
https://doi.org/10.1177/0022034519864592

Journal of Dental Research
2019, Vol. 98(11) 1186 –1194
© International & American Associations 
for Dental Research 2019
Article reuse guidelines: 
sagepub.com/journals-permissions
DOI: 10.1177/0022034519864592
journals.sagepub.com/home/jdr

Critical Reviews in Oral Biology & Medicine

Introduction
Developing successful strategies for salivary regeneration 
requires identification of potent cell sources, signaling path-
ways involved in communication with their niche, and the cel-
lular interactions essential for tissue homeostasis and 
regeneration. Major advances in our understanding of salivary 
gland (SG) progenitors are due to murine genetic lineage trac-
ing, which has revealed lineage relationships during gland 
development and within postnatal glands. Recently, it was 
found that several partly overlapping duct populations give rise 
to and maintain duct cells (Kwak et al. 2016; May et al. 2018; 
Weng et al. 2018), whereas acinar cells self-duplicate during 
adult gland homeostasis (Aure, Konieczny, and Ovitt 2015; 
Emmerson et al. 2018). In addition, normally lineage-restricted 
cells become bipotent following injury (Weng et al. 2018), 
highlighting the in vivo plasticity of adult SG cells. This indi-
cates that regenerative potential within cell populations may be 
influenced by changes in the surrounding microenvironment 
and secreted factors.

Although some paracrine factors have been identified that 
might prevent damage or improve regeneration, the signaling 
cross-talk that stimulates specific cell populations in postnatal 
glands is not well understood. Much of our knowledge about 
signaling pathways and progenitor populations derives from 

studies of murine fetal glands. Here, we review the recent lit-
erature and summarize major steps toward understanding epi-
thelial cell lineage relationships and signaling within the 
developing murine SG that may have implications for func-
tional regeneration of human SGs. We then review recent lit-
erature identifying progenitor populations and the signaling 
pathways involved in postnatal growth and homeostasis and 
how these respond to injury. Most of our knowledge is from 
studies on the murine submandibular gland (SMG), and there 
is much less information on parotid and sublingual glands 
(SLGs). A challenge for the field is understanding differences 
among the major glands, in terms of response to the type of 
damage (e.g., irradiation [IR] vs. immune or chemical/drug 
damage) and the specific mechanisms of regeneration after a 
particular type of damage.
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Abstract
Maintaining salivary gland function is critical for oral health. Loss of saliva is a common side effect of therapeutic irradiation for head and 
neck cancer or autoimmune diseases such as Sjögren’s syndrome. There is no curative treatment, and current strategies proposed for 
functional regeneration include gene therapy to reengineer surviving salivary gland tissue, cell-based transplant therapy, use of bioengineered 
glands, and development of drugs/biologics to stimulate in vivo regeneration or increase secretion. Understanding the genetic and cellular 
mechanisms required for development and homeostasis of adult glands is essential to the success of these proposed treatments. Recent 
advances in genetic lineage tracing provide insight into epithelial lineage relationships during murine salivary gland development. During 
early fetal gland development, epithelial cells expressing keratin 14 (K14) Sox2, Sox9, Sox10, and Trp63 give rise to all adult epithelium, 
but as development proceeds, lineage restriction occurs, resulting in separate lineages of myoepithelial, ductal, and acinar cells in postnatal 
glands. Several niche signals have been identified that regulate epithelial development and lineage restriction. Fibroblast growth factor 
signaling is essential for gland development, and other important factors that influence epithelial patterning and maturation include the 
Wnt, Hedgehog, retinoic acid, and Hippo signaling pathways. In addition, other cell types in the local microenvironment, such as endothelial 
and neuronal cells, can influence epithelial development. Emerging evidence also suggests that specific epithelial cells will respond to 
different types of salivary gland damage, depending on the cause and severity of damage and the resulting damaged microenvironment. 
Understanding how regeneration occurs and which cell types are affected, as well as which signaling factors drive cell lineage decisions, 
provides specific targets to manipulate cell fate and improve regeneration. Taken together, these recent advances in understanding cell 
lineages and the signaling factors that drive cell fate changes provide a guide to develop novel regenerative treatments.
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Identifying Lineage Relationships 
during Development
Lineage tracing genetically labels putative progenitors and 
their progeny with a fluorescent protein or LacZ reporter. 
These experiments are dependent on the specificity and fidelity 
of the cell-specific promoters attached to Cre recombinase to 
permanently mark the cells of interest and their progeny, even 
if they may no longer express the specific marker (Kretzschmar 
and Watt 2012). This approach can be used to determine lin-
eage relationships, long-term self-renewal potential, and cell 
behavior in vivo. The timing of the onset of Cre recombinase 
induction as well as the temporospatial expression pattern of 
the specific marker is critical for interpretation of lineage con-
tribution (Fig. 1). Since induction of Cre expression is a perma-
nent and heritable event, interpretation of the results must take 
into account potentially dynamic gene expression over time. 
Hence, Cre can be expressed in cells of interest at 1 time point 
and in other cells at a different time, which may complicate the 
results of lineage relationship analyses. This issue can be cir-
cumvented by using an inducible Cre system, which allows 
temporal and spatial control of Cre by selective induction in 
adult tissues via promoters also expressed during embryonic 
development.

