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Preface

Once upon a time, in Italy, I was in a traditional restaurant. I asked for a plate of
spaghetti. The waiter brings a plate of long and thin, cylindrical spaghettis, forming
something that was very similar to a collagen network. This reminds me of the dense
collagen network of the intertubular dentin and intermingled scaffold in bone. Then,
the waiter brings me tomato sauce and he mixed the two components. The tomato
sauce glued to the surface of the collagen pasta. Finally, the waiter brings the
Parmigiano. He spread the cheese on the pasta as crystal-like seeds, adhering to
the surface of the collagen coated with the tomato sauce. Then, being a dental
surgeon, I recognize the three major components of the intertubular bulk of the
dentin-like structure and also of the bone-like structure: the collagen network, coated
by the tomato sauce, and bearing at the surface of the noddle the mineral crystals,
similar to the initial nuclei of apatite formation. I was not alone in this restaurant, and
my fellow traveler mixed the spaghetti into a pile, and this reminded me of the wavy
structures of mineral crystals that form tooth enamel.

The roles of extracellular matrix components in tooth and/or tooth-supporting
tissue (alveolar bone) are crucial to mineral formation, and this is the main topic of
the present book. These components have a regulatory role, some of these complex
proteins being either promoter of mineralization, whereas others act as inhibitors
or/even display both functions. In addition, some ECM molecules behave as growth
factors or transcription factors. These molecules in bone and calcified cartilage play
structural and regulatory roles.

ECM constitutes between 5 and 30 percent of the mineralized tissues, and the
mineral forms between 70 and 90% of the tissues. Collagen expression is an essential
matrix component of all calcified tissues, except it does not participate in enamel
structure. Collagens form a microenvironment that facilitate the initiation, needle-
like formation, and growth of hydroxyapatite crystallites within calcified tissues. It is
obvious that ECM components have a crucial role in bone and teeth mineralization.
ECM limits or regulates the mineralization process.

Metalloproteinases play role in ECM turnover, as well as TIMPs and other matrix
molecules. Molecular cleavage allows complex structures such as dentin
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sialophosphoproteins (DSPP) to become three major sub-components: dentin phos-
phoproteins (DPP), dentin sialoprotein (DSP), and dentin glycoprotein (DGP). The
spliced molecules after fragmentation become functional and play crucial factors for
the potential role of ECM.

A series of non-collagenous proteins phosphorylated (phosphophoryn, DMP-1,
osteopontin, dentin MEPE, and sialophosphoprotein) and/or non-phosphorylated
molecules (osteocalcin, SLRPs) are the consecutive elements of the mineralized
tissues. They are reviewed in the chapters written specifically by qualified authors. I
thank them warmly for their superb contribution.

In enamel, which is uniquely different from all other mineralized tissues, extra-
cellular matrix proteins (amelogenin, ameloblastin (AMBN), amelotin, enamelin,
heparin-binding domains, CD63-interaction domains, are matrix proteins that influ-
ence crystal growth. Proteolytic processing of amelogenin by MMP20 and Klk4
allows the growth of crystals during the secretory stage and also later, during enamel
maturation.

Collagens, SIBLINGs, non-phosphorylated matrix proteins, SLRPs, enamel pro-
teins, growth and transcription factors, MMPs proteolytic enzymes, are the specific
topic of the different chapters of the present book that is devoted to extracellular
matrix molecules and their role in biomineralization.

We thank the authors who agreed to share their skill to write their different
chapters in due time. And first of all, I wish to express all my gratitude to my
co-editor Pamela DenBesten who is an efficient co-worker, also giving me advice
and correcting my language mistakes. We have a long-standing collaboration,
publishing together articles, chapters, and now the present book, covering the
complex field of ECM and mineralization.

Paris, France Michel Goldberg
March 2021
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Chapter 1
Structure of Collagen-Derived Mineralized
Tissues (Dentin, Cementum, and Bone)
and Non-collagenous Extra Cellular
Matrix of Enamel

Yukiko Nakano, Pamela DenBesten, and Michel Goldberg

Abstract Most of the human body’s biomineralization is due to collagenous extra-
cellular matrix (ECM) of such as dentin, cementum, bone, and cartilage (lacking in
mature dental tissues). The ECM of these tissues is formed by mesenchymal cells,
odontoblasts, cementoblasts, osteoblasts, and at some specific period by
chondrocytes. When these tissues are fully formed, ECM and cellular components
remain in the matrix to provide bioreactivity via occasional modeling and
remodeling.

Unlike the mesenchymally derived mineralized tissues, the ECM of dental
enamel is non-collagenous and synthesized by epithelial cells (ameloblasts). Miner-
alization of the enamel matrix is unique in that it ends in removing the majority of the
organic matrix. This process makes the enamel matrix highly mineralized. Fully
formed enamel is an acellular structure that covers the erupted tooth crown.

1.1 Mineralization in Collagen-Derived Tissues

1.1.1 Matrix Vesicle (MV) Initiated Mineralization

MVs are extracellular vesicles with  100 nm in diameter and are located at sites of
initial mineralization of collagen-derived tissue (cartilage, bone/osteoid, cementum,
and predentin). They are derived from osteoblasts, chondrocytes, odontoblasts, and
cementoblasts as a type of extracellular microparticles. Condensed calcium and
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phosphate in the MVs initiate the formation of hydroxyapatite (HAp) crystals in
ECM (phase 1). As the crystals grow and extend, they perforate the membrane of
MVs. The forming HAp crystals are then extruded from MVs, and merge with other
mineral needles, expanding to form mineralized areas (phase 2). Phase 1 is the
initiation of the mineralization within MVs, regulated by the molecules, including
pyrophosphatase and calcium-binding molecules (annexin I, phosphatidylserine).
During phase 2, HAp crystals are released through the MV membrane. Crystals are
exposed to extracellular fluids containing Ca2+ and PO43�, and support the contin-
uous crystal proliferation, on performed crystals serving as nuclei (template) for the
formation of new crystals (Anderson 1995, 2003).

Though the mechanisms of formation and release into the ECM are not entirely
understood, the composition of MVs is similar to the plasma membrane of cells.
Currently, MVs are thought to be formed either within corresponding cells
containing amorphous calcium phosphate or by budding/blebbing of the plasma
membrane of the cells. The ultrastructural observation supports both possibilities
indicating subtypes of MVs (Boonrungsiman et al. 2012; Chaudhary et al. 2016;
Garces-Ortiz et al. 2013; Thouverey et al. 2009). The difference in the formation
mechanisms likely reflects the functional stage of the cells or the role of MVs.

Further recent studies demonstrate the similarities of proteins and lipids compo-
nents in MVs and exosomes, suggesting the contribution of the endosomal pathway
in the formation of MVs (Wuthier and Lipscomb 2011). The similarities of molec-
ular profile between exosomes and MVs also indicate possible roles of MVs in
extracellular signaling besides their roles in mineralization.

MV-associated ECM proteins are the following: Type VI and X collagens,
proteoglycans and aggrecan, fibrillin �1 and �2. Also included are a series of
annexins (A5, A6, A2, A1, A11, and A4), and enzymes (tissue-nonspecific alkaline
phosphatase (TNAP), nucleotide pyrophosphate phosphodiesterase, PHOSPHO-1,
acid phosphatase, lactate dehydrogenase, carbonic anhydrase, phospholipases A, C,
sphingomyelinase) (Wuthier and Lipscomb 2011). MVs also include a series of
proteins: osteopontin (OPN), bone sialoprotein (BSP), matrix extracellular
phosphoglycoprotein (MEPE), dentin matrix protein (DMP), and dentin sialoprotein
(DSP), which are components of a group of non-collagenous extracellular
mineralization-regulating proteins termed SIBLING (small integrin-binding ligand
N-linked glycoprotein) proteins. These proteins share a conserved arginine-glycine-
aspartic acid (RGD) motif, which mediates their cell attachment and signaling
functions (Anderson 1995; Anderson 2003; Wuthier and Lipscomb 2011).

1.1.2 Collagen and Extracellular Matrix (ECM)
Proteins-Derived Mineralization

Matrix proteins that direct the mineralization of collagenous tissue originate as
pro-collagen chains synthesized in the cell bodies (see Table 1.1). The non-helical
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C- and N-terminal extensions are cleaved by proteases, and helical collagens
([α1(I)]2 and α2(I) type I collagen- 95% and 5% type I trimer collagen [α1(I)]3)
are secreted into the extracellular matrix.

To form dentin, collagen fibrillation induces the tropocollagen fibrils to be
transported toward the predentin mineralization front together with a group of
non-collagenous proteins, secreted in the distal part of predentin. The secretion of
another group of non-collagenous proteins occurs within the lumen of canaliculi,
inside the dentin tubule, close to the odontoblast processes. These ECM components
contribute to crystal nucleation inside collagen fibers, and in the inter-collagen
spaces, mineralization occurring between collagen fibers. Fibers increase in number,
diameter, and density and contribute to forming a homogenous layer underlying the
mineralization front (also called metadentin) (Goldberg and Septier 1996). These
crucial events are associated with tissue mineralization.

Table 1.1 The successive steps of collagen synthesis

Reprinted from Sandhu et al. (2012)
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Bone is another example of collagen-dependent mineralization. Bone is also
synthesized and secreted by cells (osteoblasts) in a collagen matrix and directed by
non-collagenous proteins.

We review here the different structures of the collagen-implicated mineralized
tissues or layers, their mode of formation, and mineralization processes in dental and
periodontal tissues, including three collagen-derived tissues (dentin, cementum,
and bone).

1.1.2.1 Dentin

Anatomy of Dentin

Dentin is a mineralized tissue that constructs a significant portion of each tooth.
During the formation, dentin matrix is laid down by odontoblasts by growing in
thickness with time (daily growth: 4 μm; organized along von Ebner incremental
lines, formed every 5 days, 20 μm, Fig. 1.1). The dentin layer encloses the
non-mineralized dental pulp at the inner most of each tooth (Fig. 1.2). In contrast

Fig. 1.1 In dentin, tubules are bended, especially near the amelo-dentinal junction. In enamel, the
Retzius lines are visible
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with dentin, the dental pulp is vascularized and innervated. Capillaries infiltrate the
odontoblast layer. Nerves come in contact with the basal part of odontoblast cell
bodies.

Anatomically, dentin is further categorized according to the order of formation,
macroscopic distribution, and microscopic localization patterns (Tables 1.2 and 1.3,
Fig. 1.3).

Fig. 1.2 Schematic aspect of the odontoblastic layer. Odontoblast cell bodies are lining the
predentin and odontoblastic processes penetrate into dentin tubules. Modified from Nanci (2007)

Table 1.2 Types of dentin

1 Structure of Collagen-Derived Mineralized Tissues (Dentin, Cementum, and. . . 7



Matrix Vesicles Initiated Mineralization in Mantle Dentin

The outer layer of coronal dentin, the so-called mantle dentin, is formed through
MV-mediated mineralization. MVs are formed by early differentiating odontoblasts
and deliver either crystals or a high concentration of ions to the mineralization front
either as calcification nodules or extrafibrillar calcospherites mineralization. As HA
crystals expand to form mineralized areas, these areas continue to enlarge and diffuse
laterally along with the whole layer of the mantle dentin. In the roots, a similar
sequence of MV mineralization occurs in the tubular hyaline Hopewell-Smith layer
and Tomes’ granular layer (about 8–15 μm thick, for a total outer dentin layers
thickness of about 30 μm) (Goldberg et al. 2011), as well as in the cementum
(namely the inner cementum intermediate layer).

Table 1.3 Types of dentin and properties

Fig. 1.3 Types of dentin (primary, secondary, and tertiary) and distribution

8 Y. Nakano et al.



Collagen and ECM Proteins-Derived Mineralization in Circumpulpal Dentin

Mineralization of circumpulpal dentin, sub-adjacent to the outer dentin layers, is
directed by collagen fibers and non-collagenous matrix components. This process
begins with the formation of the primary dentin (mantle dentin) near the dentin–
enamel junction (DEJ). Later, when the tooth becomes functional, dentinogenesis
continues with odontoblasts directing the formation of a secondary dentin layer.

Dentin Formation

Cells, Structure and Extracellular Matrix Components of Dentin

Odontoblasts are terminally differentiated post-mitotic cells. During the tooth organ
development, cells located at the periphery of the dental papilla forming a border
with inner enamel epithelium undergo terminal differentiation through the
pre-odontoblast stage (polarizing odontoblasts) to mature odontoblasts (polarized
odontoblasts). This differentiation is characterized by a sequence of cytostructural
and functional changes (Ruch et al. 1995; Ruch 1998). The post-mitotic polarized
odontoblasts locate at the outermost layer of the pulp and are implicated in dentin
ECM synthesis, secretion, and turnover, initiating biomineralization. In young teeth,
after the root formation is completed, the cell bodies of odontoblasts partially
overlap each other and form a pseudostratified layer with 4–5 rows. The number
of odontoblasts decreases with time, and the number of pseudo layers decreases
finally to one single row of cells in the adult (aged) teeth (Murray et al. 2002).

Hoehl’s cells are undifferentiated odontoblast progenitors, residing adjacent to
the mature odontoblasts. They are a reservoir of reparative cells in case of wound or
aging (Goldberg and Smith 2004).

The dental pulp encompasses a series of cells, namely fibroblasts, mast cells,
histiocytes/macrophages, dendritic cells, immunoglobulin-synthesizing cells, nerves
(axons), and capillaries. B-lymphocytes (CD7+, CD8+) are rarely found, but immu-
nologically related cells (endothelial cells, epithelial and mesenchymal cells) are
present. Pulp cells express high motility, the capacity of antigen presentation to T
lymphocytes, which are more abundant at the pulp’s periphery.

Odontoblast cell bodies are linked by intercellular junctions (tight and gap
junctions and desmosome-like junctions). Connexin 43, reelin, and osteoadherin
are identified in differentiation-associated genes in odontoblast cells, playing a role
in the recruitment of odontoblasts when dentin repair is initiated. The primary cilium
of odontoblasts has been described near the Golgi apparatus, close to the centrioles.
A cross-talk occurs between odontoblasts and nerve axons.

Two distinct parts are recognized in polarized odontoblasts: the cell body and
processes protruding into the dental tubule up to the outer atubular dentin layer
(mantle dentin). The cell bodies are implicated in extracellular matrix synthesis and
secretion. In contrast, the processes are involved in secretion in the predentin
(fibrillation of type I collagen, together with proteoglycans) and secretion inside
the tubules of non-collagenous matrix proteins at the mineralization front (namely
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phosphorylated ECM together with re-internalization of degraded ECM components
(promoters or inhibitors of dentin mineralization). Several laminins have been
identified in odontoblasts (laminin α1, α2, β1, and γ1 subunits) (Yuasa et al. 2004).

The cell body includes the rough endoplasmic reticulum (RER), one (or more)
saccules and vesicles of the Golgi apparatus, secretory and endosome vesicles,
transported to lysosomes. The helicoidal extensions or matrix components,
cleavaged by MMPs (MMP-2, MMP-9, and other proteases) undergo
re-internalization through coated vesicles (clathrin-coated) that transport these ves-
icles back to the distal part of the cell bodies and incorporated in lysosomes. The
vesicle degradation resulting from endocytosis processes occurs throughout the
entire odontoblast processes running through the predentin and the dentinal tubules.

Odontoblast processes contain microtubules (α-tubulin), intermediary filaments
(vimentin, nestin), and actin microfilaments (forming the sub-plasmalemmal undercoat).
The main trunk and lateral branches are connected, and differ in composition. Secretory
vesicles are convoyed and released first in predentin and second in dental tubule beneath
the thin layer of metadentin, the first mineralizing layer located near the mineralization
front. Clathrin-coated vesicles are implicated in the transport back to the cell body of re-
internalized vesicles containing degraded extracellular matrix components.

Fibrillation of the just-released collagen occurs in the predentin. The native
collagen fibers form a thick three-dimensional collagen fiber after coiling and
transportation toward the distal pre-dentin near the dentin mineralization front
(Figs. 1.4, 1.5, 1.6 and 1.7).

Calcospherites structures, measuring 1.5–10 μm in diameter, are formed at the
mineralization front, whereas interglobular areas are less mineralized. In vitamin-D
rickets hypo-phosphatase, large interglobular structures display deficient minerali-
zation. They contain some non-collagenous proteins, and microprobe investigations

Fig. 1.4 Predentin (PD)/dentin (D) junction- unstaines section
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Fig. 1.5 Mineralization front. Unstained section. HAp crystals are attached along the collagen
fibrils that underwent mineralization in intertubular dentin, located between the predentin (PD) and
dentin (D)

Fig. 1.6 Transition between the predentin (PD—which is electron lucent—and the mineralization
front (D) stained with phosphotungstic acid and chromic acid (a specific staining for DPP). In the
thin metadentin layer (1–2.5 mm thick), collagen fibers are stained, but not the intercollagenic
empty spaces. In dentin the collagen fibers and intercollagenic spaces are densely stained
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indicate low mineralization compared to the well-mineralized content of globular
calcospherites (Figs. 1.8 and 1.9).

Fig. 1.7 Type I collagen in intertubular dentin

Fig. 1.8 Calcospherites at the dentin mineralization front (Goldberg and Escaig 1981)
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Metalloproteinases (MMP-2, MMP-9, stromelysin (MMP-3), MT-MMP, TIMP-
1 to 3) enamelysins (MMP-20), tissue-nonspecific alkaline phosphatase (TNAP),
and serum albumin-derived proteins (αHS2-glycoprotein, albumin) are suggested to
function in ECM degradation and re-internalization (Chaussain-Miller et al. 2006).

Dentinal tubules (Fig. 1.10) measuring about 1.21 � 0.08 μm (2–4 μm) in
diameter are surrounded by a hyper-mineralized peritubular dentin (Fig. 1.11), and
between tubules, a softer collagen-rich intertubular dentin constitutes the bulk of
dentin. Mineral analysis indicates carbonate-substituted hydroxyapatite. Peritubular
dentin crystallites are characterized by small 250 Å equal-sized microcrystals (Lester
and Boyde 1968), or a ¼ 36.00 nm (mean length), b ¼ 25 nm (width), and
c ¼ 9.76 nm (thickness) (Schroeder and Frank 1985).

Circumpulpal (and Secondary) Dentin Formation

Circumpulpal dentin includes intertubular and peritubular dentin and intratubular
mineralization (sclerotic dentin), filling totally or partially the lumens of tubules. The
tubular density varied from 18,000 to 21,000/mm2, from the inner dentin to the outer
layer, according to Schilke et al. (2000) (Fig. 1.1).

In the root, the peripheral of circumpulpal dentin includes Tomes’ granular layer,
which is an 8–15mm thick hypomineralized layer formed by calcospherites and
interglobular spaces. At the boundary with cementum, the innermost layer of
cementum is deprived of dentinal tubules. At this border, a thin layer of matrix is
distinguished from both cementum and dentin (named intermediate cementum, or
the 7–15 mm thick hyaline layer of Hopewell-Smith). Spherical bodies, which may

Fig. 1.9 Calcosherite at the pre-dentin/dentin junction (Goldberg et al. 1987)
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be matrix vesicles, together with a few collagen fibrils are present in this layer. It
contains proteoglycans and enamel matrix proteins and is possibly to be a product of
Hertwig's epithelial root sheath (see also the cementum section).

During tooth development, the dentin secreted prior to completing the root
formation is defined as the primary dentin and comprises the main bulk of the
circumpulpal dentin. This forms at a rate of 4 μm per day. Secondary dentin is the
dentin bordering the pulp. It starts to be formed after root completion and continues
throughout the life of the tooth, albeit at a slow rate. Secondary dentin may contain
fewer tubules than primary dentin, and usually, there is a bend in the tubules at the
primary and secondary dentin interface. The third type of dentin is tertiary dentin,
which is laid down at specific loci of the pulp–dentin interface in response to
environmental stimuli. Mild effects stimulate an increased rate of matrix secretion
by existing odontoblasts, resulting in reactionary dentin formation. Stronger stimuli
will probably lead to the death of the odontoblasts, and if the conditions in the
dentin–pulp complex are favorable, specific pulp cells will differentiate into a
generation of odontoblast-like cells secreting a reparative dentin matrix that will
further differentiate. Both reactionary dentin and reparative dentin are considered
tertiary dentin. Primary and secondary dentin is physiologic, whereas tertiary dentin
is formed in response to pathologic alteration after a carious lesion or a trauma. The
primary and secondary dentin are tubular. In comparison, the tertiary dentin may be
tubular or atubular and even may have a bonny appearance (osteodentin).

Dentin mineralization is initiated with the deposition of amorphous calcium
phosphate (ACP). As mineralization progresses, inorganic crystalline consist of
whitlockite, with the presence of hydroxyapatite at later stages, are deposited. In
the dentinal tubular lumen, aggregates of calcium phosphate crystallites (Mg-
substituted beta-tricalcium phosphate, beta-TCP), brushite (calcium hydrogen phos-
phate dehydrate) and amorphous and crystalline calcium phosphate are deposited.
Dentin HAp mineral appears as plate-like crystallites, 2–5 nm in thickness and 60
nm in length, and display a needle-like appearance. Inside the lumen of the tubules,
rhombohedric whitlockite crystallite presents with the occurrence of dissolution and
re-precipitation has been found in aging dentin (sclerotic dentin) (Fig. 1.3).

In case of trauma or carious lesion, intraluminal mineralization occurs, which is
due to calcium/phosphate re-precipitations. Tiny flat, needle-like, hydroxyapatite
crystals (34 Å thick, 120–135 Å wide, and 250–600 Å long) are formed in the inter-
tubular dentin. They are mostly located along and between type I collagen fibers
(90%), including type I trimer (11%). As minor components, type III and type V
collagen are found. Mineral crystals include hydroxyapatite, calcium phosphate, and
in tertiary dentin, occluding the lumen, whitlockite, and amorphous octacalcium
phosphates. In the peritubular dentin, rhombohedric crystals have 9–10 m in height
and a ¼ b 25 nm appearing isodiametric on sections (Lester and Boyde 1968;
Schroeder and Frank 1985).

LIM mineralization protein (LMP-1) may play a role in odontoblast differentia-
tion and dentin matrix mineralization of human teeth with normal and pathologic
conditions. LMP-1, which is known to regulate osteoblast differentiation and bone
formation, is also expressed by predentin, odontoblasts, and endothelial cells of the
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blood vessels of healthy teeth. In addition, LMP-1 expression is found in
unmineralized reparative dentin, odontoblast-like cells, and pulp fibroblasts in
teeth with caries and pulpitis. Furthermore, LMP-1 expression is found on the
surface of the pulp stone or in the residual predentin of teeth with pulp calcification.

1.2 Cementum

Cementum, together with the periodontal ligament (PDL) and the alveolar bone,
contribute to the attachment of the tooth to the socket.

1.2.1 Cementum Anatomy

Cementum is divided into acellular and cellular cementum. Acellular cementum is
located from the cervical margin to the half or one-third, and cellular cementum is
observed from the apical half or two-thirds to the apical portion (Fig. 1.12). From the

Acellular cementum

Cellular cementum

Fig. 1.12 Acellular (upper part of the root) and cellular cementum (lower part of the root)
(Goldberg et al. 2008)
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cervical to the apical portion of the tooth root surface, the acellular cementum is
located in the inner part of the cementum, near the DEJ (Fig. 1.12).

Four cementum types have been characterized in human (Table 1.4):

• Acellular afibrillar cementum (AAC) is located in the cervical junction between
enamel and cementum, containing proteins derived from tissue fluid or serum. Its
thickness ranges between 1 and 15 μm. No collagen fibers have been identified,
but fine granular or reticular meshwork, delineating more or less parallel to the
tooth surface.

• Acellular extrinsic fiber cementum (AEFC) (mainly found in the cervical and
middle root portions, with faster growth rates on distal (4.3 mm/year) than on
mesial (1.4 mm/year) root). The extrinsic collagen fibrils are packed parallel to
each other and arranged in groups of varied sizes. The diameter of these fibrils
was 2–3 mm. In a 3 wk-old rat, osteocalcin was seen in cells lining the root
surface. The staining was confined to the occlusal third of the root.
Immunolabeling for osteocalcin was equally positive for the acellular cementum

Table 1.4 The different types of human root cementum: anatomic characterization
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and for the cellular cementum. Its total thickness ranges between about 30 and
230 μm. AEFC fibrils penetrate into the cementum, as Sharpey fibers. The
diameter of these LAD fibers was 3.6 μm before penetrating into the AECF.
Crystals appeared as plate-like or fine needles with a maximum length of about
60 nm. The lamellar appearance represents periods of activity of matrix forma-
tion, altering with mineralization. These incremental lines correspond to the past
AEFC surfaces.

• Cellular intrinsic fiber cementum (CIFC) containing cementocytes embedded
in a collagenous matrix. (They are deposited by cementoblasts in the space
between the Hertwig’s root sheath and the dentinal surface),

• Cellular cementum is found in the apical two-thirds. This cementum may be
mixed and stratified lamellae or incremental lines (CMSC). It contains both
intrinsic (40% in acellular cement and 15–40% in cellular cement) and extrinsic
fibers (3–6 μm). The cells secrete intrinsic fibers around the principal fibers to
result in typical intrinsic–extrinsic fiber structures.

In the early stage, when the cellular compartmentalization is not established, both
the intrinsic and extrinsic fibers are irregularly arranged. Lacunae and canaliculi of
cementocytes, lamellae being separated by incremental lines and a superficial layer
of cementoid.

Cementum lacunae vary in diameter between 6- and -12 μm, and fine canaliculi
radiate from these lacunae, and from 25 to 35 μm in length, extending up to about
15 μm. The cell bodies assume a disc- or stellate-like shape. The periphery of
cementocyte lacunae and the canaliculi show strong metachromatic toluidine blue,
PAS–negativity, but Sudan black-positivity (Lorber 1951), indicating PGs and lipid
content on the surface of cementocyte lacunae and canaliculi. This suggests, like
osteocytes, cementocytes maintain vitality and deposit the ECM.

1.2.2 Cementum Formation (Cementogenesis)

Cementum formation starts before the tooth erupt, while root formation undergoes
on the outer surface of the newly formed root dentin. Cementum is formed through-
out the lifetime, responding to the activity of the periodontal ligament.

Cementoblasts form both cellular and acellular cementum. Unlike other miner-
alized tissue forming cells, the detailed profile of cementoblasts is not well
understood. It is partially because the origin of the cementoblasts is still contro-
versial. Classically it is suggested to be the ectomesenchymal cells of the dental
follicle (mesenchymal hypothesis) (Cate et al. 1971; Diekwisch 2001; Kémoun
et al. 2007; Saito et al. 2005; Yamamoto et al. 2014). However, trans-
differentiation of Hertwig’s epithelial root sheath (HERS) into cementoblasts
(referred to as an alternative epithelial hypothesis) is also suggested (Bosshardt
and Nanci 2004; Bosshardt and Schroeder 1993; Chen et al. 2014; Huang et al.
2009; Li et al. 2019; Sonoyama et al. 2007; Zeichner-David et al. 2003). The
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numerous evidence previously shown for both hypotheses indicate a possibility
that cementoblasts, in fact, derived from both tissues even with different molecular
profiles, depending on the types of cementum, stages of tooth formation, tooth
types, or even species. Especially morphological observations on cellular cemen-
tum showing both HERS cells and dental follicle derived cells are incorporated
into the forming cementum, suggests cementoblasts derived from both tissues may
even exist simultaneously.

During root formation, intermediate cementum is first laid down on top of newly
formed dentin. This innermost layer of cementum is a thin layer about 2 μm thick
and presumed to be rich in PGs, as it is stained with ruthenium red and chromic/
phosphotungstic acid on the histological sections. This layer is located between the
root dentin and cementum to establish cementodentinal junction (CDJ) by
connecting the two tissues. Formation of intermediate cementum occurs while
HERS covers the outer surface of root dentin. Thus the origin of cells responsible
is suggested to be HERS cells (Bosshardt and Schroeder 1996).

During the early stages of cementogenesis, HERS is disintegrated, and remaining
epithelial cells form a loose meshwork around the root (epithelial cell rests of
Malassez/ERM). Consequently, cells extracellular matrix of the dental follicle
come to the exposed root surface to initiate radicular cementum deposition. The
radicular cementum is avascular. It grows in thickness to compensate for abrasion.
Enamel-related proteins are involved in the formation of cementum (Hammarström
1997).

Once the tooth is in occlusion, a more rapidly formed and less mineralized variety
of cementum (cellular cementum) is deposited on the unmineralized dentin surface
and acellular cementum near the advancing root edge by the cells differentiated from
the adjacent cells of the dental follicle. Sometimes (especially when the cementum
formation speed is fast), a thin (5 µm thick) pre-cementum/cemented layer is
observed. When the periodontal ligament (PDL) becomes organized, the cellular
cementum continues to be deposited around the ligament fiber bundles. These PDL
fiber bundles become incorporated into the cementum and partially mineralized.
This way, mixed fiber cementum is formed.

At the collar of the teeth (the boundary between the crown and root), cementum
also forms a boundary with enamel as the cementum-enamel junction (CEJ). There
are three types of CEJ: enamel bordering cementum, cementum overlaps enamel,
enamel overlaps cementum, and intermediate zone of dentin exposed. In humans, the
percentage of the pattern varies according to the type of the tooth, and generally, the
first two types are commonly observed.

Cementum mineralization is initiated by MVs (Takano et al. 2000) (Fig. 1.13).
Later, the matrix contains a number of MVs, proteins, and lipids, including choles-
terol, free fatty acids, sphingomyelin, glycolipids, lysophospholipids, and
phosphatidylserine.
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1.3 Bone

1.3.1 Bone Anatomy

Bones can be long or short, flat or sesamoid, irregular, or associated with sutures.
Different types of bone have been identified:

• Cortical bone forms the outer surface of the bone and is dense and compacted. It
contains the Haversian system (osteon).

• Trabecular/cancellous bone forms a spongy structure and is typically seen inside
of the long bone. It includes red marrow, where the osteogenic precursor cells are
derived from, while yellow marrow is included in compact bone. Red marrow has
periosteum and endosteal bone (innervated and containing blood vessels).

• Appendicular bones (including the limbs, shoulder, and pelvic bones) contrast
with the axial skeletal bones, vertebral and thoracic costs.

1.3.2 Bone Cells

Bone encompass a series of cells that are present simultaneously near or at the
surface and inside of the bone (Fig. 1.14). Osteoblasts are in charge of bone matrix
formation and on a thin layer of the yet-to-be-mineralized osteoid. Osteoblasts are
bone marrow-derived cells, and their differentiation goes through osteoprogenitors,
pre-osteoblasts, bone lining cells, and osteoblasts. During differentiation, osteoblasts
are closely associated with osteoclast differentiation and maturation. As located on
top of osteoid, osteoblasts regulate bone ECM formation and mineralization.

Osteocytes are terminally differentiated osteoblasts and incorporated within the
bone matrix between the lamellae of the matrix (osteons or Havers bone structures).
The biological properties of these cells are listed in Table 1.5. They intercommuni-
cate by thin dendritic cytoplasmic extensions in the bone canaliculi forming direct
interconnections and a network inside the bone to respond to the external stimuli.
Osteocytes are not only a space-holder, but they remove the perilacunar matrix

Fig. 1.13 Matrix vesicles
initiate HAp crystals in the
early cementum formation.
Goldberg personal figure
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called osteocytic osteolysis (Wysolmerski 2012). Osteoclasts are multinucleated
cells and contain a highly developed lysosome system to resorb bone matrix. Mono-
cytes and osteoclasts participate in local bone turnover, which goes through bone
destruction followed by the filling of Howship lacunae made by osteoclasts. Bone
cells are known to cross-talk with immune cells indicating the close association of
bone metabolism and the immune system (Tsukasaki and Takayanagi 2019).

1.3.3 Types of Bone Formation

1.3.3.1 Primary Bone

There are two groups of primary bone mineralization:

• Intramembranous bone formation: Bone is directly derived from the connec-
tive tissue without a template. This mechanism is involved in bone lengthening.

• Endochondral bone formation: Bone is derived from the cartilage template.
The epiphyseal cartilage contains combined ground substance and loose, small
(10–20 nm in diameter) fibril bundles of collagen and serves as the locus for
primary bone formation. The epithelial cartilage consists of zones according to
the chondrocytes differentiation. It includes a resting zone, a proliferative zone
that is followed by the hypertrophic zone, a calcified zone, and a zone of bone

Table 1.5 Normal functions of osteocytes, reprinted from (Bonewald 2017)

• Control mineralization through Phex, Dmp1, and MEPE

• Regulate phosphate homeostasis through FGF23

• Play a role in calcium homeostasis in response to PTH/PTHrP

• Can recruit osteoclasts through the expression of RANKL with or without cell death

• Can regulate osteoblast activity through Sclerostin

• Are mechanosensory cells through β-catenin signaling

• Have autocrine/paracrine effects through prostaglandin production.

• Under calcium restriction, osteocytes remove calcium from the bone through the Vitamin D
Receptor

• Osteocytes regulate myelopoiesis/hematopoiesis through G-CSF63

• G-CSF targets osteocytes that mediate mobilization of Hematopoietic Stem/Progenitor Cells and
is prevented by surgical sympathectomy

• Osteocytes regulate primary lymphoid organs and fat metabolism

• Osteocytes can dedifferentiate to become a source of matrix-producing osteoblasts

• Can increase muscle myogenesis and muscle function and can inhibit muscle mass with aging

• Can have effects on the heart and liver through FGF23

• Play a role in fracture healing through IGF-1

• Regulate bone formation through Bmpr1a signaling, Notch activation, and ERαsignaling
• Suppress breast cancer growth and bone metastasis
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deposition involving bone lengthening. Thickening is related to the transforma-
tion of bone marrow cells into osteoblasts. As an example of endochondral
ossification, mandibular condyle requires phenotypic changes leading from a
column of chondrocyte to endochondral bone formation.

1.3.4 Bone Structural Systems

1.3.4.1 Osteon

Osteon (Haversian system) is a functional unit in the compact bone containing
lamellar layers (lamellar bone). Lamellar bone is composed of lamellar units, each
unit consisting of five sub-layers. The orientation of the array differs in each
sub-layer with respect to both collagen fibrils axes and crystal layers. The lamellar
structure is multifunctional, forming a complex rotated plywood-like structure
(Weiner et al. 1999). This organization allows for mechanical improvements.

1.3.4.2 Secondary Bone

Secondary bone is formed by osteoblasts. Remodeling is the basis of fibrillar or
lamellar concentric lamellae bearing nanocrystals platelets of HAp. In the center of
“osteon,” blood vessels are localized. Collagen fibrils have a mean diameter of
78 nm. Intrafibrillar crystals are small structural properties of cortical bone most
commonly employed as a surrogate for its mechanical competence include the
thickness of the cortex, cortical cross-sectional area, and area moment of inertia.
But microstructural properties such as cortical porosity, crystallinity, or the presence
of microcracks also contribute to bone’s mechanical competence. Microcracks, in
particular, not only weaken the cortical bone tissue but also provide an effective
mechanism for energy dissipation.

Dense external envelope (cortical bone displaying lamellae) and spongy interior
(cancellous bone) contain bone marrow in its center.

1.3.4.3 Craniofacial Bones

Formation of the mandible and maxillary bones go through a unique combination of
endochondral and intramembranous ossification involved in two temporary bone
structures (the alveolar and basal bone). During the mandible bone early formation,
the intermediate developmental cartilage (Meckel’s cartilage) guides to form the
basal part of the bone through intramembranous ossification. Five cartilages are
formed at later stages and added to the cortical bone, including the chins (mental
cartilage), alveolar bone, coronoid, angular, and temporomandibular cartilage. They
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contribute to the mandible formation and follow the rules and steps of endochondral
ossification.

Alveolar bone formation is linked to teeth eruption. At later stages of life, the
height of alveolar bone decrease, namely if they are closely associated with peri-
odontal disease. The basal bone remains more or less intact, despite the pathologic
lysis of alveolar bone. The same process occurs in the maxillary bone, the palate and
basal bone being more stable. For the maxillary, the sinus remains stable, despite the
periodontal alteration. Hence, alveolar and basal bones should be added to bone
nomenclature.

1.3.5 Bone Composition (Also See Chap. 2)

1.3.5.1 ECM Structure

The fibrils of bone have 80–100 nm in diameter, forming fibrolamellar bone (also
known as plexiform bone). MVs are seen in the osteoid during embryonic bone
formation as well as appositional mineralization at the of the physiologic bone-
forming site and bone at the early stages of fracture healing (Hoshi and Ozawa 2000;
Sela et al. 1992).

1.3.5.2 Bone Mineral Composition

Bone is a heterogeneous composite material consisting of a mineral hydroxyapatite
phase (Ca10(PO4)6(OH) forming about 70% mineral, also involving an organic
phase (~90% type I collagen, ~5% non-collagenous proteins (NCP), ~2% lipids
(22% proteins), and water (8% by weight).

Inorganic phases consist of poorly crystalline B carbonated apatite. Bone
nanocrystals are characterized by a hydrated surface layer. In particular, in trabecular
bone, apatite displays reduced crystallite sizes, Ca/P molar ratio, and carbonate
content and exhibits a greater extent of thermal conversion into β-tricalcium phos-
phate compared with cortical bone apatite. In cortical bone, bone mineral crystal size
on average is larger or greater than in cancellous bone. With more carbonate
substitution, the Ca/P ratio increases. Also, the mineral becomes more crystalline,
and the crystal size increases. There are fewer labile phosphate groups and more
incorporated carbonate ions in older bone mineral crystals. Hydroxyapatite crystals
(or dahllite crystals) are plate-shaped structures 50 nm in length and 25 nm in width
(Boskey and Coleman 2010).
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1.4 Mineralization in Non-collagen-Derived Tissues

1.4.1 Enamel

1.4.1.1 Anatomic Organization

The Formation of Enamel from Secretion to Maturation

The formation of dental enamel involves three successive phases: (1) pre-secretory,
(2) secretory, and (3) enamel maturation. Immature enamel contains about 15–20%
proteins by weight, whereas, after maturation, enamel contains only 0.1% protein.
Mature dental enamel is primarily (>95% by weight) composed of apatitic crystals
and has a unique hierarchical structure. Critical evaluation of the present state of
knowledge regarding the potential role of the assembly of enamel matrix proteins is
(1) the regulation of crystal growth and (2) the structural organization of the resulting
enamel structure.

Ameloblasts form the enamel organic matrix to provide the scaffold of mineral-
ization and then remove degraded matrix protein to progress the mineralization.
During the advanced bell stage of tooth germ formation, the laminin enriched
basement membrane present between pre-secretory ameloblasts and odontoblasts
disappears, and ameloblasts begin synthesizing and secreting matrix proteins on top
of the predentin formed by odontoblasts. The basement membrane re-appears at the
maturation stage. The dynamic process of enamel biomineralization occurs in the
extracellular space between the ameloblasts and the mineralized dentin. The tissue
grows continuously until the ameloblasts have laid down the whole thickness of the
enamel matrix.

During the process of amelogenesis, ameloblasts pass through a series of differ-
entiation stages characterized by changes in cell morphology and function. In
general, cell differentiation during enamel development results in pre-secretory,
secretory, transitional, and maturation phase ameloblasts. Cell morphology and
chemical composition of the enamel extracellular matrix are the basis for a definition
of the different stages of amelogenesis. Secretory stage ameloblasts are tall columnar
epithelial cells characterized by structures called Tomes’ processes, and their main
function is a massive production and secretion of enamel proteins. The newly formed
enamel shows a very irregular wavy boundary at the dentin–enamel junction (DEJ),
where dentin and enamel interlock processes. The full thickness of enamel is
established at the secretory stage following the secretion of the organic matrix and
its partial, but not complete, mineralization. The first mineral phase to form is an
amorphous calcium phosphate that later transforms to crystalline apatite. The size,
shape, and spatial organization of these amorphous mineral particles and older
crystals are the same, suggesting that the mineral morphology and organization in
enamel is determined prior to its mineralization. The transition stage occurs between
the secretory and maturation stages when the cells undergo structural changes,
becoming shorter and losing their apical cell extension, the Tomes’ process. At
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this time, their secretory activity is also drastically reduced. The transition stage can
be visualized as the boundary between the translucent and opaque enamel in the rat’s
incisor. Major changes in cell morphology and function continue to occur during the
maturation stage when the cells reorganize to accommodate massive protein degra-
dation and rapid crystal growth. Their secretory activity is down-regulated but not
terminated. Maturation stage ameloblasts are characterized by their periodic mor-
phological changes from “ruffle ended” to “smooth ended” (Fig. 1.15). These
periodic changes correspond to the calcium influx to the matrix and the removal of
matrix proteins degraded by extracellular proteinases, such as MMP20 and KLK4
(See Chap. 11 for more detail).

1.4.1.2 Mature Enamel

Dental enamel has an internal void volume of 0.2–5%. The initial inner enamel is
about 40 μm thick and comprises an inner enamel layer that consists of a layer (4 μm
thick) along the DEJ, which contains a few rows of oval-shaped rod profiles.

The outer enamel layer is about 20–30 μm thick, formed by the outer enamel
proper and a 2–4 μm thick final enamel layer, where all the crystallites are parallel,
forming a non-prismatic or prismless (aprismatic) enamel. Prism-free enamel is 40%
(mandibular) and 47% (maxillary) with a mean thickness of about 30 μm. Surface
parallel laminations were frequently observed.

Ruffle ended
ameloblast

Smooth-ended
ameloblast

Fig. 1.15 Ruffle border and smooth ending maturation ameloblasts. Goldberg personal SEM and
TEM document (Goldberg, personal images)
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1.4.1.3 Enamel Mineralization

The youngest crystals have the shape of long plates. They appear as parallel ribbons
with 200–300 Å in width and a thickness of about 10 Å, and later there is an increase
in the size of the crystals.

Crosscut sections of crystallites implicate the association of hydroxyapatite
monoclinic crystallites into hexagonal crystals. Theses subunits display the follow-
ing parameters a¼ b¼ 9.432, and c¼ 6.881 Å (Fig. 1.16). The thickness and width
of human enamel crystallites are 263 Å � 21.9 Å and 683 Å � 134 Å, respectively,
for mature enamel crystallites. The average crystal size has a diameter of about
40 and 5 nm.

Whitlockite, brushite, and other calcium phosphate crystals are found in carious
lesions. In sound enamel, crystal thickness is about 275.9 Å, and crystal width 477.6.
Å. Cross-sectional dimensions of carious lesion indicate a 328.4 Å in thickness and
653.4 Å in width.

Lattice defects have been recognized during the initial crystal dissolution. Mea-
surements of the hexagonal crystallite indicate a mean value of 50 nm
(30 nm + 70 nm ¼ 100 nm/2 ¼ 50 nm). As the size of an enamel crystallite is
about 30 nm � 70 nm, a section at right angles of a crystallite includes about 2100
monocrystals (Fig. 1.16). In length, the average HAp crystal is 254 nm, with a
thickness diameter of 12 nm to ~20 nm. In longitudinal sections, the crystals form
thin ribbons, they are uninterrupted between the dentin–enamel junction and enamel
surface, but large fragments may result from sectioning.

Fig. 1.16 Enamel structure: monocrystals are associated into crystallites. Defects in the Burger’s
vectors lead to dilocations vis & edge (Arends and Jongebloed 1979)
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The presence of a dislocation line is parallel to the c-axis of enamel apatite. The c-
axis is almost perpendicular to the enamel surface. For the deciduous teeth, the
crystalline orientation differed from that of the underlying enamel by 26.9� � 7.6�.

A complex series of hydroxyapatite monocrystal units are connected inside larger
crystallites grouped into rods and interrods (Fig. 1.17). These structures contribute to
the early carious lesion (white spot lesion), and/or to the demineralization/
remineralization process. They are contributing to cross-striations (Striae of Retzius)
(Fig. 1.18) and Hunter-Schreger bands (Fig. 1.19). Micro porosities, intercrystallite
resin infiltration, and the outer surface zone of enamel involve the complex enamel
organization and its hierarchical structure of the enamel matrix. Hunter-Schreger
(HS) alternating bands are organized in diazone and parazone, forming light and
dark bands. The HS bands are visible namely in the inner prismatic enamel and vary
from 1 single prism in some species to 30 prisms. The diazone and parazone differ by
their orientation, at right angles between them, but not by their composition. It is a
specific mode of prism decussation. Rods and interrods consisted of aggregated
tubular subunits, 250 Å in diameter. Periodic modulation of the secretion-maturation
process form incremental lines in enamel. The birth process influences the formation
of the neonatal line in primary tooth enamel. Daily cross-striations occur in a regular
period with an interval of 4–5 μm, and about every 9 days, they contribute to the
formation of Striae of Retzius, terminating at the enamel surface as perikymata

Fig. 1.17 Resin replica. Preferential acid destricution of rods (link) and interred enamel (right).
Type 1 and 2 (Silverstone et al. 1975)
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Diazone

Parazone

Fig. 1.19 Diazones and parazones form dark and lucent Hunter-Schreger bands (Goldberg per-
sonal collection)

Fig. 1.18 Retzius lines or bands are joining enamel surface. They constitute perikymatia mostly
seen in young enamel, whereas they look abraded in old, flat, enamel (Goldberg, personal
collection)
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(Fig. 1.20). The angle between prisms and the enamel surface is about 15�, and
between the Striae of Retzius and the enamel surface is about 4�. Hypomineralized
bands form them. Prismatic enamel is present, namely in most mammalians.

Group of crystallites is associated with prisms (enamel rods) (Fig. 1.17) measur-
ing about 5 μm width, whereas the width of interprismatic enamel is about 0.5 μm.
They merge more or less regularly. Each prism is composed of tightly packed small
crystallites. Remnants of enamel proteins are located in the sheaths located at the
surface of crystallites and in the organic part (enamel sheaths organic-rich) located
between rods and interrods. Enamel rods constitute cylindric-like structures. Enamel
sheath separates rods from interrods. They are forming a continuous network of
honeycomb-like structures. The bulk of enamel is formed by rods and interrods
structures, with crystallites forming a 60� angle between the two basic enamel
structures. This is why preferential acidic dissolution occurs along the c-axis, and
eliminates either rods or interrods, depending on the crystal orientation (Fig. 1.21).
Therefore, the pattern of dissolution removes from enamel either rods or interrods or
produces a surface apparently flat (Type 3 etching pattern Fig. 1.22) (Silverstone
et al.).

Outer aprismatic enamel

Fig. 1.20 Enamel surface with perikymata or/and lamellar structures. Goldberg – personal
collection
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Chapter 2
Extracellular Matrix Proteins:
Nomenclature and Functions
in Biomineralization

Michel Goldberg, Pamela DenBesten, and Yukiko Nakano

Abstract Proteins in the extracellular matrix (ECM) of mineralized tissues have
specific roles in promoting and/or inhibiting the mineralization processes of
collagenous-rich (dentin, cementum, bone) or non-collagenous extracellular matrix
components (enamel matrix proteins). These ECM proteins are comprised of two
categories of molecules: (1) hydrophobic molecules that define the architecture of
the system and the orientation of the crystal growth and (2) the charged molecules
that play an active role in initiating, promoting, and regulating crystal formation
usually present at the interface of the structural components and the nucleating
apatite crystals.

2.1 ECM Proteins in Collagen-Derived Mineralized Tissues

ECM proteins in collagen-derived tissues are structural proteins, regulators for
hydroxyapatite (HAp) crystal formation, and signaling molecules (Boskey 2013).
They are categorized into collagens and non-collagenous proteins.

2.1.1 Collagens

In dentin, cementum, and bone, collagens are the major hydrophobic structural
molecules to provide the structural support of the tissue and the site of nucleation
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and extension of the hydroxyapatite crystals. The weight percent composition of
mineralized dentin is 70% mineral, closely associated with 20–30% organic matrix,
and approximately 10% water. Among the organic matrix, 86 wt % is the type I
collagen, with type I trimer (11 wt %), and type III, V, and VI as minor components.

Cementum is slightly less mineralized than root dentin, though the composition is
similar to that of dentin and bone. The mineral phase accounts for 61 wt %, the
organic matrix is about 27 wt %, and the water 12 wt %. Type I collagen comprises
about 90 wt % of the organic matrix and type III collagen, which coats type I
collagen fibrils, is 5 wt %. Type V and VI collagens have not been identified in
cementum.

In alveolar bone, ECM includes approximately 60–70% mineral, 20% of collagen
and non-collagenous extracellular matrix proteins, and 10–20% of water. Type I
collagen comprises about 90 wt % of the organic matrix, and the remaining 10 % is
non-collagenous proteins. The types of collagens in mineralized tissues and their
primary functions are listed in Table 2.1.

2.1.2 Non-collagenous Proteins (NCPs)

The NCPs are identified as belonging to the SIBLING (small integrin-binding
ligand, N-linked glycoprotein), the SLRPs (Small leucine-rich proteoglycans), gly-
cosaminoglycans, GLA proteins (γ-carboxy-glutamic acid proteins), and CCN pro-
teins (small secreted cysteine-rich protein). NCPs also include serum proteins
(albumin, alpha2-HS glycoprotein/fetuin, immunoglobulins), osteocalcin, and
non-collagenous structural proteins (including thrombospondins, fibronectin, and
fibrillin).

Primary non-collagenous proteins that contribute to matrix mineralization are
characterized by the capability of binding to Ca2+ ions. They include dentin
sialophosphoprotein [DSPP, which is cleaved after secretion into dentin sialoprotein
(DSP), dentin glycoprotein (DGP), and dentin phosphoprotein (DPP)], bone
sialoprotein (BSP), osteocalcin (OCN), and osteopontin (OPN) (Goldberg et al.
2011; Goldberg and Smith 2004). These non-collagenous proteins and their role in
matrix mineralization are discussed in greater detail in the subsequent chapters.

ECM mineralization is also regulated by enzymes regulating phosphate and
pyrophosphate levels, including tissue nonspecific alkaline phosphatase (TNSALP),
phosphoethanolamine (phosphocholine), phosphatase (PHOSPHO1), and
ectonucleotide pyrophosphatase (phosphodiesterase 1, ENPP1). Matrix
metalloproteinases (MMPs) also contribute to the mineralization process.

Growth factors are essential in stimulating cells within the dentine–pulp complex
or bone to promote mineralization and regenerative processes (Giannobile 1996;
Pitaru et al. 1992).

Furthermore, certain cytokines, such as interleukin-8 (IL-8), are expressed by
odontoblasts. As with growth factors, following the release of these dentin matrix
components, gradients are established within the dentin–pulp complex that are
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Table 2.1 Classification of the different types of collagens

Collagen type Classification Distribution/remarks

I Fibril-forming Non-cartilaginous connective tissues—e.g., tendon, liga-
ment, cornea, bone, annulus fibrosis, skin

II Fibril-forming Cartilage, vitreous humour, and nucleus pulposus

III Fibril-forming Co-distributes with collagen I, especially in embryonic skin
and hollow organs

IV Network-
forming

Basement membranes

V Fibril-forming Co-distributes with collagen I, especially in embryonic tis-
sues and in cornea

VI Beaded-fila-
ment forming

Widespread, especially muscle

VII Anchoring
fibrils

Dermal-epidermal junction

VIII Network-
forming

Descemet’s membrane

IX FACIT Co-distributes with collagen II, especially in cartilage and
vitreous humour

X Network-
forming

Hypertrophic cartilage

XI Fibril-forming Co-distributes with collagen II

XII FACIT Found with collagen I

XIII Transmembrane Neuromuscular junctions, skin

XIV FACIT Found with collagen I

XV Endostatins Located between collagen fibrils that are close to basement
membranes; found in the eye, muscle, and microvessels; a
close structural homolog of collagen XVIII

XVI FACIT Integrated into collagen fibrils and fibrillin-1 microfibrils

XVII Transmembrane Also known as the bullous pemphigoid antigen 2/BP180;
localized to epithelia; an epithelial adhesion molecule;
ectodomain cleaved by ADAM proteinases

XVIII Endostatins Associated with basement membranes; endostatin is proteo-
lytically released from the C-terminus of collagen XVIII;
important for retinal vasculogenesis

XIX FACIT Rare; localized to basement membrane zones; contributes to
muscle physiology and differentiation

XX FACIT Widespread distribution, most prevalent in corneal
epithelium

XXI FACIT Widespread distribution

XXII FACIT Localized at tissue junctions—e.g., myotendinous junction,
cartilage synovial fluid, hair follicle-dermis

XXIII Transmembrane Limited tissue distribution; exists as a transmembrane and
shed form

XXIV Fibril-forming Shares sequence homology with the fibril-forming collagens;
has minor interruptions in the triple helix; selective expres-
sion in developing cornea and bone

(continued)
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responsible for chemo-attraction, and the homing of cells involved in both the
immune and the regenerative responses, i.e., stem/progenitor cells. Anti-
inflammatory cytokines are also sequestrated within the dentin. Cariogenic bacterial
acids can release these cytokines under caries conditions, and this immune response
precedes tertiary dentin formation or remineralization of affected dentin (Takahashi
and Nyvad 2016). In support of the dentine matrix components’ immune regulatory
potential, the key molecules to mineralization processes (e.g., DSP) can also pro-
mote the migration and pro-inflammatory activation of immune system cells when
they are released from their matrix immobilized state (Smith et al. 2012).

2.1.2.1 The Small Integrin-Binding Ligand N-Linked Glycoproteins
(SIBLINGs)

The SIBLING family of bone and dentin includes DSPP and its proteolytic products,
DPP, DGP and DSP, DMP1, BSP, MEPE, and OPN. All these matrix proteins play a
role in dentin mineralization and signaling molecules (Fisher and Fedarko 2003;
MacDougall et al. 1992; von Marschall and Fisher 2010).

Dentin sialophosphoprotein (DSPP) is cleaved immediately after secretion into
the ECM, becoming dentin sialoprotein (DSP) dentin and dentin phosphoprotein
(DPP). C-terminal of DSP is further cleaved by MMP-2 and -20 to form dentin
glycoprotein (DGP) (Yamakoshi et al. 2005b). DSP is suggested to regulate
predentin thickness (Sreenath et al. 2003; Suzuki et al. 2009). The gene coding for
DSPP is located on human chromosome 4 (4q21-q23), which also codes BSP, OPN,
and DMP1.

Table 2.1 (continued)

Collagen type Classification Distribution/remarks

XXV Transmembrane CLAC-P—precursor protein for CLAC (collagenous
Alzheimer amyloid plaque component)

XXVI Beaded-fila-
ment forming

Also known as EMI domain-containing protein 2, protein
Emu2, Emilin and multimerin domain-containing protein 2

XXVII Fibril-forming Shares sequence homology with the fibril-forming collagens;
has minor interruptions in the triple helix; found in embry-
onic cartilage, developing dermis, cornea, inner limiting
membrane of the retina, and major arteries of the heart;
restricted to cartilage in adults; found in fibrillar-like
assemblies

XXVIII Beaded-fila-
ment forming

A component of the basement membrane around Schwann
cells; a von Willebrand factor A domain-containing protein
with numerous interruptions in the triple-helical domain

Ectodysplasin
A

Transmembrane Ectoderm

Gliomedin Transmembrane Myelinating Schwann cells

Modified from Kadler et al. (2007)
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Dentin phosphophoryn (DPP) is a cleavage product of DSPP, localized predom-
inantly in dentinal tubules at the site of peritubular dentin. Physicochemical proper-
ties of DPP include a high composition of aspartic acid and serine (70–80% of the
total amino acid residues), that it is highly phosphorylated (400/1000 residues
phosphate or greater) usually at serine residues, is extremely anionic, and has a
high affinitive for calcium ions. These properties suggest that DPP functions as a
regulator of hydroxyapatite (HAp) crystal nucleation and growth in ECM. At high
concentrations, DPP inhibits or slows HAp crystal growth, and at low concentra-
tions, DPP promotes rapid nucleation of HAp in vitro (Boskey et al. 1990). Phos-
phorylation of the DPP has a crucial role in the initiation of dentin mineralization
(Suzuki et al. 2009) and forming a framework for mineralization associated with
type I collagen (Yamakoshi et al. 2005a). DPP is also located in the nucleus of
developing odontoblasts and is suggested to have signaling functions during
odontogenesis (Eapen et al. 2012).

Dentin Matrix Protein 1 (DMP1) is present in dentin and bone as an acidic
phosphoprotein. Chondroitinase treatment demonstrates that the slower migration
rate is due to the presence of GAGs, namely the C 4-sulfate. DMP1 is present
predominantly at the mineralization front, dentinal tubules, and lacunae and cana-
liculi of osteocytes. Overexpressing DMP in mice demonstrated higher levels of
mineralization (Bhatia et al. 2012).

DMP1 is proteolytically processed into the two forms of NH2-terminal (37 kDa)
and COOH-terminal (37 kDa) fragments. The NH2 terminal fragment is composed
predominantly of chondroitin 4-sulfate and takes a proteoglycan form of DMP1.
This NH2-terminal property is given by the tetrasaccharide extended through the
sequential addition of sugar precursors by specific glycosyltransferases and
sulfotransferases located in the Golgi apparatus. Since both DMP1 and DSPP have
the proteoglycan property with the similarity in the NH2-terminal fragments, they
are suggested to share similar biological functions.

COOH-terminal has the nuclear localization signal, RGD sequence, and phos-
phorylation sites (Ravindran et al. 2008) thus suggested to regulate odontoblast
differentiation and osteocyte maturation and phosphate metabolism (George et al.
1995). Also, DMP1 fragments are cleaved by MMP-2 and influence stem cell
differentiation (Chaussain et al. 2009)

Osteopontin (OPN) is a highly phosphorylated sialoprotein member of the
SIBLING family. It contributes to mineralized matrix formation, influences osteo-
clast attachment, and facilitates matrix mineralization, by influencing the shape and
size of HAp crystals (Gericke et al. 2005). OPN is a highly conserved
multifunctional phosphorylated glycoprotein expressed in many mineralized and
soft tissues, including bone, dentin, elastin, muscle, tumors, and body fluids (milk,
inner ear, and urine). In the cementum, OPN is mainly located in acellular cementum
(McKee et al. 1996). During biomineralization, OPN is known to regulate mineral-
ization by inhibiting HAp formation and growth (Addison et al. 2007). It is also
known as secreted phosphoprotein-1 (SPP1), urinary stone phosphoprotein,
uropontin, and early T cell activator (ETA-1). OPN contains an integrin receptor-
binding arg-gly-asp (RGD) sequence suggesting its role in regulating intracellular
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signaling. Its mRNA expression is upregulated in response to 1, 25(OH)2 vitamin
D3, parathyroid hormone, and elevated phosphate and pyrophosphate levels
(Addison et al. 2007; Gericke et al. 2005), indicating the role of OPN as ECM
signaling mediator.

Matrix extracellular phosphoglycoprotein (MEPE) regulates bone and dentin
mineralization by binding to hydroxyapatite via ASARM (aspartic acid-rich motif)
domain located at its C-terminus (Addison et al. 2008; Rowe 2004; Rowe et al.
2000). MEPE is protected from cleavage by a zinc-dependent protein-protein spe-
cific interaction with PHEX (phosphate-ogies to endopeptidases located on the
X-chromosome). In the familial X-linked hypophosphatemic rickets (XLH), muta-
tions in PHEX result in the absence or the loss of function of PHEX and resulting in
exposing unprotected MEPE, which is further cleaved and accumulated in the ECM.
ASARM peptide is an acidic and stable peptide, and its pathologic accumulation
partially explains the osteomalacia associated with XLH. MEPE deficiency results in
accelerated osteoblast-mediated bone formation and mineralization without a change
in phosphatemia. MEPE is also expressed in odontoblasts as a promotor of terminal
differentiation, involved in dentin formation and mineralization. It was previously
demonstrated an accumulation of dentin sialoprotein, dentin matrix protein, bone
sialoprotein, osteopontin, MEPE, and osteocalcin in the unmineralized interglobular
spaces of the XLH dentin (Salmon et al. 2013).

Osteocalcin (OCN) or bone gamma-carboxyglutamic acid-containing (gla)
protein belongs to the SIBLING family that shares many common features, such
as containing an RGD sequence, a cell-attachment site, and an acidic serine- and
aspartate-rich motif (ASARM). OCN contributes as a mineralization inhibitor to the
dentin extracellular matrix. Osteocalcin is expressed in cementoblasts.

