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Abstract  

 There are currently no treatments for salivary gland diseases, making it vital to 

understand signaling mechanisms operating in acinar and ductal cells so as to develop 

regenerative therapies. To date, little work has focused on elucidating the signaling 

cascades controlling the differentiation of these cell types in adult mammals. To analyze 

the function of the Hippo-TAZ/YAP1 pathway in adult mouse salivary glands, we 

generated adMOB1DKO mice in which both MOB1A and MOB1B were TAM-inducibly 

deleted when the animals were adults. Three weeks after TAM treatment, adMOB1DKO 

mice exhibited smaller submandibular glands (SMGs) than controls with a decreased 

number of acinar cells and an increased number of immature dysplastic ductal cells. The 

mutants suffered from reduced saliva production accompanied by mild inflammatory cell 

infiltration and fibrosis in SMGs, similar to the Sjogren’s syndrome. MOB1-deficient 

acinar cells showed normal proliferation and apoptosis but decreased differentiation, 

leading to an increase in acinar/ductal bi-lineage progenitor cells. These changes were 

TAZ-dependent but YAP1-independent. Biochemically, MOB1-deficient salivary 

epithelial cells showed activation of the TAZ/YAP1 and β-catenin in ductal cells, but 

reduced SOX2 and SOX10 expression in acinar cells. Thus, Hippo-TAZ signaling is 

critical for proper ductal and acinar cell differentiation and function in adult mice.  
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1. Introduction 

 The saliva that constantly lubricates the mammalian mouth aids in swallowing, 

digestion and combatting infection (Mese & Matsuo 2007). Saliva is produced by salivary 

glands that are made up of a branched epithelial network of ducts ending in the acini, 

which are responsible for synthesizing and secreting saliva. Loss of saliva is a frequent 

consequence of the radiation therapy used to treat head-and-neck cancer or autoimmune 

diseases like Sjögren’s syndrome (Saleh et al. 2015). However, there are currently no 

effective means of inducing the in vivo regeneration of acini to increase their saliva 

production.  

 Previous work has defined many steps of early salivary gland development in the 

mammalian fetus. Indeed, the epithelial cells in the adult gland are all derived from fetal 

epithelial cells expressing Trp63 (initial placode), cytokeratin 14 (CK14), Sox2, Sox9 and 

Sox10 (Lombaert et al. 2013; Chatzeli et al. 2017; Song et al. 2018; Athwal et al. 2019). 

However, as development of the initial fetal gland proceeds, lineage restriction ensues 

that ensures postnatal glands contain separate lineages of ductal, myoepithelial, and 

acinar cells. It has been shown that acinar cells in the submandibular gland (SMG) of 

mature mice can self-renew during postnatal growth to maintain homeostasis (Aure et al. 

2015b; Maruyama et al. 2016). These glands are also constantly replenished by bi-lineage 

progenitor cells that reside within the intercalated duct (ID) region that lies immediately 

adjacent to the acini. These progenitors can differentiate into either duct cells or acinar 

secretory cells (Aure et al. 2015a; Schwartz-Arad et al. 1988), but the signaling pathways 

that trigger these cell fate decisions are not yet well understood. Thus, defining these 

mechanisms could pave the way for novel therapies designed to regenerate damaged 

salivary glands. In particular, a focus on determining the postnatal signals that control the 

development and functions of the salivary ducts and acini would be helpful to advance 

the field. 

 Our group has been studying the mammalian Hippo signaling pathway in various 

mouse tissues using engineered mutants (Nishio et al. 2017; Maehama et al. 2020). Hippo 

signaling generally terminates in the phosphorylation and negative regulation of the 

transcriptional co-activators “transcriptional co-activator with PDZ-binding motif” 

(TAZ) (also known as WW domain containing transcriptional regulator 1; WWTR1) and 

its paralogue “Yes-associated protein-1” (YAP1). Unphosphorylated TAZ and YAP1 
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interact mainly with nuclear TEA domain transcription factors (TEADs) that activate the 

expression of target genes involved in controlling cell growth and self-renewal, 

inflammatory cell migration, and fibrosis (Nakatani et al. 2017; Murakami et al. 2017; 

Wang et al. 2016). Many external entities can regulate the Hippo-TAZ/YAP1 pathway 

and thus TAZ/YAP1 activities, including signaling by certain integrins, growth factors, 

hormones, and G-protein-coupled receptors, as well as the degree of cell density or 

rigidity of the extracellular matrix (ECM), or activities of components of adherens 

junction complexes (Nakatani et al. 2017). These triggers impinge on the core of the 

Hippo pathway, which is made up of the large tumor suppressor homolog (LATS) kinases 

and the mammalian STE20-like protein (MST) kinases. LATS and MST kinase activities 

are greatly enhanced when they bind to their respective adaptor proteins “mps one binder 

kinase activator-1” (MOB1A/1B) and “salvador homolog-1” (SAV1) (Nakatani et al. 

2017). When TAZ/YAP1 bind to components of the adherens or tight junctions (Chan et 

al. 2011; Schlegelmilch et al. 2011; Wang et al. 2012; Skouloudaki et al. 2009), they are 

phosphorylated by LATS and thereby confined to the cytoplasm. The E3-ubiquitin ligase 

SCFβTRCP then ubiquitinates the phosphorylated TAZ/YAP1 molecules and promotes 

their proteasome-mediated degradation, blocking TEAD-mediated gene transcription.  

