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Introduction
Major salivary glands contribute to secretion of 90% of saliva 
and include 3 pairs of glandular organs: parotid, submandibu-
lar, and sublingual. A typical gland is a glandular epithelium 
composed of acini, ducts, and myoepithelial cells surrounded 
by a stromal matrix. Acini, the secretory end piece, secrete the 
saliva into the lumen of a contiguous ductal network of the 
intercalated, granular/striated, and excretory ducts, which 
modify the primary saliva before it reaches the oral cavity 
(Amano et al. 2012). Nerve-mediated contraction of myoepi-
thelial cells that surround the secretory complex facilitates 
release and flow of saliva (Emmelin et al. 1968). The rodent 
submandibular gland (SMG) has been widely used as a model 
to study salivary gland development (Melnick and Jaskoll 
2000). The mouse SMG begins to develop from the oral epi-
thelium during embryogenesis and continues postnatally with 
adult-type acini and the granular ducts (GDs), a specialized 
segment of striated duct most prominent in rodents, emerging 
at puberty (Gresik 1994; Tucker 2007). A sexual dimorphism 
in differentiation of GD cells results in morphologic sex differ-
ences, mainly in the proportion of GDs, which occupy 45% to 
65% of the gland in males but only 30% to 36% in females 
(Chai et al. 1993; Gresik 1994). In adult mice, the secretory 
complex of SMG is composed of acini and GDs, 2 highly spe-
cialized secretory compartments separated by intercalated 
ducts and surrounded by myoepithelial cells (Denny et  al. 
1997; Amano et al. 2012).

The adult salivary gland renews relatively slowly, at an 
average rate of 2 to 4 mo in rodents (Schwartz-Arad et  al. 
1988; Zajicek et al. 1989). Like many epithelial tissues, sali-
vary gland homeostasis is thought to rely on stem cells (Denny 
et al. 1997; Pringle et al. 2013). Tissue stem cells are defined as 
relatively undifferentiated cells that have the capacity to self-
renew and generate progenies that are fated to differentiate 
(Lajtha 1979). In the adult SMG, cells in the intercalated ducts 
and the basal layer of excretory ducts retain a relatively undif-
ferentiated morphology and divide more frequently when com-
pared with other parenchymal cell types (Zajicek et al. 1985; 
Schwartz-Arad et  al. 1988; Denny, Chai, et  al. 1993). Our 
recent genetic studies have revealed a progenitor-progeny rela-
tionship between K14+ basal cells and the terminally differenti-
ated K19+ luminal cells in the excretory ducts (Kwak and 
Ghazizadeh 2015). However, contrary to the excretory ducts 
where luminal cells are postmitotic, all well-differentiated cell 
lineages in the secretory complex, including acinar, GD, and 
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myoepithelial cells, remain mitotically active and may contrib-
ute to cell renewal in the adult gland (Zajicek et  al. 1985; 
Denny, Denny, et al. 1993; Aure, Konieczny, et al. 2015; Kwak 
and Ghazizadeh 2015). To date, there has been no direct evi-
dence for stem cell contribution to various cell lineages in the 
secretory complex, and a recent genetic lineage tracing of aci-
nar cells in mice identified self-duplication of differentiated 
acinar cells as the predominant mechanism for expansion and 
maintenance of the acini after birth (Aure, Arany, et al. 2015; 
Aure, Konieczny, et al. 2015).

Here, while analyzing dynamics of K14 expression in the 
secretory complex during postnatal SMG development, we 
discovered that a subset of K14+ ductal progenitors in the 
developing gland persists in the intercalated ducts of the adult 
gland. Using an inducible genetic lineage-tracing approach, we 
show that these cells represent tissue stem cells that contribute 
to the development and homeostasis of GDs throughout life.

Materials and Methods

Animals

Transgenic K14-rtTA (stock 008099), tetO-H2BGFP (stock 
005104), tetO-Cre (stock 006234), and RosaYFP (stock 006148) 
were purchased from Jackson Laboratory (Bar Harbor, ME, 
USA) and crossed to generate bitransgenic mice (K14rtTA: 
tetOH2BGFP) or triple-transgenic mice (K14rtTA:tetOCre: 
RosaYFP). Label was induced either by doxycycline (Dox)–
containing food (1 g/kg of pellets; BioServ, Flemington, NJ, 
USA) or by intraperitoneal injection (1 mg/20 g of weight). 
Animals were housed under standard conditions, and all animal 
experiments were performed in accordance with institutional 
guidelines set forth by the State University of New York.

