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Summary

Adult stem cells (SCs) are important to maintain homeostasis of tissues including several mini-
organs like hair follicles and sweat glands. However, the existence of stem cells in minor salivary
glands (SGs) is largely unexplored. In vivo histone2B GFP (H2BGFP) pulse chase strategy has
allowed us to identify slow cycling, label retaining cells (LRC) of minor salivary glands that
preferentially localize in the basal layer of the lower excretory duct with a few in the acini.
Engraftment of isolated SG LRC in vivo demonstrated their potential to differentiate into keratin 5
(basal layer marker) and keratin 8 (luminal layer marker) positive structures. Transcriptional
analysis revealed activation of TGF1 target genes in SG LRC and BMP signaling in SG
progenitors. We also provide evidence that minor SGSCs are sensitive to tobacco derived tumor
inducing agent and give rise to tumors resembling low grade adenoma. Our data highlight for the
first time the existence of minor salivary gland LRCs with stem cells characteristic and emphasize
the role of TGFp pathway in their maintenance.

Introduction

The ability to speak, swallow, taste food, and maintain a healthy oral cavity is heavily reliant

on the presence of saliva, an important effect of which on our everyday lives is often
unappreciated [1]. Salivary glands (SGs) have an important role not only in oral health but
also for general health and well being. Hyposalivation is the most common condition
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underlying xerostomia, the subjective feeling of dry mouth along with 50% reduction in
salivary flow. It is highly common especially in patients undergoing radiotherapy treatment
for head and neck cancer, drug usage and patients suffering from Sjogren’s syndrome.
Considering the severe impact that xerostomia may have on the patient’s quality of life,
there is an unmet clinical need for an efficient treatment. Stem cell therapy could provide an
option to prevent and repair damage of tissues induced by degenerative processes due to
autoimmune responses, radiation-side effects or other cytotoxic events of the salivary
glands.

The salivary gland system consists of the major and minor salivary glands. While the major
glands secrete their fluids fully only upon stimulation, the minor mucosal glands function
more or less continuously providing ongoing protection to the oral tissues [2] [3]. There are
estimated to be 600-1,000 minor salivary glands in humans and these are located in the
buccal, labial, distal palatal, and lingual regions of the oral mucosal membrane, although
they are occasionally found at other oral sites [2].

Cells with stem/progenitor properties have been detected in major salivary glands, but till
date, no data has described their presence within the minor salivary glands [1] [4] [5] [6].
Additionally, very little is known about the molecular regulators of the development, stem
cell activity and the regenerative processes of the minor salivary glands. The progenitor cell
population isolated from major salivary gland based on the cell surface marker c-Kit has
been used to regenerate salivary glands after irradiation. Remarkably, post irradiation stem
cell treatment with c-Kit+ adult salivary gland stem cells restored radiation-induced
dysfunction [7]. Other groups have used cell surface markers such as Sca-1, CD133, CD24
and CD49f to enrich the epithelial progenitor cells in the major salivary glands but a
combination of definitive cell markers for salivary progenitor cells remains to be determined
[8]. There have been a few studies that have used genetic lineage tracing experiments in
mice to identify progenitor cells in the developing salivary glands. In one such study, an
Ascl3+ progenitor population was identified in the ductal compartment of the submandibular
gland (SMG), which gave rise to both ductal and acinar cells. Importantly, not all SMG cells
were derived from the Ascl3 cells, but only a subpopulation of acinar and ductal cells. The
Ascl3+ cells were therefore considered to be progenitor cells [9].

In this report, using previously developed strategy to fluorescently label slow-cycling cells
[10] we were able to, for the first time localize and isolate label retaining cells (LRCs) of the
minor salivary gland (SGs) in the lower part of its excretory duct. However some
myoepithelial LRCs were also detected in the acini. The LRCs in the duct and the acini
localized within the keratin 5 positive basal layer and not the keratin 8 positive luminal
layers. When these cells were sorted and injected into the salivary glands of the NOD.Cg
donor mice, they regenerated some structures containing both the basal and the luminal
types of cells. By determining the gene expression profiles of the isolated minor SG LRCs
and the non-LRCs in vivo, we have identified that TGFB1 pathway is active and dominant in
the minor SG LRCs. On the other hand, non-LRCs showed high expression of BMP
dependent expression of P-SMAD 1, 5, 8. We have also provided evidence that minor
SGSCs are sensitive to tobacco derived tumor inducing agent and give rise to tumors
resembling low grade adenoma [11]. Our data highlight for the first time the existence of
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label retaining minor SG stem cells and their primary importance in SG homeostasis. It also
emphasizes the role of TGFp pathway in SGSCs maintenance.

Material and Methods

Mice

Two transgenic mouse lines were used: keratin 5-driven tetracycline repressor mice (K5-
tTA) [12] and tetracycline response element-driven histone fusion, H2BGFP transgenic mice
(pPTRE-H2BGFP) [10]. In this double transgenic line, H2BGFP expression is turned on
(“pulse”, no doxycycline treatment) from early embryogenesis. By feeding the animals
doxycycline (Dox diet pellets 1mg/g from BioServ for 4 weeks starting at P21-28),
H2BGFP expression is turned off for the duration of the treatment (“chase”). In addition two
reporter mice line from Jackson Laboratory were used: Tg(TCF/Lef1-HIST1H2BB/
EGFP)61Hadj/J 013752 and Gliltm3(cre/ESR1)Alj/J007913). For CreER induction,
Tamoxifen (Sigma) was dissolved in corn oil (20 mg/ml) and injected intraperitoneally (i.p.;
10 mg daily for 3 days). For tumor induction, 4NQO obtained from Sigma-Aldrich was
dissolved in propylene glycol (Sigma-Aldrich) as stock solution (4 mg/mL) (1h warm water
bath to dissolve), stored at 4°C, and diluted in the drinking water to a final concentration of
50pg/mL. Water was changed every 3 days. All mice work was conducted according to the
Institutional Animal Care and Use Committee (IACUC) at the University of Southern
California. The protocol No. 11172 was approved by the IACUC Committee. All surgeries
were performed under either isoflurane or ketamine anesthesia and all efforts were made to
minimize the suffering with analgesics (Buprenex prior and post surgery was administrated).

