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Role of quiescent cells in the homeostatic
maintenance of the adult
submandibular salivary gland

Paola Serrano Martinez,1,2,7,9 Martti Maimets,1,2,6,9 Reinier Bron,1,2,3 Ronald van Os,4 Gerald de Haan,4,8

Sarah Pringle,5 and Robert P. Coppes1,2,10,*

SUMMARY

Stem/progenitor cells are required for maintenance of salivary gland (SG) func-
tion and serve as untapped reservoirs to create functional cells. Despite recent
advancements in the identification of stem/progenitor pools, in the submandibu-
lar gland (SMG), a knowledge gap remains. Furthermore, the contribution to
adult SMG homeostasis of stem/progenitor cells originating from embryonic
development is unclear. Here, we employ an H2B-GFP embryonic and adult
pulse-and-chase system to characterize potential SMG stem/progenitor cells
(SGSCs) based on quiescence at different stages. Phenotypical profiling of quies-
cent cells in the SMG revealed that label-retaining cells (LRCs) of embryonic or
adult origin co-localized with CK8+ ductal or vimentin + mesenchymal, but not
with CK5+ or CK14 + stem/progenitor cells. These SMG LRCs failed to self-renew
in vitro while non-label retaining cells displayed differentiation and long-term
expansion potential as organoids. Collectively, our data suggest that an active
cycling population of cells is responsible for SMG homeostasis with organoid
forming potential.

INTRODUCTION

Adult stem cells are undifferentiated and long-lived cells, which have a remarkable capacity to replenish

themselves through self-renewal and to give rise to either one (unipotent) or more (multipotent) down-

stream differentiated cell lineages. This original definition has evolved to consider stem cells as a hetero-

geneous cellular population with different transcriptional profiles, self-renewal ability, adaptability, and

plasticity to maintain tissue homeostasis and regeneration (Chacón-Martı́nez et al., 2018). The application

of adult stem cells as a treatment for radiation-induced damage, immune diseases, and aging (cell therapy)

has garnered much interest. Given their importance for the long-term maintenance of tissues, stem cells

are often thought to be quiescent, leaving most of the tissue regeneration to transiently dividing but

committed progeny (Hsu and Fuchs, 2012). Many stem cells in the mammalian body are only called into

action for initiation of repair following injury (Fuchs, 2009). Stem cell quiescence is critical to ensure lifelong

tissue maintenance and to protect the stem cell pool from premature exhaustion, which may culminate in

failure to repair tissue in response to injury (van Velthoven and Rando, 2019). Even though quiescence is a

characteristic of many adult stem cells, it is not a universal feature. In some cases, such as the skin (Clayton

et al., 2007) or intestine (Barker et al., 2007), stem cells undergo daily turnover as part of their normal

homeostatic process. Interestingly, the cycling Lgr5+ stem cell population in the intestine coexists with

the +4 cells, a reservoir of quiescent stem cells (Tetteh et al., 2016; Jadhav et al., 2017). In other tissues,

such as skeletal muscle (Collins et al., 2005), blood (Wilson et al., 2008; Foudi et al., 2009), or liver (MacDON-

ALD, 1961; Magami et al., 2002; Miyaoka et al., 2012; Pepe-Mooney et al., 2019), stem cells undergo

extremely low or no division during normal homeostasis but can respond efficiently to stimuli or injury

by entering the cell cycle.

In the case of the salivary gland (SG), a large body of work suggests and supports the presence of multiple

stem/progenitor cell populations. Ligation of the major excretory duct, resulting in tissue degeneration,

and subsequent de-ligation experiments have demonstrated the extensive regeneration capacity of the

SG (Takahashi et al., 2004a, 2004b; Osailan et al., 2006; Cotroneo et al., 2008; Cotroneo et al., 2010).

Multiple markers commonly identified in stem/progenitor cells of several tissues have been shown to be
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present in the submandibular gland (SMG), such as c-Kit (Hisatomi et al., 2004; Lombaert et al., 2008, 2013;

Nanduri et al., 2011), stem cell antigen 1 (Hisatomi et al., 2004; Lombaert et al., 2008), cytokeratin 5 (CK5)

(Knox et al., 2010; Lombaert et al., 2013), cytokeratin 14 (CK14) (Lombaert et al., 2013), CD133 (Nanduri

et al., 2011), CD24high/CD29high (Nanduri et al., 2011), Lin�CD24+/c-Kit+/Sca1+ (Xiao et al., 2014),

EpCAMhigh (Maimets et al., 2016), and SOX2 (Emmerson et al., 2018). Interestingly, cells isolated directly

from SMGs of adult mice and grown as organoids under defined conditions can be expanded into clinically

relevant numbers of SGSCs in vitro (Nanduri, 2014; Maimets et al., 2016). In transplantation experiments,

these SGSCs are able to engraft into the donor tissue, salvaging irradiation-damaged epithelium

(Lombaert et al., 2008; Nanduri, 2014; Maimets et al., 2016; Pringle et al., 2016). Lineage tracing experi-

ments have demonstrated that during homeostasis, the duct and acinar cell populations may be separately

sustained (Aure et al., 2015). Conversely, under conditions of severe SG damage, acinar cell regeneration

appears to be performed by both ductal and acinar cells (Aure et al., 2015; Weng et al., 2018). Most of these

studies investigated the localization and phenotype of SGSC during regeneration; however, the SGSC

importance for homeostasis remains ambiguous.

