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Abstract : Dental epithelial and mesenchymal cells that form the teeth undergo dynamic changes in cell cycle
during tooth development and morphogenesis. Although proliferation has been known as a key event during
odontogenesis, the cell cycle phases and their relations with the complicated molecular mechanisms of tooth

development are not fully understood yet. This study comparatively examined the expression patterns of Ki-67,

cyclin A, and cyclin D1 during tooth development in the mouse incisor and molar in order to identify the cell-

cycle characteristics during odontogenesis. We found that Ki-67 and cyclin A were expressed in the proliferating

cells in the dental epithelial and mesenchymal tissues at the bud, cap and bell stages. Cycln D1 showed distinct
expression in the incisor odontoblast region and the enamel knot, in which Ki-67 nor cyclin A was expressed. Our
results provide specific information on the cell cycle phases during tooth development that may provide clues to

relate them with the complex odontogenic mechanisms. Furthermore, we suggest that our findings enlightened

the previous studies on the incisor odontoblasts and the enamel knot during tooth development.
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Introduction

Tooth development during the embryonic stages involves
dynamic changes in shape and size of the tooth germ as it
proceeds through the bud, cap, and bell stages [1]. These
morphological characters of the tooth germ result from the
morphogenesis of the dental epithelium of the tooth germ,
and their changes are due to the epithelial-mesenchymal
interactions mediated via various genes and signaling mol-
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ecules [2,3]. The enamel knot is an important signaling
center in the dental epithelium at the cap stage that secretes
these growth stimulatory molecules, while its cells them-
selves do not proliferate [4,5]. In response to these signals,
dramatic changes in cell cycle occur throughout the tooth
germ, which is precisely controlled in space and time, in
order to enable the cells to go under proliferation [6].

The cell cycle can be divided into two periods: interph-
ase and mitosis (M) phase. The interphase can be subdivid-
ed into three distinct phases: G1 phase, S phase, and G2
phase; the M phase can be subdivided into two distinct
phases: chromosome-dividing mitosis and cytoplasm-di-
viding cytokinesis [7]. GO phase is known as a quiescent
phase, in which the cells temporarily or reversibly stop
dividing. The cell cycle is progressed via two classes of
molecules, cyclins and cyclin-dependent kinases (CDKs),
which bind to form heterodimer complexes [8]. Cells con-
stitutively express CDKs and cyclins at specific phases in
response to various molecular signals [9]. Cyclin D is the
first cyclin expressed in the cell cycle, which forms a com-
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plex with the CDK in order to regulate transition from G1
to S phase [10]. This in turn leads to the expression of
cyclin E, cyclin A, DNA polymerase, thymidine kinase,
etc. Cyclin A is also essential in cell cycle progression,
which regulates multiple cell cycle steps: G1 to S phase
transition and G2 to M phase transition, depending on
which CDK it associates with [11,12]. Antigen Ki-67 is a
cell proliferation marker that is present in cells in G1, S,
G2, and mitosis phases, but is absent in the GO phase [13].
It is known that during the GO phase, cyclins, CDKs, and
Ki-67 disappear along with cell cycle arrest. However,
there was a study reporting that cyclin D1 is expressed in
the GO phase [14].

In this study, we comparatively examined the expression
patterns of Ki-67, cyclin A, and cyclin D1 during mouse
tooth development in order to identify the cell-cycle char-
acteristics of various cell groups composing the tooth germ.
We found that Ki-67, cyclin A, and cyclin D1 were ex-
pressed in the proliferating cells in the dental epithelial
and mesenchymal tissues. We also identified here that a
distinct region of cells were present in the incisor odonto-
blasts and the enamel knot region that were Ki-67-nega-
tive, cyclin A-negative, and cyclin D1-positive. Thus, our
study provides important cell cycle information on the cells
in the developing tooth germ and enlightens our knowledge
about the nature of the incisor odontoblasts and the enamel
knot in tooth development.

Materials and Methods

All experiments were performed according to the guide-
lines of the Intramural Animal Use and Care Committee
of the College of Dentistry, Yonsei University.

1. Animals

Adult ICR mice were housed in a temperature-controll-
ed room (22°C) under artificial illumination conditions
(lights on from 5:00 to 17:00) and 55% relative humidity,
with access to food and water ad libitum. The embryos
were obtained from time-mated pregnant mice. EO was
designated as the day on which the presence of a vaginal
plug was confirmed. Embryos at each developmental stage
(E13, E14, and E16) were used in this study.

