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1. Introduction

Enamel, the hardest and most highly mineralized tissue in the human body, covers the
crown of teeth and provides the mechanical resilience required for mastication. It is
produced during tooth development by specialized epithelial cells, the ameloblasts, which
disappear after tooth eruption. Mature enamel is acellular, avascular, inert, rigid, almost
completely mineralized non-regenerative, with calcium (Ca*") as its predominant
component. Consequently, one of the key functions of ameloblasts is the transport of
calcium ions to the mineralization front. Although several Ca®* channels and transporters
have been identified in ameloblasts, the precise mechanisms governing Ca>" transport
during amelogenesis remain largely unresolved. Because ameloblasts are lost following
eruption modeling of transport dynamics requires in vitro epithelial models of polarized
ameloblast-like cells. This thesis summarizes my investigations into: (1) identifying the
functional presence, Ca*" conductance, and pH sensitivity of TRPM7, a divalent cation
channel, in HAT-7 cells as an in vitro model of ameloblasts, and assessing its putative
role in Ca?" transport during amelogenesis; and (2) examining the functional presence of

purinergic and cholinergic receptors in 3D cultures of these cells.

1.1 Overview of tooth development

Tooth development begins around the 6th week of embryogenesis and arises from two
main tissue types: ectoderm, which gives rise to enamel, and neural crest-derived
mesenchyme, which differentiates into pulp, dentin, cementum, periodontal ligament, and
alveolar bone. The process is subdivided into distinct, histologically recognizable stages
(Fig. 1). The first, the lamina (placode) stage (Fig. 1A), involves localized thickening of
the oral epithelium, giving rise to dental placodes (1,2). This is followed by the bud stage
(Fig. 1B), marked by ectomesenchymal condensation around epithelial invaginations.
Next, in the cap stage (Fig. 1C), the invaginated oral epithelium develops into the enamel
organ, while the underlying condensed mesenchyme forms the dental papilla. Late in this
stage, histodifferentiation gives rise to pre-ameloblasts and odontoblasts (1,2). The
subsequent bell stage is characterized by morphogenesis (Fig. 1D), where the final shape
of the tooth crown is established, and the onset of enamel and dentin formation occurs.
During this stage, the dental lamina degenerates, creating a connection between the

developing tooth and surrounding tissues. Development of the secondary dentition begins



at approximately the 20th intrauterine week and continues until about 10 months after

birth (1,2).

1.2 Overview of amelogenesis

Enamel is the hardest calcified tissue in the human body because of its high mineral
composition and highly organized structure. Unlike bone, it lacks vital cells, contains no
collagen, and cannot regenerate once formed, as the ameloblasts responsible for its
secretion undergo apoptosis during tooth eruption (3). Mature enamel consists
predominantly of minerals (= 95% by weight), with small contributions from water (2-
4%) and organic material (1-2%). The most abundant ions are Ca*" and PO4*, accounting
for approximately 37% and 17% of the mineral content by weight, respectively. Other
ions are also present, including Mg*" (0.22%), Na" (0.70%), and K" (0.03%). The
inorganic phase is composed of carbonated hydroxyapatite (HAp, Cas(PO4)3(OH))
crystals, arranged into long, ribbon-like structures (3,4). These crystals are organized into
enamel rods (prisms) with interrod enamel filling the spaces between them. Enamel rods
extend through most of the enamel thickness, except in the aprismatic inner layer. In
approximately three-quarters of each rod is encased by rod sheath, a mostly protein

containing material, connecting the rod to the interrod enamel (3,4).

g root development
o TP

| -
late bell stage

1 |

cap stage

Figure 1. Stages of tooth development. (A) placode (lamina) stage, (B bud stage, (C) cap stage, (D)
bell stage, (E) root development. 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 (1).



This hierarchical structural organization, combined with its chemical composition,
provides enamel with exceptional hardness and the ability to withstand high masticatory
forces (5,6). However, enamel’s brittleness and lack of regenerative capacity make it
highly vulnerable to wear, erosion, and caries once damaged (3).

Amelogenesis is initiated at the bell stage of odontogenesis. Inner enamel epithelium
(IEE) cells are induced by the underlying mesenchymal dental papilla to differentiate into
ameloblasts (pre-secretory phase) as the basal lamina between IEE and papilla breaks
down, and the cells get in a direct contact with pre-dentine. During this process, IEE cells
are gradually transformed from a cuboidal into a columnar shape to form ameloblast (pre-
secretory ameloblasts) (Fig 2A). Ameloblasts are specialized epithelial cells that provide
the optimal environment for mineralization in amelogenesis by secreting ions and enamel
matrix proteins (3,4,6).

Amelogenesis is divided into two major stages - the secretory and maturation stages -
separated by a short transitional stage. The morphology, protein and ion secretion of

ameloblasts is altered according to their stage-specific functions (3,4,6).

1.2.1 Secretory stage

In the secretory stage, ameloblasts elongate, their nuclei shift toward the basal pole, and
a distal extension - the Tomes’ process (TP) develops. The TP is critically involved in
exocytosis of vesicles containing matrix proteins and in organizing growing crystals
(4,7,8). Protein-synthesizing organelles, including the Golgi apparatus, rough
endoplasmic reticulum, and mitochondria, are markedly increased (Figs. 2B-D) (8). The
ameloblasts are tightly connected by junctional complexes, forming a selectively
permeable barrier for ions between the interstitial space and the enamel matrix and
considered both morphologically and functionally polarized (4,8). During this phase,
nearly the entire enamel thickness is deposited, though the matrix remains soft—
composed of roughly equal amounts of enamel matrix proteins (EMPs), mineral, and
water—with only ~30% mineralization. The main function of secretory ameloblasts is the
synthesis and secretion of EMPs: amelogenin, ameloblastin, and enamelin. Amelogenin,
the most abundant (80-90%) (9), controls crystal growth and orientation (10-12).
Ameloblastin (~5%) is thought to mediate adhesion of ameloblasts to the mineralization
front (13,14), while enamelin (3—5%) contributes to crystal elongation and ribbon

formation (10,15).

10



[2] [c]

(]

Enamal Matrix

Pre-Secretory Stage Secretonl; Stage
' tratum Intermedium ]
@
( Siralum Inlermediun EMPs and MMP20
I i )
ratum Intermedium EERan e Sl % :I)) %/g
Stratum Int d % /I/// ///%

v @
= pre-Ameloblasts
© 3 Ameloblasts &2,

[ Pre-Dentine | Dentine Dentine Dentine
Transition Stage Maturation Stage - RA Maturation Stage - SE. Post-Maturation Stage
oy pH 6.1-6.8 pH 7.2-7.4

-

e

-
Stratum Intermedium
. Papillary Cell Layer + poptogis Papillary Cell Layer +
ApOPLOSIS | 5igiiate Stratum Intermedium , Stellate Stratum Intermedium

-> Papillary Cell Layer

© KLK4 o
Reduced Enamel
A v Epithelium
................................. R
Joteleleleledelolelolodeletelelede!
aseteleseleleloteleleteletelelede!
...... SRR

LKA RKK

BN b5 sty
o CaZtiaaags
P a PRl <
23t Products

vt

Deantine

Figure 2. Schematic diagram of the events during amelogenesis. (A) Pre-secretory stage:
Ameloblasts (blue) differentiate from IEE cells in response to reciprocal signaling with the dental
papilla. (B-D) Secretory stage: Ameloblasts secrete enamel matrix proteins (EMPs) via exocytosis
from the Tomes’ process (TP) while retreating from dentine, increasing enamel thickness. (B)
Initial secretion forms aprismatic enamel closely associated with dentine mineral. (C) Further
development of the TP allows EMP secretion from two domains, giving rise to prismatic and
interprismatic enamel. (D) With progression, the TP lengthens and thins; secretion gradually
ceases, thus the final enamel formed is aprismatic. (E) Transition stage: EMP secretion declines,
and ameloblasts undergo reorganization, shortening to about half their height, reducing organelles,
and losing the TP. Stellate reticulum, and outer enamel epithelium form the papillary layer (PL).
(F—G) Maturation stage: enamel matrix undergoes complete mineralization through crystallite
growth and EMP degradation/removal. Ameloblasts modulate cyclically between ruffle-ended
(R4, F) and smooth-ended (SA, G) morphologies. RA ameloblasts form apical membrane
infoldings with tight junctions, mediating ion transport and proton neutralization, while SA
ameloblasts are more permeable, permitting water and protein passage. (H) Post-maturation

stage: Ameloblasts and other enamel organ cells form the reduced enamel epithelium.
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Expression of amelogenin (16) and enamelin (10,17) declines in maturation, whereas
ameloblastin persists (10,17). Mutations in the genes encoding amelogenin (AMELX,
AMELY), ameloblastin (AMBN), or enamelin (ENAM) have been associated with
amelogenesis imperfecta (Al), resulting a thinner or complete absent of enamel
(hypoplastic AI) (6,10).

Enamel proteins continuous secreted and deposited on the enamel surface, while
ameloblasts radially moving away from the site of secretion as enamel thickens and
enamel crystals elongate (4). Upon secretion, amelogenin self-assembles into
nanospheres serving as precursors of enamel rods, functioning as space fillers and
scaffolds for the growth of apatite crystals (Fig. 2) (4,18). Simultaneously, Ca*" and
phosphate are transported through the ameloblast layer to supply ions for HAp crystal
formation (3,6,19,20). In parallel, EMPs - particularly amelogenin - are proteolytically
processed by enamelysin (MMP20), expressed predominantly during the secretory and
early maturation stages (Figs. 2B-D), with maximal expression in secretion (21,22).
MMP20-null mice exhibit defective mineralization, underscoring the essential role of

proteolysis in proper enamel formation (3,6,11).

1.2.2 Transition stage

Once the full thickness of immature enamel has been deposited, secretory ameloblasts
undergo marked morphological changes in a short transition stage (4). The cells become
shorter, Tomes’ processes are lost, and the abundance of intracellular organelles is
reduced (4). Concurrently, the expression of AMELX, AMELY, AMBN, ENAM declines,
while the expression of genes associated with ion transport, proteolysis, and pH regulation
increases (4,23-25). Also, atypical basal lamina forms against enamel, and
hemidesmosomes mediate adhesion. Surrounding stratum intermedium (SI), stellate
reticulum, and outer enamel epithelium form the papillary layer (PL), which is
vascularized and may assist with ion transport and protein removal. Approximately 25%

of ameloblasts undergo apoptosis (Fig. 2E) (6).

1.2.3 Maturation stage

During the maturation stage, ameloblasts shorten while retaining apical-basal polarity.
They alternate cyclically between two phenotypes: ruffle-ended (RA) and smooth-ended
(SA) cells (Fig. 2) (26). These changes occur in coordinated groups, forming oblique

bands of similar morphology across the crown. In rat incisors, SA waves occur at ~8.5-h
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intervals, after which cells revert to the RA phenotype within ~2 h (27). Histological
analyses show that ~70% of maturation ameloblasts are in the RA state and ~20% in the
SA state at any given time. RA ameloblasts exhibit extensive apical membrane infoldings
forming a striated border, with mitochondria clustered nearby - features consistent with
intensive ion transport and endocytosis (8,26). Their apical junctions are tight, but basal
junctions leaky. In contrast, SA cells lack the ruffled border, show leaky apical junctions
but tight basal junctions, facilitating water and protein passage (Figs. 2F & 2G) (8,26).
Functionally, RA ameloblasts mediate Ca** and phosphate transport into the enamel
space, buffer protons generated during HAp growth, and internalize degraded proteins.
Notably, phenotype cycling correlates with pH oscillations: enamel under RA cells is
mildly acidic (pH ~6.2), whereas enamel under SA cells is near neutral (pH ~7.2) (28,29).
The molecular machinery driving these cycles remains largely unresolved.

Protein secretion diminishes at this stage, limited mainly to amelotin, ODAM, and
SCPPPQ1 (10,30). These proteins likely mediate adhesion of ameloblasts to the enamel,
with ODAM also implicated in regulating MMP20 (31).

By the end of secretion, the bulk of enamel matrix is deposited but only ~30%
mineralized. Initial HAp crystals elongate along the c-axis, forming thin ribbons
embedded in EMPs. During maturation, ribbons thicken laterally (a- and b-axes),
requiring proteolytic removal of EMPs. KLK4, a serine protease secreted by ameloblasts,
degrades enamel proteins previously cleaved by MMP20 and functions across the wide
pH range of maturation (Figs. 2F & 2G) (11). Mutations in KLK4, like those in MMP20,
cause hypomaturation Al (6). Protein degradation products are endocytosed (7), with
WDR?72 implicated in this process (32).

Since the bulk mineralization occurs in this stage there is an intensive Ca?" and phosphate
transport through ameloblasts accompanied by HCOs™ secretion to buffer extracellular
acidity. lon transport and crystal growth are most active in the RA phenotype. Through
repeated RA/SA cycles, the enamel matrix is gradually converted into mature, fully
mineralized tissue virtually devoid of organic material (3,6,19).

In the post-maturation (protective) stage, ameloblasts and associated enamel organ cells
form the reduced enamel epithelium, which later contributes to the junctional epithelium

of erupted teeth and provides a transient protective layer during the pre-eruptive phase.
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1.3 Ca?" transport in amelogenesis

Transepithelial calcium transport by ameloblasts is essential for enamel mineralization.
Beyond its structural role in mineralized tissues, calcium (Ca®") also acts as a universal
signaling messenger, regulating virtually all biological processes (33). Cytosolic Ca*" is
tightly maintained at ~100 nM, far below the ~1.0-1.3 mM extracellular concentration
(33), since sustained elevations are cytotoxic. Cells utilize a highly conserved set of
clearance mechanisms (33,34) and it is not unlikely, that transepithelial Ca** transport
utilizes — at least partly - this same Ca®" handling toolkit.