Previously, using label retention as a surrogate marker for quiescence, label-retaining cells (LRCs) have

been found distributed throughout the parenchyma of the murine SG (Kim et al., 2008; Kimoto et al.,

2008; Chibly et al., 2014; Kwak and Ghazizadeh, 2015). However, the identity of SMG LRCs as an active

or quiescent stem/progenitor population has been controversial. In one study, cells labeled with EdU

during early postnatal development and followed during adulthood displayed proliferation and differen-

tiation potential, while expressing markers of putative salivary progenitors CK5, CK14, and c-kit (Chibly

et al., 2014). EdU, however, needs at least one cell division to label cells. Therefore in a second study,

cells marked by the cell cycle state independent histone H2B-GFP during embryonic and early postnatal

development, and followed into adulthood, could be mapped to the more differentiated ductal compart-

ments (Kwak and Ghazizadeh, 2015). Moreover, these cells did not display the characteristics of quiescent

stem/progenitor cells, including expression of stem/progenitor cell markers, mobilization in response to

injury, and clonogenicity in culture. These data suggest that the postnatal SMG is sustained by an active

cycling stem/progenitor population (Kwak and Ghazizadeh, 2015). Unfortunately, the assays used in

both of the studies did not permit an optimal measurement of self-renewal and differentiation of LRCs.

Here, we utilized the H2B-GFP system (Foudi et al., 2009) and derived organoids to study the contribution

of quiescent stem/progenitor cells in the homeostatic maintenance of the SMG.We labeled quiescent cells

at different times in SMG development (‘‘pulse’’) which enabled the study of the SMG dynamics from

embryonic and adult phases. Manipulating the subsequent ‘‘chase’’ periods allowed us to interrogate

the nature of LRC localization within the SMG. Furthermore, challenging different LRC populations in

in vitro SMG organoid formation assays (Maimets et al., 2016) as a surrogate measure of stem/progenitor

cell potential permitted us to directly estimate the regenerative potential of these cells.

RESULTS

Embryonic pulse-adult chase experiments reveal slow-cycling cells in excretory and striated

ducts of the adult SMG

We assessed the feasibility of using label retention to select for slow-cycling SGSCs, given that a slower

division rate is a characteristic of many adult stem cells (Post and Clevers, 2019). In order to visualize and

trace the fate of infrequently dividing LRCs in the adult SMG, we used amouse strain that allows ubiquitous,

doxycycline-inducible expression of an H2B-GFP fusion protein (Foudi et al., 2009). To investigate the

contribution of embryonic precursors to the adult SGSC pool, the H2B-GFP label was induced in pregnant

female mice at embryonic day 18 (E18) by doxycycline administration, until birth (Figure 1A, Pulse). After

this time point, the loss of fluorescence in the SMG was monitored (Figure 1A, Chase). The SMG is a com-

plex organ with a three-dimensional (3D) ductal organization. To explore the presence of the H2B-GFP

label in the SMG immediately after the pulse, we developed a 3D confocal imaging strategy allowing

in situ visualizations of expansive areas of the SMG tissue architecture (Figure 1B and Video S1). Ductal

(Figure 1B, arrows) and acinar (Figure 1B, arrowheads) compartments could be observed at high cellular

resolution scanning up to 2.5 mm of tissue. In agreement with the 3D images, immunostaining using

anti-GFP antibody on paraffin SMG sections confirmed labeling of ductal (Figure 1C, arrows) and acinar

(Figure 1C, arrowheads) as well as myoepithelial (Figure 1C, asterisk) cells, readily distinguished by their

respective shape and position within the gland. Next, we examined the cells retaining the H2B-GFP label

over time within the SMG. For optimal imaging, we used a clearing technique (Yang et al., 2014) (Figures 1D
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Figure 1. Schematic model for the chase of embryonic slow-cycling cells in the SMG and the monitoring of their

fate

(A) Experimental strategy.

(B) 3D confocal reconstruction of a whole-mounted 1-day-old (P1) SG. Expression of the H2B-GFP fusion protein is

detected in ductal (arrows) and acinar compartments (arrowheads) of the SMG. Scale bars 300 mm (whole-mount) and

30 mm (enlargement). SLG, sublingual gland.

(C) Immunohistochemical GFP staining in paraffin SMG sections shows the expression of the H2B-GFP fusion protein in

ductal (arrows), acinar (arrowheads), and myoepithelial (asterisk) cells. Scale bars 100 mm (upper panel) and 50 mm (lower

panel).
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and 1E) showing at 40 days of chase a dramatically reduced number of GFP-expressing cells. Notably, LRCs

carrying H2B-GFP label were observed chiefly in ductal (Figure 1F and Video S2) and not in acinar compart-

ments as distinguished by their respective shape and position in the gland. Specifically, we encountered

GFP+ cells in excretory ducts (Figure 1F, panel 1) and striated ducts (Figure 1F, panel 2). These data suggest

that embryonic precursors with slow turnover reside in excretory and striated ducts of the SMG in the adult

mouse, locations that were previously suggested to contain stem/progenitor cells (Lombaert et al., 2008;

Maimets et al., 2016).