2. Immunohistochemistry

Embryos were fixed in 4% paraformaldehyde, embedd-
ed in wax, and sectioned at 4 um. Sections were blocked
against endogenous peroxidase in 0.3% hydrogen perox-
ide for 15 min. The sections were boiled in 10 mM citrate
buffer (pH 6.0) for 15 min and then cooled at room tem-
perature for 20 min. Sections were blocked with normal
goat serum for 30 min to reduce nonspecific antibody
interactions. Slides were incubated in rabbit anti-Ki-67
(Novus Biologicals, CO, USA, 1:200), rabbit anti-cyclin
A (Santa Cruz Biotechnology, CA, USA, 1:200), or mouse
anti-cyclin D1 (Santa Cruz Biotechnology, CA, USA, 1:
200) overnight at 4°C. After washing with PBS, the secon-
dary antibody [biotinylated goat anti-rabbit (Life Technol-
ogies, CA, USA) or anti-mouse (Agilent Technologies,
CA, USA)] was added and incubated for 15 min, followed
by streptavidin peroxidase for another 15 min at room tem-
perature. Samples were visualized using a diaminobenzi-
dine reagent kit (Life Technologies, CA, USA) and coun-
terstained with hematoxylin. For immunofluorescence
staining, goat anti-rabbit IgG FITC (Santa Cruz Biotech-
nology, CA, USA) was used for Ki-67; alexa fluor 555
(Life Technologies, CA, USA) was used for cyclin DI,
respectively, as secondary antibodies.

Results

1. Cell cycle changes during molar tooth
development

In order to analyze the cell cycle changes during the
molar tooth development, the expression patterns of Ki-67,
cyclin A, and cyclin D1 proteins were examined in the
mouse molar tooth germ between embryonic day (E) 13 to
E16 (Figs. 1 and 4). At the bud stage (E13), Ki-67, which
detected cells that were undergoing cell proliferation, was
localized broadly in the tooth germ, which is composed of
the dental epithelium and dental mesenchyme. Particularly,
Ki-67 was detected densely in the basal cell layer of the
dental epithelium and sparsely in the dental mesenchyme
surrounding the bud-shaped dental epithelium (Fig. 1A, D).
Cyclin A was detected in regions similar to Ki-67, but the
density of the cells expressing cyclin A was lower than
that of Ki-67 (Fig. 1G). Cyclin D1 was also detected in
regions similar to Ki-67 and cyclin A, but the density of
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Fig. 1. Localization of Ki-67, cyclin A, and cyclin D1 proteins during mouse molar tooth development. All samples are frontal sections
from E13 to E16. (A ~C) H-E staining of the molar tooth germ at the bud stage (A), cap stage (B), and bell stage (C). (D) At E13, Ki-67 is
localized in the dental epithelium and dental mesenchyme of the tooth germs. (E) At E14, Ki-67 is present in the enamel organ, dental
papilla, and dental follicle, but it is absent in the primary enamel knot (arrow). (F) At E16, Ki-67 continues to be present throughout the
tooth germ except the non-basal cell layer in the dental lamina (arrow). (G) At E13, cyclin A is localized in the dental epithelium and dental
mesenchyme; less cells are detected compared to Ki-67. (H) At E14, cyclin A is present in the enamel organ, dental papilla, and dental
follicle, but it is absent in the primary enamel knot (arrow). (I) At E16, cyclin A continues to be present in the tooth germ except the non-
basal cell layer in the dental lamina (arrow). (J) At E13, cyclin D1 is localized in the dental epithelium and dental mesenchyme; intensity is
stronger in the dental epithelium compared to the dental mesenchyme. (K) At E14, cyclin A is present in the enamel organ, dental papilla,
and dental follicle; it is also present in the primary enamel knot (arrow). (L) At E16, cyclin D1 continues to be present in the tooth germ and
even in the dental lamina (arrow) at the bell stage. de, dental epithelium; df, dental follicle; dl, dental lamina; dm, dental mesenchyme; dp,

dental papilla; eo, enamel organ; pek, primary enamel knot. Scale bars, 100 um.

