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ARTICLE INFO ABSTRACT

Keywords: Amelogenesis consists of secretory, transition, maturation, and post-maturation stages, and the morphological
Crk-associated substrate protein changes of ameloblasts at each stage are closely related to their function. p130 Crk-associated substrate (Cas) is a
Ameloblasts scaffold protein that modulates essential cellular processes, including cell adhesion, cytoskeletal changes, and
Dental enamel o . . .
Biomineralizaion polarization. The expression of p130Cas was observed from the secretory stage to the maturation stage in am-

eloblasts. Epithelial cell-specific p130Cas-deficient (p130Cas*®") mice exhibited enamel hypomineralization
with chalk-like white mandibular incisors in young mice and attrition in aged mouse molars. A micro-computed
tomography analysis and Vickers micro-hardness testing showed thinner enamel, lower enamel mineral density
and hardness in p130Cas*®" mice in comparison to p130Cas™f°* mice. Scanning electron microscopy, and an
energy dispersive X-ray spectroscopy analysis indicated the disturbance of the enamel rod structure and lower Ca
and P contents in p130Cas"®" mice, respectively. The disorganized arrangement of ameloblasts, especially in the
maturation stage, was observed in p1 30Cas*P* mice. Furthermore, expression levels of enamel matrix proteins,
such as amelogenin and ameloblastin in the secretory stage, and functional markers, such as alkaline phosphatase
and iron accumulation, and Na™/ Ca2++K+-exchanger in the maturation stage were reduced in p130Cas*®" mice.
These findings suggest that p130Cas plays important roles in amelogenesis (197 words).

Cell polarity

Abbreviations: Cas, Crk-associated substrate; KRT, cytokeratin; pCT, micro-computed tomography; SEM, scanning electron microscopy; NCKX, Na*/Ca®*+K*-
exchanger.
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A. Inoue et al.

1. Introduction

Enamel is the hardest and most highly mineralized tissue in the body.
Mature enamel is composed of regular hexagonal hydroxyapatite (HA)
(Ca1p[PO4]6[OH]>) crystals and is characterized by containing almost
no matrix protein. Enamel consists of a highly organized structure of
interwoven prisms and inter-prismatic material, which are both made up
of HA crystals [1].

Unlike other hard tissues, such as dentin and bone derived from
mesenchyme, enamel is formed by ameloblasts derived from the dental
epithelium [2]. The differentiation of dental epithelial cells into func-
tional ameloblasts involves of multiple steps, including proliferation,
secretory, transition, maturation, and post-maturation stages, which are
accompanied by morphological and functional changes. During the
proliferation stage, short columnar inner enamel epithelial cells (IEEs)
actively proliferate and then, IEEs grow into columnar cells (pre-
ameloblasts) with more protein-synthesizing organelles. In the secretory
stage, ameloblasts grow and polarize, forming conical processes called
Tomes' processes, which deposit enamel in the form of rods. Enamel
matrix proteins, such as amelogenin, enamelin, and ameloblastin, are
secreted during this period. After the enamel reaches full thickness
during the transition stage, the height of the ameloblasts decreases and
the protein synthesis organelles significantly decrease during the tran-
sition stage. In the maturation stage, ameloblasts regulate and transport
specific ions required for the deposition of minerals, while degrading
enamel matrix proteins and resorbing the degraded proteins and water.
Ameloblasts initiate a series of repetitive morphological changes on the
surface of the enamel, with distal tight junctions and deep membrane
folds appearing periodically (ruffled-ended ameloblasts), then dis-
appearing for short intervals (smooth-ended ameloblast). In the post-
maturation stage, ameloblasts become short cuboidal cells. Particu-
larly important in these steps are the secretory stage, in which the
enamel matrix proteins are produced, and the maturation stage, in
which mineralization progresses. The presence of these two functional
stages is a major feature of amelogenesis [1-3].

Amelogenesis imperfecta (AD) is a disease in which different genes
cause abnormal enamel formation in all or some teeth [1]. Its phenotype
is diverse and complex; however, it can be divided into hypoplastic,
hypomaturation, and hypocalcified types based on the quality and
quantity of the affected enamel. The hypoplastic type is caused by some
abnormalities during the substrate formation stage, and the enamel
calcification is almost the same as that of the normal type; however, it is
thin. The low-maturity form is due to inadequate degradation of enamel
matrix protein, and the enamel thickness is similar to normal, while
calcification is poor. Hypocalcification is sometimes classified as a
hypomineralization type together with a low maturity type, and is
caused by less Ca®* supply [1].