Immunohistochemistry and Immunofluorescence Staining

All frozen sections were fixed in 4% paraformaldehyde. Tissue sections were stained with
hematoxylin and eosin for H&E visualization. For immunofluorescence staining, sections
were permeabilized with 0.1% Triton X-100 for 10min and blocked in 0.1% Triton-PBS,
0.25% goat normal serum, 0.25% donkey normal serum and 0.1% BSA for 1h at room
temperature. Primary antibodies were incubated in the blocking buffer overnight at 4°C and
washed with PBS. Secondary antibodies were incubated in 0.1% BSA for 1h at room
temperature.

Isolation of minor SG LRCs

K5TetOff/TreH2BGFP animals were fed 1mg/g doxycycline food for 4 weeks starting
around P21-28. H2BGFP+ upper palate were dissected out of 20-30 mice and treated with
1000U/ml Collagenase type | for 1h at 37°C with shaking. SGs were washed with DPBS and
digested in 0.25% Trypsin-EDTA for 20min at 37°C with shaking. Trypsin was neutralized
and the solution was filtered through a 40um cell strainer to obtain a single cell suspension.
For colony formation equal numbers of sorted cells were plated onto mitomycin-treated 3T3
fibroblasts in E-media [13] supplemented with 15% serum and 0.3mM calcium. Number and
the colony size were visualized using a fluorescent microscope as the cells expressed
H2BGFP.
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For FACS, upper palates were dissected 4 weeks post chase from K5tetH2BGFP mice and
labeled with PE conjugated anti-a6 integrin (CD49f) (1:200; BD Pharmingen) and APC
conjugated CD44 (1:200); BD Pharminogen) for 30min and sorted using the FACS Aria 1l
cell sorter (BD, Bioscience) for H2BGFP+/CD44+/a6+and H2BGFP-/CD44+/a6+
populations. Cells were collected in RNA protect Cell Reagent (Qiagen) for RNA isolation.

Glandular Injections

The sorted cell populations (H2BGFP+/CD44+/a6+) and (H2BGFP-/CD44+/a6+) were
plated in 4-well plates with 3T3 feeder cells. After 14 days in culture, the sorted cells were
collected and mixed with matrigel (BD) (1:1). The unsorted dissected clumps were micro
dissected directly from 4 weeks chased minor SG tissue. The sorted cells suspension and
dissociated unsorted minor SG cell clumps were injected into submandibular gland of
immunocompromised NOD.Cg mice. 8 weeks after injection, mice were sacrificed, and
transplants were dissected out and analyzed.

RNA Isolation, Microarray, RT-PCR, and gPCR

Results

Total RNAs were purified from FACS-sorted SG LRCs, SG non-LRCs, using Qiagen’s
RNeasy Micro kit according to the manufacturer’s instructions. Equal amounts of RNA were
reverse transcribed using the Superscript 111 First-Strand Synthesis System (Invitrogen)
according to the manufacturer’s instructions. cDNAs were amplified by PCR and used in
triplicates for each gPCR sample primer set with all primer sets designed to work under the
same conditions. Real-time PCR amplification of the particular genes of interest was
performed using an Applied Biosystems 7900HT Fast Real-Time PCR System and the fold
difference between samples and controls were calculated based on the 2722CT method,
normalized to B-actin levels. Total RNAs from FACS of minor SG LRCs (H2BGFP+/
CD44+/ a6+) and minor SG non-LRCs (H2BGFP-/CD44+/ a6+) were purified using
RNeasy Micro Kit (Qiagen), and quantified using Nanodrop. RNA 6000 Pico Assay
(Agilent Technologies) was used for RNA quality check. Microarray analysis was
performed by the University of Southern California Microarray Core Facility using
Affymetrix GeneChip® Mouse 430Plus 2.0 Arrays.

Label retaining cells of minor salivary glands localize predominantly in the basal layer of
the lower excretory duct and the myoepithelial layer of acini

