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neuroectodermal markers such as NESTIN and SOX1 [32]
were similar (Fig. 4A). In contrast, LDN treatment had no
effect on the expression levels of differentiation markers in
control iPSC line (Fig. 4A). We also found that the expres-
sion levels of markers found to be elevated in FOP-derived
iPSC lines not treated with LDN are enhanced by BMP-4
stimulation in control iPSC lines (supporting information Fig.
S5). We performed principal component analysis (PCA) [36]
and hierarchical clustering of all genes to determine overall
differences in transcription levels between FOP-derived iPSC
lines and control iPSC lines (Fig. 4B, 4C). We added the
datasets for 201B7, normal iPSC line, and three ESC lines
from Gene Expression Omnibus datasets, GSE29115,
GSE22167, and GSE37258 into our analyses. The gene-
expression profile of FOP-derived iPSC lines not treated with
LDN was distinct from that of control iPSC lines and those
treated with LDN. In contrast, the gene-expression profile of
FOP-derived iPSC lines treated with LDN was grouped
closely to control iPSC lines not treated with LDN as did nor-
mal iPSC lines (N3-1 and DiPS) treated with LDN.

As shown in Figure 4C, each dataset for 201B7 and three
ESC lines are separated from that for normal iPSC lines (N3-1
and DiPS) and FOP-iPSCs. In PCA analysis (Fig. 4B), the data-
sets for iPSC (red group) are broadly varied in the y-axis (PC3)
direction compared with fibroblast datasets (yellow group).
Therefore, the separation seen in the cluster analysis may reflect
the above-mentioned differences, and such differences are
thought to depend on the methods of iPSC induction (between
retrovirus and SeV) and/or those between ESCs and iPSCs.

Comparing each gene-expression profile of FOP-derived
iPSC lines treated with LDN to those not treated with LDN
revealed upregulated and downregulated genes with a fold
change of >2. Overall, with these datasets combined, we iden-
tified 526 commonly upregulated and 131 commonly downre-
gulated genes (Fig. 4D). In addition, gene ontology analysis
revealed that the molecular signature related to development
and differentiation was frequently detected in commonly upreg-
ulated genes (Fig. 4E). In contrast, no specific signature was
found in downregulated genes with a p-value cutoff of .1.
Taken together, these results suggest that constitutive activation
of ALK2 can promote the differentiation of iPSCs.

Efficient iPSC Generation Requires ALK2 Inhibitor
Treatment Within an Optimal Time Frame

To further explore the effect of constitutive activation of
ALK?2 on iPSC generation, we investigated the time frame of

inhibition of iPSC generation by the ALK2 mutant. We
treated cultures with the ALK2 inhibitor for various periods
of time and then counted the number of AP-positive (AP™)
colonies on day 30 after exposure (Fig. 5A). The highest
number of AP™ colonies was detected when FOP-derived
fibroblasts were treated with the inhibitor from day 8 to day
30 (Fig. 5B, 5C). Treatment from day 1 to day 30 gave a
lower level of efficiency. Furthermore, colony-forming effi-
ciency was not restored by treating iPSC-induction cultures
from day 1 to day 7 only. To further examine the period from
day 8 to day 30, we counted the number of AP colonies
from day 8 to day 14, from day 15 to day 21, and from day
22 to day 30 (Fig. 5A, 5C). Unexpectedly, we counted few
AP" colonies in every period. Taken together, these results
suggested that the formation of iPSC colonies from FOP
fibroblasts requires the inhibition of mutant ALK2 activity
from day 8 to day 30 of iPSC induction and not during the
early phase from day 1 to day 7.

Constitutive Activation of ALK2 in FOP Fibroblasts
Inhibits Cellular Reprogramming

