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Anti-tumor effects of Siddiquey M, Nakagawa H, Iwata S,  [39th Annual [20-23 July,

suberoylanilide hydroxamic acid |Kanazawa T, Suzuki M, Imadome K, |International |2014
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Mutations in SERPINB7, Kubo A, Shiohama A, Sasaki T, T4th Annual  |2014/5/10
encoding a serine protease Nakabayashi K, Kosaki K, Kudoh J,  |Meeting
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c.1638 1641delCAGT in KRT5 |Takahashi H, Amagai M, Kubo A Dermatology
in a Japanese family with Congress
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TBX1 mutation identified by Ogata T, Niihori T, Tanaka N, Kawai |PLoS One. 2014
exome sequencing in a Japanese |M, Nagashima T, Funayama R,
family with 22q11.2 deletion Nakayama K, Nakashima S, Kato F, E 5
syndrome-like craniofacial Fukami M, Aoki Y, Matsubara Y
features and hypocalcemia.
Seven Novel Mutations in Dragneva S, Szyszka-Niagolov M, JIMD Rep. 2014
Bulgarian Patients with Acute Ivanova A, Mateva L, Izumi R, Aoki Y, &4
Hepatic Porphyrias (AHP). Matsubara Y.
New BRAF knockin mice provide |Inoue SI, Moriya M, Watanabe Y, Hum Mol 2014
a pathogenetic mechanism of Miyagawa-Tomita S, Niihori T, Oba D, |Genet.
developmental defects and a Ono M, Kure S, Ogura T, Matsubara E 4t
therapeutic approach in cardio- |Y, Aoki Y.
facio-cutaneous syndrome.
GNE myopathy associated with  |Izumi R, Niihori T, Suzuki N, Sasahara [Neuromuscul 2014
congenital thrombocytopenia: A |Y, Rikiishi T, Nishiyama A, Nishiyama | Disord.
report of two siblings. S, Endo K, Kato M, Warita H, Konno
H, Takahashi T, Tateyama M, E 4
Nagashima T, Funayama R, Nakayama
K, Kure S, Matsubara Y, Aoki Y, Aoki
M.
Targeted Next-Generation Nakano E, Masamune A, Niihori T, Dig Dis Sci.  |2014
Sequencing Effectively Analyzed |Kume K, Hamada S, Aoki Y,
the Cystic Fibrosis Matsubara Y, Shimosegawa T. ESL38
Transmembrane Conductance
Regulator Gene in Pancreatitis.
A novel heterozygous MAP2K1 |Nishi E, Mizuno S, Nanjo Y, Niihori T, |[Am J Med 2014
mutation in a patient with Noonan |Fukushima Y, Matsubara Y, Aoki Y, [Genet A. ESLL8
syndrome with multiple lentigines.|Kosho T.
Molecular basis of non-syndromic |Kon M, Suzuki E, Dung VC, Hasegawa |Hum Reprod. |2015
hypospadias: systematic mutation |Y, Mitsui T, Muroya K, Ueoka K,
screening and genome-wide copy- {Igarashi N, Nagasaki K, Oto Y,
number analysis of 62 patients.  |Hamajima T, Yoshino K, Igarashi M, st
Kato-Fukui Y, Nakabayashi K, Hayashi
K, Hata K, Matsubara Y, Moriya K,
Ogata T, Nonomura K, Fukami M.
Compilation of copy number Migita O, Maehara K, Kamura H, J Hum Genet [2014;59:32
variants identified in Miyakoshi K, Tanaka M, Morokuma S, 6-331
phenotypically normal and parous |Fukushima K, Shimamoto T, Saito S,
Japanese women. Sago H, Nishihama K, Abe K, g
Nakabayashi K, Umezawa A, Okamura
K, Hata K.
Mutation spectrum and Suzuki J, Azuma N, Dateki S, Soneda |J Hum Genet |2014/6
phenotypic variation in nine S, Muroya K, Yamamoto Y, Saito R, =t

patients with SOX2 abnormalities.

