isease lo

Figure 3 Radiographs of P5 at age 8 years 8 months. (A} Spine anteroposterior (AP). Platyspondyly. Over-faced pedicle is not so distinct. (B) Spine
lateral. Flattened vertebral bodies and narrow disc spaces. (C) The right hand AP Slightly short metacarpals. Phalanges are not so short. The bone
age is advanced (12 years by the Greulich-Pyle method). (D) Pelvis AP. Short femoral neck and horizontal acetabulum. Proximal epiphyses are

normal. (E) The right knee AP Unremarkable changes. No fibula overgrowth.

predicted to create a premature stop codon (p.A113GfsX18),
thereby most probably resulting in a null allele due to nonsense
mutation mediated RNA decay (NMD).'! The mutation was
not found in the public mutation database and sequence vari-
ation database. Also, it was not found in 93 ethnically matched
controls examined by Invader assay.'’

Identification of PAPSS2 mutations in sporadic cases

We screened for PAPSS2 mutations in P4-6 by direct sequencing
as previously described.” We found PAPSS2 mutations in both
chromosomes of all subjects (table 2). All mutations are predicted
to create premature stop codons before the second last exon of
the gene. Therefore, they are most likely to result in null alleles
due to NMD. P5 was a homozygote, and P4 and P6 were hetero-
zygotes for the mutations. Compound heterozygosity of the sub-
jects was confirmed by sequencing of the parents’ genomic DNA.
All these mutations were not found in 93 ethnically matched
controls examined by Invader assay™® nor in public databases.

Phenotypes of the patients with PAPSS2 mutations

Clinical features of our six patients were short-trunk short
stature with short neck (table 1). The short stature was
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noticeable early in life, but not always at birth; it usually
became definite after age 5-6 years. All patients had normal
intelligence and facies. Corneal opacity was not found.
Kyphosis and/or scoliosis were found in three subjects. Bone
age was advanced in all (4/4) cases evaluated. No clinical sign
of androgen excess was noted in all (6/6) patients and their
family members. The main radiographic feature was pro-
nounced flattening of spine (rectangular vertebral body), par-
ticularly in the thoracic spine, which accompanied irregular

Table 2 PAPSS2 mutations in autosomal recessive brachyolmia
Family Exon

Nuclectide change Amino acid change

1 3 ¢.337_338insG (homozygous) p.A113GfsX18
2 5 ¢.616-634del19 p.V206SfsX9
1 ¢.1309-1310delAG p.R437GfsX19
3 3 IVS3+2delT (homozygous) p.L50SfsX2
4 4 .480_481insCGTA p.K161RfsX6
6 c.661delA p.1221SfsX40

The nucleotide changes are shown with respect to PAPSS2 mRNA sequence
(NM_001015880). The corresponding predicted amino acid changes are numbered from
the initiating methionine residue. Exons are numbered sequentially 1-13.

J Med Genet 2012;49:533-538. doi:10.1136/jmedgenet-2012-101039



endplates and narrow disc spaces. Mild shortening of the
femoral neck and metacarpals were common features. The
costal cartilages showed precocious calcification in the adult
subjects (3/3). Epiphyseal and metaphyseal dysplasias were
very mild, if present. From these features of spine predominant
dysplasia, our patients can be diagnosed as having brachyolmia.
Among known types of brachyolmias, characteristics of the
Hobaek and Toledo types are mixed.! *

DISCUSSION

PAPSS2 mutation has been reported to be responsible for two
other overlapping, but distinct, phenotypes. The first is SEMD
Pakistani type; Ahmad et al'? described a large consanguineous
Pakistani family with a distinct form of SEMD with autosomal
inheritance. Its clinical features include short stature evident at
birth, short and bowed lower limbs, mild brachydactyly,
kyphoscoliosis, enlarged knee joints, and precocious osteoar-
thropathy. Radiographic features are platyspondyly with irregu-
lar endplates and narrowed joint spaces, delayed epiphyseal
ossification at the hips and knees, diffuse early osteoarthritic
changes primarily in the spine and hands, and mild brachydac-
tyly. Metaphyseal abnormalities are seen predominantly in the
hips and knees. This disease is differentiated from other forms
of SEMD by its mild degree of metaphyseal involvement, type
of brachydactyly, and the absence of loose joints or other clin-
ical findings. A homozygous nonsense mutation of PAPSS2
(S438X) is identified in all affected individuals in the family.'®
Many of the characteristics of SEMD Pakistani type, including
enlarged joints with deformity, delayed epiphyseal ossification
at the hips and knees, and precocious osteoarthritic changes of
the large and small joints, are absent in our cases (table 1).

PAPSS2 mutations have also been found in a patient with a
different phenotype, spondylodysplasia and premature pub-
arche” A Turkish girl with premature pubarche, hyperandro-
genic anovulation, short stature, and skeletal dysplasia showed
a compound heterozygosity for a missense and a nonsense
mutation in PAPSS2: the former was a 143C>G transversion
resulting in a T48R substitution at a conserved residue in the
adenosine 5-prime-phosphosulfate kinase domain, and the
latter was a 985C>T transition resulting in R329X. Their func-
tional assays revealed no detectable activity for R329X, and
only minor residual activity for T48R (6% of the wild type
activity). The mother who carried the R329X mutation had
normal pubarche and menarche, but developed obesity, oligo-
menorrhoea, and hirsutism in her fourth decade, while the
father who carried the T48R mutation showed normal growth
and pubertal development. The skeletal changes in this patient
are more similar to those of our cases than SEMD Pakistani
type (table 1).

Among our patients, spinal changes were very similar, but
epiphyseal and metaphyseal changes were considerably variable
(table 1). P4 and P5, similar to the case reported by Noordam
et al,? showed minimal epiphyseal and metaphyseal dysplasias.
P6 had considerable epi-metaphyseal changes in the long bones
of the lower extremities; they were more severe than those in
family 1 (P1-3), but were far milder than those in SEMD
Pakistani type. The differential diagnosis includes AR spondy-
loepiphyseal dysplasia tarda'® because of late manifestation, AR
inheritance, and relatively mild spondyloepiphyseal dysplasia
with flat vertebral bodies with irregular endplates. In the dis-
order, overfaced vertebral bodies is absent and the capital
femoral epiphyses are severely affected.™

In a form of autosomal dominant brachyolmia, heterozy-
gous TRPV4 mutation has been identified.® ¢ Notably, the

J Med Genst 2012;49:533-538. doi:10.1136/jmedgenet-2012-101039

TRPV4 mutation presents a wide phenotypic gradation from
brachyolmia at its most mild, through spondylometaphyseal
dysplasia type Kozlowski, spondyloepiphyseal dysplasia type
Maroteaux, and metatropic dysplasia, to parastremmatic dyspla-
sia and fetal akinesia at its most severe.” >'” PAPSS2 mutations
might also present a phenotype gradation from brachyolmia to
spondylo-epiphyseal and spondylo-epimetaphyseal dysplasia like
SEMD Pakistani type. Further investigation of PAPSS2 mutations
in brachyolmia and skeletal dysplasias with overlapping pheno-
types to our cases as well as other cases with PAPS52 muta-
tions” ** would provide further answers.