2.1.2.2 Proteoglycans

Proteoglycans in collagen-derived mineralized tissues belong to the small leucine-
rich interstitial family (SLRP family), including decorin, biglycan, lumican,
fibromodulin, keratocan, PRRLP, osteoadherin, epiphycan, and osteoglycin
(Embery et al. 2001; Goldberg et al. 2005, 2006; Goldberg and Takagi 1993;
Haruyama et al. 2009; Milan et al. 2005). In dentin, decorin and biglycan are the
major proteoglycans. C4S decorin is located in the extracellular matrix in cementum,
while biglycan is immunolocalized in cementoblasts and pre-cement. Decorin links
low-density lipoproteins with type I collagen. The dentin glycosaminoglycans
(GAGs) bind to hydroxyapatite via their sulfate and hydroxyl groups and regulate
crystal deposition and orientation. MMPs (MMP-2, MMP-9, MMP-3) are involved
in proteoglycans degradation and activation forms.

Chondroitin sulfate (CS)/dermatan sulfate (DS) present in ECM as proteogly-
cans and a major member of the glycosaminoglycan (GAG) family. Cementum
GAG constitutes 0.29 mg/mg of the dry weight formed by CS (chondroitin sul-
fate)/dermatan sulfate (DS) and hyaluronic acid with the proportion of CS as delta
Di-OS 3%, delta Di-4S 87%, delta Di-6S 10%. All CS/DS presents in pericellular
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and extracellular cementum, and cementum extraction by guanidine/EDTA contains
DS at 31%, CS at 53%, and HA at 16%. Further, after collagenase digestion, the
extract comprises DS at 31% and CS at 69% (HA not determined).

2.1.2.3 Other Proteins Present in the ECM Implicated in Mineralization

Reelin is expressed by odontoblasts in the human tooth germ. Located between
odontoblasts and nerve, ending a close contact was detected in this location between
the two cells (Bleicher et al. 2001; Ganss et al. 1999).

Periostin is expressed by pre-odontoblasts. It is a negative regulator of mineral-
ization, and its signaling functions are responsible for the ECM matrix organization.

Growth factors in dentin and bone include transforming growth factor-β
(TGF-β1–3), bone morphogenetic proteins (BMPs), insulin-like growth factor-1
and 2 (IGF-1 and -2), fibroblast growth factor-2 (FGF-2), FGF-23, adrenomedullin,
and several angiogenic growth factors, such as platelet-derived growth factor
(PDGF) and vascular endothelial growth factor (VEGF) (Bosshardt and Schroeder
1996). In dentin–pulp complex and bone, TGF-β1 and bone morphogenetic protein-
7 (BMP-7) can stimulate the regenerative process. Sclerostin is an osteoclast-derived
bone morphogenetic protein antagonist. It inhibits the BMP6 and BMP7, but not
BMP2 and BMP4 activity.

Two specific growth factors are also implicated in cementum formation: the
cementum-derived attachment protein (CAP) and the purified cementum-derived
growth factor (CGF, 23 kDa), which is involved in cell proliferation and differen-
tiation (Pitaru et al. 1992). Cementum-derived attachment protein (CAP) promotes
migration and adhesion of fibroblasts. It has a RGD sequence, without cross-over
with fibronectin, osteopontin, and BSP. It binds to cementum with a high affinity for
HAp. It also stimulates PGs synthesis and alkaline phosphatase expression in a dose-
dependent manner (Giannobile 1996). In cementum, fibronectin, tenascin,
vitronectin are widely distributed in cementum ECM.

Tissue nonspecific alkaline phosphatase (TNSALP) plays critical roles in the
mineralization of skeletal tissue (Fedde et al. 1999; Waymire et al. 1995). TNSALP
deficient mice suggest its role in acellular cementum formation (Beertsen et al.
1999), as well as in the mineralization of molar root dentin and cementum (Anderson
et al. 2004; McKee et al. 2011). The physiologic substrate and exact role(s) of the
TNSALP are yet to be fully understood. Nevertheless, previous reports suggest
hydrolysis of the mineralization inhibitor (pyrophosphate/PPi) is one of the signif-
icant roles of TNSALP in mineralization of type 1 collagen-driven tissue like bones
(Addison et al. 2007; Murshed et al. 2005).

Metalloproteinases (MMPs) are a family of 24 secreted and membrane-bound
zinc endopeptidases in humans. They can degrade all ECM components, and their
specific tissue inhibitors (TIMPs) regulate bone maturation (including the
remodeling of normal bone and its turnover). In the tooth, two gelatinases,
MMP-2 and MMP-9, contribute to dentin mineralization (Bourd-Boittin et al.
2005). They are synthesized and secreted as pro-enzymes. MMP-2 is activated and

2 Extracellular Matrix Proteins: Nomenclature and Functions in Biomineralization 41



migrates at 66 kDa. MMP-9 is derived from the zymogen proMMP-9 migrating at
92 kDa. MT1-MMP (a membrane-type MMP) acts on tooth eruption, root growth,
and periodontal remodeling. Additionally, in bone, MMP-13 plays a role in bone
remodeling (Tang et al. 2012) and ADAMTS18 regulates bone mass density (Xiong
et al. 2009).

Matrix Gla protein (MGP) is a potent inhibitor of mineralization. Rodent models
of ablated Mgp expression, and nonfunctionalized MGP resulting from inhibiting
post-translational gamma-carboxylation of MGP, have identified MGP as the essen-
tial inhibitor of mineralization (Price et al. 1983).

PHOSPHO1 (Phospho ethanolamine/phosphocholine phosphatase 1) is an
essential contributor to skeletal mineralization. PHOSPHO1 is an intravesicular
phosphatase releasing phosphate from membrane-associated phosphoethanolamine
and phosphocholine as part of an initial step in the process of MV-mediated
mineralization. Observations on skeletal MV function in PHOSPHO1 knockout
mice and on the known importance of MVs suggest its role in initiating mantle
dentin and bone mineralization (McKee et al. 2013; Roberts et al. 2007).

PHEX (phosphate regulating endopeptidase homolog X-linked) is associated
with the familial X-linked hypophosphatemic rickets (XLH), osteomalacia, and
impaired renal phosphate reabsorption. PHEX is involved in either activation or
degradation of factor(s) that directly or indirectly regulate(s) renal phosphate
reabsorption and bone mineralization (Bai et al. 2002).

Runt-related transcription factor 2 (RUNX2)/Core binding factor 1 (Cbfa 1) is
a transcription factor critical for bone and dental mineralization (Komori et al. 1997).
In odontoblasts and osteoblasts, RUNX2 is essential to regulate the expression of
downstream molecules like OSX, DMP1, DLX3, and DSPP to regulate cell differ-
entiation and ECM formation and mineralization (Chen et al. 2005, 2009; Ducy
2000; Narayanan et al. 2006; Yang et al. 2017). Growth factors such as BMPs and
WNTs stimulate RUNX2 expression in osteoblasts and odontoblasts (Gaur et al.
2005; Kao et al. 2020).

Cathepsins are lysosomal cysteine proteinases. They have the capacity to degrade
ECM proteins such as albumin, immunoglobulins, and transferrin.

Asporin binds type-1 collagen and is inhibited by asporin fragment LRR(leucine-
rich repeat) and by full-length decorin, but not by biglycan (Kalamajski et al. 2009).

2.1.2.4 Lipids

The total lipids extracted from calcified tissues contained cholesterol, cholesterol
esters, mono-di-triglycerides, free fatty acids, and various phospholipids. The aver-
age total lipids were 20.28/100 g dentin, 1.97 mg/100 g enamel, and 2.97 mg/100 g
human bone (Dirksen and Marinetti 1970; Fincham et al. 1972; Goldberg and
Boskey 1996; Goldberg et al. 1999). Sixty percent were extracted from the original
tissue, the remainder being extracted from decalcified tissue, except cardiolipids
extracted from calcified dentin (Prout et al. 1973). Before demineralization, a group
of phospholipids was extracted by lipid solvents and was associated with cell
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membrane. The other group of phospholipids was associated with the extracellular
matrix and linked to the mineral phase. Goldberg and Septier (2002) showed that the
blood-serum-labeled [3H]choline was detected as early as 30 min before any labeling
was seen in odontoblasts and predentin. Hence, the blood-serum-labeled phospho-
lipids pass between odontoblasts and predentin and diffuse in dentin prior to any
cellular uptake and phospholipid synthesis (Fincham et al. 1972). Deletion of the
gene encoding sphingomyelin phosphodiesterase 3 (Smpd3) leads to a syndrome of
severe dentinogenesis imperfecta (Aubin et al. 2005). This provides insight into
human pathologies and the role of lipids in enamel and dentin biomineralization.

2.2 ECM Proteins in Non-collagen-Derived Mineralized
Tissue/Enamel

The extracellular matrix that directs hydroxyapatite (HAp) formation in enamel is
uniquely different from that of collagen-derived tissues. Enamel mineralization is
regulated by various organic molecules and, importantly, that their efficacy as
inhibitors of mineralization may be modulated through their degradation. Based on
the data presented byMargolis et al. (Margolis et al. 2006), appropriate expression of
amelogenin, enamelin, ameloblastin, and enamelysin, and the processing of these
matrix proteins by proteinases and subsequent removal of protein fragments from the
mineralizing matrix is essential for proper enamel mineral formation (see Chaps. 10
and 11 for more details.)

During enamel matrix formation, the hydrophobic alternatively spliced
amelogenin proteins form a scaffold. Simultaneously, crystal nucleation and growth
are directed by charged molecules, including enamelin, ameloblastin present in
much smaller quantities within the matrix. Modulation of these matrix proteins by
extracellular matrix proteinases, such as matrix metalloproteinase 20 (MMP-20) and
serine proteinase kallikrein 4 (KLK4), regulates the structure and growth of the HAp
crystals. The initial enamel crystal is considered to be HAp or octacalcium phosphate
(OCP). The c-axis of these crystals always coincides with their long axis whereas, a
and b crystallographic axis coincides with two other (thickness and width) morpho-
logical axis of the crystal. As HAp crystals develop, most of the structural proteins
are removed in the maturation process. Consequently, fully formed enamel is
approximately 90% mineral, with the remaining 10% made up of water and peptides
remaining in the matrix. Free water is mostly located in tiny intercrystallite spaces.

In the forming enamel, ECM includes a mixture of enamel structural proteins
(amelogenins, ameloblastin, enamelin, amelotin, and odontogenic ameloblast-
associated gene/ODAM), enzymes [metalloproteinases (MMP-2, -3, 7, and 10),
enamelysin (MMP-20), KLK4, chymotrypsin C, cathepsin C, adaptor protein
complex-2, Lamp 1, Lamp2, CD63], phospholipids and type XVII collagen. The
structural proteins are composed predominantly of amelogenin and its cleavage
products, making up over 90% of the enamel matrix. These mostly 20- to 25-kDa
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proteins are primarily hydrophobic, rich in proline (25%), glutamine (14%), leucine
(9%), and histidine (7%), which account for more than 50% of their amino acids.
Between prisms and interprism of forming enamel, a structural discontinuity is seen
as a prism sheath, where most of the organic components are recognized to accu-
mulate ECM proteins.

2.2.1 Composition

Amelogenins exist with multiple molecular mass (18–25 kDa) resulting from
the varients of alternative splicing product and cleavage by proteases in the matrix.
The major amelogenin protein is translated from an mRNA near the full length of the
coding sequence and consists of 174 amino acids in humans (H174) and 180 amino
acids in mice (M180). This form of amelogenin is divided into three domains
(Fig. 2.1): Domain A (amino acid 1–42) is a hydrophobic N-terminal domain and
rich in Tyr and therefore is called TRAP (Tyrosine-rich amelogenin peptide). This
domain is essential for amelogenin-to-amelogenin interactions. Domain B (amino
acid 157–173) is a C-terminal region and hydrophilic and almost conserved across
mammalian species. This hydrophilic domain provides the amelogenin capability of
binding to the HAp crystals. Domain B is cleaved a short time after amelogenin’s
secretion into the extracellular space. The central region (domain C) is hydrophobic
and composed of Xxxx-Yyy-Pro-repeat motif. When amelogenin takes nanosphere

Fig. 2.1 Amelogenin architecture. Modified from Bansal et al. (2012)
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form, it forms the nanospheres’ dense central area (Bansal et al. 2012). The
self-assembly of amelogenin depends on the variants of the amino acid sequence.
The observation that a truncated amelogenin without domain “B” will no longer
interact with domain “A” explains matrix disassembly following proteolytic cleav-
age at the carboxyl end of amelogenin by enamel protease (Fincham et al. 1995). A
shorter form of amelogenin with 59 amino acid residues is translated from an mRNA
variant lacking the majority of exon 6, called leucine-rich amelogenin peptide
(LRAP). It is suggested to function as a signaling molecule during enamel formation
(Gibson et al. 2009; Le et al. 2007).

Amelotin (AMTN) is localized in the basement membrane of maturation stage
ameloblasts and junctional epithelium (Somogyi-Ganss et al. 2012). The three pro-
teins co-localized and form supramolecular aggregates. Amelotin is a secreted
enamel protein predominantly expressed during the maturation stage of enamel
formation. It accumulates in a basal lamina-like structure at the interface between
ameloblasts and enamel minerals and it co-localizes with the enamel protein
odontogenic ameloblast-associated protein (ODAM). All the genes coding for
enamel proteins are situated on the so-called secretory calcium-binding phospho-
protein proline-glutamine rich 1 (SCPPPQ1) gene cluster. They mediate the attach-
ment of epithelial cells to tooth surfaces (Moffatt et al. 2006).

Ameloblastin has a molecular mass of 65 kDa and is also called sheathelin or
amelin. It plays a role in crystal growth. It is a cell adhesion molecule that facilitates
the attachment of ameloblasts to the enamel matrix (Mazumder et al. 2016).
Ameloblastin is cleaved to include products that have an apparent molecular weight
of 13, 15, 27, and 29 kDa, that concentrate in the sheath space separating rod and
interrod enamel. C-terminal cleavage. It appears that 13 and 15 kDa are the calcium-
binding domain of sheathelin (Hu et al. 1997).

Enamelin (ENAM) gene maps to chromosome 4q21. In full length, it is a
glycoprotein with a molecular mass of �186 kDa (Dohi et al. 1998). Once it is
secreted into the enamel matrix, it is rapidly cleaved by MMP-20. The primary
cleavage product is 32 kDa and present throughout the forming enamel matrix
(Uchida et al. 1991). In matured enamel, it is detected as the trace constituents.
Thus, the majority of ENAM is removed or further degraded by proteases
before maturation, suggesting its role in the secretory stage of the enamel matrix.
ENAM gene mutations in humans and deletion of ENAM gene in mice result in
severe enamel hypoplasia (Hu et al. 2014). ENAM cooperatively functions with
amelogenin (Deutsch et al. 1995).

Enamel proteinases are believed to play two crucial roles during enamel forma-
tion. First, during the secretory stage, they process enamel matrix proteins into a
large number of stable cleavage products. Both the intact enamel proteins and their
proteolytic cleavage products are believed to play active roles during amelogenesis
(Den Besten et al. 1998). The second function of enamel proteinases is to degrade the
enamel matrix during the transition to maturation stages, which allows the enamel
layer to attain its high degree of mineralization. Matrix metalloproteinase
20 (MMP-20, enamelysin 41–45 kDa) appears to act early during enamel develop-
ment to process the structural enamel proteins so that the cleavage products will
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localize to specific areas of the enamel matrix (Bartlett et al. 1998). Subsequently,
the serine proteinase kallikrein 4 (KLK4, also designated as enamel matrix serine
proteinase 1/EMSP1, 31–34 kDa) appears to act later during enamel development to
degrade the organic matrix (Hu et al. 2002). It is optimally active around pH 6 against
enamel protein and facilitates the enamel matrix removal while the matrix undergoes
pH modulation during the maturation stage (see Chap. 11 for detail). Enamel pro-
teinases also include a serine protease caldecrin/chymotrypsin C, which increases in
the maturation stage (Lacruz et al. 2011).

2.3 Conclusion

Dental tissues are either collagen-rich structures including dentins (primary, second-
ary, and tertiary dentin) with some differences between the crown and the roots, a
variety of cementum and alveolar bone. Whereas dental tissues may include
non-collagenous proteins. Enamel is formed by amelogenin, ameloblastin, amelotin,
enamelin, tuft proteins, and sheathelin. Dentin and enamel are also regulated by
proteases (MMPs, Klk4, serine proteases) and others complex molecules, either
during the secretory or the maturation stages.

Most of the extracellular matrix proteins are implicated in the mineralization and
a few are inhibitors of mineralization. It is also clear that enamel mineralization
implies non-collagenous components (ECM). In addition, some molecules are acting
as promoters or inhibitors of mineralization. In addition to collagens, the ECM
non-collagenous molecules will be reviewed in the different chapters of this book.
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Part II
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Components: Dentin, Bone and Cementum



Chapter 3
Collagenous Mineralized Tissues:
Composition, Structure,
and Biomineralization

Elia Beniash

Abstract Mineralized tissues play multiple essential roles in the body, including
locomotion, mechanical protection and support of the soft tissues, mastication; sense
of gravity and linear acceleration, mineral ion depot, and others. The vast majority of
mineralized tissues in the human body, such as bone, dentin, and cementum, belong
to the family of collagenous mineralized tissues (CMTs). Two major components of
these tissues are collagen type I fibrils and nonstoichiometric carbonated apatite
nanocrystals which comprise the mineralized collagen fibrils—the basic building
blocks of CMTs. The mineralized collagen fibrils organize into a variety of structural
patterns at several hierarchical levels from nano- to macroscale. In addition to the
two major components, CMTs contain a number of noncollagenous extracellular
matrix components, including proteins and proteoglycans, carbohydrates, and lipids.
These noncollagenous biomolecules play a role in the regulation of the mineraliza-
tion process of CMTs. CMTs are biogenic hierarchical nanocomposite materials and
understanding of their formation and function requires interdisciplinary efforts of
researchers from different fields of study including chemists, material scientists, and
biologists. Not only these studies help us to understand howmineralized tissues form
and function, they also provide inspiration for the design of novel materials using
principles learned in nature. This chapter provides a general overview of the
composition, structural organization, and biomineralization of CMTs with the
emphasis on recent advances in the field.
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3.1 Composition of CMTs

CMTs comprise three major constituencies—mineral, organic matrix, and water.
They contain between 50 and 70%mineral by weight, with cementum being the least
mineralized (~50%) and dentin the most mineralized (~70%). The organic content of
CMTs varies between 20 and 40% by weight, while water content is between 5 and
10% (Clarke 2008). Differences in the mineral content of CMTs directly affect the
mechanical properties of the tissues, and the tissues containing more mineral are
stiffer (Currey 1999, 2013). Similarly, dehydration of CMTs increases their stiffness
and brittleness (Nyman et al. 2006; Bajaj et al. 2006). Collagen type I is the major
organic component, comprising roughly 90% of the matrix, with other organic
constituencies, including noncollagenous matrix proteins (NCPs), proteoglycans,
and lipids together accounting for the rest. The organic components of CMTs
contribute to fracture toughness and resilience, and are potentially involved in self-
healing of the microdamages (Fantner et al. 2005, 2007; Gupta et al. 2006; Currey
2003; Fratzl, 2008; Wang et al. 2020).

3.1.1 Mineral Phases in CMTs

3.1.1.1 Nano-crystalline Nonstoichiometric Apatite: The Major Mineral
Phase of CMTs

The major mineral phase in CMTs comprises tiny crystallites of nonstoichiometric
hydroxyapatite (Rey et al. 2009; Wopenka and Pasteris 2005; Von Euw et al. 2019).
These mineral platelets, 30–100 nm across and 2–8 nm thick (Fratzl et al. 1996; Ziv
and Weiner 1994; Turunen et al. 2016), are possibly the smallest biogenic crystals
known (Lowenstam and Weiner 1989). The large variations in the crystallite dimen-
sions reported are likely due to the age, tissue location, and the characterization
technique used (Ziv and Weiner 1994; Turunen et al. 2016; Roschger et al. 2001;
Kerschnitzki et al. 2013; Pabisch et al. 2013; Boskey and Coleman 2010). The small
dimensions of the crystallites provide unique advantages, such as high strength,
tolerance to flaws (Gupta et al. 2006; Gao et al. 2003), and reduced solubility (Tang
et al. 2004; Ebacher and Wang 2009). Another unique feature of the crystallites is
their extremely high surface to bulk ratio (Padilla et al. 2008), resulting in greater
intermolecular interactions between the crystallites and the environment, specifically
the matrix macromolecules and water, which likely contributes to the unique
mechanical properties of CMTs at the nanoscale (Gupta et al. 2006; Almer and
Stock 2005; Wang et al. 2013; Stock 2015). Despite their minute dimensions, the
CMT mineral particles demonstrate complex organization with the bulk of the
particles made of low crystallinity nonstoichiometric apatitic phase coated with a
0.5–1.0 nm thick surface hydrated amorphous layer (Von Euw et al. 2019; Jäger
et al. 2006; Wang et al. 2013; Von Euw et al. 2017). Two models of the distribution
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of the hydrated layer around the crystalline core have emerged. The core/shell model
envisages that the hydrated amorphous layer envelopes the core crystallite (Von Euw
et al. 2019; Jäger et al. 2006; Wang et al. 2013; Von Euw et al. 2017), while in the
core/crown model the amorphous layer is only present around the edges of the
crystallites (Bertolotti et al. 2021).

The apatitic mineral in the CMTs is poorly crystalline (Farlay et al. 2010; Legros
et al. 1987); it is Ca2+ (Wopenka and Pasteris 2005; Von Euw et al. 2019; Legros
et al. 1987) and OH– (Cho et al. 2003; Rey et al. 1995; Pasteris et al. 2004; Termine
and Lundy 1973) deficient and contains significant fractions of CO3

2– (Legros et al.
1987; Paschalis et al. 1996; Miller et al. 2001) and HPO4

2– (Pleshko et al. 1991; Rey
et al. 1990; Wu et al. 1994). Its carbonate fraction varies between 3 and 5%
depending on the type of the tissue, location, and age (Legros et al. 1987). Carbonate
can substitute either hydroxyl (A-substitution) or phosphate (B-substitution)
(Pleshko et al. 1991; LeGeros et al. 1969) in the crystal lattice. A number of cations
such as Mg2+, Sr2+, and Na+ substitute Ca2+ which leads to calcium deficiency of the
mineral phase (Wopenka and Pasteris 2005; Von Euw et al. 2019). Remarkably,
bone mineral particles contain only a fifth of OH– ions present in the stoichiometric
hydroxyapatite (Cho et al. 2003). Hydrogen phosphate is present primarily in the
disorganized amorphous surface layer of the crystallites (Von Euw et al. 2019) and it
is more prominent in the newly formed mineral (Legros et al. 1987).

It is abundantly clear from the data presented above that although the major
mineral phase of CMTs exhibits certain structural and compositional characteristics
of hydroxyapatite it is qualitatively and quantitatively different. These differences
can be due to the nanoscopic dimensions and the high surface to bulk ratio of these
mineral particles. They can also be a result of biological control, although the later
possibility is less likely since the apatitic minerals of similar size and morphology
synthesized abiotically demonstrate properties very similar to those of the mineral
particles from CMTs (Bertolotti et al. 2021; Pasteris et al. 2004; Pleshko et al. 1991).
Hence, this mineral phase should be called nano-apatite and not hydroxyapatite as it
is commonly referred in the literature.

3.1.1.2 Minor Mineral Phases in CMTs

The presence of mineral phases other than nano-apatite in the CMTs was a subject of
heated debates among researchers in the second part of the twentieth century
(Glimcher et al. 1981; Boskey 1997; Grynpas and Omelon 2007; Termine and
Posner 1966; Grynpas et al. 1984; Posner et al. 1980; Betts et al. 1975). Two models
have been developed over the years however none of them till recently could be fully
corroborated. According to one, proposed by Posner and colleagues the nano-apatite
crystallites develop via transient mineral precursor phases, namely amorphous
calcium phosphate (ACP) (Boskey 1997; Betts et al. 1975). This model was based
on the studies of calcium phosphate mineralization in vitro at ambient conditions
from supersaturated solutions. They have shown that ACP forms first and then
transforms into a poorly crystalline apatitic phase, which structurally resembles
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bone mineral (Termine and Posner 1966; Posner et al. 1980; Betts et al. 1975). It was
proposed that ACP consists of randomly organized spherical clusters 0.95 nm in
diameter (later named Posner clusters), with a formula Ca9(PO4)6 (Posner et al.
1980; Betts et al. 1975). These clusters fit well into hydroxyapatite unit cell (Posner
et al. 1980; Posner and Betts 1975), suggesting that a solid phase transition can
potentially occur by rearranging the clusters. This model was further supported by
the observations of amorphous mineral in mitochondria and intracellular secretory
vesicles of mineralizing cells (Betts et al. 1975; Lehninger 1970) and electron
microscopy studies suggested the presence of amorphous mineral phase in the
newly formed bone (Robinson and Watson 1955; Landis and Glimcher 1978).
Alternative model postulates that the mineral phase in CMTs is a poorly crystalline
apatite, which over time matures and becomes more crystalline (Glimcher et al.
1981) and that no other mineral phase is present in CMTs. This model is based on the
radial distribution function (RDF) analysis of X-ray diffraction patterns (Glimcher
et al. 1981; Grynpas and Omelon 2007; Grynpas et al. 1984). Unfortunately, these
earlier studies were significantly limited by inadequate characterization methods and
the evidence in support of either model was not strong enough.

The question regarding the transient mineral phases was only resolved with the
advent of modern characterization techniques which helped to overcome the limita-
tions of earlier studies. One significant limitation was the need to dehydrate the
samples which can lead to transformation of transient mineral phases. Another
limitation was the lack of spatial resolution of Fourier Transform Infrared (FTIR)
spectroscopy and X-ray crystallography, the two main methods used by early
researchers, while the use of transmission electron microscopy (TEM) for these
studies was significantly limited by the need for extensive processing of the TEM
samples (Landis and Glimcher 1978; Landis et al. 1977). A number of new meth-
odologies, such as cryo electron microscopy (CryoEM) and Raman
microspectroscopy, became widely available to the research community which
allowed to address the question regarding the presence of mineral phases other
than nano-apatite in CMTs with much higher accuracy and fidelity. In 2006 Crane
et al. (Crane et al. 2006) published a seminal work, where they identified ACP and
OCP in calvaria sutures of mice, which lead them to a conclusion that bone
mineralization proceeds through transient metastable phases. The greatest advantage
of Raman microspectroscopy is that it can be performed on fully hydrated live
samples with 0.5μm resolution. This makes Raman microspectroscopy the method
of choice for studies of biomineralization in living tissues (Mandair and Morris
2015; Feng et al. 2017; Akiva et al. 2016). In 2008 Mahamid et al. have identified
ACP in forming bone of zebrafish using cryoEM (Mahamid et al. 2008) and in a
follow-up study they have mapped transition of ACP to a crystalline apatitic phase in
the same system using a combination of synchrotron diffraction and cryo scanning
electron microscopy (cryoSEM) techniques (Mahamid et al. 2010). Later the pres-
ence of disordered calcium phosphate phase was confirmed in osteoblasts and the
newly deposited bone matrix using a variety of characterization techniques including
electron diffraction of the cryosectioned mouse calvaria (Mahamid et al. 2011).
Taken together these recent studies clearly demonstrate the presence of transient
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ACP at the sites of bone formation. The evidence on the presence of other minerals is
not as clear, although the data suggest that the biomineralization process involves
other transient mineral phases (Akiva et al. 2016; Thomas et al. 2020).

3.1.2 Organic Components of CMTs

3.1.2.1 Collagen Type I: The Major Component of CMTs

Collagen type I is the most abundant and probably the most studied structural protein
in the human body (Kadler et al. 1996; Shoulders and Raines 2009). Individual
molecule of collagen consists of three polypeptide chains (two identical α1[I] and
one α2[I]) organized into a coiled coil motif, called triple helix, in which individual
chains adopt a left-handed polyproline type II helical structure (Kramer et al. 1999).
Each polypeptide chain contains more than 1000 amino acids with glycine, proline,
and hydroxyproline constituting three most abundant amino acids in collagen
molecule. The bulk of collagen sequence, forming the triple helix, consists of
amino acid repeats Gly-Xxx-Yyy, where glycine always occupies the first position,
with proline accounting for 28% of amino acids in second and hydroxyproline for
38% of amino acids in the third position (Ramshaw et al. 1998). Collagen is
synthesized and secreted as a proprotein procollagen, containing N- and
C-terminal propeptides, which are cleaved extracellularly by procollagenases
(Kadler et al. 1996). After cleavage collagen assumes its active form—tropocolla-
gen, which consists of the main triple helical domain with short mainly unstructured
telopeptides on both ends of the molecule. The tropocollagen molecules are rigid
rods which are 300 nm long and 1.5 nm wide.

Tropocollagen molecules spontaneously self-assemble into fibrils at physiologi-
cal temperature and pH. In TEM stained collagen fibrils have a characteristic 67 nm
periodic pattern (D-spacing) of alternating bands of high and low electron density.
To explain this characteristic of the collagen fibrils in 1963 Hodge and Petruska
came up with the first structural model of collagen fibril (Kadler et al. 1996;
Shoulders and Raines 2009; Hodge and Petruska 1963). This two-dimensional
model proposed that the tropocollagen molecules align along the fibrillar axis in
linear arrays with all their N-termini pointing in the same direction with a gap of
36 nm between C-terminus of one tropocollagen molecule and N-terminus of
another. The neighboring arrays of the tropocollagen molecules are staggered in
such a way that in the equatorial direction each fifth triple helix is in the same
position as first one. This model explains the axial periodic appearance of collagen
fibrils in 2D projections of TEM micrographs, with less electron dense regions
containing gaps and denser bands corresponding to overlaps. However, this model
is not sufficient to explain the three-dimensional structure of collagen fibrils.
Numerous models of collagen fibril organization in three dimensions have been
proposed over the years (Hulmes and Miller 1979; Hulmes et al. 1995; Prockop and
Fertala 1998), but they could not satisfactory describe the organization of collagen
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fibrils, till more recent structural studies of fully hydrated collagen fibrils using
synchrotron light source by Orgel and colleagues, which lead to the breakthrough in
our understanding of the fibrillar structure of collagen (Orgel et al. 2001, 2006). This
model proposes that five collagen triple-helices organize into quasi-hexagonal super-
twisted microfibrils, which interdigitate with the neighboring microfibrils. This
structure is further stabilized by cross-links between the molecules in individual
microfibers as well as between different microfibrils. Very recently the model by
Orgel et al. was further refined with the focus on the structural organization of the
gap region (Xu et al. 2020). They determined that since one out of five triple-helices
in the microfibrils is missing in the gap region due to the quarter-staggering, each
unit cell of the collagen fibril in the gap contains a 2–3 nm channel which is aligned
with the fibril axis.

3.1.2.2 Noncollagenous Macromolecules

Noncollagenous macromolecules of CMTs include proteins, proteoglycans, and
glycosaminoglycans (GAGs). The discovery of these macromolecules began in the
mid-twentieth century when it was shown that collagen is the major component of
both nonmineralized and mineralized connective tissues, and this finding led to a
question regarding the reason why some collagenous tissues mineralize while others
do not (Veis 2004). Early studies of CMTs revealed that the main characteristic
distinguishing them from nonmineralized connective tissues is that, in addition to
collagen, CMTs contain a fraction of unusually acidic proteins and glycoproteins,
collectively known as noncollagenous proteins (NCPs), with a high content of acidic
amino acids such as aspartic and glutamic acid, phosphoserine and
γ-carboxyglutamic acid (Veis and Perry 1967; Richardson et al. 1978; Butler et al.
1983; Veis et al. 1972; Stetlerstevenson and Veis 1983; Gundberg et al. 1984; Qin
et al. 2004). It was suggested that these proteins might play a role in the regulation of
mineralization and a number of studies supported this notion (Boskey 1989; Boskey
et al. 1990; Hunter and Goldberg 1993; Gorski 2011). The major progress in the
studies of NCPs was driven by the development of molecular biology and genetics
tools which allowed cloning and sequencing of these proteins, production of recom-
binant proteins, and development of genetically modified animal models, although
despite this progress many fundamental questions remain. For the current status of
our knowledge about NCPs and two other major classes of macromolecules, pro-
teoglycans and GAGs I will refer the readers to several other chapters in this volume,
which explicitly focus on the noncollagenous macromolecules in CMTs (Chaps. 2,
5, 6, 7, and 9).

3.1.2.3 Small Molecules

There is a number of small molecules identified in CMTs, although our knowledge
of these molecules is not as extensive as of collagen and NCPs.
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Lipids are one of the groups of small molecules found in CMTs. Lipids are the
major component of matrix vesicles—membrane delineated compartments which
bud from the cell membranes and become embedded in the collagen matrix at early
mineralization sites (During et al. 2015; Anderson 1995; Golub 2009). Phospho-
lipids play a role in Ca2+ transport in matrix vesicles and in the mineral nucleation
sites (Golub 2009; Wu et al. 1997; Kirsch et al. 1997). A number of small phosphate
containing molecules such as pyrophosphate, AMP, ATP, and beta-GP can act as
sources of inorganic phosphate or inhibitors of mineralization (Garimella et al.
2006). Finally, citrate was recently identified on the surface of bone crystallites
and its role in the regulation of the nanocrystals morphology, mineral–mineral and
mineral–collagen interactions have been proposed (Davies et al. 2014; Costello et al.
2014; Shao et al. 2018).

3.2 Structural Organization of CMTs

CMTs are nanocomposites, organized at several levels of hierarchy from atomic and
nanoscale to the macroscale (Weiner andWagner 1998; Fratzl andWeinkamer 2007;
Beniash 2011). The basic blocks of all CMTs are mineralized collagen fibrils
(Weiner and Wagner 1998). These fibrils organize into arrays forming basic struc-
tural patterns, such as lamellae in bones and cementum, which serve as principal
elements of more complex structural arrangements (Yamamoto et al. 2010;
Reznikov et al. 2014a, b) optimized for the maximum mechanical performance
(Roschger et al. 2001; Ebacher and Wang 2009; Koester et al. 2008; Ebacher et al.
2007; Weinkamer and Fratzl 2011; Nalla et al. 2003). The structural organization of
CMTs at the nanoscale is primarily driven by an interplay between the macromo-
lecular assemblies and forming mineral (Cantaert et al. 2013; Nudelman et al. 2013;
Deshpande et al. 2011), while at the higher levels of hierarchy it is genetically
(Karsenty et al. 2009; Long and Ornitz 2013) and environmentally controlled
(Weinkamer and Fratzl 2011; Barak et al. 2011) through coordinated movements
and directional matrix deposition by groups of mineralizing cells and tissue resorp-
tion by specialized cells, i.e., osteoclasts in bone. It is important to emphasize here
that the basic structural organization at the nano- and mesoscale is similar among
CMTs while there is a significant increase in structural diversity at the higher levels
of hierarchy. We therefore will focus primarily on the common structural character-
istics of CMTs, i.e., at the level of nano- and mesoscale.

The structural organization of the mineralized collagen fibrils has been exten-
sively studied since 1950s and yet we do not have a complete and clear understand-
ing of it today. The decades of studies of this basic structure produced a series of
more and more sophisticated models, reflecting advances in characterization tech-
niques. One of the first TEM studies of bone by Robertson and Watson in 1952
(Robinson and Watson 1952) identified the main characteristics of the mineralized
collagen fibrils, which are still true today. They concluded that the mineralized
collagen fibrils contain plate-shaped apatitic crystals organized with their

3 Collagenous Mineralized Tissues: Composition, Structure, and Biomineralization 61



crystallographic c-axes along the long axis of the fibril. They also noticed that the
crystals in the collagen fibrils are axially arranged in periodic bands at 63 nm
intervals (Robinson and Watson 1952). With the development of the triple staggered
collagen fibril model by Hodge and Petruska (1963) the periodic nature of the
mineral distribution was explained by the crystals being limited to the gap regions
of the collagen fibrils. For many years this was a consensus model of bone and other
CMTs, although a number of questions remained unresolved, including the organi-
zation of the crystallites inside the fibrils, the presence of extrafibrillar mineral, and
the fact that this model underestimated the amount of mineral present (Weiner and
Traub 1992; Katz and Li 1973; Lees et al. 1984). Weiner and Traub have conducted
a TEM study of isolated dehydrated mineralized collagen fibrils from the turkey
tendon, where they have shown that although the mineral platelets in the fibril
congregate in the gap regions, creating the striated appearance, they are longer
than the gap length, i.e., extend into overlaps. They have also demonstrated that
the crystallites form stacks which organize into parallel arrays spanning the length of
the fibril (Weiner and Traub 1986) with the crystallographic c-axes aligned with the
long axis of the fibril. In the follow-up study they later confirmed these findings by
cryoEM of vitrified samples of the fibrils to eliminate the possibility that ordering of
the platelets was an artifact of drying (Traub et al. 1989). Around the same time,
Arsenault has shown that mineralization begins in the gap regions and the mineral
crystals expand into the overlaps in more mature mineralizing fibrils (Arsenault
1989; Larry Arsenault 1991). This model was further supported by a series of
electron tomography studies by Landis and colleagues (Fratzl et al. 1996; Landis
et al. 1993; Landis 1995). Although the presence of extrafibrillar mineral has been
previously suggested by neutron diffraction and other indirect methods (Katz and Li
1973; Bonar et al. 1985), in the 1990s a number of direct observations of the
extrafibrillar mineral by TEM have been reported (Fratzl et al. 1996; Su et al.
2003; Landis and Song 1991; Prostak and Lees 1996). Later AFM studies have
confirmed the presence extrafibrillar mineral in CMTs (Sasaki et al. 2002;
Hassenkam et al. 2004). These studies produced a consensus “deck of cards”
model according to which the bulk of the mineral is present intrafibrillary in a
form of stacks of plate-shaped crystallites organized into parallel arrays, with their
c-axes co-aligned with the long axes of the fibrils, with a smaller fraction of mineral
particles incrusting the surfaces of the fibrils. These highly anisotropic fibrils
organize into arrays, which in turn form higher order structures, such as lamellae
and osteons. This concept provided the structural basis for our current understanding
of the mechanical performance of CMTs at the nano- and microscales (Gupta et al.
2006; Fantner et al. 2005, 2007; Gao et al. 2003).

Over the last decade, a number of studies have challenged the “deck of cards”
model. Focused ion beam (FIB) milling technology has allowed scientists to obtain
ultrathin sections from mature bone tissues without introducing mechanical artifacts
inherent to ultramicrotomy (McNally et al. 2012). In a series of studies of ion beam
milled samples of bones, Schwarcz et al. have shown that the majority of mineral
particles reside outside of the fibrils in the form stacks of 200 nm long, 60 nm wide,
and 5 nm thick plates surrounding the collagen fibrils (McNally et al. 2012, 2013;
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Schwarcz et al. 2014, 2017). The darkfield analysis of the FIB milled sections
revealed that these plates are not single crystals but rather assemblies of smaller
plate-like crystallites (Schwarcz et al. 2014). They have calculated that this
extrafibrillar mineral accounts for roughly 70% of total mineral in the bone tissue,
while other 30% correspond to the intrafibrillar mineral which is localized in the gap
regions of the fibrils (McNally et al. 2012). This model is in good agreement with
estimates of extra- vs intrafibrillar mineral based on the neutron scattering data (Lees
et al. 1984; Lees 2003). The authors further conducted finite element analysis
comparing their structural model, with and without noncollagenous matrix surround-
ing the platelets, with the consensus “deck of cards”model of interfibrillar staggered
crystallites (Jäger and Fratzl 2000) and found that the model with the extrafibrillar
plates surrounded by the noncollagenous matrix is closer to the experimental data
than the consensus model (Schwarcz et al. 2017).

More recently Reznikov et al. systemically analyzed FIB milled sections of bone
using high-resolution TEM and electron tomography (Reznikov et al. 2018). They
have prepared sections in three specific projections—longitudinal (along the fibril
axis), intermediate (45� from the fibril axis), and transverse (perpendicular to the
fibril axis). These data were combined to build a new model of the mineralized
collagen fibrils’ arrays. This model proposes that there is a continuum of mineral
structures spanning the intra- and extrafibrillar spaces, with the intrafibrillar mineral
being in the form of acicular (needle-shaped) slightly curved particles 5 nm across
and 50–100 nm long. These needles exit the fibrils where they merge into platelets
20 nm across and 50–100 nm long. The platelets form stacks which in turn form
larger aggregates incasing multiple fibrils. This model combines the features of the
“deck of cards” model (Weiner and Traub 1992) with the extrafibrillar mineraliza-
tion model proposed by the McMaster University group (McNally et al. 2012).

Yet in another electron tomography study using FIB milled samples, recently
published by Somerdijk and colleagues, paints a very different picture (Xu et al.
2020). Based on the results of their tomographic reconstruction the bulk of the
mineral resides inside of collagen fibrils in a form of plate-shaped crystallites
(3 nm � 20 nm � 65 nm) aligned with their longest dimension corresponding to
the crystallographic c-axis along the fibril axis, with only a few mineral particles
detected outside of the fibrils. At the same time in contrast to the “deck of cards”
model, the crystallites were essentially randomly oriented in two other dimensions,
i.e., the mineral crystallites were oriented inside the fibril uniaxially. Stacks
containing two to eight crystallites were also observed, but these stacks were not
organized into arrays over the length of the fibril. Interestingly, the authors described
finger-like protrusions at the ends of the platelets, similar to those observed by
Reznikov et al. (2018) but overall this uniaxial model differs drastically not only
from the older “deck of cards” model but also from the more recent studies
conducted using FIB milled samples on advanced TEM microscopes.

It is quite remarkable that after 70 years of studies of the mineralized collagen
fibrils in CMTs and dozens of publications on the subject there is still no clear
understanding of their structural organization. There are only a few attributes which
seem to be undisputed and consistent throughout the literature, namely the mineral in
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CMTs is in the form of 3–6 nm thick plates arranged with their c-axes along the axis
of the fibril—the facts reported in the first publication on this subject by Robinson
and Watson in 1952 (Robinson and Watson 1952). This is even more peculiar,
considering that researchers using the same tissue, sample preparation methods, and
characterization tools arrive at very different conclusions (Xu et al. 2020; Reznikov
et al. 2018).

3.3 Biomineralization of CMTs

Initial mineralization events in CMTs universally involve matrix vesicles (MVs)—
small membrane-bound vesicles, which bud from the plasma membrane of miner-
alized cells into the newly deposited nonmineralized collagenous matrix (Anderson
1995; Golub 2009; Cui et al. 2016; Hasegawa et al. 2017; Goldberg et al. 2011).
MVs have a unique composition distinct from that of the cytoplasm and the plasma
membrane. Their membranes are enriched in phospholipids and they contain phos-
phatases such as TNAP and Phospho-1, integrins, annexins, and metalloproteinases
(Golub 2009). The phosphatases are responsible for hydrolysis of pyrophosphate,
which plays a dual role in the initiation of mineralization. Pyrophosphate is a potent
mineralization inhibitor and its hydrolysis removes the inhibitory effects, while at
the same time it increases phosphate concentration and hence the driving force
toward mineralization. Phosphate and Ca2+ are transported into the MVs where the
mineral nucleates on the inner surface of the MV membrane containing phospho-
lipids and annexin compexes (During et al. 2015; Golub 2009; Wu et al. 1997). It is
not clear if the first mineral phase formed in MVs is ACP, although some studies
indicate that the early mineral is amorphous (Wu et al. 1997; Chaudhary et al. 2016;
Cruz et al. 2020; Sauer and Wuthier 1988). Eventually, mineral crystals appear on
the inner membrane surface of the MVs and then more crystals grow inside the
vesicles. At a certain point, they puncture the membrane and become exposed to the
matrix environment and spark the mineralization process in the collagen fibrils
around them (Hasegawa et al. 2017; Stratmann et al. 1996; Takano et al. 2000),
probably through heterogeneous nucleation of mineral crystallites on the surface of
the exposed MV crystals. Once the initial mineralized layer is formed, the mineral-
izing cells continue to deposit nonmineralized matrix such as osteoid in bone and
predentin in dentin which mineralizes a few microns away from the cell bodies at the
mineralization front (Goldberg et al. 2011; Anderson 1989). The nonmineralized
collagenous matrices undergo maturation including changes in their structural orga-
nization and composition prior to mineralization (Embery et al. 2001; Beniash et al.
2000; Lormée et al. 1996; Bronckers et al. 1985; Weinstock and Leblond 1973;
Septier et al. 2001; Kazama et al. 1992).

One of the important questions in the field, which still remains unclear is the
transport of phosphate and calcium to the mineralization sites in CMTs (Gay et al.
2000). A number of recent studies using advanced TEM techniques have shed some
light on this process. Mahamid et al. performed cryoEM and cryoSEM studies of
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vitrified samples of forming zebrafish caudal bones (Mahamid et al. 2008, 2010) and
calvaria from mouse embryos (Mahamid et al. 2011). The authors observed intra-
cellular membrane-bound granules of disordered calcium phosphate which was
secreted into the extracellular matrix via exocytosis where it eventually crystallized.
In another study, Boonrungsiman et al. analyzed freeze substituted samples of
osteoblast tissue cultures (Boonrungsiman et al. 2012). They also observed calcium
phosphate-containing vesicles inside the cells and amorphous mineral aggregates in
the extracellular matrix adjacent to the cells. They further confirmed the presence of
calcium phosphate mineral in mitochondria and demonstrated that the mineral-
containing vesicles are associated with mitochondria, the observation that suggests
a role of mitochondria in sequestering and storage of calcium and phosphate for
mineralization.

A number of recent studies identified mineral aggregates, both membrane delin-
eated and free in the blood, which rapidly migrate to the sites of active bone growth
via intercellular spaces (Haimov et al. 2020; Akiva et al. 2015, 2019; Kerschnitzki
et al. 2016a, b). These recent findings taken together imply that the mineral is
transported to the mineralization sites in a solid phase instead of an ionic form,
both intercellularly and intracellularly. This mode of mineral transport is highly
efficient since mineral ions in a solid phase are more concentrated than in a solution
and are bound, which reduces their activity. The later point is especially important
for the intracellular mineral transport since Ca2+ at high concentrations is highly
cytotoxic and its concentration in the cytoplasm is maintained at the nM level (Bagur
and Hajnóczky 2017). Interestingly, no classical ion transport pathways, via trans-
membrane ion pumps and channels, and at the levels which would account to the
high rate of mineral deposition, have been identified in bone tissue so far
(Schlesinger et al. 2020), which supports the solid phase transport model.

3.4 Conclusion

Despite the decades of studies, which revealed an enormous complexity and unique
properties of CMTs, many fundamental questions posed at the inception of the field
remain unanswered. The progress in our understanding of these materials depends
on the development of new research methodologies and on interdisciplinary collab-
orations of scientists from diverse fields, such as physical chemistry and crystallog-
raphy, material sciences, biophysics, biochemistry, molecular, and cell biology.
Recent technological developments in many areas, including single cell
transcriptomics (Krivanek et al. 2020), super-resolution light microscopy (Sigal
et al. 2018), microspectroscopy (Byrne et al. 2018), electron microscopy (Courtland
2018; Callaway 2015), and others will help to address the enigmatic questions which
evaded scientists for decades. At this point in time, we are standing at a threshold of
great discoveries, and it is an exciting time for young investigators entering the field.
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Chapter 4
Non-collagenous ECM Matrix Components
Growth Factors and Cytokines Involved
in Matrix Mineralization

Annette Merkel, Elizabeth Guirado, Karthikeyan Narayanan,
Amudha Ganapathy, and Anne George

Abstract Biomineralization is a widespread process in living organisms to form
minerals to harden tissues via hierarchically structured organic�inorganic compos-
ites. These processes are very diverse and complex. However, the site-specific
location, size, and morphology of the crystals formed are specifically controlled by
various cellular activities that vary between organisms. In vertebrates, bone, carti-
lage, and teeth are calcified tissues that are essential for the functional and structural
integrity of the organism. The composition, crystal morphology, and materials
properties of these structural elements are intriguing to multidisciplinary scientists.
Further, the simplicity of biomineralization process with low energy costs, high
quality, and formation under ambient conditions are impossible to reproduce in a
bio-free system. Studies have implicated that the organic component of the miner-
alized tissues which include collagen and non-collagenous proteins (NCPs) play a
critical role in mineral nucleation and growth. In this review, we highlight recent
developments in dentin biomineralization process with respect to matrix proteins and
growth factors.

4.1 Introduction

Biomineralization, the generation of hard tissues is a fascinating process by which
living organisms produce hard tissues composed of biominerals (Veis and Dorvee
2013; Alvares and Veis 2012; Boskey 1990, 1998, 2003a, 2013; Estroff and Cohen
2011). The control of biomineralization, the deposition of mineral crystals on a
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biologically formed matrix is crucial to the function of the mineralized tissue
(Boskey 1992, 2003b; Halvorsen et al. 2001; Tian et al. 2020; Ma et al. 2020;
Paine and Snead 2005). Disruptions in this process are detrimental to human health
(Mckee et al. 2013; Pohjolainen et al. 2008; Koehne et al. 2013; Opsahl Vital et al.
2012; Pragnère et al. 2021). Biominerals have complex hierarchical structures,
possess exceptional properties such as mechanical, electrical, or magnetic properties
which are achieved under the direct control of biomolecules (Saunders et al. 2011;
Gorski 2011). Bone and dentin formation are classified as “matrix-mediated bio-
mineralization” as the organisms control mineral deposition (Feng 2011; Young
et al. 1992). Specifically, the organism controls the nature, orientation, size, and
shape of the mineral by creating closed compartments or defined channels in which
the mineral crystal forms (Veis and Dorvee 2013; Dorvee and Veis 2013). The
consensus is that both matrix macromolecules and tissue architecture formed by the
compartment are of vital importance in dictating specific sites for localizing mineral
formation, nucleation, crystal growth, crystal orientation, crystal morphology, and
size regulation. Thus, minerals of biogenic origin are created at near ambient
temperatures and pressures with the matrix dictating the formation of unique
patterns.

Dentin mineralization is an example of matrix-mediated mineralization (Beniash
et al. 2011; Foster et al. 2013; Goldberg et al. 2011; George and Veis 2008).
Odontoblasts, which are the principal cells, are responsible for the synthesis and
secretion of both the scaffolding proteins and specialized proteins that are involved
in crystal nucleation and growth (Zurick et al. 2013; Goldberg et al. 2008; He et al.
2003).

4.2 Extracellular Matrix Components

4.2.1 Collagen

Type I collagen is the principal structural protein in bone and dentin. The self-
assembled collagen matrix forms the scaffold for mineral deposition (George and
Veis 1991; Helseth and Veis 1981). In earlier studies, Type I collagen was consid-
ered as a passive template deposited by the odontoblasts as it did not have the
capacity to initiate mineral nucleation. Several recent studies have shown that type I
collagen forms a dynamic and interactive scaffold for ordered mineral deposition
(Nudelman et al. 2010; Yao et al. 2019). In dentin, the odontoblasts deposit collagen
fibrils with a 67 nm periodicity. The ~300 nm rod-like collagen molecules self-
assemble in a staggered manner leaving gaps between the molecular ends. The gaps
are registered in packed fibril-producing channels that run transverse to the fibril
axis; their reduced density produces cross-striations in the fibrils. Due to the specific
binding of the non-collagenous proteins in the gap regions of the collagen fibrils, the
mineral crystals begin to grow in the gap spaces. The initial precipitated amorphous
nanoclusters of Ca and P transform to needle-like crystals of hydroxyapatite which
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eventually coalesce to form plate-like crystals and fill the gap space. The unique
feature of the deposited crystals is that their c-axis align with the long axis of the
collagen fibrils. Thus, the alignment of the collagen fibrils is a requirement to
promote long-range order (Duer and Veis 2013; Yao et al. 2019).

4.2.2 Non-collagenous Proteins (NCPs)

NCPs synthesized by the odontoblasts are responsible for mineral nucleation, crystal
growth, hydroxyapatite crystallinity, inhibit nonspecific mineral deposition, self-
assembly of collagen fibrils, and coordinate cell–matrix interactions (Kim et al.
2004; Boskey 1989; George et al. 1993).

Primary Structure of NCPs The characteristic feature of the NCPs involved in
mineralization is that they are acidic and negatively charged. The negative charge of
the NCPs is contributed by both the high number of negatively charged amino acid
residues such as aspartic acid and glutamic acid and by the post-translational
phosphorylation modification of amino acids such as serines, threonines, and tyro-
sines. Such negatively charged proteins/domains facilitate avid binding to Ca2+ and
PO4

3� ions which are supersaturated in the ECM milieu. The binding of Ca2+ and
PO4

3� by collagen-immobilized NCPs is necessary to form the initial mineral nidus.
The negatively charged amino acids can shape crystal morphology and promote the
transformation of amorphous calcium phosphate to crystalline hydroxyapatite. Some
of the proteins synthesized by the odontoblasts function as crystal inhibitors and
prevent the growth by binding to the surface of the nascent mineral nuclei (Giachelli
2005).

Structure-Based Classification of NCPs Based on the structural analysis, several
of these proteins have been classified as intrinsically disordered proteins (IDPs) or
have regions that do not fold into a 3D structure, and these are referred to as
intrinsically disordered protein regions (IDRPs) (Boskey and Villarreal-Ramirez
2016; Tavafoghi and Cerruti 2016). Recent reports suggest that a large fraction of
the human proteome and all organisms comprises proteins that under physiological
conditions lack ordered 3D structures (Veis and Dorvee 2013; Alvares and Veis
2012; Boskey 1990, 1998, 2003a, 2013; Estroff and Cohen 2011). IDPs are charac-
terized by conformational flexibility as their structures are variable and do not fold
into the conventional secondary structures seen in structural proteins. Such structural
plasticity enables them to engage in a wide-array of biological functions which
cannot be performed by structured proteins (Kalmar et al. 2012). However, these
proteins can assume secondary structures when they are phosphorylated or interact
with their binding partners. The intrinsic disorder is a unique structural feature that
enables these proteins to participate in many signaling events.

IDPs are often hydrophilic, have amino acid domains containing repeat sequences
which are either positively or negatively charged domains (Boskey and Villarreal-
Ramirez 2016). Many of the noncollagenous proteins of bone and teeth have no
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defined structure and perhaps this conformational flexibility is highly beneficial for
binding to Ca2+ and initiating the process of mineral nucleation and subsequent
formation of amorphous calcium phosphate mineral (Wald et al. 2017). The impor-
tance of IDPs were demonstrated when dysregulated proteins engage in unwanted
interactions leading to the development of several pathological conditions such as
neurodegeneration, cardiovascular, amyloidosis and genetic diseases.

4.3 Noncollagenous Proteins in the Dentin Matrix That
Regulate Mineralization

4.3.1 Introduction

Dentin is a composite of organic macromolecules and hydroxyapatite minerals
(Zhang et al. 2014). It is formed by odontoblast cells as the foundation for the
overlaying enamel and cementum layers that face the oral cavity environment.

Dentinogenesis is classified into three phases, primary, secondary, and tertiary
dentin formation.

Primary dentinogenesis precedes birth and begins at around 14 weeks of gesta-
tion, when odontoblast differentiation begins. A 5–30 micron thick layer of mantle
dentin is deposited first at the dentino-enamel junction, followed by circumpulpal
dentin (Kawashima and Okiji 2016). Primary dentinogenesis continues until tooth
eruption. After eruption into the oral cavity and the establishment of functional
contacts between teeth are completed, any further dentin deposition is termed
secondary dentinogenesis. Tertiary dentinogenesis has been used to describe the
reparative process of dentin deposition following insult to the pulp, such as caries or
restorative procedures. Pre-dentin, a layer 10–30 microns thick, lies in direct contact
with the odontoblasts at the periphery of the pulp chamber and represents an
unmineralized dentin matrix (Linde and Goldberg 1993).

The mechanical properties of dentin depend on its mineral content and ultrastruc-
ture (Angker et al. 2004). Although dentin’s hardness and elastic modulus remain
fairly constant, its fracture resistance decreases with increasing mineral deposition
(Zhang et al. 2014).

Dentin mineralization is a meticulously controlled process dependent on the
organic components of the dentin matrix. This dentin matrix is composed of type I
collagen (86%), as well as types III, V, and VI collagens, and a variety of
non-collagenous proteins (Fig. 4.1). The small integrin-binding ligand, N-linked
glycoprotein (SIBLING) family of non-collagenous proteins is the focus of this
chapter. They represent a group of dentin matrix proteins known to regulate the bio-
mineralization process.

SIBLING protein genes are contained within a contiguous region of chromosome
4 (Fisher and Fedarko 2003). They include: dentin matrix protein 1 (DMP1),
osteopontin (OPN), bone sialoprotein (BSP), matrix extracellular
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phosphoglycoprotein (MEPE), and dentin sialophosphoprotein (DSPP), the latter
being a compound protein consisting of dentin sialoprotein (DSP) and dentin
phosphoprotein (DPP).

In general, SIBLING proteins are extended, flexible proteins in solution thought
to orchestrate mineral formation. Though they have poor homologies at the amino
acid level, they all contain conserved regions such as the integrin-binding RGD
motif, the NXS/T motif for N-linked oligosaccharides, and multiple casein kinase
II-type phosphorylation sites (Fisher and Fedarko 2003).

Fig. 4.1 Scanning Electron Microscopy Images of dentin. Decalcified maxillary first molars from
mice were freeze-fractured in liquid nitrogen, dehydrated in hexamethyldisilazane, coated with
gold/palladium (10 nm), and imaged using field-emission scanning electron microscopy, 3.0 kV,
WD 6.0 mm. (a) An odontoblast layer lines the periphery of the pulp chamber, projecting their
cellular processes (odontoblastic processes) through the dentinal tubules. Scale ¼ 10 um, �1000.
(b) During dentinogenesis, odontoblasts deposit a scaffold of unmineralized dentin matrix that is
optimized for nucleating minerals and forming the mineralized tissue that is dentin. This dentin
matrix is composed primarily of type I collagen. Scale¼ 1 um,�4500. (c) A magnified view of the
dentinal tubule wall reveals the characteristic type 1 collagen 67 nm D-band periodicity. The
collagen density appears highest closest to the tubule wall. Scale ¼ 1 um, �19,000 (d) Further
magnification reveals non-collagenous cross-linkers within the dentin matrix. These
non-collagenous components, to which the SIBLING family belongs, are thought to mediate the
mineralization of the dentin matrix. Scale ¼ 100 nm, �40,000
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Several human diseases have been attributed to the dysfunction of these SIB-
LING proteins, emphasizing their importance to dentin formation. The phosphory-
lation status of SIBLING proteins affects their physiological role in mineralized
tissues (Gericke et al. 2005). In fact, defects in global phosphorylation of the
SIBLINGs account for the phenotype of Raine syndrome (Whyte et al. 2017). An
understanding of the biology of these proteins is thus paramount to the understand-
ing of dentin formation.

4.3.2 Dentin Sialoprotein (DSP) and Dentin Phosphoprotein
(DPP)

The dentin sialophosphoprotein (DSPP) gene encodes the major SIBLING protein in
the dentin matrix, dentin sialoprotein, and dentin phosphoprotein (Veis et al. 1972).
Despite its early discovery, cloning of the DSPP gene lagged partly due to the gene’s
many domains (George et al. 1999). Further complexity to the gene arises from
DSPP’s posttranslational cleavage into two distinct proteins, the carbohydrate-rich
dentin sialoprotein (DSP) and highly phosphorylated dentin phosphoprotein
(DPP/DMP2) (Qin et al. 2004).

Murine models of dentinogenesis reveal that the DSPP gene is actively tran-
scribed by odontoblasts before mineral formation and sustained through all phases of
primary and secondary dentinogenesis (D’souza et al. 1997). DPP is secreted and
appears rapidly at the mineralization front (Weinstock and Leblond 1973), while
DSP is found predominantly in highly mineralized peritubular dentin (Hao et al.
2009). The DSPP gene has been mapped to the long arm of human chromosome
four, 4q21, implicating it in the pathophysiology of dentinogenesis imperfecta type
II (Takagi et al. 1983; MacDougall et al. 1997; George et al. 1999).

4.3.3 Dentin Matrix Protein 1 (DMP1, AG1)

Dentin matrix protein 1 (DMP1) was the first serine-rich, acidic protein to have been
cloned and sequenced (George et al. 1999), different isoforms of whom were
identified concurrently (MacDougall et al. 1998). It is an extremely hydrophilic
protein containing a single RGD integrin-binding motif and N-glycosylation
sequences (George et al. 1993).

