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Abstract

Background. As invasive medical procedures can induce per-
manent heterotopic ossification in fibrodysplasia ossificans
progressiva (FOP), caution should be exercised in clinical
practice. The present study was conducted to examine the
characteristics of the great toe deformity in patients with FOP,
which may lead to an early diagnosis of this condition.
Methods. The subjects consisted of 31 feet from 16 FOP
patients (8 males, 8 females) with an average age of 17.3 years
(range 1-47 years) at the time of this study. Gross and radio-
graphic findings, including the hallux valgus angles (HVA),
intermetatarsal angles (IMA), and the deformity of the proxi-
mal phalanx and metatarsal bone, were examined.

Results. Of the 31 feet, 29 (93.5%) showed several degrees of
great toe deformity. A shortened great toe was the typical gross
finding and was observed in 20 feet (64.5%). The mean HVA
and IMA were 19.7° and 8.5°, respectively; and 22 (71.0%) feet
satisfied the radiographic definition of hallux valgus (HVA 2
20° or IMA 2> 10°). The proximal phalanx was consistently
shortened but morphologically dissimilar from case to case.The
metatarsal bone was also shortened and sharpened to the
medial side, deviating the proximal phalanx laterally from the
metatarsal axis. Fusion between the distal and proximal phalanx
occurred with advancing age. Only two feet in one patient
showed no obvious deformity of the great toe.

Conclusions. A shortened great toe and hallux valgus were
frequently found in patients with FOP. Shortening and sharp-
ening of the proximal phalanx and metatarsal bone consis-
tently existed and contributed to the great toe deformity.
These findings were thought to exist from birth and may be a
key to an early diagnosis.

Introduction

Fibrodysplasia ossificans progressiva (FOP) is a rare
disease, affecting one in every two million people.””
Starting in childhood, it involves progressive ossifica-
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tion of skeletal muscles, tendons, and ligaments through-
out the body, leading to decreased range of joint motion
and deformity in the limbs and trunk.>® In the terminal
phase, respiratory function is impaired due to limited
movement of the thorax, and trismus is caused by a
limited range of motion in the temporomandibular
joint” The overall prognosis for this disease is con-
sidered poor. Although this condition is inherited in
an autosomal dominant fashion, sporadic cases are
common. In 2006, mutated genes of the activin A recep-
tor (ACVRI), a bone morphogenetic protein type I
receptor, were reported to be responsible for this
disease.® The identical mutation of the ACVRI gene
was also confirmed in Japanese patients with FOP™"’

“Flare-ups” develop in patients with FOP that involve
swelling accompanied by warmth and pain. They usually
occur during childhood and are found mainly in the
spine, frequently a result of minor trauma such as a
fall."! These flare-ups persist for 2-3 months. Although
the swelling itself diminishes, the injured sites may show
development of heterotopic ossification within several
months. This ossification then spreads throughout the
body as flare-ups occur repeatedly, resulting in gradu-
ally decreasing range of joint motion. Because some
medical procedures can induce ossification, caution
should be exercised in clinical practice. These proce-
dures include resection of heterotopic ossification,
biopsy, and intramuscular injection.”” Kitterman et al.
reported that unnecessary biopsies were conducted in
67% of patients, and heterotopic ossification lesions
were resected in 26%. In 49% of patients, flare-ups
induced by these invasive medical procedures led to
permanent loss of motion."

An early diagnosis is essential to avoid symptom pro-
gression through unnecessary medical procedures and
to allow the earliest possible initiation of treatment.”"
The definitive diagnosis is currently made by identifying
mutations of the ACVRI gene, but it also requires clini-
cal findings suggestive of FOP. Congenital malformation
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of the great toe is reported to be a typical finding in FOP
and plays an important role in making an early diagno-
sis, considering that flare-ups are initiated during
childhood.” " This particular deformity was present in
95% of FOP cases studied by Kitterman et al. using a
patient survey,” an incidence that was reportedly close
to 100% in other publications.”>" After radiographi-
cally examining 15 patients with FOP, Harrison et al.
noted a higher incidence of hallux valgus than is seen in
healthy individuals."” As far as we know, there were no
detailed reports on deformities of the great toe among
Asian patients with FOP, and few reports fully describe
the condition of the phalanges and metatarsal bones
that constitute this deformity. The present study was
conducted to examine the deformity of the great toe in
patients with FOP both grossly and radiographically to
clarify its incidence and to gather specific details regard-
ing the affected bones.

Materials and methods

Subjects

The present study protocol was approved by our insti-
tutional review board. The subjects included 16 patients
(32 feet) who were diagnosed with FOP at health care
facilities where members of the Research Committee
on Fibrodysplasia Ossificans Progressiva practiced. The
details of the subjects are shown in Table 1. All the
subjects were Japanese. There were eight males and
eight females, with an average age of 17.3 years (range

Table 1. Patient demographics and morphology data
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1-47 years) at the time of this study. Patient 9 had had
a corrective osteotomy of the left great toe when he was
7 years old. His left great toe was totally ankylosed from
the metatarsal bone to the distal phalanx due to the
surgical procedure, and his left toe therefore was
excluded from this study. The remaining 31 feet in 16
subjects were included.

Gross findings of the great toe deformity

A shortened great toe and hallux valgus were the two
major deformities evaluated (Figs. 1, 2). The tip of the
great toe located proximal to the distal interphalangeal
joint of the second toe was used as an indication of a
shortened great toe in this study. Although the hallux
valgus was defined by the radiographic measurement
described below, gross findings were also described. In
addition, the loss of the great toe itself or other toe was
recorded.

Radiographic findings of the great toe

The hallux valgus angle (HVA) and the angle between
the first and second metatarsal bones (IMA) were mea-
sured as indices of hallux valgus (Fig. 1). Hallux valgus
was defined as present if the HVA was 220° and/or the
IMA was 210°." Because the deformity of the proximal
phalanx and metatarsal bone varied among the feet, its
shape and length were described. The presence or
absence of fusion with the phalanges was also recorded
and examined in relation to the patient’s age.

Case Age Sex Shortened great toe HVA IMA Fusion of proximal Tapered distal
(vears) (right/left) ) ) and distal phalanx metatarsal bone
(right/left) (right/left) (right/left) (right/left)
1 1 M ++ 45/32 18/13 —/— ND/ND
2 4 F —/- 10/8 3/10 /- +H+
3 5 M ++ 45/30 712 —/— ++
4 5 M ++ 11/30 10/15 —f— ++
S 5 M +/+ 6/5 1/7 /- ++
6 9 F —/- 19/12 7/5 —/— —/—
7 11 M +/— 28/10 13/12 —/— ++
8 12 F /= 22/20 10/9 —/- ++
9 17 M +/ND 25/ND 7/ND —/ND —/ND
10 17 F —f— 25/14 6/9 ++ +H+
11 22 M ++ 20/6 10/0 ++ ++
12 24 F /- 10113 8/7 ++ ++
13 27 F ++ 28/22 1172 ++ +4+
14 34 M +/+ 20/7 102 ++ +—
15 37 F ++ 30/25 10/10 ++ +—-
16 47 F ++ 20/15 10/10 +H+ +—

HVA, hallux valgus angle; IMA, intermetatarsal angle; ND, not determined
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a | | b C

Fig. 1. Foot of a 5-year-old boy shows typical findings of the distal end and deviates medially (black arrow). The proxi-
fibrodysplasia ossificans progressiva (FOP). Note the short- mal phalanx faces the lateral side of the distal metatarsal
ened great toe (a, arrow) and the short and triangular proxi- bone. ¢ Hallux valgus angle (HVA) and the angle between the

mal phalanx (b, white arrow). The metatarsal bone tapers at  first and second metatarsal bones (IMA)

