MgCl,, 3 mum dithioerythritol (DTE), at 25 °C,
using a Perkin Elmer fluorimeter at 366 nm (excitation wave-
length) and 450 nm (emission wavelength). Observed rate con-
stants (kops) of dissociation were obtained by single exponential
fitting of the data. GEF-accelerated mantGDP dissociation from
RAS proteins (0.1 pM) was measured as mentioned earlier, in
the presence of the catalytic domain of SOS1, Cdc25 (5 pm),
using stopped-flow instrument.

The intrinsic GTPase reaction was performed by mixing
70 wM_ nucleotide-free  RAS proteins (HRAS, RRASYT
RRASY*M and RRASC*%P) with 50 pm GTP in 30 mm Tris—
HCl, pH 7.5, 10 mm KH,PO4/K,HPO,, 10 mm MgCl,, 3 mMm
DTE, at 25°C, using HPLC assay as previously described (67).
Samples were taken at different time points and analysed by
HPLC for their GDP and GTP contents to determine the relative
GTP content [(GTP)/(GDP + GTP)]. Intrinsic GTP hydrolysis
kobs Of proteins were obtained by single exponential fitting of
the data. For determination of GAP (neurofibromin, residues
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1-333)-stimulated GTPase activity, GDP bound to HRAS and
RRAS proteins was exchanged with excess mantGTP in the
presence of alkaline phosphatase. Unbound nucleotides were
removed by NAPS column, and the RAS/mantGTP proteins
were snap-frozen in liquid nitrogen (66). GAP-stimulated GTP
hydrolysis of RAS proteins (0.2 pMm) was measured in 30 mm
Tris—HCI, pH 7.5, 10 mm MgCl,, 3 mm DTE at 25°C using a
Hightech TgK Scientific stopped-flow instrument. Reactions
measured the decrease in fluorescence owing to hydrolysis of
mantGTP. This decay was fit by a single exponential.

Effector binding assays were performed in 30 mm Tris—HCI,
pH 7.5, 100 mm NaCl, 5 mm MgCl,, 3 mm DTE at 25°C using a
Fluoromax 4 fluorimeter in polarization mode. Increasing amounts
of GST-tagged RAS-binding domains (RBD) of RAS effectors
were titrated to 0.3 M mantGppNHp-bound RAS proteins result-
ing in an increase of polarization (64). The dissociation constants
(Ky) were calculated by fitting the concentration-dependent
binding curve using a quadratic ligand binding equation.

For cell-based assays, COS-7 cells were transiently trans-
fected with FLAG-tagged RRASWT, RRASV>*M or RRAS G394
by the DEAE-dextran method. For serum conditions, cells were
incubated for 48 h in 10% FCS. In serum-starved conditions,
serum was changed to basal medium midway between the trans-
fection and harvesting. Transfected COS-7 cells were harvested
and lysed in fishing buffer [50 mm Tris—HCI, pH 7.5, 2 mm
MgCl,, 100 mm NaCl, 1% IGEPAL CA-630, 10% glycerol,
EDTA-free protease inhibitor cocktail (Roche, 1 tablet/50 ml
buffer), 20 mm disodium B-glycerol phosphate and 1 mm
Na3zVOy,]. Cleared cell lysates were incubated with GSH-beads
loaded with GST-RAF1-RBD. GTP-bound proteins and total re-
combinant proteins were analysed by immunoblotting with anti-
FLAG antibody. Antibodies against MEK1/2, ERK1/2, AKT,
phospho-MEK1/2 (Ser217/221), phospho-ERK1/2 (Thr202/
Tyr204) and phospho-AKT (Thr308) were purchased from
Cell Signaling Technology (68).

Caenorhabditis elegans studies

Culture and maintenance of animals were as previously
described (69). The let-60(nl046) (let-60/RAS gain-of-function
allele) and let-23(syl) (let-23/EGFR hypomorphic allele)
strains were provided by the Caenorhabditis Genetics Center
(University of Minnesota). The three-nucleotide insertion,
c.81_82insGGC (ras-1°?7%7), corresponding to ¢.116_1 18du2p
in RRAS, was introduced in the wild-type cDNA (ras-1"7)
(C. elegans ORF clone AAB03320, Thermo Scientific) by site-
directed mutagenesis (QuikChange Site-Directed Mutagenesis
Kit, Stratagene). ras-I cDNAs were subcloned into the
pPD49.83 heat shock-inducible vector (a gift of A. Fire, Stanford
University School of Medicine). Germline transformation was
performed as described (70). pJM371 plasmid [pelt-2::
NLS::RFP] (a gift from J.D. McGhee, University of Calgary),
which drives red fluorescent protein (RFP) expression in intes-
tinal cell nuclei, was used as co-injection marker (30 ng/l).
Two different doses of constructs were injected (30 and
100 ng/pl). Animals from at least three independent transgenic
lines for each construct and each dose of injection (i.e. six
lines expressing ras-1"7 and six lines expressing ras-192744)
were heat-shocked in parallel and scored blindly at a Leica
MZI10F dissecting microscope to check for the presence of
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protruding vulvae (Pvl phenotype) and multiple ectopic pseudo-
vulvae (Muv phenotype), count the number of eggs retained in
the uterus (Egl phenotype) and identify animals that had
become bag-of-worms (Bag phenotype). Isogenic worms that
had lost the transgene were cloned separately and used as con-
trols. Following heat shock, all the transgenic lines expressing
ras-1"7 or ras-1927"P showed a variable dejgree of these pheno-
types. Lines gbEx555a[hsp-16.41::ras-1"";pelt-2::NLS::RFP]
and gbEx557alhsp-16.41::ras-127"7 pelt-2::NLS::RFP] were
scored quantitatively in triplicate experiments at the compound
microscope and used for further analyses. Genetic crosses were
performed according to standard methods (69). The genotype of
individual alleles was confirmed by direct sequencing of the ap-
propriate genomic region. After each cross, isogenic worms that
had lost the transgene were used as controls.