An additional supplementary table is published online only.
To view this file please visit the journal online (http:/jmg.bmj.
com)
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Introduction chromosome 11pl15.5 and maternal uniparental disomy for
. . . chromosome 7 (upd(7)mat) account for ~45% and 5—10% of
Silver-Russell syndrome (SRS) is a rarc congenital developmen- SRS patients, respectively [1,2]. In this regard, phenotypic
tal disorder characterized by pre- and postnatal growth failure,  ;qesment has suggested that birth length and weight are more
relative macrocephaly, triangular face, hemihypotrophy, and fifth-  reduced and characteristic body features are more frequent in
finger clinodactyly [1]. Recent studics have shown that epimuta- patients with HI/9-DMR epimutation than in those with

tion (hypomethylation) of the paternally derived differentially upd(7)mat, whereas developmental delay tends to be more
mecthylated region (DMR) in the upstream of 479 (H19-DMR) on
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frequent in patients with upd(7)mat than in those with H79-DMR
epimutation [3,4]. Furthermore, consistent with the notion that
imprinted genes play an essential role in placental growth and
development [5], placental hypoplasia has been found in both
H19-DMR epimutation and upd(7)mat [4,6], although compar-
ison of placental weight has not been performed between HI9-
DMR hypomethylation and upd(7)mat. In addition, multilocus
hypo- or hypermethylation and positive correlation between
methylation index (MI, the ratio of methylated clones) and body
and placental sizes have been reported in patients with /779-DMR
epimutation [4,7-9], and several types of rare genomic alterations
have been identified in a few of SRS patients [1,10-12].

Here, we report on molecular and clinical findings in 138
Japanese SRS patients, and discuss on the results obtained in this
study.

Patients and Methods

Ethics statement

This study was approved by the Institutional Review Board
Committee at the National Center for Child Health and
Development. The parents of the affected children and the adult
patients who can express an intention by themselves have given
written informed consent to participate in this study and to publish
their molecular and clinical data.

Patients

This study consisted of 138 Japanese paticnts (66 males and 72
females) with SRS phenotype aged 0-30 years (median 4.1 years),
including 64 previously reported patients (20 patients with variable
degrees of H19-DMR cpimutation, three patients with upd(7)mat,
one patient with 46,XY/46,XY,upd(7)mat mosaicism in whom
upd(7)mat cells accounted for 91-92% of leukocytes and salivary
cells and for 11% of placental tissue, and 40 patients of unknown
cause) [4,6,13]. The 138 patients had a normal karyotype in all the
=50 lymphocytes examined, and satisfied the selection criteria
proposed by Netchine et al. [14], i.e., birth length and/or birth
weight = -2 standard deviation score (SDS) for gestational age as
a mandatory criteria plus at least three of the following five
features: (i) postnatal short stature (= —2 SDS) at 2 year of age or at
the nearest measure available, (ii) relative macrocephaly at birth,
ie., SDS for birth length or birth weight minus SDS for birth
occipitofrontal circumference (OFC) = -1.5, (ili) prominent
forchcad during carly childhood, (iv) body asymmetry, and (v)
feeding difficultics during early childhood. Birth and present
length/height, weight, and OFC were assessed by the gestational/
postnatal age- and sex-matched Japanese reference data from the
Ministry of Health, Labor, and Welfare and the Ministry of
Education, Science, Sports and Culture. Placental weight was
assessed by the gestational age-matched Japanese reference data
[15]. Clinical features were evaluated by clinicians at different
hospitals who participated in this study, using the same clinical
datasheet. The SRS patients were classified into three groups by
the molecular studies, i.e., those with £79-DMR hypomethylation
(epimutation) (group 1), those with upd(7)mat (group 2), and the
remaining patients (group 3). )

Primers and samples
Primers utilized in this study are shown in Table S1. Leukocyte
genomic DNA samples were examined in this study.

Methylation analysis

We performed pyrosequencing analysis for the H/9-DMR
encompassing the 6th CTCF (CCCTC-binding factor) binding site

PLOS ONE | www.plosone.org
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that functions as the primary regulator for the monoallelic /GF2 and
H19 expressions [16-18], using bisulfite treated leukocyte genomic
DNA samples of all the 138 patients. The procedure was as
described in the manufacturer’s instructions (QQjagen, Valencia, CA,
USA). In brief, a 279 bp region was PCR-amplified with a primer
set (PyF and PyR) for both methylated and unmethylated clones,
and a sequence primer (SP) was hybridized to a single-stranded
PCR products. Subsequently, the MIs were obtained for four CpG
dinucleotides (CG5-CG7 and CG9), using PyroMark Q24 (Qiagen)
(the MI for CG8 was not obtained, because the “C” residue of CG8
constitutes a G/T SNP) (Figure 1A). The PyF/PyR and SP were
designed by PyroMark Assay Design Software Ver2.0. While the
PyF sequence contains a SNP (rs]1564736) with a mean minor allele
frequency of 5% in multiple populations, the minor allele frequency
is 0% in the Japanese as well as in the Asian populations (http://
browser.1000genomes.org/Homo_sapiens/ Variation/Population?
db = core;r = 11:2020801-2021801;v = rs11564736;vdb = varia-
tion;vf=7864021). Thus, we utilized this PyF.

We also carried out combined bisulfite restriction analysis
(COBRA) for the H/9-DMR. The methods were as described
previously [4]. In short, a 435 bp region was PCR-amplified with a
primer set (CoF and CoR) that hybridize to both methylated and
unmethylated clones, and MIs were obtained for two CpG
dinucleotides (CG5 and CGI16) after digestion of the PCR
products with methylated allele-specific restriction enzymes
(Hpyl188I and AfIII) (Figure 1A).

Thus, we could examine CG5 by both pyrosequencing and
COBRA. While we also attempted to analyze CG16 by both
methods, it was impossible to design an SP for the analysis of
CG16 (although we could design an SP between CG11 and CG12,
clear methylation data were not obtained for CG16, probably
because of the distance between the SP and CG16).

In addition, we performed COBRA for the KvDMRI in all the
138 patients (Figure SIA) because of the possibility that
cpimutation of the KvDMRI could lead to SRS phenotype via
some mechanism(s) such as overexpression of a negative growth
regulator CDANIC [19], and for multiple DMRs on various
chromosomes in patients in whom relatively large amount of DNA
samples were available, as reported previously [4,20,21]. To define
the reference ranges of Mls (minimum ~ maximum), 50 control
subjects were similarly studied with permission.

To screen upd(7)mat, PCR amplification was performed for the
MEST-DMR on chromosome 7¢q32.2 in all the 138 patients, using
methylated and unmethylated allele-specific PCR primer sets, as
reported previously [6] (Figure 2A). In addition, bisulfite
sequencing and direct sequencing for the primer binding sites
for the ARHI-DMR analysis were performed in a patient (case 13)
with an extremely low MI for the ARHI-DMR.

