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Abstract

Cleidocranial dysplasia (CCD), an autosomal dominant
skeletal dysplasia characterized by hypoplastic clavicles
and delayed closure of the cranial sutures, is caused by mu-
tations of the runt-related transcription factor 2 (RUNX2)
gene. The RUNX2 gene consists of a glutamine and alanine
repeat domain (Q/A domain, 23Q/17A), a DNA-binding
Runt domain and a proline/serine/threonine-rich domain.
We report on a familial case of CCD with a novel mutation
within the Q/A domain of the RUNX2 gene, which is an in-
sertionin exon 1 (p.Q71_E72insQQQQ) representing the Q-
repeat variant (27Q/17A). Functional analysis of the 27Q
variant revealed abolished transactivation capacity of the
mutated RUNX2 protein. This is the first case report that
demonstrated a glutamine repeat variant of the RUNX2

gene causes CCD. ©2015 . Karger AG, Basel

Cleidocranial dysplasia (CCD) is an autosomal domi-
nant skeletal dysplasia characterized by hypoplastic or
aplastic clavicles, delayed closure of the fontanelles and
cranial sutures, delayed ossification of the pelvis, dental
abnormalities such as late eruption of permanent teeth
and multiple supernumerary teeth, and moderately short
stature [Cooper et al., 2001]. CCD is caused by hypo-
morphic or haploinsufficiency of the runt-related tran-
scription factor 2 (RUNX2) gene [Lee et al., 1997; Mund-
los et al., 1997].

To date, the mutations occur throughout the RUNX2
gene, but are clustered in the Runt domain in CCD. Most
of the mutations within the Runt domain are missense
mutations. On the other hand, nonsense mutations, in-
sertions or deletions are predominant within the Q/A do-
main or the proline/serine/threonine-rich domain [Kim
etal., 2006]. The Q/A domain has the capacity to mutate
via strand slippage during DNA replication [Yoshida et
al., 2002]. Glutamine repeat sequence expansion has been
the cause of some diseases that show genetic anticipation,
where severity increases in subsequent generations as the
repeat length increases due to errors in replication [Mc-
Murray, 2010]. Wild-type human RUNX2 contains a
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Fig. 1. Radiographs of the proband’s chest and skull demonstrating the complete absence of bilateral clavicles,
open large fontanelles, multiple wormian bones, supernumerary teeth, and mandibular protrusion (A-C). An-
teroposterior radiograph of the father’s chest demonstrating bilateral absence of clavicles (D) and radiographs of
his skull demonstrating multiple wormian bones, a relatively thick skull and prognathism (E, F).

23Q/17A repeat: 23 consecutive glutamine residues fol-
lowed by 17 alanine residues. An insertion of the polyala-
nine tract (23Q/27A) was previously observed in only one
CCD patient [Mundlos et al., 1997].

Here, we describe a familial case of CCD with a novel
mutation within the Q/A domain, which is an insertion
of the polyglutamine tract (27Q/17A). In vitro functional
analysis was performed to assay the transactivation ca-
pacity of the mutant RUNX2 protein.

Case Report

A family with the clinical diagnosis of CCD from the Erciyes
University, Turkey, was examined in this study. The proband, a
2-year-old boy, is the only child of an affected father (27 years old)
and a healthy mother (23 years old). Radiographs of the proband
showed a large defect of the parietal and occipital bones, supernu-
merary teeth, sclerosis of the cranial base, multiple wormian bones,
and bilateral absence of clavicles (fig. 1A-C). The last 2 radio-

Cleidocranial Dysplasia with Q-Repeat
Variant

graphic manifestations (multiple wormian bones and absent clav-
icles) were also observed in the boy’s father (fig. 1D, E), although
he had a relatively thick skull and prognathism (fig. 1F). The cra-
niofacial manifestations, including frontal bossing, midface hypo-
plasia and a small face, were shared in both the proband and his
father.

Methods

After informed consent was obtained from all family members,
genomic DNA was extracted from peripheral blood leukocytes.
The exons (0-7) and their flanking intronic regions of the RUNX2
gene were amplified by PCR using sets of primers. Direct sequence
analysis of the affected patients’ DNA from this family demon-
strated a novel heterozygous mutation within the Q/A domain,
¢.213_214insCAGCAGCAGCAG (p.Q71_E72insQQQQ).

For in vitro functional studies of the mutant RUNX2 protein
identified in this family, the entire cDNA of p.Q71_E72insQQQQ
(27Q) was constructed as follows. We confirmed that the mutation
was located between 2 Pstl sites (181 bp) in exon 1 and obtained
the oligonucleotide duplex containing the mutation (Integrated
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Fig. 2. Transactivation ability of the wild-type and mutant RUNX2
proteins. COS7 cells were transfected with p60OSE2-luc as a re-
porter plasmid, full-length, wild-type or mutant RUNX2 as effec-
tor plasmids, and phRL-TK as an internal control of transfection
efficiency. Data are presented as fold activation relative to the ac-
tivity obtained with wild-type RUNX2 vector plasmid. Bars repre-
sent the average ratios of luciferase to Renilla activity. Standard
deviations are represented by error bars. Both the 27Q variant and
ATLT198_200 mutants showed significantly reduced transactiva-
tion ability compared to the wild type. Moreover, transactivation
of the 27Q variant was significantly lower than that of the
ATLT198_200 mutant.

DNA Technologies MBL, Japan). PCR fragments of the oligonu-
cleotide duplex were double-digested with Pstl. This insert was
cloned into the human full-length RUNX2 ¢cDNA (Ori-Gene Tech-
nologies, Rockville, Md., USA) at the PstI sites. On the other hand,
p-T198_T200del (ATLT), which was previously identified in a pa-
tient with CCD, was constructed by using the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, Calif., USA) [Mat-
sushita et al., 2014]. Transient transfection experiments in COS7
cells were performed using FuGENE 6 (Roche, Indianapolis, Ind.,
USA). Aliquots of 400 ng expression plasmid containing either
wild-type or mutagenized RUNX2 were cotransfected with 400 ng
of a reporter plasmid p60SE2-luc (kindly provided by T. Komori,
Nagasaki University, Japan) [Harada et al., 1999]. All transfection
experiments were done 8 times. The transactivation study showed
that the 27Q variant and ATLT mutants had significantly lower
transcription activities (32 and 61% of the wild type, respectively)
(fig. 2).

Discussion

Clinical and radiographic manifestations of the pres-
ent cases seemed to be typical for CCD, including com-
plete absence of bilateral clavicles, multiple wormian
bones and supernumerary teeth. Mutation analysis of this

52 Mol Syndromol 2015;6:50-53
DOI: 10.1159/000370337

family showed a Q-repeat variant within the Q/A do-
main, which resulted in a significant reduction of trans-
activation of the RUNX2 protein.

Q-repeat variants within the RUNX2 gene were identi-
fied in an Australian fracture cohort (15Q, 16Q, 24Q, and
30Q) [Vaughan et al., 2002], a randomly selected popula-
tion from Aberdeen (16Q) [Vaughan et al., 2004], and a
Spanish population study (16Q, 18Q and 30Q) [Pineda et
al., 2010]. A 30Q variant of the RUNX2 gene has never
been reported to be associated with CCD phenotypes. On
the other hand, a novel 27Q variant caused CCD by
downregulating the transactivation activity of the RUNX2
protein. Generally, triplet repeat expansion disorders ac-
celerate their phenotypes according to the repeat length.
Huntington’s disease, for example, is one of the polyQ-
repeat disorders, and its severity is usually associated with
the length of the polyQ tracts. It has been suggested that
aggregation of the polyQ fibers is pathogenic of the dis-
ease. Perutz [1996] reported that Huntington’s disease
has not been observed in individuals with <37 repeats,
and absence of disease has never been found in those with
>41 repeats. This indicated that polyQ expansion beyond
the pathological threshold of 36-40 repeats leads to a clin-
ical manifestation. According to the model of Perutz et al.
[2002], polyQ fibers are composed of nanotubes with 20
residues per turn, and a minimum of 2 turns (40 repeats)
is necessary for pathogenic polyQ aggregates. It is possi-
ble that the 27Q variant is pathogenic, while the 30Q vari-
ant is benign, since the repeat length is not necessarily
related to the severity of the disease when it is <40 repeats.

Sears et al. [2007] showed that Q/A tandem repeat ra-
tio correlated to RUNX2 transcriptional activity. Morri-
son et al. [2012] demonstrated that transactivation activ-
ity was reduced by the RUNX2 Q-repeat variants, but
rescued by PEBP2P, which is the partner subunit for
heterodimerization with the Runt domain. In a study on
dogs, Fondon and Garner [2004] demonstrated that the
length of the Q repeat is significantly associated with mid-
face length and nose curvature. We previously reported a
CCD patient with the in-frame deletion (ATLT) who
showed a milder phenotype than the present cases, in-
cluding mild short stature (-1.75 SD), delayed fontanelle,
midface hypoplasia, pseudoarthrosis of the right clavicle,
and hypoplasia of the left clavicle [Matsushita et al., 2014].
ATLT mutation decreased the transactivation activity of
the RUNX2 protein by abolishing the heterodimerization
of the RUNX2 protein with the PEBP2p. Significantly
lower transactivation activity of the 27Q variant than that
of the ATLT mutant may reflect the phenotypic severity
of the disease.

Mastushita et al.
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C-type natriuretic peptide (CNP) plasma levels are
elevated in subjects with achondroplasia,
hypochondroplasia, and thanatophoric dysplasia
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Context: C-type natriuretic peptide (CNP) is a crucial regulator of endochondral bone growth. In
a previous report of a child with acromesomelic dysplasia, Maroteaux type (AMDM), due to loss-
of-function of the CNP receptor (NPR-B), plasma levels of CNP were elevated. In vitro studies have
shown that activation of the MEK/ERK MAP kinase pathway causes functional inhibition of NPR-B.
Achondroplasia, hypochondroplasia, and thanatophoric dysplasia are syndromes of short-limbed
dwarfism caused by activating mutations of fibroblast growth factor receptor-3, which result in
over-activation of the MEK/ERK MAP kinase pathway.
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Objective: To determine if these syndromes exhibit evidence of CNP resistance as reflected by
increases of plasma CNP and its amino terminal propeptide (NTproCNP).

Design: This was a prospective, observational study.

Subjects: Participants were 63 children and 20 adults with achondroplasia, 6 children with hypo-
chondroplasia, 2 children with thanatophoric dysplasia, and 4 children and 1 adult with AMDM.

JCEM

Results: Plasma levels of CNP and NTproCNP were higher in children with achondroplasia with CNP
SD scores (SDS) of 1.0 (0.3-1.4) [median (intraquartile range)] and NTproCNP SDS of 1.4 (0.4-1.8)
(p<<0.0005). NTproCNP levels correlated with height velocity. Levels were also elevated in adults
with achondroplasia, CNP SDS 1.5 (0.7-2.1) and NTproCNP SDS 0.5 (0.1-1.0), p<<0.005. In children
with hypochondroplasia, CNP SDS were 1.3 (0.7-1.5)(p=0.08) and NTproCNP SDS were 1.9 (1.8-
2.3)(p<0.05). In children with AMDM, CNP SDS were 1.6 (1.4-3.3) and NTproCNP SDS were 4.2
(2.7-6.2) (p<0.01).

Conclusions: In these skeletal dysplasias, elevated plasma levels of proCNP products suggest the
presence of tissue resistance to CNP.

-type natriuretic peptide (CNP) is a member of the  peptide is produced in the growth plate and is a potent
C natriuretic peptide family that includes atrial natri-  positive regulator of linear growth (reviewed in 1). Ho-
uretic peptide and B-type natriuretic peptide. The cognate  mozygous or biallelic inactivating mutations of NPR2
receptor for CNP is natriuretic peptide receptor-B  cause acromesomelic dysplasia, Maroteaux type (MIM
(NPR-B, gene NPR2), a membrane receptor that generates 602 875, AMDM), a form of short-limbed dwarfism (2).

EARLY RELEASE

cyclic GMP as the second messenger. C-type natriuretic C-type natriuretic peptide levels can be measured in
L HH ISSN Print 0021-972X  ISSN Online 1945-7197 Abbreviations:
‘II Printed in U.S.A.
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plasma, although specific clearance pathways resultin low
levels. Biosynthetic processing of CNP generates an ami-
no-terminal propeptide (NTproCNP) that s released from
the cell in an equimolar ratio to CNP. This propeptide is
not subject to specific clearance pathways. As a result,
plasma NTproCNP levels reflect CNP production more
accurately than levels of the active peptide (3). In a pre-
vious report, we documented greatly elevated plasma con-
centrations of CNP and NTproCNP in a child with
AMDM (1), suggesting that reduced intracellular CNP
pathway activity may increase CNP production.

Achondroplasia (MIM 100 800) is the most common
skeletal dysplasia with incidence estimates ranging from 1
in 15000 to 1 in 26 000 births (4). Achondroplasia is
caused by a mutation in the fibroblast growth factor re-
ceptor-3 gene (FGFR3) (5). A single mutation (G380R)
accounts for greater than 98% of all reported cases of
achondroplasia and is a gain-of-function mutation. Hy-
pochondroplasia (MIM 146 000) is a related, but milder
skeletal dysplasia. Thanatophoric dysplasia (MIM
187 600) is a rarer syndrome of skeletal dysplasia, with
phenotypic features more severe than in achondroplasia
and is often lethal in the neonatal period. Both hypochon-
droplasia and thanatophoric dysplasia are also caused by
gain-of-function mutations in FGFR3 (6, 7).

In the growth plate, FGFR-3 activates a number of sig-
naling cascades, the most important of which appear to be
the signal transducers and activators of transcription
(STAT1) pathway, which inhibits chondrocyte prolifera-
tion, and the MEK/ERK mitogen-activated protein kinase
(MAP kinase) pathway, which inhibits chondrocytic dif-
ferentiation and increases matrix degradation. The net re-
sult is poor bone growth (reviewed in 8). The MEK/ERK
MAP kinase pathway and the CNP intracellular signaling
pathway interact and are mutually inhibitory (9). Evi-
dence of functional inhibition of NPR-B by FGFR-3 over-
activity, and our finding of raised plasma CNP peptides in
a patient with a homozygous loss-of-function mutation in
NPR2, lead us to postulate that plasma levels will also be
raised in disorders associated with constitutive activation
of FGFR-3.

Materials and Methods

Subjects

Subjects were healthy people with the clinical diagnosis of
achondroplasia (63 children, 20 adults), hypochondroplasia (6
children), thanatophoric dysplasia (2 children), or AMDM (4
children and 1 adult). This study was approved by the Nemours
Florida Institutional Review Board. All children had written pa-
rental permission obtained. All adult subjects had written in-
formed consent obtained.

J Clin Endocrinol Metab

Study procedures

With the exception of AMDM, this was a prospective study.
All subjects with achondroplasia, hypochondroplasia, or than-
atophoric dysplasia were seen in the Skeletal Dysplasia Clinic at
Nemours/Alfred I. duPont Hospital for Children in Wilmington,
DE. Anthropometrics were done, including standing height by
wall-mounted tape measure or recumbent length by measuring
table and weight by electronic scale. If the subject was an estab-
lished patient, heights from previous visits were obtained from
the medical record for determination of annualized height
velocity.

Subjects with AMDM were seen by a variety of geneticists
around the world. Blood was drawn locally and plasma was
frozen and shipped for analysis.

Assays

Blood was drawn into EDTA tubes and stored at 4 C until
processed. Blood was centrifuged at 4 C and plasma aliquoted
and frozen at —80 C until assayed.

The radioimmunoassays used for CNP and NTproCNP were
as previously described (10, 11).

Statistical analysis

Standard deviation scores (SDS) were calculated using the
LMS method (12). Height SDS were calculated using Center for
Disease Control 2000 data (13). For the subjects with AMDM
residing outside the US, country specific height data were used.
Standard deviation scores for CNP, NTproCNP, and CNP-to-
NTproCNP ratio were calculated using reference data from our
previous studies of healthy children (10) and adults (11). Achon-
droplasia-specific height SDS were calculated using estimates of
age-specific mean and SD from height charts reported by Hor-
ton, et al (14).

Data are summarized as median and interquartile range (25th
- 75th percentiles). For height SDS data, one sample Student’s
t-tests were used to compare groups to the general population.
For the peptide assay data, because of the widely differing ranges
of variance in the sample groups, nonparametric tests were used.
For the children, comparison between the reference population,
and subjects with achondroplasia, hypochondroplasia, or
AMDM were made using Kruskal-Wallis tests, with Holm-ad-
justed Mann-Whitney rank sum tests for post hoc pairwise com-
parisons. For the adults, comparison of SDS data were made
using Mann-Whitney rank sum tests. Correlation between NT-
proCNP level and height velocity were done by fitting a line by
least squares and performing linear regression analysis. Pearson
product-moment correlation coefficients (r) are reported. Sta-
tistics where calculated using Primer of Biostatistics software
(version 7; The McGraw-Hill Companies, Inc., New York, NY).
Significance was assumed for p values less than 0.05.

Results

Achondroplasia

The characteristics of the subjects with achondroplasia
are shown in Table 1. In children with achondroplasia,
plasma concentration of both CNP and NTproCNP (Fig-
ure 1) were higher than in the reference population (P <

The Endocrine Society. Downloaded from press.endocrine.org by [${individual User.displayName}] on 13 November 2014. at 02:55 For personal use only. No other uses without permission. . All rights reserved.
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Table 1. Subjects with Achondroplasia or Hypochondroplasia

Achondroplasia

Hypochondroplasia

children
number 63
sex (F:M) 31:32
age (y) 4.7 (2.9-7.5)
height sp score® —4.8(-5.6- —4.2)**
height sp score® —0.1(-0.8-0.5)
CNP (pM) 2.1(1.7-2.4)
CNP sp score 1.0 (0.3-1.4)**
NTproCNP (pM) 53.0 (47.3-63.0)
NTproCNP sp score 1.4 (0.4-1.8)**
NTproCNP:CNP ratio 26 (31-22)
NTproCNP:CNP sp score —0.1(-0.7-0.4)

adults children

20 6

11:9 3:3

41 (36-45) 8.6 (6.6-10.9)
ND —3.1(-3.7- —=2.2)*"
ND 1.9 (1.3-3.0)"
0.9(0.7-1.1) 2.3(1.9-2.5)
1.5(0.7-2.1)* 1.3(0.7-1.5)*
17.0 (16.0-19.3) 55.2 (52.1-58.7)
0.5(0.1-1.0)* 1.9(1.8-2.3)*
21 (16-36) 23 (25-22)
—0.9(-1.6-0.4) 0.2 (-0.4-0.2)

Data are median (intraquartile range)

ND, not determined

aUsing general population reference standards
bUsing achondroplasia-specific reference standards
*P < 0.01 compared to the reference population
**p < 0.0005 compared to the reference population
P < 0.01, compared to subjects with achondroplasia

.0005 for both), despite markedly reduced height. Simi-
larly, adults with achondroplasia also had higher levels of
CNP and NTproCNP (P < .005 for both)(Table 1). The
NTproCNP-to-CNP ratio is a measure of CNP clearance
and did not differ from the reference population (Table 1).

Linear regression analysis showed that in children with
achondroplasia, NTproCNP level had a significant posi-
tive correlation with height velocity (n = 62,1*=0.42, P <
.0005)(Figure 1, panel C). A similar relationship was
found in the reference population (n = 139, r*=0.51, P <
.0005) (10). The regression line for children with achon-
droplasia differed from that of the reference population
both for slope (1.76 *= 0.27 vs. 2.41 = 0.20 pM/cm/y
respectively, mean=*SE, P <.05) and for intercept (46.7 =
2.3 vs.24.1 = 1.3 pM, P <.0005).

Hypochondroplasia

Table 1 shows the characteristics of the subjects with
hypochondroplasia, all of whom were children. Com-
pared to the reference population, these subjects had ele-
vated plasma CNP and NTproCNP levels (Figure 1)(P <
.05 for both). Compared to subjects with achondroplasia,
the CNP and NTproCNP SDS were not different (Figure
1).

Thanatophoric dysplasia

We studied two young children with thanatophoric
dysplasia. One subject wasa 2.3 year old boy with a height
SDS of —11.5. His plasma CNP level was 3.0 pM (SDS of
3.0) and his NTproCNP level was 67.3 (SDS of 1.1). The
second subject was a 2.7 year old boy with a height SDS of

—11.1. His plasma CNP level was 1.0 pM (SDS of 0.0) and
his NTproCNP level was 72.2 (SDS of 1.8).

Acromesomelic dysplasia, Maroteaux type

Table 2 shows the characteristics of subjects with
AMDM. In the children, CNP SDS (n = 3, P < .01) and
NTproCNP SDS (n = 4, P < .005) were significantly
higher than in the reference population and were also
higher than values in achondroplasia (CNP SDS, P < .05;
NTproCNP SDS, P < .005, Figure 1). In the adult with
AMDM, both plasma CNP and NTproCNP were mark-
edly elevated.

Discussion

The finding that CNP products in plasma were greatly
elevated in a subject with profound short stature due to a
disruption of the CNP receptor (NPR-B) and reports from
others that activation of the MEK/ERK MAP kinase path-
way inhibits NPR-B signaling, lead us to postulate that
plasma levels would also be elevated in people with FGFR-
3-related skeletal dysplasias such as achondroplasia. The
current findings clearly show that circulating products of
proCNP are raised not only in children and adults with
achondroplasia, but also in children with related condi-
tions of FGFR-3 overactivity.

People with AMDM have absent or disrupted CNP re-
ceptors. Since CNP is a growth promoting factor and peo-
ple with AMDM have profound growth failure, this is a
classic instance of hormone resistance. We have shown
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Table 2. Subjects with Acromesomelic Dysplasia, Maroteaux Type
Age height CNP CNP NTproCNP NTproCNP NT:CNP
(y) Genotype Sex SDS (pM1) SDS (pM) SDS NT:CNP SDS
2.5 G413E/G413E M =51 2.7 1.6 86.3 2.8 32.0 -0.5
49 del/del M -5.3 ND ND 110.2 5.6
7.5 R668stop/R218C F —-2.3 2.1 1.1 58.0 2.4 27.6 -0.6
7.9 1364fs/I364fs F -85 7.6 5.0 172.0 7.9 22.6 0.1
30 Q853stop/RI89 liter M —-8.6 7.8 46.6 144.0 8.0 18.5 1.7

ND, not determined

here that CNP and NTproCNP levels are markedly ele-
vated in people with AMDM, suggesting that CNP, as in
virtually all other hormone axes, is regulated by a negative
feedback loop. Supporting this conclusion are two reports
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Figure 1. C-type natriuretic peptide and NTproCNP levels in children.
Panels A & B, comparison between different skeletal dysplasias.
Standard deviation scores are shown for CNP (Panel A) and NTproCNP
(Panel B) for children from the reference population (n = 318),
children with achondroplasia (n = 63, Ach), hypochondroplasia (n = 6,
Hyp), and acromesomelic dysplasia, Maroteaux-type (n = 4, AMDM).
Diamonds show the median for each group and error bars the 25th
and 75th percentile. ns, difference is not significant. *P < .05; **P <
.01; ***P < .0005. Panel C shows the correlation between height
velocity and NTproCNP levels in children with achondroplasia.
Annualized height velocity was determined using the height at a
previous clinic visit and the height from the study visit. Solid line, least
mean squares linear regression line. The correlation is significant (n =
62, r’=0.416, P < .0005). Dashed line, previously published regression
line from children from the general population (n = 139, r = 0.711,

P < .0005) (10). The two regression lines differ both in intercept (P <
.05) and in slope (P < .0005).

of subjects with activating mutations of NPR-B causing
skeletal overgrowth (15, 16), in whom plasma NT-
proCNP concentrations were profoundly reduced. Little is
known about the factors that regulate CNP expression
and translation; the details of this feedback loop require
further study.

The interaction between the MEK/ERK MAP kinase
and CNP/cGMP pathways has been defined in vitro in
chondrogenic cell systems and in organ culture. Phosphor-
ylated MEK1/2 and/or ERK1/2 directly or indirectly in-
hibit cGMP generation by NPR-B (9). Meanwhile, NPR-
B-generated cGMP, in a pathway that involves cGMP-
dependent protein kinase II (PRKG2) and the MKK/p38
MAP kinase pathway, inhibits MEK/ERK activation by
inhibiting RAF1 (17, 9, 18, 19). Hence in vitro data de-
scribe a potential mechanism in which overactivation of
the MEK/ERK MAP kinase pathway can result in resis-
tance to CNP.

In this study, we observed a clear increase in CNP and
NTproCNP levels in subjects with achondroplasia and
hypochondroplasia. We also provide evidence for in-
creased levels in two children with thanatophoric dyspla-
sia, although the sample size was too small for statistical
confirmation. Assuming the presence of CNP regulatory
feedback loop as suggested by the data from subjects with
AMDM, the finding of elevated CNP levels in a popula-
tion with severe short stature suggests that these individ-
uals may also have resistance to CNP. This is further dem-
onstrated by Figure 1 (panel C), which shows that the
slope of the regression line linking NTproCNP and height
velocity is significantly reduced in children with achon-
droplasia compared to the reference population.

There are other potential explanations for our findings.
It may be that another branch of the FGFR-3 signaling
cascade up-regulates CNP expression and that the MAP
kinase inhibition of NPR-B signaling is not occurring or is
notrelevantin vivo. Another possibility is that the elevated
blood levels of CNP are arising from other tissues and not
the growth plate and hence not relevant to the growth
failure. Now that the observation has been made, further
definition is needed to provide clarity. Of interest, prod-
ucts of proCNP in plasma are also elevated in adults with
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achondroplasia or AMDM. The tissues that contribute to
plasma levels of CNP and NTproCNP after growth plates
have closed have not been clearly defined, but are likely to
include skeletal, vascular, and cardiac (11, 20) tissue. C-
type natriuretic peptide, NPR-B, and FGFR-3 are all ex-
pressed in these tissues. The finding of elevated plasma
levels of CNP in adults with achondroplasia suggests that
alteration of the CNP pathway by activating FGFR3 mu-
tations is not limited to the growth plate.
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Summary

Fibrodysplasia ossificans progressiva (FOP) is a disabling heritable disorder of connective
tissue characterized by progressive heterotopic ossification in various extraskeletal sites.
Early correct diagnosis of FOP is important to prevent additional iatrogenic harm or
trauma. Congenital malformation of the great toes is a well-known diagnostic clue, but
some patients show normal-appearing great toes. The thumb shortening and cervical
spine abnormalities are other skeletal features often observed in FOP. This study aimed to
address the quantitative assessment of these features in a cohort of patients with FOP, which
potentially helps early diagnosis of FOP. Radiographs of the hand and cervical spine were
retrospectively analyzed from a total of 18 FOP patients (9 males and 9 females) with an
average age of 13.9 years (range 0.7-39.3 years). The elevated ratio of the second metacarpal
bone to the distal phalanx of the thumb (> +1SD) was a consistent finding irrespective of the
patient's age and gender. Infant FOP patients, in addition, exhibited an extremely high ratio
of the second metacarpal bone to the first metacarpal bone (> +3SD). The height/depth
ratio of the C5 vertebra increased in patients over 4 years of age (> +2SD). Additionally, the
ratio of (height+depth) of the CS spinous process to the CS vertebral depth was markedly
elevated in young patients (> +2SD). We quantitatively demonstrated the hand and cervical
spine characteristics of FOP. These findings, which can be seen from early infancy, could be
useful for early diagnosis of FOP even in patients without great toe abnormalities.

Keywords: Fibrodysplasia ossificans progressiva, early diagnosis, radiographic characteristics

1. Introduction

Fibrodysplasia ossificans progressiva (FOP) is a
severely disabling genetic disorder of connective tissues
characterized by congenital malformations of the great
toes and progressive heterotopic ossification (HO) in
various extraskeletal sites including muscles, tendons,
ligaments, fascias, and aponeuroses. FOP is caused by
a recurrent activating mutation (c.617G > A, p.R206H)
in the gene encoding activin receptor [A/activin-like
kinase 2 (ACVR1/ALK?2), a bone morphogenetic
protein (BMP) type I receptor (/). HO typically begins
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Dr. Hiroshi Kitoh, Department of Orthopaedic Surgery,
Nagoya University Graduate School of Medicine, 65
Tsurumai, Showa-ku, Nagoya, Aichi, 466-8550, Japan.
E-mail: hkitoh@med.nagoya-u.ac.jp

to form during the first decade of life preceded by
painful soft tissue swelling and inflammation (flare-
ups), which are sometimes mistaken for aggressive
fibromatosis or musculoskeletal tumors. Surgical
resection of HO leads to explosive new bone formation
(2). Since there is no definitive treatment to prevent
progressive HO in FOP to date (3), early correct
diagnosis is necessary to maintain their mobility by
preventing additional iatrogenic harm (4).
Malformations of the great toes, such as hallux
valgus, deformed proximal phalanges and shortened
first metatarsal bones, are well-known pre-osseous
features of FOP (5). A reported incidence of these
deformities is 95%, suggesting that there exists rare
FOP cases without the great toe abnormalities (6). We
demonstrated additional early radiographic signs of
FOP including shortening of the first metacarpal bones
and hypertrophy of the posterior element of the cervical
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spine (7). Clinical awareness of these deformities can
aid clinicians in making early diagnosis of FOP, but
quantitative assessment of these deformities has not yet
been determined.

In this study, we retrospectively examined
radiographs of the hand and cervical spine in
FOP patients and demonstrated various abnormal
radiographic parameters helpful for early diagnosis of
this specific disorder.

2. Materials and Methods
2.1. Demographics

This study represents a retrospective case-control study
consisting of Japanese FOP patients followed up at health
care facilities where members of the Research Committee
on Japanese Fibrodysplasia Ossificans Progressiva
practiced. After approval from the Institutional Review
Board of the Nagoya University Hospital, we collected
the hand and/or cervical spine radiographs from 18
FOP patients (9 males and 9 females) with an average
age of 13.9 years (range 0.7-39.3 years) at the time
of this study. The patients were diagnosed clinically
and radiographically based on various characteristic
findings of FOP including deformities of the great toes,
extraskeletal HO, joint contractures, cervical fusions,
broad femoral necks, and osteochondroma-like lesions.
Molecular testing was performed on fourteen patients.
Thirteen showed the common ACVRI/ALK2 mutation
within the glycine/serine-rich regulatory (GS) domain
(c.617G > A, p.R206H), and one patient had an atypical
mutation within the protein kinase domain (c.774G >
T, p.R2588S). Molecular studies were not conducted
for the remaining 4 patients who showed characteristic
skeletal features of FOP. We examined anteroposterior
(AP) radiographs of the hands and lateral radiographs of
the cervical spine in each individual. The earliest hands
and cervical spine films were analyzed using image
processing and analysis software ImageJ”.

2.2. Radiographic assessment of the hand

According to the measurement method by Poznanski et
al. (8), the length of each phalanx and metacarpal bone
was measured. In brief, the tangent lines were drawn
at both ends of each bone, which were perpendicular
to the bone axis, and a bone length was defined as
the distance between these two lines (Figure 1). We
measured a length of the distal (D1) and proximal (P1)
phalanges of the thumb as well as that of the first and
second metacarpal bones (MET1 and MET2), and
calculated the following bone length ratios, MET2/
MET1, MET2/P1, MET2/D1, MET1/P1, MET1/
D1, and P1/D1. Radiographs of both hands from one
patient were separately analyzed to obtain the average
value of the measurements. Reference ranges of these

L3
Do y

Figure 1. A schematic diagram illustrating the measurement
method of bone length in the hand. Bone length was defined
as the distance between the tangents drawn to each end of the
bone, which were perpendicular to the bone axis. The entire
bone length was measured for adults (L1), children (L2), and
infants (L3).

Figure 2. A radiograph depicting the measurements of the
bone length in the cervical spine. The height (H) and depth
(D) of the C5 vertebral body was measured at the midportion
of the body. The height of the C5 spinous process (SH) was
defined as the distance from the cranial to the caudal rim at the
juxta-laminar zone. The depth of the spinous process (SD) was
measured from the midpoint of the anterior wall to that of the
posterior rim.

measurements in different ages and genders were
used based on the literature from Poznanski et al. (8).
The control data of these measurements in infant (n =
21) were determined by the radiographic database in
Nagoya University Hospital.

2.3. Radiographic assessment of the cervical spine

According to the measurement method proposed by
Remes ef al. (9), the height and depth of the C5 vertebral
body were measured. Briefly, vertebral body height
(H) was measured at the midpoint of the vertebra,
perpendicular to the lower end plate. The vertebral body
depth (D) was measured at the midpoint of the body
from the anterior wall to the posterior wall (Figure 2).
The H/D ratios of the C5 vertebra were then calculated

www.irdrjournal.com



Intractable & Rare Diseases Research. 2014, 3(2):46-51. 48

Table 1. Characteristics and quantitative indices for the study population

Age at X-ray (yrs)

Deviation of the bone length ratios (SD)

Pati ALK2
atient Sex . - -
mutation Hand/Cervical spine MET2/D1 MET2/D1 H/D (SH+SD)/D

1 M R206H 0/0 1.0 1.0 0.6 0.1

2 M R206H 0/0 2.4 2.4 0.6 7.1

3 M R206H 1/3 3.1 3.1 0.9 2.8

4 F R206H 5/6 2.8 2.8 33 8.3

5 M R206H 8/7 6.2 6.2 2.8 3.7

6 M R206H 12/18 4.1 4.1 1.9 1.5

7 F R206H 17/17 4.0 4.0 4.1 NA

8 F R206H 20/NA 2.2 2.2 NA NA

9 M R206H 29/NA 2.7 2.7 NA NA

10 M R206H 34/NA 3.5 3.5 NA NA

11 F R206H 36/NA 1.0 1.0 NA NA

12 M R206H 39/16 1.9 1.9 3.0 1.8

13 F R206H NA/18 NA NA 0.6 2.4

14 F R258S 14/14 1.7 1.7 4.9 NA

15 M ND NA/4 NA NA 3.2 8.8

16 F ND NA/8 NA NA 9.2 7.9

17 F ND NA/16 NA NA 44 NA

18 F ND 5/5 53 53 53 5.4
M denotes male; F, female; ND, not determined; NA, not applicable; SD, standard deviation.
and compared to normal reference values established by A 4 B ¢

. . L]
Remes et al. in different age and gender groups (9). In o °
o . . [ ]
addition, we measured the height and depth of the C5 G ° . : O ° . 8
spinous process. The height of the spinous process (SH) E N IR T o a7 °
was defined as the distance from the cranial to caudal 9 - Q -
margin at the junction of the spinous process and lamina. E 25 "7 g 25] 77
The depth of spinous process (SD) was measured from
the midportion of the anterior wall to that of the posterior 21 2]
rim demarcating a thick cortex shadow (Figure 2). The 0
0 1 4 9  Adult 0 1 4 9  Adult

sum of SH and SD measurements was used for the Age (year) Age (year)

evaluation of spinous process size, then the (SH + SD)/
D ratio of the C5 vertebra was calculated. Reference
values of the (SH + SD)/D ratio were established from
the radiographic database of normal controls in Nagoya
University Hospital.

3. Results
3.1. Characteristics of the study cohort

Patients' characteristics and quantitative indices of the
measurements are shown in Table 1. Deviation of the
bone length ratios in the hand and cervical spine was
calculated based on age-matched reference values.

3.2. Radiographic characteristics of the hand

Mean and standard deviation of the MET2/D1 and
MET2/MET]1 ratio in control infants (n = 21) are 2.9
+ 0.29 and 1.64 + 0.08, respectively. Twenty-six hand
radiographs from 14 patients (8 males and 6 females)
were available. Regardless of age and gender, all FOP
patients showed a MET2/D1 ratio larger than +1SD of
normal controls (Figure 3A and 3B). In infant patients
without an epiphyseal ossification center of the first
metacarpal bone, the MET2/MET] ratio was extremely

Figure 3. Scatter plots showing the bone length ratio of the
second metacarpal bone (MET2) to the distal phalanx of
the thumb (D1) in male (A) and female (B) patients with
FOP. Solid and dash lines denote the normal value and the
standard deviation (SD) of the MET2/D1 ratio, respectively.
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Figure 4. Scatter plots showing the bone length ratio of the
second metacarpal bone (MET2) to the first metacarpal
bone (MET1) in male (A) and female (B) patients with FOP.
Solid and dash lines denote the normal value and the standard
deviation (SD) of the MET2/MET]1 ratio, respectively.

large (> +3SD of normal controls) (Figure 4A and 4B).
The MET2/P1 ratio was higher in infant patients, but it
scattered around the mean value with increasing age (data
not shown). There were no characteristic features in the
values of the MET1/P1, MET1/D1, and P1/DI ratios
in FOP patients, although the MET1/P1 and MET1/D1
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Table 2. Mean and standard deviation of normal controls for the (SH+SD)/D ratio of the C5 vertebra

Agegroup <1 1-2 2-3 34 45 56 6-7 7-8 89 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20 20-21
Mean 1.05 1.10 1.09 1.20 1.21 1.43 1.37 147 133 147 1.50 153 151 157 1.69 186 176 1.73 171 1.78 1.86
SD 0.13 0.15 0.15 0.13 0.11 0.18 0.18 0.17 0.19 0.18 0.16 0.18 020 0.19 0.12 0.16 022 0.22 023 0.24 0.25
N 11 21 17 13 6 13 25 19 20 17 16 17 14 20 16 21 23 31 28 38 20
SD denotes standard deviation; N, number of control subjects; SH, height of the spinous process; SD, depth of the spinous process; D, depth of

the vertebral body.
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Figure 6. Scatter plots showing the bone length ratio of
12 © % the CS5 spinous process height (SH) + depth (SD) to the C5
vertebral depth (D). Solid and open circles indicate male and
1 female, respectively. Solid and dashed lines denote the normal
8 value and the standard deviation (SD) of the (SH+SD)/D ratio,
§ 08 respectively.
2
5 06
z and cervical spine abnormalities in FOP including
o shortened thumbs as well as tall and narrow vertebral
02 bodies and hypertrophic posterior elements of the
cervical spine (7,10). Especially in young patients,

0 1 3 5 7 9 11 13 15 17
Age (year)

Adult

Figure 5. Scatter plots showing the bone length ratio of the
CS vertebral height (H) to depth (D) in male (A) and female
(B) patients with FOP. Solid and dashed lines denote the
normal value and the standard deviation (SD) of the H/D ratio,
respectively.

ratios were relatively small (< -1SD of normal controls)
in infant FOP patients (data not shown).

