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Abstract

The extracellular matrix (ECM) is a highly dynamic amalgamation of structural and signaling molecules whose quantitative and qualitative
modifications drive the distinct programmed morphologic changes required for tissues to mature into their functional forms. The
craniofacial complex houses a diverse array of tissues, including sensory organs, glands, and components of the musculoskeletal, neural,
and vascular systems, alongside several other highly specialized tissues to form the most complex part of the vertebrate body. Through
cell-ECM interactions, the ECM coordinates the cell movements, shape changes, differentiation, gene expression changes, and other
behaviors that sculpt developing organs. In this review, we focus on several common key roles of the ECM to shape developing
craniofacial organs and tissues. We summarize recent advances in our understanding of the ability of the ECM to biochemically and
biomechanically orchestrate major events of craniofacial development, and we discuss how dysregulated ECM dynamics contributes
to disease and disorders. As we expand our understanding of organ-specific matrix functionality and composition, we will improve our

ability to rationally modify matrices to promote regeneration and/or prevent degenerative outcomes in vitro and in vivo.

Keywords: craniofacial biology, craniofacial genetics, embryology, developmental biology, cell-matrix interactions, matrix biology

Introduction

The extracellular matrix (ECM) is a composite of proteins,
polysaccharides, and water that provides critical biochemical
and structural support to cells and tissues. The specific balance
of these 3 major components is unique to, and reflects the func-
tional requirements of, each tissue type. Craniofacial organs
and tissues are intricate and complex structures derived from a
variety of embryonic sources, including the cranial neural
crest, embryonic ectoderm, and prechordal mesoderm.
Throughout craniofacial development, the ECM undergoes a
series of quantitative and qualitative changes to cater to the
unique requirements of each developing tissue. Integrin- and
other transmembrane protein—mediated cell-ECM interactions
allow cells to sense and respond to these changes in matrix
dynamics by migrating, proliferating, and/or differentiating.
These interactions allow embryonic tissues to develop into cra-
niofacial structures such as the teeth, palate, cranium, sensory
organs, glands, muscles, and temporomandibular joints.
Craniofacial structures consist of a large variety of tissue
types, each with a unique ECM composition reflecting the
functional roles of each tissue—ranging from the fibrous inter-
stitial connective tissue matrices of tooth enamel and dentin to
the sheet-like specialized basement membranes of salivary
glands (Young and Krebsbach 2006; Zhang and Yelick 2018;
Moradian-Oldak and George 2021; Fig. 1). Although the
matrix of each tissue is unique, common roles of the ECM in
organ development and homeostasis have emerged. As
depicted in Figure 2, the ECM can serve as a pathway or road
for cell migration, a template for mineralization, a microenvi-
ronmental niche for differentiation, or a guide for tissue

growth, among others, as we highlight in this review. When the
ECM fails to serve these roles, the result is often a disease or
disorder, as exemplified by the abundance of tooth ECM pro-
tein mutations associated with amelogenesis and dentinogene-
sis imperfecta (Table 1; Yoshizaki and Yamada 2013; Smith
etal. 2017).

The advent of novel biochemical, biomechanical, imaging,
and other experimental techniques has deepened our under-
standing of how cells sense and respond to environmental cues
during craniofacial morphogenesis. Beyond unveiling the
interplay between cells and their extracellular surroundings,
these studies reveal potentially targetable molecular pathways
and guiding principles for novel therapeutic intervention and
regeneration strategies. Structured around the common roles of
the ECM serving as a scaffold, an orchestrator of stem cell
decision making, and a regulator of mechanics in tissue mor-
phogenesis, this review focuses on very recent advances in our
understanding of cell-ECM dynamics in craniofacial develop-
ment, discusses how dysregulation of ECM composition and
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Figure |. Extracellular matrices of craniofacial tissues. The examples shown indicate the molecular composition of the loose fibrillar interstitial
connective tissue of the dental pulp and the sheet-like basement membrane of the salivary gland. (A) A coronal slice of the developing oral cavity
shows the tongue, palate, and developing molars with the parotid, submandibular, and sublingual salivary glands. (B) In contrast to the loose interstitial
matrix of the dental pulp, the basement membrane is a dense ultrathin sheet structurally defined by laminin and type IV collagen. These 2 polymeric
structural components are connected by proteins such as perlecan, nidogen/entactin, and others. The basement membrane defines developing

tissue boundaries and provides plasticity and rigidity to guide growth whi
tissue is composed of collagens, fibronectin, proteoglycans, glycosaminog

le protecting tissues from mechanical damage. (C) The pulp connective
lycans, and several other noncollagenous proteins. Although type | collagen

predominates, type Ill collagen represents a relatively large proportion of the pulp fibrous matrix. This loose connective tissue houses numerous cell
types, including fibroblasts, odontoblasts, various immune defense cells, and stem cells. Integrins and other transmembrane proteins link extracellular
matrix proteins to the cellular cytoskeleton and allow cells to respond to extracellular cues.

structure can lead to disease, and highlights ECM-related tar-
gets and biomimetics with therapeutic potential.