Fig. 2. a Note the shortened
great toe with severe hallux
valgus (arrow) in a 1-year-old
boy. b The HVA and IMA
are 45° and 18°, respectively.
This case suggests the inher-
ent deformity of the great toe
in patients with FOP

Statistics those >15 years old (cases 9-16). The impact of age on

the above-mentioned deformity of the great toe was
Patients were divided into two groups by the age at  examined by comparing these two groups using Fisher’s
skeletal maturity (15 years old). Group 1 included indi-  exact test and the Mann-Whitney U-test. Significance
viduals <15 years old (cases 1-8); and group 2 included ~ was determined if P < 0.05.
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Table 2. Comparison of the morphological data in groups 1 and 2

Parameter Group 1: age <15 years Group 2: age >15 years P
(16 feet) (15 feet)

Shortened great toe 56.3% 73.3% 0.4578

HVA® 20.8° £ 13.1° 18.7° £ 7.5° 0.8740

IMA*® 9.5° +4.4° 7.5°£3.5° 0.1923

Fusion of proximal and distal phalanx 0 93.3% <0.0001

Tapered distal metatarsal bone 75.0% 73.3% 0.6513

“Results are the mean + SD

a

Fig. 3. Variations of the great toe deformity found in
patients with FOP. a Triangular proximal phalanx and hallux
valgus (arrow) in a 17-year-old boy. b Trapezoidal proximal
phalanx and sharpened metatarsal bone without shortening

Results

Gross deformity of the great toe

A shortened great toe was observed in 22 of 33 feet
(66.7%) (Table 1; Figs. 1, 2). Hallux valgus was observed
along with the shortened great toes in most cases; five
feet showed only great toe shortening. We did not
detect loss of the great toe itself or of its nail in any of
cases examined in this study, nor was there a loss of
other toes.

Radiographic findings

The mean HVA was 19.7° (range 5°-45°). The mean
IMA was 8.5° (range 2°-18°). Of the 31 feet, 22 (71.0%)
exhibited hallux valgus with HVA > 20° or IMA > 10°.
There were no significant differences in the HVA (20.8°
vs. 18.7°) or the IMA (9.5° vs. 7.5°) between groups 1
and 2 (P > 0.05) (Table 2).

or hallux valgus in a 4-year-old girl. ¢ Fusion of the proximal
and distal phalanx and a shortened great toe (arrow) in a
27-year-old woman

Deformity of the proximal phalanx was not uniform,
with shapes that ranged from triangular to trapezoidal
(Fig. 3). They were often short and small and were
located lateral to the axis of the metatarsal bone. The
first metatarsal bone was tapered at the distal end and
shorter in length in 74.2% of the feet. The axis of the
metatarsal bone was deviated medially, and the proxi-
mal phalanx faced the lateral side of the distal metatar-
sal bone, leading to the shortened great toe and hallux
valgus deformity.

Fusion of the proximal and distal phalanx was
observed in 14 feet (45.2%). Fusion was observed more
frequently among older patients, occurring in 93.3% of
feet in group 2. In contrast, no fusion was observed in
the younger group (P < 0.0001) (Table 2).

In all, 29 feet (93.5%) in 15 patients showed several
degrees of the deformities described above. Only two
feet in one case (9-year-old girl) did not show any defor-
mities at the time of this study (Fig. 4), although she
showed the typical findings of FOP on her back and
other joints (data not shown).
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Discussion

In the present study, deformity of the great toe was
grossly and radiographically examined in 16 Japanese
patients with diagnosed FOP. In all 29 feet (93.5%) of
16 patients showed several degrees of great toe defor-
mity. A shortened great toe was the typical gross finding
and was observed in 64.5%; and 22 feet (71.0%) satis-
fied the radiographic definition of hallux valgus. The
proximal phalanx was consistently shortened; and the
metatarsal bone was sharpened to the medial side, devi-
ating the proximal phalanx laterally. Fusion between
the distal and proximal phalanx occurred with advanc-
ing age.

Because deformity of the great toe is known to be
present at birth, it is important to diagnose FOP early.
Kaplan et al. suggested that it is the most useful finding
compared to other findings for an early diagnosis of
FOP." Kitterman et al. and other authors reported that
deformity of the great toe was present in almost 100%
of patients with FOP."*" In the present study, deformi-
ties of the great toe, such as shortened length or valgus
angulation, were present in 93% of cases. The presence
of the deformity in a 1-year-old boy suggested the inher-
ent condition of this deformity, and our results showed
its high diagnostic value.

Deformity of the great toe comprises a deformity of
the proximal phalanx and the metatarsal bone, as previ-

Y. Nakashima et al.: Deformity of the great toe in FOP

Fig. 4. a, b A 9-year-old girl
without the typical great toe
deformity. Her foot does not
show shortening or hallux
valgus deformity

ously reported”; even so, there was a wide variation in
the deformity of these bones found in the present study.
The proximal phalanx was morphologically dissimilar
from case to case; however, they were consistently
shortened and were often located lateral to the axis of
the metatarsal bones at its distal end. The metatarsal
bone was also shortened and sharpened to the medial
side, deviating the proximal phalanx laterally from the
metatarsal axis. These deformities further exacerbated
the shortening and valgus of the whole great toe.

According to Connor and Evans,® some deformities
of the great toe often change with age. In fact, in our
study, there was significant fusion of the proximal and
distal phalanges in patients =15 years of age, whereas
such a change was not common in patients <15 years in
this study. Therefore, certain great toe deformities may
still develop over time in the 9-year-old girl who was
the only patient without apparent deformities in the
present study.

Skeletal malformation in the extremities was not
limited to the great toe but was also observed in thumbs
from the early periods. Connor and Evans showed short
thumbs due to short first metacarpals in 59% of patients
and fifth-finger clinodactyly in 44%.” Smith et al.
reported 13 patients with similar findings.” Among the
available radiographs of three patients in our group I
(younger group), all six thumbs were short without
obvious angular deformity (data not shown). The first
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metacarpal bones were short, and the distal and proxi-
mal phalanges had an almost normal shape, as previ-
ously reported. Three fifth fingers showed several
degrees of clinodactyly. As the deformity of the upper
extremity is more likely to being found, the short thumbs
coupled with the deformity of the great toe may con-
tribute the early diagnosis of FOP.

The genetic mutation associated with FOP usually
involves a change in the 206th amino acid of the ACVRI
gene, which is commonly R to H, although other muta-
tions have been reported. Furuya et al. reported a
patient with FOP whose 356th amino acid, G, was
replaced by D in the ACVRI gene. The great toe itself
was missing on both feet of this patient, as were the
thumbs.”” Thus, among mutations of the ACVRI gene,
phenotypes can differ depending on the site of muta-
tion. In the present study, the only patient (9-year-old
girl) without deformity of the great toe had the common
mutation of ACVRI (R206H). Further accumulation of
cases is necessary to clarify the relation between these
genetic mutations and phenotypes.

The primary limitation of the present study is that it
was conducted as a cross-sectional study. Because the
patients were not observed over time, the impact of age
could only be speculated. Our findings indicated that
the incidence of fusion of the proximal and distal pha-
langes increased with age. We therefore predict that
fusion would also become more common over time in
group 1. It is necessary to follow patients with serial
examinations.

