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Abstract 

The Hippo pathway is a central regulator of tissue growth that has been widely studied in mammalian organ develop-
ment, regeneration, and cancer biology. Although previous studies have convincingly revealed its cell-autonomous 
functions in controlling cell fate, such as cell proliferation, survival, and differentiation, accumulating evidence 
in recent years has revealed its non-cell-autonomous functions. This pathway regulates cell–cell communication 
through direct interactions, soluble factors, extracellular vesicles, and the extracellular matrix, providing a range 
of options for controlling diverse biological processes. Consequently, the Hippo pathway not only dictates the fate 
of individual cells but also triggers multicellular responses involving both tissue-resident cells and infiltrating immune 
cells. Here, we have highlighted the recent understanding of the molecular mechanisms by which the Hippo path-
way controls cell–cell communication and discuss its importance in tissue homeostasis, especially in development 
and regeneration.
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Background
The Hippo pathway was first discovered through genetic 
mosaic screening aimed at identifying mutant tumor 
suppressors in Drosophila melanogaster. In these screen-
ings, it was observed that mutations causing loss of func-
tion in Hippo pathway components resulted in significant 
organ overgrowth, owing to enhanced cell proliferation 
and diminished cell death [1]. The discovery that this 
pathway, along with its involvement in cell proliferation, 
is preserved in mammals evoked high expectations and 
has garnered significant interest in recent years. Experi-
mental evidence has consistently demonstrated that the 

Hippo pathway plays a substantial role in various aspects 
of cancer progression and has crucial regulatory func-
tions in organ development, regeneration, and stem cell 
biology [2–4].

Recently, the complexity of the Hippo pathway has 
expanded substantially with the identification of its non-
cell-autonomous functions and accumulating evidence 
suggesting that the Hippo pathway influences certain 
aspects of physiological functions by regulating cell–cell 
communication. This highlights that the field is mov-
ing away from the concept of a straightforward intra-
cellular signaling pathway to a view in which the Hippo 
pathway is a crucial regulator of intercellular communi-
cation and a central hub within the cellular network of 
multicellular organisms. In this review, we summarized 
the recent understanding of the mechanisms by which 
the Hippo pathway modulates the surrounding environ-
ment through cell–cell communication and its role in tis-
sue physiology and pathology, especially in the context of 
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development and regeneration. The foundational frame-
work of the Hippo pathway was initially outlined in the 
Drosophila. Subsequent studies in flies and mammals 
have significantly broadened our understanding of the 
Hippo pathway as a conserved signaling pathway control-
ling cell growth and fate [5]. Although the basic structure 
of the Hippo pathway has been evolutionarily preserved, 
recent findings indicate substantial variation in regula-
tory mechanisms and functions between flies and mam-
mals. This review primarily delves into contemporary 
insights into the role of the Hippo pathway in cell–cell 
communication within mammalian systems.

Main text
Complex roles of the Hippo pathway in multicellular 
organisms
The Hippo pathway
More than 30 components of the Hippo pathway have 
been identified since its discovery [6–10]. The key com-
ponents—mammalian STE20-like kinase 1/2 (MST1/2; 
Hippo in Drosophila) [7, 9, 10], mitogen-activated pro-
tein kinase kinase kinase kinase 1/2/3/5 (MAP4K1/2/3/5; 
Happyhour in Drosophila) [11], MAP4K4/6/7 (Mis-
shapen in Drosophila) [12], large tumor suppressor 1/2 
(LATS1/2; Warts in Drosophila) [1, 13–15], Salvador 
family WW domain containing protein 1 (SAV1; Salva-
dor in Drosophila) [6, 8–10, 15], MOB kinase activator 
1A/B (MOB1A/B; mats in Drosophila) [16], Yes-asso-
ciated protein (YAP) and transcriptional coactivator 
with PDZ-binding motif (TAZ) (Yorkie in Drosophila) 
[17], and TEA domain transcriptional factor 1/2/3/4 
(TEAD1/2/3/4; scalloped in Drosophila) [18–20]—were 
discovered through genetic studies involving flies or 
mice, as well as cell biology studies using human cell 
lines conducted between 1995 and 2015. Molecular func-
tion of the mammalian Hippo pathway is an intracellu-
lar phosphorylation-dependent signaling cascade; when 
the upstream signals, including soluble factors, mecha-
nosignals, and metabolic and nutrient signals, activate 
the core LATS1/2 kinases through the upstream MST1/2 
or MAP4K1/2/3/4/5/6/7 kinases, LATS1/2 phosphoryl-
ate and inhibit the transcriptional co-activators YAP/
TAZ, thereby suppressing target gene transcription. Con-
versely, when LATS1/2 is inactivated, unphosphorylated 
YAP/TAZ translocate into the nucleus, where they bind 
and activate mainly TEAD transcription factors (Fig. 1). 
Therefore, the functional output of the Hippo pathway 
is the activation of LATS1/2 kinases and the subsequent 
inhibition of YAP/TAZ transcriptional co-activators, 
suppressing gene expression. For a more in-depth under-
standing of the mechanistic regulation of the Hippo path-
way, one can refer to other reviews [21–24].

