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1. Introduction

Teeth play a vital role in mastication, proper vocalization for communication, and
facial esthetics (1-3). They are complex organs, as shown in figure 1, comprising three
mineralized tissues: enamel, dentin and cementum; and soft tissue: dental pulp (1, 2). The
tooth crown, the visible part, is covered by dental enamel. Enamel is acellular, inert, and
rigid, but it is also fragile. Enamel is supported by an underlying layer, dentin, which is
an elastic and avascular tissue. Dental pulp is the tooth's core and is supplied by the
neurovascular system. The tooth root is protected by a bone-like mineralized connective
tissue, cementum (2).

Pulp %’—-’Enamel

Cementum <— > Dentin

Figure 1. The tooth is composed of enamel, dentin, pulp, supplied by nerves and blood
vessels, and cementum. Adapted from “Tooth”, by BioRender.com (2021). Retrieved from

https://app.biorender.com/biorender-templates. (4)

Teeth are located in the oral cavity, which connects to other parts of the body.
Hence, damage to or loss of a tooth can cause or contribute to systemic diseases and affect
overall health and well-being (1, 5). Treatments for tooth defects or loss are needed to
improve human health. Currently, tooth defects and loss are restored by synthetic
materials that cannot completely replicate the function of the natural tooth (5). Therefore,
alternative treatments are required for tooth restoration, which better match the
physiological state. Tooth repair and regeneration by tissue engineering techniques are
candidate methods that might potentially be used to restore tooth defects or substitute the
tooth loss (1, 5, 6). However, this approach requires a detailed understanding of tooth
development. Although this can be elucidated using animal or traditional cell culture
models, recent in vivo and in vitro models have several limitations and may raise ethical

concerns or might not fully represent the physiological state of the human body (7, 8).



1.1 Tooth development

Odontogenesis is the process of tooth development. In humans, primary teeth begin to
form during week six in utero, and permanent teeth start to develop during the twentieth
week in utero. Tooth formation continues up to five years after birth (2, 9, 10). The
process of tooth formation requires an orderly reciprocal interaction between the
primitive oral epithelium and the ectomesenchyme or dental mesenchyme (2, 11-13).
Signaling molecules that mediate this interaction include fibroblast growth factor (FGF),
bone morphogenetic protein (BMP), hedgehog, and wingless protein families (11, 13,
14). The primitive oral epithelium originates from the oral ectoderm, while the
ectomesenchyme arises from the neural crest (2, 11). Tooth formation begins at the
thickening of the primary epithelial band, named dental placode, where the developing
tooth will emerge (Figure 2A) (2, 13). From this step, the morphological features of these
epithelial cells during tooth development can be distinguished and divided into three
stages: the bud stage, the cap stage, and the bell stage (Figure 2) (2, 11, 12).

In the bud stage, a dental placode proliferates downwards to ectomesenchymal
cells and forms a bud-liked structure called a tooth bud (Figure 2B). This tooth bud is
attached to the oral epithelium by the dental lamina (13, 15). The ectomesenchymal cells
then start to cluster around the tooth bud (2, 16). The tooth bud continues growing and
exhibits a cap shape named the enamel organ (Figure 2C) (2, 11). The condensed
ectomesenchymal cells beneath the cap, the dental papilla, will give rise to dentin and
pulp, while the ectomesenchymal cells encapsulating the enamel organ, referred to as the
dental follicle or sac, produce the tooth-supporting structures (15). The enamel organ,
dental papilla, and dental follicle are together called the dental organ or tooth germ (2).
The cap is composed of two different cell morphologies. The cuboidal cells covering the
sides of the cap are called the outer enamel epithelium (OEE), and the low columnar-
shaped cells lining the inner part of the cap are called the inner enamel epithelium (IEE)
(2, 17). These two epithelial layers meet and form the cervical loop (17). The cap is filled

with star-shaped (stellate) cells forming the stellate reticulum (SR) (2).
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Figure 2. The histology of tooth development. Tooth development begins when the dental
epithelium thickens (A), followed by bud (B), cap (C), bell stage (D), and root
development (E), respectively. ep: epithelium; mes: ectomesenchyme; sr: stellate
reticulum; dm: dental mesenchyme; dp: dental papilla; df: dental follicle; ek: enamel
knot; erm: epithelial cell rests of Malassez; and hers: Hertwig's epithelial root sheath.
Adapted from (Thesleff & Tummers, 2009) (18).

There is also a cluster of undifferentiated epithelial cells inside the enamel organ,
known as the enamel knot. The enamel knot is thought to be a signaling center that
regulates the formation of the tooth cusp (2, 11, 16). The number and location of the
enamel knots indicates the number and location of the cusps (2, 19). At the late cap stage,
the epithelial cells proliferate and deepen into ectomesenchyme, so the shape of the tooth
germ changes from cap to bell (Figure 2D). The bell stage requires two changes in terms
of morphodifferentiation, which determines the future shape of the tooth, and
histodifferentiation, in which the cells transform into functional cells such as ameloblasts
and odontoblasts (2, 11). During this stage, ameloblast cells form enamel, and odontoblast
cells form dentin (15, 16). When the total size of the crown is accomplished, the dental
lamina disintegrates and detaches the tooth germ from the oral epithelium (2, 11).

After crown formation, the cervical loop cells begin to proliferate downwards to
form a double-layered epithelial structure named Hertwig’s epithelial root sheath (HERS)
(Figure 2E) (2, 20). This root sheath is believed to guide the root formation and induce



the differentiation of odontoblasts. The limited growth of HERS determines the root
length (19, 20). The disintegration of HERS results in the formation of the epithelial
network called the epithelial rests of Malassez (ERM) (Figure 2E) (19). Once the tooth
root formation is initiated, the dental follicle cells differentiate into cementoblasts,
fibroblasts, and osteoblasts to form cementum on the root surface, periodontal ligament,
and tooth-supporting bone respectively (2, 11, 19). In addition, the tooth begins to move

vertically to erupt into the oral cavity (11).

1.2 Tooth enamel
Tooth or dental enamel is the translucent outer part of the tooth crown that is visible in
the oral cavity. Its color varies from light yellow to greyish brown due to the variation of
its thickness and the underlying yellow dentin, which reflects through it (2). Enamel is
the hardest calcified tissue in the human body because of its high mineral composition
and organized structure. It differs from other mineralized tissues such as bone in its origin,
lack of vital cells, and absence of collagen (21). Enamel is mainly comprised of minerals
(96% by weight), a small amount of water (3%), and organic material (1%) (2). The
inorganic part of the enamel consists of carbonated hydroxyapatite (Hap) crystals
containing large amounts of calcium ion (Ca?"). These crystals are long, ribbon-like
structures and grouped as rod or interrod enamel depending on the orientation of the
crystals. The border between the rod and interrod enamel contains organic material
referred to the rod sheath (2, 22). These features of the structural organization and
chemical composition of enamel support its strength in withstanding the large mechanical
forces during mastication (2, 21, 23). Although enamel has high strength, it is also brittle
and cannot repair itself because the ameloblasts responsible for enamel secretion are lost

upon tooth eruption (21).

1.2.1 Enamel formation
The enamel formation process, amelogenesis, begins at the bell stage of odontogenesis
when the IEE cells differentiate into ameloblast cells (2). IEE cells are initially
orchestrated by the underlying mesenchymal cells or dental papillae. Then, they gradually
change from cuboidal to columnar shape (2). Ameloblasts play a primary role in
mediating the process of enamel formation. They secrete enamel matrix proteins and

maintain a favorable environment for mineralization (17, 24). The process of



amelogenesis has two distinct stages, the secretory and maturation stages, with a short
transition stage between them (17, 25). During these stages, amelogenesis requires
cellular proliferation and differentiation, precise sequential epithelial-mesenchymal
interactions, secretion of the specific matrix proteins, ion transport, and the precipitation
and alignment of enamel crystals (2, 21, 26). Consequently, the morphology of
ameloblasts changes according to their specific functional roles in each stage (Figure 3)(2,
24).

Basemen
Membrane

Figure 3. Changes in ameloblast morphology during amelogenesis. Initially, the cells of
the inner enamel epithelium (A) increase in height as differentiating ameloblasts (B).
Presecretory ameloblasts initially form processes for secreting enamel proteins (C).
Secretory ameloblasts develop Tomes’ processes and secrete proteins at the
mineralization front (D). At the end of the secretory stage, ameloblasts lose their Tomes’
processes (E). During the transition stage, the ameloblasts diminish in height (F).
Maturation ameloblasts modulate between ruffled and smooth-ended phases according
to their function (G). Adapted from (Hu et al, 2007) (27).

1.2.1.1 Secretory stage
IEE cells differentiate into secretory ameloblasts by elongating and shifting their nuclei
to the basal pole of the cell (Figure 3A-D)(2). Their height (basal-apical distance) is
commonly around 70 pum, but they can reach 90 um (21). In addition, the protein synthesis

apparatus, including the Golgi complex, rough endoplasmic reticulum, and mitochondria,
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significantly increases (24). At the apical end of the ameloblast appears a triangular-
shaped cytoplasm extension. This unique structure is called the Tomes’ process and is
significantly involved in the exocytosis of vesicles containing matrix proteins and the
organization of the growing crystals (17, 28). In addition, secretory ameloblasts are
tightly held together by junctional complexes and these form a selectively permeable
barrier for ions transport between the environment and enamel matrix. Therefore, the
secretory stage ameloblasts are functionally and morphologically polarized (2, 24).