Microsatellite analysis

Microsatellite analysis was performed for four loci within a
~4.5 Mb telomeric 11p region (D11S52071, D118922, D11§1318,
and D118988) in patients with hypomethylated H/9-DMR, to
examine the possibility of upd(l1p)mat involving the H/9-DMR.
Microsatellite analysis was also carried out for nine loci widely
dispersed on chromosome 7 (Table S2) in patients with abnormal
methylation patterns of the MEST-DMR, to examine the
possibility of upd(7)mat and to infer the underlying causes for
upd(7)mat, i.e., trisomy rescue, gamete complementation, mono-
somy rescue, and post-fertilization mitotic error [22]. The methods
have been reported previously [4,6].
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Figure 1. Methylation analysis of the H79-DMR, using bisulfite-treated genomic DNA. A. Schematic representation of a segment
encompassing 21 CpG dinucleotides (CG1—CG21) within the H19-DMR. The cytosine residues at the CpG dinucleotides are usually methylated after
paternal transmission (filled circles) and unmethylated after maternal transmission (open circles). The CTCF binding site 6 (CTCF6) is indicated with a
blue rectangle; the cytosine residue at CG8 constitutes a C/T SNP (indicated with a gray rectangle). For pyrosequencing analysis, a 279 bp segment
was PCR-amplified with PyF & PyR primers, and a sequence primer (SP) was hybridized to a single-stranded PCR products. Subsequently, the Mis were
obtained for four CpG dinucleotides (CG5-CG7 and CGY) (indicated with a yellow rectangle). For COBRA, a 435 bp region was PCR-amplified with CoF
& CoR primers, and the PCR product was digested with methylated allele-specific restriction enzymes to examine the methylation pattern of CG5
ands CG16 (the PCR products is digested with Hpy188| when the cytosine residue at CG5 is methylated and with Afllll when the cytosine residue at
CG16 is methylated) (indicated with orange rectangles). IGF2 is a paternally expressed gene, and H19 is a maternally expressed gene. The stippled
ellipse indicates the enhancer for IGF2 and H19. B. Pyrosequencing data. Left part: Representative results indicating the Mls for CG5- CG7 and CG9.
CG5- CG7 and CGY are hypomethylated in case 1, and similarly methylated between case 53 and a control subject. Right part: Histograms showing
the distribution of the Mis (the horizontal axis: the methylation index; and the vertical axis: the patient number). Forty-three SRS patients with low Mls
are shown in red. C. COBRA data. Left part: Representative findings of PCR products loaded onto a DNA 1000 LabChip (Agilent, Santa Clara, CA, USA)
after digestion with Hpy188l or Afilil. U: unmethylated clone specific bands; M: methylated clone specific bands; and BWS: Beckwith-Wiedemann
syndrome patient with upd(11p15)pat. Right part: Histograms showing the distribution of the Mls.

doi:10.1371/journal.pone.0060105.g001

probes for 12ql4, and 39,518 probes for 17¢24, together with
~10,000 reference probes for other chromosomal region (Agilent
Technologies, Palo Alto, CA, USA). The procedure was as
described in the manufacturer’s instructions.

Oligoarray comparative genomic hybridization (CGH)
We performed oligoarray CGH in the 138 SRS patients, using a
genomewide 4x180K Agilent platform catalog array and a
custom-build high density oligoarray for the 11pl5.5, 7pl2.2,
12q14, and 17q24 regions where rare copy number variants have

been identified in several SRS patients [1,10-12] as well as for the
7q32—qter region involved in the segmental upd(7)mat in four SRS
patients [23-25]. The custom-build high density oligoarray
contained 3,214 probes for 7p12.2, 434 probes for 7q32, 23,162

PLOS ONE | www.plosone.org

Statistical analysis

After examining normality by %2 test, the variables following the
normal distribution were expressed as the mean®=S8SD, and those
not following the normal distribution were expressed with the
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Figure 2. Methylated and unmethylated allele-specific PCR
analysis for the MEST-DMR. A. Schematic representation of the
MEST-DMR. The cytosine residues at the CpG dinucleotides are usually
unmethylated after paternal transmission (open circles) and methylated
after maternal transmission (filled circles). The PCR primers have been
designed to hybridize either methylated or unmethylated clones. B. The
results of methylation analysis with methylated and unmethylated
allele-specific primers.

doi:10.1371/journal.pone.0060105.g002

median and range. Statistical significance of the mean was
analyzed by Student’s #test or Welch’s #test after comparing the
variances by Ftest, that of the median by Mann-Whitney’s U-test,
that of the frequency by Fisher’s exact probability test, and that of
the correlation by Pearson’s correlation coeflicient after confirm-
ing the normality of the variables. P<0.05 was considered
significant.

Results

Identification of H19-DMR hypomethylation

Representative findings are shown in Figure 1B and 1C, and the
MIs are summarized in Table 1. Overall, the MIs obtained by the
pyrosequencing analysis tended to be lower and distributed more
narrowly than those obtained by the COBRA. Despite such
difference, the MIs obtained by the pyrosequencing analysis for
CG5-CG7 and CGY and by the COBRA for CG5 and CG16
were invariably below the normal range in the same 43 patients
(cases 1-43) (group 1). By contrast, the MlIs were almost invariably
within the normal range in the remaining 95 patients, while the
MIs obtained by the pyrosequencing analysis slightly (1-2%)
exceeded the normal range in the same three patients (cases 136—
138).

In the 43 cases of group 1, microsatellite analysis for four loci at
the telomeric 11p region excluded maternal upd in 14 cases in
whom parental DNA samples were available; in the remaining 29
cases, microsatellite analysis identified two alleles for at least one
locus, excluding maternal uniparental isodisomy for this region.
Furthermore, oligoarray CGH for the chromosome 11pl5.5
region showed no copy number alteration such as duplication of
maternally derived H79-DMR and deletion of paternally derived

PLOS ONE | www.plosone.org
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Table 1. The methylation indices (%) for the H719-DMR.

Cases 1—43 Cases 44—138

Control subjects

CG5 4-24 35-50 33—-48

COBRA

4.1-35.0 43.0—-594 38.7—-60.0

CG16 (Afilll)

The position of examined CpG dinucleotides (CG5-7, CGY, and CG16) is shown
in Figure 1A.

COBRA: combined bisulfite restriction analysis.
doi:10.1371/journal.pone.0060105.t001

HI19-DMR. For the KvDMRI, the MIs of the 138 patients
remained within the reference range (Fig. S1B and C).

Identification of upd(7)mat

Methylation analysis for the MEST-DMR revealed that
unmethylated bands were absent from cight patients and remained
faint in a single patient (cases 44-52) (group 2) (Figure 2B).
Subsequent microsatellite analysis confirmed upd(7)mat in the
cight patients and mosaic upd(7)mat in the remaining one patient,
and indicated trisomy rescue or gamete complementation type
upd(7)mat in cases 44-48, monosomy rescue or post-fertilization
mitotic error type upd(7)mat in cases 49-51, and post-fertilization
mitotic error type mosaic upd(7)mat in case 52 (Table S2).