Antibodies and Histologic Analysis

The primary antibodies are listed in the Appendix, and immuno-
fluorescent analysis has been described (Kwak and Ghazizadeh 
2015). For coimmunostaining, when antibodies to cell-specific 
markers were made in the same species, staining was done 
sequentially. Sections were examined with a Nikon E800 fluo-
rescent microscope, and images were captured with NIS-
Elements (Nikon Instrument Inc., Melville, NY, USA). For 
quantification of YFP-labeled clusters (≥5 cells), tissue sec-
tions were costained for YFP and integrin-α6 (to mark all 
parenchymal cells), and the number of YFP-labeled clusters in 
25 randomized 100× images per time point were counted. The 
average area (size) of YFP+ clusters per image was quantified 
with Image J.

Analysis of Cell Proliferation

To determine the BrdU-labeling index in various compart-
ments, adult mice (8 wk of age) were injected with BrdU 
(50 µg/g of body weight; Sigma, St. Louis, MO, USA), and 4 h 
later, SMGs were removed and costained for BrdU and 

cell-specific markers as described previously (Kwak and 
Ghazizadeh 2015). The proportion of BrdU-positive nuclei to 
total number of nuclei in each compartment was determined by 
analysis of a minimum of 24 images (400×) per compartment 
per mouse. To accurately access the BrdU-labeling index of 
K14+ intercalated duct cells, the BrdU-labeling index for K14-
expressing cells (counting a total of 3,836 nuclei) and that of 
smooth muscle actin (SMA)–expressing cells (counting a total 
of 2,700 nuclei) in the secretory complex were quantified; 
then, the BrdU-labeling index of myoepithelial cells was 
deducted from that of K14-expressing cells.

Statistical Analyses

Differences among means were evaluated either by Student’s 
2-tailed unpaired t test (when 2 groups were compared) or by 
1-way analysis of variance followed by Tukey’s honestly sig-
nificant difference post hoc test (when several groups were 
compared). SPW12 (Systat Software Inc., San Jose, CA, USA) 
statistical software was used. Values with P < 0.05 were 
accepted as significant.

Results

K14 Marks a Subset of Intercalated Ductal Cells 
in the Adult Mouse SMG

Although K14 is broadly expressed in the developing ducts 
during postnatal development (Nelson et al. 2013; Kwak and 
Ghazizadeh 2015), its expression appears to be restricted to 
the basal excretory duct and myoepithelial cells in the adult 
salivary glands (Ogawa et  al. 2000; Ihrler et  al. 2002). To 
gain insights into the temporal and spatial expression pattern 
of K14 in salivary ducts, K14 expressions in mouse SMG at 
2, 4, 6, and 8 wk of age were analyzed by immunostaining. 
Since the secretory complex is surrounded by myoepithelial 
cells, tissue sections were costained with antibodies to K14 
and SMA to distinguish K14+SMA– cells from K14+SMA+ 
myoepithelial cells. This analysis revealed a progressive 
decline in the proportion of K14+SMA– cells, from 19.6% ± 
1.2% at 2 wk of age to 5% ± 0.3% at 6 wk of age (Fig. 1A, B; 
Appendix Fig. 1), coinciding with differentiation and expan-
sion of the GDs (Redman and Sreebny 1970; Gresik 1994; 
Tucker 2007). However, a subset of K14+SMA– cells local-
ized to the intercalated duct was detected in the mature gland 
(6 to 8 wk of age; Fig. 1A–C). Cross sections of intercalated 
ducts showed that, contrary to myoepithelial cells that sur-
rounded the duct, K14+SMA– cells occupied a luminal (duc-
tal) position (Fig. 1C, lower panels). Given the age- and 
sex-dependent changes in the rate and mechanism of cell 
renewal in the mouse SMG (Chai et  al. 1993; Denny et  al. 
1997), we examined the frequency and distribution of 
K14+SMA– cells in 1-y-old male and female mice. 
Remarkably, K14+SMA– cells were located at the same region 
of SMG in these mice, although their frequency was signifi-
cantly higher in females (Fig. 1D, E).
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To confirm these findings, we used an inducible genetic 
labeling system to selectively mark K14+ cells and map their 
location more precisely in the adult SMG. Bitransgenic 
K14rtTA:tetOH2BGFP mice have been used to selectively 
label K14+ cells with nuclear green fluorescent protein (GFP) 
during SMG development (Kwak and Ghazizadeh 2015). In 
these mice, histone H2B-GFP expression is driven by K14 
promoter and regulated by tetracycline-responsive elements 
(Waghmare et  al. 2008). To induce label during adulthood, 
mice were fed a Dox diet from 6 to 12 wk of age (Fig. 2A). 
SMGs were biopsied, and the location of cells with nuclear 
GFP were mapped in relation to various compartments of the 
secretory complex through cell-specific markers, including 
Aqp5 (acini), cKit (intercalated ducts), and K19 (GDs; Fig. 
2B). Labeled cells were either organized into small clusters 
localized to the intercalated ducts (Kit+) or distributed as singly 
labeled cells (Fig. 2B, C; Appendix Fig. 2). Immunofluorescent 
analysis showed that all cells with high GFP intensity (GFPhi) 
expressed K14 (Fig. 2C); however, only a subset of GFPhi 
cells expressed SMA (Fig. 2D). Interestingly, the labeled 
clusters included both K14+ and K14– cells, although the GFP 

