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Abstract

Salivary glands provide saliva to maintain oral health, and
a loss of salivary gland function substantially decreases
quality-of-life. Understanding the biological mechanisms
that generate salivary glands during embryonic develop-
ment may identify novel ways to regenerate function or
design artificial salivary glands. This review article

summarizes current research on the process of branching

morphogenesis of salivary glands, which creates gland
structure during development. We highlight exciting new
advances and opportunities in studies of cell-cell interactions,
mechanical forces, growth factors, and gene expression
patterns to improve our understanding of this important

process.
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Introduction

Salivary glands fulfill important roles in oral
biology by producing saliva to provide water for
lubrication, as well as supplying electrolytes, mucus,
antibacterial compounds, and various enzymes to
the oral cavity. Loss of normal salivary gland
function can result in widespread deterioration of
oral health. For example, salivary hypofunction and
xerostomia caused by Sjogren's disease, irradiation
for oral cancer, or side effects of medication can
lead to dental caries, severe periodontal disease,
persistent infections, and difficulties in mastication
and swallowing. These effects can seriously affect
the quality-of-life of patients.

Human salivary glands are generated in emb-
ryonic development by the process of branching
morphogenesis. Understanding the biological prin-
ciples of this process may not only advance our
understanding of developmental biology, but it

could also provide novel approaches to tissue
engineering for regenerating salivary glands or for
creating an artificial salivary gland or other organs
to restore missing function.

Branching morphogenesis is a key develop-
mental process commonly utilized to generate the
functionally efficient, complex, but well-ordered,
tissue architecture found in many organs, including
lung, kidney, mammary and salivary gland (Hogan,
1999). Although different regulatory mechanisms
are employed temporally and spatially at specific
developmental stages of each organ, there also
appear to be common mechanisms shared by
multiple branched organs (Davies, 2002; Lu and
Werb, 2008). Hence, understanding the mechanism
of morphogenesis of one type of branched organ
can potentially provide significant insight to that
of another.

The mouse salivary gland, specifically the sub-
mandibular gland, has been used frequently as a
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model for the general process of branching morpho-
genesis because of its clearly defined branching
pattern, the relative ease of gland isolation, and the
availability of a well-established system for ex vivo
gland culture. Detailed protocols for ex vivo culture
of submandibular glands (SMG) have been described
recently (Sakai and Onodera, 2008; Rebustini and
Hoffman, 2009). The gland starts as a simple
spherical epithelial structure attached to a single
epithelial stalk and is surrounded by condensed
mesenchyme at embryonic day 12 (E12). Bran-
ching is initiated at E13 by the formation of shallow
clefts that deepen and subdivide the epithelium
into multiple buds. The gland then undergoes
repetitive rounds of cleft and bud formation, as
well as bud/duct elongation, to form a highly
branched structure by E14 to E15 (Figure 1).
Branching continues over the subsequent days of

In vivo
E12 E13

Ex vivo culture
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embryonic development. During this process, thou-
sands (or more) intricate and dynamic interactions
occur within, as well as between, the epithelium
and the mesenchyme (the two main cell populations
found in the early gland). These interactions are
affected by factors that include, but are not limited
to, changes in extracellular matrix protein synthesis
and distribution, alterations in cell-cell and cell-
matrix adhesions, and changes in cell growth and
contractility. How these interactions help to sculpt
the form of the gland has been a central focus in
understanding branching morphogenesis. In this
review, we examine current research topics and
studies emphasizing the past five years investi-
gating the mechanisms and regulation of mouse
salivary gland branching morphogenesis. We high-
light exciting new opportunities to improve our
understanding of this important process.

E14 E15

Figure 1 Branching morphogenesis of SMG in vivo and in ex vivo culture

Top panel: Mouse SMG isolated from embryonic day 12 (E12) through E15 illustrate the formation of a highly branched structure from a

single epithelial bud. Bottom panel: The pattern of in vivo branching morphogenesis can be closely reproduced by ex vivo culture of an E12

SMG. M denotes mesenchyme, E denotes epithelium, and empty and filled arrowheads show examples of early and deepening clefts,

respectively.