The bulk of calcium transport occurs during the maturation stage, whit total transport and
rates are being highest. Cytosolic Ca®" rises to ~230 nM in maturation ameloblasts versus
~135 nM in secretory cells (35), and ~86% of total calcium is acquired during this stage
in rat incisors (36). Elevated mineral accretion has been confirmed by tracer,
radiographic, and chemical analyses, with transport rates estimated up to fourfold higher
than in the secretory stage (37). The average calcium transport rate falls within the range
reported for intestinal transport under a 1.5 mmol/L Ca*" load (37).

Although the precise mechanisms of Ca®" transport remain poorly understood (20,36,37),
it is hypothesized that calcium is transported via the enamel organ, moving from the
basolateral to the apical side, crossing the ameloblast barrier (3,20,38). As ameloblasts
are highly polarized cells forming a tight epithelial barrier, that restricts the intercellular
movement of ions and minerals (36), passive paracellular Ca*" transport is unlikely.
Earlier models proposed that cyclic relocation of tight junctions during RA-SA
modulation could “gate” paracellular movement (3,36), but this is limited since ~70% of
ameloblasts are in the RA phase where distal junctions block enamel access (36).
Moreover, ¥Ca tracer studies indicate that Ca>" incorporation predominates during the
RA stage (20,39). These findings support a transcellular route as the main pathway,
involving three steps: Ca** entry, intracellular transit, and extrusion (37). Initially, Ca**
uptake was thought to be passive, driven by the extracellular—intracellular gradient, with

extrusion mediated by plasma membrane Ca?*-ATPases (PMCAs) (40).

1.3.1 Transporters in Ca?* secretion
During its transcellular transport Ca®>" should be secreted against its electochemical
gradients. To achieve this, ameloblasts employ two major systems to extrude Ca*": ATP-

dependent Ca*" pumps and Na*-dependent Ca?" exchangers (19,20,38).
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1.3.1.1 Plasma membrane Ca’*-ATPases

PMCAs, are high-affinity, low-capacity Ca?* pumps that translocate Ca** across the
plasma membrane in exchange of protons (H") at the expense of ATP hydrolysis (1
Ca?'/ATP) (41,42). Three isoforms (ATP2B1, ATP2B3, and ATP2B4) are expressed in
ameloblasts with localization and intensity varying by stage and phenotype (43-46).
Earlier it studies reported the presence of PMCA in all stages of amelogenesis, with higher
intensity in early maturation than in the secretory stage (44-46). In the secretory stage,
expression was detected across the entire plasma membrane, whereas in RA cells
localized at the distal ruffled border and SA cells along lateral and proximal membranes
(44-46). In contrast, Robertson et al. have recently reported that PMCA1 and PMCA4
localizes to the basolateral membrane in both secretory and maturation ameloblasts (Fig.
3) (43). Functional PMCA pumps were reported on isolated rat secretory and maturation

ameloblasts, using fura-2 Ca** imaging (47).

1.3.1.2 Na¥Ca’* exchangers (NCX/NCKX)

Na'/Ca®" exchangers uses the electrochemical Na* gradient to drive Ca** extrusion with
low Ca®" affinity but very high capacity (48). NCXs exchange 1 Ca*" for 3 Na*, while
NCKXs exchange 1 Ca?" and 1 K* for 4 Na* (49,50). Their activity is bidirectional: under
physiological conditions they mediate forward-mode extrusion, but under altered
electrochemical conditions they may operate in reverse mode, importing Ca*" (49).
NCXs, encoded by SLC84 genes, were first identified in ameloblasts by Okumura et al.
(51). NCX1 and NCX3, were found in both secretory and maturation ameloblasts (43,51),
with mostly apical or apico-lateral distribution in immunohistochemistry studies. In a
recent studies NCX1 was found in both the apical, middle and basal region of maturation
ameloblasts (52), while others reported that the NCX3 protein expression in practically
limited to the secretory phase (Fig. 3) (53). The functional presence of NCX transporters
has also been demonstrated in primary cultured ameloblasts using fura-2 Ca** imaging
(51). However, no mutations in SLC84 have been associated with amelogenesis
imperfecta yet.

By contrast, strong evidence supports a critical role for NCKX transporters, especially
NCKX4 (SLC24A44). SLC2444 mRNA expression was identified in ameloblasts, highest
among other members of the NCKX family (23,54), with markedly increase in gene

expression during maturation (23). Its polarized localization at the distal pole of RA
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ameloblasts - in contrast to a more diffuse distribution is SA phenotype, as well as its
absence in the secretory stage - suggests a specialized role in Ca®" extrusion during bulk
enamel mineralization (Fig. 3) (23). Furthermore, mutations in SLC2444 cause enamel
defects in both humans and mouse models, underscoring its key role in enamel
biomineralization (25,55). Recent functional studies on isolated secretory and maturation

ameloblasts found NCKX to be the dominant Na*/Ca®" exchanger (53).
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Figure 3. Transcellular calcium transport system during the secretory and maturation stages. In
the secretory stage, active Ca’* transport across the lateral membrane is mainly mediated by
PMCAI and PMCA4. NCX1, NCX3, and NCKX3 contribute to Ca’* extrusion via the Tomes’
process. Ca®* entry is predominantly mediated by CRAC channels activated upon ER store
depletion through IP3R. Cytosolic Ca’" is cleared by SERCA2, replenishing ER stores, and by
NCKX/NCX transporters at the apical membrane secreting Ca’* into the enamel space to support
mineralization. In the maturation stage, NCXI and PMCA4 also export Ca’* from the stratum

intermedium/papillary layer. (43)

1.3.2 Transporters in Ca?* uptake

While the extrusion a Ca®" to the enamel matrix seems be decoded to some extent, the
cellular uptake and transit are less defined. Historically, Ca*" influx into ameloblasts was
thought to occur passively, driven by the steep extracellular—intracellular gradient, with

cytosolic Ca®* buffers such as parvalbumin and calbindin (9/28 kDa) regulating [Ca*']; as
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Ca?" moving from the basolateral to the apical pole (20,37,40). Since the deletion of
otherwise abundantly expressed calbindins did not produce enamel defects (56,57),
currently transorganellar routes are proposed (3,20,38,57). The endoplasmic reticulum
(ER), with its continuous tubular network and Ca?* buffering proteins (calreticulin,
endoplasmin, ERp72, calnexin), as well as SERCA (sarcoendoplasmic reticulum calcium
ATPase) pumps, is a logical candidate, with store-operated calcium entry as a plausible
uptake mechanism (20,38,58).

Store-operated calcium entry (SOCE) mediated by Ca?* release-activated Ca*" (CRAC)
channels, serves as a crucial and ubiquitously expressed pathway for calcium influx,
particularly in non-excitable cells where it constitutes the primary mechanism for Ca**
uptake (59). CRAC channels are composed of stromal interaction molecules STIM1 and
STIM2, which act as Ca?" sensors in the ER membrane, and ORAI proteins (ORAI1-3),
which form the pore in the plasma membrane (59,60). Upon activation of cell surface
receptors (mainly G-protein coupled receptors (GPCRs)), phospholipase C (PLC) is
produced, leading to the generation of inositol 1,4,5-trisphosphate (IP3), which binds to
its receptors (IP3R) on the ER membrane. This interaction induces the release of Ca**
from ER stores via IP3R channels (61,62). The resulting drop in ER luminal Ca*'
concentration triggers significant conformational changes in STIM proteins, enabling
them to activate ORAI channels and initiate sustained calcium influx (Fig. 3) (59,60).
The transcripts and proteins of Stiml and Stim2 have been reported to be upregulated
during enamel maturation (24). In primary murine enamel cells, key CRAC channel
components—including ORAI-3, STIMI, and STIM2 - were all expressed, with peak
expression occurring during the maturation phase of enamel development.

While ORAII seemed to be the dominant isoform, considerable amount of ORAI2 and
ORAI3 expression was also observed (35). STIM1 showed intensive cytosolic
localization in RA, but significantly reduced immunoreactivity in SA phenotype (35).
CRAC channel inhibitors such as synta-66, BTP-2, and GSK7975A in rat ameloblasts
significantly reduced or nearly abolished Ca®>" influx through SOCE (35,63). Mice
deficient in STIM1/2 or ORAIIl, which exhibited impaired SOCE in ameloblasts,
displayed enamel abnormalities ranging from pronounced hypomineralization to
disrupted enamel crystal formation (58,64). Similarly, individuals with mutations in

ORALI1 or STIM1 were found to have enamel defects classified as type 2 hypomineralized
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Al (65,60).

Consistently, this several IP3R subtypes were found to be upregulated during maturation
(35) suggesting that in ameloblasts Ca®" release from ER mediated by this pathway. A
number of physiological agonists are known to induce Ca*" release by GPCR activation,
including ATP and acetylcholine (67). Nurbaeva et al. reported functional purinergic and
cholinergic receptors on isolated secretory and maturation ameloblasts, with significantly
stronger [Ca”']i responses in the maturation phenotype (35).

Alternative models of Ca®" uptake and transit also exists like Golgi-derived vesicle
packaging for apical exocytosis (20,68) and mitochondrial-mediated transport (20,69),
with recent evidence showing elevated mitochondrial Ca®* uptake in isolated maturation-
stage ameloblasts (70). More importantly, the high relative abundance of TRPM?7 in
reported in the enamel organ during tooth development (71), together with defective
enamel mineralization observed in TRPM7 mutant mice (71,72), suggests a putative role

for TRPM7 in Ca" uptake.

1.4 pH regulation in amelogenesis

Acid-base balance is critical for enamel hydroxyapatite formation, as crystal growth
requires tight regulation of ionic composition and extracellular pH (3,4,29). The
formation of hydroxyapatite (10Ca*>" + 6HPO4> + 2H20 = Caio(PO4)s(OH)2 + 8H")
releases large amounts of protons, which must be neutralized or buffered. During the
secretory stage, amelogenin contributes to pH buffering; however, since it is absent
during maturation, current evidence suggests that ameloblasts neutralize the acidified
enamel matrix (RA phase) by secreting HCO3™ ions in the SA phase (8,36,73,74).
Bicarbonate can be generated intracellularly by carbonic anhydrases (CA) or transported
from the blood through dedicated ion transporters (e.g. NBCel). CAs catalyze carbonic
acid formation providing HCO;3™ and also H (75). CA2 and CA6 are significantly
upregulated in maturation ameloblasts (24). CA2, localized to the apical border of ruffle-
ended cells, may act together with V-type ATPases (3,28,76).

Transporters of the SLC4 family mediate bicarbonate flux. Anion exchangers (AE1-3)
were indentified in ameloblasts from which AE2 (S/c4a2) mostly expressed in maturation
ameloblasts in basolateral localization. AE2 exchanges intracellular HCOs  for
extracellular CI°, thereby supplying chloride into the cell (3,76-80). NBCel (Sic4a4), an

electrogenic Na"/HCOs3™ cotransporter also found basolaterally in both secretory and
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maturation phase, with stronger expression during maturation (3,73,80,81) mediate a
bicarbonate influx. Knockout of AE2 or NBCel leads to severe enamel defects in mice,
demonstrating their essential role in mineralization (79,81).

CA generated protons are removed from ameloblasts via transporters and pumps. NHEI
(SIc9al), a Na'/H" exchanger, found basolaterally removes the proton using the Na*
gradient (76,77), while V-type H'-ATPases, localized at the apical border of maturation
ameloblasts, extrude protons directly into the enamel space using ATP (76).

The bicarbonate is transported out from the cell in exchange of a CI” by specific members
of the SLC26 family, Sic26a3, Slc26a6, and Slc26a4 (pendrin) on the apical membrane
(82,83). CFTR, a cAMP-regulated C1™ channel likely mediates Cl” efflux into the enamel
matrix, providing CI” for re-entry in exchange for HCOs™ via pendrin (19,74). CFTR is
strongly upregulated during maturation and localized in the apical membrane (24,84-86).
Mutations in Cftr cause enamel hypomineralization and abnormal crystal growth in
animal models (87-89), while in humans, cystic fibrosis patients sometimes display
enamel defects (90).

During maturation, the enamel matrix undergoes cyclic pH changes, becoming more
acidic (pH ~6.2) in the RA phase when bulk Ca*" transport occurs. It can be speculated
that the acidic environment may modulate Ca®*" secretion directly or Ca’*" uptake

indirectly by affecting intracellular pH.