 Previous work has demonstrated that TAZ/YAP1 is critical for the formation of 

many organs involving branched structures, including the mammary gland, pancreas, 

lung and kidney (Chen et al. 2014; Gao et al. 2013; George et al. 2012; Mahoney et al. 

2014; Reginensi et al. 2013). TAZ/YAP1 activity is required to expand progenitor cell 

populations in multiple tissues, whereas conditional Taz/Yap1 deletion in organ-specific 

stem cells either inhibits stem cell specification or induces premature differentiation 

(Mahoney et al. 2014; Panciera et al. 2016; Zhao et al. 2014). However, the function of 

TAZ/YAP1 in salivary gland biology is somewhat controversial. Several lines of 

evidence suggest that Hippo signaling and TAZ/YAP1 regulation are important drivers 

of salivary gland development and function: (1) In explant cultures of mouse SMGs at 

E13.5, siRNA-mediated suppression of LATS2 produces a branching defect (Enger et al. 

2013); (2) Lats1/2 deletion in mouse embryonic salivary epithelial cells results in a 

marked decrease in branching and an uncontrolled increase in the ductal domain driven 

by proliferating CK5+CK14+ ductal precursor cells (Szymaniak et al. 2017); and (3) 

YAP1 deficiency in epithelial cells of embryonic SMGs is associated with a decrease in 
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epiregulin expression that inhibits the proliferation of CK5+CK14+ ductal precursor cells, 

resulting in a loss of ductal structures (Szymaniak et al. 2017). These findings imply that 

proper Hippo signaling is required during SMG-branching morphogenesis to generate 

mature secondary ducts. On the other hand, Hwang et al. have reported that TAZ/YAP1 

siRNA decreases immortalized salivary epithelial cell apoptosis induced by TNF-α and 

Lysophosphatidic acid (LPA), suggesting that TAZ/YAP1 normally act to promote the 

LPA-induced death of salivary epithelial cells (Hwang et al. 2014). To date, there have 

been no reports on the functions of the Hippo-TAZ/YAP1 pathway in adult mouse 

salivary gland homeostasis, and no investigation of whether there are differences in the 

roles of TAZ vs. YAP1 in this tissue. Here we present the results of our study using a 

genetic approach to examine the role of Hippo-TAZ/YAP1 signaling in maintaining 

salivary gland homeostasis in adult mice, and show our mutant mice become the model 

of Sjogren’s syndrome in human. 
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2. Results 

2.1 Loss of Mob1a/1b reduces acinar cells and increases immature ductal cells with 

dysplasia 

 To examine the roles of TAZ/YAP1 in mature mouse salivary gland, we generated 

adult mutant mice with postnatal deletion of MOB1A and MOB1B (adMOB1DKO). To 

this end, we crossed Mob1aflox/flox;Mob1b-/- mice (Nishio et al. 2012) to Rosa26-CreERT2-

Tg mice (Ventura et al. 2007) to produce Rosa26-CreERT2;Mob1aflox/flox;Mob1b-/- 

progeny in which Mob1a/1b deletion could be post-natally induced by treatment with 

tamoxifen (TAM). We then i.p.-administered TAM for 5 days to Rosa26-

CreERT2;Mob1aflox/flox;Mob1b-/- mice as well as to control Mob1aflox/flox;Mob1b-/- mice 

and Rosa26-CreERT2;Mob1aflox/flox;Mob1b+/+ mice when the animals were all 35-42 days 

old. We sacrificed these mice at 7, 10, 14 or 21 days after TAM initiation (post-TAM) 

and analyzed their SMGs (Figure S1a). None of the TAM-treated Rosa26-

CreERT2;Mob1aflox/flox;Mob1b-/- mice (adMOB1DKO) survived past 3-5 weeks post-

TAM, possibly because of impaired food intake and/or body fluid loss due to skin 

damage. Therefore, we collected SMGs at various timepoints during an observation 

period of up to 3 weeks post-TAM. Because there were no histological differences among 

(1) Mob1aflox/flox;Mob1b-/- without TAM, (2) Mob1aflox/flox;Mob1b-/- with TAM, and (3) 

Rosa26-CreERT2;Mob1aflox/flox;Mob1b+/+ with TAM mice (Figure S1b), we selected 

Mob1aflox/flox;Mob1b-/- with TAM mice as representative controls. Crossing of 

adMOB1DKO mice with Rosa26-LSL-tdTomato reporter mice (Madisen et al. 2010) 

confirmed that most ductal cells and acinar cells had undergone Mob1a/1b deletion, as 

determined by RFP positivity (Figure S2).  

 We next examined the SMGs of adMOB1DKO mice in more detail. By day 14 

post-TAM and beyond, adMOB1DKO mice displayed smaller salivary glands (Figure 1a, 

left). The total weight and cell number of SMGs of these mutants at 3 weeks post-TAM 

were 32% lower than those in controls (Figure 1a, right). Notably, the total number of 

aquaporin 5-expressing (AQP5)+ acinar cells was 63% lower than that in control mice. 