An example of a constitutively expressed Cre model in SGs 
is the Aquaporin 5-Cre (Aqp5-Cre-IRES-DsRed, called ACID) 
mouse line (Flodby et al. 2010). In this model, a Cre-IRES-
DsRed cassette is knocked into the endogenous Aqp5 gene. 
Aqp5, a water channel, is a well-established marker for acinar 
cells in SGs and is detected when acinar differentiation begins 
at embryonic day 15 (E15; Larsen et al. 2011). To genetically 
label acinar cells, we crossed the ACID line with the mTmG 

reporter line (Muzumdar et al. 2007). This led to Cre induction 
and expression of the GFP reporter in acinar cells, while myo-
epithelial cells (MECs) and duct cells continue to express the 
red membrane-bound Tomato reporter (Fig. 2). Furthermore, 
lineage tracing in combination with injury models allows us to 
investigate in vivo progenitor behavior in a damaged microen-
vironment. These approaches are powerful tools to investigate 
signaling pathways involved in lineage contribution to regen-
eration after damage.

Progenitor Populations during 
Development
Several studies have investigated lineage contributions in SG 
epithelium during embryonic development (summarized in 
Fig. 3). SGs initiate as a thickening of the oral epithelium, 
called a placode, that proliferates and expands into the under-
lying mesenchyme to form an initial endbud. The oral epithe-
lium and initial placode express K14, Sox2, Sox9, Sox10, and 
Trp63. Lineage tracing cell fates from early development for 
any of these markers confirmed that the entire SG epithelium is 
derived from the initial placode (Lombaert et al. 2013; Chatzeli 
et al. 2017; Song et al. 2018; Athwal et al. 2019). Within the 
initial Sox10 positive (+) endbud, distal and proximal progeni-
tors were identified mainly by position and the cell-specific 
markers K14+Kit+ and K5+Kit+, respectively (Knox et al. 

Figure 1. Using genetic models to investigate lineage relationships. 
Lineage tracing is dependent on knowing the temporospatial expression 
pattern of the gene of interest driving Cre expression. Expression of 
Gene-X has a dynamic stage-dependent localization pattern. Outcomes 
of lineage tracing of Gene-X are dependent on the experimental design. 
Inducing Gene-X-Cre at stage 1 (green) will lineage trace every cell at 
stage 3, while induction at stage 2 will lineage trace a subpopulation at 
stage 3. Both outcomes differ from the expression pattern of Gene-X at 
stage 3.