To investigate VPCs induction and vulva morphogenesis,
synchronized hermaphrodites carrying each transgene and the
corresponding isogenic controls were heat-shocked in parallel
at early L3 stage (33°C, 1 h, followed by 30°C, 1 h). Animals
were scored at the compound microscope for vulval induction
at late L3 and 1.4 stages, and for Pvl/Egl/Bag phenotypes at the
adult stage. Microscopy observations were performed with a
Nikon Eclipse 80i instrument equipped with Nomarski differen-
tial interference contrast optics on live animals mounted on 2%
agarose pads containing 10 mm sodium azide as anaesthetic.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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New BRAF knockin mice provide a pathogenetic
mechanism of developmental defects and a
therapeutic approach in cardio-facio-cutaneous
syndrome
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Cardio-facio-cutaneous (CFC) syndrome is one of the ‘RASopathies’, a group of phenotypically overlapping
syndromes caused by germline mutations thatencode components of the RAS-MAPK pathway. Germline muta-
tionsin BRAF cause CFC syndrome, which is characterized by heart defects, distinctive facial features and ecto-
dermal abnormalities. To define the pathogenesis and to develop a potential therapeutic approach in CFC
syndrome, we here generated new knockin mice (here Braf®?*'"/*) expressing the Braf Q241R mutation,
which corresponds to the most frequent mutation in CFC syndrome, Q257R. Braf®?*"%* mice manifested embry-
onic/neonatal lethality, showing liver necrosis, edema and craniofacial abnormalities. Histological analysis
revealed multiple heart defects, including cardiomegaly, enlarged cardiac valves, ventricular noncompaction
and ventricular septal defects. Braf®?*""* embryos also showed massively distended jugular lymphatic sacs
and subcutaneous lymphatic vessels, demonstrating lymphatic defects in RASopathy knockin mice for the
firsttime. Prenatal treatment with a MEK inhibitor, PD0325901, rescued the embryonic lethality with amelioration
of craniofacial abnormalities and edema in Braf®4""* embryos. Unexpectedly, one surviving pup was obtained
after treatment with a histone 3 demethylase inhibitor, GSK-J4, or NCDM-32b. Combination treatment with
PD0325901 and GSK-J4 further increased the rescue from embryonic lethality, ameliorating enlarged cardiac
valves. These results suggest that our new Brafknockin mice recapitulate major features of RASopathies and
that epigenetic modulation as well as the inhibition of the ERK pathway will be a potential therapeutic strategy
for the treatment of CFC syndrome.

INTRODUCTION sparse, fragile hair, hyperkeratotic skin lesions and a severe

generalized ichthyosis-like condition (1). The cardiac defects
Cardio-facio-cutaneous (CFC) syndrome is an autosomal dom-  observed in CFC syndrome include pulmonary valve stenosis,
inant congenital anomaly syndrome, characterized by a distinct-  hypertrophic cardiomyopathy and atrial septal defects. Increased
ive facial appearance, short stature, congenital heart defects, nuchal translucency/fatal cystic hygroma colli due to lymphatic
intellectual disability and ectodermal abnormalities such as defects is also occasionally observed in affected individuals (2).
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Our group as well as another group has identified germline BRAF
mutations in 50—75% of patients with CFC syndrome (3-6).
Other known CFC-causative genes include KRAS as well as
MAP2K]I and MAP2K2 (MEK1 and MEK2, respectively) (3—6),
all located in the same RAS—MAPK pathway that regulates cell
differentiation, proliferation, survival and apoptosis (7). Germline
mutations associated with RAS—MAPK pathway components
cause partially overlapping disorders, including Noonan syn-
drome, Costello syndrome, LEOPARD syndrome, neurofibroma-
tosis type 1 and Legius syndrome (neurofibromatosis type 1-like
syndrome). These syndromes are now collectively termed RASo-
pathies or RAS—MAPK syndromes (§—10).

BRAF is a serine threonine kinase which regulates the RAS—
MAPK signaling pathway. Somatic BRAF mutations have been
identified in 7% of human tumors, including melanoma, papil-
lary thyroid carcinoma, colon cancer and ovarian cancer (11).
The BRAF V600E mutation, located in the catalytic kinase
domain (conserved region (CR) 3 domain), accounts for 90%
of all somatic BRAF mutations. In contrast, BRAF V600E muta-
tion has not been identified in CFC syndrome. Germline BRAF
mutations in CR3 kinase domain, including G464R, G469E
and L597V, were overlapping those in somatic mutations
(4,5,12,13). In contrast, germline mutations in the CR1 domain
have beenrarely identified in somatic cancers. The most frequent
mutations identified in CFC syndrome patients are substitutions
of the residue GIn257 (p.Q257R and p.Q257K) in the CR1
domain, which account for ~40% (13). Previous studies have
shown that the activation of downstream signaling, including
ELK transactivation, is weaker in cells expressing the Q257R
mutation than in those expressing V600E (3).

Braf is ubiquitously expressed in murine organs at mid-
gestation, and high levels of its expression are found in the
brain and testes at adult stage (14,15). Braf knockout mice
have been found to die at mid-gestation from vascular defects
due to enlarged blood vessels and apoptotic death of dif feren-
tiated endothelial cells (16). Heterozygous knockin mice
constitutively expressing V600E mutation have been found
to exhibit embryonic lethality (17). Knockin mice expressing
a hypomorphic BRAF V600E allele have been reported to
show phenotypes partially overlapping those of CFC syn-
drome patients, including small size, craniofacial abnormal-
ities and epileptic seizures (18). However, no mouse model
for CFC syndrome expressing a Braf mutation in the CR1
domain has been generated and no therapeutic approach has
been developed. In the present study, we generated knockin mice
expressing CFC syndrome-associated Braf Q241R mutation, cor-
responding to BRAF Q257R mutation, in order to investigate the
molecular pathogenesis and potential therapeutic possibilities for
CFC syndrome.

RESULTS
Generation of a CFC syndrome mouse model

We have previously reported that the transcriptional activity of
ELK, downstream of ERK, was enhanced by the transient over-
expression of human BRAF Q257R in NIH3T3 cells (3). To
verify whether the expression of mouse Braf Q241R enhances
ELK transcription as BRAF Q257R, reporter assays were per-
formed in NIH3T3 cells. The expression of Braf Q241R and

that of V637E, which corresponds to BRAF V600E, were
~2.7- and 8.4-fold higher than that of Braf WT, respectively
(Fig. 1A). These results suggest that the Braf Q241R mutation
is a gain-of-function mutation, although the activation is
weaker than that observed in Braf V637E.

To investigate the gain-of-function effect of the Braf Q241R
mutation on development, Braf Q241R knockin mice were
generated (Fig. 1B). The targeting vector (Fig. 1B) was electro-
porated into ES cells and targeted clones were identified
by Southern blotting (Fig. 1C). Appropriate ES cells were
injected into BALB/c blastocysts and chimeras were obtained
from six independent ES cell clones (hereafter referred to as
Braf2?#R Neoty T4 induce ubiquitous expression of Braf
Q241R in germ cells, the Braf@?#*'® Meo'* mice were crossed
with CAG-Cre transgenic mouse (Braf ™" ; Cre) and genotyping
was confirmed by PCR (Supplementary Material, Fig. S1). Fur-
thermore, sequencing was performed to confirm that Cre recom-
bination resulted in Braf Q241R expression (Fig. 1D).