The protein is cleaved into N-terminal (37 kDa) and C-terminal fragments
(57 kDa), the latter of which is highly phosphorylated. Sequence analysis predicts
that casein kinases I and II may be responsible for this phosphorylation. Within the
dentin matrix, the phosphorylated form of DMP1 is found only at low levels.
Flexibility at the C-terminus may help facilitate collagen binding in the dentin
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matrix, as well as mineral nucleation. In vitro, recombinant DMP1 is able to nucleate
nanocrystalline hydroxyapatite ribbons (George et al. 2018).

Murine models of dentinogenesis reveal that the DMP1 gene is transcribed in
newly differentiated odontoblasts after polarization is achieved, increases after birth
in secretory stage odontoblasts, and becomes downregulated in mature odontoblasts
(George et al. 1995; D’souza et al. 1997).

In-situ localization and chromosomal mapping localize the DMP1 gene to the
4q21 locus of the human chromosome. DMP1 was once thought to be a candidate
gene for dentinogenesis imperfecta type II (George et al. 1994; Hirst et al. 1997);
however, today it is known to be involved in the pathophysiology of recessive
hypophosphatemic rickets (Lorenz-Depiereux et al. 2006).

4.3.4 Matrix Extracellular Phosphoglycoprotein (MEPE)
(Osteocyte/Osteoblast Factor 45 (OF45), Osteoregulin)

Matrix extracellular phosphoglycoprotein (MEPE) was originally cloned from onco-
genic hypophosphatemic osteomalacia (OHO) tumors (Rowe et al. 2000). Unlike
other SIBLING proteins, MEPE is strongly basic (pI ¼ 9.2) (Fisher and Fedarko
2003).

Murine models of dentinogenesis have revealed that MEPE is found in polarized
odontoblast cells, both young and mature. In the largely non-mineralized pre-dentin
layer, MEPE is particularly concentrated at the dentin mineralization front and its
expression is sustained throughout root formation (Gullard et al. 2016).

Murine models reveal that the gene has distinct functions in the tooth organ
versus the bone. MEPE knockout models display hypermineralized molars with
thicker pre-dentin, dentin, and enamel layers, concurrently with hypomineralized
cranial bones (Gullard et al. 2016).

MEPE-derived acidic serine- and aspartate-rich motif (ASARM) peptides have
been implicated in the physiological role of the protein in tooth and bone mineral-
ization (Martin et al. 2008; David and Quarles 2010). In vitro studies have revealed
that MEPE-derived ASARM peptides inhibit odontogenic differentiation and matrix
mineralization (Salmon et al. 2013), however, more research is necessary to deter-
mine the role of this protein and its peptide products in dentinogenesis.

Genetic disorders directly resulting from MEPE dysfunction have not been
reported. However, abnormal MEPE accumulation has been reported in the teeth
of X-linked Hypophosphatemic (XLH) patients (Salmon et al. 2014).
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4.3.5 Osteopontin (OPN) (Bone Sialoprotein 1 (BSP1)/
Secreted Phosphoprotein 1 (SPP1))

Osteopontin (OPN) was first isolated from bovine bone (Franzén and Heinegård
1985). The protein is not tooth-specific, being transcribed by both odontoblasts and
osteoblasts; and, has been proposed as a marker of odontoblasts differentiation
(Surdilovic et al. 2018).

Dentin and bone protein extracts reveal that OPN levels in the dentin matrix are
less than one-seventieth of that in bone (Qin et al. 2001).

Murine models of dentinogenesis have revealed strong OPN expression by
alveolar bone osteoblasts and transient expression by cementoblasts. Similar to
murine models of MEPE-knockout, OPN-knockout mice present with significantly
increased dentin volume and mineral density. OPN transcription has not been
identified in odontoblasts, pulp or periodontal ligament cells (Foster et al. 2018).
Despite this, OPN protein has been localized to pre-dentin and to clusters of
odontoblasts adjacent to areas devoid of dentin, but not dentin, pre-odontoblasts,
or enamel organ (Mark et al. 1988). Like MEPE, X-linked hypophosphatemic
(XLH) teeth present with prominent and abnormal OPN localization (Salmon et al.
2014).

4.3.6 Bone Sialoprotein (BSP2)

Bone sialoprotein (BSP) expression is restricted to bone and cementum. Competition
ELISA of 4 M guanidine HCl extracts of fetal calf dentin has revealed small amounts
(0.4%) of BSP2 protein (Fisher et al. 1983). Other studies failed to detect such
miniscule levels in bovine dentin (Franzén and Heinegård 1985). Murine models of
dentinogenesis have failed to detect BSP transcription in the rat tooth follicle until
day 21 of gestation, particularly in odontoblasts adjacent to coronal dentin (Chen
et al. 1992). Insights into BSP and its importance can be found in the following
reviews (Ganss et al. 1999; Fisher et al. 2001).

4.3.7 Type II TGF-β Receptor Interacting Protein-1 (TRIP1)

TRIP1 is a member of a family of structurally conserved proteins, the WD-40 repeat
proteins (Chen et al. 1995). The WD-40 proteins contain 4 or more copies of a
conserved Trp-Asp motif, the so-called WD-40 repeat, which forms a scaffold for
binding other proteins (Neer et al. 1994). TRIP-1 has been identified as a phosphor-
ylation target of the TGFβR-II kinase during in vitro studies and as a functional
component of eukaryotic translation initiator factor 3 (eiF3) multi-protein complexes
(Hershey et al. 1996; Asano et al. 1997). WD40-repeat proteins are one of the largest
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protein families that often serve as platforms to assemble functional complexes and
thus play vital roles in many biological processes (Neer et al. 1994). The name
WD40 was derived from the conserved WD dipeptide and the conserved length of
approximately 40 amino acids in a single repeat (Neer and Smith 1996). A typical
WD40 domain consists of 6–8 structurally conserved WD40 repeats, each of which
contains four-stranded anti-β-sheet which then folds into a β-propeller structure often
comprising seven blades. These structures are stabilized by hydrophobic
interactions.

Eukaryotic initiation factor subunit I (EIF3i) also called p36 or TRIP-1 is a part of
the translation initiation complex and acts as a modulator of TGF-β signaling. It is a
subunit of the eIF3 complex and is also termed eIF3i. eIF3 is the largest of the eIFs
(Behlke et al. 1986) and plays an essential role in the initiation of eukaryotic
translation. The presence of TRIP-1 from yeast to mammals indicates an evolution-
arily conserved function in eukaryotes (Wrana et al. 1992) Recently, we have
identified TRIP1 as a noncollagenous protein in the mineralized matrices of bone
and dentin (Chen and George 2018). A signal peptide that is necessary to exit the cell
is absent in TRIP1. However, expression was observed in the matrix and in the
secretome of various cell lines.

The immunohistochemical analysis demonstrates the localization of TRIP-1 in
the tooth at all stages of development (Ramachandran et al. 2012). During tooth
development, reciprocal interactions and controlled programming take place
between the oral epithelium and the neural-crest-derived mesenchyme. Signals
transmitted by the epithelial cells promote condensation of the mesenchymal cells
called the dental papilla. At the bud stage of tooth development, TRIP-1 was
expressed in both the epithelial cells of the oral ectoderm and specifically in the
dental papilla. With further development, the dental papilla differentiates to form the
odontoblast cells that will initially produce the uncalcified predentin matrix and
subsequently mineralized dentin, while the dental lamina differentiates to form the
ameloblasts that will produce enamel. Expression of TRIP1 was observed in both the
ameloblasts and odontoblasts until day three in the molars. At later developmental
stages, TRIP-1 is expressed only by the odontoblasts. As the incisors are continu-
ously erupting, expression of TRIP-1 was seen in both odontoblasts and ameloblasts.
Undifferentiated pulp cells show lower expression levels of TRIP-1 during early
stages and higher expression levels with development. These observations suggest
that TRIP-1 might play a regulatory role during the differentiation of ameloblasts
and odontoblasts and might participate in the epithelial–mesenchymal cross-talk
during development. The expression of TRIP-1 in the dentin matrix is interesting.
On day three, the odontoblasts are fully polarized and secrete type I collagen and
several noncollagenous proteins necessary for matrix mineralization. During this
process, TRIP-1 is localized at the mineralization front where the first crystals of
calcium phosphate are deposited (Ramachandran et al. 2012). This suggests that
TRIP-1 might play a role in matrix mineralization. This function was demonstrated
by in vitro nucleation assay, which demonstrated that TRIP-1 could bind calcium
and initiate the nucleation process.
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To investigate the role of TRIP1 in biomineralization, demineralized dentin
wafers which contained intact collagenous matrix were used to demonstrate their
ability to nucleate calcium phosphate. Sparse mineral deposits were observed at
7 days within the collagen gap and overlap zones of the deproteinized and
demineralized dentin wafer adsorbed with TRIP-1, while enhanced deposits were
observed at the end of 14 days (Ramachandran et al. 2018). Interestingly, at low
concentrations of TRIP1, self-assembly of the protein into fibrillar structures was
clearly evident. With increasing TRIP-1 concentrations, nanosized calcium phos-
phate deposits were embedded within the protein meshwork. These particles coa-
lesced to form agglomerates of HAP with higher concentrations of TRIP-1. TEM
imaging showed the characteristic diffraction rings corresponding to the crystallo-
graphic planes of hydroxyapatite (Ramachandran et al. 2018). It is possible that the
fibrillary supramolecular structure of TRIP1 may function as a nucleating template
and higher amounts of TRIP-1 would bind more calcium phosphate nanoclusters and
lower the interfacial energy for nucleation and promote hydroxyapatite formation.

Interaction of TRIP1 with Collagen The possibility of rTRIP1 to nucleate cal-
cium phosphate suggested that TRIP1 could bind to type I collagen. Surface plasmon
resonance analysis suggested that TRIP-1 bound to type I collagen in a
dose-dependent manner with a KD a measure the affinity between the two molecules
of 48.5 μM and with the fast association and dissociation rates (Ramachandran et al.
2016). This indicated that TRIP1 binds with Type I collagen and this binding affinity
is weaker than the binding of DMP1 and collagen. Immunogold labeling also
suggested that TRIP1 could bind to monomeric collagen aggregates. These obser-
vations suggest that TRIP1 secreted to the matrix could bind both collagen and
calcium ions to initiate matrix mineralization.

4.4 Glucose Regulatory Protein-78 (GRP78)

The alveolar bone and dentin require precise coordination of proteins and molecules
to form a mineralized matrix. Dentin Matrix Protein-1 (DMP1), a SIBLING family
protein, plays a major role in forming the matrix (Sun et al. 2011). Although DMP1
has been shown to function in the extracellular matrix of bone and dentin, the role of
DMP1 inside the cell also has implications in osteoblast and odontoblast differen-
tiation (Jacob et al. 2014). DMP1 is subject to posttranslational processing where it
can function within the nucleus as a transcription factor due to its NLS signal, NES
signal, and N-terminal domain (Narayanan et al. 2003). Its function as a transcription
factor is still being explored, but DMP1 has been shown to activate the transcription
of osteoblast- and odontoblast-specific genes like alkaline phosphatase and
osteocalcin (Narayanan et al. 2003). When DMP1 was inactivated or repressed in
embryonic mesenchymal stem cells, the levels of matrix mineralization and osteo-
blasts specific genes were decreased (Narayanan et al. 2003). The translocation of
DMP1 from the extracellular matrix and to the nucleus has recently been described
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(Merkel et al. 2019). Through mass spectrometry, DMP1 has been shown to interact
with Glucose Regulated Protein-78 (GRP78) at the membrane (Ravindran et al.
2012). The coordinated efforts between DMP1 and GRP78 demonstrate that these
two proteins are important and necessary in biomineralization.

Glucose-regulated protein-78 (GRP78/BiP) is a member of the heat shock family
of proteins essential in the cell to help regulate protein folding and the unfolded
protein response. Structurally, GRP78 is a 78 kilodalton protein that is subject to
post-translational modifications. The protein is highly conserved with an N-terminal
binding domain (NBD) and a C-terminal substrate-binding domain that are
connected by a linker structure (SBD (Ni et al. 2011). GRP78 also has an ATPase
function that controls the on and off state through conformational changes to allow
substrate binding. Often referred to as the master regulator of the endoplasmic
reticulum, GRP78 is one of the key chaperone proteins that enables proper folding
of proteins that enter the cell for those proteins to reach their desired destinations
(Pfaffenbach and Lee 2011). GRP78 is a multifunctional and dynamic protein that
functions throughout the cell to ultimately maintain homeostasis.

Although GRP78 is known for its function within the endoplasmic reticulum
lumen, the protein has functions outside of the ER, namely the cell surface. Under
conditions of stress within the cell, GRP78 has the ability to relocate throughout the
cell in order to act in different compacities. Cell surface GRP78 has been shown in
many studies to function as a receptor and signaling molecule due to a KDEL motif
that allows its cellular relocation upon stress signals (Tsai and Lee 2018). In recent
studies, GRP78 on the cell surface promotes stemness or promoting stem cell self-
renewal properties in breast cancer cells and pluripotent stem cells. Additionally, cell
surface GRP78 has been found to promote pluripotency of stem cells in human and
embryonic stem cells (Conner et al. 2020). Viruses like the Japanese Encephalitis
virus, Coxsackie virus, and the newly emerged SARS-CoV-2, utilize cell surface
GRP78 for entry into the host cell (Allam et al. 2020; Ni et al. 2011). The cell surface
function of GRP78 suggests its importance in molecular signaling, endocytosis, and
stem cell maintenance.

Another main function of GRP78 is to be the main signaling molecule in the
Unfolded Protein Response. The Unfolded Protein Response (UPR) is a mechanism
for the cell to respond to stress conditions and reduce the changes of cell apoptosis
(Hetz 2012). Conditions of excess proteins, proteins improperly folded, and excess
calcium are examples of conditions that activate the UPR (Bahar et al. 2016). Under
cell and endoplasmic reticulum stress, GRP78 changes conformation to release three
cascades of signaling molecules to help return to a homeostatic state. The three arms
of the Unfolded Protein Response include the PERK (protein kinase RNA-like
endoplasmic reticulum kinase), ATF6 (Activating Transcription Factor 4), and
IRE1 (inositol requiring enzyme 1) cascades. With the activation of the UPR, the
dissociation of GRP78 from PERK results in the auto-phosphorylation of the protein
to thus phosphorylate eIF2 leading to cell cycle arrest or transcription of
cytoprotective genes. In the ATF6 pathway, the transcription factor is cleaved in
the Golgi apparatus for transport to the nucleus to allow transcription of
cytoprotective genes, chaperones, and stress response genes. Lastly, the IRE-1
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pathway works by splicing the transcription factor XBP1 to allow for the transcrip-
tion and translation of ER stress response genes as well as ER genes associated with
degradation (Walter and Ron 2011). Although all three of these pathways lead to the
transcription and translation of genes to help restore homeostasis, another function of
the UPR stress cascades is to provide outlets for apoptosis if cellular stress and
damage exceed restorability. The PERK and IRE-1 pathways allow for apoptosis to
occur through the CHOP pathway leading to cell death through BCL2 (Hu et al.
2019). The UPR balance provides a check and balances system for the cell to
maintain homeostasis during cellular stress.

The process of mineralization is necessary yet requires numerous proteins and
calcium that can activate the UPR stress response (Bahar et al. 2016). As previously
mentioned, DMP1 functions in the nucleus and the influx of calcium into the nucleus
from the cytoplasm. This triggers the phosphorylation of DMP1 and allows DMP1 to
translocate from the extracellular matrix into the cell (Narayanan et al. 2003).
Calcium signaling is a key player in the activation of the ER stress response and
the UPR in the cell. The excess of calcium in the cell can result in GRP78 activation
and translocation to the membrane (Bahar et al. 2016). Previous papers have
described the interactions of GRP78 and DMP1 at the plasma membrane through
mass spectrometry and immunolocalization in both stem cells, specifically T4-4cells,
and wild-type mouse models (Ravindran et al. 2008). Additionally, membrane
GRP78 has been isolated after cell treatment with DMP1 through a pull-down
assay and Western Blotting (Merkel et al. 2019). Entry into cells can result through
phagocytosis, endocytosis, or pinocytosis. Clathrin-mediated and caveolin-mediated
endocytosis are two of the main pathways that proteins and extracellular material can
enter the cell (Nabi and Le 2003). Inhibition of the clathrin pathway by the inhibitor
Pitstop demonstrated no difference in DMP1 levels intracellularly (Dutta et al.
2012). However, inhibition of the caveolin pathway by β cyclodextrin has shown a
blockage of DMP1 levels intracellularly. Intracellular trafficking within the cell is
routed by Rab GTPases, which are proteins of the Ras superfamily that regulate
membrane trafficking, subcellular vesicle trafficking, and vesicle coordination
within the cell (Stenmark 2009). Rab5 and EEA1 proteins are associated with the
early endosome after endocytosis. An increase in Rab5 proteins occurs with an
increase in caveolin-1 proteins, the caveolae proteins, suggesting these two proteins
work together during caveolin-mediated endocytosis (Hagiwara et al. 2009). Studies
have shown a DMP1 associated with Rab5 and EEA1 within human periodontal
ligament stem cells and wild-type mouse immunohistochemistry (Fig. 4.2) (Merkel
et al. 2019). Next, Rab7, a late endosomal marker, coordinates with Rab5 to transfer
DMP1 from the early to the late endosome. DMP1 can enter the nucleus after late
endosomal vesicle trafficking due to its NLS signal. Lastly, Rab11, a recycling
vesicle marker, has been shown to transport DMP1 back from the nucleus to the
plasma membrane from which the protein can function in the extracellular matrix
(Merkel et al. 2019).

Overall, the coordination of DMP1 and GRP78 depends on the activation of the
stress response due to the excess calcium and protein folding occurring during
osteoblast and odontoblast differentiation. Ultimately, these two proteins work
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synergistically to further aid in the mineralization of bone and dentin. GRP78 has
been isolated from the secretome of primary mouse calvarial cells suggesting a role
not only in the cell with DMP1 but also in the extracellular matrix. Additionally,
in vitro nucleation studies have shown calcium phosphate formation from GRP78
protein on type 1 collagen matrices (Ravindran et al. 2012). DMP1 and other
SIBLING proteins have been targets in research for tissue and bone engineering;
however, literature has not shown efforts to use GRP78 in tissue engineering.
GRP78 stands to be a multifunctional and important protein in our cells that goes
beyond modulating the ER response. Harnessing and understanding this relationship
between the stress response protein, GRP78, and the extracellular matrix protein,
DMP1, can lead to novel mechanisms of tissue engineering and an enhancement in
biomineralization of the bone and dentin.

4.5 Growth Factors and Cytokines

Odontoblast differentiation and formation of the dentin matrix is regulated by
signaling factors, and in this review, our focus is on bone morphogenetic proteins
(BMPs) and transforming growth factor-b (TGFβ). The TGF beta superfamily of
growth factors are present in relative abundance in a mineralized matrix and stim-
ulate proliferation and differentiation of cell types associated with mineralized tissue
formation both in vitro and in vivo.

Fig. 4.2 Interaction of GRP78 with DMP1 and Rab5: (a) Immunolocalization of GRP78 (FITC)
and DMP1 (TRITC) and DAPI in one month mouse mandible sections: Colocalization is seen as
yellow. D dentin, PDL periodontal ligament, B bone. Bar represents 20 μm. (b) Localization of
Rab5 (FITC), GRP78 (TRITC), and DAPI in 2 month DMP1-overexpressing mouse pulp cells. The
colocalization of the two proteins is indicated as yellow. Arrows show co-localization along the
membrane of 2 proteins. Bar represents 10 μm
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Bone Morphogenetic Proteins (BMPs) In the 1960s, Marshall Urist, an orthope-
dic surgeon identified that protein complex in the demineralized rabbit bone able to
act as osteoinductive in vitro and in vivo and named this factor as bone morphoge-
netic protein (BMP) (Nogami and Urist 1970; Urist and Peltier 2002; Urist and
Strates 1971). BMPs family comprises more than 30 members. Molecular cloning of
these members identified them as members of the TGFβ superfamily (Table 4.1).
Though the secretion of BMPs was initially identified in osteoprogenitor cells,
osteoblasts, chondrocytes, and platelets (Pećina and Vukičević 2007; Sipe et al.
2004), later it was discovered that this family of proteins is not restricted to
mineralized tissues but they play an essential role in various functions such as
proliferation, differentiation, apoptosis, morphogenesis, patterning of various organs
and organogenesis (Wozney 1998; Ebendal et al. 1998; Graff 1997). Interestingly,
several of the BMPs do not induce de novo bone formation in classic subcutaneous
implantation assay in animal models (Wolfman et al. 1997). For example, BMP1 is a
metalloprotease capable of cleaving the C-terminus polypeptide of procollagen I, II,
and III and several extracellular matrix proteins (Kessler et al. 1996). Also, BMP3
and BMP13 act as an inhibitor of bone mineralization (Daluiski et al. 2001). It was in
the late 1980s that the first BMPs were cloned and characterized. Upon cloning
human BMPs in 1988, the importance of BMPs especially BMP2 and BMP7 were
demonstrated in orthopedic applications for bone repair enhancement. BMPs have
similarities at the amino acid level among different species. They dimerize with the
help of conserved cysteine residues called cysteine knots and by intramolecular
disulfide bonds. The formation of cysteine–cysteine bridge stabilizes the dimer
formation. However, some members of the family do not form this classical covalent
dimerization due to the lack of required cysteine residue (Liao et al. 2003). BMPs are
made as inactive precursor proteins with export signal peptides in the cell. The
export signal peptide in the monomer protein is essential for the proper folding and
export process associated with the secretory pathway (Miyazono et al. 1988). Upon
dimerization, the pro-domain is cleaved by proteolytic enzymes (proprotein
convertase family) at a consensus site, Arg-X-X-Arg, to produce active and mature
homodimers or heterodimers (Constam and Robertson 1999). The BMPs are
grouped into subfamilies based on the sequence homology, and ability to form either
homodimers or heterodimers. The class I BMPs, which include BMP2 and BMP4
can heterodimerize with class II BMPs, which include BMPs 5–8. Heterodimers
with class I and class II BMPs have higher specific activity than the homodimers. For
example, BMP2/7 or BMP4/7 heterodimers are significantly more potent than
homodimers in osteogenic induction (Kaito et al. 2018; Aono et al. 1995). Besides
osteogenic induction, heterodimers are also more potent in the activation of BMP
pathways leading to stem cell differentiation or fate determination in xenopus and
zebrafish (Schmid et al. 2000; Nishimatsu and Thomsen 1998). The choice of a
homodimer or heterodimer formation is regulated by the expression patterns. For
example, BMP4 and BMP7 preferentially form heterodimers rather than either
homodimer when ectopically coexpressed in Xenopus embryos (Neugebauer et al.
2015) and also the expression pattern of BMP4 and BMP7 overlap in many tissues of
developing mouse (Danesh et al. 2009), suggesting that they may form heterodimers.
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Various BMPs, their function, tissue specific expression patterns, chromosome
location and receptors is presented in Table 4.1.

The regulatory effects of BMPs depend on various parameters. The efficacy of the
BMPs depends on the formation of dimers, posttranslational modifications (N- and
O-glycosylation), the target cell type, differentiation stage of the target cell, concen-
trations of locally secreted BMPs, and the combinatorial effect of these factors with
other growth factors in a complex multi-cell-type signaling system. List of ECM
associated proteins that interact with BMPs and control downstream signaling
pathway is presented in Table 4.2.

Table 4.2 Matrix-associated proteins and their interaction with BMP family members (Adapted
from Development 136, 3715–3728 (2009) doi:https://doi.org/10.1242/dev.031534)

ECM component
Effect on
signaling Mechanism

Heparan sulfate proteoglycans (HSCPGs)
Glypicans/Dally/Dlp/
LON-2, Syndecans

Inhibit/
Promote

Binds BMPs; Increases or decreases BMP
movement

Chondroitin sulfate small leucine-rich proteins
Biglycan Inhibit/may

promote?
Binds BMP4 and Chordin; enhances formation of
BMP4- Chordin complex

Tsukushi Inhibit/may
promote?

Binds BMP4/7 and Chordin; forms BMP-
Tsukushi-Chordin complex

T βRIII (Betaglycan) Promote Binds BMP2/4/7. Co-receptor?

Membrane-bound CR-containing proteins
Crim1/Crm1 Inhibit/

promote
Binds BMPs, can block BMP processing and
secretion

Procollagen-IIA Inhibit Strongly binds BMP2

CR-containing proteins with indirect membrane association
Cv2 (BMPER) Inhibit/

promote
Binds BMP2/4/7, HSPGs, Chordin/Sog, Verte-
brate Tsg, type I Receptor

KCP/Kielin Inhibit/
Promote

Binds BMP7, Activin A, TGFβ1

Other co-receptors and pseudoreceptors
Dagon/RGMs Inhibit?/

Promote
Binds type I and II receptors, BMP2/4

BAMBI Inhibit Binds type I receptor and blocks formation of the
receptor complex

Bone or enamel extract-derived proteins
GLA Inhibit Binds BMP2/4

SPP2 Inhibit Unknown

Dermatopontin Inhibit Unknown

Ahsg Inhibit Binds BMP and blocks signalling

Amelogenin Promote Binds heparan sulphate and BMP2

Other matrix proteins
Collagen IV Inhibit/

Promote
Binds sog (Chordin) and Dpp (BMP)

Fibrillin May
Promote?

Binds BMP/Prodoman complexes
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The action of specific BMP is exerted via hetero-tetrameric serine/threonine
kinase receptors. There are two specific receptor subunits (type I/BMPR-I, and
type II/BMPR-II) that bind to any specific BMPs. These receptors are transmem-
brane proteins with an N-terminal extracellular ligand-binding domain and intracel-
lular region. The type I receptors (BMPR-I) include type IA (ALK3, BRK1) and
type 1B (TSK7L/ALK2, BRKII, RPK1), while type II receptors (BMPR-II) include
ActRI (Activin Receptor Type-I), ActRII, ActRIIB, and T-ALK. BMPs have the
ability to bind to either type I or type II receptors independently; however, high-
affinity binding of BMP ligand and efficient signaling is noted when both type I and
type II receptors are involved. In the absence of BMP ligands, type I and type II
receptors are at different localizations on the plasma membrane. However, in the
presence of BMPs, type I and type II receptors get associated with BMPs as a bridge
between the two receptors and get activated. The mechanism by which BMPs form
the hetero-tetrameric complex varies. For example, BMP6 and BMP7 initiate inter-
action with BMPR-II and recruit BMPR-I. On the other hand, BMP2 and BMP4
bind to BMPR-I followed by BMPR-II recruitment (De Caestecker 2004). This layer
of complexity further specifies the downstream signaling pathway selection (Nohe
et al. 2002). Additionally, the type II receptor is constitutively phosphorylated and
upon binding to the BMPs, the type I receptor is recruited followed by phosphory-
lation at glycine–serine-rich motif known as the GS domain. The phosphorylation of
type I receptors and its kinase activity (activin receptor-like kinases, ALKs) further
activates the cascade of events with the initiation of SMAD phosphorylation.

SMADs serve as signal transducers for various TGFβ super family ligands. The
SMADs are sub-grouped into receptor SMADs (R-SMADs), common SMADs
(Co-SMADs), and inhibitory SMADs (i-SMADs). There are eight SMAD proteins
encoded in the mammalian genomes, of which SMAD1, SMAD2, SMAD3,
SMAD5, and SMAD8 act as substrates for the TGFβ family of receptors and are
commonly referred to as receptor-SMADs (R-SMADs). Specifically, SMADs 1, 5,
and 8 serve as substrates for BMPRs, and SMADs 2 and 3 act as the substrate for the
TGFβ, activin and Nodal receptors. Besides, there is also SMAD4, referred to as
Co-SMAD which acts as a common partner for all R-SMADs. The binding of
Co-SMAD to R-SMAD leads to the translocation of the complex to the nucleus to
regulate gene expression of the target genes. In addition, SMAD6 and SMAD7 act as
inhibitor SMADs that serve as decoys for competing with SMAD-receptor or
SMAD-SMAD interactions.

Upon signal stimulation, SMAD complexes translocate to the nucleus, gets
accumulated and retained for hours (ten Dijke and Hill 2004). In the nucleus,
R-SMADs undergo dephosphorylation leading to disassociation from Co-SMADs
and exported from the nucleus and undergoes recycling. The nuclear import of
SMADs does not depend on the classical importin-dependent transport (Xu et al.
2000, 2002). Besides nucleocytoplasmic shuttling of SMADs, the duration of
SMAD signaling pathway activation depends on the mode of receptor internaliza-
tion. For example, clathrin-mediated endocytosis of receptors promotes SMAD
signaling while lipid-raft mediated endocytosis of receptor leads to degradation via
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ubiquitin pathway (Di Guglielmo et al. 2003). Thus, the internalization of BMPR
plays a critical role in the SMAD signaling pathway.

The commonality in the SMAD activation pathway for various TGFβ ligands
raises an essential point on the specificity of the TGFβ superfamily ligands. It is
noted that the expression pattern of accessory proteins involved in the SMAD
pathway induces ligand-specific downstream effect. The availability of receptor
subunits and the formation of hetero-tetrameric complex, in combination with
accessory proteins, add a layer of specificity in the SMAD signaling pathway. For
example, activin receptor type II combines with ALK4 to induce activin-related
signaling pathway, while it combines with ALK3 or ALK6 to mediate BMP4
downstream signals (Derynck and Zhang 2003; Shi and Massagué 2003). In addition
to these levels of BMP pathway regulation, co-secretion of antagonists of BMPs to
the extracellular environment regulates the BMP pathway signals. The BMP antag-
onists are known to bind to BMP ligands and prevent them from binding to their
receptors. Noggin is an antagonist to a variety of BMPs with varying affinity.
Noggin is a glycosylated protein, which upon secretion forms homodimers. Struc-
turally noggin has a cystenine-rich domain (cystenine knot) and a heparin-binding
region that helps in the cellular surface attachment. The expression control of noggin
by BMP2 during osteoblast differentiation indicates that it potentially acts as a
security system to prevent overload of BMP2 signaling. Similarly in chondrocytes,
the Indian hedgehog (IHH) controls the expression of noggin suggesting a tight
control of noggin in the differentiation/proliferation of chondrocytes. Further,
overexpression of noggin in mesenchymal cells inhibits osteoblast differentiation.
Animal models lacking functional noggin are lethal with various developmental
abnormalities (Balemans and Van Hul 2002). Several other BMP antagonists were
characterized which include chordin, Gremlin, Sclerostin, Dan, USAG1, and others
in mineralized tissues (Calvo et al. 2009).

4.6 Transforming Growth Factor Beta (TGF-β)

In the early 1980s, it is well known that many proteins; specifically secreted ones and
hormones control cell growth. Some of these secreted factors cause malignant
transformation of cells (Todaro et al. 1980). One such factor identified is called
SGF (Sarcoma Growth Factor) discovered in cultures of transformed rat kidney
fibroblasts (de Larco and Todaro 1978). Later it became evident that this factor is a
mixture of at least two substances with different functions. They were called
Transforming Growth Factor-α (TGF-α) and Transforming Growth Factor-β
(TGF-β) (Roberts et al. 1981). TGF-β was further described by Roberts and Sporn
as a secreted polypeptide capable of inducing fibroblast growth and collagen pro-
duction (Roberts et al. 1985). Transforming growth factor-beta 1 or TGF-β1 is a
secreted protein of the transforming growth factor superfamily that controls many
cellular functions, such as growth, proliferation, differentiation, and apoptosis. There
are three isoforms known in mammals as TGF-β1, TGF-β2, and TGF-β3; however,
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TGF-β1 is the predominant form expressed. The chromosomal location of the gene
associated with each isoform is distinct. In humans, the TGF-β1 gene is located at
19q13; the TGF-β2 gene at 1q41; and the TGF-β3 gene at 14q23-4.

TGF-β1, the most predominant expressed isoform, was cloned from human
placenta mRNA (Derynck et al. 1985). In developing mice, TGF-β1 mRNA and/or
protein have been localized in cartilage, endochondral and membrane bone and skin,
indicating a role in the growth and differentiation of cells in these tissues (Dickinson
et al. 1990).

TGF-β2 was first reported in human glioblastoma cells as a suppressor for the
interleukin-2-dependent growth of T lymphocytes. Hence named as glioblastoma-
derived T cell suppressor factor (G-TsF). Physiologically, TGF-β2 is expressed by
neurons and astroglial cells in the embryonic nervous system (Flanders et al. 1991).
The mature form ofTGF-β2, which consist of the C-terminal 112 amino acids, share
71% sequence similarity with TGF-β1 (Ten Dijke et al. 1988).

The third isoform, TGF-β3, was isolated from a cDNA library of human rhab-
domyosarcoma cell lines sharing 80% of amino acid sequence homology with
TGF-β1 and TGF-β2. Studies on mice demonstrated the essential function of
Tgf-β3 in normal palate and lung morphogenesis and implicate this cytokine in
epithelial–mesenchymal interaction (Proetzel et al. 1995; Kaartinen et al. 1995). Its
mRNA is present in lung adenocarcinoma and kidney carcinoma cell lines; interest-
ingly, umbilical cord expresses very high level of TGF-β3 (Ten Dijke et al. 1988).

The genes associated with TGF-β isoforms encode 390–412 amino acids-long
precursor polypeptides containing three distinct regions, namely an N-terminal
signal domain which targets the precursor protein to its cellular secretory pathways;
a propeptide domain, which helps in the dimerization of the mature cytokine; and a
C-terminal “TGF-beta-like” domain of about 100–114 amino acids that is conserved
across the superfamily. Upon cleavage in the Golgi apparatus, the mature C-terminal
protein fragment is secreted as a homodimer, which has two identical subunits linked
by four internal disulfide bonds and a single cross-linking disulfide bond. Structur-
ally, each monomer of the dimer pair is comprised of several β strands. TGF-β
synthesized as a precursor with a signal peptide, and the precursor is processed in the
Golgi by a furin-like peptidase that removes the N terminus of the immature protein.
The TGF-β precursor forms an inactive complex composed of a TGF-β dimer in
association with the latency-associated protein (LAP). The complex is secreted to the
extracellular compartment and form a complex with latent-TGF-β-binding protein
(LTBP) that mediates its deposition to the extracellular matrix (ECM). TGF-β
becomes activated after binding of a TGF-β activator (TA) that induces LAP
degradation or alters LAP’s conformation. Active TGF-β binds to a hetero-
tetrameric complex composed of TGF-β receptor II (TGF-βRII) and TGF-β receptor
I (TGF-βRI) and initiates signaling pathways associated with the kinase activity of
the receptors. The canonical TGF-b pathway is initiated by the binding of ligand to
hetero-tetrameric complexes of type I and type II receptors activating their serine-
threonine kinase. The activated receptor further phosphorylates R-SMADs (SMAD2
and 3). Followed by endocytosis, R-SMADs form complex with Co-SMADs, gets
translocated to the nucleus, and regulates several target genes.
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4.6.1 Extracellular Matrix Regulation of BMPs and TGFβ
Signaling

Several ECM components are capable of binding directly to signaling molecules and
thereby modulating their ability to successfully control signaling in various ways
(Umulis et al. 2009). The interaction of BMPs with ECMmolecules depends on their
distinct biochemical properties. Both TGFβ and BMPs are regulated tightly at the
transcription level. In spite of this, an additional layer of their downstream signaling
exists in several systems. Intracellularly, BMP signaling is negatively regulated by
the inhibitory SMADs (SMAD6 and SMAD7) or by the SMURF family of ubiquitin
ligases. On the other hand, extracellularly, a variety of cell-secreted antagonists bind
to distinct BMPs with varying affinities (Mulloy and Rider 2015). The activity,
bioavailability, and diffusion of extracellular BMP signaling agonists and antago-
nists are further regulated by extracellular matrix (ECM) components.

The ECM and milieu are the noncellular compartments that surround cells. It
comprises a variety of proteins and polysaccharides that are unique for a specific
tissue. The unique composition of ECM molecules enables the binding of cell-type-
specific binding of growth factors, receptors, and co-receptors through their bio-
chemical properties (Schultz and Wysocki 2009). This enables the availability of
these proteins to the cells at the time of requirement. In addition, the interactions of
non-collagenous proteins with ECM components can play an instructive role by
controlling the temporal, spatial, and kinetics of non-collagenous proteins (Ramirez
et al. 2007). Besides, the ECM is a structural determinant with defined physical
properties. The characteristics of ECM such as stiffness, elasticity, and porosity are
directly related to the molecular composition of the ECM and modulates the
diffusion of macromolecules (Kihara et al. 2013). Cells are capable of sensing
these physical properties and reacting with distinct cellular responses via
mechanosignaling pathways (Wang et al. 1993).

Many ECM components are proteoglycans (PGs), proteins that are covalently
linked to glycosaminoglycan (GAG) chains such as heparin, heparan sulfate, chon-
droitin sulfate (CS), dermatan sulfate (DS), and keratan sulfate. BMPs bind to
negatively charged heparins via the N-terminal region containing basic amino
acids (Ohkawara et al. 2002; Ruppert et al. 1996). Further, the degree of sulfation
has an impact on the strength of the electrostatic interactions between heparan sulfate
proteoglycans and BMPs (Gandhi and Mancera 2012). However, the binding of
BMPs to HSPGs does not entirely depend on sulfated GAGs (Kirkpatrick et al.
2006). There are several BMP antagonists that bind to ECM. Small leucine-rich
proteoglycans (SLRP) are a family of ECM proteoglycans that consist of a protein
core made up of leucine-rich repeats to which GAG chains of either CS or DS are
attached [24]. The members of the SLRP family can regulate BMP signaling
extracellularly and all of them show inhibitory functions on BMP signaling. For
example, decorin was demonstrated to inhibit BMP7-mediated signaling in nephron
progenitor cell differentiation, while it inhibits BMP2 activity in osteoblast differ-
entiation (Kirkpatrick et al. 2006, Fetting et al. 2014). Thus, cell-specific inhibition
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of specific BMP pathways is achieved via the release of deposited antagonists from
the ECM (Fig. 4.3).

4.7 Conclusions

Mineralized matrix formation is a cellular event and is orchestrated by the synthesis
and secretion of several proteins. The identification of genes regulating matrix
mineralization, followed by the analysis of their functions and their complex inter-
actions with each other and other binding partners is therefore of fundamental
interest for understanding the process of biomineralization. The remarkable assem-
bly of dentin is attributed not only to the two predominant components namely,
mineral and collagen but also to the numerous non-collagenous proteins including
growth factors and cytokines. NCPs exhibit multifunctional roles as depicted in this
review and alterations in their expression levels can have detrimental effects on both
cell differentiation and matrix mineralization. The mechanistic role of NCPs is

Fig. 4.3 Schematic diagram showing the processing and activation of TGFβ. Latent TGF-β1
synthesized in dental pulp is primarily activated by MMP11 and MMP2. In odontoblasts, latent
TGF-β1 is mainly activated by MMP2. Activated TGF-β1 increased expression of MMP20 and
DSPP, leading to odontoblast differentiation. Latent TGF-β1 in the dentin matrix is activated by
MMP2, MMP20, and MMP11. In dentin, active TGF-β1 binds to DSPP and released during matrix
degradation by BMP1, MMP2, and MMP20
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another interesting facet and is an important contribution to the microstructure of the
mineralized tissues.
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Chapter 5
Odontoblast Processes: New Insights into Its
Role in Dentin Mineralization

Yan Jing, Chaoyuan Li, and Jian Q. Feng

Abstract The formation of dentin is a highly regulated and well-controlled process,
in which odontoblasts form a massive dentin tubular system with one main stalk.
These tubules secrete collagenous proteins followed by the deposition of inorganic
calcium phosphate in the form of mineral crystals. Two non-collagenous matrix
proteins (dentin matrix protein 1, DMP1; and dentin sialophosphoprotein, DSPP)
play an important role in the control of mineralization. The current theory, named
“mineralization front,” is that minerals are deposited at the edge of the dental pulp
and the dentin. In this chapter, we briefly introduced an overall background on dentin
mineralization and key roles of DMP1 and DSPP. We then focus on two new
findings in researches of dentin mineralization: a recent breakthrough in minerali-
zation mechanism studies because of applications of mineral labeling in a cell
lineage-tracing line (the Gli1-creERT2; R26RtdTomato) and the 2.3 Col1a1-GFP
reporter line; and discoveries of a novel function of bone morphogenetic protein
1 (BMP1) and tolloid-like 1 (TLL1) proteinase in control of DMP1 and DSPP during
dentinogenesis. These findings challenge the current dogma and will shed new light
on our understanding of dentin structure and function as well as the mechanisms of
mineralization.
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5.1 Introduction

Dentin is the most voluminous mineralized tissue of the tooth. It is usually covered
by enamel on the crown, cementum at the root, and surrounds the entire pulp. The
formation of dentin is a highly regulated and well-controlled process, in which
odontoblasts form a collagenous organic matrix followed by the deposition of an
inorganic calcium phosphate in the form of mineral crystals (Linde and Goldberg
1993). For decades, the mechanism of dentin mineralization was believed to be
much like that of osteogenesis. However, a deeper examination of the two processes
reveals the pitfalls of this dogma. Unlike osteoblasts, the odontoblast cell body
permanently remains in a non-mineralized dental pulp environment. Only one
extended cytoplasmic process from its cell body inserts into the mineralized dentin
matrix to form different sizes of dentinal tubules (Sasaki and Garant 1996;
Kawashima and Okiji 2016). In addition, there are many mini branches sprouting
from the processes and connecting them as a network within the dentinal tubules.
Numerous studies have reported the structure of the odontoblast process in different
species, but its biological functions are still unclear. This oversight is especially
evident when prior researchers uncovered the mechanisms involved with minerali-
zation, yet neglected the most voluminous part of the tooth.

The mechanisms of mineralization in osteogenesis and dentinogenesis have been
a research focus due to their critical role in physiological and pathological processes.
The current theory of the mineralization front is described as a newly formed,
superposed mineral layer on either the bone edge and the osteoid layer (Frost et al.
1961a, b; Frost and Villaneuva 1960) or the dentin edge close to the predentin
(Goldberg et al. 2011; Salomon et al. 1990). This theory was developed using
techniques such as double tetracycline-labeling assays. The colors from the labeling
represent the location of previous mineralization events (Wu and Frost 1969; Frost
et al. 1969), which are usually found in the pulp-end dentin near the predentin.
However, this theory cannot explain the nature of dentin, which displays evenly
distributed mineral in the dentin matrix.

Recently, remarkable progress in imaging techniques (for instance the invention
of the confocal microscope, a more powerful fluorescent microscope that has higher
resolution and contrast) and cell lineage-tracing technologies have precisely revealed
the secrets of odontoblasts and their processes. This occurrence helps in solving the
above puzzles. In this chapter, we briefly described the basic knowledge of dentin
formation. Next, we summarized recent breakthroughs in two areas: studies of the
dentin mineralization mechanism and the roles of proteases. The “mineralization
front” (the dominant theory in the mineralization field for over a half century)
believes that mineralization takes place at the edge of dentin and predentin. Studies
using the advanced confocal microscope and different combinations of the 2.3
Col1a1-GFP report line with Calcein labeling or the Gli1 cell lineage tracing with
Alizarin Red labeling clearly demonstrated two key points: (1) the so-called miner-
alization front line is essentially composed of many individual mineral collars that
are closely associated with dentin tubules, which are wide in diameter and rich in a
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high density of odontoblast processes at the edge of dentin and predentin; and (2) an
identical mineral deposition takes place in the small dentin tubules. Finally, we
reviewed two well-documented players in mineralization: DMP1 and DSPP, as well
as bone morphogenetic protein 1 (BMP1) and tolloid-like 1 (TLL1) (two function-
ally overlapped proteinases) that cleave secretory proteins during mineralization.

5.2 The Entire Dentinal Tubule Is Full of Numerous
Mini-branches with Significantly Higher Dentinal
Tubules in the Edge of the Dentin Pulp

Studies of the dentine structure date back to the early history of light microscopy
(Hanazawa 1917). A variety of techniques including light microscopy, immunoflu-
orescence microscopy, microradiography, transmission and scanning electron
microscopy, and histochemical techniques have been used to reveal the detailed
structure of both demineralized and undemineralized dentin tissue. Although much
attention has focused on the extent, structure, and function of the odontoblast process
(Holland 1985; Mjor and Nordahl 1996), different views have been reported.

The branching and extent of the odontoblast processes in dentin matrices were
discovered decades ago. Early electron transmission work showed that odontoblast
processes were only located in the inner dentin layer, with no extension to the outer
half region between the pulp and the dentin-enamel joint (DEJ)(Yoshiba et al. 2002).
Khatibi et al. recently reported that mini-branches of the odontoblast processes only
exist in the start and end terminals of the odontoblast process (Khatibi Shahidi et al.
2015). On the other hand, it is commonly believed that the dentin tubules in the inner
side of dentin are larger than that in the outer side of dentin. However, the acid-
etched and non-etched SEM studies in bovine dentin tissues showed a controversial
finding: the diameter of dentin tubules is more than twofold larger in the outer region
than in the inner region (i.e., adjacent to pulp) (Dutra-Correa et al. 2007). Mjor et al.
examined the density and branching of dentinal tubules in human teeth via light and
scanning electron microscopy and reported statistically significant differences in the
density of tubules depending on location (Mjor and Nordahl 1996). Three types of
branches (major, fine, and microbranches) were identified based on their size,
direction, and location (Mjor and Nordahl 1996). Despite these advances, there is
still a knowledge gap for the function of these branches in dentin formation and
remodeling.

To uncover the complexity of the dentinal tubule structure in dentin and reveal its
biological functions, we used multiple staining and visualization methods on both
mouse and human samples. By staining the mouse incisor with FITC (all of the
unmineralized tissue including pulp, odontoblasts, and their processes were labeled
using the color green) and examining the sample under a confocal microscope, we
found that FITC-labeled small and middle branches of dentin tubules were
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distributed throughout dentin matrices; the pattern stretched from predentin to the
enamel-dentin junction (Li et al. 2018) (Fig. 5.1a). Similar patterns of dentinal
tubules and their branches were also observed in adult human dentin (Li et al.
2018) (Fig. 5.1b). Subsequently, acid-etched SEM imaging confirmed that numerous
mini-branches were sprouted from the whole odontoblast process (Li et al. 2018)
(Fig. 5.1c). Together, these results from mice and humans demonstrate that dentin
tubules are composed of numerous mini-branches throughout the entire dentin
tubules. Importantly, the dentin tubule density at the pulp-end dentin is two-fold
higher than that in the outer dentin area. This pattern will partially explain why
mineral labels are strong in the “mineralization front,” as demonstrated in the
following section.

mouse

10 �m

Incisor

Acid etched SEM

10 �m
10 �m

human

a

b

c

Fig. 5.1 Distributions of mini-branches along with the entire odontoblast processes. (a) The FITC
confocal photograph image obtained from a 4-week-old mouse incisor, exhibiting numerous mini-
dentin branches throughout the entire dentin layer with a large diameter and a high density at the
edge close to the predentin layer; (b) The 1st molar dentin from a 43-year-old human displayed an
identical distribution pattern of mini-branches along odontoblast processes as that in the mouse
incisor; (c) The acid-etched SEM image obtained from a 4-week-old mouse incisor displayed
numerous dentin branches from the area adjacent to the middle (left) to the area adjacent to enamel
(right). Data are adapted from Li et al. Int J Biol Sci 14, 693–704, 2018
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5.3 Mineralization Is Not Limited to the Mineralization
Front but Occurs Throughout Dentin Matrices
Surrounding Odontoblast Processes

The theory of the mineralization front is based on the double tetracycline-labeling
assay that took place under a fluorescence light microscope decades ago. The
incorporation of tetracycline into bone or dentin reflects the site of mineralization
at the time of the tetracycline administration. This method is also widely used to
quantify the mineral deposition rate (Wu and Frost 1969; Frost et al. 1969). In the
study of dentin mineralization, additional methods using 33P and 3H-serine labeling
phosphoproteins showed incorporation of these molecules into the predentin and
dentin junction, which was also interpreted as the mineralization front by these
authors (Weinstock and Leblond 1973; Inage and Toda 1988). In addition, Lundgren
et al. demonstrated significant high Ca2+ ion activity in the mineralization front using
calcium-specific micro-electrode methodology (Lundgren and Linde 1992). Never-
theless, as mentioned in the introduction, the theory of the mineralization front
cannot explain why dentin mineral is evenly distributed in dentin matrices and
how the mineral migrates a long distance to the outer dentin matrices from the
pulp-end.

During the initial dentinogenesis, the mature odontoblasts (OD) deposit a collag-
enous dentin matrix at the dentin-enamel junction (DEJ). The forming intertubular
dentin matrix pushes the main OD cell body away from the DEJ, leaving behind a
thin connecting cell process attached to the DEJ as the OD moves in the direction of
the pulp chamber. This process eventually retracts partially in the pulpal direction,
leaving a tubule surrounded by collagen. Thus, the collagenous dentin is penetrated
by a dense network of tubules, connected to the odontoblast layer, and partially filled
by the OD processes. The perimeter of the tubule space then becomes filled with a
material called peritubular dentin. The peritubular dentin collar around the OD
processes is higher in mineral content than the surrounding intertubular dentin
(Dorvee et al. 2014). On the other hand, it has been reported that calcium is
accumulated in both the distal cell body and the odontoblast process (Boyde
1977). Calcium deposits inside organelles also have been demonstrated in the cell
body as well as the odontoblast process (Reith 1976; Appleton and Morris 1979).
Later, data obtained by using an autoradiographic technique aimed at avoiding Ca2+

ion redistribution in the tissue further supported a transport route through the
odontoblasts and along their processes with the appearance of calcium in the dentin
mineral phase (Lundgren and Linde 1992). These authors found that disturbing
odontoblast microtubules involved in intracellular transport processes greatly
impaired the Ca2+ ion transport into dentin mineral. Furthermore, a sulfated compo-
nent (chondroitin sulfate) was recently identified within the hypermineralized bovine
peritubular dentin (Dorvee et al. 2016). These authors speculate that the presence of
sulfur co-localized with calcium may sequester calcium ions, allowing for the entire
complex to later become mineralized. Collectively, more data indicate a likely
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mechanism by which mineralization occurs through odontoblast processes instead of
being limited to the adjacent line between predentin and pulp.

To further strengthen this new hypothesis, we extended the mineralization assay
time frame by covering both short-term (minutes and hours) and long-term (days)
labeling periods: (1) from 5 min to 24 h and (2) from 2 to 7 days. Likewise, to gain a
precise definition of the relationship between dentin tubules and mineral deposition
sites, we injected Alizarin Red into the 2.3 Col1a1-GFP mouse (a reporter line to
label both odontoblast and bone cells (Kalajzic et al. 2002)), in which the dentin
tubules were labeled with GFP (Fig. 5.2). We also improved the imaging quality by
using a modern confocal microscope capable of collecting high-quality multispectral
images across the visible range. Furthermore, we used advanced camera technology
that captured a full-frame confocal image at high speed. For best imaging quality, we
used both frozen and MMA methods to handle non-decalcified tooth section slides.
As a result, the captured images displayed not only the expected two strong double-
labeled lines (the green line on the distal side and the red line adjacent to the dentin-
predentin edge) but also many thin lines along with the dentin tubules during a long
labeling period (Fig. 5.3a). In the short-term labeling period, the images precisely
revealed a close link between the labeled mineral and odontoblast processes by both
sagittal and cross views (Fig. 5.3b). Particularly, the cross view provided a clear
mineral deposition pattern of the labeled collars in the intertubular area on both the
pulp-end dentin and outer dentin. In contrast, because of the limited imaging
capabilities of old microscopes, the dimensions of thick and wide dentin tubules
and the labeled mineralized collars (clearly separated by a confocal microscope) can
only be displayed in thick “mineralization fronts.” Furthermore, those small and thin
dentin tubules and surrounding mineral depositions cannot be revealed by the old
imaging technique.

Minerals

Odontoblast

Dentin tubule

Fig. 5.2 The alizarin red labeling is directly distributed outside of the 2.3 Col1a1-GFP marked
odontoblast processes. The GFP signal represents the dentin tubules, which were surrounded by
alizarin red dye, supporting the notion that mineralization takes place along with entire odontoblast
processes. Data are adapted from Li et al. Int J Biol Sci 14, 693–704, 2018
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Fig. 5.3 Mineralization occurs along odontoblast processes. (a) A schematic illustration of long
time injections of Calcein and Alizarin red at –7 days and –2 days, respectively (top left panel); the
low magnification view of the cross-section of incisor (top right panel) and the enlarged confocal
view of numerous labeled odontoblast processes with the green line on the top and red line at the
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5.4 Cell Lineage Tracing Combined with Mineral Dye
Injections Demonstrate that Mineralization Occurs
Along with the Entire Dentin Tubules

The “mineralization front theory” has been the cornerstone of mineralization biology
for more than a half century. Replacing this dogma with a new theory requires more
stringent evidence. Thus, we took an additional approach to address this issue by
combining the mineral labeling with a cell lineage-tracing technique. The cell
lineage-tracing technique is the gold standard for investigating the fates of particular
cells in vivo within their native environment (Kretzschmar and Watt 2012;
Romagnani et al. 2015; Humphreys and DiRocco 2014; Jing et al. 2016). We used
a Cre-loxP system with fluorescent markers as reporters that precisely traced the cell
fate of a specific cell line and all progeny in vivo (Romagnani et al. 2015;
Humphreys and DiRocco 2014; Jing et al. 2016). Specifically, we selected Gli1
(a transcriptional factor expressed by the mesenchymal stem cells in the dental pulp
which subsequently differentiate into odontoblasts (Feng et al. 2017)).Gli1was used
to activate td tomato (the brightest fluoresce reporter) in the dental pulp cells of
compound mice containing Gli1-creERT2; R26RtdTomato mice (Henry et al. 2009;
Akiyama et al. 2005) after the injections of tamoxifen. Then, we injected calcein
green into these tracing line mice for 4 h, with red colors representing odontoblasts in
pulp and their processes (dentin tubules) in dentin and green colors reflecting the
mineralization sites, respectively (Fig. 5.4). The confocal images obtained from the
tracing line documented that (1) “the main trunk” of the odontoblast process
gradually reduces its diameter when it penetrates in outer dentin matrix; (2) there
are many branches along with the main process that directly contribute to dentin
mineralization; (3) all odontoblast processes are wrapped with a newly deposited
mineral layer labeled by a calcein stain (Fig. 5.4).

Taken together, to unlock the true dentin mineralization mechanism, we modified
current research approaches by (a) extending the mineral deposition windows of
time to include hours instead of limiting the current mineralization assay on days and
weeks only. Next, we (b) switched a regular fluorescent microscope (with
low-resolution capabilities) to a more powerful confocal microscope to separate
minerals labeled along with dentin with large and small diameters. Lastly, (c) we
used reporter mice, including theGli1-creERT2; R26RtdTomato tracing line; and the 2.3
Col1a1-GFP to mark odontoblast processes combined with mineral dye injections,

Fig. 5.3 (continued) bottom; (b) The confocal images of the 1st molar labeled with Calcein at –20 h
and Alizarin Red at –4 h revealed a clear pattern of the mineral deposited along odontoblast
processes by the enlarged sagittal view (lower left panel), and the cross view (lower right panel).
Of note, the only difference of the labeled mineral collars between the surface and the inside dentin
is the diameter and density of odontoblast processes. As a result of the merged mineral collars on the
surface, the mineralization front is observed. Data are adapted from Li et al. Int J Biol Sci
14, 693–704, 2018
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respectively. For the first time, we demonstrated that mineralization takes place
along with the entire dentin tubules in both long and short windows of time points.
Our data suggest that the following two factors are likely responsible for the
mineralization front phenomenon: the large diameter of the odontoblast processes
and a high process density along the predentin-pulp edge leading to the merge of the
labeled minerals. On the other hand, in the outer dentin, the labeled mineral collars
are small in diameter and far apart in distance. In other words, the “mineralization
front” only reflects the high activity of mineralization at the edge of the predentin-
pulp edge.

5.5 Vital Roles of Molecules in Odontoblast Differentiation
and Dentin Mineralization

5.5.1 Dentin Sialophosphoprotein (DSPP) Is Critical
for Proper Dentin Mineralization

Dentin is the mineralized tissue that comprises the body of a tooth. On a weight
basis, dentin is about 70% mineral, 20% organic matrix, and 10% water. Type I
collagen and dentin sialophosphoprotein (DSPP)-derived proteins are the most
abundant proteins in dentin (Yamakoshi 2009). Dentin sialophosphoprotein
(DSPP) is required for the normal mineralization of teeth. However, mutations in
the dentin sialophosphoprotein (DSPP) gene causes dentinogenesis imperfecta.
After synthesis, DSPP is proteolytically processed into NH2- and COOH-terminal

Minerals

PredentinDentin tubule

250um

Fig. 5.4 The labeled mineral layer is directly distributed outside of the Gli1-tomato marked
odontoblast processes. The red dentin tubules reflect the color of the Gli1-creERT2 activated tomato
expression in odontoblast processes and the 4-h calcein labeled mineral matrix distributes to
throughout dentin areas with a close link to all odontoblast processes. Data are adapted from Li
et al. Int J Biol Sci 14, 693–704, 2018
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fragments. The NH2-terminal fragment of DSPP is highly glycosylated but not
phosphorylated, whereas the COOH-terminal fragment (named “dentin phospho-
protein” or “DPP”) is highly phosphorylated but not glycosylated. These two
fragments are believed to perform distinct roles in dentin formation. To specifically
define the function of DPP in dentinogenesis, Zhang et al. created “Dspp–/–; DPP Tg
mice,” in which the transgenic DPP (driven by a Type I collagen promoter) was
targeted into the Dspp-null background (Zhang et al. 2018). At postnatal 6 months,
the targeted expression of DPP greatly reduced predentin-thickness, doubled the
dentin thickness in the Dspp-null mice, and restored the dentin material density by
29.5%. In fact, scanning electron microscopy analyses showed that the targeted
expression of DPP greatly improved the structure of dentinal tubules in the rescued
Dspp-null mice. Furthermore, double fluorochrome labeling analyses demonstrated
that the dentin mineral deposition rate in the Dspp–/–; DPP Tg mice was signifi-
cantly improved compared to that of non-rescued Dspp-null mice. Thus, these
investigators concluded that DPP may promote dentin formation and coordinate
dentinogenesis.

5.5.2 Dentin Matrix Protein 1 Is Critical for Postnatal Dentin
Formation

Dentin matrix protein 1 (DMP1) is a non-collagenous phosphoprotein that belongs
to the small integrin-binding ligand in the N-linked glycoproteins (SIBLING) family
(Fisher and Goldney 2003; Fisher et al. 2001; Ravindran and George 2014). Dmp1
was originally isolated from a rat incisor and was highly expressed in osteocytes and
odontoblasts (George et al. 1993; Feng et al. 2003, 2006). Mutations of DMP1 in
humans (Feng et al. 2006; Lorenz-Depiereux et al. 2006) or deletion of Dmp1 in
mice and rabbits (Ye et al. 2005; Liu et al. 2019) causes a low level of phosphorus,
leading to abnormalities in bone maturation (Lu and Feng 2011; Carpenter et al.
2017; Feng et al. 2013) and defects in odontogenesis and mineralization (Ye et al.
2004). We previously reported a double-labeling assay on Dmp1-null mice that
showed a diffused labeling pattern and great reduction in the mineralization rate.
There was also a sharp decrease in mineral labeling for both the mineralization front
and inside dentin matrices (Li et al. 2018; Lu et al. 2007). These labeled minerals
appeared along with dentin tubules, in which they were sparse and thin in the Dmp1
null dentin tubules compared to the age-matched controls. This information further
strengthens the current hypothesis that dentin tubules are essential for dentin min-
eralization, which is not simply limited to the mineralization front.