Sano S, Nagai T, Wada H, Endo A,
Urakami T, Ogata T, Fukami M




Rapid generation of mouse Inui M, Miyado M, Igarashi M, Sci Rep 2014/6
models with defined point Tamano M, Kubo A, Yamashita S,
mutations by the CRISPR/Cas9  |Asahara H, Fukami M, Takada S Est
system.
Skeletal deformity associated with [Seki A, Jinno T, Suzuki E, Takayama |Clin Pediatr  [2014/7
SHOX deficiency. S, Ogata T, Fukami M Endocrinol &4t
Anti-tumor effects of Siddiquey MN, Nakagawa H, Iwata S, |Cancer Sci 2014;
suberoylanilide hydroxamic acid |Kanazawa T, Suzuki M, Imadome K1, 105(6):713-
on Epstein-Barr virus-associated |Fujiwara S, Goshima F, Murata T, 22. &4}
T- and natural killer- cell Kimura H.
lymphoma
CD137 expression is induced by | Yoshimori M, Imadome KI, Komatsu [PLoS ONE 2014 Nov
Epstein-Barr virus infection H, Wang L, Saitoh Y, Yamaoka S, 19;9(11):el
through LMP1 in T or NK cells  |Fukuda T, Kurata M, Koyama T, 12564. 44
and mediates survival promoting |[Shimizu N, Fujiwara S, Miura O, Arai
signals. A.
Modeling EBV infection and Fujiwara S, Imadome K, and Takei M. |Exp Mol Med |47, ¢136;
pathogenesis in new-generation doi:10.1038
humanized mice /emm.2014.,
102
Published | =7t
online 23
January
2015
Interstitial Lung Disease with Kawai T, Watanabe N, Yokoyama M, {J Clin 2014;34:
Multiple Microgranulomas in Nakazawa Y, Goto F, Uchiyama T, Immunol 933-940
Chronic Granulomatous Higuchi M, Maekawa T, Tamura E, E4t
Disease. Nagasaka S, Hojo M, Onodera M
Augmentation of anti-tubercular |Takeda K, Nakazawa Y, Komuro H,  |Clinical 2014;151:
therapy with interferon g in a Yamamoto M, Shoji K, Morita K, Immunology |25-28
patient with dominant partial Miyairi I, Katsuta T, Ohya Y, Ishiguro E 5t
interferon g. A, Onodera M
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Bilateral giant coronary Fujimoto N, Nakajima H, Sugiura E, Int J Cardiol. | 173(3):e63-
aneurysms in a 40-year-old male |Dohi K, Kanemitsu S, Yamada N, Aoki 6,2014
with Noonan syndrome caused by |'Y, Nakatani K, Shimpo H, Nobori T, E3E
a KRAS germline mutation. Ito M.
Activating mutations in RRAS Flex E, Jaiswal M, Pantaleoni F, Hum Mol 23:4315-27,
underlie a phenotype within the  |Martinelli S, Strullu M, Fansa EK, Genet. 2014
RASopathy spectrum and Caye A, De Luca A, Lepri F, Dvorsky
contribute to leukaemogenesis. R, Pannone L, Paolacci S, Zhang SC,
Fodale V, Bocchinfuso G, Rossi C,
Burkitt-Wright EM, Farrotti A,
Stellacci E, Cecchetti S, Ferese R,
Bottero L, Castro S, Fenneteau O,
Brethon B, Sanchez M, Roberts AE, k)
Yntema HG, van der Burgt I, Cianci P,
Bondeson ML, Digilio MC, Zampino
G, Kerr B, Aoki Y, Loh ML, Palleschi
A, Di Schiavi E, Caré A, Selicorni A,
Dallapiccola B, Cirstea IC, Stella L,
Zenker M, Gelb BD, Cavé H,
Ahmadian MR, Tartaglia M.
New BRAF knock-in mice Inoue SI, Moriya M, Watanabe Y, Hum Mol 23:6553-66,
provide a pathogenetic Miyagawa-Tomita S, Nithori T, Oba D, |Genet. 2014
mechanism of developmental Ono M, Kure S, Ogura T, Matsubara
defects and a therapeutic approach|Y, Aoki Y. =t
in cardio-facio-cutaneous
syndrome.
Identification of acquired Fujiwara T, Fukuhara N, Funayama R, |Ann Hematol |2014/04
mutations by whole-genome Nariai N, Kamata M, Nagashima T,
sequencing in GATA-2 deficiency |Kojima K, Onishi Y, Sasahara Y, E 4%
evolving into myelodysplasia and |Ishizawa K, Nagasaki M, Nakayama K,
acute leukemia Harigae H
HCV infection enhances Th17 Kondo Y, Ninomiya M, Kimura O, PLoS One 2014/06
commitment, which could affect [Machida K, Funayama R, Nagashima
the pathogenesis of autoimmune |T, Kobayashi K, Kakazu E, Kato T, E 44
diseases Nakayama K, Lai M. M, Shimosegawa
T
GNE myopathy associated with  |Izum, R, Niihori T, Suzuki N, Sasahara |Neuromuscul [2014/12
congenital thrombocytopenia: A |Y, Rikiishi T, Nishiyama A, Nishiyama |Disord
report of two siblings S, Endo K, Kato M, Warita H, Konno
H, Takahashi T, Tateyama M, E4t
Nagashima T, Funayama R, Nakayama
K, Kure S, Matsubara Y, Aoki Y, Aoki
M
CRLA(VprBP) E3 Ligase Nakagawa T, Lv L, Nakagawa M, Yu |Mol Cell 2015/01
Promotes Monoubiquitylation and |Y, Yu C, D'Alessio A. C, Nakayama K,
Chromatin Binding of TET Fan H. Y, Chen X, Xiong Y. E 5+