1.5 TRPM7 channel

1.5.1 General properties

Among the TRP subfamilies, TRPM is the largest and features four melastatin homology
regions (MHR1-4) at the N-terminal region. TRPM channels are expressed in various
tissues and participate in diverse cellular functions, including regulation of cell
proliferation, metabolism, apoptosis, and cancer development (91,92). TRPM2, TRPM3,
TRPM6, TRPM7, and TRPMS are Ca**-permeable and activated under stress conditions
and TRPM2 and TRPM7 are classified as "chanzymes" due to their dual functionality as

ion channels and enzymes (93).
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Figure 4. Topology model of a monomeric TRPM?7 subunit with its modulators. TRPM7
activators are shown in green, inhibitors in red, and residues in brown indicate the putative binding
sites of these modulators (93)

TRPM7 has MHR1-4 at its large N-terminus, followed by the conserved six
transmembrane segments (S1-S6) with a pore-forming loop between S5 and S6, and a C-
terminus comprising the TRP helix, the coiled-coil domain, and a unique a-kinase domain
with an Mg?"-ATP-binding site (Fig. 4) (93). Site-directed mutagenesis studies have
shown that TRPM7’s a-kinase activity and channel function operate independently
(94,95). The protein kinase domain capable to phosphorylate of the a-helical tail of
myosin II, a key regulator of cytoskeletal dynamics (93,96,97). Other identified substrates
include TRPM6, annexin A1, eukaryotic elongation factor 2 kinase, tropomodulin, PLC-
v2, stromal interaction molecule 2 (98), SMAD2, Ras homologue family member A, and
cAMP response element binding protein (93,96,97). TRPM7 can also autophosphorylate
at a Ser/Thr-rich site in the C-terminal catalytic domain (93,96).The kinase can
translocate to the nucleus in a Zn>'-dependent manner, where it binds chromatin
remodelling complexes and phosphorylates histones, thereby regulating gene expression
(96,97,99).

TRPM7 single-channel currents have a conductance of ~40 pS at -70 mV in the absence
of extracellular Mg?* (100,101). Whole-cell I-V curves are nearly linear with weak

inward rectification without extracellular divalent cations but become non-linear with
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strong outward rectification in their presence, in particular Mg" acts as an open-channel
blocker (95,102-104). In human TRPM7, residues D1054 and E1052 in the pore-forming
region form the Mg?*/Ca*" binding and selectivity sites (105), whereas in mouse TRPM7,
E1047 and E1052 play this role (Fig. 4) (106). TRPM7 conducts monovalent cations
(Na*, Cs") and divalent metal cations (Mg, Ca*’, Ba?", Sr**, Cd*", Zn*)
(93,97,106,107), and in intracellular vesicles mediates ROS-induced Zn** release (107).
The channel also exhibits proton permeability (108,109). Cation entry is driven by
attraction to negatively charged glutamate and aspartate residues in the pore vestibule

(105,108).
1.5.2 Regulation

1.5.2.1 Magnesium/Mgenucleotides

Intracellular free Mg?* is a key regulator of TRPM7 channel activity, maintaining its low
activity under resting cellular conditions. Initially, intracellular Mg?* was found to
effectively inhibit channel activity in the micromolar range, with a complete block at 3
mM Mg?" in whole cell patch-clamp experiments (103). The dose response curve found
to be biphasic later on Jurkat T lymphocytes, suggesting two independent inhibition sites,
one of high affinity (~10 uM) and one of low affinity (~165 uM) (110). Interestingly,
Mg?" inhibits TRPM7 in a manner similar to protons, as if protons can substitute for Mg*
at the low-affinity inhibitory site. The primary effect of Mg?" in multichannel patches is
a reversible decrease in the number of conducting channels (111). Persistent low
extracellular Mg®" environment (400 nM or 8 uM for 1-3 day) also resulted channel
activation due to depletion of intracellular Mg?" (112). Extracellular application of Mg**
resulted in a concentration-dependent inhibition of TRPM7 currents already in the
micromolar range, suggesting that the channel conducts monovalent cations only in the
absence of extracellular divalent cations (102,113,114). However, unlike intracellular
cations, extracellular divalent cations inhibit TRPM7 through direct pore block rather
than surface charge screening (102,114,115). Furthermore, the extracellular cation
binding sites are not accessible from the cytoplasmic side; as a result, inhibition by
intracellular Mg?" or polyamines does not alter the current-voltage (I-V) relationship
(115).

Similarly to Mg?’, intracellular free Mg*ATP suppresses the channel activity, while its

depletion augments it (94,103,115). Although it was previously advocated that,
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essentially Mg?* is responsible for its effect (103,115), Demeuse et al. demonstrated that,
not just Mg*ATP but nearly all other magnesium—nucleotide complexes inhibit TRPM?7,
with nucleotides (except ITP) potentiating Mg?'-mediated inhibition (94), They also
proposed a hypothetical model of two different binding sites for Mg?* and
Mgenucleotides with the latter being located at the site of the kinase and the former closer
to the channel, acting synergistically (94).

The kinase activity of TRPM?7 is not essential for its channel function, as mutations at
two autophosphorylation sites or at a key catalytic residue that abolish kinase activity do
not affect channel activity (116). However, the interaction between the channel and kinase
domains plays a modulatory role by altering the channel’s sensitivity to intracellular Mg>*
and Mg*ATP (94,117). More recently, it was demonstrated that this domain interaction
enhances TRPM7 currents by reducing Mg?*-dependent inhibition (118).

1.5.2.2 pH

Both extracellular and intracellular pH changes modulate TRPM?7-related currents.
TRPM7 currents are activated by cytosolic alkalinization (extracellular NH4" application)
and inhibited by intracellular acidification (extracellular acetate application) in rat
basophilic leukemia (RBL) cells even in the presence of intracellular Mg?* in whole-cell
measurements. The activating effect of alkalinization was also observed in less invasive
perforated patch recordings (100). Cytosolic protons inhibit TRPM7 with an ICso
corresponding to pH 6.3 (110). It has been suggested that both intracellular protons and
Mg?* inhibit TRPM7 in a similar, voltage-independent manner; however, protons appear
to substitute only for the low-affinity Mg?* inhibitory site (110). The inhibitory effect of
protons primarily attributed to their interaction with PIP2 and Mg?" (100,119).

In HEK293 cells overexpressing TRPM?7, lowering the extracellular pH produced a pH-
dependent, marked potentiation of inward currents at negative membrane potentials
(108,109), along with a moderate but significant increase in outward currents (108).
Notably, this effect persisted even in the presence of 3 mM intracellular free Mg?*. Similar
findings have also been reported in case of endogenously expressed TRPM7 in RBL cells
(108,113), HeLa cells (109), pig and rat ventricular myocytes (113). Authors suggested
that the inward current under acidic conditions is, at least partially, carried by protons
themselves. These currents were found to be potentiated in the absence and suppressed in

the presence of Mg?" and Ca?"* in the extracellular solution in freshly isolated human atrial
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cardiomyocytes (120). It has been proposed that protons enhance the inward current by
increasing the channel's permeability to monovalent cations, likely due to proton-induced
displacement of divalent cations such as Ca®>" and Mg?" from their inhibitory binding sites
within the external pore (108). These binding sites are located in the pore region and
include negatively charged residues (Fig. 4). Studies with charge-modifying mutations

indicating electrostatic interactions as a likely mechanism (121).

1.5.2.3 PIP:

As with many TRP channels, phosphatidylinositol 4,5-bisphosphate (PIP2) stimuli have
been implicated in the regulation of channel opening. It is now well established that
TRPM?7 activity depends on the presence of PIP2 (100,113,122,123). However, the
precise effects of PIP2 depletion on TRPM?7 gating remain controversial, as outcomes
appear to vary depending on the method used and the extent of PIP> depletion or
resynthesis (99). TRPM7-overexpressing HEK293 cells showed that PLC-mediated PIP2
hydrolysis inhibited TRPM7 under low intracellular Mg?", with similar effects in
ventricular fibroblasts (122,124) and prolonged PIP2 depletion suppressed activity of both
TRPM6 and TRPM?7 (125). In contrast, transient PLC activation enhanced TRPM7
currents and Ca?" influx (122), consistent with studies linking PLC stimuli to TRPM?7-
driven processes (99). Collectively, these results indicate biphasic PIP> dependence:
transient depletion enhances TRPM?7 activity, while excessive depletion inhibits it (122).
The effects of PIP2 on TRPM7 are closely tied to the modulatory effect of intracellular
pH and Mg?*. PIP: depletion sensitizes TRPM7 to Mg?" and proton-mediated inhibition,
while a point mutation that reduces Mg?* sensitivity also renders currents resistant to PIP2
depletion, protons, and polyamines (119). Conversely, divalent (Ca**, Mg®") and
polyvalent cations (spermine, spermidine) inhibit PIP> hydrolysis (119,126), likely by
charge shielding of phosphate head groups (100). This shielding may limit local PIP2
availability for PLC, thereby modulating TRPM?7 activity. While basal effects may be
marginal, elevated cation or polyamine levels could strongly suppress PLC activity,
especially during TRPM?7 overexpression, (126). Alternatively, PIP2 may act as a local

Mg?" chelator, promoting channel opening while enabling PLC-mediated modulation.

1.5.3 Inhibitors
Early inhibition studies of the TRPM7 channel employed non-specific blockers such as

spermine, ruthenium red, trivalent cations, SKF-96365, and 2-aminoethyl
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diphenylborinate (2-APB) (93,127,128). Several drug-like molecules were reported as
TRPM?7 inhibitors since, albeit effective only at high uM concentrations like nafamostat,
carvacrol, 5-lipoxygenase inhibitors, midazolam, ginsenoside Rg3, ginsenoside-Rd,
aripiprazole, quinine, CyPPA, dequalinium, SKA31, UCL1684 etc.(127,128). In contrast,
the most extensively used inhibitors Waixenicin A, FTY720 and NS8593 suppress
TRPM?7 currents at low M concentrations (127). More recently, a two highly selective,
Mg?*-independent compound, VER155008 (129) and the AKT inhibitor, CCT128930
(130) were reported.

1.5.3.1 NS8593

NS8593, N-[(1R)-1,2,3,4-tetrahydronaphthalen-1-yl]-1H-benzimidazol-2-amine, was
initially synthesized as a potent and selective inhibitory gating modifier of small-
conductance Ca**-activated K™ (KCa2.1-2.3; SK) channels (131). NS8593 inhibits
TRPM?7 currents in an intracellular Mg?*-dependent manner, with ICso values of 1.6 uM
in the absence and 5.9 pM in the presence of 0.3 mM [Mg*']i. (132). Although broadly
considered a non-selective cation channel blocker, at a concentration of 10 pM NS8593
selectively inhibits TRPM7 while sparing other TRP channels (132). NS8593 has been
utilized in functional studies, such as demonstrating TRPM7-mediated Ca®" influx in
adipocytes (133), elucidating the role of TRPM7 in the pathogenesis of abdominal aortic
aneurysm (134), and investigating TRPM7 function in primary ameloblast cells (135).

1.5.3.2 FTY720

FTY720 (2-amino-2-(2-[4-octylphenyl]ethyl)—1,3-propanediol), also known as
fingolimod, is a sphingosine analogue originally recognized for its antitumor potential
(136). Qin et al. (2013) demonstrated that FTY720 potently inhibit TRPM7 with ICso =
0.72 £ 0.04 uM (137) in a kinase-independent manner. More recent studies have
employed FTY720 as a pharmacological tool to establish TRPM7’s roles in diverse
physiological contexts, including macrophage proliferation and polarization (138),

pathogenesis of abdominal aortic aneurysm (139) and odontoblast mechanosensitivity

(140).

1.5.4 Activators
Earlier research primarily focused on TRPM?7 inhibitors, more recent efforts have aimed

to identify TRPM7 activators. Hofmann et al. reported 20 compounds capable of
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activating TRPM7 channels including naltriben, clozapine, proadifen, doxepin, A3
hydrochloride, mibefradil, U-73343, CGP-74514A, metergoline, L-733,060, A-77636,
ST-148, clemastine, desipramine, sertraline, methiothepin, NNC 55-0396,
prochlorperazine, nortriptyline, and loperamide (141). Among these, naltriben and
mibefradil have been the most extensively studied, and are now widely used as

experimental tools to probe TRPM?7 function.

1.5.4.1 Naltriben

Naltriben mesylate is a phenanthrene opioid with 6 opioid antagonist properties (142). It
has been identified as an effective activator of TRPM7 channels (141). Naltriben activates
TRPMT in a voltage-independent manner with an ECso of 20.7 uM, and this activation is
independent of intracellular Mg?*. Furthermore, naltriben competes with NS8593,
suggesting overlapping or interacting binding sites. Importantly, naltriben does not affect
other TRP channels. The site of action is likely located within or near the TRP domain of
TRPM7, as the S1107E mutant - Mg**-insensitive form of the channel - exhibited
complete insensitivity to naltriben (Fig. 4). Recent studies gave a deeper insight into the
mechanism of action of both naltriben and NS8593 (143). Naltriben has been widely used
as a pharmacological tool to investigate TRPM7 function in diverse physiological and
pathological contexts, including embryonic development (144), chondrogenesis (145),
Mg homeostasis (146), tumor progression through activation of the anti-inflammatory
macrophage M2 phenotype (147), and ameloblast calcium transport during enamel

formation (135).

1.5.4.2 Mibefradil

Mibefradil, a Cav3 T-type voltage-gated calcium channel antagonist originally developed
for the treatment of hypertension and angina pectoris (148), is a benzimidazole compound
structurally related to NS8593. It has been shown to activate TRPM7-mediated Ca®* entry
with an ECso of 53 uM and to enhance TRPM7 currents at 100 uM in the presence of
physiological intracellular Mg** concentrations (0.9 mM). This activation, however, was
abolished at higher intracellular Mg?* levels (1.8 mM), suggesting Mg>-sensitive
modulation of TRPM7 activity (149). Mutation studies indicate TRP domain as its site of
action. Importantly, mibefradil did not activate other TRP channels (149).