Unlike the mineralization defect in Vitamin D receptor null mice, the minerali-
zation defect in Dmp1-null mice was not able to be rescued by a high calcium and
phosphate diet, suggesting that the effects of DMP1 on mineralization are locally
mediated (Lu et al. 2007). Reexpression of Dmp1 in early and late odontoblasts
under the control of the Col1a1 promoter rescued the defects in mineralization as
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well as the defects in the dentinal tubules and third molar development. In contrast,
reexpression in mature odontoblasts using the Dspp promoter produced only a
partial rescue of the mineralization defects (Li et al. 2018). On the contrary, the
expression of DMP1 was not altered in the Dspp KO mice (Lu et al. 2007; Gibson
et al. 2013). These data suggest that DMP1 is a key regulator of odontoblast
differentiation, formation of the dentin tubular system, and mineralization. Further,
its expression is required in both early and late odontoblasts for normal
odontogenesis to proceed; DSPP is a downstream effector molecule that mediates
the roles of DMP1 in dentinogenesis.

5.5.3 BMP1/TLL1 Plays Crucial Roles in Maintaining
Extracellular Matrix Homeostasis Essential to Root
Formation and Dentin Mineralization

Bone morphogenetic protein 1 (BMP1) and tolloid-like 1 (TLL1) belong to the
BMP1/tolloid-like proteinase family, which cleaves secretory proteins. It has been
reported that the odontoblasts in the tooth and cells of the periodontal ligament
express both Bmp1 and Tll1. Zhang et al. created 2.3 kb Col1a1-Cre; Bmp1 flox/flox;
Tll1 flox/flox compound mice, in which both Bmp1 and Tll1 were inactivated in
Type I collagen-expressing cells such as odontoblasts (Zhang et al. 2017). Their
results showed that the molars of the double KO mice had wider predentin, thinner
dentin, and larger pulp chambers than those of the normal controls. The dentinal
tubules of the molars in the double KO mice also appeared disorganized, with
decreased expression of DSPP. These findings indicate that the proteinases encoded
by Bmp1 and Tll1 genes play essential roles in the development and maintenance of
mouse dentin. Wang et al. deleted the BMP1 and TLL1 genes with a ubiquitously
expressed Cre induced by a tamoxifen treatment beginning at 3 days of age
(harvested at 3 weeks of age) or beginning at 4 weeks of age (harvested at
8 weeks of age) and found similar results. The effects of this work included short
and thin root dentin, defects in dentin mineralization, and delayed tooth eruption in
the dKO group. Likewise, molecular mechanism studies revealed the accumulation
of collagens in dentin and a sharp reduction in non-collagenous proteins such as
DMP1 and DSPP (Wang et al. 2017). These findings indicate that BMP1 and TLL1
(two extracellular proteinases) maintain homeostasis for the levels of collagen and
non-collagenous proteins, which is required for normal mineralization. Removing
these proteinases destroys this homeostatic balance, leading to abnormal collagen
accumulations, but reductions in those non-collagenous proteins (DMP1 and DSPP)
are important to mineralization.

Taken together, the DMP1, DSPP, and BMP1/TLL1 signaling pathway play vital
roles in odontoblast differentiation. The defects of dentin mineralization in the whole
layer after mutating these genes further strengthens the current hypothesis that dentin
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tubules are essential for dentin mineralization, which is not simply limited in the
mineralization front.

5.6 Conclusion

The theory of the mineralization front at the edge of the dental pulp and the dentin
has dominated the mineralization research field for many decades. A recent break-
through by applications of Calcein (green color) in the Gli1-creERT2; R26RtdTomato

mouse (to label dentin tubules) and Alizarin Red in the 2.3 Col1a1-GFP mouse (also
to label dentin tubules) greatly challenges this dogma. The so-called mineralization
front is composed of the mineral matrix surrounding an individual dentin tubule,
which cannot be separated by the old fluorescent light microscope but is clearly
visualized by the high resolution of the confocal microscope. In addition, an
identical mineral deposition pattern was also demonstrated in mini-branches of
dentin tubules (Fig. 5.5a). This new finding raises a new theory: mineralization
takes place throughout the entire dentin matrices surrounding both large and small
dentin tubules. Furthermore, two new players in dentin mineralization were identi-
fied. They are BMP1 and tolloid-like proteinases, which cleave secretory proteins
such as DMP1 and DSPP. The loss of these two proteinases will lead to a drastic
decrease in dentin mineralization (Fig. 5.5b). Together, these findings will shed new

Mineralization throughout the dentin 
matrices surrounding odontoblast processes

Odontoblast
differentiation

DMP1

DSPP 

BMP1/TLL1

Dentin
Mineralization

Od-body Od-process

Pulp Pd D
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Fig. 5.5 The schematic diagram outlines a new theory of dentin mineralization: (a) the odontoblast
process that directly contributes to mineralization (represented by pink color around Od-process),
which is not only limited in the mineralization front at the edge of dentin and predentin, leading to
an even distribution of mineralization in the whole dentin; (b) deletions of the above key molecules
impair not only odontoblast differentiation, but also the whole length of dentin mineralization. Pd,
predentin; D, dentin; Od, odontoblast
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light on our understanding of dentin structure and function as well as the mecha-
nisms of mineralization.
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Chapter 6
Small Leucine-Rich Proteoglycans (SLRPs)
and Biomineralization

Yoshiyuki Mochida, Patricia Miguez, and Mitsuo Yamauchi

Abstract Small leucine-rich proteoglycans (SLRPs) represent the largest family of
proteoglycans consisting of 18–19 members. They play diverse structural and
biological roles by interacting with extracellular matrix components, growth factors,
and cell surface receptors. One of the well-studied features of SLRPs is their
structural control of collagen fibrillogenesis. Since fibrillar collagens are the struc-
tural basis for mineralization in bone, dentin, and cementum, such interactions may
inhibit and/or facilitate mineralization. The ability to modulate specific growth
factors can be used for effective mineralized tissue engineering. In this chapter, we
will provide an overview of the basic structural and genomic features of SLRPs, their
roles in collagen mineralization, cell signaling, and potential utility for mineralized
tissue regeneration.

6.1 Introduction

Proteoglycans are a class of molecules consisting of a protein core with one or more
covalently bound glycosaminoglycan (GAG) chains. GAG is a linear polymer of
repeating disaccharides and, based on the combination of the two saccharide units,
there are six types of GAGs, i.e., chondroitin sulfate (CS), dermatan sulfate (DS),
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keratan sulfate (KS), heparan sulfate (HS), heparin (Hep), and hyaluronic acid (HA).
Except for HA, GAGs are sulfated. Due to their highly negative charged nature, they
interact with a number of positively charged molecules (see a review by Vallet et al.
2020). Proteoglycans are highly heterogeneous molecules and localized inside, on
the surface, and outside of the cells (Karamanos et al. 2018) playing both structural
and biological roles.

“SLRPs”, “Small Leucine-Rich Proteoglycans” (Iozzo and Murdoch 1996), were
originally defined as proteoglycans with a relatively small protein core (36–42 kDa)
harboring tandem leucine-rich repeats (LRRs), a hallmark motif LxxLxLxxNxL (L:
leucine which can be substituted by isoleucine, valine, and other hydrophobic amino
acids; x: any amino acids), with several posttranslational modifications including
substitution with GAG side chains of various types.

Through the protein core, SLRPs are capable of binding a number of proteins
including fibrillar collagens, growth factors including transforming growth factor-β
(TGF-β), platelet-derived growth factor (PDGF), vascular endothelial growth factor
A (VEGFA), connective tissue growth factor, and cell surface receptors including
epidermal growth factor receptor (EGFR), c-Met, insulin-like growth factor receptor
I (IGF-IR), vascular endothelial growth factor receptor 2 (VEGFR2), Toll-like
receptors (TLRs). As such they are involved in a plethora of biological and patho-
logical processes such as development, inflammation, autophagy, angiogenesis, and
tumorigenesis (Iozzo and Schaefer 2015).

Thus, it is not surprising that SLRP members play important roles in the forma-
tion and maintenance of skeletal tissues including mineralized tissues like bones and
teeth (enamel, dentin, and cementum)—see reviews by Nikitovic et al. (2012),
Zappia et al. (2020), and Kram et al. (2020). In this chapter, we will provide an
overview of the basic structures and functions of SLRPs, then focus on the specific
SLRPs and their roles in mineralized tissues, especially, collagen-based mineralized
dental tissues such as dentin and cementum, and bone, and their therapeutic
potentials.

6.2 SLRP Family

There has been a number of SLRP genes identified by biochemical and molecular
approaches. As such, the SLRP represents the largest family of proteoglycans
(Karamanos et al. 2018) composed of 18–19 members (Iozzo and Schaefer 2015)
(see below). These members are secreted extracellular matrix (ECM) molecules
except nyctalopin that is located at the outer leaflet of the plasma membrane.
Based on the protein, genomic structure, and chromosomal organization (see
below), they are classified into five major classes. With the increase in the number
of SLRP members, the definition and classification of SLRPs became less clear. For
instance, the size of the protein core of some members such as chondroadherin-
like is relatively large (~83 kDa) when compared to those of typical SLRP members
(36–42 kDa). Some of the members such as asporin and chondroadherin lack GAG
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chains; thus, by definition, they are not “proteoglycans”. Nonetheless, in the follow-
ing section, we will discuss SLRP members which (1) have “relatively” small
protein core as compared to large proteoglycans like aggrecan and versican
(>200 kDa), (2) do not have any transmembrane domains, and (3) have multiple
LRR domains. Some other structural features of the protein core are also briefly
discussed.

6.2.1 Protein Structures/Domains

1. BMP-1/mammalian tolloid proteinase-processing motif
It has been reported that some SLRP family members are substrates for BMP-1,
mammalian tolloid (mTLD), and mTLD-like proteinases (Scott et al. 2000; Von
Marschall and Fisher 2010; Ge et al. 2004). It is well known that several ECM
proteins including procollagen α1(I), α2(I), α1(II), α1(III), chordin, prolysyl
oxidase are also processed by this protease family (Scott et al. 2000). BMP-1
and mTLD have been demonstrated to play important biological roles in the
formation of ECM, for example, cleavage of the C-propeptides of
procollagens I, II, and III (Kessler et al. 1996; Li et al. 1996) allowing collagen
fibrillogenesis, and cleavage of the prodomain of prolysyl oxidase leading to its
enzymatic activation to initiate cross-linking of collagen and elastin (Uzel et al.
2001). Among SLRP members, biglycan was the first that was shown to be
secreted as a pro-form and cleaved by BMP-1 at the M(M/L)N-DEE site (Scott
et al. 2000). Decorin also has a similar sequence of M(L/I)E-DE(A/G) that was
susceptible to cleavage by BMP-1/mTLD members (Von Marschall and Fisher
2010). The immunoelectron microscopic study revealed that distribution of
pro-decorin and pro-biglycan are more readily detected in predentin as compared
to dentin (Septier et al. 2001) indicating that active enzymatic processing occurs
prior to matrix mineralization. Osteoglycin, one of class III SLRP members, has
also been reported that BMP-1/mTLD proteinases process its pro-form. Moreover,
like decorin, the mature osteoglycin was shown to delay the rate of type I collagen
fibrillogenesis in vitro as compared to the pro-form, indicating the cleavage of the
prodomain enhances its biological activity (Ge et al. 2004). The significance of the
pro versus mature forms of SLRPs in the process of mineralization is still not clear.

2. Cysteine residues cluster motif
There are four cysteine residues commonly found at the N-terminal region,

which is called a “capping motif”. This motif is often used to classify the SLRP
members mainly based on the different spacing between cysteine residues. In
general, class I has CX3CXCX6C, class II CX3CXCX9C, class III CX2CXCX6C,
class IV CX3CXCX8C or CX3CXCX6C or CX3CXCX17C, and class V
CX3CXCX7C (Fig. 6.1). Interestingly, chondroadherin-like, a newly identified
SLRP member, has this capping motif not only at the N-terminal but also at the
mid-region of the protein. The four cysteine residues are known to form a
disulfide bond between the first LRR domain (LRR1) and β-hairpin structure.
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At the C-terminal region, SLRP members have the capping motif where two
cysteine residues form a disulfide bond (Mcewan et al. 2006). One of the two
C-terminal cysteines usually located at one LRR domain and another at the
subsequent LRR. This has been well presented by the crystal structural analysis
of decorin (Scott et al. 2004). There is one cysteine residue in LRR11, which is
longer than other LRR motifs in decorin, bonded with another cysteine residue in
LRR12. This longer LRR has been called “ear repeat” (Mcewan et al. 2006). It is
considered that both N-terminal and C-terminal cysteine motifs of SLRPs would
help stabilize the central LRR domain (Iozzo and Schaefer 2015).

There are several SLRP members expressed in the cornea, a fibrillar collagen-
rich tissue. The mice lacking lumican, a collagen-binding SLRP, exhibits abnor-
mal size and shape of collagen fibrils leading to cornea opacity (Chakravarti et al.
2000). Congenital stromal corneal dystrophy (CSCD) is a rare autosomal dom-
inant eye disease characterized by corneal stromal opacification and visual loss
with increasing corneal thickness and abnormal fibrils in the stroma. This disease
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Fig. 6.1 Phylogenetic analysis of all SLRP members. The SLRP protein sequences were obtained
from the public database as the NCBI reference sequences. Phylogenetic analysis was performed
using PhyML software program based on the multiple sequence alignment of these protein
sequences by the Clustal-W program (Guindon and Gascuel 2003). The NCBI reference sequences
used are: mouse Decorin (NP_001177380.1), mouse Biglycan (NP_031568.2), mouse Asporin
(NP_001165952.1), mouse Lumican (NP_032550.2), mouse Fibromodulin (NP_067330.1), mouse
Osteomodulin (NP_001347637.1), mouse PRELP (NP_473418.3), mouse Keratocan
(NP_032464.1), mouse Osteoglycin (NP_032786.1), mouse Opticin (NP_473417.2), mouse
Epiphycan (NP_001366385.1), mouse Nyctalopin (NP_775591.1), mouse Chondroadherin
(NP_031715.1), mouse Chondroadherin-like (NP_001157792.1), mouse Podocan
(NP_001272885.1), mouse Podocan-like (NP_001013402.2), mouse Tsukushin
(NP_001019790.1), mouse Nephrocan (NP_079960.1). aTsukushin is a mouse ortholog of human
Tsukushi. (m) indicates that Nephrocan is identified in mouse but not human. Note that the
N-terminal Cysteine residues cluster varies in class IV members, i.e. CX3CXCX8C found in
Chondroadherin and Chondroadherin-like, CX3CXCX6C in Nyctalopin and CX3CXCX17C in
Tsukushin
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is caused by the heterozygous mutation in the human decorin gene and the
mutations cause frameshift leading to a truncation of the decorin protein (Bredrup
et al. 2005; Rodahl et al. 2006; Jing et al. 2014). The truncated decorin lacks the
C-terminal 33 amino acids, which disrupted the “ear repeat” domain. It is thus
likely that loss of stabilization of the central LRR domain by truncation of the ear
repeat domain could lead to abnormal collagen assembly.

3. Glycosaminoglycan (GAG) attachment and other unique domains
As described above, many of the SLRP members are proteoglycans with

covalently bound GAG(s) but some are known as “part-time” proteoglycans,
i.e., partially or completely lacking GAG components. It is known that the CS/
DS-type GAG attachment is initiated by transferring a UDP-xylose residue to
specific serine moieties. This rate-limiting step is catalyzed by two enzymes,
namely xylosyltransferase (XYLT) I and II. The consensus sequence for
xylosylation has been reported as aaaa-GSG-aa/G-a, where a is aspartic acid (D) or
glutamic acid (E) (Roch et al. 2010). For instance, human decorin contains a
sequence of DEASGIGP and human biglycan, which has two GAG attachment
sites, contains a sequence of DEEASGADTSGVLD (underlined amino acids are
met with consensus). KS type GAG attachment is a more complicated process
and there have been three types of KS structures identified. Keratan sulfate in the
cornea (KS-I) is attached to asparagine via a complex-type N-linked oligosac-
charide, while in cartilage, KS-II is O-linked via GalNAc to serine or threonine
residues via the mucin core-2 structure. KS-III identified in the brain is attached
mannose O-linked to serine (Funderburgh 2002). The GAG attachment is also
required for efficient secretion of the proteoglycan (Seo et al. 2005), collagen
interaction (Ruhland et al. 2007; Raspanti et al. 2008), and interaction with Lyme
disease spirochete Borrelia burgdorferi (Benoit et al. 2011).

Within the protein core, some SLRP members have unique acidic amino acid
structures outside of LRRs. Fibromodulin, osteoadherin/osteomodulin, and
lumican, for instance, are known to have tyrosine sulfate residues, i.e.,
fibromodulin has up to nine sites at the N-terminal region prior to LRR1,
osteoadherin has up to six sites at the N-terminal and two at the C-terminal
regions, and lumican has up to two sites at the N-terminal region (Antonsson
et al. 1991; Onnerfjord et al. 2004). Tyrosine sulfation is considered to enhance
protein interaction. Another example is asporin, a class I SLRP member, whose
name reflects the unique poly aspartate-stretch at the N terminus. It has been
reported, in osteoarthritis, the human asporin allele having 14 aspartic acid
repeats, designated D14, was overrepresented relative to the common allele
having 13 aspartic acid repeats (D13), and its frequency increased with disease
severity (Kizawa et al. 2005).

4. LRR motifs
The core proteins of all SLRP members contain a central region composed of

LRRs flanked by disulfide-bonded terminal domains as described above.
There are two types of LRR motifs that are based on the general consensus

sequence (Matsushima et al. 2000), i.e., type T
(zzxxaxxxxFxxaxxLxxLxLxxNxL) and type S (xxaPzxLPxxLxxLxLxxNxI),
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where “z” is frequently a gap, “x” indicates variable residues, “a” is valine,
leucine, or isoleucine and I is isoleucine or leucine. Based on the criteria, class
I and II SLRPs have 12 LRR motifs composed of four tandem STT “super-
motifs,” i.e., (STT)4. Class III SLRPs, including epiphycan and osteoglycin, have
seven LRRs composed of (ST)T(ST)2. Chondroadherin and nyctalopin, class IV
members, contain only type T LRRs.

The LRR domains of many SLRP members bind collagens and modulate
collagen fibrillogenesis in vitro. Indeed, decorin is named because of its ability
to bind, thus, “decorate” collagen fibrils (Krusius and Ruoslahti 1986). Figure 6.2
shows a schematic representation of a human decorin protein structure containing
12 LRRs. SLRP-collagen binding has been extensively studied for the last two
decades. It has been demonstrated that a small region of LRR6-LRR7 in decorin
is responsible for binding type I collagen and the synthetic peptide of
SYIRIADTNIT derived from decorin inhibits the binding of full-length decorin
to type I collagen in vitro (Kalamajski et al. 2007). In another report, a region of
LRR1 in fibromodulin (RLDGNEIKR) was shown to bind type I collagen
(Kalamajski and Oldberg 2007). Apparently, lumican and fibromodulin compete
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Fig. 6.2 Decorin domain structure. Schematic representation of protein domain structures in
human decorin. Human decorin protein structure is illustrated (359 amino acids based on NCBI
Reference Sequence; NP_001911.1). Each domain is symbolized such as Signal peptide domain
(SP), prodomain (Pro), glycosaminoglycan (GAG) attachment site, cysteine cluster motifs at N and
C terminal parts, Leucine-Rich Repeat (LRR) motif and N-glycosylation sites. S34 indicates serine
residue with a GAG attachment site
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with each other for the collagen binding indicating that both bind the same or
close region of collagen (Svensson et al. 2000). It has also been demonstrated that
a region of LRR7 in lumican binds type I collagen (Kalamajski and Oldberg
2009). These findings suggest that the binding of multiple SLRPs may regulate
collagen fibrillogenesis in a concerted manner that may contribute to the forma-
tion of specific ECM architecture.

6.3 SLRPs in Mineralized Tissues and Their Potential
Functions

Biglycan and decorin, two of the most well-studied SLRP members, were first
identified in bone (Fisher et al. 1983; Fisher et al. 1987) and named PG1 and
2, respectively. Extraction and identification of proteins in mineralized tissues
such as bones and teeth are challenging because the proteins are embedded and
protected by the minerals (see below). Thus, in order to isolate and characterize
SLRPs in mineralized tissues, an extra step of “demineralization” is often required.

During the last several decades, several GAG components and SLRP members in
dentin, cementum, and bone were characterized by biochemical, histochemical,
immunohistochemical, immunogold-labeling, and spectroscopic (FTIR/Raman)
approaches.

6.3.1 Identification and Localization of SLRPs in Pre-
and Mineralizing-Fractions and Available Imaging
Techniques

Several studies have employed multiple approaches to identify and localize SLRP
members in predentin-dentin, precementum-cementum as well as in osteoid-
mineralized bone matrices (Ababneh et al. 1999; Cheng et al. 1996, 1999; Goldberg
et al. 2003; Hall and Embery 1997; Hoshi et al. 2001). Some of the studies on SLRPs
in these tissues have been done biochemically by differential fractionation of
mineralized matrices into mineral-unbound and -bound fractions by using chaotropic
agents, e.g., guanidine-HCl, followed by demineralization with EDTA. Then,
SLRPs could be isolated and identified from each fraction by a series of chroma-
tography, Western blot, and N-terminal amino acid sequence analyses (Cheng et al.
1996, 1999). Studies in the late 1990s by Embery and Yamauchi’s groups (Ababneh
et al. 1999; Cheng et al. 1996) are examples of two early and thorough evaluations of
SLRPs in cementum. Below, we describe some of the approaches to localize GAGs,
proteoglycans, and SLRPs in these mineralized tissues:

1. Histochemical approach: Proteoglycans and their GAGs can be detected in tissues
by histological staining using cationic dyes such as Safranin O, Cuprolinic blue,
Alcian blue, and Toluidine blue (Hyllested et al. 2002). These dyes can bind
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anionic components such as GAGs and proteoglycans. One of the early methods
was the staining with Cuprolinic blue (Sarathchandra et al. 2002). The native
structure of proteoglycans appears as a stellate rod-like structure (Goldberg and
Takagi 1993). Alcian blue staining which has a copper atom in its chromophore
can be used for electron and light microscopy (Scott 1972; Tice and Barrnett
1965). Toluidine blue reacts with the negatively charged groups to produce a
different intensity of colors depending on the extent of carbohydrates or other
negatively charged molecules. In dental tissues, Goldberg and Takagi provided
an extensive review on GAGs/proteoglycans in predentin and dentin character-
ized by using multiple cationic dyes, hyaluronidase-gold labeling, lectin-labeling,
specific antibodies, and autoradiography. Based on the staining patterns, they
proposed that there are two distinct groups of proteoglycans, one mineral inhib-
itor abundant in predentin and another mineralization promotor localized in
dentin (Goldberg and Takagi 1993). Goldberg and Septier showed another
method to stain GAGs in predentin and dentin by using various concentrations
of magnesium chloride and showed how to best identify the presence of GAGs,
although the type of GAGs could not be determined by this method (Goldberg
and Septier 1992). Alcian blue, colloidal iron for acidic proteoglycans, and
periodic acid-Schiff (PAS) for glycoproteins have also been used in combination
to characterize bone proteoglycans in cortical versus trabecular; highly mineral-
ized versus osteoid. Tissues rich in proteoglycans interfibrillarly (such as medul-
lary bone area) is highly stained by these dyes (Bonucci and Gherardi 1975).
GAGs can also be characterized by radiolabeling sulfate groups and quantified
(Maccarana et al. 2017), by fluorophore-assisted carbohydrate electrophoresis
(FACE) (Karousou et al. 2014), or by liquid chromatography combined with
mass spectroscopy (Huang et al. 2013; Kubaski et al. 2017).

2. Immunohistochemistry (IHC): When antibodies against specific proteoglycan
molecules with no clear cross-reactivity to other molecules are used, IHC is a
powerful approach to localize and semi-quantify the molecules within tissues.
One of the early reports is by Embery’s group who utilized antibodies for versican
(a large CS proteoglycan), biglycan, decorin, and lumican to examine their
distribution in cementum. Samples were from human teeth with various age
groups and healthy versus periodontitis groups. There was no difference among
different age groups or disease conditions. But it was found through IHC that
acellular cementum did not have those proteoglycans but cellular cementum did.
Biglycan was concentrated around cementocytes and incremental lines (Ababneh
et al. 1999). The distribution of fibromodulin was described by IHC in rat dental
and periodontal tissues during cementogenesis and root development corroborat-
ing its role in mineralization (Matias et al. 2003).

Hall and co-workers reported that lumican is highly concentrated in predentin
compared to dentin matrix in human teeth (Hall and Embery 1997). This is
similar to the results reported by Cheng et al. showing that fibromodulin and
lumican are almost exclusively localized in precementum and lacunae housing
cementocytes, thus, pre-/non-mineralized matrices (Cheng et al. 1996). The latter
group further reported that decorin and biglycan were also preferentially localized
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in pre-/non-mineralized matrix in cementum (Cheng et al. 1999). The tissue
distribution of decorin and fibromodulin in bone, periodontal ligament, and
cementum were examined using biglycan KO and wild-type mice revealing a
compensatory function for decorin in periodontal tissues in the absence of
biglycan (Chiu et al. 2012).

3. Electron microscopy: In the last 20 years, electron microscopy has been widely
used to localize proteoglycans in dental tissues by labeling SLRPs with colloidal
gold particles. Using antibodies against pro- and mature-forms of decorin and
biglycan, Septier and co-workers semi-quantified the immunoreactivities of these
SLRP forms in rat incisors and demonstrated that the distribution pattern of the
pro- and mature-forms of these SLRPs are distinct from each other and their
concentrations change from predentin to dentin transition (Septier et al. 2001). If
double labeling of an SLRP and collagen using different sizes of gold particles is
used, a spatial correlation between the specific SLRP and collagen fibrils can be
assessed. Using this technique, Orsini and co-workers examined the distribution
of decorin and biglycan in human dentin and found that both SLRPs are associ-
ated with collagen fibrils in predentin and their immunoreactivities are weak in
mineralized intertubular dentin (Orsini et al. 2007). Decorin appears to be abun-
dant around odontoblast processes (Orsini et al. 2007).

4. Fourier transform infrared imaging spectroscopy (FT-IRIS) and Raman spectros-
copy: FT-IRIS imaging is sensitive to detect matrix composition including
collagens and proteoglycans, and can be used alone or in combination with
Near-Infrared spectroscopy which is highly sensitive to water content. Proteo-
glycans are measured in areas of absorbance at 985–1140 cm–1 (while collagen
CH2 side chain is at 1326–1356 cm–1). These absorbance bands have been
validated against histological staining in native, diseased, and engineered carti-
lage (Boskey and Pleshko Camacho 2007). Proteoglycan content and distribution
can be evaluated across tissue and even correlated with mineral distribution and
collagen maturation. With this technique, relative collagen content increased
from cartilage toward bone while proteoglycan content is higher in deeper areas
of the cartilage tissue (Khanarian et al. 2014). Raman Spectroscopy is also
capable of assessing proteoglycan content in soft and mineralized tissues and
may have an advantage over FT-IRIS because its spectral band for proteoglycan
(~1375 cm–1) does not overlap with the phosphate band that is close to that of
proteoglycan in the case of FT-IRIS (Gamsjaeger et al. 2014). Although both
techniques can provide relative proteoglycan content, they cannot identify the
specific proteoglycan species. However, Raman spectral signature comes from
the glycosaminoglycan chains which are mostly of CS nature (~90% of total
GAG content in bone and almost 100% in mineralized dentin) in mineralized
tissues such as bone and dentin and are associated mostly with decorin and
biglycan (Paschalis et al. 2017; Waddington et al. 2003).
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6.3.2 Collagen-Based Mineralization and SLRPs

Bone, dentin, and cementum are primarily composed of two phases, inorganic
minerals (mostly, carbonated hydroxyapatite) and organic fibrillar type I collagen.
In these tissues, collagen fibrils are formed prior to mineralization creating a
pre-mineralizing matrix, i.e., osteoid, predentin, and precementum, then mineraliza-
tion occurs in and around the collagen fibrils (Mahamid et al. 2010). Though the
exact mechanism of mineralization and the location of minerals are still controversial
(Boskey 1998; Landis et al. 1996; Schwarcz 2015; Georgiadis et al. 2016; Xu et al.
2020), a number of early and recent in vitro and in vivo observations indicate that the
majority of minerals are first deposited in the contiguous hole zones in the collagen
fibrils, i.e., intermolecular channels (Katz and Li 1973; Weiner and Traub 1986,
Landis et al. 1993, Nudelman et al. 2010, Wang et al. 2012, Zhou et al. 2016, Xu
et al. 2020). Thus, minerals in the fibrillar collagens are deposited and organized in a
highly specific manner resulting in a very stiff and durable biomaterial (Glimcher
1984). Unquestionably, collagen fibrils control the spatial aspect of mineralization in
these tissues by defining the space for mineral deposition and growth. Apparently, as
minerals grow in the fibrils, the fibrils are structurally distorted as observed in
periodontal ligament-cementum interface (Quan and Sone 2015), turkey leg tendon
(Fratzl and Daxer 1993; Yamauchi and Katz 1993), and bone (Burger et al. 2008)
resulting in increasing intrafibrillar space to accommodate the final mass of minerals.
There has been controversial if non-collagenous proteins are required to induce
collagen mineralization, but some of the recent in vitro studies show that collagen
alone is capable of initiating nucleation (Nudelman et al. 2010; Xu et al. 2020).

Though collagen fibrils alone are capable of directing crystal nucleation and
growth (Silver and Landis 2011; Wang et al. 2012; Xu et al. 2020), the presence
of non-collagenous proteins that bind collagen fibrils including SLRPs has a signif-
icant impact on the mineral ions sequestration and release, and the hydration state
around collagen fibrils. The calcium-binding phosphorylated acidic proteins such as
SIBLINGs (small integrin-binding ligand N-linked glycoproteins) including dentin
sialophosphoprotein, dentin matrix protein 1, and bone sialoprotein were shown to
bind both calcium ion and fibrillar type I collagen (Traub et al. 1992; George et al.
1996; He and George 2004; George and Veis 2008). By binding near the gap
regions/hole channels of collagen fibrils, they may efficiently facilitate the initiation
of collagen mineralization. The fact that various mutations in the human dentin
sialophosphoprotein gene lead to type II dentinogenesis imperfecta supports this
notion (Kim and Simmer 2007).

The proteoglycans in the dentin matrix represent less than 3% by volume
(Bertassoni 2017), however, they have been found to play significant roles in tissue
mineralization. In dentin and cementum, the most well-characterized and the major
SLRPs are in class I (decorin and biglycan), and class II (fibromodulin, lumican, and
osteoadherin/osteomodulin) members. In dentin and cementum, mineralization
occurs in and around type I collagen fibrils, thus, collagen-binding SLRPs such as
decorin, fibromodulin, and lumican likely play an important role in this process
(Chen and Birk 2013). Though other members including biglycan and osteoadherin
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(aka osteomodulin) have been reported to bind collagen fibrils (Schonherr et al.
1995; Svensson et al. 1995; Tashima et al. 2015, 2018), their binding is relatively
weak. Indeed, gain- and loss-of-function experiments indicated that the amounts of
biglycan do not significantly affect collagen fibrillogenesis like decorin does (see
below) (Parisuthiman et al. 2005; Mochida et al. 2009).

6.3.3 GAGs in Mineralization

In the predentin, biglycan and decorin are mostly modified with DS, however, in the
predentin-dentin interface, CS becomes the major form, and in mineralized dentin.
CS is the only GAG chain identified (Waddington et al. 2003), while KS distribution
in the predentin forms a gradient with a maximum concentration toward the miner-
alization front (Goldberg et al. 2003). Moreover, the position of the sulfate within the
GAG also varies within these tissues, and the length of GAG chains is longer in
dentin than those in predentin and in the dentin/predentin interface (Waddington
et al. 2003). For the early studies on the distribution and potential functions of
various GAG species in dentin mineralization, see Embery’s review (Embery et al.
2001). Apparently, GAG components contribute to the mechanical properties of the
dental tissues (De Mattos Pimenta Vidal et al. 2017) because of their physicochem-
ical nature, capabilities of occupying a large space and retaining water, and forming
bridges between collagen fibrils. GAGs are also thought to play a role in mineral-
ization; in dentin, CS may facilitate the mineralization process by sequestering
calcium ions.

6.3.4 SLRP Functions in Biomineralization

In our early studies, we identified several SLRP members in tooth cementum and
dentin. In the former, lumican and fibromodulin were identified by immunohisto-
chemical, Western blot, and amino acid sequence analyses. The former was the
major species and the latter a minor, but both SLRPs were almost exclusively located
in pre-mineralizing, i.e., precementum, and non-mineralized, i.e., pericementocytes,
matrices (Cheng et al. 1996). In the same tissue, we also identified chondroitin-4-
sulfate SLRPs, decorin, and biglycan. The former is closely associated with collagen
fibers in the periodontal ligament and cementum, the latter with cementoblasts and
precementum (Cheng et al. 1999). By employing a similar approach, we also
identified and immunolocalized lumican and fibromodulin in predentin and dentin,
and demonstrated that both are also mainly localized in pre- (predentin) and
non-mineralized (peri-odontoblast processes) matrices (Yamauchi et al. 2000).
Thus, in both mineralized dental tissues, these SLRP members appear to locate
mainly in the “pre-mineralized” matrices, i.e., precementum and predentin, and
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“non-mineralized” matrices, i.e., lacunae housing cementocytes and intratubular
dentin. These preferential localizations of SLRPs (and proteoglycans in general) in
dental tissues have been reported by a number of groups (Takagi et al. 1990; Hall
et al. 1997; Goldberg et al. 2005; Orsini et al. 2007; Nikdin et al. 2012; Randilini
et al. 2020).

It has been reported that decorin is removed prior to bone mineralization (Hoshi
et al. 1999). Similarly, fibromodulin that is abundant in articular cartilage surface
decreases toward the cartilage–bone interface (Hedlund et al. 1994). Another class II
SLRP member, ostoadherin, aka osteomodulin, is also almost exclusively localized
in predentin but more concentrated toward the mineralization front (Nikdin et al.
2012).

All of these studies clearly demonstrate that these collagen-binding SLRPs are
preferentially localized in pre-/non-mineralizing areas of mineralized tissues but at
or prior to mineralization, they may be removed or partially degraded (Septier et al.
2001). Based on these observations and a gradient distribution pattern, some groups
(Hall et al. 1997; Nikdin et al. 2012) speculate that some of these SLRP members
play a critical role in facilitating matrix mineralization. However, on the contrary,
some groups reported that these SLRPs rather inhibit premature collagen minerali-
zation (Hoshi et al. 1999; Cheng et al. 1996; Yamauchi et al. 2000). Such inhibition
can be done by binding and compressing the collagen fibrils through water-retaining
GAG chains and/or by blocking the mineralization sites. Then after their removal/
degradation, collagen fibrils get decompressed, thus, increases the intrafibrillar space
to get mineralized (Cheng et al. 1996, 1999; Yamauchi et al. 2000) (Fig. 6.3). The
decorin and biglycan gene knockout mouse models showed some phenotype in
dentin, but it seems to be transient and self-repair (Goldberg et al. 2005). Biochem-
ical studies in the past have indicated that there are two groups of proteoglycans: one
in predentin matrix and the other transported to the mineralization front rapidly and
incorporated into mineralized dentin matrix (Lormee et al. 1996). Apparently,
fibromodulin and lumican belong to the former group and the regulation of collagen
mineralization could be one of the functions of these proteoglycans.

The above hypotheses on the role of SLRPs in inhibition and/or facilitation of
dentin and cementum (bone as well) mineralization, are largely based on observa-
tional and correlative studies. To prove these functions, one viable approach is a
gain- and loss-of-function study.

6.3.5 Effect of SLRPs on Biomineralization Through Gain-
and Loss-of-Function Approaches In Vitro

To understand the molecular function of SLRPs in the biomineralization of dental
tissues, several in vitro studies have been conducted. However, such studies are very
limited largely due to the unavailability of well-established odontogenic cell lines
such as odontoblasts, ameloblasts, and cementoblasts. Thus, one approach would be
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the use of a well-established osteoblastic cell line, e.g., MC3T3-E1 cells. These were
originally established from newborn mouse calvaria (Sudo et al. 1983) and several
subclones were further established (Wang et al. 1999). Subclone 26, which has a
high differentiation/mineralization potential, has been widely used for functional
studies (Mochida et al. 2003, 2009; Parisuthiman et al. 2005). Using this cell line, a
single-cell-derived clones expressing higher or lower levels of decorin or biglycan
were generated and characterized (Mochida et al. 2003; Parisuthiman et al. 2005).
The levels of decorin did not affect cell proliferation or osteogenic marker expres-
sion. However, the decorin overexpression led to severely delayed mineralization,
while its suppression resulted in accelerated mineralization. The timing of mineral-
ization was inversely correlated to the expression levels of decorin in these clones
(Mochida et al. 2003). The major phenotype in these clones was collagen
fibrillogenesis. When decorin was overexpressed, collagen fibrils were markedly
thinner, while decorin was suppressed, they were larger and irregular in shape. In the
latter, the crystallinity of minerals was poor (Mochida et al. 2009). These results
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Fig. 6.3 Potential roles of collagen-binding SLRPs in collagen mineralization. In the
pre-mineralizing state, they bind collagen fibril at or near the gap regions through the core proteins.
Their GAG components attract and hold water molecules, thus, apply osmotic pressure to the fibril.
These may inhibit premature collagen mineralization. Decorin is used as an example for this process
in the illustration but other SLRPs such as fibromodulin and lumican may play this role as well.
These SLRPs could be removed or degraded at/prior to mineralization, which decompresses the
fibril and exposes the gap region of the fibril for mineralization. Some of the SLRPs/non-
collagenous proteins such as SIBLINGs may, however, facilitate mineralization by sequestering
and releasing calcium ions to collagen mineralization sites. Relative scale is not taken into
consideration in this illustration

6 Small Leucine-Rich Proteoglycans (SLRPs) and Biomineralization 137



suggest that decorin inhibits mineralization by modulating collagen assembly. When
the same approach was employed for biglycan, it was found that biglycan rather
accelerates mineralization by positively modulating bone morphogenetic protein
(BMP)2/4 function, thus, osteoblast differentiation. The effect of biglycan levels
on collagen fibrillogenesis was minimal (Parisuthiman et al. 2005; Mochida et al.
2006). These results were confirmed by in vivo cell transplantation assays (Mochida
et al. 2009; Parisuthiman et al. 2005). These studies indicate that these structurally
similar class I SLRP members have distinct roles in matrix mineralization, i.e.,
decorin inhibits this process by controlling collagen fibrillogenesis while biglycan
accelerates by positively modulating osteogenic BMP function.

To investigate the function of osteoadherin (aka osteomodulin), a class II SLRP
member, in mineralization, a similar approach was also employed by using
MC3T3-E1 cells (Rehn et al. 2008). Overexpression of osteoadherin reduced cell
proliferation, increased alkaline phosphatase activity, and led to accelerated in vitro
mineralization. The expression levels of osteocalcin (Ocn) and osteoglycin (Ogn), a
class III SLRP, were upregulated, while bone sialoprotein (Bsp) level was
unchanged in these overexpression clones. Repression of osteoadherin resulted in
increased cell proliferation and reduced alkaline phosphatase activity; however, the
extent of in vitro mineralization was unchanged. The expression of the level of Ocn
and Bsp were unaffected while that of Ogn was downregulated. The results in this
study appeared inconclusive possibly because these stably transfected clones were
not established as a single-cell-derived, isolated clones, but maintained as a mixed
population.

These studies described above may pose a limitation as only one cell type from
calvaria/intramembranous ossification was investigated. However, the MC3T3-E1
cell is probably the only well-established non-transformed osteoblastic cell line that
undergoes a normal process of differentiation and collagen mineralization with
minimal inter-clonal variations. Thus, this is an excellent model to examine the
roles of matrix molecules such as SLRPs in collagen fibrillogenesis and
mineralization.

6.3.6 Gene KOModels: SLRPs Affect Bone/Tooth Structures/
Mineralization

There have been 18 members of SLRPs identified in mice (Fig. 6.1), and almost all
of the genes are targeted by conventional and/or conditional knockout
(KO) technology based on the Mouse Genome Informatics (http://www.
informatics.jax.org/). Among these KO mice, thus far, all of the published reports
were based on the conventional KO approaches. In the following, we focus on the
studies characterizing dental/bone phenotypes in several KO mouse models. Major
dental/bone/collagen fibril phenotypes in these studies are summarized in Table 6.1.
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For the soft-tissue phenotypes in the SLRPs KO mice, see the following reviews
(Reed and Iozzo 2002; Kao and Liu 2002; Chakravarti 2002).

Although biglycan is structurally quite similar to decorin (56% identity), the
dental phenotypes of biglycan KO are very different from those of decorin KO
mice though this is not surprising considering their distinct roles (see above). The
thickness of the enamel matrix in biglycan KO molars at post-natal day 1 was
significantly increased as compared to that in wild-type (WT) control molars with
no visible rod formation (Goldberg et al. 2005). This observation was further
supported by micro CT analysis that the mineralized enamel volume of 8-week-
old biglycan KO in molar crowns was increased as compared to that of WT

Table 6.1 SLRP KO mouse phenotype. Dental tissue phenotype (enamel and dentin) and collagen
fibril phenotype (dentin, bone and non-mineralized tissues) are summarized

Gene(s) in
KO mouse Enamel phenotype References

Biglycan Increased thickness of enamel matrix possibly due to
increased amelogenin expression

Goldberg et al. (2005),
Chiu et al. (2012)

Decorin Enamel matrix is almost absent/delayed, but no
structural abnormality

Goldberg et al. (2005)

Fibromodulin Decreased thickness of enamel matrix, porous
enamel

Goldberg et al. (2006,
2009)

Gene(s) in KO mouse Dentin phenotype References

Biglycan Porous and hypomineralized Goldberg et al. (2005)

Decorin Porous and hypomineralized Goldberg et al. (2005)

Fibromodulin Hypomineralized, larger fibril diameter Goldberg et al. (2006)

Gene(s) in KO mouse Collagen fibril phenotype in dentin References

Biglycan No statistical difference between KO and WT Goldberg et al. (2005)

Decorin Increased collagen fibrils in distal predentin Goldberg et al. (2005)

Gene(s) in KO mouse Collagen fibril phenotype in bone References

Biglycan Larger fibril diameter, abnormal collagen fibrils Corsi et al. (2002)

Decorin Smaller fibril diameter Corsi et al. (2002)

Biglycan/Decorin Non-circular collagen fibril profile Corsi et al. (2002)

Gene(s) in KO
mouse Collagen fibril phenotype in non-mineralized tissues References

Biglycan Larger fibril diameter and fused collagen fibrils in skin Corsi et al.
(2002)

Decorin Larger fibril diameter and fused collagen fibrils in skin Corsi et al.
(2002)

Biglycan/
Decorin

More marked variability in diameter and shape, wider
interfibrillar spaces in skin

Corsi et al.
(2002)

Fibromodulin Smaller fibril diameter, abnormal collagen fibrils in tendon Svensson et al.
(1999)

Lumican Larger fibril diameter, abnormal collagen fibrils in tendon Jepsen et al.
(2002)

Fibromodulin/
Lumican

Fused collagen fibrils, smaller and larger fibril diameter
observed in tendon

Jepsen et al.
(2002)
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(Chiu et al. 2012), possibly by regulating amelogenin expression (Goldberg et al.
2005). On the other hand, the enamel matrix in decorin KO molars at post-natal day
1 was almost absent, although no structural difference was detected by the SEM
study between decorin KO and WT mice at 6 weeks (Goldberg et al. 2005).

The TEM studies showed that dentin appeared to be porous and poorly mineral-
ized in both biglycan and decorin KO molars. Metadentin in both biglycan KO and
decorin KO molars at post-natal day 1 was enlarged as compared to that in WT
molars. As compared to WT, the diameter of collagen fibrils in the proximal
predentin of biglycan KO molars was smaller, however, significantly larger in the
central and distal predentin. The density and spatial organization of collagen fibrils
were not altered. On the other hand, the diameter of collagen fibrils in the decorin
KO predentin was unchanged compared to that of WT, while decorin KO showed
the increased density of collagen fibrils in the distal predentin (Goldberg et al. 2005).
These observations suggest that biglycan and decorin play differential roles in dentin
and enamel matrix formation as well as biomineralization, which is consistent with
our previous studies (Mochida et al. 2009; Parisuthiman et al. 2005).

Among class II SLRPs, fibromodulin KO mice have also been characterized for
their dental phenotype. The thickness of enamel in fibromodulin KO neonates at
postnatal day 1 was significantly decreased while that of dentin and predentin was
unchanged as compared to WT. The diameter of collagen fibrils in molar predentin
in fibromodulin KO was significantly larger than that of WT. Ultrastructural analysis
in molar dentin revealed that WT dentin showed homogeneously dense structure,
while fibromodulin KO exhibited a heterogeneous appearance with hypomineralized
electron-lucent areas (Goldberg et al. 2006). Three-week-old fibromodulin KO mice
showed an increased size of pulp volume as compared to WT; however, the pulp
volume appeared to be decreased and dentin volume was increased in 10-week-old
fibromodulin KO mice (Goldberg et al. 2011). These results suggest that
fibromodulin may play diverging roles in a mineralized tissue-specific manner or
developmental stage-specific manner.

It has been more than 20 years since biglycan KO mice were generated and
reported (Xu et al. 1998), demonstrating for the first time that a particular SLRP
member exhibited a skeletal phenotype. As mouse biglycan gene is located on the X
chromosome, characterization of mouse phenotype has been initially performed in
males. Although apparently normal at birth, these mice displayed an age-dependent
phenotype characterized by reduced growth rate and decreased bone mass. This may
be the first report in which deficiency of a non-collagenous protein leads to a skeletal
phenotype that is marked by low bone mass that becomes more obvious with age.
Later, the bone phenotype in biglycan female KO mice was characterized upon
ovariectomy (Nielsen et al. 2003). The results showed that biglycan deficiency had
minimal effects on bone metabolism in females and biglycan deficiency protected
trabecular bone loss caused by estrogen depletion, suggesting that there is a gender
difference in response to its deficiency.

It has also been reported that using calvarial cells derived from biglycan KO
neonatal mice, loss of biglycan caused reduced BMP4 binding to the osteoblast cell
surface. This reduction of BMP4 binding resulted in lower sensitivity of BMP4
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stimulation and reduced expression of Cbfa1, likely causing poor osteoblast differ-
entiation (Chen et al. 2004). This notion was further supported by our study that
responsiveness to BMP4 was enhanced in biglycan overexpressed MC3T3-E1
clones and impaired in biglycan suppressed clones (see above) (Parisuthiman et al.
2005). Later we found that biglycan directly binds BMP2 and its receptor,
BMPR1B/ALK6, and enhances and sustains BMP2 signaling suggesting that
biglycan may function as a bridge molecule for BMP2 signaling (Mochida et al.
2006). This study showed that biglycan also binds BMP4 and 6, but likely not via
direct interaction.

Although decorin KO mice exhibited only mild ultrastructural changes in bone,
when both decorin and biglycan were disrupted, bone phenotypes were synergized
exhibiting severe osteopenia (Corsi et al. 2002), indicating a redundant function
between decorin and biglycan in the biomineralization process in vivo.

More recently, a class IV SLRP member, tsukushin KO mice have been gener-
ated, and bone phenotype was reported (Yano et al. 2017). There have been many
reports that tsukushin inhibits several signaling molecules including BMP, TGF-β,
Wnt, and fibroblast growth factor (FGF) (Ohta et al. 2004, 2011; Morris et al. 2007;
Niimori et al. 2012), suggesting the importance of tsukushin in skeletal develop-
ment. Tsukushin KO exhibited reduced long bone phenotype as compared to WT
showing significant decreases in trabecular number and thickness at both 3 and
20 weeks. The thickness of proliferating zone and hypertrophic zone, but not resting
zone, in the tsukushin KO growth plate was markedly decreased accompanied by the
reduced expression of Sox9 and Runx2 and increased expression of type X collagen
andMmp13. The results suggest that tsukushin plays an important role mainly in the
endochondral ossification process.

Taken together, the dental/bone phenotypes of these SLRP KO mice are, overall,
consistent with the results by in vitro cell culture studies, suggesting that biglycan in
concert with decorin appears to be a major modulator in the assembly of the ECM in
mineralized tissues and cell signaling.

6.4 SLRPs as Therapeutics and Tissue Engineering

As described above, several SLRP members interact with collagens including
fibrillar and non-fibrillar collagens (Hocking et al. 1996; Pogany et al. 1994;
Schonherr et al. 1995). SLRPs can also bind to growth factors such as TGF-β family,
VEGF, PDGF, among others (Baghy et al. 2013; Berendsen et al. 2014; Tiedemann
et al. 2005). The binding of decorin and biglycan to TGF-β1, 2, and 3, and TGF-β
family members such as BMPs was the first description of SLRP binding to growth
factors and their ability to regulate cell signaling (Hildebrand et al. 1994; Yamaguchi
et al. 1990). Asporin also binds TGF-β1 and influences the expression of osteogenic
markers, which highlights the importance of class I SLRPs on osteogenesis and
mineralization (Hildebrand et al. 1994). Their involvement in other signaling path-
ways independent of TGF-β has been reported as well (Ameye and Young 2002;
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Hocking et al. 1998; Kresse and Schonherr 2001; Yoon and Halper 2005) including
signaling through IGF-1R and EGFR (Aggelidakis et al. 2018; Mohan et al. 2019).
Most studies of SLRPs in this field have focused on decorin and biglycan as they
interact with various receptors, secreted molecules, and ECM components
(Babelova et al. 2009; Desnoyers et al. 2001; Elefteriou et al. 2001; Gendelman
et al. 2003; Krumdieck et al. 1992; Mochida et al. 2006; Nadesalingam et al. 2003;
Pogany et al. 1994). Through these interactions, they modulate a variety of signaling
pathways including Wnt, Smads, and mitogen-activated protein kinase (MAPKs)
(Babelova et al. 2009; Schaefer et al. 2005; Wang et al. 2010; Yan et al. 2009).
Biglycan, for instance, directly binds BMP2 and its receptors, which enhances
BMP2-induced osteoblast differentiation (Mochida et al. 2006; Parisuthiman et al.
2005). This positive effect of biglycan on BMP2 function is derived from the core
protein, not the GAG component (Miguez et al. 2011). Further, the addition of
recombinant biglycan core protein to a low dose BMP2 significantly accelerated
BMP2-induced bone formation in a rodent model of craniofacial bone regeneration
(Miguez et al. 2014). In an attempt to identify the effector domain within the
biglycan core protein, we recently tested several synthetic peptides that correspond
to various domains of biglycan and evaluated their effects on BMP2-induced
osteoblast differentiation and mineralization in vitro. The results indicated that
LRR2-3 of biglycan core protein significantly enhanced BMP2 osteogenic function
(Jongwattanapisan et al. 2018). Since high-dose BMP2 may cause significant
adverse side effects (see reviews by Carreira et al. 2014; James et al. 2016), use of
the synthetic effector with low-dose BMP2 may provide a means to enhance BMP2-
induced bone formation and to minimize the risk of side effects (Jongwattanapisan
et al. 2018).

Because of the ability of SLRPs to interact with collagen and other molecules
such as growth factors, several research groups have been exploring the potential use
of these SLRPs not only for tissue engineering, as described above but also for other
therapeutic applications. Decorin and biglycan, for instance, have been explored as
antithrombotic molecules by forming a DS proteoglycan-heparin cofactor II com-
plex that inactivates thrombin (Delorme et al. 1998; Whinna et al. 1993).

Due to the ability to delay collagen fibrillogenesis and act as a TGF-β1/2
antagonist, decorin is an attractive therapeutic candidate for anti-scarring treatment
(Yamaguchi et al. 1990). Decorin has been tested for corneal wound healing in the
form of eye drops or subconjunctival injection prior to and after glaucoma surgery on
rabbits showing significantly less scarring (Chouhan et al. 2019; Grisanti et al. 2005;
Hill et al. 2018). Other antifibrosis applications have been demonstrated in kidneys,
muscle, and lungs through its negative TGF-β regulation (Fukushima et al. 2001;
Isaka et al. 1996; Kolb et al. 2001). In mice with epidermolysis bullosa, decorin was
used as a TGF-β inhibitor and fibrotic traits were significantly reduced in injured skin
(Cianfarani et al. 2019). Decorin has been also investigated in bone-muscle injury
models with impaired vascularization by its co-delivery with BMP2 in a collagen
hydrogel (Ruehle et al. 2019). The rationale behind the use of decorin was because of
its ability to bind TGF-β growth factor and support angiogenesis in vitro.
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Biglycan has been studied as a therapeutic in musculoskeletal disorders such as
Duchenne muscular dystrophy as it can modulate collagen fibrillogenesis and
interact with other proteins to improve muscle function (Young and Fallon 2012).
In severe muscular dystrophies, increased levels of biglycan mRNA and protein are
detected in muscle with increased fibrosis (Zanotti et al. 2005). Biglycan has been
found to bind to alpha- and gamma-sarcoglycan in muscle and regulate their
expression which is important for muscle development (Rafii et al. 2006; Zanotti
et al. 2005). The non-glycanated form of biglycan has been shown to have a specific
function in Wnt signaling in muscle preventing muscle wasting (Amenta et al. 2011;
Young and Fallon 2012). The non-glycanated biglycan delivered to dystrophic mice
was able to improve muscle health and function (Fallon and Mcnally 2018; Ito et al.
2017).

Biglycan has also been studied as a regulator of angiogenesis during bone fracture
repair. In biglycan KO mice, the callus formation is smaller than wild-type showing
less cartilage and woven bone, less fibrillar collagens, and diminished vascular
endothelial growth factor (Berendsen et al. 2014). The reduced callus size was likely
due to Wnt availability affected by the absence of biglycan (Berendsen et al. 2011).
Later, it has been reported that, based on the analyses by micro-computed tomogra-
phy and angiography, biglycan KOmice exhibited fewer and reduced vessel size and
volumes as biglycan inhibits endostatin, an anti-angiogenic protein (Myren et al.
2016).

The role of GAG chains in biglycan function is still poorly understood. As
described above, biglycan’s positive modulation of BMP2 function is likely derived
from the specific LRR domains of its core protein, not GAG components (Miguez
et al. 2011, 2014; Jongwattanapisan et al. 2018). The presence of GAGs reduced the
ability of biglycan to promote osteogenesis suggesting that GAGs may negatively
control the interaction between biglycan and BMP2/its receptors (Jongwattanapisan
et al. 2018). A summary of biglycan in proteoglycan versus core versus peptide
forms and their interactions with receptors associated with osteogenesis are depicted
in Fig. 6.4. Biglycan proteoglycan form (with GAGs) has been implicated in
inflammatory events interacting with TLR 2 and 4, and P2X receptors versus
non-glycanated forms and peptides favoring interaction with BMP receptors
(Fig. 6.4) (Babelova et al. 2009; Hsieh et al. 2014). The effect of bi- versus mono-
glycanated forms of biglycan has not been investigated yet.

Fibromodulin has been studied for its role in angiogenesis and wound healing.
Recombinant fibromodulin protein-enhanced human endothelial cell function
in vitro (Jian et al. 2013) and increased capillary generation in in vivo chick embryo
chorioallantoic membrane model (Zheng et al. 2014). In the rat Achilles tendon
injury model, fibromodulin gene transfer improved biochemical and histological
parameters of tendon injury (Delalande et al. 2015). Injection of fibromodulin
protein reduced scar size and increased tensile strength of repaired tissue compared
to a steroid treatment by local application in a pig wound model (Jiang et al. 2018).
The osteogenic function of fibromodulin was also evaluated by implanting fibro-
blasts primed with fibromodulin in critical-sized mouse calvarial defects. The results
showed that these cells lead to increased bone volume/total volume at 8-weeks
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post-surgery as compared to control groups. Possibly, fibromodulin is also a viable
option for mineralized tissue reconstruction (Li et al. 2016).

Lumican, another SLRP member, also controls collagen fibrillogenesis and
interacts with growth factors via its core protein (Rada et al. 1993). Lumican can
modulate wound healing and innate immunity by interacting with receptors of
immune cells such as macrophages (Shao et al. 2012). Its deficiency, increased
expression of receptor activator of nuclear factor kappa-B ligand (RANKL), and
elevated number of osteoclasts around teeth (Wang et al. 2014). As a therapeutic, the
administration of lumican has a positive effect on epithelial proliferation and migra-
tion (Yeh et al. 2005). By applying recombinant lumican on wounded mouse skin,
wound healing was enhanced (Liu et al. 2013) possibly by promoting contraction of
fibroblasts through the α2β1 integrin. Adenoviral expression of lumican in

Fig. 6.4 The proteoglycan form of biglycan (yellow half-moon shape) can be cleaved by proteo-
lytic enzymes (brown Pacman shape) leading to glycanated and non-glycanated peptides (chopped
yellow half-moons) (Hou et al. 2007; Johnstone et al. 1993; Roughley et al. 1993). Glycanated form
of biglycan (N-terminal region with glycosaminoglycans) may interact preferentially with receptors
associated with inflammatory and immune response [i.e., Toll-like receptors (TLR) 2 and 4 and P2X
purinoceptor 7/4 (P2X)] (Babelova et al. 2009). Biglycan core or peptides of biglycan composed of
mainly leucine-rich repeat (LRR) interact with transforming growth factor (TGF)-β family receptors
[bone morphogenetic protein receptor (BMPR) I and II, TGF-βR] and Wnt signaling trait
[low-density lipoprotein receptor (LRP) 6/5 and frizzled receptor (FZ)] and bind to BMP molecules
(blue boomerang) (Desnoyers et al. 2001; Hildebrand et al. 1994; Mochida et al. 2006; Moreno et al.
2005). Other forms of biglycan such as mono-glycanated (mono-biglycan) and biglycan modified
with various types of glycosaminoglycans have not been explored in terms of preferred binding
partners. Created with Biorender.com
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hypertrophic scarring animal as well as cell models showed the ability of lumican to
reduce fibroblast proliferation via binding to α2β1 integrin and subsequent reduction
of focal adhesion kinase phosphorylation (Zhao et al. 2016). Gesteira and
co-workers designed a peptide mimicking the activity of 13 C-terminal amino
acids of lumican and showed that it effectively forms a complex with type I receptor
for TGF-β1 and promoted corneal wound healing in mice (Gesteira et al. 2017;
Yamanaka et al. 2013).

Much remains to be unveiled for the roles of SLRPs in soft and mineralized tissue
maintenance and repair. Nonetheless, the above studies show promise in utilizing
these molecules as therapeutics in disease treatments and reconstructive therapies.
Further, as these SLRPs are rich in GAGs which can be degraded by proteases in the
wounds, they can release GAG-attached peptide fragments which may modulate
tissue healing (Peplow 2005). The function of GAGs and their fragments with and
without peptides in tissue engineering or therapeutics could also be an important
subject for further investigations.

A Perspective As described in this chapter, SLRPs may function as a modulator of
mineralized tissue formation by controlling collagen fibrillogenesis, interacting with
specific growth factors and their receptors. To further elucidate the specific roles of
SLRP members in the process of mineralization, the generation of ameloblast/
odontoblast/cementoblast/osteoblast-specific conditional knockout mice will be
very helpful. Due to their multifaceted functions, their therapeutic applications are
promising. Further understanding of the function of core versus proteoglycan forms
of SLRPs may expand their applications. In addition, the utility of SLRPs, especially
their short effector domains, for bone regeneration may advance therapies for bone
defects.
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Chapter 7
Cementum Proteins Beyond Cementum

Higinio Arzate and Margarita Zeichner-David

Abstract Dental cementum is a specialized complex structural component of teeth,
covering its roots. It is avascular, non-innervated, does not remodel but some of it
can grow continuously through life (Bosshardt and Selvig. Dental cementum: the
dynamic tissue covering of the root. Periodontol 2000 13:41–75, 1997). Compre-
hensive knowledge of this tissue has been slow to gather due to its low representation
as compared to other mineralized tissues like enamel, dentin, and alveolar bone,
constituting the teeth. Because of its sparse presence (about 20–50 μm thick around
the cementoenamel junction (CEJ), and about 150–200 μm thick at the root apex),
initial studies on cementum were for a long time mostly morphological; however, the
last two decades have seen tremendous progress on our understanding of the
developmental, cellular, and molecular biology of cementum. We now know that
this tissue is highly unique, it is organized into different structural varieties, has a
unique composition and function, plays a big role in the periodontal apparatus
homeostasis and it is a determinant factor for the regeneration of periodontal tissues
destroyed by trauma, genetic diseases, and infections.