intensity in the latter was markedly lower (Fig. 2C, D). 
Overall, these data verified the presence of 2 distinct popula-
tions of K14+ cells in the secretory complex, including  
myoepithelial cells and a subset of intercalated duct cells 
(Fig. 2E).

K14+ Intercalated Ductal Cells Represent an 
Actively Cycling Cell Population

To assess the replicative behavior of K14+ ductal cells, we sub-
jected the K14rtTA:tetOH2BGFP mice to a short pulse-chase 
experiment. In this system, during the chase period, H2BGFP 
induced by pulse labeling remains incorporated into chromatin 
due its high stability, unless the cell divides. On each cell divi-
sion, H2BGFP is diluted by half, allowing evaluation of cycling 
behavior of the labeled population (Waghmare et  al. 2008). 
Bitransgenic mice were fed with Dox from 4 to 6 wk of age, and 
H2BGFP-labeled cells were analyzed after a 2-wk period of 
chase at 8 wk of age (Fig. 3A). Immediately following pulse 
labeling, H2BGFP was restricted to the K14+ ductal and myo-
epithelial cells (Fig. 3B, upper panels). After 2 wk of chase, 

Figure 1.  Identification of K14-expressing ductal cells in the secretory complex. (A) Immunofluorescent images of sections of submandibular gland 
obtained from male mice and coimmunostained with antibodies to K14 (green) and smooth muscle actin (SMA; red). Sections were counterstained 
with dapi (blue nuclear staining). (B) The percentage of K14+SMA– cells to the total number of dapi+ nuclei in the gland of male mice at different 
age is shown. Values are expressed as mean ± SEM with cell counts obtained from a minimum of 25 images (400×) per 2 mice per age. P < 0.001 by 
analysis of variance with Tukey’s post hoc test. (C) Immunofluorescent images of intercalated ducts in the mature gland stained as described in panel 
A showing only a partial overlap between K14 and SMA markers in the ID. (D) Immunofluorescent images of submandibular gland sections obtained 
from 1-y-old male (M) and female (F) mice and costained for K14 and SMA. For all panels, arrows point to K14+SMA– ductal cells, and arrowheads note 
myoepithelial cells. (E) Percentage of K14+SMA– cells in 1-y-old male and female mice was measured as described in panel B with 50 images from 2 
mice per sex. Scale bars: 50 µm. AC, acini; ID, intercalated duct; GD, granular duct.
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H2BGFP (nuclear green fluorescence) was barely detectable in 
the K14+ ductal cells and appeared in the adjacent K14– cells that 
included K19+ ductal cells (Fig. 3B, lower panels, arrowheads). 
Contrary to the K14+ ductal cells, labeled myoepithelial cells 
retained high levels of H2BGFP during the chase period (Fig. 
3B). The relatively rapid loss of H2BGFP from K14+ ductal cells 
was consistent with the behavior of an actively cycling cell 
population.