On the other hand, although the total cell number of CK7+ ductal cells was normal in 

adMOB1DKO mice (Figure 1b), the number of CK14+CK7+ immature ductal cells was 

increased 2.7 times, and CK14-CK7+ mature ductal cells were decreased by 23% in 

mutant SMGs (Figure 1c). Histologically, some ductal cells in the mutant underwent focal 



8 
 

hyper-proliferation and generated a lump without obvious lumen structure (Figure 1b), 

while other ductal cells exhibited dysplasia and enlarged nuclei (Figure 1d). Salivary 

gland cancers were not detected during the relatively short observation period. Thus, 

adMOB1DKO salivary glands exhibit ‘acinar cell hypoplasia and immature ductal cell 

hyperplasia with dysplasia. 

 

2.2 Decreased saliva production, increased inflammatory cells and fibrosis similar 

to Sjögren’s syndrome in adMOB1DKO mice 

 Because the total number of acinar cells was decreased in adMOB1DKO mice, 

we analyzed their saliva production. We compared amounts of saliva secreted by control 

and adMOB1DKO mice at 3 weeks post-TAM and found that the mutants produced 44% 

less saliva than controls of the same age (Figure 2a). In addition, histological examination 

of the SMGs of these adMOB1DKO mice revealed modest levels of inflammatory cell 

infiltration (CD45 positive) and fibrosis (Sirius Red stain) (Figure 2b). All of these 

phenotypic features are reminiscent of aspects of Sjögren’s syndrome in humans. 

 

2.3 Acinar cells lacking MOB1 exhibit normal proliferation and apoptosis, but 

MOB1-deficient ductal cells show increased turnover 

 To determine why acinar cells were decreased in adMOB1DKO SMGs, we 

analyzed the percentages of PCNA+ (proliferation marker) and TUNEL+ (apoptosis 

marker) cells among AQP5+ acinar cells in control and mutant SMGs. We found no 

significant differences in percentages of either PCNA+ cells (Figure 3a) or TUNEL+ cells 

(Figure 3b), indicating that the deficit in acinar cells in mutant SMG was not due to either 

decreased cell proliferation nor increased cell death. In contrast, the proliferation and 

apoptosis of CK7+ ductal cells were increased 18 and 9 times, respectively, in mutant 

SMG (Figure 3a, 3b), indicating rapid turnover. Considering the lack of obvious cell death 

among acinar cells of adMOB1DKO mice, we concluded that the observed decrease in 

acinar cells was not a deadly consequence of lymphocyte infiltration into the SMG. 

 

2.4 Decreased differentiation toward acinar cells, but increased numbers of 

acinar/ductal bi-lineage progenitors, in the absence of MOB1 
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 To more closely examine acinar cell differentiation, we took advantage of a TAM-

inducible murine Mob1a/1b DKO salivary epithelial cell clone (imMOB1DKO) that arose 

by spontaneous immortalization of salivary gland cells from Rosa26-

CreERT2;Mob1aflox/flox;Mob1b−/− mice cultured without TAM. When cultured in 

Matrigel without TAM, these cloned MOB1-expressing imMOB1DKO cells increased 

their mRNA expression levels of the acinar cell markers Aqp5 and amylase1 (Amy1a), 

and decreased those of the ductal markers Krt19 and Krt7 (Figure 4a). This observation 

is consistent with previous report that a human salivary gland epithelial cell line can be 

differentiated into acinar cells on Matrigel (Royce et al. 1993). In contrast, when these 

imMOB1DKO cells were cultured with TAM for 14 days, they showed decreased mRNA 

levels of Amy1a and Aqp5 but increased mRNA levels of Krt19 and Krt7 (Figure 4b). 

Immunostaining experiments confirmed that cells positive for both AQP5 and CK14 

(immature ductal cell marker) among the ductal-shaped cells were increased more in 

SMGs of adMOB1DKO mice than those of control mice (Figure 4c). These data suggest 

that the bi-lineage progenitor resident in adult SMG is influenced by MOB1 function. 

 

2.5 Activation of TAZ rather than YAP1 can explain the phenotype of adMOB1DKO mice 

 We next investigated the biochemical effects of Mob1a/1b loss on Hippo 

components using cells isolated from SMGs of adMOB1DKO mice at 3 weeks post-

TAM. As expected, adMOB1DKO cells showed strong increases in both total TAZ and 

total YAP1 proteins as determined by immunoblotting (Figure 5a). Immunohistochemical 

analysis of SMGs from control and adMOB1DKO mice revealed that, in control SMG, 

both TAZ and YAP1 were faintly detected in the cytoplasm of acinar and ductal cells 

(Figure 5b, left). In contrast, in adMOB1DKO SMG, the expression levels of both TAZ 

and YAP1 in the nucleus were substantially increased in ductal and acinar cells (Figure 

5b, right). 

 To determine whether Mob1a/1b-deficient salivary phenotypes depended mainly 

on TAZ or on YAP1, we generated two strains of triple knockout (TKO) mice: 

MOB1A/1B&TAZ TKO [Mob1a/1b plus Taz (Rosa26-

CreERT2;Mob1aflox/flox;Mob1b−/−;Tazflox/flox;+TAM]; and MOB1A/1B&YAP1 TKO 

[Mob1a/1b plus Yap1 (Rosa26-CreERT2;Mob1aflox/flox;Mob1b−/−;Yap1flox/flox;+TAM]. 