Conclusion

Shortening and valgus deformities of the great toe were
present in most of the patients studied. The misshaped
great toe consisted of a deformity of the proximal
phalanx, its fusion with the distal phalanx, and defor-
mity of the metatarsal bone. Deformity of the great toe
is thought to be present at birth in patients with FOP
and therefore is an important finding for an early
diagnosis.
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Bone morphogenetic proteins (BMPs) induce osteoblastic differentiation in myogenic cells via the
phosphorylation of Smads. Two types of Smad phosphatases—small C-terminal domain phospha-
tase 1 (SCP1) and protein phosphatase magnesium-dependent 1A—have been shown to inhibit
BMP activity. Here, we report that SCP1 inhibits the osteoblastic differentiation induced by BMP-4, a
constitutively active BMP receptor, and a constitutively active form of Smad 1. The phosphatase activity
of SCP1 was required for this suppression, and the knockdown of SCP1 in myoblasts stimulated the
osteoblastic differentiation induced by BMP signaling. In contrast to protein phosphatase magnesium-
dependent 1A, SCP1 did not reduce the protein levels of Smad1 and failed to suppress expression of
the /d1, Id2, and Id3 genes. Runx2-induced osteoblastic differentiation was suppressed by SCP1 with-
out affecting the transcriptional activity or phosphorylation levels of Runx2. Taken together, these
findings suggest that SCP1 may inhibit the osteoblastic differentiation induced by the BMP-Smad axis
via Runx2 by suppressing downstream effector(s). (Molecular Endocrinology 25: 474-481, 2011)

one morphogenetic proteins (BMPs) were origi-
Bnally identified as factors inducing ectopic bone
formation when implanted into muscle tissues (1).
BMPs inhibit the myogenic maturation of myoblasts
and convert their differentiation pathway into that of
the osteoblast lineage (2). BMP signaling is transduced
by two different types of transmembrane serine/threo-
nine kinase receptors termed type I and II receptors (3,
4). The BMP-bound type II receptor phosphorylates the
type I receptor, and the activated BMP type I receptor
in turn phosphorylates downstream substrates such as
receptor-regulated Smads (R-Smads), including Smadi,
Smad$, and Smad8, in addition to MAPKs such as Erk,
Jok, and p38 (5).
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Smads play central roles among the downstream sig-
naling effectors of BMP receptors. R-Smads are phos-
phorylated by BMP receptors on two serine residues in
the Ser-X-Ser (SXS) motif at the C terminus (6-8).
Replacing these serine residues with aspartic acid resi-
dues in Smadl mimics the phosphorylated state in-
duced by the BMP receptors (9). Phosphorylated
R-Smads and the mutant Smadl form heteromeric
complexes with Smad4 and directly activate the tran-
scription of immediate early BMP-responsive genes, in-
cluding Id1, Id2, and Id3, within an hour (10-13).
Both Osterix (Osx) and Runx2 are master regulators of
osteoblast differentiation and are indirectly activated
by Smads within several hours (14, 15).

Abbreviations: ALP, Alkaline phosphatase; BMP, bone morphogenetic protein; FOP, fibro-
dysplasia ossificans progressiva; OC, osteocalcin; Osx, Osterix; PPM1A, protein phospha-
tase magnesium-dependent 1A; R-Smad, receptor-regulated Smad; SCP, small C-terminal
domain phosphatase; SXS, Ser-X-Ser.
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FIG. 1. SCP1 is expressed in murine skeletal muscle. A, Real-time PCR analysis of SCP1 in various murine tissues. M, skeletal muscle; B, bone; C,
cartilage; H, heart; Br, brain; L, liver; S, spleen; K, kidney. B, Immunohistochemistry-based detection of SCP1 in the murine biceps femoris muscle.
The cross- (top) and vertical (bottom) sections were stained with an anti-SCP1 antibody. Original magnification, X20. C, Endogenous SCP1 in
C2C12 myoblasts (top) and DAPI staining (bottom). Original magnification, X40.

By contrast, the phosphorylation of a linker region in
R-Smads by MAPKSs suppresses their translocation to the
nucleus and thus represses their transcriptional activity
(16). Smads phosphorylated at the MAPK sites selectively
bind to Smad ubiquitination regulatory factor 1, a mem-
ber of the E3 ubiquitin ligase family that targets proteins
for ubiquitination and proteasomal degradation (17).
The phosphorylation of this linker region by MAPKs or
GSK3p induces the degradation of Smad1 (18).

Two distinct types of phosphatases, small C-terminal
domain phosphatases (SCPs) and protein phosphatase
magnesium-dependent 1A (PPM1A), have been identified
as enzymes that stimulate the dephosphorylation of
Smads (19, 20). SCP1 was first identified as a phosphatase
of the C-terminal domain of an RNA polymerase II sub-
unit and has been shown to act as an evolutionarily con-
served transcriptional corepressor to inhibit neuronal
gene transcription in non-neuronal cells (21, 22).
Through SCP3, SCP1 suppresses BMP activity by dephos-
phorylating the C-terminal SXS motifs in Smads (19). In
addition, SCPs dephosphorylate the MAPK phosphoryla-
tion sites in the linker region of Smads (23). PPM1A sup-
presses TGF-B and BMP signaling by dephosphorylating
the SXS motifs in Smad2/3 and Smad1 (20, 24).

We recently reported that PPM1A suppresses BMP sig-
naling by inducing the degradation of R-Smads indepen-
dently of the dephosphorylation at the SXS motif and a
Smad ubiquitination regulatory factor 1-binding site in
Smad1 (25). In the present study, we examined the mo-
lecular mechanisms of the inhibitory effect of SCP1 on the
BMP-induced osteoblastic differentiation of myogenic
cells. Similar to PPM1A, SCP1 inhibited the osteoblastic
differentiation induced by BMP-4, a constitutively acti-
vated BMPR-IA, and a constitutively activated Smad1.
Furthermore, knockdown of endogenous SCP1 stimu-
lated BMP activity. The inhibitory activity of SCP1 was
dependent on phosphatase activity but independent of the

phosphorylation state of Smad1 at the linker region and
the SXS motif. In contrast to PPM1A, SCP1 did not re-
duce the protein levels of Smad1 and failed to suppress the
expression of the immediate early Smad-responsive genes.
Moreover, Runx2-induced expression of Osx, alkaline
phosphatase (ALP), and osteocalcin (OC) mRNAs was
suppressed by SCP1. Taken together, these data suggest
that SCP1 may target downstream effector(s) in addition
to Smads themselves during the osteoblastic differentia-
tion induced by BMPs.

Results

SCP1 is expressed in murine skeletal muscle
and myoblasts

We analyzed the expression levels of SCP1 in various
murine tissues using real-time PCR. SCP1 mRNA was
detected in all of the tissues examined, with the highest
level observed in skeletal muscle (Fig. 1A). Immunohisto-
chemical analysis indicated that the SCP1 protein was
localized primarily in the fused myofibers of the biceps
femoris muscle (Fig. 1B). In cultured C2C12 myoblasts,
endogenous SCP1 was detected in both the nucleus and
the cytoplasm, particularly in perinuclear areas of the
cytoplasm (Fig. 1C).

SCP1 suppresses BMP activity via its
phosphatase activity

Overexpression of SCP1 suppressed BMP-4-induced
ALP activity (a typical marker of osteoblastic differenti-
ation) in C2C12 cells (Fig. 2A) and primary myoblasts
(Supplemental Fig. 1 published on The Endocrine Soci-
ety’s Journals Online websiteathttp://mend.endojournals.
org/). In addition, SCP1 reduced the ALP activity induced
by coexpression of a constitutively active BMPR-IA re-
ceptor and Smad1 in C2C12 cells (Fig. 2B), MC3T3-E1
cells (Fig. 2C), and primary osteoblasts (Fig. 2D). Further-

- 646 -



476 Kokabu et al. SCP1 Inhibits BMP-Induced Osteoblastic Differentiation
A BMP-4 B BMPR-IA(Q233D) + Smad1 C MC3T3-E1 cells
1.4 0.9 0.2
£ £ =
£ 3 £
w (=]
£z £8 ze
= = Z =
8 E o7 S E oas g E
o v o w @ € 0.1
g 9 e =] o v
v v b i~ |
o g - <5
0 L= 0 b= 0
Vector Vector SCP1 Vector Vector SCP1 Vector Vector SCP1
+ BMP + Q233D+Smad1 + Q233D+Smad1
D Primary osteoblasts Osx mRNA level F OC mRNA level
0.5 2
T 60 |
E | 15|
ze g 3
> o { ©
s B o 40} o
g E oz s s 1)
a v % | =
-4 Q © | o
<5 & 20| € o5
o
. I mm
Vector Vector SCP1 Vector Vector SCP1 Vector Vector SCP1
+ O2330+Smad1 + Q233D+Smad1 + 0233D+Smad1

