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Abstract

Mammalian salivary glands synthesize and secrete saliva via a vast interconnected network of 

epithelial tubes attached to secretory end units. The extensive morphogenesis required to establish 

this organ is dependent on interactions between multiple cell types (epithelial, mesenchymal, 

endothelial, and neuronal) and the engagement of a wide range of signaling pathways. Here we 

describe critical regulators of salivary gland development and discuss how mutations in these 

impact human organogenesis. In particular, we explore the genetic contribution of growth factor 

pathways, nerve-derived factors and extracellular matrix molecules to salivary gland formation in 

mice and humans.

FUNCTION AND MORPHOGENESIS—AN OVERVIEW

The salivary glands synthesize and secrete saliva, a viscous fluid essential for digestion, 

vocalization, taste, remineralization, and overall oral health and well-being.1 There are 

multiple salivary glands located in similar positions in mice and humans, including the 

major salivary glands (1 pair each of submandibular, parotid, and sublingual) that produce 

90% of saliva, as well as 600–1000 minor glands. Each of the major glands differs in regards 

to the composition of saliva produced due to differences in acinar (secretory) cell type.2 The 

parotid gland secretes proteinacious saliva by serous acini, the sublingual gland, composed 

almost exclusively of mucous acini, produces mucin-rich saliva, and the submandibular 

gland produces a mostly mixed saliva from both acinar cell types. Saliva output from these 

glands is tightly controlled through the parasympathetic and sympathetic branches of the 

autonomic nervous system.3–5 In general, parasympathetic and sympathetic nerves control 

different secretory processes.6 Parasympathetic nerves primarily stimulate water secretion, 

in part, through transmembrane water channels including aquaporin 5 (AQP5)7 as well 

as paracellular pathways8,9 by activating acetylcholine muscarinic receptors (CHRM1 and 

CHRM3) on the acini.10,11 Sympathetic nerves, on the other hand, govern the secretion of 

digestive proteins such as amylase by activating β-adrenergic receptors on the acini.12,13 

Once secreted, saliva flows through a series of water-impermeable ducts (intercalated, 
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striated, and excretory) that create a hypotonic solution via ion absorption for delivery to 

the oral cavity.14

In order to produce the volume of saliva required for daily living (0.5–1 L in humans), 

yet be constrained to the craniofacial complex, salivary glands need to maximize space 

and surface area.15 To achieve this, mouse and human salivary glands establish an 

interconnected network of secretory acini and ducts through the process of epithelial 

branching morphogenesis (Figure 1(a) and (b)). Although this process has been described 

for all salivary glands, the ability to culture the mouse embryonic submandibular gland 

(SG) ex vivo has resulted in the vast majority of our knowledge being derived from this 

organ and as such, this review will focus on its development. SG formation is initiated 

by the thickening of the oral epithelium that invaginates into a condensed mesenchyme 

containing an endothelial plexus (6–8 weeks in humans and embryonic day (E) 11.5 in 

mice).17–19 This single epithelial bud then undergoes rounds of branching morphogenesis, 

defined by multiple cycles of cleft formation, expansion of end buds (pre-acini), and 

duct tubulogenesis19,20 which involves the elongation of ducts via KRT19+ duct cell 

proliferation, condensation of KRT19+ duct progenitor cells at the midline, fusion of 

microlumen to form contiguous lumen and finally lumen expansion (Figure 1(a)).21 

Innervation of the epithelium occurs at the onset of development: at E12 in mice neural 

crest-derived neurons coalesce at the primary duct to form a parasympathetic ganglia.22,23 

As epithelial branching ensues (E13), axons extend along the epithelium to envelop the 

newly forming end buds. Terminal differentiation of end buds into secretory acini is apparent 

by 19–24 weeks in humans and by E16 in mice and this is followed by further growth and 

differentiation until a mature organ capable of nerve-stimulated secretion forms (occurring at 

birth for humans and by post-natal day 6 for mice; Figure 1(b)).17,19 Such a complex series 

of morphogenic steps suggests that multiple intrinsic and extrinsic signaling pathways are 

tightly regulated in a spatiotemporal fashion. Below we will discuss how the formation of a 

viable organ is affected by alterations in these pathways.

SIGNALING SYSTEMS REGULATING SALIVARY GLAND FORMATION

Fibroblast Growth Factor Family

Fibroblast growth factor (FGF)-FGFR signaling is essential for multiple branching organs 

including the lungs, pancreas, prostate, and salivary glands. Many of the 23 FGF family 

members, as well as 3 of the 5 tyrosine kinase FGF receptors (FGFR1, 2, and 3), are 

expressed in the developing SG and are differentially distributed between the epithelium 

and mesenchyme.24 In humans, mutations in FGF10 and FGFR2 result in SG phenotypes 

(Table 1). Patients with haploinsufficiency of FGF10 suffer from one of two overlapping 

conditions: autosomal dominant aplasia of the lacrimal and salivary glands (ALSG)38 or 

autosomal dominant lacrimo-auriculo-dento-digital (LADD)39 syndrome. Both are marked 

by salivary gland aplasia/hypoplasia, xerostomia, increased dental maladies, and oral 

infections; however, mutations that cause LADD syndrome are thought to be more 

disruptive to cell signaling than the FGF10 gene mutations that cause ASLG and patients 

often display various craniofacial, digital, and genitourinary defects.39 These mutations thus 

highlight the essential role of FGF signaling in salivary gland formation.
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Understanding the role of FGF signaling in salivary gland development and disease has been 

greatly aided by mouse models that replicate the phenotypes observed in LADD/ALSG. 