Efficient YAP1 or TAZ loss in most cells in the SMGs of these YAP1 TKO and TAZ 
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TKO mice was confirmed by immunoblotting (Figure S3). H&E staining of SMG 

sections from these mutants plus SMGs from Mob1a/1b DKO (Rosa26-CreERT2; 

Mob1aflox/flox;Mob1b−/−;+TAM), and control (Mob1aflox/flox;Mob1b−/−;Tazflox/flox;+TAM) 

mice revealed a striking difference between TAZ and YAP1. The decrease in acinar cells 

and the increase in immature ductal cells observed in adMOB1DKO adult mice were 

dramatically suppressed by additional TAZ loss, but were not significantly affected by 

additional YAP1 loss (Figure 5c). Thus, the salivary phenotypes of adMOB1DKO adult 

mice depend primarily on TAZ rather than YAP1. 

 

2.6 Inactivation of SOXs but activation of the β-catenin in adMOB1DKO SMG 

 Acinar cell formation is regulated by SOX2 and SOX10 (Emmerson et al. 2017), 

(Athwal et al. 2019). We therefore analyzed the expression of these genes in 

adMOB1DKO SMG at 3 weeks post-TAM. Immunoblotting revealed that, in control 

SMG, SOX2 was expressed in a certain population of acinar and ductal cells, whereas 

SOX10 was expressed mainly in acinar cells (Figure 6a, left). On the other hand, protein 

expression levels of both SOX2 and SOX10 in the nucleus were significantly reduced in 

the SMG of adMOB1DKO mice at 3 weeks post-TAM compared to controls (Figure 6a, 

right). 

 In the SMG of mutant mice with constitutive activation of either the WNT or 

Hedgehog (Hh) pathway, immature ductal cells are increased and acinar cells are 

decreased (Hai et al. 2010). We therefore examined the activation of β-catenin (WNT 

signaling target) or GLI2 (Hh signaling target), as the downstream molecules of 

TAZ/YAP1 activation, in adMOB1DKO SMGs using antibodies recognizing activated 

β-catenin or GLI2 (van Noort et al. 2002; Sugiyama et al. 2016). We found that β-catenin 

was significantly activated in MOB1-deficient SMG, particularly in the immature ductal 

cells (Figure 6b), whereas GLI2 was not altered by the MOB1 deficiency (Figure S4). 

Thus, the TAZ-SOX and TAZ-β-catenin signaling may be important for the phenotypes 

observed in mice lacking the Hippo core component MOB1 in the salivary gland. 
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3. Discussion 

 

 To date, studies of mutant mice experiencing inhibition or loss of LATS kinase 

function beginning at the embryonic stage have revealed expansion of CK5+CK14+ 

salivary ductal precursor cells, a severe lack of ductal branching, and an accumulation of 

inflammatory cells similar to that observed in human Sjögren’s syndrome (SS) (Enger et 

al. 2013; Szymaniak et al. 2017). In our study, we have demonstrated for the first time 

that postnatal activation of TAZ (rather than YAP1) decreases acinar cells in adult mice 

in vivo. We have also provided evidence pointing to a possible mechanism for this 

observation. We hypothesize that the decrease in acinar cells in adMOB1DKO SMG may 

be due to impaired acinar differentiation of bi-lineage progenitor cells and/or the 

transdifferentiation of acinar cells into the ductal lineage. We base this theory on the 

following: (1) the decreased number of acinar cells in adMOB1DKO SMG; (2) the 

reduced levels of acinar lineage mRNAs in MOB1-deficient immortalized clonal salivary 

epithelial cells; and (3) the increased number of acinar/ductal bi-lineage cells in 

adMOB1DKO SMG. In addition, MOB1-deficient adult salivary glands showed reduced 

saliva production as well as moderately increased inflammatory cell infiltration and 

fibrosis. These features are similar to those of human SS. 

 SS is generally considered to be an acquired autoimmune disease of the salivary 

and lacrimal glands (Jonsson et al. 2007). The principal manifestations of SS include 

hyposalivation and ocular dryness. This loss of secretory functions in SS is largely 

believed to result from cytotoxicity caused by progressive lymphocytic infiltration in the 

salivary and lacrimal glands (Price & Venables 1995). Considering that the inflammatory 

cell infiltration and fibrosis in our mutant SMG were mild, and no increase in apoptosis 

was observed in the mutant acinar cells, the phenotypes of adMOB1DKO SMG are not 

likely to be the consequences of an autoimmune disease. However, to date, the etiology 

of SS remains controversial, and increasing evidence implicates glandular structural 

defects as primary contributors to at least some SS cases (Hatzopoulos et al. 2002; Boki 

et al. 2001). Key findings supporting this contention come from studies of the NOD strain 

of mutant mice, which have been used extensively as a model of SS or type 1 diabetes 

(Soyfoo et al. 2007; Kodama et al. 2003; Lonyai et al. 2008). The salivary glands of NOD 

mice exhibit structural defects and hyposalivation that are independent of lymphocytic 
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infiltration (Lonyai et al. 2008; Price & Venables 1995). Similarly, the degrees of acinar 

cell atrophy and salivary gland hypofunction in SS patients do not always correspond to 

the observed level of lymphocytic infiltration (Jonsson et al. 2007; Ewert et al. 2010; 

Velozo et al. 2009; Barrera et al. 2012; Delaleu et al. 2008). Thus, rather than the immune 

system, structural defects may in fact be the primary culprit causing the salivary gland 

dysfunction in human SS. Interestingly, salivary acinar cells of human SS patients display 

mis-localization of TAZ in the nucleus (Enger et al. 2013). For these reasons, our 

adMOB1DKO mice may represent a useful model of SS. 