3.3. Radiographic characteristics of the cervical spine

Reference values of the (SH + SD)/D ratio of the C5
vertebra are shown in Table 2. There were 14 (7 males
and 7 females) cervical spine radiographs available for
analysis. Among them, three radiographs were excluded
from analysis of the (SH + SD)/D ratio for insufficient
resolution. The H/D ratio of the C5 vertebra exceeded
+2SD of normal controls in patients over 4 years of age
except one female adult patient (Figure 5A and 5B).
Similarly, the (SH + SD)/D ratio of the C5 vertebra was
larger than +2SD of normal controls in young patients
except one male infant (Figure 6).

4. Discussion

In the present study, we quantitatively proved the hand

shortening of the first metacarpal bone and enlargement
of the cervical spinous processes were pathognomonic
findings useful for early diagnosis of FOP before the
appearance of HO.

Previous studies have reported that thumb
shortening was seen in 50% of FOP patients (6). In the
present study, all patients had a MET2/D1 ratio larger
than +1SD of normal controls, and 85% (11/13) of
the patients showed an increased MET2/MET]1 ratio.
The thumb shortening, therefore, seems to be more
common than previous reports in FOP. Furthermore,
an extremely high MET2/MET]1 ratio in infant patients
suggested that disproportionate shortening of the first
metacarpal bone was an important early radiographic
finding in FOP (Figure 7).

It is an intriguing feature of FOP that thumb
morphogenesis is exclusively disrupted in the
development of digit formation (//). The thumb is
the last digit in the autopod to form, and it is different
from other digits in terms of its relative position, shape,
size, and number of phalanges. These unique thumb
identities may be attributed to the expression profile
of HoxD genes, which are pivotal transcriptional
factors regulating limb patterning and growth (/2).
All four HoxD10 to D13 genes are expressed in
the future digit II-V area in the autopod during the
hand plate formation, whereas sole expression of the
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Figure 7. An anteroposterior radiograph of the right hand
of Patient 1 at the age of eight months showing marked
shortening of the first metacarpal bone. The MET2/
MET]1 ratio and the corresponding SD value is 2.9 and 16.3,
respectively.

HoxD13 gene in the presumptive digit I area is of great
significance (/3). Mutations in the homeodomain of
the HoxD13 gene cause brachydactyly type D that
is characterized by variable shortening of the distal
phalanx of the thumb. This mutated HoxD13 proteins
responsible for its decreased affinity for the double-
stranded DNA target containing a cognitive sequence
of the homeodomain (/4). Interestingly, previous
research has revealed that BMP signaling-dependent
Smad1/4 proteins prevented HoxD10 and HoxD13
from binding to DNA targets (/5). Constitutively-
activated BMP signaling in FOP thus is likely to
impair HoxD13-mediated transcriptional regulation by
direct interactions between BMP-induced Smads and
HoxD13. Mesenchymal condensation and chondrocyte
proliferation of the presumptive digit I area could
be suppressed by down-regulated HoxD13 function,
whereas in presumptive digits II to V areas, it could
be preserved by compensating expressions of other
HoxD genes (HoxD11 and HoxD12). Dysregulated
BMP signal transduction during embryogenesis seems
to cause relative shortening of the first metacarpals and
distal phalanges of the thumb in FOP.

More than 90% of adult FOP patients showed
fusion of the facet joints, which is a type of orthotopic
ossification (6). To our knowledge, however, there are
no reports delineating the precise prevalence of tall and
narrow vertebral bodies and enlarged posterior elements
of the cervical vertebrae. Here we demonstrated that
the H/D and (SH + SD)/D ratios in the C5 vertebrae
were larger than +2SD of normal values in 64% and
73% of patients, respectively (Figure 8). In addition to

Figure 8. A lateral radiograph of the cervical spine of
Patient 16 at the age of eight years showing enlarged
spinous process of the C5 vertebra. The (SH+SD)/D ratio
and the corresponding SD value is 2.8 and 7.9, respectively.

neck stiffness, which seemed to be an important early
clinical sign before the appearance of HO (6), tall and
narrow vertebrae and hypertrophic spinous processes
of the cervical spine are radiographic characteristics in
young FOP patients.

In a previous in vivo study, genetically-engineered
overexpression of BMP-2/4 both dorsally and laterally
to the neural tube manifested combined phenotypes of
hypertrophic spinous processes and large deletion of the
lateral and ventral parts of vertebral bodies (/6). Thus,
mesenchymal condensations at the paraxial mesoderm
in FOP, where BMP-2 signaling is aberrantly activating,
could be responsible for both enlarged spinous
processes and relatively tall vertebral bodies.

The common ACVRI/ALK?2 mutation (c.617G > A,
p-R206H) shows a homogeneous phenotype including
congenital malformation of the great toes and the
skeletal features in the thumb and cervical spine (/7). In
contrast, several atypical mutations in the ALK2/ACVR1
gene, such as L196P, R258S, R375P, G328R, and
P197 F198 del insL, have been identified in patients
who showed normal-appearing great toes (/8). In this
study, one patient (Patient 14) with an atypical mutation
(c.774G > C, p.R258S) showed normal-appearing great
toes. She also lacked the shortened thumb but exhibited
exceptionally tall and narrow vertebral bodies. Another
patient (Patient 4) who showed neither malformed great
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toes nor shortening of the first metacarpal bone also
manifested distinctive features of the cervical spine
in spite of the common ACVRI/ALK2 mutation. We
believe that radiographic characteristics of the cervical
spine are potent diagnostic clues for FOP especially in
cases without typical deformities of the great toes.
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Summary

Fibrodysplasia ossificans progressiva (FOP) is a disabling heritable disorder of connective
tissue characterized by progressive heterotopic ossification in various extraskeletal sites.
Early correct diagnosis of FOP is important to prevent additional iatrogenic harm or
trauma. Congenital malformation of the great toes is a well-known diagnostic clue, but
some patients show normal-appearing great toes. The thumb shortening and cervical
spine abnormalities are other skeletal features often observed in FOP. This study aimed to
address the quantitative assessment of these features in a cohort of patients with FOP, which
potentially helps early diagnosis of FOP. Radiographs of the hand and cervical spine were
retrospectively analyzed from a total of 18 FOP patients (9 males and 9 females) with an
average age of 13.9 years (range 0.7-39.3 years). The elevated ratio of the second metacarpal
bone to the distal phalanx of the thumb (> +1SD) was a consistent finding irrespective of the
patient’s age and gender. Infant FOP patients, in addition, exhibited an extremely high ratio
of the second metacarpal bone to the first metacarpal bone (> +3SD). The height/depth
ratio of the C5 vertebra increased in patients over 4 years of age (> +2SD). Additionally, the
ratio of (height+depth) of the C5 spinous process to the C5 vertebral depth was markedly
elevated in young patients (> +2SD). We quantitatively demonstrated the hand and cervical
spine characteristics of FOP. These findings, which can be seen from early infancy, could be
useful for early diagnosis of FOP even in patients without great toe abnormalities.

Keywords: Fibrodysplasia ossificans progressiva, early diagnosis, radiographic characteristics

1. Introduction

to form during the first decade of life preceded by
painful soft tissue swelling and inflammation (flare-

Fibrodysplasia ossificans progressiva (FOP) is a
severely disabling genetic disorder of connective tissues
characterized by congenital malformations of the great
toes and progressive heterotopic ossification (HO) in
various extraskeletal sites including muscles, tendons,
ligaments, fascias, and aponeuroses. FOP is caused by
a recurrent activating mutation (c.617G > A, p.R206H)
in the gene encoding activin receptor 1A/activin-like
kinase 2 (ACVR1/ALK2), a bone morphogenetic
protein (BMP) type | receptor (1). HO typically begins

*Address correspondence to:

Dr. Hiroshi Kitoh, Department of Orthopaedic Surgery,
Nagoya University Graduate School of Medicine, 65
Tsurumai, Showa-ku, Nagoya, Aichi, 466-8550, Japan.
E-mail: hkitoh@med.nagoya-u.ac.jp

ups), which are sometimes mistaken for aggressive
fibromatosis or musculoskeletal tumors. Surgical
resection of HO leads to explosive new bone formation
(2). Since there is no definitive treatment to prevent
progressive HO in FOP to date (3), early correct
diagnosis is necessary to maintain their mobility by
preventing additional iatrogenic harm (4).
Malformations of the great toes, such as hallux
valgus, deformed proximal phalanges and shortened
first metatarsal bones, are well-known pre-osseous
features of FOP (5). A reported incidence of these
deformities is 95%, suggesting that there exists rare
FOP cases without the great toe abnormalities (6). We
demonstrated additional early radiographic signs of
FOP including shortening of the first metacarpal bones
and hypertrophy of the posterior element of the cervical
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spine (7). Clinical awareness of these deformities can
aid clinicians in making early diagnosis of FOP, but
quantitative assessment of these deformities has not yet
been determined.

In this study, we retrospectively examined
radiographs of the hand and cervical spine in
FOP patients and demonstrated various abnormal
radiographic parameters helpful for early diagnosis of
this specific disorder.

2. Materials and Methods
2.1. Demographics

This study represents a retrospective case-control study
consisting of Japanese FOP patients followed up at health
care facilities where members of the Research Committee
on Japanese Fibrodysplasia Ossificans Progressiva
practiced. After approval from the Institutional Review
Board of the Nagoya University Hospital, we collected
the hand and/or cervical spine radiographs from 18
FOP patients (9 males and 9 females) with an average
age of 13.9 years (range 0.7-39.3 years) at the time
of this study. The patients were diagnosed clinically
and radiographically based on various characteristic
findings of FOP including deformities of the great toes,
extraskeletal HO, joint contractures, cervical fusions,
broad femoral necks, and osteochondroma-like lesions.
Molecular testing was performed on fourteen patients.
Thirteen showed the common ACVR1/ALK2 mutation
within the glycine/serine-rich regulatory (GS) domain
(c.617G > A, p.R206H), and one patient had an atypical
mutation within the protein kinase domain (c.774G >
T, p.R258S). Molecular studies were not conducted
for the remaining 4 patients who showed characteristic
skeletal features of FOP. We examined anteroposterior
(AP) radiographs of the hands and lateral radiographs of
the cervical spine in each individual. The earliest hands
and cervical spine films were analyzed using image
processing and analysis software ImageJ®.

2.2. Radiographic assessment of the hand

According to the measurement method by Poznanski et
al. (8), the length of each phalanx and metacarpal bone
was measured. In brief, the tangent lines were drawn
at both ends of each bone, which were perpendicular
to the bone axis, and a bone length was defined as
the distance between these two lines (Figure 1). We
measured a length of the distal (D1) and proximal (P1)
phalanges of the thumb as well as that of the first and
second metacarpal bones (MET1 and MET?2), and
calculated the following bone length ratios, MET2/
MET1, MET2/P1, MET2/D1, MET1/P1, MET1/
D1, and P1/D1. Radiographs of both hands from one
patient were separately analyzed to obtain the average
value of the measurements. Reference ranges of these

L3
v D |

Figure 1. A schematic diagram illustrating the measurement
method of bone length in the hand. Bone length was defined
as the distance between the tangents drawn to each end of the
bone, which were perpendicular to the bone axis. The entire
bone length was measured for adults (L1), children (L2), and
infants (L3).

Figure 2. A radiograph depicting the measurements of the
bone length in the cervical spine. The height (H) and depth
(D) of the C5 vertebral body was measured at the midportion
of the body. The height of the C5 spinous process (SH) was
defined as the distance from the cranial to the caudal rim at the
juxta-laminar zone. The depth of the spinous process (SD) was
measured from the midpoint of the anterior wall to that of the
posterior rim.

measurements in different ages and genders were
used based on the literature from Poznanski et al. (8).
The control data of these measurements in infant (n =
21) were determined by the radiographic database in
Nagoya University Hospital.

2.3. Radiographic assessment of the cervical spine

According to the measurement method proposed by
Remes et al. (9), the height and depth of the C5 vertebral
body were measured. Briefly, vertebral body height
(H) was measured at the midpoint of the vertebra,
perpendicular to the lower end plate. The vertebral body
depth (D) was measured at the midpoint of the body
from the anterior wall to the posterior wall (Figure 2).
The H/D ratios of the C5 vertebra were then calculated
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Table 1. Characteristics and quantitative indices for the study population

Age at X-ray (yrs)

Deviation of the bone length ratios (SD)

Patient Sex ALK_2 - -
mutation Hand/Cervical spine MET2/D1 MET2/D1 H/D (SH+SD)/D
1 M R206H 0/0 1.0 1.0 0.6 0.1
2 M R206H 0/0 2.4 2.4 0.6 7.1
3 M R206H 1/3 3.1 3.1 0.9 2.8
4 F R206H 5/6 2.8 2.8 3.3 8.3
5 M R206H 8/7 6.2 6.2 2.8 3.7
6 M R206H 12/18 4.1 4.1 1.9 15
7 F R206H 1717 4.0 4.0 4.1 NA
8 F R206H 20/NA 2.2 2.2 NA NA
9 M R206H 29/NA 2.7 2.7 NA NA
10 M R206H 34INA 35 35 NA NA
11 F R206H 36/NA 1.0 1.0 NA NA
12 M R206H 39/16 1.9 1.9 3.0 18
13 F R206H NA/18 NA NA 0.6 2.4
14 F R258S 14/14 17 17 4.9 NA
15 M ND NA/4 NA NA 3.2 8.8
16 F ND NA/8 NA NA 9.2 7.9
17 F ND NA/16 NA NA 4.4 NA
18 F ND 5/5 5.3 5.3 5.3 5.4
M denotes male; F, female; ND, not determined; NA, not applicable; SD, standard deviation.
and compared to normal reference values established by A 4 B ¢
. - L
Remes et al. in different age and gender groups (9). In o 7
.. . -] ®
addition, we measured the height and depth of the C5 =P8 . : e . g
spinous process. The height of the spinous process (SH) IS o ® s et B o TS e °
. - . -— I - ___'_'__,__.d_-——'-
was defined as the distance from the cranial to caudal Q S P Q e
margin at the junction of the spinous process and lamina. Was 77 Was| -7
. = =
The depth of spinous process (SD) was measured from
the midportion of the anterior wall to that of the posterior 2] 2]
rim demarcating a thick cortex shadow (Figure 2). The T R i e
sum of SH and SD measurements was used for the Age (year) Age (year)

evaluation of spinous process size, then the (SH + SD)/
D ratio of the C5 vertebra was calculated. Reference
values of the (SH + SD)/D ratio were established from
the radiographic database of normal controls in Nagoya
University Hospital.

3. Results
3.1. Characteristics of the study cohort

Patients' characteristics and quantitative indices of the
measurements are shown in Table 1. Deviation of the
bone length ratios in the hand and cervical spine was
calculated based on age-matched reference values.

3.2. Radiographic characteristics of the hand

Mean and standard deviation of the MET2/D1 and
MET2/MET1 ratio in control infants (n = 21) are 2.9
+ 0.29 and 1.64 + 0.08, respectively. Twenty-six hand
radiographs from 14 patients (8 males and 6 females)
were available. Regardless of age and gender, all FOP
patients showed a MET2/D1 ratio larger than +1SD of
normal controls (Figure 3A and 3B). In infant patients
without an epiphyseal ossification center of the first
metacarpal bone, the MET2/MET1 ratio was extremely

Figure 3. Scatter plots showing the bone length ratio of the
second metacarpal bone (MET?2) to the distal phalanx of
the thumb (D1) in male (A) and female (B) patients with
FOP. Solid and dash lines denote the normal value and the
standard deviation (SD) of the MET2/D1 ratio, respectively.
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Figure 4. Scatter plots showing the bone length ratio of the
second metacarpal bone (MET?2) to the first metacarpal
bone (MET1) in male (A) and female (B) patients with FOP.
Solid and dash lines denote the normal value and the standard
deviation (SD) of the MET2/MET1 ratio, respectively.

large (> +3SD of normal controls) (Figure 4A and 4B).
The MET2/P1 ratio was higher in infant patients, but it
scattered around the mean value with increasing age (data
not shown). There were no characteristic features in the
values of the MET1/P1, MET1/D1, and P1/D1 ratios
in FOP patients, although the MET1/P1 and MET1/D1
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Table 2. Mean and standard deviation of normal controls for the (SH+SD)/D ratio of the C5 vertebra

Age group <1

1-2 23 34 45 56 6-7 7-8 89 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20 20-21

Mean 1.05 1.10 1.09 1.20 1.21 1.43 1.37 147 133 147 150 153 151 157 169 186 176 173 171 178 1.86
SD 0.13 0.15 0.15 0.13 0.11 0.18 0.18 0.17 0.19 0.18 0.16 0.18 0.20 0.19 0.12 0.16 022 022 023 024 025
N 11 21 17 13 6 13 25 19 20 17 16 17 14 20 16 21 23 31 28 38 20

SD denotes standard deviation; N, number of control subjects; SH, height of the spinous process; SD, depth of the spinous process; D, depth of

the vertebral body.
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Figure 5. Scatter plots showing the bone length ratio of the
C5 vertebral height (H) to depth (D) in male (A) and female
(B) patients with FOP. Solid and dashed lines denote the
normal value and the standard deviation (SD) of the H/D ratio,
respectively.

ratios were relatively small (< -1SD of normal controls)
in infant FOP patients (data not shown).

3.3. Radiographic characteristics of the cervical spine

Reference values of the (SH + SD)/D ratio of the C5
vertebra are shown in Table 2. There were 14 (7 males
and 7 females) cervical spine radiographs available for
analysis. Among them, three radiographs were excluded
from analysis of the (SH + SD)/D ratio for insufficient
resolution. The H/D ratio of the C5 vertebra exceeded
+2SD of normal controls in patients over 4 years of age
except one female adult patient (Figure 5A and 5B).
Similarly, the (SH + SD)/D ratio of the C5 vertebra was
larger than +2SD of normal controls in young patients
except one male infant (Figure 6).

4, Discussion

In the present study, we quantitatively proved the hand

(SH+SD)/D ratio at C5
3

0.5

Age (year)

Figure 6. Scatter plots showing the bone length ratio of
the C5 spinous process height (SH) + depth (SD) to the C5
vertebral depth (D). Solid and open circles indicate male and
female, respectively. Solid and dashed lines denote the normal
value and the standard deviation (SD) of the (SH+SD)/D ratio,
respectively.

and cervical spine abnormalities in FOP including
shortened thumbs as well as tall and narrow vertebral
bodies and hypertrophic posterior elements of the
cervical spine (7,10). Especially in young patients,
shortening of the first metacarpal bone and enlargement
of the cervical spinous processes were pathognomonic
findings useful for early diagnosis of FOP before the
appearance of HO.

Previous studies have reported that thumb
shortening was seen in 50% of FOP patients (6). In the
present study, all patients had a MET2/D1 ratio larger
than +1SD of normal controls, and 85% (11/13) of
the patients showed an increased MET2/MET1 ratio.
The thumb shortening, therefore, seems to be more
common than previous reports in FOP. Furthermore,
an extremely high MET2/MET1 ratio in infant patients
suggested that disproportionate shortening of the first
metacarpal bone was an important early radiographic
finding in FOP (Figure 7).

It is an intriguing feature of FOP that thumb
morphogenesis is exclusively disrupted in the
development of digit formation (11). The thumb is
the last digit in the autopod to form, and it is different
from other digits in terms of its relative position, shape,
size, and number of phalanges. These unique thumb
identities may be attributed to the expression profile
of HoxD genes, which are pivotal transcriptional
factors regulating limb patterning and growth (12).
All four HoxD10 to D13 genes are expressed in
the future digit 11-V area in the autopod during the
hand plate formation, whereas sole expression of the
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Figure 7. An anteroposterior radiograph of the right hand
of Patient 1 at the age of eight months showing marked
shortening of the first metacarpal bone. The MET2/
MET1 ratio and the corresponding SD value is 2.9 and 16.3,
respectively.

HoxD13 gene in the presumptive digit | area is of great
significance (13). Mutations in the homeodomain of
the HoxD13 gene cause brachydactyly type D that
is characterized by variable shortening of the distal
phalanx of the thumb. This mutated HoxD13 proteins
responsible for its decreased affinity for the double-
stranded DNA target containing a cognitive sequence
of the homeodomain (14). Interestingly, previous
research has revealed that BMP signaling-dependent
Smad1l/4 proteins prevented HoxD10 and HoxD13
from binding to DNA targets (15). Constitutively-
activated BMP signaling in FOP thus is likely to
impair HoxD13-mediated transcriptional regulation by
direct interactions between BMP-induced Smads and
HoxD13. Mesenchymal condensation and chondrocyte
proliferation of the presumptive digit | area could
be suppressed by down-regulated HoxD13 function,
whereas in presumptive digits Il to V areas, it could
be preserved by compensating expressions of other
HoxD genes (HoxD11 and HoxD12). Dysregulated
BMP signal transduction during embryogenesis seems
to cause relative shortening of the first metacarpals and
distal phalanges of the thumb in FOP.

More than 90% of adult FOP patients showed
fusion of the facet joints, which is a type of orthotopic
ossification (6). To our knowledge, however, there are
no reports delineating the precise prevalence of tall and
narrow vertebral bodies and enlarged posterior elements
of the cervical vertebrae. Here we demonstrated that
the H/D and (SH + SD)/D ratios in the C5 vertebrae
were larger than +2SD of normal values in 64% and
73% of patients, respectively (Figure 8). In addition to

Figure 8. A lateral radiograph of the cervical spine of
Patient 16 at the age of eight years showing enlarged
spinous process of the C5 vertebra. The (SH+SD)/D ratio
and the corresponding SD value is 2.8 and 7.9, respectively.

neck stiffness, which seemed to be an important early
clinical sign before the appearance of HO (6), tall and
narrow vertebrae and hypertrophic spinous processes
of the cervical spine are radiographic characteristics in
young FOP patients.

In a previous in vivo study, genetically-engineered
overexpression of BMP-2/4 both dorsally and laterally
to the neural tube manifested combined phenotypes of
hypertrophic spinous processes and large deletion of the
lateral and ventral parts of vertebral bodies (16). Thus,
mesenchymal condensations at the paraxial mesoderm
in FOP, where BMP-2 signaling is aberrantly activating,
could be responsible for both enlarged spinous
processes and relatively tall vertebral bodies.

The common ACVR1/ALK2 mutation (c.617G > A,
p.R206H) shows a homogeneous phenotype including
congenital malformation of the great toes and the
skeletal features in the thumb and cervical spine (17). In
contrast, several atypical mutations in the ALK2/ACVR1
gene, such as L196P, R258S, R375P, G328R, and
P197 F198 del insL, have been identified in patients
who showed normal-appearing great toes (18). In this
study, one patient (Patient 14) with an atypical mutation
(c.774G > C, p.R258S) showed normal-appearing great
toes. She also lacked the shortened thumb but exhibited
exceptionally tall and narrow vertebral bodies. Another
patient (Patient 4) who showed neither malformed great
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51 Intractable & Rare Diseases Research. 2014; 3(2):46-51.

toes nor shortening of the first metacarpal bone also
manifested distinctive features of the cervical spine
in spite of the common ACVR1/ALK2 mutation. We
believe that radiographic characteristics of the cervical
spine are potent diagnostic clues for FOP especially in
cases without typical deformities of the great toes.
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Meclozine Promotes Longitudinal Skeletal Growth in
Transgenic Mice with Achondroplasia Carrying a Gain-
of-Function Mutation in the FGFR3 Gene
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FGFR3

Achondroplasia (ACH) is one of the most common skeletal dysplasias causing short stature owing
to a gain-of-function mutation in the FGFR3 gene, which encodes the fibroblast growth factor
receptor 3. We found that meclozine, an over-the-counter drug for motion sickness, inhibited
elevated FGFR3 signaling in chondrocytic cells. To examine the feasibility of meclozine adminis-
tration in clinical settings, we investigated the effects of meclozine on ACH model mice carrying
the heterozygous Fgfr3*<" transgene. We quantified the effect of meclozine in bone explant
cultures employing limb rudiments isolated from developing embryonic tibiae from Fgfr32<" mice.
We found that meclozine significantly increased the full-length and cartilaginous primordia of
embryonic tibiae isolated from Fgfr32<h mice. We next analyzed the skeletal phenotypes of grow-
ing Fgfr3*<" mice and wild-type mice with or without meclozine treatment. In Fgfr3* mice,
meclozine significantly increased the body length after two weeks of administration. At skeletal
maturity, the bone lengths, including the cranium, radius, ulna, femur, tibia, and vertebrae were
significantly longer in meclozine-treated Fgfr32<" mice than in untreated Fgfr3**" mice. Interest-
ingly, meclozine also increased bone growth in wild-type mice. The plasma concentration of
meclozine during treatment was within the range that has been used in clinical settings for motion
sickness. Increased longitudinal bone growth in Fgfr32<h mice by oral administration of meclozine
in a growth period indicates potential clinical feasibility of meclozine for the improvement of short
stature in ACH.
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ibroblast growth factor receptor 3 (FGFR3) is a neg-
Fative regulator of endochondral bone growth. Gain-
of-function mutations in the FGFR3 gene cause several
short-limbed skeletal dysplasias, including achondropla-
sia (ACH) (1, 2), hypochondroplasia (HCH) (3), severe
ACH with developmental delay and acanthosis nigricans
(SADDAN) (4), and thanatophoric dysplasia (TD) types I
and II (5). In contrast, loss-of-function mutations in
FGEFR3 lead to camptodactyly, tall stature, and hearing
loss (CATSHL) syndrome (6). ACH is the most common
short-limbed skeletal dysplasia, with an incidence of 1 in
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16 000 to 26 000 live births (7). Clinical features of ACH
include severe short stature with rhizomelic shortening of
the extremities, relative macrocephaly with frontal boss-
ing, midface hypoplasia, and increased lumbar lordosis. In
addition, foramen magnum stenosis, hydrocephalus, and
spinal canal stenosis are potentially serious complications
of ACH (8).

Growth hormone has been administered to children
with ACH for treatment of short stature in some countries
(9), but the response to this therapy is moderate and the
long-term effects remain controversial. Limb lengthening
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2 Meclozine therapy for achondroplasia

procedures are another therapeutic option to gain bone
length (10) but involves significant time and effort. Inhi-
bition of FGFR3 signaling is a therapeutic strategy for
ACH and other FGFR3-related skeletal dysplasias (11—
13); however, no effective treatments are currently avail-
able for these disorders. C-type natriuretic peptide (CNP)
is a potent antagonist of FGFR3 signaling, which allevi-
ates the short-limbed phenotype of transgenic ACH mice
through inhibition of the intracellular mitogen-activated
protein kinase (MAPK) pathway (14). CNP, however, has
a short half-life, and continuous intravenous (IV) infusion
is required for in vivo experiments (15). A CNP analog
with an extended half-life, BMN-111, has recently been
developed, and significant bone growth recovery was
demonstrated in a mouse model of ACH by subcutaneous
administration of BMN-111 (16). Recent studies using
induced pluripotent stem (iPS) cells established from pa-
tients with FGFR3-related skeletal dysplasias revealed
that statins also rescue the mouse phenotypes (17).

In our previous study, we found that meclozine, an
overthe-counter (OTC) H1 receptor inhibitor used to treat
motion sickness, inhibited elevated FGFR3 signaling and
promoted chondrocyte proliferation and differentiation
using various chondrocytic cell lines. We also confirmed
that meclozine alleviates FGF2-mediated longitudinal
growth inhibition of embryonic tibiae in bone explant cul-
tures (18). In the present study, we orally administered
meclozine to immature transgenic mice with ACH and
investigated the effects of this drug on longitudinal bone
growth and bone-related complications.

Materials and Methods

Mice

Fgfr32" mice (FVB background) were provided by Dr. David
M. Ornitz at Washington University (19). In brief, Fgfr32" mice
express activated FGFR3 in the growth plate using the Col2al
promoter. In all experiments, we used transgenic mice carrying
the heterozygous Fgfr3*<" transgene. Due to unavailability of a
sufficient number of wild-type FVB mice, we employed BL6]
mice to investigate the effect of meclozine on wild-type mice. All
experimental procedures were approved by the Animal Care and
Use Committee of our institution.

Bone explant cultures

For bone explant cultures, tibiae from Fgfr3*“" mice embryos
were dissected under the microscope on embryonic day 16.5,
placed in a 48-well plate, and cultured in BGJb medium (Invit-
rogen) supplemented with 0.2% bovine serum albumin and 150
mg/ml ascorbic acid in the presence or absence of 20 uM
meclozine (MP Biomedicals). The embryonic tibiae were cul-
tured for 6 days, with daily replenishment of the medium. The
longitudinal length of the bone, which was defined as the length

3ach
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between the proximal and distal articular cartilage, was mea-
sured using Image] (18).

Oral administration of meclozine to mice

Food containing meclozine, which was prepared by mixing
0.4 g of meclozine with 1 kg of food (Oriental Yeast Co.), was
administered ad libitum to (i) wild-type mice from 2 weeks of
age, (ii) Fgfr3*™ and littermate mice from 3 weeks of age, or (iii)
pregnant mice carrying wild-type embryos from 14 days of ges-
tation. Body length was measured every week.

Calculation of feed intake

Fgfr3*" male mice and wild-type female mice were allowed
to mate and the 3-week-old littermates were divided into treated
and untreated groups. Each group shared one cage for 3 weeks,
and total food intake for each cage was measured. The measure-
ments were divided by the total body weight of the mice in each
cage, and the calculated values between the two groups were
compared.

Radiological analysis

At the end of the treatment, Fgfr3*" mice were subjected to
microcomputed tomography (Micro-CT) scans (0.5 mm Al fil-
ter, 50 kV, 500 pA for 0.054 seconds; SkyScan 1176, Bruker) as
well as a soft X-ray (30 kV, 5 mA for 20 seconds; SOFTEX Type
CMB-2; SOFTEX, Kanagawa, Japan). Three-dimensional im-
ages from the CT scan were reconstructed by an in-house vol-
ume-rendering software (20). This software enabled us to render
3D views of the CT scan from arbitrary viewpoints and direc-
tions, as well as measure the distance between two specific
points. The lengths of various bones, including the cranium, hu-
merus, radius, ulna, femur, tibia, and vertebrae (L1-5) were mea-
sured on both the soft X-ray films and the reconstructed 3D
images. The areas of the foramen magnum and spinal canal from
L3, L4, and L5 vertebrae were measured from the reconstructed
2D images with the CT-Analyzer (Bruker). The total bone vol-
ume of each mouse was also measured from the reconstructed 3D
images.

Skeletal preparation

Whole skeletons were harvested, stored in 90% ethanol for 3
days, followed by acetone treatment for 2 days (21). Specimens
were then stained using Alizarin red to analyze ossified bones,
and Alcian blue to analyze cartilage, for 3 days at 37°C. Follow-
ing incubation, the samples were transferred to 1% KOH and
incubated at room temperature for 2 days. The specimens were
serially washed with decreasing concentrations (1% to 0%) of
KOH and increasing concentrations (0% to 100%) of glycerol
by monitoring the intensity of the stain and the amount of tissue
remaining on the specimens. Longitudinal bones, including the
humerus, radius, ulna, femur, and tibia were dissected under the
microscope and their lengths were measured using Image].

Measurement of plasma meclozine concentrations
Cardiac blood samples were collected under anesthesia from
8-week-old BL6] mice fed 0.2 g or 0.4 g meclozine per kilogram
food ad libitum for 72 hours, and plasma concentrations of
meclozine were measured (Tanabe R&D Service Co.).
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Statistical analysis

Data are expressed as mean = standard deviation (SD). Sta-
tistical analyses were carried out using the paired and unpaired
Student’s #-tests, or two-way ANOVA followed by Fisher’s LSD
test.

Results

Meclozine attenuated the growth defect in the
Fgfr32<" tibiae in bone explant culture

We quantified the effect of meclozine in bone explant
cultures by using developing embryonic tibiae isolated
from limb rudiments in Fgfr3*" mice (n = 5) at embryonic
day 16.5 (E16.5). We added 20 mM meclozine to the cul-
ture medium and compared the length of the treated tibia
with that of the contralateral untreated tibia from the same
mouse. Meclozine significantly increased the full-length
and cartilaginous primordia of the tibiae from Fgfr3*"
mice by 4.6% (P < .05) and 8.3% (P < .01) as compared
with the contralateral untreated tibiae, respectively. In
contrast, the bone marrow in the meclozine-treated tibiae
was similar to that in untreated tibiae (Figure 1).

Meclozine ameliorated the short stature of
Fgfr3°*" mice

We next examined the effects of meclozine on longitu-
dinal skeletal growth in Fgfr3*" mice. 3-week-old litter-
mates comprised of Fgfr3*" and wild-type mice, which
were born from Fgfr3*<" male and wild-type female, were
randomly divided into two groups (a meclozine-treated
group and an untreated group). Thus, a variable combi-
nation of four groups was generated for each kinship: (i)
meclozine-treated Fgfr3*" mice, (i) meclozine-treated
wild-type mice, (iii) untreated Fgfr3<" mice, and (iv) un-

endo.endojournals.org 3

treated wild-type mice. Fgfr3*" and wild-type littermates
were not differentiated when meclozine treatment was
started because we genotyped mice using tails at the end of
the experiment in order to consecutively measure the total
body length. The absolute values of the body length and
bone length were compared within a kinship but not be-
tween kinships. For comparison across kinships, we used
values normalized with wild-type littermates in the same
kinship. We analyzed a total of 8 kinships, including 12
Fgfr3*" mice and 19 wild-type mice. Food containing
0.4 g meclozine per kilogram was administered ad libitum
to 3-week-old littermates in the treated group for 3 weeks.
At six weeks, the body length of the untreated Fgfr3*h
mice was much shorter than that of the gender-matched
wild-type littermates. In contrast, the body lengths of the
treated Fgfr3®" mice were closer to those of gender-
matched wild-type littermates. Quantitative measure-
ments demonstrated that meclozine increased the body
length of Fgfr3" mice by 5.4% (P < .05; Figure 2A).
Temporal analyses demonstrated that meclozine had a sta-
tistically significant effect on body length after two weeks
(Figure 2B). Intake of food by individual mice (per one
gram of the body weight) was similar between the treated
and untreated groups (Supplemental Figure 1).

Meclozine increased the bone length of Fgfr3><"
mice

We next quantified the effects of meclozine on the bone
growth of Fgfr32" mice using radiological analysis. After
3 weeks of meclozine administration, Fgfr3*" mice were
subjected to soft X-ray and Micro-CT scan. We measured
individual bone lengths based on the 3D images recon-
structed from the Micro-CT scan. The bone lengths, in-
cluding the cranium, radius, ulna, femur, tibia, and ver-

Fafr3ach : Cartilagious
g Full-length Bone marrow primordia
Meclozine - + Meclozine - + - + - +
same individuals p<0.05 p<0.01
n=5 1 1 | —
L 1. .
5 i T 1
E 0. 0.
2 ¢ ;
E 0 0.
T o 0
x 00

Figure 1. Meclozine enhances bone growth of embryonic tibiae in Fgfr32“" mice in explant cultures. Meclozine significantly increased the full-
length and cartilaginous primordia of tibiae in Fgfr3*®" mice but had no effect on the length of bone marrow.
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tebrae (L1-5) were significantly longer in meclozine-
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Figure 2. Meclozine reverses the dwarfed phenotype in Fgfr32<" mice. A, Meclozine treatment
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was initiated without prior knowledge of the genotype and administered for 3 weeks. 3
indicated pairs of gender-matched littermates were examined. Body length of the mice was
normalized to that of the indicated gender-matched wild-type littermate. Body lengths of
Fgfr32<h mice without meclozine treatment were 0.913 + 0.023 of the gender-matched wild-
type littermates (left graph). The body lengths of Fgfr3*®" mice with meclozine treatment were
0.960 =+ 0.018 of the gender-matched wild-type littermates (middle graph). Meclozine
significantly increased the body length of Fgfr3*™" mice (P < .05 by unpaired t test, not shown).
In 5 kinships, in which gender-matched Fgfr32" mice were treated with or without meclozine,

meclozine increased the body length of Fgfr3*™" mice to 1.054 + 0.027 of the untreated Fgfr3"

mice (right graph). Left panel, a male pair; middle panel, a female pair and right panel, a male
pair. Mean and standard deviation (SD) are indicated in the graphs and the legends. The
statistical differences shown on each graph were analyzed by paired t test. B, The body and tail
lengths of meclozine-treated Fgfr32<" mice were significantly longer than those of untreated
Fgfr32<" mice. The measured lengths of the Fgfr3<" mice were normalized to those of the
gender-matched wild-type littermates. Statistical significance by two-way ANOVA is shown on
the right side of each graph. *P < .05 by Fisher’s LSD test for each pair.

