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Focusing on Hippo Pathway in Stem Cells of Oral Origin, Enamel Formation and 
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ABSTRACT
Hippo pathway is a cellular regulatory pathway composed of core molecules such as MST1/2, 
LATS1/2, SAV1, MOB1A/B and downstream YAP/TAZ. Fully involved in regulating cell proliferation, 
differentiation, migration and apoptosis, the Hippo pathway is critical in regulating stem cells of 
oral origin, for instance, DPSCs and PDLSCs, enamel formation and periodontium regeneration. 
Here, we summarized the Hippo pathway involved in these progresses and concluded crosstalks of 
the Hippo pathway with BCL-2, ERK1/2, ROCK, TGF-β/BMP and Wnt/β-catenin pathways, hoping to 
provide foundation for further clinical therapy.
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Introduction

Since first discovered in Drosophila, Hippo path-
way has been drawing interest in regulation on cell 
proliferation, migration and apoptosis.1,2 The 
Hippo pathway contains highly conserved kinases, 
involving mammalian sterile 20-like kinase 1/2 
(MST1/2), large tumor suppressor kinase 1/2 
(LATS1/2) and mps one binder 1 (MOB1) A/B, to 
regulate downstream Yes-associated protein 1 
(YAP)/transcriptional coactivator with the PDZ- 
binding motif, WWTR1 (TAZ). YAP/TAZ could 
regulate target DNA via directly binding with 
DNA-binding transcription factors like TEA 
domain transcription factors (TEAD) and further 
formation of a complex. When the Hippo pathway 
is activated, LATS1/2 could phosphorylate YAP/ 
TAZ, hence increasing its degradation and nuclear 
exclusion by 14-3-3 protein.2,3

Involvement of the Hippo pathway in tooth and 
periodontium is increasingly being studied, especially 
in enamel formation, cellular progresses of period-
ontal ligament cells (PDLCs) and cementoblasts.4–8 

Given that the essential role that the Hippo pathway 
plays in various stem cells,9 the Hippo pathway is also 
noted to regulate stem cells of oral origin, for instance, 
dental pulp stem cells (DPSCs) and periodontal liga-
ment stem cells (PDLSCs),10,11 which has shed light on 
stem cell therapy applied in dental tissue 

regeneration.12 Therefore, we summarized the func-
tion of the Hippo pathway during cellular progresses 
of DPSCs and PDLSCs, enamel formation and period-
ontium regeneration, providing foundation for 
further clinical therapy.

Brief introduction of Hippo pathway

The earliest research on the Hippo pathway was 
carried out in Drosophila. The name Hippo was 
derived from the Ste20-like kinase Hippo (Hpo) 
molecule in this pathway, which was a drosophila 
kinase gene that had been identified closely related 
to regulating tissue growth and preventing exces-
sive cell proliferation,13 while Hpo mutants showed 
a broken balance of apoptosis and proliferation in 
the tissue.14

As shown in Figure 1, the left part is a schematic 
diagram of the Hippo pathway in Drosophila, while 
the right part is a corresponding diagram of the 
Hippo pathway in mammals. The molecule that 
regulates the Hippo pathway from the start is TAO 
kinase (TAOK)1/2/3, which phosphorylates MST1 at 
Thr183 and phosphorylates MST2 at Thr180, 
thereby activating MST1/2.15,16 In addition to acti-
vating downstream LATS1/2 by the C-terminal 
hydrophobic motif,17 MST1/2 can also phosphory-
late Salvador family WW domain‑containing protein 
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1 (SAV1) and MOB1,18,19 SAV1 can assist the phos-
phorylation of LATS1/2 by MST1/2 in turn, and 
phosphorylated MOB1 can combine LATS1/2 as 
shown in Figure 1.20 Mer in Drosophila has similar 
functions to mammalian neurofibromatosis type 2 
gene (NF2) and can directly bind to LATS1/2.17 Two 
groups of mitogen-activated protein kinase kinase 
kinase kinase (MAP4K) can activate LAST1/2 in 
parallel with MST1/2.21,22 LATS1/2 directly phos-
phorylates downstream YAP/TAZ by combining 
with target consensus motifs (HXRXXS).23 