To elucidate the mechanisms underlying the inhibition of
iPSC generation from FOP fibroblasts, we investigated
whether the ALK2 mutation in FOP affects cellular reprog-
ramming. We noticed that Tra-1-60, a pluripotency marker
expressed on the iPSC surface, appeared during the early
phase (~ day 7) of iPSC induction (Fig. 6A). Expression of
Tra-1-60 was reduced on day 14 but then was markedly
increased again up to day 21. The proportion of Tra-1-607
cells was lower in cultures of FOP-derived fibroblasts under-
going iPSC induction than in cultures of control fibroblast
(Fig. 6A). However, Tra-1-60 expression was restored on day
21 in cultures treated with LDN. Consistent with this result,
BMP-4 treatment inhibited the expression of Tra-1-60 during
iPSC generation (Fig. 6A). To confirm that suppression of
Tra-1-60 expression is due to the ALK2 mutation, we gener-
ated a shRNA expression construct specific for the ALK2 mu-
tant R206H (Fig. 6B). The reporter plasmids are constructed
by inserting synthetic oligonucleotides of normal and mutant
ALK?2 allelic sequence into 3'UTR of each luciferase genes
[37]. The activity of luciferase carrying mutant ALK2 allelic
sequence was specifically suppressed by shRNA expression
(Fig. 6B). This shRNA effectively suppressed expression of
the ALK2 mutant in FOP-derived fibroblasts and restored
Tra-1-60 expression to control levels (Fig. 6C, 6D). Consis-
tently, the generation of iPSC was partially improved by
shRNA expression (supporting information Fig. S6A). Taken

Figure 4. Characterization of fibrodysplasia ossificans progressive (FOP)-derived iPSCs. (A): Global gene-expression patterns of normal and
FOP-derived iPSCs. Scattered plot representation of the global gene-expression patterns for the iPSC lines N3-1, F1-1, F2-1, and F4-1 in the pres-
ence and absence of LDN-193189 (LDN) were compared. N3-1: Normal iPSC line; F1-1, F2-2, and F4-1: FOP-derived iPSC lines. (B): Principal
component analysis. All datasets were classified into three principal components; PC1 (53.17%), PC2 (32.59%), and PC3 (14.23%) and were sim-
plified into three-dimensional scores. Percentage shows the portion of variance in each component. The position of fibroblasts (yellow group) and
normal- and FOP-derived iPSCs (red and blue groups) are clearly separated. The position of FOP-derived iPSC lines without LDN treatment
(blue group) is further separated from that of control iPSC and embryonic stem cell (ESC) lines (red group). FOP-derived iPSC lines with LDN
treatment are closely positioned to normal iPSC lines (N3-1 and DiPS) and human ESC lines referred for Gene Expression Omnibus datasets,
GSE29115, GSE22167, and GSE37258. (C): Hierarchical clustering of all genes. The datasets of all genes investigated were clustered according
to Euclidean distance metrics. Then, the datasets of fibroblasts and those of iPSC lines were classified into separate branches (yellow vs. red and
blue). Furthermore, FOP-derived iPSC lines with LDN treatment were close to that of normal iPSC lines (N3-1 and DiPS) with or without LDN
treatment. In contrast, FOP-derived iPSC lines without LDN treatment were classified into different branches from those of normal iPSC and
ESC lines and FOP-derived iPSC lines treated with LDN (red vs. blue). (D): Venn diagram for the genes that were upregulated or downregulated
by twofold or more between FOP-derived iPSC lines with or without LDN treatment. Comparing upregulated or downregulated gene profiles
between FOP-derived iPSC lines with and without LDN treatments, the expression of 526 genes was shown to be commuonly upregulated and
those of 131 genes was shown to be downregulated. (E): Gene ontology (GO) analysis of commonly upregulated 526 genes. The top thirty-three
of GO terms (percentage count are more than 5%) are listed. GO terms related to development and differentiation were frequently detected
(underlines). Among the downregulated 131 genes, no GO terms were detected with a cutoff p-value of .1. Values are percentage count in all
genes. Abbreviations: iPS, induced pluripotent stem; LDN, LDN-193189.
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Figure 5. Efficient generation of induced pluripotent stem cells (iPSCs) from fibrodysplasia ossificans progressive (FOP)-derived fibroblasts
during the time frame of activin receptor-like kinase 2 (ALK2) inhibition. (A): Experimental design for determination of the time frame of
ALK?2 inhibition. FOP-derived fibroblast cultures for the induction of iPSCs were treated with LDN for the indicated periods. (B): Alkaline phos-
phatase (AP) staining of iPSC colonies from patient F2 (left) and healthy volunteer N1 (right). Colonies in 60 mm dishes were treated with LDN
at 0 nM, 30 nM, and 200 nM for the indicated periods (day 1-day 7 [d1-d7], day 1-day 30 [d1-d30], and day 8—day 30 [d8-d30]). (C): Effi-
ciency of formation of iPSC colonies from FOP-derived fibroblasts treated with LDN for the indicated periods. AP* colony with undifferentiated
colony morphology was counted as a typical colony on day 30. Abbreviations: LDN, LDN-193189; SeV, Sendai virus.

together, these results demonstrate that the suppression of
Tra-1-60" cell generation is due to the mutant ALK2 in FOP.