It has been proposed that TRPM7 agonists can be grouped into at least two classes: Type
1, represented by naltriben, which activates TRPM7 independently of intracellular Mg2*,
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and Type 2, represented by mibefradil, which requires Mg** for activity (149). More
recently, Souza Bomfim et al. suggested that mibefradil-induced increases in [Ca®];
occur through IP3R channel activation and PLC-dependent signaling, leading to SOCE-
mediated Ca®" influx via ORAI channels (150). It is also noteworthy that, beyond TRPM7
activation, mibefradil inhibits voltage-dependent T-type Ca*" channels (151) and volume-
sensitive outwardly rectifying (VSOR/VRAC) CI™ channels (152). Mibefradil has also

been used to investigate TRPM?7 function in embryo development (153).

1.5.5 Physiological role

Early studies in cultured cells identified TRPM7 as an essential Mg?" channel (95,154),
but it is also involved involved in Ca®* signalling (97,104,155,156), vesicular Zn*" release
channel (107) mediating Zn**, Mg?*, and Ca" influx in various processes (157-159).
TRPM7-regulated Mg?* plays a pivotal role in supporting the stability of DNA and RNA
tertiary structures, energy metabolism, enzymatic activity, signaling pathways, cell cycle
progression, and differentiation (160). The essential nature of TRPM7 for development
and viability is underscored by the fact that global TRPM7 knockout in mice results in
embryonic lethality (161), while cardiac-specific deletion impairs embryonic heart
development. TRPM7’s role in regulating cell differentiation has been demonstrated
across multiple cell types (162). In mesenchymal stromal cells, TRPM7 senses shear
stress, and its silencing accelerates osteogenic differentiation (163). Conversely,
incorporation of Mg?" into bone implant materials or coatings has been shown to enhance
osseointegration (164), with evidence suggesting a potential role of TRPM7 in mediating
this effect (165). TRPM7 mRNA expression was upregulated during osteogenic
differentiation of human dental pulp stem cells (hDPSCs), whereas TRPM7-specific
shRNA knockdown suppressed their osteogenic differentiation (166). More recently its
role in muscle stem cell activation and muscle regeneration has also been suggested (167).
Mechanistic studies suggest that, beyond its regulation of Ca** and Mg?" homeostasis,
TRPM7 can interact with receptor tyrosine kinase downstream effectors such as PI:K,
AKT, and ERK1/2, further influencing differentiation programs (162). TRPM7 has also

been extensively studies in context of tumour formation and metastatic activity (168-171).

1.5.5.1 TRPM7 in the amelogenesis
Although the precise physiological functions of TRPM7 are not yet fully understood, its

role in Mg?" homeostasis suggested a potential involvement in skeletal development,
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consistent with the association between Mg?* deficiency and various skeletal pathologies
(161). TRPM7 mRNA expression was found to be dramatically higher in teeth compared
with other tissues such as brain, heart, lung, and kidney in E18.5 mice (71) TRPM7 was
significantly upregulated in the maturation ameloblasts (72); mRNA and protein
expression progressively increased from pre-secretory to maturation-stage ameloblasts,
peaking during maturation (71,72). TRPM7 was also detected in odontoblasts and
osteoblasts in addition to ameloblasts (71,72). Consistently with these findings,
significantly hypomineralized craniofacial structures, including incisors, molars, and
cranial bones were in found in heterozygous TRPM7 kinase-deficient mice (7rpm7
Akinase/ty  Enamel was severly hypoplastic, while histology and micro-CT analysis
suggested that in dentin and bone matrix deposition occurred at levels comparable to wild-
type mice; however, mineralization failed to progress normally (Fig. 5) (72).
Trpm74kinase/* mice exhibited ion channel dysfunction and hypomagnesaemia, while
homozygous mutants were embryonically lethal (161). In heterozygotes, besides
mineralization defect, alkaline phosphatase (ALP) activity was markedly reduced, but
magnesium treatment partially restored ALP activity (72).

Kinase-inactive knock-in (K1646R) mutant (TRPM7 KR) mice, generated independently
by two groups to assess TRPM7 kinase function without disrupting ion channel activity
(159,172), displayed normal growth, body weight, food intake, and locomotor activity
(172). TRPM7 KR mice showed deficient enamel pigmentation and decreased enamel

thickness in both upper and lower incisors (Fig. 6).

27



Figure 5. Hypomineralized enamel, dentin, and cranial bones in Trpm7" " mjce. (4, B)
Translucent mandibular incisors in P14 WT (A) versus transparent enamel in Trpm7%%" mice
(B). (C, D) 3D micro-CT reconstructions showing well-mineralized incisors, molars, and
craniofacial bones in WT (C), but mineralization restricted to molar crowns and incisal ends in
mutants at same intensity threshold (D). (E, F) Sagittal 2D micro-CT sections of hemimandibles
showing strong contrast for enamel, dentin, and bone in WT (E) versus limited mineralization in
mutants (F). (G, H) Well-mineralized enamel, dentin, and alveolar bone in WT first (G) and second
(H) molars. (I, J) Partial mineralization in mutant first molar (I) and coronal enamel/dentin of
second molar (J). (72)

Scanning electron microscopy showed reduced rod density in the superficial while
loosely arranged crystals and poorly packed rods in the deeper enamel layer. Surface
hardness was also lower, with significantly reduced calcium content in the deep and
elevated carbon content in both superficial and deep enamel layers (Fig. 7). However, the
mineralization defect was considerably milder than what was reported in Trpm 74knase/*
mice. At the pre-secretory stage, ameloblasts displayed reduced Smad1/5/9, p38, and
CREB phosphorylation. Immunoprecipitation confirmed direct binding of CREB to

28



TRPM?7, indicating that the kinase domain may mediate ameloblast differentiation via

CREB phosphorylation (71).

Wild-type TRPM7 KR
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Figure 6. Enamel phenotype of TRPM7 KR mice (A—F) Maxillary incisors in anterior (4, C) and
lateral (B, D) views, and mandibular molars in occlusal view (E,F) from 20-week-old WT (4, B, E)
and TRPM7 KR (C, D,F) mice. (G, H) Sagittal radiographs of maxillary incisors in 16-week-old
WT (G) and TRPM7 KR (H). (I-L) 3D micro-CT reconstructions of upper incisor enamel (vellow)
with/without dentin (white) in WT (I, J) and TRPM7 KR (K, L). (M) Quantification of enamel
volume in maxillary and mandibular incisors (12—16 weeks). Data are mean+SD (n=3).

*P <0.05. KR: TRPM7 KR mutant; WT: wild-type. (71)

A more recently developed a K14-Cre; Trpm 7"/ conditional knockout mice also exhibited
a defective mineralization presented as reduced tooth pigmentation, fractured incisor tips,
and a decreased area of high mineral density in molars (173). The enamel showed reduced
calcification and microhardness, with significantly lower calcium and phosphorus content

(173).
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Figure 7. Enamel microstructure and mechanical properties in TRPM7 KR mice (A-D) SEM of
superficial (4, B) and deep (C, D) enamel layers from maxillary incisors of WT (4, C) and TRPM7
KR (B, D) mice. Inserts in (A, B) indicate magnified regions. *Regions analyzed by element
mapping. Scale bar: 10 um. modified from (71)

Interestingly, the magnesium content of the enamel matrix was preserved, which
somewhat contradicts the previously proposed role of TRPM7 in Mg** removal from the
matrix (19). Histological analysis demonstrated ameloblast dysplasia with cyst-like
stuctures at the maturation stage (173).

Collectively these data suggest an important role of TRPM7 in enamel mineralization,

although its precise function yet to be fully elucidated.

1.6 Cellular models of amelogenesis

In mammals, ameloblasts disappear after amelogenesis, except in continuously growing
rodent incisors, which are widely used for immunohistochemical and expression studies.
However, these approaches offer only indirect insights, as most data on calcium transport
come from tracers, staining, and expression analyses without functional validation.
Consequently, current models of electrolyte transport remain largely hypothetical. To
address this, suitable in vitro models needed for direct functional measurements
ameloblast physiology. Immortalized cell lines, with their availability, relative stability
and reproducibility compared to primary cultures, provide a common choice for such

studies.
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Important to note, however, that these cell lines typically cultured on flat plastic, glass,
or functionalized surfaces covered by cell culture medium while in vivo cells reside
within three-dimensional (3D) structures, surrounded by neighboring cells and
extracellular matrix (ECM) (174). Notably, epithelial cells exhibit apical-basolateral
polarization of transporters and receptors in their natural environment, a feature absent in

standard culture.

1.6.1 Immortalized ameloblast cell lines

The two most widely used ameloblast-related cell lines are LS8 and ALC. LS8 cells were
generated by introducing the polyoma virus large T-antigen into enamel organ epithelial
(EOE) cells of newborn Swiss-Webster mice (175), whereas ALC cells were
spontaneously immortalized from tooth germ organ cultures of newborn C57BL/6J mice
(176). LS8 cells show higher mRNA levels of AMELX, AMBN, ENAM, and MMP2() than
ALC, but lack detectable protein expression of Amelx, Ambn, and Odam (177). In
contrast, ALC cells express Odam and Klk4 and form calcified nodules in culture,
resembling maturation-stage ameloblasts, while LS8 cells reflect a secretory phenotype.
LS8 cells have been used to study Ca** transport, including TRPM?7 function (135) and
mitochondrial Ca®" handling (70), whereas ALC cells have been applied to investigate
Wnt/B-catenin signaling (178) and ameloblast-matrix interactions in 3D culture
(179,180). A human ALC-like line (h-ALC) has also been established (181,182).
Additional models include PABSo-E cells, derived from SV40-immortalized porcine
molar EOE cells (183), used to study Ca*"-sensing receptors (184) and endocytosis (185),
and more recently EOE-3M and EOE-2M lines generated by HPV16 E6/E7
immortalization of mouse EOE cells, both expressing enamel matrix genes and proteases,

with EOE-2M showing higher ALP levels (186).

1.6.1.1 HAT-7 cell line

The HAT-7 cell line was established from the cervical loop of rat incisors, the progenitor
region of the enamel organ. HAT-7 cells exhibit key ameloblast characteristics, including
expression of amelogenin and ameloblastin (187), as well as maturation-stage markers
such as kallikrein-4 (Klk4) and amelotin. Previously these cells were used in gene
expression studies on differentiation and circadian rhythm of ameloblasts (188-190).
Unlike previously described ameloblast-derived lines, HAT-7 cells can form a polarized

epithelial layer with functional transport activity under specific culture conditions (77).
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When seeded on permeable Transwell filters and exposed to differentiation stimuli-
dexamethasone (10® M) and elevated extracellular Ca®* (2.1 mM) - the cells upregulated
tight junction proteins characteristic of maturation-stage ameloblasts, including ZO-1
(Tjpl), claudin-1 (Cldnl), claudin-4 (Cldn4), and claudin-8 (Cldné), consistent with
closed monolayer formation and increased transepithelial resistance. Key ion transporters
involved in pH regulation (NHE1, NBCel, AE2, pendrin, and CFTR) were detected by
immunostaining and qPCR. Microfluorometry demonstrated the polarized functional
activity of pH-modulating transporters and confirmed a regulated, vectorial basolateral-
to-apical bicarbonate flux in polarized HAT-7 cells (77). Although there are several
publications on membrane localization of these transporters (8,19), this was the first to
demonstrate directional HCO3™ transport in a cellular model, highlighting that HAT-7
cells under polarizing conditions can serve as a functional model system for studying
transepithelial transport processes. This model has since been used to show that fluoride
exposure does not affect bicarbonate transport but delays tight junction formation (78),
and to demonstrate the functional presence of the Na"™-K*-2Cl" cotransporter (NKCC1) at

the basolateral membrane (78).

1.6.2 3D culture models

Increasing evidence suggests that conventional (unpolarized) 2D cultures fail to preserve
key aspects of in vivo cell morphology and function (191-193). To overcome these
limitations, 3D culture approaches have been adopted to promote differentiation toward
ameloblast-like cells. Typically, immortalized ameloblast cell lines (e.g., ALC, HAT-7)
are first expanded in 2D, then seeded - often together with fetal or postnatal dental
mesenchymal cells - into ECM, most commonly Matrigel (21,194-196).

Basement membrane matrix extracts, commercially known as Matrigel, Cultrex, or EHS
matrix, are widely used biological scaffolds (194,196,197). They are derived from the
Engelbreth-Holm-Swarm (EHS) tumor and provides a rich source of basement membrane
proteins. The main constituents include laminin, type IV collagen, heparan sulfate
proteoglycan, and nidogen/entactin, while additional components comprise proteases
(e.g., MMP-2, MMP-9) and growth factors such as TGFp, FGF, EGF, PDGF, and IGF
(194,196), although its biologically active components show considerable batch-to-batch
variability (198-201). Collectively, these matrix components support cell adhesion,

survival, and self-organization into 3D acinar-like or spheroidal structures, more closely
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resembling the in vivo enamel organ microenvironment (196,197). These matrices
provide a supportive microenvironment that closely mimics the in vivo extracellular
milieu, thereby facilitating 3D organization and differentiation of ameloblast-like cells
(196,197). In such conditions, 3D-cultured ameloblast-lineage cells typically show
enhanced expression of enamel matrix proteins such as AMELX (21,202).

Two main techniques are used for matrix application. In the first, the matrix is spread
onto a flat surface, allowed to gel, and then seeded with cells on top (“on-top” culture).
In the second, cells are mixed with the matrix before gelling (“embedding” culture) (203).
Upon contact with the matrix, many cell lines or primary cells cease proliferating and
instead undergo differentiation, which varies by cell type. For example, human
submandibular gland (HSG) cells form acinar-like structures and secrete amylase (204),
while primary endothelial cells organize into capillary-like networks with lumens (205).