Multiple DMR analysis

We examined 17 autosomal DMRs other than the A7/9-DMR
in 14 patients in group 1, four patients in group 2, and 20 patients
in group 3, and the XIST-DMR in eight female patients in group
1, one female patient in group 2, and five female patients in group
3 (Table S3). The MlIs outside the reference ranges were identified
in five of 14 examined cases (35.7%) and six of a total of 246
examined DMRs (2.4%) in group 1. In particular, a single case
with the mean MI value of 23 obtained by the pyrosequencing
analysis for CG5-CG7 and CG9 had an extremely low MI for the
ARHI-DMR (case 13 of group 1). This extreme hypomethylation
was confirmed by bisulfite sequencing, and direct sequencing
showed normal sequences of the primer-binding sites, thereby
excluding the possibility that such an extremely low MI could be
due to insufficient primer hybridization because of the presence of
a nucleotide variation within the primer-binding sites (Figure 3).
Furthermore, no copy number variation involving the ARHI[-
DMR was identified by CGH analysis using a genomewide catalog
array. Consistent with upd(7)mat, three DMRs on chromosome 7
were extremely hypermethylated in four examined cases of group
2. Only a single DMR was mildly hypermethylated in a total of
345 examined DMRs in group 3. The abnormal MIs, except for
those for the HA79-DMR in group 1 and for the three DMRs on
chromosome 7 in group 2, were confirmed by three times
experiments.

Oligonucleotide array CGH

A ~3.86 Mb deletion at chromosome 17q24 was identified in a
single patient (case 73 of group 3) (Figure 4).
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Primer for direct  Primer for methylation Primer for methylation Primer for direct
sequencing (F) analysis (F) analysis (R) sequencing (R)
— — (ARHI-DMR)
(15 CpGs) € -+
ARHI-DMR

E i R AAN i 3 i

5/ ~ARAATACCTACTGCCAGTTGCTGEGCT -3 (Wildtype)

5/ -AAAATATTTATTGTTAGTTGTTGGGTT-3 (Bisulfite-treated)
37 -TTTTATAAATAACAATCAACAACCCAA-5' (Primer)

5! -GGITITAAGGAATAGAAGTTGTTGA-3/ (Bisulfite-treated)
(= Primer)

Case 1‘3
(Group 1)

Figure 3. Analysis of the ARHFDMR in case 13. For bisulfite sequencing, each line indicates a single clone, and each circle denotes a CpG
dinucleotide; the cytosine residues at the CpG dinucleotides are usually unmethylated after paternal transmission (open circles) and methylated after
maternal transmission (filled circles). Electrochromatograms delineate the sequences of the primer binding sites utilized for the methylation analysis.
doi:10.1371/journal.pone.0060105.9003

Epigenotype-phenotype analysis more preserved in group 1 than in group 2, despite comparable

Clinical findings of SRS patients in groups 1-3 are summarized gestational age. In the postnatal life, present height and weight
in Table 2. All the patients met the mandatory criteria, and most became similar between the two groups, whereas present OFC
patients in each group had severely reduced birth length and became significantly smaller in group 1 than in group 2. Body
weight (both=-2 SDS). For the five clinical features utilized as asymmetry and brachydactyly were more frequent and speech

scoring system criteria, while 23.2% of patients in group 1 and delay was less frequent in group 1 than in group 2. Placental
22.2% of patients in group 2 exhibited all the five features, there weight was similar between the two groups, and became more
was 1o patient in group 3 who was positive for all the five features. similar after excluding case 52 with mosaic upd(7)mat (sec legends

By contrast, while 39.5% of patients in group 1 and 33.3% of for Table 2). Parental age at childbirth was also similar between
patients in group 2 manifested just three of the five features, 77.6% the two groups. In group 2, placental weight was grossly similar

of patients in group 3 were positive for just three features. In among examined cases, as was parental age at childbirth (see

particular, the frequencies of relative macrocephaly at birth and legends for Table 2).

body asymmetry were low in group 3, while those of the remaining Case 13 with an extremely low MI for the ARAF-DMR and case

three scoring system criteria including prominent forehead during 73 with a cryptic deletion at chromosome 17q24 had no specific

carly childhood were similar among groups 1-3. phenotype other than SRS-like phenotype (Table S4). However, of
Phenotypic comparison between groups 1 and 2 revealed that the five clinical features utilized as scoring system criteria, all the

birth length and weight were more reduced and birth OFC was five features were exhibited by case 13 and just three features were

Chromosome 17

+2 SD
+1 8D
+0 SD
-18D}
-2 8D

l Midro et al. 1993; Dérr et al. 2001

53V Blyth et al. 2008

Figure 4. Oligonucleotide array CGH in case 73, showing a ~3.86 Mb deletion at chromosome 17¢24. The black, the red, and the green
dots denote signals indicative of the normal, the increased(>+0.5), and the decreased (< -1.0) copy numbers, respectively. The horizontal bar with
arrowheads indicates a ~2.3 Mb deletion identified in a patient with Carney complex and SRS-like phenotype [44], and the black square represent a
~65 kb segment harboring the breakpoint of a de novo translocation 46,XY,t(1;17)(q24;q23-q24) identified in a patient with SRS phenotype [45,46].
doi:10.1371/journal.pone.0060105.g004
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Table 2. Phenotypic comparison in three groups of patients with Silver-Russell syndrome.

H19-DMR
hypomethylation Upd(7)mat Unknown P-value

Patient number 43 (31.2%) 9 (6.5%) 85 (62.0%)

10/43 (23.2%) 2/9 (22.2%) 0.965 1.52x10~ 2.58x1072

17/43 (39.5%) 3/9 (33.3%) 7.17x107%

-4.13£2.01 (n=31) 6.69%107°

(100%)
76/85 (89.4
-1.92+1.09

3.74x1072

3.08x1073

-1.08+1.71 (n=35) 2.54x107%  1.90x107*

8/9 (88.9%) 65/65 (100%) 0.442 0.0773

Ear anomalies

3/9 (33.3%) 15/55 (27.3%) 0.717 0.290 0.823

3.51x10°¢

16/34 (47.1%) 25/51 (49.0%)

Paternal age at childbirth 32:0 (19:0~52:0) (n=24)  35:0 (27:0~48:0) (n=9) 32:0 (25:0~46:0) (n=45) 0.223 1.00 0.105
(years:months)

BL: birth length; BW: birth weight; BOFC: birth occipitofrontal circumference; PH: present height; PW: present weight; POFC: present occipitofrontal circumference, and
SDS: standard deviation score.

For body features, the denominators indicate the number of patients examined for the presence or absence of each feature, and the numerators represent the number
of patients assessed to be positive for that feature.

*Mandatory criteria and ffive clinical features utilized as selection criteria for Silver-Russell syndrome proposed by Netchine et al. [14].

Significant P-values(<0.05) are boldfaced.

Placental weight SDS is -1.68, ~2.55, -2.24, -1.12, -2.14 and -0.60 in case 46, 47, 49, 50, 51 and 52, respectively; the placental weight SDS is ~1.95+0.57 in five cases
except for case 52 with mosaic upd(7)mat.