To examine if cell signaling pathways, including ERK, JNK,
p38 and PI3K—~AKT pathways, were altered in Braf@?* 2 *: Cre
embryos, western blotting analysis was performed using cell
extracts derived from whole-mouse embryos and brain.
Protein levels of BRAF, CRAF, phosphorylated MEK and
ERK in Braf@**®+; Cre whole embryos were similar to those
of Braf*'*; Cre (Fig. 1E; Supplementary Material, Table S1),
whereas phosphorylated MEK protein levels were higher in
the brain of Braf@**'®*; Cre embryos (Fig. 1F; Supplementary
Material, Table S2). Unexpectedly, phosphorylated p38 and
AKT (Thr308) protein levels were somewhat lower in
Braf@**"®*, Cre whole embryos at embryonic day (E) 14.5
(Fig. 1E; Supplementary Material, Table S1). These results
suggest that Braf@?*’®'+; Cre embryos at E14.5 show a decrease
of phosphorylated p38 and AKT (Thr308) protein levels.

Germline expression of Braf Q241R results in embryonic/
neonatal lethality

Genotype analysis of embryos from an intercross between
Braf™ ™. Cre and Braf@*'® V' mice showed no surviving
Braf??“®*, Cre littermates at weaning, whereas Braf™™*,
Braf™™"; Cre and Braf**'® ¥o'* littermates survived (Table 1).
A normal Mendelian ratio was observed by E14.5. However, the
survival rate of Braf@?*'®'*; Cre embryos dropped after E16.5.
AtE16.5, ~9.8% of embryos (4 of 41) were grossly hemorrhagic
and edematous such as nuchal translucency (Fig. 2A, Table 1).
Other Braf2?*"®*; Cre embryos appeared normal (Fig. 2B) with
no difference in body weight (data not shown). Braf&>*/®*; Cre
embryos, which were delivered by cesarean section at E18.5 and
E19.5, remained pale and without movement or gasped for
breath with cyanotic appearance, resulting in death within a few
hours. A few embryos showed mandibular hypoplasia (2 of 39,
5.1%) and kyphosis (Fig. 2C and D).

Gross observation showed increased heart size in Braf@2#/%/+;
Cre embryos at E16.5. At E18.5, Braf2**®*; Cre embryos
revealed severe peripheral liver necrosis (15 of 17, 88%) with
decreased liver size and liver weight (Fig. 2E; Supplementary
Material, Fig. S2). At E16.5, decreased liver weight was
already observed (data not shown), although the gross appear-
ance of the liver appeared normal. To examine if delayed lung
maturation causes neonatal lethality, the histology of lung in
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Figure 1. Generation of Braf Q241R knockin mice. (A) NIH 3T3 cells were transfected with the ELK1-GALA vector, the GAL4-luciferase trans-reporter vector,
phRLnull-luc control vector and each mouse Braf expression plasmid, and reporter activities were determined as described in Materials and Methods. Luciferase
activities were normalized with phRLnull-luc activities, containing distinguishable R. reniformis luciferase. Data are the means + SD (# = 4). p.V637E in mouse
Braf corresponds to oncogenic p.V600E in human BRAF. *, P < 0.05, **, P < 0.01 versus WT. WT, wild type. (B) Exons (solid boxes), PGK-Neomycin
(PGK-Neo) cassette (gray box), STOP transcriptional sequences (open box), loxp sites (arrowheads) and Flp recombination target sites (ellipses) are indicated. Cleav-
age sites for diagnostic enzymes (Sacl, Neol and Af/IT) and the probes (5'-, 3'- and Neo probe) used to identify the homologous recombination are indicated. The
PGK-Neo cassette was removed by crossing with CAG-Cre transgenic mice (Braf™™; Cre). The arrow indicates the positions of PCR primers used for genotyping
of positive ES cells and mice. p. Q241R in mouse Braf corresponds to p.Q257R in human BRAF. DTA, diphtheria toxin A. (C) Southern blotting of ES cell clones.
Genomic DNA from Braft* and Braf@2*/R Veo/+ ES cells was digested with Sacl (5 probe), Neol (3' probe) or LI (Neo probe) and subjected to Southern blotting
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(Braf@*#1R Neolty Neol fragments or the 8.6 kb (Braf22#R Mooty 411 fragment, respectively. (D) RNA was isolated from the brain of Braf™™"; Cre and Braf2*#%+,

Cre embryos at E18.5, and reverse transcribed into cDNA. Sanger sequencing was carried out using the cDNA. The arrow indicates the Q24 1R mutation in Braf

exon 7. (E and F) Protein extracts from whole-mouse embryos (E12.5 and E14.5) and brain (E16.5) (n = 4-5 of each genotype) were subjected to western blotting

with the indicated antibodies. B-Actin is shown as a loading control. The arrowheads indicate the bands corresponding to each protein.
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Table 1. Genotyping of pups resulting from intercross between Braf™'*; Cre and Braf @R Mo+ mice

Age Braft'+ Braft'*; Cre Braf @41R Neol+ Braf @+ Cre n P

El12.5 24 29 23 23 99 0.80
E13.5 5 14 6 621]) 31 0.08
E14.5 19 2(1) 23 1) 75 0.19
E16.5 57 60 55 34.(7[4]) 206 0.04
E18.5 16 23 20 017 [4]) 59 <0.0001
E19.5 11 16 11 011 [1]) 38 <0.01
Weaning (P21) 56 54 56 0 166 <0.0001
Expected 25% 25% 25% 25%

Deviation from the expected Mendelian ratios was assessed by the x? test. The number of dead embryos is shown in parentheses. The number of edematous embryos is

shown in brackets. P: postnatal day.

Braf@** %%, Cre embryos was examined at E18.5 and E19.5.
Lungs of the mutant embryos appeared normal and were able to
inflate, but ~11.1% of embryos (1 of 9) showed alveolar hemor-
rhage (Supplementary Material, Fig. S3). Thyroid transcription
factor-1 (TTF-1; lung epithelial cells marker), pro-surfactant pro-
tein C and PAS staining showed similar levels in Braf@?#& Meo'+
and Braf@?*®*; Cre embryos (Supplementary Material, Fig. S4),
suggesting that lung development and maturation are normal.
Gross observation suggests that Braf@*%'*; Cre embryos
show embryonic/neonatal lethality, cardiomegaly, liver necrosis,
edema and craniofacial abnormalities.