We used Matrigel to create 3D culture from HAT-7 cells.

33



2. Aim and objectives

The aim of this thesis was to investigate changes of intracellular Ca®" concentration in

HAT-7 ameloblast cells under distinct conditions relevant to amelogenesis.

The objectives were as following:
1. To investigate the expression, functional presence and pH sensitivity of TRPM7
channels on cells grown in unpolarized culture
2. To study functional localization of TRPM7 channels in polarized cell monolayers
3. To investigate the effects of cholinergic and purinergic agonists on Ca** signal in

3D (spheroid) cell cultures
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3. Methods

3.1 Cell culturing

3.1.1 Unpolarized monolayer culture

HAT-7 cells (206) were cultured in Dulbecco’s modified Eagle’s medium and Nutrient
Mixture F-12 Ham medium (DMEM:F12; Sigma Aldrich) supplemented with 10%
characterised fetal bovine serum (FBS; HyClone, Gibco), 100 U/ml penicillin and 100
mg/ml streptomycin (Sigma Aldrich) in standard conditions (37°C, 5% COz2).
Subcultivation were performed in regular intervals using 0.25% trypsin-EDTA (Gibco).

3.1.2 Polarized monolayer (2D) culture

HAT-7 cells were grown on permeable polyester Transwell culture inserts with 0.4-um
pore size (Snapwell™ 12mm, Corning) for 2 days in standard culturing media (see above)
followed by 3 days culturing in differentiation media (standard media supplemented with
2.1 M CaClz and 10> mM dexamethasone, all Sigma). Transepithelial electrical resistance
(TER) values were measured with an epithelial voltohmmeter (World Precision
Instruments) daily, to monitor the paracellular permeability to electrolytes (barrier

function), an important characteristic of secretory and absorptive epithelia.

3.1.3 3D (spheroid) culture

HAT-7 cells were grown within the gel layer of Matrigel® Basement Membrane Matrix
(Corning). For seeding at low density to obtain single cell derived colonies within the
Matrigel/, approximately 80,000 HAT-7 cells were resuspended in 160 ul Hepato-STIM®
(BD Biosciences), a commercially available epithelial selection medium, supplemented
with 10% HyClone fetal bovine serum (Thermo Scientific), 1% l-glutamine (Sigma-
Aldrich), 100 U/ml penicillin and 10 g/ml streptomycin (Bori et al., 2016). The cell
suspension was mixed with 400 pl of Matrigel and 70 pl aliquots were placed in eight
individual wells of a 24-well Nunclon Sphera low-attachment plate (Thermo Fisher
Scientific). The plate was incubated at 37°C to allow the Matrigel to solidify, and then 1
ml of the appropriate medium was added to each well. The culture medium was changed
every other day. HAT-7 spheroids were released from the Matrigel matrix with

trypsin/EDTA and resuspended in physiological salt solutions for further experiments.
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3.2 RT-gPCR
In case of HAT-7 cells, grown as monolayers, total RNA was isolated using a GeneJET
RNA Purification Kit (Thermo Scientific). Total RNA was isolated from 7-days HAT-7
spheroids using a NucleoSpin RNA XS kit (Macherey-Nagel). After RNA integrity check
(1% agarose gel), RNA was reverse transcribed using a Maxima First Strand cDNA
Synthesis Kit (Thermo Scientific). qPCR amplification was performed using either an
ABI StepOne System or QuantStudio 5 using TagMan Universal Master Mix II (Applied
Biosystems) and TaqPath qPCR Master Mix, CG (Applied Biosystems) respectively.
The following TagMan assays were used (all Life Technologies):

e TRPM7 (Rn01328216m1l)

e Slc9al/NHEI (Rn00561924 ml)

e Slc4a2/AE2 (Rn00566910_m1)

e Slc4a4/NBCel (Rn00584747 ml)

e Slc26a4/pendrin (Rn00693043 m1)

e CFTR (Rn01455971 ml)

o Kilk4 (Rn01498536 ml)

e Cldnl (Rn00581740 ml)

e (ldn4 (Rn01196224 sl1)

e Cldn8 (Rn01767199 sl1)

e Tjpl/ZO-1 (Rn02116071 sl)
For internal control acidic ribosomal protein PO (RPLPO; Rn00821065 g1) was used;
each sample was measured in technical triplicates. To calculate elative fold changes the

comparative Ct method (2724€T) was used.

3.3 Immunohistochemistry

HAT-7 cells were fixed using a solution of 95% ethanol and 5% acetic acid.
Hemimandibles were removed from 6-week-old C57BL/6 mice and fixed in 4%
paraformaldehyde, demineralized with 8% EDTA, embedded in paraffin, and sectioned
at a thickness of 5 um. Following blocking with GeneTex Trident Universal protein
blocking reagent, the tissue sections were incubated overnight at 4°C with the primary
antibody - Abcam rabbit anti-TRPM?7 (ab262698) at a 1:300 dilution. Subsequently, the

slides were incubated for 1 hour at room temperature with the secondary antibody, FITC-
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conjugated goat anti-rabbit IgG (Invitrogen, 1:400 dilution). Nuclear counterstaining was
performed using 1 pg/ml Hoechst 33342 (Sigma) for 5 minutes at room temperature. As
a negative control, non-specific rabbit IgG was applied. Imaging was carried out using a

Leica TCS SP5 (Leica) confocal microscope.

3.4 Electrophysiology

Voltage-clamp recordings were performed using the standard whole-cell configuration
with an Axopatch 200B amplifier (Axon Instruments). Micropipettes were fabricated
from borosilicate glass capillaries (Harvard Apparatus) using a P-97 Flaming-Brown
micropipette puller (Sutter Instrument). When filled with internal solution, pipettes had a
tip resistance of 3—6 MQ. The internal (pipette) solution contained (in mM): 120
CsCH4SO,4, 20 NaCl, 10 HEPES, 2 EGTA, and 0.9 MgCl,, adjusted to pH 7.2 with
NaOH. In specific experiments, the intracellular Mg?" concentration was modified to
either 3.6 mM or approximately 0 mM (nominally Mg?*-free). The standard external
(bath) solution consisted of (in mM): 140 NaCl, 2.8 KCl, 1 CaCl,, 1 MgClz, 10 HEPES,
and 11 D-glucose, adjusted to pH 7.3. Solutions were delivered via continuous perfusion
at 3 ml/min. When pharmacological agents were applied, recordings were taken after full
exchange of the bath solution.

Whole-cell currents were recorded at a holding potential of —50 mV and during 30 ms
voltage steps ranging from -100 mV to +100 mV in 20 mV increments, applied at 0.5 s
intervals. Currents were corrected for pipette and whole-cell capacitance, as well as series
resistance. Current-voltage relationships were constructed using stabilized current values
measured 10 ms after the onset of each voltage step. To normalize for cell size, whole-
cell currents were divided by membrane capacitance (typically 20-30 pF) and expressed
as pA/pF. Leak subtraction was not applied, as baseline currents at the holding potential
under unstimulated conditions remained below 0.5 pA/pF. Reversal potentials typically
ranged from —50 to —55 mV.

Data acquisition and command protocols were managed using pClamp 11 software (Axon
Instruments). Capacitative transients were compensated using analog settings, and series
resistance was accepted if it remained below five times the pipette resistance. Data were
analyzed using Clampfit 11 (Axon Instruments) and Microsoft Excel. All recordings were

conducted at room temperature.
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3.5 Ca’" imaging

For unpolarized monolayer experiments, cells were cultured on coverslips for 2-3 days.
In 3D culture experiments, spheroids were grown in Hepato-STIM medium for one week,
then released from Matrigel using 0.25% Trypsin/EDTA and seeded at low density onto
25 mm coverslips pre-coated with 0.01% poly-L-lysine (Sigma-Aldrich). Cells or
spheroids were incubated in a loading solution containing 4 uM fura-2 AM (Invitrogen),
0.08% F-127 (Sigma), and 1 mM probenecid (Invitrogen) in bath solution for 45-60
minutes at room temperature, followed by rinsing prior to calcium imaging. Coverslips
were then mounted in a custom-built open perfusion chamber on an upright fluorescence
microscope (Nikon TE600, Nikon) and continuously superfused with bath solution
composed of (in mM): 137 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES, and 10 glucose,
adjusted to pH 7.4 with NaOH. For HAT-7 monolayer experiments, Mg?>* was excluded
from the bath solution to eliminate its inhibitory effect on TRPM7 channel activity. In
certain experiments, a nominally Ca?*-free bath solution was used to assess the source of

intracellular calcium ([Ca?*];) responses.

N/

apia BS

\ basolateral BS

Figure 8. Custom made imaging chamber for Snapwell™ inserts
BS: bath soulution
In experiments involving HAT-7 cells cultured on Snapwell™ supports loading
conditions were optimized to enhance fluorescence signal. Cells were incubated with 4
uM fura-2 AM, 0.08% F-127, and 1 mM probenecid in bath solution for 75-80 minutes
at 37°C, followed by an additional 20-30 minutes in bath solution containing 1 mM
probenecid at 37°C to allow de-esterification of the dye. All solutions were applied
simultaneously to both the apical and basolateral sides. Probenecid was included to
prevent rapid fura-2 efflux. The Snapwell™ inserts were then placed into a custom-built

imaging chamber designed for separate perfusion of the apical and basolateral
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compartments (Fig. 8) and mounted on the same fluorescence microscope described
above.

Cells were illuminated alternately at 340 and 380 nm using a metal-halide lamp and an
internal filter wheel (Prior Lumen 220 Pro). Imaging was conducted using either a cooled
CCD camera (Retiga2000; QImaging) or an sCMOS camera (Prime BSI, Teledyne
Photometrics), controlled via NIS AR software (Nikon), through a water-dipping
objective (20x, NA 0.5, Nikon). The advantage of upright imaging is the reduction of
background noise caused by membrane autofluorescence. Intracellular calcium changes
were expressed as the ratio of fluorescence emitted at the two excitation wavelengths
(F340/F380), normalized to baseline. Quantification was performed by selecting a region

of interest (ROI) encompassing at least 50 cells.

3.6 Intracellular pH measurements

Real-time monitoring of intracellular pH changes was performed using microfluorometry
with the pH-sensitive fluorescent dye BCECF, as previously described (77). In brief, cells
cultured on coverslips were incubated with 4 uM BCECF-AM (Thermo Fisher Scientific)
for 30 minutes. Following loading, coverslips were placed in a chamber mounted on a
Nikon Eclipse TE200 (Nikon) inverted fluorescence microscope and continuously
superfused at a rate of 3 ml/min with the same bath solution used in patch-clamp
recordings. Fluorescence signals were recorded at 530 nm emission while alternating
excitation wavelengths between 490 nm (pH-sensitive) and 440 nm (pH-insensitive),
using a photomultiplier tube and amplifier system (Cairn Research). Data acquisition was
controlled by DASYLab software (Measurement Computing), and the fluorescence ratio
(F490/F440) was calculated every 5 seconds. Autofluorescence correction was applied at
the end of each experiment by releasing intracellular BCECF with Triton X-100. The
F490/F440 ratio values were then converted to pH using calibration data obtained via the

high K*/nigericin technique (77).

3.7 Statistical analysis

Data are expressed as mean £ SEM. Statistical significance was assessed using one-
sample Student’s t-tests, planned pairwise comparisons (paired or unpaired Student’s
two-sample t-tests), and one-way ANOVA followed by Dunnett’s post hoc test. A p-value

< 0.05 was considered statistically significant.
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4. Results

4.1 TRPM7-mediated calcium transport in HAT-7 cells

4.1.1 TRPMT7 expression in HAT-7 cells cultured as unpolarized monolayer

Quantitative gene expression analysis revealed that TRPM7 mRNA was highly
upregulated in HAT-7 cells compared to other ion transporters and channels associated
with amelogenesis, such as NHE1, CFTR, and pendrin (Fig. 9A). Immunostaining using
a polyclonal antibody targeting the intracellular C-terminal region of human TRPM7
confirmed the presence of TRPM7 protein in HAT-7 cells (Fig. 9B). In vivo, TRPM7
exhibited a similar predominantly cytoplasmic localization in mouse maturation-stage

ameloblasts (Fig. 9C).
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Figure 9. Expression of TRPM7 in HAT-7 cells and in mouse incisor. A) mRNA expression
levels of TRPM7, Slc9al/NHEI, CFTR and Slc26a4/pendrin normalized to mean TRPM7
expression in HAT-7 cells. B, C) Immunostaining of TRPM7 protein (green) in HAT-7 cells
grown on glass coverslips (B) and in maturation-stage ameloblasts (AB) from mouse incisor
(C). D) Negative control staining using non-specific rabbit IgG in maturation-stage

ameloblasts. Nuclei, blue. (207)
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4.1.2 Intracellular Ca?* response to TRPM7 activators/inhibitors

To assess whether TRPM7 channels contribute directly to Ca®" uptake in HAT-7 cells
beyond their proposed role in modulating store-operated calcium entry pathways (135)
ratiometric calcium imaging was used to directly measure intracellular Ca®" responses.
Cells were bathed a nominally Mg?**-free extracellular solution to reduce competition
between Mg?" and Ca?" for channel entry. Application of the TRPM?7 activator naltriben
(100 pM) resulted in a sustained and reversible increase in intracellular Ca**
concentration ([Ca?*]i) of 32.6 £ 3.3% (n=9, p < 0.05) (Figs. 10A & 10B). This increase
was entirely eliminated in nominally Ca?**-free extracellular environment, indicating that
the rise in [Ca®']i was attributable to extracellular Ca*" influx. Furthermore, co-
application of the TRPM?7 inhibitor NS8593 (20 uM) reduced the naltriben-induced
[Ca?']i response by 56% (n =5, p <0.01) (Figs. 10A & 10B).

