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Summary

Tissue homeostasis requires production of newly differentiated cells from resident adult stem cells.
Central to this process is the expansion of undifferentiated intermediates known as transit-
amplifying (TA) cells, but how stem cells are triggered to enter this proliferative TA state remains
an important open question. Using the continuously growing mouse incisor as a model of stem
cell-based tissue renewal, we found that the transcriptional cofactors YAP and TAZ are required
both to maintain TA cell proliferation and to inhibit differentiation. Specifically, we identified a
pathway involving activation of Integrin a3 in TA cells that signals through a LATS-independent
FAK/CDC42/PP1A cascade to control YAP-S397 phosphorylation and nuclear localization. This
leads to Rheb expression and potentiates mTOR signaling to drive proliferation of TA cells. These
findings thus reveal a YAP/TAZ signaling mechanism that coordinates stem cell expansion and
differentiation during organ renewal.
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Introduction

As an organ ages, replacement of worn or injured tissue depends on resident somatic stem
cells that have the ability to self-renew and generate differentiated cells. This stem cell-based
renewal is particularly important for maintaining the homeostasis of tissues with constant
cell turnover, such as the hematopoietic system, the intestinal epithelium, germ cells in the
testis, and various epidermal appendages such as hair follicles and teeth (Wabik and Jones,
2015). During tissue renewal, stem cells or their proliferative descendants, known as transit-
amplifying (TA) cells, divide regularly in order to meet the homeostatic demands of each
tissue. The induction of stem and progenitor cell proliferation, as well as the differentiation
of their progeny, must therefore be tightly regulated. Uncontrolled proliferation can lead to
tissue hyperplasia (White et al., 2014; Zhou et al., 2011) and/or exhaustion of the stem cell
pool (Waikel et al., 2001; Yilmaz et al., 2006), whereas loss of stem cells’ proliferative
capacity disrupts normal tissue maintenance (Chen et al., 2012; Schlegelmilch et al., 2011).
Thus, a central goal in stem cell biology is to understand the mechanisms that govern
proliferation and differentiation of stem and TA cells /n vivo.

The adult mouse incisor provides a paradigm for studying tissue renewal and regeneration.
This organ continuously replaces tissues lost as a result of abrasion from gnawing through
the activity of epithelial and mesenchymal stem cells that give rise to all adult tooth cell
types, including ameloblasts and odontoblasts that produce enamel and dentin respectively
(Biehs et al., 2013; Harada et al., 1999; Juuri et al., 2012; Kaukua et al., 2014; Seidel et al.,
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2010). In particular, ameloblasts are derived from dental epithelial stem cells (DESCs) in the
labial cervical loop (IaCL), the niche region at the proximal end of the incisor (Figure 1A).
Lineage tracing has shown that DESCs marked by G/iZ, Bmil, and SoxZ2reside in the outer
enamel epithelium (OEE) and the underlying stellate reticulum (SR) of the laCL (Figure 1B)
and have the capacity to both self-renew and give rise to ameloblasts and stratum
intermedium cells (Biehs et al., 2013; Juuri et al., 2012; Seidel et al., 2010). The production
of ameloblasts from progenitors thus resembles a conveyor belt, where the less proliferative
DESCs originating from the OEE first give rise to rapidly dividing TA cells in the inner
enamel epithelium (IEE) that then move distally along the length of the epithelium as they
cease proliferation and undergo differentiation. Therefore, as in other tissues with constant
cell turnover, the function of the incisor depends on proper regulation of TA cell
proliferation and differentiation. However, what mechanisms control these processes
remains an open question.

Yes-associated protein (YAP) and its homolog, transcriptional co-activator with PDZ-
binding motif (TAZ), are effectors of the evolutionarily conserved Hippo signaling pathway
that play key roles in coordinating cell proliferation and differentiation (Yu et al., 2015). For
example, overexpression of activated YAP results in progenitor pool expansion, tissue
hyperplasia, and altered differentiation in the skin, intestine, liver, and lung (Schlegelmilch
et al., 2011; Camargo et al., 2007; Lange et al., 2015; Lu et al., 2010). Conversely, epidermal
deletion of 7azand/or Yapundermines the proliferative potential of stem cells both during
homeostasis and wound healing (Elbediwy et al., 2016; Schlegelmilch et al., 2011), while
Yap is specifically required for injury repair in the intestine, mammary gland, and liver, (Bai
etal., 2012; Cai et al., 2010; Chen et al., 2014).

Mechanistically, the transcriptional activity of YAP/TAZ depends on their localization in the
nucleus or cytoplasm, which can be regulated by diverse extracellular inputs, including cell-
cell contact, mechanical stimuli, cell polarity, energy stress, and G-protein coupled receptor
(GPCR) signaling (Zhao et al., 2007; Dupont et al., 2011; Szymaniak et al., 2015; Mo et al.,
2015; Yu et al., 2012). These signals are in part relayed through the MAP4K/MST1/2-
LATS1/2 kinase cascade, where activated phospho-LATS1/2 phosphorylate YAP/TAZ on
several serine residues, including serine 127 (S127; S89 in TAZ), leading to YAP/TAZ
translocation to the cytoplasm, and serine 397 (S397; S311 in TAZ), resulting in protein
degradation (Zhao et al., 2010). In addition to LATS-dependent regulation, phosphorylation
of YAP/TAZ can also be controlled by non-LATS kinases (e.g. SRC kinase) and
phosphatases (e.g. Protein Phosphatase 1A (PP1A) and PP2A) (Li et al., 2016;
Schlegelmilch et al., 2011). However, as many of the studies to date focusing on YAP/TAZ
regulation have been conducted in cell culture, a critical question that remains to be
addressed is whether these upstream signals and regulations are physiologically relevant and
how they control YAP/TAZ function to drive proper stem cell proliferation and
differentiation in a tissue.

Here, we report that YAP and TAZ play functionally redundant roles in the adult incisor
laCL to maintain TA cell proliferation and survival, as well as to inhibit precocious
differentiation. This occurs in part through the control of RAeb expression and subsequent
effects on mTOR activation. The regulation of YAP in TA cells depends on induction of the
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ITGA3-FAK-CDC42 signaling axis specifically in the TA region, which promotes
interaction between PP1 and YAP and dephosphorylation on YAP-S397 in a LATS-
independent manner that is distinct from the S127-guided regulation described previously.
This novel regulatory pathway thus drives YAP accumulation in the TA cell nuclei, enabling
the transition of stem cells into a high proliferation TA state in order to maintain proper
tissue homeostasis.

YAP and TAZ are expressed in the nucleus and the cytoplasm, respectively, in epithelial TA
cells of the mouse incisor

Because YAP and TAZ are important regulators of cell proliferation and differentiation, we
set out to study the roles of these proteins in the regulation of adult incisor renewal. We first
assessed their expression in wild type l1aCLs by /n situ hybridization and found that both Yap
and 7azare abundantly expressed in the laCL (Figures S1A and S1B), with the strongest
expression detected in the TA cells. As the localization of YAP and TAZ in the nucleus or
cytoplasm is a key determinant of their function, we next carried out immunostaining to
examine their subcellular distribution in the laCL. In accordance with the notion that nuclear
YAP tends to promote proliferation, we observed high levels of nuclear YAP in the
proliferating TA cells that are marked by Ki67 immunostaining and BrdU incorporation
(Figures 1C-1E and 1M). This was in contrast to the low proliferating DESC/OEE region,
where we observed minimal nuclear YAP and weak cytoplasmic staining (Figures 1C-1E).
A similar YAP expression pattern was also observed in the lingual CL (Figure S1C).
Interestingly, the expression pattern of YAP subcellular localization in the laCL is not
mirrored by TAZ, which is expressed exclusively in the cytoplasm (Figures 1K and 1K”),
suggesting that YAP and TAZ are regulated differently in the laCL.

YAP/TAZ are required for maintaining the laCL

To investigate the functional requirement of YAP in the laCL, we genetically deleted Yapin
the adult dental epithelium. We crossed a Yap conditional allele ( Yap™) (Xin et al., 2011)
with Keratin 14°7¢ER (K14CT€ER) (Li et al., 2000), in which tamoxifen inducible Cre
recombinase is expressed in the incisor epithelium (Figures S1D-S1F), to generate
K14CTeER - yan?’f conditional knockout (cKO) mutants ( Yaoe<©). We first examined the
general architecture of the laCL by hematoxylin and eosin (H&E) staining one week after
injection of 8-week-old mice with tamoxifen (Figure 1F). To our surprise, most Ygo¢kO
mutant laCLs were morphologically indistinguishable from the Cre-negative controls (n =
9/12) (Figures 1G and 1H), although in a minority of samples (n = 3/12) the laCLs were
disorganized and exhibited small holes in the tissue (Figures S1K and S1L). We therefore
considered the possibility that loss of YAP could be compensated by TAZ, and this was
supported by increased nuclear TAZ in Yap°K© laCLs (Figures 1L and 1L’). As TAZ single
deletion (722°K0) had no effect on the laCL (Figure 11), we generated Yap/Tazc5© double
mutants. Deletion of both Yapand 7az caused cells in the TA and SR regions to detach from
one another by 4 days after Cre induction (Figures SIM and S1N), and by 7 days after Cre
induction there was a remarkable tissue loss in the SR and TA regions (n = 12/12) (Figures
S10 and S1P). In the most severe cases, the entire laCL was lost and a large hole developed
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(Figure 1J). A similar phenotype was also observed in the lingual CL (Figure S1S and S1T),
suggesting a conserved YAP/TAZ function in different populations of DESCs. The loss of
tissue was confirmed by computed microtomography (LCT), which enables visualization of
tissues without the potential for causing histological artifacts (Figures S1Q and S1R).
Because Yap/7az°KC animals gradually ceased eating and became moribund 7 — 10 days
after Cre initiation, likely due to the requirement for YAP/TAZ function in other epithelial
organs, we were unable to assess the long-term consequences on mineral deposition in the
distal incisor.