Braf@?*®*; Cre embryos display various heart defects

Because BrafZ?*®*; Cre embryos showed cardiomegaly and
liver necrosis, possibly due to heart failure (Fig. 2E), detailed histo-
logical analysis of the heart at different embryonic stages was con-
ducted. At E12.5, the hearts of Braf2**®*; Cre embryos appeared
normal (Supplementary Material, Fig. SS5A), but showed an
enlarged pulmonary valve and a dramatic increase in the density
of trabeculae (hypertrabeculation) at E14.5 (Supplementary
Material, Fig. S5B). At E16.5, 13 of 14 (93%) Brajgg‘”R/"'; Cre
embryos (excluding edematous embryos) had various heart
defects (Supplementary Material, Tables S3 and S4). Hypertrophy
of pulmonary, tricuspid and mitral valves was presentin 7, 8 and 9
of 14 embryos, respectively (Fig. 3A; Supplementary Material,
Tables S3 and S4). In particular, hypertrophy in pulmonary
valve leaflets was prominent, plugging the entire space of the pul-
monary valve ring (Fig. 3B). Other heart defects observed in
Braf??"®*, Cre embryos included ventricular septal defect
(VSD) in 2 of 14 embryos (Fig. 3A), abnormal endocardial
cushionin 2 (Fig. 3A), hypertrabeculationin 3 (Fig. 3A), epicardial
blisters in 2 (Fig. 3A and C), a thickened trabecular layer and
thinned compact layer in the left, right or combined myocardium
(noncompaction: one case of cardiomyopathy accompanied
by cardiac hypertrophy) in 4 (Fig. 3D) and hypoplasia of the cor-
onary arteries in 3. The ventricular radius and the thickness of
the pulmonary and tricuspid valves were significantly higher in
Brajg241R/ . Cre embryos, suggesting cardiac enlargement and
thickened pulmonary and tricuspid valves (Fig. 3E). These
results suggest that Braf2?*/®*; Cre embryos develop various
congenital heart defects, which almost certainly contributes to
embryonic lethality.

Braf®**®*; Cre embryo hearts exhibit enhancement of cell
proliferation, ERK signaling activation and decrease of
phosphorylated p38 and AKT

To examine if heart defects observed in Branz41R/+; Cre

embryos are caused by increased cell proliferation and/or
reduced cell death, cell proliferation was analyzed by phospho-
histone H3 (pHH3) immunostaining and cell death by TUNEL
assay. At E13.5, regarding heart abnormalities in each
embryos, the number of pHH3-positive-stained cells varied.
pHH3-positive-stained cells in the interventricular septum and
myocardium increased in Braf@>*"®'*; Cre embryos (Fig. 4A
and B). At E16.5, the nucleus of pHH3-positive cells increased
in the interventricular septum in embryos with VSD (Fig. 4C).
Braf@** &+ Cre embryos had more pHH3-positive cells in pul-
monary valves (Fig. 4D). In contrast to cell proliferation, hardly
any cells under%oing apoptosis were observed in either Braf™'™;
Cre or Braf@*™®*; Cre at E13.5 and E16.5 (data not shown).
These results suggest that the cell proliferation state depends
on heart abnormalities in each embryo at E16.5 and that the
increased staining for pHH3 in the interventricular septum was
associated with VSD.

To examine if the cardiac signaling pathways were altered in
BrafP?" ™™+, Cre embryos, the activation of kinases was
screened in various signaling pathways using a phospho-kinase
array followed by western blotting of the lysates from hearts of
Braf@®*®"* Cre embryos at E16.5 (Fig. 4E and F; Supplemen-
tary Material, Fig. S6). No changes in phosphorylated ERK
protein levels in both the phospho-kinase array and western blot-
ting were observed. In contrast, phosphorylated p38, AKT
(Ser473) and AKT (Thr308) protein levels, which are not
direct targets of BRAF, were relatively lower in Braf@>*/%/*;
Cre embryos than in Braf™"; Cre, which was confirmed by
western blotting. To verify the activation of transcription
factors downstream of ERK, the expression of ELK1 and the
PEA3 (polyoma enhancer activator 3) subfamily Ets transcrip-
tion factors were examined by quantitative real-time PCR,
these expressions being known as transcriptional targets of
FGF signaling-mediated activation of ERK in heart and onco-
genic BRAF signaling in melanoma (19,20). At E13.5, E16.5
and E18.5, cardiac mRNA levels of Ewvli, Etv4 and Etv5, but
not FElkl, were signiﬁcantl/y higher in Braf@*®*; Cre
embryos than those in Braf™'™; Cre (Fig. 4G; Supplementary
Material, Fig. S7). Next, we investigated the influence of
genes responsible for hypertrophic cardiomyopathy and
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Figure 2. Lethal phenotypes of Braf2**"™*; Cre embryos. (A and B) Gross appearance of Braf” -+ Creand Braf?*"! " Cre embryos at E16.5. (A) Arrowheads and

arrows indicate hemorrhage and edema, respectively. The right panel shows Braf@*/®+; Cre embryos with transmitted illumination. (C) Craniofacial structure of

raf?? R Neort and Braf@2* "™, Cre embryos at E19.5. The arrow indicates mandibular hypoplasia. (D) Alcian Blue/Alizarin Red staining of Brqf@2#/® Neo'+ and
BrafZ?*"®*; Cre embryos at E19.5. The arrow, solid arrowhead and open arrowhead indicate mandibular hypoplasia, kyphosis and ossification in the interparietal

bone, respectively. () H&E staining of liver sections of Braf™'*; Cre and Braf?*"**; Cre embryos at E18.5. The arrow indicates hepatic necrosis. The lower

panel shows higher magnification views of hepatic necrosis. Scale bars in upper panels = 200 pm and in lower panels == 50 pm.

cardiac development in Braf@**"®*. Cre embryos at E18.5,
which exhibited a cardiomyopathy phenotype, such as cardiac
enlargement and noncompaction (Fig. 3D and E) and structural
abnormalities, including VSD. No differences in mRNA levels
of cardiomyopathy-specific genes (Myh6 and Myh7) and genes
related to the heart formation and development (Gata4 and
Nkx2.5) were observed (Fig. 4G). These results suggest that
ERK activation, including increased mRNA levels of Ets tran-
scription factors, and decreased levels of p38 and AKT exist in
heart tissues of Braf@**'®'"; Cre embryos.

Braf®*'®™* ; Cre embryos develop lymphangiectasia

Patients with RASopathies, including CFC syndrome and
Noonan syndrome, exhibit nuchal translucency, which is sub-
cutaneous fluid collection in the fetal neck visualized by

