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Development of therapeutic drugs for fibrodysplasia ossificans progressiva by
drug repositioning strategies
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Fibrodysplasia ossificans progressiva (FOP) is a severely disabling
heritable disorder of connective tissue characterized by progressive heterotopic ossification in
various extraskeletal sites. FOP is caused by a gain-of-function mutation in ALK2, which causes up
regulation of a transcriptional factor, Idl. We screened FDA-approval drugs for suppression of the
Id1 promoter activated by the mutant ALK2 in C2C12 myogenic cells. We found that azelastine HCI
(anti-histamine), Fluvastatin sodium salt (ant-hyperlipidemia), and Trimipramine maleate salt
(anti-depressant) suppressed the Idl promoter activity in a dose-dependent manner. These drugs also
downregulated the expressions of the ldl-target osteoblastic genes such as alkaline phosphatase and
osteocalcin.

ldl ALK2



fibrodysplasia ossificans progressiva :
FOP bone
morphogenetic protein : BMP
ALK2

ADL

ALK2  blocker dorsomorphin
LDN-193189
% FOP
BMP
ALK2 BMP
Id1
Cc2C12
1d1
1d1 FOP

(1) ALK-R206H 1dWT4F-Luc

C2C12 ALK-R206H 1dWT4F-Luc
phRL-TK  transient transfection 24
1186 FDA 24
Dual-Luciferase Reporter

Assay

50-70

BMP
cac12 |

o ALP?

FDA 1186

ALK2-
|
. \
co-transfection
(o —

1d1
(2) 1d1
IdImRNA RT-PCR Id1
Western blotting
Id1
1d1
mMRNA
BMP
Smad1/5/8
in vitro
(3) FOP in vivo
) in vivo
Cre-Lox
FOP
ALK2 Q107D
FOP
crude BMP
CT
in vivo
vehcle 0.3
MTS

0.2 4



Parthenolide

Verteporfin

Thonzonium bromide
Alexidine dihydrochloride
Proscillaridin A
Mefloguine

‘ Luciferase ‘

Lanatoside C

Thimerosal

Raloxifene hydrochloride
Pimozide

chloride
Digoxin

Methyl

Beta-Escin

Digitoxigenin

Pyrvinium pamoate

Triclosan

mesylate
o

Terfenadine

Niclosamide

Lacidipine

chloride

salt

°

Bil  2F07 12
261 1

4B05 1~

1008 4C10 1

4E09 16
1 Fo4
1 Fo0g

5604 1

6C03 1-8 Zotepine

TA9 1

2 002
2 007
2 D09
2010
201
2 E02

8cl0 -

9005 22
11 A7 23
11802 24
11 F0 25
11603 2

Astemizole
Dihydroergotamine tartrate
Nortriptyline hydrochloride
Clomipramine hydrochloride
Spiperone

Nicardipine hydrochloride

Dosulepin hydrochloride
7010 1-10 Bromperidol

Azelastine HCI
Loratadine

Trimipramine maleate saft
Auranofin

Fluvastatin sodium saft

Raloxifene hydrochloride

Firefly/Renilla : drug / DMSO ave.

088096
0978918

TEARF=IV) RERIVE  oosm
DETNA9h  wOb=UfBE
[Uhv) ZRER 752%
[7175==L] High0%
[READY] fifshi RRmEE
IRVJEV] BHE BhESE
[OREY) RS RRER
I70F77v) ZE3HR0%
{yTnky) Rl RRER
[7€7FV] HERBREASIIVE
T95)F] REAS:RERIZVE
TM3753V) ZRFIRIIE
4=5/74v) £ HYI37%
[A—2-IV 573 BRMER
TIER%) SERM  BHEEE

0.15069
009313 0868931
013087 1.068348
018529 1.006888
0.14994 0882551
01115 0980865
019115 0958919
0.11467 0937904
016074 1.090812
013979 098613
014217 1026628
007465 0942293
003261 1.082283

000709 0858948

MTS

Verteporfin

‘Thonzonium bromide
Alexidine

MTS assay

A

Mefloquine

Lanatoside C

‘Thimerosal

Raloxifene

Pimozide
Methyl ium chlorid

Digoxin

Ciclopirox

Beta-Escin

Pyrvinium pamoate

Triclosan

ptine mesylate
o

Terfenadine

Niclosamide

Lacidipine

chloride

Fluvastatin sodium salt
GBR i

o

0.2 0.4 0.6 0.8 1 12 14 16
viability

3
RT-PCR
Western blotting

Id1 mRNA
Id1

Id1 mRNA
Western blotting

1.04
0.84
0.64
0.44
0.24

1d1/b2MG

winliiiNNS

BMP-2 - +
Azelastine (UM) - -
Trimipramine (uM) - - - - -

02 1 5 - - -
02 1 5

3
Id1
Id1

mRNA

(®)]
2
3,'0
22 07
© ©
5 > 06 _I_
&3 05]
28 04l
g c
9 S 0.3
3»9 0.24
©°
%_g 0.11
X®T
<§ 002500501 02 05 1 2 5
c