 The phenotypes of our adMOB1DKO mutants are also similar to those of wild 

type mice that have undergone salivary duct ligation (Figure S5a). Such ligation can serve 

as a model of the duct obstruction caused by tumors or salivary stones (Hai et al. 2010). 

Indeed, we observed a shrinking of the ductal lumen in the lumps of hyperplastic ductal 

cells seen in some adMOB1DKO SMGs (Figure 1b). However, because saliva never 

accumulated in these mutant glands, and our TAM-inducible Mob1-deficient 

immortalized salivary epithelial cell line showed decreased expression of acinar lineage 

mRNAs, the phenotypes of adMOB1DKO mice cannot be explained simply by duct 

stenosis. Intriguingly, TAZ expression is markedly increased in acinar cells following 

salivary duct ligation (Figure S5b, S5c), indicating that an increase in TAZ may account 

for not only the phenotypes of mice with loss of MOB1 but also those experiencing duct 

ligation. 

 YAP1 deficiency in mice at the embryonic stage results in loss of the early 

salivary gland ductal progenitor population and ductal structures (Szymaniak et al. 2017). 

However, these deficits are not observed in TAZ-deficient mice, establishing that it is 

YAP1 that is important for salivary gland morphogenesis in the embryo. However, the 

phenotype of our adMOB1DKO adult mice, where loss of MOB1 was post-natal, depends 

on TAZ rather than on YAP1 (Figure 5c). According to an RNA sequencing analysis of 

wild type murine salivary glands (https://sgmap.nidcr.nih.gov/sgmap/sgexp.html), Taz 

transcripts are 4 times higher than Yap1 transcripts in adult mouse SMG, whereas Yap1 

transcripts in Kit+CK5+ precursor sublingual ductal cells in mouse embryos (E15) are 5 

times higher than Taz transcripts. This stage-specific oscillation between Yap1 and Taz 

transcriptional dominance may underpin the phenotypes of our mutant SMGs. 
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 Sox2 and Sox10 are direct downstream transcriptional targets of the TAZ/YAP1-

TEAD complex, and both are normally expressed in cells that give rise to salivary ducts 

and acini (Aure et al. 2019; Li et al. 2019). However, genetic ablation of Sox2 in salivary 

epithelium impaired the generation of acini but not ducts (Emmerson et al. 2017). It was 

further shown that Sox2 is essential both for facilitating Sox10 expression and targeting 

acinar-specific genes (Emmerson et al. 2017). Genetic deletion of Sox10 in salivary 

epithelium resulted in a loss of acinar secretory units but retention of the ductal tree 

(Athwal et al. 2019). Overexpression of Sox10 in ductal progenitors enhanced their 

plasticity and induced their differentiation into secretory units (Athwal et al. 2019). Thus, 

following its activation by Sox2, Sox10 acts as a master regulator of secretory unit 

differentiation in salivary glands. Although it has been determined that, in wild type mice, 

TAZ and YAP1 usually increase the expression of these SOXs, they can also decrease 

their expression in a cell context-dependent manner (Goto et al. 2018). We observed that 

SOX2 and SOX10 were significantly decreased in our mutant SMGs. Thus, impaired 

SOX2 and SOX10 expression downstream of TAZ may explain the SMG phenotypes of 

our adult MOB1-deficient mice.  

 Another factor may be the mutual crosstalk between the TAZ/YAP1 and WNT, 

TAZ/YAP1 and Hh, WNT/Hh and SOX2/SOX10, and SOX2 and SOX10 signaling 

cascades, all of which are reported to control each other’s activity (Nishio et al. 2015; 

Uka et al. 2020; Yin et al. 2017; Ye et al. 2014; Lee et al. 2016; Castillo-Azofeifa et al. 

2018; Huang et al. 2018). WNT signaling is usually active within the intercalated duct 

region in postnatal glands (Hai et al. 2010). Specific post-natal inhibition of WNT 

signaling in the K5+ cell lineage significantly impairs the maturation of granular 

convoluted tubules, whereas forced activation of the WNT and Hh pathways promotes 

the expansion of salivary gland stem/progenitor cells and ductal cells but the loss of acinar 

cells (Hai et al. 2010). These phenotypes are remarkably similar to those of our 

adMOB1DKO mutants. We did indeed observe activation of the β-catenin in our mutant 

SMGs, reinforcing our hypothesis that altered TAZ activation/regulation due to loss of 

MOB1, and the effects of this alteration on the WNT and SOXs pathways, may explain 

the salivary gland phenotypes of our adult adMOB1DKO mice. 

 Our study has clarified the function of TAZ in the adult mouse salivary gland and 

established that the Hippo-TAZ pathway is important for proper ductal and acinar cell 
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development in these structures. The knowledge gained from our work may be instructive 

for designing therapies to prevent or reduce the effects of salivary gland damage caused 

by irradiation, autoimmune responses, or chemical agents. Furthermore, our mutant mice 

may serve as a helpful model with which to explore future putative regenerative strategies 

to treat damaged salivary glands in patients. 
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4. Experimental Procedures  

 

Mice 

Mouse strains used in this study were: Mob1aflox/flox;Mob1b−/− (Nishio et al. 2012); 

Rosa26-CreERT2-Tg (The Jackson Laboratory); Rosa26-CreERT2-Tg;Rosa26-LSL-

tdTomato reporter (The Jackson Laboratory); and Taz flox/flox (kindly provided by Dr. J. 