To verify these findings, we used BrdU labeling to assess the 
relative proliferation rate of K14+ ductal cells in comparison 
with other epithelial cell populations. A single dose of BrdU 
was administered at 8 wk of age to label cells in the S phase of 
the cell cycle, and the frequency of DNA replication in various 
compartments was determined. BrdU-labeling index for K14+ 
ductal cells was measured at 9% ± 1.9%, several folds higher 
than any other compartment in the gland (Fig. 3C). Taken 
together, both H2BGFP dilution assay and BrdU-labeling index 
identified K14+ duct cells as an actively cycling cell population 
in the adult SMG.

K14+ Intercalated Ductal Cells are a Self-
renewing Cell Population Contributing to the 
Formation and Maintenance of GDs

To assess the potency and fate of K14+ ductal cells, we 
employed an inducible lineage-tracing strategy using K14 pro-
moter with Cre reporter RosaYFP mice, in which a floxed stop 
codon that exists between the ubiquitously expressed Rosa26 
promoter and YFP gene is permanently excised upon Cre acti-
vation, allowing for fate mapping of the originally labeled 
K14+ cells and their descendants over a long period of time 
(Mao et al. 2001). RosaYFP mice were crossed with K14rtTA: 
tetOCre mice, and a single dose of Dox was administered at 6 
wk of age to activate K14-Cre (Fig. 4A). Analysis of SMGs 4 
d later confirmed selective labeling of K14+ cells, including 
ductal and myoepithelial cells (Fig. 4B). Six weeks later, 
immunofluorescent analysis of tissue sections showed clusters 
of RosaYFP lineage-traced cells at the distal region of GDs 
(K19+) that extended into the intercalated duct–GD junction 

Figure 2.  K14 gene driver targets 2 distinct cell populations in the secretory complex of adult submandibular gland (SMG). (A) Strategy used to label 
K14-expressing cells with nuclear GFP in adult mice. (B) Representative fluorescent images of GFP-labeled SMG at 12 wk of age stained with Aqp5, 
K19, and Kit (in red) to map the location of nuclear GFP (green) in the secretory complex. (C, D) Immunofluorescent images of labeled SMG stained 
for K14 or smooth muscle actin (SMA; red). Arrowheads point to the GFP-labeled ductal cell clusters. Arrows note the GFP+K14– cells. Sections were 
counterstained with dapi (blue). Scale bars: 50 µm. (E) A schematic representation of the SMG showing the location of K14+SMA– ductal cells in the 
secretory complex. AC, acini; Dox, doxycycline; ED, excretory duct; GD, granular duct; ID, intercalated duct; MEC, myoepithelial cells; SD, striated 
duct.
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where K14+ ductal cells reside (Fig. 4C). Neither the Kit+ inter-
calated duct cells nor the acini were labeled (Fig. 4C). These 
results indicated that the descendants of the initially labeled 
K14+ cells expanded unidirectionally into the GDs.

To determine the contribution of K14+ ductal cells to postnatal 
SMG development when K14 is broadly expressed in presump-
tive intercalated ducts (Fig. 1A), we administered Dox to newborn 
mice during the first week of life (Fig. 4D, Appendix Fig. 3). 
Analysis of labeled SMGs 4 wk later revealed larger YFP+ 

clusters; however, similar to the adult 
gland, the RosaYFP lineage-traced cells 
were restricted to the GDs (Fig. 4E, F; 
Appendix Fig. 3). Immunostaining for 
K14 verified the presence of YFP-
labeled K14+ cells in the intercalated 
ducts that were contiguous with the 
YFP+GDs (Fig. 4F, arrows). Although 
Cre activation could result in labeling of 
myoepithelial cells (K14+SMA+), most 
SMA+ cells, including those surround-
ing the labeled clusters, were not marked 
with YFP (Fig. 4F, arrowheads).

Tissue stem cells are established 
during development and can be distin-
guished from transit progenitor cells by 
their ability to undergo long-term self-
renewal (Blanpain and Fuchs 2014). To 
determine whether the K14+ ductal cells 
represent a long-lived stem cell popula-
tion, we extended the chase period to 28 
wk. Analysis of SMG after this long 
period of chase showed persistence of 
the initially labeled K14+ ductal cells 
and further expansion of RosaYFP 
lineage-traced cells in the GDs but not 
into the adjacent Kit+ region of the 
intercalated ducts (Fig. 4G, Appendix 
Fig. 3). A quantitative analysis of YFP-
labeled clusters at 4 and 28 wk of chase 
verified the stability and continued 
expansion of a large fraction (~70%) of 
labeled clusters (Fig. 4H–J).