Phosphorylation activities inhibit YAP/TAZ from 
performing its normal function and cannot regulate 
downstream TEAD1-4.24

YAP/TAZ is involved in the regulation of the 
growth and development of a variety of tissues 
and organs, including epidermis,25 liver26 and 
heart.27 In controlling epidermal growth, YAP/ 
TAZ could stabilize layers of cells of skin, where 
overexpressed activated YAP can induce excessive 
proliferation of keratinocytes with defective differ-
entiation and reduced terminal differentiation.25,28 

When YAP/TAZ overactivation was induced, 
excessive cell proliferation would occur in organs, 
such as the expansion of pancreatic duct cells29 and 
the change of the acinar structure.30

Effects of the Hippo pathway on DPSCs and 
PDLSCs

Stem cells are featured by capacity to proliferate and 
differentiate into multiple cellular lineages and are 
the origin for multicellular organisms and organs, 
playing key roles during development and dysregu-
lation of human diseases.9 The Hippo pathway is 
found to play essential roles in various types of 
stem cells.9 In recent years, new ideas for tooth and 
tissue regeneration were proposed with the founda-
tion of theories and technologies of tissue 
engineering.12 Therefore, it is of significance to sum-
marize current understanding of the Hippo pathway 
involved in stem cells of oral origin, and the most 
typical among them are DPSCs and PDLSCs.

Hippo pathway controlling DPSCs

As multipotent stem cells, DPSCs had the potential 
of differentiating into osteoblast, chondroblasts and 
adipose and neuronal tissue, acting as promising 
generators of dentine, dental pulp, bone and 
muscle.31 The Hippo pathway was proved to 
involve in these progresses under different condi-
tions. YAP/TAZ had increased nuclear transporta-
tion and decreased phosphorylation in the static 

Figure 1. Core molecules in the Hippo pathway and their mode of action. As shown in the figure, the left half is the Hippo pathway in 
drosophila, and the right part is the Hippo pathway of mammal; the molecules at the corresponding position share the same or similar 
role.
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magnetic field, and then upregulating connecting 
tissue growth factor (CTGF) and ankyrin repeat 
domain 1 (ANKRD1), the nuclear localization was 
reversed by cytoskeleton inhibitor, cytochalasin 
D. The absence of YAP/TAZ contributed to dimin-
ished static magnetic field-induced mineralization 
of DPSCs.32

For osteogenic/odontogenic differentiation of 
DSPCs, upon F-actin alignment treatment, YAP 
was active in nuclear transportation, while treat-
ment of cytochalasin D, inhibitor of F-actin, 
leads to reduced YAP nuclear/cytosolic ratios.33 

During neurogenic differentiation of DPSCs, 
YAP played a regulatory role in prominent activ-
ity of YAP in nucleus, and YAP expression was 
decreased after neurogenic differentiation.34 

Apart from YAP, TAZ was also expressed in 
DPSCs, where TAZ silencing inhibited prolifera-
tion and migration. Moreover, these effects were 
associated with downregulation of CTGF and 
cysteine-rich angiogenic inducer (Cyr) 61 via 
interfering with transforming growth factor 
beta (TGF-β)/bone morphogenetic proteins 
(BMP) pathway (Figure 2).10

Hippo pathway controlling PDLSCs

During regeneration and reconstruction of period-
ontal tissues involving alveolar bone, cementum 
and periodontal ligament, PDLSCs play an essential 
role, which represent one of the mesenchymal stem 
cells that own the ability of self-renewal and 
multidifferentiation.35 Studies have revealed that 
the Hippo pathway was fully involved in prolifera-
tion, differentiation, apoptosis and senescence of 
PDLSCs (Figure 3).11,36–38