7.1 Introduction

Periodontal disease (gingivitis and periodontitis) is one of those infectious oral
diseases that affects the structures providing support to teeth (gingiva, periodontal
ligament, cementum, and alveolar bone), functionally known as the periodontium.
The Center for Disease Control (CDC) reports that in the US, 47.2% of adults aged
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30 years and older have some form of periodontal disease, which increases with age
to 70.1% of adults in the US and about 20–50% around the world, having periodon-
titis (Eke et al. 2012; Sanz et al. 2010). Furthermore, according to the Global Burden
of Disease Study (2017), severe periodontal disease was the 11th most prevalent
condition in the world. Periodontitis is one of the major causes of tooth loss which
can have a negative effect on eating (resulting in malnutrition), talking, esthetics,
self-confidence, and overall quality of life (Tonetti et al. 2017; Reynolds and Duane
2018). Furthermore, periodontal disease is associated with several systemic condi-
tions like diabetes, premature delivery, rheumatoid arthritis, cardiovascular disease,
and pulmonary disease (Nazir et al. 2020).

As with any other disease, the best treatment is prevention. Unfortunately, not all
types of periodontal disease can be prevented, and when that is the case, then the
treatment is focused on removing the bacteria and induce the repair, ideally the
regeneration, of the tissues of the periodontium. However, complete regeneration of
all these tissues is harder to achieve and remains the ultimate goal of periodontal
therapeutics; reestablish a complete, integrated, and functional periodontium. A
multitude of studies has focused on regenerating the different components of the
periodontium with mixed success. In this chapter, we focus on one of the
periodontium components: Cementum. In order to be able to regenerate this tissue,
we first need to have a better understanding of the formation, structure, composition,
and function of this tissue to be able to mimic these events therapeutically.

7.2 The Origins of Cementum

The name “cementum” comes from the Latin word caementum: “stone from the
quarry.” Cementum precursors appeared 310–330 million years ago in the dermal
skeletons of Odontostraci armored fish. These denticles contain structures of enamel,
dentin, and a “bony” lining supportive tissue that attaches to the dermal bone. These
structures are derived from the mesoderm, and the acellular supporting lining “bony”
tissue, named Aspidin, is proposed to be the precursor of cementum (Kozawa et al.
2005). Paleontological studies have shown that the differentiation of cementum,
with inserted Sharpey’s fibers, was also present in lower amniotes such as
Diatectomorpha or Diadectidae, the first herbivorous tetrapods, 323 Ma. In mosa-
saurs, 168–165 Ma, there is the induction of extensive trabeculation of cementum
though nothing is known on the phylogenetic temporospatial evolution of cementum
before Diadectidae and stem mammals (For a thorough review of the origins of
cementum look at Ripamonti 2019).

Mammalian cementum develops into various forms (Muraki 1958; Schmidt and
Keil 1971) concurring with mammalian tooth evolution associated and with the food
habit development. In a recent publication on the discovery of cementum, Foster
(2017) provides a detailed narrative of the events leading to the acceptance of
cementum as a constituent of human teeth. Briefly, acellular cementum formed in
the human tooth cervical area, although mammalian root cementum is cellular, was
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thought to be a new arising characteristic of phylogeny (Kozawa et al. 2005). Initial
studies on dental cementum go back to the seventeenth century with Marcelo
Malpighi being the first to recognize another substance covering the root; the
“substantia tartarea,” which appears as the first name by which cementum was
known (Malpighi 1700). Georges Cuvier then coined the term “cement” to describe
the material joining the plates in the compound crown of the elephant molar.
Eighteenth-century anatomists still believed that human teeth were composed of
enamel and dentin only, although it was recognized that cementum was a constitu-
tive part of animal teeth as demonstrated by Tenon’s studies in Horses and Blake’s
on elephant teeth. However, the first crucial description of the presence of cementum
in human teeth was described by Ringelmann, 1824, who was the first to confirm the
presence of cementum as a normal constituent on roots of human teeth as a “horny
substance present on all human teeth, which partially covered the roots.” In 1835,
Purkinje described the outer surface of the human tooth root as a true osseous
substance; “the substantia ossea is drawn thin at the neck of the tooth and increases
in size near the apices, wherein one can see osseous corpuscula, or bony bodies,”
which were referred to as corpuscles of Purkinje then and later understood to be the
cementocytes of cellular cementum (Fränkel 1835; Raschkow 1835). Retzius in
1837 also described the cortical substantia covering roots of human teeth, and he
recognized that cementum grows throughout life, being relatively thicker in the
elderly. Retzius description of cementum referred to zones of acellular and cellular
cementum with embedded cementocytes and their cellular processes (Åhrén 2014;
Retzius 1837; Pindborg 1962).

Anthropologist, archeologists, and forensic experts have adopted a procedure
using the cementum annulations present in several mammalian species to provide
age estimation. In humans, cementum increases in thickness with age, and new
layers are deposited on the outside of the dentin throughout the life of the individual.
Cementum usually does not undergo wear and tear like enamel and dentin; however,
there is continuous apposition in order to maintain a healthy periodontium (Gupta
et al. 2014; Zander and Hürzeler 1958).

7.3 Cementum Structure

As previously stated, cementum can be defined as a connective mineralized tissue
that covers the entire surface of the root, forming the interface between the dentin
and the periodontal ligament. Cementum serves primarily for the anchorage of the
collagen fiber bundles of the periodontal ligament, and the supra-alveolar gingival
fiber system. Historically, cementum was classified into two major types, acellular
and cellular cementum, depending on the presence or absence of cells
(cementocytes) in its mineralized matrix. Further classification of these types of
cementum was based on the presence of intrinsic fibers secreted by cementoblasts or
extrinsic collagen fibers secreted by fibroblasts. The coronal cementum is constituted
by mineralized substance which does not contain collagen fibers, named for this
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reason afibrillar cementum in contrast to fibrillar cementum, which contains collagen
fibers. However, later it was shown that some of these types of cementum also
contained cellular and fibrillar material (Listgarten and Kamin 1969), and it was not
until more than a decade later that Jones (1981) proposed a detailed classification of
cementum based on both, cellular and fibrillar components. The final cementum
classification regarding its structure was established by Schroeder (1986) and five
types of cementum are being described:

1. Acellular Afibrillar Cementum (AAC). This type of cementum is located over
the cervical cementoenamel junction (CEJ), often as a prominence, sometimes
overlapping the enamel layer (Fig. 7.1a, b). As reflected in its name, AAC does
not contain cementocytes or collagen fibers and is morphologically different from
the cementum varieties found over the rest of the root surfaces. Its mineralized
matrix reflects a fine granular substance with appositional lines parallel to the root
surfaces, and because of the lack of collagen fibrils it has been suggested that this
cementum type has no function in tooth attachment (Goncalves et al. 2005). The
mineralized AAC patches overlap the cervical enamel border and later can be
covered by afibrillar extrinsic fiber cementum (AEFC) or may even wrap the
Sharpey’s fibers of AEFC. AAC is composed of glycosaminoglycans (Listgarten
1968; Listgarten and Kamin 1969; Schroeder 1986; Schroeder and Scherle 1988;
Cho and Garant 2000), its origin and functional properties are unknown although
it has been postulated that it is possibly secreted by the inner layer of the
Hertwig’s epithelial root sheath (Slavkin and Boyde 1974; Thomas 1995;
Zeichner-David 2006). Whether the deposition of the AAC layer is a cell-
mediated phenomenon or a consequence of mere physicochemical interactions
between tissue fluid and the exposed surfaces of calcified substrata, or the
consequence of both, remains to be explored (Yamamoto et al. 2016).

2. Acellular Extrinsic Fiber Cementum (AEFC). This type of cementum is found
in the cervical third of the roots in both permanent and deciduous teeth in humans
(Fig. 7.1c, d, f). In the single rooted anterior teeth, it might cover all parts of the
root; however, in multirooted teeth, AEFC is confined to cervical region
(Schroeder 1986). The major function of the AEFC is to anchor the root to the
periodontal ligament. The AEFC is composed of glycosaminoglycans and extrin-
sic collagen fibers densely packed, branching with a diameter between 3 and
6 μm, and oriented perpendicularly to the root surface. The number and density of
AEFC fiber bundles are dependent on functional demands. The collagen fibers
present in the AEFC, and in the vicinity with the root surface, are wrapped by
cytoplasmic processes from adjacent cementoblasts or fibroblasts and a ground
substance similar to the one found in the AAC. Infrequently, collagen fibers
oriented parallel, or with the irregular arrangement, have been observed and
interpreted as extrinsic fibers to the AEFC surface. However, the innermost
AEFC layer, close to the dentin-cementum junction, presents irregular collagen
fibers suggesting an interconnection of AEFC with dentin matrix fibers and
nonhomogeneous mineralization. This AEFC layer is less mineralized than its
outer counterpart, contains a non-collagenous layer which functions as an
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Fig. 7.1 Light micrograph assembly of a panoramic composition of the human periodontal
apparatus showing different types of cementum. (a) Acellular afibrillar cementum (AAC) beginning
at the end of gingival crevice (GC). (b) Higher magnification shows the periodontal ligament fiber
bundles (PLFB). (c) Shows afibrillar extrinsic fiber cementum and at higher magnification lamellar
disposition of cementum is observed. (d) Bone vascular channel connected to the periodontal
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adhesive between dentin and cementum (possibly intermediate cementum).
AEFC shows a lamellated pattern containing non-collagenous proteins as organic
matrices (resembling finely granular ground substance) are mineralized by the
presence of hydroxyapatite crystals and contain embedded fibers from the peri-
odontal ligament (Sharpey’s fibers). These alternate lamellae represent variations
of periodical activity in matrix deposition and mineralization, with the more
profound lamellae representing highly incremental cell lines of cementum show-
ing episodical growth. AEFC shows an alternating bright and dark pattern
produced by collagen fibers that change their orientations (Yamamoto et al.
1997, 2010, 2012; Ho et al. 2009; Lieberman 1994; Colard et al. 2016) or
crystallite direction (Cape and Kitchin 1930), have different mineralization pat-
terns (Lieberman 1994; Furseth and Johansen 1968; Hals and Selvig 1977; Selvig
and Hals 1977; Soni et al. 1962; Colard et al. 2016), or exhibit variations in their
organic or inorganic matrices (Kimberly et al. 1994). At the periphery of the
AEFC, there is a zone of uncalcified tissue representing “cementoid” tissue which
is more obvious during AEFC active growth.

The cells responsible for AEFC deposition are believed to be a particular class
of cells resembling fibroblasts (Beertsen and Everts 1990; Bosshardt and
Schroeder 1991, 1993) but not necessarily fibroblasts from the periodontal
ligament. Fibroblasts of the periodontal ligament are believed to be composed
of several subpopulations, whether a single stem cell for cementoblasts and
fibroblasts exists in periodontal adult and fetal tissues. Cells that had differenti-
ated into functional fibroblasts and/or cementoblasts could be lineage-restricted
(reviewed by McCulloch and Bordin 1991) and are mainly responsible for the
modeling and remodeling of the periodontium components including cementum.
The possible source for cementoblastic and fibroblastic cell populations also has
been attributed to paravascular cells in endosteal spaces of alveolar bone in the rat
molar (McCulloch et al. 1987). However, the most accepted hypothesis is that
dental follicle cells, identified as pre-cementoblasts, invade the intracellular space
of the epithelial root sheath. These cells possess the ability to synthesize matrix
components (Cho and Garant 1989) and contribute to the breakup of epithelial
root sheath and the formation of Sharpey’s fibers (the main component of AEFC).
Once these pre-cementoblasts make contact with dentin, they differentiate into
cementoblasts. These cells are responsible for the first deposit of AEFC and are
characterized by showing a high alkaline phosphatase activity. Accordingly,
during this brief period of cementum deposition, cementoblasts detach from the

Fig. 7.1 (continued) ligament providing progenitor cells to the periodontal ligament (red dashed
lane). In (e) and (f) it is observed that the AEFC and the beginning of cellular cementum with the
osteocytes (OCT) immersed into the cementum’s mineralized matrix. (g) Cellular mixed stratified
cementum (CMSC) shows cementum lamellae (CL) and cementocytes. (h) Cellular mixed stratified
cementum (CMSC) and cellular intrinsic fiber cementum where collagen fibers are randomly
arranged and in different directions (arrows)
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newly formed cementum and acquire a fibroblasts phenotype into de periodontal
ligament (Cho and garant 1989, 1996).

3. Cellular Mixed Stratified Cementum (CMSC). This type of cementum is local-
ized in the interradicular and apical two-third regions of the root (Fig. 7.1e, g).
CMSC is occasionally covered by AEFC and is composed of multiple interposed
layers of acellular extrinsic fiber cementum; Sharpey’s fibers continuing into the
periodontal ligament and cellular intrinsic fiber cementum where the intrinsic
fibers are completely into CMSC and have no contribution to the maintenance of
the tooth into the alveolus. CMSC features are closely related to the lacunae and
cementocytes canaliculi, its lamellae form of deposition with sharply delineated
incremental lines separating individual lamella and a superficial layer of
uncalcified cementum recently secreted; the cementoid layer. The lamellae rep-
resent circumscribed patches that cover the perimeter of the apical third which
indicate an intermittent deposition pattern which is reflected by a discontinuous
increase of CMSC thickness. The increment of CMSC thickness is cyclical and
episodic. In CMSC the intrinsic collagen fibers are more voluminous, numerous,
and densely packed than the extrinsic collagen fibers. The main components of
CMSC, Sharpey’s fibers, contain an uncalcified core surrounded by calcified
extracellular matrix. However, the intrinsic collagen fibers into CMSC appear
to be mineralized (Schroeder 1993; Yamamoto et al. 2016).

4. Cellular Intrinsic Fiber Cementum (CIFC). This type of cementum is depos-
ited as a part of the reparative process (Fig. 7.1h), found as a substrate into
lacunae following root resorption, represents CMSC without Sharpey’s fibers
attachment and does not participate in supporting the teeth (Bosshardt and Selvig
1997; Schroeder 1986). However, varieties of CIFC have been demonstrated like
CIFC fiber-rich; CIFC fiber-poor; and CIFC fiber-free (Yamamoto et al. 2016). It
has also been reported that CIFC shows alternate lines, lamellae-like, with
longitudinal and transversal disposition similar to compact bone conforming to
the twisted plywood model. According to this model, all collagen fibrils run
parallel in a given plane, and their direction rotates from plane to plane. A 180�

rotation of fibril arrays corresponds to a period. This periodic change in fibril
array orientation appears as the alternating lamellae when observed in histolog-
ical sections (Yamamoto et al. 1997, 2010, 2016).

A better appreciation of the cementum structure can be seen in Fig. 7.2a, where
Sharpey’s fibers (SF) can be seen embedded in the cementum (AEFC) coming
from the periodontal ligament (PDL). The presence of the intermediate cementum
can be seen in Fig. 7.2b, as well as the epithelial rest of Malassez (ERM) present
near the cementum in the PDL. Figure 7.2c shows the PDL fibers inserted in the
cementum as well as the presence of cementoblasts (CB) and paravascular cells
(PVC) near the cementum layer. Figure 7.2d shows the PDL and alveolar bone,
while in Fig. 7.2e the presence of cementocytes can easily be seen in the cellular
cementum. Figure 7.2f shows both, CIFC and CMSC and the presence of inserted
collagen fibers.

5. Intermediate cementum (IC). The presence, origin, and structure of the cemen-
tum layer is still controversial (Fig. 7.2b). First described by Bodecker in 1878 as
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an interzonal layer between dentin and cementum. Bencze in 1927 coined the
name “intermediary layer of cementum” to describe an ill-defined layer in the
region of the cemento-dentinal junction that does not contain a regular structure.
Blackwood in 1957 noticed the presence of protoplasmic bodies and suggested
these bodies were odontoblastic processes. Selvig in 1963 demonstrated that a
layer of collagen forms from the dental sac, just prior to cementum formation and
immediately after the beginning of dentin formation, possibly due to the disinte-
gration of Hertwig’s epithelial root sheath (HERS) before the production of any
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Fig. 7.2 (a) Light microphotograph shows Sharpey’s Fibers (SF) immersed into AEFC.
Cementoblasts, facing cementum surface (CB) and periodontal ligament fiber bundles (PLFB).
(b) Shows AEFC and epithelial rests of Malassez (ERM) in the vicinity of cementum and a
basophilic stained band between cementum and dentin that represents the intermediate cementum
(IC). (c) Shows periodontal ligament fiber bundles (PLFB) inserted into cementum, and
paravascular cells (PVC) adjacent to a periodontal ligament blood vessel (BV) in the vicinity of
cementum. (d) Vascular channel (VC) and the migration of endosteal progenitor cells to the
periodontal ligament (red dashed lane). (e) Shows cellular cementum and cementocytes (CT) into
its mineralized matrix. (f) Cellular mixed stratified cementum (CMSC) and cellular mixed intrinsic
cementum (CIFC) were observed in cellular cementum (CC), where collagen fibers could be
observed in various directions and randomly arranged (black arrow, black triangle, and white
arrow) and cementocytes (CT). Bar ¼ 100 μm
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cementum-like tissue thus leading several investigators to suggest that the IC was
some form of dentin product of dentinogenesis (Osborn 1965; Owens 1972).
Others (el Mostehy and Stallard 1968) concluded that intermediate cementum is
not a layer per se, nevertheless, they describe an area between cellular cementum
and dentin containing cellular debris trapped in the cementum matrix and pointed
out that the cellular inclusions in this layer are epithelial cells (HERS) that failed
to separate from the dentin surface and are now surrounded for calcified material.
Lester (1969a, b) concluded that intermediate cementum is a distinct form of
cementum and its irregularity is a result of the trapping cells on the forming tissue.
Notably, in fully mineralized teeth, the junctional zone between the cementum
and the dentin is hypercalcified and persists throughout life as a specific layer of
mineralized tissue separated from the dental cementum (Lindskog 1982a; Röckert
1958). However, fibrillar material is deposited close to HERS before it disrupts
completely and it is proposed that the initial cementum deposition is an epithelial
secretory product with higher mineral content than the surrounding cementum
and dentin thus suggesting that HERS participates in the formation of intermedi-
ate cementum (Schonfeld and Slavkin 1977; Lindskog 1982b; Thomas 1995;
Zeichner-David et al. 2003). Later Lindskog and Hammarström (1982) confirmed
that the matrix of IC was a non-collagenous matrix, similar in nature to aprismatic
enamel matrix (for a more comprehensive review of IC, we recommend the
reviews of Harrison and Roda 1995; Bosshardt and Schroeder 1996; Goncalves
et al. 2005; Yamamoto et al. 2016).

To this date, the identity and origin of IC continue to be questioned. In later
studies, using HERS-derived cells we showed that these cells express molecules
related to mineralized tissues such as osteopontin (OPN), bone sialoprotein
(BSP), and cementum-derived protein (CEMP-1) at the initial formation of the
root and initial deposition of cementum. One possible explanation is that HERS
undergo epithelial-mesenchymal transdifferentiation (EMT) and become
cementoblasts. Taken together, these findings indicate that IC is a secretory
product of the inner layer of HERS (Zeichner-David et al. 2003; Arzate et al.
2015). The function of intermediate cementum remains unknown however poten-
tial functions to provide a permeable barrier between cementum and dentin, of
being a precursor for cementogenesis during root development, and a precursor
for cementogenesis during periodontium wound healing have been suggested
(Harrison and Roda 1995). It is also suggested that it serves to join the root dentin
and cementum (Yamamoto 1986).

7.4 Cementum Function

As previously stated, cementum is a complex tissue regarding its origin, structure,
composition, and function. It has been the interest of periodontists and biologists for
centuries. It is accepted that the major role of this tissue is to serve as the anatomical
site for the attachment of Sharpey’s fibers of the periodontal ligament and therefore
provide the attachment of the tooth to the alveolar bone. Black (1890) gave a detailed
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description of the cells that secrete cementum: the cementoblasts and he pointed out
that cementoblasts have no resemblance with osteoblasts in both, form and the
matrix they deposit. This statement established the earliest understanding of cemen-
tum and its regenerative potential. However, it is in the second decade of the
twentieth century when Bernhard Gottlieb (1942) was one of the first to study the
function of cementum and theorized about the “vitality of cementum.” He suggested
that continuous cementum apposition is necessary for maintaining a healthy
periodontium. Furthermore, he suggested that it acts as a barrier against the
downgrowth of the epithelium. Similar results were seen in the study conducted
by Stein and Corcoran (1990) on vital and non-vital teeth.

The main function of the cementum is to participate, together with the principal
fibers of the periodontal ligament and alveolar bone, in tooth anchorage into the
alveolus. Another function requiring cementum participation is to reposition teeth to
maintain opposing teeth in occlusion, as suggested from experimental studies in rats
in which when an opposing molar was extracted, the growth of cementum on the
remaining molar was less than that of the control contralateral molar in which the
occlusion was not modified (Kato et al. 1992), and supported by studies in deer
(Pérez-Barbería et al. 2020). Since the biomechanical properties and composition of
cementum provide a flexible mechanism for tooth attachment to the alveolus, and a
structure to enable repositioning of the occlusal plane; therefore, the rate at which
cementum is deposited allows it to be used as an evolutionary life-history trait
(Lieberman 1993) has been extensively used in archeology, life history studies in
population ecology (Lieberman 1994; Pérez-Barbería et al. 2014, 2015), and as a
technique to estimate age (Pérez-Barbería et al. 2014).

From a biomechanics perspective, the intriguing presence of intermediate cemen-
tum at the CDJ provides a gradual transition in mechanical properties. Stress and
strain singularities are eliminated when occlusal loads are distributed, making the
cementum–dentin interphase an efficient biomechanical system. Thus, intermediate
cementum can be classified as a functionally graded dental tissue (Ho et al. 2004)
and a necessary precursor to cementogenesis in root development. The potential
functions of this layer suggest that it can act as a permeability barrier between
cementum and dentin; as a barrier to the stimulation of inflammatory root resorption
by necrotic tissue or microbial contents of the root canal after trauma (e.g., luxation)
to the teeth; a precursor for cementogenesis in root development; and as a precursor
for cementogenesis in wound healing (Andreasen 2012). Functions for AEFC and
CMSC are directly related to tooth attachment to the dental alveolus. AEFC plays the
main role for Sharpey’s fibers attachment to cementum, which appears to be solid
and long-lasting, and covers the total length of the root in single rooted teeth but not
in the same way in multirooted teeth. CMSC begins its deposit before tooth eruption
in multirooted teeth, accumulating in the apical region, although the teeth are not
functioning, and appears that its deposition is not related to support the external
forces on teeth. Only when CMSC is covered with AEFC it contributes to this
function therefore its function may be related to the homeostasis process and
adaptation of the root in response to occlusal forces. CIFC participates in the repair
process of external root resorption lacunae (Ascenzi and Bonucci 1968),
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compensates tooth movement due to crown wear (Jones 1981; Schroeder 1986,
1992, 1993; Yamamoto et al. 2016), and does not appear to contribute to tooth
support. Together, CMSC and CIFC act during the dynamic restructuration of the
deeper periodontium, playing a role for the newly apposition of cementum, rather
than resorption and replacement.

The biology of cementum seems to be unique in mammals since its morpholog-
ical characteristics lack Haversian canals, blood, lymphatic vessels, and nerves and
cementum deposits continuously throughout the entire life of mammals. Therefore,
the next sections of this review will be dedicated to examining both, inorganic and
organic constituents of cementum.

7.5 Cementum Composition

7.5.1 Inorganic Components

Cementum mineralization is a cyclic process due to the functional response to
mastication. Its mineral density is similar to bone and it varies according to the
different types of cementum: AEFC and CMSC contain 45–50% of inorganic
mineral composed of amorphous calcium phosphate and crystalline hydroxyapatite
Ca10(PO4)6(OH)2 by 98.8% and 1.2% ß-TCP (Selvig 1965, 1970). These hydroxy-
apatite crystals are found between the collagen fibrils, normally arranged with their
c-axis parallel to the long axis of collagen fibrils (Yamamoto and Hinrichsen 1993).
However, the crystallinity of the cemental inorganic component is lower than other
calcified tissues (Bosshardt and Selvig 1997). As expected, AEFC contains more
minerals than CIFC and CMSC (Yamamoto and Wakita 1990). This is explained by
the presence of uncalcified spaces, such as lacunae and by the uncalcified core of
Sharpey’s fibers (Goncalves et al. 2005). The inorganic chemical composition of
human root cementum and their most common elements such as Ca2+, P, Mg2+, and
F have been described (Röckert 1958; Brudevold et al. 1960; Nakata et al. 1972).
Using electron probe microanalysis and microradiography, Hals and Selvig (1977)
analyzed ground sections of teeth of adult individuals describe the presence of Ca2
+, P, F, S, Mg2+, Fe, Cu, Zn, Sn, and Ag restricted to AEFC. However, fluoride
concentration in the AEFC outer layer is about 0.5% and decreases at 0.1% at the
dentinal-cementum junction. The fluoride content in AEFC is consistently greater
than that of CMSF. Ashed cementum contains fluoride in a higher proportion than
dentin and enamel, probably by intake of fluorinated drinking water and the high
degree of absorption and permeability of cementum. Fluoride is located in superficial
layers of cementum with a limited diffusion to the deeper layers. However, cemen-
tum possesses a stronger anti-absorption capacity compared to the alveolar bone.

Regarding its hardness, cementum is softer than dentine. The spatial distribution
of the physicochemical parameters assessed from the Raman analysis indicates that
the mineral/organic and type-B carbonatation ratio reproduced the alternating bright
and dark lines of AEFC type of cementum. Dark lines show the highest mineral/
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organic ratio, suggesting that they correspond to more mineralized incremental
layers, but also more readily decalcifies in the presence of acidic conditions
(Bosshardt and Selvig 1997). Zoologists and zooarcheologists called the dark lines
annuli, winter lines or rest lines, as they were thought to correspond to slowed
growth periods (Ho et al. 2004, 2005, 2009). The dark lines correspond to smaller,
more mineralized, and better organized lines produced during a slower period of
AEFC growth. Raman spectra analysis has shown that in AEFC the mineral crystals
and collagen fibers are always oriented in the same direction both in dark and bright
lines. Energy dispersive X-ray microanalysis of cementum determined the mineral
content of calcium, phosphorous, and magnesium from the cementoenamel junction
to the root apex on the external surface of the cementum. The Ca/P ratio at the
cementoenamel junction showed to be 1.8 to 2.2; however, in the area corresponding
to the AEFC, Ca/P media value of 1.65 was found corresponding to biological
hydroxyapatite. In the area representing the fulcrum of the root, there is an abrupt
change of the Ca/P ratio, which decreases to 1.3 indicating the presence of amor-
phous calcium phosphate, probably the result of occlusal resistance function and
concentration increase of Na, K, Cl, and Mg2+ ions in this area. In the apical
one-third of the root, where the CMSC and CIFC are present, the Ca/P ratio
decreases linearly to the root apex from a 1.65 ratio to a 1.3 ratio which corresponds
to amorphous calcium phosphate. These findings revealed that on the coronal
one-third of the root where AEFC is located, the mineralized tissue is densely and
homogeneously mineralized. In contrast, the apical one-third of the root is less
mineralized which contributes to its being heterogeneously mineralized, porous,
and having soft characteristics, intimately related to the main function of CMSC
during adaptation and dynamic reshaping of the root surface as the tooth shifts and
drifts in its socket. These differences could be partially accounted by the
nonmineralized structures present in CIFC, which include cementocytes lacunae as
well as larger inclusions of cellular elements (Selvig 1965). Magnesium is, following
calcium, potassium, and sodium, the fourth highest concentrated cation in the human
body (Posner 1969) and its distribution throughout the length of human cementum
shows a Mg/Ca ratio value of 1.3–1.4% around the fulcrum of the root and an
average value of 0.03% as reported elsewhere (Nakata et al. 1972; Neiders et al.
1972; Hals and Selvig 1977). The Mg/Ca ratio pattern distribution showed that in the
region where the Ca/P ratio decreased the Mg/Ca ratio reached its maximum value,
showing a negative correlation, which supports the fact that Mg2+ replaces Ca2+,
which is related to a higher crystal growth. It has been suggested that Mg2+ controls
bone calcification in general as well as the crystallization processes (Serre et al.
1998); therefore, it could be expected that Mg2+ incorporation can contribute to the
root’s mineralization and control growth of hydroxyapatite crystals, particularly on
the fulcrum area. In summary, clear compositional differences exist between AEFC
and CMSC cementum varieties and the Mg2+ distribution suggests a role in regu-
lating the metabolism of cementum, influencing mineralization, especially crystal
growth (Wiesmann et al. 1997), stabilizing calcium phosphate, and reducing the
degradation rate of calcium phosphate (Serre et al. 1998) at the fulcrum level.
Therefore, Mg2+ is an important factor in supporting the masticatory forces and in
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controlling cementum metabolism because Mg2+ acts on deposition and resorption
of mineralized tissues (Alvarez-Pérez et al. 2005). The mineral content of cementum
once formed does not seem to change significantly with age.

7.5.2 Organic Components

In addition to hydroxyapatite mineral crystals, cementum contains a complex lattice
of insoluble collagen bundles (Glimcher and Krane 1968) immersed within a matrix
formed by non-collagenous proteins (NCPs) (reviewed inWeiner 1984; Butler 1991;
Robey et al. 1993; Butler and Ritchie 1995). These macromolecules include plasma-
derived proteins (Dickson et al. 1975), proteoglycans (Fisher et al. 1987; Embery
et al. 2001), and many other molecules such as growth factors and cell attachment
factors (reviewed in Hauschka 1990; Mundy et al. 1995). These macromolecules are
embedded into the mineralized matrix of cementum and have the capacity to bind to
hydroxyapatite mineral contents of cementum (Termine et al. 1981; Weiner 1986;
Moradian-Oldak et al. 1992; Füredi-Milhofer et al. 1994). The association of
non-collagenous proteins with structural proteins and mineral lattice determine the
structure, biomechanical and biological properties of cementum.

7.5.3 Collagens

Cementum contains 50–55% organic material and water. The organic matrix of
cementum consists primarily of Type I collagen. In bovine cementum, type I
collagen accounts for more than 90% of the organic matrix and type III collagen
approximately 5% (Birkedal-Hansen et al. 1977), while in human cementum type I
collagen appears to be the only type of collagen (Christner et al. 1977); however,
Sharpey’s fibers are coated with type III collagen (constituting approximately 2.5%
of the total collagen in human cementum). It was suggested that the presence of type
III collagen coating the Sharpey’s fiber may prevent mineralization of the type I
collagen (Selvig 1965). On the other hand, type III collagen forms cross-striated
fibrils in cementum and induce biological mineralization serving as a scaffold for the
mineral crystals and maintain the structural integrity of cementum after mineraliza-
tion (Birkedal-Hansen et al. 1977; Wang et al. 1980). Recently, proteomic analysis
of cementum identified the presence of COL5A2, COL6A3, COL6A1, and
COL11A1 and an isoform of collagen alpha-1 (XXV) chain; however, they were
present in low abundance and their role in cementum mineralization is unknown.
Type I collagen plays a structural function in cementum during the mineralization
process providing heterogeneous nucleation (in holes and pores) where the inorganic
nuclei are formed and develop into intrafibrillar apatite crystals of the collagen fibers
(Glimcher 1989).
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7.5.4 Proteoglycans/Glycosaminoglycans

The class of glycosylated proteins known as proteoglycans (PG) is represented by its
carbohydrate constituents. These are polysaccharides known as glycosaminoglycans
(GAG), such as heparin (Hp) (Mulloy et al. 2016) and chondroitin sulfate
(CS) (Mantovani et al. 2016). When attached to their native protein cores, these
polysaccharides form the glycoconjugates known as proteoglycans (Pomin and
Wang 2018). GAGs are linear and heterogeneous sulfated glycans. Although they
are structurally complex, the backbones of these polysaccharides are simply made up
of repeating disaccharide building blocks. PGs and their constituent glycosamino-
glycan (GAG) chains also bind to hydroxyapatite (Boskey et al. 1997; Rees et al.
2001; Coulson-Thomas et al. 2015). Within the tissues that predominantly contain
type I collagen such as cementum, the higher molecular weight PGs retain hydro-
static pressure and gross shape characteristics (Seog et al. 2002; Scott 1988; Scott
and Haigh 1988), while lower molecular weight PGs within the cementum and their
adjacent interfaces are thought to maintain site-specific biophysical and biochemical
environment for cells like cementoblasts and cementocytes. The presence of glycos-
aminoglycans in cementum was first shown using histochemical staining with alcian
blue (Vidal et al. 1974). Bartold et al. (1988), using electrophoresis demonstrated the
presence of hyaluronan, chondroitin sulfate, and dermatan sulfate in healthy human
cementum with chondroitin sulfate being the predominant glycosaminoglycan
species.

Different types of proteoglycans have also been identified; versican (large pro-
teoglycan) and decorin, biglycan, and lumican (small proteoglycans) have been
identified (Qian et al. 2004). Their presence is exclusively in cellular cementum,
(Ababneh et al. 1988, 1999) and keratan sulfate is located around cementocytes
(Cheng et al. 1996). Nonetheless, osteoadherin, a keratin sulfate-containing proteo-
glycan, is associated with the initial phase of cementum formation because Hertwig’s
epithelial root sheath cells express this proteoglycan during root development
(Petersson et al. 2003), although acellular cementum does not contain proteoglycans,
initial acellular cementum formation requires a dense accumulation of proteoglycans
(Yamamoto et al. 2004). Glycosaminoglycans present in human cementum are
chondroitin-4-sulfate/dermatan sulfate, chondroitin-6-sulfate, and keratan sulfate,
and localized to the lumina of the lacunae and canaliculi of cellular cementum, as
well as on periodontal ligament fibers attached to both types of cementum: AEFC
and CMSC. Chondroitin 4- and -6-sulfate (CS), keratan sulfate (KS), and other
native chondroitin sulfate epitopes are expressed in cementocytes (Ababneh et al.
1988) and it has been suggested that the expression of proteoglycan/glycosamino-
glycan around cementocytes plays a role in inhibiting cell mineralization (Cheng
et al. 1996). It is proposed that proteoglycans inhibit mineralization of collagen
fibrils by attaching to specific sites on collagen fibrils normally destined to be filled
with hydroxyapatite; biglycan has been shown to have a high affinity to collagen
(Ababneh et al. 1999). Thus, the proteoglycan content becomes lower after miner-
alization (Ababneh et al. 1988; Yamamoto et al. 2016). Additionally, the presence of
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chondroitin sulfated GAGs was confirmed at an interface between cementum and
dentin (Ho et al. 2004; Yamamoto et al. 1999). Cementum lamellae contain
biglycan, fibromodulin, and small leucine-rich proteoglycans at the interfaces
between PDL-cementum and dentin-cementum. Biglycan and fibromodulin,
containing higher and lower molecular weight CS- and KS-GAGs, interconnect
with collagen and these interconnecting elements maintain needed tissue resilience
for tooth movement within the alveolar socket. Digestion of matrices with enzymes
confirmed the presence of KS and CS GAGs at these interphases. KS PGs are found
to be located almost exclusively in nonmineralized portions of cementum such as
pre-cementum and the peri-cementocytes area. This biochemical and immunohisto-
chemical data suggest that the major KS PGs of cementum, lumican, and
fibromodulin have a specific tissue distribution and may have regulatory roles in
cementum mineralization (Cheng et al. 1996).

From a physical perspective, the presence of GAGs provides tissue resilience and
consequently a conserved tooth movement in the socket in response to functional
loads. The innate polyanionic nature of GAGs is pivotal in maintaining free-charge
density, electrostatic interactions, steric hindrance, water retention, hydrostatic pres-
sure, lubrication, nutrient transport, cell migration, cell differentiation, matrix struc-
ture, and mechanical integrity (Seog et al. 2002) all of which are necessary to
conserve the biomechanical integrity of the ligament–cementum complex. The
cementoid layer contains higher ratios of organic to inorganic matter due to the
presence of GAGs. This interphase loss in fibrillar structure in the predominantly
hygroscopic regions of the PDL-cementum and cementum-dentin interfaces shows
higher concentrations of PGs. It has been shown that GAGs in the cementum–dentin
interface retain the structure and suggest that their retention could provide shape
memory to tissues (Ho et al. 2005).

7.5.5 Tissue Nonspecific Alkaline Phosphatase (TNALP)

TNALP, also known in humans as ALPL, is critical for proper skeletal mineraliza-
tion (Zweifler et al. 2015). ALPL is a membrane-bound glycoprotein enzyme that
hydrolyses phosphate groups at alkaline pH, inhibits pyrophosphatase, ATPase, and
protein phosphatase activity at neutral pH (Hui and Tenenbaum 1998). It belongs to
a family of four homologous human alkaline phosphatase genes (Buchet et al. 2013)
and plays a role in bone and cementum matrix mineralization. In humans, mutations
in the ALPL gene cause infantile hypophosphatasia, a disease marked by poor bone
mineralization and defects in the deposition of acellular cementum, Rickets disease,
and Osteomalacia (Foster et al. 2014). Ablation of the homologous mouse ALPL
gene results in increased levels of inhibitory pyrophosphate and osteopontin leading
to the suppression of hydroxyapatite crystals nucleation and growth (Pujari-Palmer
et al. 2016). Furthermore, ALPL appears to play a key role in the development of the
central nervous system and adult neurogenesis (Chiquoine 1954; Narisawa et al.
1994; Langer et al. 2007; Foster et al. 2012; Sebastián-Serrano et al. 2016),
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modulates the function of T and B lymphocytes function in adult life (Hernández-
Chirlaque et al. 2017), and maintains Blood-Brain-Barrier integrity (Deracinois et al.
2015; Nwafor and Brown 2021). Along with these functions, ALPL is also associ-
ated with the regulation of tissue remodeling, cell proliferation, differentiation, and
maturation.

As far as cementum is related, in vitro assays demonstrated that ALPL was
capable to induce the deposit of a tissue resembling acellular afibrillar cementum
on calcified dentin in vivo. This matrix had a granular or filamentous appearance
with the presence of incremental lines (Beertsen and Van den Bos 1991). Additional
support for the view that ALPL plays a significant role in cementogenesis comes
from a naturally occurring condition, i.e., hypophosphatasia, an inherited disorder of
osteogenesis and cementogenesis, characterized by a defect in the synthesis and
expression of the liver/bone/kidney (L/B/K) isoenzyme of ALPL. Almost no cemen-
tum formation is observed in children suffering from this disorder, as a result of
which teeth are lost prematurely (Sobel et al. 1953; Bruckner et al. 1962). ALPL
deficient mice showed the defective formation of acellular cementum along the
molar roots. Cementum was very thin and found as irregularly shaped patches
around insertion of the periodontal ligament Sharpey’s fibers which were short and
poorly developed. Interestingly, ALPL deficiency did not affect alveolar bone,
periodontal ligament, or cellular cementum formation thus one can deduce that
ALPL is a crucial factor for the formation of acellular cementum (Beertsen et al.
1999). However, in humans affected by hypophosphatasia, both acellular and
cellular cementum formation was disturbed (van den Bos et al. 2005). In addition
to cementum, the periodontal ligament is also rich in ALPL activity (Yamashita et al.
1987), with very high activity as compared to kidney, liver, small intestine, alveolar
bone, periosteum, and dental pulp. The activity of ALPL is heterogeneously distrib-
uted, perhaps reflecting local variations in phosphate ALPL activity in the
periodontium, and this activity is associated with regional variations in cementum
thickness (Groeneveld et al. 1994), which is higher adjacent to the cellular cemen-
tum compared with acellular cementum (Groeneveld et al. 1995).

The role of ALPL in calcification came from studies of hypophosphatasia
patients, whose disease results from missense mutations in the gene coding for
ALPL leading to decreased or absent ALP activity. One of the main functions of
ALPL is the hydrolysis of inorganic pyrophosphate, an inhibitor of hydroxyapatite
crystal growth (Foster et al. 2008, 2014; McKee et al. 2013; Murshed et al. 2005)
creating a low PPi environment promoting acellular cementum initiation. Neverthe-
less, alterations in PPi have little effect on cellular cementum formation, though
cementum matrix mineralization is affected (Zweifler et al. 2015). At enzymatic and
molecular levels, two phosphatases, NPP1 and TNAP have antagonistic effects on
mineral formation due to their opposing activities: production of Inorganic pyro-
phosphate (PPi) by NPP1 or its hydrolysis by TNAP (Thouverey et al. 2009). ALPL
plays a role during the initial cementogenesis process in both acellular and cellular
cementum. However, loss of TNAP blocked acellular cementum formation and
increased the formation of hypo-mineralized cellular cementum. NPP1 was detect-
able in cementoblasts only after cementum apposition and was not consistently
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found around cellular cementum. Loss of NPP1 activity resulted in a rapidly
growing acellular cementum whereas cellular cementum remained unaltered
(Zweifler et al. 2015). Cells responsible for cementum deposition (cementoblasts)
are specifically sensitive to levels of PPi/Pi within the extracellular matrix as
compared to cells involved in the formation of the surrounding alveolar bone
(osteoblasts); therefore, PPi prevents mineralization in osteoblast by direct binding
to growing crystals and inhibition of ALPL activity. Recent findings focused on
understanding the role of inorganic phosphate (Pi) and pyrophosphate (PPi) suggest
that the progressive ankylosis gene (ANKH in humans; Ank in mice) regulates the
transport of PPi, and mice that lack ANK function feature decreased extracellular
PPi, promoting a rapidly forming and thick cementum (Rodrigues et al. 2011). The
results showed higher cementum formation and greater new cementum appositional
activity in Ank KO mice than controls and elevated phosphatase NPP1 in
cementoblasts, suggesting that reduced local levels of PPi could promote increased
cementum regeneration, indicating that the local modulation of Pi/PPi may be a
potential therapeutic approach for achieving better cementum regeneration, a key for
periodontal regeneration, as reported recently that local administration of rhALPL
reestablished periodontal attachment and OPN deposition on root surfaces and
cementum formation (Nagasaki et al. 2020).

7.6 Phosphoproteins

Cementum contains several phosphoproteins that have been implicated in mineral
deposition and cell and matrix–matrix interaction. These proteins belong to the
“small integrin binding ligand N-glycosylated” known as SIBLING proteins
(Boskey 1995; Fisher and Fedarko 2003). These proteins are all located on the
same chromosome, all have RGD-cell binding domains, all are anionic, and all are
subject to posttranslational modifications including phosphorylation and dephos-
phorylation, cleavage, and glycosylation. These proteins appear to be positive
regulators of hydroxyapatite crystal nucleation and/or growth and the following
are present in cementum:

Osteopontin (OPN), also known as secreted phosphoprotein 1 (SPP1) or bone
sialoprotein 1 (BSP1), is abundant at sites of calcification in human atheroscle-
rotic plaques and in calcified aortic valves (Mohler III et al. 1997). OPN is a
highly phosphorylated and sulfated sialoprotein which contains attachment RGD
motifs that recognize the vitronectin type of the integrin receptor. OPN is
expressed by periodontium cells in close contact with acellular cementum as
well as cementocytes (Bronckers et al. 1994). It has been suggested that OPN is
not only derived from local cellular sources but may be also imported from
outside the local environment via circulation. It has been found in such areas as
in the cementum laminae, the AEFC layer, and the CIFC layer, which is concor-
dant with OPN’s role in cell–matrix interactions during cementum remodeling
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and suggested that OPN is critical for the cementogenesis process (Foster 2012)
since cementoblasts along the root surface showed intracellular labeling for OPN
both in elements of their Golgi apparatus and in secretory granules (McKee et al.
1996). OPN was substantially more concentrated in acellular cementum and is
distributed as a dense network of organic material closely enveloping the collagen
fibrils of acellular, extrinsic fiber cementum (McKee et al. 1996). OPN was also
located at the dentinal-cementum junction, suggesting that OPN, in addition to
binding to mineral, may participate in maintaining tissue cohesion/adhesion by
binding to OCN and type I collagen (Ritter et al. 1992; Gorski et al. 1995). This
dentino-cementum junction may be related to the intermediate layer of cementum
(Bosshardt and Schroeder 1996) and may thus correspond to this relatively
collagen-free zone rich in non-collagenous glycoproteins such as OPN. Our
studies showed co-expression of OPN with the cementum-specific protein CAP
(describe in detail later) in cementoblast cells lining the cementum layer as well as
paravascular cells presumed to be cementoblasts progenitors (Fig. 7.3).

OPN has a poly-Asp domain, whose repetitive sequences are known to bind
calcium to mineral surfaces and is related to the initial growth of hydroxyapatite
crystals (Alvarez Pérez et al. 2003). However, OPN is a multifunctional protein
and can also act as an inhibitor of hydroxyapatite formation (Boskey et al. 1993)
and calcium oxalate crystals in the kidney and act principally on crystal growth
(Hunter et al. 1996). More recent studies using an OPN knockout (Spp1�/�)
mice showed an increase in cellular cementum formation, volume, and mineral
density of dentin/cementum and alveolar bone and increase in tissue densities
while decreasing the volumes of both PDL and dental pulp. However, acellular
cementum apposition was not altered (Foster et al. 2018). It was concluded that
OPN has an important and non-redundant role in regulating mineralization in the
periodontium, though its importance lies with cellular cementum and at the

Fig. 7.3 Double staining and colocalization of OPN and CAP expression. It can be seen that OPN
is localized in cell populations of the periodontal ligament, paravascular cells (PVC), and some
cementoblast cells facing the cementum surface. CAP is strongly expressed by cementoblasts and
paravascular cells (PVC). Merged image revealed colocalization of OPN and CAP in same
locations with a light evidence that cementoblasts becoming embedded into cementum matrix
strongly express CAP. Bar ¼ 100 μm
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PDL-bone border and influencing tissue density properties of the PDL and bone,
and not by directly controlling acellular cementum. (Foster et al. 2018).

Bone sialophosphoprotein (BSP), also known as integrin-binding sialoprotein
(IBSP), is an acidic phosphorylated glycoprotein, it also has an RGD cell
attachment motif and repeated sequences of acidic amino acids. It is present in
mineralizing tissues like bone, dentin, cementum, and calcified cartilage; there-
fore, it is implicated in the nucleation and regulation of hydroxyapatite crystals in
these tissues (Chen et al. 1991; Chen et al. 1992; Ganss et al. 1999; Fisher et al.
2001). BSP is believed to play a critical regulatory role during the process of
cementogenesis beginning with the processes of pre-cementoblasts
chemoattraction, adhesion, and differentiation (MacNeil et al. 1995a). BSP is
strongly expressed by cementoblasts and paravascular cells in the PDL,
(Fig. 7.4b) which suggested it contributes to cementum formation and mineral-
ization (Somerman et al. 1990; MacNeil et al. 1995b). BSP is present in the
cementum extracellular matrix in both, the acellular and cellular cementum layers
(MacNeil et al. 1994; McKee et al. 1996). BSP is critical for acellular cementum
formation promoting mineralization at the root surface in order to provide the
insertion of Sharpey’s fibers for a strong attachment of the tooth to the alveolar
bone and AEFC.

Both glycoproteins, OPN and BSP, participate in tissue remodeling on
resorbed roots and form part of the normal protein secretory sequence of
cementoblasts to deposit new cementum. The deposition of the collagen fibrils
in the repair cementum occurs almost concomitantly with the secretion of BSP
and OPN which is consistent with the interfibrillar accumulation of BSP and OPN
(Nanci 1999; Bosshardt and Nanci 2000; Bosshardt et al. 2005). BSP is specif-
ically localized to the cemental surface which indicates that this protein is

Fig. 7.4 Double staining and colocalization of Osteocalcin (OCN) with Integrin Binding
sialoprotein (IBSP). (a) OCN is expressed by cementoblasts (CB) and paravascular cells (PVC)
and periodontal ligament cell populations. (b) IBSP is strongly expressed by cementoblasts (CB),
paravascular progenitor cells (PVC), and lightly by periodontal ligament cell populations. (c)
Merged image shows a predominant expression of IBSP on cementoblasts (CB) periodontal
ligament cell populations and colocalizes with OPN mainly in paravascular cells (PVC) and
pre-cementoblasts
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involved in cementoblasts differentiation and early mineralization of the cemen-
tum matrix. Localization of OPN to nonmineralized tissues further suggests that
OPN functions as an inhibitor of mineralization during periodontal ligament
formation. These findings collectively suggest that BSP and OPN are intimately
involved in the sequence of cellular and molecular events accompanying
cementogenesis. Foster et al. (2015), using knockout mice for BSP (Bsp�/�)
and histological, SEM, and TEM methods, demonstrated that molars in these
mice lacked a functional acellular cementum and subsequently presented with
loss of Sharpey’s collagen fiber insertion into the tooth root structure. Further-
more, Bsp�/� mouse presented with alveolar and mandibular bone with fewer
osteoclasts at early ages; however, increased RANKL immunostaining and
mRNA, and significantly increased number of osteoclast-like cells were found
at later ages, corresponding to periodontal breakdown and severe alveolar bone
resorption observed following molar teeth entering occlusion. Studies by Ao et al.
(2017) showed that BSP�/�mice had increase PPI circulation, increased mRNA
expression of Alpl, Spp1, Ank, and increased OPN amounts in the periodontia
(Ao et al. 2017). Interestingly, the defective cementum phenotypes between
Bsp�/� mice and Alpl�/� mice (the latter featuring elevated PPi and OPN)
are quite similar.

Dentin Matrix Protein 1 (DMP1), also known as dentin matrix acidic phosphopro-
tein 1 and an acidic phosphorylated extracellular matrix protein, was first isolated
from dentin (George et al. 1993), and later found also in cementum (Toyosawa
et al. 2004) and other tissues like bone, cartilage, brain, pancreas, kidney, and
salivary glands (MacDougall et al. 1996; Feng et al. 2003). DMP1 is an acidic
phosphoprotein rich in aspartic, glutamic, and serine residues whose functions
have been postulated to play a significant role in biomineralization (Ye et al.
2004) ranging from hydroxyapatite nucleator (He et al. 2003) to control of
mineral propagation rather than initiation (Qin et al. 2007). It has also been
postulated that DMP1 control cell differentiation by targeting the nucleus
and/or interacting with cell-surface integrin/CD44 receptors (Narayanan et al.
2001; Kalajzic et al. 2004), regulate cell attachment to the ECM (Kulkarni et al.
2000), and activate matrix metalloproteinase-9 (Fedarko et al. 2004).

Although DMP1 is expressed in all mineralized tissues, the highest expression
appears in osteocytes (Toyosawa et al. 2004). DMP1 may provide the molecular
design through self-assembly of acidic clusters into a beta-sheet template neces-
sary for controlling the formation of oriented calcium phosphate crystals, likely
required for its role in biomineral induction (Feng et al. 2002; He et al. 2003,
2005). Studies localizing DMP1 during root development showed that DMP1
mRNA was expressed in cementoblasts on the surface of the acellular cementum
and in cementocytes in the cellular cementum, but not in cementoblasts on the
surface of the cellular cementum. The DMP1 protein was localized in the
acellular cementum and in the pericellular matrix of cementocytes including
their processes in the cellular cementum (Toyosawa et al. 2004). Previously,
using Dmp1-lacZ knock-in mice, it was shown that DMP1 is expressed in
cementum (Feng et al. 2003), in both, acellular and cellular cementum
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(Ye et al. 2008). DMP1 was observed in AEFC, particularly in Sharpey’s fibers.
Electron immunomicroscopy revealed the close proximity of DMP1 to collagen
Sharpey’s fibers at the mineralization front. These suggest that DMP1 contributes
to Sharpey’s fiber biomineralization suggesting that DMP1 functions as a regu-
latory molecule in the mineralization of acellular extrinsic fiber cementum. This
concept is supported by findings in DMP 1 null mice (Ye et al. 2008), where
AEFC shows abnormal mineralization and was much thinner than in wild-type
mice (Ye et al. 2008; Sawada et al. 2012).

7.7 Vitamin K-Dependent Proteins

Although there are about 17 different Vitamin K-dependent proteins, only Matrix
GLA (MGP) and Osteocalcin (OCN), also known as bone gamma-carboxyglutamate
protein (BGPLA), are present in cementum (Price et al. 1983). Both have a high
affinity for Ca2+ and hydroxyapatite through interaction with the Gla residues, but
they have different functions in different tissues. For example, it has been shown that
carboxylated OCN aids the deposition of calcium into the bone matrix while
carboxylated MGP protects blood vessels and may prevent calcification within the
vascular wall (Wen et al. 2018).

Matrix GLA (MGP) is an insoluble small protein, with a molecular weight of
only 14.7 kD, secreted and localized in the extracellular matrix of chondrocytes or
endothelial cells and they may be important in the regulation of mineral apposition in
calcified tissues (Hauschka and Reddi 1980; Price et al. 1981; Otawara and Price
1986). Unlike the limited distribution of osteocalcin, MGP is expressed in a wide
variety of tissues such as cartilage, kidney, lung, and aorta, besides bone (Hale et al.
1988; Fraser and Price 1988). Genetically engineered, MGP-deficient mice exhibit
more severe phenotypic disorders of calcification than osteocalcin-deficient mice
(Luo et al. 1997; Ducy et al. 1996). The MGP-deficient mice have abnormal
calcification. The mutant mice showed calcification of the aortic walls and valves,
which should not normally be calcified under physiological conditions. Thus, both
osteocalcin and MGP seem to regulate calcification in the body by acting mainly as
negative regulators, but to different extents. The presence of MGP in both acellular
and cellular matrix cementum has been reported (Glimcher 1979). Acellular cemen-
tum showed more prominent immunoreactivity than cellular cementum. MGP is
secreted locally by cementum-forming cells and is incorporated at the mineralization
front showing that acellular cementum contains abundant MGP and less osteocalcin.
The accumulation of MGP on the acellular and the calcified cellular cementum may
be required to prevent hyper calcification of the outer root surface (Hashimoto et al.
2001).

Studies on the inhibition of MGP using transgenic mice (Col1a1-Mgp mice)
revealed almost complete abrogation of mineralization of the tooth root ECM.
Cellular cementum ECM appeared to assemble into a well-ordered and structured
matrix; however, it failed to mineralize in the presence of abundant MGP. Since
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apical cellular cementum assembled seemingly appropriately as an ECM with
occluded cementocytes (but without mineralization), a lack of acellular cementum,
which is more occlusally situated, implies that mineralization within root mantle
dentin is required for at least the initiation of acellular cementogenesis. These
observations also suggest that mineralization at the surface of root mantle dentin
may precede the assembly of cementum proteins into an ECM (Kaipatur et al. 2008).
The expression of MGP in the tooth root might be associated with the resistance to
potential root resorption by physiological distal drift (Bronckers et al. 1993).

Osteocalcin (OCN) is a unique small protein of 46–50 amino acid residues that
appears abundantly in the mineralized extracellular matrices of bone, dentin, and
cementum. The presence of two or three residues of gamma-carboxyglutamic acid
(Gla) in OCN is known to enhance its affinity for Ca2+ ions (Hauschka and Carr
1982) and promote the adsorption of the protein to hydroxyapatite. The
γ-carboxylated Glu amino acid residues in OCN have a calcium-binding site that
attracts calcium ions, binds them, and incorporates them in the hydroxyapatite
crystals that form the mineralized matrix while simultaneously promoting bone
mineral density (Zoch et al. 2016). The distribution of osteocalcin in the mammalian
body is fairly limited to mineralized tissues like bone, dentin, and cementum (Cole
and Hanley 1991). In these calcified hard tissues, OCN might act as a negative
regulator for mineral apposition (Ducy et al. 1996). This proposition is supported by
the observation that purified OCN inhibits the spontaneous conversion of brushite to
hydroxyapatite and inhibits the formation of hydroxyapatite crystals in supersatu-
rated calcium/phosphate solutions in vitro (Hauschka et al. 1989; Price 1989).
Expression of OCN in cementum and its associated cells has been reported
(Bronckers et al. 1994), and our studies show its presence in CFM, expressed by
cementoblasts and paravascular cells in the PDL (Fig. 7.4a) showing remarkable
co-expression with BSP (Fig. 7.4b, c). Cementoblasts express OCN mRNA tran-
scripts intensely during early cementogenesis and the protein is immunolocalized in
both cellular and acellular cementum as well as cementoblasts and cementocytes
(Tenorio et al. 1993). OCN could be a common, and possibly fundamental, extra-
cellular matrix component for cellular and acellular types of cementum (Sasano et al.
2001).

7.8 Enamel-Related Proteins

Enamel proteins: Amelogenin (AMEL), Ameloblastin (AMBN), Enamelin
(ENAM), and Tuftelin (TUFT), once thought to be specific for enamel, appear to
be present in other tissues as well, and some of them, intimately related to
cementogenesis, homeostasis, and the regenerative process, although their exact
role remains still unclear. In 1974, Slavkin and Boyde proposed the hypothesis
that cementum is an epithelial secretory product. They hypothesized that the inner
layer of Hertwig’s epithelial root sheath (HERS) secreted proteins, which might be
related to enamel proteins, and these proteins could initiate the deposition of a thin
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layer of acellular afibrillar cementum tissue or the so-called intermediate cementum
(Slavkin and Boyde 1974; Lindskog and Hammarström 1982; Thomas 1995;
Hammarström 1997; Zeichner-David et al. 2003). It was found that human and
mouse cementum share enamel-related material (Slavkin et al. 1989a). Both human
and mouse cementum tissues contained enamel protein species with a molecular
mass of Mr. ¼ 72,000 (enamelin) and Mr. ¼ 26,000 (amelogenin) and the amino
acid composition for human and mouse cementum proteins were very similar to one
another (Slavkin et al. 1989a). However, compared to amelogenins extracted from
enamel, the cementum proteins are low in proline, histidine, and methionine resi-
dues, suggesting that cementum contains a unique class of enamel-related proteins
possibly produced by HERS during the course of human and mouse root formation
(Slavkin et al. 1989b). It was suggested that the production of typical cementum
proteins may start before the epithelial cells switch to a mesenchymal phenotype,
and therefore epithelial cells are still associated with the first cementum matrix
deposited on dentin. It was also postulated that HERS undergo epithelial–mesen-
chymal transformation (EMT) to produce the initial cementum matrix and that could
also explain the apparent disappearance of the majority of HERS cells (Bosshardt
and Selvig 1997; Bosshardt and Nanci 1998; Zeichner-David et al. 2003).

7.9 Amelogenin (AMEL)

The presence of AMEL in cementum has been debated; some investigators looking
at the presence of AMEL transcripts failed to detect the expression of amelogenin in
HERS in vivo or in vitro (Luo et al. 1991; Zeichner-David et al. 2003), while others,
using immunohistochemistry report the expression of amelogenins by HERS
(Hamamoto et al. 1996; Fong and Hammarström 2000; Fukae et al. 2001;
Hatakeyama et al. 2003; Janones et al. 2005: Sonoyama et al. 2007; Arzate et al.
2015). Our own studies show the presence of the AMEL protein on the epithelial
rests of Malassez (ERM) originating from HERS, and in cementoblasts cells of the
PDL as can be seen in Fig. 7.5a. These cells also express CEMP1, a cementum-
specific protein which will be described later, as can be seen in Fig. 7.5b, and their
colocalization with AMEL can be seen in the merged Fig. 7.5c thus confirming the
identity of these cells as cementogenic. The mesenchymal nature of the cells
expressing CEMP1 was demonstrated by colocalization with STRO1 as can be
seen in Fig. 7.5d–f. Further support for the expression of AMEL in cementum-
associated cells comes from studies using the Amelx null mice where the roots of
these animals showed increased formation of cementicles and irregular calcified
globules on the root surface and increased osteoclastogenesis as compared to the
wild type. Furthermore, increased areas of root resorption were observed in older
mice, indicating that loss of AMEL during cementum formation leads to cementum
defects therefore AMEL must be involved in preventing idiopathic root resorption
(Haruyama et al. 2011). The role of AMEL as a “signal molecule” or “growth factor”
was initially suggested by Hammarström (1997) using an extract of developing
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porcine enamel proteins. Veis et al. (2000) demonstrate signaling functions for
AMEL peptides and Zeichner-David (2001) showed that PDL cells grown in vitro
in the presence of purified recombinant AMEL, increase their rate of proliferation in
a dose-dependent manner, while no similar effect was found with HERS cells.

