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R E G E N E R A T I O N

The Hippo signaling pathway effector YAP promotes 
salivary gland regeneration after injury
Cecilia Rocchi1,2†, Davide Cinat1,2‡, Paola Serrano Martinez1,2‡§, Anne L. Jellema-de Bruin1,2, 
Mirjam Baanstra1,2, Uilke Brouwer1,2, Cinthya del Angel Zuivre1, Hein Schepers1, Ronald van Os3, 
Lara Barazzuol1,2*, Robert P. Coppes1,2*

Salivary glands are damaged by radiotherapy for head and neck cancers, which often culminates in radiation-
induced hyposalivation and xerostomia that may be permanent. Here, we identified a central role for YAP in the 
regenerative response of the salivary gland. Activation of the Hippo signaling pathway inhibits the phosphoryla-
tion of YAP, leading to its nuclear translocation and transcriptional activity. Using mice with salivary gland injury 
induced by surgical ligation and salivary gland–derived organoids, we found that YAP nuclear localization in the 
salivary gland epithelium changed dynamically between homeostasis and regeneration. Whereas local injury had 
no effect on nuclear YAP localization in saliva-producing acinar cells, it triggered nuclear accumulation of YAP in 
saliva-transporting ductal cells. Injury also stimulated the proliferation of ductal cells, which were mainly quiescent 
under homeostatic conditions and in nonregenerating areas distal to the injury site, thus enabling salivary gland 
regeneration. Overexpressing YAP or driving YAP nuclear translocation by inhibiting upstream Hippo pathway 
kinases increased the capacity of mouse and human salivary gland cells, including human cells that had been irra-
diated, to form lobed organoids in vitro. Our results identify a YAP-driven regeneration program in salivary gland 
ductal cells that could be used to promote salivary gland regeneration after irradiation-induced damage.

INTRODUCTION
Radiotherapy is a major part of the treatment for more than 500,000 
patients who are annually diagnosed with head and neck cancer 
worldwide (1). Although radiotherapy treatment substantially in-
creases the survival rate of these patients, the unavoidable inclusion 
of healthy salivary glands within the radiation field leads to a high 
probability of developing late radiation toxicity that culminates in 
radiation-induced hyposalivation and xerostomia (2–4). The extent 
of structural damage and subsequent functional decline of an organ 
after radiation treatment depends on the cellular radiosensitivity of 
the given tissue (4). The salivary gland epithelium is composed of 
morphologically and functionally distinct epithelial cell types and 
compartments: the secretory acinar cells that are responsible for the 
production of saliva and a network of branched ductal cells that trans-
port the saliva to the oral cavity (5). Similar to other adult tissue, such 
as the intestine (6), different compartments of the gland display dif-
ferential responses to ionizing radiation both in terms of kinetics 
and sensitivity (7).

The acinar compartment, the functional secretory unit of the 
salivary gland, has been shown to be mitotically active, thus playing 
an important role in the maintenance of adult mouse salivary gland 

tissue homeostasis (8, 9). In addition, upon radiation damage, acinar 
cells positive for the pluripotency-associated transcription factor 
SRY-box transciptor factor 2 (SOX2) show regenerative capacity 
within the first 30 days after irradiation (9). Their regenerative 
capacity, however, appears to be limited, and their eventual loss of 
proliferative capacity due to radiation-induced damage leads to the 
loss of the functional acinar compartment (7, 9, 10). In contrast, cells 
of the excretory duct compartment, which comprises cells of the 
intercalated and striated ducts that modify the saliva composition, 
appear to be in a relatively quiescent state (11, 12). The slow turn-
over of these cells and the observation that ductal cells show little to 
no loss of duct-specific marker expression after irradiation (9) may 
be indicative of a relative resistance to radiation-induced damage, 
similar to what has been observed for brain cells (13, 14). Although 
some lineage-tracing studies in adult mouse salivary glands point 
toward the existence of mainly progenitor lineage-restricted popu-
lations marked by keratin 14 (K14+) and either c-Kit (Kit) or keratin 5 
(K5+) within the ductal compartment (10, 15), others point to pos-
sible plasticity within the intercalated and excretory duct compart-
ments in contributing to the regeneration of functional acinar units 
in irradiated glands (16). However, after high radiation doses, these 
compartments fail to fully regenerate the salivary gland tissue, ulti-
mately leading to the functional loss of saliva production (16–18).

We previously showed, in both rats and patients, that the radia-
tion dose delivered to the region of the parotid salivary gland con-
taining the main ducts predicts salivary gland dysfunction (19). This 
supports the idea of the existence of a stem/progenitor cell popula-
tion residing in the main excretory ducts, and therefore, sparing 
this region has been proposed as a means to preserve saliva produc-
tion after radiotherapy treatment (19, 20). Furthermore, in vitro 
three-dimensional (3D) culture of salivary gland Wnt-responsive cells 
has demonstrated the competence of excretory ductal cells producing 
high amounts of epithelial cell adhesion molecule (Epcamhigh cells) 
to enter into the cell cycle and give rise to organoids containing terminally 
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differentiated acinar cells, indicating that the appropriate signaling 
stimulation can guide the quiescent compartment to an active state 
capable of generating a structure resembling that of the native tis-
sue. Wnt signaling has been shown to drive in vitro self-renewal and 
maintenance of salivary glands, but the pathways involved in regen-
eration of the salivary glands after injury remain poorly understood.