To further evaluate the reprogramming status of the fibro-
blasts, we purified Tra-1-60" and Tra-1-60" cells from day 7
cultures by fluorescence-activated cell sorting and investigated
the expression of other pluripotent and fibroblastic markers.
Fibroblastic markers, such as PDGFRx and VIMENTIN,
which are strongly expressed in fibroblasts, should be downre-
gulated during iPSC generation because they are not
expressed in iPSCs. The endogenous genes OCT3/4 and
NANOG are expressed in day 7 Tra-1-60" cells but not in

day 7 Tra-1-60" cells in both control and FOP-derived cul-
tures (Fig. 6E). The expression levels of these pluripotent
markers are significantly lower in FOP-derived Tra-1-60"
cells than in controls. There was no expression of SOX2,
REXI1, KLF5, or DNMT3b in neither Tra-1-60" nor Tra-1-
60~ cells (supporting information Fig. S6B). The expression
of fibroblastic markers was downregulated in Tra-1-60" cells.
However, the expression levels of PDGFRo and f and
VIMENTIN were significantly higher in FOP-derived Tra-1-
607 cells than in controls (Fig. 6F). These results suggest that
the reprogramming status of FOP fibroblasts is incomplete,
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despite the appearance of pluripotency marker expression in
these cells.

The inhibition of ALK2 by LDN during the later phase of
iPSC induction can recover the colony-forming capacity of
iPSCs. This finding suggests that newly generated iPSCs can-

not be maintained due to the constitutive activation of mutant
ALK?2 in FOP-derived fibroblasts and that as a result iPS col-
onies cannot form. To prove this hypothesis, we investigated
the effect of BMP signaling on the colony-forming capacity
of iPSCs. We showed that BMP-4 and BMP-7 treatments
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Figure 6. (legend on page 2446).
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reduced the area of AP™ cells in each iPSC colony (Fig. 6G).
Morphological analysis revealed that this enforced BMP sig-
naling disrupts the formation of iPSC colonies (Fig. 6G, 6H).
Given the fact that BMP signals can induce the differentiation
of iPSCs, these results suggest the existence of at least the
two distinct mechanisms underlying the inhibition of iPSC
generation; the first is incomplete reprogramming of pluripo-
tent and fibroblastic genes, and the second is the forced differ-
entiation of the cells during and after reprogramming.
Previous studies demonstrated that TGF-f/Activin signals
affect iPSC generation [38]. Smad2 and 3, the downstream
molecules of TGF-f/Activin receptors, are phosphorylated by
the activation of these signals. However, we could not detect
any change in Smad2 and 3 phosphorylations between normal
and FOP-derived fibroblasts, suggesting that ALK2 mutation
observed in FOP does not affect TGF-f/Activin signals during
iPSC generation (supporting information Fig. S6C--S6F).

Inhibited Production and Maintenance of FOP-
derived iPSC is a Useful Phenotype for Identifying
Drug Candidates for Future Therapies

Our observation that treatment of FOP-derived fibroblasts
with an ALK2 inhibitor allows iPSCs to be generated and
maintained with pluripotency prompted us to use this system
to identify candidate ALK?2 inhibitors. We performed in silico
screening by the multidirectional similarity search system and
collected 160 bioactive compounds (see Materials and Meth-
ods). Our screen of the chemical library resulted in the identi-
fication of new candidate ALLK2 inhibitors. One of them, RK-
0071142 suppressed Smadl/5/8 phosphorylation (Fig. 7A,
7B). We used a cell-based assay of BMP signaling to show
that the half-maximal inhibitory concentration (ICsq) of RK-
0071142 was 1.44 uM for BMP-6 and 4.08 uM for BMP-4
(Fig. 7C and supporting information Fig. S7). Treatment of
FOP-derived fibroblasts with RK-0071142 restored their
capacity to generate iPSCs but with efficiency lower than that
of LDN (Fig. 7D). The spontaneous differentiation of FOP-

derived iPSCs was suppressed by RK-0071142 at a similar
level to that of LDN (Fig. 7E). These results, together with
LDN analyses, indicate that the generation and maintenance
of FOP-derived iPSCs is a useful system for evaluating the
bioactivity of new candidates as ALK?2 inhibitors.