Since the discovery that the mutations in the AMELX gene, which
encodes amelogenin, an enamel matrix protein, were responsible for Al
[4], mutations and dysfunctions in many genes have been reported to
cause Al [1]. Furthermore, enamel hypoplasia, like Al in humans, has
been observed in mouse models, indicating that various genes play an
important role in amelogenesis [1]. For example, mutations in Distal-
less homeobox 3 (DLX3) are known to cause autosomal dominantly-
inherited trichodentoosseous syndrome and AI hypomaturation-
hypoplastic type with taurodontism [5,6]. Mutations or deletion of
genes including AMBN, and ENAM, encoding enamel matrix proteins,
ameloblastin [7-9], and enamelin [10-12], respectively, and MMP20
[1,13,14], and KLK4 [1,15,16], encoding enamel matrix proteases, are
also observed in Al patients and mouse models. Mutations in the genes,
AMTN [17-19] and FAM83H [20-22], which are important for the
interaction between ameloblasts and extracellular matrix, were found in
Al patients, and each gene-deficient mice showed enamel hypoplasia.
Furthermore, hypomaturation Al was observed due to gene mutations or
deficiency of WDR72 [1,23,24] and SLC24A4, which encode NCKX4
[25-28], which is an important transporter for protein and ions.
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Therefore, recent increases in our understanding of the gene variations
that cause Al provide new information about the various cellular and
extracellular biological functions that are essential for amelogenesis.

p130 Crk-associated substrate (Cas) belongs to the Cas protein family
and acts an adapter protein. It is involved in signal transduction from
cell surface receptors including integrin, to the intracellular molecules
and even nuclei through association with various proteins [29,30].
p130Cas plays critical roles in various cellular functions, including cell
adhesion, spreading, migration, invasion, proliferation, and mechano-
sensing of the surrounding physical environment [29,30]. Osteoclasts
are multinucleated giant cells that differentiate from monocyte/
macrophage lineage cells and resorb bone. Resorbing osteoclasts adhere
to the bone surface to form a tight sealing at the bone surface and secrete
H*' and Cl™ to decalcify minerals, and proteolytic enzymes, such as
cathepsin K and matrix metalloprotease 9 (MMP9) to degrade the bone
matrix under a raffled border [31,32]. We previously reported that
osteoclast-specific p130Cas conditional knockout mice showed osteo-
petrosis because osteoclasts failed to resorb bone due to the lack of a
ruffled border, suggesting that p130Cas plays an important role in the
osteoclastic bone resorption of osteoclasts [33]. Ameloblasts similar to
osteoclasts form the ruffled-end, and secrete enamel proteins, and their
degrading enzymes. Therefore, we hypothesize that p130Cas is also
involved in ameloblast differentiation and function.

In this study, we clarify the presence of p130Cas and its physiological
roles in ameloblasts by analyzing epithelial cell-specific p130Cas-defi-
cient mice.

2. Materials and methods
2.1. Generation of epithelial cell-specific p130Cas-deficient mice

Knockout mice lacking the epithelial cell specific p130Cas gene
(p130Cas“") were generated by closing cytokeratin 14 (KRT14)-Cre
transgenic mice (Jackson Laboratory) with floxed-p130Cas mice
(B6;129P2-p130Cas, tmHomy>) [33]. p130Casﬂ"X/ﬂ"x littermates were
used as controls. The handling of the mice and all procedures were
approved by the Animal Care Committee of Kyushu University, ac-
cording to the guidelines of the Japanese Council on Animal Care
(Approval Number: A20-138-2).

2.2. Radiological assessment

The internal structure of each sample was observed by micro-
computed tomography (p-CT) (Skyscan 1075 KHS; Kontich, Belgium)
using an X-ray voltage of 50 kV, a 0.5 mm aluminum filter, and a pixel
size of 9 pm. Then each sample was reconstructed and analyzed using
CTAn software program (version 1.18.8, Bruker, Kontich, Belgium). To
determine the degree of enamel mineral density (EMD), hemimandibles
from p130Cas™®/f0% and p130Cas**’" mice were scanned at a pixel size
of 9 pm using p-CT (Skyscan 1075). A standard curve of 5 hydroxyap-
atite standards of known density was used for a quantitative analysis.
The most incisal slice containing the most mineralized enamel was
identified visually. Measurements were made at 500-pm intervals (50
slices at a 10-pm interval) and slices from three mice per group at the
same developmental stage were averaged using the CTAn software
program.

2.3. SEM and EDX analysis

The mandibular incisors of p130Cas™®/° and p130Cas®" mice
aged 6 weeks were dissected and fixed with 2.5% glutaraldehyde, 2%
paraformaldehyde, 0.1 M phosphate buffer (pH 7.4). The surface
morphology of each sample was observed using a scanning electron
microscope (SEM: S-3400 N; Hitachi High Technologies Co., Tokyo,
Japan) under an accelerating voltage of 10 kV. Coating of the sample
with a gold-palladium alloy was performed by magnetron sputtering
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(MSP-1 s; Vacuum Device, Ibaraki, Japan). Element mapping at the
microstructural level was carried out using an energy dispersive X-ray
(EDX) spectrometry system (Quantax70, Bruker, Kanagawa, Japan).