The transcriptional regulator Yes-associated protein (YAP) has 
emerged as a key promoter of tissue growth and regeneration in 
various organs, including the intestine, liver, and skin (21, 22). YAP 
transcriptional activity relies on changes in its nuclear-cytoplasmic 
localization that are tightly controlled by the Hippo pathway. The 
Hippo pathway consists of a highly conserved group of serine-thre-
onine kinases that determine YAP cellular localization. The core 
kinases of the Hippo pathway are MST1 and MST2, which activate 
the kinases LATS1 and LATS2, causing them to phosphorylate YAP 
at Ser127, leading to the retention of YAP in the cytoplasm. Inactiva-
tion of this kinase cascade leads to YAP nuclear translocation and 
binding to TEA domain (TEAD) family of transcription factors, thus 
stimulating the expression of target genes that promote cell growth 
and proliferation. The ectopic expression of YAP has been shown to 
promote stem/progenitor cell expansion and the dedifferentiation 
of somatic epithelial cells, such as those of the mammary gland and 
pancreas, to a stem cell state (23), opening important opportunities 
for exploiting YAP in regenerative medicine. The capacity to increase 
the stem cell number or transiently activate existing stem cells could 
be especially important in tissues with slow turnover or a low regen-
erative potential, such as the salivary gland (22, 24). YAP function 
has been implicated in the development of the salivary gland. Deletion 
of YAP in the developing mouse salivary gland epithelium leads to 
severe morphogenesis defects of the glands, reflecting compromised 
epithelial patterning (25). The inability of YAP-null embryonic salivary 
gland epithelium to specify ductal progenitors indicates the impor-
tance of YAP during the development of salivary glands (25).

Here, we report an essential role for YAP-mediated transcriptional 
activity during homeostasis and regeneration of adult salivary glands 
after damage. In addition to having a pivotal role during salivary gland 
development (25), we show that YAP activity changes dynamically 
between homeostasis and regeneration in adult glands. Upon sali-
vary gland ligation, YAP nuclear localization increased in the ductal 
compartment at the site of regeneration, supporting the existence of 
a relatively quiescent stem cell–like population residing in the stri-
ated ducts (26). Using a 3D organoid culture system that has been 
shown to mimic regeneration (26–28), we provide evidence that YAP 
inactivation diminished the organoid-forming capacity of stem/
progenitor cells derived from mouse and human adult salivary glands, 
whereas YAP overexpression promoted stem/progenitor organoid 
culture expansion. We also demonstrated that induction of YAP nu-
clear translocation after irradiation promoted regeneration in vitro. 
Our data further support the idea that salivary gland regeneration 
after severe damage can be mediated by newly activated ductal cells 
and that stimulation of YAP nuclear translocation could be used to 
promote the regeneration of radiation-damaged salivary glands.

RESULTS
Nuclear YAP increases in salivary gland ductal cells  
during regeneration
We used an in vivo mouse injury model to investigate the potential 
role of YAP in control and regenerating adult salivary glands. Both 

submandibular glands were sutured below the sublingual glands to 
induce a dynamic regenerative response of the gland. The suture 
causes the division of the salivary gland into two distinct regions: a 
lower caudal region and an upper cranial region (Fig. 1A and fig. S1, 
A and B). To trace proliferating cells, the mice were subjected to two 
bromodeoxyuridine (BrdU) injections at 24 and 6 hours before sac-
rifice. Within 14 days of ligation, a loss of tissue morphology in the 
lower caudal region of the gland was evident (fig. S1, B and D). 
Immunofluorescence staining showed a pronounced reduction in 
AQP5+ (aquaporin 5–positive) acinar cells in the lower caudal re-
gion of the gland, whereas the upper cranial region retained high 
AQP5 abundance, indicative of an intact and functional acinar cell 
compartment (fig. S1, C and D).

Given the pronounced damage that the suture induced to the 
lower caudal region of the gland, we investigated whether regenera-
tion was taking place in the upper cranial region of the gland. A 
significant increase of BrdU+ cells was observed in close proximity 
to the suture (the regeneration site) (Fig. 1B and fig. S1D) compared 
to the homeostatic area of the gland (distal to the regeneration site) 
and to the control gland. Whereas the control gland and the homeo-
static area of the ligated gland predominantly showed proliferation 
activity in the intercalated duct and acinar compartments, at the 
regeneration site proliferation was predominantly in the excretory 
and striated ductal compartments. These differences in the regener-
ative response between the cranial and caudal regions of the gland 
are in accordance with the idea that the ductal compartment con-
tributes to the regeneration of the gland (19).

Because YAP subcellular location determines its activity, we ex-
amined whether there were distinct patterns of YAP protein local-
ization within the ligated submandibular gland and the control gland. 
Consecutive submandibular gland sections were analyzed by immuno-
histochemistry (IHC) for total YAP and BrdU. IHC analysis revealed 
that YAP was predominantly present in the acinar and intercalated 
ductal compartments in control salivary glands (Fig. 1B). The ex-
cretory ductal compartment, where quiescent stem/progenitor cells 
have been suggested to reside (26, 29), showed a weak cytoplasmic 
localization of YAP. At 2 weeks after ligation, IHC for total YAP 
showed a markedly distinct distribution in the submandibular gland 
epithelium, with increased nuclear YAP in the excretory and striated 
ductal compartments at the regeneration site and a lower amount of 
nuclear YAP confined predominantly to the acinar intercalated duct 
compartment in the homeostatic area of the ligated gland (Fig. 1B 
and fig. S1E).