(Figure 3A). Similar results were ob-
tained from measurements using the
soft X-ray films (Supplemental Fig-
ure 2). The bone volumes of the
Fgfr3*" mice, measured from osse-
ous voxels on the reconstructed im-
ages, were significantly increased by
meclozine treatment (Figure 3B).
We further analyzed the area of
the foramen magnum and lumbar
spinal canal in Fgfr3*" mice.
Meclozine did not increase the area
of foramen magnum and lumbar spi-
nal canal in Fgfr3h
mental Figure 3 and 4).

mice (Supple-

Meclozine increased the bone
growth in wild-type mice

We further examined the effects
of meclozine on bone growth in wild-
type mice. Meclozine was adminis-
trated to 2-week-old wild-type mice
for 3 weeks. As wild-type mice were
weaned at 2 weeks after birth, we
started meclozine treatment 1 week
earlier than that for Fgfr3*" mice.
The body length of meclozine-
treated mice was significantly longer
than that of untreated mice after 1
week (Figure 4A, B). The bone
lengths of the radius, ulna, femur,
tibia, and vertebrae (L1-5) of the
meclozine-treated mice were signifi-
cantly longer than the corresponding
bone lengths in the untreated mice
(Figure 4C).

We next administered meclozine
to pregnant wild-type mice to exam-
ine the effects of the drug on fetal
bone development. After adminis-
tration of meclozine to wild-type
mice at 14 days of gestation, their
offspring were subjected to transpar-
ent specimen analysis at postnatal
day 5. The meclozine-treated off-
spring were larger than the untreated
offspring (Figure 4D). The lengths of
the long tubular bones, including the
ulna, femur, and tibia, were signifi-
cantly longer in the meclozine-
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treated mice than in the untreated-mice (Figure 4E).

The plasma meclozine concentration in the present
study is clinically relevant

We next measured the plasma concentrations of
meclozine used in the current study (0.2 or 0.4 g of
meclozine per kilogram food). Blood samples were col-
lected from 8-week-old wild-type mice after ad libitum
intake of meclozine-containing food for 72 hours. The
average plasma meclozine concentrations after treatment
were within the range used in clinical settings (22) (Figure
5).

Discussion

The small compounds, NF449 (11),A31(12),and P3 (13),
have recently been reported to improve short-stature phe-
notypes in animal models with accelerated FGFR3 signal-
ing. The safety of these novel compounds in humans, how-
ever, remains to be elucidated. Meclozine, an OTC H1
inhibitor, has been safely used for motion sickness for
more than 50 years, and its optimal dose and adverse ef-
fects have already been established. A previous study in-
dicates that the peak plasma concentration of meclozine is
68.42 ng/ml after a single clinical dose in humans (22). We
have demonstrated that oral administration of clinically
attainable concentrations of meclozine increased longitu-
dinal bone growth in Fgfr3*" mice during the observed
growth period. This effect was most likely due to the in-
hibition of activated FGFR3 signaling, which was previ-
ously observed in cultured rat chondrosarcoma cells (18).
Currently, distraction osteogenesis is the only available
surgical procedures to increase bone length; however, it is
a long and invasive treatment that compromises the pa-
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tient’s quality of life (QOL). The healing index is 36.2 days
per cm (23); thus, the patients are forced to attach external
fixators for 362 days to increase their height by 10 cm. In
contrast, meclozine increased body length of Fgfr32 mice
by 5.4% in our study. If the same effect could be observed
in patients with ACH, the patients could be expected to
increase 6.7 to 7.1 cm in height, based on the average
height of adults with ACH. Although further studies are
needed to investigate the adverse effects associated with
long-term drug administration, meclozine is a potential
therapeutic compound for ACH and other FGFR3-related
disorders.

To date, CNP, the CNP analog BNM-111, and statins
are the only promising compounds that can be applied in
clinical practice for FGFR3-related skeletal disorders. Ya-
soda et al reported that continuous IV administration of
CNP rescued the short-limbed phenotype in Fgfr3*" mice
(15). Lorget et al similarly demonstrated that subcutane-
ous injection of BNM-111 reversed the dwarfism-related
clinical features observed in Fgfr3Y?*”“/* mice (16). Ad-
ditionally, Yamashita et al identified that intraperitoneal
injection of statins, which have been used to lower serum
cholesterol levels, rescued the phenotype of Fgfr3*" mice
using a screen with patient-derived iPS cells (17). Cur-
rently, CNP and BNM-111 administration is restricted to
injection, which potentially poses physical and psycho-
logical burdens on young children. Since meclozine and
statins can be administered orally, they are more conve-
nient for children to take. Although the site of action of
statins has not been dissected (17), meclozine and statins
may have an additive effect on abnormally activated
FGFR3 signaling in patients with ACH.

Some ACH patients have neurological complications
such as gait disturbance, leg paralysis, hydrocephalus, and
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Figure 3. Meclozine increases the longitudinal bone growth of Fgfr32<" mice. A, Reconstructed computed tomography (CT) images. Left panel, a
male pair; right panel, a female pair. B, Meclozine significantly increased the length of the cranium, radius, ulna, femur, tibia, and vertebrae in
Fgfr32<" mice. C, The total bone volume of meclozine-treated Fgfr32“" mice was significantly increased compared to that of untreated Fgfr33<"
mice. B and C, Bone lengths and total bone volumes of Fgfr3<" mice were normalized to those of the gender-matched wild-type littermates.

Statistical significance was analyzed by the unpaired t test.
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Figure 4. A-C, Wild-type mice were treated with meclozine 2 weeks after birth for 3 weeks. A, Visual images and soft X-ray images of wild-type
female mice with or without meclozine. Meclozine-treated mice were larger than the untreated mice. B, Body and tail lengths of meclozine-
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central hypopnea, in addition to short stature, which is
caused by stenosis of the foramen magnum or spinal canal.
In the current study, meclozine failed to enhance the
growth of the foramen magnum and lumbar spinal canal.
Similarly, BMN-111 could not increase the sagittal and
lateral diameters of the foramen magnum in Fgfr3Y3¢7</*
mice (16). Stenosis of the spinal canal and foramen mag-
num in patients with ACH is most likely due to premature
synchondrosis closure, and any growth-promoting treat-
ment for these stenoses must precede the timing of the
synchondrosis closure (24). Jin et al demonstrated that the
thanatophoric phenotypes of Fgfr3Ke44E/*
cued by intraperitoneal injection of P3 to the mother (13).
Prenatal treatments are generally unrealistic even if the
patients get a definite diagnosis of ACH during prenatal
periods. Therefore, we tested the effect of meclozine from
3 weeks of age in Fgfr3h
the effect of maternal administration of meclozine using
mouse models to treat devastating phenotypes in thanato-
phoric dysplasia and possibly stenosis of the spinal canal
and foramen magnum in ACH.

mice were res-

mice. In future, we will examine
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Abstract

Background Recently, computed tomography (CT) has been
used to diagnose fetal skeletal dysplasia. However, no surveys
have been conducted to determine the radiation exposure dose
and the diagnostic reference level (DRL).

Objective To collect CT dose index volume (CTDIvol) and dose
length product (DLP) data from domestic hospitals implementing
fetal skeletal 3-D CT and to establish DRLs for Japan.
Materials and methods Scan data of 125 cases of 20 protocols
from 16 hospitals were analyzed. The minimum, first-quartile,
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median, third-quartile and maximum values of CTDIvol and
DLP were determined. The time-dependent change in radia-
tion dose setting in hospitals with three or more cases with
scans was also examined.

Results The minimum, first-quartile, median, third-quartile
and maximum CTDIvol values were 2.1, 3.7, 7.7, 11.3 and
23.1 mGy, respectively, and these values for DLP were 69.0,
122.3,276.8, 382.6 and 1025.6 mGy-cm, respectively. Six of
the 12 institutions reduced the dose setting during the imple-
mentation period.

Conclusions The DRLs of CTDIvol and DLP for fetal CT
were 11.3 mGy and 382.6 mGy-cm, respectively. Institutions
implementing fetal CT should use these established DRLs as
the standard and make an effort to reduce radiation exposure
by voluntarily decreasing the dose.

Keywords Skeletal dysplasia - Prenatal diagnosis - 3-D
computed tomography - Diagnostic reference level - Fetus -
Fetal computed tomography

Introduction

In recent years, improvements in computed tomography (CT)
performance have created various innovative scan techniques
and increased the number of indications, such as cardiac CT.
One of the new diagnostic methods is to apply CT for the
prenatal diagnosis of skeletal dysplasia suspected in a fetus.

According to the latest nosology and classification of genetic
skeletal disorders in 2011 [1], 456 skeletal dysplasias have been
identified. The overall prevalence of neonatally manifested
skeletal dysplasia is approximately 2 out of 10,000, half of
them lethal [2]. However, most of these types are so rare that
obstetricians never encounter them. These types include various
severe diseases, from poor-prognosis diseases causing fetal or
postpartum death to favorable-prognosis diseases causing no
problems in physiology or intelligence.

@ Springer



Pediatr Radiol

Two-dimensional ultrasonography (2-D US) [3] and mag-
netic resonance imaging (MRI) [4] are conventionally used for
evaluating fetal skeletal dysplasia. However, US and MRI have
limitations in visualizing the skeletal system compared to radi-
ography, which is better for performing bone surveys. Three-
dimensional US [5], which was recently introduced in daily
practice, provides higher image quality, but it is highly depen-
dent on the skills of the operator. In particular, when interpreting
skeletal findings in patients, the operator must create 3-D
images using his/her own judgment based on his/her experience
and knowledge of radiological findings. Therefore, prenatal
diagnosis of skeletal dysplasia is difficult, and patients, their
families and medical practitioners face difficult problems when
making decisions regarding antenatal care and delivery.

Recently, fetal CT using a multidetector technique has
gained popularity in the prenatal diagnosis of severe skeletal
dysplasias [3, 6—11]. A precise diagnosis of skeletal dysplasia
requires identification of pathognomonic findings in a con-
stellation of as many abnormal skeletal changes as possible.
Pathognomonic findings may be divided into gross changes
and important, but subtle, changes. The capability of fetal CT
to delineate the fetal skeleton is similar to that of a postnatal
full skeletal survey. Fetal US and MRI are only able to detect
gross pathognomonic changes, such as shortness, bending and
deformity of the long bones, and severe skull deformity [10].
Fetal CT has been found to be highly effective in diagnosing
fetal skeletal dysplasia with a diagnostic yield of 90% or
higher [7, 10].

The time of 26-30 gestational weeks is recommended for
the timing of fetal CT in this scenario because fetal skeletal
mineralization is usually sufficient for evaluation by CT at this
time [12]. Additionally, the risk of the central nervous system
is greatest with exposure at 8—15 weeks of gestation, with no
proven risk at greater than 25 weeks of gestation [13].

Despite this benefit, the resulting radiation exposure is
disadvantageous. Whether fetal CT can be justified under the
ALARA (As Low As Reasonably Achievable) principle of
protection against radiation remains controversial [14]. The
fetal CT technique should be more strongly justified and
optimized than any other X-ray examination on the basis of
the linear non-threshold hypothesis that the risk of future
carcinogenesis from fetal exposure cannot be completely
ruled out [15].

Bach-Segura [16] introduced adequate scan settings for
fetal CT and they described an average volume CT dose index
(CTDIvol) of 6 mGy at 100 kV and 120 mAs. To date, there is
no guideline for fetal CT in Japan and individual hospitals
may perform fetal CT according to their own protocol. If
radiologists and obstetricians affirm and continue this type
of examination, a guideline for fetal CT, including indications
and standard protocol, should be established in the near future.
In such cases, the concept of diagnostic reference levels
(DRLs) is essential.

@ Springer

DRL is a practical tool for promoting the assessment of
existing protocols and appropriate development of new and
improved protocols at each CT center by facilitating the com-
parison of doses from present practice. DRLs were first suc-
cessfully implemented in relation to conventional X-rays in
the 1980s and subsequently developed for application to CT in
the 1990s [17, 18]. DRLs assist in the optimization of protec-
tion by helping to avoid unnecessarily high doses to the
patient. The system for using DRLs includes the estimation
of patient doses as part of the regular quality assurance pro-
gram [19].

DRLs are established on the basis of a survey of the
standard diagnostic radiation dose that is commonly used.
Each hospital can use the established DRL to optimize the
diagnostic radiation dose, confirming that the dose is not
much different from the DRL. The setting of DRLs and the
validation of their compatibility with the clinical dose involve
various factors, including the country, region, clinical purpose,
guarantee of image quality, optimization of scan settings,
scanner design and maintenance. However, each institution
should adjust its standard radiation dose if the dose differs
from the DRL without a justifiable reason.

DRLs are based on standard phantom or patient measure-
ments under specific conditions at a number of representative
clinical facilities. DRLs have been set at approximately the
75th percentile of measured patient or phantom data. This
means that procedures performed at 75% of the institutions
surveyed have exposure levels at or below the DRL [20].
Twenty-five percent of recorded doses will be above this level.
Institutions should receive feedback on their dose levels with
respect to the DRLs [21]. Few surveys or studies on fetal CT
doses have been conducted [10, 22], and the fetal CT radiation
dose distribution throughout Japan is unknown.

The objective of this study was to collect data on CTDIvol
and dose-length product (DLP) from domestic hospitals
implementing fetal 3-D CT, evaluate their trends and establish
DRLs in Japan on the basis of the survey results. The Ministry
of Health, Labour and Welfare of Japan (MHLW) H23-
Nanchi-Ippan-123 fetal skeletal dysplasia study group takes
responsibility for feeding back information to participating
institutions regarding local dose levels with respect to DRLs.

Materials and methods
Data collection

We selected hospitals participating in the Japan Forum of Fetal
Skeletal Dysplasia (the nation’s largest online network
intended to support the diagnosis of fetal skeletal dysplasia
including mainly obstetricians [53 registrants]) that had al-
ready implemented fetal CT. We also selected hospitals that
had consulted the Japan Forum of Fetal Skeletal Dysplasia
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about fetal CT diagnosis in the past, hospitals that had report-
ed implementation of fetal CT in abstracts issued by Japanese
academic societies and scientific meetings, and the members
of the MHLW Fetal Skeletal Dysplasia Study Group (grant-
in-aid for Scientific Research from the Ministry of Health,
Labor and Welfare of Japan H23-Nanchi-Ippan-123). A ques-
tionnaire was distributed electronically by e-mail for radiolo-
gists or obstetricians.

Thirty-eight hospitals were requested to participate in our
study, and 16 of them expressed their intention to do so. These
comprised eight university hospitals (Hokkaido University
Hospital, Tohoku University Hospital, Yamagata University
Hospital, National Defense Medical College Hospital, Hyogo
College of Medicine Hospital, Tokushima University Hospi-
tal, Hiroshima University Hospital and Kurume University
Hospital), five perinatal medical centers or pediatric hospitals
(Miyagi Children’s Hospital, National Center for Child Health
and Development, Nagara Medical Center, Ehime Prefectural
Central Hospital, and Perinatal Medical Center for Mother and
Child Health, and Yamaguchi Grand Medical Center), and
three regional referral hospitals (Aomori Prefectural Central
Hospital, Chiba Kaihin Municipal Hospital and Kumamoto
City Hospital). All fetuses were suspected of having skeletal
dysplasias on the basis of a 2-D US scan or a second- or third-
level diagnostic 2-D US performed by experienced fetal med-
icine physicians. After informed consent, the mothers
underwent multidetector CT (mean + SD: 30.2+2.6 weeks
of gestation, range: 15-38 weeks, Table 1).

The first half of the distributed questionnaire was associat-
ed with epidemiological background, the number of fetal CT
scans performed throughout the time span of the study, the
timing of gestational week at multidetector CT, experience of
a repeat fetal CT scan and control of fetal motion to avoid
rescanning. The second half contained detailed questions on
the scan conditions, including the specific CT scanner model,
tube voltage (kVp), scan field of view, rotation time, number
of detector rows, beam width and pitch factor. For Toshiba
users, filters and parameters for volume exposure control,
such as target standard deviation (SD), slice thickness, recon-
struction function, and maximum and minimum tube current
(mA), were asked. For GE scanners, parameters for auto mA/
smart mA (type of automatic exposure control, noise index,
and maximum and minimum mA) were asked. For Siemens
scanners, parameters for CARE Dose 4D (quality reference
mAs, and minimum and maximum of effective mAs) were
asked. For the dose information, CTDIvol and DLP were
collected. One hospital (hospital 8 in Table 1) changed its
protocols three times during the period. Two hospitals (hospi-
tals 4 and 13 in Table 1) used two different CT scanners, each
with its own scan setting. Therefore, these situations were
treated as separate protocols in this survey.

The data were entered manually into an Excel spreadsheet
(Microsoft Corp., Redmond, WA, USA) by individual CT
technologists in each institution, and some data were missing
or inadequate in some answers. If the CTDIvol and DLP
values were inappropriate, they were calculated as well as

Table 1 Results of the epidemiological background (hospital number and characteristic, number of fetal CT scans performed throughout the time span of
the study, timing of gestational week at MDCT, experience of repeat fetal CT scan and fetal motion control to avoid rescanning)

Hospital Characteristic Fetal CT Gestational week at Experience of repeat Fetal motion control
cases/years MDCT (range, mean) fetal CT examination to avoid rescan

1 University hospital 7/4 25-36, 31 No No

2 Regional referral hospital 4/3 30-34, 32 No No

3 Perinatal medical center 4/2 20-34, 29 No No

4 University hospital 18/6 27-36, 32 No Mioblock

5 University hospital 5/5 27-35, 31 No No

6 University hospital 4/5 25-28, 26 No No

7 Regional referral hospital 2/3 15-33,24 No No

8 Perinatal medical center 53/5 15-37, 30 No No

9 Perinatal medical center 11/3 26-31, 29 1 case No

10 University hospital 4/3 28-32, 30 No No

11 University hospital 3/3 28-30, NA No No

12 Perinatal medical center 4/3 29-38, 32 No No

13 University hospital 13/6 20-35, 29 No No

14 Perinatal medical center 3/4 28-32, 30 No No

15 University hospital 12 34,34 No No

16 Regional referral hospital 3/5 32-37, 34 No No

Total 139/6 mean £ SD 30.2+2.6 weeks

NA not available
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possible using CT Expo software (SASCRAD, Buchholz,
Germany), a program for dose evaluation in CT. However,
six CTDIvol and five DLP values were treated as inappropri-
ate data. Eventually, during a 29-month period, from October
2009 until February 2011, 119 CTDIvol and 120 DLP values
from a total of 20 protocols and 125 scan data were available
for this audit.

CT dosimetry

The framework for CT dosimetry has already been well
established [23]. The monitoring of CT performance as part
of routine quality assurance is based on the practical dose
qualities of CTDIvol and DLP. These form the basis for the
reference dose (and DRLs) set for the purpose of promoting
the optimization of patient protection [23]. CTDIvol (units:
mGy) is the mean absorbed radiation dose to the patient at a
given point of scan volume expressed as a function of kVp,
mA:s, filtering, collimation and pitch. DLP (units: mGy cm) is
an indicator of the mean absorbed dose to the patient of each
series in a CT exam and is defined as the product of CTDIvol
x exposed scan length [24]. To establish the DRLs, the min-
imum, first-quartile (25th percentile), median (50th percen-
tile), third-quartile (75th percentile) and maximum values of
CTDlIvol and DLP for fetal CT were determined on the basis
of all of the scan data [25]. In keeping within the established
framework, the national DRLs presented in this survey were
determined using the 75th percentile values of CTDIvol and
DLP [15]. The median value was compared among all of the
protocols (n=20) to clarify its tendency. We evaluated the
interval change of CTDIvol in the hospitals presenting with
three or more cases during the same period, regardless of
whether dose reduction was introduced. This study was ap-
proved by the institutional review board at the National Center
for Child Health and Development, Tokyo, Japan.

Results

Table 1 shows the results of epidemiological background. A
total of 139 cases of fetal CT were performed throughout
6 years (range: 1-53 cases). The timing of gestational week
at the CT scan ranged from 15 to 38 weeks (mean+SD: 30.2+
2.6 weeks). Only one hospital (no. 9) experienced a repeat
fetal CT examination, and only hospital 4 had answered yes to
use of Mioblock (MSD, Tokyo, Japan) for fetal motion control
to avoid rescanning.

Table 2 shows details of 20 CT scan protocols, in which
technical conditions included the specific CT scanner model,
tube voltage (kVp), scan field of view, rotation time, beam
width, detector configuration and pitch factor. The tube volt-
age was set at 100 kV in all of the cases in one hospital
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(hospital 8), at 100 or 120 kV in hospitals 9 and 13, and at
120 kV in all of the cases in the remaining 13 hospitals.

The range of rotation time was 0.37-0.75 s, and 75% (15/
20 protocols) were carried out by 0.5 s. The beam width
ranged from 10 to 40 mm (mean: 20 mm) and helical pitch
ranged from 0.64 to 1.67 (mean: 1.1). For Toshiba CT scan-
ners, variation in filters, target standard deviation, slice thick-
ness, reconstruction function, and maximum and minimum
tube current (mA) are summarized. For GE CT scanners,
protocol 8c was obtained with iterative reconstruction (ASIR:
Adaptive Statistical Iterative Reconstruction). The setting of
automatic exposure control, quality reference mAs, and min-
imum and maximum effective mAs are summarized. For
Siemens scanners, parameters for CARE Dose 4D are sum-
marized. Throughout the 20 protocols, iterative reconstruction
was only performed in protocol 8c, while the other 19 were
carried out without it.

Table 3 shows the data of CTDIvol (median), sample
number of CTDIvol, DLP (median), sample number of DLP,
scan length (average) mm and interval change of CTDIvol in
all of the 20 protocols. Protocol number 8c, which was only
performed with iterative reconstruction, showed the lowest
median CTDIvol (2.6 mGy). However, there was no other
obvious relationship between technical data (number of de-
tectors, reconstruction function and availability of 100 kV)
and dose levels. Additionally, data from each scan did not
correspond to patients’ individual body weight or correct
gestational week. Therefore, it was unknown which hospitals
used higher doses of radiation to image mothers later in
pregnancy. The relationship between maternal girth and
weight (and by implication, gestational age), which affected
CT parameters used for the examinations, was also unknown.

The scan length greatly varied between institutions (327+
47.7 cm, range: 245-440 cm, Table 3). No institution used
bismuth shielding for fetal CT examinations.

Table 4 shows the minimum, first-quartile, median, third-
quartile and maximum values of CTDIvol and DLP. The
minimum, first-quartile, median, third-quartile and maximum
values of CTDIvol were 2.1, 3.7,7.7, 11.3 and 23.1 mGy, and
the corresponding values of DLP were 69.0, 122.3, 276.8,
382.6 and 1025.6 mGy-cm, respectively. The domestic DRLs
of CTDIvol and DLP for fetal CT were 11.3 mGy and
382.6 mGy-cm, respectively. The minimum, first-quartile,
median, third-quartile and maximum values of scan length
were 190, 295, 319, 356 and 476 mm, respectively. In Figs. 1
and 2, all 20 CTDIvol and DLP medians per protocol are
plotted in ascending order, respectively. The maximum values
of CTDIvol and DLP were approximately 11 and 15 times as
high as their minimums, respectively. In the five protocols
with a CTDIvol median of 5 mGy or less, the gap between the
third- and first-quartiles tended to be smaller, and the radiation
dose was similar among the cases. In contrast, the institutions
with high CTDIvol medians tended to show variation in their
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68

150

0.5 12 0.9, 1.05 16x0.75

120

SOMATOM

Sensation 16
Philips

Table 2 (continued)

16
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Maximum
mA

Minimum
mA

Slice Noise AEC

Detector Helical pitch

Rotation Beam

Scan
time

13%

CT scanner
model

width configuration thickness index
(mm)

(mm)

FOV

(no. of sections

X mm)

NA 402

none

NA

128x%0.625

0.5

120

Brilliance iCT

15

FOV field of view, SD standard deviation, AEC automatic exposure control, 4SIR Adaptive Statistical Iterative Reconstruction, NA not available

Table 3 Median CTDIvol, CTDIvol sample, median DLP, DLP sample,
length and interval change of CTDIvol for 20 protocols

Hospital / CTDI CTDIvol DLP DLP  Length Interval

protocol  vol sample  (median) sample (ave) change of
(median) mGy.cm mm CTDI vol
mGy
12.7 7 359.8 7 357 Flat (med)
13.3 4 583.9 4 401 Decreased
3 34 5 112.2 5 272 Flat (low)
4A 2.8 3 80 5 364 Flat (low)
4B 29 4 89.5 4 310
5 9.3 4 339.5 4 328.5 Increased
6 6.7 1 210 1 266 NA
7 13.6 2 280 2 245 NA
8A 7.7 33 277 33 314 Decreased
8B 33 11 107.8 11 314
8C 2.6 9 101.3 9 328.3
9 10.8 8 353 7 362 Decreased
10 11.8 4 454.5 4 318 Decreased
11 23.1 3 784 3 300 Flat (high)
12 10.1 3 403 3 440 Flat (med)
13A 10 10 3722 10 309.5 Decreased
13B 17.7 3 887.2 3 390
14 10.6 1 323 1 320 NA
15 13.3 1 493.6 1 280 NA
16 8.1 3 270 3 333 Flat (med)

CTDI CT dose index, DLP dose length product, N4 not available, med
medium

scanning conditions, and the gap between the third- and first
quartiles tended to be greater.

Hospitals presenting with low CTDIvol values did not
necessarily provide low DLP values because the length set-
tings were different among these hospitals.

Figure 3 shows the interval changes in CTDIvol in the 12
hospitals where fetal CT was performed in three or more cases
(hospitals 1-5, 8-13 and 16). Six of these 12 hospitals (hos-
pitals 2, 5, 8,9, 10 and 13) reduced the radiation dose during
the implementation period, probably based on their own judg-
ment. Of the remaining six hospitals, two (hospitals 3 and 4),

Table 4 Summary of the minimum, 25th, 50th, 75th and maximum
CTDIvol and DLP values

CTDI vol (mGy) DLP (mGycm)
Minimum 2.1 69
25th 3.7 122.3
50th 7.7 276.8
75th 113 382.6
Maximum 23.1 1025.6

CTDI CT dose index, DLP dose length product
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Fig. 3 Interval changes in CTDIvol in the 12 hospitals where fetal CT
was performed in three or more cases (hospitals 1-5, 8-13 and 16)

three (hospitals 1, 13 and 16), and one (hospital 11) kept the
radiation dose low, moderate and high, respectively.

Discussion

CT for fetal skeletal dysplasia was first reported by Shoda
etal. [26] in 1997. Since then, the usefulness of this technique
has been reported in case reports [27-29], a report comparing
it with fetal US [3] and a review [7]. Most of these reports
presented cases of monostotic, rare skeletal dysplasia or
discussed diagnostic capabilities of bone morphology [6].
The weighted CT dose index of the fetal exposure dose was
reported as 3.12 mGy by Cassart et al. [6], 3 mGy by Ruano
et al. [3] and 1.9 mGy by Bonnefoy et al. [30]. Recently, the
effective dose for low-dose fetal CT was estimated with an
ImPACT CT Patient Dosimetry Calculator (CT Scanner Eval-
uation Center, London, UK) and reported to be 4.8 mSv by

@ Springer
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Victoria et al. [22]. However, in their report, neither the
CTDIvol nor DLP value during the scan was mentioned.

In the present study, the CTDIvol median was as low as 2.6—
3.4 mGy in five protocols of three hospitals (hospitals 3, 4 and
8), and these data are similar to those in the reports mentioned
above [3, 6, 30]. In these hospitals, the maximum and minimum
values were stable and, therefore, radiation dose control was
probably appropriately performed (Figs. 1 and 2). These values
are similar to the first-quartile values calculated in this study
(3.7 mGy). In these three hospitals, many images were taken at
lower dose settings. At this time, a favorable, reasonable dose
setting for fetal CT protocol was 3.7 mGy, which corresponds
to the first-quartile value obtained in this study.

In our study, the national DRL of CTDIvol for Japanese
fetal CT was estimated at 11.3 mGy. Seven hospitals (hospitals
1,2,7,10,11, 13 and 15) presented with a CTDIvol exceeding
this DRL value. Of these hospitals, three (hospitals 2, 10 and
13) had a tendency to reduce the radiation dose over time.
Based on our results, our study group advised these seven
hospitals to reduce the radiation dose to the DRL or lower.

Concerning a time-dependent change in the exposure dose,
six of the 12 hospitals reduced the dose setting during the
implementation period. In particular, hospital 8 reduced the
dose voluntarily by revising the protocol twice during the
surveyed period. Presumably, this hospital had set a higher
radiation dose at first because the setting condition was not
clear. However, this hospital may have voluntarily attempted
to reduce the dose while maintaining image quality. Their
efforts should be appreciated in terms of the ALARA princi-
ple. Two of the other six hospitals kept the radiation dose at a
moderate or high level, and they should change their protocol
according to the DRL results.

Our CTDIvol and DLP values were derived from the dose
radiated by the equipment and are not equivalent to the fetal
exposure dose. The fetal exposure dose cannot be directly
measured and must be estimated. If each hospital uses a
human pelvis phantom, the fetal exposure dose can be esti-
mated individually. A previously reported technique to esti-
mate the fetal exposure dose was also useful [31]. The easiest
method to assess the fetal exposure dose may be to simply use
the uterine organ dose calculated with the commercially avail-
able Monte Carlo simulation software [22].

In our study, the fetal exposure dose was not estimated for
each case. However, this dose should be much lower than the
threshold of occurrence of central nervous system anomalies,
which is specified in the International Commission on Radio-
logical Protection Publication 87 (100 mGy, first trimester)
[32]. In addition, it is difficult to appropriately estimate carci-
nogenesis due to low-dose exposure in the fetus. Hurwitz et al.
[33] estimated the fetal exposure dose in pregnant women
subjected to appendicitis or chest CT. They found that the fetal
exposure dose was 30 mGy in pregnant women subjected to an
appendicitis CT protocol, and the risk of childhood

@ Springer

carcinogenesis from this fetal exposure dose was approximate-
ly twice as high as that for natural childhood carcinogenesis
(The excess relative risk of developing childhood cancer
2:600) [33]. While the DRL of CTDIvol was estimated as
approximately 11 mGy in this study, this value must be con-
verted to the fetal exposure dose. If the fetal exposure dose is
approximated at 1.3 times that of CTDIvol [34], the risk of
childhood carcinogenesis from this fetal exposure dose may be
less than that for the appendicitis CT protocol described above.

Recently, the risk of leukemia and brain tumors from child-
hood CT exposure has been reported [35], but the risk of future
carcinogenesis from fetal CT exposure remains unknown.
When state-of-the-art technology, such as iterative reconstruc-
tion, is widely used in CT equipment in the near future, the
exposure dose for CT scans can be decreased to 1 mSv or less
[36]. However, before this is achieved, each hospital should use
CT doses as low as possible on the principle of ALARA.

Based on our study results, we should reduce the exposure
dose voluntarily and control the exposure dose throughout
Japan. Moreover, we should implement a similar study after
3 or 4 years to confirm that the radiation dose has decreased
after the establishment of DRLs by the committee of the Japan
Society of Obstetrics and Gynecology. Depending on the
results of the next study, it may be necessary to review the
DRLs and reset them at lower values.

Conclusion

The national DRLs of CTDIvol and DLP for fetal CT in Japan
were estimated as 11.3 mGy and 382.6 mGy-cm, respectively.
Based on these results, the exposure dose should be voluntar-
ily reduced and the exposure dose should be controlled to
continue promoting fetal CT that involves radiation exposure.
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Statins give bone
growth a boost

The development of stem-cell-based models of two diseases that cause dwarfism
reveals that statins — drugs that are used to treat high levels of blood cholesterol
— may also promote cartilage formation and bone growth.

BJORN R. OLSEN

any medical conditions can cause
short stature, but a faulty gene
encoding the protein FGFR3 is

responsible for two-thirds of all forms of
dwarfism in humans. FGFR3 normally con-
trols a brake signal in the molecular machinery
that regulates the growth of limb bones dur-
ing childhood and adolescence. In 1 in every
10,000-30,000 births, genetic mutations cause
FGFR3 to become overactive and so brake too
hard. Although our understanding of the cellu-
lar processes that go awry in dwarfism is good,
development of treatments has been hampered
by alack of efficient methods for screening and
testing potential drugs. In a paper published on
Nature’s website today, Yamashita et al.' report
a major step forward in solving this problem,
establishing a human-disease-based system
for screening potential drugs to treat skeletal-
growth defects.

In humans, the most common FGFR3
mutation results in achondroplasia, a disor-
der that causes short extremities, increased
curvature of the spine and distortion of skull
growth, resulting in substantial health prob-
lems’. More-severe mutations in FGFR3 can
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Figure 1| A cell-based model of impaired bone growth. Yamashita et al.'
isolated skin cells from people with thanatophoric dysplasia and from people
with normal bone growth, and reprogrammed them to become induced
pluripotent stem cells (iPS cells), which can give rise to every cell type of

the body. They then added factors that caused the cells to differentiate into

cause thanatophoric dysplasia, in which a
small chest, and respiratory problems, may
cause death either at or shortly after birth’. In
both dysplasias, skeletal defects are caused by
decreased proliferation and impaired matura-
tion of cartilage-forming cells called chondro-
cytes within growing regions of bone®. It has
not previously been possible to obtain chon-
drocytes from patients, but Yamashita and
colleagues took advantage of improved cell-
reprogramming techniques’ to do just that.
The authors isolated skin cells from three
individuals with thanatophoric dysplasia and
converted the cells to induced pluripotent
stem cells, which can give rise to any cell type
in the body. Next, Yamashita and co-workers
stimulated the stem cells to become chondro-
cytes, which had the same genetic make-up as
the original patients. They then took advan-
tage of the chondrocytes’ ability to aggregate
into cartilage-forming particles® to generate
a system for analysing particles formed by
thanatophoric dysplasia chondrocytes and by
controls without the FGFR3 mutation. The
authors compared the particles’ similarities
and differences as the different cells grew and
matured over several weeks in culture (Fig. 1).
A major difference was that, compared to
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controls, thanatophoric dysplasia particles
exhibited impaired maturation associated
with degradation of cartilage. Remarkably,
reducing FGFR3 levels or adding antibodies
to block FGFR3 activity in dysplasia cultures
restored growth and maturation of the
cartilage-forming particles to normal levels.
Yamashita and co-workers used their culture
system to assay several molecules that affect
either the response of cells to FGFR3 signals or
the formation of chondrocytes from stem cells,
to determine which could promote cartilage
development in dysplastic cells. Molecules that
had positive effects included C-type natriuretic
peptide (CNP) and several statins, including
lovastatin and rosuvastatin.

CNP has a positive effect on bone formation
and growth®, and its overexpression in chon-
drocytes counteracts dwarfism in a mouse
model of achondroplasia’. As a result, CNP
has been pursued as a potential achondroplasia
treatment, although it is not an ideal candidate.
A major obstacle is that the peptide, which
must be injected, is degraded within minutes
of being administered. A more stable version
is effective in mouse models of achondro-
plasia and is currently in clinical trials, but
still requires daily injections®. In addition,
the effects of CNP on the cardiovascular sys-
tem and the central nervous system raise the
possibility of undesirable side effects if the
drug is used long-term in children.

Statins — cholesterol-lowering drugs that
are available in tablet form — provide an
interesting alternative. Their safety has been
evaluated in children with inherited high cho-
lesterol’, and evidence'® suggests that early
statin treatment improves the chances of chil-
dren with this condition reaching the age of
30 without having a heart attack. In addition
to their cholesterol-related properties, the
drugs stimulate production of chondrocyte
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cartilage-forming cells called chondrocytes. Chondrocytes derived from
controls produced normal cartilage-forming particles, but the particles formed
from dysplasia-derived chondrocytes showed impaired growth and maturation.
However, normal particle formation was restored when the drug lovastatin was
added to the culture dish, highlighting a possible treatment for this disease.
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molecules that make up the structure of
cartilage'', and repress production of cartilage-
degrading enzymes'. In a series of compel-
ling experiments, Yamashita et al. demon-
strated that lovastatin stimulates production
of cartilage components in thanatophoric dys-
plasia chondrocytes, and promotes the forma-
tion of chondrocytes from stem cells. It also
restores cartilage formation by chondrocytes
derived from people with achondroplasia.
Finally, the authors showed that injecting
rosuvastatin into mice with an achondroplasia-
causing defect in FGFR3 partially restored
bone growth in the limbs and head.