ECM Scaffold: Migration
and Mineralization

Two fundamental roles of the ECM are to serve as a physical
scaffold and to provide biochemical signals to cells. Cells
interact with multiple ECM molecules (e.g., collagens, fibro-
nectin, laminins, proteoglycans) to migrate and organize into
functional tissues (Hynes and Yamada 2012). Organic ECM
fibers serve as scaffolds for the deposition of inorganic com-
pounds during tissue mineralization. As reviewed in the follow-
ing section, when these elemental roles of the ECM go awry,
the outcome is often a human developmental abnormality.

Roads and Trdffic Lights for Migration
and Tissue Morphogenesis

From the early stages of neural crest formation to the budding
of salivary glands and the final positioning of mandibular
molar progenitor populations, coordinated cell migration
and tissue remodeling are critical for the proper positioning and
development of craniofacial structures (Abramyan and

Richman 2018). Although extensive research has characterized
cell migration and tissue movements during craniofacial devel-
opment, as in organ formation and palatogenesis (see Appendix
for discussion), our understanding of these complex processes
continues to be challenged and refined each year. For example,
bending of epithelia during salivary gland and tooth develop-
ment for epithelial invagination is not only associated with the
previously described columnar-to-wedge shape changes of
cells but is driven by newly identified critical roles acting in
combination: 1) the strong adhesion of peripheral cells to the
basement membrane ECM through integrins, 2) the low adhe-
sion of these cells to each other via E-cadherin, and 3) the low
cell-matrix adhesion with high cell-cell adhesion in the cen-
trally located cells (Li et al. 2020; Wang et al. 2021).
Spatiotemporally regulated abundance and distribution of cell-
ECM and cell-cell anchoring proteins (e.g., tooth-specific gly-
coproteins, collagens, laminins, fibronectin, cadherins) are
similarly critical traffic lights in subsequent tooth development
(e.g., Heymann et al. 2002; Klein et al. 2013; Yoshizaki and
Yamada 2013). In a recent example, inner enamel epithelial
cells overexpressing E-cadherin and failing to migrate are
associated with an enamel hypoplasia phenotype (Chiba et al.
2019; He et al. 2019).

Although our understanding of the biological functions of
ECM-cell interaction proteins continues to expand, we are still
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Figure 2. The extracellular matrix (ECM) in craniofacial development. With the erupting tooth as an example, illustrated here are major roles of the
ECM: serving as a mechanical guide or director, controlling cell differentiation/fate specification, and providing a scaffold for developing craniofacial
tissues. (A) ECM remodeling is a finely tuned and carefully regulated process crucial for multiple steps of craniofacial development. A balance between
matrix proteins such as matrix metalloproteases, the ADAM (a disintegrin and metalloprotease) family, lysyl oxidases, and their inhibitors control the
extent of matrix degradation for tissue health. In addition to providing physical space for cell/tissue growth and movement, matrix degradation releases
various growth factors and other key molecules for tissue development and homeostasis. (B) Unlike most mineralized tissues in which collagens serve
as the main scaffolding proteins, amelogenin guides the hierarchical deposition of apatite crystals during enamel maturation. Self-assembled amyloid-like
beta sheet deposits of amelogenin are transiently assembled to provide structural support for enamel mineralization. (C) The human tooth houses
various types of stem cells, including those of the apical papilla. The ECM provides mechanical and chemical cues to drive stem cell self-renewal,
maintenance, proliferation, and differentiation. Stem cells sense physical cues (e.g,, stiffness, elasticity, topography) predominantly via integrins, as

well as chemical cues via cell surface receptors and coreceptors (e.g., numerous types of growth factor receptors, frizzled 7/syndecan 4 coreceptor
complexes, syndecans). These ECM-driven cues mediate cell anchorage and various intracellular signaling cascades to regulate stem cell dynamics.