As in humans, the salivary glands of mice heterozygous for Fgf10 or Fgfr2b (the splice 

isoform receptor for FGF1, 7, and 10) are hypoplastic and display reduced branching 

morphogenesis.28 In murine embryos deficient in Fgf10 or Fgfr2b, the phenotype is severe, 

with salivary gland development stalled at the initial bud stage, indicating FGF10/FGFR2b 

signaling is essential for early morphogenic events.27–30 In addition to FGF10 and FGFR2b, 

other FGF ligands and receptors also regulate SG development. Fgf8 hypomorphic and 

Fgfr2c heterozygous murine embryos (FGFR2c is the receptor for FGF8) exhibit hypoplastic 

SGs, and conditional ablation of Fgf8 in the ectoderm results in ontogenic arrest followed 

by involution.28 Humans with FGF8 (or FGFR2) mutations, as found in patients with 

Kallmann-like idiopathic hypogonadotropic hypogonadism, have numerous craniofacial 

anomalies including cleft lip and palate, but whether SGs are also affected remains to be 

determined.

How does FGF signaling control salivary gland morphogenesis? Early studies using ex 
vivo cultures of mouse SG affirmed that FGF signaling promotes end bud (pre-acinar) 

development. Addition of exogenous FGF7 or 10 (both ligands of FGFR2b that are 

produced by the mesenchyme) to SG organ cultures increased end bud formation via 

ERK1/2 or PI3K signaling pathways, indicating that these are the major signaling pathways 

through which FGFs drive morphogenesis.40 Conversely, blockade of FGF signaling by 

inhibition of FGFR1b or 2b (expressed exclusively by the epithelium) reduces the number 

of end buds to result in a more ductal phenotype (Figure 2).40 Thus, FGF10/FGFR2b 

signaling acts centrally on the end buds to increase acinar proliferation and reduce lumen/

duct formation.41–43 More recently, Lombaert et al.41 proposed that acinar progenitor cells 

are centers of FGF activity. Using ex vivo SG models, they determined that FGF7 and 

FGF10 expand putative progenitor cells marked by MYC, SOX9, and KIT in the end buds.41 

Furthermore, upregulation of KIT pathways in KIT+ KRT14+ SOX10+ distal progenitor 

cells activates the AKT and PI3K pathways to further upregulate FGFR2b targets, increasing 

progenitor cell proliferation and end bud formation (Figure 2(b)).41

Given the importance of FGF signaling to epithelial organ morphogenesis, it is surprising 

that there has been limited analysis of human disorders arising from gain of function 

mutations in FGFR1 and 2, e.g., Pfeiffer syndrome, Apert syndrome, Crouzon syndrome, 

and Beare-Stevenson syndrome. Analysis of these patients has focused almost exclusively 

on craniosynostosis as well as facial dysmorphia, with little to no analysis of branching 

organs. However, studies in mice have demonstrated that too much FGF signaling 

disrupts formation of the SG as well as other epithelial organs including the tooth44 

and genitalia.45 Targeted overexpression of FGF7 in the SG epithelium with the Krt14 
promoter results in smaller salivary glands with delayed differentiation.46 More recently, 

Knosp et al.31 demonstrated that ablation of epithelial Sprouty (Spry) 1 and 2, antagonists 

of FGF signaling, in the SG impairs epithelial morphogenesis with the gland appearing 

as an endbud-like structure with no defined ductal system (Figure 2(a)).31 Moreover, the 

parasympathetic ganglion innervating the epithelium was absent and epithelial progenitor 

cells marked by keratin 5 (KRT5) were reduced, suggesting that FGF signaling regulates 

gangliogenesis and progenitor cells (discussed below; Figure 2(b)). Thus, based on these 
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findings, it would be of significant interest to analyze SGs and other branching organs in 

humans with activating mutations in the FGF pathway.

If FGF signaling is a global regulator of SG morphogenesis, how is FGF signaling itself 

regulated? One important and often overlooked component necessary for FGF signaling 

are heparan sulfate proteoglycans (HSPG) located in the basement membrane or at the cell 

surface that serve as coreceptors for FGF ligands.47 HSPGs are composed of a protein core 

with one or more covalently attached unbranched HS glycosaminoglycan chains that consist 

of a sugar backbone of alternating units of N-acetylglucosamine (GlcNAc) and glucuronic 

acid (GlcA). Numerous studies have shown that FGF10/FGFR2b signaling is HS dependent. 

Binding of FGF10 and FGFR2b to HS moieties promotes ligand-receptor dimerization 

required for signaling.48 Importantly, the HS chain size and pattern of O-sulfation modulates 

FGF10 signaling and causes morphogenic differences in SG development. Cleavage of 

HS chains by the endoglycosidase heparanase increases FGF10 mediated branching in ex 
vivo SG cultures36 and HS with 2-O-sulfation and either an N-or 6-O-sulfate induces end 

bud expansion, whereas HS with 6-O- and N-sulfation or 6-O-sulfation alone induces duct 

elongation.49 Recently, Patel et al.43 showed that 3-O-sulfated-HS (3-O-HS) has a specific 

role in FGF10 mediated expansion of epithelial progenitor cells in the end buds.43 The 

authors demonstrate that the modifying enzyme, 3-O-sulfotransferase 3 (HS3ST3) is highly 

expressed in KIT+ progenitor cells in the end buds where it produces 3-O-S rich HS capable 

of binding and stabilizing FGF10/FGFR2b complexes that in turn increase cell proliferation 

and Hs3st3 expression. Whether this mechanism also occurs in vivo and is necessary for 

SG development was not determined, although siRNA knockdown studies suggested Hs3st3 
was required for progenitor cell expansion. A number of mutations in genes encoding the 

enzymes involved in GAG synthesis (e.g., xylosyltransferase 1 (XYLT1)50; Table 1) and HS 

modifying enzymes (e.g., NDST1)51 as well as sulfate transporters (SLCO5A1)52 occur in 

humans, but whether these cause abnormal salivary gland formation are yet to be assessed.

Together, these loss and gain of function studies strongly suggest that a balance in 

FGF signaling is required for epithelial morphogenesis and progenitor cell maintenance. 