Dioxygenases.
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Targeted next-Generation Nakano E, Masamune A, Niihori T, Dig Dis Sci.  {2014/12/10
sequencing effectively analyzed |Kume K, Hamada S, Aoki Y,
the cystic fibrosis transmembrane |Matsubara Y, Shimosegawa T. E 4}
conductance regulator gene in
pancreatitis.
Variants in the interferon Nakano E, Masamune A, Kume K, Pancreas. 2014;43:11
regulatory factor-2 gene are not  {Kakuta Y, Shimosegawa T. 25-1126.
associated with pancreatitis in Est
Japan.
A novel heterozygous MAP2K1 |Nishi E, Mizuno S, Nanjo Y, Niihori T,|Am J Med 167(2):407-
mutation in a patient with Noonan |Fukushima Y, Matsubara Y, Aoki Y, |Genet A. 11,2015 B4t
syndrome with multiple lentigines.|Kosho T
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Severe craniosynostosis with  |Takenouchi T, Sakamoto Y, Miwa T,|Am JMed  |2014 Nov |4}
Noonan syndrome phenotype | Torii C, Kosaki R, Kishi K, Genet A.
associated with SHOC2 Takahashi T, Kosaki K
mutation: clinical evidence of
crosslink between FGFR and
RAS signaling pathways.
Porencephaly in a fetus and Takenouchi T, Ohyagi M, Torii C, |Am JMed 2015 Jan |4
HANAC in her father: variable |[Kosaki R, Takahashi T, Kosaki K. Genet A
expression of COL4A1
mutation.
Paramagnetic Signals in the Takenouchi T, Kosaki R, Pediatr 2015Feb [#BH
Globus Pallidus as Late Nakabayashi K, Hata K, Takahashi |{Neurol
Radiographic Sign of Juvenile- |T, Kosaki K.
Onset GM1 Gangliosidosis.
Novel Overgrowth Syndrome | Takenouchi T, Yamaguchi Y, J Pediatr 2015 Feb [:EH

Phenotype Due to Recurrent De
Novo PDGFRB Mutation.