To localize LRCs in the minor salivary glands we used a previously developed system for in
vivo detection of infrequently dividing cells (Fig. 1A) [10]. During 4 weeks of “chase”, slow
cycling cells retain H2BGFP expression (label retaining cells), whereas rapidly dividing
transit amplifying cells dilute out the H2BGFP label upon each division. In the animals
before “chase”, H2BGFP expression was uniformly detected in all cells of the oral
epithelium including soft palate where high number of minor salivary glands are localized
(Figure 1B). All the cells including cells in the ducts and acini were uniformly labeled with
H2BGFP (Fig. 1E). After 4 weeks of “chase” by switching off H2BGFP expression with
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Doxy treatment beginning at 3 to 4 weeks of age, we demonstrated the presence of
infrequently dividing LRCs in minor SGs (Fig. 1C, F and O). The pattern of LRC at 4 weeks
of chase was similar to pattern seen after 7 weeks of chase (Fig. Sup 1A and B) indicating
that there is a slow turnover of minor salivary gland epithelial cells. The H2BGFP
expression of LRCs was enriched in the lower excretory duct (Fig. 1F-I), however some
LRCs were also observed in the acini (Fig. 1 F-I, arrows). In contrast no GFP positive cells
were observed in the soft palate epithelium (Fig 1F-I). All of the LRCs were slow cycling
excluding immunofluorescence staining for proliferation marker Ki67 (Fig. 1G and Fig. Sup
1A). Histological localization of LRCs in SGs was confirmed by visualizing serial sections
of the soft palate region by hematoxylin and eosin staining (H&E) (Fig. 1D).
Immunofluorescence staining with a number of different markers was performed to further
define the precise location of SG LRCs. We have demonstrated that the minor SG LRCs are
all positive for B4 integrin indicating that they are attached to the basement membrane (Fig.
1L and L"). In addition, these SG LRCs also co-expressed the basal layer marker keratin 5
(K5) (Fig. 1J-J"), whereas the luminal layer marker, keratin 8 (K8) did not overlap with SG
LRCs (Fig. 1K and K”). All the epithelial cells, including LRCs were also positive for CD44
(Fig. 1M and M”). However only LRCs within the acini expressed smooth muscle actin
(SMA) indicating their myoepithelial characteristic with basal layer localization (Fig. 1N
and N).

Isolation and regenerative potential of label retaining cells of minor salivary gland

To isolate the minor SG LRCs, we used a combination of surgical dissection with
subsequent enzymatic digestions followed by fluorescence-activated cell sorting (FACS).
Since minor SG LRCs were attached to the basement membrane (Fig. 1H, L, L") and all the
cells in the minor salivary gland were expressing epithelial marker CD44 (Fig. 1 I, M, M?),
we stained these cells with a FACS specific antibody against a6 integrin and CD44 to
achieve a high purity of sorted live LRCs and adjacent non-LRC basal cells. FACS analysis
revealed that minor SG LRCs accounted for approximately 3% of the epithelial cells
enriched by CD44 staining fraction. H2BGFP+ LRCs were highly enriched in the colonies,
some of which contained ~400 cells (Fig. 2B, C and D), consistent with the high
proliferative capacity documented for hair follicle LRCs [10]. On the other hand non-LRCs
(H2BGFP-) had limited potential in colony formation (Fig. 2B and C). To test the potential
of H2BGFP+ minor SG LRCs in the reconstitution of the salivary gland, we performed
intra-glandular transplantation of the sorted cells as well as dissected pieces of 4 weeks
chased minor SG tissue into the salivary glands of NOD.Cg mice (Fig. 2E-J and Fig. Sup.
2A). Eight weeks after the transplantation dominant structures that formed from dissected
pieces of minor SG tissue were resembling ducts (Fig. 2 E-G’). A pure population of sorted
H2BGFP+ cells that were initially positive only for K5 and negative for K8, after
transplantation gave rise to both K5 and K8 positive structures indicating its differentiation
potential (Fig. 2H-J). In contrast, we did not observe any structures formed by the non-
LRCs (H2BGFP-) in the transplanted salivary glands in three independent experiments. At
week eight after initial transplantation the cells within the transplant were still expanding as
indicated by positive staining for proliferation marker Ki67 (Fig. Sup. 2B and C). Together
the in vitro cell culture and in vivo transplantation experiments indicate that the minor SG
LRCs possess stem cell characteristics such as differentiation potential and can self renew..
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Defining the molecular characteristic of minor salivary gland label retaining cells

Using microarray analyses, we obtained the transcriptional profiles for the two populations:
GFP+/a6+/CD44+ (minor SG LRCs) and GFP-/a6+/CD44+ adjacent basal layer cells
(minor SG non-LRCs), and high-stringency analyses uncovered the distinguishing features
of the minor SG LRCs (Table S1). There were 4834 mRNAs up-regulated and 1889 mRNAs
down-regulated by at least 2.5 — fold (Table S1). Functional annotations revealed up-
regulation of a number of MRNAS in LRCs that are involved in cell adhesion, signaling and
transcription (Fig. 3A). Some of the genes were validated through real-time PCR using
separately isolated biological samples and immunofluorescence staining (Fig. 3B and 3C-
E). Preferential ductal localization of Ncadherin (Cdh2), tenascin (Tnc) and tetraspanin 6
(Tspan6), which are up-regulated in the array data for LRCs indicates that the sorted fraction
was enriched in ductal minor SG LRCs (Fig.3C-E). Up-regulated LRC mRNASs encoded
members of the transforming growth factor beta (TGFp) signaling pathway known to inhibit
epithelial cells proliferation, like Tgfb2, Tgfb3 and Ltbpl necessary for latent TGFj
activation. Although LRCs expressed some of the cyclins involved in cell cycle progression,
they also expressed high levels of cell cycle inhibitors (Cdknlc and Cdk2apl). Inhibitors of
Whnt pathway including Sfrp2, Dab2, Dactl, Tcf3, and Wifl, and the Wnt receptors Fzd3,
Fzd7, and Fzd2 were also up regulated (Fig. 3A and Table S1). Consistent with the array
data the Wnt signaling appeared to be repressed as we didn’t observe activation of -catenin-
dependent signaling, using transgenic reporter mice (Fig. 4A and B) [14]. We also observed
that genes of Sonic hedgehog (Shh) pathway (Shh, Ptchl, Gli3 (Fig. 3A and Table S1) were
upregulated in the LRC, which is associated with maintenance of various adult epithelial
stem cells [15], [16, 17]. To determine which cells respond to Shh signaling we used Glil-
CreERT2; ROSA26L0oxP-STOP-LoxP-ZsGreenl mice (Glil-CreER; Zsgreen), injected with
tamoxifen at 4-6 weeks of age. 1 month after Tamoxifen induction we detected ZsGreen+
cells near the minor salivary gland ducts (Fig. 4C). Analysis of the sections of the upper
palate revealed sporadic presence of Shh responsive cells in the most upper duct of the
minor SG, however majority of the cells responding to Shh are present in the stroma
surrounding the minor SG (Fig. 4D). Interestingly this observation is consistent with the
model proposed by A.L. Joyner group [18] where Shh from basal epithelial cells of adult
prostate signals to the surrounding stroma. Many of the up-regulated mRNAs in the SG
LRCs encode for secretory or integral membrane proteins (Fig. 3A), which suggests the
ability of these LRCs to organize their niche and respond to their special environment. Many
of the extracellular matrix and cell adhesion proteins involved in niche formation/interaction
like tenascin (Tnc), biglycan (Bgn), collagens (Col) and laminins (Lam) were also up
regulated. Interestingly when minor SG LRCs were compared with the signature gene list of
LRC of quiescent hair follicle (HF) stem cells [10] [19], minor SG LRC were found to
express almost 30% of mRNAs present in hair follicle LRCs (Fig. 3F).