MMPs, matrix metalloproteases; SCAPs, stem cells of the apical papilla.

far from a comprehensive understanding of the intricate ECM-
cell interplay underlying proper cranial neural crest migration.
For example, even though MAPRE?2 is a member of the micro-
tubule plus-end tracking protein family, whose members are
well known for regulating microtubule growth and stabiliza-
tion, it regulates the adhesion of migrating cranial neural crest
cells to the roads provided by ECM fibers (Thues et al. 2021).
This recently identified role of MAPRE2 may help to explain
the craniofacial dysmorphism, cleft palate, and other facial
anomalies found in the polymalformative syndromes caused
by MAPRE2 mutations (Thues et al. 2021). Novel experimen-
tal approaches (e.g., reconstructing the genome-wide human

regulatory network of cranial neural crest cells through com-
bining paired gene expression and chromatin accessibility
data; Feng et al. 2021) further our knowledge about the genetic
landscape of craniofacial diseases and may provide a more
comprehensive understanding of the ECM’s roles in regulating
this developmentally crucial cell population.

Templates for Mineralization

A complex process of spatiotemporally regulated bone resorp-
tion and mineralization is required for craniofacial develop-
ment. Numerous signaling cascades and feedback loops
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Table I. Extracellular Matrix Proteins Mutated in Human Craniofacial Diseases.

Gene Protein Phenotype OMIM
HSPG2 Basement membrane-specific Schwartz-Jampel syndrome, type | (various myopathies and osteopathies, 255800
heparan sulfate proteoglycan microcephaly, facial abnormalities)
core protein (perlecan) Dyssegmental dysplasia, Silverman-Handmaker type (lethal, flat face, 224410
micrognathia, cleft palate, encephalocele)
ACAN Aggrecan core protein Short stature and advanced bone age, with or without early-onset 165800
osteoarthritis and/or osteochondritis dissecans, midface hypoplasia
Spondyloepimetaphyseal dysplasia, aggrecan type (craniofacial abnormalities 612813
included relative macrocephaly, severe midface hypoplasia with almost
absent nasal cartilage, relative prognathism, and slightly low-set posteriorly
rotated ears)
LAMA3 Laminin subunit alpha 3 Laryngoonychocutaneous syndrome (hoarseness, tooth dysmorphia, crusted 245660
lesions of face, chronic bleeding; often present with hypoplastic pitted
enamel)
Epidermolysis bullosa (often present with hypoplastic pitted enamel) 226650
LAMBI Laminin subunit beta | Lissencephaly 5 (hydrocephalus and other cranial malformations) 615191
LAMB3 Laminin subunit beta 3 Amelogenesis imperfecta, type 1A 104530
Epidermolysis bullosa, junctional, Herlitz type 226700
Epidermolysis bullosa, junctional, non-Herlitz type 226650
COLI7AI Collagen type XVII, alpha | chain Epidermolysis bullosa, junctional, non-Herlitz type (often present with 226650
hypoplastic pitted enamel)
FBNI Fibrillin | Acromicric dysplasia (growth delay and distinct facial dysmorphism) 102370
FRASI Extracellular matrix organizing Fraser syndrome | (missing lacrimal ducts, middle and outer ear 219000
protein FRASI malformations, high palate, cleaved nares and tongue, laryngeal stenosis,
hypertelorism)
MGP Matrix Gla protein Keutel syndrome (midface hypoplasia and ectopic abnormal calcifications 245150
including laryngotracheobronchial calcifications, cerebral calcifications, and
others)
COL7AI Collagen type VII, alpha | chain Epidermolysis bullosa, several subtypes (blistering and scarring of skin and 120120
mucous membranes)
COLI8AI Collagen type XVIII, alpha | chain ~ Knobloch syndrome, type | (occipital bone and tissue defects, eye 267750
abnormalities)
LTBP3 Latent-transforming growth factor ~ Dental anomalies and short stature (hypoplastic amelogenesis imperfecta, 601216
beta binding protein 3 short stature, skeletal dysplasia)
Geleophysic dysplasia 3 (distinct dysmorphic facial features, short stature, 617809
skeletal dysplasia, restricted movements of joints)
LTBP4 Latent-transforming growth factor ~ Cutis laxa, autosomal recessive (Urban-Rifkin-Davis syndrome, 613177
beta binding protein 4 microretrognathia, midface deficiency, wide fontanelles; disrupted
development of craniofacial, gastrointestinal, and several other tissues)
AMBN Ameloblastin Amelogenesis imperfecta, type IF 616270
AMELX Amelogenin, X isoform Amelogenesis imperfecta, type IE 301200
AMTN Amelotin Amelogenesis imperfecta, type IlIB 617607
ENAM Enamelin Amelogenesis imperfecta, type IB 104500
Amelogenesis imperfecta, type IC 204650
COLIAI Collagen type |, alpha | chain Osteogenesis imperfecta, type | (often with dentinogenesis imperfecta) 166200
Osteogenesis imperfecta, type Il (often with dentinogenesis imperfecta) 166210
Osteogenesis imperfecta, type Ill (often with dentinogenesis imperfecta) 259420
Osteogenesis imperfecta, type |V (often with dentinogenesis imperfecta) 166220
COLIA2 Collagen type |, alpha 2 chain Osteogenesis imperfecta, type Il (often with dentinogenesis imperfecta) 166210
Osteogenesis imperfecta, type Ill (often with dentinogenesis imperfecta) 259420
Osteogenesis imperfecta, type |V (often with dentinogenesis imperfecta) 166220
DMPI Dentin matrix acidic Hypophosphatemic rickets (presents with dentin defects and craniofacial 241520
phosphoprotein | developmental abnormalities)
DSPP Dentin sialophosphoprotein Dentin dysplasia, type Il 125420
Dentinogenesis imperfecta, type Il 125490
Dentinogenesis imperfecta, type ll 125500
Deafness, autosomal dominant 39, with dentinogenesis imperfecta type | 605594
BGN Biglycan Meester-Loeys syndrome (dysmorphic facial features including frontal 300989