“Maternal childbearing age is 32, 32, 33, 42, 32, 34, 33, 25 and 36 years in case 44-52, respectively.

doi:10.1371/journal.pone.0060105.t002
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manifested by case 73. In addition, cases 136~138 with slightly
elevated MIs for CG5~CG7 and CG9, and cases with multilocus
methylation abnormalities, had no particular phenotype other
than SRS-compatible clinical features.

Correlation analysis

In group 1, the mean value of the MIs for CG5-CG7 and CG9
obtained by pyrosequencing analysis was positively correlated with
the birth length and weight, the present height and weight, and the
placental weight, but with neither the birth nor the present OFC
(Table 3). Such correlations with the growth parameters were
grossly similar but somewhat different for the Mls obtained by
COBRA (Table S5). Furthermore, the placental weight was
positively correlated with the birth weight and length, but not with
the birth OFC. Such positive correlations were not found in
groups 2 and 3.

Discussion

The present study identified hypomethylation of the H/9-DMR
and upd(7)mat in 31.2% and 6.5% of 138 Japanese SRS patients,
respectively. In this regard, the normal KvDMRI methylation
patterns indicate that the aberrant methylation in 43 cases of
group 1 is confined to the HI9-DMR. Furthermore, oligoarray
CGH excludes copy number variants involving the H/9-DMR,
and microsatellite analysis argues against segmental maternal
isodisomy that could be produced by post-fertilization mitotic
error [26]. These findings imply that the A£79-DMR hypomethy-
lation is due to epimutation (hypomethylation of the normally
methylated H79-DMR of paternal origin).

The frequency of epimutations detected in this study is lower
than that reported in Western European SRS patients [1,2,14],
although the frequency of upd(7)mat is grossly similar between the
two populations {2,11,14,27,28]. In this context, it is noteworthy
that, of the five scoring system criteria, the frequencies of relative
macrocephaly at birth and body asymmetry were low in group 3,
while those of the remaining three scoring system criteria were
similar among groups 1-3. Since relative macrocephaly and body
asymmetry are characteristic of A£/9-DMR cpimutation, the lack
of these two features in a substantial fraction of cases in group 3
would primarily explain the low frequency of H/9-DMR

Table 3. Correlation analyses in patients with H19-DMR
hypomethylations.

Parameter 1 Parameter 2 r

P-value

Birth weight (SDS) 0.590 7.80x10~

Present height (SDS) 5.33x1073

Placental weight (SDS) vs. Birth weight (SDS) 0717 8.64x1072

Birth OFC (SDS) 0.400  0.198

SDS: standard deviation score; and OFC: occipitofrontal circumference.
*The mean value of Mls for CG5, CG6, CG7, and CGY obtained by
pyrosequencing analysis.

Significant P-values(<0.05) are boldfaced.
doi:10.1371/journal.pone.0060105.t003
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epimutations in this study. In group 3, furthermore, the low
prevalence of relative macrocephaly at birth appears to be
discordant with the high prevalence of prominent forehead during
early childhood. Since relative macrocephaly was evaluated by an
objective method (SDS for birth length or birth weight minus SDS
for birth OFC=-1.5) and prominent forehead was assessed by a
subjective impression of different clinicians, it is recommended to
utilize relative macrocephaly as a more important and reliable
feature in the scoring system than prominent forehead. In
addition, the difference in the ethnic group might also be relevant
to the low frequency of H7/9-DMR epimutations in this study.

Epigenotype-phenotype correlations in this study are grossly
similar to those previously reported in Western European SRS
patients [1-3]. Cases 1-43 in group 1 with H/9-DMR epimuta-
tion had more reduced birth weight and length, more preserved
birth OFC and more reduced present OFC, more frequent body
features, and less frequent speech delay than case 44-52 in group 2
with upd(7)mat, although the difference in the prevalence of
somatic features appears to be less remarkable in this study than in
the previous studies [3,4]. This provides further support for the
presence of relatively characteristic clinical features in H79-DMR
epimutation and upd(7)mat [1-3]. In this context, previous studies
have indicated biallelic /GF2 expression in the human fetal
choroid plexus, cerebellum, and brain, and monoallelic /GF2
expression in the adult brain, while the precise brain tissuc(s) with
such a unique expression pattern remains to be clarified
[29,30,31]. This may explain why the birth OFC is well preserved
and the present OFC is reduced in group 1. However, since the
difference in present OFC between groups 1 and 2 is not
necessarily significant in the previous studies [32], the postnatal
OFC growth awaits further investigations.

Placental weight was similarly reduced in groups 1 and 2. Thus,
placental weight is unlikely to represent an indicator for the
discrimination between the two groups, although the present data
provide further support for imprinted genes being involved in
placental growth, with growth-promoting effects of PEGs and
growth-suppressing effects of MEGs [5,6]. It should be pointed out,
however, that the placental hypoplasia could be due to some other
genetic or environmental factor(s). In particular, while placental
weight was apparently similar among cases of group 2, possible
confined placental mosaicism [33,34] with trisomy for chromo-
some 7 may have exerted some effects on placental growth in cases
with trisomy rescue type upd(7)mat.

Correlation analysis would imply that the /GFZ expression level,
as reflected by the MI of the H79-DMR, plays a critical role in the
determination of pre- and postnatal body (stature and weight) and
placental growth in patients with A/9-DMR epimutation. Since
the placental weight was positively correlated with the birth length
and weight, the reduced IGF2 expression level appears to have a
similar effect on the body and the placental growth. Furthermore,
the lack of correlations between the MI and birth and present
OFC and between placental weight and birth OFC would be
compatible with the above mentioned JGF2 expression pattern in
the central nervous system [29]. Although the MI would also
reflect the HI9 expression level, this would not have a major
growth effect. It has been implicated that /779 functions as a tumor
suppressor [35,36].

Multilocus analysis revealed co-existing hyper- and hypomethy-
lated DMRs predominantly in cases of group 1, with frequencies
of 35.7% of examined patients and 2.4% of examined DMRs. The
results are grossly consistent with the previous data indicating that
co-existing abnormal methylation patterns of DMRs are almost
exclusively identified in patients with H79-DMR epimutation with
frequencies of 9.5~30.0% of analyzed patients and 1.8~5.2% of a
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total of analyzed DMRs [7-9]. Notably, the co-existing methyl-
ation abnormalities were predominantly observed as mild
hypermethylations of maternally methylated DMRs and were
restricted to a single DMR or two DMRs in patients with
multilocus abnormalities. Such findings are obviously inexplicable
not only by assuming a JFP57 mutation that is known to cause
severely abnormal methylation patterns of multiple DMRs or a
ZACI mutation that may affect methylation patterns of multiple
DMRs [37-39], but also by assuming defective maintenance of
methylation in the postzygotic period [7]. Thus, some factor(s)
susceptible to the co-occurrence of hypomethylation of the H79-
DMR and hypermethylation of other DMR(s) might be operating
during a gamectogenic or postzygotic period in cases with H79-
DMR epimutation.