However, a number of questions remain. For example, we know that many FGFs coregulate 

each other’s expression to create a spatially connected network of signaling molecules. For 

example, FGF8 signaling modulates mesenchymal FGF10,29 upregulating epithelial FGF1 

production to induce epithelial cell proliferation via FGFR1 and 2.40 Given this relationship, 

one could predict that such a network is compromised in humans heterozygous for FGF 
mutations, consequently producing the spectrum of phenotypic variation observed in these 

patients. However, it is also possible that other pathways negatively or positively regulated 

by FGFs (e.g., EGF, WNTs) may be adversely affected (see next sections). Regardless, there 

is an essential need to decipher the mechanisms by which perturbations in FGF signaling 

dysregulate salivary morphogenesis.

Epidermal Growth Factor Family

The epidermal growth factor (EGF) receptor family is a vital component of mammalian 

development, being involved in a diversity of functions including cell proliferation, 

migration, differentiation, survival, and apoptosis (reviewed by Ref 53). Since mutations 
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in the EGF family are a leading cause of cancer, most research has focused on cancers 

rather than developmental defects and accordingly, the phenotype of SGs in patients with 

mutations in EGF signaling beyond salivary gland carcinomas is not known. However, 

studies in mice deficient in EGF family members have demonstrated a clear role for these 

molecules in developmental processes, including SG morphogenesis.

Multiple members of the EGF family are expressed during SG development. These 

include the EGF receptors: EGFR (ERBB1), ERBB2, and ERBB3, and the ligands: 

EGF, transforming growth factor α (TGFa), heparin binding EGF (HBEGF), and 

neuregulin (NRG). These molecules are differentially distributed between the epithelial and 

mesenchymal compartments (Figure 3(a)), as well as within the epithelium, e.g., EGFR is 

enriched in the epithelial ducts, and ERBB3 in the end buds.54 Recent studies in mouse 

mutants have shown that SG morphogenesis is dependent on ERBB signaling: embryos 

deficient in Egfr, ErbB3, and Nrg1 type III have reduced SG epithelial branching.35,55,21 

However, despite the availability of these mutants, only Egfr deficient animals have been 

directly characterized. Ablation of Egfr results in reduced epithelial cell proliferation and 

aberrant duct development with delayed differentiation.56 Consistent with a role in duct 

morphogenesis, Knox et al.23 recently demonstrated that HBEGF activation of EGFR 

modulates ductal morphogenesis by controlling progenitor cell differentiation and expansion 

along the keratin 19 (KRT19+) ductal lineage.23 Furthermore, EGFR transactivation is 

required for parasympathetic nerve mediated proliferation of KRT5+ epithelial progenitor 

cells,23 providing an explanation for reduced proliferation in the absence of EGFR. 

However, the mechanism by which EGFR signaling promotes acinar formation is unclear. 

One possibility is that loss of EGFR prevents formation of ERBB3/EGFR dimers, where 

ERBB3 is a dead kinase that requires dimerization with ERBB2 or EGFR for signal 

transduction, thereby limiting acinar formation. This notion is supported by the reduced 

branching observed in ErbB3 null SG35 and by ex vivo studies where exogenous NRG1 (the 

ligand for ERBB3) increases end bud number in epithelial rudiment cultures,54 presumably 

through an ERBB3/PI3K dependent pathway.57

Although no human mutations in genes that encode the ERBB receptors have been identified 

as causative for developmental diseases, heterozygous mutations in NRG1 have recently 

been linked to Hirschsprung’s disease,58 a disorder characterized by aganglionic colon 

as well as other cardiac and kidney defects. Whether salivary gland morphogenesis or 

innervation (ERBB3 signaling is necessary for Schwann cell survival) is also affected in 

these patients remains to be investigated. In addition, we speculate that the spectrum of SG 

phenotypes found in those patients with LADD/ALSG may be due, in part, to alterations in 

ERBB signaling from reduced FGF signaling. While gland initiation and early branching is 

independent of ERBB signaling and dependent on FGF, ERBB mediated acinar expansion 

has been postulated to be a result of priming by FGF signaling. Ex vivo studies by Nitta 

et al.59 show that FGF signaling renders epithelial pre-acinar cells at E13 competent for 

branching in response to EGF ligands.59 This scenario would suggest that in the SG of 

patients with LADD/ALSG, EGF signaling is not induced during morphogenesis and as 

such may exacerbate SG aplasia.
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WNT Signaling

WNT signaling contributes to embryonic patterning, cell proliferation, cell fate, migration, 

polarization, and differentiation in multiple organisms and organ systems. Not surprisingly, 

mutations in WNT genes and their downstream targets have been implicated in a 

large number of human genetic disorders including those characterized by craniofacial 

abnormalities, e.g., cleft lip with or without palate,60 as well as neural, kidney, and limb 

defects,61,62 among many others. Characterization of SGs in humans or mice with similar 

genetic mutations has not been performed. However, pharmacological approaches using the 

ex vivo culture system has provided information on the functions of WNT signaling during 

SG morphogenesis.