In this study, we demonstrated that constitutive activation of
ALK2 inhibits the generation and maintenance of human
iPSCs. We also show that two distinct mechanisms underlie
the inhibition of iPSC generation, the incomplete reprogram-
ming of pluripotent and fibroblastic genes, and the forced dif-
ferentiation of the cells during and after reprogramming.
Mutations in ALK?2 underlie phenotypic variations of FOP
and confer constitutive activity to the mutant receptor [3-9].
ALK2 acts as a type I receptor of BMPs, which are members
of the TGF-f family [39]. TGF-fs and their family members
are implicated in the generation and maintenance of iPSCs.
Activation of TGF-f§ signaling blocks the cellular reprogram-
ming required for the differentiation of a somatic cell into a
pluripotent one and thus results in a reduction in the effi-
ciency of iPSC generation [38]. Consistently, the blocking of
TGF-f signaling by inhibiting ALKS kinase, which is a recep-
tor of TGF-f, augments the formation of iPSC colonies [40].
In contrast, a recent study using MEFs demonstrated that
BMP signaling during the early-stage of iPSC induction (~
day 8) can enhance the generation of iPSCs. This signal indu-
ces a set of miRNAs associated with the mesenchymal-to-epi-
thelial transition (MET), which can accelerate the generation
of iPSCs [41]. BMP signaling occurs via a tetrameric complex
of two out of three type II receptors, namely, BMP receptor II
(BMPRII), activin receptor type II (ActRII), and ActRIIB;
and two out of three BMP type I receptors, namely, ALK2, 3,
and 6 [42]. Suppression of BMPRII and ALK3 inhibits the