The BrdU and nuclear YAP patterns along the proximal-distal 
axis of the regeneration site indicated a potential dynamic role of 
YAP during regeneration of the injured gland. To confirm the role 
of YAP as sensor of tissue integrity in salivary gland and potential 
driver of the regeneration program, we assessed the regeneration 
potential of salivary glands upon inhibition of YAP activity using 
verteporfin (VP), which blocks the YAP-TEAD interaction. Ligated 
and control mice were treated with VP at several time points after 
suturing (Fig. 1C). To test whether salivary gland regeneration was 
impaired, at day 30 after suture, we evaluated the potential of sali-
vary gland–derived cells to form organoids ex vivo as a surrogate 
readout of epithelial regeneration potential. Purified primary ductal 
cells isolated from the mouse submandibular glands were seeded in 
Matrigel and cultured as organoids as previously described (26, 27). 
The organoid-forming efficiency (OFE) of cells derived from ligated, 
VP-treated glands was significantly reduced compared to that of cells 
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derived from ligated untreated glands 
(Fig.  1,  D  and  E). We also observed a 
decrease in OFE of cells derived from 
nonligated VP-treated glands compared 
to nonligated and untreated glands, sug-
gesting that an active YAP program is 
required for homeostatic maintenance 
in the adult submandibular gland. In vivo 
treatment with VP not only significantly 
reduced the OFE of salivary gland cells 
but also significantly increased the pro-
portion of organoids that were round 
instead of lobular, indicating a potential 
role for YAP in branching morphogenesis 
(Fig. 1E), similar to what has been ob-
served in embryonic salivary gland (25). 
Together, these results suggest that YAP 
plays a role in the initiation of damage-
induced salivary gland regeneration.

YAP nuclear activity drives mouse 
salivary gland organoid growth
Given the increase in YAP nuclear local-
ization in salivary gland ductal cells during 
regeneration in vivo, we investigated the 
function of YAP in the self-renewal po-
tential of mouse salivary gland stem/
progenitor cells (SGSPCs) as assessed 
in vitro by OFE. Before modulating YAP 
activity in the ex vivo salivary gland re-
generation model, we assessed whether 
the tissue dissociation procedure that 
was used to isolate the cells altered the 
phosphorylation status of YAP and, 
therefore, its nuclear activity. Quantifi-
cation of phosphorylated YAP (pYAP), 
the form that is sequestered in the cyto-
plasm, at different stages of the procedure 
showed an increase in pYAP during the 
dissociation process, suggesting a low 
activity of nuclear YAP in dissociated 
cells. This higher amount of pYAP mea-
sured at the single-cell stage before seed-
ing into Matrigel confirmed that activation 
of the YAP-driven program was not 
induced by the dissociation procedure 
(fig. S2, A and B).

Impairment of YAP nuclear activity 
using VP treatment at the single-cell 
stage (day 0) completely abrogated 
organoid formation (Fig.  2,  A  and  B), 
whereas drug exposure in 4-day-old 
organoids led to a collapse of the organoid 
structure and impairment to form 
secondary organoids in the next passage 
(Fig. 2, C and D, and fig. S2, C and D). 
Similarly, small interfering RNA (siRNA)–
mediated YAP knockdown led to a sig-
nificant decrease of salivary gland OFE 
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Fig. 1. YAP nuclear accumulation increases in the striated and excretory ductal compartment at the regenera-
tive site of the submandibular gland. (A) Schematic showing the time course of the ligation injury model and 
BrdU pulses in adult mice. (B) Imaging and quantification of BrdU incorporation and nuclear YAP staining in control 
and ligated submandibular glands at 14 days after ligation. Intercalated ducts are outlined in white; striated and 
excretory ducts are outlined in black, and acinar cells are outlined in red. Scale bars, 50 m. Cells with nuclear YAP 
localization are indicated by white arrowheads. BrdU+ and nuclear YAP+ cells per square millimeter of tissue were 
quantified in control homeostatic gland and in regenerative and homeostatic areas in ligated glands. n = 3 mice per 
condition. Data are represented as means ± SEM. Normal distribution was tested using the Shapiro-Wilk test. Statis-
tical significance between the three groups was determined using one-way analysis of variance (ANOVA) followed 
by Tukey’s multiple comparison test (P < 0.05). (C) Schematic showing the time course of verteporfin (VP) treat-
ment in vivo. (D) Organoid forming efficiency of mouse salivary gland–derived cells isolated from mice treated 
with or without VP. n = 4 mice per treatment group. Normal distribution of the data was tested using Shapiro-Wilk 
test. Statistical significance between the groups was determined using one-way ANOVA followed by Tukey’s multi-
ple comparison test. Data are represented as means ± SEM. (E) Representative images of mouse salivary gland 
organoids derived from control and ligated glands in nontreated and VP-treated mice. The formation of round 
organoids derived from dissociated tissue samples was quantified for ligated glands from nontreated mice and for 
ligated glands from VP-treated mice. Shape of organoids was assessed from four independent experiments. Data are 
represented as means ± SEM. Normal distribution of the data was assessed using Shapiro-Wilk test. Statistical signifi-
cance between the groups was determined using independent sample t test (P < 0.05). *P < 0.05, **P < 0.01, and 
****P < 0.0001.
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(Fig. 2, E and F). These data suggest an 
essential role of YAP nuclear activity for 
SGSPC self-renewal and maintenance. 
We reasoned that if inhibition of YAP 
nuclear activity led to reduced OFE, en-
hanced YAP nuclear translocation could 
lead to increased self-renewal potential 
and expansion of SGSPCs. Treatment of 
salivary gland–derived single cells with 
lipophosphatidic acid (LPA) (Fig. 3A), 
a compound known to inhibit LATS1 
and LATS2 kinase activity through the 
modification of cytoskeleton tension (30), 
led to decreased pYAP/YAP ratio (Fig. 3B), 
indicating that the increase in OFE upon 
LPA treatment is driven by increased 
YAP nuclear activity (Fig. 3, C and D). 
To further confirm the importance of 
YAP nuclear activity in SGSPC self-
renewal, we performed siRNA-mediat-
ed knockdown of LATS1, which led to a 
decrease in pYAP (Fig. 3E) and an in-
crease in OFE compared to controls 
(Fig. 3, F and G), further highlighting 
the importance of Hippo signaling in the 
activity of SGSPCs.

