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Abstract

Background: Although runt-related transcription factor 2 (RUNX2) has been considered a determinant of cleidocranial
dysplasia (CCD), some CCD patients were free of RUNX2 mutations. CCAAT/enhancer-binding protein beta (Cebpb) is a
key factor of Runx2 expression and our previous study has reported two CCD signs including hyperdontia and elongated
coronoid process of the mandible in Cebpb deficient mice. Following that, this work aimed to conduct a case-control
study of thoracic, zygomatic and masticatory muscular morphology to propose an association between musculoskeletal
phenotypes and deficiency of Cebpb, using a sample of Cebpb”", Cebpb™” and Cebpb™** adult mice. Somatic skeletons
and skulls of mice were inspected with soft x-rays and micro-computed tomography (UCT), respectively. Zygomatic
inclination was assessed using methods of coordinate geometry and trigonometric function on anatomic landmarks
identified with pCT. Masseter and temporal muscles were collected and weighed. Expression of Cebpb was examined
with a reverse transcriptase polymerase chain reaction (RT-PCR) technique.

Results: Cebpb”™ mice displayed hypoplastic clavicles, a narrow thoracic cage, and a downward tilted zygomatic arch
(p < 0.001). Although Cebpb™” mice did not show the phenotypes above (p = 0357), a larger mass percentage of
temporal muscles over masseter muscles was seen in Cebpb™” littermates (p = 0.012). The mRNA expression of Cebpb
was detected in the clavicle, the zygoma, the temporal muscle and the masseter muscle, respectively.

Conclusions: Prospective signs of CCD were identified in mice with Cebpb deficiency. These could provide an
additional aetiological factor of CCD. Succeeding investigation into interactions among Cebpb, Runx2 and
musculoskeletal development is indicated.

Keywords: Cebpb, Cleidocranial dysplasia, Clavicle, Thoracic cage, Zygomatic arch, Masseter, Temporal muscle

Background P1 promoter [7]. Expression of the Runx2 P1 promoter in
Cleidocranial dysplasia (CCD) is a congenital skeletal dis-  the developing skull has been confirmed [8] and its activity
ease typically manifesting cranial deformity, clavicle hypo-  is essential to establishing a sufficient number of osteopro-
plasia and unerupted supernumerary teeth [1-5]. Some  genitor cells for normal skeletogenesis [7]. Although the
human CCD cases also displayed hypotrophy of the mas-  mechanism of CCD-related dental anomalies is not clear,
seter muscle, abnormality of the mandible and/or deform-  induction of the dentition was associated with fibroblast
ation of the zygomatic arch [3-5]. Haploinsufficiency of  growth factor (FGF) signaling [9] that was mediated by
the runt-related transcription factor 2 (RUNX2 in humans, Runx2 during development of teeth [10] and bone [11].
Runx2 in mice) has been considered a determinant of  Nevertheless, about one-third of CCD patients were free
CCD in humans [6]. A recent study has also identified of RUNX2 mutations [6]. Furthermore, diverse dental
bony and dental defects consistent with signs of human  manifestations resulting from identical mutations of the
CCD amongst mice with impaired activity of the Runx2 ~ RUNX2 gene have been observed [1]. These infer potential
involvement of other factors on occurrence of CCD.
CCAAT/enhancer binding protein beta (CEBPB in
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binds to consensus sequences and affects the transcription
of various genes involved in proliferation and differenti-
ation, and found in the liver [12], the mammary gland [13]
and the immune system [14,15]. In addition to its rele-
vance in tumorigenesis [16] and adipogenesis [17], previ-
ous studies have suggested that Cebpb is a key factor of
Runx?2 expression in bone formation [18-21]. A reduction
in Runx2 expression was accompanied by a decrease in
osteogenic potential and shown to be related to ectopic
expression of Cebpb [18]. On the other hand, a functional
synergism of Runx2 and Cebpb during osteoblast [21] and
chondrocyte differentiation [20] has been reported. Sup-
pressed differentiation of osteoblasts and delayed chon-
drocyte hypertrophy due to a complete deletion of Cebpb
is likely to postpone bone formation [19]. This concurs
with phenotypes of p20Cebpb (a dominant negative in-
hibitor of Cebpb) overexpressing mice, including a re-
duced amount of alveolar bone and a lower bone volume
fraction of the mandible [22].

Recent studies have identified multiple supernumerary
teeth [23], hypoplastic clavicles [20], an open fontanelle
[20] and an elongated coronoid process [23] in mice with
Cebpb deficiency. These phenotypes coincide with signs
of CCD in humans [1-5] and consequently a relationship
between CEBPB and CCD is suspected [20]. To explore
prospective signs of human CCD in a murine model, this
study aimed to conduct a case-control study of thoracic,
craniofacial and myological variations, using a sample of
Cebpb ™", Cebpb*/" and Cebpb*’* mice. A special interest
was to investigate morphology of the zygomatic arch and
mass of both masseter and temporal muscles.

Methods

An appropriate ethics approval has been obtained from the
Institutional Review Board of Kyoto University (Reference
Number: Med Kyo 11518). Cebpb*~ and Cebpb”" mice
were generated as described previously [15]. Thirty-five
adult mice were euthanised with carbon dioxide gas for in-
spection, including 5 Cebpb™ (5 female), 16 Cebpb* (10
female and 6 male) and 14 Cebpb™* (8 female and 6 male)
mice. All female mice were sacrificed at the age of
12 months, whilst the age of male mice used ranged from
4.5 to 13 months. Owing to a high neonatal mortality of
Cebpb™ mice [24], male animals of this genotype were not
attainable in this sample.

Firstly, skeletons of the female mice were imaged with soft
x-rays (SOFRON; SRO-M50, Sofron X-ray Industry Corpor-
ation Ltd., Tokyo, Japan). Both lateral and dorsal-ventral ra-
diographs of the experimental animals were evaluated by a
single-blinded examiner who is a qualified veterinarian.

Secondly, murine skulls of the 23 female mice were
assessed with a micro-computed tomography (uCT)
scanner (SMX-100CT-SV3; Shimadzu, Kyoto, Japan).
This technique was applied to identify predetermined
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craniofacial landmarks including Landmark LO, LP, RP,
L), LZ, and LS (Table 1) [{23,25,26]. As the external audi-
tory meatus of mice is located at a lower level than that
of humans [27], Landmark LP and RP situated slightly
superior to the external auditory meatus were used to
replace human Porions (the most superior point of ex-
ternal auditory meatus visible on a lateral cephalometric
radiograph) to establish a horizontal plane (H plane)
with Landmark LO in this study. Following this, a jugal
plane (J plane: defined by Landmark L], LP, and RP), a
zygomatic plane (Z plane: defined by Landmark LZ, LP
and RP), and a squamosal plane (S plane: defined by
Landmark LS, LP and RP) were established (Figure 1).
Usage of the dihedral angles in the assessment of hu-
man zygomatic anatomy has been reported [26]. The
dihedral angles between H plane and ] plane, between
H plane and Z plane, and between H plane and S plane
were calculated using a method of coordinate geometry
and trigonometric function [28]. The following formu-
lae were used.