Figure 6. Inhibitory mechanism of induced pluripotent stem cell (iPSC) generation from fibrodysplasia ossificans progressive (FOP)-derived
fibroblasts. (A): Tra-1-60 expression during iPSC generation. After Sendai virus infection, the fibroblasts derived from FOP patients and healthy
controls were cultivated without LDN [LDN(—)], with LDN [LDN(+)], and without LDN in the presence of BMP-4 [LDN(—) + BMP-4]. The
expression of Tra-1-60, a pluripotency surface marker, was analyzed by fluorescence-activated cell sorting (FACS) on day 7, day 14, and day 21
of the iPSC induction period. Red line: expression pattern of healthy control (N1). Blue line: expression pattern of FOP (F2). (B): Assessment of
specific inhibition of mutant activin receptor-like kinase 2 (ALK2) by shR206H. The silencing effect of shR206H was examined by luciferase
and f-galactosidase assays. The expression levels of the Photinus (Wild) and Renilla (Mutant) luciferases and ff-galactosidase were measured,
respectively. The levels of both mutant and wild-type luciferase reporter allele activities were normalized to f-galactosidase activity. Values are
average of four independent determinations. The ratios of the mutant and normal reporter activities in the present of shR206H were normalized
to the control ratio obtained in the presence of the pSIREN-RetroQ-ZsGreen control plasmid. Error bars represent standard deviations. (C):
Expression of ALK2 in FOP-derived fibroblasts treated with shRNA. The quantitative RT-PCR (gRT-PCR) analysis revealed that expression of
ALK2 mRNA is significantly reduced by shRNA treatment (upper panel). Suppression of ALK2 expression was also confirmed by immunoblot
analysis (lower panel). The data are means * SD of triplicated cultures. Unpaired Student’s ¢ test was performed to evaluate differences between
two groups. ¥, p < .05; ** p < .01, when compared with the values of respective control. (D): Treatment with shRNA specific for the ALK2
mutant R206H can restore expression of Tra-1-60. Virus carrying shRNA and ZsGreen cDNA was infected into both normal and FOP-derived
fibroblasts. Tra-1-60 expression of ZsGreen™ cells is measured by FACS. The representative data are shown in the upper panel. The results are
summarized in the lower graph. It is significantly recovered to normal level by treatment with the ShRNA. ¥, p < .05. (E): Expression of pluripo-
tent signature genes. On day 7 of iPSC induction, Tra-1-60" and Tra-1-60" cells were purified by FACS and the expression of endogenous genes
related to pluripotency was then measured by gqRT-PCR. The expression of OCT3/4, NANOG, and SALL4 was exclusively detected in Tra-1-
60" cells but was significantly lower in FOP-derived Tra-1-60" cells than in normals. PCLP1 encodes Tra-1-60. The data are means * SD of
three independent experiments. A one-way ANOVA followed by Tukey’s multiple comparison test was performed to evaluate differences
between groups. *, p < .05, ** p < .01, when compared with the values of day 7 (Tra-1-60") from fibroblast N1. # p < .05, # p < .01, when
compared with the values of day 7 (Tra-1-60") from fibroblast N3. (F): Incomplete reprogramming of fibroblastic markers. After Tra-1-60" and
Tra-1-60" cells were purified by FACS on day 7 of iPSC induction, the expression of fibroblastic markers was measured by gRT-PCR. The
expression of PDGFR« and VIMENTIN of FOP-derived Tra-1-607 cells was significantly higher than that of control Tra-1-60" cells, suggesting
that these genes are insufficiently downregulated during iPSC generation from FOP fibroblasts. The statistical analysis is described in (E). (G,
H): BMPs can inhibit the colony formation of iPSCs during their induction. Colony morphology of iPSCs with alkaline phosphatase staining (G)
and the number and percentage of typical and atypical iPSC colonies with or without BMP treatment (H). Almost all colonies are typical in cul-
tures without BMPs or with both BMPs and LDN. In contrast, 50% of the colonies was atypical in cultures treated with BMPs. The concentra-
tions of BMP-4 and BMP-7 are 10 ng/ml and 25 ng/ml, respectively. Typical and atypical colonies are defined as shown in Figure 1D. Scale
bars = 200 um. Abbreviations: BMP, bone morphogenetic protein; LDN, LDN-193189; NS, not significant.
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Figure 7. Screening for new candidates as ALK?2 inhibitors. (A): Structures of RK-0071142, LDN-193189, and Dorsomorphin. (B): Immunoblot
analysis of p-Smad1/5/8 and total Smad1 in fibrodysplasia ossificans progressive (FOP)-derived induced pluripotent stem (iPSC) lines with or without
RK-0071142 treatment. RK-0071142 (1 M) treatment suppressed the phosphorylation of Smad1/5/8. The relative phosphorylation level was normal-
ized to the expression of Smadl in each iPSC line. F1-1, F2-1, F2-2, F2-3, F2-4, F2-5, F4-1, and F4-2 are FOP-derived iPSC lines. Control iPSC line:
Normal iPSC line. (C): Inhibitory activity of RK-0071142 and LDN-193189 for bone morphogenetic proteins (BMPs). The kinase activity of ALK2
was measured and determined by the promoter activity specific for ALK?2 signals (supporting information Fig. S7). ICs, of bone morphogenetic pro-
tein-6 (BMP-6) (upper panel) and bone morphogenetic protein-4 (BMP-4) (lower panel) was calculated using a kinetic graph of ALK?2 activity. (D):
Alkaline phosphatase (AP)-staining of iPSC colonies from patient F1 and F2 in 60 mm dishes treated with or without RK-0071142 (top). Efficiency
of formation of iPSC colonies in cultures treated with or without RK-0071142 (bottom). AP™ colony with undifferentiated colony morphology was
counted on day 30 of iPSC induction. The cultures were treated with RK-0071142 from day 8 to day 30 of the induction period. *, p < .05. (E): The
number and ratio of the three types of colonies (described in Fig. 3A) in FOP-derived iPSC lines treated with RK-0071142 at various concentrations.
Spontaneous differentiation of FOP-derived iPSC lines was suppressed by RK-0071142 treatment. The suppression intensity of RK-0071142 was
similar to that of LDN-193189. Abbreviations: ALK2, activin receptor-like kinase 2; BMP, bone morphogenetic protein; LDN, LDN-193189.
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generation of iPSCs, suggesting that enhancement of iPSC
generation by BMP signaling is mediated by the receptor con-
sisting of BMPRII and ALK3 [41]. Although these findings
indicate that BMP signaling together with the receptors
BMPRII and ALK3 are implicated in the generation of iPSCs,
the role of other receptors, such as ALK?2 and ALKS, in cellu-
lar reprogramming remains unknown. We show here that dur-
ing the early phase of iPSC induction, from day 1 to day 7,
treatment with an ALK?2 inhibitor can suppress the generation
of iPSCs from normal fibroblasts. Thus, BMP signaling medi-
ated by ALK2 is necessary for reprogramming during the
early phase of iPSC generation. In contrast to the previous
findings for BMPRII and ALK3, we show here that constitu-
tive activation of ALK2 affects both the upregulation of pluri-
potent markers and the downregulation of fibroblastic markers
during the early phase of iPSC generation resulting in incom-
plete reprogramming. Signaling by BMP type I receptors
appears to regulate iPSC generation through different mecha-
nism; ALK3 signaling stimulated by BMPs can enhance the
iPSC generation by promoting MET, whereas constitutive
activation of ALK2 can suppress iPSC generation by reprog-
ramming the pluripotent and fibroblastic markers insuffi-
ciently. The downstream molecules mediated by ALK2 are
known to be similar but not identical to those mediated by
ALK3. The BMP type I receptors, ALK2, 3, and 6, act as
downstream components of type II receptors and phosphoryl-
ate Smad proteins [42, 43]. Whereas ALK3 and ALK6 phos-
phorylates Smadl, 5, and 8, ALK2 only phosphorylates
Smadl and 5 under physiological conditions [44]. In addition,
ALK3 signaling has a functionally different effect from that
of ALK2 and 6 on cellular apoptosis of hippocampal progeni-
tors [45]. These studies can support our results that the effect
of ALK?2 on iPSC generation is different from that of ALK3.