bossing, malar hypoplasia, hypertelorism, and proptosis; aneurysms and
nonspecific connective tissue abnormalities)

A noncomprehensive list of extracellular matrix proteins mutated in various human craniofacial diseases and disorders.
OMIM, Online Mendelian Inheritance in Man.
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coordinate the processes of ECM deposition, organization, and
resorption required for the development and homeostasis of
bone, enamel, and other mineralized tissues of the head/neck.
When this balance is lost (e.g., through mutations in the miner-
alization inhibitor matrix Gla protein or the various enamel and
dentin matrix proteins), the results are craniofacial develop-
mental defects (e.g., Keutel syndrome associated with matrix
Gla protein mutations [Marulanda et al. 2017; OMIM 245150]
and the extensively characterized mutations associated
with amelogenesis imperfecta and dentinogenesis imperfecta;
Table 1).

Collagen Organization and Cross-linking. As emphasized
throughout this review, the fibrous architecture of the ECM
serves a variety of roles during development and homeostasis,
ranging from offering pathways for cell migration to providing
scaffolding for mineralization. The ability to alter matrix pro-
tein cross-linking and organization is fundamental to several
current dental/medical therapies. Indeed, conventional dental
restorative procedures exploit therapeutic tooth ECM cross-
linking to bond dental materials to sound tooth structure (Mara-
vic et al. 2021). Accordingly, when the processes involved in
producing an ordered cross-linked matrix go awry, develop-
ment and homeostasis are impaired. For example, conditional
knockout of Yap/Taz (transcriptional regulators whose down-
stream targets include various collagen cross-linking proteins)
in the palatal shelf mesenchyme of mice results in failed col-
lagen cross-linking, impaired palatal shelf elevation, and cleft
palate (Goodwin et al. 2020), though loss of Yap/Taz could
have affected more than collagen cross-linking. Several ECM
structural proteins must work in harmony to form an ordered
matrix. The importance of this harmonious function in cranio-
facial development is highlighted by the irregular collagen
fiber deposition and aggregation observed after depleting
chondroitin ~ sulfate proteoglycans in the craniofacial
complex—resulting in impaired connective tissue organization,
failed intramembranous ossification of the skull, cleft palate,
and severe facial dysmorphism (Ida-Yonemochi et al. 2018).