Overall, the long-term persistence 
of K14+ ductal cells and their expan-
sive progeny are consistent with the 
establishment of a lineage-restricted 
stem cell population in the interca-
lated duct contributing to the forma-
tion and maintenance of the GDs 
during postnatal development and 
homeostatic turnover.

Discussion
In the present study, we report identifi-
cation of a long-lived yet actively 

cycling population of stem cells in the intercalated duct that is 
established during postnatal development and that continually 
replenishes the differentiated cells in the GD during homeosta-
sis. Compartmentalization of stem cells and their differentiated 
progeny has also been shown in the excretory duct where cells 
in the basal layer maintain the luminal (suprabasal) cells (Kwak 
and Ghazizadeh 2015). Therefore, there are at least 2 distinct 
populations of stem cells—one in the excretory duct and another 
in the intercalated duct—maintaining cell renewal in the 

Figure 3.  K14+ ductal cells are an actively cycling cell population in the adult submandibular gland 
(SMG). (A) Pulse labeling and chase strategy. Doxycycline (Dox) diet was administered for 2 wk, and 
SMGs were analyzed either immediately after pulse labeling (6 wk) or after a 2-wk chase period  
(8 wk). (B) Representative images of H2BGFP-labeled SMGs stained for K14, smooth muscle actin 
(SMA), or K19 (in red). Arrows point to the low intensity of nuclear GFP in K14+ ductal cells after the 
chase period. Arrowheads note the location of K19+ cells with dim nuclear green fluorescence. Inset is 
a higher magnification of K19+GFP+ cells. Nuclear blue staining is dapi. Scale bars: 50 µm.  
(C) BrdU-labeling index of acini (AC), intercalated ducts (ID), granular ducts (GD), myoepithelial cells 
(MEC), excretory ducts (ED), and K14+ intercalated ductal cells (DP) in 8-wk-old male mice after a 4-h 
BrdU pulse. SMG sections were coimmunostained with antibodies to BrdU and to cell-specific markers 
indicated at the bottom of the graph. Values are expressed as mean ± SEM in each compartment with a 
minimum of 24 images (400×) per compartment per mouse (n = 2 per age). P < 0.001 based on analysis 
of variance, followed by Tukey’s post hoc test.
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salivary gland duct system. The prevailing model of cell 
renewal in the salivary gland proposes that a population of 
primitive stem cells in the excretory duct supplies the distal pro-
genitors in the intercalated ducts that eventually replenish the 

more differentiated cell types in the secretory complex (Pringle 
et al. 2013). Although our studies demonstrate a role for stem 
cells in maintaining salivary gland homeostasis, our lineage-
tracing studies do not support a hierarchical model. The 

Figure 4.  K14 marks a lineage-restricted stem cell population contributing to the formation and maintenance of granular ducts. (A) K14rtTA/
tetOCre mice were crossed with RosaYFP, and Cre was induced in 6-wk-old trigenic mice by a single injection of 0.25 mg of doxycycline (Dox). 
Submandibular glands (SMGs) were analyzed either at 3 d (T0) or 6 wk (T6) of chase. (B) Colocalization of YFP (green) and K14 (red) in SMG at T0. 
The inset is dapi staining to show the ductal position of the labeled cell, and the arrowhead points to a labeled myoepithelial cell (MEC). (C) Images of 
SMG after 6 wk of chase stained for YFP, with lineage markers indicated at the top of each panel. Arrow in panel C points to YFP-labeled K14+ cells. 
Blue nuclear staining is dapi. Images are from male transgenic mice and representative of both sexes (n = 2 per sex). (D) Labeling strategy for lineage 
tracing during postnatal development. (E, F) Representative images of labeled SMG from females at 5 wk of age (n = 3 per sex) stained with antibodies 
to YFP (green) and cell lineage markers (in red). For K14 and smooth muscle actin (SMA), individual staining is included to show the relative position of 
labeled K14+ cells (arrows) and myoepithelial cells. Arrowheads point to myoepithelial cells that do not express YFP. (G) Images of SMG after 28 wk 
of chase stained with antibodies to YFP (red) and either K14 or Kit (green). Arrow points to YFP+ stem cells (orange). Scale bars (B–G): 50 µm. (H) 
Representative images of SMG after 4 and 28 wk of chase stained for YFP (red) and integrin-a6 (green) to show stability of labeled clusters. Scale bars: 
100 µm. (I, J) Quantification of YFP-labeled clusters comparing the number (I) and the size (J) of the labeled clusters after 4 and 28 wk of chase. Values 
are expressed as mean ± SEM with 25 images (100×) per group. *P < 0.001. AC, acini; GD, granular duct; ID, intercalated duct.
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existence of 2 distinct stem cell populations in the salivary 
ducts is consistent with other complex epithelial tissues that are 
maintained by multiple spatially and temporally restricted stem 
cell populations (Blanpain and Fuchs 2014; Hogan et al. 2014).