Marker expression profile of LRCs from embryonic development is not reminiscent of SGSCs

To determine the fate of embryonic LRCs acquired after SMG maturation, we analyzed the remaining

H2B-GFP labeling following a 60-day chase period. At this time point, we were not able to detect LRCs

by large-scale microscopy possibly due to the small number of remaining LRCs (Figure 1G). Therefore,

we performed co-expression analysis of H2B-GFP with CK14 and CK5, markers associated with SG stem/

progenitor cells (Knox et al., 2010, 2013; Lombaert et al., 2013), on SMG tissue sections (Figures 2). We

observed LRCs scattered throughout the parenchyma of the SMG most prominently in ductal compart-

ments (Figure 2). The expression of CK14 was found in the basal layer of excretory ducts (Figures 2A and

2B) but was not co-localized with ductal LRCs (Figure 2B, arrows). Similarly, CK5-expressing cells were

confined to basal cells in the excretory ducts (Figures 2C and 2D) but did not overlap with LRCs (Figure 2D,

arrows). Conversely, the ductal marker cytokeratin 8 (CK8) (Figures 2E and 2F) expressing cells did co-

localize with LRCs in the luminal part of the excretory ducts (Figure 2F, arrows). Acinar cells are easily recog-

nizable based on their morphology. We were not able to observe LRCs in the acinar cell compartment. To

characterize the remainder of LRCs residing outside of the epithelial compartment and the role of these

cells in glandular development, we co-immunostained SMG sections for the mesenchymal marker vimentin

(Eriksson et al., 2009) (Figures 2G and 2H). GFP co-expression of vimentin was observed in few cells (Fig-

ure 2H, arrows) which seems suggestive of a small compartment of slow-dividing mesenchymal cells. How-

ever, the role of these cells in tissue homeostasis warrants further research. Overall, these data suggest that

embryonic precursors are not putative SGSCs.

Embryonic LRCs do not promote the growth of SMG organoids in vitro

We next sought to assess the potential of embryonic LRCs remaining after a 60-day chase period to form

SMG organoids (Figure 3A). Organoid forming potential can be employed as a surrogate to measure the

self-renewal ability of a stem/progenitor cell population (Maimets et al., 2016). SMGs were isolated and

digested into single-cell suspension and depleted of CD45+ and TER119+ hematopoietic and CD31+ endo-

thelial cells (Lin-) (Figure 3B, left panel). Next, SMG cells were subdivided into three cell populations,

GFPhigh, GFPmed, and GFPneg (Figure 3B, right panel) using fluorescence-activated cell sorting (FACS).

The resultant proportions of cells in the GFPhigh population were 1.8 G 0.2%, in GFPmed 13.4 G 1.1%,

and in GFPneg 84.9 G 1.1% (Figure 3C). Purified cells were embedded in Matrigel and supplemented

withWRYmedium (Maimets et al., 2016). GFPhigh (Figures 3D and 3G) and GFPmed (Figures 3E and 3G) pop-

ulations were unable to efficiently initiate cultures (<0.06%) while GFPneg cells successfully generated orga-

noids (Figures 3F and 3G) (0.47 G 0.1% organoid forming efficiency). Next, organoids derived from single

GFPneg cells were dissociated and seeded into Matrigel supplemented with WRY medium. Within the

period of three passages (3 weeks), these cultures displayed exponential growth (Figure 3H) similar to

what was observed previously in wild-type organoids (Nanduri, 2014; Maimets et al., 2016). In addition,

as cells derived from the GFPneg population were passaged, and an increase in the ability to form organo-

ids was observed (Figure 3I). Taking this together, the self-renewal potential of embryonic slow-cycling cells

indicates that these LRCs do not include cells with in vitro proliferation potential and therefore may not

represent stem/progenitor cells in the SMG.

Figure 1. Continued

(D) 4% formaldehyde fixed SGs with milk appearance.

(E) PACT-processed SGs with transparent appearance.

(F) Whole-mount 3D confocal images of 40-day old (P40) SG showing the position of LRCs in the excretory duct (Panel 1)

and in striated ducts (Panel 2) of the SMG. Scale bars 700 mm (whole-mount) and 20 mm (Panel 1, 2). Nuclei counterstained

with DRAQ5.

(G) Whole-mount of a 60-day-old (P60) SG showing no visible GFP+ cells. Scale bar 700 mm. Nuclei counterstained with

DRAQ5.
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Adult LRCs do not acquire a SMG stem/progenitor cell fate

Our previous results suggest the lack of a SMG quiescent stem/progenitor cell population with an embry-

onic origin. We next asked whether such cells are developed after weening because of the physiological

change in the SG composition. To investigate the quiescent cell population in adulthood, we used a

pulse-chase strategy in adult H2B-GFP mice. Initially, doxycycline was administered to 60-days-old animals

for 5 days, followed by the assessment of the GFP label in the SMG (Figure S1A). After a pulse of 5 days, up

to 22.8 G 0.6% of the SMG cells were labeled as determined by FACS analysis (Figures S1B and S1C),

including all the cell types within the SMG (myoepithelial cells, acinar cells, striated duct cells, intercalated

Figure 2. Few embryonic LRCs co-localize with CK8+ ductal luminal or Vimentin+ mesenchymal cells in the SMG

(A–D) Double immunofluorescence for (A–B) GFP and CK14 and (C–D) GFP and CK5 show no overlap between LRCs

(arrows) and CK14+ and CK5+ cells in the SMG ductal compartment.

(E–H) Double immunofluorescence for (E–F) GFP and CK8 and (G–H) GFP and Vimentin reveal co-localization (arrows) of

LRCs and ductal luminal cells (CK8+), and LRCs and mesenchymal cells (Vimentin+) in the SMG. Paraffin SMG sections,

nuclei counterstained with DAPI. Scale bars 50 mm (left panel) and 20 mm (right panel).
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Figure 3. Regenerative potential of embryonic SMG LRCs

(A) Experimental strategy.