The dramatic loss of the 1aCL in Yap/7az°5© could be attributed to decreased proliferation,
increased cell death, or both. We first measured the percentage of proliferating cells by BrdU
labeling 2 days after Cre induction (Figure 1F), a timepoint prior to the laCL destruction. We
took advantage of the mosaic nature of tamoxifen-induced Cre recombination to compare
BrdU labeling in cells with and without YAP/TAZ deletion within the same laCL. While
there was a significant reduction of proliferation in YAP-negative TA and SR cells, BrdU
signals were still present in cells with intact YAP expression (Figures 1M-1P and 1T). We
next marked apoptotic cells using terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL). We utilized the Cre-responsive reporter allele, R26™7/mG (Muzumdar et
al., 2007), to identify cells that underwent Cre recombination and were permanently labeled
with membrane GFP (mG) (Figures S1D-S1J’); cells lacking Cre activity continued to
express membrane tdTomato (MT). Using this strategy, we noted an increase in apoptosis
among Yap/Taz°KO cells, primarily in SR and distal TA cells; apoptosis also occurred in the
OEE after the loss of TA/SR cells at a later timepoint (Figures 1Q-1S and S1U-S1X). Lastly,
we tested the role of YAP/TAZ in laCL cell expansion using /n vitro colony formation
assays. Dissociated cells from control KZ4CT€ER R26MT/MG |aCLs routinely formed
spheroids in 3D culture, whereas GFP-positive Yap/7az°K0; £26™7/mG mutant cells
remained as single cells (Figures 1U-1Y). In contrast, Yap/Taz°K0; R26M7/MG cells that
escaped Cre activation (tdTomato-positive) maintained their ability to form colonies.
Together, these results demonstrate an absolute requirement for YAP/TAZ in sustaining cell
proliferation and survival in the adult incisor laCL.

YAP/TAZ prevent precocious differentiation in the mouse incisor epithelium

As YAP/TAZ are transcription cofactors, we next performed gene expression profiling using
RNA from control and Yap/7az°KCO 1aCLs 2 days after Cre induction, allowing us to detect
early changes that occurred prior to tissue destruction. Among targets that were upregulated,
we found several genes that mark differentiated ameloblasts, such as Amelogenin and
Ameloblastin (Figure 2A). Increased expression of these genes was confirmed by gPCR
analysis, immunoblotting, and /n situ hybridization (Figures 2B, 2C, and S1Y-S1AB).
Finally, we performed Amelogenin and Ameloblastin immunostaining and observed that,
while these ameloblast markers were not expressed in control laCLs, they were readily
detected in the Yap/7az¢KO SR cells (Figures 2D-2G), indicating that, in the absence of
YAP/TAZ, some laCL cells undergo precocious differentiation.
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YAP/TAZ activate mTOR signaling by controlling Rheb expression

Our gene expression analysis identified a set of genes that were downregulated, and Gene
Set Enrichment Analysis (GSEA) revealed that the mammalian target of rapamycin (nTOR)
signaling pathway was one of the top modules affected (Table S1). In particular, expression
of Rheb (Ras homolog enriched in brain), which encodes an activator of the mTOR
Complex 1 (MTORC1), was reduced in the absence of YAP/TAZ (Figures 2A, 2B, and 3K).
Furthermore, while immunostaining revealed that RHEB was expressed robustly throughout
the entire TA and SR regions of control laCLs, its expression in Yap/Taz°K0; R26M7/MG \as
downregulated in TA and SR cells that had undergone Cre-mediated recombination, as
visualized by the presence of membrane GFP (Figures 3A, 3C-3E’, 3I, S2A and S2B).
These results thus suggest that mTOR signaling is compromised in Yap/7az<C. We tested
this hypothesis by examining the expression of phospho-P70-S6 kinase (pS6K1) and
phospho-translation initiation factor 4E-binding protein (p4EBP), two readouts of active
mTOR signaling (Hay and Sonenberg, 2004). In line with RHEB expression, robust staining
of pS6K1 and p4EBP was detected uniformly in control TA and underlying SR cells
(Figures 3F, 3F’, S2E and S2E’), while their expression was significantly decreased in
Yap/TazeK0, R26MT/MG |aCLs (Figures 3G—-3H’, 3J, and S2C-S2J). These results were
confirmed by immunoblotting (Figure 3L).

Because mTOR signaling functions as a central regulator of cell proliferation and survival
(Laplante and Sabatini, 2009), we reasoned that the decreased mTOR activity in Yap/TazcK0
could explain some of the phenotypes we observed earlier, and thus that perturbation of the
mTOR pathway may partially phenocopy Yap/TazcKO. We first took an explant approach, in
which dissected wild type proximal incisors were cultured (Figure 3M) in the presence or
absence of the mTORC1 inhibitor, Rapamycin. In control samples, cells continued to
proliferate, while Rapamycin-treated incisors had reduced proliferation (Figures 3N-3P). To
confirm the tissue-autonomous role of MTOR signaling in laCLs, we next perturbed mTOR
signaling by using K14€™ER to conditionally delete Rptor (Regulatory-associated protein of
mTOR), which encodes a critical regulator of mMTORCL1 (Hara et al., 2002). The resultant
Rptor°®0 mutants displayed a reduction in BrdU labelled cells 18 hours after Cre induction
(Figures 3B, 3Q-3S, and S2N). The importance of Rptorfor progenitor pool expansion
became even more obvious in longer chased RptorAC samples, as there was a near complete
loss of GFP-positive Cre-recombined mutant TA cells and ameloblasts, which were replaced
by proliferative GFP-negative wild type cells (Figures S2K-S2M’). Together, these results
demonstrated that YAP/TAZ mediated-mTOR activation is critical for expanding the
progenitor pool in laCLs.

ITGA3 and FAK signaling promotes nuclear YAP localization in laCLs

Given the critical roles that YAP/TAZ play in laCL maintenance, we set out to study the
underlying mechanism that controls YAP nuclear localization in TA cells. We focused on
YAP because our results above indicated that YAP is the primary regulator of TA
proliferation and differentiation, with TAZ serving as a redundant alternate in the absence of
YAP. To that end, we carried out a small-scale screen using the explant culture system in
combination with inhibitors of several known YAP regulators (Table S2). While most of the
drugs tested did not affect YAP nuclear localization in TA cells (data not shown), the FAK
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inhibitor PF573228 impeded YAP accumulation in the nucleus (n = 12/12, Figures 4A and
4B), suggesting that integrin/FAK signaling may play a role in YAP regulation in the laCL
(Figure 4F). Similarly, incisors treated with PP2, an inhibitor of SRC kinase that functions
downstream of FAK, also had reduced nuclear YAP (n = 4/6, Figure 4C). Consistent with
these results, immunostaining of phospho-FAK and SRC (pFAK and pSRC) showed active
FAK signaling in the TA region but not in the OEE, where there is low nuclear YAP (Figures
4D and 4E).

To further study whether FAK is required in the adult laCL for YAP nuclear localization, we
deleted Fak in the dental epithelium by generating KZ4CT€ER Fak 7f-R26MT/MG ( FakeKO)
mice. Similar to our explant studies, deletion of Fak resulted in loss of nuclear YAP in both
TA and adjacent SR cells (Figures 4G—4J’). The reduction in nuclear YAP was quantified by
calculating the percentage of YAP/DAPI overlay in control and Fak°<C TA/ISR cells (Figures
4K-4M), as well as by comparing the average nuclear YAP signal intensity both between
control and mutant laCLs and between Cre-recombined (GFP-positive) and non-recombined
(GFP-negative) cells in £Fak%<0 (Figures S3A and S3B).