The developing SG expresses a large contingent of WNT ligands, receptors and downstream 

signaling molecules and antagonists in the epithelial and mesenchymal compartments.31 

Despite this abundance, WNT signaling itself is strictly spatially and temporally regulated 

during SG development: AXIN2, a WNT antagonist and marker of canonical WNT 

activity, first appears at E11.5–E12.5 in the condensed mesenchyme near the endbuds and 

within the parasympathetic ganglia25,31,42 and becomes restricted to the developing ductal 

system by E14.25,42 Such confined locations suggest WNT signaling regulates specific 

morphogenic roles. Consistent with this, Patel et al.42 showed using ex vivo organ culture 

and pharmacological inhibitors that WNT signaling promotes duct development through the 

coordination of canonical and non-canonical WNT pathways. Canonical WNT/β-catenin 

signaling inhibits end bud formation and non-canonical WNT signaling activated by 

WNT5b upregulates expression of the transcription factor TFCP2L1 to drive duct formation 

(ducts are disrupted in Tfcp2l1 null SG).63 How does bud formation occur given this 

WNT-mediated antagonism? The authors show that to maintain a WNT-free end bud, FGF 

signaling represses expression of Wnt5b and increases expression of the endogenous WNT 

inhibitor secreted related frizzled protein 1 (SFRP1), which sequesters WNT proteins. How 

WNTs overcome FGF signals to promote duct formation within the proximal region of the 

bud is not known. However, it is tempting to speculate that WNTs interact with other duct 

promoting signaling pathways (e.g., HBEGF/EGFR) to downregulate FGF signaling.

As indicated above, during early SG development (<E13) WNT signaling is restricted 

to the mesenchyme, but its function in this region was not known. Recently, Knosp et 

al.31 revealed that mesenchymal WNT signaling is associated with and is essential for the 

formation of the parasympathetic ganglion.31 In order to promote gangliogenesis in the 

SG, epithelial cells of the invaginating epithelium secrete WNTs that in turn bind and 

activate Frizzled (Fzd) receptors on the neurons, resulting in neuronal proliferation and 

aggregation to form a ganglion. WNT expression was also shown to be dependent on FGF 

antagonism and ERBB signaling. If FGF signaling becomes overactivated, as in the case of 

Spry1/2 mutants, or ERBB signaling is inhibited, synthesis of WNTs is prevented leading 

to impaired WNT signaling and gangliogenesis. The authors further demonstrated that the 

pancreas of Spry1/2 null embryos also had reduced WNT signaling and fewer intrinsic 

ganglia, suggesting WNTs regulate gangliogenesis within other developing organs.

How will aberrant WNT signaling affect human SG development? The interaction between 

FGF and WNT pathways suggests that FGF loss or gain of function mutations would likely 
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result in altered WNT signaling and thus changes in ductal and ganglia morphogenesis. 

Therefore, it would be of significant interest to determine whether aberrant WNT signaling 

occurs in individuals with LADD/ALSG or FGF gain of function mutations (e.g., Apert 

syndrome). This balance in FGF-WNT signaling may be a factor to consider during future 

therapeutic interventions in patients with these disorders.

Hedgehog Signaling

Hedgehog (HH) signaling has long been tied to development. In humans, congenital 

brain, limb, cochlear, neural crest, and craniofacial defects are present in individuals 

harboring mutations in hedgehog proteins [e.g., Sonic hedgehog (SHH), Desert hedgehog 

(DHH), Indian hedgehog (IHH)], HH receptors [Smoothened (SMO), Patched (PTCH)], 

downstream mediators (e.g., GLI1–3), or the primary cilia that relay the HH signals. Such 

diseases include holoprosencephaly, Greig cephalopolysyndactyly syndrome, Pallister-Hall 

syndrome, and Meckel syndrome.64,65 Mouse models for each of the molecules within the 

Hh pathway have been made, and have been used to analyze the role of this signaling system 

in the morphogenesis of multiple organs. However, despite the availability of these mice, 

and prevalence of these diseases, characterization of the SG in both patients and mice are 

lacking. As such, we describe the limited studies that have been performed to date in the 

developing SG.

HH family ligands DHH and SHH (but not IHH) and receptors PTCH1 and SMO as 

well as downstream effectors (GLI1–3) are expressed during SG development. Shh and 

Ptch1 are enriched in the epithelium, Dhh in the mesenchyme, and Smo is located in both 

the mesenchyme and epithelium (Figure 3(b)).25 Activator Gli1, and activators/repressors 

Gli2 and 3 are also differentially expressed, with Gli1, Gli2 and Gli3 being distributed 

between the epithelium and mesenchyme, indicating HH signaling could occur in both 

compartments (Figure 3(b)).66 Despite Shh being lowly expressed,25 Shh deficient SG are 

hypoplastic and epithelial cells remain undifferentiated.66 To determine if failure of the 

glands to develop was due to a direct effect on SGs or due indirectly to perturbation of 

the craniofacial compartment (all tissues are adversely affected in the Shh-null embryo), 

SGs were treated ex vivo with cyclopamine, an inhibitor of SMO. Cyclopamine treatment 

significantly reduced epithelial branching,25,66 thus confirming the Hh pathway to directly 

modulate SG development.

HH signaling plays an essential role in duct development in multiple other organs including 

the prostate, sebaceous glands, mammary gland, and lung, however, in these organs HH 

signaling is restricted to the mesenchyme (suggesting an indirect action on epithelial 

morphogenesis), whereas in the SG it occurs primarily in the epithelium.67–70 During lumen 

formation, signal mediators SMO and GLI3 are enriched in ductal cells and terminal bud 

cells neighboring the lumen, suggesting that SHH activity may be important for lumen 

development.66 In support of this, E14 SGs cultured for 72 h with exogenous SHH exhibit 

fully formed, large lumens compared to control, establishing the Hh pathway as a regulator 

of lumen formation.71 Moreover, in the adult mouse, overexpression of Hh pathway effector 

GLI1 in KRT5+ epithelial cells also results in larger lumens, expansion of ductal structures, 

and loss of acini, reinforcing the significance of the Hh pathway in the salivary ducts.72 
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Though abnormalities in SG have not yet been reported in individuals with mutations in 

SHH, these studies suggest that lumen/ductal defects and aplasia are likely affected.