FIG. 2. SCP1 inhibits BMP signaling. SCP1 inhibited BMP signaling-induced ALP activity in
C2C12 cells (A and B), MC3T3-E1 cells (C), and primary osteoblasts (D). ALP activity was
activated via treatment with 100 ng/ml of BMP-4 (A) or cotransfection of BMPR-IA(Q233D)
and Smad1 (B-D) in cells that had been transfected with an empty vector or SCP1. The
enzyme activity of ALP was determined on d 3. E and F, SCP1 inhibited the mRNA expression
of Osx (E) and OC (F), which was induced by cotransfection of BMPR-IA(Q233D) and Smad1
in C2C12 cells. The expression level of each mRNA was determined by real-time PCR on d 3.
Data are shown as the mean * sp (n = 3). *, P < 0.05; **, P < 0.01 in comparison with cells
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In contrast to wild-type Smadl,
Smad1(DVD) was localized to cells
that expressed both mutant and wild-
type SCP1, suggesting that SCP1 did
not destroy the C-terminal structure
of Smadl (Fig. 3D). However, the
Smad1(DVD)-induced ALP activity
was suppressed by SCP1 (Fig. 3E). We
also generated Smadl(MAPK-DVD),
in which the four MAPK phosphoryla-
tion sites in the linker region of
Smad1(DVD) were replaced with ala-
nine residues. Once again, the ALP ac-
tivity induced by Smad1(MAPK-DVD)
was reduced by wild-type SCP1, but
not by mutant SCP1 (Fig. 3F). These
results suggest that SCP1 may inhibit
BMP-induced osteoblastic differentia-
tion in a manner that is dependent on
its phosphatase activity and indepen-
dent of the dephosphorylation of
Smads at the C terminus and the linker
region.

transfected with an empty vector in each group.

more, SCP1 suppressed the expression levels of osteoblas-
tic differentiation marker genes, such as Osx (Fig. 2E),
OC (Fig. 2F), Osteonectin (Supplemental Fig. 2A), and
parathyroid hormone receptor (Supplemental Fig. 2B), in
C2C12 cells.

Phosphorylation of Smad1 at the C terminus was de-
pendent on BMP-4 stimulation (Fig. 3, A—C). Coexpres-
sion of wild-type SCP1, but not mutant SCP1, reduced the
BMP-4-induced phosphorylation of Smad1 at the C ter-
minus. Phospho-Smad1/5/8 proteins colocalized with
mutant SCP1, but not wild-type SCP1, in both Smad1
overexpressing cells and nontransfected C2C12 cells (Fig.
3, A and B). In contrast to the C terminus, the linker
region of Smad1 was simultaneously phosphorylated at
Ser206 with or without of BMP-4 stimulation (Fig. 3C).
Again, the linker phosphorylation was reduced by wild-
type SCP1 and PPM1A but not by mutant SCP1 (Fig. 3C).
However, in contrast to PPM1A, SCP1 did not decrease
the protein levels of Smad1 or Smad4 in C2C12 cells as
determined by Western blots (Fig. 3C and Supplemental
Fig. 3).

We further examined the effects of SCP1 on a consti-
tutively active form of Smadl, Smad1(DVD). Although
this Smad1 mutant does not contain the phosphorylatable
serine residues at the C terminus, it is recognized by anti—
phospho-Smad1/5/8, even without BMP-4 treatment (9).

SCP1 physiologically suppresses
BMP activity in myogenic cells

The transfection of C2C12 cells
with SCP1-specific siRNAs reduced the protein levels of
endogenous SCP1 (Fig. 4A). Furthermore, ALP activity
and the levels of Osx mRNA induced by BMP signaling
were increased in C2C12 cells that had been transfected
with one of SCP1 siRNAs in comparison with cells that
had been transfected with a scrambled siRNA (Fig. 4, B
and C). A similar effect of SCP1-specific siRNAs was
observed in primary myoblasts (Fig. 4, D and E). These
findings suggest that endogenous SCP1 physiologically
suppresses BMP activity in myogenic cells.

SCP1 and PPM1A target different stages of BMP-
induced osteoblastic differentiation

Id genes have been identified as early BMP-responsive
genes in human and murine cells (13), and the IdWT4F-
luc reporter is driven by Smad-binding elements in the Id1
gene (12). In contrast to PPM1A, SCP1 failed to suppress
the IdWT4F-luc reporter activity induced by a constitu-
tively active BMPR-IA receptor (Fig. SA) or a constitu-
tively active Smad1(DVD) with Smad4 (Fig. SB). We
directly compared the effects of SCP1 and PPM1A on
BMP-induced gene expression using RT-PCR analysis.
The expression of marker genes that are characteristic of
osteoblastic differentiation, such as Osx, ALP, and OC,
was suppressed by both SCP1 and PPM1A. By contrast,
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mean * sp (n = 3). **, P < 0.01 in comparison with cells transfected with an empty vector in each group.

the expression of Id1, Id2, 1d3, and Runx2 was sup-
pressed by PPM1A but not SCP1 (Fig. 5C).

SCP1 targets elements that are downstream of
Runx2 in BMP-induced osteoblastic differentiation
Runx2 is a critical transcription factor for osteoblastic
differentiation and is downstream of BMP signaling (14,
32). Overexpression of Runx2 in C2C12 cells increased
the mRNA expression of genes that are related to osteo-
blastic differentiation, including Osx, ALP, and OC,
without increasing the mRNA expression of Id1, Id2, and
Id3 (Fig. 6, A-D). The increased mRNA levels of Osx,
ALP, and OC induced by Runx2 were suppressed by
SCP1 but were only weakly suppressed by PPM1A (Fig. 6,
A—C). SCP1 did not suppress the transcriptional activity
of Runx2, as evaluated by the 6 X OSE2-luc reporter, and
it did not change the phospho-serine and phospho-threo-
nine levels of Runx2 (Fig. 6, E and F; data not shown).

Discussion

In the present study, we examined the molecular mecha-
nisms that underlie the inhibition of BMP-induced osteo-
blastic differentiation by SCP1. As has been previously
reported (19, 23), SCP1 reduced the level of phosphory-
lation at the C terminus and the linker region of wild-type
Smad1; this phosphatase activity was essential for the
inhibition of BMP-induced osteoblastic differentiation.
Interestingly, SCP1 still suppressed the ALP activity in-
duced by constitutively active Smad1 mutants, in which
the phosphorylation sites had been substituted at the C
terminus and the linker region, suggesting that SCP1 may
suppress BMP-induced osteoblastic differentiation by de-
phosphorylating unknown substrate(s) in addition to
R-Smads.