In a separate set of experiments, stimulation with a different TRPM?7 activator, mibefradil
(50 uM) increased [Ca*']i by 52 + 5% (n = 12, p < 0.05) (Figs. 10C & 10D). Unlike
naltriben, this response was only partially reduced by ~60% to 20 + 2% (n= 6, p <0.004)
in a nominally Ca**-free extracellular solution, suggesting a partial involvement of
intracellular store release (Figs. 10C & 10D). Depletion of intracellular Ca** stores with
SERCA inhibitor thapsigargin (100 nM) completely abolished the mibefradil-induced
[Ca']; increase and even led to a transient decrease of 1.8 + 0.2% below baseline (n = 4,

p <0.05) (Figs. 10C & 10D).
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Figure 10. Changes in intracellular Ca** in response to TRPM7-specific activators and
inhibitors. A, B) [Ca’"];i responses evoked by naltriben (100 uM, applied at 120 s) in the
presence (n = 9) and absence of extracellular Ca’*, and in the presence of 20 uM NS8593
(applied at 0s, n = 5). C, D) [Ca*"]i responses evoked by mibefradil (50 uM, applied at 120 s)
in the presence (n = 12) and absence (n = 6) of extracellular Ca**, and following pretreatment
with 100 nM thapsigargin (n = 4). Ca’** was present in the bath solution unless the legend states
otherwise. Data are presented as representative traces of changes in fura-2 fluorescence ratio

normalized to baseline, and as mean peak values + SEM (** p<0.01, *** p<0.001). (207)

4.1.3 TRPMT7-like ion currents in HAT-7 cells

A well-established electrophysiological feature of TRPM7 channels is an outwardly
rectifying cation current - typically recorded as a Cs* current - which is enhanced by
depletion of intracellular Mg?" (103,110). Whole-cell patch-clamp recordings from HAT-
7 cells, conducted under conditions designed to suppress other ionic currents, revealed a
modest outwardly rectifying current (4.7 + 0.14 pA/pF at +80 mV, n = 14) when the

intracellular pipette solution contained a physiological Mg?* concentration (0.9 mM).
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Increasing intracellular Mg®* to 3.6 mM led to a statistically significant reduction in
current amplitude (3.6 = 0.2 pA/pF at +80 mV, n = 14, p < 0.05). In contrast, complete
removal of Mg?" from the intracellular solution caused a pronounced, approximately six-
fold increase in current (29.8 + 2.4 pA/pF at +80 mV, n = 14, p < 0.0001).

Additional evidences were gathered using two established TRPM7 inhibitors: NS8593
(132) and FTY720 (137) which were tested on the Mg**-depletion-induced currents. In
the absence of intracellular Mg?*, application of 20 uM NS8593 reduced the current
measured at +80 mV by approximately 60%, from 26.1 £3.0to 10.4 = 1.8 pA/pF (n =15,
p < 0.05) while treatment with 2 uM FTY720 produced an even greater inhibition,
reducing the current by 90% (from 31.4 + 5.2 to 3.4+ 0.8 pA/pF,n=15, p <0.001).

The stimulatory effects of mibefradil (149) and naltriben (141), were also tested: under
physiological intracellular Mg®" conditions (0.9 mM). Application of extracellular
mibefradil (50 uM) led to an approx. tenfold increase in outward current, rising from 4.0
+0.4 to 41.5 £ 9.7 pA/pF at +80 mV (n =5, p < 0.05). Increasing the intracellular Mg**
concentration to 3.6 mM significantly attenuated this mibefradil-induced current by
approx. 75%, reducing it to 10.4 + 3.6 pA/pF (n =4, p <0.05).

Application of 50 uM naltriben also significantly enhanced the outward current at +80
mV, increasing it from 2.7 + 0.3 to 26.7 = 3.5 pA/pF (n =4, p < 0.0001). This naltriben-
induced current was largely suppressed by the TRPM?7 inhibitor NS8593 (20 uM), which
reduced the current by approx. 80% to 5.2 + 0.8 pA/pF (n =4, p <0.05).

4.1.4 Effect of SOCE inhibiton on Ca?* response triggered by different TRPM7
activators

Souza Bomfim et al. (135) have recently suggested the involvement of store-operated
calcium entry in TRPM7 activation-induced Ca®" influx. Thus, responses to the TRPM?7
activators were also investigated in the presence of the SOCE inhibitor BTP2 (208).

To assess SOCE activity, HAT-7 cells were pretreated with thapsigargin in a calcium-
free extracellular solution to deplete ER calcium stores and the effect of extracellular Ca**
repletion was then measured in the presence and absence of BTP2. Pretreatment (20 uM
for 45 minutes) with and continuous application of BTP2 in the perfusate effectively
inhibited SOCE-mediated calcium influx in unstimulated cells - resulting in a 92%

reduction (n =3, p <0.001) (Figs. 11A & 11B).
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Figure 11. Changes in intracellular Ca’" in response to TRPM7 activators and the SOCE
inhibitor BTP2. [Ca’"]i responses resulted by repletion of extracellular Ca’* in ER store-
depleted cells (thapsigargin pretreatment, 100 nM, 20 min in Ca**-free bath solution), in the
presence (n = 3) and absence of BTP2 (20 uM, applied at 0's, n = 3) (4, B). [Ca*"]i responses
elicited by naltriben (100 uM, n = 4) (C, D) and mibefradil (50 uM, n = 5) (E, F) applied at
120 s in the presence and absence of BTP2 (20 uM, applied at 0 s). Data are presented as

representative traces of changes in fura-2 fluorescence ratio normalized to baseline, and as

mean peak values £ SEM (*** p<0.001). (207)
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We then evaluated the impact of BTP2 on Ca?" influx triggered by naltriben (100 uM)
and mibefradil (50 puM) in the absence of prior ER store depletion. Under normal
extracellular Ca** conditions, naltriben-induced Ca** influx was almost completely
abolished by BTP2, showing an 88% reduction (n =4, p <0.001) (Figs. 11C & 11D). In
contrast, the Ca>" influx elicited by mibefradil was completely unaffected by BTP2 (n =
5) (Figs. 11E & 11F). These findings indicate that naltriben-induced Ca** entry is largely
dependent on the SOCE pathway, whereas mibefradil-induced Ca?" influx more likely
occurs directly through the TRPM7 channel itself.

4.1.5 Effect of pH on TRPMZ7 currents and Ca?* influx

During enamel maturation, hydroxyapatite crystal formation generates large amounts of
protons, and a cyclic acidification of the enamel matrix is observed (19,29,209).
Therefore, we have also investigated the pH sensitivity of the observed TRPM7-related
[Ca?']i responses and currents.

Whole-cell recordings from HAT-7 cells showed that lowering extracellular pH to 4.3 led
to a seven-fold increase in outward current, from 6.6 + 0.7 to 48.2 + 4.6 pA/pF at +80 mV
(n = 4, p < 0.05). This acidification-induced current was reduced by about half in the
presence of the TRPM?7 inhibitor FTY720 (2 uM), decreasing to 21.8 = 1.3 pA/pF (n =
4, p < 0.05 vs. pH 4.3). A milder acidification from pH 7.3 to 6.3 - comparable to
physiological conditions in maturation-stage ameloblasts - also caused a small but
significant increase in current, from 4.3 £ 0.2 to 6.6 = 0.6 pA/pF at +80 mV (n=5, p <
0.05).

Furthermore, we have also tested the effects of both extracellular acidification and
alkalization on [Ca®']i (Fig. 12A). Acidification to pH 6.9 resulted a mild, but highly
significant decrease in [Ca*']i (10 + 1.6%, n = 8, p < 0.001), while a mild alkalinization
(pH 7.9) increased the [Ca?]i by 33 + 8% (n = 5, p < 0.05). However, such changes in
the extracellular millieau did not alter the mibefradil-triggered [Ca?']; responses (Fig.
12A).

Since cytosolic acidification disrupted the stability of the membrane-glass seal, we were
unable to study the effect of intracellular acidification on TRPM7 currents using whole-

cell recording. Hence, we were able to assess the pH sensitivity of TRPM7-mediated Ca**

45



influx using the ammonium prepulse technique, a well-established method of intracellular
pH manipulation.

Application of 20 mM NH4Cl for 2 minutes induced a transient intracellular
alkalinization, followed by rapid acidification upon NH4" withdrawal, as demonstrated
by real-time BCECF fluorescence measurements (Fig. 12C). To prevent proton extrusion
via Na"/H" exchange, extracellular Na* was subsequently replaced with the impermeant
cation NMDG", leading to a sustained intracellular acidification to approximately pH 6.4
(Fig. 12C). In separate calcium imaging experiments under the same conditions the NHa4'-
induced alkalinization caused a 35 + 4.2% increase in [Ca>"]i (n=9, p < 0.05), which was
abolished in a nominally Ca**-free extracellular solution (data not shown). The ensuing
intracellular acidification triggered a modest but significant decrease in [Ca*']i of 12 +
2% (n=6,p <0.05).

When applied under the intracellular acidification phase, both mibefradil (50 uM) and
naltriben (100 uM) significantly enhanced the TRPM7-mediated Ca** influx beyond what
was observed at normal pHi. Specifically, mibefradil increased [Ca®]i by 78 + 3.9% at
low pHi, compared to the 43 + 6% measured at normal pH; resulting an 81% relative
increase (n = 6, p < 0.05) (Fig. 12D). Similarly, naltriben induced a 46 + 16% relative
increase in Ca?' influx under acidic conditions (n = 5, p < 0.05), suggesting that
intracellular protons potentiate TRPM7 activation. In this context it is important to note
that changes in extracellular pH from 7.3 to 6.3 - mimicking physiological fluctuations at
the apical surface of ameloblasts - can also cause a moderate and reversible intracellular
acidification of 0.38 £ 0.032 pH units after 10 minutes (n = 6, p < 0.05), as measured by
BCECEF fluorescence (Fig. 12B).

In summary, these findings demonstrate functional TRPM7 channels in HAT-7
ameloblasts and suggest that, beyond modulating SOCE, TRPM7 may potentially act as

a pH-sensitive pathway for Ca** uptake.
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Figure 12. Effects of extra- and intracellular acidification on TRPM7-related ion currents
and Ca®" influx. A) [Ca’]i responses to extracellular pH changes and mibefiadil (50 uM)
(fura-2 fluorescence ratio normalized to baseline, presented as mean peak values + SEM; pHe
6.9 n=8, pHe 7.9 n=5, MIB 50 uM n=12, pHe 6.9 + MIB 50 uM n=6, pH. 6.7 + MIB 50 uM
n=5, *** p < 0.001; * p < 0.05); B) Effect of extracellular acidification (pH 6.3) on
intracellular pH measured by microfluorometry (BCECF, representative trace) C)
Intracellular pH changes in response to an NH4Cl pulse (20 mM) and a subsequent
extracellular Na* removal measured by microfluorometry (BCECF, representative trace). D)
Mibefradil-evoked Ca’" response in acidic intracellular conditions measured by Ca’* imaging
(fura-2, representative trace; data are presented as changes in fura-2 fluorescence ratio

normalized to baseline). (modified from (207))

4.1.6 Polarization of TRPM?7 activity in HAT-7 cells
To determine the functional polarization of TRPM7 channels, we used HAT-7 cells

cultured on Transwell membranes under differentiating conditions as previously reported
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by Bori et al (77). For calcium imaging experiments a custom-made chamber was
constructed (Fig. 8), that enabled the separate perfusion of apical and basolateral surfaces
of Snapwell™ inserts under an upright fluorescent microscope.

Similarly, to previous experiments, fura-2 ratiometric calcium imaging was used to
directly measure intracellular Ca*>" responses. Mibefradil (50 uM) was applied separately
either on the apical or on the basolateral side. Stimulation on the apical side increased
[Ca®']i by 20.1 £ 1.8% (n=4, p <0.002) (Figs. 13A & 13B), while no significant increase
was observed by basolateral application suggesting that TRPM7 channels are functionally

present primarily on the apical side (apical v. basolateral, n=4, p < 0.001).

A B
= MIB 50 uM o peak
81307 g 81267 wex,
S 1.25- S 1.20; s
o 1:207 : ©1.15-
= 1.15- =P
2 1.10- a1
T 1.05- £1.057
o 1.00--% S 1.00-
8 1 1 1 ' 1 1 1 ° BL AP
Q Q Q Q Q Q
PR AV PP

Time (sec)
Figure 13. Changes in intracellular Ca’* in response to polarized application of TRPM7
activator A, B) [Ca®*]i responses evoked by mibefiadil (50 uM, applied either apically (AP,
n=4) or basolaterally (BL, n=4) Data are presented as representative traces of changes in fura-

2 fluorescence ratio normalized to baseline, and as mean peak values + SEM (*** p<0.001,

unpaired t-test).