For YAP, it was observed to locate in both the 
nuclei and cytoplasm of PDLSCs, its location in 
nuclei increased under the condition of overexpres-
sion of YAP (OE YAP), and hence, it was proposed 
that OE YAP contributed to more activated and 
nucleus-translocated YAP in PDLSCs.36 Higher 
DNA replication activities in PDLSCs in the OE 
YAP group were seen, which combined with 
increased expression of p-mitogen- and stress- 
activated protein kinase 1 (MSK1).36 For accelera-
tion of the PDLSC cell cycle, contribution of phases 
of cell cycle were also changed with OE YAP, where 
the proportion of G0/G1 decreased and that of G2/M 

Figure 2. Hippo pathway controlling DPSCs. Under a static magnetic field, both YAP and TAZ had a higher nuclear/cytosolic ratio and 
their downstream targets CTGF and ANKRD1 were found to be upregulated, while in the normal condition, YAP plays a predominant 
role in the nuclear transportation during odontogenic/osteogenic/neurogenic differentiation. Via the TGF-β/BMP pathway, TAZ was 
involved in regulating Cyr 61 and CTGF, hence associating proliferation and migration of DPSCs. Cytochalasin D could inhibit nuclei 
translocation of YAP/TAZ in both conditions.
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increased.36 Cyclin-dependent kinase 6 (CDK6), 
which was related to G1/S phase transition, and 
cyclin B1, which was responsible for G2/M phase 
transition, were both upregulated, while P18 and 
P27 that inhibited CDK were both downregulated. 
P-extracellular signal-regulated kinase (ERK) 1/2, 
which could be phosphorylated by p-MAPK kinase 
(MEK) 1/2, was also increased under the OE YAP 
condition, together with its downstream targets p-90 
kD ribosomal S6 kinase (P90RSK) and p-MSK1, 
suggesting that the ERK1/2 pathway was upregulated 
with OE YAP and might thus form a crosstalk.36 

Similarly, under the condition of knocked down 
YAP, protein levels of p-ERK1/2, p-P90RSK and 
p-MSK1 were all reduced (Figure 3a).37 Another 
study performed by Dong et al. revealed that the 
effect of OE YAP contributing to promotion of 

PDLSC proliferation was inhibited by TNF-α, giving 
us more insight into Hippo pathway controlling 
PDLSCs proliferation (Figure 3a).38

Osteoblast lineage and adipocyte lineage, two 
essential directions of PDLSCs differentiation, 
were also shown to be finely balanced by the 
Hippo pathway, which might further contribute to 
tissue engineering, especially that of alveolar bone 
regeneration.39 OE YAP was revealed for higher 
osteogenic potential by detection of stronger activ-
ity of alkaline phosphatase (ALP) and upregulation 
of both levels of mRNAs and proteins of collagen 
type I (COLI), runt-related transcription factor 2 
(RUNX2) and osteocalcin (OCN). YAP knocked- 
down (SHYAP) induced less activated ALP, COLI, 
RUNX2 and OCN.11 For YAP inhibiting adipogen-
esis of PDLSCs, mRNA and protein levels of 

Figure 3. Hippo pathway controlling PDLSCs. Functions of the Hippo pathway were illustrated separately. (3a) During proliferation of 
PDLSCs, more nucleus-translocated YAP contributed to upregulated expression of CDK6 and cyclin B1, which induced decreased G0/G1 
and increased G2/M respectively. CDK6 inhibitors P18 and P27 inhibited. YAP-regulated cellular proliferation could be blocked by TNF- 
α. The ERK pathway was upregulated under overexpression of YAP. (3b) Overexpression of YAP could upregulate expression of OCN, 
COLI, RUNX2 and ALP activity for higher osteogenic potential and downregulate expression of PPARγ and C/EBPα for lower 
adipogenesis potential. Overexpression of YAP could also promote activity of β-catenin, hence forming crosstalk between Hippo 
and Wnt/β-catenin pathways. (3c) Postponed senescence was also seen under overexpression of YAP. For lower early and late 
apoptosis under overexpression of YAP, caspase and Bak, Bax, Bad, Bid and Bik of Bcl-2 family members were found to be inhibited.
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peroxisome proliferator-activated receptor γ 
(PPARγ) and CCAAT/enhancer binding protein 
alpha (C/EBPα) were lower under the OE YAP 
condition and were higher under the SHYAP con-
dition, which also resulted in more lipid droplets.11 