Tanikawa A, Kosaki R, Okano H,
Kosaki K.
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Implementation of High-Volume [/ME & ICEP2014, & |2014/4/24
Genomic Analyses by ]
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Technologies: Towards (B
Integrative Medical Sciences for el
Preventive Medicine (CFEFE
)
What is "Next-Generation DNA  [/N& & f%ggﬁ%% 2014/5/7
Sequencing" for? (FBEFEFE) LR S
quencing" for? { F—(JTIY el
SHBRS
EMERIERE DS/ N F A2 | K, DRI 25868 H A3E [2014/9/19
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Aicardi-Goutiéres syndrome is Oda H, Nakagawa K, Abe I, Awaya |The 64th 2014/10/19
caused by IFIH1 mutations (7R |T, Funabiki M, Hijikata A, Annual
A—FFK) Nishikomori R, Funatsuka M, Ohshima [Meeting of the
Y, Sugawara Y, Yasumi T, Kato H, American
Shirai T, Ohara O. Fujita T, Heike T  |Society of E4t
Human
Genetics (San
Diego, CA
USA)
FERMIR DO DEERGF /MR Ik #56[E HAA|2014/11/20
ﬁ%?ﬁ/ AT DFEE(OBES HEnee BN
)
IFIHLER T 2R (S Ajcardi- |/ %ﬁmﬂ@ﬁaqﬂulf@&ﬁgﬁ&l&mﬁ*?ﬁ EE56[ B AN [2014/11/22
GoutitresEE BB MERLAS |83 MEEXR TN N\ASH |#HiEPEs
(RRE—3%) BFE DEK MRS ERES ERN
BINFREKR FRESB
HHR S —4 B —MiSeq)# | P I, ﬂ:EﬂfﬁEr‘fﬂﬁL NS, B/NF|ESE B AR |2015/1/24
W BRMERETSEDRET |[EX. FRES. MK ERESAERE i
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X-Linked Agammaglobulinemia |Hoshino A, Okuno Y, Migita M, Ban |J Clin 2015, Jan
Associated with B-Precursor H, Yang X, Kiyokawa N, Adachi Y, Immunol. 16
Acute Lymphoblastic Leukemia. [Kojima S, Ohara O, Kanegane H. 2015 Jan 16. E 44
[Epub ahead

of print]




Aicardi-Goutiéres syndrome is Oda H, Nakagawa K, Abe J, Awaya T, |Am J Hum 2014, July
caused by IFIH1 mutations. Funabiki M, Hijikata A, Nishikomori |Genet. 2014
R, Jul
Funatsuka M, Ohshima Y, Sugawara Y, [3;95(1):121-5. =5
Yasumi T, Kato H, Shirai T, Ohara O,
Fujita T, Heike T.
A complement factor B mutation |Funato M, Uemura O, Ushijima K, J Clin 2014, Aug
in a large kindred with atypical Ohnishi H, Orii K, Kato Z, Yamakawa |Immunol.
hemolytic uremic syndrome. S, Nagai T, Ohara O, Kaneko H, 2014 E 4+
Kondo N. Aug;34(6):691
-5.
Clinical and genetic Kubota K, Ohnishi H, Teramoto T, J Clin 2014, July
characterization of Japanese Kawamoto N, Kasahara K, Ohara O, |Immunol.
sporadic cases of periodic Fever, |Kondo N. 2014
aphthous stomatitis, pharyngitis Jul;34(5):584- ElsH
and adenitis syndrome from a 93.
single medical center in Japan.
Somatic NLRP3 mosaicism in Nakagawa K, Gonzalez-Roca E, Souto {Ann Rheum [2015,
Muckle-Wells syndrome. A A, Kawai T, Umebayashi H, Campistol |Dis. 2015 March
genetic mechanism shared by IM, Caiiellas J, Takei S, Kobayashi N, |Mar;74(3):603
different phenotypes of cryopyrin- [Callejas-Rubio JL, Ortego-Centeno N, [-10.
associated periodic syndromes.  |Ruiz-Ortiz E, Rius F, Anton J, Iglesias
E, Jimenez-Trevifio S, Vargas C,
Fernandez-Martin J, Calvo I, Herna
ndez-Rodriguez J, Mendez M, Dordal E 5t
MT, Basagafia M, Bujan S, Yashiro M,
Kubota T, Koike R, Akuta N,
Shimoyama K, Iwata N, Saito MK,
Ohara O, Kambe N, Yasumi T, Izawa
K, Kawai T, Heike T, Yagiie J,
Nishikomori R, Aréstegui JI.
Merkel Cell Polyomavirus- Mizuno Y, Kato G, Shu E, Ohnishi H, |Acta Derm 2015, Jan
positive Merkel Cell Carcinoma |Fukao T, Ohara O, Fukumoto H, Venereol.
in a Patient with Katano H, Seishima M. 2015 Jan B4
Epidermodysplasia Verruciformis. 15;95(1):98-
99.
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Compound heterozygous deletions| Tsuchiya T, Shibata M, Numabe H, Am J Med 2014
in pseudoautosomal region 1 in an |Jinnno T, Nakabayashi K, Nishimura |Genet 4
infant with mild manifestsations |G, Nagai T, Ogata T, Fukami M*: E 5t
of Langer mesomelic dysplasia.
Prenatal Genetic testing for a Sasaki A, Sumie M, Eada S, Kosaki R, {4m J Med 2014
microdeletion at chromosome Kurosawa K, Fukami M, Sago H, Genet A =5t
E3