Enamel Mineralization. As the hardest and most mineralized
vertebrate tissue, mature enamel is composed of highly orga-
nized crystalline apatite fibers that are several microns long
(Fig. 2B). Although it is generally accepted that amelogenin
and other ECM proteins are critical for developing enamel’s
complex uniaxial organization of fibrous apatite crystals
(Lacruz et al. 2017), the normal rapid degradation of organic
enamel content to produce the final mineralized tissue has
made characterizing this transient developmental process dif-
ficult (Bai et al. 2020). The intricate interplay between matrix
degradation and development required for dental hard tissue
homeostasis has been reviewed elsewhere (e.g., see Margolis
et al. 2014). Consequently, we have limited this section to very
new concepts and refer readers to the reviews cited earlier.
Using mouse models lacking degraders of enamel matrix pro-
teins (e.g., KLK4), state-of-the-art microscopy techniques, in
vitro mineralization assays, proteomic assays, and structural

modeling, recent reports have characterized amelogenin-
ameloblastin interactions in detail to show that full-length
amelogenin first self-assembles into amyloid-like structures
before forming beta-sheet nanoribbon templates to guide ori-
ented growth of fibrous apatite nanocrystals (Bai et al. 2020;
Bapat et al. 2020). Human mutations resulting in either failed
production of amelogenin or extracellular secretion of amelo-
genin disrupt this assembly process and result in the enamel
hypoplasia associated with hypoplastic/hypomaturation ame-
logenesis imperfecta (OMIM 301200; Table 1). Our ever-
improving understanding of the roles of ECM in tooth
mineralization has led to a surge in successful research devel-
oping biomimetic materials capable of mineralizing damaged
enamel (Wang et al. 2020).

ECM Niche: Cell Differentiation
and Fate Specification

The ECM guides the differentiation and fate specification of
numerous cell types throughout craniofacial development and
homeostasis. From neural crest cells to oral/maxillofacial stem
cells, the ECM serves as a cellular niche providing structural,
physical, and biochemical cues to guide cell fate. Significant
craniofacial defects result when neural crest cells fail to receive
ECM cues mediated by integrins and other cell surface pro-
teins (Leonard and Taneyhill 2020). Focusing on these cell-
ECM interactions, investigators are exploiting critical ECM
cues to control stem cell dynamics for treatment of oral and
maxilla facial disease (e.g., Yang et al. 2021). There are many
excellent reviews on the potential for stem cell tissue engineer-
ing by controlling stem cell fate (e.g., Tewary et al. 2018), so
we will focus on craniofacial stem cells.

Oral and Makxillofacial Stem Cells

The past decade has seen a dramatic expansion of research
seeking to exploit the self-renewal and multiple differentiation
potential of mesenchymal stem cells (MSCs) for treating oral
diseases. The oral and maxillofacial region is replete with
sources of MSCs, including MSCs derived from teeth (e.g.,
dental pulp stem cells, stem cells from the apical papilla, stem
cells from human exfoliated deciduous teeth) and MSCs
derived from salivary glands and periodontal tissues (e.g., peri-
odontal ligament stem cells, gingiva-derived stem cells, sali-
vary gland—derived stem cells).

Dental Stem Cells. Stem cell maintenance, proliferation, and
differentiation are driven by the structural and chemical char-
acteristics of the ECM niche (Fig. 2C). As highlighted in
Table 2, the ECM composition of each dental tissue provides
unique microenvironmental stimuli to precursor cells. Dental
pulp stem cells are becoming promising regenerative tools
because—depending on their microenvironmental niche—
they not only can contribute to pulp homeostasis and replenish-
ing damaged odontoblasts but can also differentiate into
functionally active glial and neural cells (Laudani et al. 2020).
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Table 2. Extracellular Matrix Proteins of the Human Tooth.

Tissue: Gene

Protein Name

Enamel
AMBN
AMELX
AMELY
AMTN
ENAM
ODAM (APIN)
coLl
COL3AI
Dentin
coLl
COL3AI
COL5AI
BSP (IBSP)
DMPI
DSPP
FBLN7
MEPE

OPN (SPPI)
MGP
SPARC
BGLAP
BGN

DCN
FMOD
LUM

OMD
AMELX
AMBN
EMILINI, 2, and 3
Cementum
coLl

BSP (IBSP)
OPN (SPPI)
BGLAP
AHSG
FMOD
LUM

BGN

DCN

VCAN
OMD

MGP
PTPLA/CAP
Pulp

coLl
COL3AI
COL5AI
COL6AI
FNI

CSPG4
CSPG6 (SMC-3)
BGN

DCN

VCAN

OPN (SPPI)
BSP (IBSP)
EMILINI, 2, and 3

Ameloblastin

Amelogenin, X isoform

Amelogenin, Y isoform

Amelotin

Enamelin

Odontogenic ameloblast-associated protein (apin)
Collagen type |

Collagen type I, alpha | chain

Collagen type |

Collagen type I, alpha | chain

Collagen type V, alpha | chain

Bone sialoprotein (integrin-binding sialoprotein)
Dentin matrix acidic phosphoprotein |
Dentin sialophosphoprotein