Figure 2. Genetic labeling of AQP5 lineage. (A) Crossing the ACID 
(Aqp5-Cre-IRES-DsRed) mouse line with the mTmG reporter line leads 
to constitutive expression of Cre in AQP5+ cells and their progeny. Cre 
induction mediates recombination by excising the membrane-targeted 
Tomato (mT) sequence, leading to expression of membrane-targeted 
GFP (mG). (B) AQP5-Cre is expressed in acinar cells, leading to mG 
(green) expression in these cells. (C) Cells that are AQP5 negative 
express mT (red), which includes myoepithelial and duct cells. (D) 
The overlay shows mG expression in acinar cells (green) and mT 
(red) expression in other lineages. Arrow indicates intercalated duct; 
arrowhead indicates myoepithelial cell. Scale bar = 20 µm.
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2010; Lombaert et al. 2013). Lineage tracing of proximal pro-
genitors with a constitutive K5-Cre indicates that this lineage 
mainly contributes to ducts (Knox et al. 2010).

Although the aforementioned markers are expressed in the 
oral epithelium from the onset of gland initiation, their tempo-
rospatial localization changes during embryonic development. 
To further dissect the fate of embryonic lineages, inducible Cre 
lines have been used to investigate cell fates. K14 localization 
becomes restricted during development, and lineage tracing 
K14 cells showed that this lineage gives rise to duct, myoepi-
thelial, and acinar cells up until E15 (May et al. 2018). 
However, inducing K14-Cre from E16 highlights the lineage 
restriction from this point on, where K14 no longer gives rise 
to acini (May et al. 2018). Lineage restriction was also high-
lighted through the induction of Sox2-Cre at E9 to E11, which 

lineage traced the entire gland (Emmerson et al. 2017; Athwal 
et al. 2019). However, inducing at a later stage (E12 to E13) 
lineage traced only a subset of the main duct in the SMG 
(Athwal et al. 2019). In the SLG, Sox2+ cells are major con-
tributors to duct and acini throughout development (Emmerson 
et al. 2017). Sox10 is specifically expressed within endbud 
cells, and lineage tracing with both a constitutive and an induc-
ible Cre (E9 to E12) confirmed that these cells give rise to the 
entire gland (Athwal et al. 2019). Alpha-smooth muscle actin 
(Acta2) is a marker for MECs within the epithelium after E16 
(Gervais et al. 2016), and lineage tracing indicates that MECs 
are also lineage restricted (May et al. 2018; Song et al. 2018). 
Last, lineage tracing with a constitutive Cre, a subset of duct 
cells marked by the transcription factor Ascl3 (expressed from 
E15.5), gives rise to duct and acinar cells during embryonic 

Figure 3. Lineage-tracing embryonic glands. Using Cre mouse lines that label the salivary gland anlagen from embryonic day 9.5 (E9.5) to E10.5 lineage 
traces to the entire gland, confirming that these cells give rise to the entire gland. Inducing lineage tracing from E11.5 to E12.5 gives different results 
depending on the cells that are traced. MEC, myoepithelial cell; SLG, sublingual gland; SMG, submandibular gland.
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development (Bullard et al. 2008). However, little is under-
stood about which signals are instructive for this population or 
how these cells signal to other lineages. Taken together, these 
lineage-tracing studies indicate that with cell differentiation 
comes lineage restriction during embryonic development. 
These studies also suggest that the major SGs are similar in 
some respects, but there are specific differences in lineage rela-
tionships and intrinsic factors that may be crucial for regenera-
tion. It will also be important to confirm that these similarities 
and differences occur in human major SGs.

Signaling Pathways Directing  
Epithelial Patterning
Dynamic expression of signaling factors and cross-talk between 
signaling pathways and cell types are essential for SG develop-
ment (for recent reviews covering this topic in more depth, see 
Liu and Wang 2014; Mattingly et al. 2015; Lombaert 2017; 
Emmerson and Knox 2018). The critical signals required for the 
initial thickening of the oral epithelium to form the placode 
were not well understood (summarized by Som and Miletich 
2015; Patel et al. 2006). However, a recent study identified 
canonical retinoic acid (RA) signaling as the earliest signal 
instructive for gland initiation (Metzler et al. 2018). RA signal-
ing activity colocalized with mesenchymal expression of retinol 
metabolic genes Rdh10 and Aldh1a2. Thus, RDH10 and RA are 
required for initiation of placode formation via canonical sig-
naling through the RA receptor RARα (Metzler et al. 2018).