There is also evidence that the Hh pathway interacts with FGF pathways to modulate 

SG development. FGF8 is a putative target of the Hh pathway through GLI3, and both 

FGF8 and SHH are able to positively upregulate each other.73,29 Moreover, FGF8 rescues 

the branching defects in cyclopamine-treated glands.66 Whether SHH signaling is largely 

operating to upregulate FGF8 or if SHH and FGF8 have redundant downstream effects 

remains to be determined. Regardless, from these data we would predict that patients with 

ALSG/LADD could be experiencing reduced HH activity during development due to a lack 

of stimulation from FGFs, representing another barrier to morphogenesis.

Ectodysplasia/EDAR Signaling

Another critical signaling molecule essential for epithelial morphogenesis is Ectodysplasia 

(EDA). Mutations in EDA, its cognate receptor EDAR, or adaptor molecule EDARRAD 
cause hypohidrotic ectodermal dysplasia (HED), a syndrome variably characterized by 

absent or hypoplastic teeth, hair, sweat glands, sebaceous glands, lacrimal glands, mammary 

glands, mucous glands of the bronchial, esophageal and colonic mucosa and SGs (Table 

1).74,75 As the EDA pathway is highly conserved among mammals, mouse models for these 

mutations replicate human phenotypes allowing for robust interrogation of this pathway and 

its effects on tissues.76–78

Both loss and gain of function studies in genetic mouse models have revealed a critical role 

for the EDA pathway in salivary gland ductal and acinar development. In Eda and Edar null 

adults, the SGs are hypoplastic with a reduced number of ductal and acinar structures.79,80 

Similarly, in Eda and NF-kappaB inhibitor α (Nfkbia) deficient mouse embryos, where NF-

kB is the downstream signaling target, SG lumen size and end bud number are reduced.25,80 

In contrast, overexpression of EDA in the epithelium using the Krt14 promoter (Krt14Cre-
Eda-A1), increases embryonic SG end buds and lumen size25 and in transgenic mice with 

a high copy number of the wild type Edar locus adult SG display increased epithelial 

branching.81 The established relationship between EDA and WNT in other organs suggested 

WNT and EDA pathways might interact to control morphogenesis.82 However, despite EDA 

and WNT being linked during early SG development (<E13) where suppression of WNT 

signaling in the mesenchyme reduces Eda expression, after E13 EDA and WNT pathways 

appear to function independently. Indeed, WNT and EDA/NF-kB activities do not colocalize 

in the developing SG during duct formation/lumenization: at E12 WNT activity localizes to 

mesenchyme and shifts to the ducts by E14, while NF-kB signals localize to mesenchyme 

and shift to the end buds by E14.25,42 This end bud location of NF-kB activity may be 

counter-intuitive for a pathway involved in duct development. However, lumenization also 

occurs within the distal portions of the end buds to connect the secretory acini with the 

ductal system.41 So how does EDA/EDAR control lumenization? A prime candidate for 

propagating the EDA/EDAR signal is SHH as Shh transcripts and NF-kB activity are in 

the same location and importantly, in a systems wide analysis of gene regulation in Eda 
null mice, Shh was found to be heavily downregulated, while addition of recombinant 

EDA-A1 to skin cultures upregulated Shh expression.83,84 Subsequently, exogenous SHH 
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peptide was shown to rescue branching morphogenesis of ex vivo cultures of Eda deficient 

SG,25,26 although a thorough analysis of the ducts was not performed. However, based on 

these outcomes, we predict the EDA/EDAR/Hh signaling pathway is disrupted in patients 

with HED causing reduced SG branching and lumenization and consequently, poor saliva 

production.

The localization of NF-kB activity to the end buds and the reduced epithelial branching 

observed in Eda/Edar//Nfkbia mouse mutants, also suggests EDA signaling regulates acinar 

development, and as such, may interact with the FGF pathway. Support for such an 

interaction comes from studies in the developing tooth, where FGF10 partially restores 

morphogenesis and stimulates the development of additional tooth cusps in cultured Eda 
deficient molars.85 Additionally, FGF20 was shown to be a major downstream effector 

of Eda and affects EDA-regulated characteristics of tooth morphogenesis, including the 

number, size and shape of teeth.86 In SG, addition of recombinant FGF8, a target of EDA 

signaling, was unable to rescue branching morphogenesis in Eda null SG,26 however, no 

other FGF signaling molecules were examined. As such, it remains to be determined how 

the EDA pathway controls acinar formation in SG and whether the SG of humans with HED 

also show aberrant duct and/or acinar morphogenesis.

BMP/TGF-β Family

The bone morphogenetic proteins (BMPs) are members of the transforming growth factor-

β (TGF-β) superfamily and are important in embryonic patterning and the development 

of many different organ systems including the eye, heart, and kidney.87 BMP-mediated 

signaling can have a wide variety of effects depending on its spatiotemporal activity and the 

cell type affected, regulating processes such as cell migration, differentiation, proliferation, 

and apoptosis.87 Like other members of the TGF-β superfamily, BMP ligands signal through 

type I and type II transmembrane serine/threonine kinase receptors (BMPR2, ACVR2A and 

2B, BMPR1A and 1B, ACVR1A) to activate SMAD-dependent canonical pathways as well 

as non-canonical, SMAD-independent signaling pathways (e.g., MAPK, PI3K/AKT, PKC, 

Rho-GTPases). There are also multiple inhibitors of BMP including Noggin, Chordin, and 

Gremlin-1 that tightly regulate its signaling. Although many human disorders are associated 

with mutations in BMPs, BMP antagonists or the molecules functioning downstream of 

BMP signaling pathway, whether these mutations affect SG morphogenesis in humans is not 

known. However, studies in the mouse have highlighted the importance of this pathway for 

SG development.