We recently found that PPM1A, another Smad phos-
phatase, also inhibits BMP-induced osteoblastic differen-
tiation by reducing R-Smad levels via a proteasomal path-
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(E) on d 3. The results are shown as the mean = sp (n = 3). *, P < 0.05; **, P < 0.01.

way (25). Similarly to SCP1, the phosphatase activity of
PPM1A is essential to its inhibitory effect (25). The crit-
ical difference between SCP1 and PPM1A with regard to
BMP-induced osteoblastic differentiation was in their di-
rect effects on Smads: PPM1A reduced the total Smad
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FIG. 5. Effects of SCP1 and PPM1A on the expression of early BMP-responsive genes. A and
B, The effects of SCP1 and PPM1A on IdWT4F-luc reporter activity. C2C12 cells were
cotransfected with SCP1, PPM1A, or an empty vector along with I[dWT4F-luc and BMPR-
IA(Q233D) (A) or Smad1(DVD) and Smad4 (B). The data are shown as the mean = sp (n = 3).
**, P <0.01in comparison with cells transfected with an empty vector in each group. C, The
effects of SCP1 and PPM1A on the mRNA expression induced by Smad1(DVD) with Smad4.
C2C12 cells were cotransfected with SCP1, PPM1A, or an empty vector, along with
Smad1(DVD) and Smad4. The expression levels of the indicated mRNAs were determined by
RT-PCRon d 2.
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protein levels whereas SCP1 did not affect them. Al-
though both SCP1 and PPM1A reduced the Smad-in-
duced expression of genes related to osteoblastic differ-
entiation, the expression of early BMP-responsive genes,
such as Id1, Id2, and Id3, was suppressed by PPM1A but

not SCP1. In a recent article by Knoc-
kaert et al. (19), SCP1 exhibited a
weaker suppression of the expression
of Xvent-2, which is a BMP-responsive
gene, than did SCP2 or SCP3 in Xeno-
pus embryos. It is possible that SCP1
dephosphorylates Smads after tran-
scription of the target genes, including
Id1. Further studies are needed to in-
vestigate this possibility. Taken to-
gether, these data suggest that PPM1A
and SCP1 suppress BMP-induced os-
teoblastic differentiation via different
molecular mechanisms: PPM1A ap-
pears to primarily target Smads and in-
duce their degradation, whereas, in ad-
dition to Smads, SCP1 apparently
targets the downstream effector(s) that



Mol Endocrinol, March 2011, 25(3):474-481

9]

OC mRNA level

A Osx mRNA level B ALP mRNA level

Fold increase
o N [N w
E :

Fold increase
o - N

.

Fold increase

o - N

Control Vector SCP1 PPM1A
-Runx2 +Runx2

Control Vector SCP1 PPM1A
-Runx2 +Runx2

Control Vector SCP1 PPM1A
-Runx2 +Runx2

Runx2 > 0.06 6x OSE 2-luc Myc-Runx2
Vec ~ Vec SCP PPM % Vector FL-SCP1
o — R —
E] 1B : P-Ser |
(Rl v e o S —
£ 1B : Myc
-Runx2

+Runx2

FIG. 6. SCP1 inhibits the osteoblastic differentiation induced by Runx2. A-D, The effects of
SCP1 and PPM1A on Runx2-induced mRNA expression. C2C12 cells were cotransfected with
SCP1, PPM1A, or an empty vector, along with Runx2. The expression levels of the indicated
mRNAs were determined by real-time PCR (A-C) or RT-PCR (D) on d 2. E, SCP1 did not
suppress the transcriptional activity of Runx2. C2C12 cells were cotransfected with SCP1,
dominant negative Runx2 (DN), or an empty vector along with the 6 X OSE2-luc reporter and
Runx2. The results are shown as the mean = sp (n = 3). **, P < 0.01 in comparison with
cells transfected with an empty vector in each group. F, SCP1 did not change the
phosphorylation levels of Runx2. C2C12 cells were cotransfected with wild-type FLAG-SCP1
or an empty vector along with Myc-Runx2. After treatment for 1 h with 100 ng/ml of BMP-4,
whole-cell lysates were immunoprecipitated (IP) with an anti-Myc antibody followed by
immunoblotting (IB) using anti-phospho-serine, anti-Myc, or anti-FLAG antibodies.
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the phosphorylation of R-Smads, even
in the absence of BMPs (33-35). No
effective treatment is available to con-
trol heterotopic bone formation in FOP
patients; however, some chemical in-
hibitors of BMP receptors have been
reported to suppress mutant activin re-
ceptor-like kinase 2 activity in vitro
and #n vivo. Given that SCP1 is present
in skeletal muscle and myogenic cells
(Fig. 1) and physiologically suppresses
BMP-induced osteoblastic differentia-
tion in myogenic cells, this phosphatase
might be a novel target in preventing
the heterotopic BMP-induced bone for-
mation in muscle tissue that is typically
seen in FOP patients. Enhancers of the
mRNA expression and/or enzyme ac-
tivity of SCP1 could be useful in the
prevention of BMP-dependent bone
formation iz vivo.

In conclusion, SCP1 inhibits the
osteoblastic differentiation that is in-
duced by the BMP-Smad axis via
Runx2 by suppressing downstream
effector(s).

are required for osteoblastic differentiation without Smad
degradation.

Given that Runx2 is induced by BMP signaling and
that its overexpression is capable of inducing osteoblastic
differentiation, Runx2 is a candidate as a critical effector
in the induction of osteoblastic differentiation by the
BMP-Smad pathway. Nevertheless, we found that
Runx2-induced osteoblastic differentiation was sup-
pressed by SCP1 but was only weakly suppressed by
PPM1A, suggesting that PPM 1A suppressed this differen-
tiation by disrupting the synergism between Runx2 and
Smads. In addition, SCP1 did not change the transcrip-
tional activity or phosphorylation levels of Runx2, sug-
gesting that SCP1 may inhibit effector(s) that are further
downstream of Runx2 rather than Runx2 itself during
suppression of BMP-induced osteoblastic differentiation.
The identification of SCP1 substrates that are critical for
this inhibition may shed light on the sequential cascade of
osteoblastic differentiation induced by the BMP-Smad
axis via Runx2.

Fibrodysplasia ossificans progressiva (FOP) is an
autosomal-dominant disorder characterized by hetero-
topic bone formation in muscle tissues. Recently, we and
others identified mutations in activin receptor-like kinase
2 that constitutively activate its kinase activity and induce

Materials and Methods

Plasmids

Plasmids encoding wild-type mouse Smad1, Smad4, mouse
Osx, constitutively active BMPR-IA(Q233D), constitutively active
Smad1(DVD), wild-type human PPM1A, mutant human
PPM1A(R174G/D239N), and IdWT4F-luc have been described
previously (12, 25). Mouse Runx2, Mouse dominant negative
Runx2 (26), 6 X OSE2-luc (27) were kindly provided by Dr. Toshi-
hisa Komori (Nagasaki University). Human SCP1 (Accession num-
ber NM_182642) was obtained by a standard RT-PCR technique
using Platinum Pfx DNA polymerase (Invitrogen, Carlsbad, CA)
and cloned into a pcDEF3 expression vector (28). Smad1(MAPK-
DVD) was generated from Smad1(DVD) by replacing the serine
residues at positions 187, 195, 206, and 214 with alanine residues,
using sets of mutated PCR primers. A phosphatase activity-defi-
cient SCP1 mutant, SCP1(D96E/D98N), was generated from wild-
type SCP1 by replacing aspartic acid residues at positions 96 and
98 with glutamic acid and asparagine, respectively, using sets of
mutated PCR primers (23). All of the final constructs were con-
firmed by sequencing.

Cell culture, transfection, and ALP and

luciferase assays

C2C12 mouse myoblasts and MC3T3-E1 mouse osteoblasts
were maintained, treated with 100 ng/ml of BMP-4 (R&D Sys-
tems, Minneapolis, MN), and transfected with plasmids using
Lipofectamine 2000 (Invitrogen), as previously described (2,
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12). Primary osteoblasts were prepared from newborn mouse
calvaria (29). Primary myoblasts were prepared from mouse
extensor digitorum longus muscles using a single fiber isolation
method (2, 30). ALP activity was measured as a marker of os-
teoblast differentiation on d 3 (2). Cells treated with an acetone/
ethanol mixture were incubated with a substrate solution com-
posed of 0.1 M diethanolamine, 1 mm MgCl,, and 1 mg/ml
p-nitrophenylphosphate. The reaction was terminated by add-
ing 3 M NaOH, and absorbance values were measured at 405
nm (31). ALP staining was performed as previously described
{2). Luciferase assays were performed using [dWT4F-luc, phRL-
S$V40 (Promega, Madison, WI), and 6XOSE2-luc with the
Dual-Glo Luciferase Assay System (Promega), as previously

described (12).