2.4. Vickers micro-hardness testing

The left mandibles were dissected from p130Cas™/f% and
p130Cas*®" mice (age: 6 weeks), washed, and dehydrated with graded
ethanol. The samples, which were kept moist at all times, were fixed by
composite resin on the metal plate, and sagittally ground (Handimet 2
Roll Grinder, Buehler, Lake Bluff, IL, USA) and automatically lapped
(ml-160a, Maruto Instrument Co., Ltd., Tokyo, Japan). The mandibular
incisor enamel micro-hardness was measured at 5 different sites of the
incisors per mouse in 3 mice per group using a Vickers micro-hardness
tester (MXT50, Matsuzawa, Co., Ltd., Akita, Japan) under a 100-g load
for 10s.

2.5. Histological analysis

Mandibles were fixed with 4% paraformaldehyde and decalcified
with Osteosoft (Merck, Darmstadt, Germany). Sagittal paraffin sections
(4 pm thick) were cut. Sections were analyzed with hematoxylin and
eosin (H&E) staining. To evaluate the iron transport ability, sections
were stained with Berlin blue. For the immunohistochemical analysis,
sections were stained with antibodies specific for p130Cas (#38560;
Abcam Inc., Cambridge, UK), bone-specific alkaline phosphatase (ALP)
(#M190; Takara Bio. Inc., Shiga, Japan), amelogenin (#pc-062; Kamiya
Biomedical Company, Seattle, WA, USA), ameloblastin (#sc-271,912,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), or Na*/Ca®"+K*-
exchanger (NCKX4) (#18992-AP, Proteintech Group Inc., Rosemont, IL,
USA). The primary antibodies were visualized using a horseradish
peroxidase (HRP)-conjugated anti-rabbit secondary antibody (Nichirei
Bio., Tokyo, Japan) and a DAB Peroxidase (HRP) Substrate Kit (Vector
laboratories, CA, USA). Negative controls were prepared by substituting
PBS for each primary antibody as a negative immunohistochemical
staining control. Sections were analyzed using a IXplore Pro microscope
(Olympus, Tokyo, Japan).
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2.6. Statistical analysis

All data are shown as the mean + standard deviation (SD). Com-
parisons of the means between two groups were carried out using an
unpaired Student's t-test using Microsoft Excel 2019 (Reymond, WA,
USA). P values of <0.05 were considered to indicate statistical
significance.

3. Results
3.1. The expression of p130Cas during amelogenesis

We previously generated osteoclast-specific p130Cas-deficient mice
and reported that their osteoclasts unable to form a ruffled border and
showed the impairment of bone resorption [33]. Since it is known that
ameloblasts in the maturation stage form a ruffled-end [1-3], we hy-
pothesized that ameloblasts express p130Cas and that the molecule
might play an important role also in enamel formation. Since murine
incisors grow continuously and thus provide an experimental advantage
(as all developmental stages of amelogenesis can be examined in a
sagittal section) [34], we confirmed the expression of p130Cas in the
ameloblasts immunohistochemically using mandibular incisors. The
expression of p130Cas was not observed in dental epithelial cells or
mesenchymal cells of the cervical loop (Fig. 1A), but its expression was
observed from the apical end to the incisal edge, especially from the
secretory stage to the maturation stage, during ameloblast differentia-
tion (Fig. 1B-E). Specimens were stained without primary antibody and
then counterstained with hematoxylin to detect nuclei as negative
control (Fig. 1F).

3.2. The incisors of epithelial cell-specific p130Cas-deficient
(p130Cas*®") mice showed lower mineralization

Since p130Cas deficiency shows embryonic lethality in mice [35],
we generated epithelial cell-specific p130Cas-deficient (p130Cas™/
floxkRT14C/+: p130Cas*®*) mice by crossing p130Cas™/f% with
KRT14 “/+ mice to address the role of p130Cas in tooth development in
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Fig. 1. The expression of p130Cas during amelogenesis. Immunohistochemical analysis of p130Cas in mandibular incisors of 2-week-old male wild-type mice.
Sagittal paraffin sections prepared from mandibular incisors of 2-week-old male wild-type mice (n = 5 mice per group, 15 slides per group) were stained with
antibodies against p130Cas (panels A-E) or without the primary antibody (panel F). The sections were counterstained with hematoxylin. Ep: epithelial cells, Me:
mesenchymal cells, Am: ameloblasts, SI: stratum intermedium, SR: stellate reticulum, PL: papillary layer. Scale bar: 50 pm.
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vivo. The body weight and growth rate of p130Cas*®" mice did not show
any significant differences compared to those of p130Cas™/f°* mice
(data not shown). The immunohistochemical analysis of mandibular
incisors of 2-week-old mice revealed that the expression of p130Cas was
detected in both ameloblasts (secretory stage) and odontoblasts of
p130Cas”™ /A% mice (Fig. 2A, panel a). The expression of p130Cas was
observed in odontoblasts but not ameloblasts of p130Cas*®" mice
(Fig. 2A, panel b). No signals were detected without the primary anti-
body (Fig. 2A, panel c). These results indicated that p130Cas was
selectively deleted in the ameloblasts. Although there were no obvious
abnormalities in the number, the appearance, and the morphology of
teeth in p130Cas®®" mice, the color of the mandibular incisors was
white and opaque (Fig. 2B). The maxillary incisors of 6-week-old male
p130CasAepi' mice varied from pale yellow (Fig. 2B, panel b, 11 out of 19
mice, 57.9%) to yellow (Fig. 2B, panel ¢, 8 out of 19 mice, 42.1%), which
was not much different from p130Casﬂ"X/ﬂ°x mice (Fig. 2B, panel a).
Thus, we extracted the maxillary incisors, and then measured the length
of the yellow-colored part, and calculated the ratio of the length of the
yellow-colored part to the total length. The total length of the extracted
maxillary incisors did not change, but the length of the yellow-colored
part was shorter in the p130Ci " mice, and the ratio of the length
of the yellow-colored part to the total length was also lower in the
p130C P mice (Fig. 2C, D). The yellow coloration of the maxillary
incisors became darker with age, and there was no significant difference
in appearance after 20 weeks of age. However, as in the 6-week-old
p130Cas*P" mice, the length of the yellow-colored part and the ratio
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of the length of the yellow-colored part per total length of the extracted
macxillary incisor in the female 12-month-old p130Cas*®" mice were
shorter in comparison to age-matched p130Cas™/° mice (Supple-
mental Fig. 1A, B). The yellow coloration of the mouse incisors means
that the teeth contained iron, indicating the degree of enamel maturity.
There was not much difference in the erupted part, but when the tooth
was extracted and observed, there was a difference in the length of the
yellow-colored part in the maxilla, suggesting that there were abnor-
malities, such as delay in enamel maturation of the incisors of the
p130Cas*®" mice.