Once the initial endbud is formed, several Sox transcription 
factors are expressed in the epithelium. In the placode and ini-
tial endbud, Sox9 becomes restricted to the distal endbud cells. 
Deletion of Sox9 in the epithelium resulted in a smaller initial 
bud and a reduction in distal progenitors through a loss of 
Sox10, while proximal progenitors were unaffected (Chatzeli 
et al. 2017). This indicates that Sox9 is involved in establishing 
the distal progenitors prior to branching morphogenesis. 
Although Sox2 is expressed in cells that give rise to duct and 
acini, genetic ablation of Sox2 in the epithelium resulted in a 
failure to generate acini but not ducts (Emmerson et al. 2017). 
It was further shown that Sox2 also is essential for establishing 
Sox10 and targets acinar specific genes. Genetic deletion of 
Sox10 in the epithelium resulted in a loss of acinar secretory 
units, while the ducts remained (Athwal et al. 2019; Fig. 4). 
Duct cells could not compensate for loss of Sox10 as they 
lacked the plasticity to form new secretory units. Importantly, 
overexpression of Sox10 in ductal progenitors enhanced their 
plasticity, forming Kit+ progenitors that differentiate into 
secretory units. Thus, Sox10 regulates the plasticity of epithe-
lial progenitors to develop into functional secretory units of the 
gland during development. Taken together, Sox transcription 
factors are important players in the initial epithelial patterning 
and cell type determination, particularly for distal progenitors 
and acinar cell fate. Understanding the required intrinsic fac-
tors driving cell fates is essential for cell-based approaches 
where one would want direct differentiation toward a specific 
cell type.

Fibroblast growth factors (FGFs) are essential for salivary 
development, and knocking out FGF8, FGF10, or the receptors 
FGFR2b or FGFR2c leads to gland agenesis (Patel et al. 2006). 
FGFR signaling differentially interacts with Kit (Lombaert  
et al. 2013) and Wnt (Patel et al. 2011) signaling to mediate 
branching. Coordinated FGFR2b/Kit signaling increases distal 
progenitor proliferation and expansion, which is essential for 
formation of the endbuds and their subsequent differentiation 
into proacinar cells. Thus, FGFR and Kit signaling coordinate 
organ architecture by establishing communication between 
niches and proximal progenitors (Lombaert et al. 2013).

Multiple Wnts are expressed in the embryonic gland epithe-
lium (Wnt4, Wnt5b, Wnt7b, Wnt10a) and parasympathetic gan-
glion (Wnt2, Wnt5b, Wnt9a; Knosp et al. 2015). Inhibiting 
downstream Wnt signaling genetically or pharmacologically 
decreased branching morphogenesis, suggesting that mesen-
chymal Wnts influence epithelial patterning. Embryonic SMGs 
cultured ex vivo with Wnt pathway inhibitors displayed 
decreased branching morphogenesis (Knosp et al. 2015). Just 
prior to a major wave of ductal differentiation at E14.5, Wnt 
signaling decreases in the mesenchyme and increases in the 
ductal epithelium (Patel et al. 2011). Wnt5b promotes duct 
maturation by positively regulating Tcfcp2l1, a duct marker 
and gene essential for duct differentiation, and the absence of 
FGF signaling leads to premature ductal lumen formation 
(Patel et al. 2011).