Concentration (uM)

In vivo crude BMP
3
in vivo
CT
6 ddY
4 5mg
crude BMP
30
CT
4
65.8%
~88.2%



Id1

in vitro 1d1
crude BMP in vivo
in vivo
ACVR1/ALK2
ALK?2 ALK?2
smad
V% smad
ACVR1/ALK2
FOP
FOP
BMP
A
BMP
A mTOR
FOP
Id1
FOP BMP
vivo
C2C12 ALK2
Id1
Id1
mRNA
in vivo

28

1. Okura T, Matsushita M, Mishima K,
Esaki R, Seki T, Ishiguro N, Kitoh H.
Activated FGFR3 prevents subchondral
bone sclerosis during the development of
osteoarthritis in transgenic mice with
achondroplasia. J Orthop Res
36(1):300-308, 2018

2. Matsushita M, Mishima K, Esaki R,
Ishiguro N, Ohno K, Kitoh H. Maternal
administration of meclozine for the
treatment of foramen magnum stenosis
in transgenic mice with achondroplasia.
J Neurosurg Pediatr 19(1):91-95, 2017

3. Osawa Y, Matsushita M, Hasegawa S,
Esaki R, Fujio M, Ohgasawara B,
Ishiguro N, Ohno K, Kitoh H. Activated
FGFR3 promotes bone formation via
accelerating endochondral ossification in
mouse model of distraction osteogenesis.
Bone 105:42-49, 2017

4. Matsushita M, Esaki R, Mishima K,
Ishiguro N, Ohno K, Kitoh H. Clinical
dosage of meclozine promotes
longitudinal bone growth, bone volume,
and trabecular bone quality in
transgenic mice with achondroplasia.
Sci Rep 7(1):7371, 2017

5. Hasegawa S, Kitoh H, Ohkawara B,
Mishima K, Matsushita M, Masuda A,

Ishiguro N, Ohno K. Tranilast
stimulates endochondral ossification by
upregulating SOX9 and RUNX2
promoters. Biochem Biophys Res

Commun 470(2):356-361, 2016

6. Matsushita M, Kitoh H, Mishima K,
Kadono I, Sugiura H, Hasegawa S,
Nishida Y, Ishiguro N. Low bone mineral
density in achondroplasia and
hypochondroplasia. Pediatr Int
58(8):705-708, 2016

7. Misitma K, Kitoh H, Iwata K,
Matsushita M, Nishida Y, Hattori T,
Ishiguro N. Clinical results and
complications of lower limb lengthening
for fibular hemimelia. A report of eight
cases. Medicine 95(21):e3787, 2016

8. Hasegawa S, Victoria T, Kayserili H,
Zackai E, Nishimura G, Haga N,
Nakashima Y, Miyazaki O, Kitoh H.
Characteristic calcaneal ossification: an
additional early radiographic finding in
infants with fibrodysplasia ossificans
progressiva. Ped Radiol
46(11):1568-1572, 2016

9. Matsushita M, Kitoh H, Subasioglu A,
Colak FK, Dundar M, Mishima K,
Nishida Y, Ishiguro N. A glutamine
repeat variant of the RUNXZ2 gene
causes cleidocranial dysplasia. Mol
Syndromol 6(1):50-53, 2015

10. Matsushita M, Hasegawa S, Kitoh
H, Mori K, Ohkawara B, Yasoda A,
Masuda A, Ishiguro N, Ohno K.
Meclozine promotes longitudinal
skeletal growth in transgenic mice with




achodnroplasia carrying a
gain-of-funciton mutation in the FGFR3
gene. Endocrinology 156(2):548-554,
2015

11.Mishima K, Kitoh H, Kadono I,
Mastushita M, Sugiura H, Hasegawa S,
Kitamura A, Nishida Y, Ishiguro N.
Prediction of clinically significant
leg-length discrepancy in congenital
disorders. Orthopedics 38(10):€919-924,
2015

12.Mishima K, Kitoh H, Ohkawara B,
Okuno T, Ito M, Masuda A, Ishiguro N,
Ohno K. Lansoprazole upregulates
polyubiquitination of TRAF6 and
facilitates Runx2-mediated
osteoblastogenesis. EBioMedicine
2(12):2046-2061, 2015

46

1. Matsushita M, Kitoh H, Mishima K,
Ishiguro N. Treatment of deformities in
lower extremity by a multi-axial
external fixation system. 61st Korean
Orthopaedic Association
2017.10.19-21 (Seoul)

2. Kitoh H, Matsushita M, Mishima K,
Ishiguro N, Ohno K. Oral
administration of meclozine for the
treatment of short stature in
achondroplasia.  13th  International
Skeletal Dysplasia Meeting
2017.6.21-23 (Bruges)

3. Kitoh H, Mishima K, Matsushita M,
Ishiguro N.  Transplantation  of
autologous  culture-expanded  bone
marrow cells and platelet rich plasma
during lower limb lengthening. The 27th
Korean-Japanese Combined
Orthopaedic Symposium. 2017.5.26-26
(Incheon)