Three-dimensional (3D) image reconstruction revealed that
p130Cas*P" mice exhibited no obvious differences in tooth eruption,
development, and occlusion compared with p130Cas™/f° mice
(Fig. 3A, left panels). There was no significant difference in the enamel
border in the maxillary incisors between p130Cas™/f° mice and
p130Cas*®" mice; however, in the mandibular incisors of p130Cas*%*
mice, the enamel border was unclear and the enamel surface seemed to
be rough (Fig. 3A, right panels). To compare the volume of enamel, the
mandibular incisors were sliced from the front. When the mandibular
incisor was sliced at eruption area, the enamel thickness of the
p130Cas " mice was slightly thinner in comparison to p130Cas//fox
mice, but when the mandibular incisor was sliced anterior to the first
molar, the enamel was hard to detect in the p130Cas*®P" mice, sug-
gesting that enamel mineralization was impaired in p130Cas®" mice
(Fig. 3B). Consistent with these results, the quantitative measurement of
the enamel mineral density indicated that the mineral content in the
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Fig. 2. The tooth phenotype of epithelial cell-specific p130Cas-deficient (p130Cas*°P*") mice. (A) Sagittal paraffin sections of secretory-stage mandibular incisors
prepared from 2-week-old of p130Cas™f°% (panels a, ¢) and p130Cas*" mice (panel b) (n = 5 mice per group, 15 sections per group) were stained with antibodies
against p130Cas (panels a, b), or without the primary antibody (panel c). The sections were counterstained with hematoxylin. Am: ameloblasts, Od: odontoblasts, SI:
stratum intermedium, SR: stellate reticulum, Scale bar: 20 pm. (B) Incisors of 6-week-old male p130Cas™*/f°* (n = 16 mice) and p130Cas*’* mice (n = 19 mice).
Mandibular incisors of p130Cas*®" mice were whiter than those of p130Cas™®/°* mice. There are two types of maxillary incisors of 6-week-old male p130Cas*®™
mice, a pale yellow one (b; n = 11 mice) and a yellow one (c; n = 8 mice) that was almost the same as the type observed in p1 30Cas™ /% mice (a; n = 15 mice). (C)
Maxillary incisors were extracted from 6-week-old male p130Cas™/f°* (a; n = 5 mice) and p130Cas*®" mice (b; n = 6 mice, ¢; n = 5 mice). In (C), a, b, and c indicate
the right maxillary incisors extracted from mice a, b, and ¢ shown in (B). Scale bar: 2 mm. (D) The total length and length of the yellow-colored parts were measured
and the ratio of the length of the yellow-colored parts per total length of the extracted incisors is shown (more than 8 incisors per group). The open column indicates
p130Cas™*/f°% mice. The closed column and hatched column indicate the pale yellow-colored and yellow that was almost the same as that observed in p130Cas/*/fox
mice, respectively. The data are expressed as the mean + SD. *, p < 0.05, **, p < 0.01. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Incisors of p130Cas“®" mice showed lower
mineralization. (A) Three-dimensional reconstruction
of uCT scans of the head and incisors of 8-week-old
male p130Cas™/°* and p130Cas**" mice (n = 5)
Scale bars: 5 mm (left), 2 mm (right). (B) Three-
dimensional reconstruction of pCT scans of mandib-
ular incisors, sliced from the front (positions a and b
in Fig. 2A) of 8-week-old male p130Cas™*°* and
p130Cas*®" mice (n = 5). Scale bar: 2 mm. (C) A
quantitative analysis of the enamel mineral density of
right and left mandibular incisors of 6-week-old male
p130Cas™/f9% (open column, n = 5 mice and 10
different points) and p130Cas*®" mice (closed col-
umn, n = 5 mice and 10 different points). (D) A
quantitative analysis of the enamel micro-hardness of
right and left mandibular incisors of 6-week-old male
p130Cas™*/f°% (open column, n = 3 mice and 15
different points) and p13OCasAepi' (closed column, n
= 3 mice and 15 different points) mice. The data are
expressed as the mean + SD (n = 15). *, p < 0.05. **,
p < 0.01.

