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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-
sertioninexon 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 S. 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
et al., 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 Pstl 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 p60OSE2-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
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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 repeatsleads 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 PEBP2B, 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.
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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.

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.

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).
cyclic GMP as the second messenger. C-type natriuretic C-type natriuretic peptide levels can be measured in
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plasma, although specific clearance pathways resultin low
levels. Biosynthetic processing of CNP generates an ami-
no-terminal propeptide (NTproCNP) thatis 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 15 000 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.

The Endocrine Society. Downloaded from pre:
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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 <
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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)

1.4 (0.4-1.8)**
26 (31-22)
=0.1(-0.7-0.4)

NTproCNP sp score
NTproCNP:CNP ratio
NTproCNP:CNP sp score

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

2Using 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
TP < 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,r*=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 < .00095).

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 was a 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 (pM) SDS (pV1) SDS NT:CNP SDS
2.5 G413E/G413E M =51 2.7 1.6 86.3 2.8 32.0 —0.5
4.9 del/del M —-53 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/1364fs F —8.5 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 s
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 IT (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.

Acknowledgments

The authors would like to thank the subjects and their families
for participating in this project.

Address all correspondence and requests for reprints to: Rob-
ert C. Olney, MD, Nemours Children’s Clinic, Jacksonville, FL.
32207, (904) 697-3674 fax:  (904) 697-3948,
rolney@nemours.org,.

Disclosure summary: T.C.R.P. and E.A.E. have a patent filed
entitled “Assessment of skeletal growth using measurements of
NT-CNP peptides”

Clinical Trial Registration Number: NCT01541306

Reprint requests: to corresponding author

This work was supported by Support: developmental funds
from Nemours.

References

1. Olney RC. C-type natriuretic peptide in growth: a new paradigm.
Growth Horm IGF Res. 2006516 Suppl A:S6-14.

2. Bartels CF, Bukulmez H, Padayatti P, Rhee DK, Ravenswaaij-Arts
C, Pauli RM, Mundlos S, Chitayat D, Shih LY, Al Gazali LI, Kant
S, Cole T, Morton J, Cormier-Daire V, Faivre L, Lees M, Kirk J,
Mortier GR, Leroy J, Zabel B, Kim CA, Crow Y, Braverman NE, van
den Akker F, Warman ML. Mutations in the Transmembrane Na-
triuretic Peptide Receptor NPR-B Impair Skeletal Growth and Cause
Acromesomelic Dysplasia, Type Maroteaux. Am ] Hum Genet.
2004;75:27-34.

3. Prickett TCR, Espiner EA. 2012 C-type natriuretic peptide (CNP)
and postnatal linear growth. 2789-2810.

4. Hunter AG, Bankier A, Rogers JG, Sillence D, Scott CI, Jr. Medical
complications of achondroplasia: a multicentre patient review.
J Med Genet. 1998;35:705-712.

5. Shiang R, Thompson LM, Zhu YZ, Church DM, Fielder TJ, Bocian
M, Winokur ST, Wasmuth JJ. Mutations in the transmembrane
domain of FGFR3 cause the most common genetic form of dwarf-
ism, achondroplasia. Cell. 1994;78:335-342.

6. Bellus GA, McIntosh I, Smith EA, Aylsworth AS, Kaitila I, Horton
WA, Greenhaw GA, Hecht JT, Francomano CA. A recurrent mu-
tation in the tyrosine kinase domain of fibroblast growth factor

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

The Endocrine Society. Downloaded from press.endocrine.org by [$ {individualUser.disp }lon 13

jcem.endojournals.org E5

receptor 3 causes hypochondroplasia. Nat Genet. 1995;10:357—
359.

. Tavormina PL, Shiang R, Thompson LM, Zhu YZ, Wilkin DJ,

Lachman RS, Wilcox WR, Rimoin DL, Cohn DH, Wasmuth JJ.
Thanatophoric dysplasia (types I and II) caused by distinct muta-
tions in fibroblast growth factor receptor 3. Nat Genet. 1995;9:
321-328.

. Foldynova-Trantirkova S, Wilcox WR, Krejci P. Sixteen years and

counting: the current understanding of fibroblast growth factor re-
ceptor 3 (FGFR3) signaling in skeletal dysplasias. Hum Mutat. 2012;
33:29-41.