Thus, high expression of YAP could contribute to 
higher osteogenic differentiation and lower adipo-
genic differentiation. Moreover, the Wingless/ 
Integrated (Wnt)/β-catenin pathway was also 
affected by the Hippo pathway in these 
progresses.11 Higher nonphospho β-catenin (active 
form) was observed under more YAP conditions, 
whose effect was reversed by adding dickkopf1 
(DKK1). DKK1 could further inhibit ALP activity, 
extracellular matrix mineralization and expression 
of osteogenic markers. Nevertheless, under the 
SHYAP condition, Wnt3a, another participant in 
the Wnt/β-catenin pathway, could promote osteo-
genic differentiation of PDLSCs.11 Thus, the effects 
of YAP balancing PDLSCs osteogenesis and adipo-
genesis could be affected by the Wnt/β-catenin 
pathway (Figure 3b).

For cellular senescence of PDLSCs, it could be 
postponed by OE YAP,36 while higher senescence 
PDLSCs was shown in the SHYAP group 
(Figure 3c).37

In the progress of cellular apoptosis of PDLSCs, 
OE YAP contributed to lower early and late apop-
tosis, where the content of apoptosis-related pro-
teins caspase 3 (C3) and B cell lymphoma 2 (BCL- 
2) family members, involving Bak, Bax, Bad, Bid 
and Bik, decreased.36 Accordingly, SHYAP contrib-
uted to earlier and later apoptosis, and its related 
protein increased regarding expression levels.37 

These findings indicated that YAP involved in 
PDLSCs apoptosis, where crosstalk between the 
Hippo pathway and the BCL-2 pathway existed 
(Figure 3c).

In conclusion, the Hippo pathway wasshown to 
participate in various kinds of cellular activities of 
PDLSCs, involving proliferation, differentiation, 
apoptosis and senescence. To note, several cross-
talks between the Hippo pathway and ERK1/2, 
Wnt/β-catenin and BCL-2 pathways in these pro-
gresses might of great significance for further refer-
ence of fully understanding the role the Hippo 
pathway plays in PDLSCs.

Hippo pathway involved in the development of 
enamel

Brief introduction of enamel organ

As diphyodonts, humans have a primary dentition 
of 20 teeth and a permanent dentition of 32 teeth. 
Initial development of tooth starts from thickened 
oral epithelium, which is dental lamina-oriented.40

Tooth morphogenesis relies on reciprocal inter-
actions between ectoderm and mesenchyme that is 
neural-crest-derived.41 At the site of tooth erup-
tion, thickened primary dental lamina could form 
dental placode, which invaginates into mesench-
yme to form a tooth bud. It can further develop 
into the cap stage with differentiated inner and 
outer dental epithelium. To note, the transition 
from bud to cap gives the foundation of different 
types of teeth. During the cap stage, a condensed 
group of cells is named enamel organ for its poten-
tial of enamel formation, where enamel knot exists 
to regulate enamel formation.41

Continuous growth of cap stage will transfer into 
the bell stage, where several cell groups could be 
seen, involving inner enamel epithelium, outer 
enamel epithelium, stratum intermedium and stel-
late reticulum. During this stage, ameloblasts and 
odontoblasts formed, making the hard tissues of the 
crown (Figure 4).41

For human tooth development, dental lamina 
formation occurs during 42–48 days and the bud 
stage for deciduous incisors, canines and molars 
occurs in 55–56 days. Bell stages for deciduous 
teeth and bud stage for permanent teeth happen 
at 14 weeks. In 18 weeks, dentin and functional 
ameloblasts start formation in deciduous teeth.41