ultrasonography. Nuchal translucency is caused by distended
Jjugular lymphatic sacs (JLSs), which result from a disturbance
in differentiation of lymphatic endothelial cells (21,22). We
hypothesized that the hemorrhage and edema in Braf@?* /%,
Cre embryos may be caused by defective lymphatic develop-
ment. Histological examination revealed distended and blood-
filled JLSs in Braf2?*"®*; Cre embryos but not in Braf*'*;
CreembryosatE12.5 and E16.5 (Fig. 5SA and B; Supplementary
Material, Fig. S8A). The primary lymphatic sacs are remodeled
to produce a hierarchically organized network of lymphatic ca-
pillaries and collecting lymph vessels at stages between E14.5
and postnatal stages (23). The JLSs are hardly observed in
mouse embryos at E16.5. In BmeZ‘”R/ *; Cre embryos at
E16.5, cavities such as the JLSs of mouse embryos from E12.5
to E14.5 were observed (Fig. 5B), suggesting defective lRy;mphat—
ic development from the cardinal vein in Braf2**%*; Cre
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Figure 3. Cardiac phenotype of. BranZ 4R Cre embryos. (A-D)H&E staining of sequential anterior to posterior sections of embryonic hearts from Braf™'+; Creand
Braf2?*™V*; Creat E16.5. A dramatic increase in density of trabeculae (arrows), enlarged valves (solid arrowheads), VSD (open arrowhead) and abnormal endocardial
cushion (asterisk) are observed. Scale bars 500 pm (A) and 100 wm (B—D). (B) Higher magnification of the pulmonary valves in Braf™ ™" ; Cre and Braf**'®™*; Cre
embryos. (C) Higher magnification of the boxed region in Figure 3A showing the epicardial blisters (asterisks) in Braf@**'®'+; Cre embryos at E16.5. (D) Represen-
tative image of noncompaction in hearts from Braf2# 1%+, Cre embryos at E16.5‘R§E) The ventricular radius and the thicknesses of the cardiac valve leaflets were
measured at their largest diameter in serial sections of Braf™*; Cre and Braf?**™*; Cre embryos at E16.5. Data are the means + SD (Braf*'*; Cre (n = 9) and
Braf@**"™*; Cre (n = 14)). *P < 0.05, **P < 0.01 versus Braf™*; Cre. LV, left ventricle; RV, right ventricle; LA, left atrium; RA, right atrium; PV, pulmonary

valve; AV, aortic valve; TV, tricuspid valve; MV, mitral valve; CL, compact layer; TL, trabecular layer.

embryos. To examine the network formation of blood and
lymphatic vessels, we performed immunostaining using anti-
bodies against lymphatic vessel endothelial hyaluronan receptor
1 (LYVE-1; lymphatic endothelial cell-specific marker),
a-SMA for staining of vessels with smooth muscle and CD31
(platelet-endothelial cell adhesion molecule-1, PECAM-1) for
staining of vascular endothelial cells. At E12.5, the cells lining
JLSs in both Braf*'*; Cre and Braf2?*"®*; Cre embryos were
positive for LYVE-1 (Fig. 5C), whereas slightly CD31-positive
cells were detected in JLSs and the jugular vein (Fig. 5D). No
a-SMA expression was observed (Supplementary Material,
Fig. S8B). At E16.5, the cavities such as the JLSs in Braf@* %'+,
Cre embryos were negative for LYVE-1, a-SMA and CD31
(Fig. 5E; Supplementary Material, Fig. S8C and D), but the sub-
cutaneous lymphatic vessels were markedly positive for
LYVE-1 (Fig. 5F; Supplementary Material, Fig. S8E). These
results indicate that Braf@**®*; Cre embryos show defective
lymphatic development from the cardinal vein, leading to disten-
tion of the JLSs, dilated lymphatic vessels and edema.

Treatment with a MEK inhibitor and/or histone
demethylase inhibitors prevents embryonic lethality
in Brajgz‘”R/ *: Cre embryos

MEK inhibitor, PD0325901, treatment is known to rescue the
embryonic lethality of Noonan syndrome model mice (24). Preg-
nant Braf™*; Cre mice were treated with various compounds
to see whether this would result in recovery from embryonic
lethality (Table 2). Male Braf2**/R Mo+ mice were crossed
with female Braf™*; Cre mice, and pregnant mice were
intraperitoneally injected with dimethylsulfoxide (vehicle),
PD0325901 [0.5 or 1.0 mg of body weight (mg/kg)], MAZ51
(VEGFR3 inhibitor; 1.0, 2.0 or 5.0 mg/kg), sorafenib (BRAF,
VEGFR, PDGFR multikinase inhibitor; 5.0 mg/kg), lovasatin
(HMG-CoA reductase and farnesyl transferase inhibitor;
5.0 mg/kg) or everolimus (mTOR inhibitor; 0.1 mg/kg), daily
fromE10.5t0 E18.5. PD0325901 treatment (0.5 mg/kg) modest-
ly rescued the embryonic lethality of Braf@**®*; Cre mice
(2 of 30). Seven embryos also survived for 3 weeks with
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Figure4. Increased cell proliferation and altered multiple signaling pathways in Braf@*"®*; Cre embryo hearts. (A—D) Immunostaining for pHH3 in the myocardium
(A), interventricular septum (B and C) and gulmonary valves (D) of Braf*’*; Cre and Braf®**'**+; Cre embryos at E13.5 (A and B) and E16.5 (C and D). The arrows
indicate representative positive cells, Braf@*®*; Cre embryos with or without VSD are shown in closed cycles or open circles, res?ectively. Scalebars 50 pm(A-C).
Data are means + SD (A and B) Braf*'*; Cre (n = 5) and Braf??*"®*; Cre (n = 5). (C and D) Braf*'*+; Cre (n = 3) and Braf2?*'™*; Cre (n = 6).*P < 0.05 versus
Braf*'*; Cre. (E) Protein extracts (400 p.g) of the hearts from Braf*'*; Cre and Braf@**®™*; Cre embryos at E16.5 were subjected to Phospho-Kinase Antibody Array.
Results are representative of gene spots that showed significant changes in 45 phosphorylated proteins. (F) Western blotting of the heatts from Braf™*; Cre and
Brg, QIR Cre embryos at E16.5 (pooled samples; Braf™ "+ Cre(n=5), qu/&‘” +: Cre (n = 5)). B-Actinis shown as a loading control. The arrowheads indicate
the bands corresponding to each protein. (G) Cardiac mRNA levels were determined by quantitative reverse transcription—PCR. mRNA levels were normalized
by those of Gapdh, and those in Braft’*; Cre at E18.5 are set at 1. Data are the means + SD (Braf™*; Cre (n=10) and BrafP?* %, Cre (n= 6)).
#5P < 0,001, ****P < 0.0001 versus Braf™ /+: Cre. Etvl, Etvd, Etv5, Myh6 and Myh7 encode ER81, Pea3, ERM, a-MHC and B-MHC, respectively.

prenatal treatment of PDO0325901 (1.0 mg/kg) (7 of 37, Braf@**™®*; Cre treated with PD0325901, showed teratogenic
P=10.32, x* test for deviation from the Mendelian ratios). effects, including open eyes (Supplementary Material,
PD0325901-treated  Braf@**"®*+; (Cre embryos appeared Fig. S9), edema, enlarged semilunar valves and atrioventricular
normal without edema and mandibular hypoplasia (0 of 31 at  valves (data not shown). Other compounds had no effect on the
E16.5 to PO), whereas other genotype mice, excluding recovery of embryonic lethality in Braf@** ™+, Cre embryos.
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Figure 5. Abnormal lymphatic development in Bra/gz‘” R+ Cre embryos. (A and B) Transverse sections of Braf™™; Creand Braf@** 7+, Cre embryos at E12.5 (A)
and E16.5 (B) stained with H&E. Lower panels show high-magnification views of jugular lymph sac (A). The arrows (A) and arrowheads (B) indicate blood cells in
jugular lymph sacs and the regions which are similar to the jugular lym}ah sacs or jugular veins of embryos at E12.5, respectively. Scale bars 1 mm (in upper panels, A),
100 pum (in lower panels, A) and 2 mm (B). (C—F) Sections of Braf**; Cre and Braf2**'®*+; Cre embryos at E12.5 (C and D) and E16.5 (E and F) stained with anti-
bodies against lymphatic endothelial markers, LYVE-1 (C, E and F) or CD31 (D). (F) Subcutaneous lymphatic vessels. jls, jugular lymph sac; jv, jugular vein.