We demonstrated that constitutive activation of ALK2
repressed the formation of iPSC colonies due to the forced
differentiation of the cells during and after reprogramming.
Consistently, LDN treatment at later stages of iPSC genera-
tion (from day 8 to day 30) restored the colony-forming
capacity of FOP-derived iPSCs. Therefore, the molecular ba-
sis of the inhibitory effect on colony formation is the same as
that causing repression of iPSC generation from FOP fibro-
blasts. BMP signaling is known to be important for maintain-
ing the pluripotency of mouse ESCs. Mouse ESCs can be
continuously cultivated with BMP-4 in the presence of leuke-
mia inhibiting factor under serum-free conditions [46]. In con-
trast, in human ESCs and mouse epiblast stem cell studies,
BMP-4 has been shown to induce trophoblastic lineage [47]
as well as germ cell lineage differentiations [48]. In human
ESCs, BMP-4 together with FGF2 can switch the cell lineage
outcome to mesendoderm [49]. We demonstrated here that
constitutive activation of ALK2 in the presence of FGF2 is
forced to induce differentiation into both mesoderm and endo-
derm. This result suggests that BMP signaling mediated by
ALK2 can synergy with FGF2 to direct iPSCs into both mes-
odermal and endodermal cells.

Several recent studies have reported that iPSCs estab-
lished from patients can not only recapitulate some aspects of
diseases but also can be used to better design and anticipate
results from translational medicine [12-16]. Our study demon-
strates that the aberrant molecular events occurring in diseases
can impair the generation of iPSCs and that by restoring these
events the efficiency of iPSC generation can also be restored.
Thus, investigations into why iPSC production in diseases is
inhibited can help unravel the underlying molecular and path-
ogenic events of these diseases.