Fibulin 7

Matrix extracellular phosphoglycoprotein
Osteopontin (secreted phosphoprotein )
Matrix Gla protein

SPARC (osteonectin)

Bone Gla protein (osteocalcin)

Biglycan

Decorin

Fibromodulin

Lumican

Osteomodulin

Amelogenin, X isoform

Ameloblastin

Emilin I, 2, and 3

Collagen type |

Bone sialoprotein (integrin binding sialoprotein)
Osteopontin (secreted phosphoprotein )
Bone Gla protein (osteocalcin)
Alpha-2-HS-glycoprotein

Fibromodulin

Lumican

Biglycan

Decorin

Versican

Osteomodulin

Matrix Gla protein

Protein-tyrosine phosphatase-like member A / cementum-attachment protein

Collagen type |

Collagen type lll, alpha | chain

Collagen type V, alpha | chain

Collagen type VI, alpha | chain

Fibronectin

Chondroitin sulfate proteoglycan 4
Chondroitin sulfate proteoglycan 6 (structural maintenance of chromosomes protein 3)
Biglycan

Decorin

Versican

Osteopontin (secreted phosphoprotein 1)
Bone sialoprotein (integrin-binding sialoprotein)
Emilin I, 2, and 3

A noncomprehensive list of extracellular matrix proteins found in human teeth.
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This ability to differentiate into multiple tissue types is shared
by their counterpart population of stem cells derived from the
pulp tissue of exfoliated deciduous teeth (SHED; Xuan et al.
2018). The fate of dental pulp stem cells and SHED can be
expanded to include osteogenic potential when the cells are
surrounded by an extracellular microenvironment rich in gran-
ular hydroxyapatite deposits (Hagar et al. 2021). Most remark-
ably, a recent randomized controlled clinical trial highlighted
the tremendous therapeutic potential of SHED when sur-
rounded by the remnant matrix of trauma-induced necrotic
dental pulp. In animal models and recruited humans, the
implanted SHED regenerated the dental pulp, reforming vas-
cular and nervous tissues and allowing continued root growth
and apex closure (Xuan et al. 2018; see Appendix for discus-
sion). These and similar reports suggest that even though each
type of dental-derived stem cell has significant therapeutic
potential, each population may be better suited for specific
applications in tooth regeneration and beyond.

Stem Cells from Salivary Glands and Periodontal Tissues. As for
dental stem cells, the ECM provides structural and biochemi-
cal inputs to guide the behavior of salivary gland— and peri-
odontal tissue—derived stem cells. Stem cells derived from the
periodontal ligament have gained interest due to their potential
to regenerate mineralized and nonmineralized tissues when the
ECM microenvironment provides calcium phosphate and
growth factors to regenerate dental cementum—a promising
finding for potentially developing more comprehensive ther-
apy for the tooth-periodontal complex (Park et al. 2020).
Remarkably, the cultured gingival fibroblasts derived from
gingival tissues harbor a unique population of gingival MSCs
that have an even more diverse potential for differentiation and
therapeutic application that can be guided by providing appro-
priate extracellular scaffolds and signals. Indeed, gingival
fibroblasts derived from gingival tissues with their associated
gingival MSCs can restore 1) periodontal defects when pro-
vided with a collagen scaffold (Abdal-Wahab et al. 2020), 2)
calvarial bony defects when provided with degradable polylac-
tide scaffolds mimicking the mechanical properties of the bony
matrix (Diomede et al. 2018), and 3) tongue defects when pro-
vided with a decellularized xenograft material (Zhang et al.
2019).

Beyond the tooth complex, salivary gland—derived stem
cells may become an attractive therapeutic approach to replace
functional salivary gland tissue. As ongoing research defines
the physical and biochemical extracellular cues best suited to
guide salivary gland stem cells to develop into functional gland
tissue, we become closer than ever before to potentially adding
stem cell transplantation to the list of xerostomia treatments
alongside saliva substitutes and stimulants. By creating extra-
cellular structures mimicking the properties of salivary
glands—physical (e.g., fiber stiffness, density, topography)
and biochemical (e.g., availability of FGF10)—several groups
have reported successful production of functional salivary
gland tissue and are even exploring the feasibility of human
transplantation (Sui et al. 2020).