Figure 4. Sox10 is required for secretory cell fate. (A, B) Genetic 
ablation of Sox10 in epithelial cells leads to loss of Kit+ progenitors 
(arrow) in embryonic day 16 endbuds. Loss of Sox10 also led to a 
decrease in proliferation (CCND1) in the epithelium (CDH1). (C, D) 
Comparing control glands with Sox10fl/fl shows loss of differentiating 
acinar cells (identified by expression of SMGc and AQP5). AQP5, 
aquaporin 5; CCND1, cyclin D1; CDH1, cadherin 1; KIT, KIT proto-
oncogene receptor tyrosine kinase; SMGc, submandibular gland protein 
C. Scale bar: 20 µm. From Figure 4 of Athwal et al. (2019).
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Hippo pathway signaling is also involved in gland growth, 
and its inhibition perturbs branching morphogenesis ex vivo 
(Enger et al. 2013). Ablation of the Hippo pathway effector 
Yap in salivary epithelium led to a reduced expression of epi-
regulin and severely affected the epithelial patterning with a 
loss of ductal specification. Furthermore, restricting nuclear 
Yap by ablating the Lats1/2 genes resulted in an expansion of 
ductal/proximal progenitors and loss of luminal duct cells. This 
indicates that the Hippo pathway promotes the identity of 
proximal progenitors and proper expression of Yap is critical 
for duct maturation (Szymaniak et al. 2017).

RA signaling also has an important function during branch-
ing morphogenesis. Chemical inhibition of RA signaling in ex 
vivo cultures of E13 SGs reduces epithelial growth and branch-
ing morphogenesis in a dose-dependent manner (Wright et al. 
2015). Reduced RA signaling decreases proliferation and 
upregulates K5 expression, whereas Kit expression is decreased 
(Abashev et al. 2017). Specifically, the ductal progenitor cell 
population is reciprocally regulated by the 2 isoforms RARα 
and RARγ (DeSantis et al. 2017). Taken together, these data 
indicate that RA signaling directly affects duct progenitors and 
ductal patterning in the developing SG.

Epithelial morphogenesis also involves the cross-talk 
between the epithelial progenitors and other cell types, such as 
endothelial and neuronal cells. SGs are highly vascularized, 
and the vascular network develops with the branching epithe-
lium. By E13.5, endothelial precursors form a continuous net-
work surrounding the branched epithelia. The vasculature 
regulates epithelial patterning through VEGFR2-dependent 
angiocrine factors that promote branching and expansion of the 
distal progenitors while suppressing premature ductal differen-
tiation (Kwon et al. 2017).

Parasympathetic innervation is also essential for SG mor-
phogenesis (Knox et al. 2010). Loss of innervation reduces the 
proximal K5+ progenitor pool, which differentiates and is not 
maintained. In turn, K5+ ductal progenitors recruit the devel-
oping parasympathetic ganglion through secretion of multiple 
Wnt ligands (Knosp et al. 2015). Furthermore, the distal 
K14+Sox10+ progenitors secrete neurturin (Nrtn), a neuro-
trophic factor that supports survival and axonal growth (Knox 
et al. 2013; Lombaert et al. 2013). Thus, distal and proximal 
progenitors are involved in promoting gland innervation, 
which is essential to growth and function.

Mapping lineage relationships during embryonic develop-
ment has been instructive to understand how specific signals 
and cell interactions are affecting them. Taken together, recent 
advances highlight how formation, differentiation, and expan-
sion of ducts differ from endbuds. Uncovering factors and sig-
naling pathways important for specific lineage expansion is 
crucial for development of novel cell-based therapies.

Progenitor Populations during 
Postnatal Growth and Maintenance
SGs are not fully mature at birth and undergo postnatal growth 
and differentiation. Recent reports have identified some lineage 
relationships in vivo in postnatal glands (summarized in Fig. 5). 

Historically, acinar cells were viewed as postmitotic and con-
tinually replenished by progenitors residing within ducts (Aure, 
Arany, and Ovitt 2015). However, lineage tracing of differenti-
ated acinar cells with an inducible Mist1-Cre or a Pip-Cre indi-
cated that the acinar cells are self-duplicating and thereby 
maintain themselves during postnatal growth and homeostasis 
(Aure, Konieczny, and Ovitt 2015; Maruyama et al. 2016). 
Interestingly, the acinar lineage in the SLG is different from the 
SMG. In the SLG, a subpopulation within Mist1+ acinar cells 
expressing Sox2 is important for acinar cell maintenance, as 
shown by Sox2 lineage tracing (Emmerson et al. 2018).