the positively stained cells were lower than Ki-67 but high-
er than cyclin A (Fig. 1J). Interestingly, strong detections
of Ki-67 and cyclin A, respectively, were present in both
in the dental epithelium and mesenchyme, whereas that of
cyclin D1 was observed mostly in the dental epithelium.
At the cap stage (E14), the tooth germ was composed of
the cap-shaped epithelial enamel organ, mesenchymal den-
tal papilla, and mesenchymal dental follicle (Fig. 1B). Ki-
67 marked proliferating cells in the tooth germ except the
primary enamel knot region (Fig. 1B, E). Cyclin A showed
expression patterns similar to that of Ki-67, especially the
absence of localization in the primary enamel knot region
(Fig. 1H). On the other hand, cyclin D1 was strongly local-
ized in the majority of the cells composing the dental epi-

thelium and even in the primary enamel knot region; the
dental mesenchymal cells exhibited a relatively weaker
localization than the dental epithelial cells (Fig. 1K). At
the bell stage (E16), proliferating cells expressing Ki-67
were found in the bell-shaped enamel organ, dental papil-
la, and dental follicle regions (Fig. 1C, F). A group of cells
were Ki-67-negative in the non-basal cell layer of the den-
tal lamina, which lied between the dental epithelium and
the oral epithelium (Fig. 1F, arrow). Cyclin A showed
weaker detection and lower positive cell density, but it was
localized in the regions similar to that of Ki-67, especially
showing absence in the dental lamina region (Fig. 1I). The
localization regions of cyclin D1 included that of Ki-67
and cyclin A, but cyclin D1 was even present in the dental



44  Hyuk-Jae Kwon, Kyung-Sik Yoon, Han-Sung Jung

HE Ki-67

Cyclin D1

-_—

El13

El4

El6

Fig. 2. Localization of Ki-67, cyclin A, and cyclin D1 proteins during mouse incisor tooth development. All samples are sagittal sections
from E13 to E16. (A~ C) H-E staining of the incisor tooth germ at the bud stage (A), cap stage (B), and bell stage (C). (D) At E13, Ki-67 is
localized in the enamel organ and dental mesenchyme except the cells in the bulbous protrusion (arrow). (E) At E14, Ki-67 is densely
localized in the dental papilla and the enamel organ except the enamel knot region (arrow). (F) At E16, Ki-67 is localized in the dental
epithelium and dental mesenchyme in the apical part of the incisor tooth germ. (G) At E13, cyclin A is localized in the enamel organ and
dental mesenchyme except the cells in the bulbous protrusion (arrow); less cells are detected compared to Ki-67. (H) At E14, cyclin A is
densely localized in the dental papilla and the stellate reticulum layer cells in the lingual and labial cervical loops. However, cyclin A was
absent in the enamel knot (arrow). (I) At E16, cyclin A is localized in the dental epithelium and dental mesenchyme in the apical part of the
incisor tooth germ; expression is weaker compared to Ki-67. (J) At E13, cyclin D1 is localized in the enamel organ and dental
mesenchyme, including the cells in the bulbous protrusion (arrow). (K) At E14, cyclin D1 is localized in the dental papilla and the enamel
organ, including the enamel knot (arrow). (L) E16, cyclin D1 is specifically localized in the odontoblasts and mesenchymal cells nearby
them in the middle and incisal parts of the dental papilla (arrowheads). dl, dental lamina; dm, dental mesenchyme; dp, dental papilla; ek,
enamel knot; eo, enamel organ; lab cl, labial cervical loop; lin cl, lingual cervical loop. Scale bars, 100 um.

D1 proteins in the mouse incisor tooth germ at the bud
stage (E13), cap stage (E14), and bell stage (E16) (Figs. 2,
3, and 5). At the bud stage, Ki-67 was strongly detected
in the enamel organ and the condensed dental mesenchy-

lamina region (Fig. 1L).

2. Cell cycle changes during incisor tooth

development
me (Fig. 2A, D). However, a group of cells located in the

The developmental mechanisms of the molar and incisor
are known to have similarities and differences. One of the
differences in the mouse teeth is that the incisor grows
continuously due to the persisting tooth formation in the
apical region and tooth matrix-removal in the incisal regi-
on of the incisor [15]. Therefore, the cell cycle changes
were studied during incisor tooth development by analyz-
ing the expression patterns of Ki-67, cyclin A, and cyclin

bulbous protrusion of the enamel organ were Ki-67-nega-
tive (Fig. 2D, arrow). Cyclin A exhibited expression pat-
terns similar to that of Ki-67, but the number of positively
detected cells were less than that of Ki-67; prominently
strong detection was found in the stellate reticulum cells in
the dental epithelium (Fig. 2G). Cyclin A was also absent
in the bulbous protrusion (Fig. 2G, arrow). Cyclin D1 was
detected in the dental epithelium and mesenchyme, but
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more cells showed positive localization compared to cyclin
A (Fig. 2]). Different from Ki-67 and cyclin A, greater
number of cells showed strong localization of cyclin D1 in
the dental epithelium compared to the dental mesenchyme,
and its localization was present even in the bulbous epithe-
lial protrusion (Fig. 2J, arrow). At the cap stage, Ki-67 was
strongly localized in the majority of the dental papilla cells
and the enamel organ (Fig. 2B, E). However, it was weak
in the enamel knot region (Fig. 2E, arrow). Strong detec-
tion of cyclin A in the dental mesenchyme was similar to
that of Ki-67, but in the dental epithelium, it was detected
mostly in the stellate reticulum in the labial and lingual
cervical loops but not in the enamel knot (Fig. 2H). Cyclin
D1 was expressed in the dental epithelium and mesenchy-