The ability of ECMs to control cell fate extends beyond
multipotent stem cell populations. ECM mechanical cues, col-
lagen compositions, and signaling gradients play critical roles
in palate formation. For example, matrix collagen VI content
and stiffness maintain mesenchymal cell differentiation in
tooth bud formation (Mammoto et al. 2015), and ECM
mechanical stretch and composition can promote calvarial
osteoblast viability and differentiation in craniofacial suture
remodeling (Liang et al. 2021).

Mechanical Regulation of Craniofacial
Development

Our understanding about how the ECM mechanically orches-
trates craniofacial development has been deepened in recent
years by methodologies for delivering stem cells to damaged
orofacial tissues: electrostatic microdroplet-generated hydro-
gel microspheres (Yang et al. 2021), finite element modeling of
oral cavity forces (Brunt et al. 2015), measuring the 3-dimensional
space distribution of forces in living tissues with magnetic
fields (Zhu, Tao, et al. 2020), and other novel biomechanical
tissue engineering and analysis techniques. The diverse bio-
physical and mechanical roles of the ECM in craniofacial
development are reviewed in turn—from generating forces to
forming impenetrable barriers.

Generating Forces

Changes in ECM composition and distribution can produce
forces that drive tissue movements during development. For
example, a major component of the palatal shelf ECM is the
glycosaminoglycan hyaluronic acid (HA; Lan et al. 2019).
During palatal shelf elevation, HA hydration-driven ECM
expansion creates a pressure gradient to drive elevation of the
palatal shelves. Deletion of the gene encoding HA synthase 2 in
the palatal mesenchyme results in failed palatal shelf elevation
and fusion (Lan et al. 2019). HA hydration and the associated
increase in ECM-generated pressure gradients are similarly
required for proper tongue and mandible morphogenesis (Lan
et al. 2019; Yonemitsu et al. 2020). These spatiotemporal
changes in ECM-generated pressure gradients orchestrate tissue
movements for posterior displacement of the tongue, elongation
of the mandibular arch, and elevation of the palatal shelves.

Turning to the cranium, pressure gradients caused by brain
enlargement deform the ECM of the dura mater, creating ten-
sile forces that are then transmitted to the bones and sutures of
the cranium (Moazen et al. 2016; Marghoub et al. 2018). This
increase in suture tension stimulates several biochemical sig-
naling processes (e.g., growth factor and BMP signaling;
Ikegame et al. 2016) in the suture mesenchyme that lead to cell
proliferation, differentiation, and suture fusion. Indeed, abnor-
mally reduced intracranial pressure and the associated reduc-
tion in cranial-ECM tension can result in premature suture
fusion (craniosynostosis) and resulting microcephaly (Park
and Yoon 2017).
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Removing to Improve

Throughout development and homeostasis, the ECM is dynam-
ically remodeled to permit tissue growth and oriented move-
ment. This crucial process requires the balanced spatiotemporal
expression of enzymes capable of degrading matrix proteins
(e.g., MMPs [matrix metalloprotease], ADAMs [a disintegrin
and metalloprotease], and ADAMTS [a disintegrin and metal-
loprotease with thrombospondin motifs]) as well as TIMPs
(tissue inhibitor of metalloprotease; Hynes and Yamada 2012;
Bonnans et al. 2014). Failure of this coordinated matrix deg-
radation can result in severe developmental defects. For
example, a combination of aberrant dentin formation and
mineralization, alveolar bone remodeling, and periodontal
ligament formation caused by loss of membrane-type matrix
metalloproteinase 1 activity in the dental mesenchyme of
developing teeth results in failed root formation and tooth
eruption (Xu et al. 2016).

Recent reports have extended beyond characterizing the
physical results of ECM remodeling during odontogenesis to
scrutinize the roles of the various bioactive molecules that are
released upon matrix degradation. For example, digested den-
tin matrix components released during dentin degradation
stimulate tertiary (reparative) dentin formation to facilitate
wound healing of the dentin-pulp complex (Okamoto et al.
2018). Furthermore, dentin sialoprotein (DSP) in the dentin
matrix was recently reported to be a substrate of MMP9, and
such DSP processing is critical for dentinogenesis—MMP9
knockout results in a dentinogenesis imperfecta—like pheno-
type (Yuan et al. 2017; Gou et al. 2020). Returning to palate
formation, not only are HA-driven increases in ECM volume
required but so is coordinated ECM remodeling to produce the
forces needed to elevate the palatal shelves. Reduced collagen
protein expression and cross-linking due to altered lysyl-oxi-
dase-like 3 and 4 (LOXL3, 4) activity are associated with
delayed or failed palatal shelf elevation (Zhang et al. 2015,
Goodwin et al. 2020).