enamel was significantly lower in pl 30Cas*®" mice than that in pl 30Cas*®" mice (Supplemental Fig. 1C). However, in the 12-month-old
p130Cas”®/fiox mice (Fig. 3C). Furthermore, the enamel hardness of the female p130Cas“*" mice, the molar cusps were worn in comparison to
mandibular incisors of p130Cas*®" mice was also lower than that of those of age-matched p130Cas™*f°* mice (Supplemental Fig. 1D).

p130Cas”™*/fiox mice (Fig. 3D).
On the other hand, there was no significant difference in the molar
morphology between 6-week-old male p130Cas™*f° mice and
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Fig. 4. An abnormal enamel rod structure was
observed in p130Cas*%" mice. (A) Scanning electron
microscopy (SEM) images showing the enamel from
6-week-old male p130Cas™/* (n = 6 mice) and
p130Cas*®" mice (n = 6 mice). Scale bar: 10 ym. (B)
The calcium, phosphorus and magnesium contents in
the enamel of right and left mandibular incisors of 6-
week-old male p130Cas™*f°* (open column, n = 5
mice and 10 different points) and p1 30Cas*® ~ (closed
column, n = 5 mice and 10 different points) mice.
The data are expressed as the mean + SD. *, p < 0.05.
** p < 0.01, n.s. not significance.
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3.3. Abnormal enamel rod structure in p130Cas*"* mice

We further examined the microstructural transformation in teeth
from p1 30Cas*P" mice, using scanning electron microscopy (SEM). For
acid-etched incisors, a remarkable difference was observed in the
structure and organization of enamel rods between p130Cas*®* mice
and p130Cas™/f°% mice (Fig. 4A). The enamel rods of the incisors of
p130Cas”™ /A mice were regularly arranged, but the arrangement of
the enamel rods of the incisors of p130Cas*®" mice was totally disturbed
(Fig. 4A). Similarly, the structure and organization of enamel rods were
also disturbed in the mandibular incisors of 12-month-old female
p130Cas" mice in comparison to those of p130Cas™™/f°* mice (Sup-
plemental Fig. 1E).

Comparing the arrangement of the enamel rods of the mandibular
first molar of the 6-week-old male p130Cas " mice and p130Cas/*/fox
mice, the enamel rods of the mandibular first molar of the p130Cas as o/
fox mice were regularly arranged. However, the arrangement of the
enamel rods of the mandibular first molars of p130Cas*®" mice was
disturbed (Supplemental Fig. 1F). Furthermore, similar disordered
arrangement of the enamel rods of the mandibular first molars was also
observed in 12-month-old female p130Cas*®" mice (Supplemental
Fig. 1G). These results suggest that the weak enamel caused by the
disordered arrangement of the enamel rods found in the molar enamel of
6-week-old p130Cas*®" became more prominent with attrition over
time.

We next measured the trace element content of mandibular incisor,
including calcium, phosphorus, and magnesium of enamel using EDX
spectroscopy. The ratios of calcium, and phosphorus were decreased in
the enamel of p130Cas*®* mice in comparison to those of p130Cas/*/fox
mice (Fig. 4B). These results suggested that the suppression of enamel
mineralization was caused by the change in the ratios of trace elements
contained in the enamel and by the disordered arrangement of the
enamel rods.
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3.4. Ablation of p130Cas induces disorganization and hypoplasia of the
ameloblasts in p130Cas*®" mice

We first histologically compared the differentiation process of ame-
loblasts between p130Cas*"" mice and p130Cas™/f°* mice. There were
no apparent differences in the ameloblasts from secretory stage to
transitional stage (Fig. 5A, B, E and F). However, the mature ameloblasts
of p130Cas®®" mice were disordered with keratin-like structure
(Fig. 5G), partially defective blistering-like (Fig. 5H), or cyst-like
(Fig. 5I), while those of p130Cas™®/f°% mice were regularly arranged
(Fig. 5C, Supplemental Fig. 2, Table 1). Disordered ameloblasts were
observed on 25 of the 30 sections (83.3%), of which 9 had defects
(Table 1). There were 5 normal cases. At the post-maturation stage, the
ameloblasts were arranged almost normally (Fig. 5J), but a disordered
arrangement of the ameloblasts was observed in some sections. (Fig. 5K,
Table 1).

Table 1
Variations in phenotype in the maturation or post maturation stages of
amelogenesis.