Hippo pathway regulates the development of 
enamel organ

During different stages of enamel organ, the Hippo 
pathway was proved to participate, where YAP/TAZ 
had everchanging expression in various cells.5,42 The 
in vivo model of incisor showed that in the lamina 
stage (embryonic day 11, E11), few cells of dental 
epithelium displayed strong YAP expression, while 
in the late bud stage (E13), high YAP expression was 
observed in the basal cell’s nucleus and that of dental 
lamina and dental mesenchyme was weak.42 During 

ORGANOGENESIS 5



the cap stage (E14), YAP was still strongly positive in 
nucleus of a majority of basal cells and weak in cells 
of the stellate reticulum and dental papilla.42 In 
E14.5, both YAP and TAZ had expression patterns 
in enamel organ and dental mesenchyme.43 In the 
early bell stage (E16), high YAP expression mainly 
occurred in transit amplifying cells.42

Nevertheless, conflicts were found regarding 
YAP expression of late enamel development. Li 
et al. proposed that from the middle bell stage 
(E18) to the eruption stage (postnatal day 20, 
PN20), YAP expression was quite similar, which 
remained strong in the transit amplifying cells and 
weak in both the apical bud and ameloblasts.42 

However, Zhang et al. proposed that from PN0 to 
PN14, YAP expression was high in ameloblasts, 
odontoblasts and stratum intermedium. TAZ 
expression was also high in ameloblasts and odon-
toblasts during PN0 to PN7, and in PN14, only 
odontoblasts and dentin tubules showed high 
expression of TAZ.43 These conflicts might own to 
different anatomical structures of molars used in 
their study and incisor in study performed by Li 
et al.43 Further research studies were expected.

OE YAP was described as a contributor to 
deformed tooth morphogenesis with widened den-
tal lamina and a “mislocated enamel knot,” whose 
abnormal effects were observed from E13.5 to 

Figure 4. Development of enamel organ. Formation of enamel starts from interaction of ectoderm and mesenchyme. Thickened dental 
lamina could form dental placode, and then it comes to the bud stage. During the subsequent cap stage, enamel organ is formed, 
where enamel knot was seen. Continuous growth of the cap stage will transfer into the bell stage, and differentiated ameloblasts and 
odontoblasts contributed to formation of enamel and dentin.
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E16.5.4 In E13.5, normal expression of YAP was 
detected in both epithelial and mesenchymal cells 
with a slightly intense expression in dental epithe-
lia, while OE YAP was seen to increase greatly 
throughout dental epithelia. In E14.5, widened den-
tal lamina was observed under the OE YAP 
condition.4 In E16.5, OE YAP brought distinct 
morphological alterations of enamel organ, invol-
ving arrested cap stage, deformed enamel organ 
with folds of inner dental epithelium and 
a widened dental lamina, which proved essential 
roles the Hippo pathway displayed in enamel for-
mation and tooth shape formation.4

Hippo pathway involved in periodontium 
regeneration

Hippo pathway controlling periodontal ligament 
remodeling

PDLCs, the connective tissue localized between 
alveolar bone and tooth cementum, could mediate 
bone regeneration after sense of mechanical signals 
of tension and compression during orthodontic 
tooth movement (OTM) as bone formation at the 
tension side and bone resorption at the compres-
sive side.44 The Hippo pathway was proved to 
involve in these progresses.6–8,45

In vivo studies showed that, under cyclic tensile 
stress (CTS), both mRNA and protein expression of 
TAZ in PDLCs were increased, together with its inter-
action with RUNX2, one of the osteogenic proteins, 
and nucleus aggregation of TAZ was detected.45 