Given the equation of H plane containing Landmark LO
*20» Y10v 200)s LP (%15, Y1p» 21p) and RP (xrp, Yrp, Zrp) Was
alx+bly+clz+dl =0, the equation of ] plane covering
Landmark LJ (xz5, vrp, 21), LP (%1p, y1p, zrp) and RP (xgzp,
Yrp» Zpp) Was a2x+b2y+c2z+d2=0, and the dihedral
angle between H plane and J plane was 6.

Where,

al = (y;p~y10) (zrp~210)~(Vrp=Y10) (21P—2L0),
bl = (z1p~2z10) (%rp—%10)~(2RP—210) (X1P=%10),
cl = (wrp=#10) (Vpp=d10)~(*rP=%r0) (Y1p~Y10),
dl = —(alxio + bly,o + clzo),
a2 = (yp—y1y) (zro~21))~ (Yer—91y) (2LP—217),
b2 = (z1p-zyy) (xrp—%xr7)—(2re—217) (FLP—%17),
2 = (xrp=x17) (Vap=1y) ~(xre=17) (V2p~917),
d2 = —(a2xy; + b2y + 2 zy).

Table 1 Murine anatomical landmarks used in this study

Landmarks Anatomical positions

LO Anterior notch on frontal process lateral
to infraorbital fissure, left side

LP Intersection of parietal, temporal and
occipital bones, left side

RP Intersection of parietal, temporal and
occipital bones, right side

U Intersection of zygomatic process of maxilla
with zygoma, superior surface, left side

Lz Intersection of zygoma with zygomatic
process of temporal, superior aspect, left side

LS Joining of squamosal body to zygomatic

process of squamosal, left side
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Thus,

( al a2+ b1 b2 +clc2 )
0) = arccos

Val? + b12 + 12 Va2? + 22 + 22

Likewise, the degree of the dihedral angles between H
plane as well as Z plane (0z) and between H plane as
well as S plane (85) was determined.

Thirdly, masseter and temporal muscles were collected
from 12 male littermates and weighed according to the
procedures reported in an earlier study [29]. The tem-
poral/masseter mass percentage was calculated by divid-
ing the weight of the left temporal muscle by the weight
of the left masseter muscle and then multiplying 100.

To identify the expression of Cebpb, mRNA expression
of the target gene (Cebpb) was assessed. Tissues used for
this purpose were collected from the masseter muscle, the
temporal muscle, the zygomatic bone, and the clavicle bone
of a Cebpb™* mouse, respectively. Standard procedures for
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the preparation of the reverse transcriptase polymerase
chain reaction (RT-PCR) were carried out as suggested
in the literature [30,31]. Primers applied to perform the
RT-PCR technique included murine Cebpb sense (5'-AC
ACGTGTAACTGTCAGCCG-3") and murine Cebpb anti-
sense (5'-GCTCGAAACGGAAAAGGTTC-3"). Specific
primers for murine glyceraldehyde-3-phosphate dehydro-
genase (Gapdh) were used to check the internal control
[32]. The RT-PCR technique was conducted with a Gen-
eAmp PCR System 9700 thermal cycler (Applied Biosys-
tems, Foster City, CA, USA). All procedures were carried
out according to the manufacturers’ instructions.

Data entry and statistical analysis were conducted with
the IBM SPSS Statistics (version 20.0, IBM Corporation,
Somers, NY, USA). An independent samples -test method
was used to assess the difference in the degree of ana-
tomic dihedral angles between genotypes of Cebpb defi-
ciency and the control (Cebpb™* mice) [33]. In addition, a
paired samples ¢-test method was applied to examine the

(a)

(b)

(c)

as O,

Figure 1 Craniofacial landmarks, established planes and dihedral angles used in this study. (a-c) Landmark LO, LP and RP formed a
horizontal reference plane (H plane). (a) Landmark LJ, LP and RP formed a jugal plane (J plane). The dihedral angle between J plane and H plane
was defined as 0. (b) Landmark LZ, LP and RP formed a zygomatic plane (Z plane). The dihedral angle between Z plane and H plane was
defined as 6. (¢) Landmark LS, LP and RP formed a squamosal plane (S plane). The dihedral angle between S plane and H plane was defined
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difference in the temporal/masseter mass percentage be-
tween Cebpb*/~ and Cebpb** littermates [33]. This paired
method has been used to compare dental phenotypes be-
tween twins [34]. The level of two-sided significance for
all statistical procedures was set at 5%.

Results
Shorter thinner clavicles with a lower radiopacity and a nar-
rower thoracic cage were identified exclusively in Cebpb™"
mice but not Cebpb"~ and/or Cebpb** mice (Figure 2). A
normal morphology of limb joints was seen in radiographs
from animals of all three genotypes. Of further note, mRNA
expression of Cebpb was found in the clavicle, the zygoma,
the temporal muscle and the masseter muscle (Figure 3).
The mean measurement of 8, was 16.3 + 1.1 degree,
13.0+ 1.1 degree and 13.4+1.0 degree in Cebpb™,
Cebpb*~ and Cebpb™* mice, respectively (Table 2).
Those animals with a Cebpb™™ genotype showed a larger
degree of 0, than that were from a Cebpb*’* (t=4.964,
df=11, p<0.001) or a Cebpb*’~ genetic background (t =
5429, df =13, p<0.001) (Table 2). The latter two geno-
types did not differ in the degree of 8 (p = 0.357) (Table 2).
The degree of 6; in Cebpb”", Cebpb*"~ and Cebpb™'* sub-
jects was separately 6.2 £ 1.1 degree, 5.5+ 0.7 degree and
6.3+ 1.7 degree (p=0.142) (Table 2). The degree of 0g
in Cebpb”, Cebpb™" and Cebpb™* mice was 3.7 +2.2
degree, 3.1+2.2 degree and 5.1 +3.3 degree, individually
(p=0.148) (Table 2). Figure 4 demonstrates a lateral view
of dry skulls of a Cebpb”™ and a Cebpb*/* 12-month-old
female mice.

Page 4 of 8

The mean weight of the left masseter muscle in Cebpb*/”
and Cebpb** mice was 113.5+239 mg and 1209 +
244 mg, respectively (p=0.362) (Table 3). The average
weight of the left temporal muscle was 36.6 + 8.8 mg and
32.0 +10.1 mg separately in Cebpb*™~ and Cebpb*'* sub-
jects (p=0217) (Table 3). The temporal/masseter mass
percentage of Cebpb*~ and Cebpb*'* littermates was
32.3+4.9% and 26.1 + 6.2%, individually (Table 3). The
former displayed a larger percentage than the latter
(t=3.841, df=5, p=0.012) (Table 3). Figure 5 shows
the difference in the temporal/masseter mass percent-
age between Cebpb™ and Cebpb™* mice by age. The
mean of the difference of the temporal/masseter mass per-
centage between Cebpb* and Cebpb*™* amongst young
adults (less than 6 months of age), adults (6 to 12 months
of age) and mature adults (more than 12 months of age)
was 5.66%, 3.29% and 0.55%, respectively.