Having established FAK as an upstream regulator of YAP, we sought to find the
corresponding integrin receptor by first screening the spatial distribution of potential integrin
subunits that were expressed in the laCL based on our microarray data. We found that
integrin a3 (ITGA3) was specifically expressed in the TA region and in the neighboring SR
cells (Figure 4N), and to investigate if ITGA3 functions upstream of YAP, we examined
K14C"e;1tga3™f mice (/1ga3°K©), where /fga3was deleted in the entire dental epithelium
(Figure 40). In these mutants, there was a significant loss of nuclear YAP in TA cells,
although SR cells were not affected (Figures 4P—4T, and S3C). These data suggest that
ITGA3 plays a dominant role in governing YAP localization in the TA region (Figure 4U),
with other integrin subunits (such as ITGAV, which is present in the TA/SR regions as well,
data not shown) performing similar functions in the SR. We also noted that, similar to
YaprKO hoth /tga3ckC and Fak®<C 1aCLs appeared normal and had increased nuclear TAZ
(Figures S4AA-S4C’ and S4E), reinforcing the notion that compensation by TAZ ensues
following disrupted YAP activities. To test this, we generated Fak/7az°5© double mutants
and found that laCLs from these animals had reduced proliferation 2 days after Cre
induction, and subsequently developed similar tissue loss as the Yap/7az°K9 (n = 618,
Figures S4F-S40).

FAK functions through CDC42 to regulate YAP localization

To investigate the mechanism by which FAK regulates YAP, we first focused on CDC42, a
member of the small Rho GTPase family that also includes RHOA and RAC, which are key
mediators of FAK signaling and whose functions can be modulated by the same pathway
(McLean et al., 2005). Using an antibody against the active, GTP-bound form of CDC42, we
detected strong CDC42 activity in control TA and SR cells (Figures 5B and 5B’), while in
FakeKO |aCLs, only sparse CDC42-GTP staining was observed (Figures 5A, 5C-5E, S3D,
and S3E). This was corroborated by immunoprecipitation, which pulled down more active
CDC42 from control laCLs than from Fak°<© samples (Figure 5F), confirming that FAK is
required for robust CDC42 activation. These experiments also point to the possibility that
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FAK regulates YAP localization through CDC42 and predict that genetic ablation of CDC42
should phenocopy Fak°KO and result in loss of nuclear YAP. To that end, we genetically
removed Cdc42in the dental epithelium using K14CER :Cac427f-R26™T/MG ( Cle4 2°K0)
mice and probed the expression of YAP using immunostaining. Confirming our hypothesis,
YAP failed to accumulate in the nucleus in the absence of CDC42 (Figures 5G-5L, S3F, and
S3G). Deletion of Cdc42also led to increased nuclear TAZ in the TA and inner SR regions
(Figures S4D-S4E), consistent with what we observed in Fak<C and /tga3°KO. Lastly, we
note that deletion of R/0A and Rac or overexpression of a dominant negative ROCK in
laCLs did not affect YAP localization (data not shown). Collectively, these results reveal that
FAK and CDC42 function within the same pathway to promote YAP nuclear localization in
the laCL.

CDC42 regulates YAP phosphorylation at S397 through PP1A

To further understand the mechanism by which the FAK-CDCA42 signaling axis regulates
YAP localization, we examined the phosphorylation state of LATS, since the level of
phospho-LATS (pLATS) reflects its ability to phosphorylate and inhibit YAP in many
different systems (Zhao et al., 2007, 2010). Unexpectedly, we found that pLATS1 levels
remained unchanged in the absence of CDC42 (Figure S5A), and we did not detect any
alteration in the phosphorylation state of NDR1/2, which belong to the same NDR kinase
family as LATS and have also been shown to phosphorylate YAP (Hergovich, 2016) (Figure
S5B). Therefore, it is unlikely that CDC42 signals through LATS and NDR1/2 to regulate
YAP in this context.

To more deeply investigate the mechanism underlying regulation of YAP localization by
CDC42, we performed immunoblotting against pYAP-S127 and pYAP-S397. These
phosphorylation sites are thought, based on cell culture experiments, to be critical for YAP
cytoplasmic retention (S127) and protein stability (S397) respectively (Zhao et al., 2010).
Interestingly, when compared to control laCLs, both Cdc42°K0 and Fak®k© laCLs showed
an increase in pYAP-S397 but not pYAP-S127 (Figures 6A—6E), suggesting that signaling
downstream of FAK and CDC42 preferentially controls YAP phosphorylation at S397. This
raised two possibilities, the first being that changes in YAP localization seen in Cac42°K0
laCLs are indirect results of pYAP-S397-driven YAP degradation, and the second being that
pYAP-S397 has a yet-to-be identified function in determining YAP localization. To address
this, we utilized two mutant alleles of human Yap, #YapS227A and hYapS397A, which can no
longer be phosphorylated at those sites and thus are able to translocate to the nucleus even in
the presence of an inhibitory signal. We then electroporated these constructs in the OEE
(Figure 6F), where YAP is usually restricted to the cytoplasm (Figure 1D). When we
electroporated the control /Yap, immunostaining using an antibody that only recognizes
hYAP showed restriction to the OEE cytoplasm, as expected with wild-type YAP (Figure
6G). We next found that while expression of Yap>Z27A resulted in increased nuclear YAP, the
number of cells with nuclear YAP and the YAP signal intensity were both lower than
hYapS397A-electroporated cells (Figures 6G—61), pointing to YAP-S397 as the primary site
for regulating YAP localization in the laCL. The outcome of YapS127A electroporation was
also similar to genetic overexpression of Yap5227A in laCLs, which was ineffective in driving
YAP nuclear localization in the OEE (Figures S6A-S3C). Finally, /1 YapS127A.S397A
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electroporation produced the highest nuclear YAP (Figures 6G—61), highlighting the
importance of both phosphorylation sites in controlling YAP localization.

The preferential regulation at YAP-S397 also argues against a LATS-dependent mechanism
downstream of FAK/CDC42, as LATS typically phosphorylates all YAP serine residues.
Because PP1A may dephosphorylate YAP primarily on S397 (Qi et al., 2015), we tested
whether PP1A binding to YAP was diminished upon Cdc42 deletion. To that end, we
performed co-immunoprecipitation of YAP and PP1A and found a significant reduction in
pulled-down PP1A (but not PP2A, data not shown) in Cac42°K9 |aCL lysates (Figure 6J).
This result then led to the prediction that PP1A is critical for activating YAP localization in
the nucleus. Indeed, when cultured in the presence of okadaic acid, a PP1 inhibitor, incisor
explants displayed a dramatic loss of nuclear YAP in TA cells (Figures 6K—M and S3H),
thus establishing an FAK/CDC42/PP1A signaling axis that governs YAP localization in the
incisor TA cells.

LATS1/2 function in parallel to regulate YAP localization

The results above, however, could not rule out the possibility that LATS1/2 function in
parallel to modulate YAP phosphorylation and activity, and this hypothesis is supported by
the presence of abundant pYAP-S127 staining throughout the entire laCL (Figure S5D). To
test this, we generated mice with LatsZ and Lats2 (Lats1/2°K9) double deletions in the dental
epithelium, and we observed a dramatic expansion of the dental epithelium in these mice
one week after Cre activation (Figures 7A and 7B). Intriguingly, deletions of MstZ and Mst2
did not result in any phenotype (Figures 7C, 7F, 71, 71’, and S51-S5K), indicating that
LATS1/2 activity is regulated by other kinases, which could include MAP4K (Meng et al.,
2015; Zheng et al., 2015). The hyperplasia seen in Lats1/2°K0 was limited to the TA region
and the more distal ameloblasts, suggesting a differential response to loss of Lats1/2in
distinct cell types. This was corroborated by Ki67 staining, which showed only a marginal
increase in the OEE but a striking upregulation in the more distal epithelium (Figures 7D
and 7E). The expansion of proliferating cells was indicative of an enlarged TA region, and
this was supported by the widespread expression of the TA marker, P-cadherin (Li et al.,
2012), throughout the distal epithelium (Figures S5E and S5F). Surprisingly, even though
Lats1/2°KO OEE was resistant to overproliferation, loss of Lats1/2resulted in increased
nuclear YAP and the corresponding RHEB expression in the entire laCL (Figures 7G-H’,
S5G, and S5H), supporting the notion that nuclear accumulation of YAP is not always
sufficient to drive cell proliferation (Chen et al., 2015). Thus, these experiments revealed
that LATS1/2 are required in the laCL to restrain uncontrolled YAP activity and may do so
in parallel to the FAK-CDCA42 signaling axis described above.

Discussion

The homeostatic maintenance of self-renewing tissues depends on a continuous supply of
differentiated cells from resident somatic stem cells. Using the adult mouse incisor as a
model, we have uncovered a novel signaling network regulating TA cell proliferation and
differentiation. Our data support a framework (Figure 7J) in which local induction of the
Integrin-FAK-CDC42 signaling axis modulates YAP phosphorylation at S397 to control
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YAP localization and activity, which in turn govern progenitor cell proliferation and
differentiation by means of transcriptional regulation of downstream effectors, such as
RHEB. This pathway is counterbalanced by LATS activity and can be compensated by the
functionally redundant TAZ. As a consequence, a robust system is in place that can be tuned
to ensure adequate production of new cells in order to meet the homeostatic demand of the
tissue and support continuous growth of the tooth, which is critical for the survival of the
animal.