Treatment of Y27632, an inhibitor of ras homologue- 
associated coiled-coil protein kinase (ROCK), could 
inhibit CTS-induced TAZ expression, together with 
expressions of several osteogenic proteins like 
RUNX2, COLI, osterix (OSX) and OCN. Further 
studies revealed that Y27632-induced inhibition of 
the ROCK pathway impeded TAZ’s translocation 
from cytoplasm to nucleus by blocking its combina-
tion with RUNX2.45 These findings implicated that 
nucleus accumulation and activation of TAZ was 
required in CTS-induced osteogenic differentiation 
of PDLCs, and crosstalk between the Hippo pathway 
and the ROCK pathway might assist a fine regulation 
of this progress (Figure 5).45

Similar functions were observed in YAP affecting 
CTS-induced osteogenic differentiation, as it 
depended on increased nuclear localization and 
activity of YAP, and depletion of YAP reduced 
this differentiation of PDLCs.6

Apart from PDLCs, alveolar bone and cemen-
tum also involved in periodontal tissue remodeling 
under OTM and were related to the Hippo path-
way. Without force of orthodontic appliance, both 

Figure 5. Hippo controlling PDLCs under the cyclic tensile stress condition. Under CTS, both YAP and TAZ had a higher nuclear/ 
cytosolic ratio. RUNX2, one of the osteogenic proteins, showed higher interaction of TAZ, while this effect could be reversed by ROCK 
pathway inhibitor Y27632. With Y27632, osteogenic mRNA involving COLI, OSX, OCN and RUNX2 weas seen to be inhibited. 
Overexpression of YAP was related to promoted osteoblastic differentiation under CTS.
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TAZ and RUNX2 were situated in the periodontal 
ligament, alveolar bone and cementum, while 
under force application, colocalization of TAZ 
and RUNX2 was observed in both nuclei of 
PDLCs and osteoblasts. YAP expression was also 
increased under force treatment, but showed no 
colocalization with RUNX2.7 It was proposed that 
the force-Hippo-TAZ-RUNX2 pathway might 
mainly contribute to bone remodeling, while the 
force-Hippo-YAP pathway was mainly associated 
with cell proliferation and differentiation.7

As a result, similar to Hippo pathway’s contribu-
tion to PDLSCs, it fully involved in periodontal 
tissue remodeling of OTM, and crosstalk between 
pathways was also observed. Nevertheless, different 
functional molecules of the Hippo pathway and its 
interaction with downstream targets might enjoy 
various specific effects on periodontal tissue remo-
deling, but studies revealing more underlying sig-
naling mechanisms remained to be further 
elucidated.

Hippo pathway plays an emerging role in 
differentiation and mineralization of cementoblast

Cementoblasts are cells forming the cementum, 
which provides attachment of Sharpey’s fiber of 
the periodontal ligament.46 OE YAP displayed 
upregulated mRNA levels of cementogenesis phe-
notypic markers like ALP, RUNX2, dentin matrix 
acidic phosphoprotein 1 (DMP1) and OCN, while 
knockdown of YAP showed lower levels of these 
markers, suggesting that YAP promoted the differ-
entiation and mineralization of cementoblasts.8

Dentin sialophosphoprotein (DSPP), which is 
expressed in both odontoblasts and cementoblasts, 
enhanced nuclear translocation under the OE YAP 
condition, whereas its transcriptional potential 
decreased by nearly 30% in the knockdown YAP 
group.8

Crosstalks were also seen in cementoblast, as OE 
YAP increased downstream target p-mothers 
against DPP homolog 2 (SMAD)1/5/9 of the 
TGF-β/BMP pathway and decreased p-ERK1/2 of 
the ERK1/2 pathway. YAP-induced activation of 
the SMAD-dependent BMP pathway contributed 

to cementoblast differentiation, while YAP- 
induced inhibition of the ERK1/2 pathway contrib-
uted to cementoblast mineralization.8

Interactions between the Hippo pathway and 
other signaling in tooth and periodontium