The main function of secretory ameloblasts is to synthesize and secrete structural
enamel matrix proteins, including amelogenin, ameloblastin, and enamelin. These
proteins are essential for initiating calcification and controlling the growth of enamel
crystals (29). Amelogenin is the most abundant enamel matrix protein; it accounts for
approximately 80-90% of the total enamel protein (27, 30). It is crucial for controlling the
normal growth and orientation of the enamel crystals (31, 32). Ameloblastin comprises
approximately 5% of the total enamel protein (27, 33). Ameloblastin knock-out mice
show a detachment of the ameloblasts from the enamel surface, suggesting that
ameloblastin is a cell adhesion molecule maintaining the mineralization front (34).
Enamelin is the least abundant protein, approximately 3-5% of total enamel protein (27,
35). This protein is only found at the mineralization front, suggesting that it is involved
in elongating the enamel crystals or shaping minerals into enamel ribbons (27, 36, 37).
The expression of amelogenin greatly decreases in the maturation stage, in which the
entire thickness and volume of enamel is ultimately formed (38). The other two proteins,
ameloblastin and enamelin, are believed to follow the same expression pattern as
amelogenin (21). Mutations in the genes coding for amelogenin (AMELX, AMELY),
ameloblastin (AMBN), and enamelin (ENAM) can cause amelogenesis imperfecta (Al).
These gene defects impede the secretory stage of enamel formation, resulting in a thin
enamel layer or even the absence of enamel, defined as a hypoplastic type of Al (34, 35,
39-42). Mutations in ENAM seem to be the most frequent known cause of Al (23, 35).

During the secretory stage, ameloblasts continuously secrete and deposit enamel
proteins on the existing enamel surface, followed by a radial movement away from the
place of secretion. This event increases the thickness of the enamel layer and relates to
the elongation of enamel crystals (2).
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Additionally, the proteolytic degradation of the structural proteins, particularly
amelogenin, begins in this stage and is mediated by the enamel-specific proteolytic
enzyme enamelysin (matrix metallopeptidase 20, MMP-20). The ameloblast expresses it
during the secretory and early maturation stages; however, its expression is dominant in
the secretory stage (43, 44). The Mmp20 null mouse exhibits abnormal enamel, consisting
of a thin layer with an altered enamel rod pattern, detached from the dentin layer (45).

Evidently, protein degradation is an essential aspect of proper enamel formation (21, 25).

1.2.1.2 Transition stage
After the entire thickness of the immature enamel has been built, the morphology of the
secretory ameloblasts changes. They become shorter, lose their Tomes’ processes, and
reduce the number of intracellular organelles (Figure 3F) (2). Additionally, the expression
of enamel matrix proteins coding genes such as AMELX, AMELY, AMBN, and ENAM
decreases. At the same time, the expression of genes involved in ion transport, proteolysis,

and pH homeostasis increases (46-48).

1.2.1.3 Maturation stage

Maturation stage ameloblasts are shorter than secretory ameloblasts but still maintain
their apical-basal polarity. Their apical surface cyclically changes between ruffle-ended
and smooth-ended appearances (Figure 3G) (49). Ruffle-ended ameloblasts show a
distinct apical striated or ruffled border related to mitochondria and endocytosis (24, 50).
The junctional complexes tightly connect ruffle-ended ameloblasts at their apical ends,
but the basal junctions are leaky. In contrast, smooth-ended ameloblasts show a complete
absence of the distal ruffled border. They possess leaky apical junctions but tight basal
junctions. Associated with the different morphologies of ruffle-ended and smooth-ended
ameloblasts, they perform different functions (21, 49, 51). Ruffle-ended ameloblasts
mediate mineral transport, including calcium and phosphate, into the enamel space and
neutralize the protons released during hydroxyapatite (Hap) crystal formation. Smooth-
ended ameloblasts allow the passage of water and protein fragments (21, 24, 49, 51).

Although maturation ameloblasts show reduced secretion of enamel matrix
proteins, some proteins, such as amelotin, odontogenic ameloblast-associated protein
(ODAM), and secretory calcium-binding phosphoprotein-proline-glutamine-rich 1
(SCPPPQL1) are still secreted (52-57). The expression of the amelotin gene (AMTN) was

initially discovered in an analysis of mMRNA expression from dental tissues in mice (53).
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The possible role of amelotin has been suggested as a cell adhesion tightly binding
ameloblasts to the mineral of enamel (52, 58). The AMTN-deficient mice produced weak,
hypomineralized enamel and abnormal enamel structure (59). ODAM was previously
called Apin because it was isolated from the amyloid of Pindborg odontogenic tumors.
This protein might be involved in an adhesive mechanism and regulates enamel protease
MMP-20 (55-57, 60). The individual role of SCPPPQL1 is not known; however it is
suggested that, together with amelotin and ODAM, it mediates the attachment of
ameloblast cells to the mineralized enamel (54). These three enamel proteins have been
discovered only recently, and more detailed studies of their functions in amelogenesis are
still needed.

The increase in the enamel thickness ceases at the end of the secretory stage. At
this point, the enamel is hypomineralized and contains a large amount of enamel protein
cleavage products. Hence, proteolytic degradation is required to harden the enamel layer
in the subsequent maturation stage. Maturation ameloblasts secrete kallikrein-related
peptidase 4 (KLK4), which mainly degrades enamel structural proteins. The residual
protein fragments are resorbed and removed from the tissues by ameloblasts (2, 61-63).
When the matrix proteins disappear, their byproducts are replaced by fluid, creating a
highly hydrated and porous tissue. This tissue then becomes much less hydrated, less
porous, and more rigid as a result of crystal growth. This process requires the degradation
and removal of matrix proteins to allow the deposition of mineral ions (25, 63). Mature
enamel primarily comprises 37% calcium (Ca?*) and 17% phosphate (PO4+*) by weight.
Other mineral components, e.g. sodium (Na*), magnesium (Mg?*), potassium (K*),
chloride (CI"), and fluoride (F), are also found but in tiny proportions (25, 62, 63). These
elements are transported from the blood circulation across ameloblasts, forming an
epithelial barrier, and are deposited in the enamel space. Other substances, including
bicarbonate ions (HCOz), are transported to neutralize the protons (H*) released during
crystal growth (21, 64-67).

1.2.2 pH regulation during amelogenesis
During the maturation stage, the deposition of calcium and phosphate ions occurs in an
enamel-forming space that is mildly acidic (50, 64, 68). However, some studies have
found an extracellular pH level ranging from acidic to slightly above neutral during

enamel formation (68-70). It is believed that the acidic environment is caused by H* ions
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released from hydroxyapatite crystal formation (24, 50, 62, 64, 65, 68, 71). During the
secretory stage, amelogenin serves a crucial role in pH buffering. However, amelogenin
is only present during the secretory phase. Thus, other buffer systems must modulate the
pH of the enamel space during the maturation stage.

Based on recent studies, maturation-stage ameloblasts provide the key buffering
system by secreting HCOs™ ions to maintain the neutral pH of the enamel-forming area
(24, 62, 64, 71). Ameloblasts produce HCOs™ in the cells by carbonic anhydrase (CA) or
transport from the blood circulation by active transport through specific transporters,
namely the anion exchanger (AE2), Na™-HCOs cotransporter (NBCel), Na*-H*
exchanger (NHE1L), pendrin (Slc26a4), and cystic fibrosis transmembrane conductance
regulator (CFTR) as shown in Figure 4 (72-75).

A Ruffle-ended ameloblast B Smooth-ended ameloblast

Na' K* 2CI Na'2HCO; Na'

4 \ DD . o "
L ;'l’ 3Na" |
- \ Na‘'/K

2K*

€O, +H,0 = HCO, +H'

apical

Ca?* deposition and acidification pH 4 neutralization pH

Enamel ‘ ’

space

Maturation
of enamel

Figure 4. A model illustrating pH modulation during amelogenesis by intracellular
carbonic anhydrase and ion transporters located on the apical and basolateral
membranes of ruffle-ended (A) and smooth-ended (B) ameloblasts. Adapted from (Racz
et al., 2018) (76).

CAs are zinc-containing metalloenzymes that catalyze the reversible reaction of

carbon dioxide and water to form carbonic acid, which quickly splits into H" and HCOs"

(77, 78). There is evidence that Cas are involved in pH regulation during enamel
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formation (72-75, 79). Among the CA gene family, CA2 and CAG6 are significantly
upregulated in maturation ameloblasts compared to secretory ameloblasts (46, 48). CA2
generally localizes around the apical border of rough-ended ameloblasts (21, 71, 73). Due
to its specific localization, the role of CA2 may be coupled with proton pumps, e.g., V-
type ATPase (64, 68, 80). The expression of CA6 in ameloblasts has also been reported;
however, its exact localization and function are still unclear (38, 46, 48, 74).