In vitro studies using the Leucine-rich amelogenin peptide (LRAP) showed that
this peptide alone can also function as signaling molecules capable of inducing cell
differentiation in cementoblasts (Boabaid et al. 2004) possibly using a plasminogen
signaling pathway (Martins et al. 2020). One 22-amino acid long peptide region of
AMGN referred to as amelogenin-derived peptide 5 (ADP5) has shown to facilitate
cell-free formation of a cementum-like hydroxyapatite mineral layer on
demineralized human root dentin that, in turn, supported attachment of periodontal
ligament cells in vitro. The cementomimetic layer formed by ADP5 has potential
clinical applications to repair diseased root surfaces, caused by periodontal disease,
and to promote regeneration of periodontal tissue (Gungormus et al. 2012).

Fig. 7.5 Double staining and colocalization of Amelogenin (AMEL) with CEMP1. (a) AMEL is
strongly expressed by some cells of the epithelial rests of Malassez (ERM) and cementoblasts (CB).
(b) CEMP1 is expressed in a similar way and in cell populations of the periodontal ligament. (c)
Merged image shows that there are some cells in the ERM that express only CEMP1. (d) Stro1 is
strongly expressed by paravascular cells (PVC) and weakly by cementoblasts. (e) CEMP1 is
strongly expressed by cementoblasts and paravascular cells (PVC). (f) Merged image shows that
CEMP1 and STRO1 colocalized in paravascular progenitor cells of the periodontium.
Bar ¼ 100 μm
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7.10 Ameloblastin (AMBN)

At one time also known as Amelin and Sheathlin, AMBN is another protein believed
originally to be specific for enamel and later on demonstrated to be expressed in
many other tissues including odontoblasts (Fong et al. 1998), osteoblast-like cells
(Spahr et al. 2006), and mesenchymal cells where it has been associated with early
cell differentiation and repair (Tamburstuen et al. 2011). AMBN is a well-conserved
gene among species which was originally identified as an enamel-specific protein
and its presence appeared to be critical for proper enamel prism formation
(Krebsbach et al. 1996; Cerný et al. 1996; Fong et al. 1996; Hu et al. 1997).
Ameloblastin is suggested to be a two domain, intrinsically unstructured protein
(Vymetal et al. 2008) that binds calcium (Yamakoshi et al. 2001) and is subjected to
intensive proteolysis by the matrix proteases enamelysin and kallikrein (Iwata et al.
2007). AMBN has been found to be expressed by HERS during root development
and is associated with cell clusters in the vicinity of acellular cementum, progenitor
cells close to the periodontal ligament blood vessels, and cementum deposited in
resorption areas (Fong et al. 1996). It was also shown that HERS cells maintained
in vitro express AMBN (Zeichner-David et al. 2003) as well as cementoblast cells
(Nuñez et al. 2010). As can be seen in Fig. 7.6, expression of AMEL and AMBN
colocalizes in cementoblasts as well as paravascular cells which are believed to be
cementoblast progenitors. However, AMBN is also present in the cementum layer
while AMEL is not. The precise role of AMBN in cementogenesis is unknown;
however, it has been shown that AMBN can also act as a growth factor or signaling
molecule during tooth development. In Vitro studies using HERS cells grown in the
presence of purified recombinant AMBN showed an increase in proliferation of
these cells while recombinant AMGN had no effect on these cells. On the other hand,
AMBN had no apparent effect on PDL cell proliferation while AMGN did increase
PDL cell proliferation (Zeichner-David 2001). Interestingly, studies by Hirose et al.

Fig. 7.6 Double staining and colocalization of Amelogenin with Ameloblastin. (a) AMEL is
expressed by cementoblasts (CB) and paravascular cells (PVC). (b) AMBN is highly expressed
by cementoblasts (CB) and para vascular cells (PVC). (c) Merged image shows the colocalization of
both enamel-related proteins; however, there is an expression of AMBN in cementoblast becoming
embedded into the matrix they produce. Bar ¼ 100 μm
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(2003) blocking expression of AMBN only in roots using siRNA resulted in shorter
roots, abnormal HERS cell proliferation, and irregular root dentin formation. These
studies support the role of AMBN in HERS proliferation.

7.11 Cementum-Specific Proteins

7.11.1 Cementum-Derived Growth Factor (CGF)

It is well known that mineralized ECM is an outstanding reservoir for growth factors
that are actively involved in the process of tissue regeneration. Many growth factors
are sequestered in the ECMwhere ECM interactions can modify the binding of these
growth factors to their cell-surface receptors (Schönherr and Hausser 2000). Since
cementum is a mineralized ECM, it is also a rich source of many growth factors
which influence the activities of various periodontal cell types and can promote cell
adhesion, migration, mitogenesis, and cell differentiation (Narayanan and Bartold
1996; Saygin et al. 2000). In 1987, Miki and colleagues reported the presence of a
mitogenic factor isolated from human cementum constitutes and later on Nakae et al.
(1991) reported a similar discovery in bovine cementum. Part of this mitogenic
activity was due to the presence of fibroblast growth factor (FGF); however, about
70% of the mitogenic activity of the cementum extracts was due to another growth
factor, that in contrast to FGF, had a low affinity for heparin. This new factor was
named cementum growth factor (CGF) because it acts in synergy with epidermal
growth factor (EGF) inducing signaling pathways associated with mitogenesis
(Yonemura et al. 1992, 1993; Arzate et al. 1992a). CGF is a small molecule
(14 kDa protein) which by itself is weakly mitogenic to fibroblasts and smooth
muscle cells. It induces mitogenic signaling events, which include Ca2+ mobiliza-
tion, inositol phosphate hydrolysis, activation of phosphokinase C (PKC), and
transcription of cellular protooncogenes c-fos and jun-B (Narayanan et al. 1995).
The magnitude and pattern of activation of signaling events and their susceptibility
to PKC inhibitors and pertussis toxin suggested that CGF may be a distinct molec-
ular species, with some homology with insulin-like growth factor I (IGF-1); how-
ever, it is larger than IGF-I therefore implying that CGF factor could be an IGF-I
isoform (Ikezawa et al. 1997). Up to date, the gene coding for CGF has not been
isolated and therefore CGF has not been fully characterized and the role of this factor
in cementum formation remains unclear.

Although not specific for cementum, it is important to mention that there are
several other growth factors secreted by cementoblasts and sequestered in the
cementum ECM such as BMP-2, 4, 5, and 6 and they might have a role in cementum
homeostasis (Grzesik and Narayanan 2002; Saygin et al. 2000). Several polypeptide
growth factors with the ability to promote the proliferation and differentiation of
putative cementoblasts are also sequestered in the cementum matrix. These include
BMP-3 and 4, PDGF, a- and b-FGFs, TGF-b, and IGF-I (Cochran and Wozney
1999; MacNeil and Somerman 1999; Saygin et al. 2000). Although the selection of
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cells can be achieved at the level of adhesion, it could also be by preferential
proliferation. In summary, the cementum ECM has a great potential to regulate the
surrounding extracellular matrix formation since it is a reservoir of molecules that
might promote periodontal homeostasis and regeneration.

7.11.2 Cementum Attachment Protein (CAP)

Human and bovine cementum extracts also displayed the presence of a 55 kDa
protein species which acts as a mediator of cell attachment (McAllister et al. 1990;
Olson et al. 1991). This protein was named cementum attachment protein (CAP).
Characterization of this protein by amino acid sequencing revealed the presence of
four sequences containing Gly-X-Y repeats, which are typical of collagen. Further-
more, a 17-amino acid peptide had 82% homology with a domain present in type XII
collagen, and another peptide had 95% homology with collagen type Iα1. Addition-
ally, the attachment activity of CGF was lost after treatment with bacterial collage-
nase. All of these facts suggest that CAP was some contamination with collagen.
However, CAP did not cross-react with antibodies specific to type I, type V, type
XII, and type XIV collagens. Moreover, a CAP-specific monoclonal antibody
reacted only with proteins present in cementum (Arzate et al. 1992b). These findings
suggest that CAP might be a collagenous-attachment protein localized exclusively in
cementum (Wu et al. 1996).

The cloning and characterization of a CAP-cDNA clone disclose alternative
splicing and homonym of 3-hydroxyacyl-CoA dehydratase 1 (HACD1). CAP
encodes a 140-amino acid protein that is identical to the first 125 N-terminal
amino acids of a truncated isoform of 3-hydroxyacyl-CoA dehydratase-1/protein-
tyrosine phosphatase-like (proline instead of catalytic arginine), known as PTPLA
(Valdés De Hoyos et al. 2012), which is 288 amino acids long (isoform 1). The
remainder of the C-terminus of CAP is encoded by a read-through of the splice donor
site of exon 2 of the HACD1/PTPLA isoform into the adjacent intron. This protein is
predicted to have 2 transmembrane spanning domains, and it truncates immediately
after the second transmembrane domain. The truncation eliminates the HACD1/
PTPLA sequence IVHCLIGIVPT, which has a signature phosphatase active site
motif (Uwanogho et al. 1999; Li et al. 2000). A search of the NCBI EST database for
the presence of corresponding EST sequences detected 1 human and 1 rat EST
showing the same alternate splice product. The human EST (CN305861) was
derived from undifferentiated human embryonic stem cell lines. PTPLA mRNA is
widely expressed in many tissues (Uwanogho et al. 1999; Li et al. 2000), the
CAP/PTPLA mRNA is expressed only in cementum cells and marginally in some
periodontal ligament cells in human teeth; however, it has been reported that
CAP/PTPLA is not expressed in the cementum of rat teeth (Schild et al. 2009)
suggesting that there are some species differences in its distribution. CAP/PTPLA
mRNA codes for a protein of 15 kDa, without collagen sequences; however, it is
expressed as 39 kDa species in cementoblasts and periodontal ligament-derived cells
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in vitro (Valdés De Hoyos et al. 2012) which cross-reacts with the bovine anti-CAP
antibody. CAP protein is expressed by cementoblasts, cells with paravascular
location into the periodontal ligament, and cells in endosteal spaces of alveolar
bone as can be seen in Fig. 7.7, which indicates that CAP possible plays a role
promoting the migration of progenitor cells to the periodontal ligament space to
differentiate toward the cementoblasts phenotype (Melcher 1976; McCulloch et al.
1987).

Characterization of the secondary structure of CAP/PTPLA using AFM and
FE-SEM studies show a protein with a high percentage of random-coil structure
(structural disorder), that it is an acidic protein that self-assembles into nanospheres
which then form aggregates resembling nanostrings (Montoya et al. 2014).
CAP/PTPLA aggregates creating larger particles and multilayers acquiring a
supra-molecular mesh-like structure which adopts a functional role that facilitates
the nucleation, growth, and direction of hydroxyapatite crystals through guidance for
the highly anisotropic growth of apatite crystals in cementum/bone (Montoya et al.
2014). The exact mechanism through which CAP/PTPLA regulates this process is
not completely clear; however, it is known that amino acid segments of this protein
are of hydrophobic nature, which can interact directly with hydroxyapatite (Weiner
and Addadi 1997). CAP/PTPLA is predominantly composed of random-coil and
alpha-helix structures therefore this protein can be considered an intrinsically disor-
dered protein (Forman-Kay and Mittag 2013). This class of proteins is
multifunctional and has diverse binding properties including those associated with
biomineral formation (Weiner and Addadi 1991; He et al. 2003; Delak et al. 2009;
Peysselon et al. 2011). Bioinformatics studies have shown that intrinsically disor-
dered and aggregation-prone domains exist within the diverse set of human extra-
cellular matrix protein sequences (Peysselon et al. 2011). These domains are
believed to be responsible for observed matrix assembly and hierarchal ordering of
the extracellular matrix. In addition, CAP/PTPLA shows a theoretical isoelectric

CEMCEM CEM

PLPLPL
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MERGEα-CAP α-CEMP1

Fig. 7.7 Double staining and colocalization of cementum attachment protein (CAP) with CEMP1.
Expression of CAP can be seen in cementoblasts (CB), lightly in epithelial rests of Malassez
(ERM). CEMP1 shows strong expression in cementoblasts, pre-cementoblasts, and ERM. Merged
image shows that CEMP1 is strongly expressed by cementoblast cells (CB) and ERM and some
cementoblast cells showed stronger CAP expression than CEMP1. Bar ¼ 100 μm
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point of 6.37 and acidic proteins perform different roles in crystal formation. These
features suggest a role for CAP/PTPLA during cementum/bone formation as a
regulator of mineral formation by nucleation of hydroxyapatite and/or control crystal
growth, suggesting that the protein itself may provide a dynamic scaffold to form
elongated structures directing the growth of mineral as shown for other self-
associative proteins involved in the process of biomineralization (Amos et al.
2010, 2011; Marie et al. 2010; Ponce and Evans 2011).

Montoya et al. (2014) demonstrated that CAP/PTPLA possesses functional
biological activity of self-assembly and hydroxyapatite nucleation. These studies
strongly suggest that the hydroxyapatite crystal formation by this protein might be
assembled through an immature mineral phase; therefore, it appears that
CAP/PTPLA is responsible for regulating the transformation of an immature mineral
phase to crystalline hydroxyapatite. Using an established craniofacial defect model,
CAP/PTPLA showed significantly greater bone fill capacity as compared to controls,
indicating the potential of CAP in craniofacial bone regeneration/augmentation.
CAP/PTPLA showed 73% � 2.19% and 87% � 1.97% new bone formation at
4 and 8 weeks, respectively when compared with the absorbable gelatin sponge and
sham-surgery controls (Montoya et al. 2014). It is conceivable CAP/PTPLA-induced
bone regeneration is due to the induction of neovascularization and the subsequent
recruitment of mesenchymal stem cells (MSCs), since this protein has been shown to
be expressed by paravascular stem cells in the periodontal ligament, and these cells
are the suspected progenitors of osteoblasts and cementoblasts (McCulloch et al.
1987; Arzate et al. 1992b). This statement supports both CAP and STRO-1
co-expression by cells located in the bone marrow spaces. Therefore, this protein
may promote cell differentiation and cell commitment toward different phenotypes
and make this protein a strong candidate to regulate the mineralization process
during periodontal and bone regeneration.

Additional biological properties attributed to CAP include promotion of cell
attachment of gingival fibroblasts, endothelial cells, and smooth muscle cells while
inhibiting oral sulcular epithelial attachment (Olson et al. 1991); binding selectively
to periodontal ligament cells to support their attachment to root surfaces (Pitaru et al.
1994); and CAP mediates cell attachment, through α5β1 integrin, that may play an
important role in cementogenesis through interaction with CAP (Ivanovski et al.
1999; Montoya et al. 2014). It was shown that cell attachment to CAP induces
immediate-early G1 phase events and increase in cyclin D1 levels in the cells
adhered to CAP without growth factors. The expression of cyclin D1 is normally
regulated by adhesion in the presence of growth factors, and signal reactions
generated by binding CAP to CAP receptors, induce expression of cyclin D1
(Yokokoji and Narayanan 2001). CAP appears to affect the cell cycle progression
through mechanisms common to other molecules. However, differences occur in the
type and degree of induction of these events (Saito and Narayanan 1999).
Cells differing in the capacity to bind CAP also differ in their ability to form
mineralized tissue in culture and to express CAP (Liu et al. 1997; Bar-Kana et al.
1998). Furthermore, it was demonstrated that CAP bound to dentin root slices
enhances the recruitment of putative cementoblasts in vitro (Liu et al. 1997;
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Arzate et al. 1992a). These observations indicate that substances, such as CAP,
present in the local cementum environment, could determine which cells are
recruited and how they differentiate during normal homeostasis and wound healing,
and whether the healing response is repair or regeneration. Since CAP poses
selective chemotaxis and cell attachment activity, this might define the progenitor
cells pathway from the periodontal ligament and those cells coming from endosteal
spaces of alveolar bone and influence the regeneration of cementum. The attachment
capacity of clonogenic periodontal ligament cell populations to CAP (15%) is
associated with alkaline phosphatase expression and mineralized-like tissue forma-
tion, indicating that this protein is associated with the recruitment of cementoblasts
progenitors into the periodontal ligament (Liu et al. 1997; Arzate et al. 1996). These
findings imply that CAP promotes the differentiation of progenitor cells toward the
cementoblastic phenotype.

7.11.3 Cementum Protein 1 (CEMP1)

This protein was first isolated from human cementum and conditioning-media from a
human cementoblastoma-derived cell line and was known as cementum protein-23
(CP-23) originally (Arzate et al. 1996, 1998, 2002). It is expressed from a single-
copy gene as a 25.9 kDa nascent protein that is extensively subjected to posttrans-
lational modifications. The primary sequence of CEMP1 showed a 98% homology
with a predicted protein sequence from Pan Troglodytes in chromosome 16 (Alvarez
Pérez et al. 2006). Nowadays, CEMP1 orthologs have been identified in 21 different
primate species, indicating that CEMP1 descends from a single gene of the last
common ancestor: Pan troglodytes (chimpanzee). Recently it has been discovered
that CEMP1 polymorphisms, including the variants R15Q, K55E, and R80H were
detected in cementum obtained from Denisovan man and have been described as
associated with a particular phenotype. It can be noticed that the Denisovan indi-
vidual carries 3 CEMP1 substitutions (R15Q, K55E, R80H) that could be considered
as a haplotype. K55E and R80H are located in the domain of the protein showing
similarity with collagen a I (I) chain (Arzate et al. 2015) and all three mutations cause
a change in the charge of the residue that could impact functional interactions.
Noteworthy, K55E corresponds to the ancestral variant, whereas the major substi-
tution K55 in living humans is derived and nearly fixed out of Africa, and likely
represents a polymorphism specific to the modern lineage (Zanolli et al. 2017).

CEMP1 is composed of 247 amino acids, with a 25.9 kDa nascent molecular
weight and is an alkaline protein with a theoretical isoelectric point of 9.73. Its
protein sequence shows that between amino acids 30–110 there is a homology by
48% with human collagen a I (I) chain, as well a similarity with type XI and type X
collagens by 46% and 40%, respectively (Alvarez Pérez et al. 2006). Recombinant
human CEMP-1 strongly cross-reacts with antibodies against collagen type X but
not with antibodies against type I. Nevertheless, CEMP1 does not have the charac-
teristic collagen-like gly-x–y repeats, which suggests that CEMP1 is not a true
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collagen (Alvarez-Pérez et al. 2006). The original CEMP1 protein is subjected to
posttranslational modifications: N-glycosylated and phosphorylated. These post-
translational modifications are 43.5% that changes its molecular mass to 50 kDa
(Villarreal-Ramírez et al. 2009). This species is a glycosylated, phosphorylated, and
thermostable protein and is a C-type lectin since it promotes the agglutination of
formalized rabbit erythrocytes in the presence of Ca2+ (Carmona-Rodríguez et al.
2007). Circular dichroism analyses revealed that its secondary structure is composed
of 28.6% alpha-helix, 9.9% of beta-sheet, and 61.5% of random-coil forms
(Montoya et al. 2019). Therefore, since CEMP1 contains a high percentage of
random-coil secondary structures it belongs to the intrinsically disordered proteins
(IDP) (Villarreal-Ramírez et al. 2009; Romo-Arévalo et al. 2016). These domains
are believed to be responsible for matrix assembly and hierarchal ordering of the
extracellular matrix, because of the plasticity of this intrinsically disordered region
and its property to link to hydroxyapatite during the biomineralization process
(Evans 2008; Nudelman et al. 2007). This feature might explain how CEMP1
regulates the crystal growth and composition of hydroxyapatite crystals
(Villarreal-Ramírez et al. 2009). CEMP1 also induces the expression of proteins
related to mineralization and promotes in vitro osteoblastic and/or cementoblastic
cell differentiation of HGF (Carmona-Rodríguez et al. 2007). CEMP1 may play a
key role in biomineralization, particularly important in the formation of calcium
phosphate minerals (Hunter and Goldberg 1994; Weiner and Addadi 1997;
Hartgerink et al. 2001). In vitro studies using human recombinant (hr)CEMP-1
(Fig. 7.8) demonstrated that it promotes deposition of hydroxyapatite crystals and
organizes them into parallel arrays, through protein–protein and protein–crystal
interaction (Romo-Arévalo et al. 2016) and self-assembles into nanospheres that
form aggregates resembling nanostrings. This structural framework organization
suggests the formation of a platform that facilitates hydroxyapatite crystal formation
and orientation (Correa et al. 2019). CEMP1 has shown to possess intrinsic proper-
ties to bind to hydroxyapatite even without posttranslational modifications and plays
a role during the biomineralization process, required for the synthesis of needle-
shaped OCP crystals and responsible for OCP crystal nucleation activity. CEMP1’s
transfection into cells that do not usually mineralize such as human gingival fibro-
blasts (HGF), promotes proliferation and differentiation of adult HGF to a “miner-
alizing-like” cell phenotype, and the ability to induce the formation of mineralized
nodules and calcium deposition in non-osteogenic cells. Furthermore, CEMP1
induced the expression of OPN, BSP, and OCN proteins as well as the transcription
factor RUNX2 in these cells, all of which are related to mineralization of cementum,
bone, and cartilage (Bermúdez et al. 2015). Other studies have demonstrated
HrCEMP1 promotes up to 97% regeneration of critical-size defects in rat calvaria,
all of which indicates that CEMP1 has a function in cementum and bone formation
(Serrano et al. 2013).

In vivo studies demonstrated that CEMP1 and STRO-1-positive cells were
colocalized adjacent to the root surface in areas where new cementum was being
deposited thus implying that the cells that produce the reparative cementum were of
mesenchymal origin. In vitro treatment of PDL cells with CEMP1 protein stimulated
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the proliferation and migration of PDL cells, with the migration front comprised of
STRO-1-positive cells. Since STRO-1-positive cells are located next to cementum
(Barrera-Ortega et al. 2017), it suggests that CEMP1 is likely a mediator in wound
healing and periodontal regeneration since it stimulates PDL cell proliferation and
migration. CEMP1 also leads to the migration of STRO-1-positive cells, suggesting
a possible mechanism for the recruitment of mesenchymal stem cells toward a
CEMP1 signal (Paula-Silva et al. 2010). The expression and presence of CEMP1
strongly support these hypotheses; CEMP1 is expressed by cementoblasts lining
acellular and cellular cementum (Alvarez Pérez et al. 2006), also expressed by
subpopulations in the periodontal ligament of the regenerated periodontium, present
in the cementoid and PDL space (Gauthier et al. 2017) and sites of root resorption
(Nuñez et al. 2010) but not in osteoblasts. These studies also indicate that CEMP1 is
expressed only in cementoblasts cells and their progenitors (Fig. 7.7). CEMP1
expression declines when cells are committed to osteoblastic or chondroblastic
lineages, as was shown using an in vivo diffusion chamber assay, suggesting of
CEMP1 expression is differentially regulated in precursor mesenchymal stem cells.
Furthermore, CEMP1 decreases the expression of osteoblastic and periodontal
ligament cell markers while inducing the expression of cementoblastic markers
in vitro and in vivo among cells of the periodontium (Komaki et al. 2012).
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Ca/P Ratio: 1.8

Fig. 7.8 SEM images of crystals formed in vitro by CEMP1-p1 where crystals are seen irradiating
from an amorphous core (a). Higher magnification shows hydroxyapatite crystals with a spear-like
morphology (b). The crystals induced by CEMP1-p1 are hydroxyapatite crystals revealing a
3-Dvetrtex (120� angle) corresponding to the c-axis of the HA crystal (c). EDS analysis of
CEMP1-p1-induced crystal showed a Ca/P ratio: 1.8 which corresponds to hydroxyapatite (d)
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The role of CEMP1 as chemoattractant and promoter of mineralization is further
supported by the findings that mineralization was reduced upon blocking the func-
tion of CEMP1 in vitro. Although, both osteoblasts and cementoblasts express BSP,
blocking the function of CEMP1 with a CEMP1-specific antibody, resulted in
suppression of the expression of BSP in cementoblasts but not osteoblasts, indicating
that CEMP1 is associated with regulation of BSP expression in cementoblasts
(Alvarez Pérez et al. 2003). On the other hand, over-expression of CEMP1 in
periodontal ligament cells resulted in enhancement of cementoblasts cell differenti-
ation (Popowics et al. 2005; Komaki et al. 2012). Previous studies demonstrated that
CEMP1 exerts modulation of a number of genes involved in cellular development,
cellular growth, cell death, and cell cycle (Bermúdez et al. 2015) and CEMP-1
protein plays a key role in cementoblastic differentiation of dental follicle cells
(DFC) and PDL cells (Kémoun et al. 2007a, b; Hoz et al. 2012; Sowmya et al.
2015) through the OSX-CEMP1 pathway (Sowmya et al. 2015). Blocking the
activity of CEMP1, with a specific CEMP1 antibody, in cementoblastoma-derived
cells, decreased their ALP activity and BSP and OPN expression without altering
cell proliferation (Alvarez Pérez et al. 2003). Although it is not clear if cementoblasts
and osteoblasts share a common progenitor, this data indicates that periodontal
ligament cells that express CEMP1 could be a novel source of adult cementoblasts
progenitors for periodontal regeneration therapy (Komaki et al. 2012). PMS scaf-
folds containing CEMP1/ACP/PCL/COL enhanced differentiation of seeded PDLCs
in vitro into a cementoblastic phenotype by upregulating the expression of CAP and
CEMP1, supporting the notion that CEMP1 is a key bioactive compound in cemen-
tum formation both in vitro and in vivo (Sowmya et al. 2017). In other studies,
Matrigel® matrix alone or associated with human transforming growth factor-β3
(TGFβ3) proven that this growth factor induces cementogenesis by upregulation of
CEMP1 and that CEMP1 is an indicator for cementogenesis (Ripamonti et al. 2017).
This study was the first to describe the possible use of CEMP1 as an early predictor
of clinical outcomes for periodontal therapy as a marker for cementogenesis, by
confirming its presence in gingival crevicular fluid (GCF) of patients. Increased
levels of CEMP1 were found mostly in sites where regeneration of the periodontal
complex was expected (Dellavia et al. 2019).

In summary, the cementum-specific proteins CAP and CEMP1 are biological
factors which participate in chemoattraction, adhesion, and cell differentiation
during the homeostasis process of cementogenesis. Moreover, CAP expression is
increased by CEMP1-overexpression in periodontal ligament cells at both the
mRNA and the protein level (Komaki et al. 2012). The process of new cementum
formation, with newly attached Sharpey’s fibers, is the key event to achieve peri-
odontal regeneration. Therefore, it is necessary to find biological factors that can
attract progenitor stem cells located in the periodontal ligament and endosteal spaces
of alveolar bone to the injured site in order to induce them to differentiate into
cementoblasts cells. CAP and CEMP1 appear to possess all of these biological
properties necessary for the formation of cementum de novo. These proteins also
appear to play a pivotal role during the regeneration of the periodontal structures
where new deposition of cementum is a key event for the formation of new
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attachment de novo (Pitaru et al. 1994; Garrett 1996; Arzate et al. 2015). These
characteristics open new venues for periodontal regeneration therapies based on
CEMP1.

7.12 Cementum Therapeutics

The elucidation of the inorganic and organic composition of cementum allowed us to
understand the process of cementum formation, how the mineralization of this
unique tissue is regulated, how this biological association maintains the homeostasis
of the periodontal structures, especially during the deposition of cementum de novo,
offering new alternatives for therapeutic ways to restore the periodontium lost due to
periodontitis. Current therapeutic procedures for periodontal disease include root
scaling and planning (SRP) and conditioning of the dentin surface with citric acid to
widen the dentinal tubules, then reconnecting cytoplasmatic extensions of the
odontoblasts with collagen fibers of the periodontal ligament to promote the migra-
tion of cementum stem cells, through the periodontal ligament fibers, resulting in the
promotion of cementogenesis with subsequent new connective tissue attachment
(Mariotti 2003) osseous surgery (Reynolds et al. 2003) and guided tissue regener-
ation (Al-Hamdan et al. 2003; Miller and Craddock 1996; Murphy and Gunsolley
2003). Nevertheless, the current treatment strategies have shown to produce only
limited repair of the damaged periodontium (Southerland et al. 2006; Aichelmann-
Reidy and Reynolds 2008; Elangovan et al. 2009; Hanes 2007), they are not
predictable and do not restore the periodontium structures or anatomical architecture
and function to the normal healthy periodontium.

New therapeutic procedures being tested for a more predictable regeneration of
the periodontium include the use of recombinant human growth factors (rhGFs),
which are natural biological mediators that regulate key cellular events during tissue
repair and regeneration and have become an important therapeutic approach in order
to restore the periodontal apparatus (Nakayama et al. 2020; Khoshkam et al. 2015).
The regeneration requires an appropriate biological environment which induces the
differentiation of undifferentiated cells to make the required structures. Several
clinical studies performed on humans raised the possibility that rhPDGF-BB and
rhFGF-2 TGFβ, BMPs, FGF, IGF, and EGF, which are present in the mineralized
cementum ECM; however, the efficacy of these factors depend on the quantity used,
type of carrier combined with the growth factors and principally the mode of
application to avoid the rapid loss of topically applied factors over time (Beertsen
et al. 1997; Lynch et al. 1991). Other biological therapeutics used to repair/regen-
erate periodontal tissues are enamel-derived proteins (EMD) shown to participate in
the induction and formation of cementum de novo (Gestrelius et al. 1997, 2000;
Hammarström 1997; Hammarström et al. 1997; Heijl 1997; Hirooka 1998). Enamel-
derived proteins (Emdogain®) have shown to promote periodontal ligament and
cementoblastic cell proliferation (Heijl 1997; Heijl et al. 1997; Esposito et al. 2004;
Heden and Wennström 2006; Hammarström 1997; Spahr and Hammarström 1999).
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This marketed product has been used as an alternative for periodontal regenerative
therapy, influencing periodontal wound healing and regeneration in humans
(Sculean et al. 2007), showing significant improvement on bone and cementum
regeneration (Cochran et al. 2003; Venezia et al. 2004; Sallum et al. 2019;
Kulakauskienė et al. 2020). The normal expression of enamel proteins, AMGN
and AMBN (Fig. 7.6), during cementum formation, and their ability to serve as
signal molecules was previously addressed in this chapter.

7.13 Novel Prospects

7.13.1 Stem Cells

As we have shown in this chapter, cementum is intimately ligated to the homeostasis
and regeneration of the periodontium lost due to injury, trauma, or disease. This
tissue has been formally studied from 185 years ago. During this period, the
histological, ultrastructural, compositional, functional characteristics and mecha-
nisms that regulate cementogenesis during development, homeostasis, and repair
at the cellular and molecular levels have been described. The architectural complex-
ity of the periodontium is one of the reasons why it is so difficult to regenerate these
tissues following either trauma or periodontitis. Nevertheless, the major goal of
periodontal disease treatment to reconstruct the structure and function of periodontal
tissues including cementum, PDL fibers, and bone remains as a major challenge in
periodontal therapeutics. In 1976, Melcher developed a general theory on the central
role of the PDL in periodontal regeneration; he proposed that the progenitor cells for
cementum, bone, and PDL fibroblasts are contained in the PDL. Consequently, it
made sense that if periodontal regeneration were to be achieved, then the PDL would
have to be regenerated first. Later it was found that the vascularization of the PDL
was present in the bone-related half of the PDL as compared to the cementum-related
half. However, the cementum-related half of the PDL contains a relatively small but
clearly measurable supply of blood vessels and it was suggested that paravascular
cells in this region constitute a renewing cell population (Leblond et al. 1959;
Leblond 1964). It is evident that homeostatic mechanisms in the PDL must regulate
the rate of cell generation, cell death, and cell migration. Proliferating cells in the
vicinity of blood vessels have small nuclei suggesting that in both normally func-
tioning and stimulated PDL, the paravascular cells comprise a progenitor cell
population (Roberts et al. 1982). It has been shown, using radioactive 3H-Tdr, that
the progeny of paravascular dividing cells migrate away from the blood vessels and
migrate to the vicinity of bone and cementum (McCulloch and Melcher 1983a, b).
These dividing cells are located external to the basal lamina of the blood vessels and
probably have an origin or function different from that of classical pericytes and cells
found in this area. These cells have a tendency to be relatively undifferentiated,
retaining embryonic such as small size, scarcity of intracellular organelles, and a
high nuclear/cytoplasmic ratio. It is not known whether a single paravascular

7 Cementum Proteins Beyond Cementum 191



progenitor within the PDL gives rise to daughter cells which differentiate into
fibroblasts, osteoblasts, and cementoblasts, or whether there are separate progenitors
(Roberts and Jee 1974; Melcher 1976; McCulloch and Melcher 1983a; Gould et al.
1977, 1980; Gould 1983). These progenitor cells provide a front of new cells for the
healing wounds in the periodontal ligament, their number is inversely related to cell
density in the periodontal ligament (McCulloch and Melcher 1983a, b, c), and they
appear to be retained in the tissue for long periods of time (Leblond et al. 1959;
McCulloch and Melcher 1983b; Davidson and McCulloch 1986). Additionally,
there are progenitors residing outside of the PDL, which can migrate into the PDL
and contribute to its cell populations. It has been demonstrated that mesenchymal
cell populations associated with bone surfaces can migrate and form new bone after
injury (Patt and Maloney 1975). Cells obtained from fetal rat calvaria cultured with
dental root slices in vitro produced a tissue with ultrastructural characteristics that
resemble bone or cellular cementum, acellular cementum, and afibrillar cementum
(Melcher et al. 1986). These observations suggest that osteoblast and cementoblasts
progenitor cells also originate from the endosteal spaces of the alveolar process and
migrate into the PDL through vascular channels, enriched with progenitor cells
whose progeny rapidly migrate out of the channels following the collagen fibers as
they migrate toward cementum in response to chemo-attractive molecules present in
cementum (Somerman et al. 1983; McCulloch et al. 1987). The recruitment of
precursor cells seems to be a key issue to achieve cementum formation de novo in
order to achieve periodontal regeneration.

In other studies, transmission electron microscopy comparison of the mineralized
extracellular matrix deposited by HERS in vitro, with acellular cementum deposited
in vivo, suggests that these extracellular matrices are similar (Zeichner-David et al.
2003). HERS cells synthesize CAP and CEMP1, supporting the idea that HERS cells
are capable of producing cementum. These cells also present with a high activity of
ALKP. These findings provide further evidence that the extracellular matrix depos-
ited by these cells is acellular cementum, corroborating that alkaline phosphatase is a
very important component of acellular cementum. HERS cells also express
osteocalcin in vitro thus indicating the possibility that disruption of the basement
membrane is caused by HERS cells when they start depositing the acellular cemen-
tum. Altogether, these studies suggested different cellular origins for acellular
(HERS cells) and cellular (cementoblasts) cementum (Zeichner-David et al. 2003:
Huang et al. 2009; Bosshardt and Nanci 2004). Furthermore, HERS-derived epithe-
lial rests of Malassez (ERM) are a unique population of epithelial cells in the
periodontal ligament and are believed to play a crucial role in cementum repair
(Spouge 1980). These cells could differentiate into cementoblasts through
epithelial–mesenchymal transformation (Krause et al. 2001; Kucia et al. 2007;
Xiong et al. 2012). Recently it was demonstrated that in vitro HERS/ERM contain
primitive stem cells that express epithelial stem cell markers such as octamer binding
transcription factor 4, homeobox protein NANOG, and stage-specific embryonic
antigen 4 (Nam et al. 2011) thus implying that the ERM are stem cells of epithelial
origin that maintain the PDL as well as the cementum and alveolar bone associated
with the ligament. The tissue niche within which ERM is found extends into the
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supracrestal areas of collagen fiber-containing tissues of the gingiva, above the bony
alveolar crest. It has been suggested that epithelial rests of Malassez cultured ERM
cells, as their progenitor HERS cells, produced a cementum ECM and demonstrated
high ALKP activity (Farea et al. 2016). ERM cells can be clonally expanded, can
grow organoids, and express the markers of pluripotency (OCT4, NANOG, SOX2),
subcutaneous co-transplantation with mesenchymal stem cells from dental pulp, on
poly-l-lactic acid scaffolds, in nude mice gave rise to heterotopic ossicles-like
structures similar to cementum (Athanassiou-Papaefthymiou et al. 2015); therefore,
these epithelial cells are regarded as a stem cell niche that can give rise to new
cementoblasts (Bosshardt et al. 2015). In adulthood, the ERM cells are the only
odontogenic epithelial population in the PDL. Although there is no general agree-
ment on the functions of these cells, accumulating evidence suggests that their role in
adult periodontal ligament is to maintain PDL homeostasis, to prevent ankylosis by
maintaining the PDL space, to prevent root resorption, to serve as a target during
periodontal ligament innervation, and to contribute to cementum repair. Recently,
ovine ERM cells have been shown to harbor clonogenic epithelial stem cell
populations that demonstrated similar properties to mesenchymal stromal/stem
cells and demonstrated stem cell-like properties in their differentiation capacity to
form bone, fat, cartilage, and neural cells in vitro. When transplanted into immuno-
compromised mice, ERM generated bone, cementum-like, and Sharpey’s fiber-like
structures. These cells have the capacity to differentiate into a mesenchymal pheno-
type and thus represent a unique stem cell population within the PDL both function-
ally and phenotypically. Therefore, the epithelial cell rests of Malassez, rather than
being “cell rests,” as indicated by their name, are an important source of stem cells
that might play a pivotal role in periodontal regeneration (Xiong et al. 2012, 2013).

7.13.2 Cementum Proteins

Other very important and novel therapeutic candidates to consider are the cementum
proteins; CEMP1 and CAP, which have demonstrated the ability to promote new
cementum and bone formation in damaged periodontal tissues. These proteins could
induce several signaling pathways associated with mitogenesis, increase the con-
centration of cytosolic Ca2+, activate the protein kinase C cascade, and promote the
migration and preferential adhesion of progenitor cells (Treves-Manusevitz et al.
2013). These actions result in cementoblast and osteoblast differentiation with the
subsequent production of a mineralized extracellular matrix resembling cementum
(Hoz et al. 2012). CAP promotes attachment of HGF in a dose-dependent manner.
The attachment activity was comparable with that of fibronectin. CAP is expressed
by cementoblasts facing cementum and the matrix and progenitor cells from the
endosteal spaces of the alveolar bone (Arzate et al. 1992b; Valdés De Hoyos et al.
2012), promotes hydroxyapatite crystal nucleation, and in vivo promotes new bone
formation showing a clinical effectivity at inducing bone repair and healing.
Recently we have shown that CAP may have dual biological functions since a
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peptide comprising the N-terminal domain (from amino acids 40–53) has the ability
to inhibit the mineralization process, suggesting that this protein may participate in
regulating de deposition of cementum (Montoya et al. 2020). Therefore, this novel
molecule has a great potential to be used for mineralized tissue bioengineering and
tissue regeneration.

In other studies, it was shown that the presence of CEMP1 protein in cultures of
PDL cells caused the stimulation of proliferation, migration, and mineralization of
PDL cells. CEMP1 protein increased ALKP activity in 3D PDL cell cultures,
induced the expression of cementogenic and osteogenic markers, and resulted in
the formation of new tissues that mimicked bone and cementum (Hoz et al. 2012). In
vivo, CEMP1- and STRO-1-positive cells were colocalized adjacent to the root
surface in areas where de novo cementum was deposited (Fig. 7.5), implying that
the cells that deposited the reparative cementum were of mesenchymal origin. Our
findings are consistent with other reports showing that STRO-1-positive cells are
located next to the cementum layer (Paula-Silva et al. 2010). The overlap between
CEMP1- and STRO-1-expressing cells indicates that CEMP1 has the ability not only
to recruit progenitor cells from the periodontium but also can signal the differenti-
ation of these cells toward a cementoblast phenotype and these cells form mineral-
ization nodules and continue to express CEMP1 (Kadokura et al. 2019). In other
experiments, STRO-1-positive PDL cells transplanted into artificially created PDL
defects in immunocompromised rats induced the deposition of a layer of cementum
tissue (Fujii et al. 2008). This data further supports that CEMP1 recruits mesenchy-
mal, STRO-1 and α-CD44-positive cells that promote mesenchymal cell differenti-
ation toward cementogenesis (Nuñez et al. 2012; Paula-Silva et al. 2010). It has also
been validated that of the mineralization-related genes, BSP is strongly upregulated
when CEMP1 is overexpressed in periodontal ligament cells. Although both osteo-
blasts and cementoblasts express BSP, knockdown of CEMP1 expression affected
only BSP expression in cementoblasts not in osteoblasts, indicating that CEMP1 is
associated with regulation of BSP expression in cementoblasts (Komaki et al. 2012).
High levels of CEMP1 in the cementum ECM play an important role in
cementogenesis, as evidenced by the fact that over-expression of CEMP1 in PDL
cells enhances their cementoblast differentiation (Komaki et al. 2012; Qi et al. 2014).
Microarray studies to evaluate the potential biological effects of CEMP1 transduced
into human gingival fibroblasts (HGF), which are not associated with mineralization,
revealed a significant increase in the expression of high numbers of genes associated
with cellular development, proliferation, growth, cell death, cell cycle, and mineral-
ization (Bermúdez et al. 2015). Remarkable, CEMP1 transfection into HGFs allows
these cells to perform cementoblast-like functions without alteration of the ultra-
structure of the nucleolus, evaluated by the presence of the different compartments
of this organelle involved in ribosomal biogenesis (Villegas-Mercado et al. 2018). In
dental follicle cells (DFC), CEMP1 serves as a source for endogenous proteins.
These cell-secreted factors/proteins are beneficial in regulating wound healing,
cellular proliferation, angiogenesis, osteoblast differentiation and osteogenesis,
fibroblast proliferation and differentiation, and cementogenesis; therefore, CEMP-
1, protein is thought to play a key role in cementoblastic differentiation of DFCs and
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PDL cells (Sowmya et al. 2015). Up to date, other molecules, which like CEMP1,
are responsible for recruiting mesenchymal cells and inducing their differentiation
into cementoblasts, have not been identified.

Taken together, these findings signify that periodontal ligament cells that express
CEMP1 may well be a novel source of adult progenitors for cementoblasts used for
de novo formation of cementum in periodontal regeneration therapy (Choi et al.
2014). Bioactive materials which stimulate the proliferation, differentiation, and
osteogenic/cementogenic gene expression of PDL cells for periodontal regeneration,
such as Ca7Si2P2O16 ceramic powders, also stimulate the deposition of CEMP1 by
PDL cells in vitro (Zhou et al. 2012; Wu et al. 2012). Biphasic scaffolds composed
of polycaprolactone (PCL, Lactel, USA) containing β-tricalcium Phosphate (β-TCP,
20% wt) induced deposition of mineralized tissue on the surface of dentin in vitro
and in vivo, and the expression of CEMP1 by cementoblast precursors (Vaquette
et al. 2012; Wolf et al. 2013; Zhang et al. 2014). In a similar manner, Mg–calcium
silicate cement stimulates the proliferation of PDL cells in vitro and promotes the
secretion of CEMP1, CAP, and angiogenic proteins, indicating that these proteins
play a significant role during cementum and bone formation and provide the
essential basis for their use as biomaterials in bone substitutes and bone regeneration
applications (Chen et al. 2015). Growth factors such as BMP-7 significantly
increased thickness and integrated area of a newly formed mineralized tissue layer
expressing CEMP1 (Cho et al. 2016) and TGF-b3 up-regulates the expression of
CEMP1 in vivo (Ripamonti et al. 2017). These studies suggest that CEMP1 may be
the most important molecule in cementogenesis, makes cementum different from
other hard tissues, and also regulates cementoblast commitment of PDL cells (Chen
et al. 2015).

In vitro nucleation studies have shown the capability of recombinant CEMP1 to
produce hydroxyapatite (HA) with different crystallinities thus demonstrating that
CEMP1 nucleates and regulates hydroxyapatite crystal growth (Fig. 7.8), which
leads to the development of new protein loading calcium phosphate materials for
dental tissue repair and regeneration (Chen et al. 2015; Romo-Arévalo et al. 2016).
Curiously, recombinant human CEMP1 produced in a prokaryotic system has
similar HA nucleation functions as recombinant CEMP1 produced in a eukaryotic
system, suggesting that posttranslational modifications are not important for this
function. It has also been demonstrated that the CEMP1/ACP/PCL/COL scaffold has
the potential of generating cementum-like tissue in vitro and in vivo and hindered
bone formation in vivo orthotopically, demonstrating that the CEMP1 is a key
bioactive compound in cementum formation both in vitro and in vivo (Chen et al.
2016).

Since nascent or posttranslationally modified CEMP1 have the same functions, in
more recent studies we designed CEMP1-derived peptides to determine their active
site. Several of these peptides are able to promote proliferation and differentiation of
PDL cells toward a cementoblast phenotype, as shown by ALKP activity, Osterix,
RUNX-2, IBSP, BMP-2, OCN, and CEMP1 expression, both at the mRNA and
protein levels. Standardized critical-size calvaria defects in vivo assays treated with
CEMP1-peptide 1 (CEMP1-p1) resulted in the formation of new calvaria bone. This
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data demonstrates that the complete CEMP1 molecule is not necessary for the
bone-inductive activity, and the CEMP1-p1 is an effective bioactive peptide for
bone tissue regeneration (Correa et al. 2019). Another peptide, CEMP1-p4, activates
the Wnt/β-catenin signaling pathway, inducing the differentiation of human oral
mucosa stem cells (HOMSCs) toward a cementoblast-like phenotype (Arroyo et al.
2020). These data demonstrate that CEMP1-p1 and CEMP1-p4 are effective bioac-
tive peptides for cementum and bone tissue regeneration. Preliminary studies show
that CEMP1-p1 adsorbs to titanium surfaces in vitro and promotes the formation of
mineralized tissue in vivo, indicating that this peptide promotes osseointegration and
formation of a periodontal ligament-like structure (Fig. 7.9) thus opening new
possibilities for implant therapies. The therapeutical application of these bioactive
peptides may lead to implementing new strategies for the regeneration of bone and
other mineralized tissues. CEMP1-p1 and CEMP1-p4 play a critical role in the
modulation of HA crystal formation and somehow mimicking the physiological
process that occurs in mammals. In addition, CEMP1-p1 binds other targets to fulfill
its function on mineralized tissue formation since it has shown to regulate gene
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Fig. 7.9 CEMP1-p1 labeled with AF-488 shows adsorption to titanium surface (a). Deposition of
hydroxyapatite crystals onto the titanium surface treated with CEMP1-p1 shows deposition of
hydroxyapatite crystals (clearly observed in the inset) (b). AFM shows the topography of HA
crystals deposited onto titanium surface (c). In vivo experimental assay shows that titanium implant
treated with CEMP1-p1 promotes the formation of a fibrous connective tissue (d). The imprint of
the implant reveals well-organized connective tissue (e). Higher magnification of the implant
imprint shows the presence of extracellular matrix and cells
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expression, cell differentiation, and regeneration of cementum and bone in vivo thus
mimicking CEMP1’s function. The advantages of using therapeutic peptides rather
than recombinant proteins are numerous; peptides are produced synthetically; their
chemical composition can be precisely controlled; and they are free of pathogenic
contamination. In conclusion, CEMP1-derived peptides have pharmacological prop-
erties, set the basis for novel therapeutic alternatives, and have the potential to be
used not only for the regeneration of the periodontium but also beyond cementum. in
the field of dental implantology and bone regeneration.

7.14 Conclusion

Cementum is a complex structure involving acellular and cellular cementum.
Cementum includes five distinct parts: (1) an acellular afibrillar cementum, (2) an
acellular extrinsic fibers, (3) a cellular mixed stratified cementum, (4) a cellular
intrinsic cementum, and (5) an intermediate cementum. In addition to inorganic
components, organic components include collagens, proteoglycans, and glycosami-
noglycans, nonspecific alkaline phosphatase, a series of phosphoproteins (OPN,
BSP, DMP1), vitamin K-dependant proteins (MGP, osteocalcin), enamel-related
proteins (AMEL, ameloblastin (AMBN), cementum-specific proteins (CAP,
CEMP1). Cementum proteins are involved in regeneration therapy and periodontal
treatments. Stem cells are also found in cementum, they may contribute to cementum
healing and/or regeneration. In summary, the cementum-specific proteins CAP and
CEMP1 are biological factors which participate in chemoattraction, adhesion, and
cell differentiation during the homeostasis process of cementogenesis.
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Chapter 8
Biochemistry of Non-collagenous Proteins
of Bone

Jeffrey P. Gorski

Abstract Bone is a unique biological composite structure composed of an extra-
cellular phase called osteoid in which is embedded living cells (osteoblasts and
osteocytes). The cells synthesize and secrete the organic extracellular matrix of bone.
They do so in a manner that reflects and anticipates their biomechanical force
environment and provides a viable home (lacunae and associated dendrites) which
facilitates nutrition and communication with other embedded osteocytes. Osteoid
becomes mineralized, e.g., a process in which crystalline calcium hydroxyapatite
crystals are formed and deposited along and among collagen fibrils. In addition to
osteoblasts, bone also contains nerves that provide sensation and vascular channels
which provide nutrition, oxygen, waste removal, and a source of calcium and
phosphorus. As discussed elsewhere in this text, bones serve several key systemic
functions: a dynamic reservoir for calcium and phosphorus, a rigid framework that
allows for erect stance as well as an attachment of muscles and tendons facilitating
movement, and protection for vital internal organs such as the heart, brain, and
internal organs. Non-collagenous proteins of bone, as described herein, greatly
increase the functionality of bone and directly/indirectly mediate many of its unusual
properties.

8.1 Introduction

Osteoid is a highly collagenous matrix composed predominantly of type I collagen
fibrils along with minor collagens and a series of non-collagenous proteins and
proteoglycans. This chapter describes current information on the biochemistry of
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the most prominent non-collagenous proteins in bone and attempts to provide an
understanding of how each functions separately or as a complex. We also provide
specific insights into how the methodology can influence the way we think about
bone structure and bone formation. The story of the structure and function of
non-collagenous proteins in bone is one that historically has been severely restricted
by the physical properties of the tissue and secondarily by applicable methodology.
As is well appreciated, biochemical approaches have generally lagged behind
genetic approaches such as GWAS, genome sequencing, exome sequencing, RNA
sequencing. Until the recent application of mass spectrometry, the primary tool for
characterization of non-collagenous proteins in bone has been SDS PAGE and
Western blotting. While many different sizes can be readily distinguished by elec-
trophoresis, the basis for these differences has been difficult to determine. Specifi-
cally, it has been difficult to distinguish between N- and O-linked glycosylation,
phosphorylation, sulfation, alternative splicing, or proteolytic fragmentation as the
source(s) of molecular weight disparities. This is because of the semiquantitative
nature of Western blotting, the 10% variability inherent in electrophoretic methods,
and the biological variation existing among different skeletal sites and among
different individuals. Our discussion now has the benefit of the precise molecular
weight resolution of mass spectrometry and its capacity to identify changes in
phosphorylation. We have sought to highlight how new biochemical and immuno-
chemical approaches are gradually providing molecular explanations for the skeletal
phenotypes arising from mutations and knockouts of non-collagenous proteins in
bone. Finally, we conclude with a section describing how biochemical structure/
function information has been applied to successfully treat hyperphosphatemia in
children with impressive results.

8.2 Function of Non-collagenous Proteins in Bone

The inherent solid nature of bone not only limits our ability to isolate its composite
proteins in a native conformation, it also restricts our ability to investigate the
function of bone-derived proteins within a native environment. In general, the
function of proteins has been most directly addressed via their enzymatic or receptor
activating functions. However, only a few non-collagenous proteins in bone express
enzymatic functions: Phospho1, alkaline phosphatase, FAM20C, and PHEX.

8.2.1 Non-collagenous Proteins with Catalytic Functions

Alkaline Phosphatase and Phospho1 Play a Key Role in Mineralization Due to its
ease of histological staining and relationship with serum isoforms, tissue nonspecific
alkaline phosphatase has long been a marker of osteoblastic cells and, based on its
phosphatase nature, assumed to play a role in bone mineralization. This role was
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reinforced by an association of mutations in the human TNAP gene with skeletal
disorders including hypophosphatasia (Nielson et al. 2012; Ozono et al. 2012;
Ermakov et al. 2010) (Table 8.1). Also, the TNAP null mouse exhibited a phenotype
similar to that for infantile hypophosphatasia (Narisawa et al. 1997; Fedde et al.
1999; Anderson et al. 2004) (Table 8.2). Interestingly, although the TNAP mouse
skeleton was hypo-mineralized, hydroxyapatite crystals were still produced nor-
mally (Anderson et al. 2004). Under these conditions, it was apparent that phosphate
nucleation was still ongoing and an alternate source of inorganic phosphate was
needed.

Phospho1 was known to be a phosphatase enriched in osteoblasts which had a
neutral pH optimum and a capacity to cleave phosphoethanolamine (PE) and
phosphocholine (PC) generating inorganic phosphate(Roberts et al. 2005).
Phospho1 was selected as a potential candidate based on its restricted expression
to developing bones and its association with a loss of mineralization in chicks treated
with specific inhibitor lansoprazole (Macrae et al. 2010). Phospho1 is now

Table 8.1 Human genetic mutations involving bone non-collagenous proteins

Gene name Disease/syndrome name Chromosome Type of inheritance

FAM20A Amelogenesis imperfecta type IG 17 Autosomal
recessive

FAM20C Raine 7 Autosomal
recessive

Col11A1 Stickler, type II; Marshall;
Fibrochondrogenesis I

1 Autosomal
recessive

PHEX Hypophosphatemic rickets. XLD X X-linked

MGP Keutel 12 Autosomal
recessive

DMP1 Hypophosphatemic rickets 4 Autosomal
recessive

Decorin Cornea dystrophy 12 Autosomal
dominant

Biglycan Meester-Loeys; Spondyloepimetaphyseal
dysplasia, X-linked

X X-linked

Alkaline
phosphatase

Hypophosphatemia 1 Autosomal reces-
sive; autosomal
dominant

Sclerostin Craniodiaphyseal dysplasia, autosomal
dominant; Sclerosteosis 1; Van Buchem

17 Autosomal reces-
sive; autosomal
dominant

MEPE Hereditary congenital facial paresis family
and otosclerosis

4

ENPP1 Diabetes mellitus non-insulin-dependent;
obesity; arterial calcification; Cole disease;
hypophosphatemic rickets

6 Autosomal
recessive

DMP1 and
OPN
(digenic)

Hypophosphatemic osteosclerosis, hyper-
ostosis, and enthesopathy

4
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Table 8.2 Mouse knockouts of non-collagenous proteins yielding skeletal phenotypes

Gene name Summary of skeletal phenotype Reference

Irisin Using an Osx-Cre to ablate in osteoblast cells, FNDC5/
irisin deficient mice showed a lower bone density and
significantly delayed bone development and minerali-
zation from early-stage to adulthood. Our phenotypical
analysis exhibited decreased osteoblast-related gene
expression and increased osteoclast-related gene
expression in bone tissues, and reduced adipose tissue
browning due to bone-born irisin deletion. In addition,
positive effects of exercise, including bone strength
enhancement and body weight loss were remarkably
weakened due to irisin deficiency. Interestingly, these
changes can be rescued by supplemental administration
of recombinant irisin during exercise

Zhu et al. (2021)

Bone
sialoprotein

Delayed and reduced cementum deposition and miner-
alization ; increased root and mandibular resorption
after P30; increased osteoclast number in P60 bone;
short femur; increased trabecular bone volume;
decreased bone mineral density and compact bone
thickness at 4 mo of age which resolves by 12 mo of
age; delayed intramembranous bone mineralization

Malaval et al. (2008);
Foster et al. (2015)

Col11A1
(cho/cho)

Much wider long bones, decreased long bone length,
trabeculae are much wider in diameter; most bone for-
mation occurs at the periosteum (not endochondral);
decreased bone mineralization in the cartilage of ster-
num and phalanges

Fernandes et al. (2007);
Li et al. (1995)

Osteopontin Despite the absence of an obvious phenotype in OPN
deficient mice being undetectable by radiographic and
histological methods, FTIRM analyses revealed that eh
relative amount of mineral in the more mature areas of
the bone (central cortical bone) of OPN knockout mice
was significantly increased. Consistent with a role as an
inhibitor of mineral formation and crystal growth/
proliferation

Boskey et al. (2002)

Osteonectin Decreased osteoblast and osteoclast number; decreased
bone mineral density; reduced trabecular bone volume;
abnormal bone strength with age

Delany et al. (2000)

Periostin Severe growth retardation; smaller skull and shorter
long bones; abnormal tooth morphology; cancellous
bone defects grossly rescued by the use of soft pow-
dered diet

Rios et al. (2005)

ENPP1 Fused joints after 4 weeks of age; aortic media display
calcification and chondrogenic differentiation

Li et al. (2013)

Phospho1 Phospho1(–/–) mice display growth plate abnormalities,
spontaneous fractures, bowed long bones, osteomalacia,
and scoliosis in early life. Primary cultures of Phospho1
(–/–) tibial growth plate chondrocytes and chondrocyte-
derived matrix vesicles (MVs) show reduced mineral-
izing ability, and plasma samples from Phospho1 (–/–)
mice show reduced levels of TNAP and elevated plasma

Yadav et al. (2011)

(continued)
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appreciated to play a central role in the biomineralization of bone and other hard
tissues. At sites of new bone formation, Phospho1 is localized within matrix vesicles
where it is believed to cleave its substrates and generate inorganic phosphate
(Roberts et al. 2007). Millan and Farquharson and colleagues have hypothesized
an elegant phosphate mineralization pathway in which TNAP, ENPP1, and
Phospho1 all participate together to produce inorganic phosphate to feed the forma-
tion of calcium hydroxyapatite crystals within matrix vesicles (Dillon et al. 2019)
(see Fig. 8.1 for a summary of mineralization mechanism). Specifically, they pro-
posed that the protected environment and bilayer membrane of the matrix vesicles
represents a barrier to diffusion where continued action on phosphocholine and
phosphoethanolamine by Phospho1 raises the concentration of inorganic phosphate
above the threshold for calcium hydroxyapatite crystal nucleation. The membranes
of matrix vesicles are known to be enriched in PC and PE (Wuthier 1975). Within
this model, TNAP’s role is envisioned as catalyzing the hydrolysis of pyrophosphate
and regulating the concentration of this mineralization inhibitor (Fig. 8.1).
Ectonucleotide pyrophosphatase/phosphodiesterase1 (ENPP1) rounds out this
mechanistic pathway as a source of pyrophosphate derived from both its inherent
50-nucleotide phosphodiesterase I and nucleotide pyrophosphohydrolyase catalytic
activities. Additional support for a role for ENPP1 in systemic calcification reactions
derives from the skeletal phenotype associated with its genetic ablation in mice
(Table 8.2). In humans, mutations in the ENPP1 gene can cause arterial calcification
or AR hypophosphatemic rickets 2. The latter phenotype was dependent at least in
part on an elevation in plasma FGF23 concentration (Oheim et al. 2020). Elevated
FGF23 levels are also associated with PHEX and DMP1 mutations (Ichikawa et al.
2017; Murali et al. 2016). FGF23 is the active shared principle mediating the
changes in phosphate metabolism in all these latter cases.

Table 8.2 (continued)

Gene name Summary of skeletal phenotype Reference

PP(i) concentrations. However, transgenic
overexpression of TNAP does not correct the bone
phenotype in Phospho1(–/–) mice despite normalization
of their plasma PP(i) levels. In contrast, double ablation
of PHOSPHO1 and TNAP function leads to the com-
plete absence of skeletal mineralization and perinatal
lethality

Osteocalcin Mice develop marked by higher bone mass and bones of
improved functional quality. After OVX, mice without
BGP show an increase in bone formation without
impairing bone resorption. (A single mutational event
was used to target both Bglap1 and Bgla2)

Ducy et al. (1996)

MGP Deficiency results in extensive mineralization of all
arteries and chondrocytes. Recue data support the
hypothesis that the arterial calcification, not MGP defi-
ciency itself, causes the low bone mass phenotype in
MGP (–/–) mice

Marulanda et al.
(2013); Luo et al.
(1997)
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PHEX, MEPE, and FAMC20: A Role in the Regulation
of Mineralization Genetic mutations in at least eight genes have linked their
function directly or indirectly to the systemic regulation of phosphate concentration
in blood (Rowe 1997; Strom and Juppner 2008). One of these is PHEX. Mutations in
phosphate-regulating endopeptidase homolog, X-linked (PHEX, PEX) are the cause
of hypophosphatemic rickets, X-linked dominant (Table 8.1). A Pexmutation is also
the cause for the “hyp” mouse skeletal phenotype (hypophosphatasia and elevated
FG23 expression (Ruchon et al. 2000). In support, all three transgenic attempts to
replace mutant PHEX in the Hyp mouse were able to bring about at least partial
rescue of bone mineralization. Taken together, these data indicate that PHEX has a
direct effect on bone mineralization as well as an indirect effect on systemic
phosphate hemostasis.