Immunohistochemistry, immunoprecipitation, and
Western blot analysis

The following antibodies were used for immunohistochem-
istry, immunoprecipitation, and Western blot analysis: anti-
FLAG (clone M2, Sigma Aldrich Chemicals, St. Louis, MO),
polyclonal anti-Myc (Medical & Biological Laboratories Co.,
Nagoya, Japan), polyclonal anti-SCP1 (Abcam, Cambridge,
MA), polyclonal anti-phosphorylated Smad1/5/8 (Cell Sig-
naling, Beverly, MA), polyclonal anti-phosphorylated Smad1
(Ser206) (Cell Signaling), phospho-serine antibody Q3
(QIAGEN, Hilden, Germany), and phospho-threonine anti-
body Q7 (QIAGEN). For immunohistochemical tissue analysis,
freshly isolated mouse biceps femoris muscle tissue was imme-
diately fixed in 4% paraformaldehyde in PBS and embedded in
paraffin. Vertical and cross sections 6 to 8 pum thick were depar-
affinized in xylene and rehydrated with graded ethanol. Sections
were incubated for 1 h with peroxidase-labeled secondary anti-
bodies. Diaminobenzidine served as the peroxidase substrate.
For fluorescent immunohistochemical analysis, target proteins
were visualized using an Alexa488- or Alexa594-conjugated
secondary antibody (Invitrogen). ABZ-9000 (Keyence, Tokyo,
Japan) microscope was used for these analyses. The target pro-
teins were immunoprecipitated for 1 h at 4 C using anti-FLAG
M2-agarose (Sigma) or anti-c-Myc agarose beads (Sigma). For
Western blot analyses, the target proteins were detected using a
horseradish peroxidase—conjugated anti-mouse or anti-rabbit
IgG antibody (GE Healthcare UK Ltd, Buckinghamshire,
England).

Reverse transcription PCR and real-time
PCR analysis

Total RNA was isolated from C2C12 cells using Trizol (In-
vitrogen) and then reverse-transcribed into cDNA using Super-
script III (Invitrogen). The cDNA was amplified by PCR using
specific primers for murine SCP1, Id1, I1d2, Id3, Runx2, Osx,
ALP, OC, Osteonectin, parathyroid hormone receptor,
GAPDH, Atp5f1, and Ywhaz (TaKaRa, Ohtsu, Japan). The last
three genes were used as controls. SYBR green—based real-time
PCR was performed in a 96-well plate format using SYBR Pre-
mix Ex Taq (TaKaRa) with a Thermal Cycler Dice Real-Time
system TP800 (TaKaRa).

RNAI transfection

GeneSolution siRNA oligonucleotides were designed against
murine SCP1 (Mm_Crdsp1_7, QIAGEN), and a scrambled
RNAi was used as a negative control (Invitrogen). Cells were

SCP1 Inhibits BMP-Induced Osteoblastic Differentiation
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transfected with 20 nm siRNA using Lipofectamine 2000 ac-
cording to the manufacturer’s instructions (Invitrogen).

Statistical analysis
Comparisons were made using an unpaired Student’s  test;

the results are shown as means + SD. Statistical significance is
indicated as *P < 0.05 and **P < 0.01.
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ABSTRACT

Background Mutations in TRPV4, a gene that encodes
a Ca’* permeable non-selective cation channel, have
recently been found in a spectrum of skeletal dysplasias
that includes brachyolmia, spondylometaphyseal
dysplasia, Kozlowski type (SMDK) and metatropic
dysplasia (MD). Only a total of seven missense
mutations were detected, however. The full spectrum of
TRPV4 mutations and their phenotypes remained unclear.
Objectives and methods To examine TRPV4 mutation
spectrum and phenotype—genotype association, we
searched for TRPV4 mutations by PCR-direct sequencing
from genomic DNA in 22 MD and 20 SMDK probands.
Results TRPV4 mutations were found in all but one MD
subject. In total, 19 different heterozygous mutations
were identified in 41 subjects; two were recurrent and
17 were novel. In MD, a recurrent P799L mutation was
identified in nine subjects, as well as 10 novel mutations
including F471del, the first deletion mutation of TRPV4. In
SMDK, a recurrent R594H mutation was identified in 12
subjects and seven novel mutations. An association
between the position of mutations and the disease
phenotype was also observed. Thus, P799 in exon 15 is
a hot codon for MD mutations, as four different amino
acid substitutions have been observed at this codon;
while R594 in exon 11 is a hotspot for SMDK mutations.
Conclusion The TRPV4 mutation spectrum in MD and
SMDK, which showed genotype—phenotype correlation
and potential functional significance of mutations that are
non-randomly distributed over the gene, was presented
in this study. The results would help diagnostic
laboratories establish efficient screening strategies for
genetic diagnosis of the TRPV4 dysplasia family diseases.

Metatropic dysplasia (MD; OMIM 156530) is
a severe skeletal dysplasia. “Metatropic” is derived
from the Greek and refers to the age-dependent
evolution of body proportion in MD, changing from
short limb at birth to short trunk in childhood as
a result of progressive kyphoscoliosis." Affected
individuals present with narrow thorax, prominent
joints and occasionally tail-like coccygeal appendage
(caudal tail). The radiological hallmarks of MD
include narrow thoracic cage with short ribs, severe
platyspondyly with elongated vertebral bodies,
flared ilia with horizontal acetabula and occasionally
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supra-acetabular notches and marked metaphyseal
enlargement of the long bones, leading to a dumbbell
appearance (figure 1).> MD has so far been consid-
ered to be genetically heterogeneous. While the
majority was felt to be autosomal dominant,
a subset of patients with severe phenotypes was
presumed to be inherited as autosomal recessive.?

Spondylometaphyseal dysplasia, Kozlowski type
(SMDK; OMIM 1842522), is an autosomal domi-
nant skeletal dysplasia characterised by short trunk
with platyspondyly and metaphyseal dysplasia
(metaphyseal irregulaﬁty and flaring) of the long
bones (figure 2).* ° Progressive kyphoscoliosis is
common, and the ilium is broad and occasionally
flared. A diagnostic skeletal alteration of SMDK is
overfaced pedicles that refer to broadened vertebral
bodies extending beyond pedicles on antero-posterior
radiograph of the spine (figure 2A).

Brachyolmia (BO) is a heterogeneous group of
skeletal dysplasias characterised by short trunk and
general platyspondyly without significant epiphysial,
metaphyseal and diaphyseal changes in the long
bones. Based on the mode of inheritance and radio-
graphic features, three types have been described.®
The autosomal dominant form of BO (OMIM
113500) shows platyspondyly that is particularly
severe in the cervical spine, overfaced pedicles and
broad ilia. These features resemble those of SMDK.

Autosomal dominant MD, SMDK and autosomal
dominant BO are caused by heterozygous muta-
tions in the gene encoding TRPV4 (transient
receptor potential cation channel, subfamily V,
member 4). TRPV4 is a calcium permeable nonse-
lective cation channel.” Human TRPV4 is a protein
of 871 amino-acids composed by a proline-rich
region, six ankyrin (ANK) repeats, six trans-
membrane (TM) domains and a calmodulin-binding
domain (figure 3). A putative cation-permeable pore
is located between the fifth and sixth TM domains.®
TRPV4 is activated by a variety of physical and
chemical stimuli, including heat, mechano-stimuli,
endogenous substances such as arachidonic acid and
synthetic alpha-phorbol derivatives. TRPV4 is
involved in many different cellular functions; it has
an important role in differentiation of chondrocytes
and terminal differentiation of osteoclasts via
calcium influx.® 1°

J Med Genet 2010;47:704—709. doi:10.1136/jmg.2009.075358
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Figure 1 Radiographs of metatropic dysplasia (M8). (A) AP (antero-posterior) view of trunk, (B) lateral view of the thoracolumbar spine and (C) AP
view of the lower extremities at age 3 years. There are thoracolumbar kyphoscoliosis, severe platyspondyly with overfaced pedicles and flared ilia with
supra-acetabular notches. Significantly flared metaphyses of the long bones present a dumbbell deformity. Epiphysial ossification of the proximal

femora is significantly retarded.