What are the mechanisms underlying these
striking effects? Yamashita and colleagues’
study does not provide the full answer. How-
ever, the authors do find that high levels of
FGFR3 protein, but not messenger RNA, are
reduced to normal levels when lovastatin is
added to cultures of particles derived from
people with either form of dysplasia. This
suggests that statins stimulate degradation of
FGFR3. Cellular protein-degradation machines
called proteasomes might be involved, because
adding a proteasome inhibitor to lovastatin-
containing cultures increased levels of FGFR3.
The researchers speculate that this is related
to the ability of statins to lower cholesterol
in cells, and to destabilize cell membranes so

2 | NATURE |

that FGFR3 (which spans the membrane) is
more easily internalized and degraded, but this
remains to be determined.

If the ability of statins to restore cartilage-
particle growth is found to be independent of
their cholesterol-lowering properties, it may
be possible to modify the drugs such that these
two effects are separated. However, if the carti-
lage-promoting effect of statins is a direct con-
sequence of a decrease in cholesterol, extreme
care is needed before using the drugs to treat
children with achondroplasia. It will be cru-
cial to ensure that cholesterol levels in these
children are maintained at reasonable levels.

Between the ages of 25 and 35, mortality
related to heart disease is more than 10 times
higher in people with achondroplasia than in
the general population'>"". The reasons for this
are not understood, and limited data suggest
that serum cholesterol levels in children with
achondroplasia are in the high normal range".
Whether statin treatment would help to reduce
this mortality is therefore unclear.

In summary, Yamashita et al. have
established a disease model of achondroplasia
and related dysplasias based on pluripotent
stem cells. The results of the study raise the
possibility that statins might be effective in
treating children with these disorders. Further-
more, the authors’ system allows screening of

© 2014 Macmillan Publishers Limited. All rights reserved

additional compounds in the search for even
safer drugs. m
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Statin treatment rescues FGFR3 skeletal
dysplasia phenotypes

Akihiro Yamashita!, Miho Morioka!, Hiromi Kishi', Takeshi Kimura'?, Yasuhito Yahara!, Minoru Okada', Kaori Fujita’,

Hideaki Sawai®, Shiro Ikegawa®* & Noriyuki Tsumaki"®

Gain-of-function mutations in the fibroblast growth factor receptor 3 gene (FGFR3) result in skeletal dysplasias, such as
thanatophoric dysplasia and achondroplasia (ACH). The lack of disease models using human cells has hampered the
identification of a clinically effective treatment for these diseases. Here we show that statin treatment can rescue patient-
specific induced pluripotent stem cell (iPSC) models and a mouse model of FGFR3 skeletal dysplasia. We converted
fibroblasts from thanatophoric dysplasia type I (TD1) and ACH patients into iPSCs. The chondrogenic differentiation of
TD1iPSCs and ACH iPSCs resulted in the formation of degraded cartilage. We found that statins could correct the degraded
cartilage in both chondrogenically differentiated TD1 and ACH iPSCs. Treatment of ACH model mice with statin led to a
significant recovery of bone growth. These results suggest that statins could represent a medical treatment for infants and

children with TD1 and ACH.

Achondroplasia (ACH) is the most common skeletal dysplasia, and the
condition leads to disproportionate short-limb dwarfism. Mutations in
the gene encoding fibroblast growth factor receptor 3 (FGFR3) were
identified in patients with ACH (refs 1, 2). FGFR3 mutations were sub-
sequently found in patients with thanatophoric dysplasia, of which there
are two types that can be distinguished by the radiographic findings and
the results of a molecular analysis: thanatophoric dysplasia type I (TD1)
and IT (TD2). The phenotype of thanatophoric dysplasia is more severe
than that of ACH, and the condition is lethal due to respiratory insuf-
ficiency, which is secondary to an abnormal chest wall skeleton. Owing
to recent progress in respiratory management, infants with thanatopho-
ric dysplasia can survive for several months to years. FGFR3 mutations
have also been found in some other conditions, which are collectively
called FGFR3 chondrodysplasias®. Mice that are deficient for FGFR3
show skeletal overgrowth*. This mouse phenotype suggests that FGFR3
is a negative regulator of endochondral bone formation, confirming that
the mutations causing FGFR3 chondrodysplasias are gain-of-function
mutations.

FGFR3 functions as a transmembrane receptor tyrosine kinase. Thera-
peutic strategies aimed at decreasing excessive FGFR3 signals have been
investigated®. The application of c-type natriuretic peptide (CNP)®,a CNP
analogue’, parathyroid hormone®, a FGFR3-binding peptide® and sol-
uble FGFR3 (ref. 10) led to a recovery of bone growth in a genetically
manipulated mouse model of FGFR3 chondrodysplasia. CNP attenuates
the mitogen-activated protein kinase (MAPK) signals which are acti-
vated by FGFR3. The efficacy of all of these treatments remains to be
tested in appropriate human cell models, which have not been available
for FGFR3 chondrodysplasia. In addition, the safety of these treatments
needs to be confirmed through additional pre-clinical and clinical tests
before wide clinical use can be advocated. The mechanism(s) by which
FGFR3 mutations cause cartilage abnormalities have been investigated
by transducing cells with mutant FGFR3 in vitro, and generating a gen-
etically engineered mouse model in vivo’. The former approach provides
information on the impact of FGFR3 mutations on the receptors, such
as receptor stabilization and turnover''. The latter approach has revealed

the impact of FGFR3 mutations on the growing skeleton and indicated
that the endochondral bone formation process is disturbed'*. In addi-
tion to these two approaches, recent progress in cell reprogramming tech-
nologies is beginning to offer a new disease model: induced pluripotent
stem cells (iPSCs). The iPSCs are generated from dermal fibroblasts or
blood cells from patients, followed by differentiation into cell types of
interest, such as chondrocytes in the case of FGFR3 chondrodysplasias.
This process may provide human cell types and tissues that can allow
investigation of the mechanism(s) underlying the onset and progres-
sion of disease, and drug screening.

Generation of TD1-specific iPSCs

Human dermal fibroblasts (HDFs) were obtained from three TD1 patients
(TD1-714, TD1-10749 and TD1-315H) (Extended Data Fig. 1a). A sequenc-
ing analysis of the genomic DNA extracted from the patients’ HDFs
revealed a heterozygous mutation (R248C) in the FGFR3 gene in all three
TD1 patients (Extended Data Fig. 1a). We established more than three
iPSClines for each TD1 patient and analysed one TD1 iPSCline (TD1-
714-3,TD1-10749-1 and TD1-315H-2) derived from the HDFs of each
patient. Wild-type iPSC lines (409B2 (ref. 13), KF4009-1 and HDF-11)
derived from three control individuals were prepared. We confirmed
that all iPSC lines expressed SSEA4 and TRA1-60, and formed terato-
mas containing all three germ layers (Extended Data Fig. la—c).

Abnormal cartilage formation from TD1 iPSCs

We differentiated TD1 and wild-type iPSCs towards chondrocytes. The
iPSCs were differentiated into chondrogenic cells in the presence of chon-
drogenic supplementation on dishes for 14 days, and then were trans-
ferred into suspension culture to form cartilaginous particles following
the previously described method', with modifications. The wild-type
iPSCs formed particles composed of cells scattered in a cartilaginous extra-
cellular matrix, as indicated by positive Safranin O staining on day 42. TD1
iPSCs formed particles that did not appear to be stained with Safranin O,
indicating that the extracellular matrix contained little glycosaminogly-
can (Fig. 1a and Extended Data Fig. 2). The presence of glycosaminoglycan

ICell Induction and Regulation Field, Department of Cell Growth and Differentiation, Center for iPS Cell Research and Application, Kyoto University, Kyoto 606-8507, Japan. 2Department of Pediatrics,
Osaka University Graduate School of Medicine, Osaka 565-0871, Japan. >Department of Obstetrics and Gynecology, Hyogo College of Medicine, Hyogo 663-8501, Japan. Laboratory of Bone and Joint
Diseases, Center for Integrated Medical Sciences, RIKEN, Tokyo 108-8639, Japan. ®Japan Science and Technology Agency, CREST, Tokyo 102-0075, Japan.
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Figure 1 | Chondrogenic differentiation of wild-type iPSCs and TD1 iPSCs.
a, Histology of iPSC-derived cartilaginous particles on day 42. The images are
representative of three independent experiments. HE, haematoxylin and eosin
staining. b, Results of a real-time RT-PCR expression analysis of FGFR3
mRNA in chondrogenically differentiated iPSC lines on day 28 (n =3
independent iPSClines). WT, wild type. ¢, Results of an immunoblot analysis of
the FGFR3 protein in chondrogenically differentiated iPSCs on day 28. The
images are representative of three independent experiments. d, Time course of
the changes in the expression of markers in iPSCs subjected to chondrogenic
differentiation, as determined by real-time RT-PCR (n = 3 technical
replicates). e, Phase microscopic images of chondrogenically differentiated
iPSCs in adhesion culture on day 14. The images are representative of three
independent experiments. f, iPSC-derived cartilaginous particles on day 28
were treated with BrdU. Left: histological sections were immunostained with
anti-BrdU antibodies. Right: the number of BrdU-positive cells were divided by
the total number of cells (n = 3 particles). The data are representative of two
independent experiments. The error bars denote the means = s.d. *P < 0.05 by
the t-test. Scale bars, 50 pm.

is important for the mechanical properties of cartilage. Messenger RNA
expression analysis showed that there were decreased expression levels
of chondrocyte markers and increased expression levels of type I col-
lagen genes in chondrogenically differentiated TD1 iPSCs on day 28
(Extended Data Fig. 3a). Immunohistochemical analysis showed that
the TD1-iPSC-derived particles expressed more type I collagen and less
type Il collagen than the wild-type-iPSC-derived particles on day 42 (Ex-
tended Data Fig. 3b, ). Focal deposition of type IT collagen in the TD1-
iPSC-derived particles (Extended Data Fig. 3¢, lower panels) suggests
that there was limited cartilage formation or remnant cartilage which
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was formed in earlier stages that was subsequently degraded. Markers
of pluripotency (SSEA4 and TRA1-60) were not detected in either
the chondrogenically differentiated wild-type or TD1 iPSCs on day 42
(Extended Data Fig. 3d). The expression level of FGFR3 mRNA in chon-
drogenically differentiated TD1 iPSCs was significantly lower than in
chondrogenically differentiated wild-type iPSCs (Fig. 1b), probably
because of the negative feedback transcriptional regulation due to the
gain-of-function mutation of FGFR3 in the TD1 cells. Immunoblot
analysis showed that the amount of FGFR3 protein in the chondrogeni-
cally differentiated TD1 iPSCs was higher than in the chondrogenically
differentiated wild-type iPSCs (Fig. 1¢), supporting the notion that the
mutant FGFR3 receptor is resistant to degradation, leading to persistent
activation of the receptor’s signal transduction'"">""7.

To examine how the chondrogenic differentiation of TD1 iPSCs re-
sulted in the formation of abnormal particles, we analysed the time course
of the changes in expression of markers in wild-type iPSCs and TD1
iPSCs subjected to chondrogenic differentiation (Fig. 1d and Extended
Data Fig. 4a). Expression of OCT4 (also called POU5F1), a marker of plur-
ipotency, decreased rapidly on day 3, and expression of mesendodermal/
mesodermal markers T'and KDR was transiently increased around days
3-9 in both chondrogenically differentiated wild-type and TD1 iPSCs.
Expression of chondrogenic transcription factors SOX9, SOX5 and SOX6
was activated and increased gradually in both chondrogenically differ-
entiated wild-type and TD1 iPSCs until day 14. Expression levels of SOX9,
SOX5 and SOX6 continued to increase in the chondrogenically differ-
entiated wild-type iPSCs, whereas they decreased gradually after day 14
in the chondrogenically differentiated TD1 iPSCs.

The expression of these chondrogenic transcription factors was
followed by expression of their target genes encoding cartilage matrix
proteins. Expression of type II collagen gene (COL2A1) and aggrecan
gene (ACAN) was activated on day 14, and increased gradually in both
chondrogenically differentiated wild-type and TD1 iPSCs until day 21.
The expression levels of COL2A1 and ACAN continued to increase until
day 28 in chondrogenically differentiated wild-type iPSCs, whereas they
were not changed or were decreased on day 28 in chondrogenically differ-
entiated TD1 iPSCs. These findings suggest that both wild-type iPSCs
and TD1 iPSCs were similarly differentiated into chondrocytes until
days 14-21. This interpretation was supported by phase microscopic
observation, which revealed that the wild-type iPSC and TD1 iPSC cul-
tures similarly produced cell nodules by day 14 (Fig. 1e), because the forma-
tion of cell nodules is a typical characteristic of cultured chondrocytes.

Reduced expression of cartilage matrix genes (COL2A1 and ACAN)
on day 28, however, indicated that chondrocyte maturation was disturbed
in the chondrogenically differentiated TD1 iPSCs after their differenti-
ation into chondrocytes. Previous studies have revealed that chondro-
cyte proliferation is disturbed in ACH model mice'* and in chondrocytic
cells transduced with FGFR3 carrying thanatophoric dysplasia and ACH
mutations'®, and that chondrocyte apoptosis is increased in thanatopho-
ric dysplasia patients and in chondrogenic cells transduced with FGFR3
carrying thanatophoric dysplasia and ACH mutations'*'**’. Labelling
cells with 5-bromodeoxyuridine (BrdU) revealed that the proliferation
rate of the chondrogenically differentiated TD1 iPSCs was decreased
compared with that of the chondrogenically differentiated wild-type
iPSCs on day 28 (Fig. 1f). The chondrogenically differentiated TD1 iPSCs
showed increased numbers of TUNEL-positive cells (Extended Data
Figs 4 b, ¢) and increased immunoreactivity for cleaved-caspase 3 (Extended
Data Fig. 4d), suggesting that they had increased apoptosis compared
with chondrogenically differentiated wild-type iPSCs. Chondrogenically
differentiated TD1 iPSCs showed increased expression levels of p21
(Extended Data Fig. 4e). Together these results suggest that the chon-
drogenically differentiated TD1 iPSC model recapitulates the two prim-
ary abnormalities which are found in FGFR3-related disease patients
and models: decreased proliferation and increased apoptosis of chon-
drocytes. These two abnormalities might be responsible for the degraded
cartilage tissue found in TD1-iPSC-derived particles on day 42.
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Figure 2 | Results of an analysis of FGFR3 knockdown in TD1 iPSCs
(TD1-714-3) subjected to chondrogenic differentiation. The data were
collected from three independent clones respectively bearing three different
FGFR3 shRNAs. a, The FGFR3 shRNA piggyBac (PB) vector. b, Results of an
immunoblot analysis of FGFR3 on day 28. iPSC chon, chondrogenically
differentiated iPSCs. ¢, The results of a real-time RT-PCR expression analysis
of FGFR3 on day 28 (n = 3 technical replicates). d, Histological analysis on day
42. Scale bars, 50 pm. The right panel shows the area of the Safranin-O-positive
region in the particles. The number of particles examined is indicated at the
bottom. Error bars denote the means * s.d. **P < 0.01 by the Tukey-Kramer
post-hoc test.
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Figure 3 | TD1 (TD1-714-3) iPSCs were chondrogenically differentiated to
produce particles in the presence or absence of lovastatin (1 pM). a, Left:
histology of the particles on day 42. Right: area of the Safranin-O-positive
region in the particles. The number of particles examined is indicated at the
bottom. The data are representative of three independent experiments.

b, Particles on day 28 were treated with BrdU. Left: histological sections were
immunostained with anti-BrdU antibodies. Right: number of BrdU-positive
cells were divided by the total number of cells (1 = 3 particles). The data are
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FGFR3 inactivation rescues TD1 iPSC cartilage

To confirm that TD1 iPSCs cannot produce cartilaginous particles due
to the gain-of-function mutation of FGFR3, we knocked down FGFR3
in TD1iPSCs (TD1-714-3) using piggyBac short hairpin RNA (shRNA)
vectors (Fig. 2a). Expression of FGFR3 mRNA and protein was effec-
tively knocked down in the chondrogenically differentiated TD1iPSCs
bearing each of three types of FGFR3 shRNA (Fig. 2b, c). The TD1
iPSCs transfected with FGFR3 shRNA formed cartilaginous particles
that were positively stained by Safranin O (Fig. 2d). Expression analysis
showed that chondrogenically differentiated TD1 iPSCs transduced with
FGFR3 shRNA had increased expression of chondrocyte marker genes
and decreased expression of fibroblast marker genes compared with chon-
drogenically differentiated TD1 iPSCs bearing control shRNA target-
ing the luciferase gene sequence (Extended Data Fig. 5a).

Furthermore, treatment of chondrogenically differentiated TD1 iPSCs
with FGFR3 neutralizing antibody resulted in partial recovery of cartil-
age formation (Extended Data Fig. 5b). Expression analysis showed that
addition of the FGFR3 neutralizing antibody increased the expression
of chondrocyte marker genes and decreased the expression of fibroblast
marker genes in the chondrogenically differentiated TD1iPSCs (Extended
Data Fig. 5¢).

These results suggest that the formation of degraded cartilage by TD1
iPSCs is caused by the gain-of-function mutation of FGFR3.

Statins rescue TD1-iPSC-derived cartilage

To find effective drugs to treat FGFR3 chondrodysplasias, we screened
molecules for their ability to rescue chondrogenically differentiated TD1
iPSCs from the degraded cartilage phenotype. We selected molecules that
had previously been reported to affect FGFR3 signalling and/or chon-
drocyte differentiation. Chondrogenically differentiated TD1 iPSCs were
rescued by the addition of CNP but not by the addition of an FGFR
inhibitor or the G-protein antagonist NF449 (Extended Data Fig. 6).

We included statins in the candidate molecules because they have
been reported to have anabolic effects on chondrocytes® . The statins
compose a drug class broadly characterized as lipid-lowering agents.
Statins inhibit mevalonic acid synthesis, and as a consequence lead to a
decrease in the amount of total cholesterol and decreased levels of low-
density lipoproteins. Statins have favourable effects on cardiovascular
disease, the nervous system, the immune system, the skeletal system and
tumour growth®*, and there is emerging interest in the pleiotropic
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representative of two independent experiments. ¢, Results of an immunoblot
analysis of FGFR3 and phosphorylated MAPK on day 28. WT, wild-type
(409B2)-iPSC-derived particles. 293FT, 293FT cells. The images are
representative of three independent experiments. d, Results of a real-time RT-
PCR expression analysis of FGFR3 on day 28 (n = 3 technical replicates). The
data are representative of two independent experiments. Error bars denote the
means * s.d. ¥*P < 0.5; **P < 0.01 by the ¢-test. Scale bars, 50 pm.
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effects of statins. We found that the addition of lovastatin recovered the
cartilage formation of chondrogenically differentiated TD1 iPSCs (Fig. 3a).
An expression analysis showed that the addition of lovastatin increased
the expression of a chondrogenic transcription factor (SOX9) and cartilage
extracellular components (COL2A1 and ACAN) in chondrogenically
differentiated TD1 iPSCs (Extended Data Fig. 7a). Labelling TD1-iPSC-
derived particles cultured in the presence or absence of lovastatin with
BrdU revealed that the addition of lovastatin increased the prolifera-
tion rates of chondrogenically differentiated TD1 iPSCs in the particles
(Fig. 3b). Furthermore, we confirmed that addition of mevastatin, ator-
vastatin, pravastatin, rosuvastatin and fluvastatin also recovered the car-
tilage formation of chondrogenically differentiated TD1 iPSCs (Extended
Data Fig. 7b). These results suggest that various statins can rescue chon-
drogenically differentiated TD1 iPSCs.

To gain insight into the mechanism(s) by which statins rescue the
FGFR3 chondrodysplasia models, we examined the expression levels
of FGFR3 protein and mRNA. Immunoblot analysis revealed that applica-
tion of lovastatin rescued chondrogenically differentiated TD1 iPSCs
from the increased amount of FGFR3 protein (Fig. 3c). Accordingly,
application of lovastatin rescued chondrogenically differentiated TD1
iPSCs from an increased amount of phosphorylated MAPK, a down-
stream target of FGFR3 signalling. The changes in the amount of FGFR3
protein were not regulated at the mRNA expression level, because the
FGFR3 mRNA expression levels were increased by lovastatin applica-
tion in chondrogenically differentiated TD1 iPSCs (Fig. 3d), suggesting
that statin treatment may accelerate the degradation of FGFR3 protein
in chondrogenically differentiated TD1 iPSCs.

Statin exposure rescues ACH iPSC cartilage

We next investigated whether lovastatin could rescue another FGFR3
chondrodysplasia: ACH. We generated iPSCs from HDFs obtained from
two individuals with ACH and one individual who was homozygous
for an ACH mutation (ACHhomo). The chondrogenic differentiation
of ACH iPSCs and ACHhomo iPSCs resulted in the formation of particles
thatlacked the cartilaginous element, as indicated by negative Safranin O
staining. Addition of lovastatin to the culture media recovered the car-
tilage formation of chondrogenically differentiated ACH iPSCs and
ACHhomo iPSCs (Extended Data Fig. 8).

Statins cause bone elongation in ACH mice
3Ac

We examined whether statin treatment could rescue Fgfr3*“" transgenic
mice from the FGFR3 chondrodysplasia phenotype in vivo. The Fgfr3*"
transgenic mice'? express Fgfr3 with an ACH mutation in chondrocytes
under the control of the Col2al promoter/enhancer sequences. Fgfr3*"
transgenic mice show dwarfism, short limb bones and a short snout.
Daily intraperitoneal injections of rosuvastatin significantly increased
the anteroposterior lengths of the skulls and the lengths of the ulnas,
femurs and tibiae in the Fgfr3"*“" mice when they were 15 days old (Fig. 4
and Extended Data Fig. 9). There were no significant differences in the
lengths of the ulnas and tibiae between Fgfr3*“" mice receiving rosu-
vastatin and wild-type mice receiving vehicle.

The lengths of primordial cartilage in Fgfr3*" mice increased more
in organ culture in the presence of lovastatin than in the absence of
lovastatin (Extended Data Fig. 10a), indicating that lovastatin acts on
the cartilage directly to induce its elongation. Labelling the primordial
cartilage with BrdU revealed that lovastatin increased the proliferation
rate of chondrocytes in the Fgfr3*" primordial cartilage (Extended Data
Fig. 10b).

The pellets of Fgfr3*" primary chondrocytes cultured in the pres-
ence of lovastatin showed more intense Safranin O staining than did
the pellets of Fgfr3*" primary chondrocytes in the absence of lovasta-
tin (Extended Data Fig. 10c). Fgfr3*“" pellets cultured in the presence of
lovastatin showed increased expression levels of Sox9, Col2al and Acan
at 2 weeks after the start of pellet culture, as well as increased expression
levels of Runx2 and Coll0al at 4 weeks after the start of pellet culture,
compared with those cultured in the absence of lovastatin (Extended
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Figure 4 | Rescuing ACH model (Fgfr3*") mice from reduced bone growth
by intraperitoneal injection of rosuvastatin. a, Top: X-ray images of heads.
Lateral views. Middle: X-ray images of bodies. Anterior-posterior view.
Bottom: X-ray images of the hindlimb skeletons. Scale bars, 2 mm.

b, Measurements of the anteroposterior (A-P) length of the heads and the
length of the ulnas, femurs and tibiae in X-ray images and weights. The
numbers of mice for each group were: Fgfr3*”" mice treated with vehicle,
n=42; Fgfr3ACh mice treated with statin, #n = 38; wild-type mice treated with
vehicle, n = 38; wild-type mice treated with statin, # = 51. The error bars
denote the means * s.d. t-test P values are indicated.

Data Fig. 10d). These results suggest that statin treatment stimulated both
chondrocytic differentiation and maturation towards hypertrophy by
increasing the expression of Sox9 and Runx2, respectively.

Immunoblot analysis of primary chondrocytes showed that a larger
amount of FGFR3 was detected in the Fgfr3*?" chondrocytes than in
the wild-type chondrocytes (Extended Data Fig. 10e), probably due to
overexpression of the Fgfr3*“" transgene and inhibited degradation of
the mutant FGFR3. Addition of lovastatin to the culture decreased the
amount of FGFR3 in the Fgfr3"" chondrocytes, and addition of MG132
increased the amount of FGFR3 in Fgfr3*% chondrocytes which were
cultured in the presence of lovastatin. The expression of FGFR3 was
slightly increased in Fgfr3* h chondrocytes by the addition of bafilomy-
cin Al in the presence of lovastatin in the cultures. These results suggest
that statin treatment induced the degradation of mutant FGFR3, mainly
through a proteasomal pathway.

©2014 Macmillan Publishers Limited. All rights reserved



Discussion

The degree of abnormality in the histology of the resultant TD1-iPSC-
and ACH-iPSC-derived cartilaginous particles on day 42 appeared to
be more severe than that observed in the cartilage of patients with TD1
and ACH, respectively. One of the reasons for this discrepancy may be
that the in vitro culture environment lacks any compensatory machinery
to adapt skeletal tissues to the malfunction of chondrocytes caused by
FGFR3 mutations. The exaggeration of phenotypes has been recog-
nized in iPSC models of other diseases, including Alzheimer’s disease?.
This exaggeration of the phenotype exhibited by TD1-iPSC-derived
chondrocytes may be advantageous for screening drugs, because it may
decrease the occurrence of false-negative events.

We injected ACH model mice with 1.0 mgkg ™' rosuvastatin, which
is equivalent to 70 mg per day in a 70 kg human. A dose of 80 mg per day
of rosuvastatin was studied in a clinical trial and found to be associated
with an increased risk of muscle toxicity and renal toxicity compared
with a dose of 40 mg per day*’. However, a dose of 1.0 mg per kg rosu-
vastatin is not always intolerable. It is important to note that when rosu-
vastatin was administered at this dose it was able to elongate the skeletal
elements of the ACH model mice, because a considerable proportion of
the statin administered was removed by the liver. It remains to be deter-
mined which statin is the most effective and what dose is needed. The
precise mechanism(s) by which statin treatment can rescue the chon-
drocyte abnormalities associated with FGFR3 diseases remain to be elu-
cidated, although we have obtained some insights into the statin-induced
promotion of FGFR3 degradation, which is inhibited in cases with mutant
FGFR3 (see Supplementary Discussion for further information).

Because statins have been administered to large numbers of human
patients for many years, there is abundant information available on their
safety, although their effects on infants and juvenile patients are still largely
unknown. The fact that the treatment rescued both human iPSC disease
models and mouse disease models suggests that statins might be effec-
tive and applicable for patients with TD1 and ACH.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Ethics statement. All experiments were approved by the institutional review board,
institutional animal committee (as appropriate) and the institutional biosafety
committee of Kyoto University.

Generation of patient-specific iPSCs. HDFs derived from six patients (Extended
Data Fig. 1a) were obtained from the cell banks of the Coriell Institute and Saitama
Children’s Medical Center. Control HDFs from two different neonates were pur-
chased from KURABO (strain 01491 and 01439). HDFs were cultured in DMEM
(Sigma) with 10% FBS (Invitrogen), 50 U ml ™" penicillin and 50 pig ml ™" streptomy-
cin. To generate iPSCs, episomal plasmid vectors (Mixture Y4: OCT4, SOX2, KLF4,
L-MYC, LIN28 and p53 shRNA) were electroporated into HDFs with the Neon
transfection system (Invitrogen)'®. One week after transduction, 1 X 10° cells were
re-seeded into 100 mm dishes with feeder cells. The cells were subsequently cultured
in hiPSC medium. The 409B2 cells used as the control iPSCs were a gift from K. Okita
and S. Yamanaka (Center for iPS Cell Research and Application (CiRA), Kyoto
University, Kyoto, Japan)"*. All cells were negative for mycoplasma contamination.
Chondrogenic differentiation of hiPSCs. The hiPSCs were transferred and then
maintained in a feeder-free medium, Essential 8 (Invitrogen) with 50 units ml ™!
penicillin and 50 mg ml ™" streptomycin, in 3.5-cm Matrigel-coated dishes. The hiPSCs
formed high-density cell colonies which consisted of 1-2 X 10° cells 10-15 days
after the start of maintenance under the feeder-free culture conditions. Subsequently,
the chondrogenic differentiation of iPSCs was performed following the previously
described method", with modifications. The hiPSCs were initially differentiated
into mesendodermal cells in DMEM/F12 (Sigma) with 10 ng ml™ ! of Wnt3A (R&D),
10ng ml ™! of Activin A (R&D), 1% ITS (Invitrogen), 1% FBS and 50 units and
50 mg ml ™" of penicillin and streptomycin, respectively (Invitrogen) for 3 days. On
day 3, the medium was changed to the basal medium (DMEM (Sigma) with 1% ITS,
1% FBS, 2mM L-glutamine (Invitrogen), 1 X 10~* M non-essential amino acids
(Invitrogen), 1 mM Na pyruvate (Invitrogen), 50 units of penicillin and 50 mgml ™"
of streptomycin) supplemented with 50 pg ml ™~ of ascorbic acid (Nacalai), 10 ngml ™
of BMP2 (Peprotech), 10 ngml ™" of TGEB1 (Peprotech) and 10 ng ml~" of GDF5
(PTT), which was intended to commit the cells to the chondrocytic lineage. A total
of 10 ng ml ™" of bFGF (WAKO) was added to the chondrogenic medium from day
3 to day 14 to increase the cell proliferation. Chondrogenic cells form multilayered
nodules by day 14. The nodules were physically separated from the bottom of the
dishes to form particles, which were then transferred to a suspension culture in 3.5-cm
Petri dishes on day 14. The cells in the particles produce cartilaginous extracellular
matrix, resulting in the particles becoming cartilaginous tissue in suspension cul-
ture. Particles were harvested on days 28 and 42 for the analyses. The culture medium
was changed every 2-7 days.

Histological analysis. The particles in the suspension culture, metatarsals in the
organ culture and pellets in the pellet culture were collected, fixed with 4% para-
formaldehyde, processed and embedded in paraffin. For some experiments (the results
of which are shown in Figs 1fand 3b), the particles were immediately embedded in
SCEM compound (SECTION-LAB) and subjected to frozen sectioning according
to the method described by Kawamoto®. Semi-serial sections were prepared and
stained with haematoxylin and eosin (HE) or Safranin-O-fast green-iron haematox-
ylin (Safranin O) or were immunostained with specific antibodies.

The area of the Safranin-O-positive region and the total area of the particle were
measured. The measurements of these areas were performed in a blinded manner.
The area of the Safranin-O-positive region was divided by the total area of the particle.

For the anti-type I collagen antibody (Southern Biotech, 1320-01), immune com-
plexes were detected by using N-Histofine Simple Stain MAX PO (GO) (Nichirei
Biosciences, 414351) and DAB (DAKO, K3468) as a chromogen. For the anti-SSEA4
antibodies (Santa Cruz, sc-5279), anti-TRA1-60 antibodies (Abcam, ab16287), anti-
type Il collagen (Thermo MS-235) and cleaved caspase 3 (Cell signalling, Asp175),
immune complexes were detected using secondary antibodies conjugated to Alexa
Fluor 488 or 546.

For the TUNEL assay, an in situ cell death detection kit (TMR red; Roche) was
used according to the manufacturer’s instructions.

For BrdU labelling, samples were treated with BrdU overnight before collec-
tion. The incorporated BrdU was detected using a BrdU staining kit (Invitrogen).
The numbers of BrdU-positive cells and total cells were counted in a blinded man-
ner. The number of BrdU-positive cells was divided by the total number of cells.
RNA isolation and quantitative real-time RT-PCR. Total RNA was isolated
from whole-cell lysates using the RNeasy Mini kit (Qiagen) according to the man-
ufacturer’s instructions with on-column DNase I digestion. The total RNAs prepared
from the re-differentiated human fetal chondrocytes were purchased from Cell
Applications, Inc. (402RD-R10f). A total of 500 ng of total RNA was used as a template
for cDNA synthesis using the ReverTra Ace system (TOYOBO). The amplified
products were used to derive standard curves for quantitative real-time PCR. Real-
time PCR was performed in a Step One system (ABI) using a KAPA SYBR FAST
qPCR kit Master Mix and the ABI prism (KAPA BIOSYSTEMS). The expression

levels were normalized to the level of B-actin for human expression studies and
Gapdh for the mouse mRNA expression levels. The primer sequences are shown in
Supplementary Tables 1 and 2.

Immunoblot analysis. Cell lysates were subjected to SDS-PAGE. The separated
proteins were then electroblotted and immunostained with the anti-FGFR3 antibody
(Cell Signaling, 4574), anti-phosphorylated MAPK antibody (Cell Signaling, 9109)
and anti B-actin antibody (Cell Signaling, 49776). FGFR3 migrates on SDS-PAGE
as several bands due to the different levels of post-translational modification"".
FGFR3 shRNA. Three short hairpin RNAs (shRNA) targeting different sites of FGFR3
(shFGFR3-1, -3 and -5) were cloned into piggyBac vectors (Fig. 2a). A shRNA target-
ing the luciferase sequence was used as a control. The target sequences are shown in
Supplementary Table 3. The FGFR3 shRNA piggyBac vector and transposase express-
ion vector (PBasell, P16-25)—a gift from A. Hotta (Center for iPS Cell Research
and Application (CiRA), Kyoto University, Kyoto, Japan)—were introduced into
the TD1-iPSCs (TD1-714-3) using nucleofection technology according to the man-
ufacturer’s instructions (Amaxa). TD1 iPSC lines bearing the FGFR3 shRNA
sequence were established.

FGFR3 neutralizing antibody. The FGFR3 neutralizing antibody was purchased
from Santa Cruz (sc-13121). A total of 1 pl of the antibody solution was added to
1 ml of cell culture medium (200 ng ml~"') during the chondrogenic differentiation
of TD1 iPSCs. As a control, we used IgG (Cell Signaling, #27295), and 1 pl of the
IgG solution was added to 1 ml of medium.

Preparation of test molecules. The stock CNP (Sigma, N8768), NF449 (Abcam,
ab120415) and FGFR inhibitor (PD 173047, Cayman) solutions were prepared at
a concentration of 100 uM, 50 mM and 1 mM, respectively. The final concentrations
of CNP, NF449 and the FGFR inhibitor were 100 nM, 25 pM and 1 pM, respectively.
The stock lovastatin (TCI, L0214), mevastatin (Cayman, 10010340), atorvastatin
(LKT A7658), pravastatin (Cayman, 10010343 ), rosuvastatin (BioVision, 1995-5)
and fluvastatin (Cayman, 10010337) solutions were prepared by dissolving them
in DMSO at a concentration of 10 mM. The final concentrations of all statin solu-
tions were 1 pM. Aliquots of stock solutions were added to the culture medium. As
a control, an equal amount of water or DMSO was added to the medium (vehicle).
Fgfr3*" mice. The Fgfr3*" transgenic mice' were a gift from D. Ornitz (Washington
University School of Medicine). We produced a large number of mice by in vitro
fertilization®'. Spermatozoa were collected from male heterozygous Fgfr3* mice (FVB
strain). Oocytes were collected from superovulated wild-type female mice (C57BL/6
mice). The spermatozoa were added to the oocytes. Fertilized oocytes were trans-
ferred into pseudopregnant mice (ICR). A total of 172 pups from a total of 13 litters
were obtained on the same day. The pups were F; hybrid mice, and were genetically
uniform. All 172 pups were included in the study. Rosuvastatin was dissolved in
phosphate-buffered saline (PBS). A total of seven and six litters, with a total of 90
and 82 pups, were treated with rosuvastatin (1.0 mgkg ") or vehicle (PBS), respect-
ively. We injected the solution (statin or PBS) into the peritoneal space of pups six
times per week from 3 days after birth (day 3) until day 14. One mouse receiving
rosuvastatin was found dead on day 14. Mice receiving PBS were found dead on
days 3 and day 4 (one mouse each day). The dead mice were thought to have been
lost due to having been eaten, and were not able to be subjected to any of the analyses,
including genotyping. The remaining 169 mice were killed on day 15, and then
were subjected to X-ray imaging (Faxitron DX-50). Measurements of the lengths
of skeletal components on X-ray images were performed in a blinded manner.
Genomic DNA was extracted from the toes of each mouse and subjected to a geno-
type analysis, as reported previously'2. The post-hoc power analysis comparing the
Fgfr3*" mice treated with vehicle and the Fgfr3*%" mice treated with statin was
performed using the G¥Power 3.1 software program®. The effect size, d, was 0.64,
as a function of the two-tailed ¢-test, with power (1 - ) = 0.8, o = 0.05, n; = 38
and n, = 42.