McKee and co-workers have shown that PHEX can cleave and inactivate the
mineralization inhibitory activity of some ASARM peptides derived from MEPE
(Addison et al. 2008). However, the most phosphorylated forms which are predicted
to be the most effective minhibins were not effectively cleaved by PHEX.
Minhibins, mineral crystal growth inhibitors, refer to ASARM peptides representing
conserved acidic protease-resistant C-terminal regions of SIBLING proteins DMP1

Fig. 8.1 Schematic diagram illustrating the hypothesized mechanism of PHOSPHO1 function
within MVs. (a) PHOSPHO1 functions synergistically with TNAP: (1) TNAP hydrolyses its
substrates to produce Pi extravesicularly; (2) extravesicular Pi is transported into the MV via
PiT1; (3) PHOSPHO1 hydrolyses Pcho intravesicularly to further accumulate Pi. (b) Generation
of PHOSPHO1 substrates within MVs: (1) an unidentified PLA2 converts PC from the vesicle
membrane to lysoPC; (2) NPP6 subsequently catalyzes the hydrolysis of lysoPC to generate Pcho;
(3) PHOSPHO1 liberates Pi from PCho. (c) Alternative pathways of PCho generation: (1) nSmase2
breaks down SM from the MV membrane to form Pcho; (2) the α/β choline kinases phosphorylate
choline to form PCho; (3) PHOSPHO1 generates Pi from PCho (taken from reference Dillon et al.
2019)
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and MEPE (Martin et al. 2008). Interestingly, the release of minhibins is greatly
increased in the HYP (PHEX deficient) mouse skeleton and ASARM peptides are
directly responsible for the defective mineralization phenotype (Addison et al. 2008;
Martin et al. 2008). Neutral protease cathepsin B seems to cause the accelerated
release of ASARM peptides in HYP mice since cathepsin inhibitors block this
release and rescue the defect (Rowe et al. 2006). ASARM peptides are potent
inhibitors of mineralization (Addison et al. 2008; Boskey et al. 2010) and adminis-
tration in vitro induces increased expression of FGF23 (Liu et al. 2007).

Finally, phosphorylation of the ASARM region of MEPE is catalyzed by
FAM20C kinase (Christensen et al. 2020). In all, 31 serine residues in MEPE
could be phosphorylated by FAM20C kinase including the nine serine residues
located in the C-terminal ASARM region. FAM20C (Table 8.1) is the cause of
Raine syndrome an autosomal recessive lethal osteosclerotic bone dysplasia disorder
characterized by generalized osteosclerosis with periosteal bone formation, a dis-
tinctive facial phenotype, and systemic hypophosphatemia. While not formally
proven, it seems likely that the absence of phosphorylated residues on ASARM
peptides directly contributes to their capacity to inhibit mineral crystal growth
(minihibins) and lead to calcification. Elevated FGF-23 observed in Raine’s patients
likely contributes to hypophosphatemia (Mameli et al. 2020).

In addition to its C-terminal ASARM peptide region, MEPE also expresses an
RGD cell adhesion receptor-binding motif. Recent exome sequencing of rare variant
sequences implicated in two distinct bone disorders, hereditary congenital facial
paresis (HCFP) and otosclerosis indicate that the RGD and ASARM motifs may
contribute separately to these bone phenotypes (Schrauwen et al. 2019) (Table 8.1).
Specifically, all variants associated with otosclerosis are predicted to result in
nonsense-mediated decay or an ASARM- and RGD-truncated MEPE isoform. The
HCFP mutation, in contrast, is predicted to produce an ASARM-truncated MEPE
with an intact RGD motif (Table 8.1). Since this difference in effect on the protein
correlates with the presumed phenotype of both diseases, Schrauwen et al. suggest
the above-noted rationale providing a molecular explanation for the observed dis-
tinct phenotypes (Schrauwen et al. 2019).

8.2.2 Non-catalytic Non-collagenous Proteins of Bone

Since the majority of secreted non-collagenous proteins of bone do not display
enzymatic activity, and thus cannot self-report, it has been necessary to use other
means to determine their functions. The most direct and obvious way to assess
function indirectly has been to use genetics to determine whether mutational inac-
tivation or knockout of individual genes causes reproducible phenotypic changes in
the skeleton (Tables 8.1 and 8.2).

As a result, it is now evident that a number of non-collagenous proteins are
required for normal skeletal function. For example, in addition to proteins described
above, type XI collagen, matrix GLA protein, dentin matrix protein1, bone
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sialoprotein, biglycan, decorin, periostin, irisin, osteonectin, MEPE, sclerostin,
osteocalcin, and osteopontin have all been associated with altered mineral content,
bone volume, or altered bone structure. However, while these findings demonstrate a
functional requirement, the specific mechanism cannot always be rationalized from
the phenotype alone. The skeletal phenotype can provide important clues as to the
general area affected, e.g., Stickler syndrome (altered growth plate), ENNP1 (abnor-
mal phosphate handling), Sclerostin deficiency (inhibition of bone formation), and
matrix GLA protein deficiency (inhibition of mineralization). In addition, knockout
mice deficient in either bone sialoprotein, osteonectin, or periostin all exhibit
abnormal bone formation (Table 8.2). However, other experimental approaches are
necessary to better understand the crucial question of how these proteins perform
their required functions. Ultimately, this question of functional mechanism can be
distilled down to: who are the binding partners of the protein in question. In this
regard, a number of approaches can be used to determine binding partners including
immunoprecipitation, co-purification during chromatography, peptide blotting, and
co-localization by immunofluorescence microscopy. To illustrate this point, we use
the example of type XI collagen and bone sialoprotein. The A1 chain of Col11 is
subject to alternative splicing wherein the N-terminal domain (NTD), composed of
potentially nine different exons, is expressed as seven major isoforms which display
temporal and tissue specificity (Davies et al. 1998; Morris et al. 2000; Warner et al.
2007; Oxford et al. 1995). As shown in Fig. 8.2, immunoprecipitation of bone
sialoprotein from osteoblastic cell extracts yields the expected 90 kDa BSP poly-
peptide which characteristically stains blue with cationic Stains All dye (Gorski

Fig. 8.2 Bone sialoprotein is immunoprecipitated together with 60 kDa cationic type XI
N-terminal fragment only from mineralized osteoblastic cultures. Extracts of mineralized and
unmineralized osteoblastic cultures were immunoprecipitated with anti-bone sialoprotein anti-
bodies. Immunoprecipitates were subjected to SDS-PAGE and the same gel was stained sequen-
tially with Stains All (left) and then with Coomassie blue dye (right). Key: +BGP +AEBSF, extract
from a culture where mineralization was inhibited by 4-(2-aminoethyl)-benzenesulfonyl fluoride
hydrochloride; +BGP, extract from mineralized culture; marker, molecular weight standards
[reprinted from (Gorski 2011)]
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2011). Unexpectedly, a 60 kDa band also co-immunoprecipitates with BSP under
mineralizing conditions (+BGP) but not when mineralization is inhibited by AEBSF
(Fig. 8.2) (Huffman et al. 2007; Gorski et al. 2011). Importantly, other work shows
that this 60 kDa band also reacts with monospecific antibodies against the “6b” exon
of the NTD domain of Col11a1 (Gorski 2011; Gorski et al. 2021) (Table 8.3). Also,
we have shown that transcription of Col11A1 in osteoblastic cells is blocked by
AEBSF, an inhibitor of proprotein convertase SKI-1 (Gorski et al. 2011). As further
proof of the presence of the “6b” exon sequence, the 60 kDa band displays a cationic
charge character reflected in its capacity to stain red with Stains All and to stain blue
with negatively charged Coomassie blue dye (which does not effectively stain BSP)
(Fig. 8.2).

Based on the above evidence which focused our attention on the “6b” exon
sequence, we immediately identified the cationic character in general and the
presence of four lysine triplets within the “6b” exonal sequence as potential binding
targets for bone sialoprotein (Gorski et al. 2021). Demonstration of a specific ligand
binding interaction with bone sialoprotein was achieved using a modification of the
western blotting technique in which proteins are blotted onto PVDF membranes and
then probed with fluorescently tagged small peptides representing parts of the whole
“6b” sequence (Table 8.3) (Gorski et al. 2021). Specifically, proteins were extracted
from UMR106-01 osteoblastic cultures under different mineralizing conditions (plus
and minus BGP to induce mineralization and with and without AEBSF to block
mineralization) and then blotted with overlapping peptides representing the
Col11A1 NTD “6b” sequence (Fig. 8.3). Interestingly, under mineralizing condi-
tions, peptide 3, containing three lysine triplet motif sequences, bound strongly to
only two bands at 110 and 90 kDa (arrows, Fig. 8.3) (Gorski et al. 2021). LC-MS/
MS on peptide digests of gel slices subsequently established that these bands were
nucleolin and bone sialoprotein (data not shown), respectively. When mineralization
was prevented, peptide 3 bound strongly to bands at 35 and 18 kDa (Gorski et al.
2021) which other work has shown are fragments of bone sialoprotein and nucleolin
(Fig. 8.3) (Huffman et al. 2007).

At the same time, binding with peptide 5, which only contains two lysine triplet
sequences (Table 8.3), did not detect the 35 and 18 kDa bands (arrows, Fig. 8.3)
(Gorski et al. 2021). These data demonstrate that the 6b exonal sequence, explicitly
peptide 3, of the N-terminal domain of type XI collagen binds robustly to bone
sialoprotein. In view of the apparent binding preference of bone sialoprotein for
peptide 3 versus peptide 5, we believe that the bone sialoprotein binding site
involves lysine triplet sequences since peptide 3 contains three such motifs versus

Table 8.3 Entire type XI collagen A1 chain NTD 6b alternative splice sequence and two partial
peptide sequences used experimentally

KKKSNYTKKKRTLATNSKKKSKMSTTPKSEKFASKKKKRNQATAKAKLGVQ

KKKSNYTKKKRTLATNSKKKSKM (PEPTIDE 3)

KKKSKMSTTPKSEKFASKKKKR (PEPTIDE 5)
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2 for peptide 5 (Table 8.3) (Gorski et al. 2021). Both bone sialoprotein and Col11A1
are secreted proteins found in the osteoid matrix and, in contrast to other short-lived
N-terminal collagen propeptides, the NTD of Col11a1 resists degradation and is
long-lived in vivo (Rousseau et al. 1996; Moradi-Ameli et al. 1998). As a result, we
propose that type XI collagen and bone sialoprotein interact with each other in real
bone (Gorski et al. 2021).

To further establish this point and illustrate another method that can be used to
demonstrate protein–protein interactions, we carried out double labeling of new
bone tissue with a monospecific antibody against bone sialoprotein (LF-83) and
with N-terminally biotin-labeled peptide 3 or peptide 5 (see Table 8.3 for sequence).
New bone was produced using a bilateral tibial marrow ablation rat model where
4 days after surgery the intramedullary cavity of the tibia is largely filled with a fibrin
clot which begins to be reorganized into intramembranous bone. As shown in
Fig. 8.4, anti-bone sialoprotein antibodies (green) label spherical “mineralization
centers” where pre-osteoblastic and osteoblastic cells produce an osteoid matrix
which is deposited in thin concentric layers (yellow arrows). Importantly, peptide
3 binding co-localizes to the same concentric layers of osteoid which are identified
by anti-bone sialoprotein (Fig. 8.4) (Gorski et al. 2021). However, it appears also
that peptide 3 may preferentially bind to intracellular BSP protein in discrete regions
(Fig. 8.4, white arrows) (Gorski et al. 2021). In contrast, controls using
N-biotinylated peptide 1, derived from an alternative 6a exonal sequence without

Fig. 8.3 Blotting of
extracts of osteoblastic
cultures treated with
different conditions with
FAM-labeled peptides 3 and
5 derived from Col11A1
NTD “6b” exon identifies
bone sialoprotein and
nucleolin as binding ligands
(taken from reference
Gorski et al. 2021). Key: +B,
plus β-glycerolphosphate;
+B + A, plus
β-glycerolphosphate plus
AEBSF; –B, minus
β-glycerolphosphate; –B –

A, minus
β-glycerolphosphate minus
AEBSF. See Huffman et al.
(2007) for more details
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lysine triplet sequences, yielded only background levels of binding (not shown). As
a result, we conclude that the Col11A1 NTD binds bone sialoprotein in vitro (protein
blots) as well as in vivo (in forming new bone tissue) (Gorski et al. 2021).

8.2.3 Other Binding Sites Through Which Non-collagenous
Proteins Mediate Their Functions

Matrix Gla Protein (MGP) MGP contains up to five potential posttranslational
structural modifications which serve as functional motifs. Specifically, these vitamin
K-dependent modifications mediate in part its role as an inhibitor of vascular
calcification (Nigwekar et al. 2017). In addition, a second modification, serine
phosphorylation, is also required to effectively inhibit calcification (Schurgers
et al. 2007). When genetically ablated in mice, null mice display denser bones and
excessive cartilage mineralization and expire within 2 months of age due to severe
vascular and esophageal calcification (Luo et al. 1997). Importantly, ongoing results
extend these findings to improve outcomes in kidney transplant and chronic kidney
disease patients (Roumeliotis et al. 2020). Briefly, treatment with vitamin K has been
found to prolong life and to prevent vascular calcification in these patients which is a
significant cause of death (Haroon et al. 2020; Lees et al. 2020). Histomorphometric
analysis of femoral and vertebral sites showed significantly decreased bone volume
and increased trabecular separation in rats treated with warfarin, a vitamin K
antagonist (Fusaro et al. 2015).

While the physiological importance of MGP/BMP-2 complexes in vivo is not yet
fully appreciated, it is clear that BMP-2 and BMP-4 display a specific binding for the
gamma-carboxylated region(s) of MGP (Sweatt et al. 2003; Kuronuma et al. 2020).

Fig. 8.4 Double immunofluorescence staining of newly forming new bone with anti-bone
sialoprotein antibody and N-biotinylated peptide 3. Thin sections of fixed and decalcified
paraffin-embedded marrow ablation tissue at day 4 (Magnuson et al. 1997) was incubated with
primary antibody and N-biotinylated peptide 3 and then stained with Alexa 488 conjugated
secondary antibody (green) and with Rhodamine-conjugated Streptavidin (red). Key: right panel,
anti-bone sialoprotein antibody; middle panel, N-biotinylated peptide 3; and left panel, both anti-
bone sialoprotein antibody and N-biotinylated peptide 3. See also Gorski et al. (2021)
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Specifically, BMP-2/MGP complexes were clearly demonstrated within the mucosa
of the nasal septum of aged rats using double-label immunofluorescence microscopy
(Sweatt et al. 2003). Current functional hypotheses involve a role for MGP by
indirectly regulating the amount of biologically active BMP in vivo via competing
for its binding to cellular receptors (Zebboudj et al. 2003).

Bone Sialoprotein and Osteopontin Mediated Adhesion of Osteoclasts
to Bone Initial reports characterizing the bone phenotype of BSP null mice
described a higher bone mass than control littermates along with very low bone
formation activity and decreased osteoclast number and OC surface area (Malaval
et al. 2008). When osteoclasts were generated using spleen-derived precursors from
BSP null mice and control littermates, this resulted in twofold fewer TRAP+ cells
and fourfold fewer multinucleated osteoclasts. Interestingly, the addition of
RGD-containing proteins (bone sialoprotein or osteopontin) to these cultures
restored the osteoclast number to control levels. Also, in vitro resorption pit assays
of BSP-deficient osteoclasts on dentine slices were similar to that for controls,
whereas resorption of mineral coated glass slides (presumably missing natural
adhesive proteins) by BSP null osteoclasts was dramatically reduced. However,
resorption of mineral coated slides could be rescued by first coating the mineral
surface with recombinant bone sialoprotein (Boudiffa et al. 2010). In addition,
recombinant osteopontin was partially effective in restoring resorptive activity
with osteoclasts from BSP-deficient mice. These in vitro results, which fully support
in vivo findings, strongly suggest that the RGD cell adhesion site of bone
sialoprotein plays a direct role in both osteoclast formation and resorptive activity.

In related studies, comparisons of bone healing in OPN- and BSP-deficient mice
revealed no reductions in the rate of healing or in mineralization due to osteopontin
(Monfoulet et al. 2010). However, BSP-deficient mice did display a modest but
significant reduction in healing rate as well as impaired mineralization when mea-
sured at 14 and 21 days after surgical insult (Monfoulet et al. 2010). These results
indicate that BSP also affects the mineralization of primary bone.

Irisin and Sclerostin FNDC5 (fibronectin type III domain-containing protein 5) is a
transmembrane glycoprotein that can be cleaved to yield irisin (Nie et al. 2020).
Irisin is a dimer (Schumacher et al. 2013) that acts as a hormone-like myokine
produced in abundance by skeletal muscle in response to exercise, both in mice and
humans. Serum levels of irisin are dependent upon age, sex, and body weight.
Interestingly, levels are raised in response to acute bouts of exercise in adults and
children (Loffler et al. 2015). Once released into the circulation, irisin acts on brain,
fat, and bone tissues. Irisin effects on white adipocytes include the browning
response and subsequently activates non-shivering thermogenesis (Colaianni et al.
2017; Cao et al. 2019). Recently Kim et al. (2019) clarified how irisin mediates its
effects on cells (Kim et al. 2019). Specifically, irisin binds to alphaV class of integrin
cell surface receptors since its effects on fat cells and osteocytes can be blocked by
chemical inhibition. Functionally, irisin increases both osteocytic survival and
production of sclerostin, an inhibitor of the canonical Wnt signaling bone formation
pathway. Finally, knockout of FNDC5 or irisin in mice completely blocks osteocytic
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osteolysis caused by ovariectomy and stimulates bone formation in this model via
reduced sclerostin secretion. Thus, irisin’s overall effects on bone are to block
resorption and inhibit bone formation via sclerostin.

Mechanistically, sclerostin’s effects on osteoblastic bone formation appear to be
mediated by at least two different pathways. In one, sclerostin blocks the stimulatory
actions of BMP-2, BMP-4, BMP-5, BMP-6, and BMP-7 by forming an inhibitory
complex with each which competitively blocks the ability of BMPs to bind to type I
and type II BMP receptors on osteoblasts or the DAN inhibitor (Winkler et al. 2003).
In a second pathway, sclerostin blocks Wnt signaling through the LRP receptors on
osteoblasts (Semenov et al. 2005; Leupin et al. 2011). Direct interaction of sclerostin
with LRP4 at the level of the membrane was required to mediate this inhibitory effect
(Leupin et al. 2011).

Sibling Proteins Modify the Function of MMPs Three members of the SIBLING
family of integrin-binding phosphoglycoproteins (bone sialoprotein, BSP;
osteopontin, OPN; and dentin matrix protein-1, DMP1) were recently shown to
bind with high affinity (nM) and to activate 3 different matrix metalloproteinases
(MMP-2, MMP-3, and MMP-9, respectively) in vitro (Fedarko et al. 2004;
Ogbureke and Fisher 2004). At this point, dentin sialoprotein and MEPE, the other
two SIBLINGs, have not yet been shown to form complexes with any MMPs. At this
juncture, the physiological impact of SIBLING-MMP complexes is not fully known.
However, Ogbureke and colleagues have hypothesized based on indirect evidence
that these complexes may have their greatest functional role in cancer (Nikitakis
et al. 2018; Ogbureke et al. 2007).

8.2.4 Methodology Affects the Way We Think About Bone
Formation

Mineral-to-matrix ratio. Boskey and colleagues first applied the FTIR-based
mineral-to-matrix ratio parameter in 1992 in studies of the mineralization of chick
limb bud mesenchymal cell cultures (Boskey et al. 1992). Later applications of this
method were used successfully to examine a range of mineralizing systems including
the turkey tendon model (Gadaleta et al. 1996) and the oim mouse (Camacho et al.
1996). However, in all cases, the method was always meant to be used as a relative
measure of mineralization not an absolute measure of mineralization, e.g., since
context is important and the ratio can be strongly influenced by sample preparation.
This point is emphasized by the work cited above. Specifically, the mineral-to-
matrix ratio for oim/oim cortical bone was higher than that for either oim/+ or +/+
control mice. Rather than ascribe the result to the increased mineral content of the
oim/oim bones, the authors interpreted their findings in terms of reduced collagen
content. Similarly, Kimura-Suda et al. (2018) found that mineral-to-matrix ratio
measurements on plastic embedded bone samples were altered by dehydration.
Specifically, the M/M for resin embedded bone sections was higher than that for
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frozen sections taken from the same bone, whereas the carbonate-to-phosphate ratio
was lower in resin embedded sections than in frozen sections. The point is that
normalization of a relative mineral parameter, e.g., a hydroxyapatite-derived FTIR
phosphate signal, with a spectroscopic amide I signal yields a relative value that
correlates with the content of calcium hydroxyapatite. However, this value is not a
quantitively accurate representation of mineral content and as such, it cannot be used
to directly compare with other published values like a BMD or quantitative calcium
content value which were determined using standardized methods. While the
mineral-to-matrix ratio has continued to be used in mineralization research, it is
apparent that recent applications of the method have begun to broaden the meaning
of the FTIR-derived mineral-to-matrix ratio to reflect “mineral content” when in fact
the data remain relative measures of mineral content and useful only for internal
correlations. For example, Faibish et al. (2005) analyzed the mineral-to-matrix ratio
of 11 osteomalacic women’s bones and then compared it to that for seven control
bones. A significant difference was found in the mineral content of the trabecular
regions with a lower mean value in osteomalacia bones ( p ¼ 0.01) than in controls.
Support for this conclusion was provided by a separate linear plot of ash weight
versus mineral-to-matrix ratio for a large number of control bone samples.

Several criticisms can be raised regarding this latter approach. First, strictly
speaking, we do not know whether the collagen content of human osteomalacic
bones is similar to that for control bones. The validity of this latter assumption will
impact directly the mineral-to-matrix ratio. Second, it is not possible to compare the
results from this study directly to another analysis of human osteomalacic bones
since the values derived are relative. We only know that the M/M value is less than a
small control group of seven individuals. If the control group is not representative,
this conclusion may not be valid. In contrast, if the authors had used methods that
were quantitative and provided an absolute measure of mineral content, e.g., calcium
or phosphate, it would be possible to compare their values with other future and past
published reports. Similarly, Wu et al. (2020) documented that subchondral bone
collagen in the femoral head weight-bearing area is degraded in osteoarthritis. This
implies that the collagen-dependent factor used to calculate the mineral-to-matrix
ratio in OA subchondral bone is less than that from controls and would be expected
to impact substantially the interpretation of results. Finally, bone porosity is a
parameter that can independently alter the mineral-to-matrix ratio determined by
two-dimensional FTIR scanning of bone sections. In this regard, Wong et al. (2009)
observed reduced porosity in knee specimens taken from patients with advanced
knee OA, e.g., suggesting a collapse of the subchondral plate (Wong et al. 2009).
Taken together, these findings indicate the mineral-to-matrix ratio is a multi-factorial
variable that should be used with caution in the absence of supplemental analyses. In
particular, our discussion argues that, in the absence of other data, interpretation of
the FTIR-derived M/M ratio as “mineral content” (Zhai et al. 2019) is highly
questionable and likely yields misleading conclusions.
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8.2.5 How does age affect the composition of bone matrix
(or woven bone versus lamellar bone)?

In long bone diaphyses, woven bone forms first and then transitions into a more
highly mineralized compact bone tissue. A series of studies have demonstrated that
the composition of woven bone is distinct from that of lamellar bone (summarized in
Gorski 1998). Direct comparison of the effect of age on the composition of canine
cortical bone also demonstrates a decrease with maturity likely reflecting the tran-
sition from young (woven) to the older (lamellar) bone. For example, the total
protein, collagen, organic phosphate, sialic acid, and organic sulfate content of
cortical bone decreases 33–50% going from 4–6 months of age (pups) to 10–12
years of age (old group) (Pinto et al. 1988). Commensurate with the loss of organic
content, the mineral content of bone increases dramatically over this same age range
going from 8.26 mol/l calcium in pups to 12.96 mol/l in the old group. It is assumed
that the loss of water as bone ages provides the necessary internal spatial volume
required to accommodate the increased mineral crystal volume, e.g., from about 55%
to about 25% water in the old group. Recently, we revisited this topic using a novel
method to address changes in cortical bone composition as a function of tissue age
(Midura et al. 2011). We developed an in situ approach to isolate the composition of
newly formed, most recently deposited, bone from that for more mature, older bone
within the same long bone by using sequential extractions with an increasing series
of EDTA solutions which progressively extracted proteins from ever deeper levels of
cortical bone. These extracts were then examined by Western blotting to make
relative comparisons of 7 phosphorylated matrix proteins important for bone phys-
iology and biomineralization. Interestingly, bone sialoprotein, osteopontin, and bone
acidic glycoprotein-75 (BAG-75) were enriched in the primary bone as opposed to
more mature cortical bone, while osteonectin, fetuin-A, and matrix extracellular
phosphoglycoprotein (MEPE) appeared to be equally distributed between these two
bone compartments (Midura et al. 2011). Interestingly, intact DMP1 was only
detected in extracts of the unmineralized newly deposited matrix. These findings
indicate that newly formed bone exhibits a non-collagenous matrix protein compo-
sition distinct from that of more mature compact bone even within the same long
bone, and suggest that the temporal fate of individual non-collagenous proteins is
variable in growing bone. Anecdotally, early work isolating proteins such as bone
sialoprotein, decorin, biglycan, bone glycoprotein-75 from bone emphasized the use
of young rodent calvarial bone as a starting material because these components were
preferentially enriched in this woven bone versus tibial cortical bone. This result
needs to be taken into account when considering the functions of non-collagenous
proteins in bone since it implicitly suggests that such functionality should be most
predominant in younger forming bone.
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8.2.6 Replacement of Non-collagenous Proteins to Treat
Human Disease

In view of the many functions which non-collagenous proteins play in bone and
cartilage, it is now reasonable to question whether diseases that are caused by the
loss of a non-collagenous protein may be rescued through replacement. This hypo-
thetical promise was recently fulfilled by the replacement of tissue nonspecific
alkaline phosphatase enzyme in children with infantile hypophosphatasia (Whyte
et al. 2016) (Table 8.1). The loss of alkaline phosphatase leads to a buildup of
pyrophosphate in serum since pyrophosphate is a natural substrate of alkaline
phosphatase. The buildup in pyrophosphate, a potent inhibitor of mineralization,
leads to osteomalacia or rickets and hypomineralization of teeth. However, the story
dates back to the early 1980s when Whyte and colleagues infused platelet-rich
plasma from Paget’s patients into young children with hereditary hypophosphatasia
(Whyte et al. 1982, 1984). While weekly infusions were able to restore circulating
levels of alkaline phosphatase to relatively normal values over a short-term period,
no changes were noted in bone mineralization. Alkaline phosphatase has a circula-
tory half-life of about 2 days when administered in this way which is similar to that
for the native enzyme. This outcome was interpreted as due to a requirement for the
enzyme to function in situ in order to effectively impact bone mineralization (Whyte
et al. 1984). We then speed up 20 years to the development of recombinant enzyme
asfotase, which is a dimer of two polypeptides linked via disulfide bonds wherein
each half consists of a recombinant form of the catalytic domain of tissue nonspecific
alkaline phosphatase conjugated to the Fc domain of IgG1 that is linked at the
C-terminus to poly-Asp10. It is noteworthy in this context that poly-Asp and poly-
Glu peptides have been used for many years as anti-scaling agents to chelate calcium
in water systems. As a result, the C-terminal poly-aspartic acid motif acts to localize
and bind the catalytic portion to the surfaces of mineral crystals in bone. At these
sites, bound asfotase effectively catalyzes the localized removal of pyrophosphate
and facilitates mineralization preventing or reversing osteomalacia. Asfotase was
first validated as a therapeutic treatment for hypophosphatasia in 2008 in mice
deficient in TNAP (Millan et al. 2008). Daily subcutaneous injections provided
significant improvement in mineralization of long bones and other sites (Millan
and Whyte 2016). Following optimization, the current dosing schedule in young
children involves weekly subcutaneous injections of asfotase (Whyte et al. 2016).

8.3 Conclusions

1. Non-collagenous proteins comprise a large number of proteins secreted or
released from osteoblastic and osteocytic cells in bone. Functionally they repre-
sent enzymes as well as binding proteins that assemble to form complexes
influencing the growth and turnover of bone, as well as the formation and
deposition of hydroxyapatite mineral crystals.
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2. Genetic knockout studies in mice and hereditary inactivating mutations in man
provide ample evidence that many specific non-collagenous proteins are required
for normal bone growth and turnover. Once such a requirement is demonstrated,
however, it frequently necessitates a series of detailed biochemical studies to
define how a particular protein fulfills this requirement. As a result, we have
attempted to provide an update on how a selected group of non-collagenous
proteins, previously defined as required, mediate this functionality in bone. In the
process, emphasis has been placed upon the biochemical mechanisms by which
these non-collagenous proteins mediate their functions. Special attention was also
focused on how experimental methodology can influence the way in which think
about the structure and turnover of bone tissue.

3. Finally, a recent example is described of how knowledge of the structure/function
of a particular non-collagenous protein, alkaline phosphatase, was utilized to
rescue the debilitating phenotype of young patients with hereditary infantile
hypophosphatasia.
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Chapter 9
Human Tooth Enamel, a Sophisticated
Material

E. F. Brès, J. Reyes-Gasga, and J. Hemmerlé

Abstract Human teeth are sophisticated materials that we use every day.
We attempt here to describe how the mechanical and chemical properties (resis-

tance to carious dissolution), are optimised in the long term by the construction of the
tissue at the different hierarchical levels.

Thanks to their hierarchical architecture, under load, teeth distribute stress to their
successive sub-elements.

Human tooth enamel, dentine and cementum are characterised by mechanical
properties that include: elasticity, hardness, viscoelasticity and fracture behaviour.
For enamel, hardness and elastic modulus and crack resistance decrease from the
enamel surface to the dentine/enamel junction. A similar phenomenon is observed
for dentine with a decrease of hardness and elastic modulus towards the pulp cavity.

Similar to the bone, dental hard tissues show a piezoelectric response. This effect
is more important for dentine than for enamel because of the presence of collagen
molecules. It is proposed that the strength of the effect is correlated to the
remodelling capacity of alveolar bone.

During the carious process -at the nanoscale, tooth enamel crystals are destroyed
in a systematic fashion with the formation of a lesion on the basal plane that develops
anisotropically through the crystals. Several explanations are put forward: the
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existence of screw dislocations, grain boundaries, high concentration of Mg2+, Na+,
F– and CO3

2– ions.

9.1 Introduction

The human jaw and its sub-constituents (alveolar bone, mandible, teeth, periodontal
filament) play a role in food mastication and speech.

As all bones, jawbones possess different structures at different scales of length
(hierarchical structure). The interactions between the different sub-elements confer
enhanced properties essential for maintaining the long-term functions of the jaw.

Amongst the properties required are the mechanical properties (chewing) and the
chemical properties (tissue growth, resistance to the carious dissolution).

9.2 The Hierarchical Structure of Teeth

The structure of natural teeth consists of enamel, dentine, cementum and dental pulp;
the first three tissues constitute the hard parts of the human tooth and are
characterised by unique mechanical properties that include elasticity, hardness,
viscoelasticity and fracture behaviour.

The architecture of human teeth is shown in Fig. 9.1.

9.2.1 Construction of Human Tooth Enamel

9.2.1.1 Microscale

At the microscale, human tooth enamel is formed by the amelogenesis process.
Prisms (or rods) of roughly 1 μm diameter perpendicular to the enamel surface are
formed, each prism corresponding to one amelogenin cell.

9.2.1.2 Nanoscale

The study of the nanoscale growth control of enamel crystals is an ongoing work.
Robinson and Connell (2017) have proposed a model in which 30–50 nm clusters
form the crystals.
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Crystals Morphology

The nanoscale structure of enamel is formed by flat hexagonal shape crystals of
rough dimensions 800 nm� 500 nm� several microns length aligned perpendicular
to the enamel surface (Matalová et al. 2015; Voegel 1978).

A possible explanation for the elongated shape of the crystals might be the
existence of an octacalcium phosphate layer seed oriented along [11–20] (Brown
et al. 1979). This has been confirmed experimentally by growing hydroxyapatite on
an OCP seed using the constant composition method (Nelson et al. 1986); an OCP
layer has also been observed in a dentine crystal in formation (Bodier-Houllé et al.
1998).

Crystals Chemical Composition

Tooth enamel is the most mineralised tissue of the human body; its composition is
96 wt.% inorganic material and 4 wt.% organic material and water. In dentine, the
inorganic material represents 70 wt.% which is mainly composed of calcium phos-
phate related to the hexagonal hydroxyapatite (HA), whose nominal chemical
formula is Ca2+10(PO4

3-)6(OH
-)2 (Weatherell 1975; de Dios Teruel et al. 2015). As

a whole, HA crystals have the ability to accommodate a large variety of ions inside

Fig. 9.1 Image of a piece of a human tooth sectioned in longitudinal section in such a way that the
enamel, dentine and pulp chamber are observed. The schematic presentation of the dentine tubules
and enamel prisms, as well as collagen fibres, is shown
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their structure (Leroy and Brès 2001) which explains the presence of substituted ions
(F-, Mg2+. . .) inside enamel crystals.

Crystals Atomic Structure

A full atomic structure determination of human tooth enamel crystals has shown a
P63 space group with a loss of the mirror plane from the P63/m hydroxyapatite
(HAP) symmetry described by Kay et al. (1964). The loss of the mirror plane in the
structure is accompanied by the loss of the crystal centrosymmetry that can explain
the piezoelectric property of the whole tissue (Mugnaioli et al. 2014).

Crystals Surface Structure

As for all crystals and most specifically ionic crystals, the structure and chemistry of
the apatite crystal surface are always different than those of the bulk (Tasker 1979).

At the neighbourhood of the surface of ionic crystals, the chemical potentials of
lattice defects are different from those in the bulk; a space charge is automatically
formed in such a way that a positive or negative space-charge layer adjacent to the
surface is compensated by a much thicker space-charge layer of opposite sign further
away from the surface. Such subsurface modifications have been observed by Brès
and Hutchison (2002) in human tooth enamel crystals (Fig. 9.2). Chappell et al.
(2008) studying the (100) and (200) bone crystal surfaces using NMR and with first
principles calculations have shown that the calculated 31P chemical shifts for the
surface slab are found to be significantly different from the bulk crystal. Rotational

Fig. 9.2 High resolution electron microscopy profile view of a human tooth enamel crystal
observed along the [11–20] direction.
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relaxations of the surface phosphate ions and the sub-surface displacement of other
nearby ions are identified as causing the main differences.

Disordered HA surface structures have also been shown using a combined
approach using molecular dynamics and density functional calculations (Wang
et al. 2018). In this model hydroxyls ions beneath the surface move outward and
cover the exposed calcium ions. The destabilisation caused by hydroxyl vacancy is
compensated by the stabilisation of hydroxyl coverage.

Upon adhesion, the apatite crystal surface is modified, in particular by water
(Mkhontoa and Leeuw 2002). This has been confirmed experimentally by Rey et al.
(2014) who have shown that nanocrystals in bone are covered by a hydrated layer
with a composition and structure different from that of crystalline apatite which
controls their surface reactivity

Bertinetti et al. (2009) have suggested that the Mg2+/Ca2+ exchange process does
not affect the morphology and surface topology of the apatite nanocrystals signifi-
cantly, while a new phase, likely hydrated calcium and/or magnesium phosphate,
was formed in a small amount for high Mg concentrations.

At the nanoscale, the large specific surface of HAP nanoparticles (Kolmas et al.
2007) favours the adhesion of a large variety of molecules which justifies their use as
nanovectors for gene delivery (Roy et al. 2003; Bouladjine et al. 2009).

9.3 Mechanical Properties

9.3.1 Mechanical Properties of the Jaw

9.3.1.1 Macroscale Properties

The Jaw Bones

The jaw itself is composed of two bones: the upper jawbone (the maxilla) and the
lower jawbone (the mandible).

The maxilla itself contains different anatomical regions: the palate, the nasal
floor, the alveolus, and the body while the mandible is a U-shaped bone.

During biting and mastication, a combination of bending and rotation occurs.
This result is a complex pattern of stresses and strains (compressive, tensile, shear,
torsional) on both bones. To be able to resist forces and bending and torsional
moments, not only the material properties of the mandible but also its geometrical
design is of importance.

Obviously, the mechanical properties of both bones are difficult to analyse on
living humans but it must be that the different regions of the maxilla are defined by
the material properties: cortical bones from the body of the maxilla tends to be
thicker, less dense and less stiff while the maxilla is thinner, denser and stiffer.
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Palatal cortical bone is intermediate in some features but overall is more similar to
the cortical bone from the alveolar region (Peterson et al. 2006).

A similar phenomenon is observed for the mandible where it was noted that stress
calculated from strains and average materials properties vary depending on varia-
tions of maximum stiffness and anisotropy (Schwartz-Dabney and Dechow 2003).

Relationship of Bone Piezoelectric Properties and Activity of Bone Cells

The generation of piezoelectricity in bone is a complex process that has been shown
to play a key role both in bone adaptation and regeneration (Fukuda and Yasuda
1957; Marino and Becker 1970; Mohammadkhaha et al. 2019).

HA nanoparticles are -at respectively the micro and nanoscale contributors to the
bone piezoelectric effect (Ahn and Grodzinsky 2009; Mugnaioli et al. 2014).

This is due to the non-polar nature of apatite crystals which act as transducers
(Mugnaioli et al. 2014).

At the different scales of length, the bone strain produced by mechanical loading
varies significantly from macroscopic to nanoscopic levels (Verbruggen et al. 2012;
Giri et al. 2012).

The types of loads (compressive or tensile) influence the activity of bone cells
(osteoblasts and osteoclasts). It has been shown that alveolar bone resorption occurs
at the compression side and bone formation at the tension side (Persson 2005). This
is contradicted by Shen et al. (2017) who indicate that bone cell activity rather
depends on the magnitude of the load and not on its nature.

9.4 Nanoscale Properties

9.4.1 The Teeth

The mechanical properties of whole human teeth are determined by their structure
and composition.

9.4.1.1 Human Tooth Dentine and Enamel

Unlike most vital tissues, enamel has no ability to repair and must develop damage
tolerance in order to withstand long term use.

Yilmaz et al. (2015) have classified enamel into four hierarchical levels and
analysed the implication of each level to the whole tissue fracture behaviour. The
result presented indicate a sharp decrease in fracture strength from the HAP
nanocrystals to the bulk enamel. The authors also describe a transition from brittle
to quasi-ductile deformation behaviour indicating that the damage behaviour is
acquired by increasing hierarchy. Toughening mechanisms including
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microcracking, protein and mineral bridges, crack deflection and branching identi-
fied at every hierarchical level.

At the nanoscale level, crystals carry the tensile load while the protein matrix
transfers the load between the crystals via shear. The nanometre size of the crystals
may be the result of fracture strength optimisation (Gao et al. 2003).

These findings are in agreement with the work of Ya-Rong Zhang et al. (2014)
who have examined both dentine and enamel and have come to the following
conclusions:

1. The hardness and elastic modulus of enamel decrease gradually from the surface
of the enamel to the dentine/enamel junction. A similar phenomenon is observed
for dentine with the decrease of hardness and elastic moduli towards the pulp
cavity. A hydrated environment influences the mechanical behaviour of dentine.

2. Crack resistance in enamel increases from outside to inside. For dentine, crack
bridging, crack deflection and crack bifurcation in young, dehydrated dentine
assist in energy dissipation and increase the crack growth resistance.

9.4.2 Piezoelectric Properties of Enamel and Dentine

The structure of dental hard tissues is similar to that of bone, with the difference that
enamel does not contain collagen.

Measurements under compressive stress (Braden et al. 1966) have shown a
piezoelectric response for dentine but not for enamel.

Reyes-Gasga et al. (2020) have studied the piezoelectric property of human
dentine and enamel in both direct and converse mode. Their results indicate that
the inorganic phase contributes to the piezoelectric property in dentine and to a lesser
extent in enamel.

Marino and Gross (1989) have compared dentine and cementum from sperm
whale teeth to human bones and obtained piezoelectric coefficients of 0.029pC/N
and 0.028pC/N respectively and of 0.28pC/N for bone. They conclude that the
strength of the piezoelectric effect was correlated to the capacities of the tissues to
undergo adaptive remodelling which is consistent with the theory that piezoelectric-
ity mediates orthodontically induced alveolar remodelling.

9.4.3 Mechanisms of the Carious Dissolution Process

Dental caries and periodontal diseases are the most common bacterial infections in
humans (Loesche 1986).
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9.4.4 The Carious Process at the Macroscale Level

Several models of dental caries have been proposed (Ten Cate and Featherstone
1991; Featherstone 1995; Ten Cate and Mundorff-Shrestha 1995; Zero 1995; Javed
et al. 2020).

The eventual outcome of dental caries is determined by the dynamic balance
between pathological factors that lead to demineralisation and protective factors that
lead to remineralisation.

9.4.5 The Dental Caries at the Nanoscale Level

Human tooth enamel crystals are destroyed systematically: first, a central lesion
elongated along the [11–20] direction appears on the basal faces (0001) planes of the
crystals; secondly, this lesion develops anisotropically along the [0001] direction
across the crystals and third the crystals break open (Fig. 9.3) (Voegel and Frank
1977).

No full explanation for the anisotropic crystal dissolution has yet been put
forward. Neither the structural reason nor the implications for the mineralisation/
demineralisation process have yet been fully understood. Nevertheless, several
common-sense observations can be made:

1. There is a structural feature on the centre of the crystal basal faces different from
the adjoining surfaces.

2. After dissolution, the lesion is hexagonal in shape and does not split the crystal
along the [11–20] direction, as it would be observed from a grain boundary
crossing the crystal parallel to [11–20].

3. The dissolution process propagates anisotropically along the [0001] direction,
which indicates that the structural feature is three-dimensional.

Several approaches are followed on the ongoing research on that subject.

Fig. 9.3 Diagram of the tooth enamel crystals nanoscale carious dissolution mechanism
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9.5 Defect Analysis

9.5.1 Defects in Ionic Crystals

9.5.1.1 Relationship to Crystal Growth

The importance of screw dislocations for crystal growth has been first shown by
Frank (1949) who has shown that dislocations favour low saturation growth. The
growth mechanism is favoured by the difficulty encountered by the crystal to balance
electrical charges at the surface (Henricks 1955).

9.5.1.2 Surface Charge

In ionic crystals, jogs on surfaces and dislocations act as sources and sinks for point
defects. The establishment of equilibria with the vacancies, solute ions and intersti-
tials in the interior produces a net charge on the surface or dislocation, surrounded by
a compensating space charge region. Within this space charge region, which typi-
cally has a thickness of the order of 10 nm, there are very large electric fields (up to
about 105 V/cm) and very large perturbations of point defect concentrations
(by factors of several hundred). Thus, ion diffusivities can be dramatically perturbed
(Slifkin 1990; Amelinck 1979).

It is also likely that surface charges at the emergence of dislocations on ionic
surfaces can favour the adhesion of proteins (Shtukenberg et al. 2017).

9.5.2 Etch Pit Dislocation Analysis

The analysis of emerging dislocations at crystal surfaces is a well-used method in
materials science (Tolansky and Omar 1953; Sangwal 1987) and specifically for the
analysis of ionic crystals where edge and screw dislocations etch differently (Gilman
et al. 1958). In this technique, an etchant is applied on a crystal surface in order to
reveal emerging dislocations or other surface defects. The subsequent analysis of the
etch pit itself provides information on the nature of the dislocations themselves

9.5.3 Etch Pit Dislocations in Apatite

Lovell (1958) first observed etch pits on the natural apatite (0001) face and found
that, within the limits of her model, each pit corresponded to one dislocation. This
was confirmed by Patel et al. (1966), and Phakey and Leonard (1970), who, after
acid etching and X-ray topography, showed that screw dislocations with Burgers
vector b ¼ c[0001] are present in the apatite lattice.
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Arends (1973) has attributed the presence of etch pits on apatite (0001) surfaces
to the existence of screw dislocations of Burgers vector parallel to the [0001]
direction.

Using atomic force microscopy, Kwon et al. (2008) have shown asymmetrical
hexagonal etch pits on the apatite surface.

More recently, Doroshkin (2012) has described eight dissolution models for the
dissolution of apatite in acids amongst which the etch pit dissolution model.

9.5.3.1 Surface Energy Calculations

Based on surface energy calculations, anisotropy of the dissolution has been
interpreted as being due to a screw dislocation of the Burgers vector parallel to the
[0001] direction (Arends and Jongebloed 1977).

9.5.3.2 Crystal Defects in Enamel Crystals Analysis Using TEM

Defects in tooth enamel crystals are directly analysed using high-resolution electron
microscopy (HREM). Brès et al. (1984) have identified three types of disorders that
may act as dissolution sites: (a) regions of lattice buckling with departure from
hexagonal symmetry, (b) dislocations, and (c) grain and twin boundaries. They have
also suggested that the low angle grain boundary they have observed in crystals
oriented a long [11–20] could be twisted a round [1–100] and give rise to a series of
screw dislocations of Burgers vector parallel to [0001] and situated on the boundary
(Brès et al. 1984).

What appears as a twist boundary with grains aligned along <-12-11> and
<-24-23> rotated by an angle of 6.4� with respect to one another have been
shown by Brès et al. (1990) (Fig. 9.4). Considerable strain is observed on both
sides of the boundary, no amorphous layer is observed between the grains. As

Fig. 9.4 High-resolution electron micrograph of an enamel crystal showing a twist between grains
oriented along the <-12-11> and <-24-23> directions
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described by Amelinck (1979), after relaxation, twist boundaries give rise to a set of
screw dislocations equally spaced at a right angle in the plane of the boundary, such
dislocations are not observed, in the [11–20] direction.

Recent work by Gordon et al. (2015) and by Yun et al. (2020) have shown a high
concentration of Na+ and Mg2+ ions at the centre of the crystals. These findings have
been precised by DeRocher et al. (2020) who have shown the existence of two
nanometric layers enriched with magnesium flanking a core rich in sodium, fluoride
and carbonate ions. This sandwich core being surrounded by a shell of mower
concentration of substitutional defects. The authors propose that the residual stress
created by the chemical gradients may favour the anisotropic carious dissolution.
This is a “chicken and the egg” problem. Are the defects created by the chemical
potential or is the chemical potential created by the crystal defect (Slifkin 1990;
Amelinck 1979)? The question is open. However, it must be reminded that crystal
defects, in particular in ionic crystals favour chemical segregation (Tochigi et al.
2017). Lattice strain has been observed by Brès et al. (1990).

All these works being still in progress, it must be noted that no explanation has yet
been given of the elongated shape of the lesion along [11–20] and for the fact that it
does not split open the crystals as would a grain boundary.

9.5.4 Central Dark Line

Another approach for understanding is the analysis of a contrast phenomenon
observed at the of the initial dissolution sites of enamel crystals in the study of the
Central Dark Line (CDL). Several authors have observed crystals aligned along the
[11–20] or the [0001] on using transmission electron microscopy in phase-contrast
mode this CDL which appears black or white depending on the microscope focus,
the line disappearing at gaussian focus (Rönnholm 1962; Nylen et al. 1963; Frazier
1968; Marshall and Lawless 1981; Nakahara 1982; Nakahara and Kakei 1983, 1984;
Brès et al. 1986; Reyes-Gasga et al. 2008, 2016; Reyes-Gasga and Brès 2015). The
CDL is observed independently of specimen preparation methods and accelerating
voltages. Because it is observed in both the [11–20] and [0001] directions, the CDL
is actually a plane. The CDL has also been observed by TEM on grain boundaries
between NiO ionic crystals and is attributed to a change of mean inner electric
potential with respect to the bulk crystal (Rühle and Sass 1984; Cowley and Moodie
1957).

Reyes-Gasga et al. (2016) have shown using atomic resolution (better than 1Å
resolution) TEM and STEM that the CDL is crystalline with a thickness of 2 Å and
ran through the OH– planes with the absence of any amorphous layer (Fig. 9.5).

The contrast line was also observed by atomic force microscopy (Robinson et al.
2004).

It is important to stress the fact that the CDL itself is not responsible for the
anisotropic carious dissolution, but it is the same crystal defect that favours the
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anisotropic dissolution that produces du CDL. Hence, any knowledge of the CDL
can lead to a better understanding of the nanoscale dissolution process.

9.6 Conclusion

The piezoelectric control of its growth and remodelling and crystal defect control of
the carious enamel dissolution process at the nanoscale make human teeth a sophis-
ticated material indeed and a not ending subject of research.

Several fields of study are active notably the study of the relationship between the
different architectural sub-elements and the fine nanoscale enamel carious dissolu-
tion mechanism; however, new information are required for a better understanding
of these processes.

Fig. 9.5 Scanning transmission electron microscopy (STEM) images of the human tooth enamel
crystal along the [11–20] zone axis. (a) Bright field-STEM image; (b) annular dark field-STEM
image. The arrows indicate the central dark line (CDL) position. Note the dark (a) and white (b)
contrast of the CDL, respectively. Electron beam damage is observed as background (Reyes-Gasga
et al. 2016)
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The development of these studies requires multidisciplinary approaches both in
theoretical and experimental knowledge and the most sophisticated equipment.
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Chapter 10
Proteinases in Enamel Development

Shifa Shahid and John D. Bartlett

Abstract Proteinases are essential for proper enamel formation. During the secre-
tory stage of enamel development, the ameloblasts responsible for enamel formation
secrete enamel matrix proteins including amelogenin (AMELX), ameloblastin
(AMBN), enamelin (ENAM), and matrix metalloproteinase-20 (MMP20,
enamelysin). MMP20 cleaves the enamel matrix proteins soon after they are secreted
and these cleavages are essential because the autosomal recessive inheritance of
MMP20 mutations can cause severe enamel defects. Later, during the transition to
the early maturation stage of enamel development, kallikrein-related peptidase-4
(KLK4) is secreted by ameloblasts. KLK4 facilitates protein removal, which allows
the enamel to mature into its final hardened form. Autosomal recessive inheritance of
KLK4 mutations can also cause severe enamel defects consisting of soft enamel that
easily abrades from teeth. Recently, pre-secretory ameloblasts and secretory stage
ameloblasts were demonstrated to express A Disintegrin And Metallopeptidase
Domain-10 (ADAM10). Although ADAM10 may facilitate enamel development,
mutations are not known to cause enamel defects in humans primarily because its
inactivation is likely embryonic lethal as it is in mice. Nonetheless, as discussed
below, the ability of ADAM10 to precisely locate on the cell membrane holds
exciting possibilities for how cohorts of secretory stage ameloblasts move relative
to one another as enamel development progresses.

10.1 Enamel Formation Overview

In unerupted teeth prior to mineralization, odontoblasts responsible for dentin
formation secrete predentin, which is composed primarily of type I collagen. The
basement membrane separating pre-ameloblasts from the predentin is then degraded.
This occurs when ameloblasts extend finger-like cell protrusions through the
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basement membrane and into the predentin (Smith et al. 2016). As the basement
membrane is degraded, fragments are engulfed by the ameloblasts and are degraded
in lysosomes (Sawada et al. 1990). However, once the basement membrane is
completely removed, the ameloblast cell protrusions remain within the predentin.
In teeth, dentin is the first mineral to form. It starts forming in the predentin near the
dentin–enamel junction (DEJ). Soon after dentin at the DEJ is mineralized, the
ameloblast protrusions initiate enamel formation by making mineralized ribbons
that initiate on the mineralized collagen fibers within the dentin (Smith et al. 2016).

Ameloblast matrix secretion is necessary for proper ribbon formation. At this
stage, these secreted proteins include amelogenin, ameloblastin, enamelin, and
MMP20. As matrix proteins are secreted, the cell protrusions pull back to lengthen
the mineral ribbons that will form the interrod enamel. As the tall columnar amelo-
blasts move back, they begin to form Tomes’ processes, which are conical shaped
structures present at the apical end of secretory stage ameloblasts (Fig. 10.1). The
Tomes’ process secretes enamel proteins primarily from one side, but not the other
(Ronnholm 1962). This provides the Tomes’ process with the ability to initiate
enamel ribbons that will eventually coalesce into an enamel rod (Skobe 1977) with
a direction that is angled by as much as ~40� from the path of the interrod enamel.

Once the forming enamel has reached its full thickness, the secretory stage is
complete. This is when ameloblasts retract their Tomes’ processes and transition
(transition stage) into shorter cells that initiate the maturation stage of enamel
development. This is also when ameloblasts stop secreting secretory stage enamel
matrix proteins. Prior to the maturation stage, the enamel is protein rich and very
soft. It is during the maturation stage that proteins are exported from the enamel as
approximately 10,000 ribbons expand and coalesce into one enamel rod (Daculsi
et al. 1984). Since this occurs for each enamel rod from both the rod and interrod
enamel, the vast majority of mineral is formed during the maturation stage of enamel
development. It is during the maturation stage that KLK4 is secreted to assist with
the removal of enamel matrix proteins necessary for the enamel to reach its final
hardened form (Simmer et al. 2009). Once enamel formation is complete, the
ameloblasts become reduced in height and cover the enamel as the tooth erupts.

10.2 Matrix Metalloproteinase-20

The Mmp20 mRNA was originally discovered by PCR-based homology cloning
with a subsequent screening of a porcine enamel organ cDNA library for the full-
length clone (Bartlett et al. 1996). Since that time, MMP20 has been well charac-
terized for its role in enamel formation. MMP20 is a tooth-specific MMP because
little expression is observed anywhere in normal tissues other than in the ameloblasts
of the enamel organ and the odontoblasts of the pulp organ (Fukae et al. 1998; Turk
et al. 2006). Odontoblasts display continuous low-level MMP20 expression. How-
ever, ameloblasts express MMP20 during the secretory stage through the transition
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stage with some MMP20 activity remaining in the early maturation stage (Bartlett
2013).

Two studies have demonstrated that amelogenin cleavage products purified from
pig enamel were virtually identical to the cleavage products produced by the in vitro
incubation of MMP20 with full-length recombinant porcine amelogenin. Since no
other cleavage products were found in pig enamel that would indicate the presence of
another proteinase, these results suggest that MMP20 is likely the only proteinase

Fig. 10.1 Focused ion beam images of initial Tomes process formation in a wild-type mouse
mandibular incisor. The initial enamel ribbons were continuous with dentin mineral and ran parallel
to each other to the ameloblast membrane. Rod and interrod enamel form by the elongation of initial
enamel ribbons. Key: Am, ameloblast; d, dentin; e, enamel. Reproduced from Smith et al. (2016)
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that cleaves enamel matrix proteins during the secretory stage of development
(Nagano et al. 2009; Ryu et al. 1999).

Mice with homozygous inactivation of Mmp20 have enamel that contains
uncleaved amelogenins, have hypoplastic enamel with little to no rod pattern
(Fig. 10.2), have enamel that breaks easily from the dentin surface, and have a
deteriorating enamel and enamel organ morphology as development progresses
(Caterina et al. 2002). Odontoblasts express MMP20, and dentin in Mmp20 null
mice have postponed mantle dentin mineralization compared to wild-type mice
(Beniash et al. 2006). A recent study demonstrated that crown dentin density and
root dentin thickness and density were significantly reduced in Mmp20 null mice at
30 dpn, but at 60 dpn the dentin recovered and significant differences in these
parameters were no longer observed. However, overall dentin thickness remained
significantly reduced at both 30 and 60 dpn although the dentin thickness at 60 dpn
had somewhat recovered (Wang et al. 2020).

Human MMP20 mutations can cause autosomal recessive pigmented
hypomaturation-type enamel defects termed amelogenesis imperfecta (AI). Cur-
rently, 18 different MMP20 mutations are known to cause AI in humans. Interest-
ingly, seven of these mutations are near or within the MMP20 hemopexin domain
suggesting that it is required for proper enamel formation (Wang et al. 2020). All but
three MMPs (MMP7, MMP23, MMP26) contain hemopexin domains (Fischer and
Riedl 2020). The typical MMP domain structure consists of a signal peptide neces-
sary for MMP secretion, a pro-peptide that is cleaved to catalytically activate the
MMP, the catalytic domain, and a hinge region that connects the catalytic domain to
the larger C-terminal hemopexin domain (Bartlett and Simmer 1999). For various
MMPs the hemopexin domain has been shown to play a role in substrate specificity,
in binding tissue inhibitors of MMPs, in binding with integrins, in proMMP activa-
tion, and pharmaceutical MMP modulators have been designed to target the
hemopexin domain (Fischer and Riedl 2020; Wang et al. 2020). The function of

Fig. 10.2 Backscattered scanning electron microscopy analysis of mandibular incisor cross sec-
tions from 7-week-old wild-type and Mmp20 null mice. The enamel layers of Mmp20 null mice
show a dark, poorly mineralized band at the dentin–enamel junction overlaid by three morpholog-
ically distinct mineralized layers.Mmp20 null mice have rough enamel layers that are only a third as
thick as the wild-type on average. Scale Bars, 50μm. Reproduced from Hu et al. (2016)
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the MMP20 hemopexin domain remains unknown, but because seven identified
mutations near or in this domain cause AI, its function is likely essential.

Two extracted maxillary third molars from an individual with AI due to different
MMP20 mutations in each allele (p.Ala304Gly; p.Ala349Val) were assessed by
nanohardness testing. The hardness of surface enamel was 55% normal. Enamel
midway between the enamel surface and the DEJ was only 13% normal and the
hardness of enamel nearest the DEJ was 61% normal. Strikingly, dentin close to the
DEJ was also compromised. Its hardness was between 62% and 69% of normal
(Wang et al. 2020). Therefore, MMP20 may play an essential role in dentin
development that cannot be completely recovered in its absence by another protein-
ase(s) with overlapping functions.

MMP20 is the first identified enamel matrix proteinase and, although the function
of its hemopexin domain remains unknown, MMP20 is otherwise well characterized
for its function during enamel development.

10.3 Kallikrein-Related Peptidase-4

Like the Mmp20 mRNA, the Klk4 mRNA was originally discovered by PCR-based
homology cloning with a subsequent screening of a porcine enamel organ cDNA
library for the full-length clone (Simmer et al. 1998). The original name for KLK4
was Enamel Matrix Serine Proteinase-1 (EMSP1). The Human Gene Nomenclature
Committee (London, UK), after several iterations, named it kallikrein-related pep-
tidase-4 because it is present within the human kallikrein gene cluster on chromo-
some 19. Interestingly, KLK4 occurred relatively recently during evolution and may
be associated with the development of thicker enamel and earlier tooth eruption
(Kawasaki et al. 2014).

KLK4 is expressed in maturation stage ameloblasts and is also expressed at very
low levels in adult mice in the striated ducts of the submandibular salivary gland and
in small patches of prostate epithelia. But unlike MMP20, KLK4 is not expressed in
odontoblasts. Also for the Klk4 null mice, only dental enamel was affected and no
morphological deformities were observed in non-dental tissues (Simmer et al. 2009).

KLK4 cleaves recombinant amelogenin to generate 12 cleavage products (Ryu
et al. 2002) and was demonstrated to further cleave the tyrosine-rich amelogenin
peptide (TRAP) that is generated by MMP20 activity (Nagano et al. 2009). Since
KLK4 is expressed in ameloblasts from the transition through the maturation stage
of development (Hu et al. 2000), it is thought to cleave enamel matrix proteins to
facilitate their removal from the hardening enamel. The soft, protein-rich enamel
present in the Klk4 null mouse strongly supports this conclusion.