(B) Representative FACS gating strategy for the analysis of LRCs in the SMG. The left panel shows the exclusion of lineage marker-expressing cells. The right

panel depicts the distribution of GFPhigh, GFPmed, and GFPneg cells in dissociated adult mouse SMG. FSC, forward scatter.

(C) Fractions of GFPhigh, GFPmed, and GFPneg cells in P60 adult murine SMG. Data are represented as mean G SEM.

(D–F) DIC images showing the outgrowth (arrows) of SMG (D) GFPhigh, (E) GFPmed, and (F) GFPneg cell populations after 12 days in culture.

(G) Organoid formation efficiency of sorted SMG GFPhigh, GFPmed, and GFPneg cells. Data are represented as mean G SEM (**p < 0.01).

(H) Population dynamics plot of SMG GFPhigh, GFPmed, and GFPneg cells. Data are represented as mean G SEM.

(I) Organoid formation kinetics of SMG GFPhigh, GFPmed, and GFPneg cells during serial passaging. Data are represented as mean G SEM.
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duct cells, and excretory duct cells) as shown by immunohistochemistry (IHC) staining (Figure S1D). Next,

the pulse of 5 days was followed by a chase period of 125 days (Figure S2A), covering at least 2 SG cellular

turnover cycles (Zajicek et al., 1989). To characterize the cellular fate to which adult LRCs commit after full

SMG development, we analyzed the co-expression of H2B-GFP with the previously described SG markers.

Quiescent GFP-expressing cells were scarcely observed through the SMG tissue (Figures 4A–4H). The

expression of GFP + LRCs did not colocalize with the ductal progenitor markers CK14 and CK5

(Figures 4A–4D, arrows). Interestingly, we noted co-expression of the CK8 ductal marker (Figures 4E and

4F, arrows) and mesenchymal marker Vimentin (Figures 4G and 4H, arrows) by a GFP + LRC, suggesting

a potential to differentiate into ductal and stromal cells. Lastly, based on the acinar cellular morphology,

Figure 4. Few adult SMG LRCs co-express CK8 or vimentin markers

(A and B) Immunofluorescence for GFP/CK14 and (C and D) GFP/CK5 showing no overlapping between quiescence

(arrows) and CK14+ and CK5+ cells in the SMG.

(E and F) Immunofluorescence staining for GFP/CK8 and (G and H) GFP/Vimentin showing co-localization (arrows) of LRCs

with ductal (CK8+) and mesenchymal the marker Vimentin (Vimentin+) in the SMG. Paraffin SMG sections, nuclei

counterstained with DAPI. Scale bars 20 mm.
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we did not observe LRCs in the acinar SMG compartment. These results are reminiscent of our previous

observations regarding the cell fate that embryonic LRC acquire postnatally. Our data would suggest

that adult LRCs do not acquire a stem/progenitor cell phenotype, but some quiescent LRC cells may

mature into CK8+ and vimentin + cells in the SMG.

Adult SMG LRCs do not display higher in vitro proliferative potential

As a next step to understanding quiescence in the SMG, we sought to probe the regenerative potential of

the quiescent and non-quiescent stem/progenitor cells. SMGs of the pulsed-chased mice were excised,

and single-cell isolation was performed, showing 1.7 G 0.3% GFPpos and 98.2 G 0.3% GFPneg Lin-

FACS-sorted single cells (Figures S2A and S2B). Resultant single cells were embedded in Matrigel and

subjected to organoid culture conditions. The assessment of the organoid forming potential of GFPneg

and GFPpos cells depicted that both populations were able to initiate organoid formation (Figure S2C),

0.3 G 0.1% and 0.2 G 0.1%, respectively (Figure S2D). Next, the organoids were passaged as described

above. After 3 weeks (3 passages), both GFPpos and GFPneg populations exhibited a similar self-renewal

potential with exponential growth shown by the organoid forming efficiency and the cumulative population

doublings (Figures S2E and S2F). These data suggest that adult LRCs in the SMG do not display a higher

in vitro stem/progenitor cell potential compared to their non-labeled counterparts.

Cycling cells constitute the populations with stem/progenitor cell potential in the adult SMG

It remains possible that due to the limited efficiency of the 5 days pulse strategy, the label of some quies-

cent cells that might have an important contribution in the adult SMGmaintenance may have been missed.

In order to circumvent this technical limitation, we extended the doxycycline pulse to 42 days, administered

to 42-days-old (P42) H2B-GFPmice (Figure S3A). This strategy allowed to increase the labeling efficiency to

53.3G 3.8% of the SMG cells (Figures S3B and S3C), marking all the cell types within the SMG (myoepithe-

lial cells, acinar cells, striated duct cells, intercalated duct cells, and excretory duct cells) (Figure S3D). Next,

to analyze the regenerative potential of none cycling LRCs (GFPhigh) and cells that have undergone some

proliferation (GFPmed) or more (GFPneg), the pulse of 42 days with doxycycline was followed by a chase

period of 100 days (Figure 5A) and Lin� GFPneg, GFPmed, and GFPhigh SMG populations were sorted using

FACS (Figures 5A and 5B). The resulting isolated populations correspond to 89.4 G 2.0% GFPneg cells,

3.8 G 1.4% GFPmed cells, and 3.6 G 0.6% GFPhigh cells (Figure 5C). CD24high/CD29high FACS expression

analysis revealed that the GFPneg cells expressed these markers (Figure 5B, right two panels). Furthermore,

the GFPneg and GFPmed cells were able to self-renew over passaging, while the GFPhigh population alone

lacked this ability (Figures 5D and 5E). Interestingly, even when extending the labeling period and

increasing the percentage of labeled cells within the SMG, we obtained similar results. This indicates

that we were not able to find rare LRCs that could exhibit stemness potential. Overall, these findings sug-

gest that adult quiescent stem/progenitor cells of postnatal origin do not exhibit stemness potential,

whereas dividing cells constitute a SGSC population in the SMG.