Wrana). Yap1flox/flox mice were generated using Yap1flox/flox ES cells from the Knockout 

Mouse Project Repository. Adult Mob1a/1b double homozygous mutant mice (Rosa26-

CreERT2;Mob1aflox/flox;Mob1b−/− mice; designated adMob1DKO) were generated by 

mating Rosa26-CreERT2-Tg mice to Mob1aflox/flox;Mob1b−/−mice. 

Mob1aflox/flox;Mob1b−/− mice and Rosa26-CreERT2;Mob1aflox/flox;Mob1b+/+ mice, which 

were generated by mating Rosa26-CreERT2-Tg mice to Mob1aflox/flox;Mob1b+/+mice, 

were used as controls. Postnatal Mob1 deletion was induced by administering tamoxifen 

(TAM; Toronto Research Chemicals, Toronto, Canada) 1 mg/day (i.p.) for 5 days starting 

on P35–39. Mob1a/1b plus Taz TKO (Rosa26-

CreERT2;Mob1aflox/flox;Mob1b−/−;Tazflox/flox) and Mob1a/1b plus Yap1 TKO (Rosa26-

CreERT2;Mob1aflox/flox;Mob1b−/−;Yap1flox/flox) triple mutant mice were generated by 

mating adMob1DKO mice with Yap1flox/flox or Tazflox/flox mice, respectively. 

Mob1aflox/flox;Mob1b−/−;Tazflox/flox mice (control mice in Supplementary Figure 3) were 

generated by mating Mob1aflox/flox;Mob1b−/− mice to Tazflox/flox mice. Primers used for 

genotyping PCR are listed in Supplementary Table S1. 

 

Saliva collection 

Animals were placed in a restraining device and stimulated with Pilocarpine (10 mg/Kg, 

Fujifilm Wako Chemicals), and saliva was collected for 60 min. Saliva volume was 

determined gravimetrically, assuming that saliva has a density of 1 g/ml. 

 

Isolation of TAM-inducible or non-inducible primary Mob1 DKO salivary gland cells 

(imMob1DKO cells) 

A previously described salivary gland isolation protocol (Hisatomi et al. 2004) was used 

to obtain TAM-inducible primary salivary gland cells (imMob1DKO cells) from 3-week-

old Rosa26-CreERT2;Mob1aflox/flox;Mob1b−/− mice without TAM. Briefly, mouse 
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submandibular glands (SMGs) were excised, minced, and digested by collagenase and 

hyaluronidase, followed by further digestion with dispase. Resultant primary salivary 

gland cells were cultured in DMEM/F12 medium supplemented with 2 mM glutamine, 

20 ng/ml EGF (PeproTech), 20 ng/ml FGF2 (PeproTech), 1× Insulin-Transferrin-

Selenium (Gibco), and 1 µM dexamethasone. Spontaneously immortalized imMob1DKO 

cells were generated by continuous culture for more than 15 passages. Loss of Mob1a/1b 

in these cells in vitro was induced by treating them with TAM (0.5 µM; Toronto Research 

Chemicals) for 2 days.  

 

Immunoblotting  

Cells were homogenized in Lysis Buffer (10mM Tris-HCl pH7.4, 200mM NaCl, 1mM 

EDTA) containing a protein inhibitor cocktail (Nacalai Tesque) and subjected to 

immunoblotting using a standard protocol. Primary antibodies recognizing the following 

proteins were used: MOB1A/1B (Cell Signaling); YAP1 (Cell Signaling); TAZ (Cell 

Signaling); Actin (Sigma). Primary Abs were detected using HRP-conjugated secondary 

Abs (Cell Signaling).  

 

Tissue immunostaining  

Mouse tissues were either fixed in 4% paraformaldehyde in PBS and embedded in 

paraffin, or snap-frozen in optimal cutting temperature (OCT) compound, and sectioned 

(5 μm). Antigen retrieval was conducted by the incubation for 10 min at 121°C in 10 mM 

citrate buffer (pH 6). For immunohistochemistry (IHC), fixed sections were incubated 

overnight at 4°C with primary Abs recognizing: Ki-67 (Abcam); AQP5 (Alomone Labs); 

CK7 (Abcam); CK14 (Invitrogen); CD45 (Biolegend); PCNA (BD); YAP1 (Sigma-

Aldrich); TAZ (Cell Signalling Technology); RFP (Fujifilm Wako Chemicals); active β-

catenin (Millipore); GLI2 (Abcam); SOX2 (Proteintech); or SOX10 (Proteintech). HRP- 

and AP-conjugated anti-rabbit/mouse IgG antibodies (DAKO) were used for DAB and 

New Fuchsin staining, respectively. Alexa 488- and Alexa 594-conjugated anti-

rabbit/mouse IgG antibodies (Invitrogen) were used for immunofluorescent staining. 

TUNEL staining was performed using a kit in accordance with the manufacturer's 

instructions (Roche). For quantitative analyses, positively-stained cells were counted and 

normalized against the total cell number (at least 1,000 cells/sample). The total cell 
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number of each sample was determined by counting DAPI- or hematoxylin-positive cells.  