me; the expression was stronger in the dental epithelium,
including the enamel knot region, compared to the dental
mesenchyme (Fig. 2K). At the bell stage, proliferating cells
expressing Ki-67 were found mostly in the dental epithe-
lium except the incisal tip, and in the dental mesenchymal
cells near the Ki-67-expressing dental epithelium (Fig. 2C,
F). Cyclin A showed weaker signals, and its expression
pattern was similar to that of Ki-67 (Fig. 2I). On the other
hand, strong signals of cyclin D1 were found in the middle
and incisal regions of the incisor tooth germ. Particularly,
cyclin D1 was localized strongly in the odontoblasts and
the dental papilla cells near these cyclin D1-positive odon-
toblasts (Fig. 2L, arrowheads). Cyclin D1 was weakly ex-
pressed in other parts of the dental epithelium (Fig. 2L).
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Merge

Fig. 3. Co-localization of Ki-67 and cyclin D1 proteins during mouse incisor tooth development. All samples are sagittal sections at the
bud stage (E13), cap stage (E14), and bell stage (E16). (A~ C) Ki-67 detection. (D~F) Cyclin D1 detection. (G~1I) Co-localization of Ki-
67 and cyclin DI1. (A, D, G) At E13, epithelial cells in the bulbous protrusion in the enamel organ are Ki-67-negative and cyclin D1-
positive (arrow). (B, E, H) At E14, epithelial cells in the enamel knot are Ki-67-negative and cyclin D1-positive (arrow). (C, F, I) At E16,
Ki-67 and cyclin D1 are co-localized in the epithelial cells within the labial cervical loop region (red boxes); odontoblasts and adjacent
mesenchymal cells in the labial part of the dental papilla are Ki-67-negative and cyclin D1-positive (yellow boxes). Green, Ki-67; red,
cyclin D1; yellow, co-localization of Ki-67 and cyclin D1. Red box, labial cervical loop region; yellow box, odontoblast region. Scale bars,
100 wm.
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Fig. 4. Expression patterns of Ki-67, cyclin A, and cyclin D1 during molar development. At the bud stage (E13), Ki-67, cyclin A, and
cyclin D1 detect proliferating cells in the molar tooth germ. At the cap stage (E14), Ki-67 and cyclin A detect proliferating cells located
throughout the molar tooth germ except the primary enamel knot, whereas cyclin D1 detects not only proliferating cells but also cells
within the primary enamel knot. At the bell stage (E16), Ki-67, cyclin A, and cyclin D1 detect proliferating cells in the molar tooth germ,
whereas cyclin D1 also detects the non-basal cell layer dental lamina cells.

Since the expression patterns of Ki-67 and cyclin D1
showed some differences, we further compared the two by
co-localizing them with immunofluorescence staining (Fig.
3). At the bud stage in the enamel organ, Ki-67 was local-
ized broadly throughout the dental epithelium and the den-
tal mesenchyme (Fig. 3A, G). On the other hand, cyclin
D1 was mainly expressed in the dental epithelium on the
apical side (Fig. 3D, G). Particularly, there was a cell group
in the bulbous protrusion in the apical part of the enamel
organ which expressed cyclin D1 but not Ki-67 (Fig. 3G,
arrow). This pattern was similarly found at the cap stage
when the enamel knot appeared (Fig. 3B, E, H). Ki-67 was
absent while cyclin D1 was strongly expressed in the enam-