Electrolyte transporters in the SLC4 gene family play a significant role in pH
regulation by transporting bicarbonate (17, 21). Anion exchangers or solute carrier 4
proteins (SLC4s) are responsible for exchanging one monovalent anion with another
across the membrane, normally CI-and HCOs7(81). Among three identified in ameloblasts
(AE1, AE2, and AE3), AE2, encoded by Slc4a2 is mostly found in maturation
ameloblasts (46, 48, 66, 67, 80, 81) and is located at the basolateral membrane (80, 82,
83). It transports intracellular bicarbonate out of the cell in exchange for extracellular CI-
and thus provides a source of intracellular CI- (65, 81). Mutations in the Slc4a2 gene in
mice cause the teeth to have a less mineralized enamel, an abnormal enamel structure,
and show rapid wear (82).

Another member of the SLC4 gene family, the Slc4a4 gene in mice, codes for
NBCel. NBCel is an electrogenic sodium bicarbonate cotransporter (21, 84). It transports
Na* and HCOs™ together across the membrane. The expression of NBCel is localized on
the basolateral membrane in both secretory and maturation ameloblasts; nevertheless, its
expression is highest during maturation stage (21, 46, 71, 83, 85). NBCel /™ mice
produced severely hypomineralized, weakened enamel with an atypical prismatic
architecture (85). Evidently, NBCel is necessary for normal enamel development (83,
85).

The other product of CA activity, H*, can be removed via an Na*/H" exchanger
such as NHE1 (21). NHE1, encoded by the Slc9al gene, prevents intracellular
acidification by exporting H* in exchange for Na* (66, 80). The expression of NHE1 is
found on the basolateral membrane (66, 80). Another way to remove H* from the cell is
via a V-type H"™-ATPase pump (21). H-ATPases are localized on the apical border of
maturation-ameloblasts (80) which is surprising as this location would cause acidification

of the enamel space, the opposite of what is required.

15



The expression of solute carrier 26A family members Slc26a3/Dra, Slc26a6/Pat-
1, and Slc26a4/pendrin has been reported in rodent ameloblasts (86, 87). The proteins
encoded by these genes are anion exchangers involved in the exchange of Cl-and HCO3"
(86-88). Their expression is found at the apical membrane of maturation ameloblasts (86,
87).

CFTR is a cAMP-regulated chloride channel (89, 90). It can be found at the apical
membranes of epithelia in many organs, e.g. pancreatic ducts, salivary gland, uterine, etc.
(90-93). CFTR is involved in HCOs™ secretion (89-93). The expression of CFTR is
maintained during amelogenesis and there is a significant upregulation at the maturation
stage (46, 48). CFTR has been found on the apical membrane of maturation ameloblasts
in the rodent enamel organ (89). The main function of CFTR has been suggested to be
the export of intracellular CI" to the enamel matrix, and then CI" returns to the cell in
exchange for HCO3™ via anion exchangers such as the transporters encoded by Slc26a
gene family (64, 84). Mutations in the Cftr gene in animal studies lead to abnormal enamel
formation, including hypomineralization, abnormal crystal growth, and premature enamel
degeneration (94-98). In humans, a mutation of the CFTR gene causes cystic fibrosis
disease (CF) (99) and it has been observed that some CF patients have enamel
abnormalities (100-103).

Recent evidence supports the function of ameloblasts in modulating extracellular
pH during enamel formation. pH regulation is associated with electrolyte transporters
located on the cell membranes of ameloblasts. Mutations in the genes coding for
necessary transporters, as mentioned, lead to abnormal enamel structures and properties.
Hence, the large number of H* ions liberated during Hap formation must be neutralized

to sustain crystal growth and form normal enamel.

1.2.3 Dental fluorosis
Dental fluorosis is a developmental defect of dental enamel resulting from chronic and
excessive fluoride exposure during enamel formation (9, 71, 104). This defect appears in
deciduous dentition when fluoride exposure occurs during the embryonic period. In
comparison, the fault appears in permanent dentition when the fluoride exposure occurs
in 2-8 year old children (71). Fluoride is primarily recommended for preventing and
managing dental caries because of its cariostatic capacity: it inhibits demineralization and

stimulates remineralization around infected enamel areas (9, 104). The application of
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either systemic or topical fluoride-containing products significantly decreases dental
caries prevalence. On the other hand, increased prevalence of dental fluorosis has also
been identified (9, 104).

Fluoride can affect any phase of amelogenesis. In the secretory stage, ameloblasts
exposed to chronic high levels of fluoride change their morphology and the resulting
enamel is decreased in thickness (104, 105). In addition, the production and function of
proteolytic proteins are reduced (105, 106). Maturation-stage ameloblasts seem to be the
most sensitive to fluoride. Several hypotheses for the diverse effects of fluoride have been
proposed, such as the fluoride decreasing the matrix proteinase activity and the delayed
modulation of pH by ameloblasts (104, 105). Excessive fluoride exposure may impair pH
regulation during amelogenesis. Studies have demonstrated that fluoride expedites crystal
formation; hence, many more H* ions are released, leading to a more acidic environment.
The low extracellular pH upregulates the expression of ion transporters in the
ameloblasts, and a large number of HCO3™ ions are released to neutralize H*. However,
when the amount of H* exceeds the local buffering capacity, fluoride is convered to
hydrogen fluoride and easily diffuses into the cytoplasm of the ameloblast cell following
the concentration gradient caused by H*(71, 107). Fluoride retention in the cytoplasm
could induce ER stress, leading to decreased protein production, including the KLK4
proteinase, resulting in hypomineralized enamel (71). Furthermore, fluoride probably
destroys the ameloblast cells by inducing oxidative stress, an intracellular imbalance
between the production and accumulation of reactive oxygen species (ROS), and the
elimination of these reactive products. Fluoride can inhibit the activity of antioxidant
enzymes such as superoxide dismutase (SOD), glutathione peroxidase (GSH-Px or GPx),
and catalase (CAT), bringing forth an overwhelming level of ROS production in the cells.
Excessive ROS production gives rise to free radicals, which cause damage to intracellular
organelles, including cell membranes, and activate the processes of cell death, such as
apoptosis (108-113).

The clinical manifestation of dental fluorosis ranges from thin white horizontal
lines across the teeth to a chalky white layer covering the entire enamel surface. In
moderate to severe cases, the enamel surface shows pitting or yellow to light brown
staining in the area of enamel erosion (9, 104). The various clinical manifestations of

dental fluorosis are shown in Figure 5. The gold-standard diagnostic tool for evaluating
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dental fluorosis in the clinic is the Dean index (104, 114). The index classifies the severity
of the defect on the enamel surface with a score ranging from 0 to 10. The score is divided
into four levels of severity: 0, 1-3, 4-5, 6-9 representing normal tooth, mild, moderate,
and severe fluorosis respectively. The severity of the lesion depends on fluoride dose,
duration of exposure, and the period of amelogenesis (26, 104, 105). The method for
treatment of dental fluorosis is selected according to the severity of the lesion. For mild
to moderate cases, tooth bleaching, microabrasion, or composite restoration is
recommended. Prosthetic restoration such as crowns and veneers is suggested for severe
cases (104, 115).
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Figure 5. The various clinical manifestations of fluorosis are categorized as mild (A),
moderate (B, C), and severe (D). Adapted from (DenBesten & Li, 2011) (104).

1.3 Stem Cells

A stem cell is a cell possessing clonal, self-renewing, and differentiation capacity (116,
117). Stem cells can be divided into three categories according to their differentiation
potential: pluripotent, multipotent, and unipotent. Pluripotent stem cells can differentiate
into any existent cell type. Multipotent stem cells can differentiate into cells from a single
specific lineage, so they are lineage-specific. Lastly, unipotent stem cells can differentiate
into one cell type, for example, spermatogonial stem cells (118). Alternatively, stem cells
can be divided into two main groups: embryonic stem cells (ESCs) and adult stem cells
(ASCs) (119, 120).

ESCs can be isolated from the inner cell mass of preimplantation embryos. They
are pluripotent cells so that they can differentiate into almost all cell types and lineages
under the proper signaling stimulation and environment (116, 117). Although ESCs have
the capacity for differentiation, their use in regenerative therapy is limited due to ethical

concerns and teratomas formed after transplantation (116, 121).
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ASCs can be isolated from several tissues such as bone marrow, adipose tissue,
skin, dental tissues, etc. (116). Bone marrow mesenchymal stem cells (BMSCs) can
differentiate into a variety of cell lineages, e.g., adipocytes, osteocytes, chondrocytes,
myocytes, hepatocytes, astrocytes, and neurons. Therefore, BMSCs are candidate stem
cells for tissue regeneration and engineering (122-124). However, the limitations of using
BMSC:s include low differentiation potential, and the collection of these cells can cause
pain (125, 126).