Klk4 null mice were generated by the use of a LacZ reporter gene inserted at the
natural Klk4 translation initiation site. So, the LacZ reporter replaced the Klk4 coding
sequence but used the native Klk4 promoter for its expression. Expression was
assessed using β-galactosidase histochemistry (Simmer et al. 2009), which allowed
assessment of the previously mentioned tissue-specific expression pattern. Enamel in
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Klk4 null mice developed normally through the secretory stage of development. The
null enamel had a normal prism/rod pattern and reached full thickness. However, as
the ameloblasts progressed through the maturation stage, the enamel remained soft
and upon tooth eruption, the compromised enamel abraded from their teeth
(Fig. 10.3). Interestingly, the rod enamel sometimes pulled away from interrod
enamel as if the rod enamel were pegs on a cribbage board and the interrod enamel
was defining the peg holes. Another striking finding was that although the normal
rod pattern was present in the Klk4 ablated enamel, the 10,000 crystallites that the
rod is composed of failed to interlock properly. This caused the crystallites to fall
from the rods as would strands of angel hair spaghetti held in a circular arrangement
if one’s grip was slowly released (Simmer et al. 2009).

Four different KLK4mutations are known to cause human AI (Smith et al. 2017).
The enamel on these teeth is of normal thickness but tends to be yellow-brown in
color and chip from the teeth. No other phenotype resulted from these homozygous
KLK4 mutations. Teeth from the most recently identified human mutation (p.
L211Rfs*37) were assessed for enamel properties. Outer enamel from the KLK4
mutant teeth was significantly harder than the inner enamel layer whereas no
difference was observed between these layers in control teeth (Smith et al. 2017).

Fig. 10.3 Backscatter scanning electron microscopy of 9-week mandibular molar crowns. Shown
are buccal-occlusal views of wild-type (WT) and Klk4 null (K–/–) mice. These molars have been in
occlusion for as much as 48 days (first molars) while the animals were maintained on a soft diet. The
Klk4 null molars show severe enamel abrasion that exposes the underlying dentin. Bars ¼ 1 mm.
Reproduced from Hu et al. (2016)
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This finding mirrors results observed in mouse Klk4 null enamel (Smith et al. 2011).
The reason for the harder outer layer and softer inner enamel layer in humans and
mice with inactivated KLK4 is not known, but may be due to the shorter distance
necessary for protein removal near the surface as compared to the longer distance
necessary to remove proteins from the deeper enamel layers (Smith et al. 2011,
2017).

Since only enamel is affected and no other phenotype results from either MMP20
or KLK4 ablation, both MMP20 and KLK4 are tooth-specific proteinases. However,
it is fascinating to note that while neither Mmp20 heterozygous nor Klk4 heterozy-
gous mice have a distinct enamel phenotype, Mmp20, Klk4 double heterozygous
mice do have enamel malformation consisting of increased surface roughness with
susceptibility to attrition and fractures. It appears that both proteinases at least
partially function to help remove proteins from developing enamel and that a
reduction in expression of both proteinases results in protein retention and enamel
malformation in mice (Hu et al. 2016).

KLK4 is the second identified enamel matrix proteinase and, like MMP20, it is
well characterized for its function during enamel development.

10.4 A Disintegrin and Metallopeptidase Domain-10

A Disintegrin And Metalloproteinase Domain 10 (ADAM10) belongs to a super-
family of zinc-dependent membrane-anchored metalloproteases and is involved in
the cleavage of several transmembrane proteins from the surface of the plasma
membrane, a process known as ectodomain shedding (Dempsey 2017; Parkin and
Harris 2009). ADAM10 is one of the best characterized ADAMs; it is well studied in
the context of Notch signaling and amyloid precursor protein cleavage. Crucial
membrane-bound proteins such as adhesion molecules like E and N-cadherins,
growth factors, and cytokines are also substrates of ADAM10 (Maretzky et al.
2005; Reiss and Saftig 2009; Schlöndorff and Blobel 1999).

ADAM10 activity is intrinsically regulated by cleavage of its prodomain reveal-
ing the active site as the enzyme is transported to the cell surface. Tetraspanins also
mediate ADAM10 activity (Matthews et al. 2017). Tetraspanins (TSPANs) are a
superfamily of transmembrane proteins that can partner with each other and other
proteins to regulate their activity. ADAM10 partners with TSPAN5, TSPAN10,
TSPAN14, TSPAN15, TSPAN17, and TSPAN33, collectively called the TspanC8
subfamily of tetraspanins because each has eight cysteines. These tetraspanins can
regulate ADAM10 trafficking from the ER to the cell surface, select its localization
on the plasma membrane as well as influence ADAM10 substrate specificity
(Haining et al. 2012; Jorissen et al. 2010; Matthews et al. 2018; Weber et al.
2011). Direct association of ADAM10 with several tetraspanins indicates that this
sheddase can exhibit differential activity depending on which tetraspanin it binds
with (Jouannet et al. 2016).

ADAM10was recently discovered in the ameloblasts of the enamel organ, specifically
in the pre-secretory to secretory stage ameloblasts (Ikeda et al. 2019). During
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amelogenesis, cohorts of secretory ameloblasts slide by one another to form the decus-
sating rod pattern present in rodent incisor enamel. ADAM10 is capable of cleaving cell–
cell adhesions (Maretzky et al. 2005) and the intriguing possibility of TSPANs locating
ADAM10 to ameloblasts at the ends of the moving cohorts provides a possible, though
unproven, explanation for how these cells may move together as a group.

ADAM10 was also recently demonstrated to cleave the extracellular domain of
recombinant RELT (Ikeda et al. 2019). RELT is a member of the tumor necrosis
family receptor superfamily (TNFRSF), but its ligands remain unknown (Bossen
et al. 2006). Mutations in RELT cause syndromic as well as non-syndromic
amelogenesis imperfecta (Kim et al. 2019; Nikolopoulos et al. 2020). The involve-
ment of RELT in amelogenesis imperfecta and its association with ADAM10 as a
substrate suggest that ADAM10 may play an important role in enamel formation.

In Summary, both MMP20 and KLK4 are tooth-specific proteinases and are well
characterized for their role in enamel development. In contrast, ADAM10 is
expressed in an abundance of tissues and is one of the best-characterized ADAM
family proteinases. MMP20 is expressed during the secretory to early maturation
stages of enamel development. It cleaves enamel matrix proteins so that enamel will
form properly and may also play a role in protein removal as evidenced by the
Mmp20, Klk4 double heterozygous mice that have susceptibility to enamel attrition
and fractures. MMP20 is also expressed by odontoblasts and appears necessary for
dentin to harden in a timely manner in mice and may be essential to fully mineralize
dentin in humans. The predominant role of KLK4 in enamel formation is to further
cleave the remaining enamel matrix proteins to facilitate their export out of the
hardening enamel. This allows the mineralized enamel ribbons to grow in width and
thickness and to interlock, which coalesces the enamel rods. KLK4 is not expressed
in dentin so in its absence, dentin forms normally. Unlike MMP20 and KLK4,
ADAM10 is a membrane-bound proteinase that is expressed in pre-ameloblasts
and ameloblasts during the pre-secretory through the secretory stage of enamel
development. It is also expressed sporadically in the pulp organ. ADAM10 has
been postulated to play a role in the migration of cohorts of ameloblasts during the
secretory stage and to potentially cleave the basement membrane that separates
pre-ameloblasts from predentin. ADAM10 was also demonstrated to cleave the
extracellular domain of the RELT TNF receptor. This links ADAM10 to enamel
development because mutations in the RELT receptor can cause enamel malformation.
Therefore, these three proteinases are essential components in enamel formation and
we look forward to further defining their mechanistic function during amelogenesis.
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Chapter 11
Enamel Matrix Biomineralization: The Role
of pH Cycling

Wu Li, Yan Zhang, Sylvie Babajko, and Pamela Den Besten

Abstract Dental enamel, which is the most highly mineralized tissue in the human
body, is critically important for the protection of the underlying tooth structures
throughout a lifetime. When enamel is absent or poorly formed due to genetic
defects, called amelogenesis imperfecta (AI), or through environmental or epigenetic
effects such as fluorosis, or lost due to dental caries, the entire tooth structure may be
compromised. Ameloblasts differentiate through secretory, transition, and matura-
tion stages to generate the fully mineralized enamel matrix. Enamel matrix proteins
produced during the secretory stage undergo limited hydrolyzed by matrix
metalloproteinase 20 (MMP20) to initiate crystal growth. Then during maturation,
the remaining matrix proteins are completely hydrolyzed by kallikrein 4 (KLK4).
The protein fragments are endocytosed and this allows complete mineralization of
the enamel space. Enamel mineralization is unique in that it requires pH cycling, in
which the ameloblasts modulate the matrix pH between an acidic and neutral pH. In
this chapter, Part 1 is an overview of enamel formation, and how pH cycling
influences amelogenin hydrolysis by KLK4 and enamel mineralization. Part
2 describes how ion-pumps and transporters regulate the enamel matrix pH as
mineralization occurs.

W. Li (*) · Y. Zhang · P. D. Besten
Department of Orofacial Sciences, School of Dentistry, University of California at San
Francisco, San Francisco, CA, USA
e-mail: Wu.Li@ucsf.edu; Yan.zhang2@ucsf.edu; pamela.denbesten@ucsf.edu

S. Babajko
Centre de Recherche des Cordeliers INSERM UMRS 1138 Université de Paris, Sorbonne
Université Molecular Oral Pathophysiology Laboratory, Paris, France
e-mail: sylvie.babajko@inserm.fr

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
M. Goldberg, P. Den Besten (eds.), Extracellular Matrix Biomineralization of Dental
Tissue Structures, Biology of Extracellular Matrix 10,
https://doi.org/10.1007/978-3-030-76283-4_11

271

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76283-4_11&domain=pdf
mailto:Wu.Li@ucsf.edu
mailto:Yan.zhang2@ucsf.edu
mailto:pamela.denbesten@ucsf.edu
mailto:sylvie.babajko@inserm.fr
https://doi.org/10.1007/978-3-030-76283-4_11#DOI


11.1 Part 1: Secretion of Matrix Proteins, Enamel
Mineralization, and pH Regulation

11.1.1 Introduction

In the secretion stage of enamel formation, epithelial-derived ameloblasts secrete
matrix proteins, to form a matrix with a cheese-like texture (Aoba and Moreno 1987;
Smith and Nanci 1989). Enamel crystal formation is initiated in this matrix, and the
crystals grow primarily in length and reach their full length at the end of the secretory
stage. The secretory stage is followed by the transition stage, where the protein
components in the enamel matrix dramatically decrease while the mineral compo-
nents rapidly increase, resulting in a chalky appearing enamel matrix (Daculsi et al.
1984; Simmer et al. 2009). This transition leads to the maturation stage where the
crystals continue to thicken and widen as proteins are simultaneously removed after
degradation and replaced by hydroxyapatite (HAP) mineral. Following maturation,
tooth enamel is a highly mineralized extracellular biomaterial, consisting of approx-
imately 96–98% minerals and only 2–4% organic materials and water (He et al.
2011; Robinson 2014).

11.1.2 Secretory Stage Enamel

Enamel proteins are synthesized by the cells of the enamel organ, including amelo-
blasts. Ameloblasts elongate and form Tomes’ processes, through which enamel
proteins are secreted in a prism-like structure, on top of the dentin matrix
(Kallenbach 1973). The full thickness of the enamel matrix is established by matrix
proteins that include amelogenins, ameloblastin, enamelin, tuftelin, and keratins
(Robinson et al. 1998).

Amelogenins, which are transcribed from multiple alternatively spliced variants
of the amelogenin gene, are the primary structural proteins, constituting 90–95% of
total proteins in the secretory enamel protein matrix (Gibson 2011). Amelogenins
play a central role in crystal growth and enamel thickness (Gibson et al. 2001;
Robinson et al. 1998). The amelogenin knockout mouse has an enamel layer that is
much thinner than that in the wild-type mouse, and the enamel crystals are disorga-
nized, deformed, and disoriented (Gibson et al. 2001). The absence of ameloblastin
(Ambn) results in a detachment of ameloblasts from the underlying matrix at the start
of the secretory stage and generation of a thin enamel with an irregular prism pattern
(Wazen et al. 2009). When enamelin is absent, ameloblasts are unable to adhere to
the underlining enamel surface, and they prematurely undergo apoptosis (Hu et al.
2011). Mutations in keratin 75 are associated with an increased incidence of dental
caries (Duverger et al. 2014).

The secretory matrix also contains proteinases, including matrix
metalloproteinases (MMPs) (Bartlett 2013; Wöltgens et al. 1991), MMP2, MMP3,
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MMP9, MMP12, MMP13 and MMP20 (Bartlett 2013; DenBesten and Heffernan
1989; Goldberg et al. 2003; Llano et al. 1997; Wöltgens et al. 1991). MMP20 is the
predominant enamel matrix proteinase in the secretory stage and cleaves enamel
matrix proteins immediately after their secretion (Bartlett et al. 1998; Simmer and
Hu 2002).

Mineral formed in the enamel matrix is initially amorphous calcium, which
subsequently transforms to hydroxyapatite (HAP) (Beniash et al. 2009). The phos-
phorylated N terminal serine 16 on alternatively spliced amelogenins enhances the
stabilization of amorphous calcium phosphate (ACP) mineral precursors and mod-
ulates the timing of conversion of ACP to apatite mineral (Shin et al. 2020). At the
end of the secretory stage, long thin crystals of HAP extend the full length of the
enamel matrix. The secretory stage ends as capillaries invaginate into the stellate
reticulum layer of the enamel organ, overlying ameloblasts. Up to 50% of the
ameloblasts undergo apoptosis during this transition so that there is no longer one
ameloblast overlaying each enamel prism. The ameloblasts then further differentiate
into maturation stage ameloblasts (Smith 1998).

11.1.3 Maturation Stage Enamel

Maturation ameloblasts cyclically modulate between ruffle-ended (RE) cells and
smooth-ended (SE) cells (Fig. 11.1). Matrix proteins secreted at the maturation stage
include amelotin (AMTN), odontogenic ameloblast-associated protein (ODAM)
(Moffatt et al. 2008), and secretory calcium-binding phosphoprotein proline-
glutamine rich 1 (SCPPPQ1). These proteins are thought to participate in structuring
an extracellular matrix with the distinctive capacity of attaching epithelial cells to
mineralized surfaces (Fouillen et al. 2017), and the formation of the final layer of
aprismatic enamel (Abbarin et al. 2015).

Kallikrein 4 (KLK4), a serine proteinase previously named enamel matrix serine
proteinase (EMSP1), first identified and purified from porcine enamel matrix by
Simmer and colleagues (Simmer et al. 1998), is the predominant enamel matrix
proteinase in the maturation stage (Simmer and Hu 2002). KLK4 hydrolyzes matrix
proteins to create space for the mineralizing enamel crystals to expand in width.

11.1.4 Discovery of pH Cycling

Takano and coworkers first reported the visualization of ameloblast modulation on
the enamel surface, by staining with the calcium-binding dye glyoxal bi
(2-hydroxyanil) (GBHA). Enamel under SE stains red by GBHA, whereas enamel
under RE stains a yellow/green color, or is unstained (Takano et al. 1982a) (see
Fig.11.1). However, an unsolved question at that time was that Ca45 uptake is not
correlated with RE and SE morphologies (Takano et al. 1982b).
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Sasaki stained the enamel surface with a pH indicator dye and found that the
enamel had alternating acidic and neutral pH. Furthermore, these pH cycles of acidic
(5.8–6.0) and neutral (7.0–7.2) (see Fig. 11.1) were located at the same area stained
by GBHA, indicating that enamel under RE ameloblasts was more acidic, and was
more neutral under SE ameloblasts (Sasaki et al. 1991b) (see Figs. 11.1 and 11.2).

The correlation of enamel staining by GBHA and pH indicator dye later became
clearer, as it was noted that GBHA stains poorly at acid pH. Therefore, ionic calcium
staining by GBHA in the developing enamel matrix is also pH dependent. Calcein,
another dye that stains ionic calcium, is also pH sensitive, and so has a similar
property to that of GBHA, of only staining the neutral enamel matrix (Josephsen
1983; Picard et al. 2000).

Takagi et al. further characterized the profiles of the enamel matrix proteins
collected from enamel either with acidic or neutral pH (Takagi et al. 1998). They
discovered that the neutral enamel matrix contains relatively intact amelogenin and
enamelin proteins, while the acid zones contain mostly lower molecular weight
amelogenins and enamelin fragments. This suggests that amelogenin hydrolysis is
more effective in the acidic conditions underlying RE ameloblasts.

We do not yet understand what drives the cyclic modulation of maturation
ameloblasts. However, we do know that ion transporters localized to the ameloblast
apical plasma membranes transport calcium into the enamel matrix to form HAP,
while modulating matrix pH to direct this process. Bicarbonate ion transporters,
including Ae2 and NBCe1, neutralize the acidified matrix. Matrix acidification is

Fig. 11.1 Enamel formation and ameloblast modulation in the rodent incisor. In the secretory stage
(a), ameloblasts secrete a protein-rich enamel matrix (yellow arrows) into which long thin crystals
are formed. At the maturation stage (b) KLK4 is secreted (white arrow) and hydrolyzes matrix
proteins. The hydrolyzed peptide fragments are endocytosed (red arrows) and mineral content
(purple arrow) increases. In the maturation stage, ameloblasts become ruffle ended, facing an acidic
enamel matrix (orange), and then cycle into smooth-ended ameloblasts, facing neutral enamel (light
green). (c) A mouse incisor stained with pH indicator dye shows cycles of matrix acidification and
neutralization in the maturation stage
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driven by the formation of HAP crystals which release protons into the matrix
(Bronckers 2017; Smith 1998). Matrix acidification may also be controlled by proton
secretion by V-ATPase translocated to the RE apical plasma membrane (Damkier
et al. 2014; Toei et al. 2010). Modulations of ion transporter activities by either
genetic defects, or environmental factors, such as excess fluoride, affect pH cycling
and enamel matrix formation (Bronckers et al. 2015; DenBesten and Li 2011).
Therefore, pH cycling, which is related to both matrix protein endocytosis and
matrix mineralization is a unique mechanism that drives the formation of
biomineralized enamel.

11.1.5 Amelogenin-Mediated Enamel Matrix Mineralization

The amelogenin protein structure is highly pH dependent. At pH 3.0 amelogenin is
globally unstructured, while at pH 5.6, it forms elaborated structures with increased
oligomerization and nanosphere formation. At pH 7.2 amelogenin assembles into
highly organized structures, binding together to form branched chains (Beniash et al.
2012). In addition, at neutral pH, changes in electrolyte concentration dramatically
affect protein adsorption onto the HAP surface (Shimabayashi et al. 1997).

Fig. 11.2 Staining of
bovine tooth enamel
surfaces. (a) A bovine
developing tooth sagittally
cut in half. The left half was
stained with a pH Universal
indicator mixture for
1–2 min. Alternate stripes of
orange correspond to
pH 5.5–6.0 and green to
pH 7.0. The right half was
stained with GBHA
solution. Red stripes of
staining correspond to the
neutral bands of green
staining with the pH
indicator and unstained
white zones to acidic orange
zones. (b) Staining with the
Universal indicator of a
bovine enamel slice. Orange
or green coloration occurs
not only on the forming
surface but also in depth.
Color standards at different
pH values are shown at the
bottom (Sasaki et al. 1991b)
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The C terminus of amelogenin is a primary site for amelogenin binding to HAP.
Mice lacking the 13 terminal amino acids have poorly formed enamel (Pugach et al.
2010). Glutamate-containing proteins interact strongly with Ca2+ ions on the surface
of the HAP crystal, and acidic amino acids have been considered as major determi-
nants of protein binding (Jaeger et al. 2005). It is therefore likely that the acid
glutamates and aspartate (2 each) in the amelogenin C terminus may facilitate
binding to the HAP surface.

When amelogenins assemble in a neutral aqueous environment, the hydrophilic C
termini extend on the outside of the amelogenin nanostructures (Margolis et al.
2006). The exposed C terminal amino acids can bind to the apatite crystal surfaces,
and also to positively charged protons and calcium in solution (Le et al. 2006; Ryu
et al. 1998). Moreover, the positively charged groups of amelogenin (such as amine
groups at the N-terminus and side chains) may also contribute to the apatite binding
through their interactions with the negatively charged groups, such as phosphates, on
the HAP surface.

The concentration of amelogenin influences HAP crystal growth. HAP crystal
formation requires a supersaturated calcium phosphate environment (Eanes 1976;
Eanes et al. 1965). In solution, amelogenins inhibit crystal growth in the presence of
high concentrations of calcium and phosphate (Aoba et al. 1989; Iijima and
Moradian-Oldak 2004). However, Beniash and co-workers observed that
pre-assembled full-length amelogenin (amelogenin lacking the exon 4 transcript)
increases the size of formed crystals at low concentrations of calcium and phosphate
(1.5 and 2.5 mM) (Beniash et al. 2005). In the presence of calcium and phosphate
concentrations similar to those measured in enamel fluid (0.5 and 2.5 mM, respec-
tively); crystals do not grow well on an apatite surface (Aoba and Moreno 1987;
Habelitz et al. 2005). However, with the addition of amelogenin at low concentration
(0.4 mg/ml), a few nanospheres assemble with minimal crystals formation, and at
higher concentrations of amelogenin (1.6 mg/ml) more nanospheres assemble and
longer fibrous crystals are formed (Habelitz et al. 2004).

At these higher amelogenin concentrations, amelogenin nanospheres assemble as
a monolayer on the crystal surface. It appears that this monolayer of amelogenin
nanospheres functions differently from amelogenin monomers in solution (Aoba
et al. 1989) or in an amelogenin gel (Iijima et al. 2002). The amelogenin monolayer
nanostructure may create a highly charged local environment to attract calcium and
phosphate ions to form a saturated niche on the crystal surface for crystal growth.

Additional multilayers of amelogenin nanospheres physically protect the fragile
crystals, but they also inhibit further crystal growth. Therefore, the layer of
amelogenin adsorbed on the crystal surface needs to be preferentially removed to
release the space for crystal growth.

11.1.5.1 Disassembly of Amelogenin Bound on HAP Crystals

When bound to solid surfaces, protein conformations usually change (Hlady and
Buijs 1996). Proteins, such as amelogenin, which can easily adsorb onto solid
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surfaces, have large changes in conformation upon binding, and less internal stability
(Gray 2004). Tarasevich et al. found that at neutral pH, self-assembled amelogenin
that was bound onto a single fluoroapatite (FAP) crystal, formed much smaller
structures on the FAP surfaces, than the original nanospheres present in solution.
Their studies provide strong evidence that amelogenin nanospheres undergo possi-
ble quaternary structural changes upon interacting with apatite surfaces (Tarasevich
et al. 2009a, b). These adsorption-induced conformational changes of the
amelogenin protein may further alter the subsequent interactions between
amelogenin and proteinases.

Tao et al. further quantitatively analyzed the dynamics of this adsorption-induced
amelogenin nanosphere disassembly. They reported that the amelogenin
nanospheres disassembled onto the HAP surface to form oligomeric adsorbates
(25-mer), the subunits of the larger nanosphere. They concluded that a surface-
triggered disassembly mechanism actually reversed the process of oligomer
nanosphere self-assembly (Tao et al. 2015). This supports the possibility that
amelogenin–crystal interactions are involved in determining the extent to which
oligomers adsorb, assemble, and disassemble.

Chen et al. used in situ atomic force microscopy (AFM) to show that on a
positively charged surface, amelogenin first assembles as a relatively uniform
population of decameric oligomers, and then becomes two main populations:
higher-order assemblies of oligomers and amelogenin monomers. On negatively
charged surfaces, amelogenin nanostructure disassembles into a film of monomers
(Chen et al. 2011) (see Fig. 11.3). An acidic pH of the enamel matrix, resulted from
HAP formation, may further disassemble amelogenin nanospheres (Beniash et al.
2012).

Therefore, a possible sequence for amelogenin and pH-mediated enamel matrix
mineralization is as follows. Amelogenins bind to HAP crystals and then disassem-
ble to form monolayers that attract calcium and phosphate ions to form a saturated
niche on the crystal surface for crystal growth. As crystal growth is initiated, the
matrix begins to acidify and the N-terminus of amelogenins, which contain more
positively charged histidines, reduces its binding affinity to HAP crystals, while the
hydrophilic amelogenin C termini containing more acidic amino acids, still hangs on
the surface of crystals. This allows more access sites for proteinases, facilitating the
digestion of bound amelogenin. As the matrix neutralizes, HAP synthesis begins,
and as the crystals grow, the surface of newly formed crystals will contact another
layer of proteins in the enamel matrix. This then initiates amelogenin disassembly
again, and the cycle repeats itself during enamel maturation.

11.1.6 Enamel Matrix Proteinases, MMP-20, and KLK4

The transition of enamel matrix from protein-dominated content to more than 95%
mineralized tissue requires hydrolysis of matrix proteins to allow continued crystal
growth as enamel matures. MMP20 and KLK4 are two major proteinases involved
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in the hydrolysis of amelogenins and other enamel matrix proteins, to provide space
for enamel crystals growth (Bartlett et al. 1998; Bartlett and Simmer 1999; Caterina
et al. 1999; Fukae et al. 1998; Hu et al. 2002; Ryu et al. 2002).

MMP20, first reported by Bartlett and co-workers (Bartlett et al. 1998; Llano et al.
1997), belongs to the MMP superfamily and shares a similar structure with most
other family members (Massova et al. 1998). Recombinant porcine, mouse, bovine,
and human MMP20s have been expressed, purified, and activated in vitro and can
hydrolyze both recombinant and native amelogenins (Li et al. 1999; Llano et al.
1997).

Amelogenin hydrolysis is initiated in secretory stage enamel at its C-terminal
telopeptide. The most prevalent splice variants code the full length 25 kDa
amelogenin that lacks exon 4 and the leucine-rich amelogenin polypeptide (LRAP)
precursor. The 25 kDa amelogenin is cleaved into products of 20 kDa amelogenin
and then a 5.0 kDa tyrosine-rich amelogenin polypeptide (TRAP). Similarly, the
LRAP precursor is cleaved at the C terminus to form a 6.5 kDa LRAP (Fincham et al.
1981, 1989). Twenty kDa amelogenin, LRAP, and TRAP are the three major
hydrolytic products in the secretory enamel protein matrix (Brookes et al. 1995).

KLK4 is upregulated during the transition stage. KLK4 rapidly cleaves
amelogenins at multiple sites, accelerating amelogenin degradation during enamel

Fig. 11.3 A proposed pathway of amelogenin self-assembly and structural dynamics in vivo.
Intracellular amelogenin monomers (green) and hexamers (red) in ameloblast cells (I). After
amelogenin proteins are secreted into the matrix, they assemble into nanospheres (II). A monolayer
of amelogenin monomers forms after the nanospheres interact with a negatively charged hydro-
philic surface (III). Decameric amelogenin oligomers form following the disassembly of
nanospheres through interaction with positively charged surfaces (IV). Decameric oligomers
exhibit unexpected structural dynamics on positively charged surfaces in situ and form a mixture
of higher-order assemblies of oligomers and monomers (V) (Chen et al. 2011)
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maturation, to allow the final thickening of enamel crystals. The importance of
KLK4 in the final stage of enamel mineralization is shown in the KLK4 knockout
mouse, where the enamel layer is normal in thickness with an intact decussating
structure but the crystals remain separated, resembling a pattern of uncooked angel
hair spaghettis (Fig.11.4) (Bartlett and Simmer 1999; Ryu et al. 2002; Simmer et al.
2009).

Fig. 11.4 Comparison of enamel from the wild-type and Klk4 null mice. (a, b) SEM at the same
scale showing mandibular incisor enamel from the DEJ (bottom) to the surface (top) that has been
fractured in the erupted portion by pressing on it with a knife. There is no observable difference in
the overall thickness of the enamel layer between the wild-type and Klk4 null mice. (c, d) Higher
magnification showing the decussating patterns of enamel rods just above the dentin enamel
junction. (e, f) enamel rods in the wild-type mice have tightly packed crystallites that lose some
aspect of their individuality. Enamel rods in the Klk4 null mice are composed of distinctly
individual crystallites resembling angel hair spaghetti. Holes or vacancies in some rods give the
impression that smaller bundles of crystallites broke at a slightly deeper level and slid out of the rod
(Simmer et al. 2009)
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11.1.6.1 Optimal Conditions for Proteinase Activity in the Enamel
Matrix

In the secretory matrix, MMP-20 cleaves amelogenin at neutral pH (Fukae et al.
1998), whereas KLK4 has an optimal pH close to 6.1 (Lu et al. 2008). In vitro,
optimal KLK4 activity against a peptide substrate occurs even lower, around pH 5,
and at neutral pH, KLK4 activity was reduced by almost half (Fig. 11.5, unpublished
data).

This acidic optimal pH for KLK4 suggests the importance of acidic conditions in
the degradation of amelogenin and other enamel proteins during tooth enamel
maturation (Sasaki et al. 1991a). In addition, MMP20 is reported to be able to
activate KLK4 (Yamakoshi et al. 2013). Interestingly, some MMPs are reported to
be activated by low pH, which plays an important role in caries formation (Amaral
et al. 2018). Therefore, the sequential activation of KLK4 by MMP20 remaining in
the maturation stage matrix may also contribute to the tooth enamel maturation.

The absorption of amelogenin onto hydroxyapatite also affects its hydrolysis.
When amelogenin is absorbed onto hydroxyapatite it is readily hydrolyzed and
removed by enamel matrix proteinases (88% for MMP20 and 98% for KLK4), at
significantly higher rates as compared to hydrolysis of amelogenin in solution. There
are also a greater number of cleavage sites as identified by LC-MALDI MS/MS,
when amelogenin is hydrolyzed after absorption onto HAP as compared to those in
solution (Zhu et al. 2014). These results suggest that the adsorption of amelogenin to
HAP results in their preferential and selective degradation and removal from HAP by
both MMP20 and KLK4. It may be that the disassembly of nanospheres into
monomers at low pH and through amelogenin–crystal interactions results in more
cleavage sites accessible to enzymes and lead to a higher rate of hydrolysis.
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Fig. 11.5 Increased KLK4 activities with reduced pH. KLK4 activities reduced with increased pH,
analyzed using a quenched fluorescent substrate for KLK4
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11.1.7 A Model for pH Cycling and KLK4-Regulated Enamel
Maturation

How does pH cycling affect enamel matrix mineralization? A possible cyclic
sequence of mineralization and protein removal is in Fig. 11.6.

Adsorption of amelogenins onto the crystal surface results in conformational
changes of the bound proteins, which then disassemble into oligomers or monomers
on the surface of HAP crystals. These conformational changes may both increase
local supersaturation of calcium and phosphate at the HAP surface, and expose more
amelogenin cleavage sites to proteinases.

The hydrolysis and removal of amelogenins from the crystal surface open up the
space surrounding the crystals, possibly with rapid precipitation of amorphous
calcium phosphate (ACP), which then subsequently transforms to HAP. HAP
formation releases protons contributing to matrix acidification, which then enhances
amelogenin disassembly and KLK4 activity resulting in more protein hydrolysis.
When the pH is regulated by ameloblasts to neutral, nascent crystals growing into
this new space come into contact with the next layer of amelogenin nanospheres, and
yet another cycle of the interaction-mediated preferential removal of bound
amelogenin and crystal growth is initiated. The cycles of binding-growth-hydrolysis
repeat until most of the matrix proteins are removed and the HAP crystals grow to fill
up the entire enamel space to form the hardest tissue in our body.

11.2 Part 2: Regulations of Ion-Pumps, Transporters
and Carbonic Anhydrases (CAs) Involved in Enamel
Mineralization and pH Modulation

Maturation stage ameloblasts are responsible for the transport of 86% of minerals
that are required for enamel matrix biomineralization (Smith 1998). As maturation
stage ameloblasts cycle between smooth- and ruffle-ended ameloblasts, the

Fig. 11.6 Diagram showing a hypothetical sequence of the effect of pH-cycling on HAP crystal
growth in maturing tooth enamel. When amelogenins (depicted as spheres) move from neutral
(yellow) to acidic (orange) KLK4 activity is increased and amelogenins are hydrolyzed. When the
matrix returns to neutral pH, HAP crystal growth (arrows) increases in width, and then this process
repeats as the matrix acidifies, to inhibit HAP growth and increase amelogenin hydrolysis.
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expression and spatial cellular distribution of ion-transporters and carbonic
anhydrases modulate to direct extracellular matrix pH cycling (Smith et al. 1996)
while also transporting calcium and phosphate into the enamel matrix for crystal
growth. Genes coding ion pumps (V-type-H+ATPase), transporters (CFTR,
SLC26A, AE2, NHE1, NBCe1, NKCC1), and CAs (CA2 and CA6) are upregulated
in ruffle-ended ameloblasts (Lacruz et al. 2011; Kim and Hong 2018). Reciprocal
interactions between maturation ameloblasts and underlying enamel matrix contrib-
ute to the changes in gene expression between ruffle-ended and smooth-ended
ameloblast in this unique process of enamel biomineralization.

11.2.1 Regulation of Matrix pH

11.2.1.1 Matrix Acidification

Cyclic acidification of the enamel matrix is associated with matrix mineralization
(see Part 1). Matrix acidification occurs with the formation of hydroxyapatite
crystals, which generate protons as the crystals form, and may also possibly be
enhanced by extrusion of protons into the extracellular enamel matrix by
V-H+ATPase and NHE1 (SLC(A1).

V-Type H+-ATPase subunits (Atp6v0d2, Atp6v1b2, Atp6v1c1 and Atp6v1e1)
are highly upregulated in maturation stage ameloblasts. These subunits are involved
in vesical acidification required for endocytosis of matrix proteins. The presence of
subunits ATP6v1c1, ATP6v1e1, and Atp6v0a1 at the apical membrane of ruffle-
ended maturation ameloblasts (Damkier et al. 2014; Josephsen et al. 2010; Sarkar
et al. 2016), suggests an additional possibility, that these subunits of V-type H+-
ATPase may export protons to assist the enamel matrix acidification. However, only
a relatively small amount of bicarbonate is available for buffering the protons that are
rapidly released as hydroxyapatite crystals form (Smith 1998). Thus, protons adding
to the enamel matrix through V-type H+-ATPase may have only a limited role in
further acidifying the enamel matrix.

NHE1,which is encoded by the SLC9A1 gene extrudes protons into the matrix as
it mediates Na+ influx and H+ efflux. NHE1 as an acid extruder was identified in the
lateral membrane during both the secretory and the maturation stages of ameloblasts
(Josephsen et al. 2010). SLC9A1 is widely expressed with a preferential expression
in the kidney, intestine, and liver, and NHE1 protein has a central role in regulating
pH homeostasis, cell migration, and cell volume.

Calcium Transport Acidification of the enamel matrix occurs when calcium and
phosphate are transported into the matrix to form hydroxyapatite crystals. Matura-
tion stage ameloblasts are responsible for the deposition of more than 70% of the
calcium in enamel tissues (Smith 1998). This transport of calcium by the ameloblasts
requires tight control of intracellular calcium concentrations ([Ca2+]) to avoid Ca2+

toxicity (Hubbard 2000).
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Calcium transport into ameloblasts is mediated by store-operated calcium entry
(SOCE) (Eckstein et al. 2017; Nurbaeva et al. 2017), ORAI, as well as by the cation
channel TRPM7 (transient receptor potential cation channel subfamily M) (Faouzi
et al. 2017; Nakano et al. 2016) and connexin 43 (Al-Ansari et al. 2018; Toth et al.
2010). The majority of Ca2+ is stored in the endoplasmic reticulum lumen, and the
rest of excess Ca2+ binds to cytoplasmic calcium-binding proteins, including
calbindin-D9k, -D28k, calmodulin (Berdal et al. 1993; Berdal et al. 1996; Hubbard
1995).

Calcium extrudes from ameloblasts into the enamel matrix through the
basolateral and apical transmembrane Ca2+ pump, cotransporters/ion-exchangers,
including Ca2+-ATPase (PMCA), potassium-independent Na+/Ca2+ (NCX) and
potassium-dependent Na+/Ca2+ exchangers (NCKX) (Nurbaeva et al. 2017).
Among the four types of PMCA subunits, PMCA-1 (ATP2B1) and PMCA-4
(ATP2B4) are the predominant isoforms of PMCA in human and mouse amelo-
blasts. Though the expression levels of these two isoforms remain comparable
between secretory and maturation stage ameloblasts (Borke et al. 1993; Borke
et al. 1995; Zaki et al. 1996), in maturation stage ameloblasts PMCA has been
immunolocalized at the apical surface (Salama et al. 1987; Zaki et al. 1996).

As compared to PMCA, ion exchangers NCX and NCKX have a higher turnover
rate of delivering calcium (Eisenmann et al. 1982), which is critical for providing a
large amount of calcium for the rapid growth of hydroxyapatite crystals. The NCX
isoform exchanges one Ca2+ outward for three Na+ inward (Yu and Choi 1997).
Ncx1 and Ncx3 have been found to be equally expressed by secretory and maturation
stage ameloblasts (Lacruz et al. 2012), suggesting that NCXs may act as housekeep-
ing calcium transport in both secretory and maturation stage ameloblasts.

Whole transcriptome analysis shows that NCKX4 is the dominant isoform of the
NCKX family expressed by ameloblasts, and is significantly upregulated in matu-
ration ameloblasts as compared to secretory ameloblasts (Hu et al. 2012; Lacruz
et al. 2012). NCKX4 can extrude one Ca2+ and one K+ in exchange for four Na+

inward (Lytton 2007). In humans, the NCKX4 gene has been identified as a causal
gene of amelogenesis imperfecta (Jalloul et al. 2016; Parry et al. 2013; Smith et al.
2017).

Phosphate Transport
Hydroxyapatite has a calcium/phosphate ratio of 1.67, and therefore, also requires
phosphate to be transported to the enamel matrix. A Na+-dependent Pi transporter
such as NaPi-2b (SLC34A2), which is located in ruffle-ended ameloblasts, may
operate in a coordinated way with NCKX4 to direct phosphate into the
cells (Bronckers 2017; Bronckers et al. 2015).

11.2.1.2 Buffering to Neutralize Matrix pH

Secretory Stage In the secretory stage enamel, where hydroxyapatite crystal for-
mation is initiated to form long thin crystals, matrix acidification as a result of crystal
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formation, is likely buffered by the amelogenins in the secretory enamel matrix (Guo
et al. 2015). Amelogenins are rich in histidine, which can absorb protons (Bansal
et al. 2012; Simmer and Fincham 1995).

Maturation Stage In the maturation stage, there are open junctions between
smooth-ended ameloblasts, whereas ruffled-ended ameloblasts have tight apical
junctions and open basal junctions (Skobe et al. 1985). The intercellular space
between smooth-ended ameloblasts allows the free paracellular movement of fluid,
ions, and small molecules, which might be able to correct the imbalance of pH
immediately in the confined enamel space (Hanawa et al. 1990; Kawamoto and
Shimizu 1997; McKee et al. 1986; Smith et al. 1987; Takano 1995; Takano et al.
1982b). This has been described as a “fluid flush” between smooth-ended amelo-
blasts, which brings in “base” and takes away “acid” to aid in the pH regulation
activities.

In addition to this possibility, it is widely accepted that extrusion of bicarbonate
by ameloblasts into the extracellular spaces buffers the intense acid loading during
the rapid crystal growth in mineralizing enamel (Lacruz et al. 2010; Smith 1998;
Varga et al. 2018; Yin and Paine 2017). Whole transcriptome analyses have shown
that as compared to secretory ameloblasts, maturation ameloblasts have significantly
upregulated genes involved in bicarbonate transport. These genes include: the
chloride/bicarbonate channel CFTR (cystic fibrosis transmembrane conductance
regulator); NBCe1 (sodium bicarbonate exchanger, solute carrier family 4 member
4); CA2 (carbonic anhydrase CAII) and CA6 (CAVI); AE2 (anion exchange protein
2) and the bicarbonate chloride exchangers SLC26A3/A4/A6/A7 (solute carrier
26, members A3, A4, A, and A7) (Bronckers 2017; Kim and Hong 2018; Lacruz
et al. 2012; Simmer et al. 2014).

Ion Transporters Ion transporters localized on apical ameloblast membranes
include CFTR (Bronckers et al. 2010), SLC26 members (Yin et al. 2015), and CA
(Bronckers 2017). CFTR likely contributes to bicarbonate transport in epithelial
cells both directly by permeation through the channel, and indirectly by facilitating
the function of Slc26 (Fong 2012). Using large-scale transcriptomic analysis,
SLC26A4 has been shown as a target gene modulated by NaF and bisphenol in
dental epithelia of rats (Jedeon et al. 2016b). To maintain bicarbonate supplies for
extracellular transport, maturation-stage ameloblasts use carbonic anhydrases,
CA2 and CA6 to catalyze the hydration of CO2. CA2 generates bicarbonate in the
cytosol of ameloblasts (Josephsen et al. 2010; Lin et al. 1994; Toyosawa et al. 1996),
and CA6, the secreted form of carbonic anhydrase, may generate bicarbonate in the
enamel space (Smith et al. 2006).

Ion transporters localized on the basal ameloblast membranes include AE2,
NBCe1, NHE1, and NKCC1. AE2 encoded by the SLC4A2 gene is a Cl�/HCO3�

exchanger that exports bicarbonate into the extracellular space, in exchange for Cl�

(Lyaruu et al. 2008; Paine et al. 2008). Bicarbonate can also be transported into
ameloblasts by NBCe1, encoded by the SLC9A1 gene, which also mediates inward
Na+ influx and H+ efflux (Josephsen et al. 2010; Lacruz et al. 2010; Paine et al.
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2008). NKCC1, encoded by the SLC12A2 gene, mediates sodium and chloride
transport and reabsorption.

pH Sensing Proteins pH sensing proteins that may direct ameloblast regulation of
matrix pH include the G-protein-coupled receptor 68 (GPR68). Defects in GPR68
are associated with amelogenesis imperfecta, suggesting a functional role of this pH
sensor in ameloblast modulation of matrix pH cycling (Varga et al. 2018). GPR68
can also regulate steroid receptors, also present in maturation-stage ameloblasts
(Houari et al. 2016). Steroid hormones and their receptors were reported to regulate
CFTR, SLC26A6, NHE, and CA in several tissues (Gholami et al. 2013).

External Factors Regulating Ion Transport by Ameloblasts Ameloblasts
targeted by environmental toxicants and chemicals with endocrine-disrupting activ-
ities result in alterations in enamel formation (Babajko et al. 2017; Jedeon et al.
2013, 2016a, b) (see also Chap. 12). All of the transporters described in this chapter,
with the possible exception of AE2, can be modulated by hormones or molecules
with endocrine activity.

Hormonal changes that may affect enamel formation also include possible effects
on the function of the HPA (hypothalamic–pituitary–adrenal) axis during enamel
formation. Evidence for this possibility is the finding by Boyce et al., that children
entering kindergarten who had increased salivary cortisol reactivity, had primary
(deciduous) mandibular incisors with thinner and more hypomineralized enamel
(Boyce et al. 2010). Cortisol reactivity in young children is associated with maternal
prenatal stress (Luecken et al. 2013), and as the primary mandibular incisors are
formed during the prenatal period of life, this suggests a possible link between
alternations in HPA axis regulations and enamel formation.

11.2.2 Conclusions

Ameloblast Regulation of pH Cycling Our understanding of how ameloblasts
modulate and regulate pH cycling, as described in this chapter, has been advanced
through immunolocalization of channels, transporters, and exchangers on amelo-
blast membranes, as well as in the use of cell culture models to investigate calcium
transport and intracellular pH regulation (Bori et al. 2016; Bronckers 2017;
Bronckers et al. 2015; Nurbaeva et al. 2015) (see Fig. 11.7).

However, much remains to be understood about the regulation of pH cycling by
ameloblasts. As we further understand the mechanisms by which pH is regulated in
enamel we will be better able to ensure optimal amelogenesis, enamel formation and
mineralization.
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Chapter 12
Environmental Factors and Enamel/Dentin
Defects

Sylvie Babajko and Pamela Den Besten

Abstract The exposome that can also affect tooth formation is constituted by
(1) general external factors (such as climate or pollution), (2) internal factors
(including hormones, oxidative stress, metabolic factors), and (3) specific external
environmental factors including contaminants, drugs, and lifestyles. These environ-
mental factors include large numbers of molecules that are able to interact with
various tissues. This review will concentrate on agents that have been identified as
acting directly on dental tissues resulting in a disruption of tooth development and
acquired pathologies diagnosed by clinical observation. Among these factors, fluo-
ride is the most studied as its excessive absorption may lead to dental fluorosis.
Another important group of molecules that can affect mineralized tissues are endo-
crine disruptors, which may contribute to the more recently described Molar
Incisor Hypomineralization (MIH). These molecules alone or also in combination
with other factors such as drugs including corticoids, tobacco-related contaminants,
heavy metals, and probably many others, alter tooth formation and mineralization of
tooth tissues. Environmental factors that affect the oral cavity include “contami-
nants”which are not known to the individual exposed to them (most notably in water
or food). Others are “toxics” when they are consumed with knowledge of their side
effects or the risks associated with their consumption, such as alcohol, tobacco, some
medications, or even excessive sugar. Questions about the capacity of environmental
factors for disruption and their mechanisms of action within the oral cavity (miner-
alized matrices, soft tissues, microbiota) are of critical importance for optimal oral
health and should be the subject of increased research in the coming years.
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12.1 Fluoride and Fluorosis

Among the molecules with chronic exposure in the oral cavity, fluoride is one of the
most widespread, as it is naturally present in drinking water and food, and is also
commonly used to prevent caries. Due to its high reactivity, fluorine is never found
isolated in its natural state but is always bound to various electropositive elements
such as lithium, sodium, potassium, calcium, and magnesium. When combined with
mono-charged cations, it is highly soluble in water. The high reactivity of the
fluoride ion results in the enhanced mineral formation, and because of this, fluoride
exposure to tooth enamel prevents caries by enhancing remineralization of early
caries lesions. At higher concentrations, fluoride can also inhibit bacterial enolase
activity (Hamilton 1990; Robinson et al. 2004).

Fluoride exposure to tissues and organs of the body can occur by ingestion, such
as from food or water, or inhalation such as from associated with coal burning or
inhalation anesthetics. Exposure to an excess of fluoride leads to the development of
dental and bone fluorosis, which has been described since the first half of the
twentieth century. Recent estimates suggest that around 200 million people from
among 25 nations are subjected to the risk of fluorosis (Rasool et al. 2018).

Fluorosis is characterized by increasing white opacity, corresponding to increased
hypomineralization and porosity. One of the first signs of fluorosis is the change in
enamel color caused by lighter horizontal white lines (striae of Retzius) following
the perikymata at the enamel surface. When fluorosis is more severe, the enamel is
more extensively hypomineralized, and teeth may erupt with defects which
posteruptively result in a loss of enamel from the tooth surface. More extensive
defects can result in the loss of enamel from the dentin surface, and a secondary
brown coloration as the dentin surface is stained posteruptively. The severity of the
pathology depends on the dose of fluoride ingested, the time window of exposure
relative to tooth formation, and the genetic background that may predispose to
fluorosis. Recent hypotheses include the possibility that combinations of fluoride
with other environmental factors present in drinking waters or food may aggravate
the pathology or lower the sensitivity to fluoride (Jedeon et al. 2016a).

The mechanisms by which fluoride alters mineralization are likely caused by both
extracellular and intracellular effects (Jalali et al. 2017). Maturation stage amelo-
blasts and enamel matrix are most affected by fluoride exposure. Rats exposed to
increasing doses of fluoride (from 25 to 100 ppm) show no differences as compared
to controls in the enamel secretion phase; but in the maturation stage the number of
ameloblast modulations is reduced, and mineralization is affected (DenBesten
1986). The consequence is that fluoride results in an increase in the amount of
matrix proteins retained in the maturation stage, related to a delay in the degradation
of amelogenins during enamel maturation resulting in inhibition of crystal
growth (DenBesten and Li 2011).

The mechanism by which fluoride reduces ameloblast modulations is not yet
understood, However, what is known is that altered ameloblast modulation is
associated with changes in the enamel matrix pH. As hydroxyapatite is formed,
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protons are released with acidification of matrix pH. A fluoride-mediated accelera-
tion of the rate of hydroxyapatite formation results in hypomineralized bands of
enamel, and then, as calcium is depleted, this is followed by a subsequent band of
hypomineralized matrix. This pattern of fluoride-mediated hydroxyapatite crystal
formation disrupts matrix pH modulation (DenBesten 1986; Lyaruu et al. 2014; Guo
et al. 2015; Bronckers et al. 2009).

In addition, to these effects, fluoride may directly affect ameloblast function and
modulation. In ameloblasts, fluoride can alter TGF-β signaling to affect the expres-
sion of the matrix proteinase, KLK4 (Suzuki et al. 2014; Le et al. 2017). Fluoride
also induces the downregulation of the collagen related small leucine-rich peptide,
asporin (Houari et al. 2014) in ameloblasts, and protein retention may be mediated
by oxidative stress and ER stress in fluoride-treated ameloblasts (Sharma et al. 2008;
Suzuki and Bartlett 2014; Suzuki et al. 2017).

Other cellular effects of fluoride have been identified in various model systems,
including processes related to inflammation, metabolism, epithelium integrity, cell
migration (see Barbier et al. 2010; Ji et al. 2018 for reviews), and neurotoxicity
(Bashash et al. 2018; Green et al. 2019). Despite intensive research on fluoride
effects in mineralized tissues and others, fluoride mechanisms of action are still
unclear. Fluoride has been listed as an endocrine disruptor chemical, altering several
endocrine axes including the androgen and thyroid axis (Duan et al. 2016; Yang
et al. 2018; Chaitanya et al. 2018). Fluoride action in ameloblasts may involve
steroid receptors (Le et al. 2017).

Fluoride can also alter bone and dentin mineralization and hardness (Vieira et al.
2005). Fluorotic dentin presents as hypermineralized sclerotic peritubular dentin,
with hypomineralized areas. The tubules have an irregular distribution with a
narrow, discontinuous lumen as compared to physiological dentin (Rojas-Sánchez
et al. 2007). Severe fluorotic dentin shows an increased susceptibility to decay due to
the enlargement of the size of its crystallites. These crystallites are not homoge-
neously arranged and the collagen fibrils are distributed anarchically (Waidyasekera
et al. 2010). Rats chronically exposed to high-dose fluoride present with
hypomineralized enamel and dentin as measured by EDS, with a decreased Ca/P
ratio (Houari et al. 2014).

In addition to extracellular effects, fluoride is also able to modulate gene expres-
sion in odontoblasts, with effects on genes involved in mineralization including
asporin (Houari et al. 2014). Interestingly, fluoride modulates asporin expression
inversely in dentin as compared to enamel with both resulting in hypomineralization.
Asporin promotes mineralization by interacting with collagen 1, and in dentin,
which has high concentrations of type 1 collagen, fluoride-induced decreased
asporin synthesis results in hypomineralization. Conversely, fluoride increases
asporin synthesis in the enamel which contains minimal amounts of collagen, also
resulting in hypomineralization (Houari et al. 2014). It has also recently been shown
that excess fluoride alters the initiation of dentin mineralization in mice by reducing
Wnt/β-catenin signaling to downregulate dentin-sialo-phosphoprotein production
(Kao et al. 2020). As in ameloblasts, high doses of fluoride induce rapidly cell
apoptosis in vitro (Karube et al. 2009).
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12.2 Endocrine Disruptors and Enamel
Hypomineralization

In the last several decades, environmental conditions are dramatically changing, with
the accumulation of multiple, still unidentified, pollutants directly or indirectly
contributing to many pathologies in humans and animals. Among them, molecules
presenting endocrine-disrupting activities are suspected to increase the prevalence
and the severity of many pathologies such as hormone-dependant cancers, fertility,
behavior, diabetes, and obesity (Gore et al. 2015). They have also been reported to
disrupt dental development (Jedeon et al. 2015).

Endocrine disruptors (ED) are widely present in cosmetics, food, medical
devices, and equipment, though contamination is mostly oral, through food. EDs
are a large heterogeneous group of organic and inorganic compounds (Karthikeyan
et al. 2019). Among these, one of the most prevalent is bisphenols, which are found
in the majority of the population (Philips et al. 2018). Most EDs have structural
properties that allow them to passively cross the cell membranes and the placental
barrier, making the fetal and early-post-natal time periods as particularly critical for
ED actions on organ development. They are thus able to impact oral tissues and
microbiota directly, or indirectly by when circulating after transmucosal absorption
(Gayrard et al. 2013), dermal and oral ingestion.

Among the hundreds of environmental factors with endocrine-disrupting activity,
bisphenol A (BPA) is one of the most studied with more than 10,000 publications
referenced on PubMed during the last 20 years. More importantly, BPA is one of the
8 molecules identified by the European Union as an endocrine disruptor for health.
Its use is highly regulated but populations are still contaminated. Several substitutes
with similar structures are now proposed to replace BPA, notably BPS, though these
may also present endocrine-disrupting activity despite different toxicokinetic prop-
erties (Gayrard et al. 2019).

In 2013, Jedeon and co-workers reported BPA impact on amelogenesis of rats
daily exposed to low doses of BPA (5μg/kg/day) from conception until 30 or
100 days after birth. This dose is in the same range than environmental exposure
with the tolerated daily intake now fixed at 4μg/kg/day. At 30 days, 75% of male rats
and 30% of females presented opacities on their incisors. Conversely, 100 days old
rats did not present any defects indicating a window of susceptibility to low-dose
BPA. Enamel defects in rats exposed to BPA were only present on the teeth
developing during the perinatal period and appeared as similar to those seen in
humans with Molar Incisor Hypomineralization (MIH) (Jedeon et al. 2013). When
enamel defects in rats exposed to BPA and in humans with MIH were compared by
scanning electron microscopy and EDX, they were found to have similar features,
including increased carbon content, consistent with a relative increase in organic
material. In both rats and humans, albumin was found to be present in enamel,
suggesting the possibility of ameloblast damage that would allow serum proteins to
move past the otherwise closed apical gap junctions to the enamel surface (Farah
et al. 2010).
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MIH is an enamel pathology described in 2001 and is diagnosed in children
around 6–8 years of age, presenting random white opacities on the enamel of first
permanent molars and sometimes also on permanent incisors (Jälevik 2001;
Weerheijm et al. 2001). MIH prevalence seems to increase in parallel to other
pathologies associated with environmental factors cited above. MIH affects now
more than 14% of children aged 6 to 10 years old all over the world (Zhao et al.
2018) whereas it was almost absent until the decade of the 1980s. Its etiology is
likely multifactorial with a possible genetic or epigenetic susceptibility. Several
causal factors have been proposed such as prematurity, extended breastfeeding,
viral or bacterial infections, respiratory diseases, asthma, smoking, amoxicillin,
vitamin deficiency (Alaluusua 2010; Serna et al. 2016; Silva et al. 2016). None of
these factors is satisfactory to fully explain the occurrence of MIH, and changing
environmental conditions and lifestyle may also be considered as possible causal
factors. MIH also appears as a heterogeneous pathology with possibly multiple
causal factors some of them being found in the environment.

BPA is able to bind to estrogen receptors (ERα and ERβ) (Delfosse et al. 2012),
which are present in ameloblasts (Ferrer et al. 2005; Jedeon et al. 2014a), as well as
to GPRE and ERRγ, also present in ameloblasts (personal communication). BPA can
also modulate the action of many steroid receptors especially the androgen receptor
(AR) and the glucocorticoid receptor (GR) both of which are highly expressed in
dental epithelium and during amelogenesis (Houari et al. 2016). All these reasons,
including common features between human enamel defects and those of rats
exposed to BPA, led us to propose endocrine disruptors such as BPA as possible
candidates contributing to MIH.

BPA is not the sole ED reported to disrupt amelogenesis. Similar data were
reported for rats exposed to vinclozolin, a common dicarboximide fungicide
(Ronilan) with a powerful anti-androgenic activity. Vinclozolin prevents AR nuclear
translocation in ameloblasts and thus modulates the expression of enamel key genes
involved in the mineralization process such as SLC24A6 (Jedeon et al. 2014b,
2016b).

Exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has also been asso-
ciated with dental defects in humans (Alaluusua et al. 2004), and in experimental
rodent models (Gao et al. 2004). TCDD belongs to the dioxin family constituted by
dibenzo-p-dioxins (PCDD/TCDD), Polychlorodibenzofurans or furans (PCDF), and
Polychlorated and polybromated Biphenyls (PCB/PBB). Contrary to bisphenols
which have short half-lives, are eliminated in few hours and thus do not accumulate
in contaminated organisms, these organic pollutants are persistent in bodies and the
environment. Their mechanisms of action are still unclear but most of their genomic
and non-genomic effects are transmitted by the ubiquitous Aryl Hydrocarbon recep-
tor (AhR) involved in a broad spectrum of pathologies (Bock 2019 for review). AhR
is able to interact with ER thus presenting endocrine-disrupting activity also.

The best-known dioxin accident took place in Seveso, Italy, in 1976. More than
30 kg of TCDD were spread over an area of approximately 18 km2 with over a
thousand people exposed to TCDD. Blood samples were collected for clinical
chemistry tests and to quantify individual TCDD exposures, and these reports
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included an association between levels of TCDD contamination and occurrence of
dental defects. In vitro experiments supported these human observations, with teeth
having delayed enamel and dentin mineralization (Gao et al. 2004) and dysregulated
expression of dentin sialophosphoprotein (Kiukkonen et al. 2006).

Several epidemiological studies reported dental defects in children exposed to
PCBs in Japan as well as in Slovakia (Jan et al. 2007). Careful analysis of teeth
shows that accumulation of PCBs may chronically affect dental tissues (Jan et al.
2013).

Interestingly, many EDs have been reported for their ability to disrupt steroido-
genesis and corticoid axis (Gore et al. 2015). In fact, the question of corticoids’
ability to alter enamel matrix is often raised and debated, notably for children with
prescriptions for inhaled asthma drugs before the age of 3 years who seem to present
more opacities due to enamel hypomineralization (Wogelius et al. 2010). Corticoids
and EDs acting through their receptors (GR) may disrupt amelogenesis either by
directly modulating enamel key genes such as amelogenin which harbors a GR
responsive element in its promoter sequence (Gibson et al. 1997) or indirectly by
their well-known action on circulating calcium and phosphate status and bone
demineralization. More studies are required to completely understand the action of
drugs and hormones acting through the corticoid axis including cortisol on enamel
synthesis, including their ability to accumulate in enamel and interact with amelo-
blasts that express these receptors (Houari et al. 2016).

12.3 Combinations of Environmental Factors

Studies on the effects of EDs in dental development require further research to
understand their mechanisms of action. While it is well known that steroid hormones
(estrogens, androgens, retinoids, corticoids) and peptide hormones (GH for example)
can impact dental development and affect enamel and dentin mineralization, EDs,
may interact with and disrupt the activity of hormone receptors involved in dental
development in a more powerful fashion than endogenous hormones.

Another important topic concerns combinatory effects between already known
environmental factors impacting dental development like fluoride and EDs, and also
other toxicants that can accumulate in enamel, such as heavy metals (Cd, Hg, or Pb).
These toxicants may directly affect mineralized tissue formation, or alternatively,
indirectly affect formation through the gut–brain axis (Li et al. 2021 for review). The
gut–brain axis modulates neurotransmitters such as serotonin, which can affect
dental development. In fact, dental cells express many receptors that transmit their
effects with differential expression during cell differentiation and tooth
development.

The combinatory effects of environmental factors may explain their effects at low
doses and the apparent increase in sensitivity in the presence of multiple EDs. Thus,
the sensitivity to fluoride may be increased if the drinking waters contain other
pollutants with hypomineralizing effects such as BPA (Jedeon et al. 2016a) or lead
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(Leite et al. 2011). It has also been reported that a combination of fluoride with
amoxicillin (Sahlberg et al. 2013) or with TCDD (Salmela et al. 2011) has additional
effects on rodent dental development.

12.4 Conclusions

Enamel synthesis, which occurs during the perinatal period of time, from the third
trimester of fetal life to 6 years after birth, follows a well-known spatial-temporal
sequence of ameloblast proliferation, differentiation, maturation, and death, charac-
terized by specific gene expression pattern (Lacruz et al. 2017). Finally, ameloblasts
are lost during tooth eruption making enamel defects (if any) irreparable and thus
irreversible, but also leaving a mineralized record of environmental influences
during the time of enamel formation. The combined approach of identifying asso-
ciations between EDs and enamel defects in humans, and then using animal model
systems such as the continuously growing rat incisor to investigate molecular
mechanisms will allow us to understand how changes in the environment irrevers-
ibly affect tooth organ development.
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