Of the 20 known BMP ligands, the developing SG expresses Bmp 1–4, 6, and 7 as well 

as the receptors Bmpr1a/b, Bmpr2, and Acvr1a/2a/2b. These factors are differentially 

expressed between the mesenchyme and epithelium, e.g., Bmp7 is expressed in the 

epithelium and mesenchyme whereas Bmp4 is enriched in the mesenchyme (Figure 3(c)),24 

and suggests they have different roles in SG development. However, despite the availability 

of mouse mutants for each of these BMP ligands and receptors as well as for the BMP 

antagonists and downstream signaling molecules (e.g., Smads), only the SG of Bmp7 
deficient murine embryos have been studied in vivo. Consistent with its role in epithelial 

organ development,88 Bmp7 null E17 SG exhibit aberrant morphogenesis with fewer end 
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buds than wild type controls,89,88 suggesting BMP7 regulates acinar formation in a non-

redundant fashion. In support of this finding, addition of exogenous BMP7 to ex vivo SG 

cultures increases end bud formation and rescues branching of FGFR1b-inhibited glands.24 

However, not all BMPs promote SG morphogenesis. Similar to what has been observed 

in the kidney90 and prostate,91 BMP4 has inhibitory activity in the SG: addition of BMP4 

acts antagonistically on ex vivo SG cultures to reduce end bud number and branching.24 

Given these contrasting functions of BMP4 and 7, how are their actions coordinated? The 

answer may reside in FGF signaling. Using pharmacological inhibitors, Hoffman et al.24 

found FGFR1b signaling induces expression of branch-promoting BMP7 and suppresses 

branch-inhibiting BMP4.24 Thus, FGF signaling may be a master regulator of BMPs to 

tightly control salivary morphogenesis. However, as BMP signaling also interacts with many 

other pathways, including the WNT pathway where the two promote or inhibit one another’s 

expression depending on the system and developmental timing,92 it is likely BMP actions 

are governed by many more pathway interactions.

Another member of the TGF-β superfamily, TGF-β1, is also expressed in the developing 

gland, but clear inferences on its function are more difficult to conclude.93 Exogenous 

addition to explants/cell culture or overexpression of TGF-β1 in mice is associated with 

phenotypes of acinar loss and impeded acinar differentiation, elongated ducts, dysplasia, 

and/or fibrosis94–96; however, studies examining mice deficient in Tgfb1 or Tgfbr1 (TGF-β 
receptor type 1) found no SG developmental defects in the absence of inflammation.97,98 

Therefore, the role of TGF-β signaling in normal development is still under investigation.

Despite extensive investigations into BMP signaling in mice, very few human mutations 

have been discovered in BMP signaling pathways that are directly causative of disease, and 

no investigations of salivary gland development or function have been reported. As such, 

further studies are required to understand how loss, or gain, of function mutations in the 

BMP family or in other families that affect BMP signaling regulate human (and mouse) SG 

morphogenesis.

Glial Cell Line-Derived Neurotrophic Growth Factor Family

As highlighted in the Introduction, the salivary gland requires innervation from the 

peripheral nervous system for development, function, and adult homeostasis. Thus, not 

surprisingly, if innervation is perturbed, SG formation, function, and homeostasis are 

adversely affected. How is innervation of the gland achieved during development? Loss 

and gain of function studies in mice have demonstrated that the Glial cell line-derived 

neurotrophic growth factor (GDNF) family is essential for establishing and maintaining 

cranial nerve populations, including those of the submandibular parasympathetic ganglion, 

and also play a crucial role in epithelial innervation. Mice deficient in the ligand neurturin 

(NRTN), which is expressed by SG epithelium, or its receptor complex GFRa2/RET, 

expressed by the nerves, have smaller parasympathetic submandibular ganglia that continue 

to atrophy over time resulting in lower salivary function.32–34 As would be expected for 

molecules that function in organ targeting by peripheral nerves, innervation of the SG is also 

substantially reduced in these mice. Other GDNF family ligands besides NRTN may also 

be involved in SG innervation as genetic ablation of Gdnf or its receptor Gfra1 results in 
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moderate neuronal loss99,100; however, sufficient compensation by NRTN and GFRa2 likely 

reduces the impact of individual mutations in these factors on innervation.

Although these in vivo studies indicate the importance of NRTN and innervation to 

epithelial organ function and maintenance (epithelial organ atrophy is observed in the 

absence of innervation), as well as salivary function, the SG themselves were not 

examined. However, a recent ex vivo study supports the notion that NRTN is necessary 

for functional innervation of the developing salivary epithelium. Knox et al.101 show that 

NRTN expressed by the developing SG end buds is required for guiding GFRa2 expressing 

parasympathetic nerves toward these end buds (Figure 4).101 This study also highlights the 

need for bidirectional communication between the branching epithelium and ganglia: NRTN 

secreted by the epithelium increases secretion of acetylcholine and other nerve-derived 

factors that maintain/expand epithelial progenitor cells and regulate branching (Figure 4(d); 

discussed below). Notably, Nrtn transcripts are enriched in KIT+ epithelial progenitor 

cells, thereby providing an even more finely tuned mechanism to control progenitors and 

morphogenesis.41 The enrichment of Nrtn mRNA in KIT+ progenitor cells is similar to that 

observed in the adult SG, where GDNF is expressed by a subset of LIN−CD24+KIT+SCA1+ 

progenitors.102 The role of GDNF in the adult may be similar to NRTN during development, 

i.e., expression may be required for maintaining innervation. Indeed, Xiao et al. found that 

treatment of irradiated adult mice with GDNF expanded KIT+ progenitor cells and rescued 

SG function,102 but whether this was due to increased innervation was not investigated.