1.3.1 Dental tissue-derived stem cells
The oral cavity is a rich source of various stem cell types (Figure 6) that are easily
accessed by noninvasive procedures (5, 127, 128). The first dental stem cells were
successfully isolated from dental pulp (129). Dental pulp stem cells (DPSCs) have a high
proliferation rate and play a role in pulp regeneration when they are stimulated.
Furthermore, they can differentiate into other dental tissues such as dentin, cementum,
periodontal ligament, bone, and non-dental tissues such as neurons and hepatocytes (5,
129, 130). Although many researchers have been investigating these cells, their use is still

limited to in vitro and in vivo experimental studies.
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Figure 6. The various types of stem cell derived from dental tissues, and their sources.
AP: apical papilla; DF: dental follicle; DFSCs: dental follicle stem cells; DPSCs: dental
pulp stem cells; PDL: periodontal ligament; PDLSCs: periodontal ligament stem cells;
SCAP: stem cells from apical papilla; and SHED: stem cells from human exfoliated
deciduous teeth. Adapted from (Khaseb et al., 2021) (131).
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More recently, stem cells from human exfoliated deciduous teeth (SHEDs) have
been isolated from the pulp of baby teeth (132). SHEDs show a similar potential to
DPSCs, but their proliferation rate is higher (119). Other DSCs, including periodontal
ligament stem cells (PDLSCs) (133), dental follicle precursor cells (DFPCs) (134), and
stem cells from apical papilla (SCAP) (135) have also been identified and characterized.
In general, dental stem cells have a multi-differentiation potential. They are capable of
differentiation into three cell lineages: osteo/odontogenic, adipogenic, and neurogenic.
Nevertheless, they all tend to be capable of odontogenic development (127, 136-139).
Dental stem cells are therefore a promising alternative for repairing and regenerating a

range of dental tissues (140).

1.4 Cell culture techniques

Cell culture is a laboratory method for growing cells in near physiological conditions.
The cell culture method provides a study model for cell biology, diseases, cellular toxicity
of substances, drug discovery etc. (141, 142). Cultured cells can be divided into three
different types: primary cells, transformed cells, and self-renewing cells. Primary cells
are directly isolated from human or animal tissue by enzymatic or mechanical approaches.
Transformed cells, referred to as cell lines, are immortalized cells generated naturally or
by genetic modifications. They proliferate rapidly and largely maintain their
characteristics. These cells are easy to handle and set up. Meanwhile, their normal
functionality decreases with time in culture. These cells might not serve as an accurate
model or replace human tissues, but they are optimal for initial proof-of-concept work
development (116, 142, 143). Self-renewing cells or stem cells can differentiate into
various types of cells and enable long-term maintenance in vitro. These cells usually
maintain their physiological properties similar to what is observed in vivo.

All types of cell require suitable conditions for their growth. The major factors
required for proper cell growth are the cell culture medium and its supplements,
temperature, humidity, and gas concentration, including oxygen (O2) and carbon dioxide
(COy2). Each cell type requires a specific culture medium. The culture medium typically
contains amino acids, vitamins, glucose, and inorganic salts. Additionally, serum

providing growth factors and hormones is added. For this purpose, fetal bovine serum
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(FBS) is widely used. The environmental factors are achieved in incubators that provide
the desired temperature, and CO; and Oz levels. Cultures are usually maintained in a
humidified atmosphere at 36-37°C containing 5-7% CO2 (141, 142, 144).

1.4.1 Two dimensional (2D) cell culture

Cells grown on flat surfaces in conventional cell culture flasks, multi-well plates and Petri
dishes can be described as two-dimensional (2D) static cell cultures. Single or mixed cell
types, either primary cells or immortalized cell lines, are grown on flat plastic or glass
substrates (Figure 7A), or on permeable plastic membranes (Figure 7B), and fed with
specific culture media. The culture media are changed frequently to remove the metabolic
waste and restore the nutrients. This technique is easy, convenient and low-cost (7, 143,
145). Thus, it has been widely used for investigating cell biology and physiological
function, and for applications such as drug discovery and toxicity screening (145). In vivo,
however, cells are surrounded by other cells and by extracellular matrix (ECM) in three-
dimensional (3D) structures and nourished by nutrients in the blood circulation (146).
Increasing amounts of evidence suggest that some aspects of the morphology and function
of the cells that are seen in vivo are lost during 2D cell culture (7, 147, 148). These losses
might yield unreliable data as compared with the cellular responses observed in intact
organisms, and this could lead to invalid drug efficacy and toxicity tests (7, 146).
Therefore, a more complex and more realistic 3D culture technique could help to resolve
the inconsistencies between results obtained in 2D culture and in animal models or
clinical trials (145).

Matrigel
2D cell culture 3D cell culture

Figure 7. Schematic diagrams of conventional (2D) cell culture (A), 2D cell culture on
permeable Transwell filters (B), and 3D cell culture using Matrigel extracellular matrix:
cells/spheroids can be cultured within the matrix (C), or on the surface of the matrix (D).
Adapted  from “Cell culture”, by BioRender.com (2021). Retrieved from

https://app.biorender.com/biorender-templates. (4)
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1.4.2 Three dimensional (3D) cell culture

Cells residing in living tissues interact with neighboring cells and the ECM to maintain
their differentiation and the homeostasis of the tissues, but these interactions are lost
during 2D culture (148). Therefore, various 3D culture techniques, such as multicellular
spheroids, hydrogels, bioreactors, scaffolds, 3D bioprinting, etc., have been developed to
better replicate the in vivo condition (147). The principal concept of the 3D culture
technique is to allow the cells to form multilayer or spheroidal structures (7, 143). This
re-establishes cell-cell and cell-ECM interactions resulting in a more physiologically
relevant state that his more comparable to the in vivo environment (7, 143). 3D culture
systems are widely used in cancer cell research, but 3D systems can also be used with
stem cells, primary cells and cell lines (147). 3D cell cultures can provide a powerful
model for insight into cell behavior, physiological mechanisms and differentiation, and
may be applied to regenerative medicine and drug selection (146, 147). However, 3D
cultures still require standard protocols to be determined for each cell type, and
quantitative analysis methods, including imaging techniques (148).

1.4.2.1 Basement membrane extracellular matrix

Basement membrane matrix extracts, variously called Matrigel, Cultrex, or EHS matrix,
form biological scaffolds (147, 149). They consist of soluble basement membrane
proteins extracted from the Engelbreth-Holm-Swarm (EHS) tumor. The EHS tumor is a
vast natural source of basement membrane components (149). The main constituents are
laminin, type IV collagen, heparin sulfate proteoglycan and nidogen/entactin. Other
components include proteases such as MMP-2 and MMP-9. The extract also contains
growth factors, such as transforming growth factor beta (TGFp), fibroblast growth factor
(FGF), epidermal growth factor (EGF), platelet-derived growth factor (PDGF) and
insulin-like growth factors (IGF) (149). Other proteins, including amylase transferrin and
clusterin, can be found in the extract (149). All of these matrix substances promote cell
attachment and reorganization into 3D structures (147). The matrix is stored as a frozen
solution and thawed at 4°C overnight before use. The matrix becomes a gel at 24-37°C.

There are two techniques for matrix application. In the first, the matrix is plated

on a flat surface. When the matrix becomes a gel, the cells are seeded onto the surface of
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the gel (Figure 7D). In the second, the cells are mixed with the matrix before gelling
(Figure 7C) (8, 150). When the cells contact the matrix, many cell lines or primary cells
do not proliferate but differentiate. The differentiation of cells exposed to the matrix
varies between different cell types. For example, the human submandibular gland (HSG)
cell line forms acinar-like structures and secrete amylase when they are grown on a matrix
(151, 152). Primary endothelial cells form capillary-like structures with lumen formation
(153). The cells’ differentiation is supported by their morphology and gene expression
profiles. The matrix can be used with various cell types, including stem cells and cancer

cells, and applied in model studies, tissue/organ transplantation, tissue repairs etc. (149).

1.5 Previous 2D functional ameloblast models

Most of our knowledge of mineral ion transport during amelogenesis is based on
immunohistochemistry, chemical composition analysis, gene expression and the altered
phenotypes of knock-out animals (24, 48, 65, 73, 79, 80, 82, 83, 85-87, 89, 94, 96, 97).
In 2016, Bori and coworkers introduced a functional 2D ameloblast model showing the
directional transport of HCOgz™ across the epithelium and the enhancement of HCOs
secretion in response to stimulants (66). The model was developed by seeding HAT-7
cells on permeable Transwell filters. HAT-7 is a cell line isolated from the rat incisor
cervical loop and is therefore of ameloblast origin (66, 154). It expresses KLK4 and
amelotonin, indicating maturation-stage ameloblast phenotype characteristics. It also
expresses the tight junction proteins that have been found in maturation ameloblasts,
including tight junction protein 1 (Tjp1/Zol), claudin 1 (Cldn-1), claudin 4 (Cldn-4) and
claudin 8 (Cldn-8). These tight junction proteins restrict the free movement of ions
through the cell layer.

Typically, HAT-7 cells are cultured in DMEM/F12 Ham medium (‘control
medium’) supplemented with 10% fetal bovine serum and 1% penicillin & streptomycin.
For the experimental studies, HAT-7 cells are seeded onto permeable filters and fed with
‘differentiation medium’ which is the control medium supplemented with 1 mM CaCl»
and 10® M dexamethasone. Grown on the permeable filters, the HAT-7 cells become
polarized.