Discussion

This paper reported phenotypes of mice with Cebpb defi-
ciency, including hypoplastic clavicles, a narrow thoracic
cage, a downward tilted zygomatic arch and a comparative
mass change of masseter/temporal muscles. In conjunc-
tion with our previous findings such as multiple super-
numerary teeth and elongated coronoid process in the
same species of Cebpb deficient mice [23], these indicated
prospective signs of CCD [1-5]. As Cebpb is relevant to
expression of Runx2 [18-21] which has been known a de-
terminant of CCD [6], consistency between murine phe-
notypes of Cebpb deficiency and human manifestations of

Figure 2 Difference in morphology of clavicles and the thoracic cage. The radiographic image showed a dorsal-ventral view of a Cebpb*”,
a Cebpb™” and a Cebpb” 12-month-old mice in this sample. Shorter thinner clavicles with a lower radiopacity (yellow arrow) and a narrow
thoracic cage (red arrow) were exclusively seen in Cebpb” mice. Due to the limited size of a radiograph film, the radiographic images of the
three mice were taken under the same condition separately. The images were displayed without transformation in dimensions, contrast,
brightness and/or colour. Scale bar: 1 cm. (n = 23, including 5 Cebpb™”, 10 Cebpb™" and 8 Cebpb™* female mice).
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MA TE ZY CL NC MW

Figure 3 Assessment of mRNA expression in the masseter muscle (MA), the temporal muscle (TE), the zygomatic bone (ZY), the

clavicle (CL) and a negative control (NC) with a RT-PCR technique. The size of the molecular weight markers (MW) is displayed on the right,
which is given in base pairs (bp). (a) Cebpb expression was identified in MA, TE, ZY and CL of a Cebpb™* adult mouse. {b) Gapdh, as an internal
control, was detected in the same sites of the mouse.

Table 2 Means of dihedral angles by genotypes in
12-month-old female mice

Cebpb™

(n=5)

8,

p values

92

p values

05

p values

62+ 1.1

0923

163+1.1

<0.001*
37%22

0633

*p < 0,001,

RUNX2 insufficiency implies a potential effect of Cebpb
on occurrence of CCD in mice. Of further note, Hirata
et al demonstrated a similar osteogenic pattern between
Cebpb” Runx2** and Cebpb™*Runx2*/~ mice [20]. The
former was the same Cebpb”~ genotype used in our study
and the latter indicated the genotype of CCD [6]. Thus,
the resemblance in impaired osteogenesis indicates an as-
sociation of Cebpb deficiency with CCD. This shows a po-
tential answer to the CCD cases that were free of RUNX2
mutations as mentioned earlier [6].

The current study found hypoplastic clavicles only in
Cebpb ™™ mice. This agreed with a recent study showing
a similar finding [20]. Furthermore, our study identified
a narrower thoracic cage in Cebpb”" mice and this has
never been reported in literature. Since Cebpb expres-
sion in clavicles was detected in our sample and ossifica-
tion of clavicles as well as ribs did not complete until a
maturer age [35], delayed bone formation due to Cebpb
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Figure 4 Difference in tilt angulation of the zygomatic arch. The photographic image showed a lateral view of dry skulls respectively
collected from a Cebpb*”* and a Cebpb” 12-month-old mice. A downward tilt of the zygomatic arch in the Cebpb” mouse was confirmed by
the morphology of the dry skull (yellow arrow). Scale bar: 1 mm. (n = 23, including 5 Cebpb™, 10 Cebpb*” and 8 Cebpb™* female mice).

deficiency [19] could thereby result in clavicular hypo-
plasia and a narrowed ribcage.

This study has demonstrated for the first time a down-
ward tilt of the zygomatic arch in Cebpb”" mice. The
larger dihedral angle between Z plane and H plane (07)
identified in Cebpb™ mice represented that Landmark
LZ was located at a more inferior position in the geno-
type. On the other hand, Landmark L] and Landmark
LS of Cebpb™”" animals were not located at a lower level
compared to those of Cebpb™* and Cebpb*’~ mice. This
indicated that deformation of the zygomatic arch was
limited to the zygoma and not involved with the zygo-
matic processes of the maxilla and/or the squamosal
bone. This finding resembles the feature of a downward
tilted zygomatic arch in patients sustaining CCD [3,4].
Although not observed in our mouse model, a past art-
icle has suggested an association of human CCD with
zygomatic hypoplasia [4]. This may imply a reason why
CCD patients displayed a downward inclination of the
zygomatic arch. Our detection of Cebpb expression in
the zygomatic bone also indicated a potential influence
of Cebpb on zygomatic bone formation. Nevertheless,

functional interactions among masticatory muscles and
craniofacial bones could also contribute to deformity of
the zygoma [3,4].

Moreover, this study has reported for the first time a
larger temporal/masseter mass percentage in Cebpb*/
mice, which indicated hypotrophy of masseter muscles
compared to temporal muscles and/or hypertrophy of
temporal muscles compared to masseter muscles. This
agreed with a paper which has revealed a volume reduc-
tion of masseter muscles in CCD patients [4]. Furuuchi
et al suggested a causal relationship between hypoplastic
zygomatic arch and hypotrophic masseter muscles of
CCD cases, based on the anatomic connection [4]. How-
ever, this would be difficult to justify the phenotype of
masseter muscles in Cebpb*’~ mice, since zygomatic de-
formity was not significant in the genotype. On the other
hand, the temporal muscles insert onto the mandibular
coronoid process [36] and elongation of the coronoid
process in Cebpb*/” mice has been reported by our pre-
vious study [23]. Functional activity and muscular devel-
opment are likely to reciprocally affect growth of the
temporal muscle and the coronoid process [3,4]. As

Table 3 Means of weight and mass percentage of masseter and temporal muscles by genotypes in paired male

littermates

Cebpb** (n=6) Cebpb*” (n=6) All (n=12) p value
Weight of the left masseter muscle (mg) 1209 £ 244 1135+239 11724233 0362 )
Weight of the left temporal muscle (mg) 320£101 366+88 343+94 0217
Temporal/masseter mass percentage (%) 261162 323+49 202+62 0.012*

*p < 0.05.
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Figure 5 Difference in the temporal/masseter mass percentage
between Cebpb* and Cebpb™* mice by age. All Cebpb™ mice
showed a larger temporal/masseter mass percentage than their
Cebpb™™ littermates. The mean of the difference of the temporal/
masseter mass percentage between Cebpb*” and Cebpb™*
amongst young adults (less than 6 months of age), adults (6 to

12 months of age) and senior adults (more than 12 months of age)
was 5.66%, 3.29% and 0.55%, respectively. (n= 12, including 6 Cebpb™”
and 6 Cebpb** male mice).

morphological and physiological adaptations of temporal
muscles after masseter myotomy have been reported
[37], hypertrophy of the temporal muscle could also re-
sult from compensation for the hypotrophic masseter
muscles. Figure 5 illustrating a reduced difference in the
temporal/masseter mass percentage between Cebpb™”
and Cebpb** mice over age might imply that hypotro-
phy of masseter muscles and/or hypertrophy of temporal
muscles in Cebpb™~ subjects occurred at an early age
and the difference was compensated and/or corrected
following ageing. Cebpb expression detected in masseter
and temporal muscles indicated an association of this
gene with both muscles. Of further note, unattainability
of Cebpb™ littermates for assessing masticatory muscles
was a limit for our research. Although this was due to a
high neonatal mortality of Cebpb™~ mice [24], it com-
promised the inference of a relationship between abnor-
mality of masticatory muscles and the zygomatic arch.
Future investigation in the relationships among Cebpb,
bone formation the zygomatic arch and development of
masticatory muscles is required.