K14 and Kit mark distal progenitors during embryonic 
development but are expressed in distinct populations in the 
intercalated duct (ID) postnatally (May et al. 2018). K14 labels 
basal duct cells, while Kit is also expressed in a subset of stri-
ated ducts. K14 lineage tracing shows that they contribute to 
granular ducts (Kwak et al. 2016; May et al. 2018) and luminal 
cells in the excretory duct (Kwak and Ghazizadeh 2015), while 
Kit cells gave rise to IDs (Kwak et al. 2018; May et al. 2018). 
K14 and K5 are coexpressed in basal duct cells and MECs of 
postnatal glands (Yamamoto et al. 2016). Lineage tracing with 
an inducible K5-Cre showed, similar to K14, that these cells 
give rise to granular ducts while K5+ basal cells in the excre-
tory ducts give rise to luminal cells (Weng et al. 2018). MECs 
also coexpress K5 and K14, and lineage tracing indicates that 
they are self-renewing (May et al. 2018; Weng et al. 2018). To 
further support this, experiments with an inducible Acta2-Cre 
confirmed that MECs are self-renewing (May et al. 2018; Song 
et al. 2018). Taken together, this implies that ducts, MECs, and 
acini are maintained by separate lineages. However, some data 
suggest multipotency of some lineages between ducts and acini 
during homeostasis. Although Kit+ cells are lineage restricted 
in adult glands, inducing Kit-Cre at postnatal day 2 gave rise to 
duct and acini (May et al. 2018), suggesting that they are mul-
tipotent in early postnatal development. In parotid glands, 
Dcpp labels ID cells, and lineage tracing indicates that these 
cells occasionally give rise to acinar cells (Maruyama et al. 
2016). Similarly, lineage tracing Trp63 in adult SGs suggests 
that these cells give rise to some acinar cells in addition to 
ducts (Song et al. 2018).

These recent advances indicate that there are several partly 
overlapping cell populations involved in postnatal growth and 
homeostasis. A future challenge will be to identify signaling 
pathways that promote plasticity and multipotency. The recent 
development of single-cell genomic analysis will help identify 
cell populations producing signaling factors and those cells 
receiving them. Single-cell analyses of development, postnatal 
homeostasis, and regeneration are likely to provide novel 
information to challenge the current paradigms.

Signaling Pathways during Postnatal 
Homeostasis
Signals governing homeostasis of the adult gland are not well 
defined or understood. The signals involve proliferation, self-
renewal, morphogenesis, and differentiation of the epithelial 
lineages. Studies with genetic reporters to investigate Wnt 
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signaling show that it is active within the ID in postnatal glands 
(Hai et al. 2010; Weng et al. 2018). Lineage tracing of Wnt-
responsive cells with an Axin2-Cre showed that these cells are 
restricted to the duct lineage during homeostasis (Weng et al. 
2018). The Axin2-Cre expressing cells were partly overlapping 
with the K5 population in the ID. This could be interpreted as 
either a subpopulation of K5+ cells being Wnt responsive or 
that there is dynamic Wnt signaling activity in ID cells. While 
specific inhibition of Wnt signaling in the K5 lineage led to a 
significantly reduced granular convoluted tubule area, forced 
activation of Wnt or Hedgehog (Hh) pathways promoted 
expansion of ductal structures (Hai et al. 2010; Fiaschi et al. 
2011). This implies that Wnt and Hh signaling is important for 
proliferation of the K5 lineage and, subsequently, duct homeo-
stasis. It was also reported that manipulating Wnt and Hh path-
ways in the K5 lineage led to less differentiation or loss of 
acinar cells. However, it is not clear whether altering signaling 
pathways in the K5 lineage is directly or indirectly affecting 
acinar cells, and this warrants further study.

As we learn more about lineage relationships and how the 
gland epithelium is maintained, we can ask more defined 

questions to elucidate how to direct cell lineages during gland 
regeneration.