YAP overexpression in human 
salivary gland–derived organoids 
increases stem cell potential
To validate that increased YAP nuclear 
translocation increases the self-renewal 
capacity of SGSPCs, we investigated 
whether ectopic expression of YAP in 
human salivary gland organoid–derived 
cells would have similar effects as LPA 
treatment in mouse cells. Human salivary 
gland organoid-derived cells at the end 
of passage 1 (P1) were transduced with 
a lentiviral vector encoding fluorescently 
tagged wild-type YAP (pGAMA-YAP) 
(31). As a control, cells were transduced with 
an empty lentiviral vector (t2a-mCherry). 
Transduced cells were cultured for 7 days 
and, after isolation by fluorescence-
activated cell sorting (FACS) for mCherry, 
plated in Matrigel to assess secondary 
organoid formation potential (Fig. 4A). 
YAP overexpression was confirmed by 
Western blot analysis of total YAP pro-
tein (Fig. 4B). YAP-overexpressing cells 
(mCherry+ YAPOE) cultured in enriched 
media (EM) gave rise to a significantly 
higher number of secondary organoids 
compared to mCherry-expressing cells 
(fig. S3A). This difference was main-
tained for the subsequent three passages 
(Fig. 4, C and D). We also found that 
the number of cells and the size of the 
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Fig. 2. Inhibition of YAP nuclear localization reduces self-renewal of adult mouse SGSPCs. (A) Salivary gland–
derived cells were placed in organoid culture in the presence of VP and analyzed 7 days later. (B) Representative 
images and quantification of organoid formation efficiency for salivary gland cells that were nontreated (control) or 
treated with vehicle (DMSO) or VP (5 and 20 M) from the start of the culture. Each dot represents a different mouse 
(n = 3). Data represent means ± SEM. Statistical significance between the groups was tested using one-way ANOVA 
followed by Tukey’s multiple comparison test. Scale bar, 50 m. (C) Salivary gland–derived cells were placed in organ-
oid culture, treated with VP at day 4, and analyzed at day 7. (D) Representative images of mouse salivary gland cells 
after treatment with VP from day 4. (E) Western blot analysis for total YAP in mouse salivary gland organoids that 
were not transfected (control) or transfected with scrambled siRNA (mock) or siYAP (four different experiments, exp 
#1 to exp #4). (F) Organoid formation efficiency of salivary gland cells treated as in (E). Each dot represents a different 
mouse (n = 5). Data represent means ± SEM. Kruskal-Wallis test followed by Dunn’s multiple comparison test was 
used to test the differences between the groups (P < 0.05). *P < 0.05.
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organoids were significantly increased 
in YAPOE cells compared to controls 
(Fig. 4, E and F). We observed that the 
overexpression of YAP in human salivary 
gland–derived organoids cultured in Wnt-
enriched media that also contains the 
Wnt signaling potentiator R-Spondin 1 
(RSPO1), the transforming growth 
factor– inhibitor A8301, and Noggin 
(WRYTN) did not support the expansion 
of the culture to the same extent as did 
EM, indicating that YAP and Wnt could 
have different roles or act at different 
times during the regeneration process 
(fig. S3, B and C). These results indicate 
that YAP overexpression promotes stem 
cell properties in human salivary gland–
derived cells. Human salivary gland or-
ganoids overexpressing YAP and cultured 
in EM showed a branched morphology 
phenotype at the end of P1, which greatly 
differed from the round shape of non-
overexpressing control organoids or YAP-
overexpressing organoids cultured in 
WRYTN (fig. S4, A and B). Collectively, 
several lines of evidence indicate that 
promoting YAP nuclear translocation 
increases human SGSPC potential.

Inhibition of MST1 and MST2 
promotes the regeneration 
of salivary gland organoids after 
irradiation
The proximal-distal patterning that we 
observed for nuclear YAP (higher at the 
regeneration site and lower in distal 
areas) in ligated mouse salivary glands 
suggests that YAP nuclear activity is re-
quired during regeneration. Because YAP 
overexpression in human SGSPCs in-
creased their self-renewal capacity, we 
investigated whether increased YAP 
nuclear activity could improve human 
salivary gland organoid response to irra-
diation. To increase YAP nuclear trans-
location upon radiation treatment, we 
treated human salivary gland organoids 
with XMU-MP-1, which is a potent in-
hibitor of MST1 and MST2 kinases and 
is known to promote liver regeneration 
after damage (32). Human SGSPC–
derived organoids were seeded as single 
cells in Matrigel and exposed, at day 3 
after seeding, to 2- or 4-gray (Gy) ionizing 
radiation; then, XMU-MP-1 or vehicle 
was added immediately after irradiation. 
XMU-MP-1–treated cells showed a higher 
OFE (Fig. 5A and fig. S5), thus reflect-
ing a higher survival fraction of stem 
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cells after treatment compared to cells 
that were irradiated but not treated with 
the drug. Cotreatment with XMU-MP-1 
increased the amount of YAP in organ-
oids derived from irradiated cells com-
pared to organoids derived from cells that 
were only irradiated (Fig. 5, B and C). 
Organoids that were irradiated and treated 
with XMU-MP-1 were larger in size than 
irradiated-only organoids (Fig. 5, D to F), 
indicating that the induction of YAP 
nuclear activity after irradiation increased 
the proliferation of human SGSPCs and 
improved the response of human sali-
vary gland organoids to radiation damage. 
These results indicate that our 3D or-
ganoid culture system can be used as a 
tool to study the underlying signaling 
pathways responsible for regeneration 
after radiation-induced damage. It also 
emphasizes the importance of YAP nu-
clear translocation as part of the Hippo 
signaling pathway during regeneration 
after damage.