DISCUSSION

Accurate identification of SGSCs remains one of the major hurdles to overcome in understanding SG tissue

maintenance and regeneration. A property of some tissue stemcells is their quiescence in terms of the cell cycle.

Dormancy of stem cells is believed to provide selective survival advantage under unfavorable conditions and

to protect them from stress (Cheung and Rando, 2013). In this study, we employed a cell-state independent

H2B-GFP pulse-chase system to determine the dynamics of stem/progenitor cells in the mouse SMG and to

characterize the putative quiescent stem/progenitor cell population that may exist within. We provide evidence

that quiescent cells within the SMG, of both embryonic and adult origin, do not display characteristics of tissue-

specific stem/progenitor cells. Despite H2B-GFP labeling of the SMG parenchyma following the embryonic

pulse period, we found no proof of stem/progenitor cell potency of quiescent cells derived from the embryonic

development, in the context of the adult SMG. Considering that the SMG continues to develop postnatally and

Figure 5. Dividing cells in the adult SMG exhibit stem/progenitor cell potential

(A) Pulse-chase strategy.

(B) Flow cytometry analysis of the isolated SMGGFPneg, GFPhigh populations for CD24high/CD29high expression. The data showed the presence of CD24high/

CD29high expression in the GFPneg population.

(C) Quantification of the proportion of sorted SMG GFPneg, GFPmed, and GFPhigh cells after 100 days of chase. Data are represented as mean G SEM.

(D) Self-renewal potential of SMG GFPneg, GFPmed, and GFPhigh cells. Data are represented as mean G SEM.

(E) Representative images of organoid growth of the three groups of SMG isolated cells. Scale bars 100 mm.
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stem/progenitor cells could potentially be activated after birth (Kwak et al., 2016), we additionally employed a

pulse-chase strategy in postnatal H2B-GFP mice. Adult LRCs of postnatal origin also did not constitute a pop-

ulation with stem/progenitor characteristics, similar to LRCs from embryonic origin.

Studies previously conducted to discern quiescent stem cells in the SG have resulted in contrasting obser-

vations. In one study (Chibly et al., 2014), LRCs marked by EdU identified a cell population expressing SG

putative progenitor markers with in vitro proliferative potential. In a second study, LRCs targeted with a

histone H2B-GFP model were mapped to the more differentiated ductal compartments and lacked prolif-

erative potential in vitro (Kwak and Ghazizadeh, 2015). Interestingly, our results show that adult quiescent

cells acquire the fate of CK8 luminal ductal or mesenchymal cells, without displaying stemness potential

in vitro. These observations are in line with the study of Kwak and Ghazizadeh (2015) (Kwak and Ghazizadeh,

2015), since they specifically identified label-retaining cells as SMA+ myoepithelial cells, and CK19+ cells in

the striated ducts and the luminal layer of the excretory ducts. The discrepancies between the studies may

be explained by EdU pulse-chasemodel dependency on cellular proliferation. The LRCs analyzed by Chibly

et al. (2014) may plausibly not represent completely dormant cells, as minimal one cell division is needed to

label these cells, potentially resembling our GFPmed group.

Previous studies have relied on the 2D colony-forming technique (Kwak and Ghazizadeh, 2015) or sphere

culture (Chibly et al., 2014) for determining the proliferative capabilities of LRC populations. These assays

are limited in their ability to recapitulate self-renewal and differentiation potential, which are major charac-

teristics of stem cells. To strengthen our findings, we used a 3D organoid system that allows the long-term

expansion of stem/progenitor cells at the single cell level and their progeny (Maimets et al., 2016). Our or-

ganoid cultures have shown the differentiation potential of SGSCs both in vitro and in vivo (Nanduri, 2014;

Maimets et al., 2016). Moreover, our model is single-cell based which allows studying individual cellular dy-

namics (Maimets et al., 2016). Albeit the cellular dynamics of organoids are different from those of slow turn-

over tissues, in this study we used the organoid model to show the regenerative potential of the selected

cells. Particularly, organoid cultures promote the conditional proliferation of cells in response to provided

signaling factors, driving them out of dormancy (Fujii and Sato, 2021). We expect that this will include cells

which are not cycling in situ but do have self-renewal potential when exposed to these factors under our

cultured conditions. Moreover, we have shown in several previous (irradiation) studies that organoid form-

ing efficiency can determinate the number of (surviving) putative stem/progenitor cells (Peter et al., 2015;

Nagle et al., 2016, 2018). Therefore, the organoidmodel can reliably be employed to probe the regenerative

dynamics of slow tissue LRCs. By using this SMG organoidmodel, we show that indeed, cells displaying this

surrogate measurement of regeneration potential reside in the non-LRC population of the SMG.