Using this model, Bori et al (66) reported the expression of key ion transporters
in HAT-7 ameloblasts - NHE1, NBCel, AE2, pendrin and CFTR - by immunostaining
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and by quantitative polymerase chain reaction. Using microfluorometry to follow changes
in intracellular pH, the functional activity of key transporters important in pH regulation
was demonstrated. These studies demonstrated the polarization of the ameloblasts of
which the apical side highly exhibited CO. permeability while the basolateral side
exhibited lower CO. permeability and preferentially accumulated HCOs ions. These were
transported from the basolateral side to the apical side of the ameloblast layer. Among
the studies reporting the ion transporters located on the ameloblast’s membrane (89, 155,
156), this study was the first to demonstrate functional activity of the transporters in living

cells and, in particular, the directional transport of HCOs™ (Figure 8C) (66).
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Figure 8. Anatomical location of rodent cervical loop epithelial cells (A) and the
application of HAT-7 cells for functional studies (B, C). A, structure of the rodent hemi-
mandible showing the labial cervical loop (IaCL in panel A’) where ameloblast
progenitors reside, and which is the origin of the HAT-7 cell line. B, HAT-7 cells
cultured on Transwell permeable filters form a polarized monolayer. C, the proposed
mechanism of vectorial HCO3" secretion by HAT-7 cells. Figure 8A and 8C are adapted
from (Bori et al., 2016) (66), and Figure 8B is adapted from “Cell culture”, by
BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-templates.

4)
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In 2017, Réacz et al. (67) used this model to investigate the effects of fluoride on
HCOz3" transport in the polarized HAT-7 model. In addition to confirming the
localization and activity of the transporters previously reported, they demonstrated the
activity of the Na"™-K*™-2CIl- (NKCC1) cotransporter located on the basolateral
membrane. The fluoride studies showed that fluoride had no effect on bicarbonate
transport but rather delayed the formation of the tight junctions. This 2D model is
evidently suitable for investigating the functional activity of ion transporters and the

disease mechanism of enamel defects such as fluorosis (66, 67).
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2. Objectives

1. To characterize the morphology of dental stem cells and HAT-7 ameloblast-like
cells cultured by conventional 2D cell culture techniques.

2. To develop a 3D ameloblast model using HAT-7 cells grown in a Matrigel matrix
and to evaluate three different culture media for their potential to allow spheroid
formation.

3. To inspect the histological morphology of the spheroids by cryosection and
staining with hematoxylin and eosin (H&E).

4. To investigate the gene expression of the maturation-stage ameloblast marker
KLK4, the tight junction proteins cldn-1, cldn-4, cldn-8 and TJP1/ZO-1, and the
electrolyte transporters involved in pH regulation for comparison with the previous 2D
ameloblast model.

5. To functionally examine the activity of the electrolyte transporters regulating
intracellular pH in 3D HAT-7 spheroids by microfluorometry.

6. To test the toxicity of a range of fluoride concentrations on the 3D ameloblast

model.
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3. Results

3.1 Morphology of human dental mesenchymal stem cells and rat
HAT-7 cell line

This study was conducted following the approval by the Semmelweis University
Regional and Institutional Committee of Science and Research Ethics (17458/2012/EKU
and 25459/2019/EKU). DPSCs, PDLSCs and DFSCs were isolated from human impacted
wisdom teeth and residual dental follicles. At the time of seeding, these stem cells were
spherical. After attachment the cells became elongated and flattened, and showed a
spindle or fibroblast-like shape (Figure 9A-C). They retained this morphology and
proliferated until confluence was reached. The viability of dental stem cells was measured
using the WST assay to detect mitochondrial dehydrogenase activity. The number of
viable cells, of all three stem cell types, cultured in both control and differentiation media,
increased continuously. Hence the dental stem cells maintained the cell viability although
the cell density was high (Figure 10).

HAT-7 cells were thawed from a frozen cell stock. At the time of cell seeding, the
cells had a spherical shape. After a few days, the cells showed a fairly uniform polygonal
shape with distinct cell borders giving a cobblestone appearance typical of epithelial cells
(Figure 9D). When HAT-7 cells were grown on permeable Transwell supports, their
appearance was similar to HAT-7 cells grown in plastic flasks, and the outlines of the 0.4

pum pores in the Transwell supports can also be seen (Figure 9E).
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Figure 9. The fibroblast-liked appearance of primary dental stem cells: human dental
pulp stem cells (hDPSC) (A), human periodontal ligament stem cells (hPDLSC) (B), and
human dental follicle stem cells (hDFSC) (C) and the cobblestone appearance of HAT-7
cells (D) cultured in control medium, after a few hours of cell seeding, three days of
culture, and before the cell passaging. (E) The morphology of HAT-7 cells grown on a
Transwell support in differentiation medium once confluence had been reached.

Scale bars: 50 um.
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Figure 10. Numbers of viable cells in cultures of three different stem cells originated
from dental tissues: dental pulp stem cells (DPSCs), periodontal ligament stem cells
(PDLSCs), and dental follicle stem cells (DFSCs) cultured in control (C) or osteogenic
(O) medium for three weeks. The numbers on the x-axis indicate the day of culture. The
data were normalized to day 0.

3.2 3D culture of HAT-7 cells with basement membrane matrix
Suspended single HAT-7 cells in three different media (control, differentiation, and
Hepato-STIM) were mixed with Matrigel matrix and seeded in low-attachment plate
wells. Spheroid development was monitored over a period of two weeks. Figure 11A
shows the morphology of the cells/spheroids at the beginning, and after three days, one
week and two weeks of culture. Initially, the cells in different three culture media were
relatively uniform and similar in size, approximately 20 pm in diameter. After three days
of cell seeding, the size and appearance of the cells had changed only slightly. But after
a week, some of the cells cultured in control and differentiation medium showed signs of

division. And after two weeks, most of the cells retained a similar size and appearance as
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at the beginning. Only a few had become larger and developed into multicellular
spheroids.

On the other hand, the cells incubated in Hepato-STIM medium proliferated and
developed a multicellular spherical appearance much more quickly and persistently after
three days of culture. Within one week, many spheroids, which were approximately 100
pm in diameter, had developed. When the culture was continued, the spheroids had
become huge and begun to disintegrate.

A remarkable difference in the size of the cells/spheroids developed in the three
different media was initially observed on day 4 and this is compared on days 4-6 in Figure
11B. The median area of the cells/spheroids cultured in the control and differentiation
medium was around 1000 pm? and the area hardly increased on days 5 and 6. The median
size of the cells/spheroids cultured in Hepato-STIM was about 2500 um? and they almost
doubled in area over the next two days. This explicitly indicates the faster growth of the
spheroids in Hepato-STIM compared to the other two media. Moreover, the number and
size of the spheroids produced in Hepato-STIM were significantly greater than in the
other two media, even when the cells in the control and differentiation medium were
cultured for more than two weeks.

Based on these results, spheroids grown for one week in Hepato-STIM were used

for subsequent experiments examining protein expression and functional activity.
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Figure 11. HAT-7 spheroid development in Matrigel matrix. (A) Morphology of
HAT-7 cells cultured with three different culture media: control, differentiation, and
Hepato-STIM. The growth and spheroid development of HAT-7 cells in each medium was
displayed on the day of seeding, and after 3 days, 1 week and 2 weeks. (B) The diverse
size of HAT-7 cells/spheroids incubated in three different culture media was compared
on days 4, 5 and 6 (D4-D6). Each black dot represents the area of a single cell/spheroid.
The vertical red bars represent the median values. Scale bars: 20 um.
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3.3 Histological morphology

Histological examination of the HAT-7 spheroids, cultured in Matrigel matrix
with Hepato-STIM medium for seven days, was performed using frozen sections stained
with hematoxylin and eosin. The morphology of the spheroids varied considerably
(Figure 12). The smallest spheroid was around 70 pum in diameter. Its structure was the
least complicated, and it contained a dense aggregation of undifferentiated cells with
randomly distributed small pools of extracellular fluid or ‘lacunae’ (Figure 12A). The
intermediate sized spheroids were around 100 um in diameter. They contained significant
numbers of lacunae and presented an emerging outer epithelial layer connected in several
places to the central cell mass (Figures 12B-D). The largest spheroids exhibited an outer
epithelial monolayer wholly separated from a central cell mass by a clear fluid-filled
space or lumen (Figures 12E—H). The central cell mass was either disorganized and
undifferentiated (Figures 12E, F) or had a lamellar structure (Figures 12G, H).