DISCUSSION
After injury, stem and progenitor cells 
regenerate both the structural and func-
tional units of the damaged tissue through 
a tightly controlled process that involves 
self-renewal and differentiation. Although 
it has been shown that transplantation 
of SGSPCs can rescue the secretory func-
tion of damaged salivary glands in mice 
(26, 27, 33, 34), the mechanisms of re-
generation after injury remain unclear. 
Here, we report that YAP activation is a 
critical step in the regeneration process 
of damaged adult salivary glands and 
that modulation of this pathway could 
be used to increase salivary gland stem 
cell potential. During homeostasis, sali-
vary glands displayed low amounts of 
nuclear-localized YAP, which was con-
fined to the acinar and intercalated ductal 
compartments known to be involved in the 
maintenance of the glands (8–10, 12, 35, 36). 
After local injury, a marked and region-
specific increase in nuclear YAP was ob-
served at the regeneration site of ligated 
glands, supporting a role for inhibition 
of the Hippo signaling pathway in the 
response to damage.

YAP activation in the normally dor-
mant excretory duct compartment of the 
salivary gland may point toward the 
existence of a “revival” cell, a cell that 
is nonregenerative during homeostasis 
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but may, upon injury, switch to a stem-like cell state and drive the 
salivary gland regeneration program, similar to what has been recently 
described for smooth muscle actin–positive (SMA+) and c-Kit+ sali-
vary gland cells (37). In line with this hypothesis, in the intestinal 
epithelium, certain rare Clusterin+ cells, termed “revival stem cells”, 
were shown to give rise to all major cell types of the intestine in a 
YAP-dependent manner (38). Although future in vivo work com-
bining different injury models and lineage tracing will be fundamental 
to verifying the potential contribution of YAP-activated cells to acinar 
cell replacement, our in vitro data from organoid cultures of salivary 
gland–derived cells seem to support the regenerative potential of the 
striated and excretory ductal cell compartment.

Salivary gland–derived organoid cultures arise from Epcam+ cells 
of the ductal epithelium (26). The competence of these cells to give 
rise to 3D structures (organoids) containing all major cell types spa-
tially arranged similarly to the tissue of origin and to rescue hypo
salivation upon intraglandular transplantation in mice (26) proves 
their potential in vitro plasticity and regenerative capacity. The 
in vivo observation that YAP is a key effector in salivary gland re-
generation is supported by significant reductions in OFE and in the 
lobular organoid phenotype upon in vivo inhibition of YAP nuclear 
activity before cell harvesting and organoid formation.

Either promoting YAP nuclear translocation or overexpressing 
YAP resulted in a pronounced increase in the competence to form 
secondary and tertiary organoids, uncovering a role for YAP in the 
maintenance of stem/progenitor-like cells and self-renewal capacity. 
In agreement with what has been shown in intestinal organoids, it is 
tempting to speculate that salivary gland organoid development also 
follows a regenerative model that requires transient YAP activation 
(28). Contrary to what was shown in the intestine but in accordance 
with the in vivo role of YAP in embryonic salivary gland develop-
ment (25), sustained YAP overexpression seems to promote the for-
mation of branched organoids, whereas inhibition of YAP nuclear 
localization significantly reduces this phenotype, indicating a po-
tential additional function of YAP in patterning and morphogenesis 
of human adult salivary gland epithelium. Although our observa-
tion highlights a role for YAP in directing the expansion and pat-
terning of adult mouse and human salivary gland–derived epithelial 
cells, mapping the spatiotemporal activation of YAP and the other 
factors known to be involved during the regeneration process, such 
as Wnt (26) and autophagy (39), at the single-cell transcriptomic 
and proteomic levels will be required to unravel cell fate decisions 
and potential plasticity mechanisms of salivary gland cells. Further 
work, therefore, is needed to elucidate whether YAP could function 
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as a “gatekeeper” in the salivary gland, marking the boundary be-
tween the ductal compartment and the distal acinar compartment, 
similar to other branching organs (40–42).

We showed that our previously described in vitro model can be 
used to study the regeneration of salivary gland organoids after irra-
diation and that stimulating YAP nuclear translocation after irradiation 
significantly improved the radiation response of human salivary 
gland–derived cells. Moreover, transient chemical stimulation of 
YAP nuclear translocation could open new treatment possibilities 
to promote regeneration or enhance expansion of human SGSPCs 
in vitro for transplantation purposes. Our study supports the idea of 
YAP as a sensor of tissue integrity (28) and a key driver in regener-
ation of both murine and human salivary gland organoids; future 
studies should elucidate whether modulating YAP abundance or 
activity could induce in vivo regeneration, with the aim to use this 
approach as a regenerative therapy to ameliorate radiation-induced 
hyposalivation.

MATERIALS AND METHODS
Mice
Eight- to twelve-week-old female C57BL/6 mice were purchased from 
Envigo. Mice were housed in environmentally controlled rooms under 
conventional conditions and fed ad libitum in the Animal Facility 
of the University Medical Center Groningen. All experiments were 
performed according to approved institutional animal care and use 
committee protocols of the University of Groningen [under animal 
welfare body (IVD) protocol number 184824-01-001].

Patients
Human nonmalignant submandibular gland tissues were obtained 
from donors after informed consent and Institutional Review Board 
approval during an elective head and neck dissection procedure for the 
removal of squamous cell carcinoma of the oral cavity at the University 
Medical Center Groningen and Medical Center Leeuwarden.