. Ozasa A, Komatsu Y, Yasoda A, Miura M, Sakuma Y, Nakatsuru

Y, Arai H, Itoh N, Nakao K. Complementary antagonistic actions
between C-type natriuretic peptide and the MAPK pathway through
FGFR-3 in ATDCS cells. Bone. 2005;36:1056-1064.

Olney RC, Permuy JW, Prickett TC, Han JC, Espiner EA. Amino-
terminal propeptide of C-type natriuretic peptide (NTproCNP) pre-
dicts height velocity in healthy children. Clin Endocrinol (Oxf).
2012;77:416-422.

Prickett TC, Olney RC, Cameron VA, Ellis M], Richards AM, Es-
piner EA. Impact of age, phenotype and cardio-renal function on
plasma C-type and B-type natriuretic peptide forms in an adult pop-
ulation. Clin Endocrinol (Oxf). 2013;78:783-789.

2. ColeTJ. The LMS method for constructing normalized growth stan-

dards. Eur | Clin Nutr. 1990;44:45~60.

National Center for Health Statistics 2002 2000 CDC Growth
Charts for the United States: Methods and Development. Vital and
Health Statistics 11:1-203.

Horton WA, Rotter JI, Rimoin DL, Scott CI, Hall JG. Standard
growth curves for achondroplasia. | Pediatr. 1978;93:435-438.
Miura K, Namba N, Fujiwara M, Ohata Y, Ishida H, Kitaoka T,
Kubota T, Hirai H, Higuchi C, Tsumaki N, Yoshikawa H, Sakai N,
Michigami T, Ozono K. An Overgrowth Disorder Associated with
Excessive Production of cGMP Due to a Gain-of-Function Mutation
of the Natriuretic Peptide Receptor 2 Gene. PLoS One. 2012;7:
€42180.

Hannema SE, van Duyvenvoorde HA, Premsler T, Yang RB, Mu-
eller TD, Gassner B, Oberwinkler H, Roelfsema F, Santen GW,
Prickett T, Kant SG, Verkerk AJ, Uitterlinden AG, Espiner E, Ruiv-
enkamp CA, Oostdijk W, Pereira AM, Losekoot M, Kuhn M, Wit
JM. An activating mutation in the kinase homology domain of the
natriuretic peptide receptor-2 causes extremely tall stature without
skeletal deformities. ] Clin Endocrinol Metab. 2013;98:E1988—
E1998.

Yasoda A, Komatsu Y, Chusho H, Miyazawa T, Ozasa A, Miura M,
Kurihara T, Rogi T, Tanaka S, Suda M, Tamura N, Ogawa Y,
Nakao K. Overexpression of CNP in chondrocytes rescues achon-
droplasia through a MAPK-dependent pathway. Nat Med. 2004;
10:80-86.

Krejci P, Masri B, Fontaine V, Mekikian PB, Weis M, Prats H,
Wilcox WR. Interaction of fibroblast growth factor and C-natri-
uretic peptide signaling in regulation of chondrocyte proliferation
and extracellular matrix homeostasis. | Cell Sci. 2005;118:5089~
5100.

Hutchison MR. BDNF alters ERK/p38 MAPK activity ratios to pro-
mote differentiation in growth plate chondrocytes. Mol Endocrinol.
2012;26:1406-1416.

Palmer SC, Prickett TC, Espiner EA, Yandle TG, Richards AM.
Regional release and clearance of C-type natriuretic peptides in the
human circulation and relation to cardiac function. Hypertension.
2009;54:612-618.

ber 2014. at 02:55 For personal use only. No other uses without permission. . All rights reserved.