Conclusion

This study has reported prospective signs of CCD, includ-
ing hypoplastic clavicles, a narrowed thoracic cage, a down-
ward tilt of the zygomatic arch and a comparative mass
change between masseter as well as temporal muscles, in
mice with Cebpb deficiency. The zygomatic deformation
was limited to the zygoma and not involved with the zygo-
matic processes of the maxilla and/or the squamosal bone.
In addition, the difference in the temporal/masseter mass
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percentage between Cebpb deficiency and wild-type mice
decreased over age.

Cebpb has been demonstrated as a key regulator for
Runx2 which was related to occurrence of most but not
all CCD cases. The data presented here, taken together
with the authors’ previous study, implicates Cebpb defi-
ciency in some CCD-like phenotypes and this contributes
to understanding of the genes involved in the disorder.
Succeeding investigation into interactions among Cebpb,
Runx2 and musculoskeletal development is indicated.
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Abstract

Bone morphogenetic proteins (BMPs) are:highly conserved signaling molecules that are part-of the transforming growth
factor (TGF)-beta superfamily, and function in the patterning and morphogenesis of many organs including development of
the dentition. The functions of the BMPs are controlled by certain classes of molecules: that are recognized ‘as BMP
antagonists that inhibit BMP binding to their cognate receptors, In this study we tested the hypothes:s that USAG-1 (uterine
sensitization-associated gene-1) suppresses deciduous incisors by inhibition of BMP-7 function. We learned that USAG-1 and
BMP-7 were expressed within odontogenic eplthehum as well as mesenchyme during the late bud and early cap stages of
tooth development. USAG-1 is.a BMP antagonist, and also modulates Wnt signaling. USAG-1 abrogatlon rescued apoptotic
elimination of odontogenic mesenchymal cells. BMP signaling in the rudimentary maxillary incisor, assessed by expressions
of Msx1 and DIx2 and the phosphorylation of Smad protein, was signifi cantly enhanced. Using explant culture -and
subsequent subrenal capsule transplantation of E15 USAG-1 mutant maxillary incisor tooth primordia supplemented with
BMP-7 demonstrated in USAG-1"" as well as USAG-17/~ ~ rescue and supernumerary tooth development. Based upon these
results, we conclude that USAG-1 functions as an antagonist of BMP-7 in this model system. These results further suggest
that the phenotypes of USAG-1 and BMP-7 mutant mice reported provnde opportunities for regenerative medicine and
dentistry.
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molars in each quadrant. Unlike humans, mice have only molar
and incisor tooth organs separated by a “toothless region” termed
the diastema. In addition, mice have a single primary dentition
and their teeth are not replaced.

The animal models have significantly contributed towards
understanding the molecular and developmental biology of human
craniofacial biology (see treatise by [6]). A number of mouse
mutants provide insights into the supernumerary tooth formation
[7-20]. Several mechanisms by which supernumerary tooth might
arise in mice have been proposed [21-26]. One plausible
explanation for supernumerary tooth formation is the rescue of

Introduction

A significant number of discoveries have also been advanced for
the establishment of tooth position and patterning, critical
developmental pathways that regulate cell and tissue formations,
extracellular matrix formations, biomineralization, and the asso-
ciated genes and gene families (see recent reviews by [1-3]).

A curious clinical aberration during craniofacial morphogenesis
is the patterning and subsequent organogenesis of supernumerary
tooth organs. The term “supernumerary teeth” describes the
production of more than the normal number of teeth in the

human primary or permanent dentition. The prevalence of
supernumerary teeth on a population basis ranges from 0.1 to
3.6% [4], [3]. In contrast, normal mouse development presents a
monophyodont dentition composed of one incisor and three
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tooth rudiments such as within the diastema region [26-29] or
maxillary deciduous incisor [15,30]. During early stages of mouse
tooth development transient vestigial tooth buds develop in the
diastema area; developing to the bud stage yet later regressing and
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Figure 1. BMP-7 co-localization with USAG-1 in the mesenchymal and epithelial cells of maxillary rudimentary incisor. (A-F) Whole-
mount X-Gal expression in tooth germs of E13 -15 maxillary. (A’-F') Parasagittal sections (anterior to the left) of the tooth germs from panels A-F
show X-Gal expression in the rudimentary incisor epithelium. USAG-1 (A-C, A'~C') and BMP-7 (D-F, D’~F') were expressed in the tooth organ of
rudimentary maxillary incisor (red arrow) in addition to the tooth organ of characteristic incisor (black arrow). At E13, USAG-1 and BMP-7 transcripts
were prominent in the labial epithelium in addition to the dental epithelium (A, D, A’ and D’). At E14, USAG-1 and BMP-7 started to be expressed in
the mesenchymal cells of the maxillary rudimentary incisor to the surface of the epithelium (B, E, B’ and E'). At E15, the expression of both USAG-1 and
BMP-7 increased in the mesenchymal cells of the maxillary rudimentary incisor (C, F, C' and F’). BMP-7 co-localized with USAG-1 in the area of the
tooth germ of maxillary rudimentary incisor in addition to the tooth organ of regular maxillary incisor. White dotted line indicates the interface
between epithelium and mesenchyme.

doi:10.1371/journal.pone.0096938.g001

disappear by apoptosis, or merge with the mesial crown of the negative regulator in BMP functions can assist towards advancing
adjacent first molar tooth organ [26,28,29]. The rudimentary regenerative medicine and dentistry.
maxillary incisor regressed by apoptotic elimination of mesenchy-
mal cells [15]. Recently, we demonstrate that USAG-1(also known Materials and Methods
as Sostdcl, ectodin, and Wise) -deficient mouse model has
supernumerary incisors in the maxillary and mandible, a fused Ethic Statement
tooth in the maxillary and mandibular molar regions, and a ~ All procedures were approved by the Animal Care Committee
supernumerary tooth was also located in front of the first at Kyoto University.
mandibular molar [15]. Increased BMP signaling results in
supernumerary teeth in the USAG-1-deficient mouse model [21]. Mouse strains
USAG-1 is a bone morphogenetic protein antagonist that is USAG-1/LacZ mice [45] and BMP-7/LacZ mice [46] were
expressed at high levels in the kidney and inhibits BMP-7 used in this study. USAG-1/LacZ mice were on a C57Bl6/]
bioactivity [31,32]. Bone morphogenetic protein-7 is a 35-kDa background and BMP-7/LacZ mice were on an Imprinting
homodimeric protein, and plays an important role in the Control Region (ICR) background. USAG-1""""/BMP-7"/"~
specification and patterning of the early embryo and functions mice were generated by crossing two lines of mice. To eliminate
to regulate apoptosis in many developmental processes [33,34]. the influence of mouse background, only F2 progeny was analysed.
BMP-4 as well as BMP-2 and BMP-7 are expressed in the limb Embryos were obtained by timed mating, day EO started from
bud [35], and in cranial neural crest cells [36,37] with associated midnight prior to finding a vaginal plug.
induction of apoptosis. Curiously, BMP-4 and BMP-7 prevent
apoptosis of the metanephric mesenchyme during kidney devel- Whole-mount LacZ staining
opment [38,39]. Further, as the result from renal injury, BMP-7 Embryos thus obtained were briefly washed in Hank’s solution
inhibits apoptosis of proximal tubule epithelial cells [40]. It has and immediately fixed in cold fixative solution [2% formaldehyde,
been reported that USAG-1 binds to BMP-7 and inhibits the  0.2% glutaraldehyde, 0.01% sodium deoxycholate and 0.02% NP-
apoptosis-protective actions of BMP-7 in the kidney [41]. BMP-7 4 in phosphate buffer saline (PBS)] for 2 min. They were
null mice present a craniofacial syndrome including severe eye subsequently washed several times with PBS/2 mM MgCl,, and
defects, including anophthalmia and microphthalmia, skeletal and stained for several hours to overnight in x-gal staining solution
renal anomalies, and die shortly after birth [38,42—44]. Mean- (0.1 M phosphate buffer pH 7.3, 2 mM MgCly, 0.01% sodium
while, absence or agenesis of the maxillary teeth in conditional deoxycholate, 0.02% NP-40, 5mM KgFe(CN)s, 5 mM
BMP-7 null mice has recently been reported [44]. K4Fe(CN)g and 1 mg/ml x-gal) at room temperature in the dark.
The purpose of these present investigations is to test the Embryos were then washed in PBS, postfixed in 1%