Figure 12. Morphology of HAT-7 spheroids cultured in Matrigel matrix with Hepato-
STIM medium for seven days. Spheroids were released from the matrix and processed for
cryosection. The sections were cut at 5-um thickness and stained with hematoxylin and

eosin. Scale bars: 50 um.
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3.4 Gene expression of ameloblast markers, tight junction proteins

and transporters

Expression levels of the genes of interest were examined by quantitative RT-PCR to
determine their relative mRNA levels. RNA was extracted from HAT-7 spheroids grown
in Matrigel matrix with Hepato-STIM medium for a week (our preferred model) and from
HAT-7 monolayers grown on Transwell permeable supports as obtained for previously
published functional studies (66, 67). Data from both sample groups were compared to
detect any significant differences in gene expression level between the previous 2D
cultures and this 3D HAT-7 cell model (Figure 13). The highest expression level among
the chosen genes was KLK4, a maturation-stage ameloblast marker. The expression level
of KLK4 in the spheroids was approximately 70-fold greater than in the 2D HAT-7 model
(Figure 13A). Of the four tight-junction proteins examined, only cldn-8 was significantly
increased in HAT-7 spheroids compared to the 2D model. Expression levels of the other
three, cldn-1, cldn-4 and TJP1/ZO-1, were significantly decreased in the spheroids
compared to the 2D model (Figure 13A). Most of the electrolyte transporters involved in
HCOs" secretion by maturation-stage ameloblasts, SLCOA1/NHE1, SLC4A2/AE2 and
SLC4A4/NBCel, were detected in the HAT-7 spheroids but were expressed at slightly
lower levels than in the 2D model (Figure 13B). Interestingly, the other two transporters,
SLC26A4/pendrin, and CFTR, generally located on the apical membrane, were
significantly reduce in the spheroids compared to the 2D model.
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Figure 13. Quantitative RT-PCR data indicating gene expression levels in HAT-7
spheroids cultured in Matrigel matrix with Hepato-STIM medium for seven days,
normalized to the corresponding 2D monolayer culture data. (A) expression of the
maturation-stage ameloblast marker gene KLK4 and the tight-junction protein genes,
cldn-1, cldn-4, cldn-8 and Tjpl (ZO-1). (B) expression of electrolyte transporter genes
Slc9al (NHE1), Slc4a2 (AE2), Slc4ad (NBCel), Slc26a4 (pendrin) and Cftr (CFTR).
Data presented as mean £ SEM. *p < 0.05 (n = 4).

3.5 Intracellular pH regulation
Previous studies have identified some of the electrolyte transporters located on the apical
and basolateral membranes of HAT-7 cells (66, 67). These transporters play an essential
role in neutralizing protons during crystal formation in the enamel. In this study, the same
standard protocol was used to assess the activity of each transporter in HAT-7 spheroids.
Spheroids grown in Matrigel matrix with Hepato-STIM medium for seven days were
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isolated and plated on coverslips coated with 0.01% poly-L-lysine (Figure 14). The
spheroid cells were loaded with the pH-sensitive fluorescent dye BCECF and the changes

in intracellular pH measured by microfluorometry.

Figure 14. HAT-7 spheroids cultured in the Matrigel matrix with Hepato-STIM for seven
days were isolated and plated on coverslips for microfluorometry experiments.

Scale bar: 75 um.

3.5.1 Na*-H* Exchanger
To assess Na*™-H* exchanger activity in the spheroid cells, the rate of pH; recovery from
the acid loading induced by exposure to an ammonium pulse was measured in a HCO3™-
free, HEPES-buffered physiological salt solution. HAT-7 spheroids were exposed to 20
mM NH4ClI for 3 minutes resulting in a transient alkalinization of the cells before a quick,
rapid drop in pH; to a markedly acidic value (Figure 15A). This intracellular acidification
was sustained in the absence of Na* by substitution of extracellular Na* with NMDG".
This showed that the cells were unable to extrude H* from the cells without Na*. In other
words, the spheroid cells have no Na*-independent pathway for extruding H*, such as an
H*-ATPase. When Na* was restored, pHi quickly recovered to control values. This
indicates Na* is required to extrude H*, so there might be a Na*-dependent H* extruder in
HAT-7 spheroids. This was confirmed by repeating the procedure and restoring Na* in
the presence of a selective inhibitor of Na*/H" exchanger, amiloride (0.3 mM). The rate

of pHi recovery from acidification was greatly decreased (Figure 15D). Thus, an Na*/H*
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exchanger, most likely to be NHEL, exists in HAT-7 spheroids. The average percentage
inhibition of the pHi recovery rate, compared to the control, is shown in Figure 15D.

3.5.2 Na*-HCOgs" Cotransporter

To assess the activity of Na*™-HCOs™ cotransporters in the spheroids, the above process
was repeated, but this time in a bath solution containing HCO3". When Na* was restored
after the intracellular acidification in the presence of amiloride, the recovery from
acidification was not completely inhibited by amiloride (Figures 15B, D). This HCO3™-
and Na*-dependent component of the recovery from acidification is most likely due to a
HCOs™- and Na*-dependent transporter such as an Na*-HCQOg3™ cotransporter. When Na*
was restored in the presence of both amiloride and H2DIDS (0.5 mM) - an inhibitor of
Na*-HCOs" cotransport - the inhibition of pHi recovery was more potent than that due to
amiloride alone (Figures 15C, D). This suggests that a Na*-HCOg3™ cotransporter, most
likely to be NBCel, is active in HAT-7 spheroids.

3.5.3 CI-HCOs  Exchanger

To assess the activity of anion exchangers in HAT-7 spheroid cells, extracellular CI in
the HCOs™-buffered bath solution was substituted with gluconate and the resulting
changes in pHi were measured. Extracellular CI~ withdrawal reverses the existing
concentration gradient of CI~, which would result in CI™ efflux from the cells driving an
influx of HCOz", and a rise in pHi, if anion exchangers were active in the HAT-7 spheroid
cells. As expected, a notable increase in pHi in the spheroid cells could be detected (Figure
15E). When CI~ was restored to the bath solution, pHi returned to the normal value. When
the experiment was repeated in the presence of 0.1 mM DIDS, an inhibitor of CI'/HCO3~
exchange, the rate of change in pHi was clearly reduced. This suggests the presence of an
active CI'/HCOs™ exchanger, most probably AE2, in HAT-7 spheroids.
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Figure 15. Changes in pH; of HAT-7 spheroids measured by microfluorimetry. (A-C)
Recovery of pHi from intracellular acidification. The spheroids were exposed to 20 mM
NH4" for 3 minutes, followed by extracellular Na* withdrawal by replacement with
NMDG™ (0 Na*): (A) in HEPES-buffered bath solution with and without 0.3 mM
amiloride; (B) in HCOz3-buffered bath solution with and without 0.3 mM amiloride; (C)
in HCOs™-buffered bath solution with or without a combination of 0.3 mM amiloride and
0.5 mM H2DIDS. (D) The average percentage inhibition of pHi recovery rate in the
presence of amiloride with or without H>DIDS and with or without HCOs™. Mean (+
SEM) calculated from 4-6 experiments with reference to the internal control in each
experiment. ####p < 0.0001, ###p < 0.001 compared with control (one-sample t-test).
(E) The increase in pH;i induced by substituting extracellular CI~ with gluconate (0CI™)
in a HCO3™ -buffered bath solution with or without 0.1 mM DIDS. The rates of change of

pHi when Na* was restored (A-C) or CI~ removed (E) are shown as dashed lines.

3.6 Fluoride exposure
An experiment to investigate the effect of fluoride on HAT-7 spheroids was divided into
two series depending on when the HAT-7 cells/spheroids cultured in Matrigel matrix
were first exposed to fluoride. Both series comprised a control group that was not exposed

to fluoride and an experimental group exposed to a range of fluoride concentrations: 0.1,
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0.3, 1.0 and 3.0 mM. In the first series, fluoride was added to the medium after 24 hours
when the cells were already embedded in the Matrigel matrix. Images of spheroid
formation on day 2 and 7 of culture and of the spheroids after isolation from the matrix
on day 7 are shown in Figure 16A. The HAT-7 cells grew and formed spheroids quickly
and uniformly in the control group, as described in section 3.2 (Figure 11A). HAT-7 cells
exposed to 0.1 and 0.3 mM fluoride were also able to form spheroids that were similar in
size and appearance to the control group. On day 7, spheroids released from the matrix
also retained the same size and appearance as the control group. Therefore, 0.1 and 0.3
mM fluoride did not visibly affect cell proliferation and spheroid formation. In the 1 mM
fluoride medium, however, only a few HAT-7 cells were able to develop into spheroids,
and the size of these spheroids was smaller than those in the control group or lower
fluoride concentration groups. A large number of cells died and were seen as cellular
debris. On day 7, those few spheroids that were released from the matrix remained smaller
than the control group. Only a few HAT-7 cells exposed to 3 mM fluoride survived, and

no spheroids developed.
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Figure 16. Morphology of HAT-7 spheroids cultured in Matrigel matrix with Hepato-
STIM medium containing 0 mM (control), 0.1, 0.3, 1 and 3 mM fluoride. (A) Spheroid
appearance on days 1, 2 and 7 when the fluoride was introduced 24 hours after cell
embedding in the matrix. (B) Spheroid appearance on days 4, 5 and 7 when fluoride was
introduced on day 4 after the spheroids had already formed. The appearance of spheroids

isolated from the matrix on day 7 is also shown. Scale bars: 70 um.