4. Matsushita M, Mishima K, Ishiguro N,
Ohno K, Kitoh H. Clinically feasible
dose of meclozine improves bone growth,
bone volume, and bone quality in mouse
model with achondroplasia. The 27th
Korean-Japanese Combined
Orthopaedic Symposium. 2017.5.26-26
(Incheon)

5. Osawa Y, Matsushita M, Ishiguro N,
Ohno K, Kitoh H. Activated FGFR3
promotes bone formation via
accelerating endochondral ossification
in mouse model of distraction
osteogenesis. The 27th Korean-Japanese
Combined Orthopaedic Symposium.
2017.5.26-26 (Incheon)

6. Kitoh H, Mishima K, Matsushita M,
Sugiura H, Kitamura K, Ishiguro N.
Transplantation of autologous

culture-expanded bone marrow cells
and platelet rich plasma for bone
regeneration. Comprehensive clinical
study of the lower limb lengthening.
EPOS/POSNA combined annual
meeting 2017.5.3-6 (Barcelona)

. Matsushita M, Kitoh H, Mishima K,

Sugiura H, Kitamura A, Ishiguro N.
Clinical feasibility of meclozine for
improvement of short stature in
achondroplasia. EPOS/POSNA
combined annual meeting 2017.5.3-6
(Barcelona)

. Matsushita M, Kitoh H, Mishima K,

Yamashita S, Sugiura H, Kitamura A,
Ishiguro N. Long term health-related
quality of life in achonroplasia.
EPOS/POSNA combined annual
meeting 2017.5.3-6 (Barcelona)

. Matsushita M, Kitoh H, Mishima K,

Sugiura H, Hasegawa S, Kitamura A,
Ishiguro N, Ohno K. Clinically feasible
dose of meclozine promotes bone growth
in mouse model with achondroplasia.
Annual meeting of Orthopaedic
Research Society 2017.3.19-22 (San
Diego)

10.Kitoh H, Mishima K, Matsushita M,

Ishiguro N. Gradual reduction using
overhead traction for developmental
dysplasia of the hip after walking age.
International Joint Symposium Lund
University & Nagoya University
2016.11.21 Lund

11.Kitoh H, Matsushita M, Mishima K,

Ishiguro N. FGFR3-targetted therapy
for short stature in achondroplasia.
60th Korean Orthopaedic Association
2016.10.19-22 (Incheon)

12.Kitoh H, Mishima K, Matsushita M,

Ishiguro. Transplantation of
culture-expanded bone marrow cells
and platelet rich plasma in limb
lengthening —Clinical trial and further
improvement. 60th Korean Orthopaedic
Association 2016.10.19-22 (Incheon)

13.Matsushita M, Kitoh H, Mishima K,

Ishiguro N, Ohno K. Clinical feasibility
of oral administration of meclozine for
the treatment of short stature in
achondroplasia. Annual meeting of the
American Society for Bone and Mineral
Research. 2016.9.16-19 (Atlanta)

14.Kitoh H, Mishima K, Matsushita M,

Sugiura H, Hasegawa S, Ishiguro N.
Genu varum in achondroplasia and
hypochondroplasia Annual meeting of
Pediatric Orthopedic Society of North
America 2016.4.27-30 (Indianapolis)

15.Matsushita M, Kitoh H, Mishima K,




Sugiura H, Hasegawa S, Kitamura A,
Ishiguro N, Ohno K. Radical
therapeutic strategy for foramen
magnum stenosis and spinal canal
stenosis in achodnroplasia. Annual
meeting of Orthopaedic Research
Society 2016.3.5-8 (Orland)

16.Kitoh H, Ishiguro N, Ohno K, Mishima
K, Matsushita M. Treatment strategies
for short stature in achondroplasia.
International Joint Symposium Lund
University & Nagoya University
2016.1.18 Nagoya

17.Kitoh H, Mishima K, Matsushita M,
Ishiguro. Transplantation of
culture-expanded bone marrow cells
and platelet rich plasma during
distraction osteogenesis of the long
bones. 4th Tissue Engineering and
Regenerative Medicine International
Society. 2015.9.8-11 (Boston)

18.Kitoh H, Mishima K, Matsushita M,
Ishiguro N.  Transplantation  of
culture-expanded bone marrow cells
and platelet rich plasma in lower limb
lengthening for short stature patients.
The 7t International Conference on
Children’s Bone Health 2015.6.27-30
(Salzburg)

10
1 FGFR3
7 7
919(231-232,) 2016
2
7 7
919(232-233,) 2016
3
7 7
919(233-234,) 2016
4
7 7
919(252-253,) 2016
5
7 7
919(249-250,) 2016
6
7 919(242,) 2016
7
2
381(58-63,) 2016
8
2015 1973(1042-1043,)
2015
9

16  1006(821-822,) 2015
10
263(63-73,) 2015

¢y

@

06232630
2017 11 2

Kitoh Hiroshi

40291174

Matsushita Masaki
60721115
Sugiura Hiroshi

40750477