hypothesis that USAG-1 suppresses deciduous incisors by inhibi- paraformaldehyde (PFA) and dissected for macroscopic analysis.
tion of BMP-7 function. If valid, our results would also

demonstrate that a novel BMP-7 antagonist functioning as a
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Figure 2. USAG-1 antagonises BMP-7 in maxillary supernumerary incisors formation. Sagittal sections of E15 (A-D) embryos and frontal
sections of mice on the day of birth (E-H). (A'~H") Higher magnification of the boxed regions in (A-H). USAG-1"*/BMP-7*", (A, A", E, E); USAG-1"""/
BMP-7"*, (B, B', F, F'); USAG-1""/BMP-7"/", (C, C', G, G") and USAG-1"""/BMP-7"/" (D, D/, H, H'). The area of rudimentary incisor was measured in
transverse sections of USAG-1"*/BMP-7*"* (white bars), USAG-1"/"/BMP-7*"* (right grey bars), USAG-1"""/BMP-7"/~ (dark grey bars) and USAG-1"""/
BMP-7"" (black bars) mice (n=5) in E15 () and PO (J). At E15, the area of the maxillary deciduous incisor was identified in wild type as well as all
mutant mice in the labial border of the epithelial invagination. The size of rudimentary incisor is similar except USAG-1*"*/BMP-7 /" at E15 (A, A", B,
B, C, C, D, D’ and I).Rudimentary tooth primordia in USAG-1"/"/BMP-7"/~ and USAG-1""/BMP-7+/+ regressed and its size became smaller at birth,
whereas the teeth in USAG-1"/"/BMP-7"* continued to develop and enamel organ was formed (E, £, F, F', H, H’ and J).
doi:10.1371/journal.pone.0096938.g002

LacZ staining on sections ApopTag Plus In Situ Apoptosis Detection Kit. Cell nuclei were
Embryos obtained from timed mating were fixed in 4% PFA, counter stained with instant-blue nuclear probe fluorescing
equilibrated in 25% sucrose and embedded in water soluble (455 nm) compound (SouthernBiotech, Birmingham, AL).
glycols and resins (Miles Laboratories, Elkhart, IN). Sections of
8 um were cut and stained for LacZ following the same protocol as Immunohistochemistry
for whole-mount staining except that they were fixed for 5 min Paraffin-embedded sections of embryos were immunostained
and stained at 37°C.. Sections were post-fixed in 1% PFA, counter- with primary rabbit polyclonal antibodies against phosphorylated
stained with nuclear fast red, mounted with glycerine, covered and Smad 1/5/8 (1:100; Cell Signaling Technology, Beverly, MA);
sealed with nail polish. goat polyclonal antibodies against phosphorylated Smad 2/3
(1:100; Santa Cruz Biotechnology Inc., Santa Cruz, CA); and
Analysis of tooth phenotype secondary biotinylated anti-rabbit, goat and mouse antibodies
Embryos and neonates were fixed in 4% PFA and embedded in (Nichirei Bioscience, Tokyo, Japan), as previously described
paraffin. Sections of 7 mm were cut and stained with haematox- [41,47,48]. Sections were then counter-stained with haematoxylin,
ylin and eosin. The area of the maxillary rudimentary incisor tooth dehydrated in a graded series of ethanol and xylene, and covered
of all mice was measured using Image J software (US NIH, with coverslips.

Bethesda, MD, USA).
Whole mount in situ hybridization

Detection of apoptosis Specific probes for mouse DIx2 and Msx1 were obtained by the

Apoptosis was detected by the terminal deoxynucleotidyl reverse transcription-polymerase chain reaction method and
transferase-mediated dUTP nick end-labelling method using an confirmed by direct sequencing. Digoxigenin (DIG)-labelled sense
ApopTag Plus In Situ Apoptosis Detection Kit-Fluorescein and antisense riboprobes were prepared by the in vitro transcrip-
(Oncor, Rockville, MD) according to the manufacturer’s specifi- tion of phagemids using an RNA Transcription Kit (Stratagene,
cations. Specimens were briefly washed, dehydrated through a La Jolla, CA) according to the manufacturer’s specifications.
graded series of ethanol in PBS and subjected to labelling with an Whole mount in situ hybridization was performed according to the
PLOS ONE | www.plosone.org 3 May 2014 | Volume 9 | Issue 5 | e96938
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Figure 3. USAG-1 abrogation rescues apoptotic elimination of odontogenic mesenchymal cells. Sagittal sections of E15 embryo
maxillary rudimentary incisor in transferase-mediated dUTP nick end-labelling method (TUNEL) staining; Cell nuclei were counterstained with Dapi
(A-D), and TUNEL-positive cells in mesenchymal cells of maxillary rudimentary incisor (A'-D’). USAG-1%*/BMP-7"/%, (A, A"); USAG-1"/"/BMP-7"*, (B,
B"); USAG-1"*/BMP-7"/", (C, C) and USAG-1"/"/BMP-7"/~ (D, D'). White line indicates the interface between epithelium and mesenchyme. The
number of TUNEL-positive cells per section was counted in transverse section of USAG-1"*/BMP-7""* (white bars), USAG-1"/"/BMP-7""* (right grey
bars), USAG-1**/BMP-7"/~ (dark grey bars), and USAG-1"/"/BMP-7"/" (black bars) mice (n=3; E). USAG-1 abrogation rescued the apoptotic
elimination of odontogenic mesenchymal cells in the tooth primordia of rudimentary maxillary incisor at E15, whereas these size are comparable (A,
A, B and B’). The apoptotic odontogenic mesenchymal cells in USAG-1"""/BMP-7 /" are similar to USAG-1""*/BMP-7""* in contrast to those in USAG-
17/7/BMP-7""* (A, A', B, B!, D and D).

doi:10.1371/journal.pone.0096938.g003

following protocol. Briefly, specimens were fixed in 4% PFA in containing BGJb with 10% fetal bovine serum. The explants were
PBS and permeabilized with Radioimmunoprecipitation assay then transplanted beneath the kidney capsule. Gelatin hydrogel
buffer, following which they were hybridized overnight with microspheres (MedGel, Osaka, Japan) with <30 um diameter
1 mg/ml DIG-labelled riboprobes at 70 °C. The specimens were were prepared as described previously [49,50]. The microspheres
then washed, blocked, and further incubated with alkaline were incubated with PBS (control) or PBS containing BMP-7
phosphatase-conjugated anti-DIG (Boehringer Mannheim, India- (R&D Systems, Minneapolis, MN; 200 ng/ml) for 1 h at room

napolis, IN) at a 1:2000 dilution at 4°C overnight. The bound temperature. Subcutaneous implantation was performed using a
alkaline phosphatase was visualized after incubation with nitro pair of fine tweezers under the stereomicroscope. Animals were
blue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl phosphate sacrificed at 19 days after transplantation. Explants were fixed in
(BCIP) substrate. 10% PFA and processed for immunohistochemistry.
Organ culture and subrenal capsule assay Statistical analysis