Activation of TGF signaling pathway in minor salivary glands LRCs and BMP pathway in
early progenitors
Consistent with their slow-cycling properties, minor SG LRCs expressed elevated transcripts
encoding cell cycle inhibitors: Cdknlc (p57) and Cdk2Apl (p12) that are known targets of
TGFp signaling pathway [20] [21]. TGFB-was previously shown to induce cell cycle arrest
in human hematopoietic stem cells through the up-regulation of p57/KI1P2 [20]. It is well
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established that at high levels, TGFp often inhibits cell proliferation in a reversible manner
[22]. Increasing evidence suggests that the TGF[ constitutes as an integral component in the
intercellular crosstalk between stem cells and their microenvironment along with
maintaining the balance between active proliferation and reversible cell cycle exit in
reservoirs of stem cells [23]. Therefore we further tested if TGFj pathway is activated
preferentially in the minor SG LRCs. Indeed we observed that the prevalent TGFB receptor
activation by nuclear phospho-Smad2 immunoreactivity in the H2BGFP LRCs when
compared to the adjacent progeny (Fig. 5B—F). We used Upstream Regulator Analysis in
Ingenuity Pathway Analysis (IPA) software to identify the cascade of upstream
transcriptional regulators that can explain the observed gene expression changes in our
dataset, which can help illuminate the biological activities occurring in the minor SG LRCs.
Consistent with our initial observation TGFf was the top growth factor - upstream regulator
(Fig. 5A). Minor SG LRC had 587 activated TGFp target genes within all up/down (+/- 2.5)
genes including cell cycle inhibitors Cdknlc (p57) and Cdk2Apl (p12), known stem cell
genes ABCA1, ALDH18A1, Hmga2 and also components of TGF} pathway, Smad?2,
Smad3, Smurf2, TGFB2, TGFB3, TGFBI, TGFBR1 and TGFBR2 and TGFBR3. Targets of
TGFB involved in niche regulation included tenascin, biglycan and collagens (Fig. 5A and
Table S2). Since BMP signaling pathway was previously shown to be required to maintain a
quiescent state in hair follicle stem cells [24] we also checked the status of BMP pathway
activation in minor SG LRCs. Surprisingly indicative of BMP receptor activation, nuclear
phospho-Smad1,5,8 immunoreactivity was prevalent in the non-LRC adjacent progenitor
cells but not in LRCs (Fig. 5G-K). Consistently the array data showed down-regulation of
known BMP target genes 1d2 and 1d4 in the LRCs when compared to the non-LRCs (Table
S1).

Minor salivary glands are sensitive to a carcinogenic tobacco compound and give rise to a
low-grade adenoma

The analysis of tumor cell of origin requires a better understanding in all tissue cell types
and their position in the lineage hierarchy. In particular, stem cells are often considered to be
excellent candidate cells of origin for cancer, given their inherent ability to self-renew. To
test the tumorigenic potential of K5 driven H2BGFP positive cells of the minor salivary
glands we employed a previously published mouse model of 4NQO-induced oral tumors
[25] on transgenic K5-tTA/pTRE-H2B-GFP mouse line. Mice were administered for 16
weeks with 4-nitroguinoline-oxide (4NQO, synthetic water-soluble organic compound that
forms DNA adducts, serving as a surrogate of tobacco exposure) to induce oral cancer (Fig.
6A) [25]. At 24 weeks majority of the mice developed squamous cell carcinoma of the
tongue as expected [25]. In addition, small tumors on the soft palate were also observed
(Fig. 6A”). Since the tumors were very small in size excluding possibility of chase and
FACS sorting we’ve established H2BGFP positive cell lines from dissected primary tumors
to further test their tumorigenic potential. The minor SG derived tumor cells were highly
clonogenic and could be maintained in culture for long period of time (Fig. 6D, E). When
grown in 3D matrices the cells were prone to form tubular-like structures resembling ducts
(Fig. 6F, G). To test the tumorigenic potential of those cells we injected the H2BGFP
positive cells into the salivary gland of NOD.Cg donor mice. After 5 weeks the cells formed
well-vascularized, visible tumors (Fig. 6H, 1), which were still GFP positive (Fig. 61). The
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morphology of the tumors that formed resembled low-grade adenoma. Histology revealed
that the tumor had different growth patterns of ductal or tubular like structures (arrows in
Fig. 6J and K), solid (arrows in Fig. 6K’) and microcystic with central lumina formed by one
layer of cubic cells (asterisk in Fig. 6J and K’). The tumors that formed after the injection of
established H2BGFP positive cell line expressed basal layer marker beta4-integrin (Fig. 6L
and M), some of the cells also stained positive for luminal marker keratin 8 (Fig. 6N and O).