14q32.2 imprinted region leading
to upd(14)pat-like phenotype.

Ogata T, Kagami M*:




IMAGe syndrome: clinical and  |Kato F, Hamajima T, Hasegawa T, Clin 2014
genetic implications based on Amano N, Horikawa R, Nishimura G, |Endocrinol
Iinvestigations in three Japanese |Nakashima S, Fuke T, Sano S, Fukami &5
patients. M, Ogata T*:
Genome-wide parent-of-origin Court F, Tayama C, Romanelli V, Genome Res 12014
DNA methylation analysis reveals |Martin-Trujillo A, Iglesias-Platas 1,
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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 that encode 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 Brafaz‘””/*) 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®?*’"* 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 Braf knockin 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).

*To whom correspondence should be addressed at: Department of Medical Genetics, Tohoku Univer: 51ty School of Med1<:1ne 1-1 Seiryo-machi, Aoba-ku,
Sendai 980-8574, Japan. Tel: +81 227178139; Fax: 481 227178142; Email: aokiy@med.tohoku.ac.jp

© The Author 2014. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oup.com

10T ‘L 15080y U0 ANSIeANU() nYoyo], 18 S0 speminoefproyxo Suy/ diy woxy papeoumoq



2 Human Molecular Genetics, 2014

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] and MAP2K2 (MEK1 and MEKZ2, 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 (8—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 been rarely 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 CRI
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 V60OE (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 Q241 R 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
Braf@?*® Neo'ty To induce ubiquitous expression of Braf
Q241R in germ cells, the Braf@*?® Neot 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 Q24 1R expression (Fig. 1D).

To examine if cell signaling pathways, including ERK, INK,
p38 and PI3K—AKT pathways, were altered in Braf22#! Lz *;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 qufQZ HRA Cre whole embryos were similar to those
of Braf*"*; Cre (Fig. 1B; Supplementary Material, Table S1),
whereas phosphorylated MEK protein levels were higher in
the brain of Braf?*"! R+ 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

Genot}rpe analysis of embryos from an intercross between

Braf™'*; Cre and Braf@*® Neo'+ mice showed no surviving
Braf@?"®*. Cre littermates at weaning, whereas Braf™ ™",
Braft’*; Cre and Braf2*#® Neo'* fittermates 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 Braf@**"®*; Cre embryos appeared normal (F i,%. 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@?*/%/*;
Cre embryos at E16.5. At E18.5, BranZ“R/"’; 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-GALA4 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 (n = 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, Ncol and AfI) 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@?* /R Meo™+ ES cells was digested with Sacl (5 probe), Neol (3’ probe) or AfII (Neo probe) and subjected to Southern blotting
with a 5/, 3’ or Neo probe. The 5', 3’ or Neo probe detects the 9.1-kb (Braf WT) and 6.1-kb (Braf@?*1® Neo'+y Sacl fragments, the 15.9 kb (Braf WT) and 9.2 kb
(BrafP?H 1R Neoly Neol fragments or the 8.6 kb (Braf22#1% Neo/ty 4f11 fragment, respectively. (D) RNA was isolated from the brain of Braf™'*; Cre and Braf@# %™+,
Cre embryos at E18.5, and reverse transcribed into cDNA. Sanger sequencing was carried out using the ¢cDNA. The arrow indicates the Q241R 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@*$!™® Mol ice