E15 USAG-1-deficient, heterozygous, and wild-type mice Data were analysed by two-way analysis of variance and
incisors were dissected in Hank’s solution under a stereomicro- Student’s t-test, and significance was determined at a confidence
scope. Tooth explants were cultured for one day on Nucleopore level of p<<0.01. All experiments were performed in triplicate.

filters at 37°C In 5% COy in a Trowell-type organ culture
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Figure 4. Intensive expression of Msx1 and DIx2 in the
rudimentary incisors of USAG-1 and BMP-7 mutants. Occlusal
view of the tooth organ of rudimentary maxillary incisor primordium at
E13 on whole mount in situ hybridization (A-H). Msx1 (A-D) and Dix2
(E-H) transcription factors were expressed in the tooth organ of
rudimentary maxillary incisor (black arrow) in addition to the tooth
organ of characteristic incisor (white arrow). At E13, Msx1 and Dix2
expression in the rudimentary maxillary incisors of USAG-1"/"/BMP-7~"
~ mice was comparable with that of USAG-1"*/BMP-7"*, whereas that
of USAG-17""/BMP-7""* appeared more intense as compared with that
of controls (A-H).

doi:10.1371/journal.pone.0096938.g004

Results

BMP-7 co-localization with USAG-1 in mesenchymal and
epithelial cells of the maxillary rudimentary incisor tooth
germ

USAG-1 transcript expression was detected in the area of the
maxillary rudiment incisor tooth germ in addition to the regular
maxillary incisor tooth organ by in situ hybridization [15]. We
examined the expression of USAG-1 and BMP-7 in the maxillary
rudiment incisor tooth germ at E18-15 using USAG-1 */1%Z and
BMP-7""%Z mice. At E13 (late bud stage), USAG-1 and BMP-7
transcripts were prominent in the labial epithelium in addition to
the enamel organ epithelium (Fig. 1A, D, A’ and D). At E14 (early
cap stage), USAG-1 and BMP-7 transcripts were first detected in
the mesenchymal cells of the maxillary rudimentary incisor
(Fig. 1B, E, B’ and E’). At E15 (cap stage), USAG-1 and BMP-7
expression increased in the mesenchymal cells of the maxillary
incisor tooth organ (Fig. 1C, F, C’ and F’). BMP-7 co-localized
with USAG-1 in the area of the maxillary rudiment incisor tooth
organ in addition to the conventional maxillary incisor tooth
organ.

USAG-1 functions as a BMP-7 antagonist in maxillary
supernumerary incisor formation

BMP-7 deficient mice die shortly after birth due to severe renal
hypoplasia [38,42]. To test the hypothesis that USAG-1 functions as
a novel BMP-7 antagonist in maxillary supernumerary mcisors
formation, we analysed adult USAG-1"/"/BMP-7"'" mice. The
incidence or pattern of supernumerary incisors formation in USAG-
17/7/BMP-7""* and USAG-1"""/BMP-7"/" mice are almost
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identical, which was about 50% (Table S1). We previously
demonstrated that the supernumerary maxillary incisor formed as
a result of the successive development of the rudimentary incisor
tooth primordia [15]. Therefore, we analysed the maxillary
rudiment incisor tooth germ of USAG-1"""/BMP-7"/ "mice in
select embryonic stages. We performed a series of histological
investigations of USAG-1*"*/BMP-7"*, USAG-1"""/BMP-7"'*,
USAG-1"*/BMP-7"'" and USAG-1"""/BMP-7~/" mice at
E15 and newborn (P0). At El5, the area of the maxillary
deciduous incisor was identified in wild type as well as all
mutant mice in the labial border of the epithelial invagination
(as described by [15,51]). The size of rudimentary incisor is
similar except USAG-1"*/BMP-7""" at E15 (Fig. 2A, A’, B,
B, G, C, D, D’ and I). Rudimentary tooth primordia in
USAG-17"7/BMP-7""" regressed and their size regressed
and became smaller at birth. This was also observed for
USAG-1*"*/BMP-7""* whereas the tooth organs in USAG-1"""/
BMP-7*'* continued to develop and the enamel organ was formed
(Fig. 2, E, E’, F, I, H, H’ and J). USAG-1 abrogation rescued the
apoptotic elimination of odontogenic mesenchymal cells in the
rudimentary maxillary incisor tooth primordia at E15, whereas the
size remained comparable (Fig. 3 A, A’, B and B’) [15]. The
apoptotic mesenchymal cells in USAG-1"/"/BMP-7"/ "are sim-
ilar to USAG-1*/*/BMP-7""* in contrast to that of USAG-17""7/
BMP-7"* (Fig 3.A, A’, B, B’, D and D). These results demonstrate
that USAG-1 functions as a BMP-7 antagonist in maxillary
supernumerary incisors formation.

Increased BMP signaling in supernumerary teeth of the
USAG-1 deficient mice is prohibited by BMP-7 abrogation

To evaluate whether increased BMP signaling in supernumer-
ary teeth of the USAG-1 deficient mice could be prohibited by
BMP-7 abrogation, we examined the Msx! and DIx2 expression;
both of these transcription factors are downstream target genes of
BMP-mediated signal transcription during tooth development
at E13 [52,53], with complementary phosphorylation of Smad 1/
5/8 attributable to increased BMP signaling at E13 [21,54] in
USAG-1**/BMP-7""*, USAG-1"/"/BMP-7"*, USAG-1*"*/
BMP-7"/" and USAG-1"'"/BMP-7"/" mice. At E13, Msxl
and DIx2 expression in the rudimentary maxillary incisors of
USAG-1"""/BMP-7"/~ mice was comparable with that of
USAG-1"*/BMP-7""", whereas that of USAG-1"/"/BMP-7**
appeared more intense as compared with that in controls (Fig. 4A-
H). Further, compared with USAG-1"""/BMP-7+* embryos,
USAG-17/7/BMP-7"/~ embryos inhibited increased phosphor-
ylated Smad 1/5/8 based upon positive odontogenic mesenchy-
mal cells within the rudimentary maxillary incisor tooth primordia
at E15 (Fig. 5A-D). To determine the specificity of phosphoryla-
tion of Smad 1/5/8, we employed immunostaining using anti-
phospho-Smad 2/3, and found no difference among mutant mice
(Fig. 5E-H). We conclude that increased BMP signaling in
supernumerary teeth of the USAG-1 deficient mice is prohibited
by BMP-7 abrogation.