Discussion

Hundreds of minor salivary glands are present in the lining of the mucosa in the
aerodigestive tract that provide protection to the oral tissues day and night [2] [3]. The cells
with stem/progenitor properties have been detected in major salivary glands, however their
precise characterization and function has not been addressed so far. In addition limited data
is available about the existence of stem cells within the minor salivary glands [1] [4] [5] [6].
Our studies provide for the first time an insight into the stem cells biology of the minor
salivary glands.

Preferential localization of LRCs in the excretory duct of the minor salivary gland and
regenerative potential

The minor salivary glands are simpler in structure than the major SGs. They consist of small
clusters of secretory cells with intercalated duct and the striated duct either less developed or
not present and shorter excretory duct that delivers the saliva product onto the surface of the
mucosa [2]. Accumulating data indicates that like other glandular tissues such as mammary
gland and prostate, the cells with stem/progenitor properties are also present in the major
salivary glands, however till date, the existence of stem cells in the minor salivary glands of
soft palate has not been addressed. Here, we demonstrate that cells with slow cycling
characteristic are present in minor salivary gland as a population localized in the basal layer
of the excretory duct. The LRC were always present in the basal layer adjacent to K8
positive luminal layer suggesting that the LRC of minor salivary glands are only present in
the excretory duct but not intercalated duct. Some of the LRC were also present in the acinar
part of the gland bottom and we demonstrate their myoepithelial characteristic by SMA co-
expression (Fig. 1). Previous studies on major salivary glands imply that cells capable of
proliferation and differentiation reside only within the ducts of SGs and may represent
potent stem cells [1]. Studies have also demonstrated that acinar cells themselves display a
limited degree of proliferative ability, and the total ablation of acinar cell function in ligation
experiments suggests that acinar cell proliferation is unlikely to account for the rescue of
salivary gland function [1]. In our transplantation experiments we used a sorted fraction of
GFP+/CD44+/a6+ cells but we were not able to distinguish between ductal versus acinar
LRC. Further studies are needed to address the importance of ductal and acinar LRC in the
minor salivary glands homeostasis.

TGFB pathway governs the gene network regulation to maintain quiescent homeostasis in
minor salivary glands

Recent discoveries suggest that the quiescent state is not just a passive state but, instead,
actively regulated by different intrinsic mechanisms. Quiescent stem cells can sense
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environmental changes and respond by re-entering the cell cycle for proliferation [26]. To
respond to those changes rapidly, a quiescent stem cell would maintain the expression of all
necessary components that are required for activation and proliferation [26]. Our results
indicate that slow cycling cells of minor salivary glands maintain the expression of some of
the cyclins involved in cell cycle progression and at the same time consistent with their
slow-cycling properties express high levels of cell cycle inhibitors Cdknlc (p57) and
Cdk2apl (p12). Many cyclin-dependent kinase inhibitors, including p21, p27 and p57, are
expressed in quiescent stem cells and promote cell cycle arrest by inhibiting cyclin-
dependent kinases. In double-knockout mice lacking both p57 and p27, HSC quiescence is
severely impaired [27]. These studies suggest that cyclin-dependent kinase inhibitors are
functionally important for the maintenance of stem cell quiescence. Some of the cyclin-
dependent kinase inhibitors were shown to be directly regulated by TGFp that at high levels
TGFp often inhibits cell proliferation in a reversible manner [20] [22]. Our analyses suggest
that TGFB might play a crucial role in maintaining the minor salivary stem cells in quiescent
state by regulating genes important for cell cycle of stem cells but also by maintaining the
proper microenvironment to balance active proliferation and reversible cell cycle exit in
reservoirs of stem cells [23]. In hair follicle stem cells another member of TGF signaling
family, namely BMP was shown to be crucial to maintain the hair follicle stem cells in
quiescent state [24]. In addition intra-stem cell antagonistic competition, between BMP and
Whnt signaling turned out to be crucial for maintaining balance in stem cell activity [28]. In
the hair follicle SC niche, Wnt signaling and beta-catenin stabilization transiently activates
Lefl/Tcf complexes and promotes their binding to target genes that promote transiently
amplifying cell conversion and proliferation [29]. Consistent with those observations our
data indicate that minor salivary gland LRC show activation of TGFf pathway whereas Wnt
signaling appears to be repressed, as we didn’t observe activation of p-catenin-dependent
signaling, using transgenic reporter mice. Moreover minor SG LRCs have high expression
levels of Wnt pathway inhibitors including Sfrp2, Dab2, Dactl, Tcf3, and Wifl. We also
observed genes of Sonic hedgehog (Shh) pathway to be upregulated in LRC, which is
associated with the maintenance of various adult epithelial stem cells [15], [16, 17].
Interestingly using Glil reporter mice we have learned that cells responding to Shh signaling
are present in the stroma surrounding the minor SG. This observation is consistent with the
model proposed by A.L. Joyner group [18] where Shh from basal epithelial cells of adult
prostate signals to the surrounding stroma.