Age Braft'* Braf**: Cre Braf QAR Neols Braf PV, Cre " P

El12.5 24 29 23 23 9 0.80
E13.5 5 14 6 621 31 0.08
El4.5 19 22.(1) 23 1A 75 0.19
El6.5 57 60 55 34 (714]) 206 0.04
E18.5 16 23 20 0 (17 [4]) 59 <0.0001
E19.5 11 16 11 O(1L[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@2?/R Neot+
and Braf2*"®+ . Cre embryos (Supplementary Material, Fig. $4),
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 Braf2*"®*; Cre embryos showed cardiomegaly and
livernecrosis, possibly due to heart failure (Fig. 2E), detailed histo-
logical analysis of the heart at different embryonic stages was con-
ducted. AtE12.5, the hearts of Braf2**! B Cre embryos appeared
normal (Supplementary Material, Fig. S5A), 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%) Bm;,/Q8 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? HREL 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
BrafZ* ™", Cre embryos, suggesting cardiac enlargement and
thickened pulmonary and tricuspid valves (Fig. 3E). These
results suggest that Brafgz‘”R/ *; Cre embryos develop various
congenital heart defects, which almost certainly contributes to
embryonic lethality.

BrafZ*®*: 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 Braf@**'®*; 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 EI13.5, 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 undergoing apoptosis were observed in either Braf™ ™,
Cre or Braf@**"®*; Cre at E13.5 and B16.5 (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
Braf?"®+, 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. 4 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@?* R+,
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 Etvi, Etv4 and Etv5, but
not Elkl, were signiﬁcantl)f higher in Bra/P#®*; 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 Braf@?/%/+; Cre embryos. (A and B) Gross appearance of Braf™™; Cre and 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

©0241R Neo/+ fQ24 1R/-

and Braq;

*; Cre embryos at E19.5. The arrow indicates mandibular hypoplasia. (D) Alcian Blue/Alizarin Red staining of Braf@?#/%

Neo/+ and

Braf@?""™*; Cre embryos at E19.5. The arrow, solid arrowhead and open arrowhead indicate mandibular hypoplasia, kyphosis and ossification in the interparictal
bone, respectively. (E) H&E staining of liver sections of Braf™*; Cre and Braf2**™**; 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 um.

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.

Bran”IR/ *3 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
jugular lymphatic sacs (JLSs), which result from a disturbance
in differentiation of lymphatic endothelial cells (21,222). 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. 5A 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 BranZ‘”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 lymphat-

)§
ic development from the cardinal vein in BranZ‘” . Cre
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Figure3. Cardiac phenotype of Braf2** %+, Cre embryos. (A—D) H&E staining of sequential anterior to posterior sections of embryonic hearts from Braf*’*; Creand
Braf@?""®%; CreatE16.5. A dramatic increase in density of trabeculac (arrows), enlarged valves (solid arrowheads), VSD (openarrowhead) and abnormal endocardial
cushion (asterisk) arc observed. Scale bars 500 um (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 Bra,

IR+ Cre embryos at E16.5. (D) Represen-

tative image of noncompaction in hearts from qu/Q”I R Cre cembryos at E16.5. (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 Braf2**"™*; Cre embryos at E16.5. Data arc the means + SD (Braf™*; Cre (n = 9) and
Braf-”"”v *; 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 Braf?**'®*; 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 Brg/@?*%+;
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 Braf22“®*; 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 qu/gg"]’z/ *; Cre embryos

MEK inhibitor, PD0325901, treatment is known to rescue the
embryonic lethality of Noonan syndrome model mice (24). Preg-
nant Braft’*; Cre mice were treated with various compounds
to see whether this would result in recovery from embryonic
lethality (Table 2). Male Braf**'® Meo'* 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/ke), daily
fromE10.5t0 E18.5.PD0325901 treatment (0.5 mg/kg) modest-
ly rescued the embryonic lethality of Bra/2?*®*. Cre mice
(2 of 30). Seven embryos also survived for 3 weeks with
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