Mouse submandibular gland ligation
C57BL/6 adult female mice were anesthetized with the use of isoflurane. 
A small incision was made in the neck to visualize the submandibular 
glands. Each submandibular gland was ligated with the use of (non-
dissolvable) wire just below the sublingual gland, as previously pub-
lished (39). Fourteen days later, the animals were re-anesthetized 
and sacrificed by cervical dislocation. Submandibular glands were 
isolated, ligation removed, and fixed in 4% formaldehyde overnight 
(ON) at room temperature (RT). Sections were used for IHC and 
immunofluorescence (as describe below) to determine the regenerative 
status of the gland. Control mice with matching sex and age were 
subjected to a mock ligation surgery that included isoflurane anes-
thesia, exposure of the submandibular gland, and suture of the incision.

To inhibit YAP nuclear activity, VP (100 mg/kg), dissolved in 
dimethyl sulfoxide (DMSO), was injected intraperitoneally at 3-day 
intervals until day 30 after ligation. Ligated and nonligated sham con-
trol mice were subjected to intraperitoneal injections of DMSO. At 
day 30, the animals were anesthetized and sacrificed by cervical dis-
location and the gland was processed for organoids culture.

BrdU injection and labeling
To assess proliferation in the ligated submandibular gland and the 
control gland, mice were subjected to two intraperitoneal BrdU 

(Sigma-Aldrich, B5002-1G) injections. BrdU was dissolved in phys-
iologic solution at a concentration of 50 mg/kg of body weight and 
injected 24 and 6 hours, respectively, before sacrifice. After BrdU 
labeling, IHC and quantification were performed as describe below.

IHC and immunofluorescence
All antibodies and reagents used in this study are listed in table S1. 
Tissues were isolated and fixed in 4% formaldehyde ON at RT. The 
tissues were then processed using an automatic tissue processor 
machine (Leica TP 1020) before standard paraffin embedding. 
Tissue blocks were sliced in 5-m sections using a rotary microtome 
(Thermo Fisher Scientific, HM 340E).

For light microscopy, tissue sections were dewaxed before heat-
activated antigen retrieval using a citric acid buffer containing 0.05% 
Tween 20 (10 mM, pH 6). Sections were allowed to cool down for 
1 hour at RT followed by permeabilization on 0.4% Triton X-100 in 
phosphate-buffered saline (PBS). For BrdU staining, sections were 
treated with 2.5 M HCl for 25 min at RT and neutralized with 0.1 M 
sodium borate (pH 8.5) for 5 min. Sections were permeabilized in 
blocking solution [1% bovine serum albumin (BSA), 4% serum, and 
0.4% Triton X-100 in PBS] and incubated with desired primary anti-
body ON at 4°C. The day after, sections were washed thoroughly 
and quenched in 0.5% H2O2 followed by secondary antibody incu-
bation in blocking buffer (1% BSA, 4% donkey serum, and 0.4% 
Triton X-100 in PBS). VECTASTAIN ABC kit (Vector Labs) was 
used followed by 3.3′-diaminobenzide kit to detect positive staining. 
Last, sections were counterstained with hematoxylin, dehydrated, 
and coverslip-mounted using Eukit. Negative controls were gener-
ated by omitting the incubation with the primary antibody.

For fluorescence double labeling, heat-induced antigen retrieval 
and DNA denaturation procedure were performed as describe above. 
Tissue sections were incubated for 1 hour at RT in blocking buffer 
(1% BSA, 4% serum, and 0.4% Triton X-100 in PBS) before incuba-
tion in primary antibody solution ON at 4°C. The following day, 
sections were washed in PBS three times for 10 min each, followed 
by incubation in secondary antibody for 1 hour at RT. Last, slides 
were stained with 4′,6-diamidino-2-phenylindole,dihydrochloride 
(DAPI) and mounted using DAKO mounting media. The antibodies 
used and their final dilutions are as follows: rabbit anti-YAP1 
(1:100; Cell Signaling Technology), rat anti-BrdU (1:100; Bio-Rad), 
and rabbit anti-AQP5 (1:200; Alomone).

Isolation of mouse and human submandibular gland cells
Submandibular glands were harvested from adult female mice, me-
chanically digested with the use of gentleMACS Dissociator (Miltenyi) 
and simultaneously digested in the digestion buffer containing col-
lagenase type II (0,63 mg/ml; Gibco), hyaluronidase (0.5 mg/ml, 
Sigma-Aldrich), and CaCl2 (6.25 mM; Sigma-Aldrich) in Hank’s 
balanced salt solution (HBSS) containing 1% BSA (Invitrogen). The 
digestion procedure was repeated for two periods of 30  min in a 
shaking water bath at 37°C. To obtain optimal digestion, both sub-
mandibular glands from a single mouse were digested in a 2-ml vol-
ume of the digestion buffer. At the end of the digestion, cells were 
collected by centrifugation at 400g for 5 min and filtered through a 
100-m cell strainer (BD Biosciences). The resultant cell suspension 
was centrifuged at 400g for 5 min and resuspended in Dulbecco’s 
modified Eagle’s medium:F12 (DMEM/F12) containing penicillin-
streptomycin antibiotics (Invitrogen), GlutaMAX, epidermal growth 
factor (EGF; 20 ng/ml; Sigma-Aldrich), fibroblast growth factor–2 
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(FGF2; 20 ng/ml; Sigma-Aldrich), N2 (Invitrogen), insulin (10 g/ml; 
Sigma-Aldrich), and 1 M dexamethasone (Sigma-Aldrich). Cells 
were plated at a density of 4 × 104 cells per well in a 12-well plate and 
incubated at 37°C and 5% CO2 for 3 days as floating primary culture.

For human submandibular gland cell isolation, biopsies of non-
malignant glands collected in the operating room were transferred 
to the laboratory in a 50-ml Falcon tube containing HBSS with 1% 
BSA on ice. The biopsy was weighted in a sterile petri dish and, using 
a sterile disposable scalpel, minced into small pieces. To obtain optimal 
digestion, 20 mg of tissue was processed per 1 ml of digestion buffer 
volume, with a maximum of 100 mg of tissue per tube. The human 
biopsies were then processed in the same manner as the mouse tissue.