Directing Growth

As highlighted here, the ECM can serve as a physical barrier to
restrict and guide cell/tissue movements. Not only temporal
variation (as discussed in Removing to Improve) but also spa-
tial differences in ECM stiffness and composition guide tissue
growth. For example, comparatively higher ECM stiffness and
fibronectin content in the distal versus medial portions of the
developing first pharyngeal arch limit cell rearrangement, pro-
vide directionality to cell migration, and drive arch elongation
(Zhu, Zhang, et al. 2020).

The ECM continues to direct growth as the derivatives of
the first pharyngeal arch develop. For example, the bony
matrix that envelopes developing multicuspid teeth determines
the amount of intercuspal spacing and cusp alignment through
physically restricting cusp growth (Renvoise et al. 2017).
Moreover, a tenascin meshwork surrounds and aligns with
actin bundles of the cells in the middle and posterior palatal
shelf mesenchyme during palatal shelf elevation. This

combination of oriented ECM and cellular cytoskeleton
drives directional actin-dependent cell contractility and tissue
movements during palate elevation (Chiquet et al. 2016).
Proliferating mesenchymal cells of the fusing calvarial suture
similarly respond to oriented extracellular tensile forces to
direct growth of the expanding skull (Ikegame et al. 2019).

The studies reviewed here demonstrate how the ECM pro-
vides spatiotemporally regulated forces of varying types and
magnitudes to drive growth and development of the craniofa-
cial complex. Future research merging genetic, biochemical,
and biomechanical approaches to understand the mechanical
roles of ECM in controlling head and neck development prom-
ise to allow us to apply increasingly sophisticated mechanical
manipulations and novel bioengineering platforms to therapeu-
tically regenerate craniofacial tissues.

Conclusions and Perspectives

The craniofacial complex is composed of a variety of distinct
tissue types, and appropriate development of each unique
structure requires tight control of ECM degradation, assembly,
modification, and signaling. In this review, we explore how the
physical and biochemical properties of the ECM guide cell
fate/differentiation, mineralization, cell/tissue migration, and
tissue growth. ECMs can serve conceptually similar roles con-
trolling tissue development and homeostasis, as well as organ-
specific mechanisms. Many questions remain unanswered,
providing rich opportunities for future research and therapy
(e.g., see Oliver et al. 2021).

How the ECM regulates the dental stem cell niche needs
extensive characterization. We have seen that dental pulp stem
cells can regenerate odontoblasts, vascular tissue, and nervous
tissue when implanted into trauma-induced necrotic human
pulp tissue (Xuan et al. 2018). Although these studies success-
fully regenerated nervous tissue and the teeth responded to
electric pulp testing, are these regenerated pulpal tissues capa-
ble of responding to thermal stimuli in a manner similar to vir-
gin pulp? If not, why not? At present, regenerative studies
involve traumatized single-rooted incisors. Can these studies
be replicated in multirooted molars? Which components of the
pulp matrix must remain for such implantation to regenerate
necrotic pulp successfully? Answers to questions such as these
may allow us to eventually regenerate healthy functional pulp
from caries-induced necrotic pulp tissue.

Exactly how do amelogenin and ameloblastin interact struc-
turally in vivo to template complex patterns of enamel miner-
alization? How do crystallization mechanisms differ at each
stage of enamel mineralization? Answers to these and similar
questions are crucial as we continue to develop biomaterials to
remineralize damaged tooth structures. Furthermore, how do
products of dentin matrix degradation stimulate new matrix
deposition, and can these molecules be produced synthetically
for potential therapeutic application?

More generally, what feedback mechanisms modulate the
extent of matrix degradation as well as the direction and mag-
nitude of ECM-provided forces to achieve appropriate cellular
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and tissue-level changes during craniofacial development?
Though well appreciated in certain developmental events (e.g.,
palate elevation, as discussed earlier), how mechanical forces
help guide normal craniofacial development requires deeper
investigation. Organotypic 3-dimensional tissue culture mod-
els incorporating native ECM and ongoing genetic studies are
improving our understanding of ECM dynamics in develop-
ment. Nevertheless, we must continue to develop novel meth-
ods to investigate ECM dynamics in vivo to make strides in
understanding diseased ECM states and to uncover new targets
and methods for future therapy.
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