BMP-7 induces maxillary supernumerary incisors
formation partially but not fully in vitro

To test whether BMP-7 actually induces supernumerary tooth
formation, we performed explant culture and subsequent subrenal
kidney capsule transplantation of E15 USAG-1 mutant maxillary
incisor tooth primordia supplemented with BMP-7. We previously
showed that the USAG-1*"" mice showed phenotypically normal
tooth number and position in maxillary incisor as well as wild type
[15]. The incisor explants supplemented with BMP-7 in USAG-
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Figure 5. Enhanced BMP signal transduction in maxillary incisors of USAG-1 and BMP-7 mutants. Immunolocalisation of phosphorylated
Smad (1/5/8 (A-D) and Smad 2/3 (E-H) at E15. USAG-1*/*/BMP-7""*, (A, E); USAG-1"""/BMP-7""*, (B, F); USAG-1"""/BMP-7~'~, (C, G) and USAG-1"""/
BMP-7"/" (D, H). The number of pSmad 1/5/8- and pSmad 2/3- positive nuclei per section was counted in transverse sections of USAG-1**/BMP-7*/*
(white bars), USAG-17"""/BMP-7"* (right grey bars), USAG-1"*/BMP-7~/~ (dark grey bars), and USAG-17/"/BMP-7"/~ (black bars) mice (n=5; I).
Compared with USAG-1"/"/BMP-7"/* embryos, USAG-1"/"/BMP-7~'~ embryos iibited increased phosphorylated Smad 1/5/8- positive cells in
odontogenic mesenchymal cells within the rudimentary maxillary incisor primordia at E15 (A-D). Employed immunostaining using anti-phospho-
Smad 2/3 showed no difference among mutant mice (E-H). Enhanced BMP signalling in supernumerary teeth of the USAG-1-deficient mice could be
inhibited by BMP-7 abrogation.

doi:10.1371/journal.pone.0096938.9005

17 as well as USAG-1"/" have supernumerary tooth in similar diastema truly representing a “toothless” region, a number of
numbers after 20 days culture, while these cultured explants in studies confirmed that the region in fact does contain rudimental
USAG-1™"* presented normal tooth number (Fig.6A-]). These primitive tooth organs at the bud stage of development [56-58].
results demonstrated BMP-7 has a partial potential to induce Tooth organs, comparable to many other epidermal organs, are
supernumerary tooth formation, however it was not readily initiated as a placode and then progress through exquisite
observed to induce extra tooth organs only with BMP-7. epithelial-mesenchymal interactions, reflecting a temporal and

spatial sequence of unique signal transduction-mediated develop-
Discussion mental processes [2,6,59-64].

In our present study, BMP-7 was co-localized with USAG-1 in
the area of the maxillary rudiment incisor tooth germ in addition
to the regular maxillary incisor tooth organ. USAG-1 abrogation
rescued the apoptotic elimination of mesenchymal cells in the
rudimentary maxillary incisor tooth primordia at E15, whereas the
tooth sizes were comparable [15]. The apoptotic mesenchymal
cells in USAG-1"""/BMP-7/ "are similar to USAG-1*/*/BMP-
7% in contrast to that of USAG-1"""/BMP-7*"*. These results

Rudimentary organs are biological structures that appear to
have no function as first described by Darwin in The Descent of
Man [55]. Darwin listed so-called “wisdom teeth, the appendix,
and the coccyx as rudimentary organs. Curiously, Reptiles with
teeth as well as most mammals have complete dentitions with
Rodentia (mice, rats, hamsters) and Lagomorphs (rabbits) which
both present the unique diastema extending from incisor to molar
tooth organs in the maxilla as well as mandible. Rather than the
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Figure 6. BMP-7 has potential to partially induce the formation of maxillary supernumerary incisors formation in vitro. Enhanced
BMP-7 rescue the formation of maxillary incisor supernumerary tooth in E15 USAG-1 mutant mice in organ culture and subrenal capsule assay. The
incisor explants supplemented with BMP-7 in USAG-1"" (E and H) and USAG-1""" (F and I) have supernumerary tooth in similar incidence after 20
days of culture, whereas these cultured explants in USAG-1** (D and G) maintained the normal tooth number. (A-C) Explant appearance. (D-F)
Coronal and (G-I) sagittal sections of explant. (J-L) Sagittal sections of control explant. (M) Table showing the relationship between number of teeth

of explants and USAG-1 phenotypes.
doi:10.1371/journal.pone.0096938.g006

support our interpretation that USAG-1 functions as a novel
BMP-7 antagonist in the maxilla. We confirmed that increased
BMP signaling in supernumerary teeth of the USAG-1 deficient
mice could be prohibited by BMP-7 abrogation. In the contrast, to
test whether BMP-7 has the potential to induce supernumerary
tooth formation, we performed explant culture and subsequent
subrenal kidney capsule culture. The incisor explants supplement-
ed with BMP-7 in USAG-1"" as well as USAG-1""" have
supernumerary tooth in similar numbers after 20 days culture,
while these cultured explants in USAG-1*"* retained normal tooth
number. These results demonstrated that BMP-7 can induce
supernumerary tooth formation, however it is impossible to induce
extra tooth by only BMP-7. Finally, we conclude that gene
interactions between BMP-7 and USAG-1 regulate the supernu-
merary maxillary incisor formation.

The supernumerary incisors documented in mutant mice have
been located on the lingual side of the normal incisor
[15,17,23,65], or side-by-side [8,66-69]. The Spry2™ ™ /Spry4™/~
mice indicated two separate incisors in two different enamel
organs located side by side, in which supernumerary incisor
development was shown in vivo to result from the second splitting
of the incisor primodium [69]. The duplicated incisors belong to
the same generation. Within these supernumerary incisor forma-
tion side-by-side, the B-cat™™% mice also present two incisors
that each belong to the same generation, but in these mice only the
lower incisor have been reported to be affected [68]. The

PLOS ONE | www.plosone.org

mechanisms of supernumerary formation appear to be different
between maxilla and mandibular morphogenesis.

A detailed analysis of USAG-1 deficient mice showed that the
supernumerary incisor developed on the lingual side of the normal
one, and this tooth was considered to belong to a different tooth
generation [15,23]. The supernumerary incisor of Lrp4 deficient
mice have the same origin as the supernumerary incisor of USAG-
1 mutants [17]. We previously demonstrated that the supernu-
merary maxillary incisor was the result of the survival and
successive development of the rudimentary incisor tooth primor-
dia, and that USAG-1 controls the number of teeth in the
maxillary incisor region by regulating apoptotic elimination of
odontogenic mesenchymal cells [15].

Further, it was reported that the supernumerary mandibular
incisor corresponded to the revival of the replacement incisor by
regulating apoptosis of odontogenic epithelial cells [23]. These
results suggest that the potential mechanism by which supernu-
merary incisor on the lingual side of the normal incisor is different
between maxilla and mandible. In USAG-1 single deficient mouse,
supernumerary teeth were observed in 100% of the maxillary
incisor regions, whereas partial penetrance was observed in the
mandible. We demonstrated that USAG-1 acted as BMP-7
antagonist in supernumerary maxillary incisor formation, and
absence of the maxillary teeth of conditional BMP-7 null mice
[44]. The expression of USAG-1 and BMP-7 is opposite around
the rudimentary incisor tooth primordia between maxilla and
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mandible (Fig. S1). In addition, in maturc adult mice, supernu-
merary teeth can be induced on both labial and lingual sides of the
incisors, regions which contain adult stem cells supporting the
continuous growth of mouse incisors [22,70]. In young mice,
supernumerary tooth organs were induced in multiple regions
adjacent to both incisor and molar regions. Presumably, supernu-
merary tooth organs can form directly from the oral epithelium, in
the dental lamina connecting the developing molar or incisor tooth
organs to the oral epithelium, in the crown region, and even in the
clongating and furcation arca of the developing root [22].