Organ culture of the metatarsal primordial cartilage from Fgfr3*? mice. To
examine whether the statin affected the cartilage directly or indirectly, we per-
formed organ culture of metatarsal primordial cartilage prepared from Fgfr3*<"
transgenic mice in the presence or absence of lovastatin for 7 days. Metatarsals
were collected from 15.5 d.p.c. mouse embryos with a mixed FVB X C57BL/6 genetic
background, and were subjected to organ culture as described previously®. After
the genotypes of the pups were determined, the metatarsals from Fgfr3*" embryos
were treated with 1 uM lovastatin or vehicle. The measurements of the lengths of
the metatarsals were performed in a blinded manner.

Preparation of primary chondrocytes from Fgfr3*<" mice. The primary chon-
drocytes were prepared from newborn mice with a mixed FVB X C57BL/6 genetic
background as described previously™. After the genotypes of pups were deter-
mined, the primary chondrocytes from Fgfr3*“" animals or those from wild-type
animals were trypsinized and mixed, respectively. The cells were subsequently used
for pellet culture to analyse the effects of statin treatment on the differentiation and
maturation of Fgfr3*™ chondrocytes or were subjected to monolayer culture to
analyse the degradation of FGFR3 in Fgfr3*?" chondrocytes.
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Pellet culture of primary chondrocytes from Fgfr3*“" mice. To analyse how the
statin affected the differentiation of chondrocytes, we performed pellet culture of
the chondrocytes prepared from Fgfr3*<" transgenic mice. Chondrocytes norm-
ally undergo differentiation and maturation towards hypertrophy in pellet cul-
ture. A total of 5 X 10° primary chondrocytes prepared from Fgfr3* mice were
transferred into a 15-ml tube (Falcon) and centrifuged at 200g for 10 min*. The
resulting cell pellet was incubated for 2 or 4 weeks in the presence or absence of
1 uM lovastatin.

Monolayer culture of primary chondrocytes from Fgfr3*" mice in the pres-
ence of MG132 or bafilomycin A1. To examine how the statin treatment affected
the degradation of the FGFR3 protein, we analysed the effects of a proteasome
inhibitor, MG132, and a lysosome inhibitor, bafilomycin A1, on the amounts of
FGFR3 protein. We prepared primary chondrocyte cultures from wild-type and
Fgfr3*<" mice. A total of 2.5 X 10° primary chondrocytes were plated in each well
of a six-well plate, and were cultured in the presence or absence of 1 tM lovastatin
for 2 days. Next, the culture was supplemented with 10 mM MG132 (Sigma, M7449),
100 nM bafilomycin A1 (Sigma, B1793) or vehicle. Two hours later, the culture was
further supplemented with 50 ng ml ' FGF9 (Peprotech) and incubated at 4 °C for
2h. Then cells were collected and subjected to an immunoblot analysis using an
anti-FGFR3 antibody.

ARTICLE

Statistical analysis. The data are shown as averages and standard deviations. We
used ANOVA followed by the Tukey—Kramer post-hoc test. In Figs 1b, f, 3a, b, d
and 4b and in Extended Data Figs 4c, 5¢, 10a, b, d, homogenous variances were
assumed by the F test and the Student’s ¢-test (two-sided) was used. P values <0.05
were considered to be statistically significant.
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a 1D (cell iPSCs
. i Age at . FGFR3
iPSC line  |Sex . Race |bank)/lot| origin . hESC
sampling mutations Teratomas
(company) markers|
GMO00714 742C>T
TD1-714-3 | M 1d Caucasian ) Fibroblast Yes Yes
(Coriell) [Arg248Cys]
GM10749 742C>T
TD1-10749-2| M 1d Caucasian ) Fibroblast Yes Yes
(Coriell) [Arg248Cys]
21 weeks
S2012 : 742C>T
TDI1-315H-2 | F |and 4 days| Japanese ) .. | Fibroblast Yes Yes
) (Saitama’) [Arg248Cys]
gestation
. GMO8857 i 1138G>A
ACH-8857-1 | M 34y Caucasian ) Fibroblast Yes Yes
(Coriell) [Gly380Arg]
GMO08858 1138G>A
ACH-8858-6 | F 30y Caucasian ) Fibroblast Yes Yes
(Coriell) [Gly380Arg]
1138G>A
ACHhomo . GMO08859 i
F 1m Caucasian ) Fibroblast | [Gly380Arg] | Yes Yes
-8859-3 (Coriell)
homozygous
409B2 F 36y Caucasian | HDF1388 | Fibroblast No Yes Yes
Asian/ 01491 i
KF4009-1 | M | Newbom . Fibroblast No Yes Yes
Caucasian | (Kurabo)
01439
HDF-11 M [ Newborn | Asian Fibroblast No Yes Yes
(Kurabo)

1Saitama, Saitama Children's Medical Center, Japan. 2CiRA, Center for iPS Cell

Research and Application.

Extended Data Figure 1 | Characterization of the TD1 and ACH iPSCs.
a, Donor information and characterization of iPSCs. b, Left: a phase contrast
image of TD1 iPSCs (TD1-714-3). Right: immunocytochemical staining of
TD1 iPSCs (TD1-714-3) for SSEA4 and TRA1-60. The images are

C neural crest bone gu’g

ectoderm mesoderm endoderm

-

muscle  adipose cartilage

representative of two independent experiments. ¢, The histology of teratomas
formed after implantation of TD1 iPSCs (TD1-10749-2) into SCID mice. The
images are representative of experiments using three TD1 iPS clones
established from three different patients. Scale bars, 50 um.
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Safranin O
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Extended Data Figure 2 | The results of a histological analysis of particles
formed by chondrogenically differentiated wild-type and TD1 iPSCs on day
42. The data were collected from three independent wild-type and three
independent TD1 iPSC lines which were derived from three individuals,
respectively. Top: three iPSC lines established from different control
individuals all formed cartilaginous particles (top panels), whereas three iPSC

TD1

lines established from different patients formed particles which lacked
cartilaginous elements (bottom panels). Scale bars, 50 im. Bottom: the area of
the Safranin-O-positive region was divided by the total area of the particle. The
error bars denote the means = s.d. The number of particles examined is
indicated at the bottom.
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Extended Data Figure 3 | Results of the expression analysis of Tukey-Kramer post-hoc test. The error bars denote the means * s.d.
chondrogenically differentiated wild-type iPSCs and TD1 iPSCs. a, The b-d, Immunohistochemical detection of the expression of type I collagen
results of a real-time RT-PCR expression analysis of marker genes in (b), type II collagen (c), SSEA4 (d, upper panels) and TRA1-60 (d, lower panels)
chondrogenically differentiated iPSCs lines on day 28. The data were collected  in the particles formed by chondrogenically differentiated wild-type iPSCs
from three independent wild-type and three independent TD1 iPSC lines (409B2) and TD1 iPSCs (TD1-714-3) on day 42. b, ¢, The images are
which were derived from three individuals, respectively. Chondrocytes, representative of three independent experiments. d, The images are
re-differentiated human fetal chondrocytes; fibroblasts, dermal fibroblasts. representative of experiments using three TD1-iPS clones established from
*P < 0.05 and **P < 0.01 (n = 3 technical replicates) by the three different patients. Scale bars, 50 pm (b, d); 25 um (c).
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Extended Data Figure 4 | Expression levels of markers and apoptosis in
chondrogenically differentiated wild-type and TD1iPSCs. a, Time course of
the changes in the expression of markers in iPSCs subjected to chondrogenic
differentiation, as determined by real-time RT-PCR (n = 3 technical
replicates). b, The results of the TUNEL assay of particles formed by
chondrogenically differentiated iPSCs (409B2 and TD1-714-3) on day 21. Scale
bars, 50 pm. The images are representative of two independent experiments.
¢, The ratio of the numbers of TUNEL-positive cells per the total cell number
during the chondrogenic differentiation of wild-type iPSCs (409B2) and TD1
iPSCs (TD1-714-3). **P < 0.01 for TD1-iPSC-derived cells compared to
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wild-type iPSC-derived cells on each day after chondrogenic differentiation
(n = 3 particles), t-test. d, Immunohistochemical findings of the expression of
cleaved-caspase 3 in the particles formed by chondrogenically differentiated
wild-type iPSCs (409B2) and TD1 iPSCs (TD1-714-3) on day 28. Scale bars:
25 um. The images are representative of two independent experiments. e, The
results of a real-time RT-PCR expression analysis of p21 in chondrogenically
differentiated TD1 iPSCs on days 0, 14 and 28 (n = 3 technical replicates).
The data were collected from three independent wild-type and three
independent TD1 iPSC lines which were respectively derived from three
individuals. The error bars denote the means * s.d.
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Extended Data Figure 5 | Rescuing the chondrogenically differentiated TD1
iPSCs (TD1-714-3) by FGFR3 knockdown and treatment with a FGFR3
neutralizing antibody. a, Results of a real-time RT-PCR expression analysis of
marker genes on day 28. iPSC, undifferentiated TD1 iPSCs; WT,
chondrogenically differentiated wild-type iPSCs (409B2) on day 28. *P < 0.05;
**P < 0.01, Tukey-Kramer post-hoc test (n = 3 technical replicates). The data
were collected from three independent clones respectively bearing three
different FGFR3 shRNAs. b, A FGFR3 neutralizing antibody was added to the
medium during the chondrogenic differentiation of TD1 iPSCs to induce the

formation of cartilaginous particles. IgG was added as a control. The results of a
histological analysis of the particles. Left: histological sections of particles were
stained with haematoxylin and eosin or Safranin O. Scale bars, 50 pm. Right:
the area of the Safranin-O-positive region was divided by the total area of the
particle. The number of particles examined is indicated at the bottom. ¢, The
results of a real-time RT-PCR expression analysis of marker genes in
chondrogenically differentiated TD1 iPSCs treated with the FGFR3
neutralizing antibody on day 28. *P < 0.05; **P < 0.01 by the #-test (n =3
technical replicates). Error bars denote the means = s.d.
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Extended Data Figure 6 | Screening for molecules that rescue
chondrogenically differentiated TD1 iPSCs (TD1-714-3). a, Candidate
molecules or vehicle were added to the medium during the chondrogenic
differentiation of TD1 iPSCs. The histology of the particles was examined on
day 42. Left: histological sections of particles were stained with haematoxylin
and eosin or Safranin O. The addition of a FGFR inhibitor and a G-protein
antagonist, NF449, failed to recover the cartilage formation of chondrogenically
differentiated TD1 iPSCs under the conditions examined. The FGFR inhibitor
used in this experiment inhibits not only FGFR3 but also FGFR1 and FGFR2,
which might have adversely affected the cartilage formation. The addition of
CNP led to the partial recovery of cartilage formation. Scale bars, 50 pm. Right:

the area of the Safranin O-positive region was divided by the total area of

the particle. The number of particles examined is indicated at the bottom.
The data are representative of two independent experiments. b, The results of a
real-time RT-PCR expression analysis of marker genes in chondrogenically
differentiated TD1 iPSCs treated with various factors on day 28. The addition of
CNP increased the expression of chondrocyte marker genes and decreased the
expression of fibroblast marker genes in the chondrogenically differentiated
TD1 iPSCs. iPSC, undifferentiated TD1 iPSCs; WT, chondrogenically
differentiated wild-type iPSCs (409B2) on day 28. The final concentrations of
each molecule were: FGF inhibitor, 1 pM; NF449, 25 uM; and CNP, 100 nM
(n = 3 technical replicates). Error bars denote the means * s.d.
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Extended Data Figure 7 | Effects of statins on chondrogenically fluvastatin (each 1 uM) was added to the medium during the chondrogenic

differentiated TD1 iPSCs. a, The results of a real-time RT-PCR expression  differentiation of TD1 iPSCs. On day 42, the particles were subjected to a
analysis of marker genes on day 28. TD1 (TD1-714-3) and wild-type (409B2)  histological analysis. Top: histological sections of particles were stained with

iPSCs were chondrogenically differentiated in the presence or absence of haematoxylin and eosin or Safranin O. Scale bars, 50 pm. Bottom: the area of
lovastatin (1 pM). TD1, chondrogenically differentiated TD1 iPSCs; iPSC, the Safranin-O-positive region was divided by the total area of the particle. The
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iPSCs (n = 3 technical replicates). The data are representative of two representative of three independent experiments. The error bars denote the

independent experiments. b, Rescue of chondrogenically differentiated TD1 means = s.d. ¥P < 0.05; **P < 0.01 by the Tukey-Kramer post-hoc test.
iPSCs by statin treatment. Mevastatin, atorvastatin, pravastatin, rosuvastatin or
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Extended Data Figure 8 | Rescue of chondrogenically differentiated ACH
iPSCs by statin treatment. HDFs were obtained from two ACH patients
(ACH-8857 and ACH-8858) bearing a heterozygous G380R mutation in the
FGFR3 gene (Extended Data Fig. 1a). HDFs were also obtained from an
individual (ACHhomo-8859) whose parents both had ACH, who showed a
more severe phenotype of chondrodysplasia than typical ACH, and who was
homozygous for the G380R mutation in the FGFR3 gene. We generated more
than three iPSC lines for each patient and analysed one iPSCline (ACH-8857-1,
ACH-8858-6 and ACHhomo-8859-3) derived from each patient’s HDFs.
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We confirmed that all iPSC lines expressed SSEA4 and TRA1-60, and formed
teratomas containing all three germ layers in mice. Lovastatin and CNP were
added to the medium during the chondrogenic differentiation of ACH iPSCs.
The histology of particles was examined on day 42. a, Histological sections of
particles were stained with haematoxylin and eosin or Safranin O. Scale bars,
50 um. b, The area of the Safranin-O-positive region was divided by the total
area of the particle. The number of particles examined is indicated at the
bottom. The error bars denote the means * s.d.
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Extended Data Figure 9 | X-ray images of Fgfr3*“" and wild-type mice highest weights in each group are shown. The weight (g) of each mouse is

treated with rosuvastatin or vehicle. The images of the mice with lowest and  indicated at the bottom of each panel. Scale bars, 10 mm.
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Extended Data Figure 10 | Organ culture of metatarsal primordial cartilage
(a, b), pellet culture of primary chondrocytes (c, d) and culture of primary
chondrocytes (e) from Fgfr3*“" mice in the presence or absence of
lovastatin. a, Left: images of cartilage on day 7. Right: mean lengths of the
cartilage on day 1 and day 7 (n = 8 cartilage samples). b, Cartilage on day 7 was
treated with BrdU. Left: histological sections were stained with Safranin O and
immunostained with BrdU. Right; number of BrdU-positive cells were divided
by the total number of cells (n = 7 cartilage samples). ¢, Histological sections of
pellets cultured for 14 days. The images are representative of three pellets.

52
38

d, The results of the real-time RT-PCR expression analysis of pellets cultured
for 14 days (Sox9, Col2al and Acan) and 28 days (Runx2 and Coll0al)

(n = 3 technical replicates). The data are representative of two independent
experiments. e, Primary chondrocytes from wild-type and Fgfr3*“" mice were
cultured in the presence or absence of lovastatin, MG132 or bafilomycin Al,
and were subjected to an immunoblot analysis using an anti-FGFR3 antibody.
The images are representative of two independent experiments. Error bars
denote the means * s.d. *P << 0.5; **P < 0.01 by the #-test. Scale bars, 50 um.
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The signal pathway of the C-type natriuretic (CNP) and its
receptor, natriuretic peptide receptor 2 (NPR2) is involved in
the longitudinal growth of long bones. Loss of function muta-
tions at NPR2 cause acromesomelic dysplasia, type Maroteaux,
while overproduction of CNP by chromosomal translocation and
a gain-of-function mutation at NPR2 have been reported to be
responsible for an overgrowth syndrome in three cases and one
family, respectively. We identified a four-generation family with
an overgrowth syndrome characterized by tall stature, macro-
dactyly of the great toes, scoliosis, coxa valga and slipped capital
femoral epiphysis, similar to those previously reported in asso-
ciation with CNP/NPR2 overactivity. The serum level of amino-
terminal proCNP was normal in the proband. A novel missense
mutation of NPR2, c.1462G>C (p.Ala488Pro) was found to co-
segregate with the phenotype in this family. In vitro transfection
assay of the mutant NPR2 revealed overactivity of the mutant
receptor at baseline as well as with the ligand. This overgrowth
syndrome caused by a gain-of-function mutation at NPR2 should
be differentiated from Marfan or related syndromes, and may be
categorized along with the overgrowth syndrome caused by
overproduction of CNP due to its phenotypical similarity as
overgrowth CNP/NPR2 signalopathy. © 2013 Wiley Periodicals, Inc.

Keg words: tall stature; CNP signal; scoliosis; macrodactyly of
the big toe; slipped capital femoral epiphysis

INTRODUCTION

Natriuretic peptides are a family of hormones/paracrine factors
regulating blood volume, blood pressure, ventricular hypertrophy,
pulmonary hypertension, fat metabolism, and long bone growth
[Potter et al., 2006]. They include atrial natriuretic peptide (ANP;
OMIM 600296). CNP binds to a homodimeric transmembrane
receptor, natriuretic peptide receptor B/guanylate cylcase B (NPR2;
OMIM108961) to increase intracellular level of cyclic guanosine
monophosphate (cGMP) [Schulz, 2005]. Several lines of evidence

© 2013 Wiley Periodicals, Inc.
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indicate that CNP-NPR2 signaling plays an important role in
endochondral ossification [Yasoda et al, 1998; Teixeira
et al., 2008]. Inactivation of CNP-NPR2 signaling resulted in
dwarfism in both mouse and human. CNP knock-out mice
(Nppc ') or mice with homozygous loss-of-function mutations
in Npr2 result in undergrowth of the skeletal system [Chusho
et al., 2001; Tsuji and Kunieda, 2005]. In humans, an autosomal
recessive skeletal dysplasia, acromesomelic dysplasia, type Maro-
teaux (AMDM) characterized by disproportionately mesomelic
shortening of the limbs and severe brachydactyly of the hands
and feet is caused by homozygous or compound heterozygous loss-
of-function mutations in NPR2 [Bartels et al., 2004]. On the other
hand, chronically elevated plasma level of CNP stimulates skeletal
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growth in CNP-overproducing transgenic mice [Kake et al., 2009].
In humans, overproduction of CNP due to a chromosomal trans-
location causes an overgrowth syndrome [Bocciardi et al., 2007;
Moncla et al., 2007]. A three-generation Japanese family was
recently reported, with an overgrowth syndrome caused by a
gain-of-function mutation in NPR2 [Miura et al., 2012]. We
identified and report a four-generation Korean family with similar
phenotype and a novel gain-of-function mutation in NPR2.

This study was approved by the ethics committee at Seoul National
University Hospital, and written informed consent was obtained
from the proband and family members. An 8-year-old boy visited
orthopedic clinic for awkward ambulation and ankle pain on
walking. He was a product of normal full term pregnancy with a
birth weight 3.2 kg and height 50 cm (z = —0.04). His macrodactyly
of the big toe was observed since birth, something familiar to his
family (Figs. 1 and 2). Developmental milestones were within
normal limits. He was recognized as bigger than his age group
after the neonatal period. On physical examination at 8 years of age,
the height was 145 cm (z =+3.67), and weight was 40kg (>97th
centile). He had Marfanoid habitus and arachnodactyly.
Neurologic examination was free of abnormal findings. At age
12 years, an unstable slipped capital femoral epiphysis (SCFE)
developed on the left hip. Physical examination at this age revealed
height 183 cm (z=+05.19), weight 71kg (>97th centile), BMI
21.2 kg/m?. He showed long and slender fingers and toes, the hallux
being remarkably longer than the other toes, ankle valgus deformity,
and scoliosis. No anomalies of cardiac valves or the aorta were
found on echocardiogram. Blood pressure was within normal
limits. No abnormality was observed in ophthalmic and otologic
examinations. Hematological, biochemical and endocrinological
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values including insulin-like growth factor-I (IGF-I) were within
normal ranges. However, bone formation and resorption markers
were increased—osteocalcin, 118 ng/ml (reference range, 8-50);
urinary cross-linked N-telopeptide of type I collagen, 969 BCE/mM
creatinine (reference range, 21-83). Bone mineral density of L2-4 as
measure by dual energy X-ray absorptiometry (Lunar Prodigy
Advance, GE Healthcare, Waukesha, WI) was 0.791g/cm’
(z=—0.3). Considering the tall stature of this patient, this BMD
result may suggest presence of more severe osteopenia. Radiological
survey of the skeleton showed coxa valga deformity of the femora,
slipped capital femoral epiphysis, and lumbar scoliosis (Fig. 3).
Arachnodactyly of all fingers and toes; of these, disproportionately
long and large great toes were observed. Investigation of the family
history revealed a four-generation family with 11 family members
including the proband that could be considered to have the same
phenotype. Five of 11 affected members were examined. They were
characterized by tall stature (exceeded +4 SD compared to age
matched control height of Korean population) and markedly long
big toes. All of them showed coxa valga deformity with epiphyseal
dysplasia of the femoral capital epiphyses and two had SCFE
(Fig. 4). Three of them had lumbar scoliosis. The vertebral bodies
were tall and showing endplate irregularities and narrowing of the
intervertebral disc spaces in four of them. As seen in the clinical
phenotype, radiograph of the feet showed extremely elongated
metatarsals and assorted phalanges of the great toe symmetrically.
The hands of all affected individuals showed arachnodactyly with-
out elongation of specific fingers.

Genomic DNA was extracted from the circulating leukocytes from
the proband and family members available (Fig. 1). All the exons of
CNP, NPR2, Natriuretic peptide receptor C (NPR3; MIM108962),
and fibroblast growth factor receptor 3 (FGFR3; MIM134934) were
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FIG. 1. Pedigree of the family. There are several father-to-son transmissions of the phenotype, revealing autosomal dominant inheritance
pattern. Transverse bars above the circles or rectangles denote those who underwent mutation study. An arrow indicates the proband.
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FIG. 2. Photographs of the feet of the affected family members. A: 1I-3, (B) IV-1, (C) IV-2, (D) IV-3, (E) IV-4. Patients IV-3 and IV-4 show
relatively mild macrodactyly of the big toes as compared with the others.

amplified using specific primers [Miura et al., 2012] flanking the
intron—exon boundaries according to published human genomic
DNA sequences (UCSC genome browser: uc002vsl.1 at chromo-
some 2, 232498379-232499203; uc003zyd.1 at chromosome 9,
35782406-35799728; uc003jhv.2 at chromosome 5, 32711665—
32787252; uc003gds.2 at chromosome 4, 1764337-1780396,
respectively). Polymerase chain reaction (PCR) products was
sequenced using a Big Dye terminator cycle sequencing kit
(version 3.1; Applied Biosystems, Foster City, CA) and an ABI
3130 automated sequencer (Applied Biosystems).

Measurement of Serum Amino-Terminal (NT)
proCNP Concentrations

Serum of IV-2 and III-3 were separated and collected, and NT-
proCNP was assayed using an enzyme immunoassay (BIOMED-
ICA, Vienna, Austria) according to the instructions provided. As a
control, samples from eight healthy Japanese teenager boys and five
women were also measured.

In Vitro Transfection Assay of Mutant NPR2

The pcDNA3.1(+4)/hemagglutinin (HA)-tagged human NPR2
wild-type vector (HA-WT) was a gift from Dr. Yoshihiro
Ogawa (Tokyo Medical and Dental University, Japan) [Hachiya
et al., 2007]. The construct encoding the mutant p.Ala488Pro,

pcDNA3.1(+)/HA-human NPR-2 Ala488Pro (HA-Ala488Pro),
was generated by PCR-based mutagenesis using HA-WT as
the template, and primers containing the nucleotide change.
All vector constructs were verified by bidirectional DNA
sequencing.

HEK?293A cells at confluence were transfected with empty vector
containing green fluorescent protein(GFP), HA-WT, and HA-
Ala488Pro using the liposomal transfection reagent FuGENE6
(Reagent: DNA =3 pl: 0.5 g, Roche, Indianapolis, IN, 12-well
plate), according to the manufacturer’s instructions. In 48 hr, cell
lysate was harvested and immunoblot was performed to compare
the expression of transfected genes, using a mouse monoclonal
antibody against HA-tag (6E2, 1:1,000; Cell Signaling Technology,
Boston, MA) as the primary antibody. As an internal control,
B-actin in each sample was detected with a monoclonal anti-3-actin
antibody (1:5,000; SIGMA-ALDRICH, Saint Louis, MO).

Transfected cells were serum-starved for 24 hr before the cGMP
assay and then incubated at 37°C with 5% CO, in DMEM
containing 0.5 mM IBMX (3-isobutyl-1-methylxanthine) (Wako,
Osaka, Japan) for 10 min. The cells were next treated with vehicle
(water) or 1 x 1077 M CNP-22 (Biochem Life Sciences, New Delhi,
India) and incubated for another 10 min. The reaction was termi-
nated with 300 pl of 0.1 M HCI, and the cGMP concentration was
measured by a competitive enzyme immunoassay (Cayman Chem-
ical, Ann Arbor, MI). Results are presented as the mean £ SD.
Student’s t test was used for statistical analyses.
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FIG. 3. Skeletal survey of the proband at age 12 years. A,B: Anteroposterior and lateral spine show lumbar scoliosis, slightly tall vertebral
bodies with irregular end-plates, and narrowing of the intervertebral disc spaces. C: Pelvis shows coxa valga deformity and slipped femoral
capital epiphysis on the left hip. D: Lower extremity demonstrates long and slender long bones with thin cortices. Mild inward bowing of the
tibial and fibular diaphysis and ankle valgus deformity are noted. E: Feet show exceedingly long and large metatarsals and phalanges of the
great toes symmetrically. F: Hands show overall arachnodactyly without specific digit elongation. Carpal bone age is advanced, measuring

approximately 14 years of age.

RESULTS
Identification of a Novel Missense Mutation
p.-Ala488Pro in NPR2

On screening the sequences of exons of CNP, NPR2, NPR3, and
FGFR3in the proband and family members as depicted on Figure 1,
we identified a novel heterozygous sequence variation c. 1462G>C
at NPR2in those who shared the similar phenotype (I11I-3,IV-1,1V-
2, IV-3, and IV-4), but not in the remaining unaffected family
members. The sequence variation eliminates an Nhel cleavage site.
PCR product of wild type containing this site (484 bp) would be cut
into 95 and 389 bp fragments. Hence, these PCR products from
all the patients tested were incubated with Nhel (New England
BioLabs, Ipswiich, MA) overnight and run on an agarose gel to
confirm the presence of this sequence variation. It showed that this
sequence variation perfectly co-segregated with the phenotype in
this family. It was predicted to substitute alanine for proline (p.
Ala488Pro). This variant was not registered in the dbSNP (build
137) (http://www.ncbi.nlm.nih.gov/projects/SNP/) nor in the

NHLBI Exome Sequencing Project (ESP) (http://evs.gs.washing-
ton.edu/EVS/). It was not found in 400 alleles from healthy Korean
or Japanese controls, either. Amino acid Ala488 islocated in a highly
conserved region of the juxtamembranous cytoplasmic domain of
NPR2 and is conserved across species (Fig. 5). No mutations were
found in CNP, NPR3, or FGFR3.

CNP Was Not Overproduced in the Proband

Serum NT-proCNP levels of the proband (IV-2) and his mother
were measured 9.68 and 2.65 pmol/L, respectively. Those of eight
Japanese teenager boys of age ranging from 12 to 14 years averaged
6.0 = 3.4 pmol/L (mean =+ standard deviation), and of five Japanese
female adults of age ranging from 32 to 48 averaged 4.0 £ 0.9 pmol/
L (unpublished data).

p.-Ala488Pro Is a Gain-of-Function Mutation

To investigate the pathogenic significance of the p.Ala488Pro
mutation, an in vitro functional assay was performed. HEK293A
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FIG. 4. Radiographs of the pelvis and spine of the other affected family members. Marked coxa valga deformity and residual valgus slipped
capital femoral epiphysis are seen in Patients IlI-3 (A) and IV-1 (B). C: Coxa valga deformity and unstable aggravation of the slipped capital
femoral epiphysis at the left hip are seen in Patient IV-3 at age 11 years. D: Patient 11l-3 and (E) Patient IV-1 show thoracolumbar scoliosis.

The vertebral bodies are tall and narrowing of the disc spaces is noted.

cells were transfected with the GFP, HA-WT, and HA-Ala488Pro.
The Western blot analysis using anti-HA antibody confirmed that
HA-WT and HA-Ala488Pro were expressed at comparable levels,
with an approximate molecular size of 120 kDa (Fig. 6A). cGMP
production in the cells expressing HA-WT, and HA-Ala488Pro was
also examined. cGMP was produced in Ala488Pro-expressing cells,
even in the absence of CNP, while no production was observed in
HA-WT-expressing cells. Treatment with CNP-22 at a dose of
1 x 1077 M increased intracellular cGMP levels with concentra-
tions significantly higher in HA-Ala488Pro than in HA-WT-
expressing cells (Fig. 6B). These results indicate that p.Ala488Pro
is a gain-of-function type mutation.

DISCUSSION

The CNP/NPR2 signal pathway is involved in the longitudinal
growth of skeletal system [Yasoda et al., 1998; Chusho et al., 2001;

Bartels et al., 2004; Tsuji and Kunieda, 2005; Bocciardi et al., 2007;
Moncla et al., 2007; Teixeira et al., 2008; Kake et al., 2009]. Miura
et al. [2012] reported a Japanese family with an overgrowth
syndrome caused by a gain-of-function mutation at NPR2. The
current study reports a second family showing a similar phenotype
inherited as an autosomal dominant trait. The affected family
members harbor a novel gain-of-function mutation at NPR2,
¢.1462G>C (p.Ala488Pro).

The mutation of the current family is located at a
topological domain between transmembrane and protein
kinase domainsrot[UniProtKB[Internet]], while the previously
reported gain-of-function mutation was at the guanylate cyclase
domain [Miuraetal., 2012]. Although the current mutation does
not exist at the guanylate cyclase domain, it must bring confor-
mational change at the 3D structure of guanylate cyclase domain
to enhance its enzymatic activity with or without binding
the ligand.
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D. sabina VI SSFLAYRKLKLEKDLASM_WRI RWEEL QVIGNTDKY
O anatinus GVSSFLI FRKLMLEKELASM_WR RVEEL QF GNAERY
X laevis QVBSFLI LRKLM.EKELASM_WRI RWEEL QF GNSERY
S. acanthias QA SSFLVYRKLKLEKDLASMWW RVWEEL QVIGNRD
T. rubripes Q SSFLI YRKLKLEKELAGVLWRI RVEDL QF ESPNKY

Subjects 1I-3 111I-2 11I-3 1114 1I-5 11I-6 111-8 IV-11V-2 V-3 IV-4
+ + + o+ o+
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FIG. 5. Identification of the Npr2 mutation. Sanger sequencing of the NPR2 revealed a novel 6 — C missense mutation at nucleotide 1,462
creates a substitution, proline for alanine, at codon 488 in a heterozygous state. Among the subjects tested, this mutation was present in all
the patients having the phenotype, and absent in all those who did not (A). This mutation eliminated the cleavage site of Nhel, producing two
bands on gel electrophoresis when treated with Nhel (B). Amino acid alignment of NPR2 among various species. Alanine at codon 488 is
located in a highly conserved cytoplasmic region between the transmembrane and protein kinase domains of NPR2 (C).

NPR2 is an interesting example of phenotypes contrasting
between gain-of-function versus loss-of-function mutations at a
gene encoding a receptor protein. Homozygous or compound
heterozygous loss-of-function mutations of NPR2in humans cause
aspecific skeletal dysplasia, AMDM, characterized by marked short
stature as well as short fingers and toes. The overgrowth syndrome
by gain-of-function mutation seems to have phenotype opposite to
that of AMDM. It is also interesting to note that the increased NPR2
activity did not suppress CNP production, maintaining its serum
level within normal limit. The same unsuppressed CNP production
was also observed in the previous cases of gain-of-function muta-
tion at NPR2 [Miura et al., 2012], suggesting lack of feedback loop
between the NPR2 activity and CNP production.

This family has noticed 11 affected members by tall stature and
long big toes through four generations. Neither macrodactyly of the
big toe and ankle valgus deformity nor scoliosis and residual
proximal femoral deformity of SCFE interferes with their daily
living activities. One of them (IV-3) had even played basketball in a
high school varsity team. However, development of unstable SCFE
threatened function of the hip joint, and the proband was required
to have major hip surgeries. SCFE is a chronic, gradual displace-
ment of the femoral head at the proximal femoral physis. It may
remain silent until physeal closure, and end up with residual
deformity at the proximal femur as in the Patients III-3 and IV-

1 (Fig. 4). However, in some cases, the SCFE could aggravate
suddenly, resulting in unstable separation of the femoral head as
in Patients IV-2 and IV-4 (Figs. 3 and 4), which is an orthopedic
emergency requiring surgical intervention to stabilize the femoral
head and to preserve its viability. Hence, once this disease entity is
recognized, the patient should have an orthopedic consultation to
monitor development and progress of SCFE, which was exclusively
harbored by the affected members in this family. It is noteworthy
that a residual deformity of silent SCFE showed posterolateral
displacement of the femoral head (Fig. 4), a rare subtype of
SCFE [Loder et al., 2006]. Scoliosis did not require any intervention
in these affected family members. Macrodactyly of the big toes were
not complained of in shoe fitting or cosmesis in the proband and
affected family members.

The characteristic clinical and radiological findings make it
a specific, discernible clinical disease entity, which can be differen-
tiated from Marfan or other related syndromes. However, it is
very similar to a phenotype caused by chromosomal translocation
of 2q37 and subsequent CNP overproduction [Bocciardi
et al.,, 2007; Moncla et al., 2007]. Hence, CNP overproduction
and its receptor gene gain-of-function mutation may be categorized
into a disease entity, that is, overgrowth CNP/NPR2 signalopathy,
which should be included in differential diagnosis of the over-
growth syndrome.
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FIG. 6. NPR2 mutation of p.Ala488Pro is a gain-of-function mutation. A: Western blot analysis confirmed the comparable expression of HA-WT
(WT) and HA-Ala488Pro. As an internal control, B-actin in each sample was detected with anti-B-actin antibody. B: Increased cGMP production
in the HEK293A cells transfected with the p.Ala488Pro mutant compared to that in wild-type cells (WT). Forty-eight hours after the
transfection, the cells were serum-starved for 24 hr, and then treated with the indicated concentrations of CNP-22 for 10 min, before cGMP
production was assayed. Results are presented as the mean £ SD (N =3, *P < 0.05).

Insummary, we report on a family with an overgrowth syndrome
inherited as autosomal dominant trait, which is caused by a gain-of-
function mutation at NPR2. This is a distinct clinical entity that can
be differentiated from other overgrowth syndromes by its clinical
and radiological manifestations. Recognition of this specific disease
entity will lead to targeted molecular study for confirmation, and
will alert the clinician for potentially serious complication such as
unstable SCFE.
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A case of severe proximal focal femoral deficiency
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Abstract Proximal focal femoral deficiency (PFFD) is a het-
erogeneous disorder characterized by various degrees of fem-
oral deficiencies and associated anomalies of the pelvis and
lower limbs. The etiology of the disease has not been deter-
mined. We report on a 3-year-old boy with severe PFFD, who
showed almost completely absent femora and fibulae, mal-
formed pelvis and ectrodactyly of the left foot. These features
were partially overlapped with those of Al-Awadi-Raas-
Rothschild syndrome or Fuhrmann syndrome, both of which
are caused by WNT7A4 mutations. Molecular analysis of our
case, however, demonstrated no disease-causing mutations in
the WNT7A gene.

Keywords Proximal focal femoral deficiency -
Al-Awadi-Raas-Rothschild syndrome - Fuhrmann syndrome -
WNT7A - Molecular analysis - Radiography - Child

Introduction

Proximal focal femoral deficiency (PFFD) is a rare congenital
anomaly of the pelvis and proximal femur with several de-
grees of shortening of the involved lower limb. The condition
may be unilateral or bilateral and is often associated with other
congenital anomalies. The cause of PFFD is uncertain, but
several etiological factors have been suggested, including
poor diabetic control, exposure to drugs (thalidomide), viral
infections, radiation, focal ischemia and trauma between the
4th and 8th weeks of gestation [1]. The Aitken classification is
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the most widely used system for classifying PFFD based on
the radiographic appearance ranking from a benign form
(Type A) to a severe form (Type D) according to the extent
of femoral deficiency [2]. In Type D, the femoral head and
acetabulum are absent, and the shaft of the femur is extremely
short or absent. There is a phenotypic similarity between the
cases with Type D PFFD and those with Al-Awadi-Raas-
Rothschild syndrome or Fuhrmann syndrome. These two
syndromes have recently been reported to be associated with
the WNT7A4 mutations. Both syndromes share similar clinical
features, but the phenotype in Fuhrmann syndrome is less
severe [3].

Here, we report on a 3-year-old boy who showed severe
malformations of the pelvis and bilateral lower limbs without
associated severe upper limbs anomalies. The findings of our
case were similar to those of Fuhrmann syndrome rather than
those of Al-Awadi-Raas-Rothschild syndrome. Molecular
analyses, however, demonstrated negative for the WNT74
mutations in the present case.