4.2 Purinergic and cholinergic signalization in 3D cultured HAT-7 cells

4.2.1 3D culture of HAT-7 cells

Cells suspension (Hepato-STIM media) of HAT-7 cells were mixed with Matrigel matrix
and seeded in low-attachment plate wells. Spheroid development was monitored over a
period of two weeks. After three days of culture a multicellular spherical appearance was
observable and many spheroids reached 100 pum in diameter within one week (210).

Interestingly, further prolongation of culturing period resulted in signs of disintegation.
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For further experiments, spheroids grown for one week in Hepato-STIM media were

used.

4.2.2 Transporter expression profile of HAT-7 cells in 3D culture

RNA expression levels of several tight junction proteins (claudin 1, 4, 8, and ZO-1),
electrolyte transporters (NHE1, AE2, NBCEel, pendrin, CFTR) as well as maturation-
stage ameloblast marker KLLK4 were compared between 2D monolayer and 3D culture
conditions. KLK4 had the highest expression level in spheroids, also the increase was
approximately 70-fold compared to the monolayer culture. Spheroid cultures showed
significant downregulation of tight junction proteins claudin-1, claudin-4, and ZO-1, with
a concomitant increase in claudin-8. Among HCO3" transporters, pendrin (SLC26A44) and
CFTR were significantly reduced, while minor decreases in NHEI, AE2, and NBCel

expressions were not statistically significant.

4.2.3 Intracellular calcium responses to purinergic and cholinergic stimuli
Previous studies have shown that electrolyte secretion of HAT-7 cells in 2D culture is
activated by agonists known to mediate their effects by elevating intracellular cAMP and
Ca*", such as forskolin and ATP, respectively (77). To test the presence of purinergic
signalization in the spheroids, we measured the intracellular Ca** concentration [Ca®']; in
response to purinergic agonists ATP (50 uM) and UTP (50 pM). Both ATP and UTP
induced similar biphasic Ca*" responses consisting of an initial transient peak and a
sustained component provided that external Ca** (2 mM) was present. The absence of
external Ca?*, however, resulted only in transient Ca’>" responses for both agonists,
suggesting that a Ca®" influx from the extracellular space caused the sustained component
(Figs. 14A-C). Since UTP does not stimulate ionotropic P2X receptors, we speculate that
Ca?" entry was due store-operated Ca”* channels (SOCCs) activated by the depletion of
intracellular Ca?" stores.

Acetylcholine (ACh) has been reported to evoke [Ca?']i increase in freshly isolated rat
ameloblasts (63). In our experiments, however, ACh analog, carbachol (100 uM), did not
elicit [Ca*']i reponse (Fig. 14D) suggesting that neither muscarinic nor nicotinic

functional ACh receptors are expressed in HAT-7 spheroids.

49



o ATP 50 uM o UTP 50 uM
%5- 2+ %5- 2+
w —— 2mM Ca w —— 2mMCa
< 4 — 0mM Ca® Q 4- —— 0mM Ca®
° ©
-53— _03_
() [}
12 v
£ g7
1 S 1
c <
L — T T T T ™
O 0O O O O O O
NI SR S R
Time (sec) Time (sec)
C D
o 8 CCh 100 uM ATP 50 uM
3 0 3
= L
o o
Y <
0 ™
L |_|_2
© - 47
2 3
© ©
£ £
2 14 S 1
EOENSEN N 0 180 360 540 720 9001080
R KR R .
‘%\ ?6 N \‘3& Time (sec)

Figure 14. Intracellular Ca** responses of HAT-7 spheroids to different purinergic agonists
and charbachol (A-C) Changes in [Ca**]i in response to 50 uM ATP (n = 5) and 50 uM UTP
(n = 3) in the presence and absence of extracellular calcium. Peak values (C) presented as
means + SEM (no significant difference). (D) Effect of carbachol (100 uM, n = 3) on [Ca*']..
A subsequent ATP stimulus was introduced to test the responsiveness of the spheroids. Panels

show representative traces. Data are presented as changes in fura-2 fluorescence ratio

normalized to baseline. (210)

50



5. Discussion

5.1 TRPM7-mediated calcium transport in HAT-7 cells

Our studies demonstrate abundant TRPM7 expression in HAT-7 cells at both mRNA and
protein levels. These findings align with previous reports demonstrating high TRPM7
expression in ameloblasts and odontoblasts compared to other tissues (71), and a
progressive increase in TRPM7 expression during ameloblast differentiation toward the
maturation stage (72). Considering the recent classification of TRPM7 as a functional

intracellular TRP channel (107), its predominant cytoplasmic localization is not suprising.

2
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Figure 15. Proposed model for TRPM7-mediated Ca’* entry in HAT-7 cells (207)

Transcellular Ca™ transport towards the enamel space by ameloblasts requires Ca?* uptake
at the basolateral membrane to offset apical efflux. Similarly to what was reported in other
cell types (133,140), TRPM7 activators significantly enhanced [Ca®']i in HAT-7 cells.
Naltriben (141) induced a pronounced rise in [Ca*'];, which was abolished in Ca**-free
conditions, suggesting a potential role for TRPM7 in Ca?* influx. However, the practically
complete inhibition of this response by the SOCE blocker BTP2 indicates the
involvement of ORAI channels, consistent with previous findings by Souza Bomfim et
al. (Fig. 15) (135).

Our results are in line with studies in genetically modified mouse reporting distinct roles
for the channel and kinase functions of TRPM7 in hard tissue mineralization (72). In the
Trpm7 “knase*mouse model, created by replacing exons 32-36 with a Neo cassette,
reduced Mg?" transport to bone (159) and enamel matrix (72) was observed, reflecting

impaired TRPM7 channel function. Notably, mineralization defects in these mice were
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more severe than in mice harboring a point mutation (TRPM7-KR) in the kinase domain
with preserved channel activity (71). These findings suggest that TRPM7 contributes not
only to SOCE-related Ca** transport but may also directly mediating Ca?* influx through
its channel function.

Another TRPM7 activator mibefradil (149), that is also a known blocker of voltage-gated
Ca?' channels, similarly triggered an increase in [Ca**].. Notably, this mibefradil-induced
Ca?" influx was unaffected by the SOCE inhibitor BTP2, suggesting that TRPM7 may
mediate a Ca®" entry pathway independent of store-operated mechanisms (Fig. 15).
Furthermore, our results indicate that mibefradil not only promotes Ca®* influx from the
extracellular space but also mobilizes Ca** from intracellular stores. These findings are
highly consistent with a recent report proposing that mibefradil elevates [Ca®']; via a
phospholipase C-IP3 receptor (PLC-IPsR)-mediated signaling pathway (150).
Additionally, we found that mibefradil caused a slight decrease in [Ca>]; in cells pre-
treated with thapsigargin. This aligns with recent findings in endothelial and HK-2
epithelial cells, where mibefradil was shown to reduce ER Ca** leak following SERCA
inhibition (211).

In our patch-clamp experiment performed in whole-cell configuration, depleting
intracellular Mg?" in HAT-7 cells triggered outward currents that were suppressed by
established TRPM7 inhibitors NS8593 (132) and FTY720 (137), consistent with the
known characteristics of TRPM7 (133,212). These findings further support the presence
of functionally active TRPM7 channels in HAT-7 cells. The TRPM?7 activators naltriben
and mibefradil elicited similar outward currents, which were substantially attenuated by
NS8593 and elevated intracellular Mg®". Notably, the extracellular solution in our
experiments contained divalent cations, which likely prevented the inward currents
commonly reported under divalent-free conditions (133,212).

Chubanov et al. suggested that two distinct types of TRPM7 activators exist: type 1
activators like naltriben, which stimulate the channel independently of intracellular Mg**
levels, and type 2 activators like mibefradil, which are effective primarily under
conditions of low intracellular Mg?* (127). When intracellular Mg?" is depleted, TRPM?7
may operate as a divalent cation-permeable channel, a role that mibefradil appears to
mimic. Faouzi et al. proposed that TRPM7-mediated Ca® influx is critical for

maintaining ER Ca*" stores in resting lymphocytes and for their replenishment following
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Ca?' signaling (98). They also emphasized the importance of TRPM7 kinase domain in
regulating SOCE, a mechanism that may extend to ameloblasts. Also, in splenocytes of
kinase-inactive mutant (TRPM7 KR) mice, SOCE was enhanced under resting conditions
but suppressed upon activation (213).

Souza Bonfim et al. have recently advocated, that the [Ca®"]; rise in response to mibefradil
is the result of ER store release through the PLC-IP3R signalization. In our experiments,
the ER release related [Ca®]i component of mibefradil-triggered response was relatively
small and inhibition of SOCE by BTP2 did not modulate the effect of mibefradil,
suggesting the presence of a store-independent mechanism (Fig. 15). It is important to
note that BTP2 largely inhibits ORAIl and ORAI2 isoform (214) and ameloblast cells
have shown to express also considerable amount of ORAI3, especially in maturation stage
(35). However, further research is needed to clarify the seemingly different mechanisms
by which naltriben and mibefradil exert their effects on [Ca*"]; (Fig. 15).

Overall, these data suggest a complex, but rather unclear relationship between TRPM7
channel and the store-operated calcium entry. Similar connection was reported for other
members of the TRPM family (215). Most authors hypothesize, that TRPM7 can
modulate SOCE, primarily through indirect mechanisms such as phosphorylation of
SOCE components via its enzymatic domain or by promoting mitochondrial Ca**
accumulation (98,135,213,215).

Hydroxyapatite crystal formation during enamel matrix mineralization yields a
substantial amount of protons, resulting in extracellular acidification (19,29,209). To
promote enamel maturation, ameloblasts neutralizes this acidity through the coordinated
activity of multiple acid-base transporters (19,29,77). Thus, local pH fluctuations are
likely to modulate both Ca?" uptake and secretion by ameloblasts.

TRPM?7 channels are known to respond to both intra- and extracellular pH changes
(108,110). In our study, extracellular acidification enhanced outward currents but had no
effect on inward currents. By contrast, in HEK-293 cells overexpressing TRPM7,
acidification increased both current directions (108). Notably, that study was conducted
in the absence of extracellular Mg?*, thus the lack of proton-induced inward currents in
HAT-7 cells is potentially attributable to the presence of physiological Mg?" levels in our

experimental conditions.
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In calcium imaging experiments of intact cells, the acidification of the extracellular

millieau to pH 6.9 did not increase the mibefradil-evoked [Ca*"];

response. This may be
due to the mild pH decrease having little effect on Ca®" influx. Alternatively, slight
increase in Ca®" entry was outweighed by significant stimulation of Ca?* efflux. The latter

would be consistent with the observed decrease of [Ca*'];

in response to decreased pHe.
PMCA is potential mediator of this process since it extrudes Ca®’ ions against its
electrochemical gradient in exchange of protons (42). Recently, Bonfim et al. reported a
similar observation of PMCA-mediated [Ca®']i modulation in response to pH. changes in
primary culture of secretory and maturation ameloblasts (47).

We speculated that during enamel formation cyclical changes in extracellular pH at the
apical membrane might potentially modulate Ca*" uptake through basolateral TRPM?7
channels in ameloblasts by influencing the intracellular pH. Indeed, in our experiments,
extracellular pH of 6.3 — similar to what was observed in the apical surface of ameloblasts
- caused a moderate and reversible intracellular acidification. Similar effect of
extracellular pH was observed in rabbit lens epithelial cells (216). While direct
electrophysiological assessment of intracellular pH effects was not feasible, our
ammonium pulse experiments showed that intracellular acidification significantly
enhanced Ca*" influx triggered by both naltriben and mibefradil. Although this
observation seems to contradict earlier findings that cytosolic acidification inhibits
TRPM?7 currents in Mg?* -free conditions (100,106,110), it may be explained by the
shared inhibitory site for protons and Mg?" on TRPM7 (110). We hypothesize that, in
intact cells, acidification reduces Mg?" -mediated inhibition, thereby activating TRPM7
and promoting Ca" entry, whereas in Mg?" -free patch-clamp conditions, proton binding
alone suppresses channel activity. However, in a recent report NSAID-induced cytosolic
acidification reversibly inhibited TRPM7 currents also in the presence of intracellular
Mg?" (217). It is also worth noting, that intracellular acidification protocol itself may also
influence free [Ca**]i in intact cells. This can occur through reduced Ca?" efflux due to
the removal of extracellular Na*, particularly in cells expressing Na*/Ca®" exchangers
(49). Additionally, a drop in intracellular pH may alter the free intracellular levels of Ca®*
and Mg?" by modulating their intracellular buffering by proteins (34) or ATP (218,219).
Our findings support the presence of functional TRPM7 channels in HAT-7 ameloblast

cells, which may contribute to Ca®" uptake depending on both intra- and extracellular pH
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(Fig. 15). Based on data presented above, it was reasonable to assume that TRPM7 may
play a role in the transport of divalent cations during amelogenesis, potentially as a
distinct, pH-sensitive Ca®" entry pathway on the basolateral membrane of the ameloblasts.
To further elaborate this theory, we performed a series of calcium imaging experiments
on HAT-7 cells cultured as polarized monolayer (77) using a custom-made chamber that
enabled us to apply the activators/inhibitors to the apical or basolateral side separetly. In
our experiments, mibefradil-elicited [Ca®']; response was only observable by the apical
administration, suggesting a functional polarization of TRPM?7 to the apical membrane.
The precise subcellular localization of TRPM7 is still unclear. Most studies using
immunfluorscent techniques observed strong cytoplasmic TRPM?7 staining. More
recently, TRPM?7 has been shown to be abundantly present in intracellular vesicles as
well (107). The role of TRPM7 in amelogenesis is not well understood. It is ubiquitously
expressed throughout the body, and homozygous deletion of its kinase domain results in
embryonic lethality (161). In the heterozygous kinase deleted mice model, reduced Mg?*
transport to both bone (159) and enamel matrix (72) was observed, reflecting the impaired
TRPM7 channel function. In mice harboring a point mutation in the kinase domain with
preserved channel activity, the mineralization defects were the less severe (71). It is also
speculated that TRPM7 may be involved in Mg**/Ca®" uptake that is required for the
proper function of tissue-nonspecific alkaline phosphatase (APLP) (72). A recent study
using epithelial cell-specific conditional TRPM7 knockout mice (173) reported defective
enamel mineralization, characterized by reduced calcium and phosphorus levels but
unchanged magnesium content in the enamel matrix - pointing to a more significant role
for TRPM?7 in calcium-related processes. However, the observed predominantly apical
TRPM?7 activity suggests that TRPM?7 is unlikely to directly mediate transcellular Ca**
transport during amelogenesis in our polarized HAT-7 ameloblast model.