Interactions of the Hippo pathway with other sig-
naling have been seen in cellular progresses of 
DPSCs and PDLSCs, enamel formation and period-
ontium tissue formation, including PDLCs and 
cementoblasts.6,8,10,36,37,45

Crosstalk between the BCL-2 pathway and the 
Hippo pathway mainly participates in apoptosis of 
PDLSCs.36,37 The BCL-2 gene family encodes var-
ious proteins that regulate apoptosis, balancing 
between cellular survival and death.47 Research stu-
dies regarding BCL-2 revealed that mechanisms for 
cell death were highly conserved, and genes that 
activate the BCL-2 gene were associated with malig-
nant disease in humans.47 Bak, Bax, Bad, Bid and 
Bik, which were all apoptosis-related BCL-2 family 
members, were found to be decreased under the OE 
YAP condition, hence inducing lower proportion 
of early and late apoptosis of PDLSCs,36 while YAP 
silencing was related to upregulation of these pro-
teins. That is, in the process of decreasing PDLSCs 
apoptosis, the Hippo pathway could inhibit the 
BCL-2 pathway through targets Bak, Bax, Bad, Bid 
and Bik.37 However, the mechanism by which the 
Hippo pathway regulated the BCL-2 pathway 
required further study.

Crosstalk between the ERK1/2 pathway and the 
Hippo pathway contributes to proliferation of 
PDLSCs, together with differentiation and miner-
alization of cementoblast.36,37 The ERK1/2 pathway 
is subordinate to the mitogen-activated protein 
kinase (MAPK) pathway.48 The ERK1/2 pathway 
regulates various cellular progresses, for instance, 
proliferation, differentiation and transformation.48 

During progress of DNA replication of PDLSCs, 
YAP was tested to assist MEK1 phosphorylation, 
then triggering downstream phosphorylation of 
ERK1/2, P90RSK and MSK1.36 During differentia-
tion and mineralization of cementoblast, a lower 
level of p-ERK1/2 was observed under OE YAP.8 

These conclusions indicated that the ERK1/2 
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pathway might receive contradicting regulation by 
the Hippo pathway in periodontal tissues repair 
and regeneration.

Crosstalk between the ROCK pathway and the 
Hippo pathway regulates CTS-induced osteogenic 
differentiation of PDLCs.45 ROCK is a downstream 
target of RhoA, which exists in two forms, namely 
ROCK1 and ROCK2.49 This pathway mainly reg-
ulates cell growth, differentiation, migration and 
development.49,50 Inhibition of the ROCK pathway 
could inhibit TAZ expression and translocation 
from cytoplasm to nucleus under CTS induction 
and then inhibits osteogenic differentiation of 
PDLCs.45 In these progresses, the ROCK pathway 
might act as an upstream regulator of the Hippo 
pathway.

Crosstalk between the TGF-β/BMP pathway 
and the Hippo pathway participates in DPSCs 
proliferation and differentiation, migration and 
cementoblast differentiation.8,10 BMPs are the lar-
gest subdivisions of the TGF-β family, which com-
plete intracellular signal transmission by binding 
to receptors on the cell membrane. In the canoni-
cal BMP pathway, the activation of type 1 recep-
tors leads to the formation of the SMAD1/5/8/ 
SMAD4 complex, which is transported in the 
nucleus to complete the transcriptional regulation 
of downstream genes.51 The TGF-β/BMP pathway 
is interfered by the Hippo pathway for further 
regulation of CTGF and Cyr 61 in DPSCs,10 

while in cementoblast, this pathway is also upre-
gulated by the Hippo pathway. Further studies 
regarding the complete mechanism are still 
expected.8

Crosstalk between the Wnt/β-catenin pathway 
and the Hippo pathway are mainly focused on 
periodontal tissues regeneration, which PDLSCs 
osteogenic differentiation represented.11 The core 
molecules in the Wnt/β-catenin pathway are Wnt 
protein and β-catenin. It is generally believed that 
the Wnt protein family is the start of activating the 
Wnt/β-catenin pathway, which helps complete the 
transmission of extracellular signals into cell and 
nucleus.52 Silencing the Hippo pathway could 
activate the Wnt/β-catenin pathway via Wnt3a, 
hence promoting osteogenic differentiation of 
PDLSCs.53

Conclusion and Perspectives

Development and regeneration of enamel and per-
iodontium involves several pathways; in this 
review, we focused on the Hippo pathway during 
these progresses.