Genotype
Stage Phenotype p130Casf1ox/flox p130Cas®Pia/~
Maturation Disorder 0/30 25/30
Defect 0/30 9/30
Post maturation Disorder 0/30 6/30

Sagittal paraffin sections of mandibular incisors prepared from 2-week-old male
p130Cas”™/f1°% (n = 15 mice) and p130Cas*®" mice (n = 15 mice) were stained
with hematoxylin and eosin. Thirty sections were randomly selected from the
prepared sections and observed under a microscope. The number of sections in
which ameloblast disorder or a defect in the maturation stage and ameloblast
disorder in the post maturation stage was counted, is shown.

secretory transition maturation post maturation
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Fig. 5. Ablation of p130Cas induces disorganization of ameloblasts and hypoplasia of the enamel in p130Cas*®" mice. Sagittal paraffin sections of mandibular
incisors prepared from 2-week-old male p130Cas™°* (panels A-D) and p130Cas*®" mice (panels E-J), were stained with hematoxylin and eosin (n = 15 mice and
30 sections per group). Am: ameloblasts, SI: stratum intermedium, SR: stellate reticulum, PL: papillary layer. Scale bar: 50 pm.
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3.5. Functional abnormalities in ameloblasts of p130Cas*"* mice

Since the mineralization of enamel in incisors of p130Cas*®" mice
was reduced in comparison to p130Cas™®/f%% mice, we next examined
the functional changes in ameloblasts in p130Cas*®" mice. ALP is an
enzyme that is highly expressed in the maturation stage of ameloblasts
and cells of the stratum intermedium (SI) layer in p130Cas™™/fiox mice;
however, lower expression levels were observed in the ameloblasts in
maturation stage with defect of p1 30Cas*®" mice (Fig. 6, panels c, g).
The expression of ALP in the SI layer in the secretory stage of
p130Cas™P" mice was comparable to those of p130Cas™®/f°* mice
(Fig. 6A, panels a, e).

Iron pigmentation was detected in ameloblasts and the microvas-
cular structure of the papillary layer at the maturation stage in
p130Cas™/fiX mice by Berlin blue staining (Fig. 6B). However, iron
pigmentation in ameloblasts of maturation stage was almost undetect-
able in p130Cas*®P" mice, suggesting that the iron transport ability was
reduced in the ameloblasts of p130Cas*®" mice. These results were
consistent with the finding that the incisors of p130Cas*®" mice had a
chalk-like white color (Fig. 2B).

3.6. The altered expression of enamel matrix proteins in ameloblasts of
p130Cas*®* mice

To determine whether the hypomaturation of the enamel in
p130Cas*®" mice was associated with the expression of enamel matrix
proteins, we compared the expression of amelogenin and ameloblastin
between p130Cas®" and p130Cas"®/f°* mice by immunohistochem-
istry. The punctate immunoreaction for amelogenin was abundant in the
enamel matrix and ameloblasts from secretory stage to maturation
stages, and then decreased in the post maturation stage of p1 30Cas™™/
flox mice and p130Cas®®" mice (Fig. 7A), but the expression level of
amelogenin in the secretory stage of p130Cas“®" mice was particularly
less than those of p130Cas™/f°* mice (Fig. 7A, a, e). The intense
punctate immunoreaction for ameloblastin was found exclusively distal
cytoplasm of ameloblasts, throughout all stages of amelogenesis of
p130Cas™™/foX mice (Fig. 7B, a—d). However, the expression level of
ameloblastin was less from secretory to maturation stages p130Cas*®*
mice in comparison to those of p130Cas™/f°* mice (Fig. 7B).

>
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3.7. The reduced expression of NCKX4 in ameloblasts of p130Cas*®*
mice

Finally, we compared the expression of NCKX4, the mutation of
which is known to be a causative gene of amelogenesis imperfecta
[25-27], between p130Cas*®" mice and p130Casﬁ“X/ﬂ°x mice. In
p130Cas”™*/f0% mice, NCKX4 was expressed in ameloblasts from the
secretory stage to the post-maturation stage (Fig. 8, A-D), while the
expression level was reduced in ameloblasts of p130Cas**"* mice (Fig. 8,
E-H).