Through linkage analysis followed by a candidate gene
approach, Rock et 4l identified two TRPV4 mutations in auto-
somal dominant BO.! Because of radiological similarities
between BO and SMDK, Krakow et al subsequently tested TRPV4
in patients with SMDK and found three different heterozygous
mutations. Then, because of radiographic similarities between
MD and SMDK, they further examined TRPV4 and found two
mutations in autosomal dominant MD.'? Thus, TRPV4 is the
causative gene of a spectrum of disorders that constitute a bone
dysplasia family including autosomal dominant BO, SMDK and
autosomal dominant MD. However, because only seven distinct
mutations have been reported so far (three in SMDK and two in
BO and MD, respectively)11 12 (figure 3), the spectrum of TRPV4
mutation remains unclear, as well as the range of phenotypes
caused by TRPV4 mutations.

To further evaluate these questions, we searched for TRPV4
mutations in a total of 42 families with MD and SMDK. We
detected 19 kinds of heterozygous mutations in 41 patients and
found two mutational hotspots in TRPV4. We also found an
association between location of mutations and disease
phenotype.

SUBJECTS AND METHODS

Patients

MD and SMDK patients were enrolled from the participating
institutions. The study was approved by the ethical committee
of RIKEN and participating institutions and informed consent

J Med Genet 2010;47:704—708. doi:10.1136/jmg.2009.075358

was obtained from all subjects. Clinical assessments for the
patients were performed by their clinicians (Supplementary
Table 1). The radiological features were reviewed by two pedi-
atric radiologists (O.K. and G.N.) and by a paediatrician and
a geneticist (A.S.-E and S.U.) separately, and then discussed to
consensus conclusion (supplementary Table 2).

The radiographic criteria for MD included wafer-like thin or
diamond-shaped vertebral bodies in infancy and marked platy-
spondyly with progressive spinal deformities (scoliosis and/or
kyphosis) in childhood (figure 1). The criteria also included flared
iliac wings, flat acetabula and supra-acetabular notches in
combination and dumbbell- or halberd-shaped metaphyseal
widening of the long bones, particularly in the femora (figure 1).
Other manifestations, including metaphyseal irregularities,
epiphysial dysplasia, brachydactyly and delayed carpal bone age,
were considered; however, these findings only partially contrib-
uted to the diagnosis because they were age-dependent and
difficult to evaluate in younger patients.

The criteria for SMDK included a variable degree of platy-
spondyly (according to the age), overfaced pedicles, flat acetabula
with/without flared iliac wings and supra-acetabular notches,
flared metaphyses of the long bones without dumbbell shape,
metaphyseal irregularities with almost normal epiphyses and
almost normal short tubular bones (figure 2). Metaphyseal irreg-
ularities were assessable only in pre-pubertal patients. Carpal age
was evaluated because delayed bone age has been emphasised as
an essential finding of SMDK. BO was defined as the condition

705

- 654 -



Downloaded from jmg.bmj.com on March 4, 2011 - Published by group.bmj.com

Figure 2 Radiographs of
spondylometaphyseal dysplasia,
Kozlowski type (SMDK) (S6). (A) AP
and (B) lateral views of trunk at age

5 years and 9 months. Thoracolumbar
kyphoscoliosis, platyspondyly with
overfaced pedicles, flared ilia with
supraacetabular notches are identical
with those of metatropic dysplasia.
However, mild flaring of the long bones
contrasts with dumbbell deformity seen
in metatropic dysplasia. Note
metaphyseal dysplasia of the proximal
femora. This patient had the common
SMDK mutation, R594H.

that showed platyspondyly with overfaced pedicles and broad
ilia, but no overt metaphyseal changes (flaring and irregularity).

Mutation search
Genomic DNA was extracted by standard procedures from
peripheral blood or by Isohair kit (NIPPON GENE, Wako, Japan)

from nail and hair. Exon sequence of TRPV4 with its flanking
intron sequence was amplified by PCR from genomic DNA. PCR
products were sequenced directly by using an ABI Prism 3700
automated sequencer (PE Biosystems, Foster City, CA, USA).
PCR primer sequence is available on request, and the same
primer was used for sequencing. For confirmation of novel

Figure 3 A diagram of human TRPV4 V6201
protein and location of mutations. ANK: BO
ankyrin repeat region. S1—S6: R616Q
transmembrane regions 1—6. BO:
brachyolmia. SMDK: G600W CTTTY
spondylometapyyseal dysplasia, ‘r A
Kozlowski type. MD: metatropic SMDK LS96P , MG AZIaH
dysplasia. *Common recurrent E278K D333G f L709M E797K
mutations. Mutations found in the 4 A R594H* , A A
previous studies are in italic.
9 »[:mlT F471del ZZESA
MD L199F IBE o — R775K P799L*
? o V342F 9 P799R
(10 [Tl £71.aa

NH2

Proline-rich |
region

. COOH
Pore Calmodulin
S1 sS4 | region binding region
S6

ANK2 ANK4 ANK6 S2 S5
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mutations in sporadic cases, genomic DNA from the unaffected
parents was sequenced for the corresponding regions when
parents’ samples were available. The molecular analysis was
performed independently in the two laboratories in Tokyo and in
Freiburg.

Restriction fragment length polymorphism

PCR-restriction fragment length polymorphism (RFLP) method
was used to confirm mutations in two hotspot codons, R594
and P799. c.1781G— A creates the Ncol (TAKARA BIO, Dalian,
China) restriction site, and ¢.2395C—T/G and ¢.2396C—T/G
abolishes Smal (TAKARA BIO) restriction site, respectively.
PCRs were the same as those for sequencing. We prepared the
reaction mixture according to the manufactures of the two
enzymes and incubated it at 37°C overnight. Digested PCR
products were electrophoresed in 4% agarose gel (3% NuSieve
GTG Agarose (Lonza, Rockland, Maine, USA) and 1% SeaKem
LE Agarose (BMA, Rockland, Maine, USA)).

RESULTS

A total of 42 probands were included in the study. There were 14
Koreans, 14 Europeans, 10 Japanese, two Turks and one Indian.
All MD cases were sporadic and four SMDK cases were familial.
All were from non-consanguineous marriages. The clinical and
radiological findings of the patients are summarised in supple-
mentary tables 1 and 2. The phenotypes comprised 22 MD and
20 SMDK. In general, a radiological diagnosis of bone dysplasias
rests on the overall pattern recognition of skeletal changes rather
than a single radiological sign; after all, however, presence/
absence of dumbbell- or halberd-shaped femora ascertained
distinction between MD and SMDK (supplementary table 2).
Other radiological signs were shared by both disorders. All
subjects had flat acetabular roofs. Two SMDK patients (S12 and
S18) did not show overt metaphyseal changes (Supplementary
figure 1) and were considered to be of intermediate severity
between SMDK and BO. Kozlowski et al (1982) reported SMDK
with subtle metaphyseal irregularity.* All other subjects had
metaphyseal changes (flaring and/or irregularity) (supplemen-
tary table 2).