Tumorigenic potential of minor salivary gland basal cells

Minor salivary gland neoplasm represents a heterogeneous group with diverse
morphologies, tumor biology and consequently, varied clinical behavior. Tumors that
develop from these glands have the same histopathologic heterogeneity seen in those that
arise from the parotid or submandibular glands. However, in contrast to major salivary gland
tumors, which are predominantly benign, most minor salivary gland neoplasm tend to be
malignant [30]. The etiology of these tumors remains unknown. There is limited association
with conventional risk factors associated with squamous cell carcinoma, such as smoking
and alcohol intake [30]. Interestingly our results showed that treatment of mice with 4ANQO
which is mimicking tobacco exposure resulted in formation of tumors that resembled low-
grade adenoma with mixed pattern indicating that K5 derived cells from minor salivary
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glands give rise to both cribriform areas—and double-layered ductal like structures with K5
and K8 positive cells. Unfortunately with our current system where K5 marks both basal cell
population within the duct and myoepithelial population within the acini we can’t
distinguish if one of those populations can give rise preferentially to different structures
within the tumor or they participate equally.

So far the knowledge on minor salivary gland development and presence of stem cells in
those glands was relatively limited compared with what was known about major gland. In
this current report for the first time we localize and characterize label-retaining cells with
stem cell properties in the minor salivary glands. Regeneration or repair of salivary glands
requires understanding of the spatial and temporal interactions of the various cell types
within the gland as it develops and during homeostasis. The signaling systems in the minor
SG stem cells and their niche will need to be incorporated into current models of salivary
bioengineering as well as regenerative therapies for a successful outcome. Our data serve to
emphasize the importance of some of those signaling systems in the development and
maintenance of minor SG stem cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Preferential localization of LRC in basal layer of minor SG
Chart illustrating the Doxy treatment of pTreH2BGFP/K5tTA mice at p21 for 4 weeks chase

(A). View of soft palate of pTreH2BGFP/K5tTA mice before (B) and after (C) 4 weeks
Doxy chase, with the slow cycling cells retaining GFP label. Shown are side view sections
of soft palate of mice before (E) and after 4-week chase (F-N"). Shown are H&E staining
(D) and epifluorescence of H2B-GFP (green) and 4’,6’-diamidino-2-phenylindole (DAPI)
(blue), and indirect immunofluorescence with antibodies (Abs) indicated (Red) (E-N’).
Schematic representation of minor salivary gland with LRCs. Majority of LRCs is localized
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within the basal layer (K5) of excretory duct and few within myoepithelial layer of acini
(O). Arrows denote GFP positive LRC, asterix indicate acinar part of the gland. Arrowheads
in (G) denote Ki67 positive epithelial cells in the gland and soft palate epithelium. Scale bar:
D-F 100um; G-I 50um; J-N’ 20pum. Abbreviations: HP, hard palate; SP, soft palate; M,
molars; ep, epithelium; Doxy, doxycycline
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Figure 2. LRC are clonogenic and have regener ative potential
Minor salivary glands obtained from pTreH2BGFP/K5tTA mice, 4 weeks after chase were

digested and used to sort for LRCs. Epithelial marker CD44, basement membrane marker
integrin a.6 were used to isolate slow cycling GFP+ CD44+ a6+ LRC population and
CD44+ a6+ progenitor population (A). The FACS sorted cells (LRC and progenitors) were
placed in culture for clonogenic potential assessment. Colonies were counted at day 10 post
sort in two independent experiments (B). The epithelial morphology of the colonies that
formed from LRC and progenitors are shown (C, D). Epifluorescence of H2BGFP (green)
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and indirect immunofluorescence with antibodies as indicated of sections of ductal
structures that formed after transplantation of dissected minor salivary glands from soft
palate (E-G’) and sorted GFP+ a6+ LRC (H-J) are shown. Scale bar: E-G 100um; E’-J
20um. Arrows denote GFP positive cells that formed ductal like structures after
transplantation.
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A