Mechanical forces generated by the
extracellular matrix

The formation and deepening of epithelial clefts
are critical initial events during SMG branching
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morphogenesis. These processes help to generate
the multi-lobed structure of the gland by sub-
dividing a simple epithelial bud into multiple
smaller buds that elongate by forming secondary
ducts and expand in size distally. From the first
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studies of the mechanisms of salivary branching
morphogenesis, it has been clear that extracellular
matrix (ECM) molecules play an important role in
gland development. They are essential elements of
tissue and organ architecture throughout the body
and could potentially provide structural guidance
cues to help “mold” the gland into its desired form.
One model proposes that clefts are formed as a
result of contraction or pulling of bundles of ECM
fibrils by mesenchymal cells to generate mecha-
nical forces that push inward at local sites against
the growing epithelial bud at the epithelial-
mesenchymal interface. In support of this proposal,
fibrillar structures were observed aligned along the
base of clefts (Nakanishi et al., 1986). More
recently, mathematical modeling has shown that it
is possible to generate epithelial clefts that
morphologically resemble naturally occurring clefts
when appropriate mesenchymal forces are applied
to an epithelial bud (Wan et al., 2008). It was
suggested initially that the force-exerting fibers are
comprised of the ECM protein collagen, since
several types of collagen accumulate at the epithelial
cleft sites (Nakanishi et al., 1988; Hayakawa et al.,
1992), and chemical inhibition of collagen synthesis
or addition of collagenase dramatically blocks
branching of SMG (Spooner and Faubion, 1980;
Fukuda et al., 1988; Nakanishi et al., 1988;
Hayakawa et al., 1992). Although these findings
highlight the importance of collagen accumulation
and turnover during SMG branching, whether
collagen accumulation in the clefts is involved in
actively generating clefts or in merely stabilizing
clefts by providing resistance to epithelial forces is
currently not yet clear.

In fact, many researchers are now discovering
new functions for a variety of ECM proteins.
Additional roles for collagen have been suggested
in a recent study reporting the discovery that the
collagenolytic membrane-type matrix metallopro-
teinase MT-MMP?2 releases bioactive NC1 domains
from collagen IV in the basement membrane to
drive epithelial proliferation (Rebustini et al.,
2009). Moreover, the ECM proteins laminin and
perlecan, which are both components of the base-
ment membrane that lines the junction between
epithelium and mesenchyme, have also been found
to accumulate in early clefts. Examination of
glands isolated from laminin a5”" mice as well as

siRNA knockdown of laminin a5 demonstrate a
reciprocal regulatory pathway between laminin a5
and fibroblast growth factor (FGF) signaling
(Rebustini et al., 2007).

In addition, proteoglycans can play regulatory
roles. Cleavage of heparan sulfate moieties from
the basement membrane proteoglycan perlecan
releases FGF10, which then acts on the epithelium
to induce increased branching (Patel et al., 2007).
To add another level of complexity, the size and
sulfation patterns of heparan sulfate exert diffe-
rential levels of modulation of the affinity of
FGF10 binding and hence on the effect of FGF10
on epithelial branching morphogenesis (Patel et al.,
2008).

The ECM protein fibronectin has also been
identified as a putative cleft initiator (Sakai et al.,
2003). It accumulates in the clefts and appears to
direct its own inward translocation deeper into the
cleft as cleft progression occurs (Larsen et al.,
2006). Knockdown of fibronectin by siRNA pre-
vents cleft formation in E12 SMGs, while the
addition of exogenous fibronectin accelerates epi-
thelial cleft formation while producing decreased
E-cadherin-mediated cell-cell adhesions. The key
regulator which provides a mechanistic link between
fibronectin and cleft propagation has recently been
identified as BTB (POZ) domain containing 7
(Btbd7) (Onodera et al., 2010). Interestingly, inhi-
biting cellular contractility by blocking Rho-
associated coiled-coil containing kinase (ROCK)
I or non-muscle myosin II prevents cleft pro-
gression and freezes clefts in an early, unstable
state (Daley et al., 2009). The authors suggest that
at this stage, there is a “mechanochemical” check-
point during which transition of clefts to a
stabilized form is achieved through ROCK-
dependent assembly of fibronectin and potentially
fibronectin-induced epithelial proliferation (Figure
2). An important future direction will be to
determine mechanistically how fibronectin actually
stimulates cleft formation and its progression,
which could occur either directly or indirectly
through intermediate mediator(s) that modulate
cell-cell adhesive interactions locally and/or regulate
motility. Taken together, these recent findings
suggest that even though mechanical forces clearly
play an important role in modulating SMG
branching, there exists a much more complex level
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Figure 2 Morphogenetic changes

Schematic diagram of dynamic changes in the morphology of a salivary epithelial bud as a result of multiple physical and signaling

interactions. They include outward and inward forces generated by epithelial proliferation and ECM-mediated effects, respectively,

regulation by growth factors, ECM, and enzymes that cleave ECM molecules. Boxed region shows part of an E13 SMG with a developing

cleft. Red shading denotes ECM molecules. Dotted and solid blue lines denote E-cadherin. Solid black arrows denote direction of action.