Case report

The proband, a Japanese boy, was the first child born to
healthy, nonconsanguineous parents. His mother did not suffer
from diabetes mellitus. His younger brother was normal.
Family history of skeletal dysplasia was negative. Bilateral
femoral deficiencies were found at his second trimester. He
was delivered at 36 weeks of gestation with a birth weight of
1,884 g (—1.8 SD for gestational age) and a height of 36 cm
(—4.2 SD for gestational age) by Cesarean section. The Apgar
score was 6 at 1 min.

He was referred to us at age 12 days for severe
malformations of bilateral lower limbs. On physical examina-
tions, bilateral thighs were extremely short so that the lower

@ Springer
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legs seemed to be connected with the pelvis. There was a
varus deformity in the right foot associated with syndactyly of
the third and fourth toes and a valgus deformity in the left foot
(Fig. 1). He showed flexion contracture of the proximal inter-
phalangeal joint in his left middle and ring fingers. Facial
appearance seemed to be normal. Radiographic examinations
at the age of 4 months revealed hypoplastic ilia, absent ace-
tabula, and malformed pubic and ischial bones. The left femur
was absent, while there was a rudimentary distal femur in the
right. Bilateral fibulae were also absent. Bilateral tibiae were
slender and there was a large round epiphysis in the left
proximal tibia (Fig. 2). The tarsal bones were unremarkable
but an ectrodactyly of the left foot was observed (Fig. 2). The
spine, thorax and upper limbs were unremarkable.
Chromosomal analysis was also normal.

Extraskeletal abnormalities included a left inguinal hernia
that was surgically treated at the age of 2 months and an
abdominal pressure-induced incontinence with no association
of hydronephrosis and ureteral dilatation. Magnetic resonance
imaging (MRI) of the whole spine showed no abnormalities.
His cognitive development was normal. Varus deformity of
his right foot was treated with serial casting and subsequent
bracing, while his left valgus foot was spontaneously
corrected. Flexion contracture of his left fingers was healed
by an application of splinting. He could walk with two
Lofstrand crutches at 3 years old. He was diagnosed to have
PFFD Type D but his clinical and radiographic features were
partially overlapped with those of Al-Awadi-Raas-Rothschild
syndrome or Fuhrmann syndrome (Table 1).

After informed consent was obtained from his family,
genomic DNA from peripheral blood of the proband was
extracted using the QIAampDNABIlood Midi kit (Qiagen
Inc., Valencia, CA). Direct sequencing of the complete coding
regions and exon-intron boundaries of the WNT74 gene was
performed using the CEQ 8000 Sequencer (Beckman Coulter,
Fullerton, CA) according to the manufacturer’s instructions.
The primers used for amplification and sequencing of the

Fig. 1 A clinical photo of the lower limbs and trunk at the age of
5 months. Marked shortening of bilateral lower limbs, varus foot with
syndactyly of the third and fourth toes in the right, and valgus foot in the
left are demonstrated

@ Springer

Fig. 2 Anteroposterior radiographs at the age of 3.5 years. a The pelvis
and lower limbs demonstrate small and narrow ilia, malformed
ischiopubic bones, deficient acetabula, complete absent of the left femur,
rudimentary right femur, absent fibulac and slender tibiac with ball-
shaped large epiphysis of the left tibia. b The left foot demonstrates four
pairs of metatarsals and phalanges without deformity of tarsal bones

WNT7A gene were described previously [4]. Two reported
heterozygous variants, ¢.315G>A and ¢.459 T>C in exon 3
of'the WNT7A, both of which are known synonymous single-
nucleotide polymorphisms (SNPs), were found in the
proband.

Table 1 Comparison of phenotypes among Al-Awadi-Raas-Rothschild
syndrome and Fuhrmann syndrome and present case

Al-Awadi-Raas-Rothschild syndrome and Fuhrmann Present case

syndrome
Facial dysmorphism + -
Thorax anomaly +
Upper limp anomaly + +
Urinary tract anomaly + +
Pelvis dysplasia + +
Lower limbs
Aplastic/hypoplastic femur + +
Aplastic/hypoplastic fibula + +
Aplastic/hypoplastic tibia + -
Bilateral involvement + +
Stick-like appendage + -
Feet
Ectrodactyly + +
Hypoplastic nails + -

+positive, + occasionally positive or suspected, — negative
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Discussion

Congenital femoral deficiencies can be seen in a variety of
diseases including PFFD, femoral hypoplasia-unusual facies
syndrome [5], femur-fibula-ulna syndrome [6], Al-Awadi-
Raas-Rothschild syndrome and Fuhrmann syndrome [7].
The absence of craniofacial anomalies and upper limb
malformations distinguishes our case from femoral
hypoplasia-unusual facies syndrome and femur-fibula-ulna
syndrome. Al-Awadi-Raas-Rothschild syndrome and
Fuhrmann syndrome, both of which are known to be associ-
ated with the WNT7A mutations, have similar clinical features
including limb and pelvic deficiencies and abnormal genitalia.
Generally, more severe defects of the upper limbs are seen in
Al-Awadi-Raas-Rothschild syndrome than in Fuhmann syn-
drome. There is complete and partial loss of WNT7A function
in these two syndromes, respectively [3]. WNT7A4 molecules
regulate the dorsal-ventral and anterior-posterior axes and
outgrowth of limbs. The anterior-posterior axis determines
the development of fibulo-tibial structures in the foot/leg.
Absent femora and fibulae, ectrodactyly of the foot and pelvic
dysplasia found in the present case seemed to result from the
impairment of anterior-posterior patterning and outgrowth of
limbs. Our case, however, only showed minimal upper limb
abnormalities (mild contracture of fingers) and lacked the
phenotypes of dorsal-ventral axis deficiency such as hypo-
plastic nails. Negative WNT7A4 mutations could differentiate
our PFFD case from Al-Awadi-Raas-Rothschild syndrome or
Fuhrmann syndrome, although minor deletions or duplica-
tions within the WNT7A gene could not be ruled out in the
present study.

Kantaputra and Tanpaiboon [8] reported on a 3-year-old
Thai boy with severe malformations of the upper and lower
limbs, pelvis and genital organs. The majority of findings
overlapped with those of Al-Awadi-Raas-Rothschild syn-
drome, but the presence of humeroulnar synostosis and pre-
dominant radial ray abnormalities and absence of nail dyspla-
sia were different features from typical cases of Al-Awadi-

Raas-Rothschild syndrome [8]. Except the upper limb defi-
ciencies, their case had similar phenotypes to our case includ-
ing hypoplastic ilium, poorly formed acetabula, absent femora
and fibulae, slender tibiac with malformed proximal epiphysis
and normal facial appearance. These cases may be included in
the entity of diseases in the limb-pelvis developmental field.

In conclusion, we present a case of severe PFFD with some
overlapping phenotypes of Al-Awadi-Raas-Rothschild syn-
drome and Fuhrmann syndrome without associated WNT7A
mutation. Further molecular studies will be needed to deter-
mine the basic defects of our case.

Conlflicts of interest None.
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Abstract

Background: Limb malformations are rare disorders with high genetic heterogeneity. Although multiple genes/loci
have been identified in limb malformations, underlying genetic factors still remain to be determined in most
patients.

Methods: This study consisted of 51 Japanese families with split-hand/foot malformation (SHFM), SHFM with long
bone deficiency (SHFLD) usually affecting the tibia, or Gollop-Wolfgang complex (GWC) characterized by SHFM and
femoral bifurcation. Genetic studies included genomewide array comparative genomic hybridization and exome
sequencing, together with standard molecular analyses.

Results: We identified duplications/triplications of a 210,050 bp segment containing BHLHA9 in 29 SHFM patients,
11 SHFLD patients, two GWC patients, and 22 clinically normal relatives from 27 of the 51 families examined, as well
as in 2 of 1,000 Japanese controls. Families with SHFLD- and/or GWC-positive patients were more frequent in
triplications than in duplications. The fusion point was identical in all the duplications/triplications and was
associated with a 4 bp microhomology. There was no sequence homology around the two breakpoints,
whereas rearrangement-associated motifs were abundant around one breakpoint. The rs3951819-D17/51174
haplotype patterns were variable on the duplicated/triplicated segments. No discernible genetic alteration specific to
patients was detected within or around BHLHA9, in the known causative SHFM genes, or in the exome.
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triplications as a critical factor.

Conclusions: These results indicate that BHLHA9 overdosage constitutes the most frequent susceptibility factor, with a
dosage effect, for a range of limb malformations at least in Japan. Notably, this is the first study revealing the
underlying genetic factor for the development of GWC, and demonstrating the presence of triplications involving
BHLHA®Y. It is inferred that a Japanese founder duplication was generated through a replication-based mechanism and
underwent subsequent triplication and haplotype modification through recombination-based mechanisms, and that
the duplications/triplications with various haplotypes were widely spread in Japan primarily via clinically normal carriers
and identified via manifesting patients. Furthermore, genotype-phenotype analyses of patients reported in this study
and the previous studies imply that clinical variability is ascribed to multiple factors including the size of duplications/

Keywords: BHLHA9, Split-hand/foot malformation, Long bone deficiency, Gollop-Wolfgang complex, Expressivity,
Penetrance, Susceptibility, Japanese founder copy number gain

Introduction

Split-hand/foot malformation (SHFM), also known as
ectrodactyly, is a rare limb malformation involving the
central rays of the autopod [1,2]. It presents with median
clefts of the hands and feet, aplasia/hypoplasia of the
phalanges, metacarpals, and metatarsals, and syndactyly.
SHFM results from failure to maintain the central por-
tion of the apical ectodermal ridge (AER) in the develop-
ing autopod [1,2]. SHFM is divided into two forms: a
non-syndromic form with limb-confined manifestations
and a syndromic form with extra-limb manifestations [2].
Furthermore, non-syndromic SHFM can occur as an
isolated abnormality confined to digits (hereafter, SHFM
refers to this type) or in association with other limb abnor-
malities as observed in SHEM with long bone deficiency
(SHFLD) usually affecting the tibia and in Gollop-Wolfgang
complex (GWC) characterized by femoral bifurcation [1,2].
Both syndromic and non-syndromic forms are associated
with wide expressivity and penetrance even among
members of a single family and among limbs of a sin-
gle patient [2].

SHEM and SHFLD are genetically heterogeneous condi-
tions reviewed in ref. [2]. To date, SHFM has been identified
in patients with heterozygous deletions or translocations in-
volving the DLX5-DLX6 locus at 7q21.2-21.3 (SHFM1) (3]
(DLX5 mutations have been detected recently), heterozy-
gous duplications at 10q24 (SHFM3), heterozygous muta-
tions of TP63 at 3q27 (SHFM4), heterozygous deletions
affecting HOXD cluster at 2q31 (SHFM5), and biallelic
mutations of WNTIOB at 12q31 (SHEMS6); in addition,
SHEM2 has been assigned to Xq26 by linkage analyses in
a large Pakistani kindred [2]. Similarly, a genomewide link-
age analysis in a large consanguineous family has identi-
fied two SHFLD susceptibility loci, one at 1q42.2—q43
(SHFLD1) and the other at 6q14.1 (SHFLD2); furthermore,
after assignment of another SHFLD locus to 17p13.1-13.3
[4], duplications at 17p13.3 (SHFLD3) have been found in
patients with SHFLD reviewed in ref. [2]. However, the
GW(C locus (loci) remains unknown at present.

The duplications at 17p13.3 identified to date are
highly variable in size, and harbor BHLHA9 as the sole
gene within the smallest region of overlap [5-9]. Bhlha9/
bhlha9 is expressed in the limb bud mesenchyme under-
lying the AER in mouse and zebrafish embryos, and
bhlha9 knockdown has resulted in shortening of the
pectoral fins in zebrafish [6]. Furthermore, BHLHAY-
containing duplications have been identified not only in
patients with SHFLD but also in those with SHFM and
clinically normal family members [4-10]. These findings
argue for a critical role of BHLHA9 duplication in the
development of SHFM and SHFLD, with variable ex-
pressivity and incomplete penetrance.

In this study, we report on BHLHA9-containing
duplications/triplications with an identical fusion point
and various haplotype patterns that were associated with
a range of limb malformations including GWC, and
discuss on characteristic clinical findings, genomic basis
of Japanese founder copy number gains, and underlying
factors for phenotypic variability.

Materials and methods

Patients/subjects

We studied 68 patients with SHFM (n = 55), SHFLD (n =
11), or GWC (n=2), as well as 60 clinically normal rela-
tives, from 51 Japanese families; the pedigrees of 27 of the
51 families and representative clinical findings are shown
in Figure 1. All the probands 1-51 had a normal karyotype.
Southern blot analysis for SHFM3 locus had been per-
formed in 28 probands with SHEM, indicating 10q24 du-
plications in two of them [11]. Clinical features including
photographs and roentgenograms of a proband with GWC
and his brother with SHFLD (family 23 in Figure 1A)
were as described previously [12]. The residencies of
families 1-51 were widely distributed throughout Japan.

Ethical approval and samples
This study was approved by the Institutional Review
Board Committees of Hamamatsu University School of
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the third panel: SHFM with polydactyly; and the bottom panel: SHFM.

Figure 1 Clinical summary. A. Pedigrees of 27 Japanese families with duplications (families 1-22) and triplications (families 23-27) of a ~200 kb
region involving BHLHA9. The duplications/triplications are associated with GWC, SHFLD, SHFM, or normal phenotype (carriers). N.E: Not examined
molecularly. B. Representative clinical findings. Each patient is indicated by a family-generation-individual style and corresponds to the patient/
subject shown in Figure 1A and Additional file 5. The top panel: GWC with right bifid femur; the second panel: SHFLD with bilateral tibial deficiencies,

Medicine, RIKEN, and National Center for Child Health
and Development, and was performed using peripheral
leukocyte samples after obtaining written informed con-
sent for the molecular analysis and the publication of
genetic and clinical data after removing information for
personal identification (e.g., name, birthday, and facial
photograph) from the adult subjects (* 20 years) or from
the parents of the child subjects (below 20 years). Fur-
thermore, informed assent was also obtained from child
subjects between 6-20 years.

Samples and primers
The primers utilized in this study are summarized in
Additional file 1.

Molecular studies

Sanger sequencing, fluorescence in situ hybridization
(FISH), microsatellite genotyping, Southern blotting, and bi-
sulfite sequencing-based methylation analysis were per-
formed by the standard methods, as reported previously
[13]. Quantitative real-time PCR (qPCR) analysis was carried
out by the SYBR Green methods on StepOnePlus system,
using RNaseP as an internal control (Life Technologies).
Genomewide oligonucleotide-based array comparative
genomic hybridization (CGH) was performed with a cata-
log human array (4 x 180 K format, ID G4449A) according
to the manufacturer’s instructions (Agilent Technologies),

and obtained copy number variants/polymorphisms were
screened with Agilent Genomic Workbench software using
the Database of Genomic Variants (http://dgv.tcag.ca/dgv/
app/home). Sequencing of a long region encompassing
BHLHA9 was performed with the Nextera XT kit on
MiSeq (Illumina), using SAMtools v0.1.17 software (http://
samtools.sourceforge.net/). Exome sequencing was per-
formed as described previously [14].

Assessment of genomic environments around the fusion
points

Repeat elements around the fusion point were searched
for using Repeatmasker (http://www.repeatmasker.org).
Rearrangement-inducing DNA features were investigated
for 300 bp regions at both the proximal and the distal
sides of each breakpoint, using GEECEE (http://emboss.
bioinformatics.nl/cgi-bin/emboss/geecee) for calculation
of the average GC content, PALINDROME (http://mobyle.
pasteur.fr/cgi-bin/portal.py#forms::palindrome) and Non-B
DB (http://nonb.abcc.ncifcrf.gov) for the examination of
the palindromes and non-B (non-canonical) structures,
and Fuzznuc (http://emboss.bioinformatics.nl/cgi-bin/
emboss/fuzznuc) for the assessment of rearrangement-
associated sequence motifs and tri/tetranucleotides [15-20].
For controls, we examined 48 regions of 600 bp long
selected at an interval of 1.5 Mb from the entire
chromosome 17.
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Statistical analysis
The statistical significance of the frequency was analyzed
by the two-sided Fisher’s exact probability test.

Results

Sequence analysis of the known causative/candidate
genes

We performed direct sequencing for the previously known
causative genes (DLX5, TP63, and WNTI10B) reviewed in
ref. [2] in the probands 1-51. Although no pathologic mu-
tation was identified in DLX5 and TP63, the previously
reported homozygous missense mutation of WNTI0B
(c.944C > T, p.R332W) [21] was detected in the proband
48 with SHFM who was born to healthy consanguineous
parents heterozygous for this mutation. In addition,
while no variation was detected in DLX5 and WNTI0B,
rs34201045 (4 bp insertion polymorphism) in 7P63 [21]
was detected with an allele frequency of 61%.

We also examined BHLHAY, because gain-of-function
mutations of BHLHA9 as well as BHLHA9-harboring
duplications may lead to limb malformations. No se-
quence variation was identified in the 51 probands.

Array CGH analysis

Array CGH analysis was performed for the probands
1-51, showing increased copy numbers at 17p13.3
encompassing BHLHA9 (SHFLD3) in the probands 1-27
from families 1-27 (Figure 1A). Furthermore, heterozy-
gous duplications at 10q24 (SHEM3) were detected in the
probands 49-51, i.e., a hitherto unreported patient with
paternally inherited SHFM (his father also had the dupli-
cation) and the two patients who had been indicated to
have the duplications by Southern blot analysis [11]. No
copy number alteration was observed at other SHFM/
SHFLD loci in the probands 1-27 and 49-51. In the
remaining probands 28-48, there was no copy num-
ber variation that was not registered in the Database of
Genomic Variants.

Identical fusion points in BHLHA9-containing duplications/
triplications

The array CGH indicated that the increased copy num-
ber regions at 17p13.3 were quite similar in the physical
size in the probands 1-27 and present in three copies in
the probands 1-22 and in four copies in the probands
23-27 (Figure 2A). Thus, FISH analysis was performed
using 8,259 bp PCR products amplified from this region,
showing two signals with a different intensity that was
more obvious in the probands 23-27 (Figure 2A).

We next determined the fusion points of the duplica-
tions/triplications (Figure 2B). PCR products of 2,195 bp
long were obtained with P1/P2 primers in the probands
1-27, and the fusion point was determined by direct se-
quencing for 418 bp PCR products obtained with P3/P4
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primers. The fusion point was identical in all the probands
1-27; it resided on intron 1 of ABR and intron 1 of YWHAE,
and was associated with a 4 bp microhomology.

Then, we performed qPCR analysis for a 214 bp region
harboring the fusion point, using P5/P6 primers (Figure 2C
and Additional file 2). The fusion point was present in
a single copy in the probands 1-22 and in two copies
in the probands 23-27. The results showed that the
identical genomic segment harboring BHLHA9 was tan-
demly duplicated in the probands 1-22 and triplicated in
the probands 23-27. According to GRCh37/hg19 (http://
genome.ucsc.edu/), the genomic segment was 210,050 bp
long.

We also performed array CGH and qPCR for the fu-
sion point in 15 patients other than the probands and 47
clinically normal relatives from the 27 families (Figures 1
and 2C). The duplications/triplications were identified in
all the 15 patients. Thus, in a total of 42 patients, dupli-
cations/triplications were found in 29 SHFM patients, 11
SHFLD patients, and two GWC patients. Furthermore,
the duplications/triplications were also present in 22 of
the 47 clinically normal relatives. In particular, they were
invariably identified in either of the clinically normal
parents when both of them were examined; they were
also present in other clinically normal relatives in fam-
ilies 7, 12, 24, and 25.

Since the above data indicated the presence of duplications/
triplications in clinically normal subjects, we performed
qPCR for the fusion point in 1,000 Japanese controls. The
fusion point was detected in a single copy in two subjects
(Subjects 1 and 2 in Figure 2C). We also performed array
CGH in 200 of the 1,000 controls including the two sub-
jects, confirming the duplications in the two subjects and
lack of other copy number variations, including deletions
involving BHLHAY, which were not registered in the
Database of Genomic Variants in the 200 control subjects.
The frequency of duplications/triplications was signifi-
cantly higher in the probands than in the control subjects
(27/51 vs. 2/1,000, P =35 x 10~%).

Various haplotype patterns on the duplicated/triplicated
segments

We carried out genotyping for rs3951819 (A/G SNP on
BHLHA9) and D1751174 (CA repeat microsatellite locus)
on the genomic segment subjected to duplications/
triplications (Figure 2A), and determined rs3951819-
D17S1174 haplotype patterns. Representative results
are shown in Figure 2D, and all the data are available
on request. Various haplotype patterns were identified
on the single, the duplicated, and the triplicated seg-
ments, and the [A-14] haplotype was most prevalent on
the duplicated/triplicated segments (Table 1). While the
distribution of CA repeat lengths on the single segments
was discontinuous, similar discontinuous distribution was
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(See figure on previous page.)

Figure 2 Identification and characterization of the duplications/triplications involving BHLHA9 at chromosome 17p13.3. A. Array CGH
and FISH analyses in proband 1 and proband 23 with GWC. In array CGH analysis, the black and the red dots denote the normal and the increased
copy numbers, respectively. Since the log2 signal ratios for a ~200 kb region encompassing BHLHA9 are around +0.5 in the proband 1 and around
+1.0 in the proband 23, this indicates the presence of three and four copies of this region in the two probands, respectively. In FISH analysis, two red
signals with an apparently different density are detected by the 8,289 bp PCR probe (the stronger signals are indicated with asterisks). The green
signals derive from an internal control probe (CEP17). The arrows on the genes show transcriptional directions. Rs3951819 (A/G) resides within BHLHA9.
B. Determination of the fusion point. The fusion has occurred between intron 1 of ABR and intron 1 of YWHAE, and is associated with a 4 bp (GACA)
microhomology. P1-P4 show the position of primers. C. Quantitative real-time PCR analysis. The upper part denotes the fusion point. P5 & P6 show
the position of primers. The lower part shows the copy number of the fusion point in patients/subjects with duplications/triplications (indicated by a
family-generation-individual style corresponding to that in Figure 1 and Additional file 5). Subject-1 and subject-2 denote the two control subjects with
the duplication, and control-1 and control-2 represent normal subjects without the duplication/triplication. D. The rs3951819 (A/G SNP)-D 1751174

(CA repeat number) haplotype patterns in family 24. Assuming no recombination between rs3951819 and D1751174, the haplotype patterns of the
family members are determined as shown here. The haplotype patterns of the remaining families have been interpreted similarly.

also observed in the Japanese general population (see
Additional file 3).

Genomic environments around the breakpoints

The breakpoint on YWHAE intron 1 resided on a simple
Alu repeat sequence, and that on ABR intron 1 was
present on a non-repetitive sequence. There was no low
copy repeat around the breakpoints. Comparison of the
frequencies of known rearrangement-inducing DNA fea-
tures between 600 bp sequences around the breakpoints
and those of 48 regions selected at an interval of 1.5 Mb
from chromosome 17 revealed that palindromes, several
types of non-B DNA structures, and a rearrangement-
associated sequence motif were abundant around the
breakpoint on YWHAE intron 1 (see Additional file 4).

Clinical findings of families 1-27

Clinical assessment revealed several notable findings.
First, duplications/triplications were associated with
SHFM, SHFLD, GWC, or normal phenotype, with inter-
and intra-familial clinical variability (Figure 1A). Second,
in the 42 patients, split hand (SH) was more prevalent
than split foot (SF) (41/42 vs. 17/42, P=6.2x 107°), and
long bone defect (LBD) was confined to lower extremities
(0/42 vs. 13/42, P=4.1 x 107°) (Table 2 and Additional
file 5). Third, there was no significant sex difference
in the ratio between patients with limb malformations and
patients/carriers with duplications/triplications (26/38
in males vs. 16/26 in females, P=0.60) (Table 2 and
Additional file 5). Fourth, the ratio of LBD positive fam-
ilies was significantly higher in triplications than in dupli-
cations (4/5 vs. 16/22, P =0.047) (Figure 1A and Table 2).
Fifth, while the duplications/triplications were transmitted
from patients to patients, from carriers to patients, and
from a carrier to a carrier (from I-1 to II-2 in family 12),
transmission from a patient to a carrier was not identified
(Figure 1A); it should be pointed out, however, that mo-
lecular analysis in a clinically normal child born to an af-
fected parent was possible only in a single adult subject
(II-1 in family 27), and that molecular analysis in clinically

Table 1 The rs3951819 (A/G SNP) - D1751174 (CA repeat
number) haplotype

Patterns of the 210,050 bp segment subjected to copy number gains

Haplotype pattern Family

<Single segment>

[A-14] 1,59 15,17,19, 23, 26

[A-16] 12

[A-18] 3, 14,15, 24, 25, 26

[A-19] 2,6,13,19, 20, 24, 25,
27

[A-21] 523

(G-12] 17

[G-14] 2,3,6,12,13,19, 26

[G-18] 3,5,17,18, 24, 25

[G-19] 9,12,18, 20, 25

[G-21] 1,9, 19, 24, 27

[A-14] or [G-14] 16

[A-18] or [G-18] 4

[A-19] or [G-19] 4

[A-21] or [G-21] 16

<Duplicated segments>

[A-14] + [A-14] 5,12,13,14,15, 20

[A-14] +[A-18] 1

[A-14] + [G-18] or [G-14] + [A-18] 2,3,4,6,9 16,17

[A-14] + [G-18] or [A-14] + [G-19] 18

[A-14] + [G-14] or [G-14] + [G-14] 19

<Triplicated segments>

[A-14] + [A-14] + [A-14] 23, 24

[A-14] + [A-14] + [G-14] 25

[A-14] + [A-19] + [A-19] 26

[A-14] + [G-18] + [G-18] or [G-14] + [A-18] + [G- 27

18]

The haplotype patterns written in the left column have been detected in at least
one patient/subject in the families described in the right column.

Genotyping could not be performed in several patients/subjects who had been
repeatedly examined previously, because of the extremely small amount of DNA
samples that were virtually used up in the sequencing and array CGH analyses.
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Table 2 Summary of clinical findings in patients/carriers with duplications/triplications involving BHLHA9

SHFM (+) patients LBD (+) patients

Patient ratio* LBD (+) families

SH SF P-value U-LBD L-LBD P-value Male Female P-value Trip Dup P-value
This study 41/42 17/42  62x107°  0/42 13/42  41x107°  26/38  16/26 060 4/5  16/22 0047
Previous studies ~ 63/84 23/84  86x107'° 11/91  42/91  57x107 68114  31/79 57x107°
Sum 104/126  40/126  1.1x107'°  11/133  55/133  30x107'®  94/152  47/105  76x10°

SHFM: split-hand/foot malformation; SH: split hand; SF: split foot; LBD: long bone deficiency; U: upper; L: lower; Trip: triplication; and Dup: duplication.
In the previous studies, patients without detailed phenotypic description and those of unknown sex have been excluded (3-9).
*The ratio between patients with limb malformations and patients/carriers with duplications/triplications, i.e. the number of patients over the number of patients

plus carriers.

normal children <20 years old was possible only in two
subjects (II-2 in family 12 and II-1 in family 15). Lastly,
limb malformation was inherited in an apparently auto-
somal dominant manner (from patients to patients), or
took place as an apparently de novo event or as an appar-
ently autosomal recessive trait (from clinically normal par-
ents to a single or two affected children) (Figure 1A).

Attempts to identify a possible modifier(s)
The variable expressivity and incomplete penetrance in
families 1-27 suggest the presence of a possible modifier
(s) for the development of limb malformations. Thus, we
performed further molecular studies in patients/subjects
in whom DNA samples were still available, and com-
pared the molecular data between patients with SHFM
and those with SHFLD for the assessment of variable ex-
pressivity and between SHFM, SHFLD, or total patients
and carriers for the evaluation of incomplete penetrance.

We first examined the possibility that the modifier(s)
resides within or around BHLHA9 (see Additional file 6).
There was no BHLHA9 mutation in all the 21 examined
probands with SHFM, SHFLD, or GWC, as described in
the section of “Sequence analysis of the known causative/
candidate genes”. The rs3951819 A/G SNP pattern on the
duplicated/triplicated segments was apparently identical
between patients and carriers (e.g. Figure 2D), and the fre-
quency of A/G allele on the normal chromosome 17 was
similar between SHFM and SHFLD patients and be-
tween SHFM, SHFLD, or total patients and carriers
(see Additional file 7). The results of other known SNPs
on BHLHA9 (rs185242872, rs18936498, and rs140504068)
were not informative, because of absence or extreme rarity
of minor alleles. Furthermore, in SHFM families 7,
12, and 18, sequencing of a 7,406 bp region encompassing
BHLHA9 and Southern blot analysis using five probes and
Mfel-, Sspl-, and Sacl-digested genomic DNA revealed no
variation specific to the patients, and methylation analysis
for a Cp@ rich region at the upstream of BHLHA9 delin-
eated massive hypomethylation in all the patients/carriers
examined.

Next, we examined the possibility that a variant(s) of
known causative genes constitutes the modifier(s). Since
rs34201045 in TP63 was identified in the mutation

analysis, we compared rs34201045 genotyping data be-
tween the 27 probands and the 15 carriers. The allele
and genotype frequencies were similar between SHFM
and SHFLD patients and between SHFM, SHFLD, or
total patients and carriers (see Additional file 8).

We finally performed exome sequencing in SHFM fam-
ilies 13 and 17-19. However, there was no variation spe-
cific to the patients. In addition, re-examination of the
genomewide array CGH data showed no discernible copy
number variation specific to the patients.

Discussion

BHLHA9 overdosage and clinical characteristics

We identified duplications/triplications of a~ 200 kb
genomic segment involving BHLHA9 at 17p13.3 in 27 of
51 families with SHFM, SHFLD, or GWC. To our know-
ledge, this is the first study revealing the underlying genetic
factor for the development of GWC, and demonstrating
the presence of triplications involving BHLHA9 that were
suggested but not confirmed in the previous studies [5,9].
Furthermore, this study indicates that BHLHA9-containing
duplications/triplications are the most frequent underlying
factor for the development of limb malformations at least
in Japan. Notably, SHFLD and GWC with LBD were sig-
nificantly more frequent in patients with triplications than
in those with duplications, and the duplications/triplica-
tions were identified in clinically normal familial members
and in the general population. These findings imply that
increased BHLHA9 copy number constitutes a strong
susceptibility, rather than a causative, factor with a dosage
effect for the development of a range of limb malforma-
tions. Since Bhlha9 is expressed in the developing ecto-
derm adjacent to the AER rather than the AER itself in
mouse embryos [6], BHLHAY appears to play a critical
role in the limb development by interacting with the AER.
While the duplications/triplications identified in this study
included TUSC5 and generated an ABR-YWHAE chimeric
gene (Figure 2C), TUSC5 duplication and the chimeric
gene formation are not common findings in the previously
reported patients with duplications at 17p13.3 and SHFM
and/or SHFLD [5-9]. In addition, none of Tusc5, Abr,
and Ywhae is specifically expressed in the developing
mouse limb buds [22] (A Transcriptome Atlas Database
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for Mouse Embryo of Eurexpress Project, http://www.
eurexpress.org/ee/project/).

Several clinical findings are noteworthy in patients/
subjects with duplications/triplications. First, SH was
more frequent than SF in this study as well as in the previ-
ous studies, and LBD was confined to lower extremities in
this study and was more frequent in lower extremities
than in upper extremities in the previous studies (Table 2)
[4-10]. This implies that BHLHA9 overdosage exerts dif-
ferential effects on the different parts of limbs. Second,
while limb malformations were similarly identified be-
tween males and females in this study, they were more fre-
quently observed in males than in females in the previous
studies (Table 2) [4-10]. In this regard, it has been re-
ported that testosterone influences the digital growth pat-
tern as indicated by the lower second to fourth digit
length ratio in males than in females [23-25], and that
Caucasian males have higher serum testosterone values and
lower second to fourth digit length ratios than Oriental
males [26,27]. Such testosterone effects on the digital
growth pattern with ethnic difference may explain why
male dominant manifestation was observed in the previ-
ous studies primarily from Caucasian countries and was
not found in this study. Lastly, LBD was more prevalent in
patients with triplications than in those with duplications.
This suggests that LBD primarily occurs when the effects
of BHLHAY overdosage are considerably elevated.

Genomic basis of the Japanese founder copy number
gains

The duplications/triplications were associated with the
same fusion point and variable haplotype patterns. Since
there was no sequence homology or low-copy repeats
around the breakpoints, it is unlikely that such duplica-
tions/triplications were recurrently produced in different
individuals by non-allelic homologous recombination
(NAHR) [17,20]. Instead, it is assumed that a Japanese
founder duplication took place in a single ancestor, and
was spread with subsequent triplication and modifica-
tion of the haplotype patterns.

The most likely genomic basis of the Japanese duplications/
triplications is illustrated in Additional file 9. Notably, a
4 bp (GACA) microhomology was identified at the dupli-
cation fusion point (Figure 2B). A microhomology refers
to two to five nucleotides common to the sequences
of the two breakpoints, and is found as an overlapping se-
quence at the join point [16,19,20]. This suggests that the
Japanese founder duplication was generated by replication-
based mechanisms such as fork stalling and template
switching (FoSTeS) and microhomology-mediated break-
induced replication (MMBIR), because the presence of
such a microhomology is characteristic of FoSTeS/MMBIR
[17-20]. Indeed, such a simple tandem duplication with a
microhomology can be produced by one time FoSTeS/
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MMBIR [17-20], although it could also be generated by
non-homologous end-joining (NHE]) [17]. Since the
[A-14] haplotype was most prevalent on the duplicated/
triplicated segments, it is inferred that a genomic re-
arrangement occurred in an ancestor with the [A-14]
haplotype, yielding the founder duplication with the
[A-14] + [A-14] haplotype. Furthermore, the presence of
multiple stimulants for genomic rearrangements around
the breakpoint on YWHAE intron 1 would have facilitated
the generation of the founder duplication. In particular,
non-B structures are known to stimulate the occurrence
of both replication-based FoSTeS/MMBIR and double-
strand breaks and resultant NHE] [17,28,29], although the
relative importance of each non-B DNA structure is
largely unknown.

Subsequent triplication and haplotype modification can
develop from the Japanese founder duplication through
unequal interchromatid and interchromosomal recom-
binations [17,20]. Indeed, a tandem triplication with the
[A-14] + [A-14] + [A-14] haplotype can be generated by
unequal exchange between sister chromatids with the
[A-14] + [A-14] haplotype, and various haplotype pat-
terns are yielded by unequal interchromosomal exchanges
involving the duplicated or triplicated segments. Further-
more, the haplotype variation would be facilitated by un-
equal exchanges between sister chromatids harboring
duplications/triplications with various haplotype patterns
and by the further unequal interchromosomal exchanges.

Underlying factors for the phenotypic variability

The duplications/triplications were accompanied by limb
malformations with variable expressivity and incomplete
penetrance. Although this may suggest the presence of a
possible modifier(s) for the development of limb malfor-
mations, such a modifier(s) was not detected. In particu-
lar, while patient-to-carrier transmission of duplications/
triplications was not identified in this study, even patient-
to-carrier-to-patient transmission has been reported in
three pedigrees [5,6,10]. Such transmission pattern with
incomplete penetrance characterized by skipping of a gen-
eration is apparently inexplicable by assuming a modifier
(s) interacting with BHLHAY or independent of BHLHA9
on the duplication/triplication positive chromosome 17,
on the normal chromosome 17, or on other chromosomes
(Figure 3, Models A, B, and C, see also the legends in
Figure 3).