Self-renewal assay of mouse and human salivary  
gland–derived cells
Three-day-old primary spheres were harvested and dispersed into 
single-cell suspension using 0.05% trypsin EDTA (Invitrogen). Single 
cells were counted and resuspended in culture media at a final con-
centration of 0.4 × 106 or 0.8 × 106 cells/ml. Cell suspension (25 l) 
was mixed on ice with 50 l of ice-cold Matrigel and the 75-l gel 
pipetted in the middle of a 12-well plate. After solidifying the Matrigel, 
gels were covered in EM [DMEM/F12, penicillin-streptomycin (1×; 
Invitrogen), GlutaMAX (1×; Invitrogen), N2 (1×; Gibco), EGF 
(20 ng/ml; Sigma-Aldrich), FGF2 (20 ng/nl; Sigma-Aldrich), insu-
lin (10 g/ml; Sigma-Aldrich), dexamethasone (1 M; Sigma-Aldrich), 
and Y27632 (10 M; Sigma-Aldrich)] or WRYTN [DMEM/F12, 
penicillin-streptomycin (1×; Invitrogen), GlutaMAX (1×; Invitrogen), 
N2 (1×; Gibco), EGF (20 ng/ml; Sigma-Aldrich), FGF2 (20 ng/nl; 
Sigma-Aldrich), insulin (10 g/ml; Sigma-Aldrich), dexamethasone 
(1 M; Sigma-Aldrich), noggin (50 ng/ml; PeproTech-Bioconnect), 
A8301 (1 M; Tocris), Y27632 (10 M; Sigma-Aldrich), 10% 
R-spondin1–conditioned medium, and 50% Wnt3a-conditioned 
medium] media. To monitor the concentration of both Wnt3a and 
R-spondin in the conditioned media, we used the Dual-Luciferase 
Reporter Kit according to the manufacturer’s protocol. Batches with a 
fold induction above 30 for the Wnt3 and above 5 for R-spondin 
were used to carry out experiments.

One week after seeding (end of the passage), the medium was 
replaced with Dispase enzyme (1 mg/ml in DMEM/F12 at 37°C for 
30 to 45 min) to dissolve the gels. All the organoids released from 
the dissolved gels were processed into single cells using 0.05% tryp-
sin-EDTA treatment to form single-cell suspension. Organoid and 
cell number at the end of the passage were noted, and the secondary 
organoid–derived single cells were reseeded in Matrigel to start a 
new passage. Number of organoids and single cells at the end of 
each passage were used to calculate OFE percentage (OFE%) and 
population doubling as follows

​
Organoid formation efficiency (OFE % )

  
= ​  Number of organoid harvested at the end of the passage     ───────────────────────────────────     Number of single cells seeded at the beginning of the passage ​ × 100​	

​Population doubling  = ​  ln (harvestedcells / seededcells)   ──────────────────  ln2 ​​	

Irradiation treatment of mouse salivary gland–derived cells
Photon irradiation of 3-day-old salivary gland–derived organoids 
seeded in Matrigel was performed with 137Cs source (IBL 637 Cesium- 
137 -ray machine) with a dose rate of 0.59 Gy/min.

Drug treatment of mouse and human salivary  
gland–derived cells
To inhibit or stimulate YAP activity during mouse salivary gland–
derived organoid growth, cells were cultured in WRY [DMEM/F12, 
penicillin-streptomycin (1×; Invitrogen), GlutaMAX (1×; Invitrogen), 
N2 (1×; Gibco), EGF (20 ng/ml; Sigma-Aldrich), FGF2 (20 ng/nl; 
Sigma-Aldrich), insulin (10 g/ml; Sigma-Aldrich), dexamethasone 
(1 M; Sigma-Aldrich), Y27632 (10 M; Sigma-Aldrich), 10% 
R-spondin1–conditioned medium, and 50% Wnt3a-conditioned 
medium]. For YAP nuclear activity inhibition, mouse organoids 
were cultured in WRY containing 5 or 20 M VP. VP was added at 
day 0 or day 4 of culture, and media were refreshed every 2 days. 
The control group was cultured in WRY containing the same per-
centage of DMSO. To promote YAP nuclear translocation, LPA was 
added to mouse organoid culture at a final concentration of 10 or 
100 M from day 0. Medium was refreshed every 3 days.

To promote YAP nuclear translocation in human salivary gland–
derived organoid culture, single cells were seeded in Matrigel and 
cultured in WRYTN media. Immediately after irradiation at day 3 
after seeding, XMU-MP-1 was added to the wells at a final concen-
tration of 1 or 3 M. Medium was changed every 2 days.

siRNA transfection of mouse salivary gland–derived cells
Mouse salivary gland derived–cells were transfected using siGENOME 
SMARTpool siRNAYAP, siRNALATS1, and nontargeting siRNA from 
Dharmacon. Cells were seeded at a density of 1 × 105 to 1.5 × 105 in 
a 12-well plate and incubated at 37°C and 5% CO2. After 1 day in 
culture, transfection was done using Lipofectamine 2000 (Invitrogen) 
in antibiotic-free medium according to the manufacturer’s instruc-
tions. Five hours after transfection, medium was replaced with EM 
culture medium and cells were incubated at 37°C and 5% CO2. A 
second round of transfection was performed, and 5 hours after trans-
fection, cells were counted, resuspended in EM culture media at a 
density 0.8 × 106 cells/ml, and seeded in Matrigel. Seventy-two hours 
from the first transfection, cells were harvested to check knockdown 
efficiency. At the end of the passage, organoids and cells were counted 
to establish the OFE% and population doubling (as described above).