Maintenance of progenitor cells by YAP/TAZ

In this study, we identified YAP/TAZ as key regulators of mouse incisor renewal that
promote TA cell proliferation, prevent apoptosis, inhibit precocious differentiation in dental
progenitor cells, and maintain the overall structure of the tissue. This finding thus provides a
mechanism for regulating the expansion of progenitor cells during continuous tissue renewal
and resonates with a growing body of work on the roles of YAP/TAZ in stem/progenitor
cells (Yu et al., 2015). Interestingly, the requirement for YAP/TAZ in tissue homeostasis
differs between each organ. For instance, while YAP is indispensable for cell proliferation in
the skin (Schlegelmilch et al., 2011), the mammary gland and intestine remain relatively
normal after Yap deletion (Cai et al., 2010; Chen et al., 2014). Similarly, although 7azis
essential for kidney and lung development (Makita et al., 2008; Reginensi et al., 2013), it is
functionally redundant with YAP during heart and craniofacial development (Wang et al.,
2016; Xin et al., 2011). Here, we found that YAP/TAZ have overlapping functions in the
adult incisor, and ablation of Yag/ 7az had a profound impact on the maintenance of laCLs,
especially the TA and SR regions. The eventual loss of the entire laCL in the Yap/7Taz“<Cis
due to either an absolute dependence of OEE cells on TA/SR cells or on a yet-to-be
identified role of YAP in the OEE cytoplasm. One potential cytoplasmic function of
YAP/TAZ to be explored in the future is engagement in WNT signaling (Varelas et al.,
2010), although the WNT pathway does not appear to be active in the laCL (Suomalainen
and Thesleff, 2010).

Our analysis of Lats°AO |aCLs also revealed differences between TA cells and DESCs/OEE
cells in response to increased nuclear YAP, as TA cells expanded into a multilayered
structure upon Lats1/2 deletion, and DESCs/OEE cells were resistant to nuclear YAP-
induced overproliferation. This thus points to the possibility that nuclear YAP acts as a
permissive signal and that additional stimuli must be in place to drive proliferation. One
candidate for such signals are the FGFs secreted from the mesenchyme overlying the TA
cells. Attenuation of FGFR2b signaling in the dental epithelium impeded TA cell
proliferation, and increased FGF signaling due to loss of Sprouty genes transformed the low
proliferating lingual CL into a laCL-equivalent (Klein et al., 2008; Parsa et al., 2010).
Indeed, FGF signaling has been shown to be required for YAP-induced proliferation in other
contexts (Hua et al., 2016). Alternatively, the presence of nuclear YAP in Lats*5C OEE cells
is counterbalanced by a compensatory decrease in the overall YAP protein level (Chen et al.,
2015). Finally, cells in the OEE are more densely clustered than TA cells and express cell
adhesion molecules, such as E-cadherin and Claudinl, that are absent in TA cells (Li et al.,
2012) and may add further control over cell proliferation.
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Regulation of YAP by integrin/FAK signaling in progenitor cells

An important question in the field of Hippo signaling and stem cell biology is understanding
how YAP activity is triggered to promote the expansion of tissue progenitors. We found that
this is achieved in the incisor by restricted expression of ITGA3 and the corresponding
activation of FAK signaling in the TA region, which subsequently promotes YAP nuclear
localization through CDC42. Regulation of YAP by FAK signaling has been recently
observed in other stem cell systems, including skeletal and epithelial stem cells (Elbediwy et
al., 2016; Tang et al., 2013). However, in these cases RHOA was placed downstream of
FAK, and CDC42 was instead an inhibitory signal through its role in apical polarity
formation. The differences could be due to the use of distinct experimental models, as
previous results were derived from cell culture studies. Along these lines, CDC42 is an
essential regulator of YAP during kidney development and for podocyte survival, while
deletion of RA0A and Rac had little effect (Huang et al., 2016; Reginensi et al., 2013),
suggesting that CDC42 may be the predominant Rho GTPase for YAP regulation /in vivo.

We also noted that YAP and TAZ are differentially regulated in the laCL, with TAZ being a
compensatory effector when YAP or FAK activity is disrupted. This is similar to an earlier
study, where hepatic or intestinal deletion of YAP resulted in TAZ nuclear localization
(Moroishi et al., 2015), demonstrating that TAZ can function as a reserve pool /n vivo that
becomes activated in response to YAP loss. Indeed, deletion of both Fakand 7az
phenocopies Yap/TazcK0, although with a milder phenotype, likely due to residual nuclear
YAP in some cells.

Another critical aspect of the ITGA3/FAK/CDCA42 signaling axis is that it is independent of
LATS activity. Instead, we identified PP1A as an important modulator of YAP
phosphorylation downstream of CDC42. PP1A itself could potentially be activated by the
CDC42 effector, PAK2 (Zhang et al., 2013), and PAK?2 activity was reduced in Cac426K0
laCLs (Figure S5C). Interestingly, ITGA3/FAK/CDC42 signaling predominantly controls
YAP phosphorylation at S397, but not S127, a phenomenon that has been previously shown
in Netrin-1-induced PP1A dephosphorylation of YAP (Qi et al., 2015). As S397
phosphorylation affects YAP stability /n vitro (Zhao et al., 2010), it is possible that, in the
laCL, FAK signaling modulates YAP localization indirectly by maintaining YAP protein
levels above a certain threshold. However, as YAP levels were comparable in both Fakc<©
and Cdc42°K0, an alternative explanation is that pYAP-S397 directly contributes to YAP
localization. This is supported by two observations: first, overexpression of Yap>Z27A did not
result in an efficient upregulation of nuclear YAP in the laCL, and second, electroporation of
a hYAPSI27A,S397A construct resulted in higher nuclear YAP localization than YAPSIZ7A,
Taken together, our results indicate that the ITGA3/FAK/CDCA42 signaling axis functions in
parallel to LATS to promote nuclear YAP localization through dephosphorylation at YAP-
$397.

The signaling axis described here likely functions in other stem cell settings as well, as
Integrin/FAK signaling is prevalent in many different stem cell niches and is critical for
maintaining cell proliferation, preserving the stem cell population and balancing renewal and
differentiation (Prowse et al., 2011). For instance, conditional deletion of B1 integrin in the
skin results in severe reduction of proliferation (Raghavan et al., 2000), whereas heightened
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integrin signaling potentiates cancer stem cell activities (Seguin et al., 2015). Indeed, a.3p1
is crucial for promoting proliferation and tumor growth in skin cancers (Sachs et al., 2012),
and it is plausible that YAP acts downstream of the aberrant signaling, as well as in other
normal or pathological conditions where integrin signaling plays a role.

Transcriptional outputs of YAP/TAZ

The role of YAP/TAZ in transcriptional regulation has been well characterized (Yu et al.,
2015), and in the incisor we found that YAP/TAZ facilitate TA cell expansion in part through
their control of Rheb expression and thus mTOR activity. As a central effector of cell growth
and proliferation, mTOR signaling has also been shown to mediate YAP function elsewhere
(Hansen et al., 2015; Tumaneng et al., 2012), and our data add to the growing evidence that
YAP is able to induce mTOR signaling through several different pathways.

Importantly, both Rapamycin treated and Rptor*<C 1aCLs did not present any obvious loss
of cell-cell adhesion analogous to what we observed in Yap/7azcK0, suggesting that
additional downstream genes were responsible for the cell adhesion phenotype. One
potential candidate is the cell adhesion molecule P-cadherin (encoded by Cdh3), which was
downregulated both at the RNA and protein level (Figures 2B, and S20-S2R) along with
other genes, such as Serpinh1, Dpysl2, and PfnZ, that are also important for cytoskeletal
regulation (Figure 2A). As a result, YAP/TAZ may maintain tissue integrity by controlling
the expression of these genes to modulate cellular tension and ECM environment, in line
with a recent finding in zebrafish (Porazinski et al., 2015).

Finally, YAP/TAZ are critical for inhibiting the expression of genes that are associated with
differentiated cells. In Ya0/Taz°KO laCLs, activation of these genes primarily occurs in SR
cells, likely because these cells are further along in the differentiation process and therefore
more sensitive to loss of YAP/TAZ. It is currently unknown whether YAP/TAZ directly
regulate the expression of these genes, and it will be important to address this in future
experiments and in other tissues, which may shed light on how YAP/TAZ govern the balance
between stem cell proliferation and differentiation. Taken together, these studies have
uncovered a novel FAK-YAP-mTOR signaling pathway that governs proliferation and
differentiation in tissue progenitor cells. This work helps to provide a framework for future
research into the roles of Integrins and YAP in both normal and pathological conditions, as
well as to help develop strategies for stem cell-based regeneration of dental and other
mineralized tissues.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for reagents may be directed to and will be fulfilled by the
corresponding author: ophir.klein@ucsf.edu

Experimental Model and Subject Details

Mouse lines and induction of alleles—K74¢"€ER (Li et al., 2000), K14¢"¢ (Dassule et
al., 2000), YapS127A (Camargo et al., 2007), R26™7/MG (Muzumdar et al., 2007), and
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conditional alleles of Cdc42 (Wu et al., 2006), Fak (Beggs et al., 2003), /fga3 (Mitchell et
al., 2009), Racl (Glogauer et al., 2003), RhoA (Jackson et al., 2011), dominant negative
Rock2 (Kobayashi et al., 2004), Rptor (Sengupta et al., 2010), LarsZ and Lats2 (Heallen et
al., 2011), Mst1and Mst2 (Lu et al., 2010), Yap (Xin et al., 2011) and 7az (Wwirl) (Xin et
al., 2013) were group housed and genotyped as previously published (sequences provided in
Table S3). The strains of these mice were the same as previously described in their
respective references at the time of acquisition but were subsequently maintained on mixed
backgrounds after breeding between different lines. All conditional lines were crossed to
K14CTeER except /tga3™ which was bred to K747, Adult mutant and Cre-negative
littermate control mice, both males and females, at 8 weeks of age were selected randomly
and used in all experiments. No criteria were employed to exclude the use of any mouse for
experiments. For CreER activation, 5mg of tamoxifen dissolved in corn oil was delivered to
both mutant and control mice through intraperitoneal injection. All experiments involving
mice were approved by the Institutional Animal Care and Use Committee of the University
of California, San Francisco (protocol #AN151723).