39



In the second series, fluoride was introduced on day 4 when the HAT-7 cells had
already established a multicellular spherical appearance and had started enlarging rapidly
(Figure 16B). HAT-7 spheroids exposed to 0.1 and 0.3 mM fluoride retained their ability
to proliferate and the spheroids grew in size. The size and number of the spheroids,
including their growth rate, were similar to those grown in the control medium. Thus
again, 0.1 and 0.3 mM fluoride had little or no effect on the growth of the spheroids. As
in the first series of experiments, the higher fluoride concentrations (1 mM and 3 mM),
when introduced on day 4, more visibly affect spheroid growth. In the presence of 1 mM
fluoride, the existing spheroids gradually decreased in size and were disaggregating by
day 7. This effect was also noticeable when the spheroids were isolated from the matrix.
Only a few intact spheroids were seen while a lot of cell debris was present. This was also
observed in the spheroids exposed to 3 mM fluoride, but the death and disintegration of

the spheroids developed more quickly, and no spheroids were seen by day 7.
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4. Discussion

The present study successfully establishes a 3D ameloblast model retaining several of the
characteristics and functions of maturation-stage amelogenesis in more physiological
representation of the in vivo environment. Spheroids were obtained by growing
dissociated HAT-7 cells in Matrigel matrix with Hepato-STIM medium. These conditions
supported cell proliferation, spherical structure formation and differentiation. HAT-7
cells in spheroids showed a polarized epithelial cell appearance and the expression of
ameloblast-specific markers and electrolyte transporters at the mRNA level. HAT-7
spheroids also functionally regulated their intracellular pH. Experiments exploring the
toxicity of fluoride showed the potential of HAT-7 spheroids for use as an in vitro disease
model.

In tissue engineering, the fundamental components - cells, a scaffold and
bioreactive molecules - can work together to regenerate tissues or organs (157). Similarly,
to establish an experimental model for amelogenesis, cells selection should be carefully
considered. In conventional (2D) cell culture of cells derived from dental tissues, DFSCs,
PDLSCs and DPSCs established a non-epithelial morphology, with spindle-shaped,
fibroblast-like cells. These are all mesenchymal stem cells that possess multipotent
differentiation capacity (119, 139, 158). They are of neural crest origin (127) and are able
to maintain their viability in an osteogenic medium for three weeks and have osteogenic
differentiation capacities. They can also differentiate into odontoblast, myoblasts, neural
cells, adipocytes and endothelial cells (127, 137-139). However, no evidence of the
differentiation of dental stem cells to ameloblast cells has been found. The HAT-7 cell
line, on the other hand, exhibits epithelial characteristics and expresses KLK4 and
amelotonin, which are markers for maturation-stage ameloblasts (66, 67, 154). Therefore
these cells have become widely adopted for amelogenesis research and the present study
has shown their potential for establishing a 3D functional ameloblast model.

Apart from cell selection, it was necessary to identify the best conditions for
growing HAT-7 cells in the Matrigel matrix. The cells were initially cultured in three
different media, control, differentiation, and Hepato-STIM medium, following our
previous work to develop a functional 2D HAT-7 cell model (66). Differentiation medium
was found to be suitable for HAT-7 cells cultured on Transwell membranes (66, 67).

However, the differentiation medium seemed to be inappropriate for HAT-7 cells grown
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in Matrigel matrix. The use of Hepato-STIM, rather than the other two media, yielded
larger sizes and larger numbers of HAT-7 spheroids. Hepato-STIM medium is a
commercially available epithelial selection medium, originally developed for hepatocyte
culture; however, it has been used for growing other epithelial cells, e.g., human primary
salivary epithelial cells (151, 159, 160) and lacrimal acinar cells (161, 162). Hepato-STIM
can support the growth of epithelial cells because its components (Williams’ E medium,
dexamethasone, insulin, transferrin, selenium, EGF and 1.8 mM Ca?") contribute to
maintaining an epithelial phenotype (151, 159, 160).

To develop HAT-7 spheroids, the Matrigel matrix was selected as a scaffold due to
its capacity for enabling cell morphogenesis and differentiation. Additionally, it is known
to support spheroid or organoid culture from various cell and tissue types (151, 160, 163-
165). Matrigel matrix is a solubilized basement membrane extract derived from the
Engelbreth-Holm-Swarm (EHS) mouse tumor. The matrix contains anchoring molecules
with arg-gly-asp (RGD) sequences, supports cell adhesion, and crucial extracellular
substances, such as laminin-111, that offer biological signals for spheroid or organoid
development and growth. Its stiffness is optimal for housing cells (166) and is loose
enough to enable spheroids/organoids to develop and grow. Matrigel supports the
development of 3D structures from pancreas (167, 168), intestinal epithelium (163, 164),
lacrimal glands (161, 165), salivary glands (151, 160, 169) and ameloblast lineage cells
(170, 171).

Epithelial cells cultured in 3D extracellular matrices, such as Matrigel, can polarize
and generate lumen-containing spherical structures imitating the in vivo structure of
tissues (172, 173). Epithelial cells forming cysts or lumens in 3D culture all become
polarized so that the apical membrane faces toward the lumen while the basal side
contacts the matrix (148, 173, 174). We believe this is also true for the HAT-7 cells in the
lumen-containing spheroids.

Some research showed the 3D ameloblast spheroids developed by culturing primary
ameloblast lineage cells in Matrigel (170, 171, 175). Epithelial cells isolated from the
porcine enamel organ and the cervical loop of mouse incisor are known to proliferate and
form epithelial pearl-like structures in Matrigel (170, 171). These structures also express
the ameloblast markers amelogenin, MMP-20 and KLK4. Additionally, two studies have

reported the differentiation of ameloblast cells from human embryonic stem cell lines
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grown on Matrigel matrix and co-cultured with dental mesenchymal cells (176, 177).
These cells were even able to form tooth-like structures. Previous research shows that
primary or secondary ameloblast-lineage cells can form spherical structures when
cultured in or on Matrigel matrix much like the 3D HAT-7 spheroids generated in the
present study.

Gene expression at the mRNA level in HAT-7 spheroids cultured in Matrigel matrix
and Hepato-STIM medium was investigated and compared to HAT-7 cells grown on
Transwell permeable supports. The significantly higher expression of KLK4 in HAT-7
spheroids, compared to HAT-7 cells grown on Transwells, suggests a greater
differentiation towards the maturation-ameloblast phenotype. KLK4 is the proteolytic
enzyme dominantly observed in the maturation stage and needed to degrade the enamel
proteins, which is a prerequisite for mineral deposition (21, 84). The HAT-7 spheroids
also formed mature tight junctions as detected by mRNA expression of the key tight
junction proteins. Tight junction formation is a prerequisite for limiting the free
transepithelial movement of solutes and for allowing the vectorial transport of specific
ions (178, 179). HAT-7 spheroids showed expression of the tight junction proteins cldn-
1, cldn-4, cldn-8 and Zo-1, consistent with other studies (66, 67, 178, 179). Interestingly,
the expression of cldn-1, cldn-4 and Zo-1 was significantly lower than in HAT-7 cells
grown on Transwells. On the other hand, the expression of cldn-8 was significantly higher
than in HAT-7 cells grown on Transwells (66). The increased expression of cldn-8 in the
spheroids may raise paracellular leakage (180).

The role of ameloblasts in regulating pH during the maturation stage of
amelogenesis has been examined by both the molecular and functional approaches. Key
acid/base transporters, such as NHE1, AE2, NBCel, pendrin and CFTR, have been
reported (21, 84, 89, 181). These were also detected in the HAT-7 spheroids by
quantitative RT-PCR although their expression levels were generally lower than in HAT-
7 cells grown on Transwells. Interestingly, the expression of two transporters generally
located at the apical membrane, pendrin and CFTR, was significantly decreased in the
spheroids compared with HAT-7 cells grown on Transwells. This is consistent with our
previous finding (66), that HAT-7 cells grown in hepato-STIM medium in 2D culture
have reduced expression of acid/base transporters. The apparent reduction in tight

junction protein and electrolyte transporter expression in HAT-7 spheroids may be due to
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the diluting effect of mRNA from the relatively undifferentiated cells in the central cell
mass of the spheroid. Nevertheless, the reduced expression of both tight junction proteins
and electrolyte transporters in HAT-7 spheroids did not affect their ability to regulate
intracellular pH.

A mechanism for the neutralization of H* ions liberated during Hap crystal
formation has been proposed on the basis of data obtained from the 2D ameloblast model
(66, 67). HAT-7 cells grown on permeable supports express several acid/base
transporters involving pH regulation and bicarbonate secretion. A function of the
transporters located on the basolateral membrane is to take up HCOs™ for secretion by
acid/base transporters at the apical membrane (66, 67). pHi regulation by ameloblast
following the introduction of NH4* has helped to identify the possible mechanism and
transporters. The transporter that primarily contributes to HCO3™ uptake at the basolateral
side is inhibited by H2DIDS, suggesting that it is an Na*™-HCOs" cotransporter (NBCel).
HCOs" uptake is also indirectly achieved by H* extrusion through an amiloride-sensitive
Na*/H* exchanger (NHE1). This NHE1 extrudes the H* ions resulting from intracellular
carbonic anhydrase activity, which continuously generates H* and HCO3™ from CO> and
water. pHi measurements in HAT-7 spheroids confirm the presence of active acid/base
transporters similar to those observed in HAT-7 cells grown on permeable supports.
There was no evidence of any basolateral H*-ATPase involvement in the uptake of HCO3
ions. However, the activity of a CI'/HCOs™ exchanger, most probably AE2, was detected
in HAT-7 spheroids during CI” substitution experiments combining with DIDS inhibition.
This anion exchanger contributes to basolateral uptake of Cl™ ions, which are also required
for enamel formation (84, 181). The development of this 3D ameloblast model should
enable further studies of ameloblast-mediated ion transport and enamel mineralization in
a more physiological experimental preparation.