(1) As is known, YAP/TAZ acts as the most 
critical molecules in the Hippo pathway, 
and this point has been reflected in various 
research studies focusing on its role in 
enamel and periodontium formation. 
Nevertheless, how do other molecules like 
MST1/2 and LATS1/2 affect these pro-
gresses? Further studies are expected.

(2) Studies focusing on different types of cells 
mentioned in this review are not all in vivo, 
but it is believed that in vivo studies are 
closer to the real function and state of the 
corresponding pathways in human tissues. 
Compared with other pathways involved in 
oral tissue development and regeneration, 
the Hippo pathway is expecting more 
in vitro studies for further clinical potentials 
of therapy.

(3) Moreover, as crosstalks of the Hippo path-
way with various pathways are demonstrated 
in intestinal regeneration and disease, 
further studies are encouraged to perform 
in-depth discovery of more complete cross-
talks of the Hippo pathway with other path-
ways in dental regeneration and disease.

(4) As the Hippo pathway has been proved to 
involve in enamel formation, what role 
does it play in other tissues of tooth, for 
instance, dentin and root formation? Does 
the Hippo pathway regulate other stem 
cells of oral origin? Are the Hippo path-
way and its crosstalks ready for clinical 
therapy of tooth regeneration? We hope 
that our opinion could inspire further in- 
depth studies.

In conclusion, emerging roles of the Hippo path-
way in enamel formation and periodontium regen-
eration have been discovered. Nevertheless, it 
remains far from clinical treatment of Hippo tar-
geting when it comes to tooth development 
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dysplasia and regeneration of periodontium. Much 
more related studies are highly encouraged and 
expected.

Abbreviation

ALP alkaline phosphatase
ANKRD1 ankyrin repeat domain 1
BCL-2 B cell lymphoma 2
BMP bone morphogenetic proteins
C/EBPα CCAAT/enhancer binding protein alpha
C3 caspase 3
CDK6 cyclin-dependent kinase 6
COLI collagen type I
CTGF connective tissue growth factor
CTS cyclic tensile stress
Cyr cysteine-rich angiogenic inducer
DKK1 dickkopf1
DMP1 dentin matrix acidic phosphoprotein 1
DPSCs dental pulp stem cells
DSPP dentin sialophosphoprotein
E embryonic day
ERK extracellular signal-regulated kinase
Hpo Ste20-like kinase Hippo
LATS1/2 large tumor suppressor kinase 1/2
MAP4K mitogen-activated protein kinase kinase kinase kinase
MEK MAPK kinase
MOB1 mps one binder 1
MSK1 mitogen- and stress-activated protein kinase 1
MST1/2 mammalian sterile 20-like kinase 1/2
NF2 neurofibromatosis type 2 gene
OCN osteocalcin
OE YAP overexpression of YAP
OSX osterix
OTM orthodontic tooth movement
P90RSK 90 kD ribosomal S6 kinase
PDLCs periodontal ligament cells
PDLSCs periodontal ligament stem cells
PN postnatal day
PPARγ peroxisome proliferator-activated receptor γ
ROCK ras homologue-associated coiled-coil protein kinase
RUNX2 runt-related transcription factor 2
SAV1 WW domain‑containing protein 1
SHYAP YAP knocked down
SMAD mothers against DPP homolog 2
TAOK TAO kinase
TAZ transcriptional coactivator with PDZ-binding motif, WWTR1
TEAD TEA domain transcription factors
TGF-β transforming growth factor beta
Wnt Wingless/Integrated
YAP yes-associated protein 1
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