Sample sources for laCL cells and explants—For colony formation assays, dissected
laCLs from K14CTeER:R26MT/MG and Yap/TazcKO:R26™T/MG mice 48 hours after tamoxifen
injection were used to generate dissociated cells. For explant culture studies, dissected
proximal incisors from wild type C57BL/6 mice were used, either in conjunction with
chemical inhibitors or for electroporation.

Method Details

Tissue preparation and histological analysis—Euthanized mice were first perfused
using PBS and then 4% paraformaldehyde (PFA) in PBS. Mouse mandibles were dissected
away from the rest of the cranium and fixed with 4% PFA in PBS overnight at 4°C.
Mandibles were subsequently washed with PBS, dehydrated in 70% ethanol in water
through serial ethanol washes, and equilibrated to paraffin using Leica ASP300S. Mandibles
were then embedded in paraffin and sectioned at 6 pm. Hematoxylin & Eosin (H&E)
staining was carried out using standard protocols.

Immunofluorescence staining—For immunofluorescence, paraffin sections were
rehydrated, and antigen retrieval was performed by sub-boiling slides in pH 6.2 citrate buffer
containing 10mM citric acid, 2mM EDTA, 0.05% Tween 20 using microwave for 15
minutes. For YAP immunostaining, samples were additionally washed with 2N HCI for 5
minutes. Primary and secondary antibodies used and corresponding dilutions were
summarized in Table S4. Samples were blocked in 1X animal-free blocker (Vector
Laboratories), supplemented with 2.5% heat inactivated goat serum, 0.02% SDS and 0.1%
Triton-X. All antibodies were diluted in the same block without serum. For detection of
CDC42-GTP, ITGA3 (Aggarwal et al., 2014), PCAD, p4AEBP, pFAK, pMerlin, pS6K1,
pSRC, pYAP, RHEB, SerpinH1, TAZ, and YAP, primary antibodies were first detected by
biotinylated secondary antibodies (Table S4), and then sequentially amplified using
VECTASTAIN Elite ABC HRP Kit (\ector Laboratories) and Tyramide Signal
Amplification (PerkinElmer). DAPI (Invitrogen) was used for nuclear staining and all
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images were acquired using a Leica-TCS SP5 confocal microscope. TUNEL staining was
performed according to manufacturer’s instructions (Sigma-Aldrich).

In situ hybridization—Section /n situ hybridization was performed as previously
described (Seidel et al., 2010) on tissue sections using digoxigenin (DIG)-labeled Yap, 7az,
Amelx, and Ambn probes. Yap, Taz, Amelx, and Ambn fragments were subcloned using
primers with T7 and T3 binding site-overhangs: Yap Fwd 5’-
ATATTAATACGACTCACTATAGGGTCAATGCCGTCATGAACCCCAAG-3’, YapRev 5’-
ATATAATTAACCCTCACTAAAGGGCCAGCCAGGATGTGGTCTTGTTC-3’, 7azFwd
5’-ATATTAATACGACTCACTATAGGGCAAGTCGTGGCCACTAGCCTG-3’, 7azRev 5’-
ATATAATTAACCCTCACTAAAGGGTCCCGAGGTCAACATTTGTTCCTG-3’, Amelx
Fwd 5’-ATATTAATACGACTCACTATAGGGCAGCCGTATCCTTCCTAT-3’, Amelx Rev
5’-ATATAATTAACCCTCACTAAAGATGCCCTGGTACCACTTCAT-3’, Ambn Fwd 5’-
ATATTAATACGACTCACTATAGCACTCAGCAGCCACTGCTAC-3’, AmbnRev 5’-
ATATAATTAACCCTCACTAAAGCAGGGTTTTCCACCAATCAC-3’ from a mouse cDNA
library that was reverse transcribed using RNA extracted from an E12.5 mouse brain or adult
proximal incisors. For probe synthesis, PCR products were directly used in combination
with T3 RNA polymerase (Promega) and generated probes were purified using QIAGEN
RNeasy. Sections were hybridized with probes at 70°C overnight and then washed in SSC
solutions. Bound probes were detected with an alkaline phosphatase conjugated anti-DIG
antibody (Roche), followed by colorimetric development using BM Purple (Roche). Bright
field images were obtained using a Leica DFC 500 camera with a Leica DM 5000B
microscope. For double fluorescent /n situ hybridization and immunostaining, a POD-
conjugated anti-DIG antibody (Roche) was used, followed by signal detection using
Tyramide Signal Amplification (PerkinElmer). Immunostaining for membrane GFP was
then performed as described above. Fluorescent images were obtained using a Leica-TCS
SP5 confocal microscope.

Microtomography—Mandibles were harvested and dehydrated through ethanol series to
70% ethanol in water. Samples were then soaked in phosphotungstic acid overnight to
differentially stain soft tissues for PCT visualization using MicroXCT-200 (Xradia) with a
spatial resolution of 0.5 um. Images acquired were analyzed using Avizo (VSG).

Isolation of laCLs—IaCLs were isolated from incisors as previously described (Biehs et
al., 2013). In brief, proximal incisors (roughly 2 mm in length) were first collected by
removing the surrounding jaw bones and being severed away with a pair of scissors. The
dissected proximal incisors were then incubated in 0.8% EDTA in Ca2*/Mg?* free PBS
supplemented with 30 pg/ml DNase at 37°C for 30 minutes to separate the dental epithelium
from the mesenchyme and periodontal tissues. laCLs that included both the bulbous portion,
as well as the lateral wing-shaped epithelium, were subsequently dissected from the rest of
the epithelium and collected in cold PBS for downstream applications.

Explant culture—Dissected proximal incisors were cultured on a 0.4 um Millicell filter
(Millipore) that was rested on a metal mesh (914 um mesh opening, Spectrum Labs), such
that the explants were grown at the liquid-air interface (refer to Figure 3M). The culture
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media used was composed of BGJB media (Thermo), 15% fetal calf serum, 200 pg/ml
glutamine, 250 pg/ml ascorbic acid, 1% pen/strep, and with chemical inhibitors or DMSO
control vehicle. Drugs used include Blebbistatin, Erlotinib, Ki16425, Latrunculin A, okadaic
acid, PF573228, PP2, Rapamycin, and Y27632. These chemicals and their concentrations
are listed in Table S2. In most cases, explants were cultured for 24 hours at 37°C before
collection. Okadaic acid-treated explants were cultured for 12 hours and electroporated
incisors were cultured for 8 hours.

Electroporation—Proximal incisors were first isolated as described above and incubated
in 0.8% EDTA at 37°C for 10 minutes to separate the follicle layer from the dental
epithelium. 2 ug/ul of DNA in PBS, intermixed with 0.66% carboxymethylcellulose, 1mM
MgCL,, and 0.66% fast green, were mouth-pipetted into the space between the follicle layer
and the outer enamel epithelium. 3 20 ms long 70V pulses were then applied using custom
made platinum electrodes and a BT X-Harvard Apparatus ECM 830 electroporator to induce
DNA uptake by OEE cells (Figure 6F). The electroporated samples were then cultured as
explants for 8 hours. The following constructs were used for electroporation: pcDNA-Flag-
Yapl (a gift from Yosef Shaul, Addgene plasmid # 18881) (Levy et al., 2008), pPCMV-flag
S127A YAP, pCMV-Flag YAP S381A, and pQCXIH-Flag-YAP-S127/381A (gifts from
Kunliang Guan, Addgene plasmid # 27370, 27377, and 33069) (Zhao et al., 2007, 2010).

Colony formation assay—To generate single laCL cell suspension, isolated laCLs were
incubated with Accumax (Sigma) at 37°C for 30 minutes, spun down, and dissociated in 10
ul of media (DMEM/F12 (Gibco), 20 ng/ml EGF (R&D), 25 ng/ml bFGF (R&D), 1X B27
(Gibco), and 1% pen/strep). The cell suspension was passed through a 40 um cell strainer
(Fisher Scientific) and mixed with 80 pl of cold growth factor-reduced Matrigel (Corning),
which was then sandwiched between an activated 18 mm circular cover glass (as prepared in
Damljanovi¢ et al., 2005) and a Rain-X treated cover glass. Once the Matrigel was set, the
Rain-X treated cover glass was removed and cells were cultured in media at 37°C for 72
hours before counting colonies.