The patients with multilocus methylation abnormalities had no
specific clinical features other than SRS-compatible phenotype.
Previous studies have also indicated grossly similar SRS-like
phenotype between patients with monolocus and multiocus
hypomethylations [7], although patients with multilocus hypo-
methylation occasionally have apparently severe clinical pheno-
type [7]. These findings would argue for the notion that the H79-
DMR epimutation has an (epi)dominant clinical effect. Indeed,
HI19-DMR hypomethylation has led to SRS-like phenotype in a
patient with parthenogenetic chimerism/mosaicism [21], whercas
HI19-DMR hypermethylation has resulted in Beckwith-Wiede-
mann syndrome-like phenotype in patients with androgenetic
mosaicism [40].

An extremely hypomethylated ARHI-DMR was found in case
13. In this regard, it is known that ARHI with a potentially cell
growth suppressor function is normally expressed from paternally
inherited chromosome with unmethylated ARAI-DMR [41].
Indeed, hypermethylation of the ARAI-DMR, which is predicted
to result in reduced expression of ARHI, has been identified as a
tumorigenic factor for several cancers with an enhanced cell
growth function [42,43]. Thus, it is possible that hypomethylation
of the ARHI-DMR has led to overexpression of ARHI, contrib-
uting to the development of typical SRS phenotype in the presence
of a low but relatively preserved MI of the H79-DMR in case 13.

Oligonucleotide array CGH identified a ~3.86 Mb deletion at
chromosome 17q24 in case 73 of group 3. This provides further
support for the presence of rare copy number variants in several
SRS patents and the relevance of non-imprinted gene(s) to the
development of SRS [10]. Interestingly, the microdeletion overlap
with that identified in a patient with Carney complex and SRS-like
features [44], and the overlapping region encompasses a ~65 kb
segment defining the breakpoint of a de novo reciprocal transloca-
tion involving 17q23—q24 in a patient with SRS-like phenotype
(Figure 4) [45,46]. Furthermore, the translocation breakage has
affected KPNA2 involved in the nuclear transport of proteins [46-
48]. Thus, KPNAZ has been regarded as a candidate gene for SRS,
although mutation analysis of KPNAZ has failed to detect a disease-
causing mutation in SRS patients [49].

Lastly, it would be worth discussing on the comparison between
pyrosequencing analysis and COBRA. Since the same 43 patients
were found to have low MIs by both analyses, this implies that
both methods can be utilized as a diagnostic tool. While the
distribution of the MIs was somewhat different between the two
methods, this would primarily be due to the difference in the
employed methods such as the hybridization efficiency of utilized
primers. Importantly, pyrosequencing analysis was capable of
studying plural CpG dinucleotides at the CTCF6 binding site,
whereas COBRA examined only single CpG dinucleotides outside
the C'TCF6 binding site. Thus, the MIs obtained by pyrosequenc-
ing analysis would be more accurate than those obtained by
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COBRA in terms of IGFZ expression levels, and this would
underlie the reasonable correlations of MlIs yielded by pyrose-
quencing analysis with body and placental growth parameters.

In summary, the present study provides useful information for
the definition of molecular and clinical findings in SRS. However,
several matters still remain to be elucidated, including underlying
mechanisms in SRS patients with no H/9-DMR epimutation or
upd(7)mat and the DMR(s) and imprinted gene(s) responsible for
the development of SRS in patients with upd(7)mat. Furthermore,
while advanced maternal age at childbirth has been shown to be a
predisposing factor for the development of upd(15)mat because of
increased non-disjunction at meiosis 1 [50], such studies remain
fragmentary for upd(7)mat, primarily because of the relative
paucity of upd(7)mat. Further studies will permit a better
characterization of SRS.

Supporting Information

Figure S1 Methylation analysis of the KvDMR1 using COBRA.
A. Schematic representation of the KvDMRI. A 326 bp region
harboring 24 CpG dinucleotides was studicd. The cytosine
residues at the CpG dinucleotides are usually methylated after
paternal transmission (filled circles) and unmethylated after
maternal transmission (open circles); after bisulfite treatment, this
region is digested with Hpyl88I when the cytosine at the 5th CpG
dinucleotide (indicated with a green rectangle) is methylated and
with el when the cytosines at the 22nd CpG dinucleotide
(indicated with a pink rectangle) is methylated. KCNQJOT] is a
paternally expressed gene, and KCNQJ/ and CDANIC are
maternally expressed genes. B. Representative COBRA results.
U: unmethylated clone specific bands; M: methylated clone
specific bands; and BWS: Beckwith-Wiedemann syndrome patient
with upd(11p15)pat. C. Histograms showing the distribution of the
MIs (the horizontal axis: the methylation index; and the vertical
axis: the patient number).

(TIF)

Table S1 Primers utilized in the methylation analysis and
microsatellite analysis.

(XLS)

Table 82 The results of microsatellite analysis.

(XLSX)

Table 83 Methylation indices for multiple differetially methyl-

ated resions (DMRs) obtained by COBRA in 38 patients with
Silver-Russell syndrome.
(XLSX)

Table S4 Clinical findings in two unique patients.
DOC)

Table 85 Correlation analyses in patients with H19-DMR

hypomethylations.
(DOC)
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Introduction

Fibrodysplasia ossificans progressiva (FOP) is an autosomal dominant disorder
characterized by postnatal heterotopic ossification (HO).!* The disorder is caused by a
gene mutation in the activin A receptor type I (ACVR1), which is responsible for bone
morphogenetic protein (BMP) activity>* The incidence of FOP is quite rare, affecting
an estimated one in 2 million people. HO is usually not apparent at birth; congenital
malformation of the great toes is a sign for early diagnosis of the disorder. HO often
appears within the first decade of life, after swelling with sensation of heat and pain
(flare-up) of the soft tissues such as the skeletal muscles, tendons, and ligaments.
When HO occurs in tissues surrounding joints, their mobility is lost.»?37 In the
maxillofacial region, the temporomandibular joint (TMJ) and masticatory muscles are
common sites of involvement and this results in restricted mouth opening.*#!* Surgical
treatment for the restricted mouth opening in patients with FOP often results in
relapse and worsening of HO and is generally not recommended.*>-18 HO in growing
children affects facial growth and occlusion. Although there are a few reports about
occlusion,'?% little is known about the facial morphology and occlusion of patients
with FOP In this paper, we present a longitudinal record of facial morphology and
occlusion (from 8 to 21 years of age) in a patient with FOP, and discuss the dental
care for children with FOP.

Case report

His mouth opening was severely

The patient first visited the University
of Tokyo Hospital at the age of 8 years
and 9 months. He had severe maxillary
protrusion in the mixed dentition with a
large overjet (9.5 mm) and a deep
overbite (5.0 mm). The molar
relationship was Angle Class II

(Angle Classification Class 1I, Division 1).

©2012 Special Care Dentistry Association and Wiley Periodicals, Inc.

doi: 10.1111/.1754-4505.2012.00260.x
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restricted and the maximum opening
was 5.0 mm (Figure 1). Evaluation of
the patient’s panoramic radiograph
revealed the presence of all permanent
teeth, widening of the right coronoid
process, and elongation of the left
coronoid process; mild flattening of the
bilateral condylar heads was suspected
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Figure 1. Facial appearance and occlusion at the initial visit (age 8 years, 9 months). (A) Face. (B)
Occlusion at closed position. (C) Maximum opening. The occlusion showed severe maxillary pro-
trusion and the amount of maximum mouth opening was 5.0 mm.