In the rudimentary maxillary incisor of BMP-7 deficient mouse,
specific phenotypic alterations are found. In approximately half of
the embryos studied, the rudimentary maxillary incisors were
discovered to be missing. Defects in odontogenesis have been
reported in several mouse mutants for genes associated with BMP
as well as other signaling pathways [3,71]. Deletion of Alk3
(BMPR1a) in the epithelium leads to tooth development arrest at
the bud stage [72], indicating the importance of mesenchyme-
derived BMP signals for the further development of the dental
epithelium. The epithelial overexpression of Noggin, which is an
antagonist of the BMP signaling, results in various phenotypic
alterations including lack of mandibular molars, reduced number
of maxillary molars, disrupted root size and pattern, as well as
poorly mineralized enamel [73]. In MsxI-deficient mice tooth
development is arrested at the cup stage [74], a phenotype that
can be rescued by administration of BMP-4 [75]. In vitro, BMP-4
and BMP-7 can both induce the expression of Msx1 and Msx2 as
shown by the implantation of BMP-releasing beads into the mouse
molar mesenchyme [52,76]. The present report provides the direct
functional evidence of a nonredundant role for BMPs in tooth
initiation and development. The fact that the observed phenotypes
are not fully penetrant could be explained by a partial redundancy
where other BMPs or other signaling molecules compensate for
BMP-7. As BMPs show different affinities for the various type 1
BMP receptors, a molecular discrimination between signals
initiated by different BMPs under physiological conditions is
expected. An indication of the importance of BMP-7 for aspects as
variable as tooth induction, patterning, and development comes
from observations showing different degree of phenotype pene-
trance in incisors vs. molars as well as in maxillary teeth vs.
mandibular teeth. The molecular networks that determine rodent
tooth specification (i.e. molars and incisors, maxillary and
mandibular teeth) involve genes such as the Isletl, Pitx1, Barxl,
and DIx [77-79], thus integrating BMP-7 into their pathway.

The presence of epithelial anlagen of the third dentition was
also noticed in human [80-82]. The epithelium which is
considered as the anlagen of the third dentition develops lingual
to all permanent tooth germs [83]. Furthermore, when it appears,
the predecessor (permanent tooth germ) is in the bell-shaped stage
[83]. The time of appearance of the third dentition seems after
birth. This means that we have chance to access the formation of
the third dentition in the mouth. Recently, a number of mouse
mutant are now starting to provide some insights into the
mechanisms of supernumerary tooth formation. Multiple super-
numerary teeth may have genetic components in their etiology
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and represent partial of the third dentition in humans. Such
candidate molecules or genes might be those that are involved in
embryonic tooth induction, in successional tooth formation or in
the control of the number of the tecth [2].

The supernumerary tooth formation using genetically-defined
mouse models clearly demonstrate the feasibility to induce de novo
tooth formation by in situ repression or activation of a single
candidate gene. Our investigations and related support or validate
the hypothesis that de novo repression or activation of candidate
genes such as BMP-7 or USAG-1 could be used to stimulate a
third dentition to induce or achieve new tooth regeneration in
mammals. In vivo gene delivery could be the suitable gene therapy
approach in the tooth regencration by stimulation of a third
dentition.

Conclusions

The mechanism for suppressing deciduous incisors in mice is
expression of USAG-1, which inhibits BMP-7 signaling, leading to
apoptosis and degeneration of rudimentary tooth germs. The
dental phenotypes of USAG-1 and BMP-7 mutants reported by
our studies provide a rationale for future tooth regeneration.

Supporting Information

Figure 81 The expression of USAG-1 and BMP-7 in the lower
jaws. USAG-1 and BMP-7 expression in mandibular incisor
primordia. (A-D) Whole-mount X-Gal expression in tooth germs
of E14 and E15 mandibular. (A’-1)’) Parasagittal sections (anterior
to the left) of the tooth germs. USAG-1 (A-B, A’-B’) and BMP-7
(C-D, C-D’) were expressed in the tooth organ of rudimentary
mandibular incisor (red arrow) in addition to the tooth organ of
characteristic incisor (black arrow). At E14, USAG-1 started to be
expressed in the epithelial cells of the mandibular rudimentary and
regular incisor primordia (A and A’). At E15, the expression of
USAG-1 continued in the epithelium (B and B’). In the meantime,
the expression of BMP-7 localized mesenchymal cells of
mandibular rudimentary and regular incisor primordia at both
El4 and E15 (C, D, C’” and D’).
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Table 81 Summary of tooth phenotype.
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Abstraet. The majority of patients with systemic sclerosis (SSc) have gastrointestinal (GI) tract involvement, but therapies

using prokinetic agents are usually unsatisfactory. Ghrelin stimulates gastric motility in healthy human volunteers.

In this

study, we investigated whether ghrelin could improve gastric emptying in patients with gastrointestinal symptoms due to
SSc. The study was performed in a randomized, double-blind, placebo-controlled crossover fashion on two occasions. Ten
SSc patients with GI tract involvement received an infusion of either ghrelin (5.0 pg/kg) or saline, and gastric emptying rate
was evaluated by '*C-acetic acid breath test. Gastric emptying was significantly accelerated by ghrelin infusion in patients

with SSc (ghrelin vs. saline: 43.3 = 11.4 min vs.

53.4 + 5.4 min, P=0.03). No serious adverse effects were observed. Our

results suggest that ghrelin might represent a new therapeutic approach for GI tract involvement in patients with SSc.

Key words: Gastric motility, Ghrelin, Systemic sclerosis

SYSTEMIC SCLEROSIS (SSc) is a progressive and
multisystem disease characterized by microvascular
damage and excess deposition of connective tissue
in skin and internal organs, including kidneys, heart,
lungs, and gastrointestinal tract. Therefore, patients
with SSc¢ have various symptoms such as Raynaud’s
phenomenon, thickened or hardened skin, and sclero-
derma renal crisis. In addition to these symptoms, any
part of the gastrointestinal (GI) tract can be affected
in patients with SSe, and they often have dysphagia,
heartburn, bloating, abdominal pain, and diarrhea[1, 2].
Although involvement of the GI tract is not a direct
cause of death, it leads to a decline in the quality of
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life. In an autopsy study, Gl muscle atrophy and
fibrosis (both of which lead to decreased GI motil-
ity) were detected in the esophagus, small intestine,
and colon in 74%, 48%, and 39% of patients, respec-
tively [3]. In previous studies, 50-67% of patients
with SSc report delayed gastric emptying, which cor-
relates with symptoms of early satiety, bloating, and
emesis [4-12]. At present, the cause of scleroderma is
still unknown, and there are no effective treatments for
SSc. Consequently, the various complications of SSc
are treated individually. To treat gastroparesis, proki-
netic agents such as metoclopramide, domperidone,
erythromycin, mosapride citrate, dinoprost, and octreo-
tide have been used in an attempt to improve GI motil-
ity; however, therapies with these agents are usually
unsatisfactory [13-17].

Ghrelin, a gut hormone that is produced mainly in
the stomach, is a 28-amino acid peptide with an n-oc-
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