This study also highlights the inefficient production of
iPSCs as a useful disease phenotype not only for studying the
molecular mechanisms underlying iPS reprogramming but
also for identifying drug candidates for future therapies. In
addition to the other ways to select drug candidates such as
the measurement of kinase activity, the reprogramming pro-
cess serves well as a validation tool for specific application.
Although the system used here did not appear to be relevant
to the symptoms of FOP, we showed that LDN, a known in-
hibitor of ALK2, could improve the efficiency of both the
generation and the maintenance of iPSCs derived from FOP
patients. In combination with in silico chemical library
screening, we screened a chemical library to identify candi-
dates with the ability to restore iPSC induction in FOP-
derived fibroblasts. Using this approach, we identified a new
ALK?2 inhibitor candidate, RK-0071142, with potential for
future therapeutic applications in the treatment of FOP. Since
constitutive activation of ALK2 plays a pivotal role in the
pathogenesis of FOP, screening for and evaluating new com-
pounds as ALK?2 inhibitors is expected to be the first step to-
ward developing new drugs for the treatment of FOP. The
patient-derived cellular model presented here has the potential
to not only lead to the discovery of new compounds to treat
FOP but also to be applied as a strategy to develop future
therapies for other human diseases.
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Introduction

Fibrodysplasia ossificans progressiva (FOP) is an autosomal dominant disorder
characterized by postnatal heterotopic ossification (HO).M* The disorder is cavsed by a
gene mutation in the activin A receptor type 1 (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.!?%7 In the
maxillofacial region, the temporomandibular joint (TM]) and masticatory muscles are
common sites of involvement and this results in restricted mouth opening 3% Surgical
treatment for the restricted mouth opening in patients with FOP often results in
relapse and worsening of HO and is generally not recommended.!'** 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 FOB and discuss the dental
care for children with FOB

Case I'Bpﬂrt His mouth opening was severely
The patient first visited the University restricted and the maximum opening
of Tokyo Hospital at the age of 8 years was 5.0 mm (Figure 1). Evaluation of

and 9 months. He had severe maxillary the patient’s panoramic radiograph
protrusion in the mixed dentition with a revealed the presence of ali permanent

large overjet (9.5 mm) and a deep teeth, widening of the right coroneid
overbite (5.0 mm). The molar process, and elongation of the left
relationship was Angle Class 11 coroneid process; mild flattening of the

(Angle Classification Class II, Division 1). | hilateral condylar heads was suspected
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Figure 1. Facial appsarance and occluslon at the initial visit (age 8 years, 8 months). (A) Face. (B)

&
g 1

Occlusion at closed position. (C) Maximum opening. The occlusion showed savers maxillary pro-
trusion and the amount of maximum mouth opening was 5.0 mm.

Figure 2. Panoramic radiograph at the Initial viskt (age 8 years, 9 months). Wid'ming‘ofy the right

coronold process (arrow 1) and elongation of the left coronold process (arrow 2) were sesn. Mild
flattening of the bilateral condylar heads was suspectad (arrows 3).

(Figure 2). The lateral cephalogram
showed a severe Class 11 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

—495—

Figure 3. Lateral cephalogram at the Initial visit
(age 8 yesars, 9 months). The patient had
severs Angle Class Il facial skeleton. Fusion of
cearvical vertebrae was seen Grrow).

his movement. From 13 years of age,

HO in the ligaments swrrounding 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 Moan (SD)
SNA 85.4° 93.5° 818 (3.1
SNB 75.6 814 78.6 A.1)
ANB 9.8 12.1= 3327
MP-FH 19.6° 11.8° 26.3 6.2
U1-FH 117.9° 126.4¢ 108.9 (5.6)
Li-MP 123.3° 120.5° 94702
MP-FH: Mandibular plane—Frankfurt plane Angle; U1-FH: Upper incisor-Frankfurt plane Azngle;
L1-MP: Lower Incisor-Frankfurt plans Angle; 8D: Standard deviation.
Daviation from the mean value *betwesn 1 and 2 8D, *betwesn 2 and 3 SD, “more than 3 8D,
Japanese norm Is from lzuka and Ishikawa®=

Figure 4. Integrated radiographic films of the vertebral column. (A) At the Initlal 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. Faclal appsarance at age 15 years
and 4 months. Tilting of the head had bacoms
prominent and standardization using ear rods
was impossible.

—— B yErs S mohs
weewe 16 years 3 months

Figure 6. Superimposition of lateral cephalo-
grams. Large forward growths of both maxilia
and mandible were found. The mandible
showed counterclockwise rofation and both
maxilfary and mandibular Inclsors 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 10 years of age, the maxillary
protrusion had increased. The overjet
and overbite had increased to 12.0 and
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