The significant decrease in CFTR expression in HAT-7 spheroids was concerning.
In vivo, CFTR is highly expressed in maturation-stage ameloblasts after its low level of
expression in the transition stage and almost complete absence in the secretory stage (89,
181). One previous study cultured primary ameloblast-derived cells in Matrigel matrix
and found increased expression of amelogenin (175). Amelogenin is notably expressed
in secretory-stage ameloblasts; therefore, ameloblast-lineage cells cultured in 3D culture

systems may de-differentiate to an earlier stage of ameloblast development. This calls for
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further studies investigating alternative culture media or 3D culture systems to explore
the interesting alternative differentiation pathways.

Disturbances during amelogenesis, such as excessive amounts of fluoride, can
seriously affect the characteristics and properties of mature enamel (9, 89, 104). The 3D
HAT-7 model was tested with various concentrations of fluoride ranging from 0.1-3 mM.
The lower concentrations of fluoride (0.1 and 0.3 mM) did not affect spheroid formation.
In contrast, all HAT-7 cells died within two days when exposed to 3 mM fluoride. When
1 mM fluoride was applied after 24 hours of seeding cells in the Matrigel matrix, the
spheroids could develop, but their size and number were smaller than the control. When
1 mM fluoride was applied after day 4 of cell culture, the spheroid size gradually
decreased. They were disaggregating by day 7, resulting in a few remaining, small-sized
spheroids and significant amounts of cell debris.

Exposure to the lower concentrations of fluoride (0.1 and 0.3 mM) for three or even
six days did not affect the process of spheroid formation, and spheroid yields were
comparable to the control group. According to recent research (67), low concentrations
of fluoride applied to the 2D HAT-7 model similarly had no effect on HAT-7 monolayer
growth on permeable supports. Spheroids exposed to 1 mM disintegrated after being
gently isolated from the Matrigel matrix, suggesting that 1 mM fluoride disrupts spheroid
formation by impairing cell-cell adhesion. This is in line with the reported effect of
fluoride delaying tight junction formation in the 2D HAT-7 model (67).

The death of HAT-7 cells/spheroids caused by exposure to 3 mM fluoride might be
explained by the inhibition of antioxidant enzyme activity, leading to excessive free
radicals (ROS), which damage intracellular organelles and cell membranes. Moreover,
the processes of cell death such as apoptosis can also be activated (108-113, 182).

Studies of the effects of micromolar fluoride on ameloblast cell cultures, both
primary cells and cell lines, have found very little to no changes in gene expression,
although effects on cell proliferation and apoptosis are observed (107, 111, 153, 183-
185). The effects of fluoride on 3D HAT-7 spheroids suggest that they depend on the
fluoride concentration as observed previously (26, 105).

Limitations of the study
The concepts behind the previous 2D HAT-7 cell model and the new 3D model

are based on culturing ameloblast-liked cells on something similar to a basement
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membrane. Both the Transwells used for 2D culture and the Matrigel matrix used for 3D
culture allow the cells to adhere to a permeable surface and become polarized. The 2D
ameloblast model works well for determining the direction and mechanism of HCO3"
secretion for pH regulation during amelogenesis. It has clearly demonstrated that HCO3"
ions are taken up by basolateral transporters and secreted by apical transporters (66, 67).
This model is easy to produce and consumes less time than 3D cell culture. However, the
2D model does not mimic the true, physiological environment in vivo and is not suitable
for developing cell-based therapies or for use in tissue regeneration (8). This is why the
3D ameloblast model was established in order to culture ameloblast-like cells in an
environment more closely resembling the in vivo condition. This 3D ameloblast model
shows the potential for more complete differentiation of the HAT-7 cells towards the
maturation-stage ameloblast phenotype. It also expresses the acid/base transporters
required for pHi regulation and, by extension, the potential for neutralizing the excess H*
ions in the enamel space during crystallization. On the other hand, without further
development, it would be technically difficult to investigate vectorial ion transport in this
model.

The 3D culture technique is also sensitive to changes in the composition of the
Matrigel matrix, which is a natural extract whose protein concentration and other
components vary between batches (8, 149). And because this matrix is isolated from
mouse sarcoma, its application to tissue regeneration is limited to animal studies. At
present, the size of the spheroids is uncontrollable, and their use with other scientific
methods requires additional isolation steps (8, 148). In addition, the cost-effectiveness of
these methods must be considered (8).

Finally, it has to be noted that this 3D ameloblast model is a homotypic spheroid
composed of a single cell type. Full differentiation of functional ameloblasts capable of
enamel formation probably requires induction by adjacent mesenchymal cells.
Consequently, this 3D ameloblast model requires further development before it

becomes suitable for use in tissue repair and tooth regeneration.
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5. Conclusions

1) Dental stem cells and HAT-7 ameloblast-like cells established different cell
morphologies in vitro. Dental stem cells showed a fibroblast-like appearance indicating
mesenchymal characteristics. HAT-7 cells showed a polygonal, cobble-stone appearance,
which is characteristic of epithelial cells.

2) In the present work, the establishment of a 3D ameloblast model has been successfully
achieved by culturing HAT-7 cells in Matrigel matrix and by feeding with Hepato-STIM
medium. This system enabled HAT-7 cells to form multicellular spherical structures.

3) HAT-7 spheroids showed the potential for morphogenesis by forming multicellular
structures, many of which also contained a lumen.

4) HAT-7 spheroids expressed the maturation-ameloblast marker KLK4, tight junction
proteins and basic electrolyte transporters. The spheroids showed evidence of
differentiation towards maturation-stage ameloblasts.

5) HAT-7 spheroids demonstrated the capacity for intracellular pH regulation by the
verified activity of key H*/HCOs" transporters.

6) In the 3D HAT-7 model, spheroid development exhibited different outcomes
depending on the extent of fluoride exposure, suggesting that the severity depends on the
concentration of fluoride.

From all of the above we can conclude that this 3D HAT-7 model offers
opportunities for studying maturation-stage amelogenesis in physiological conditions
closer to those that exist in vivo. The model is not only suitable for morphological and
molecular studies but also for functional investigations. Additionally, it can be used to
study pathologic conditions, such as fluorosis. In summary, this new experimental model
provides a basis for better understanding amelogenesis and it hints at the potential of 3D
ameloblast organoids for tissue repair and/or tooth regeneration.

The highlight novel observations presented in this thesis are the following:

1) This 3D ameloblast model, established from HAT-7 cells and Matrigel matrix, is the
first ameloblast study model that shows lumen formation and the functional activity of
pH regulatory and HCOs" transport proteins.

2) This study model may be a useful alternative model for examining the mechanisms

and/or results of enamel diseases such as fluorosis.
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6. Summary

The study of amelogenesis is mainly based on histological and molecular research
performed in animal models or in vitro. Although the mechanism of amelogenesis has
been intensively studied for decades, the mechanisms are still incompletely understood.
Recently, a functional 2D model was developed for studying amelogenesis in vitro. This
used HAT-7 ameloblast-like cells, originating from the rat incisor, that were cultured on
Transwell permeable filters. HAT-7 cells exhibited maturation ameloblast characteristics,
formed tight junctions, and were capable of the vectorial secretion of HCO3". Alghough
animal models can provide information related to the real physiological environment, the
use of laboratory animals in functional studies is limited by technical difficulties and by
ethical concerns. To bridge the gap between 2D cell cultures and animal models, 3D cell
culture systems have been developed recently. 3D cell culture systems are believed to
provide results closer to those that would be obtained in vivo. Therefore, this project
aimed to develop a 3D model of ameloblast cells by growing HAT-7 cells in Matrigel
matrix. Histological structure and gene expression of characteristic ameloblast markers,
tight junction proteins and electrolyte transporters in the 3D model were investigated. In
addition, the functional activity of HCOs transporters was measured by
microfluorometry, and the toxicity of fluoride was tested.

A successful 3D model was developed by culturing HAT-7 cells in Matrigel matrix
fed with Hepato-STIM medium. The HAT-7 cells proliferated, differentiated and formed
multicellular spheroids. Histology showed that large spheroids presented a lumen, and
molecular studies showed that they express the maturation-stage ameloblast marker
KLK4, tight-junction proteins cldn-1, cldn-4, cldn-8, TJP1/ZO-1, and electrolyte
transporters that play a role in pH regulation and HCO3™ secretion, namely NHE1, AE1,
NBCel, pendrin and CFTR. Moreover, the spheroids showed similar activities of pH
regulatory transporters by microfluorometry as HAT-7 cells grown on permeable
supports . In the fluoride toxicity test, 3 mM fluoride destroyed the cells and spheroids
while 1mM fluoride affected the formation of the spheres and impaired the cell-cell
adhesion structures. In summary, this 3D model is a promising tool for more physiological
functional studies of amelogenesis and can also serve as a disease model for certain
conditions such as fluorosis. Moreover, this model takes us one step closer to the

possibility of in vivo tissue repair and tooth regeneration.
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