Thus, PD0325901 treatment prevented embryonic lethality in
Braf@?*®*; Cre embryos and could ameliorate edema and man-
dibular hypoplasia.

Epigenetic regulation of gene expression, such as histone
acetylation and histone methylation, plays a crucial role in the tran-
scriptional regulation of cell differentiation, development, the
inflammatory response and cancer (25). Recently, a histone
deacetylase inhibitor, SAHA [vorinostat (Zolinza)], has been
used in the treatment of lymphomas and solid tumors. Recent
studies have suggested the association of UTX and JMJD3, a
histone H3 lysine 27 (H3K27) demethylase, with heart develop-
ment (26—28). We therefore tested whether treatment using
these compounds leads to the rescue of embryonic lethality
(Table 2). SAHA treatment had no effect (data not shown);
however, one embryo survived for 3 weeks with prenatal treatment
of GSK-J4 (inhibitors of histone H3K27 demethylase UTX and
IMID3; 5.0 mg/kg) (25) or NCDM-32b (inhibitor of histone
H3K9 demethylase JMID2C; 5.0 mgkg) (29). Moreover,
co-treatment with GSK-J4 (5.0 mg/kg) and PD0325901 (0.5 mg/
kg) further increased the number of Braf@*®*: Cre mice alive
at weaning (5 of 31, P = 0.14). The teratogenic effects, which
were frequently observed in PD0325901 treatment, were not
observed in the co-treatment with GSK-J4 and PD0325901.

We further investigated whether co-treatment with PD0325901
and GSK-J4 prevented heart defects in Braf2?*'®'*; Cre embryos.
Co-treatment with PD0325901 and GSK-J4, but not PD0325901
treatment (1.0 mg/kg) alone, ameliorated enlarged pulmonary, tri-
cuspid and mitral valves in Braf2**/®+; Cre embryos (Fig. 6A and
B). However, no difference in the frequency of heart defects,
including VSD, hypertrabeculation, epicardial blisters and non-
compaction, was observed. It is noteworthy that treatment with
PD0325901 or GSK-J4 alone or the co-treatment reversed the
decrease of phosphorylated p38 protein levels (Fig. 6C; Supple-
mentary Material, Fig. S10). These results suggest that com-
bination treatment with PD0325901 and GSK-J4 prevents
embryonic lethality, enlarged cardiac valves and decreased phos-
phorylated p38 in BrafP*®F; Cre embryos.

DISCUSSION

In this study, we generated heterozygous Braf Q241R-expres-
sing mice, which exhibited embryonic and postnatal lethality
due to liver necrosis, skeletal abnormalities, lymphatic defects
and various cardiac defects, including cardiomegaly, non-
compaction, enlarged cardiac valves and hypertrabeculation.
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Table 2. Rescue of embryonic lethality in Braf®**'"™*; Cre embryos by MEK inhibitor, histone demethylase inhibitor or these combined treatment
Compound Dose (mg/kg body weight) Genotype (3 weeks) n* n® n® P
Braf™  Braf*’*;Cre  Braf®YRNeol Q2R
DMSO (vehicle) - 14 8 8 0 30 6 5.0 <0.01
PD0325901 0.5 7 14 7 2 30 13 2.3 0.02
1.0 11 13 6 7 37 14 26 0.32
MAZ51 1.0 9 8 11 0 28 6 4.7 0.02
2.0 10 14 7 0 31 6 5.2 <0.01
5.0 10 7 11 0 28 11 2.5 0.01
Sorafenib 5.0 12 15 8 0 35 13 2.7 <0.01
Lovastatin 5.0 8 19 17 0 44 10 4.4 <0.01
Everolimus 0.1 6 6 9 0 21 9 23 0.04
NCDM-32b 2.0 12 4 9 0 25 9 2.8 <0.01
5.0 10 10 14 1 35 11 3.2 0.02
10.0 11 10 19 0 40 9 4.4 <0.01
GSK-14 5.0 8 18 14 1 41 11 3.7 <0.01
10.0 16 26 20 0 62 23 2.7 <0.01
PD0325901 + GSK-14 0.5+ 5.0 8 13 5 5 31 10 3.1 0.14

Male Braf@?# 18 ¥eo'+ pice were crossed with female Braf** ; Cre mice, and pregnant mice were intraperitoneally injected with vehicle or various compounds shown
daily from E10.5 to E18.5. Deviation from the expected Mendelian ratios was assessed by x? test. #°, the total number of acquired pups. 7°, the total number of treated
female Braf™"; Cre mice. n®, the average number of survived pups at weaning (1*/n°).

Increased expression of Ets transcription factors and decreased
expression of cardiac phosphorylated p38 in embryonic heart
tissues were observed. PD0325901 treatment, in part, rescued
embryonic and postnatal lethality in Bra/2**®*; Cre mice.
One pup in Bra]&‘“ R+ Cre also survived until P21 with treat-
ment of GSK-J4 or NCDM-32b. PD0325901 treatment, but
not GSK-J4 and NCDM-32b treatment, ameliorated edema
and mandibular hypoplasia. Moreover, PD0325901 co-treatment
with GSK-J4 further rescued embryonic lethality with recovered
hypertrophy of pulmonary, tricuspid and mitral valves and the
decreased expression of phosphorylated p38. Taken together,
mice expressing a development-specific Braf’ Q241R mutation
will be useful to further clarify the pathogenesis of CFC syndrome
and to develop therapeutic approaches.

Patients with RASopathies are characterized by generalized
abnormalities of lymphatic development. Fetuses with RASopa-
thies have been shown to be characterized by hydrops, pleural
effusions, increased nuchal translucency due to distended JLS
and cystic hygroma in utero (30—32). Children and adults with
RASopathies show generalized lymphedema, peripheral lym-
phoedema or pulmonary lymphangiectasia (33). Our new
model, Braf2?*®*; Cre mice, showed embryonic and postnatal
lethality and exhibited multiple developmental defects in the
lymphatic system, including hydrops, distended JLS and sub-
cutaneous lymphatic vessels. In contrast, mice of other
knockin mouse models for RASopathies survived to adulthood
and have not shown the defects in lymphatic system (34—36).
Thus, for the first time our new model Braf@?*®*; Cre mice
demonstrated the developmental lymphatic defects, which are
the common features observed in RASopathies, in knockin
mouse models for RASopathies.