Western blot and immunoprecipitation—\Western blot and immunoprecipitation were
performed based on manufacturer’s instructions (Thermo Fisher Scientific). For western
blot, Isolated laCLs were pooled and lysed using RIPA buffer (Thermo Fisher Scientific)
supplemented with 1X Halt Protease and Phosphatase Inhibitor (Thermo Fisher Scientific)
and 0.2 Mm PMSF for 30 minutes at 4°C. Protein extracts were loaded in 4%—-12% Bis-Tris
gel (Thermo Fisher Scientific), transferred to nitrocellulose membrane, blocked with
SuperBlock T20 (TBS) (Thermo Fisher Scientific), and immunobloted with primary
antibodies (Table S4) at 4°C overnight. After incubation with appropriate HRP-conjugated
secondary antibodies (Table S4) in room temperature for 1 hour, signals were detected with
SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) and images
were taken using Image Quant LAS 4000. For immunoprecipitation, laCLs were lysed using
IP Lysis Buffer (Thermo Fisher Scientific) for 2 hours at 4°C. Lysates were incubated with
antibodies against YAP (Santa Cruz) or CDC42-GTP (NewEast) that have been crosslinked
with anti-mouse IgG Dynabeads (Thermo Fisher Scientific) for 2 hours at 4°C. Bound
proteins were eluted in LDS Sample Buffer (Thermo Fisher Scientific) by heating at 90°C
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for 10 minutes and elutes were analyzed by western blot as described above. Quantification
was performed using ImageJ (see below). AMELX, AMBN, and RHEB were normalized to
GAPDH, p4EBP, pLATS1, pNDR1/2, pPAK, pS6K1, pYAP-S127, and pYAP-s397 were
normalized to their respective total protein levels, and immunoprecipitated active CDC42
and PP1A were normalized to total CDC42 input and total YAP pulled-down respectively.

Expression profiling by microarray—Expression profiling of control and Yap/7az°K0
laCLs by microarray was done in triplicates and the RNA used for each sample was
extracted from 8 laCLs (2 males and 2 females) using the QIAGEN RNeasy micro kit. Total
RNA quality was assessed using a Pico Chip on an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA). Microarray was performed on Illumina Mouse Ref 8 v2.0
chips at the UCLA Neuroscience Genomics Core (UNGC). Raw bead-level microarray data
were minimally processed by the UNGC (no normalization or background correction) using
BeadStudio software (Illumina, San Diego, CA). Preprocessing of data was performed
within the R statistical computing environment (R; http://cran.us.r-project.org). The
SampleNetwork R function (Oldham et al., 2012) was used to determine outlying samples,
assess technical batch effects, and perform data normalization. No outlying samples were
removed. However, after quantile normalization a technical batch effect was found to be
associated with “ArraylD” and was corrected using the ComBat R function (Johnson et al.,
2007) with the type of sample (control or Ya0/7az°K0) as a covariate. Following data
preprocessing, differential expression analysis was performed to identify genes that were
significantly up- or down-regulated in Yap/7az°K© laCLs (n=4) relative to controls (n=3).
Probes on the microarray that were detected above background levels in more than one
sample (n = 17174) were included in the analysis. Differential expression analysis was
performed on log2-transformed expression data using the bayesT function from the Cyber-T
R package (Baldi and Long, 2001; Kayala and Baldi, 2012). The p-values were adjusted to
account for multiple testing using the false discovery rate (FDR) approach (Benjamini and
Hochberg, 1995), and probes with FDR p < 0.05 were considered to be differentially
expressed. However, as we took consideration that Cre recombination in Yap/7azC was
not 100%, we also verified expression of genes that were above FDR p > 0.05 using
immunostaining or g°PCR. Gene enrichment analysis was performed using Gene Set
Enrichment Analysis (GSEA) (http://software.broadinstitute.org/gsea/index.jsp).

gPCR analysis—For qPCR analysis, RNA from isolated Cre negative control and Yap/
7az°K0 1aCLs was reverse-transcribed to cDNA using SensiFAST cDNA Synthesis Kit
(Bioline). gPCR was performed using iTAQ CYBR green (Biorad) and the Eppendorf
Realplex? with the following conditions: 3 minutes at 95°C and 40 cycles of amplification
(15 seconds at 95°C and 30 seconds at 60°C). The primer sets used are listed in Table S3.
All measurements were normalized to Ppia (peptidylprolyl isomerase A) and the relative
changes between control and Yap/Taz¢K© |aCLs were determined using the 272 A¢7 method
(Livak and Schmittgen, 2001).

Statistical analysis

Statistics—All bar graphs display mean + SD (standard deviation) with the exception of
the gPCR result, which is shown as mean + SEM (standard error of mean). Numbers of
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animals used for each experiment are detailed in Table S5. p values were derived from
unpaired two tailed Student’s t tests, assuming unequal variance (*p<0.05; **p<0.01;

**%p<0.001).

ImageJ image analysis—Colocalization of YAP or TAZ with DAPI was measured using
the ImageJ plugin “Colocalization” (contributed by Pierre Bourdoncle). For determining
percentage of immunostained area, positive immunofluorescence signals in TA or SR
regions were first converted to 8 bit binary images and measured using the “Analyze
Particles” function. The derived area was then divided by the total area of TA or SR regions
to calculate the percentage of positive immunostaining. To determine average
immunostaining pixel intensity, total pixel intensity in TA or SR regions was measured using
the ImageJ “Measure” function and then divided by the total area of TA or SR regions. To
compare average pixel intensity of immunostaining between Cre-recombined (GFP-positive)
and non-recombined (GFP-negative) cells in mutant laCLs, membrane GFP signal was
adjusted for thresholds and converted to a mask with holes filled. Immunostaining pixel
intensity was then measured within and outside the masked regions, and divided by the total
area of the masked and unmasked space respectively. When calculating nuclear YAP pixel
intensity, an additional mask was created using DAPI signals. For western blot
quantification, we used the inbuilt function for “Gels” to first convert band intensities into
histograms, from which the area under the curve can be measured using the Wand tool and
the relative expression between control and mutant samples were calculated.

Data availability

The microarray data were accessible through Gene Expression Omnibus (GEO): GSE87132

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-Non-phospho-4E-BP1
(Thr4é) (87D12)

Cell Signaling Technology

Cat# 4923S, RRID:AB_659944

Rabbit polyclonal anti-Ameloblastin

Santa Cruz Biotechnology

Cat# sc-50534, RRID:AB_2226393

Rabbit polyclonal anti-Amelogenin (FL-191)

Santa Cruz Biotechnology

Cat# sc-32892, RRID:AB_2226455

Rat monoclonal anti-BrdU [BU1/75 (ICR1)]

Abcam

Cat# ab6326, RRID:AB_305426

Rabbit polyclonal anti-CDC42 (P1)

Santa Cruz Biotechnology

Cat# sc-87, RRID:AB_631213

Mouse monoclonal anti-CDC42-GTP

NewEast Biosciences

Cat# 26905, RRID:AB_1961759

Mouse monoclonal anti-GAPDH

Acris Antibodies GmbH

Cat# ACRO01P, RRID:AB_1616730

Chicken polyclonal anti-GFP

Abcam

Cat# ab13970, RRID:AB_300798

Rabbit polyclonal anti-ITGA3

From: C Michael
DiPersio; Aggarwal et al.,
2014

N/A

Rabbit monoclonal anti-Ki67 (SP6)

Thermo Fisher Scientific

Cat# RM-9106-S0, RRID:AB_2341197

Rabbit monoclonal anti-Merlin (D3S3W)

Cell Signaling Technology

Cat# 12888S

Rabbit polyclonal anti-MST1-2/STK3-4

Bethyl

Cat# A300-466A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Goat polyclonal anti-NDR1 (N-14)

Santa Cruz Biotechnology

Cat# sc-46184, RRID:AB_2196799

Rabbit monoclonal anti-Phospho-4E-BP1
(Thr37/46) (236B4)

Cell Signaling Technology

Cat# 2855S, RRID:AB_560835

Rabbit polyclonal anti-PAK1/2/3

Cell Signaling Technology

Cat# 2604, RRID:AB_2160225

Mouse monoclonal anti-P-cadherin (NCC-
CAD-299)

Thermo Fisher Scientific

Cat# 13-5800, RRID:AB_2533023

Rabbit polyclonal anti-pFAK (Phospho-Tyr397)

Assay Biotech

Cat# A0925, RRID:AB_10683791

Rabbit polyclonal anti-pLATS1 (Thr1079)

Cell Signaling Technology

Cat# 9157S, RRID:AB_2133515

Rabbit polyclonal anti-pMerlin (Ser518) Rockland Cat# 600-401-414, RRID:AB_2149813
Rabbit monoclonal anti-pMerlin (Ser518) Cell Signaling Technology | Cat# 13281

(D5A4I)

Rabbit polyclonal anti-pNDR1/2 (Phospho- Biorbyt Cat# orb335842

Thrd44/442)

Mouse monoclonal anti-PP1 (E-9)