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

DOI: 10.5582/irdr.2014.01009

Radiographic characteristics of the hand and cervical spine in
fibrodysplasia ossificans progressiva
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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 CS5 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

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 IA/activin-like
kinase 2 (ACVR1/ALK2), a bone morphogenetic
protein (BMP) type I receptor (/). 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

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 (). 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.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 ef
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/
METI1, 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
D 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 ef al. (§).
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? - -
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 173 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 22 NA NA

9 M R206H 29/NA 2.7 2.7 NA NA

10 M R206H 34/NA 35 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 24

14 F R258S 14/14 1.7 1.7 4.9 NA

15 M ND NA/4 NA NA 32 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 54
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 °
.. . I
addition, we measured the height and depth of the C5 . 35 . : o 35 . 8
spinous process. The height of the spinous process (SH) [ B B T
. . by — = ____._———/’

was defined as the distance from the cranial to caudal o - o -
margin at the junction of the spinous process and lamina. g a5l T g a5l 77
The depth of spinous process (SD) was measured from
the midportion of the anterior wall to that of the posterior 2 ‘l’ 2]
rim demarcating a thick cortex shadow (Figure 2). The T T T e 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/METT1 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 (MET?2) to the distal phalanx eof
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! 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

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

Age group <1 12 2-3 34 45 5-6

Mean 1.05 1.10 1.09 1.20 1.21 1.43 137 1.47 133 1.47

SD 0.13 0.15 0.15 0.13 0.11 0.18 0.18 0.17 0.19 0.18 0.16
N mo2t 17 13 6 13 25 19 20 17

1.50 1.53 151 1.57 1.69 186 1.76 1.73 1.71 1.78 1.86
0.18 020 0.19 0.12 0.16 022 022 023 024 0.25

le 17 14 20 16 21 23 3] 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

25

(SH+SD)/D ratio at C5
©

0.5

"5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
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,/0). 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/METT ratio.
The thumb shortening, therefore, seems to be more
common than previous reports in FOP. Furthermore,
an extremely high MET2/METT 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 (/7). 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 DI3 genes are expressed in
the future digit II-V area in the autopod during the
hand plate formation, whereas sole expression of the

www.irdrjournal.com
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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.

HoxDI3 gene in the presumptive digit I area is of great
significance (/3). Mutations in the homeodomain of
the HoxDI3 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 (HoxD1I 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/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/ACVRI
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.R2588S) 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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Radiographic characteristics of the hand and cervical spine in
fibrodysplasia ossificans progressiva
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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 diagnestic 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 abnoermalities.

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 (¢.617G > A, p.R206H)
in the gene encoding activin receptor 1A/activin-like
kinase 2 (ACVR1/ALK2), a bone morphogenetic
protein (BMP) type I receptor (/). 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

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 (J). 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 carly diagnosis of

this specific disorder.
2. Materials and Mcthods
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 I8
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
(¢.617G > A, p.R206H), and one patient had an atypical
mutation within the protein kinase domain (¢.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 ef
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/
METI1, 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
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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 (L.1), children (L2), and
infants (L3).

A

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 ef 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
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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)

. ALK2
Patient Sex A - ;
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 173 3.1 3.1 0.9 2.8
4 F R206H 5/6 2.8 2.8 33 83
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 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 1.8
13 F R206H NA/18 NA NA 0.6 2.4
14 F R258S 14/14 17 1.7 49 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 53 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 B ¢
. ® .
Remes et al. in different age and gender groups (9). In )
o . P & =
addition, we measured the height and depth of the C5 L e : L 3
spinous process. The height of the spinous process (SH) g le-L_ _..--T B - -0
was defined as the distance from the cranial to caudal g M““j‘jffffﬁf. é T B
margin at the junction of the spinous process and lamina. Losl 7 Dosl
The depth of spinous process (SD) was measured from - -
the midportion of the anterior wall to that of the posterior 2 L
rim demarcating a thick cortex shadow (Figure 2). The T T T ST T
sum of SH and SD measurements was used for the Age (vear) Age (vear)

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/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

Agegroup <1 -2 23 34 45 5.6 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.OS 110 109 1.20 1.21 143 1.37 147 133 147 1.50 153 150 157 1.69 1.86 1.76 1.73 1.71 1.78 1.86
SD 0.13 0.15 015 0.13 0.1 048 018 0.17 0.19 018 0.6 018 020 019 012 0.6 022 022 023 024 025
N 2t 17 i3 6 1325 19 20 17 16 17 14 20 e 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.

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

& 7 8 ¢ 10 11 12 43

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/MET]! ratio.
The thumb shortening, therefore, seems to be more
common than previous reports in FOP. Furthermore,
an extremely high MET2/MET] 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 (/7). 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 1I-V area in the autopod during the
hand plate formation, whereas sole expression of the
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