el knot located in the apical side of the enamel organ bet-
ween the labial and lingual cervical loops (Fig. 3H, arrow).
At the bell stage, Ki-67 was expressed in the dental epithe-
lium and the mesenchymal cells near the Ki-67-positive
epithelium except the incisal tip region (Fig. 3C, I). Strong
detection of cyclin D1 was found in the labial cervical loop,
where it co-localized with Ki-67 (Fig. 3F, I, red boxes).
Another strong localization of cyclin D1 was found in the
middle and incisal regions of the tooth germ, where odon-
toblasts and mesenchymal cells adjacent to the odonto-
blasts expressed mainly cyclin D1 but not Ki-67 (Fig. 3F,
I, yellow boxes).
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Fig. 5. Expression patterns of Ki-67, cyclin A, and cyclin D1 during incisor development. At the bud stage (E13) and the cap stage (E14),
Ki-67 and cyclin A detect proliferating cells in the incisor tooth germ, excluding cells in the apical protrusion (bud stage) and enamel knot
cells (cap stage); whereas cyclin D1 detects the cells in the apical protrusion (bud stage) and enamel knot cells (cap stage). At the bell stage
(E16), Ki-67 and cyclin A detect proliferating epithelial and mesenchymal cells in the apical part of the tooth germ; whereas cyclin D1
detects odontoblasts and adjacent dental papilla cells in the middle and incisal part of the tooth germ.

Discussion

In this study, we aimed to elucidate the characteristics of
odontogenic cells that compose the tooth germ and under-
stand how they play their parts during tooth development
by focusing on cell proliferation, which is a key event dur-
ing odontogenesis. Proliferating cells were well demon-
strated by examining the expression patterns of Ki-67,
which detects cells either in the G1, S, G2, or mitosis
phase [13]. Ki-67-positive cells were present in the dental
epithelium and mesenchyme at the bud, cap, and bell
stages. We further dissected the cell cycle by comparative-
ly analyzing the time-course changes in expression patterns
of Ki-67, cyclin A, and cyclin D1. Cyclin A marked pro-
liferating cells in the S phase [16], and cyclin D1 detected
cells transitioning from G1 to S phase [10]. Cyclin A was
expressed in the Ki-67-positive proliferating cells in the
tooth germ, and its intensity was usually lower than that
of Ki-67 in the developing molar and incisor tooth germs.
Cyclin D1 was also expressed in the proliferating cells in

the molar tooth germ at the bud stage to the bell stage, and
its expression was stronger in the dental epithelium com-
pared to the weak expression in the dental mesenchyme.
Similar patterns were observed in the incisor tooth germ
at the bud and cap stages. Reversely, at particular regions
in the incisor tooth germ at the bell stage, cyclin D1 was
weaker in the dental epithelium compared to the dental
mesenchyme. In specific, odontoblasts in the dental papil-
la and adjacent mesenchymal cells exhibited high and spe-
cific expression of cyclin D1 compared to the nearby den-
tal epithelium, where cyclin D1 expression was weak. In
addition, Ki-67 was absent in these odontoblasts and adja-
cent mesenchymal cells, indicating that these cells were
not undergoing cell proliferation.

The enamel knot, which was present at the cap stage
and serving as a signaling molecule-secreting center, did
not express Ki-67 or cyclin A, proving itself to be a non-
proliferative cell cluster. The enamel knot is also known
to express p21, a CDK inhibitor, in response to BMP-4
that is secreted from the dental mesenchyme [5]. p21 is
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known to inactivate the functions of CDK and cyclin A
indirectly and eventually inhibit cell proliferation [17,18].
Therefore, p21 may be a candidate suppressor that regu-
lates the expressions of Ki-67 and cyclin A. Interestingly,
cyclin D1 was expressed in the enamel knot, where Ki-67
nor cyclin A was expressed, in the cap stage molar and
incisor tooth germs. Similar patterns were also observed
in the bud stage incisor enamel organ. A bulbous protru-
sion in the apical region of the enamel organ contained a
Ki-67-negative, cyclin A-negative, and cyclin D1-positive
region, suggesting that this region may become the enamel
knot at the cap stage incisor tooth germ. These findings
suggest that these cells are in the GO phase since cyclin
D1 has been reported to be expressed in GO phase cells
that were not proliferating [13]. In addition, the expres-
sion of p21 may be a sign that the enamel knot has exited
from the G1 phase of the cell cycle to the GO phase [5,19].

Our results provide information on the specific cell cycle
phases in the developing mouse incisor and molar tooth
germ for the first time. We also identified cells exhibiting
a distinct expression pattern, where cyclin D1 was present
but Ki-67 and cyclin A were absent, in the bell stage inci-
sor odontoblast region and the cap stage enamel knot.
These findings can be further related with previous studies
that have been demonstrated in the incisor odontoblasts
and the enamel knot. Furthermore, future studies investi-
gating the network that lies among cell cycle and various
signaling molecules and pathways would be necessary to
reveal the complicated mechanisms that underlie tooth
development.
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