In this regard, it is noteworthy that the development of
limb malformations is obviously dependent on the size of
genomic segment subjected to copy number gains. Actu-
ally, limb malformation has occurred in only one of 21 large
duplications encompassing BHLHA9 (average 1.55 Mb,
mean 1.12 Mb) and in 29 of 80 small duplications encom-
passing BHLHAY (average 244 kb, mean 263 kb) (P=5.9 x
107%) [8]. Consistent with this, the patients with large and
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Figure 3 Models for a modifier(s) and effects of the duplication size. In models A-C, the yellow bars show chromosome 17, and the light
green bars indicate other chromosomes. The two red dots represent the duplication at 17p13.3, and the blue dots indicate a putative modifier(s).
Black painted diamonds represent limb malformation positive patients, dot-associated and gray painted diamonds indicate clinically normal carriers
with the duplications and the modifier(s) respectively, and white painted diamonds denote clinically normal subjects without both the duplications
and the modifier(s). A. This model assumes that co-existence of the duplication and a cis-acting maodifier(s) causes limb malformation. If co-existence
of the duplication and the cis-acting modifier(s) is associated with incomplete penetrance, this can explain all the transmission patterns observed to
date, including the patient-to-carrier transmission and the presence of = 2 affected children. B. This model postulates that the presence of a cis-acting
modifier(s) on the normal chromosome 17 leads to limb malformation by enhancing the expression of the single BHLHAY, together with duplicated
BHLHA9 on the homologous chromosome. C. This model postulates that co-existence of the duplication at 17p13.3 and a modifier(s) on other
chromosome causes limb malformation. In models D-E, the red bars represent BHLHA9, the blue circles indicate a physiological cis-regulatory
element for BHLHA9, and the green circles indicate a non-physiological modifier(s) for BHLHA9. D. The physiological cis-regulatory element may be
duplicated or non-duplicated, depending on its position relative to the size of the duplications. BHLHA9 expression can be higher in small duplications
than large duplications. E. The non-physiological modifier(s) can be transferred to various positions of the duplication positive chromosome 17,

irrespective of the position of the modifier(s).

depending on the recombination places (see Model A). BHLHA9 expression can be higher in small duplications than large duplications

small duplications were ascertained primarily due to devel-
opmental retardation and limb malformation, respectively
[8]. It is likely that a physiological cis-regulatory element
for BHLHAY (e.g., an enhancer) can frequently but not in-
variably work on both of the duplicated BHLHA9 when
the duplication size is small but is usually incapable of
working on duplicated BHLHA9 when the duplication size
is large, probably because of the difference in the chroma-
tin structure (see Model D in Figure 3). Similar findings
have also been reported in other genes. For example, small

(~150 kb) and relatively small (600—-800 kb) duplications
involving a putative testis-specific enhancer(s) for SOX9
have caused 46,XX testicular and ovotesticular disorders
of sex development respectively, whereas large duplica-
tions (~2 Mb) involving the enhancer(s) have permitted
normal ovarian development in 46,XX individuals [30].
Thus, a plausible explanation may be that a range of
limb malformations emerge when the effects of BHLHA9
overdosage exceed the threshold for the development of
SHEM, SHEFLD, or GWC, depending on the conditions of
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other genetic and environmental factors including the size
of duplications/triplications as an important but not
definitive factor. One may argue that this notion is
inconsistent with the apparent anticipation phenomenon
that is suggested by the rare patient-to-carrier transmis-
sion and the frequent carrier-to-patient transmission of
the duplications/triplications, because no specific factor(s)
exaggerating the development of limb malformations is
postulated in the next generation. However, the skewed
transmission pattern would primarily be ascribed to ascer-
tainment bias rather than anticipation [31]. Indeed, while
clinically normal parents of disease positive children
would frequently be examined for the underlying genetic
factor(s) of the children, clinically normal children born to
disease positive parents would not usually be studied for
such factor(s), as exemplified in this study. Similarly, the
frequent patient-to-patient transmission of the duplica-
tions/triplications would also be ascribed to ascertainment
bias, because molecular studies would preferentially be
performed in such families. Nevertheless, the apparently
autosomal dominant inheritance pattern of limb malfor-
mations in several families may still suggest the relevance
of a non-physiological cis-acting modifier(s) (see Models
A and E in Figure 3). It is possible that such a modifier(s),
once transferred onto the duplication/triplication positive
chromosome 17, is usually co-transmitted with the dupli-
cations/triplications, leading to a specific condition in
which the effects of BHLHA9 overdosage frequently but
not invariably exceed the threshold for the development
of limb malformations in offsprings with the duplications/
triplications.

Remarks

Several matters should be pointed out in the present
study. First, in contrast to diverse duplication sizes in
non-Japanese populations [5-9], the size of the genomic
segment subjected to duplications/triplications was iden-
tical in this study. Since families 1-27 were derived from
various places of Japan, there is no selection bias in
terms of a geographic distribution. Rather, since the
small duplications/triplications identified in this study
were not associated with developmental retardation, it is
likely that they spread throughout Japan primarily via
carriers with normal fitness and were found via patients
with limb malformations. Obviously, this notion does
not exclude the possible presence of other types of du-
plications/triplications at 17p13.3 in Japan. Second, ex-
cept for the duplications/triplications at 17p13.3, we
could reveal a homozygous WNT10B mutation (SHFM6)
only in a single SHFM family and chromosome 10q24
duplications (SHFM3) only in three SHFM families.
Thus, underlying factors are still unknown in the
remaining 20 families, although tiny deletions and/or
duplications affecting the known SHFM loci might have
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been overlooked because of the low resolution of the
array. In addition, although all the probands had a nor-
mal karyotype, there might be cryptic translocations
and/or inversions involving the known SHFM loci.
Third, no deletion of BHLHA9 was identified in the 51
probands and in the 200 control subjects. This argues
against the relevance of BHLHA9 haploinsufficiency to
limb malformations, and coincides with the Japanese
founder duplication being produced by a replication-
mediated mechanism rather than an interchromatid/
interchromosomal (but not an intrachromatid) NAHR
that can lead to both deletions and duplications as a mir-
ror image [17]. Furthermore, it remains to be determined
(i) whether gain-of-function mutations (and possibly loss-
of-function mutations as well) of BHLHA9 are identified
in patients with limb malformations, (ii) whether duplica-
tions/triplications involving BHLHA9 underlie limb mal-
formations other than SHFM, SHFLD, and GWC, and (iii)
whether BHLHA9-containing duplications/triplications are
also the most frequent underlying factors for limb malfor-
mations in non-Japanese populations.

Conclusions

The results imply that (i) duplications/triplications in-
volving BHLHA9 at chromosome 17p13.3 constitute a
strong susceptibility factor for the development of a
range of limb malformations including SHFM, SHFLD,
and GWGC; (ii) the Japanese founder duplication was
generated by a replication-based mechanism and spread
with subsequent triplication and haplotype modification
through recombination-based mechanisms; and (iii) clin-
ical variability appears to be due to multiple factors in-
cluding the size of duplications/triplications. Thus, the
present study provides useful information on the devel-
opment of limb malformations.
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Typell collagen is amajor component of cartilage. Heterozygous mutations in the typell collagen gene (COL2A1)
result in a group of skeletal dysplasias known as Type Il collagenopathy (COL2pathy). The understanding of
COL2pathy is limited by difficulties in obtaining live chondrocytes. In the present study, we converted
COL2pathy patients’ fibroblasts directly into induced chondrogenic (iChon) cells. The COL2pathy-iChon cells
showed suppressed expression of COL2A1 and significant apoptosis. A distended endoplasmic reticulum
(ER) was detected, thus suggesting the adaptation of gene expression and cell death caused by excess ER
stress. Chondrogenic supplementation adversely affected the chondrogenesis due to forced elevation of
COL2A1 expression, suggesting that the application of chondrogenic drugs would worsen the disease condi-
tion. The application of a chemical chaperone increased the secretion of type Il collagen, and partially rescued
COL2pathy-iChon cells from apoptosis, suggesting that molecular chaperons serve as therapeutic drug candi-
dates. We next generated induced pluripotent stem cells from COL2pathy fibroblasts. Chondrogenically differ-
entiated COL2pathy-iPS cells showed apoptosis and increased expression of ER stress-markers. Finally, we
generated teratomas by transplanting COL2pathy iPS cells into immunodeficient mice. The cartilage in the tera-
tomas showed accumulation of type Il collagen within cells, a distended ER, and sparse matrix, recapitulating the
patient’s cartilage. These COL2pathy models will be useful for pathophysiological studies and drug screening.

INTRODUCTION

The type I collagen produced by chondrocytes is the major com-
ponent of the cartilage extracellular matrix (1). The COL241
gene encodes the type II collagen al chain. Supramolecular
assembly of three a1l chains to form trimer molecules occurs in
the endoplasmic reticulum (ER) lumen (2). The helical collagen

molecules are trafficked via the Golgi network to the plasma
membrane, and are then secreted into the extracellular space
(3). There, the collagen proteins are assembled into dense fibrils.

Heterozygous mutations of COL2A 1 giverise to a spectrum of
phenotypes predominantly affecting cartilage, collectively termed
type I collagenopathies (COL2pathy) (4,5). Among them, achon-
drogenesis type II (ACGII) and hypochondrogenesis (HCG)
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are lethal due to respiratory insufficiency, which is secondary to
an abnormal chest wall skeleton. Individuals with HCG show a
less severe phenotype compared with those with ACGII. Patients
with spondyloperipheral dysplasia (SPD) live into adulthood
and show a combination of platyspondyly and brachydactyly
and early onset osteoarthritis (6).

Recent studies suggest that misfolded mutant collagens
induce significant ER stress and trigger the ER stress signaling
(7,8). Increased expression of ER stress markers, Grp94 and
Chop, is observed in mice with an ENU-induced missense muta-
tionin Col2al (9). Apoptosis was detected in the chondrocytes of
mice harboring a Col2al mutation (10). Mouse models have
enormously contributed to the understanding of COL2pathy.
However, the clinical translation of the findings may be dimin-
ished by the differences in size and locomotion between mice
and humans. For example, the thickness of articular cartilage
in the distal femur is 2.2 mm in humans, whereas it is
0.030 mm in mice (11). The volume density of chondrocytes
in articular cartilage (chondrocytes + matrix) is about 2% in
humans, whereas it is 15—-40% in mice. The growth plate cartil-
age of humans and mice may also differ.

The emerging importance of the ER stress signaling in the
pathology of COL2pathy offers the possibility of a new treat-
ment strategy. If the misfolded protein load in the ER can be
reduced to levels that can be managed by the cell, then the
serious deleterious outcomes of an unresolved ER stress signal-
ing, such as apoptosis, could be ameliorated (7). One promising
approach uses small chemical chaperones, which can stabilize
proteins in their native conformation and rescue mutant
protein folding and/or trafficking defects, but such agents have
never been tested for COL2pathy.

With the development of induced pluripotent stem (iPS) cells,
cardiomyocytes, neurons and hepatocytes can be obtained by the
differentiation of iPS cells derived from patients with various
diseases (12—14). These cells, generated through iPS cells,
may serve as a useful platform for exploring disease mechanisms
and for drug screening. On the other hand, cells generated
by directed conversion can also serve as a useful platform for
exploring disease mechanisms, as neurons directly converted
from skin fibroblasts from Alzheimer’s disease patients recapi-
tulated the pathophysiology of the disease (15). We previously
developed a method to convert mouse dermal fibroblasts
(MDFs) (16) and human dermal fibroblasts (HDFs) (17) directly
into chondrogenic cells named induced chondrogenic (iChon)
cells by transducing fibroblasts with two reprogramming
factors (c-Myc and KIf4) and one chondrogenic factor (Sox9).
Cells do not undergo a pluripotent state during direct induction
of iChon cells from fibroblast culture by transduction of
c-Myc, KlIf4 and SOX9 (18). Human and mouse iChon cells
express marker genes for chondrocytes but not fibroblasts and
can form cartilage when transplanted into the subcutaneous
spaces of immunodeficiency mice.

In order to provide live chondrocytes which recapitulate the
features of COL2pathy, we generated chondrocytes from the
HDFs of patients with COL2pathy using three different
approaches: the induction of COL2pahty-iChon cells; the gener-
ation of COL2pathy-iPS cells, followed by chondrogenic differ-
entiation and the generation of teratoma-containing cartilage
from COL2pathy-iPS cells. These chondrocytes obtained
through cellular reprogramming technologies suffered from

abnormalities caused by excess ER stress and showed specific
responses to reagents. The findings of our study may contribute
to understanding the pathophysiology of the disease and to drug
discovery for COL2pathy.

RESULTS
HDFs from patients with COL2pathy are normal

HDFs were obtained from two ACGII patients (ACGII-1 and
ACGII-2), one HCG patient (HCG-1) and one SPD patient
(SPD-1) (Supplementary Material, Table S1). The ACGII-2
patient showed an intermediate phenotype between ACGII and
platyspondylic lethal skeletal dysplasia (PLSD)-Torrance type.
Control HDFs from two different neonates were purchased
(WT-1 and WT-2). A sequencing analysis of genomic DNA
extracted from the patients’ HDFs revealed heterozygous muta-
tions in COL2A1 in all patients (Supplementary Material,
Fig. S1A). The ACGII-1 patient had a substitution mutation
located at the acceptor site of exon41. RT—PCR (Supplementary
Material, Fig. S1B) and a sequencing analysis revealed the exist-
ence of multiple lengths of short mRNAs lacking various combi-
nations of exons, thus resulting in inframe deletion by exon
skipping. HDFs from patients with COL2pathy (COL2pathy-
HDFs) showed morphologies and proliferation rates similar to
those of control HDFs (WT-HDFs) (Supplementary Material,
Fig. S1C and D). These results are consistent with the fact that
neither WT-HDFs nor COL2pathy-HDFs express COL2A1
(Supplementary Material, Fig. S1E). Accordingly, the transduc-
tion efficiencies did not differ between COL2pathy-HDFs and
WT-HDFs (Supplementary Material, Fig. S1F).

Disturbed chondrocytic maturation of COL2-pathy iChon
cells

We converted COL2pathy-HDFs into iChon cells and investi-
gated whether COL2pathy-iChon cells can be used for disease
modeling. Transduction of COL2pathy-HDFs with ¢-MYC,
KLF4 and SOX9 produced a few Alcian blue-positive nodules,
whereas the transduction of WT-HDFs produced substantial
numbers of Alcian blue-positive nodules 21 days after transduc-
tion (Day 21) (Fig. 1A and Supplementary Material, Fig. S2A).
The number of Alcian blue-positive nodules appeared to correl-
ate with the severity of the diseases: ACGII-iChon cell culture
showed a lower number of nodules than SPD-iChon cell
culture. We next examined the iChon cells at earlier stages
after transduction. By Day 7, WT-iChon cell colonies composed
of polygonal-shaped cells had appeared (Fig. 1B, top panels;
Supplementary Material, Movie S1). A polygonal shape is a
characteristic of chondrocyte morphology, whereas HDFs are
spindle-shaped. More than 90% of these polygonal cell colonies
became condensed and subsequently multilayered, forming
nodules by Day 13 (Fig. 1B, top panels; Supplementary Material,
Fig. S2B and C). Approximately 95% of the nodules showed
positive Alcian blue staining (Supplementary Material,
Fig. S2B and C). The transduction of COL2pathy-HDFs also
produced COL2pathy-iChon cell colonies composed of
polygonal-shaped cells (Fig. 1B, bottom panels) with a compar-
able efficiency as the transduction of WT-HDFs (Supplementary
Material, Fig. S2B, black bars). However, 80% of these
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Figure 1. Disturbed chondrocytic maturation of COL2pathy-iChon cells. (A) After the transduction of HDFs with three factors (c-MYC, KLF4 and SOX9), 1 x 10°
cellswerere-seeded into 100 mm dishes (Day 1). The dishes were stained with Alcian blue on Day 21. (Left) Representative images of the Alcian blue staining of iChon
culture dishes from control WT-1-HDFs and patient ACGII-1-HDFs. (Right) The number of nodules positively stained with Alcian blue. **P < 0.01 compared with
WT-1and WT-2 (n = 3). (B) Images of iChon cell colonies induced from WT-2-HDFs and ACGII-2-HDFs seven, nine and 11 days after transduction. Bars, 200 pm.
(C) The iChon cell colonies were picked up on Day 14 and were subjected to a real-time RT—PCR expression analysis of SOX6. **P < 0.01 compared with WT- and
COL2pathy-iChon cells (n = 3). HFC, redifferentiated human fetal chondrocytes. (D) The iChon cell colonies were picked up at various intervals after transduction
and were subjected to a real-time RT —PCR expression analysis for COL241.*P < 0.05,**P < 0.01 compared with WT-1 (n = 3). (E) The iChon cell colonies were
picked up on Day 14 and were subjected to a real-time RT—PCR expression analysis for COL241. *P < 0.05, **P < 0.01 compared with WT-1 and WT-2 (n = 3).

COL2pathy-iChon cell colonies became neither condensed nor
multilayered (Fig. 1B bottom panels; Supplementary Material,
Fig. S2B), and were not stained with Alcian blue (Supplementary
Material, Fig. S2B and C).

We picked up iChon cell colonies and subjected them to areal-
time RT—PCR expression analysis. The expression levels of
SOX5 and SOX6, whose expression levels are induced by
SOX9 (19), were similarly activated in WT-iChon cells and
COL2pathy-iChon cells on Day 14 compared with those of

HDFs (Fig. 1C and Supplementary Material, Fig. S2D). The
expression levels of SOX5 and SOX6 in WT-iChon cells and
COL2pathy-iChon cells were comparable to those of redifferen-
tiated fetal chondrocytes (HFC), thus suggesting that chondro-
genic commitment occurs in COL2pathy-iChon cells, as well
as in WT-iChon cells. COL2A1 transcription was initially acti-
vated similarly in WT-iChon cells and ACGII-2-iChon cells
on Day 7 (Fig. 1D). The expression levels of COL2A4 1 increased
in WT-1-iChon cells as the time passed after transduction,
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suggesting that WT-1-iChon cells undergo chondrocytic matur-
ation. On the other hand, the COL2A41 expression in ACGII-2-
iChon cells was suppressed as time passed on Days 14 and 21
(Fig. 1D and E). Furthermore, the expression levels of other car-
tilage matrix genes, such as ACAN and COMP, were also lower
in COL2pathy-iChon cells than in control iChon cells on Day 14
(Supplementary Material, Fig. S2E). These results indicate that
the chondrocytic maturation was disturbed in COL2pathy-iChon
cells despite the activation of expression of SOX5 and SOXG6,
which activate cartilage matrix gene expression in cooperation
with SOX9 (20,21). These results suggest that an unknown
mechanism(s) represses the expression of cartilage matrix
genes in COL2pathy-iChon cells after the initial activation of
type II collagen gene expression.

Decreased cell viabilities and increased ER stress in
COL2pathy-iChon cells

We noticed that some COL2pathy-iChon cell colonies disap-
peared during culture (Supplementary Material, Fig. S3A and
Supplementary Material, Movie S1). Approximately 20—30%
of COL2pathy-iChon cell colonies disappeared by Day 18 (Sup-
plementary Material, Fig. S3B). A growth curve analysis showed
that the WT-1-iChon cells kept growing, whereas the numbers of
ACGII-1- and HCG-1-iChon cells did not change or gradually
decreased (Supplementary Material, Fig. S3C). The TUNEL
assay revealed that more cells in COL2pathy-iChon cell colonies
were TUNEL-positive than were the WT-iChon cell colonies
around Day 15 (Fig. 2A). A transmission electron microscopic
analysis revealed that the ER was distended in ACGII-2-iChon
cells (Fig. 2B) on Day 14. The expression levels of BIP and
CHOP were increased in COL2pathy-iChon cells on Day 18
(Fig. 2C), suggesting that there were increased ER stress signal-
ing. The degree of increase was correlated with the severity of the
patients’ diseases. There are several pathways which transmit
ER stress signals. XBP1 splicing was detected in COL2pathy-
iChon cells but not in WT-iChon cells on Day 17 (Fig. 2D), sug-
gesting that the IRE1 pathway is involved in transmitting the
ER stress. elF2a was highly phosphorylated in the COL2pathy
iChon cells compared with that in WT-iChon cells on Day 17
(Fig. 2E), suggesting that the PERK pathway is also involved
in transmitting the ER stress. The expression levels of GRP94
were increased in COL2pathy-iChon cells compared with
those in WT-iChon cells on Day 18 (Fig. 2C), and cleaved
ATF6 was detected in COL2pathy-iChon cells, but not in WT-
iChon cells on Day 17 (Fig. 2F), suggesting that the ATF6
pathway is also involved in the transmission of ER stress.
These results collectively suggest that COL2pathy-iChon cells
have elevated ER stress and undergo apoptosis.

Ascorbic acid is a co-factor for prolyl hydroxylase and facil-
itates collagen triple helix formation, but the iChon cells were
induced using DMEM culture medium with 10% FBS without
ascorbic acid. To confirm that type II collagen trimers were
formed in the iChon cells, we performed a western blot analysis
using anti-type I collagen antibodies under the non-reducing
condition (without dithiothreitol and 2-mercaptethanol) using
samples obtained from the iChon cells on Day 19. We detected
type II collagen molecules with a size between 268 and
460 kDa in the lysates from COL2pathy-iChon cells, but not in
the lysates from WT-iChon cells (Fig. 2G, left top panel). On

the other hand, we detected type II collagen molecules with a
size between 268 and 460 kDa in the supernatant from
WT-iChon cell cultures, but it was minimally present in the
supernatant from COL2pathy-iChon cell cultures (Fig. 2G,
right panel). These results suggest that type II collagens were
folded correctly in both WT- and COL2pathy-iChon cells,
even when they were cultured in the absence of ascorbic acid.
The folded type II collagen molecules were immediately
secreted from WT-iChon cells, whereas misfolded type II colla-
gen trimers were probably retained in the COL2pathy-iChon
cells. These results collectively suggest that the excess ER
stress in the COL2pahty-iChon cells is likely associated with
the misfolding of type II collagen.

To confirm that the misfolding of mutant proteins is respon-
sible for the abnormalities of the COL2pathy-iChon cells, we
induced WT- and COL2pahty-iChon cells in the presence of as-
corbic acid. We added ascorbic acid to the medium from Day 6 to
Day 17 during the induction of WT- and COL2pathy-iChon
cells, and subjected them to an analysis on Day 17. The applica-
tion of ascorbic acid did not significantly change the number of
Alcian blue-positive nodules in the WT-iChon cell culture, but
did significantly decrease the numbers of Alcian blue-positive
nodules in the ACGII-1- and HCG-1-iChon cell cultures
(Fig. 3A). The addition of ascorbic acid increased the expression
levels of ER stress markers; BIP, GFP94 and CHOP, in the
COL2pathy-iChon cells (Fig. 3B). The presence of ascorbic
acid in the culture did not affect the XBPI splicing in either
WT- or COL2pathy-iChon cells (Fig. 3C). The administration
of ascorbic acid increased the amount of phosphorylated elF2a
(Fig. 3D) and cleaved ATF6 (Fig. 3E) in the COL2pathy-iChon
cells. Therefore, the presence of ascorbic acid enhanced the
abnormalities and increased the activation of ER stress path-
ways, including the PERK pathway and the ATF6 pathway, in
COL2pathy iChon cells, supporting the idea that the misfolding
of mutant proteins is responsible for the abnormalities of
COL2pathy-iChon cells.

To examine how type Il collagen molecules became degraded
in the ACGII-iChon cells, we generated iChon cells in the pres-
ence of ascorbic acid, treated them with MG132 (a proteasome
inhibitor) or bafilomycin Al (a lysosome inhibitor), collected
cell lysates and subjected them to a western blot analysis using
an anti-type II collagen antibody (Fig. 3F). The addition of bafi-
lomycin Al increased the amount of type II collagen, whereas
the addition of MG 132 did not, suggesting that there is lysosomal
degradation of type II collagen.

Chondrogenic supplementation adversely affects
COL2pathy-iChon cells

We analyzed how chondrogenic stimulation with BMP2 and
TGFB1 (B + T) affects COL2pathy-iChon cells (Fig. 4A). The
addition of B 4+ T to WT-iChon cell culture slightly increased
the numbers of Alcian blue-positive nodules due to the chondro-
genic effects of B 4+ T (Fig. 4A and Supplementary Material,
Fig. S4A). On the other hand, the addition of B+ T to
COL2pathy-iChon cell culture decreased the numbers of
Alcian blue-positive nodules. The degree of decrease correlated
with the severity of the original patient diseases.

We picked up and reseeded iChon colonies, and continued
their cultivation in the presence or absence of B 4+ T, for the
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Figure 2. An analysis of the apoptosis and ER stress in COL2pathy-iChon cells. (A) (Top) TUNEL assay of iChon cell colonies on Day 14. Bars, 200 wm. (Bottom) The
ratio of the number of TUNEL-positive cells to the total number of cells within each iChon cell colony was calculated around Day 15.*P < 0.05,**P < 0.01 compared
with WT-1 and WT-2 (n = 5). (B) A transmission electron microscopic analysis of WT-1- and ACGII-2-iChon cells on Day 14. Bars, 1 pm. (C) The iChon cell col-
onies were picked up on Day 18 and were subjected to a real-time RT—PCR expression analysis of ER stress markers, BIP, GRP94 and CHOP. HFC, redifferentiated
human fetal chondrocytes. *P < 0.05,**P < 0.01 compared with WT-1and WT-2 (n = 3). (D) The iChon cell colonies were picked up on Day 17 and were subjected
toaRT—PCR analysis ofthe splice variants of XBP 1. As a control, HDFs treated with 10 wg/ml tunicamycin for4 h were used. (E) The iChon cell colonies were picked
up on Day 17 and were subjected to a western blot analysis of the phospho-elF2a expression in iChon cells. (F) The iChon cell colonies were picked up on Day 17 and
were subjected to a western blot analysis of the ATF6 expressioniniChon cells. The arrow shows cleaved ATF6. (G) The iChon cell colonies were picked up on Day 17
and transferred to a well of a six-well plate. The medium was changed on Day 18. The supernatants and cells were collected on Day 19 and subjected to a western blot

analysis of the type II collagen expression under the non-reducing condition.

expression analysis (Fig. 4B). The WT-iChon cell colonies
stayed alive, regardless of the presence or absence of B+ T
(Supplementary Material, Fig. S4B). On the other hand, 10%
of ACGII-2 iChon cell colonies died in the absence of B + T
(Fig. 4C). The addition of B + T caused the death of half of
ACGII-2-iChon cell colonies (Fig. 4C). A real-time RT—-PCR
analysis revealed that the addition of B + T increased the

expression of COL2A1 in both WT-1- and ACGII-2-iChon cell
colonies (Supplementary Material, Fig. S4C and Fig. 4D). The
addition of ascorbic acid did not affect the viability of
WT-iChon cells, but did decrease the viabilities of ACGII-iChon
cells both in the presence and absence of B + T (Supplementary
Material, Fig. S4D). Together, these findings suggest that the
addition of B 4+ T forced COL2pathy-iChon cells to express
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Figure 3. The effects of ascorbic acid on the abnormalities in COL2pathy-iChon cells. WT-and COL2pathy-iChon cells were induced in the presence and absence of
ascorbic acid from Day 6 to Day 17. The iChon cell cultures were stained with Alcian blue on Day 17 (A). The iChon cell colonies were picked up for the RT-PCR and
Western blot analyses on Day 17 (B—F). (A) After the transduction of HDFs with three factors (c-MYC, KLF4 and SOX9), 1 x 10° cells were re-seeded onto 100 mm
dishes (Day 1) and cultured in the presence or absence of ascorbic acid. The dishes were stained with Alcian blue on Day 17. The number of nodules positively stained
with Alcian blue was counted. *P < 0.05, **P < 0.01 (n = 3). (B) The results of the real-time RT—PCR expression analysis of ER stress markers; B/P, GRP94 and
CHOP. HFC, redifferentiated human fetal chondrocytes. *P < 0.05,**P < 0.01 compared with WT-1 and WT-2 (n = 3). (C) The results of the RT—PCR analysis of
the splice variants of XBP/ on Day 17. HDFs treated with 10 pg/ml tunicamycin for 4 h were used as a control. (D) The results of the western blot analysis of the
phospho-elF2a expression in iChon cells. (E) The results of the western blot analysis of the ATF6 expression in iChon cells. The arrow show cleaved ATF6. (F)
The results of the western blot analysis of type II collagen in iChon cells in the presence of a proteasome inhibitor (MG132) or lysosome inhibitor (bafilomycin A1).

COL241, including mutant COL2A41, thus resulting in an
increased amount of misfolded protein and ER stress, which
eventually led to the death of iChon cells and reduced the
numbers of Alcian blue-positive nodules.

TMAQO, a chemical chaperone, improved secretion of type 11
collagen and partially reduced apoptosis in
COL2pathy-iChon cells

We then examined whether a chemical chaperone known to
regulate protein folding could rescue the COL2pathy-iChon
cells from abnormalities. The addition of trimethylamine

N-oxide (TMAO) partially, but significantly, decreased the
degree of apoptosis in COL2pathy-iChon cells (Fig. 4E). The
addition of TMAO increased the amount of extracellularly
secreted type II collagen (Fig. 4F), increased the Alcian blue
staining (Supplementary Material, Fig. S4E) and reduced the
expression levels of ER stress-related markers, BIP, CHOP,
GRPY4, p58IPK and ERdj4 (Fig. 4G and Supplementary Mater-
ial, Fig. S4F), in COL2-pathy iChon cell culture. These results
suggest that TMAO may stabilize the misfolded type Il collagen
molecules, leading to the improved secretion and accumulation
of the extracellular molecules and rescuing cells from apoptosis
in COL2pathy-iChon cell culture.
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Figure 4. Effects of BMP2/TGFB1 and chemical chaperones on COL2pathy-iChon cells. In (A) and (B), the black dots indicate iChon colonies and grey areas
represent medium containing BMP2 and TGF@B1. B + T, presence of BMP2 and TGFB1. (A) After the transduction of HDFs with three factors (c-MYC, KLF4
and SOX9), 1 x 10° cells were re-seeded into 100 mm dishes (Day 1). BMP2 and TGFB1 were added to the medium from Day 10 to Day 18, and dishes were subjected
to Alcian blue staining on Day 18. The numbers of Alcian-blue positive nodules were counted. *P << 0.05 compared with dishes in the absence of BMP2 and TGFR1
(Vehicle) (n = 3). (B) A schematic representation of the experiments in (C) and (D). We picked up iChon cell colonies on Day 10, replated them into individual wells
and cultured them in the presence or absence of BMP2 and TGFB 1. (C) The ratio of the number of wells in which iChon cells survived for 15 days to the number of wells
that initially had ACGII-2-iChon cell colonies. A total of 10—12 ACGII-2-iChon cell colonies were picked up and individually replated into new wells for each ex-
periment. *P < 0.05 compared with the ratio in the absence of BMP2 and TGFR1 (Vehicle) (n = 3). (D) The results of a real-time RT—PCR expression analysis of
COL2A41 in ACGII-2-iChon cells cultured in the presence or absence of BMP2 and TGFB1 for 3, 5 and 10 days. *P < 0.05, **P < 0.01 compared with iChon colonies
in the absence of BMP2 and TGFB1 (Vehicle) (n = 3). (E) The effects of TMAO on the COL2pathy-iChon cells. TMAO was added to the cultures at a final concen-
tration of 5 or 50 mm from Day 7 to Day 18. The iChon cell colonies were subjected to a TUNEL staining analysis on Day 18. The ratios of the number of TUNEL-
positive cells to the number of total cells in each iChon colony are shown. *P < 0.05 compared with iChon colonies cultured in the absence of TMAO (Vehicle) (n =
5). (F) Immunocytochemical staining of ACGII-iChon cell nodules for type II collagen in the presence or absence of TMAO on Days 7, 14 and 21. Bars, 100 pm. (G)
The COL2pathy-iChon cells were cultured in the presence or absence of TMAO. iChon colonies were picked up on Day 18 and were subjected to areal-time RT—PCR
expression analysis of ER stress markers, BIP and CHOP. *P < 0.05 compared with WT-1 and WT-2 (n = 3).
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Generation of ACGII- and HCG-specific iPS cells

Another approach to modeling COL2pathy is the generation of
iPS cells, followed by differentiation of these cells toward chon-
drocytes. This approach takes time, but has an advantage in that it
can provide an almost unlimited supply of materials, because
once iPS cells are established, they can be expanded indefinitely.

We next generated iPS cells from the HDFs from two controls
(WT-1 and WT-2), two ACGII patients (ACGII-1 and ACGII-2)
and one HCG patient (HCG-1). We established three independ-
ent iPS cell lines (#) for each individual (Supplementary Mater-
ial, Table S2). There were no obvious differences in the
induction efficiency, cell morphologies (Fig. 5A), expression
levels of pluripotent markers (Fig. 5B and C) or pluripotency
as indicated by teratoma formation (Fig. 5D), between the
WT-iPS cells, ACGII-iPS and HCG-iPS cells (Supplementary
Material, Table S2). The karyotypes of the WT-iPS and
ACGII-iPS cells examined were normal (Fig. SE and Supple-
mentary Material, Table S2). The ACGII-iPS and HCG-iPS
cells were indistinguishable from control iPS cells, which was
consistent with the fact that type II collagen is expressed by
neither HDFs (Supplementary Material, Fig. S1E) nor the result-
ing iPS cells (Fig. 5F), and is unlikely to be expressed during the
process of inducing the iPS cells.

In vitro differentiation of ACGII-iPS and HCG-iPS cells
toward chondrocytes

We generated chondrocytes from iPS cells by following the pre-
viously described method (23), with some modifications. The
targeted differentiation of iPS cells toward prochondrogenic
cells was performed by serially adding combinations of growth
factors for 14 days (Supplementary Material, Fig. SSA). The ex-
pression of pluripotency markers (OCT3/4 and NANOG)
decreased, and the expression of mesoendodermal markers (7'
and KDR) transiently increased, in the WT-iPS, ACGII-iPS
and HCG-iPS cells that underwent differentiation (Supplemen-
tary Material, Fig. S5B). On Day 14, differentiated WT-iPS
cells, ACGII-iPS and HCG-iPS cells were multilayered
(Fig. 6A). We then scraped the cells and subjected them to
pellet culture for chondrogenic maturation. The expression
levels of chondrocytic markers increased gradually in the differ-
entiated WT-iPS cells, whereas the level increased slightly on
Days 14 and 28 and decreased on Day 42 in the differentiated
ACGII-iPS and HCG-iPS cells (Fig. 6B). We then analyzed
the pellets histologically. Cells were embedded in matrix,
which was positively stained with safranin O, in the pellets gen-
erated from differentiated WT-iPS cells, whereas the pellets of
differentiated ACGII-iPS cells were not stained with safranin
O (Fig. 6C and Supplementary Material, Fig. S6). The cells in
the pellets of differentiated ACGII-iPS cells underwent apop-
tosis, as indicated by their expression of cleaved caspase-3 and
positive TUNEL staining (Fig. 6C). The expression of ER
stress markers in differentiated ACGII-iPS and HCG-iPS cells
was significantly elevated compared with that in differentiated
WT-iPS cells on Day 42 (Fig. 6D and Supplementary Material,
Fig. S5C). Furthermore, TMAO reduced the expression of ER
stress markers (Supplementary Material, Fig. S5D). These
results indicate that the chondrogenic differentiation of
ACGII-iPS and HCG-iPS cells causes ER stress and apoptosis.

To determine which types of chondrocytic cells were gener-
ated by these two methods (induction of iChon cells and
chondrogenic differentiation of iPS cells), we analyzed the ex-
pression of marker genes for growth plate cartilage and articular
cartilage (Supplementary Material, Fig. S7). The WT-iChon
cells and chondrogenically differentiated WT-iPS cells
expressed markers for articular cartilage (PRG4 and CILP),
but not markers for hypertrophic chondrocytes in the growth
plate (COL10A1 and MMP13). These results suggest that the
iChon cells and chondrogenically differentiated iPS cells may
have the characteristics of articular chondrocytes or epiphyseal
proliferative chondrocytes in primordial cartilage.

Modeling of ACGII-cartilage in teratomas in
immunodeficient mice

We next examined the cartilage in teratomas formed by the trans-
plantation of iPS cells into immunodeficient mice. A histological
analysis of the teratomas revealed that cartilage tended to be
smaller, and that the extracellular matrix was thinner and more
weakly stained with safranin O in the teratomas formed by
ACGII-iPS cells compared with the cartilage in teratomas
formed by WT-iPS cells (Fig. 7A). The chondrocytes were
large in the teratomas formed by ACGII-iPS cells. These histo-
logical findings recapitulate the findings of cartilage obtained
from ACGII patients at the time of autopsy (24,25).

An immunohistochemical analysis showed that type II colla-
gen existed abundantly in the extracellular matrix, but not inside
of cells, in the cartilage in the teratomas formed by WT-iPS cells
(Fig. 7B, top panels). On the other hand, type II collagen existed
in a thin matrix in a reduced amount, and existed within the cells,
in the cartilage in the teratomas formed by ACGII-iPS cells
(Fig. 7B, bottom panels). The type II collagen detected within
these cells may correspond to the accumulation of misfolded
type II collagen in the rER. Cartilage containing such chondro-
cytes bearing type II collagen within the cells were absent in
the immunohistological sections of teratomas formed by
control iPS cells (Fig. 7C).

An electron microscopic analysis revealed a distended rER in
the chondrocytes in the teratomas formed by ACGII-iPS cells
(Fig. 7D). The extracellular matrix showed reduced densities of
collagen fibrils (Fig. 7E). These results collectively demonstrate
that COL2pathy-specific teratomas contain cartilage which
recapitulates the cartilage tissue in patients with COL2pathy.