Response to Injury
Combining genetic tools with injury models increases our 
understanding of injury response and regenerative potential. 
By ligating the main duct, SGs undergo dramatic but reversible 
acinar atrophy, and this is a widely used model to investigate 
regeneration. Upon removal of the ligation, if innervation to 
the gland is maintained, cell proliferation is induced, and the 
gland completely regenerates within 2 wk.

Genetic labeling of acinar cells prior to duct ligation showed 
that not all acinar cells are lost, and surviving atrophied acinar 
cells are likely involved in replenishing the acinar compart-
ment following deligation (Aure, Konieczny, and Ovitt 2015). 
It is not clear whether the surviving acinar cells undergo trans-
differentiation during the ligation period, and the signaling 
pathways important for their regeneration have not been inves-
tigated directly with genetic models. However, epiregulin, 
HB-EGF, and EGFR increase in ducts following deligation in 

Figure 5. Lineage tracing in adult glands. Duct, myoepithelial, and acinar cells are mainly maintained by separate lineages. 1Sox2 lineage tracing in 
adult mice is specific to sublingual gland. 2A modest number of duct cells were lineage traced from Acta2+ cells in this study. 3A modest number of 
acinar cells were lineage traced from Trp63 following long-term chase in the submandibular gland (SMG). 4In parotid gland (PG) specifically, Dcpp+ 
intercalated ducts (IDs) infrequently also give rise to acinar cells. Dcpp, demilune cell and parotid protein 1; GCT, granular convoluted tubules; P, 
postnatal day. Dotted arrows indicate age-specific or rare events reported.
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parallel with acinar regeneration, indicating that the EGFR sig-
naling pathway may be involved in repair after injury (Nagai  
et al. 2014).

In ducts, increased Wnt/β-catenin and Hh activity were 
detected after ligation (Hai et al. 2010). Accordingly, lineage 
tracing of K5+ and Axin2+ cells showed that these populations 
are involved in lineage-restricted duct regeneration following 
injury (Weng et al. 2018). The role of MECs during the ligation 
and regeneration process has not been specifically investi-
gated, but labeling prior to ligation showed that preexisting 
MECs are present in the regenerated glands (Weng et al. 2018). 
Following partial gland surgical resection, another injury 
model in SGs, MECs were found to undergo morphologic 
changes in size and length and number of cell processes during 
the time of increased epithelial proliferation (Kawabe et al. 

2016). Although the significance of these changes is unclear, it 
could indicate that increased interaction between MECs and 
surrounding epithelium is important for regeneration. Little is 
known about the function of MECs during gland homeostasis, 
let alone during response to injury and regeneration, and fur-
ther investigation is warranted.

SGs are sensitive to IR damage, which leads to irreversible 
gland hypofunction and is widely used as a severe injury 
model. In mouse models, IR induces rapid hypofunction of the 
gland in the absence of obvious cell death and histologic 
changes. However, with time, chronic IR damage results in 
changes in cell proliferation and senescence, a relative increase 
in innervation, and eventually fibrosis. Although a major out-
come of IR damage is loss of functional acinar cells, they may 
survive and proliferate months after IR (Emmerson et al. 2018; 
Weng et al. 2018). Lineage tracing of duct populations after IR 
showed that although they initially remain lineage restricted, 
their plasticity increases over time (May et al. 2018; Weng  
et al. 2018; Fig. 6). It may be that after damage, cells eventu-
ally become less lineage restricted as a result of a change in 
niche signals. The possibility that cells gain plasticity in vivo 
and could aid in regeneration may have implications for new 
therapeutic approaches.

Changes in signaling pathways following IR are not well 
understood. Several studies have shown that modifying the 
environment by introducing “signaling factors” can prevent 
cell loss and have a positive effect on saliva secretion follow-
ing IR. For example, injecting IGF1 immediately before or 
after IR had a protective effect through an improvement of DNA 
repair (Meyer et al. 2017; Chibly et al. 2018). Neurotrophic 
factors have also been implicated as potential therapeutic can-
didates in tissue regeneration (Xiao and Le 2016). The expres-
sion of glial cell–derived neurotropic factor (GDNF) increases 
following IR, and GDNF promotes epithelial proliferation 
(Peng et al. 2017). Nrtn can also attenuate IR damage. Gene 
therapy with adenovirus-expressing Nrtn increased the expres-
sion of Nrtn in SGs and prevented a reduction in secretion fol-
lowing IR. There was increased parasympathetic innervation 
and saliva secretion following IR (Ferreira et al. 2018).