Lentiviral production
Human embryonic kidney 293T cells (1.5 × 106) were plated in poly-
l-lysine–coated 10-cm dish in DMEM supplemented with 10% fetal 
bovine serum, penicillin-streptomycin (1×; Invitrogen), and GlutaMAX 
(1×; Invitrogen) and incubated ON at 37°C and 5% CO2. On the 
next day, cells were transfected with 3 g of p-GAMA YAP (Addgene) 
(31) or empty p-GAMA, 3 g of the packaging plasmid PAX2, 0.7 g 
of envelope plasmid vesicular stomatitis virus glycoprotein, and 40 l 
of polyethylenimine (1 g/ml) as previously described (43). On the 
following day, medium was changed to DMEM/F12. Two days after 
transfection, the viruses were collected, filtered through a sterile sy-
ringe filter with a 0.45-m pore size and hydrophilic polyvinylidene 
difluoride (PVDF) membrane, and frozen in 250-l aliquots at −80°C.  
We have titered the virus-containing supernatant by transduction of 
mCherry gene. Viruses were always in the range of 5.0 × 106 to 7.0 × 
106 transduction unit/ml.

Lentiviral transduction and cell sorting of human  
salivary gland–derived cells
Human salivary gland–derived organoids at the end of P1 were re-
leased from Matrigel and dissociated into single cells using 0.05% 
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trypsin-EDTA (Invitrogen). Human salivary gland organoid–derived 
single cells were counted and resuspended in WRYTN media to a 
final concentration of 2.5 × 106 cells/ml. For each 100 l of cell sus-
pension, 250 l of viral supernatant and polybrene (6 g/ml) was 
added. The mixture was divided in 350-l aliquots in a 24-well plate 
and incubated ON at 37°C and 5% CO2. The day after transduction, 
single cells were counted to adjust for dead cells, resuspended in 
media to a final concentration of 0.8 × 106 cells/ml, and seeded in 
Matrigel into 12-well plates. The cells were cultured for 7 to 10 days 
in WRYTN media at 37°C and 5% CO2. At day 7 (or day 10), Matrigel 
was dissolved with the use of Dispase enzyme (1 mg/ml) and organoids 
dispersed into single cells with the use of 0.05% trypsin-EDTA. Cells 
were washed with 0.2% BSA in PBS and resuspended in 0.2% BSA 
with the viability dye (DAPI) in PBS. YAP-overexpressing cells were 
isolated by FACS for mCherry-positive cells, seeded in Matrigel, 
and cultured in WRYTN for the next three passages.

Immunoblotting
To monitor endogenous gene responses, mouse and human organ-
oids were harvested and centrifuged pellets were homogenized by 
sonication in 2× Laemmli buffer. Protein concentration of the ly-
sates was determined using the Bradford quantification method. 
Homogenates were then boiled at 99°C for 5 min, and equal protein 
amounts were separated with 10 or 12% polyacrylamide gels and 
transferred to PVDF membranes using Trans-Blot Turbo System 
(Bio-Rad). The membranes were blocked in 5% BSA in PBS-Tween 
20 and incubated for 1 hour at RT. Incubation with primary anti-
bodies was done ON at 4°C followed by incubation with horseradish 
peroxidase–conjugated secondary antibodies. Membranes were de-
veloped using ECL reagent (Thermo Fisher Scientific), and the sig-
nal was detected using ChemiDoc imager (Bio-Rad). Densiometric 
analysis of Western blots at nonsaturated exposure was performed 
using ImageJ software, and the values were normalized against the 
one of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) load-
ing control. For immunoblots, the following primary antibodies at 
the indicated dilutions were used: rabbit anti-YAP (1:1000; Cell 
Signaling Technology), rabbit anti-LATS1 (1:1000; Cell Signaling 
Technology), and mouse anti-GAPDH (1:10000; Fitzgerald).

Quantification of IHC images
Light microscopy images, taken at 40×, were quantitatively ana-
lyzed for BrdU and YAP nuclear expression with the use of ImageJ 
(NIH) software. Five areas (309.68 m by 232.26 m) were chosen 
within each regenerative and homeostatic area of the ligated and control 
glands from three biological replicates (n = 3). For each replicate, three 
different sections were analyzed. To quantify the nuclear localization 
of BrdU or YAP, for each picture, positive nuclei were manually counted 
using ImageJ and the means of positive nuclei per square millimeter 
were calculated and plotted with the use of GraphPad Prism8.

Statistical analysis
All statistical analyses in this study were performed using GraphPad 
Prism8 software (GraphPad, La Jolla, CA, USA). The number of 
mice, patients, or individual organoids analyzed (n); presented er-
ror bars (SEM); statistical analysis used; and P values are all report-
ed in each figure and/or figure legend.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scisignal.abk0599

Figs. S1 to S5
Table S1

View/request a protocol for this paper from Bio-protocol.
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Yap for regenerating salivary glands
Radiotherapy for head and neck cancers often damages the salivary glands, resulting in potentially permanent
xerostomia (dry mouth). The mitotically active acinar cells of the salivary gland secretory compartment have some
regenerative capacity, but sparing the main ducts from irradiation preserves regeneration. Rocchi et al. showed that
surgically induced injury of salivary glands in mice stimulated proliferation of ductal cells, which showed nuclear
accumulation of the transcriptional coactivator YAP. Activating YAP in cells from injured mouse glands or in irradiated
human primary salivary gland cells enhanced organoid formation and promoted organoid branching. These findings
demonstrate the regenerative potential of ductal cells and suggest that stimulating YAP activity might be exploited to
promote salivary gland regeneration after injury.
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