Functional Examples of minor salivary gland LRC signature genes H2B-GFP
annotation
Signaling Agtr2 +46, Nrk +41, 1gf2bp2 +33, Asb4 +32, Epha3 +31, Lpar4d +30,
Slpr3 +29, DIkl +29, Odz3 +28, Ttn +28, Ptprd +27, SIn +27, Pdgfra
+27, Fstll +23, Sbk1 +22, Sfrp2 +21, Lparl +20, Irs1 +19, Pdgfrb +18,
Ednrb +18, Skp2 +18, Fzd2 +18, Igfbp4 +18, Igfbp3 +21, Igfbpl +14,
Fzd3 +14, Epha7 +14, Epha4 +13, Grb10 +12, Ptchl +12, Dactl +12,
lgf2r +12, Ltbpl +12, Fgfrl +12, Egfl6 +11, Scara3 +11, Fzd2 +11,
Igfbp5 +10, Wifl +8, Fst +8, Fzd7 +8, Tgfbrl +6, Tgfbr2 +3, Tgfbr3 +3
ECM/Cell Cdh2 +40, Cdh11 +40, Fbn2 +33, Fndc3cl +30, Vcan +27, Pcdh18 +24,
Adhesion Gpcb +22, Gjc +22, Ncam +20, Col6a3 +20, Emid2 +20, FIrt2 +20, Fat4
+19, Col3al +18, Col5a2 +17, Col5al +17, Colla2 +17, Arhgap28 +16,
Tmem26 +16, Mpdz +15, Lambl +15, FbIn5 +14, Tnc +14, Fnl +13,
Col4al +11, Col6al +11, Col4a2 +11, Itgblbp2 +9, Bgn +9, Cdon +8,
Lama4 +8, Itgad +8, Tspan6 +7, Itga8 +5, ltgh5 +3
Cytoskeleton Evl +45, Synpo2| +37, Myl4 +36, Tnnt2 +36, Myh3 +32, Actn2 +24,
Tnnc2 +23, Dbn1 +20, Pfn2 +19, Myl1 +17, Fmnl2 +10
Transcription Sox11 +40, Bex1 +39, Myog +39, Hand2 +32, Foxdl +29, Ndn +29,
Factors Runx1l1 +25, Tead2 +23, Hmga2 +22, Osrl +22, Zfp521 +21, Twistl
+17, Prrx1 +16, Zikl +15, Zfp799 +14, Tcf4 +14, Gli3 +14, Foxfl +12, Tcf3
+12, Foxf2 +11, Lhx8 +11, Cited1 +10, Twist2 +10, Meox2 +10, Crym
+10, Tcf712 +10, Zeb1 +9, Hmgb3 +9, Tbx3 +9, Bnc2 +8, Tcfl2 +6
Growth Factors | Mdk +28, Igf1 +24, Tgfb2 +22, Wnt5a +17, Fgf13 +14, Igf2 +11, Shh +9,
Tgfb3 +8
Cell cycle/DNA | Gas2 +15, Cdknlc (p57) +15, Topbpl +14, Top2a +16, Dnmt3a +14,
repair Birc5 (survivin) +13, Rad51 +12, Ccnd2 +10, Ccna2 +12, Ccnbl +12,
Calm1 +10, Cdca8 +10, Cdk4 +10, Gas1 +8, Cdk2apl (p12) +6

H2B-GFP
TenascinC

W o6+
B GFP+/06+

Relative mRNA levels

Bgn Cdh2 Lhx8 Ncam Tbx3 Tcf4 Wif1

— Upregulated mRNA common to quiescent hair follicle bulge stem cells
- N Amot +23, Armcx2 +27, Bgn +9, Cald1 +8, Capn6 +16, Cbx6 +6, Cd34 +5, Cmtm3
/ L +13, Col1a1 +10, Col1a2 +17, Col3a1 +18, Col4a2 +11, Col5a2 +17, Col6a1 +11,
/ GFP+/06+ \ Col6a2 +7, Dab2 +5, Dclk1 +12, Digap4 +4, Egfl6 +11, Elavl2 +6, Enah +6, Epha4
4834 up +13, Epha7 +14, Fbin1 +18, Fbn2 +33, Fermt2 +8, Fgf18 +4, Fhi1 +4, Fst +8, Fstl1
\ | +23, Fzd2 +18, Fzd3 +14, Fzd7 +8, Gas1 +8, Gas2 +15, Gpc6 +22, Hmga2 +22, |dh2
\ +6, Ift57 +3, Ift81 +5, Igfbp5 +10, Ints6 +12, Itm2a +14, Lgals1 +7, Lgals7 +8, Lgr5 +7,
\ Lpcat1 +10, Ndrg4 +3, Nek3 +4, Palld +4, Pdlim3 +6, Peg3 +21, Pfn2 +19, Pik3r1 +3,
N Ppap2a +5, Ppap2b +4, Ppm1m +3, Ppp2r1b +4, Prmt2 +3, Ptn +14, Ptpla +11, Rai14
— = +10, Scara3 +13, Sfrp1 +5, Sulf2 +26, Tcf3 +5, Tcf712 +10, Timp2 +3, Tmcc2 +6, Tnc
+14, Tpm1 +7, Tpst1 +3, Tubb2a +3, Tubb2b +17, Zyx +3

Figure 3. Transcriptional profiling of minor SG LRCs
Functional annotation of genes up-regulated (>2.5x) in minor SG LRCs (A). Real-time PCR

confirmation of selected signature genes of the minor SG LRCs obtained in array analysis
(B). Side view sections of soft palate of mice after 4-week chase with H2BGFP (green) and
4’ 6’-diamidino-2-phenylindole (DAPI) (blue), and indirect immunofluorescence with
antibodies (Abs) for Cdh2, TnC, Tspan6 as indicated (Red) (C-D). Comparisons of minor
SG LRCs and hair follicle LRCs profiles. Venn diagram showing similarities between the
minor SG LRCs and hair follicle LRCs molecular signature (F). Table in (F) highlights
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several of the key similarly expressed genes in minor SG LRCs and hair follicle LRCs.
Scale bar: C-E 50um.
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Figure 4. Wnt pathway isnot activein minor SG L RCs, wher eas Sonic hedgehog signals
predominantly to stromal cells
View of soft palate of Tcf/Lef:H2B-GFP reporter mice (A) and GlilCreER/RosaZsGreen

mice 1 month after Tamoxifen induction (C). Side view sections of soft palate of Tcf/
Lef:H2B-GFP reporter mice (B) and GlilCreER/RosaZsGreen mice 1 month after
Tamoxifen induction (D). Shown are epifluorescence of H2B-GFP (green) or ZsGreen and
4’ 6’-diamidino-2-phenylindole (DAPI) (blue), and indirect immunofluorescence with
antibody as indicated (Red). Arrows in A and B denote Tcf/Lefl:H2BGFP positive cells
localized in the upper duct of minor salivary gland and epithelium of soft palate. Arrows in
C and D denote Shh responsive cells in the stroma surrounding the minor SG, whereas
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arrow head indicate Shh responsive cells localized in the upper duct of minor SG. Scale bar:
B and D 50um. Abbreviations: ep, epithelium; SP, soft patale; HP, hard palate.
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A. Upstream Regulator Analysis in IPA