In addition, adenoviral vectors expressing sonic hedgehog 
(Shh) have been delivered to SGs after IR in mice and minipigs 
and significantly increase salivary function (Hai et al. 2018; 
Hu et al. 2018). Although IR damage itself does not activate 
Hh signaling, forced transient activation following IR increases 
proliferation and glandular function (Hai et al. 2014). Shh 
reduced senescence by promoting DNA repair and reducing 
oxidative stress. Gland innervation was maintained and 
increased autophagy occurred with reduced fibrosis. The direct 
effect and mechanisms of Shh on specific populations remain 
to be explored.

FGF signaling is important for regeneration of various tis-
sues where it promotes proliferation and/or differentiation 
(Maddaluno et al. 2017). Treating glands with FGF7 after IR 
reduced apoptosis and prevented salivary hypofunction in rat 
SGs (Choi et al. 2017). In mice with IR-induced salivary hypo-
function, transplanting mesenchymal stem cells led to an 
increase in FGF10 and restoration of saliva flow, indicating 

Figure 6. Lineage plasticity after irradiation. (A) Tamoxifen (TAM)–
inducible K5CreER mice were crossed with the R26tdTomato reporter 
strain to follow K5 lineage in postnatal glands. Tamoxifen treatment 
induces Cre-mediated recombination in K5+ cells, which excises the 
stop codon allowing tdTomato (RFP) expression in the K5+ cells and 
their descendants. Experimental timeline for tamoxifen-dependent  
Cre induction, radiation, and tissue harvest. Mice were irradiated  
3 d after tamoxifen treatment, and irradiated glands were compared 
with nonirradiated glands following a 90-d chase period. (B) After  
90 d, the expanded number of RFP-labeled cells in female submandibular 
glands remain colocalized with K7, a specific duct marker, but not with 
Mist1, an acinar cell marker. However, 90 d after irradiation, RFP labels 
clusters of cells that colocalize with duct and acinar cells, indicating that 
K5 cells have given rise to duct and acini following irradiation. Nuclei 
are stained with DAPI (blue). Scale bars: 25 µm. From Figures 1 and 4 of 
Weng et al. (2018).
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that FGF10 signaling has regenerative potential (Shin et al. 
2018). Mesenchymal/stromal cells are in all major human SGs, 
and they express genes encoding members of the FGF and 
platelet-derived growth factor signaling pathways (Togarrati  
et al. 2017). The role of endogenous FGF signaling and stromal 
cells in adult SGs in homeostasis or during regeneration is not 
well understood but could be investigated with available 
genetic tools. Improving functional regeneration after IR 
remains an important clinical problem to resolve.

Concluding Remarks
The knowledge gained from studying progenitors and signal-
ing pathways in embryonic development of SGs has been 
instructive in designing putative regenerative strategies for 
adult glands. In vivo plasticity following IR within normally 
lineage-restricted cell populations indicates that niche signals, 
including those from a damaged niche, may direct cell fates in 
adult glands. This supports the concept that “stemness” is a 
dynamic state mainly directed by the cell’s niche (Chacon-
Martinez et al. 2018). The SG field is poised to use the infor-
mation about lineage relationships and signaling pathways to 
target specific cells/pathways to prevent or reduce SG damage 
or regenerate SGs. An emerging concept is that cells involved 
in regeneration will vary depending on the type/severity of 
damage and the resulting microenvironment that emerges from 
this damage. This underscores the unique challenges that we 
face when restoring gland function caused by specific types of 
damage, such as IR, immune damage, or chemical/drug-
induced damage. Understanding how signaling pathways regu-
late cell-specific expansion and fate determination in the 
context of a specific damaged niche will be essential for devel-
oping regenerative strategies.
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