Figure 2. Panoramic radiograph at the initial visit (age 8 years, 9 months). Widening of the right
coronoid process (arrow 1) and elongation of the left coronoid process (arrow 2) were seen. Mild
flattening of the bilateral condylar heads was suspected (arrows 3).

(Figure 2). The lateral cephalogram
showed a severe Class II facial skeleton
(SNA: 85.4°, SNB: 75.6°, ANB: 9.8°)
(Figure 3, Table 1). The maxilla was
protruded and the mandible had
normal anteroposterior development.
Both maxillary and mandibular incisors
were proclined and fusion of cervical
vertebrae was also noted in the cephalo-
gram. At that time, the spinal deformity
in the coronal plane (scoliosis) was mild
(Figure 4A).

166 Spec Care Dentist 32(4) 2012

The patient had received surgical cor-
rection of bilateral hallux valgus at the
age of 1 year and was diagnosed with
FOP in another hospital at 5 years of age.
As the large overjet enabled his teeth to
be cleaned and for him to eat, orthodon-
tic correction was not planned and it was
decided to follow his facial growth care-
fully and to maintain his oral hygiene at
the highest level.

At 12 years of age, the patient had
pain in his right hip joint, which affected

— 113 —

Figure 3. Lateral cephalogram at the initial visit
(age 8 years, 9 months). The patient had
severe Angle Class |l facial skeleton. Fusion of
cervical vertebrae was seen (arrow).

his movement. From 13 years of age,

HO in the ligaments surrounding the
vertebral column progressed, and
scoliosis and tilting of the head became
more prominent (Figures 4B and 5). At
16 years of age, the last cephalogram was
made; as it was impossible thereafter
because of his vertebral deformation. The
superimposition of cephalogram tracings
at ages 8 and 16 showed greater forward
growth of both the maxilla and mandible
relative to the anterior cranial base.

The mandible showed-counterclockwise
rotation and both maxillary and
mandibular incisors were proclined
further (Figure 6, Table 1). The com-
puted tomography (CT) made at 16
years of age clearly depicted deformation
of bilateral condylar heads, widening of
the right coronoid process, and elonga-
tion of the left coronoid process. HO was
found at the anterior edge of the right
coronoid process, but it was not fused
with the upper bones of the skull
(Figure 7). These findings suggested
that the restricted mouth opening was
caused by the mechanical interference
between the coronoid processes and
upper bones, and not because there was
a bony fusion. Between 16 and 17 years
of age, the patient experienced acute

Facial morphology and occlusion in FOP
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Table 1. Cephalogram measurements.

Parameters Age Japanese adult
male norm:
8 years, 16 years,

10 months 4 months Mean (SD)
SNA 85.4° 93.5¢ 81.8 (3.1)
SNB 75.6 81.4 78.6 (3.1)
ANB 9.8° 12.1¢ 3.3@2.7
MP-FH 19.62 11.8° 26.3 (6.3
U1-FH 117.92 126.4° 108.9 (5.8
L1-MP 123.3¢ 129.5¢ 94.7 (7.2)
MP-FH: Mandibular plane-Frankfurt plane Angle; U1-FH: Upper incisor-Frankfurt plane Azngle;
L1-MP: Lower incisor-Frankfurt plane Angle; SD: Standard deviation.
Deviation from the mean value ?between 1 and 2 SD, between 2 and 3 SD, more than 3 SD.
Japanese norm is from lzuka and Ishikawa?®

Figure 4. Integrated radiographic films of the vertebral column. (A At the initial visit (age 8 years,
9 months). (B) At 18 years and 3 months of age, lateral curvature of the vertebral column had
become severe.

Susami et al.
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Figure 5. Facial appearance at age 15 years
and 4 months. Tilting of the head had become
prominent and standardization using ear rods
was impossible.

—— & gears 9 months
=== 15 years 3 months

Figure 6. Superimposition of lateral cephalo-
grams. Large forward growths of both maxilla
and mandible were found. The mandible
showed counterclockwise rotation and both
maxillary and mandibular incisors were pro-
clined further.

submandibular swelling (flare-up) twice
and antibiotics and a bisphosphonate
were administered. He also experienced
swelling in the right elbow and forearm
during that period.

At 19 years of age, the maxillary
protrusion had increased. The overjet
and overbite had increased to 12.0 and
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Figure 7. CT made at age 16 years and 3 months. (A) 3-D lateral facial view. (B) Extracted mandible.
(C) 2-D view showing HO at the front edge of the right coronoid process. Deformation of bilateral
condylar heads, widening of the right coronoid process, and elongation of left coronoid process
were observed. HO was found at the anterior edge of the right coronoid process, but it was not

fused with upper bones.

Figure 8. Occlusion at age 19 years and 4 months. (A) In occlusion. Upper right second molar had
erupted buccally, showing a scissor bite (arrow). (B) Maximum opening. The maxillary protrusion
deteriorated but the amount of mouth opening had slightly improved (6.0 mm).

6.0 mm, respectively. The premolars had
erupted normally, but molars had
delayed eruption or impaction (Figures 8
and 9). However, the amount of
maximum opening slightly improved
(6.0 mm). To prevent acute inflammation
and subsequent swelling (flare-up)
caused by dental caries or periodontal
disease, seven molars were extracted
under Jocal or general anesthesia. The

168 Spec Care Dentist 32(4) 2012

details of the surgical extraction of the
six molars under general anesthesia

have been reported previously.?! The last
examination of the patient for this report
was at 21 years of age. Bone healing was
good at the extraction sites and there was
no further deterioration of HO in the
facial region. His oral hygiene was
excellent and we continue to provide
periodic care.
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Discussion

Signs or symptoms of FOP are usually
not apparent at birth except for the
congenital malformation of the great
toes; HO often appears within the first
decade of life after flare-ups in the soft
tissues.!>>¢ When joints are affected by
HO, they lose their mobility, and

when the vertebral column is affected, it
often results in lateral curvature of the
column.!?712 TMJ and masticatory
muscles are also commonly affected,
resulting in restricted mouth opening.
The involvement of these tissues occurs
relatively late in comparison with other
joints, but restricted mouth opening
occurs in about half of patients by the
age of 20.7 HO in oral regions appears
after trauma or infection, but inadequate
dental treatment and acute exacerbation
of caries or periodontal disease have also
been reported as causative factors.!%1*

In growing children, HO seems to
affect facial growth and occlusion.
According to Nussbaum et al.,'® there
was a high incidence of mandibular
hypoplasia and large overjet in patients
with FOP. Renton et al.?? reported flat-
tening of the condylar heads which was
found even in patients without restricted
mouth opening. However, there are no
detailed reports on facial morphology
and occlusion, including changes with
growth.