Santa Cruz Biotechnology

Cat# sc-7482, RRID:AB_628177

Goat monoclonal anti-PP2A-Calpha/beta (C-20)

Santa Cruz Biotechnology

Cat# sc-6110, RRID:AB_216962

Rabbit polyclonal anti-pPAK1 (Thr423)/pPAK2
(Thr402)

Cell Signaling Technology

Cat# 2601S, RRID:AB_330220

Rabbit polyclonal anti-p70 S6 Kinase (Phospho-
Thr389)

Assay Biotech

Cat# A0533, RRID:AB_10682683

Rabbit polyclonal anti-phospho-p70 S6 Kinase Cell Signaling Technology | Cat# 9205,
(Thr389)
Rabbit polyclonal anti-pSRC (Tyr418) Signalway Cat# 11091

Rabbit polyclonal anti-pYAP (Ser127)

Cell Signaling Technology

Cat# 4911S, RRID:AB_2218913

Rabbit monoclonal anti-pYAP (Ser127) (D9W2I)

Cell Signaling Technology

Cat# 13008

Rabbit monoclonal anti-pYAP (Ser397) (D1E7Y)

Cell Signaling Technology

Cat# 13619

Rabbit polyclonal anti-RHEB

ProSci

Cat# 3501, RRID:AB_736009

Rabbit monoclonal anti- p70 S6 Kinase (49D7)

Cell Signaling Technology

Cat# 2708, RRID:AB_390722

Rabbit polyclonal anti-SerpinH1

ABclonal

Cat# A-2517

Rabbit polyclonal anti-WWTR1 (TAZ)

Sigma-Aldrich

Cat# HPA007415, RRID:AB_1080602

Rabbit polyclonal anti-YAP

Cell Signaling Technology

Cat# 4912, RRID:AB_2218911

Mouse monoclonal anti-YAP (63.7)

Santa Cruz Biotechnology

Cat# sc-101199, RRID:AB_1131430

Rabbit monoclonal anti-YAP (human)
[EP1674Y]

Abcam

Cat# ab52771, RRID:AB_2219141

Goat polyclonal anti-rabbit 1gG (H+L), Alexa
Fluor 555 conjugated

Thermo Fisher Scientific

Cat# A21428, RRID:AB_10561552

Goat polyclonal anti-rat 1IgG (H+L), Alexa Fluor
555 conjugated

Thermo Fisher Scientific

Cat# A-21434, RRID:AB_2535855

Goat polyclonal anti-chicken IgY (H+L), Alexa
Fluor 488 conjugate

Thermo Fisher Scientific

Cat# A-11039, RRID:AB_2534096

Biotinylated goat polyclonal anti-rabbit 1gG

Vector Laboratories

Cat# BA-1000, RRID:AB_2313606

Biotinylated goat polyclonal anti-mouse 1gG

Vector Laboratories

Cat# BA-9200, RRID:AB_2336171

Goat polyclonal anti-rabbit 19G, HRP

Cell Signaling Technology

Cat# 7074, RRID:AB_2099233

Horse polyclonal anti-mouse 1gG, HRP

Cell Signaling Technology

Cat# 7076, RRID:AB_330924

Mouse monoclonal TrueBlot anti-rabbit 19G,
HRP

Rockland

Cat# 18-8816-31, RRID:AB_2610847
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rat monoclonal TrueBlot anti-mouse 1gG, HRP Rockland Cat# 18-8817-31, RRID:AB_2610850
SmartBlot anti-goat 1gG, HRP Vicgene Cat# va-6000-001

Chemicals, Peptides, and Recombinant Proteins

(-)-Blebbistatin EMD Millipore Cat# 203391; CAS: 856925-71-8

Erlotinib HCI Selleck Chemical Cat# OSI-744; CAS: 183319-69-9
Ki16425 Selleck Chemical Cat# S1315; CAS: 355025-24-0
Latrunculin A, Latrunculia magnifica EMD Millipore Cat# 428021; CAS: 76343-93-6
Okadaic acid, Prorocentrum sp. EMD Millipore Cat# 495609; CAS: 78111-17-8

PF-573228 Selleck Chemical Cat# S2013; CAS: 869288-64-2

PP2 EMD Millipore Cat# 529573; CAS: 172889-27-9
Rapamycin Selleck Chemical Cat# S1039; CAS: 53123-88-9
Recombinant Mouse EGF Protein R&D Systems Cat# 2028-EG; Accession# NP_034243
Recombinant Human FGF basic R&D Systems Cat# 233-FB; Accession# P09038

Y-27632

Selleck Chemical

Cat# S1049; CAS: 129830-38-2

Critical Commercial Assays

In Situ Cell Death Detection Kit, TMR red Sigma-Aldrich Cat# 12156792910
SuperSignal West Pico Chemiluminescent Thermo Fisher Scientific Cat# 34080

Substrate

TSA Cyanine 3 Tyramide Reagent Pack Perkin Elmer Cat# SAT704B0O01EA

VECTASTAIN Elite ABC HRP Kit (Peroxidase,
Standard)

Vector Laboratories

Cat# PK-6100

Deposited Data

Raw and normalized microarray data

This paper

GEO: GSE87132

Experimental Models: Cell Lines

N/A

Experimental Models: Organisms/Strains

Mouse: CAT-Rho-K DN/3-1 From: Jeffrey Bush, RBRC# RBRC01294
Kobayashi et al., 2004

Mouse: Cdc42tmiBrak From: Cord Brakebusch; MGI:3619134
Wu et al., 2006

Mouse: Collaltmi(tetO-YAP1)Fcam From: Fernando MGI:5316453

Camargo; Camargo et al.,
2007

Mouse: Gt(ROSA)2630rth(ACTB-ldTomato,—EGFP)Luo

The Jackson Laboratory;
Muzumdar et al., 2007

RRID:IMSR_JAX:00 7676; Cat# 007676,
MGI:3716464

Mouse: Itga3f

From: Michael DiPersio;
Mitchell et al., 2009

N/A

Mouse: Lats1tm1.13fm

From: Randy Johnson;
Heallen et al., 2011

RRID:IMSR_JAX:02 4941; MGI:5568586

Mouse: Lats2tm1-13fm

From: Randy Johnson;
Heallen et al., 2011

RRID:IMSR_JAX:02 5428; MGI:5568589

Mouse: Ptk2tmiLr

From: Valerie Weaver;
Beggs et al., 2003

MGI:2684666
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Rac1t™m1Dik From: Jeffrey Bush; RRID:IMSR_JAX:00 5550; MGI:2663662
Glogauer et al., 2003

Mouse: Rptortm1.1Dmsa From: Ajay Chawla; RRID:IMSR_JAX:01 3188; MGI:4879103
Sengupta et al., 2010

Mouse: RhoAf From: Cord Brakebusch; N/A
Jackson et al., 2011

Stk3tm1-1Rjo From: Randy Johnson; Lu | MGI:4430537
etal., 2010

Mouse; Stk4tm1.1Rjo From: Randy Johnson; Lu | RRID:IMSR_JAX:01 7635; MGI:4430536
etal., 2010

Mouse: tetO-Yap-eGFP This paper N/A

Mouse: Tg(KRT14-cre)1Amc Dassule et al., 2000 RRID:IMSR_JAX:00 4782; MGI:2445832

Mouse: Tg(KRT14-cre/ERT2)1lpc Li et al., 2000 MGI:2177426

Mouse; Wwtr1tm.1Eno From: Randy Johnson; MGI:5544289
Xinetal., 2011

Mouse: Yap1tm?-1&no From: Randy Johnson; MGI:5446483
Xinetal., 2011

Recombinant DNA

pcDNA Flag Yapl Addgene Cat# 18881
pCMV-flag S127A YAP Addgene Cat# 27370
pCMV-Flag YAP S381A Addgene Cat# 27377
pQCXIH-Flag-YAP-S127/381A Addgene Cat# 33069

Sequence-Based Reagents

Primer sequences See Table S2 N/A
7az RNA probe This paper N/A
Yap RNA probe This paper N/A

Software and Algorithms

ImageJ https://imagej.nih.gov/ij/ N/A

ImageJ Colocalization plugin https://imagej.nih.gov/ij/plugind/@localization.html
SampleNetwork R function Oldham et al., 2012 N/A

ComBat R function Johnson et al., 2007 N/A

Other

N/A

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. YAP/TAZ are required for the maintenance of laCLs
(A) Schematic diagram of the mouse lower jaw.

(B) Cross section of the proximal incisor showing that in the labial cervical loop (IaCL)
dental epithelial stem cells (DESCs) in the outer enamel epithelium (OEE) give rise first to
transitamplifying (TA) cells in the inner enamel epithelium (IEE) and then differentiated
enamel (En)- secreting ameloblasts (Am). There are two morphologically distinct cell types
in the stellate reticulum (SR) and inner SR cells underneath the TA cells also act as TA cells.
De, dentin; liCL, lingual cervical loop; and Od, odontoblasts.

(C-E) Immunostaining of YAP and Ki67 in the laCL. Enlarged images of TA (yellow boxes)
and OEE (red boxes) regions are also displayed.