DISCUSSION

We herein performed disease modeling for type II collagenopa-
thies using three approaches: (i) directed conversion from
patient-specific HDFs to iChon cells; (ii) the generation of iPS
cells from patient-specific HDFs, followed by the differentiation
of these cells toward chondrocytes in vitro and (iii) the gener-
ation of iPS cells, followed by the formation of teratomas con-
taining cartilage in mice. Using these approaches, the expected
pathological features, such as elevated expression of ER stress
markers, apoptosis, the retention of type II collagen within
cells and abnormal ultrastructure of the extracellular matrix,
were recapitulated. In addition, the severity of diseases tended
to correlate with degrees of abnormalities in the COL2pathy-
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Figure 5. Generation of iPS cells from HDFs from two control neonates (WT-1 and WT-2), HDFs from two ACGII patients (ACGII-1 and ACGII-2) and HDFs from
one HCG patient (HCG-1). Three independent iPS cell lines (#) were established for each individual. (A) The morphology of iPS cells generated from WT-1-HDFs,
ACGII-1-HDFs and HCG-1-HDFs. There were not obvious differences in the cell morphologies between WT-iPS cells and ACGII-iPS cells. Bars, 50 wm. (B) The
immunocytochemical analysis. WT-1-#1-iPS cells, ACGII-1-#1-iPS cellsand HCG-1-#31-iPS cells expressed TRA1-60 and SSEA4. Bars, 100 wm. (C) The results of
areal-time RT—PCR expression analysis of OCT3/4 and NANOG in iPS cell lines. The previously reported iPS cell clone, 201B7 (22), was used as a positive control.
There were no significant differences in the expression levels among the WT-iPS cells, ACGII-iPS cells and HCG-iPS cells. (n = 3). **P < 0.01 compared with iPS
cell lines. (D) The results of the teratoma formation assay. iPS cells were injected into testicular capsules. The masses formed at the injected sites were recovered 6—8
weeks after injection, and were subjected to a histological analysis. Teratomas containing tissues from all three germ layers were formed by the injection of WT-1-#1
iPS cells, ACGII-2-#22 iPS cells and HCG-#31-iPS cells. Hematoxylin and eosin staining. Bars, 100 wm. (E) The results of a karyotype analysis of iPS cell lines
(WT-1-#1 and ACGII-2-#21). A total of 20 cells for each cell line was examined. The numbers in brackets indicate the number of cells showing the karyotype pre-
sented. All 20 cells in both cell lines showed a normal 46XY karyotype. (F) The results of a real-time RT—PCR expression analysis of COL2A 1 expression in iPS cell
lines. HFC, redifferentiated human fetal chondrocytes. (n = 3). **P < 0.01 compared with iPS cell lines.
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Figure 6. Chondrogenic differentiation of COL2pathy-iPS cells. (A) iPS cells were differentiated toward chondrocytes following the protocol shown in Supplemen-
tary Material, Figure SSA. A phase contrastimage of the cultures on Days 9 and 14. Bars, 200 pm. (B) The results of the expression analysis for chondrogenic markers.
Cells or pellets were harvested on Days 0, 14,28 and 42, and were subjected to a real-time RT—PCR expression analysis. *P < 0.05,**P < 0.01 compared with WT-1
and WT-2 (n = 3). HFC, redifferentiated human fetal chondrocytes. (C) The histological analysis of the pellet culture of chondrogenically differentiated ACGII-iPS
cells. Pellets were subjected to an analysis on Day 42. Sections were stained with safranin O, immunostained with anti-cleaved caspase-3 and subjected to the TUNEL
assay. Magnified images of the boxed region in the left panels are shown in the right panels. The bars in the left and center panels, 500 wm; bars in the right panels,
50 wm. (D) The results of the expression analysis for ER stress markers. Cells or pellets were harvested on Days 0, 14,28 and 42, and were subjected to a real-time RT—
PCR expression analysis. **P < 0.01 compared with WT-1 and WT-2 (n = 3). HFC, redifferentiated human fetal chondrocytes.

iChon cells. These results suggest that the models presented in
this study can provide a useful platform for investigating the
pathomechanisms of and drug screening for COL2pathy. In
fact, we investigated the cellular response of the model to
reagents which increase ER stress (BMP and TGFf) or reduce
ER stress (TMAO), which provided insights into the pathome-
chanisms underlying COL2pathy and some information for
drug discovery.

The cellular consequences of ER stress signaling are context-
dependent, and range from adaptation to cell death, depending
on the levels of ER stress signaling (8). By analyzing iChon
cell models of COL2pathy, we discovered several findings that
may contribute to understanding the pathomechanics of COL2-
pathy. The COL2pathy-iChon cells are chondrogenically com-
mitted, because the levels of SOX5 and SOX6 expression in the
COL2pathy-iChon cells were similar to those in control iChon
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Figure 7. Examination of the cartilage formed in teratomas. (A) Safranin O-fast green-iron hematoxylin staining. The extracellular matrix was intensely stained with
safranin O in the cartilage in teratomas generated by the injection of WT-1-#1-iPS cells. The extracellular matrix was weakly stained with safranin O in the cartilage in
teratomas generated by injection of ACGII-1-#1-iPS cells. Bars, 200 um. (B) Immunohistochemistry for type II collagen in the cartilage in teratomas generated by
injection of WT-1-#1-iPS cells and ACGII-1-#1-iPS cells. The boxed regions in the left panels are magnified and shown on the right. Note the intense signal (arrows)
within the chondrocytes in the bottom right panel. Bars, 100 wm (left), 20 um (right). (C) The number of cartilage tissues which contained chondrocytes bearing type 11
collagen within cells was divided by the total number of cartilage tissues on the immunohistological sections of teratomas. The total number of cartilage tissues is
indicated at the bottom. (D) The results of a transmission electron microscopic analysis of chondrocytes. Note the distended rER in chondrocytes in the cartilage
in teratomas generated by injection of ACGII-1-#1-iPS cells. Bars, 1 um. (E) The results of a transmission electron microscopic analysis of the extracellular
matrix. Note the sparse collagen fibrils in the extracellular matrix in the cartilage in teratomas generated by injection of ACGII-1-#1-iPS cells. Bars, 1 um.

cells and were comparable to those in HFCs on Day 14 (Fig. 1C
and Supplementary Material, Fig. S2D). The expression levels of
COL2A4]1 gradually increased during the maturation of iChon
cells (Fig. 1D), probably resulting in an accumulation of
mutant COL2A4] and unfolded protein in the rER in
COL2pathy-iChon cells (Fig. 2B). This caused ER stress signal-
ing (Fig. 2C—F). When the ER stress is moderate, ER stress sig-
naling may result in adaptations to reduce the expression of
COL2A1 (Fig. 1D and E) and other cartilage matrix genes (Sup-
plementary Material, Fig. S2E) to decrease the amount of mis-
folded protein. When ER stress is further increased due to the

maturation of iChon cells, the increased ER stress signaling
may induce cell death (Fig. 2A and Supplementary Material,
Movie S1).

Controlling COL2A1 expression is important in the
development of the disease phenotype

We found that the treatment of COL2pathy-iChon cells with
BMP2 and TGFB1 inhibited the formation of chondrogenic
nodules and caused cell loss (Fig. 4A and C). The treatment
increased the expression of COL2A41 (Fig. 4D) and probably

¥T0Z ‘ST Joquieidas uo AriqiTauipa i Jo aba|0d oBoAH e /Blo'sfeulnolployxo-Buy//:dny woly pepeojumoq


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu444/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu444/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu444/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu444/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu444/-/DC1
http://hmg.oxfordjournals.org/

12 Human Molecular Genetics, 2014

mutant COL2A4 1, which likely resulted in increased ER stress.
This finding could explain the abnormalities observed in tissue
morphogenesis during development and growth in the indivi-
duals with COL2pathy, because prochondrogenesis factors, in-
cluding BMPs and TGFs, necessarily presage the emergence
of a specific developmental phenotype. During the development
and growth of COL2pathy patients, prechondrogenic cells may
initially adapt to the ER stress. However, when the chondrogenic
cells mature in response to exposure to growth factors, including
BMPs and TGF s, the expression of COL2A4 [ increases, increas-
ing the ER stress beyond the limit of adaptation, triggering apop-
totic signaling and the development of the disease phenotype.
Thus, the ability of a cell to adapt to ER stress, and the nature
ofiits adaptation strategies, can determine the disease phenotype.

Molecular chaperones can be a candidate therapeutic drug
for COL2pathy

The adverse effects of BMP2 and TGFB1 on the survival of
COL2pathy-iChon cells suggest that the application of chondro-
genic drugs will likely worsen the symptoms in patients with
COL2pathy. However, we also discovered that chemical chaper-
ones may be a promising treatment, because TMAO decreased
the apoptosis of COL2pathy-iChon cells (Fig. 4E). TMAO is a
natural chemical chaperone that directly acts on proteins in the
unfolded state, thereby increasing the folding rate and stability
of various mutant, otherwise labile, proteins (26). This function
of TMAO led to improved secretion of type II collagen (Fig. 4F),
decreasing ER stress in COL2pathy iChon cells (Fig. 4G and
Supplementary Material, Fig. S4F) and differentiated COL2pa-
thy iPS cells (Supplementary Material, Fig. S5D). It remains to
be analyzed whether TMAO can rescue the folding of type II col-
lagen in COL2pathy iChon cells. Additional studies will be
needed to screen for more effective chemical chaperones that
substantially rescue these cells from apoptosis that may be clin-
ically applicable.

COL2pathy-iChon cells, chondrogenically differentiated
COL2pathy-iPS cells and cartilage in teratomas from
COL2pathy-iPS cells can be used complementarily

We detected abnormalities in COL2pathy-iChon cells as early as
Day 14. This is arelatively short-term culture, and given them an
advantage compared with iPS cells, which take several months to
generate and subsequently redifferentiate into chondrocytes.
Another advantage of this model is that a lot of iChon cell col-
onies can be obtained in each experiment. Time-lapse observa-
tions over the course of iChon cell induction showed that each
iChon cell colony appears to be clonal (17,18), although it is pos-
sible that more than one cell may give rise to an iChon cell
colony. Multiple colonies can be examined in iChon cell
models, contributing to the reproducibility of the results. On
the other hand, the abnormalities are exaggerated in iChon cell
models. The formation of chondrogenic nodules from
COL2pathy-iChon cells was severely reduced, whereas cartil-
age is still formed in COL2pathy patients, although to a lesser
extent than healthy subjects. An advantage of using iPS cells is
their ability to be expanded almost indefinitely, making it pos-
sible to use them for high-throughput drug screening.

We herein demonstrated that the cartilage in the teratomas
generated from ACGII-iPS cells recapitulates the phenotypes
seen in the cartilage of patients. The effects of candidate drug
can be tested on human cartilage, by applying them to the mice
harboring teratoma.

While useful for exploring pathologies that result from
impaired protein trafficking, these cell-based models may have
more limited utility when exploring pathologies that result
from altered signaling between cells or between cells and
matrix components. Matricellular signaling defects are emer-
ging as an important pathogenic mechanism in skeletal diseases,
and such defects are not well modeled in culture systems,
because they do not yet recapitulate the complex structure of
the mammalian growth plate and articular cartilages.

High-throughput screening, which requires a large number of
cells may be performed using chondrogenically differentiated
COL2Pathy-iPS cells. When the optimal category of therapeutic
drug is determined (for example, molecular chaperone) and
the numbers of compounds for screening are limited, the
COL2pathy-iChon cells from fibroblasts can be used for the
screening of these limited compounds. Such disease modeling
by directed conversion of cells and iPS cells would also be
useful for other skeletal dysplasias and cartilage diseases, and
may have other applications for difficult to obtain tissues.

MATERIALS AND METHODS

Cell culture

COL2-pathy HDFs derived from four different patients (Supple-
mentary Material, Table S1) were obtained from the cell banks of
the Coriell Institute and Saitama Children’s Medical Center.
Control HDFs from two different neonates were purchased
from KURABO (Strain #1439 and #789013). HDFs were cul-
tured in DMEM (Sigma) with 10% FBS (Invitrogen), 50 U/ml
penicillin and 50 pg/ml streptomycin. Human iChon cells were
induced and maintained in DMEM (Sigma) with 10% FBS (Invi-
trogen), 50 U/ml penicillin and 50 pg/ml streptomycin. Human
iPS cells were maintained in DMEM/F12 (Sigma) with 20%
Knockout Serum Replacement (Invitrogen), 2 mm L-glutamine,
100 M non-essential amino acids, 100 wMm B-mercaptoethanol,
4 ng/ml bFGF (Wako), 50 U/ml penicillin and 50 p.g/ml strepto-
mycin on mitomycin-C-treated mouse embryonic fibroblasts.

Generation of iChon cells

Retroviral transduction was performed as described (17).
Briefly, after nucleofection of the mouse slc7al gene (Takahashi
et al., 2007), human fibroblasts were infected with retroviruses
encoding c-MYC, KLF4 and SOX9 using Plat-E cells and the
pMX system (Day 0). The next day, the infected fibroblasts
(1 x 10° cells) were re-seeded into 100 mm dishes (Day 1),
unless otherwise specified. In the case of iChon cell colony ex-
pansion, the infected fibroblasts (2 x 10* cells) were re-seeded
into 100 mm dishes, and iChon cell colonies were picked up
using 200 pl pipettes under a microscope, and were then
re-seeded into the wells of a 24-well plate. The iChon cells
were generated and maintained in DMEM supplemented with
10% FBS, unless otherwise specified. In the experiments
shown in Figure 3, 50 pg/ml of ascorbic acid (Nacalai) or
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vehicle (water) was added to the medium from Day 6 to Day 17,
and cells were subjected to an analysis on Day 17.

Alcian blue and toluidine blue staining

Cells were fixed in 100% methanol (Nacalai Tesque, Japan) for
2 min at —20°C, stained with pH 2.5 Alcian blue (Merck) or pH
4.1 toluidine blue (Wako) for 2 hat 25°C, and washed three times
with distilled water. The Alcian blue- or toluidine blue-positive
colony numbers were counted using the NIS Element software
program (Nikon). We defined a colony as a cell cluster that
was more than 0.5 mm in diameter.

Immunofluorescence

iChon cells were cultured on slides, fixed in 4% paraformal-
dehyde for 15 min at 25°C, washed three times with PBS and
blocked for 18 h in PBS containing 0.3% BSA (Sigma) and
0.1% Triton X-100 (Nacalai) at 4°C. Primary antibodies
against COL2A1 (Collagen II Ab-2, Thermo scientific),
SSEA4 (ab16287, abcam) and TRA-1-60 (ab16288, abcam) in
PBS containing 0.3% BSA and 0.1% Triton X-100 were
applied for 1 h at 25°C. After washing the samples three times
with PBS, secondary antibodies were applied for 1 h at 25°C.

RT-PCR and real-time RT-PCR analyses

The total RNA was extracted using RNeasy Mini Kits (Qiagen)
or TRIzol (Invitrogen). The total RNAs prepared from the redif-
ferentiated human primary fetal chondrocytes (HFC) were pur-
chased from Cell Applications, Inc. (402RD-R10f). RT-PCR
and real-time quantitative RT—-PCR were performed as
described previously (16). Briefly, 100 ng of total RNA was
used to synthesize the first-strand cDNA (20 wl scale) that was
used as atemplate (2 plafter 1:5 dilution) for RT—PCR and real-
time RT—PCR. Real-time RT—PCR was performed in 384-well
plates using the Step-One-Plus real-time PCR system (Applied
Biosystem). Normalized expression levels were calculated
using the comparative CT method, with the GAPDH mRNA ex-
pression level used as internal control. The primers used for real-
time RT—PCR are listed in Supplementary Material, Table S3.
Real-time RT—PCR was carried out with ‘n’ samples (each
sample consisted of 10—20 iChon colonies) in Figures 1-4
and Supplementary Material, Figures S1, S2 and S4, or with
one iPS clone tested in triplicate in Figures 5, 6 and Supplemen-
tary Material, Figures S5 and S7.

The primers used for the RT—PCR amplification of COL2A41
cDNA fragments from ACGII-1 iChon cells (the experiment
shown in Supplementary Material, Fig. S1B) are: forward,
GAGAAGGGAGAAGTTGGACCTC and reverse, AGCCTC
TCCTTTGTCACCTCTG. The primers used for the RT—PCR
amplification of XBP1 cDNA fragments from iChon cells (the
experiments shown in Figs 2D and 3C) were: forward, AATG
AAGTGAGGCCAGTGGCC and reverse, AATACCGCCAG
AATCCATGGG.

TUNEL assay

iChon cell colonies were fixed in freshly prepared 4% parafor-
maldehyde for 1 h at 25°C. An in situ cell death detection kit
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(TMR red; Roche) was used according to the manufacturer’s
instructions. The ratio of TUNEL positive cells to the total cells
in one iChon colony was calculated in this study. The numbers
of colonies examined are indicated in the figure legends.

Antibodies and inhibitors

The primary antibodies against COL2A1 (Santa Cruz), phospho-
elF2a (Cell Signaling), ATF6 (abcam), GAPDH (Santa Cruz),
and b-Actin (Cell Signaling) were applied for the western blot
analyses using total cell extracts and supernatants prepared
from iChon cell cultures. Alkaline phosphatase-conjugated sec-
ondary antibodies were purchased from Invitrogen. MG132
(Abcam) and bafilomycin Al (Abcam) were used as the prote-
asome and lysosome inhibitors, respectively, as described in a
previousreport(27). We treated iChon cells with final concentra-
tion of 4 um MG132 or 200 nm bafilomycin A1 for 18 h.

Western blot

Samples were subjected to electrophoresis in 3—8% Tris—
Acetate gels (Invitrogen) in the absence of dithiothreitol and
2-mercaptethanol (under non-reducing condition) to detect
type II collagen, and in gradient 4—12% Bis—Tris gels (Invitro-
gen) in the presence of 200 mm dithiothreitol after boiling for
5 min at 95°C to detect phospho-elF2a and ATF6. The separated
proteins were transferred to nitrocellulose membranes and incu-
bated for 1 h at 25°C in 5% skim milk. The indicated primary
antibodies (COL2A1 at a dilution of 1:200, phospho-elF2a at
1:1000, ATF6 at 1:500, and GAPDH and B-Actin at 1:2000)
were applied for 18 h at 4°C. After washing the samples three
times with PBS, alkaline phosphatase-conjugated secondary
antibodies (1:2000) were applied for 1 h at 25°C. After washing
the membranes, the proteins were detected by the 4-nitro-blue-
tetrazolium-chloride and 5-bromo-4-chloro-3-indolyl-phosphate
reactions.

Preparation of TMAO

The stock TMAO (Tokyo chemical industry, Japan) solution was
prepared by dissolving TMAO in distilled water at a concentra-
tion of 5 M. Aliquots of stock TMAO/water solutions were
added to the culture medium. As a control, an equal amount of
water was added to the medium. A total of 50 wg/ml ascorbic
acid was added in addition to the medium in the experiment of
Supplementary Material, Figure S4D.

Preparation of chondrogenic supplements

Chondrogenic supplementation was performed using 50 ng/ml
BMP2 and 10 ng/ml TGFB1 as a working concentration. Stock
solutions of the chondrogenic supplements were prepared at
x 1000 concentration in PBS containing 0.1% BSA, and were
added to the culture medium. As a control, an equal volume of
PBS containing 0.1% BSA was added to the medium.

Generation of human iPS cells and teratomas

Episomal plasmid vectors (Mixture Y4: OCT3/4, SOX2, KLF4,
L-MYC, LIN28, and p53 shRNA) were electroporated into
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human fibroblasts (28) with the Neon transfection system (Invi-
trogen). A week after transduction, 1 x 10 cells were re-seeded
into 100 mm dishes with feeders. The cells were subsequently
cultured in hiPS medium. To form teratomas, we injected 1 x
10° hiPS cells into the testicular capsules of BALB/c Alcl-nu/
nu male mice. Then, 6—8 weeks later, tumors were cut into
5 mm pieces and fixed in 10% formalin. The tissue was embed-
ded in paraffin and stained with hematoxylin and eosin.

In vitro chondrogenic differentiation of human iPS cells

Chondrogenic differentiation was performed following a previ-
ous report (23), with some modifications. To remove feeder
cells, iPS cells were seeded and cultured in ReproFF2 (Repro-
CELL) medium on matrigel-coated dishes for two or three pas-
sages. After removing feeders (Day 0), the iPS cells were
cultured in RPMI 1640 (Days 1-3) or DMEM (Days 4—14) sup-
plemented with 1% FBS and human recombinant proteins
(25 ng/ml WNT3A (R&D), 25 ng/ml Activin-A (R&D), 20 ng/
ml FGF2 (R&D), 10 ng/ml TGFB1 (Peprotech), 40 ng/ml
BMP2 (Astellas, Japan) and 100 ng/ml GDF5 (PTT) (Supple-
mentary Material, Fig. SSA). Differentiated cells were scraped
on Day 14, and 5 x 10° cells were centrifuged at 500 g for
10 min in a 15 ml tube. Pellets were cultured in DMEM with
10% FBS, 50 wg/ml ascorbic acid, 10 ng/ml TGFB1, 107" m
dexamethasone, 100 pg/ml sodium pyruvate and ITS (10 pg/
ml insulin, 5.5 pg/ml transferrin and 6.7 ng/ml sodium selenite)
for 4 weeks (Days 14—42).

Immunohistochemical staining

Teratoma formation was induced using six control iPS and six
ACGIIiPS cell lines. Semi-serial histological sections generated
from formalin-fixed teratomas were immunostained with the
primary and secondary antibodies. For a positive control, sec-
tions obtained from the joint capsule of a knee from a rat were
used to test the anti-type Il antibodies (SBA-1320-01, BIOZOL).

Electron microscopy

Teratomas or iChon cells were fixed with 4% paraformaldehyde
and 2% glutaraldehyde. Post-fixation was performed with 2%
osmium tetroxide. In the case of the teratoma analysis, cartilage
tissues were found according to the morphology of cells and
toluidine blue staining. After dehydration, embedding and poly-
merization, ultrathin sections were stained with 2% uranyl
acetate. They were observed with a HITACHI 7650 electron
microscope at an acceleration voltage of 80 kV.

Statistical analysis

The data are shown as averages and standard deviations. In this
study, we used two-tailed Student’s #-tests or one-way ANOVA
(analysis of variance) with a Tukey—Kramer post-hoc test for
multiple comparisons. P-values <0.05 were considered to be
statistically significant.

All experiments were approved by the institutional review
board of Kyoto University and the institutional biosafety com-
mittee of Kyoto University.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Abstract Caffey disease, also known as infantile cortical
hyperostosis, is a rare bone disease characterized by acute
inflammation with swelling of soft tissues and hyperostosis
of the outer cortical surface in early infancy. The common
heterozygous mutation of the COLIA1 gene, p.Argl014Cys,
has been reported in patients with Caffey disease. However, its
pathogenesis remains to be elucidated, and the reason for the
incomplete penetrance and transient course of the disease is
still unclear. In the present study, we performed mutation
analysis of the COLIAI and COLIA2 genes and measured
bone mineral density in two Japanese familial cases of Caffey
disease. The index case and two clinically healthy members of
one family carry the common heterozygous mutation; in con-
trast, no mutation in COL1A1 or COL1A42 was identified in the
affected members of the second family. In addition, we found
normal bone mineral density in adult patients of both families
who have had an episode of cortical hyperostosis regardless of
the presence or absence of the common p.Arg1014Cys muta-
tion. Conclusion: The results reveal that Caffey disease is
genetically heterogeneous and that affected and unaffected
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Introduction

Caffey disease (OMIM 114000), also known as infantile
cortical hyperostosis, is a rare bone disease characterized by
acute inflammation with swelling of soft tissues and hyperos-
toses of the outer cortical surface in early infancy [7, 11, 13].
Radiographs of long bones, mandible, clavicles, ribs, and
scapulae indicate massive periosteal bone formation and con-
sequently increased cortical thickness. In a separate clinical
situation, cortical hyperostosis is sometimes observed after
long-term administration of prostaglandin E for ductus-
dependent cyanotic congenital heart disease, suggesting in-
flammatory events in Caffey disease [8, 15, 22]. Magnetic
resonance imaging (MRI) of bone can also detect characteris-
tic diaphyseal thickening and inflammatory signals in adjacent
muscle, connective tissue, and in the bone marrow of patients
with Caffey disease [14, 17, 18]; hence, the disease seems not
to be confined to bone. Caffey disease resolves spontaneously,
but sometimes recurs in childhood. Non-steroidal anti-
inflammatory drugs (NSAIDs) or corticosteroids are some-
times used to improve inflammation and pain [4, 21].
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The common heterozygous mutation of the COL1A1 gene,
p-Argl014Cys (counted from the initiator methionine or
p.Arg836Cys with respect to the first glycine of the triple
helical domain of the alpha 1 chain of type I collagen
[ecI(D)]), has been reported in patients with Caffey disease in
Canada, Australia [10], Thailand [20], Korea [3], India [16],
and Italy [2]. This heterozygous mutation is also found in
patients with severe prenatal cortical hyperostosis [12]. On
the other hand, parents who had no features of Caffey disease
were reported to carry the mutation [3]. The reason for the
incomplete penetrance of the disease has not been elucidated
[19], and how the mutated collagen leads to hyperostotic bone
lesion is still unknown [10, 11]. In addition, the mutation is not
identified in some cases of Caffey disease. Thus, analysis of
familial cases of Caffey disease may contribute to the under-
standing of the pathogenesis of the disease and bone
biology.

It is well known that COL1A4 1 mutations are responsible for
osteogenesis imperfecta, a disorder characterized by bone
fragility, ligamentous laxity, blue sclerae, dentinogenesis
imperfecta, and low bone mineral density [5]. In contrast,
the patients with the COLI1A1 p.Argl014Cys mutation in
Caffey disease have cortical bone thickening, but no bone
fragility. However, fractures possibly due to bone fragility
were reported in two members of a Thai family with Caffey
disease [20]. These two patients harbor the common mutation,
but the correlation between the p.Arg1014Cys mutation, bone
mineral density, and fractures has not been evaluated in this
family [20].

Here, we report two Japanese familial cases of Caffey
disease, one of which has the common mutation whereas the
other has no mutation in the COL1A41 or COLIA2 genes. In
addition, we examined bone mineral density in these
patients.

Patients and methods
Patients
Family A (COL1A1 mutation positive)

The proband (II-1), a 6-month-old female infant, was referred
for evaluation of swelling and deformity in both legs and
forearms noted since the age of 3 months. The antenatal,
perinatal, and neonatal periods had been uneventful, and all
developmental milestones had been attained normally. Her
parents stated that they had no history of leg swelling during
infancy or childhood. Radiographs of the bones revealed
cortical bone thickening of both femora, tibiae, radii, ulnae,
and swelling of the surrounding soft tissues (Table 1, Fig. 1).
The diagnosis of Caffey disease was made on the basis of
symptoms, signs, and radiographic findings; periodic
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examination was continued without medication. The swelling
resolved spontaneously at the age of 1 year and 6 months.
Serial radiographs revealed periosteal thickening and widen-
ing of the long bones over 3 years (Fig. 1). She developed
recurrence at the age of 11 years, which resolved again spon-
taneously. She is now 12 years old with no medical problems
except for mild deformity of her legs. She has had no features
of osteogenesis imperfecta such as bone fracture, ligamentous
and joint laxity, blue sclerae, deafness, and dentinogenesis
imperfecta. The growth parameters were appropriate for her
age; height 148 cm (—0.3 SD) and body weight 39.2 kg (0.4
SD). Her brother (II-3) had a normal antenatal and perinatal
history. Right lower leg swelling and deformity and left thigh
swelling manifested at the age of 11 months. Radiographs
demonstrated deformity and subperiosteal resorption of the
right tibia and left femur, thus confirming cortical hyperostosis
(Fig. 1). At the age of 2 years and 2 months, the right lower leg
and left thigh remained swollen. In contrast, the mother (I-2)
had no abnormal radiographic findings of the lower legs at the
age of 36 years. According to her memory, she had no symp-
toms and signs of cortical hyperostosis during infancy or
childhood. She could not recall any clinical history suggesting
either joint laxity or skin hyperelasticity.

Family B (COLIAI mutation negative)

The proband (I1I-1) had swelling of the left thigh and the right
lower leg and irritability since the age of 1 month. Radio-
graphs of the bones at the age of 2 months (Fig. 2) revealed
cortical bone thickness of the right tibia and swelling of the
surrounding soft tissues. MRI showed large lesions with in-
creased T2-weighted signal intensity in the surrounding soft
tissue and the bone marrow of the lower legs. She had diffi-
culty walking due to the length difference of her legs and was
referred to our hospital at the age of 2 years and 8§ months.
Physical examination revealed tender, diffuse, immobile
swellings over the anterior aspects of both legs, which were
hard in consistency. The neighboring knee and ankle joints
appeared to be normal. There were no swellings over the jaw,
clavicles, ribs, or elsewhere in the body (Table 1). She has had
no evidence of joint laxity or skin hyperextensibility. Devel-
opmental milestones were not delayed. The patient is now
11 years old, her height and weight are within the normal
range but the leg deformity persists, and her leg length dis-
crepancy is 1.2 cm. The mother (I1I-2) had a history of bone
swelling in childhood. Her brother (I1I-2) was born unevent-
fully at 39 weeks of gestation and had left lower leg swelling
and deformity at the age of 3 months (Fig. 2). The maternal
granduncle (I-1) had a history of swelling of legs, although no
medical history or radiographs were available. The parents
were not consanguineous and did not come from the
same community.
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Table 1 Radiological features in individuals evaluated for the COL1A41 p.Arg1014Cys mutation

Family no. Pedigree no. p.Argl014Cys Sex Onset Hyperostosis
Femur Tibia Fibula Humerus Radius Ulna Clavicle Mandible Ribs
A? 1I-1 + F 3 months R/L R R - R R - - -
-2 + F - - - - - - - - - -
1I-3 + M 2 years L R - - - - - - -
I-2 + F - - - - - - - - - -
B? IM1-1 - F 1 month + + + - - - - - -
111-2 - M months + + + - - - - - -
1-3 - F - - - - - - -
11-2 - F 3 years + + + - - - - - -
Australia [4, 9] 1I-1 + F 3 weeks + RL + + + + + + -
112 + F 2 weeks  + + + + R/L RL + + -
Thai [19] I-3 + M/ RL - - R/L - - - +
-2 + M  Omonth - RL / - R/L / - -
-7 + M/ - - - - - - - - +
II-11 + F S - R / - - - - - -
I1-15 + F 11 days - RL - - - - - -
1I-3 - F / - - - - + / - -
Korea A [3] -1 + M 2 months R RL - - R/L R - + -
Korea B [3] -1 + M 9 months — RL - - - - - + -
112 + F 4 months R RL - - R/L RL - + -
Korea C [3] 1I-1 + F 1 month — - L - R/L - - + -
Korea D [3] 1I-1 + F 2 months — RL - - R - - + -
I-1 - M - - - - - - - - -
1-2 + F - - - - - - - - -
Korea E [3] 11-2 + M  Omonth — RL - - - - - -
I-1 + M - - - - - - - - - -
-2 - F - - - - - - - -
France [11] Pt + M 0 day + + + + - - - + +
India [15] Pt + M 3 months R/L RL - - - - - - -
Italy [2] VI-1 + F 14 days  + + - + + - / /
VII-2 + M 2 months - + + - + + - / /
V-2 + M  15days - + + - - - - / /
Vi-4 + F 2 months — + + + + + - / /
VII-3 + M 10 days - + + - + + - / /
V-5 + M 20 days + + + + + + / /
IV-11 + M/ / / / / / / / / /
VI-11 + M - - - - - - - - - -
V-3 + M/ / / / / / / / / /

Ffemale, M male, /no data available, Rright, L left, + presence of the common mutation or clinical signs, — absence of the common mutation or clinical

signs, S soon after birth

 Families presented on this paper

Mutational analysis of COLIAI and COL2A2

The mutation analysis was approved by the ethics committees
of Osaka University Graduate School of Medicine and Keio
University School of Medicine, and informed consent was
obtained from the proband and family members for the

analysis of the COLIAI and COL2A42 genes. Genomic DNA
was extracted from peripheral blood by using the QuickGene-
810 and QuickGene DNA whole blood kit (FUJIFILM Cor-
poration, Tokyo, Japan) according to the manufacturer's in-
structions. We analyzed the previously reported mutation in
COLIAI by digestion of the purified polymerase chain
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Family A Patient 11-1

I-1 -2

i

Fig. 1 Left upper panel shows the pedigree of family A (COLIAI
mutation positive). Black symbol, affected individual; white symbols, no
symptoms according to history; gray symbols, mutation-positive, but
healthy family members; asterisk, mutation-positive individual. The
arrow indicates proband of family A. Right upper panel (11-1 at the age

reaction (PCR) product with HypCHA4IV [10]. In family B, we
analyzed all coding exons and flanking introns of COLIAI
and COL1A42 by PCR and direct sequencing.

Dual-energy X-ray absorptiometry analysis
The bone mineral density (BMD) Z score or T score of the
lumbar spine for L, 4 was determined by dual-energy X-ray

absorptiometry (DXA; Discovery A, Hologic).

Family B

-1 -2 -3

Fig. 2 Left upper panel shows the pedigree of family B (mutation
negative). Black symbol, affected individual; white symbols, no symptoms
according to history. The arrow indicates the proband of family B. Right
panel: a(Ill-1 at the age of 3 years) bone deformity of both femora and the
right tibia, b (III-1 at the age of 2 months) cortical bone thickness of the
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Patient I11-1

(3 months)

11 years

of 3 months): cortical bone thickness of the right radius, right ulna, both
femora, and the right tibia. Right lower panel (11-1 at the age of 11 years):
mild deformity of the legs. Lefi lower panel (11-3 at the age of 11 months):
mild deformity of both tibiae

Results
Mutation

The proband of family A had the common heterozygous
p-Arg1014Cys mutation in COLIA1, as did her affected youn-
ger brother. In addition, her mother and younger sister also
carry the same mutation, but they have had no history of soft
tissue swelling and bone deformity. They also have no

B (2 months)

iC (2 months)

right tibia and swelling of the surrounding soft tissues, and ¢ (I1I-1 at the
age of 2 months) MRIs (fat-saturated T2-weighted images) revealing
large lesions in the surrounding soft tissues and bone marrow with
increased signal intensity on lower legs. Left lower panel (11I-2 at the
age of 3 months): cortical bone thickness of left lower leg
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evidence of either joint laxity or soft skin. Her healthy father
could not be examined.

The three patients in family B had no detectable mutation
in either COLIAI or COL2A2. Exome sequencing was not
feasible in this family.

BMD

The proband of family A showed a BMD of 0.852 g/cm? of
L2-L4 (Zscore +0.3) at the age of 12 years. Her mother, who
has regular menstrual cycles, had a L2-1.4 and total hip BMD
of 1.096 g/em? (T'score +0.8) and 0.990 g/cm? (T'score +1.2),
respectively, at the age of 36 years.

The mother (II-2) of family B, who also has regular men-
strual cycles, had L2-L4 BMD of 1.138 g/cm? (T'score +1.1)
at the age of 40 years.

Discussion

We found the common COL/A41 mutation, p.Argl014Cys, in
the proband of family A (II-1) and the younger brother (I1I-3)
who both presented with clinical and radiographic findings
consistent with Caffey disease, whereas the same mutation
was detected in her mother (I-2) who was asymptomatic and
with normal radiological findings. Furthermore, her sister (II-
2) who had no signs or symptoms suggesting this disease had
also the same mutation. This family indicates rather low
penetrance of Caffey disease as has been reported previously
[3, 9, 10]. Gensure et al. reported that only 79 % of the family
members with this mutation had signs or symptoms of Caffey
disease [10]. Although the precise mechanism has yet to be
elucidated, it is likely that an additional genetic or environ-
mental condition is required for the manifestation of the
disease. Likewise, the factor(s) contributing to the recurrence
of the disease is unknown [1]. However, it is most likely that
the p.Arg1014Cys substitution in COL1A1 is linked to Caftey
disease because several familial cases have been reported to
have this mutation (Table 1). In the “osteogenesis imperfecta
& Ehlers-Danlos syndrome variant databases” [6], this muta-
tion was not found in patients with osteogenesis imperfecta or
healthy subjects.

No mutations in COLIAI or COL1A2 were identified in the
patients of family B. However, bone lesions consistent with the
diagnosis of familial Caffey disease were found in the femora,
tibiae, and fibulae of the affected individuals in family B
(Table 1). Thus, there can be considerable overlap between
familial cases with and without the COL 14 [ mutation (Table 1).
Since we could not identify a novel mutation in COLIAI or
COL1A42, it appears likely that another heterozygous mutation
in an as-of-yet unknown gene is responsible for the affected
members of family B and possibly other cases of Caffey
disease, too, either infantile or prenatal forms. This is strong

evidence that similar phenotypic findings can be caused by
different mutations. Exome analysis may be necessary to iden-
tify the responsible gene, although relatively low penetrance
and few family members may prevent identification.

Increased T2-weighted images in patient II-1 of family B
reflected increased water content consistent with edema sur-
rounding the hyperostotic cortical bone and bone marrow [17,
18]. Although the pathogenesis of Caffey disease remains
unclear, this edema suggested inflammatory events in the soft
connective tissues surrounding the affected bone and bone
marrow [11]. Inflammatory cytokines including prostaglandin
E may stimulate periosteal reaction, although we did not
examine inflammatory cytokines in our patients.

Bone mineral density of patients with Caffey disease has
been reported in only one patient [20]; however, the relation
between bone mineral density and the p.Argl014Cys muta-
tion has not been investigated. The patients in family A, the
girls and their asymptomatic mother, had normal bone mineral
density. In addition, the mother of family B who was symp-
tomatic during childhood and does not carry the common
mutation also had normal bone mineral density. These results
suggest that Caffey disease, regardless of the p.Argl014Cys
mutation, is not associated with alterations in bone strength.

In conclusion, we obtained further evidence for genetic
heterogeneity of Caffey disease and demonstrated normal
bone mineral density in adult patients with this disease.
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