Solid thin red arrows denote generation of cleavage fragments. Dotted black arrows denote the dynamic and rapid motility of cells within

the epithelium. Note that the mesenchymal cells are not shown here, but they surround the salivary epithelium in vivo.

of regulation of this process. It will be useful to
delve deeper into the complex interplay between
the mechanical forces exerted by the ECM, the
cells that deposit the ECM, as well as the signaling
pathways that induce these cells or are induced by
the ECM.

Cell-cell interactions

The dramatic changes in structure and cellular
organization that occur during SMG branching mor-
phogenesis could be guided not only by mechanical
forces, but also by dynamic interactions between
neighboring cells. In fact, increasing evidence
points to a critical role for the major cell-cell
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adhesion protein known as epithelial (E)-cadherin
during SMG development. When E-cadherin is
bound by its C-terminus to various proteins inclu-
ding p120-catenin, B-catenin, and their associated
proteins, it forms homotypic interactions with other
E-cadherin molecules on a neighboring cell and
mediates adhesive cell-cell interactions (Gumbiner,
2005). The importance of E-cadherin in SMG
branching morphogenesis was established recently
by antibody, RNA interference, and gene ablation
approaches. SMG branching is inhibited in ex vivo
cultures of SMG treated with E-cadherin-specific
siRNA or function-blocking anti-E-cadherin anti-
bodies (Walker et al., 2008). SMG epithelial cells
dissociated enzymatically into single cells retain
the potential to self-organize; they form cellular
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aggregates that proceed to undergo branching
morphogenesis to form tissues with structural
features and differentiation markers characteristic
of the intact gland (Wei et al., 2007). E-cadherin
plays an important role in this self-organizing
process, since it is inhibited by function-blocking
anti-E-cadherin antibodies.

E-cadherin is also important for SMG acinar
differentiation, since SMG from postnatal p120-
catenin knock-out mice (with E-cadherin defects)
had no acini and were comprised entirely of ducts
(Davis and Reynolds, 2006). When p120-catenin
was ablated between E13.5 and E14.5 (with
associated loss of E-cadherin), abnormal phenotypes
appeared, including severe mis-localization of
polarity markers, aberrant or premature lumen
dilation, cell shedding, and ductal epithelial
protrusion/outgrowth into the lumen of ducts.
Although the exact role of E-cadherin in SMG
development is currently still unclear at a
mechanistic level, these findings suggest that
E-cadherin is critically needed to regulate or
mediate SMG epithelial self-organization, bran-
ching, and acinus formation. In addition, the
observation by Davis and Reynolds of abnormal
luminal epithelial outgrowth (Davis and Reynolds,
2006) suggests that E-cadherin is involved in
maintaining the integrity of SMG epithelial
surfaces. This possibility is particularly interesting,
since previous findings have demonstrated that
even though epithelial E-cadherin expression is
stages of SMG
development, other key cell-cell junctional proteins
are transiently lost. Low or even absence of

constitutive throughout all

expression of other junctional proteins such as
desmoplakins I/Il (major desmosomal proteins)
and ZO-1 (a tight junction protein) occurs in early
developing (E12 through to E14) SMG epithelia
(Hieda et al., 1996). The well-known importance
of these latter junctional proteins in securing stable
cell-cell adhesions, as well as their strong lumenal
up-regulated expression at later stages (E14 on-
wards), points to the possibility of differential
temporal and region-specific regulation of cell-cell
interactions during SMG epithelial morphogenesis.
Consistent with the possibility that E-cadherin
functions in place of other junctional proteins to
stabilize external epithelial surfaces, the localiza-
tion of E-cadherin is considerably stronger between

cell junctions of outer bud epithelial cells than
those between the inner bud cells (Walker et al.,
2008). However, when a cleft forms to interrupt
this layer of outer epithelial cells, E-cadherin
localization and expression diminish as cell shift
from cell-cell to cell-matrix adhesion (Sakai et al.,
2003).