(F) Timeline depicting Cre induction (tamoxifen (Tam) injection, black arrowheads) and
sample collection (orange arrowheads).

(G-J) H&E staining of control (G), Yap*<C (H), 7az°KO (1), and Yap/Taz°KO (J) laCLs. Pink
dashed line outlines the tissue loss in (J).

(K-L") TAZ immunostaining in control and Ya0¢AC laCLs. Overlapping TAZ and DAPI
staining is shown in white (K’ and L"). Insets are enlargements of the TA region.
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(M-P) BrdU labeling in control and Yap/7az°K© laCLs. Open yellow arrowhead in (N)
marks reduced proliferation. Quantification was performed by calculating the percentage of
BrdUpositive (+) cells per section in control and Yap/7azC 1aCLs (O) and by comparing
the percentage of BrdU+ cells between YAP+ and YAP- cells in mutant laCLs (P).

(Q-S) TUNEL staining shows increased cell death in Ya0/7azC. GFP marks Cre active
cells.

(T) Schematic diagram of the TA and SR regions used for quantification.

(U-Y) Colony formation assays in 3D matrigel. (V and X) are enlarged images of Cre active
cells in (U and W). The average number of colonies (excluding single cells) per well is
quantified ().

Dashed lines outline laCLs. Representative images and quantitative data are shown. Scale
bar in (X) represents 50 pum in (C-E, K-N, Q, and R), 90 um in (G-J), 240 pm in (U and W),
15 pmin

(V and X). All quantitative data are presented as mean + SD. **p<0.01; ***p<0.001.

See also Figure S1
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Figure 2. YAP/TAZ inhibit precocious differentiation in the laCL
(A) Heat map of up- and down-regulated genes in control and Yap/7az°K© laCLs. Red

arrowheads mark genes associated with ameloblast differentiation, green arrow and

arrowhead mark Cadh3and Rheb respectively.
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(B) qPCR results comparing relative gene expression between control and Yap/7az¢K0

laCLs. Data are presented as mean + SEM.

(C) Immunoblotting and relative expression (mean £+ SD) of Amelogenin (AMELX) and
Ameloblastin (AMBN) in control and Yap/Taz¢5© laCLs.
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(D-G) Immunostaining of AMELX and AMBN in control and Yap/7az°<C 1aCLs. Yellow
arrowheads mark ectopic AMELX and AMBN expression.

Dashed lines outline laCLs. Representative images, cropped blots and data are shown.
*p<0.05; **p<0.01.

Scale bar in G represents 50 pm in (D-G).

See also Figure S1
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Figure 3. YAP/TAZ are required for Rheb expression and mTOR signaling
(A and B) Timelines indicating Cre induction (tamoxifen (Tam) injection, black arrowheads)

and sample collection (orange and brown arrowheads).

(C-J) RHEB (C-E’) and pS6K1 (F-H’) immunostaining in control and Yap/7az°K© |aCLs.
The percentage of RHEB and pS6KZ1 positive area is quantified (I and J).

(K and L) Immunoblotting and relative expression of RHEB (K), pS6K1, and p4EBP (L).
(M) Schematic of the explant culture system.

(N-P) Ki67 expression in control and Rapamycin-treated explants. Closed and open
arrowheads respectively mark normal and reduced proliferation. The percentage of Ki67-
positive (+) cells per section is quantified (P).

(Q-S) BrdU labeling in control and Rptor*<© laCLs. Closed and open arrowheads mark
normal and reduced proliferation in wild type and mutant cells respectively. The percentage
of BrdUpositive (+) cells per section is quantified (S).

Representative images, cropped blots and quantitative data are shown. Dashed lines outline
laCLs. Scale bar in R represents 50 um in (C-E, F-H, N, O, Q, and R) and 9.76 um in (C’-
E’ and F’-H’). All quantitative data are presented as mean + SD. *p<0.05; **p<0.01.
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Figure 4. ITGA3/FAK signaling promotes YAP nuclear localization in TA cells
(A-C) YAP immunostaining in control and drug-treated explants.

(D and E) pFAK and pSRC expression in laCLs.

(F) Schematic diagram of a TA cell, where FAK promotes YAP nuclear localization.

(G) Timeline depicting tamoxifen (Tam) treatment (black arrowheads) and sample collection

(green arrowhead).

(H-M) YAP immunostaining in control and Fak“4<C laCLs. The percentage of YAP/DAPI

overlap is quantified (K-M).
(N and O) ITGA3 expression in control and /ga3°4<© laCLs.

(P-T) YAP immunostaining in control and /tga3°<© laCLs. The percentage of YAP/DAPI

overlap is quantified (R-T).
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(U) Schematic diagram showing ITGA3/FAK signaling promotes nuclear YAP accumulation
in TA cells.

Representative images and quantitative data are shown. Dashed lines outline laCLs. Scale
bar in S’ represents 50 pm in (A-E, H-J, K, L, N-Q, R, and S) and 9.76 pm in (H-J’, K’,
L’, P’, Q’, R’, and S’). All quantitative data are presented as mean + SD. *p<0.05,
**p<0.01; ***p<0.001.

See also Figures S3 and S4
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Figure 5. CDC42 acts downstream of FAK to regulate YAP nuclear localization
(A) Timeline depicting tamoxifen (Tam) treatment (black arrowheads) and sample collection

(green and yellow arrowheads).

(B-E) Immunostaining of active CDC42 in control and Fak°<© laCLs. The percentage of
area with positive CDC42-GTP staining is calculated (E).

(F) Immunoprecipitation of CDC42-GTP followed by CDC42 immunoblotting. Relative
expression between control and Fak“<C is quantified.

(G-L) YAP immunostaining in control and Cac42°KC laCLs. The percentage of YAP/DAPI
overlap is quantified (J-L).

Representative images, cropped blots and quantitative data are shown. Dashed lines outline
laCLs. Scale bar in K’ represents 50 pm in (B-D, G-I, J, and K) and 9.76 um in (B’-D’, G’-
I, J’, and K’). Data are presented as mean + SD. *p<0.05; **p<0.01; ***p<0.001

See also Figure S4.
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Figure 6. CDC42 signals through PP1A to regulate YAP S397 phosphorylation and localization
(A) Timeline indicating tamoxifen (Tam) injection (black arrowheads) and sample collection

(green and yellow arrowheads).

(B-E) Immunaoblotting and relative expression of pYAP-S397 and pYAP-S127 in control,
Cac42°K0 (B and C) and Fak®<© (D and E) laCLs.

(F) Schematic diagram depicting delivery of YAP constructs to the OEE by electroporation.
(G-I) YAP immunostaining and YAP/DAPI overlap in explants electroporated with hYAP,
hYAPS127A, hYAP-S397A, and hYAP-S127A,S397A (hYAP-dSA) in the OEE. 3
representative images are shown for each construct. The percentage of YAP/DAPI overlap
(H) and average nuclear YAP pixel intensity (1) are quantified.

(J) YAP immunoprecipitation followed by PP1A detection. Relative expression of PP1A
between control and Cac42°KC s displayed.
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(K-M) YAP immunostaining in control and okadaic acid-tread laCLs. The percentage of
YAP/DAPI overlap is calculated (M).

Representative images, cropped blots and quantitative data are shown. Dashed lines outline
laCLs. Scale bar in L’ represents 15 um in (G), 50 um in (K and L), and 9.76 pm in (K’-L’).
All data are presented as mean + SD. *p<0.05; **p<0.01; ***p<0.001.

See also Figures S3, S5 and S6
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Figure 7. LATS1/2 are required to prevent tissue hyperplasia in the laCL and a model for YAP-
mediated incisor renewal

(A-C) H&E staining of control, Lats1/2°K0 and Mst1/2°K0 proximal incisors. Arrowhead in
(B) marks tissue hyperplasia.

(D-F) Ki67 expression in control, Lats1/2°K0 and Mst1/2°KO dental epithelium. Open
arrowhead in

(E) marks the few proliferating cells in Lats1/2°KC OEE.

(G-I") YAP immunostaining and YAP/DAPI overlap in control, Lats1/2°KC and Mst1/2°KO
laCLs. Arrowhead in (H) marks increased nuclear YAP in Lats1/2°K0.
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(J) Model for the regulation of incisor stem cell-based dental renewal. ITGAS3 positive TA
and inner SR cells are marked blue and DESCs/OEE cells are marked brown. Red shade
represents YAP localization. In control TA cells, an ITGA3/FAK/CDC42/PP1A signaling
axis drives YAP nuclear localization, which promotes proliferation by activating mTOR
signaling and inhibits precocious differentiation and apoptosis. When FAK signaling is
perturbed, loss of nuclear YAP is compensated by increased nuclear TAZ. In parallel,
LATS1/2 fine-tune levels of nuclear YAP to prevent over-proliferation. In contrast to TA
cells, DESCs/OEE cells are relatively inert and are resistant to YAP-driven proliferation.
Representative images and quantitative data are shown. Dashed lines outline the dental
epithelium. Scale bar in I’ represents 130 pm in (A-F) and 50 pm in (G-I").

See also Figure S5
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