Our observations imply that the homeostatic SMGmaintenance during postnatal development is sustained by

cycling cells. Considering that the SG has a turnover time of 50–125 days (Zajicek et al., 1989; Vissink et al., 2010;

Aure et al., 2015), we expected that the replacement of the acinar compartment will mostly occur during the

100 days of chase after embryonic or adult pulse. Although we did not find obvious LRC in the acinar cell

compartment, a co-staining with an acinar marker would be needed to solidify this finding. Moreover, within

the SG turnover, it appears that only one or two divisions are needed for the generation of a stem/progenitor

cell, potentially through plasticity. Cellular plasticity in the SG has been reported as a mechanism orchestrating

tissue regeneration after severe damage (Weng et al., 2018; Ninche et al., 2020). Myoepithelial cells, and CK5,

Axin 2, CK14, and c-Kit ductal cells have shown dedifferentiation potential to repopulate lost acinar cell popu-

lations (Wenget al., 2018; Ninche et al., 2020).Moreover, acinar cells shift to amultipotent state togenerateduct

cells after ligation injury (Shubin et al., 2020). Our organoid systemmay simulate this plasticity in vitro. EpCAM+

or CD24+/CD29+ single-sorted cells proliferate and are able to form organoids containing different SG cell

types (Nanduri, 2014;Maimets et al., 2016), potentially involvingplasticity. As reviewedbyRocchi and colleagues

(Rocchi et al., 2021), the exposure of fate-restricted cells to appropriate signaling factors seems to be respon-

sible for the occurrence of plasticity in vitro. Therefore, our organoid model shows the lack of stem/progenitor

cell and/or plasticity potential of the LRCs per se in the adult SMG.

Interestingly, in contrast to our findings, the contribution of quiescent cells in the maintenance of several

tissues based on the H2B-GFP system has been reported, e.g. in the adult liver (Cao et al., 2017), skin (Tum-

bar et al., 2004), thymus (Dumont-Lagacé et al., 2014), and mammary epithelium (dos Santos et al., 2013). In

the pancreas, a model of conservative tissue homeostatic replacement has been proposed. The stem cell

maintenance of the homeostatic pancreas is predominantly supported by the self-renewal of mature

ll
OPEN ACCESS

10 iScience 25, 105047, October 21, 2022

iScience
Article



pancreatic cells and multipotent progenitors, while dedifferentiation and transdifferentiation rarely occur

as reviewed by Lodestijn and colleagues (Lodestijn et al., 2021). Although we cannot exclude that possibil-

ity for the SMG, we suggest that the homeostatic postnatal SMGmaintenance might be sustained by fate-

restricted cycling cells and by the occurrence of plasticity. This is more in line with the case of the mammary

gland and the liver. In the adult mammary gland, the homeostatic maintenance is driven by lineage-

restricted unipotent stem cells, which give rise to the separate lineages. Additionally, long-lived quiescent

mammary gland stem cells can switch to a multipotent proliferative state in response to microenviron-

mental cues, such as the input of steroid hormones as reviewed by Lee et al. (2019). During homeostasis,

the maintenance of the liver has been attributed to the proliferation of mature hepatocytes and cholangio-

cytes, which self-renew and constitute a supply of mature hepatocytes as reviewed by Miyajima and col-

leagues (Miyajima et al., 2014). In accordance, we could consider that the SMG, the mammary gland,

and the liver are tissues that are homeostatically maintained by the proliferation of lineage-restricted

cells and by the occurrence of plasticity. However, in the mammary gland and the liver, both lineage-

restricted self-renewal and plasticity are orchestrated by different cellular populations, while in the SMG

it seems that the fate-restricted cells may show both unipotency and multipotency. It would be interesting

to explore if our findings in the SMG are also occurring in the other SGs, such as the SLG.

Ultimately, our H2B-GFP pulse-chase experiments do suggest the presence of an actively cycling stem/pro-

genitor population within the SG. We report that quiescent cells from embryonic or postnatal origin do not

express known putative SG stem/progenitor markers and do not exhibit characteristics of stem/progenitor

cells in vitro. In the future, it would be important to determine the specific signaling cues required to pro-

mote cellular plasticity in vitro and in vivo of specific SG-differentiated cellular populations.

Limitations of the study

Although our study provides strong evidence of the contribution of non-quiescent cells in the murine SMG

developmental dynamics, it is limited to mice due to the in vivo lineage-tracing analysis. Moreover, labels

only reflect a phenotype but do not necessarily reflect functionality. As reviewed by Rocchi and colleagues

(Rocchi et al., 2021), identified murine SG markers have shown a lack of expression or lower potency in hu-

man tissue. In addition, the determination of CK5 as a stem/progenitor SG cellular marker has been based

onmurine embryonic data only (Knox et al., 2010; Lombaert et al., 2013). Therefore, it should be considered

the use of functional assays to further confirm our findings in humans.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Green Fluorescent Protein Antibody Merck-Millipore MAB3580