Interestingly, even though E-cadherin is expres-
sed throughout SMG epithelia, many individual
epithelial cells within epithelial bud(s) of early-
stage SMG migrate very rapidly in a relatively
random fashion (Larsen et al., 2006). This capacity
for cell movement — with swapping of cell partners
within a relative short period of time — implies
either a weakened cell-cell adhesive function of
the E-cadherin molecules present at significant
levels or the existence of a dynamic adhesion
“switch” that rapidly associates and dissociates to
allow rapid cell motility; either mechanism could
give the gland its plasticity to allow the rapid
formation of clefts (Figure 2). With the very recent
establishment of the pl20-catenin-E-cadherin
complex crystal structure (Ishiyama et al., 2010),
it may not be long before we understand how
changes in adhesion protein complexes involving
E-cadherin and other molecules can regulate this
pattern of cell motility, especially at local sites
such as in the cleft region of the SMG.

Morphogenetic roles of growth factors

Growth factors are well-established regulators
of critical functions throughout all phases of
embryonic development in both vertebrates and
invertebrates. The ability of growth factors to
stimulate cell proliferation and to modulate cell
motility and migration through complex arrays of
interconnected signaling pathways has been exten-
sively characterized and studied in two-dimensional
cell culture systems (Alberts et al., 2002). There is
increasing knowledge about potentially important
signaling pathways in salivary gland development,
which are starting to be unified using systems
biology approaches (Melnick et al., 2009; Larsen
et al., 2010). A major opportunity for the future
will be to apply computational modeling to
systems biology analyses of specific stages of
salivary gland development to provide a more
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unified, holistic understanding of the complex
signaling necessary for efficient gland formation at
each phase of development.

The best-studied growth factor/receptor pairs
essential for SMG development are the fibroblast
growth factor (FGF)/receptor and the epidermal
growth factor (EGF)/receptor. In ex vivo cultured
SMG, branching morphogenesis involves both
FGFR signaling (Morita and Nogawa, 1999;
Hoffman et al., 2002; Jaskoll et al., 2002) and
EGFR signaling (Kashimata and Gresik, 1997,
Kashimata et al., 2000; Umeda et al., 2001).
Transgenic mice lacking FGF8 (Daphna-Iken et al.,
1998), FGF10 (Ohuchi et al., 2000), FGFR2b (De
Moerlooze et al., 2000), or EGFR (Jaskoll and
Melnick, 1999) do not develop past the initial bud
stage (Fgf8-conditional null mice, Fgf10-null, and
FGFR2b-null mice), or they have substantially
fewer terminal buds (EGFR-null mice). These
studies indicate that each of these two growth
factor-receptor systems is necessary for at least
one essential, nonredundant function during normal
SMG development.

When supplemented with appropriate growth
factor(s), mesenchyme-free epithelial rudiments
from mouse embryos undergo branching when
cultured ex vivo, though the process eventually
stops. This modified version of ex-vivo SMG
culture simplifies the system by eliminating
potential contributions from the mesenchyme in
regulating branching morphogenesis. Therefore,
this system is commonly used as a model to study
the roles of specific growth factors on epithelial
morphogenesis. Using this model, EGF was shown
to stimulate bud formation (Morita and Nogawa,
1999), while FGF7 and FGF10 differentially
promote epithelial bud formation and bud/duct
elongation, respectively (Steinberg et al., 2005). A
recent study has attempted to dissect the signaling
components that contribute to the epithelial
phenotypes induced by EGF, FGF7, and FGF10
(Koyama et al., 2008). Previous studies had shown
that a number of signaling pathways were impor-
tant for SMG branching morphogenesis, including
mitogen-activated protein kinases (ERK-1/2),
phospholipase Cyl (PLCyl), and phosphatidyl-
inositol-3-kinase (PI3K) (Kashimata et al., 2000;
Koyama et al., 2003; Larsen et al., 2003;
Steinberg et al., 2005). Comparisons of the ability
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of these three growth factors to stimulate each of
these pathways, and importantly the ability of
specific inhibitors to block their induced epithelial
phenotypes, suggest that ERK-1/2 (stimulated by
EGF and FGF7) is important for bud formation,
whereas PLCy1 (stimulated by FGF7 and FGF10)
may be important for bud/duct elongation. The
fact that there are multiple common signaling
pathways employed by these three different growth
factors implies that during SMG development,
there needs to be cross-regulation between different
growth factor receptor systems. In fact, this
coordination was demonstrated in two recent
studies. E12 SMG epithelial rudiments do not
branch when cultured with EGF and lysophos-
phatidic acid unless they are pre- or co-cultured
with FGF7 or FGF10 (Nitta et al., 2009). The
authors suggest that priming by FGF of the EGFR
system is important for EGFR-mediated induction
of branching morphogenesis. In another study, a
potential upstream regulator of FGFR signaling
may have been identified by the demonstration
that platelet-derived growth factor (PDGF) receptor
signaling is important for SMG branching morpho-
genesis; the authors suggest that the stimulatory
effect is due to its ability to up-regulate FGF
expression (Yamamoto et al., 2008). The results of
these recent findings are summarized in Figure 3.
It will be important to continue to explore how
these and other different growth factor receptor-
mediated signal transduction pathways commu-
nicate with each other. It will also be important to
determine how these signaling pathways regulate,
or are regulated by, the ECM and by cell-cell
interactions, and how all these regulatory
interactions are integrated to form the functional
gland.