Morphogenesis of human SG (and other organs) has rarely been assessed in diseases 

associated with loss of innervation. However, salivary hypofunction can result from familial 

amyloid neuropathy, in which amyloid aggregates form in nerves and tissues, leading 

to a degeneration of nerve fibers,103,104 and in familial dysautonomia, which is due to 

sensory and autonomic dysfunction.105 Furthermore, salivary gland atrophy and dysfunction 

have been found in patients with hereditary gelsolin amyloidosis, a disease that manifests 

with late-onset dysfunction of the cranial nerves106 as well as in patients with the 

neurocristopathy Treacher Collins syndrome.107 Treacher Collins syndrome is caused by 

mutations in TCOF1, a gene necessary for neural crest cell survival and migration, which 

results in craniofacial abnormalities including hypoplastic cranial ganglia.108 Future studies 

are needed to determine if salivary hypofunction in these disorders is a result of poor 

innervation of the secretory epithelium, aberrant salivary development or tissue atrophy.

Neurotransmitter Signaling: Acetylcholine and Vasoactive Intestinal Peptide

Parasympathetic nerves of the autonomic nervous system have historically been investigated 

in a functional context and typically in post-natal or adult tissues. In the adult, these 

nerves function to regulate organ homeostasis in an unconscious manner. For example, 

stimulation of parasympathetic nerves innervating the smooth muscle cells of the intestine 

increases motility to enable digestion. However, recent in vivo and ex vivo studies in 

which parasympathetic nerves have been removed23 or reduced21 have indicated that they 

also play an essential role in developmental processes. Here we will discuss two of the 

many secreted factors, acetylcholine (ACh) and vasoactive intestinal peptide (VIP) that have 

specific functions in gland development.
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ACh is a neurotransmitter synthesized by peripheral and central nervous system and was 

the first neuronal derived factor characterized in the developing SG.22 In the salivary 

gland, ACh binds three of the 5 G-protein-coupled muscarinic receptors CHRM1–3, where 

CHRM1/CHRM3 are epithelial and parasympathetic nerves express CHRM2. CHRM1 and 

3 mediate saliva secretion from adult acinar cells, with CHRM3 eliciting the majority of 

secretory function.10,11 In addition to its secretory role, CHRM1 serves in the maintenance 

of epithelial progenitor cells in developing and adult SG as inhibition of Ach release or 

Chrm1 knockdown reduces the pool of undifferentiated KRT5+ basal progenitors.23,31 ACh/

CHRM1-mediated maintenance of progenitors is also dependent on HBEGF/EGFR: ACh/

CHRM1 signaling transactivates EGFR through release of HBEGF by MMPs. However, in 

the absence of CHRM1 activation, HBEGF/EGFR drives differentiation along the KRT19+ 

ductal lineage,23 indicating that a connection between nerve and growth factor signaling is 

required for maintaining the KRT5+ progenitor cell population. Based on these findings, it 

is possible that patients with reduced innervation, as found in familial amyloid neuropathy 

and Hirschsprung’s disease, also have reduced progenitor cell pools required for tissue 

morphogenesis and homeostasis.

While ACh facilitates progenitor proliferation, VIP and its receptor VIPR1 play an 

instrumental role in salivary morphogenesis and more specifically, tube formation. 

Nedvetsky et al.21 found VIP to regulate each of these processes, in part through a 

cAMP/PKA pathway.21 Notably, the authors showed VIP to mediate lumen expansion 

via cystic fibrosis transmembrane regulator (CFTR), a cAMP-activated ion channel that 

localizes to the luminal surfaces of ductal epithelia. This was further supported in vivo using 

Cftr deficient mice, which exhibited aberrant lumen expansion and ductal tubulogenesis.21 

Mutations in CFTR are known to cause cystic fibrosis, a disease characterized by defective 

electrolyte, fluid, and mucus secretion. Though morphological abnormalities of the SG have 

not been rigorously assessed in CF patients, it is known that Na+/Cl− ion concentrations 

are also higher in the saliva of CF patients, and salivary flow is often reduced.109–112 Thus, 

in cystic fibrosis patients, saliva secretion may be affected by not only inherent transport 

defects in CFTR, but also structural defects stemming from disrupted VIP signaling during 

development.

BASEMENT MEMBRANE PROTEINS: COLLAGENS, FIBRONECTIN, 

LAMININS

Mutations in basement membrane and extracellular matrix (ECM) proteins and their integrin 

receptors result in a plethora of diseases including Ehlers-Danlos syndrome (collagen III 

or IV), dystrophic epidermolysis bullosa (collagen VII) and glomerulopathy (fibronectin) 

that affect multiple organs. Typically, mouse models of ECM/basement membrane mutations 

have focused on the skin, vasculature and kidney; but how these specific mutations affect 

development of other organs has not been explored. However, there is substantial evidence 

indicating collagens, fibronectin and laminins, and their integrin receptors, are required for 

SG development.
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Early studies of SG development established that collagens are required for epithelial 

branching morphogenesis: degradation of COL1 and 3 reduced epithelial cleft formation 

and consequently branching.113–115 More recently, Rebustini et al.116 demonstrated that 

bioactive fragments of collagen IV, produced by MMP cleavage, are also necessary for 

epithelial branching.116 Cleavage of collagen IV by MT2-MMP releases bioactive NC1 

domains (COL4a1 and 2) that bind and activate β1 integrins. Downstream AKT activation 

then increases epithelial proliferation via both FGFR and HBEGF-mediated mechanisms, 

linking the basement membrane to growth factor-mediated epithelial proliferation. Whether 

patients with collagen IV mutations (e.g., Alports disease or hereditary angiopathy with 

nephropathy, aneurysms, and muscle cramps (HANAC), Table 1), or mutations in MMPs 

that cleave collagens, have defects in salivary branching remains to be investigated.