Anti-Cytokeratin 14 Antibody Abcam ab175549

Anti-Keratin 5 Antibody Covance PRB-160-P

Krt8 Antibody Developmental Studies

Hybridoma Bank

TROMA-I

Vimentin (C-20) Santa Cruz Biotechnology sc-7557

Goat anti-Mouse IgG (H + L) Secondary Antibody,

Alexa Fluor� 488 conjugate

Thermo Fisher Scientific A-11001

Goat anti-Rabbit IgG (H + L) Secondary Antibody,

Alexa Fluor� 594 conjugate

Thermo Fisher Scientific A-11012

Donkey anti-Goat IgG (H + L) Secondary Antibody,

Alexa Fluor� 594 conjugate

Thermo Fisher Scientific A-11058

Anti-Mouse CD31 (PECAM-1) PE eBioscience 12–0311

PE anti-mouse CD45 BioLegend 103106

PE/Cy7 anti-mouse TER-119/Erythroid Cells BioLegend 116222

APC anti-mouse/rat CD29 Antibody BioLegend Cat# 102216; RRID: AB_492833

Pacific Blue� anti-mouse CD24 Antibody BioLegend Cat# 101820; RRID: AB_572011

Anti-Cytokeratin 14 Antibody, Abcam Cat#: ab175549; RRID: AB_2923353

Chemicals, peptides, and recombinant proteins

Doxycycline hyclate Sigma D9891

VA-044 FUJIFILM Wako Pure Chemical

Corporation

CAS RN� 27776-21-2

eBioscienceTM DRAQ5TM Invitrogen 65-0880

HistodenzTM Sigma D2158

Sodium azide Merck 822335

Matrigel Vwr 356235

0.05% Tryosin-EDTA Invitrogen (Gibco Life

Technologies)

25300–096

Propidium iodide Sigma P4170

Magnesium sulfate Sigma-Aldrich M7506

DNase I Roche 11284932001

Dispase Gibco/Invitrogen 17105–041

Collagenase type II Gibco/Invitrogen 17101–015

Hyaluronidase Sigma H3506-5G

CaCl2 Sigma C3306 SIGMA

N2 Supplement Gibco 17502–048

EGF Sigma E9644

FGF2 Preprotech- Bioconnect 100–18B

Dexamethasone Sigma d4902-25mg

Insulin Sigma I6634-100MG

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Rob P Coppes (r.p.coppes@umcg.nl).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

B6;129S4-Gt(ROSA)26Sortm1(rtTA*M2)JaeCol1a1tm7(tetO-HIST1H2BJ/GFP)Jae/J were purchased from

the Jackson Laboratory. Animals were bred as homozygotes in the Central Animal Facility of University

Medical Centre Groningen. The mice were maintained under conventional conditions and fed ad libitum

with food pellets (RMH-B, Hope Farms B.V.) and water. Both males and females were used for transgene

expression. Doxycycline (Sigma D9891, 2 mg/mL, supplemented with sucrose at 10 mg/mL) was adminis-

tered to the pregnant female mother in drinking water or with doxycycline-impregnated food pellets (SDS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Y-27632 dihydrochloride Rho-Kinase inhibitor Bioconnect-Abcam ab120129

Glutamax Thermo Fisher Scientific 35050038

Pen/Strep Invitrogen 15140–163

DMEM F12 (Dulbecco’s modified Eagle’s

medium: F12)

Gibco/Invitrogen 11320–074

Wnt3a conditioned media Clevers’s lab gift N/A

R-spondin1 conditioned media Clevers’s lab gift N/A

DAB (3.30-diaminobenzide) Sigma D4168-50set

DAPI Thermo Fisher Scientific/Pierce 62247

Tween-20 Sigma P1379-500ML

Formaldehyde solution Sigma 252549-1L

Hematoxylin Sigma H3136-25G

Critical commercial assays

Vectastatin� ABC kit Vector PK-6100

Experimental models: Organisms/strains

B6;129S4-Gt(ROSA)26Sortm1(rtTA*M2)

JaeCol1a1tm7(tetO-HIST1H2BJ/GFP)Jae/J

The Jackson Laboratory 016836

Software and algorithms

Imaris for Cell Biologists Oxford Instruments https://imaris.oxinst.com/products/imaris-for-cell-biologists?

gclid=Cj0KCQiA9OiPBhCOARIsAI0y71D6f7nA5PWuRcp_

rsPrx4axRbngkq8QT89eTO8rtfVE_vv7_

FOQSIoaApfHEALw_wcB

ZEISS ZEN lite ZEISS https://www.zeiss.com/microscopy/int/products/microscope-

software/zen-lite.html

Prism 9 GraphPad https://www.graphpad.com/scientific-software/prism/
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Tecnilab, 625 ppm RM1) during embryonic development. To induce transgene expression during adult-

hood, doxycycline-impregnated food pellets (SDS Tecnilab, 625 ppm RM1) were used. All experiments

were approved by the Ethical Committee on animal testing of the University of Groningen.

METHOD DETAILS

Two-photon microscopy

Postnatal H2B-GFP (P1) SGs were harvested and the epithelium and fat were separated by dispase (Gibco,

1 mg/mL) treatment for 15 min at 37�C. Cleaned SGs were mounted in PBS and processed for imaging. Im-

aging was performed by using Zeiss 7 MPmultiphoton system (Zeiss). For two-photon microscopy of green

(GFP) fluorophore, the laser (Coherent) was tuned to�970 nm (940–970 nm). A 203 dipping objective (Zeiss

W Plan A 203, 1.0 NA) was used for these experiments. 3D reconstruction was performed using Imaris (Bit-

plane) software.