 

Quantitative reverse transcription PCR (qRT-PCR) 

Total RNA was isolated from cells using RNAiso Plus (Takara) according to the 

manufacturer's instructions. Real-time qRT-PCR analysis was carried out with 

THUNDERBIRD SYBR qPCR Mix (Toyobo) following the manufacturer's instructions 

and using the primers listed in Supplementary Table S1. PCR amplifications were 

performed using the StepOne real-time PCR system (Applied Biosystems). Ct values for 

each gene amplification were normalized by subtracting the Ct value calculated for 

Gapdh. These normalized gene expression values were deemed to represent the relative 

quantity of mRNA in a sample.  

 

Duct ligation 

Female Balb/c mice (5 weeks old) were anesthetized and held in the supine position with 

the neck extended. An incision was made in the midline of the neck and both SMGs were 

exposed. After ligation of the main excretory duct, the neck was sutured as described 

previously (Hisatomi et al. 2004). After 7 days, SMG samples were collected and 

subjected to tissue immunostaining as described above.  

 

Statistics 

Unless otherwise indicated, all results are expressed as the mean ± SEM. Statistical 

comparisons between different groups were performed using the 2-tailed Student’s t test. 

For all statistical analyses, differences of P<0.05 were considered statistically significant. 

For all Figures, *P<0.05, **P<0.01, ***P<0.001. All experiments were repeated at least 

3 times with at least 3 cultures or mice per group.  
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Figure Legends 

 

FIGURE 1. Mob1a/1b deletion in mouse SMG epithelium results in significant acinar 

cell hypoplasia and immature ductal cell hyperplasia. 

(a) Left: Representative macroscopic views of SMGs of 8–9-week old control and 

adMOB1DKO mice 3 weeks after starting TAM treatment for 5 days (post-TAM). Scale 

bar, 0.5 cm. Middle: Quantitation of SMG weight at the indicated days post-TAM (n=3-

7/group). Right: Total cell number of each SMG at 21 days post-TAM (n=7/group) was 

determined by counting cells after digestion with collagenase, hyaluronidase, and dispase 

as described in “Experimental Procedures.” For all Figures, data are the mean ± SEM. 

**P<0.01; *P<0.05. (b) Upper left: H&E-stained sections of control and adMOB1DKO 

SMG at 21 days post-TAM. Scale bar, 10 μm. Upper middle and right: Representative 

immunohistochemical analyses of AQP5 (upper middle; green) or CK7 (upper right; red) 

expression in control and adMOB1DKO SMGs at 21 days post-TAM (n=6/group). Nuclei 

were stained with DAPI (blue). Scale bars, 20 μm. Lower: Quantitation of percentages of 

AQP5+ or CK7+ cells (left, middle) or cell number (right) of control and adMOB1DKO 

SMGs at 21 days post-TAM (n=7/group). The cell numbers were calculated from total 

cell number of each SMG multiplied by the percentage of AQP5+ and CK7+ cells, 

respectively. (c) Upper: Representative immunohistochemical staining to detect CK14-

CK7+ mature ductal cells and CK14+CK7+ immature ductal cells in SMGs of control and 

adMOB1DKO mice at 21 days post-TAM (n=6/group). Scale bar, 20 μm. Lower: 

Quantitation of total cell numbers of the immature (left) and mature (right) ductal cells in 

the SMGs in the upper panel. (d) H&E-stained sections of control and adMOB1DKO 

SMGs at 21 days post-TAM showing dysplastic enlarged nuclei in the mutant tissue. 

Scale bar, 10 μm.  

 

FIGURE 2. adMOB1DKO mice show impaired saliva production, accumulating 

inflammatory cells, and fibrosis similar to Sjögren’s syndrome. 

(a) Quantitation of the total amount of saliva secreted in 60 min by control and 

adMOB1DKO mice subjected to Pilocarpine stimulation in vivo (n=4/group). (b) 

Representative sections of control and adMOB1DKO SMGs at 14 days post-TAM that 

were stained with H&E, anti-CD45 antibody, or Sirius Red. Scale bars, 20 μm. Nuclei 
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were counterstained with hematoxylin (top panels), DAPI (middle panels), and iron 

hematoxylin (bottom panels). Blue arrowheads, inflammatory cells; yellow arrowheads, 

fibroblasts. 

 

FIGURE 3. MOB1 deficiency has no effect on the proliferation or apoptosis of acinar 

cells but ductal cells show increased turnover. 

(a) Representative immunohistochemical images (left) and quantitation (right) of PCNA+ 

cells (green) among CK7+ ductal cells (red), AQP5+ acinar cells (red), or total cells in 

control and adMOB1DKO SMGs at 21 days post-TAM (n=6/group). (b) Representative 

immunohistochemical images (left) and quantitation (right) of TUNEL+ cells (red) among 

CK7+ ductal cells (green), AQP5+ acinar cells (green), or total cells in control and 

adMOB1DKOSMGs at 21 days post-TAM (n=6/group). For (a) and (b), nuclei were 

stained with DAPI. Scale bars, 10 μm. 

 

FIGURE 4. MOB1-deficient immortalized clonal salivary epithelial cells show 

impaired acinar cell differentiation, and MOB1-deficient SMGs contain acinar/ductal 

bi-lineage progenitors.  