Other future opportunities

Genomics

A new public database is now available through
the Intramural Program of the National Institute
of Dental and Craniofacial Research to accelerate
salivary gland research. The website for this Sali-
vary Molecular Anatomy Project (SGMAP) is
accessible at http://sgmap.nidcr.nih.gov/ to obtain
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Schematic diagram of growth factor and signal transduction pathways implicated in salivary gland branching morphogenesis. Arrows

indicate positive stimulation.

gene expression data for a full range of develop-
mental stages of mouse salivary glands, as well as
site-specific expression patterns. The database can
be searched readily by gene symbol (e.g., fgf),
gene description (e.9., zinc finger), or gene ontology
term (e.g., transcription factor). Specific patterns of
spatial or temporal expression can also be searched
from within the site to find other genes expressed
in patterns similar to an initially identified gene.
This tool should provide novel approaches to
analyzing gland development and sources of new
hypotheses for future projects.

Tissue engineering

Basic research knowledge about the mecha-
nisms of salivary gland development should
facilitate future programs to regenerate or produce
an artificial salivary gland to alleviate xerostomia.
Encouraging progress has been made to develop
the technologies needed for an artificial gland
(Baum and Tran, 2006; Aframian et al., 2007).
Once the mechanisms of branching morphogenesis

are understood, it may be possible to dediffe-
rentiate adult human salivary gland cells to the
cellular developmental stage appropriate for self-
assembly into functional gland units. For example,
suspensions of human epithelial and mesenchymal
cells dedifferentiated to mimic the cells of emb-
ryonic salivary glands might directly self-organize
and initiate differentiation, as shown for cells from
developing mouse salivary glands (Wei et al.,
2007). This type of approach would probably need
to be combined with biomaterials approaches to
organize the gland into a functional secretory
system with a duct leading to the oral cavity.
Interestingly, the biomaterial chitosan can promote
branching morphogenesis (Yang and Young, 2009),
suggesting that biomaterials could provide both
physical frameworks and stimuli for constructing
an artificial salivary gland. In addition, however,
existing salivary glands could also be used as a
source of secreted bioactive proteins such as
insulin by the use of viral gene transfer methods
(Aframian et al., 2007).

An alternative or complementary approach to
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salivary gland tissue engineering will be the use of
stem or progenitor cells transplantation into
damaged salivary glands. If stem cells can be
isolated from salivary glands of patients, for
example prior to administration of radiation therapy
to treat head and neck carcinoma, it may be
possible to transplant these cells back into patients
to restore salivary gland function. The feasibility
of this approach has already been demonstrated in
a mouse model system (Lombaert et al., 2008).
Ongoing investigations to identify reliable markers
for salivary gland stem/progenitor cells and to use
growth factors to guide cell fate decisions for
effective differentiation should accelerate research
in this promising area (Lombaert and Hoffman,
2010). Ultimately, a combined approach involving
the use of an artificial gland framework/scaffold
with appropriately transplanted stem/progenitor
cells with the addition of selected growth factors
may provide a solution to restoring salivary
function in patients with defective salivary glands.

Taken together, future progress in research on
salivary gland development and salivary tissue
engineering will require the combined efforts of
many different types of researchers from fields as
diverse as cell biology, developmental biology,
biomaterials research, systems biology, clinical
research, and other types of expertise. Public
databases and multidisciplinary teams combining
varying types of scientific expertise will accelerate
research. There are many exciting opportunities
for the future.
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