Although K14 is a well-established marker of basal/myo-
epithelial cells in the salivary glands, expression of basal-type 
keratins in the intercalated ductal cells has not been previously 
reported (Ogawa et  al. 2000; Ihrler et  al. 2004). Without 
costaining for K14 and SMA, it is difficult to distinguish a 
small subset of intercalated duct cells from the surrounding 
myoepithelial cells. Our analysis revealed a significant differ-
ence in the replicative behavior of these 2 cell populations. 
Myoepithelial cells are mostly quiescent, while K14+ ductal 
cells cycle frequently. Recent studies in mammary gland have 
identified a bipotent basal/myoepithelial stem cell population 
giving rise to the luminal progenitors that contribute to the duct 
maintenance (Rios et  al. 2014). Although a clear lineal rela-
tionship between K14+ ductal cells and myoepithelial cells in 
the SMG could not be established in our mouse model, the 
presence of nonlabeled myoepithelial cells surrounding YFP-
labeled clusters or nonlabeled GDs encircled by YFP-labeled 
myoepithelial cells after a long period of chase (Appendix Fig. 
3C, D) suggests that myoepithelial and ductal cells are main-
tained independently.

The unidirectional expansion of labeled cells from interca-
lated ducts to GDs revealed by our studies is consistent with 
the classical 3H-thymidine-tracking studies that showed 
streaming of the cells from the stem or trunk portion of the 
intercalated duct to the GD (Chai et  al. 1993; Denny et  al. 
1997). These studies also noted a significantly higher labeling 
index for a subset of cells near the intercalated-GD junction. 
This population was described as an intermediate cell between 
a modestly replicating stem cell in the intercalated duct and the 
slowly dividing differentiated GD cells (Chai et  al. 1993; 
Denny et  al. 1997). Our studies, however, indicate that the 
actively cycling cells in the intercalated ducts are indeed long-
lived stem cells.

A recent lineage-tracing study in mice with an acinar-
specific gene driver concluded that self-duplication of acinar 
cells is not only responsible for acinar renewal during homeo-
stasis but also contributes to acinar expansion during postnatal 
development and regeneration (Aure, Konieczny, et al. 2015). 
The lack of contribution from K14+ stem cells to acini during 
postnatal development supports this conclusion. However, aci-
nar differentiation in the parotid gland and SMG continues 
postnatally (Redman 2008), and the new acini and their associ-
ated intercalated ducts are added at a rate requiring input from 
progenitors (Denny et al. 1990; Denny et al. 1997). Given the 
heterogeneity of intercalated ductal cells, a second population 
of progenitor/stem cells may contribute to acinar formation 
during rapid growth. The partitioning of Kit+ and K14+ mark-
ers in the intercalated ducts and the lack of contribution from 
K14+ stem cells to the Kit+ cells indicate that the Kit+ cell lin-
eage is maintained independently. Whether Kit+ ductal cells 
contribute to acinar formation during early stages of postnatal 
development awaits further investigation.

In conclusion, we have identified an actively cycling stem 
cell population in the secretory complex that may have impli-
cations in radiation-induced damage as well as neoplasia. 
Deciphering the signaling pathways regulating the self-renewal 
and fate determination of this stem cell population could result 
in strategies for treating disorders of this vital and complex 
organ.
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