Fibronectin (FN) has similarly been shown to be integral to branching morphogenesis. FN 

promotes cell adhesion, migration, and signaling and is widely expressed in developing 

tissues, including the SG. In SGs, wedges of FN translocate inward as clefts form between 

randomly motile epithelial cells, which is accompanied by loss of the cell–cell adhesion 

molecule E-cadherin in cells adjacent to the FN with FN also regulating the accumulation 

of other matrix components (e.g., collagen III).117 Ex vivo studies have demonstrated that 

FN is necessary for SG development: anti-FN antibody or siRNA or anti-integrin-α5/6 

(FN receptors) inhibits cleft formation to reduce epithelial branching.117–119 How does 

FN regulate epithelial morphogenesis? Onodera et al.117 recently established a mechanism 

whereby FN induces expression of a cleft localized factor, BTBD7, that increases the cell-

scattering gene Snail2 and suppresses E-cadherin levels, thereby altering cell morphology 

and reducing cell–cell adhesion required for cleft formation and branching. Thus, FN 

appears to be a master regulator of cleft formation controlling intracellular networks 

to establish and propagate clefts for new bud formation. This would also suggest that 

compromised FN function, as occurs in glomerulopathy, would impede SG morphogenesis.

Laminins are heterotrimeric (α, β, γ) glycoproteins that are a major component of basement 

membranes and are essential for embryonic implantation, induction, and maintenance of 

cell polarity, tissue morphogenesis, and organogenesis. Many of the laminin isoforms are 

expressed in the SG and display developmentally regulated expression patterns during 

development.36 The involvement of laminins in SG development has been revealed through 

a combination of in vivo and ex vivo studies. Function blocking antibodies or inhibitory 

peptides against laminin α1 or γ1 inhibited branching in SG cultures120–122 and mice 

deficient in laminin α5 (lama5) had reduced SG branching morphogenesis, with the 

complete loss of the sublingual gland.36 How does laminin regulate branching? Intriguingly, 

Rebustini et al.36 reveal LAMA5 to regulate epithelial morphogenesis through promoting 

FGF signaling: activation of the LAMA5 receptor integrin α3 β1, which is necessary for 

basement membrane formation and epithelial organization,123 increases FGFR mediated 

proliferation, which in turn upregulates lama5. Given mutations in integrin α3 (ITGA3) 

can result in diseases characterized by compromised barrier functions in kidney, lung, 

and skin (e.g., epidermolysis bullosa) it would be interesting to determine if SG are also 

compromised. Furthermore, these data suggest LAMA5 may be affected in patients that 

have defective FGF signaling (e.g., ASLG/LADD), adding to the severity of the disease.
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CONCLUSION

As this review indicates, there are many common signaling pathways that regulate initiation 

and/or progression of salivary gland morphogenesis (Figure 5). These pathways operate 

in distinct spatiotemporal patterns to establish acinar and ductal growth, development 

of ganglia, and progenitor cell survival/proliferation. Yet, it is also clear from mouse 

studies that these molecular pathways act within complex signaling networks that will 

require a systematic approach to elucidate how they affect morphogenic processes. There 

also remains a large gap in our understanding on how different cell types impact others 

during development. For example, endothelial cells form a vascular plexus very early in 

gland development, yet the function of endothelial cells at these stages and the timing of 

maturation of the plexus into functional vessels is not known. Moreover, despite extensive 

investigations on epithelial–mesenchymal interactions and their influence on development, 

we know very little about the identity of the cells in the neural crest-derived mesenchymal 

compartment or whether these cells are also adversely affected by disease. As such, there are 

many more questions than answers; however, with advances in human genetics and the ever-

increasing number of mouse models we will no doubt greatly increase our knowledge of 

how signaling pathways and cells establish tissue architecture and function during salivary 

gland formation.
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FIGURE 1 |. 
Mouse and human salivary glands develop through the process of branching morphogenesis. 

Schematic (a) and histological (b) representations of SG development. (b) Mouse and human 

SG development. Human development is measured in weeks and mouse development in 

days. E = embryonic day. (Reprinted with permission from Ref 16. Copyright 2010 John 

Wiley and Sons)
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FIGURE 2 |. 
Dysregulation of FGF signaling results in aberrant branching morphogenesis. (a) E13 SGs 

[wild type and SG deficient in the Sprouty (Spry1) genes 1 and 2] were cultured for 24 

h in the presence or absence of recombinant FGFR2b-Fc (10 μg/mL). Epithelium was 

immunostained for E-cadherin. (b) Left panel: FGF signaling regulates progenitor cells, and 

epithelial branching. Right panel: Increased FGF signaling [e.g., overexpression of FGF7 in 

the epithelium or ablation of negative regulators of FGF signaling (Spry1 and 2) in vivo] 

reduces SG growth, delays differentiation and impairs gangliogenesis. Epithelium is labeled 

pink, mesenchyme brown.
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FIGURE 3 |. 
Differential gene expression in the developing SG. Expression of Egf (a), Hh (b), and Bmp 
(c) family members in epithelial and mesenchymal compartments of the SG at embryonic 

day 13. Expression patterns were derived from a pre-existing microarray database available 

online (http://sgmap.nidcr.nih.gov/sgmap/sgexp.html). Data are presented as a percentage of 

total expression (epithelium + mesenchyme) of the SG.
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FIGURE 4 |. 
GFRa2 localizes to the nerves and neurturin (NRTN) to the acinar cells of developing 

salivary glands and NRTN promotes axon outgrowth from parasympathetic ganglia. (a) 

E13.5 SG labeled with GFRa2 and peanut agglutinin (epithelial marker). (b) Post-natal day 1 

SG immunostained for neurturin, acinar cell cytoskeleton (F-actin, red) and neurons (blue). 

(c) E13 parasympathetic ganglia cultured with NRTN for 48 h shows extensive outgrowth. 

(d) Left panel: Bidirectional communication between parasympathetic nerves and the SG 

epithelial progenitor cells. NRTN from epithelium (pink) promotes innervation and increases 

production of acetylcholine (ACh), which in turn maintains KRT5+ basal progenitor cells. 

Right panel: NRTN is synthesized by cKIT+ progenitor cells in the end buds.
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FIGURE 5 |. 
Developmental processes, cell interactions, and signaling pathways involved in salivary 

gland organogenesis.
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