Our patient exhibited a skeletal Class
11 relationship with protrusion of the
maxillary alveolar process. The mandible
showed normal anteroposterior growth
as measured by SNB angle at the age
of 8 and 16 years. Flattening of condylar
heads was suspected at the first examina-
tion and it was clearly seen later in the
evaluation of the CT of the head and
neck. The restricted mouth opening
(5.0 mm) was already recorded at the
initial visit. The patient’s mother recalled
that he had difficulty opening his mouth
beginning in infancy. The widening of
the right condylar process found at the
initial examination was considered to be
the cause of the restricted mouth open-
ing. Evaluation of the CT scans made
later revealed HO at the front edge of the
coronoid process, though the coronoid
process was not fused with upper facial

5.8-14

Facial morphology and occlusion in FOP



FACIAL MORPHOLOGY AND OCCLUSION

IN FOP

A §

Figure 9. Panoramic radiograph at age 19 years and 5 months. Molars showed abnormal eruption
or impaction. Seven molars were later extracted under local or general anesthesia.

bones (Figure 7). This suggested that the
restriction was not caused by bone fusion
but by mechanical interference of bones
on mouth opening as pointed out by
Connor and Evans® and Nunnelly and
Yussen.’

Our patient had severe maxillary
protrusion with Angle Class II Division 1
occlusion. As Nussbaum et al.!® reported
in some of their patients with FOP, this
malocclusion seemed to be helpful for
cleaning the oral cavity and for eating, as
mouth opening was restricted in these
patients. If our patient had a normal
overjet, the mouth opening would have
been smaller. The proclination of maxil-
lary incisors might be caused by forces
exerted during masticatory movement.

During follow-up of our patient, the
mouth opening did not decrease but
rather increased slightly (6.0 mm).
Analysis of the cephalogram found that
both the maxilla and mandible had
greater forward growth than did the
anterior cranial base. The ANB angle
changed from 9.8° to 12.1° and the
overjet changed from 9.5 to 12.0 mm.
The forward inclination of both maxil-
lary and mandibular incisors was also
increased (Figure 6, Table 1). These
changes indicate a probable influence on
upper incisor inclination from his hyper-
active lower lip as it tried to make an
anterior seal during swallowing, and was

Susami et al.

also influenced by the movement of the
tongue on the lower incisors as it thrusts
forward to achieve an anterior seal
during swallowing. Although the
premolars had erupted without problem,
the molars were delayed or impacted.
This seemed to be due to the lack of
eruption space in the posterior region of
the mandibular arch. As these molars are
more susceptible to dental caries and
periodontal disease, seven molars were
extracted under local or general
anesthesia.?! After extraction, oral
hygiene maintenance became easier than
before. At present, a slender toothbrush
and an interdental brush are being used
for oral cleaning and the patient’s oral
hygiene is excellent.

The guidelines for dental
management of patients with FOP, such
as the treatment of caries, tooth extrac-
tion, orthodontic treatment, and oral
hygiene maintenance, have been pro-
posed by several authors.!*-? Restricted
mouth opening is the main problem, but
surgical release of HO has been reported
to cause flare-ups and aggravate the HO
further.'” Since it is difficult to carry out
dental treatment on these patients, good
oral hygiene must be maintained to
prevent dental caries and periodontal dis-
ease.!9232* Patients should be aware of
the problems with oral care methods
before the onset of HO and should
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receive preventive or early interceptive
dental treatment. However, even normal
opening of the mouth during dental
treatment might be traumatic for patients
with FOP, and dentists caring for these
patients must be aware of this problem.

Maxillary protrusion seems to be
common in patients with FOP and ortho-
dontic treatment would be safe.?®
However, the space for cleaning the
mouth and eating needs be taken into
consideration. If the child shows severe
crowding of anterior teeth, orthodontic
treatment will be helpful for maintenance
of oral hygiene. However, an orthodontic
appliance increases the risk of dental
caries and gingivitis. Problems with pos-
terior teeth may occur with facial growth
similar to our patient, so early and regu-
lar dental examination by dentists
knowledgeable about FOP is recom-
mended. If abnormal eruption of
posterior teeth is found, extraction of the
teeth should be considered to prevent
dental caries or periodontal disease and
to avoid flare-ups and HO.

Conclusion

The patient in this case report had a
severely restricted mouth opening caused
by HO. He had a Class II facial skeleton
and Angle Class 1I Division 1 occlusion.
His maxilla protruded severely but his
mandible showed normal anteroposterior
development. He also had an abnormally
low mandibular plane angle. Orthodontic
treatment was not considered because
the large overjet enabled him to clean his
mouth and to eat. Facial growth was
closely monitored over time. As the
patient grew, the maxillary protrusion
became more prominent and the
mandible rotated counterclockwise
between the ages of 8 and 16 years.
However, the restricted mouth opening
did not worsen. The patient’s molars had
delayed eruption or were impacted, and
were extracted under local and general
anesthesia. The patient’s oral hygiene is
currently excellent.

In children with FOP, involvement of
the TMJ occurs rather late in comparison
with other joints. If FOP is diagnosed at
an early age, efforts should be made to
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prevent the onset of HO. Oral hygiene
maintenance and early preventive or
interceptive dental treatment are neces-

sary before the onset of HO. Orthodontic

treatment to correct crowding might be

helpful for oral hygiene maintenance, but
the space for food intake should be taken

into consideration if there is restricted
mouth opening.
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1. FGFR3 chondrodysplasia group

Thanatophoric dysplasia type 1 (TD1)
Thanatophoric dysplasia type 2 (TD2)

Severe achondroplasia with developmental delay
and acanthosis nigricans (SADDAN)
Achondroplasia

Hypochondroplasia

Camptodactyly, tall stature and hearing loss
syndrome (CATSHL)

Hypochondroplasia—like dysplasia(s)

2. Type 2 collagen group and similar disorders

Achondrogenesis type 2 (ACG2; Langer-
Platyspondylic dysplasia, Torrance type
Hypochondrogenesis

Spondyloepiphyseal dysplasia congenita (SEDC)
Spondyloepimetaphyseal dysplasia (SEMD)
Strudwick type

Kniest dysplasia

Spondyloperipheral dysplasia

Mild SED with premature onset arthrosis

SED with metatarsal shortening (formerly Czech
dysplasia)

Stickler syndrome type 1

Stickler-like syndrome(s)

3. Type 11 collagen group

Stickler syndrome type 2

Marshall syndrome

Fibrochondrogenesis
Otospondylomegaepiphyseal dysplasia
(OSMED), recessive type
Otospondylomegaepiphyseal dysplasia
(OSMED), dominant type (Weissenbacher-
Zweymiiller syndrome, Stickler syndrome type 3)
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4. Sulphation disorders group

Achondrogenesis type 1B (ACG1B)
Atelosteogenesis type 2 (AO2)

Diastrophic dysplasia (DTD)
MED, autosomal recessive type (tMED; EDM4)

SEMD, PAPSS2 type
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EDM4)
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Type 2 collagen
Type 2 collagen
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Type 2 collagen
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Type 2 collagen

Type 2 collagen

Type 11 collagen alpha-1 chain
Type 11 collagen alpha-1 chain
Type 11 collagen alpha-1 chain
Type 11 collagen alpha-2 chain

Type 11 collagen alpha-2 chain

SLC26A2 sulfate transporter
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SLC26A2 sulfate transporter
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