Detailed radiographic review revealed several unexpected
findings. Narrow thorax, prominent joints and coccygeal tail are
considered to be clinical hallmarks of MD; however, only
prominent joints were consistently found in MD, and these
features were also occasionally found in SMDK (supplementary
table 1). Evolution of body proportion with age, another hall-
mark of MD, was not essential; several post-pubertal MD
patients showed short limbs, not short trunks. Delayed carpal
age, a diagnostic criterion for SMDK, was not observed in half of
SMDK patients. MD patients after infancy showed overfaced
pedicles that were indistinguishable from those in SMDK
patients. A small percentage of SMDK patients showed mild
brachydactyly or mild epiphysial dysplasia/premature degener-
ative joint disease, yet, these cases were classified as SMDK
based on the overall pattern of skeletal changes.

Mutations were found in 41 subjects (supplementary table 3).
All subjects were at the heterozygous state for the mutation. We
found 19 different TRPV4 mutations; 17 were novel. All but
c.1411_1413delTTC (p.F471del) were missense mutations, and
all affected evolutionally conserved amino acids. We examined
TRPV4 sequences in the parents of probands with novel muta-
tions except for S15, and confirmed that mutations in sporadic
cases were all de novo. In S15, the mother’s DNA was unavail-
able, but the mutation, c¢.1787T — C (p.L596P), was not found in
the father, nor in 80 unrelated ethnicity-matched controls. L596

J Med Genet 2010;47:704—709. doi:10.1136/jmg.2009.075358

is highly conserved between diverse species (supplementary
figure 2) and the observed amino-acid change is non-conserva-
tive. In two familial cases (S16 and S18) where their mutations
were not proven to be de novo in this and previous studies, the
substituted amino acids were also highly conserved among
diverse species (supplementary figure 2). An in silico analysis by
PANTHER (http://www.pantherdb.org/) indicated mutations
as probably damaging protein function. There were no incon-
sistencies in segregation of the mutations in the family members
as far as we examined.

Eleven different mutations were detected in 21 MD patients
(supplementary table 3). One recurrent mutation, ¢.2396C—T
(p.P799L), was detected in nine patients. It was confirmed as de
novo in one family. Ten kinds of novel mutations were found.
Eight of them were found only once; ¢.2324G—A (p.R775K)
and ¢.2396C—G (p.P799R) were both found in two patients.
Mutations altering codon 799 were detected in 13 patients. In
M22, no mutation was found in the coding region of TRPV4, 5'-
and 3'-UTRs, nor flanking intron sequences.

Eight different TRPV4 mutations were found in SMDK
(supplementary table 3). All 20 SMDK patients had heterozy-
gous mutations in TRPV4; 14/20 mutations were in exon 11. A
recurrent mutation, ¢.1781G—A (p.R594H) was found in 12
patients. The mutation was not found in normal parents in two
families, indicating that they were de novo. The patients who
showed intermediate phenotypes of SMDK and BO had the
recurrent mutation, c.1781G—A and a novel mutation,
c.2125C— A, respectively.

DISCUSSION
We found that TRPV4 mutations in the MD and SMDK-disease
spectrum include two mutational hotspots. We have observed
the recurrent mutation ¢.1781G— A, which had been found in
four SMDK patients in the previous study'? and in 12 SMDK
subjects in our cohort (supplementary table 3). The mutation
was identified in various ethnic backgrounds. c.1781G—A is at
present the most prevalent TRPV4 mutation; 16/51 known cases
carry this mutation. We also found that ¢.2396C—T is a recur-
rent mutation in MD (supplementary table 3). This mutation,
found in one MD patient in the previous study,!* was found in
nine MD subjects with various ethnicities in our study.
Knowledge of the mutation hot spots will enable the
construction of an efficient screening system for TRPV4 muta-
tions and facilitate the molecular diagnosis of these diseases. The
two RFLPs established in this study are useful tools for the
screening of TRPV4 mutations as they can capture ~60%
(30/51) of TRPV4 mutations.*! 2

MD and SMDK mutations are clustered in specific exons. Exon
11 is a hot exon for SMDK mutations. 15 mutations were iden-
tified in this exon in our patient population and taken together
with results of previous studies," ™ ~70% (18/26) of SMDK
mutations were found in this exon. Only one exon-11 mutation
has been identified in a MD patient. In contrast, exon 15 is a hot
exon for MD mutations; ~60% (14/23) of MD mutations were
found in this exon. There is only one exon-15 mutation in SMDK.
All but one exon-15 mutation occurred at the same P799 codon;
interestingly, four different mutations, leading to four different
amino acid substitutions, were found at this “hot codon”. In
practice, these observations mean that we can prioritise specific
TRPV4 exons for MD and SMDK when searching for mutations.
The locations of the mutations relative to the domains of the
molecule (ANK, TM, cytoplasmic, etc.) did not show any
consistent relation with phenotypes (figure 3).*®
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Despite genetic homogeneity of SMDK, its phenotypic range
was broad, particularly in the severity of metaphyseal dysplasia
and in appearances of ilia. The variable phenotypes, even due to
the same mutation, are in part attributable to age-related differ-
ences. Sequential radiological follow-up would address this issue.
MD patients who had mutations in exon 15 showed milder
radiographic changes in terms of rib shortening, platyspondyly
and dumbbell deformity than those with mutations in other
exons (figure 1 and supplementary figure 3). However, accurate
delineation of the total phenotypic spectrum even among indi-
viduals with the common mutation would require further accu-
mulation of cases with radiographs taken at standard ages.

Genetic heterogeneity of MD has long been in debate. Most
investigators have believed that MD comprises lethal autosomal
recessive and non-lethal autosomal dominant phenotypes.®> On
the other hand, other investigators have suggested that all cases
represent a dominant form with phenotypic variability.? * Our
series of patients included individuals with a relatively mild
SMDK/BO phenotype and individuals with quite severe, though
non-lethal, MD; thus, the concept that all forms of MD may be
the result of dominant mutations seems quite likely. We studied
one MD patient (M22) who did not have a TRPV4 mutation.
The girl, unlike other affected children, has not shown
epiphysial dysplasia until now (supplementary figure 4).
However, because she is still young, we have to follow-up her
radiological evolution to determine whether her phenotype
differs from those of other patients with TRPV4 mutations
(supplementary tables 1 and 2).

One MD patient had a 3-bp deletion in TRPV4. All other
mutations in this study, as well as the seven mutations previ-
ously reported, are missense mutations.'’ 2 The deletion
mutation caused the loss of an evolutionally conserved amino-
acid residue. From a previous functional study,'’ the molecular
pathogenetic basis of TRPV4-pathies has been suggested to be
a gain-of-function characterised by increased constitutive
activity and elevated channel activation by a variety of mecha-
nisms. It remains to be examined whether the deletion mutation
would also cause a gain of TRPV4 function.

In summary, we found TRPV4 mutations in 41 of 42 patients
with MD and SMDK,; indicating genetic homogeneity for these
disorders. We identified 17 different novel mutations, including
the first deletion mutation of TRPV4. We confirmed that R594H
is a common and recurrent mutation in SMDK and found that
P799L is a common and recurrent mutation in MD. There were
mutational hot spots for TRPV4: R594 in exon 11 is a hot spot
exclusive for SMDK mutations, while P799 in exon 15 is a hot
spot for MD mutations. Our study presented an initial picture
for the TRPV4 mutation spectrum in MD and SMDK. Further

» TARPV4 mutations were found in 40/41 subjects with MD and
SMDK, including 17 kinds of novel mutations.

» Two mutation hot spots were identified for MD and SMDK,
respectively.

» MD mutations were clustered at P799 in exon 15, while
SMDK mutations were clustered at R594 in exon 11.

» Novel type of mutation other than missense mutation, 3-bp
deletion was found in one MD patient.

» Our results would help diagnostic laboratories establish

efficient screening strategies for genetic diagnosis of the

TRPV4 dysplasia family diseases.
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studies are necessary to determine its complete picture and
phenotypic extension of the TRPV4 mutation.
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