Dysregulation of the RAS—-MAPK pathway is a common
underlying mechanism of RASopathies. However, a variety of
compounds, including the RAS—MAPK pathway and other sig-
naling pathways, has been effective for ameliorating the defects
in previous knockin mouse models of RASopathies. MEK inhi-
bitors have been found to ameliorate the cardiac defects and skel-
etal features in mice expressing SOS! and RAFI mutations

(24,35). Angiotensin II inhibitor ameliorates the phenotypes of
hypertension, vascular remodeling and fibrosis of the kidney
and heart in mice expressing HRAS G12V mutation (36), and
mTOR inhibitor ameliorates hypertrophic cardiomyopathy in a
mouse model of LEOPARD syndrome, expressing a catalytical-
ly inactive mutation in SHP2 (34). We examined a variety of
compounds, including anti-cancer agents, MEK inhibitor,
mTOR inhibitor, VEGFR3 inhibitor, BRAF inhibitor and farne-
syl transferase inhibitor using our Branz‘” ”*. Cre mice. Treat-
ment with MEK inhibitor, but not mTOR inhibitor, in Bran“’ RS
Cre mice ameliorated embryonic lethality and skeletal abnormal-
ities, suggesting that the pathogenesis of the disease is similar to
those in SOSI and RAF1 mutations. Thus, our new BranZ‘”R/ s
Cremice will be useful to screen various compounds for therapeut-
ic approaches to RASopathies.

The exact mechanisms by which the single treatment of
histone demethylase inhibitor or co-treatment of MEK inhibitor
and histone demethylase inhibitor were effective for Braf@?# %+,
Cre mice have not yet been characterized. Lysine modification of
histone 3, acetylation and methylation, is associated with gene
activation or silencing (37). In gene expression, inactive genes
show methylation at lysine 27, and permanently silenced genes fre-
quently are characterized by methylation at lysine 9 (37). Histone
H3K27 methylase, Ezh2, conditional knockout mice in cardio-
myocytes have been reported to show abnormal heart develop-
ment, such as noncompaction and excessive trabeculation (38).
Meanwhile, deletion of histone H3K27 demethylase, UTX, has
been identified in individuals with Kabuki syndrome, who
showed distinctive facial appearance and congenital heart
disease (39). H3K9 methyltransferases, G9a and GLP, have been
shown to be essential for cardiac morphogenesis (40). It is of
note that the balance between methylation and demethylation of
H3 is required for normal cardiac differentiation. De novo muta-
tions in SMAD2, a transcription factor which regulates H3K27
methylation in embryonic left—right organizer, have been identi-
fied in children with congenital heart disease (28). SMAD2,
which is regulated by ERK (41), has been found to bind to
H3K27 demethylase JMID3, and regulate H3K27 methylation
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Figure 6. Influence of co-treatment with PD0325901 and GSK-J4 on the cardiac phenotype and signaling of Braf2?*’®*; Cre embryos. (A and B) Sequential sections
of embryonic hearts from Braf*'*; Cre and Braf@**"™*; Cre at E16.5 stained H&E. (A) Histological sections of pulmonary valves. (B) The ventricular radius and the
thicknesses of the cardiac valve leaflets were measured at their largest diameter in serial sections, Data are means + SD (vehicle; Braf™™ ; Cre (n = 5), Braf@?* %+,
Cre (n == 5). PD0325901 + GSK-J4; Braf"™ "+ Cre (n= N, qufQZ‘”R/ *; Cre (n=11)). *P < 0.05, ***P < 0.001 (Tukey—Kramer test). NS, not significant. ©
Western blotting of the hearts from Braf™™*; Cre and Braf@**'™™*; Cre embryos at E16.5 (vehicle-treated pooled samples; Braf™*; Cre (n = 8), Braf2?*'%+; Cre
(n = 8). PD0325901 + GSK-J4-treated pooled samples; Braf™™; Cre (n = 8), Braf2?*"™*; Cre (n = 7). B-Actin is shown as a loading control. The arrowheads

indicate the bands corresponding to each protein.

(28), suggesting that the histone demethylase JMJD3 is associated
with heart development in humans by indirect regulation of ERK.
In addition, constitutively activated BRAF and RAS mutants,
through ERK activation, have been shown to induce JMJD3 and
EZH2 expression (42,43). These observations suggest that activa-
tion of BRAF or ERK is associated with histone H3K27 modifica-
tion, regulating cardiac development. In this study, the total
content of the H3K27me3 in heart tissues of Bra]g”m/ *; Cre
or Bran241R/ *- Cre mice after GSK-J4 co-treatment with
PD0325901 was comparable with that of Braf™*; Cre mice
(data not shown). Furthermore, the histone H3K27 demethylase
activity of lysates from Braf&*®*+; Cre embryos at E14.5 was
comparable with that of Bra 7+, Cre (data not shown). Further
analysis of H3K9 and H3K27 modification status on individual
genes will clarify the mechanism by which histone demethylase
inhibitor is effective against embryonic and postnatal lethality
and developmental defects in BrafZ*“®'*; Cre mice.

MEK inhibitor treatment or crossing with ERK1 knockout
mice has improved the hypertrophy of cardiac valves in
Noonan syndrome model mice with a SOS! or PTPN! I mutation
(24,44). In contrast, treatment of MEK inhibitor did not lead to
the amelioration of enlarged cardiac valves in Braf@2*/%/*;
Cre embryos. Furthermore, other mice, excluding Braf@?/%+;
Cre, treated with MEK inhibitor showed enlarged cardiac
valves (data not shown), suggesting that the vital nature of
MEK/ERK signaling balance in cardiac valve development.
Given that no MEK inhibitor activity nor the inhibition activity
of other protein kinases has been reported in GSK-J1 (GSK-J4
sodium salt) (25), these results suggest that not only MEK/

ERK signaling balance but also histone H3K27 modification
can play a crucial role in the normal development of cardiac
valve in Braf@?*®*; Cre embryos.

The natural history and the frequency of tumors in adult CFC
patients have not been fully elucidated (6). Since molecular ana-
lysis became available, three individuals with BRAF mutation
have been reported to have developed acute lymphoblastic leu-
kemia and non-Hodgkin lymphoma (6). Knockin mice expres-
sing BRAF 1597V mutation survived to adulthood and showed
multiple Noonan syndrome/CFC syndrome phenotypes, includ-
ing short stature, facial dysmorphia and cardiac enlargement
(12). The L597V is located in the CR3 kinase domain and
leads to 2-fold elevated BRAF kinase activity (45). The
L597V mutation has been identified in 11 somatic cancers
(COSMIC; http://cancer.sanger.ac.uk/cancergenome/projects/
cosmic/) and three patients with Noonan syndrome (13,46,47),
which generally shows milder phenotype than that in CFC syn-
drome. In contrast, Q257R mutation is located in the CR1
domain and has been identified in 40% of CFC syndrome, not
in cancers. Our ELK transactivation study has shown that level
of ELK transactivation in Q257R was a half of V60OE (3). The
previous report showed that BRAF Q257R has increased
BRAF kinase activity compared with WT and the activity was
as high as that of the V60OE (4). It is possible that differences
in kinase activity and/or the effect on downstream pathways
could cause the ghenotypic differences in these knockin mice.
Surviving Braf@?*®*; Cre mice in the PD0325901 treatment
showed distinctive facial appearance, abnormal dental occlu-
sion, reduced postnatal length and weight, kyphosis and skin
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disease, which are similar to CFC syndrome phenotype (datanot
shown) (1,48). Braf®***'*; Cre mice also survived to adulthood
when these mice (C57BL/6J background) were crossed with ICR
or BALB/c mice (unpublished data). Further studies will be
necessary to examine if adult Bra/@*""®+; Cre mice show phe-
notypes similar to patients with CFC syndrome, including
seizures and tumor development.