Whole-organ confocal microscopy

Adult H2B-GFP pulsed and chased (P40 and P60) mouse SGs were harvested, bisected longitudinally and

processed for tissue clearing as reported by Yang and colleagues (Yang et al., 2014). SGs were fixed in 4%

formaldehyde solution overnight. Subsequently, fixed tissue sections were incubated at 4�C overnight in

AP40 solution (4% acrylamide in PBS) supplemented with 0.25% photo initiator VA-044 (Wako Chemicals),

degassed with nitrogen for 1–5 min and then incubated for 2–3 h at 37�C to initiate tissue-hydrogel hybrid-

ization after which tissue-hydrogel matrices were transferred to 8% SDS in 0.1 M PBS (pH7.5) and incubated

for 5 days. Prior to counterstaining with DRAQ5TM (eBioscience) matrices were washed with PBS over the

course of 1 day followed by mounting in RIMS imaging media containing 40 g of HistodenzTM (Sigma) in

30 mL of 0.02 M PB with 0.1% tween-20 and 0.01% sodium azide (pH 7.5). Confocal microscopy was carried

out on a LSM780 system (Zeiss) using Zen software. PlnApo 203, 0.8 NA DICII lens was used with 488 and

633 laser lines. Image stitching was performed using Zen (Zeiss) software and 3D reconstruction was

achieved using Imaris (Bitplane) software.

Immunostaining

SGs from H2B-GFP pulsed and chased mice were 4% formaldehyde fixed (24 hours, RT) and processed for

paraffin embedding. Following dehydration, the tissue was embedded in paraffin and sliced into 4 mm sec-

tions. For immunofluorescence staining, the sections were dewaxed, boiled for 8 min in pre-heated 10 mM

citric acid retrieval buffer (pH 6.0) containing 0.05% Tween-20, washed thoroughly prior to primary antibody

exposure and labeled for the following markers: GFP (1:100, Chemicon, MAB3580), CK14 (1:400, Abcam,

ab175549), CK5 (1:100, Covance, PRB-160-P), CK8 (1:50, Hybridoma bank, TROMA-I) Vimentin (1:50, Santa

Cruz, sc-7557). For fluorescence microscopy Goat anti-Mouse Alexa Fluor 488 (Thermo Fisher Scientific,

A-11001), Goat anti-Rabbit Alexa Fluor� 594 (Thermo Fisher Scientific, A-11012) or Donkey anti-Goat

IgG Alexa Fluor� 594 (Thermo Fisher Scientific, A-11058) conjugates at 1:300 dilution were used as second-

ary antibodies. Nuclear staining was performed with DAPI (Sigma-Aldrich). Visualization for bright-field mi-

croscopy was accomplished by addition of specific secondary biotin-carrying antibodies (Dako). A

VECTASTAIN�ABC kit (Vector labs) was used followed by 3.30-diaminobenzide (DAB) kit to detect positive

staining. Nuclear staining was performed with hematoxylin. Images were acquired with Leica DM6000 Bmi-

croscope using LAS AF software or Leica DM6 B microscope using LAS X software.

Cell sorting and single cell SG organoid culture

SGs were harvested from adult pulsed and chased H2B-GFP mice, mechanically disrupted by gentleMACS

Dissociator (Milteny) followed by enzymatic digestion with collagenase type II (0,63 mg/mL; Gibco), hyal-

uronidase (0,5 mg/mL; Sigma-Aldrich) and CaCl2 (6,25 mM; Sigma-Aldrich). After filtering through

100 mm cell strainer the suspension was dissociated using 0,05% trypsin-EDTA (Gibco) following filtering

through 35 mm strainer. Cell pellets were incubated with anti-mouse CD31 PE (eBioscience, 12-0311-82),

PE anti-mouse CD45 (Biolegend, 103106) and PE/Cy7 anti-mouse TER-119/Erythroid Cells (Biolegend,

116222) antibodies for 150 at room temperature. After washing thoroughly cells were suspended in a solu-

tion containing propidium iodide (PI, 1 mg/mL, Sigma-Aldrich, P4170), Magnesium sulfate (10 mM, Sigma-

Aldrich, M7506) and DNase I (50 mg/mL, Roche, 11284932001). Pulse-width gating excluded cell doublets

while dead cells were excluded by gating on PI negative cells. Positive gating was based on the comparison

of non-stained and single antibody-stained samples in the case of CD31, CD45 and Ter-119 and on the

comparison of not-induced and induced H2B-GFP mice in the case of GFP. Sorted cells were embedded
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in Matrigel (Vwr) and seeded in 12-well plates. Cells were cultured in WRY medium (DMEM/F12 containing

Pen/Strep antibiotics [13, Invitrogen], Glutamax [13, Invitrogen], N2 [13, Gibco], EGF [20 ng/mL,

Sigma-Aldrich], FGF2 [20 ng/mL, Sigma-Aldrich], insulin [10 mg/mL, Sigma-Aldrich], dexamethasone

[1 mM, Sigma-Aldrich], Y-27632 [10 mM, Sigma-Aldrich], 10% R-spondin1 conditioned medium and 50%

Wnt3a conditioned medium).

Self-renewal assay

Twelve-day organoid cultures were dispersed to single cell suspension using 0.05% trypsin-EDTA (Gibco).

25 mL of suspension containing 10 000 cells was combined with 50 mL of Matrigel and deposited in the cen-

ter of 12-well tissue culture plates and covered inWRYmedium. 7 days after seedingMatrigel was dissolved

by incubation with dispase (1 mg/mL; Gibco) for 30 min at 37⁰C. Organoids released from the gels were

again processed to a single cell suspension, cell number and organoid number noted, and encapsulation

in Matrigel repeated. This cycle was repeated up to 3 times (3 passages).

QUANTIFICATION AND STATISTICAL ANALYSIS

All values are represented as mean G standard error of the mean (SEM) (**p < 0.01). Student’s t-test was

used for testing statistical significance in cell sorting and cell culture experiments. Numbers for tested

groups throughout experiments equal at least 3. All calculations were performed using GraphPad Prism

(GraphPad software) software.
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