Upstream | Predicted p-value
regulator | activation overlap
state

Examples of targeted molecules in dataset

TGFbeta1 Activated | 2.58E-20

GFP+/06+
6723

TGFp1
targets |
587

ABCA1 +4, ABL1 +6, ABLIM3 +7, ADAM19+6, ADAM12+3, AGTR2 +46, ALDH18A1

+3, BGN +10,BCL2+7,BAX +3, CDH11+40, CDH2 +40, CDKN1C+15, CDK2AP1+6,

COL6A3+20, COL3A1+18, COL5A1+17, COL1A2+17, COL6A1+11, COL4A2 +11,

COL4A1+11,COL1A1+10, COL11A1+8, COL6A2+7, COL2A1+7, Ceacam1/Ceacam2
-17, DAB2+5, DNMT3A+14, DNMT1+6, EDNRB+18, EDNRA+13, EMILIN1+14, FZD2

+18, FZD1 +6, FN1 +13, FSCN1 +9, FOXO3 +3, FOXC2 +4, FBN1 +11, FBLN1 +18,

FBLN5+14, FBLN2+5, FGF7 +3, FGF9+3, FOSB-12, FOS -13, GAS1+8, GRHL1-5,

GLI2 +7, GLI1 +3, HMGA2 +22, HMGN2 +3, IGF1 +24, IGF2 +11, IRS1 +19, IGFBP4
+18, IGFBP5+10, IGFBP3+6, JUNB-15, JUN -4, JUND -3, KRT18-9, KRT8 -4, KLF9 -

9, KLK11-5, KLF4 -5, KLF2 -3, KLF15-3, LPAR4+30, LTBP1+12, MMP2 +6, MMP 14
+5, MMP11 +9, NCAM1+20, NRP1 +9, PDGFRB +18, PDGFRA +27, PDGFA +5,

PXN+3, RUNX2-3, RUNX1-4, Sca-1 -10, S100A4-17, S100A6-7, S100A10-5, SPRY1

+3, SLIT3 +4, SNAI2+3, SOX4 +4, SMURF2 +4, SMAD3 +4,SMAD2 +4, SERPINH1
+21, SERPINE2 +5, S1PR3 +29, TGFB2 +21, TGFB3 +8, TGFBI +5, TGFBR1 +6,

TGFBR3+3, TGFBR2+3, TNC+14, TWIST1+17, TWIST210, TCF12 +6, TOP2A +16,

TPM2+7, Tpm1+7, WNT5A +17, WNT4-3WISP1 +6,ZEB1 +9,ZEB2 +4,ZYX +3,
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Figure5. Activation of TGFB signaling pathway in minor salivary glandsL RCsand BMP
pathway in early progenitors

Upstream regulator analysis in IPA. Venn diagram showing known TGFf targets (IPA
database) that are differentially expressed in minor SG LRCs, examples of those genes are
shown in table (A). Active TGFp signaling is found in minor SG LRCs indicated by positive
phospho-Smad2 expression (B-F). Active BMP signaling is found in minor SG non-LRCs
indicated by positive phospho-Smad1/5/8 expression (G-K). The number of phospho-
Smad?2 and phospho-Smad1/5/8 cells and overlap with GFP positive cells is shown in F and
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K, respectively. Scale bar: B and G 50um; C-E’ and H-J’ 20um. Arrows denote GFP
positive LRC, asterisk indicate non-LRCs. Abbreviations: ep, epithelium; fov, field of view.
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Figure 6. Tumorigenic potential of minor SG basal layer cells
Schematic of pTreH2BGFP/K5tTA mice with 4NQO treatment (A). View of mouse soft

palate with developed tumors in the minor SG (A”). Tumor cells were placed in culture and
formed epithelial colonies (B-E), as indicated by E-cadherin presence (C). Minor SG tumor
cells formed tubular-like structures when placed in 3D matrigel (arrows in F-G). Injected
minor SG tumor cells into the gland of NOD.Cg mice formed secondary tumors that are
highly vascularized (arrow in H) and could be traced due to the GFP label (1). Shown is
H&E for tumor morphology (J, K and K”) and epifluorescence of H2BGFP (green) and 4’,
6’-diamidino-2-phenylindole (DAPI) (blue), and indirect immunofluorescence with
antibodies as indicated (Red) (L-O). Scale bar: L and N 100um; M and O 20pum. Arrows in
J, K, L, and N indicate tubular-like structures, arrows in K’ show solid pattern and asterisk
inJ, K’, L and N indicate microcystic structures. Arrows in (M) indicate basal layer
localization of GFP positive cells; arrows in (O) indicate K8 expression in GFP positive
cells. Abbreviations: HP, hard palate; SP, soft palate; SG, salivary gland; T, tumor.
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