4. Discussion

We previously reported that p130Cas has a crucial role in ruffled
border formation in osteoclasts, which is necessary for bone resorption
[33]. In this study, considering the morphological similarity between
osteoclasts with a ruffled border and ameloblasts with a ruffled-end, we
examined the role of p130Cas in amelogenesis. We showed that p130Cas
was expressed throughout ameloblasts, but that it was particularly
strongly expressed from the secretory to the maturation stages. We
generated the epithelial cell-specific p130Cas-deficient (p130Cas*®")
mice and examined phenotypes in adult mouse incisors. We observed
enamel hypomineralization with chalk-like white incisors in
p130Cas*®" mice. The maxillary incisors of p130Cas*®" mice were
divided into pale yellow-colored parts and parts with the same color as
p130Cas™/fiox mice. The ratio of the length of yellow-colored part per
total length of maxillary incisors of p130Cas*®" mice was shorter than
that of the maxillary incisors of p130Cas™/f°* mice. Micro-CT and SEM
analyses revealed that the enamel hypomineralization was caused by the
disordered arrangement of enamel rods and lower Ca and P content in
p130Cas*®" mice. Furthermore, a histological analysis showed that the
ameloblasts exhibited morphological disorganization; reduced the
expression of ALP in the maturation stage, the iron accumulation in the
maturation stage, and NCKX4 in the maturation stage in p130C epi-
mice. In 6-week-old p130Cas“®" mice, there was no significant differ-
ence in the morphology or color of the molars; however, the attrition of
the molars became more pronounced at old age. Furthermore, structural
abnormalities of the enamel rods in the first molar were also observed in
both 6-week-old p130Cas*®" mice and aged p130Cas*®* mice. The
difference in phenotype between the incisors and molars of p130Cas*®"
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(panels a-d) and p130Cas*®" mice (panels e-h), were stained with anti-ALP antibody (n = 5 mice and 15 sections per group) (A) and Berlin blue (B) (n = 5 mice and

15 sections per group). Scale bars: 50 pm. * indicates defect.
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Fig. 8. The reduced expression of NCKX4 in ameloblasts of p130Cas*®" mice. Sagittal paraffin sections of mandibular incisors prepared from 2-week-old male
p130Cas™™*/f°% (panels A-D) and p130Cas*®* mice (panels E-H), were stained with anti-NCKX4 antibody (n = 7, mice and 20 sections per group). Scale bar: 50 pm.

mice may be due to the constant growth of mouse incisors. Thus, these
results indicate that p130Cas is required for normal amelogenesis.

The morphological defects in ameloblasts in p130Cas*®" mice were
mainly observed in the maturation stage. Disordered arrangement of
ameloblasts was also observed during the post-maturation stage in
approximately 20% of the sections that were observed in detail (6 of 30
cases); however, the frequency was considerably lower than that during
the maturation stage. Therefore, the mechanism through which p130Cas
maintains these morphologies only during a specific differentiation
period is unclear. It has been reported that ameloblast disordered and
odontogenic cyst formation cause enamel hypomineralization in Msx2-
deficient mice [34] and autosomal-recessive mutation, whitish chalk-like
teeth (wct) rats [36]. In p130Cas“®" mice, blistering-like or cyst-like
structures were observed in mature ameloblasts, but the frequency

was about 30%, which was observed in some mature ameloblasts, and
were different from the widespread cysts observed in the transition to
premature stages in ameloblasts of Msx2-deficient mice or wct rats. We
examined genetically modified mice in which disorder or defects of
ameloblasts were observed during the maturation period; however, few
similar phenotypes in mice have been reported thus far.

How p130Cas regulates ameloblast morphology is an interesting
subject. Rho guanosine triphosphatase (GTPase) organizes the actin
cytoskeleton by cycling between the active GTP-bound and inactive
guanosine diphosphate (GDP)-bound forms [37]. RhoA proteins are
expressed during ameloblast differentiation, whereas Rho inhibitor and
Rho GDI are decreased [38]. Mice expressing the dominant-negative
form of RhoA (T19N) under the control of the amelogenin promoter
showed enamel hypoplasia and surface defects in the molar cusps by
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suppressing ameloblast proliferation and the expression of amelogenin
[39]. Another Rho family member, Cdc42 is expressed uniformly
distributed during the proliferation and maturation stages. Epithelial
cell-specific Cdc42-deficient mice also showed tooth hypomaturation
and irregular arrangement of their enamel rods structure, which was
likely due to altered ameloblast morphology and the secretion of enamel
matrix proteins and proteases [40]. We have previously reported that
Racl, one of Rho protein family, is involved in the formation of ruffled
border in osteoclasts as a downstream molecule of p130Cas [33]. Racl is
also expressed during ameloblast differentiation, but is strongly
expressed in polarizing ameloblasts. Epithelial cell-specific Racl-defi-
cient mice showed enamel hypomineralization with a thin enamel layer
[41]. There were shorter ameloblasts in which Tomes' processes of
secretory ameloblasts did not develop. Furthermore, the expression of
enamel matrix proteins, such as amelogenin and ameloblastin was
reduced in Racl-deficient mice [41]. Because the phenotype in
p130Cas*®" mice overlaps with deficient mice of the Rho family protein,
it is possible that p130Cas, a downstream molecule of integrin signaling,
also regulates the function of Rho family proteins in ameloblasts. Since
morphological changes are mainly observed in cells at the maturation
stage of amelogenesis, a comprehensive analysis using techniques such
as microdissection is required to identify the target molecule of
p130Cas.