The potential mechanism of activation and downregulation of
multiple signaling pathways in Braf@R . Cre embryos is
unclear. In additional studies, we performed microarray analysis
and %uantitative real-time PCR using heart tissues from
Braf®*"! ®%+. Cre embryos at E13.5 or E16.5. Interestingly,
mRNA levels of dual specificity phosphatase (Dusp) 2, 4 and
6, that inactivate ERK, p38 or INK, and Spry 1, which inhibits
the RAS—-MAPK signaling pathway, were significantly higher
in Braf@>""®* Cre embryos than those in Braf™™; Cre (data
not shown). In the present study, constitutive activation of phos-
phorylated ERK was not clearly observed in whole embryos and
heart tissues from Branz'”R/ . Cre. These results suggest that
increased mRNA levels of Dusp 2,4, 6 and Spry 1 and decreased
expression of phosphorylated p38 in embryonic heart could re-
present a negative feedback mechanism for normalizing consti-
tutive ERK activation in Bm/QZ‘” s + Cre embryos.

In summary, BrafQ241R-expressing mice provided an effect-
ive tool for studying the pathogenesis of CFC syndrome. It was
found for the first time that combination treatment with
PD0325901 and GSK-J4 is efficacious for the treatment of
mice with the activation of the RAS-MAPK pathway. At
present, clinical trials of a new MEK inhibitor, MEK162, are
now being conducted to investigate the efficacy and safety of
its use in Noonan syndrome with hypertrophic cardiomyopathy
as well as in individuals with solid tumors, while no clinical trial
of histone H3K27 demethylase inhibitor has been performed.
Given that BRAF mutations cause cancer, combination therapy
with MEK inhibitors and histone H3K27 demethylase inhibitors
can be effective not only for the treatment of patients with RASo-
pathies but also for the treatment of BRAF mutation-associated
cancer in the future.

MATERIALS AND METHODS
Generation of Braf®**'® knockin mice

To construct the targeting vector for Braf@?*/® knockin mice, a
short arm containing Braf exon 5 and 6 (Nofl-Sacll genomic
DNA fragment), a long arm including exon 7, 8 (Xmal—
BamHI genomic DNA fragment) and the downstream of exon
8 (BamHI-Sacll) were amplified using a Roswell Park Cancer
Institute-23 BAC clone. The DNA fragments were ligated into
the pBSIISK+ vector. The Braf Q241R (exon 7) mutation was
mtroduced by site-directed mutagenesis. The PspOMI-Xhol
site was used to insert PGK-Neo-STOP cassette flanked by
loxP sites. The targeting vector was linearized with Sa/l and elec-
troporated into ES cells (C57BL/6J background). To confirm
correctly targeted ES clones, we performed genotyping, sequen-
cing and the test of the Cre-mediated recombination system.
Furthermore, homologous recombinants were confirmed by
Southern blotting using 5’, 3’ and Neo probes. For this experi-
ment, genomic DNA was digested with Sacl (5 probe), Neol
(3’ probe) or Aflll (Neo probe). The probe sequences are
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shown in Supplementary Material, Table S5. Screened ES
clones were then microinjected into BALB/c blastocytes and
the resulting chimeras were crossed with C57BL/6J mice to
obtain Braf@?*'® Mot heterozygotes mice. Excisions of the
PGK-Neo cassette and STOP codon were achieved by crossing
of Braf@?"'® Neort peterozygotes with CAG-Cre transgenic
mice (Braf™"; Cre) on C57BL/6J background (RIKEN BioRe-
source Center, Tsukuba, Japan; RBRC01828) (49). Animal
experiments were approved by the Animal Care and Use Com-
mittee of Tohoku University.

Genotyping

Genomic DNA was prepared from tail tissue with DNeasy Blood
& Tissue Kit (Qiagen, Hilden, Germany) or Maxwell 16 Mouse
Tail DNA Purification Kit (Promega, Madison, Wz{/’ USA).
Genot};ping of the Braf™'™, Braf™*; Cre, Braf@**R Neo'+ ynq
Braf@*""® ¥, Cre was carried out by PCR using KOD FX Neo
(TOYOBO, Osaka, Japan) or TaKaRa Taq (Takara Bio, Otsu,
Japan) with the primers shown in Supplementary Material,
Table S6.

Sequencing

Total RNA was extracted with TRIzol reagent (Invitrogen,
Carlsland, CA, USA), and cDNA was synthesized using High-
Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, Foster City, CA, USA). The exonic region in Braf was
amplified by PCR using TaKaRa Taq with the primers including
M13 sequences: 5-GTAAAACGACGGCCAGTGAAGTACT
GGAGAATGTCCC-3" and 5'-AGGAAACAGCTATGACCC
CACATGTTTGACAACGGAAACCC-3'. The PCR products
were purified with QIAquick Gel Extraction Kit (Qiagen,
Tokyo, Japan) and sequenced on an ABI 3500x] automated
DNA sequencer (Applied Biosystems).

Quantitative reverse transcription—-PCR

Quantitative PCR was performed using FastStart Universal
Probe Master (ROX) (Applied Biosystems) with StepOnePlus
(Applied Biosystems). Amplification primers and hydrolysis
probes were designed using Universal ProbeLibrary Assay
Design Center (https:/qper.probefinder.com/roche3.html).

Alcian Blue/Alizarin Red staining

After embryos were placed in water for a day, the skin and
viscera were removed. The eviscerated embryos were then
fixed in 95% ethanol for at least 3 days and stained with
150 mg/l Alcian Blue 8GX (Sigma-Aldrich, St Louis, MO,
USA), 80% ethanol and 20% acetic acid for 16—-24 h. The
stained embryos were rinsed with 95% ethanol and kept in 2%
KOH for 16—24 h. They were then stained with 50 mg/1 Alizarin
Red (Sigma-Aldrich) and 1% KOH for 3 h, kept in 2% KOH for
1248 h, placed in 20% glycerin/1% KOH for atleast 5 days and
stored in 50% glycerin.
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