(a) Quantitation of the fold increase in the expression of the indicated acinar (Aqp5 and 

Amy1a) and ductal (Krt19 and Krt7) lineage markers as determined by qPCR in 

imMOB1DKO cells before (-) and after (+) culture in Matrigel for 7 days (n=4-5/group). 

mRNA expression data were normalized to Gapdh. (b) Quantitation of the fold increase 

in expression of the indicated acinar and ductal lineage markers as determined by qPCR 

in imMOB1DKO cells that were cultured for 10 days in Matrigel with (+) or without (-) 

TAM (n=4-5/group). mRNA expression data were normalized to Gapdh. Mob1a as 

inhibitory control after TAM. (c) Representative immunofluorescent detection (left) and 

quantification (right) of AQP5+CK14+ (double positive) immature ductal cells (white 

arrowhead) among total CK14+ ductal cells in control and adMOB1DKO SMGs at 21 

days post-TAM (n=6/group). Scale bar, 10 μm. 

 

FIGURE 5. MOB1-mediated regulation of TAZ rather than YAP1 controls adult 

salivary epithelial cell homeostasis. 

(a) Immunoblot to detect total TAZ and YAP in total extracts of control and 
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adMOB1DKO SMGs at 21 days post-TAM. Actin, loading control. (b) Immunostaining 

to detect total TAZ and YAP1 in control and adMOB1DKO SMGs at 21 days post-TAM. 

Scale bar, 20 μm. For (a) and (b), data are representative of three independent 

experiments. (c) Left: Representative H&E-stained sections of SMGs from control, 

adMOB1DKO, adTAZTKO and adYAPTKO mice at 21 days post TAM (n=5/group). 

White arrowheads, acinar cells. Scale bar, 20 μm. Right: Quantitation of the percentages 

of acinar cells among total cells of the SMGs in the left panel (n=5/group).  

 

FIGURE 6. MOB1-deficient salivary epithelial cells show inactivation of SOX2 and 

SOX10, but activation of β-catenin. 

(a, b) Representative immunostaining (left) and quantification of the intensities of nuclear 

SOX2, SOX10 (a) and active β-catenin (b), in SMGs of control and adMOB1DKO mice 

at 21 days post-TAM (n=5/group). Represents are relative intensities of these molecules 

in adMOB1DKO mice to those of control mice. Scale bars, 20 μm.  
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Supplementary Table 

Table S1. List of primer sequences for genotyping and qPCR. 
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Supplementary Figure Legends 

 

 

 

Fig. S1. Protocol to generate postnatal Mob1a/1b DKO mice (adMOB1DKO) and their 

controls. 

(a) Diagram of the protocol used to generate adMOB1DKO mice. Mob1aflox/flox;Mob1b−/− 

mice were crossed to Rosa26-CreERT2-Tg mice to produce Rosa26-

CreERT2;Mob1aflox/flox;Mob1b−/− and control Mob1aflox/flox;Mob1b−/− progeny. When the 

progeny were 35-42 days old, tamoxifen (TAM) was i.p. administered for 5 days. Mice 

were then sacrificed on the indicated days post-TAM initiation. (b) H&E-stained sections 

of SMGs from mice of the indicated genotypes at 3 weeks after starting TAM application 

(+TAM) or not (-TAM). Scale bar, 20 μm. Blue arrowheads, acinar cells; yellow 

arrowheads, ductal cells. Results shown are representative of at least three independent 

trials. 
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Fig. S2. Confirmation of gene deletion in adMOB1DKO mice. 

Representative immunofluorescent staining to visualize target DNA (Mob1a) in SMGs of 

Rosa26-CreERT2; Mob1aflox/flox;Mob1b-/- mice that expressed the Rosa26-LSL-tdTomato 

transgene and were treated with (+) or without (-) TAM i.p. for 5 days. Sections were 

stained with anti-RFP antibody to detect tdTomato expression. Scale bar, 20 μm. Mob1a 

deletion was observed in most of the cells in the mutant SMG. 
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Fig. S3. Confirmation of deletion of TAZ or YAP1 in triple knockout (TKO) 

MOB1A/1B-deficient mice. 

Representative immunohistochemical analyses to detect total TAZ or YAP1 in SMGs of 

control (left), adMOB1DKO (middle), and MOB1A/1B & TAZ TKO (adTAZ TKO; 

Rosa26-CreERT2;Mob1aflox/flox;Mob1b−/−;Tazflox/flox;+TAM) (right, top); or MOB1A/1B 

& YAP TKO (adYAP1 TKO; Rosa26-

CreERT2;Mob1aflox/flox;Mob1b−/−;Yap1flox/flox;+TAM) (right, bottom) mice. TAZ or YAP1 

expression was deleted in most of the cells in SMGs of adTAZ TKO or adYAP1 TKO 

mice, respectively. Scale bar, 20 μm. 

 

 

 

 



6 

 

 

 

Fig. S4. MOB1-deficiency did not alter GLI2 expression in salivary epithelial cells 

Representative immunostaining (left) and quantification of GLI2 (a) in SMGs of control 

and adMOB1DKO mice at 21 days post-TAM (n=5/group). Scale bars, 20 μm. 
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Fig. S5. TAZ is activated by duct ligation. 

(a) Diagram of the protocol to achieve salivary duct ligation in mice. Control mice (5-

week old) were subjected (or not) to duct ligation and sacrificed 1 week later. (b) 

Immunoblot to detect TAZ in SMGs of control (cont) and duct-ligation (DL) operated. 

Data are representative of three independent experiments. Actin, loading control. (c) H&E 

staining (upper) and immunostaining to detect TAZ (lower) in SMGs of the mice in (b). 

(n=3/group). Scale bars, 20 μm. 
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