In p130Cas*®" mice, ameloblasts exhibited morphological disorga-
nization with a reduction of functional markers, such as ALP and iron
accumulation. Since ALP is a critical enzyme for the mineralization of
tooth and bone, a lack of ALP causes defects in enamel in mice [42-44].
Human patients with hypophosphatasia also show incomplete bone
and/or tooth calcification [45]. Although, we have not been able to
elucidate the mechanism by which p130Cas regulates the expression of
ALP in this study, we have previously reported that TGFp signaling
partially activates p130Cas [46]. Machiya et al. reported that the ALP
expression in ameloblasts was suppressed in Smad4-deficient mice,
which are TGFp signaling molecules [47]. Enamel hypoplasia has also
been reported in epithelial-specific TGFp-deficient mice. Taken together,
these results suggest that TGF-p regulates the expression of ALP via
p130Cas-Smad4 during enamel formation [48]. In addition, the color of
rodent enamel is yellow, because rodent ameloblasts produce the iron-
binding protein, ferritin. Iron transport ability has been reported to be
involved in enamel calcification, and iron deposition indicates enamel
strength [49,50]. The reduction of ALP and iron accumulation in
p130Cas*®* mice indicates defective enamel mineralization. These data
obtained from the histological analysis, are consistent with the data
from the pCT and SEM analyses.

Enamel matrix proteins are composed of amelogenin, which ac-
counts for up to 90%, enamelin, ameloblastin, and tuftelin [51]. Loss-of-
function mutations in these proteins in humans and the deletion of these
proteins in mice result in enamel hypoplasia [4,52,53]. Amelogenin-
deficient mice exhibited a similar phenotype to human X-linked ame-
logenesis imperfecta, in which ameloblast differentiation was normal
but irregular enamel crystal and thinner enamel were observed [52].
Ameloblastin-deficient mice lack the formation of a true enamel layer
and instead only show the deposition of a thin layer of calcified hypo-
plasia in their dentin [9]. Enamelin-deficient mice do not develop a true
enamel layer [12]. Enamel hypomineralization was observed in both
Cdc42- and Racl-deficient mice [40,41]. As with Racl-deficient mice,
the decreased expression of enamel matrix proteins was also observed in
p130Cas*®" mice; however, conversely, these enamel matrix proteins
were increased in Cdc42-deficient mice. Mice with a point mutation
(Ameb® Y641 in the tri-tyrosyl region of the mouse Amelx gene showed
severe enamel hypomineralization [54]. The enamel micro-structure in
Ameb Y8 mice showed a prismatic structure, which is less ordered
and more spaced between the prisms than those of wild-type mice.
Although the reason was not mentioned in this study, the arrangement
of ameloblasts after the secretory stage was significantly disturbed and a
blistering-like structure was observed, but in the post-maturation stage,

Bone 154 (2022) 116210

the ameloblasts regained their normal cuboidal morphology [54]. These
results indicate that the production and degradation of enamel matrix
protein at the appropriate period for ameloblast differentiation is
important for enamel calcification.

During the maturation stage, the active transport of mineral ions into
the enamel space needs to be increased to support crystallite growth.
Therefore, the efficient and effective transport of cellular cargo is
essential for enamel formation [1]. Solute Carrier Family 24, Member 4
(NCKX4) is a member of a family of potassium-dependent sodium/cal-
cium exchangers. NCKX4 is bidirectional electrogenic transporter that
regulates Ca®* transport in and out of cells, dependent on the trans-
membrane ion gradient [55]. The expression of NCKX4 in ameloblasts is
most dominant at the apical poles and at the lateral membranes prox-
imal to the apical ends [56]. Mutations in SLC24A4 genes indicate
autosomal recessive amelogenesis imperfecta and enamel hypominer-
alization is observed [25-27]. NCKX4-deficient mice showed a severe
defect of enamel mineralization that reflects impaired amelogenesis
[28]. The expression of NCKX4 was decreased in mature ameloblasts of
p130Cas®®" mice in comparison to p130Cas™®/f°* mice, which is
considered to be one of the causes of decreased enamel
hypomineralization.

A recent study investigated the phenotype of epithelial cell-specific
p130Cas-deficient mice (p130Cas*®" mice) using KRT14-Cre mice
[57]. Three-day-old pi 30Cas*®" mice showed obvious epidermal
thickening due to an imbalance between keratinocyte proliferation and
differentiation through the decreased expression of p63 and dysregu-
lated YAP localization in epithelial cells. Furthermore, epithelial cells
reduced cell adhesion to extracellular matrix [57]. However, this report
did not mention the tooth phenotype. Thus, our study revealed a novel
physiological role of pl130Cas in enamel maturation. We have also
observed a decrease in the adhesion of enamel epithelial cells to extra-
cellular matrix when knocking down p130Cas in the dental epithelial
cell line (data not shown), but no decrease in the adhesion of amelo-
blasts was observed in the histological analysis of teeth in our
p130Cas*P" mice. It is difficult to evaluate the function of p130Cas in
ameloblasts using the two-dimensional cultures of epithelial cells alone.
It is necessary to establish a new culture system (e.g., three-dimensional
organ culture or co-culture with odontoblasts) and to analyze the mo-
lecular mechanism by which p130Cas regulates ameloblast differentia-
tion and its function.

In conclusion, our finding showed that deletion of p130Cas in ame-
loblasts decreased the degree of mineralization and maturation of the
incisors and molars. These results indicate a novel physiological role of
p130Cas in enamel maturation.
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