We used an ameloblast-like cell line model for the amelogenesis related transport
processes. Such model system harbors many known limitations including the
discrepancies between cellular environments in vitro and in vivo (e.g. cell-cell, cell-matrix
interactions), the alterations between the gene expression in primary and immortalized
cells and the genetic drift during the consecutive passaging (191) that also constrains the
validity of our conclusions. Although we believe that, these findings may contribute to

the understanding of calcium transport during enamel formation. Nonetheless, further
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studies are warranted to better perceive the role of ameloblasts in ion transport during

amelogenesis.

5.2 Purinergic and cholinergic signalization in 3D cultured HAT-7 cells
To support the growth of HAT-7 cells in a 3D configuration, we employed Hepato-STIM
medium supplemented with fetal bovine serum. This specialized medium is known to
help maintain epithelial cell characteristics (220-222). Although initially developed for
hepatocyte culture, Hepato-STIM has also been successfully applied to the growth of
primary human salivary epithelial cells and lacrimal acinar cells (223).

We also used Matrigel as a scaffold to induce and promote spheroid formation by HAT-
7 cells. Matrigel is a basement membrane derivative extracted from Engelbreth—Holm—
Swarm mouse sarcoma cells, used extensively to establish spheroid and organoid cultures
from various epithelial tissues including intestinal epithelial cells (224), pancreas
(225,226), lacrimal glands (223,227) and salivary glands (204,220,228).

Matrigel’s effect is thought to rely on of three key factors: i) it provides anchoring
molecules, such as the Arg-Gly-Asp (RGD) sequence, which facilitate cell adhesion ii) it
possesses an optimal stiffness that supports cell encapsulation and structural integrity and
iii) it contains laminin-111, a key extracellular matrix component that independently
delivers biological signals essential for spheroid and organoid formation and growth
(224).

Previous studies have shown that porcine and human ameloblast-lineage cells form
spherical, acinar-like structures resembling enamel pearls when cultured in Matrigel.
Moreover, when ameloblast-lineage cells (202) or epithelial cells derived from human
embryonic stem cells (229,230) are pre-cultured in Matrigel and then co-cultured with
dental mesenchymal cells, they can give rise to tooth-like structures. Similarly,
embedding mouse dental epithelial stem cells isolated from the posterior region of the
incisor cervical loop in Matrigel also leads to spheroid formation (231). Using a 3D on-
top culture approach and growth factor-reduced gel substrate (Geltrex), HAT-7 cells
exhibited preferential elongation along the Z-axis, forming clusters of tall cells in the
presence of ameloblastin or amelotin (179), consistent with observations in other
ameloblast cell lines, such as ALC and LS8, under similar culture conditions (180). Our
current achievement in reliably generating 3D HAT-7 spheroids using Hepato-STIM

medium and a Matrigel matrix aligns well with these findings.
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HAT-7 cells expressed tight junction proteins ZO-1, claudin-1, claudin-4, and claudin-8
at the mRNA level, regardless of whether they were cultured on porous Transwell inserts
or within a 3D Matrigel matrix. When PCR results were normalized to the 2D culture
condition, claudin-8 expression was elevated in spheroids, whereas ZO-1, claudin-1, and
claudin-4 were downregulated. These findings are consistent with previous reports
showing expression of claudin-1, -4, and -8 in maturation-stage ameloblasts (232,233).
Notably, the expression of the maturation-stage ameloblast marker Klk4 was markedly
increased, further suggesting a phenotypic transition toward the maturation stage during

3D spheroid formation (234,235).

Several electrolyte secreting epithelia are known to be regulated through purinergic or
adrenergic signalization (236,237). Previous studies have shown that electrolyte secretion
of HAT-7 cells in 2D culture is activated by agonists known to mediate their effects by
elevating intracellular cAMP and Ca®", such as forskolin and ATP (77). Moreover,
Nurbaeva et al. proposed that transcellular movement of Ca®* in ameloblast involves G-
protein coupled receptors and consequent Ca’* release from the ER stores near the apical
surface, potentially modulated by acetylcholine and/or ATP (63). In light of this data, we
investigated GPCR-driven calcium signaling in HAT-7 spheroids. Adenosine activates
P1 purinergic receptors, while extracellular nucleotides such as ATP, ADP, UTP, and
UDP target P2 receptors, which are subdivided into ionotropic (P2X) and metabotropic
(P2Y) subtypes. In the presence of extracellular Ca?", both ATP and UTP triggered
biphasic Ca®" responses in HAT-7 spheroids, indicating activation of metabotropic P2Y?2
and/or P2Y4 receptors (238). Isolated secretory and maturation ameloblasts expressed
mRNA for both receptors, with P2ry2 being significantly upregulated during maturation
(63). P2Y receptors have also been shown to regulate the Ca®>" extrusion pathway
mediated by NCKX4 (239), a transporter essential for enamel maturation (20). Since UTP
does not activate P2X receptors, the sustained phase of Ca** elevation is likely mediated
by store-operated Ca** channels. Supporting this, Nurbaeva et al. demonstrated that ATP
strongly induces store-operated Ca>" entry in maturation-stage, but not secretory-stage

ameloblasts (63).
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6. Conclusions

1.

HAT-7 ameloblast cells showed strong TRPM7 expression at both mRNA and
protein levels.

TRPM?7 activators mibefradil and naltriben elicited Ca®" influx that was further
potentiated by intracellular acidification, suggesting the functional presence and
pH sensitivity of TRPM7 channels in unpolarized HAT-7 cells.

HAT-7 cells exhibited TRPM7-like transmembrane ion currents measured in
whole-cell configuration of voltage clamp experiments. The currents were
responsive to both stimulation and inhibition of TRPM?7 channels, as well as were
potentiated by extracellular acidification.

In polarized HAT-7 cells mibefradil elicited a polarized Ca®* response, suggesting
that functional TRPM7 channels are present predominantly in the apical
membrane.

Spheroid (3D cultures) of HAT-7 cells showed intracellular Ca** responses
characteristic to metabotropic P2Y2 and/or P2Y4 receptors, while there was no

evidence of functional muscarinic or nicotinic ACh receptors.

In summary, HAT-7 ameloblast cells abundantly express functional TRPM7 channels.

Under specific conditions, these channels possess Ca?* conductance that is sensitive to

changes in extra- and intracellular pH suggesting a potential connection between

environmental pH changes and Ca®" transport during amelogenesis. In HAT-7 cells

cultured as a polarized monolayer, mibefradil-evoked Ca?" signal is localized to the apical

membrane suggesting polarized distribution of TRPM?7 channel proteins. HAT-7 cells

cultured as spheroids exhibited functional metabotropic purinergic signaling, whereas no

evidence was found for the presence of functional cholinergic receptors. These findings

suggest that HAT-7 ameloblast cells could serve as a suitable model for investigating

calcium transport mechanisms during amelogenesis.
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7. Summary

Enamel, the most highly mineralized tissue in the human body, covers the crown of teeth
and provides mechanical resilience during mastication. It is formed by specialized epithelial
cells, the ameloblasts, which disappear after eruption, leaving enamel acellular, avascular,
inert, and non-regenerative. Since Ca®" is the predominant mineral component, one of the
key functions of ameloblasts is Ca®" transport to the mineralization front. Although several
channels and transporters have been identified, the precise mechanisms of Ca** transport
during amelogenesis remain largely unresolved. TRPM7, a channel with a known role in
Ca?", Zn**, and Mg?" homeostasis, is abundantly expressed in ameloblasts, and TRPM?7
deficiency leads to enamel hypomineralization.

Because ameloblasts are lost after eruption, functional modeling of transport dynamics
requires in vitro model systems. HAT-7 ameloblast cells, previously shown to form
polarized monolayer with vectorial bicarbonate transport, were therefore used to investigate
the role of TRPM7 in Ca*" transport. This thesis focused on: (1) identifying the functional
presence, Ca?* conductance, and pH sensitivity of TRPM7 in HAT-7 cells, and (2)
examining purinergic and cholinergic receptor activity in 3D cultures of these cells.
HAT-7 cells expressed TRPM?7 at both mRNA and protein levels and displayed TRPM7-
like transmembrane currents in whole-cell patch-clamp recording. sensitive to extracellular
acidification. TRPM7 activators (mibefradil and naltriben) induced Ca*" influx, which was
further enhanced by intracellular acidification, indicating functional and pH-sensitive
TRPM?7 channels in unpolarized cells. In polarized monolayers, mibefradil evoked Ca**
responses predominantly at the apical membrane, suggesting polarized distribution of
TRPM?7 proteins. In 3D spheroid cultures, HAT-7 cells exhibited purinergic Ca?* signaling
characteristic of P2Y2/P2Y4 receptors, whereas no functional muscarinic or nicotinic
acetylcholine receptors were detected.

Taken together, HAT-7 cells abundantly express functional TRPM7 channels with Ca**
conductance modulated by intra- and extracellular pH. This suggests a potential link
between environmental pH changes and Ca®* transport during amelogenesis. Therefore,
HAT-7 ameloblasts, cultured as unpolarised, polarized or 3D speroid culture could serve as
a physiologically relevant in vitro model for investigating ion transport mechanisms in

enamel formation.
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8. Osszefoglalo

A zoméanc az emberi szervezet leginkabb mineralizalt szovete, amely a biztositja fogkorona
mechanikai ellenallasat a ragas soran fellépd erdkkel szemben. A zomanc kialakulasaért
specializalt hdmsejtek az ameloblasztok feleldsek, amelyek a fog elétorése utan eltiinnek,
igy a zomanc acelluléris, inaktiv és nem regeneralod6d szovet. Mivel a zomanc {6
alkotoeleme a kélcium, az ameloblasztok egyik legfontosabb feladata a Ca®" transzportja a
mineralizacio helyére. Béar szamos Ca’"-forgalomban résztvevé ioncsatornat ¢és
transzportert azonositottak ameloblasztokon, a transzport pontos mechanizmusa nem
ismert. A Mg?"- Ca®'-, és Zn?"-homeosztazisban szerepet jatsz6 TRPM7 bdségesen
expresszalodik  ameloblasztokban  ugyanakkor a TRPM7 hidnya zomadanc-
hipomineralizacibhoz vezet. Az amelogenezis transzportdinamikdjanak vizsgalatara a
HAT-7 ameloblaszt sejteket valasztottuk, amelyekrdl kordbban kimutattuk, hogy képesek
vektorialis bikarbonat-transzportra. A dolgozat két kutatési irany eredményeit ismerteti: (1)
a TRPM7 funkcionalis jelenlétének, Ca’*-vezetSképességének és pH-érzékenységének
azonositasa HAT-7 sejtekben, valamint (2) purinerg és kolinerg receptoraktivitas vizsgélata
ezen sejtek 3D kultaraiban.

A HAT-7 sejtekben a TRPM7 mRNS- ¢és fehérjeszinten is expresszalodott, é&s TRPM7-re
jellemzd, extracellulari acidifikaciora érzékeny transzmembran aramokat mértiink whole-
cell patch-clamp technikdval. A TRPM?7 aktivatorok (mibefradil és naltriben) Ca?*
bearamlast indukaltak, amit az intracellularis acidifikacid tovabb fokozott, jelezve a
TRPM?7 csatorndk funkciondlis jelenlétét és pH-érzékenységét. Polarizalt monolayer
kulturaban vizsgalva elsdsorban az apikalis mibefradil valtott ki Ca?* valaszt, ami a TRPM7
funkciondlis polarizacigjara utal. A Matrigel segitségével létrehozott 3D szferoid
kultirakban a HAT-7 sejtek P2Y2/P2Y4 receptorokra jellemzé purinerg Ca?* valaszt
mutattak, mig miikodé muszkarinos vagy nikotinos acetilkolin receptorok jelenlétét nem
sikeriilt kimutatni.

Osszességében megallapithatd, hogy a HAT-7 sejtek nagy mennyiségben expresszalnak
funkciondl6 TRPM?7 csatornakat, amelyek érzékenyek az intra- és extracellularis pH
valtozésaira, ezaltal kapcsolatot jelenthetnek a zomanc érése sordn zajlo extracellularis pH-
véltozasok és a Ca®" transzport kozott. Az eredmények alapjan a HAT-7 sejtek - nem
polarizalt, polarizalt vagy 3D szferoid kultiraban - élettanilag relevans in vitro modellként

szolgéalhatnak a zomancképzddés iontranszport-mechanizmusainak vizsgalatara.
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