Biological functions of the Hippo pathway have been 
studied in genetically engineered animal models in which 
components of this pathway have been deleted or over-
expressed [23]. Previous studies in flies and mice have 
shown that inactivation of upstream kinase components 
or activation of downstream transcriptional components 
can result in tissue overgrowth [6, 9, 10, 15, 25–29]. For 
instance, inducing liver-specific YAP overexpression in 
mice results in notable enlargement of the liver. Upon the 
cessation of YAP overexpression, the liver returns to its 
original size through apoptosis [25, 30]. Similarly, dele-
tion of the upstream kinase MST1/2 in the liver results in 
hepatomegaly and eventual tumor formation [26]. There-
fore, it is generally accepted that the Hippo pathway neg-
atively regulates organ growth [5, 30–34].

Although most studies support this concept, recent 
studies have revealed that the experimental setting may 
affect the tissue phenotype induced by Hippo mutations. 
For example, young Lats1−/−/Lats2F/F mice injected with 
Cre-expressing adenovirus developed massive hepato-
megaly due to overproliferation of cytokeratin-positive 
biliary epithelial cells (BECs) [35, 36]. In contrast, in 
albumin-Cre/Lats1F/F/Lats2F/F mice, LATS1/2 deletion 
is induced during the embryonic stage. BECs in these 
animals exhibit excessive proliferation, and hepatoblasts 
fail to mature into hepatocytes, leading to liver dysfunc-
tion and perinatal mortality [37]. Therefore, the effects 
of LATS1/2 deletion on tissue growth vary depending 
on the timing and method of gene deletion, adding an 
additional level of complexity to our understanding of the 
Hippo pathway during organ growth.

In addition, the Hippo pathway is coordinately reg-
ulated by multiple components, and the deletion of 
different components sometimes results in distinct 
phenotypes. For instance, although genetic elimination 
of the upstream kinase MST1/2 in the mouse liver [26–
28] and intestine [38] has been associated with tumori-
genesis, deletion of the downstream kinase LATS1/2 in 
the liver [36, 37], kidney [39], and breast [40] does not 
lead to cancer development in mice, presenting a com-
pelling contrast in the observed outcomes [41]. Nonca-
nonical functions of these molecules, apart from those 
of the Hippo pathway, may cause this phenotypic varia-
tion. However, the intensity of the Hippo pathway inhi-
bition may also affect the resulting phenotype. Indeed, 
MST1/2 has been shown to be redundant for proper 
YAP/TAZ regulation, whereas LATS1/2 is indispensa-
ble in certain cell lines [40], suggesting that the inhibi-
tion of the Hippo pathway is more severe upon deletion 
of LATS1/2 than upon deletion of MST1/2. Therefore, 
the biological functions of the Hippo pathway are con-
text dependent, and the timing and intensity of Hippo 
pathway inhibition affect the overall tissue phenotype 
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outcome. This complexity and superficial discrepancy 
in the phenotypic variation among Hippo pathway-
mutant animals pose a major challenge in the field.

Although the exact mechanisms underlying for the 
complex roles of the Hippo pathway in different biolog-
ical contexts have not been elucidated, recent studies 
revealed cell-type-dependent and non-cell-autonomous 
functions of the Hippo pathway, in addition to the clas-
sically well-characterized cell-autonomous functions of 
the Hippo pathway. These emerging roles of the Hippo 
pathway in multicellular organisms, wherein different 
cell types coordinately maintain tissue homeostasis by 
interacting with each other, may help in understanding 
the context-dependent functions of this pathway.

Context‑dependent functions of the Hippo pathway
Recently, it has been revealed that the phenotypes from 
Hippo pathway mutations differed between cell types. 
Although the loss of LATS1/2 or activation of YAP/TAZ 
promotes cell proliferation in most cell lines, LATS1/2 
deletion inhibits the growth of murine colon adenocar-
cinoma MC38 cells owing to the induction of the cellular 
growth suppressor WNT1-inducible signaling pathway 
protein 2 (WISP2) and coiled-coil domain containing 
80 (CCDC80) [42]. Similarly, YAP activation leads to 
excessive accumulation of reactive oxygen species by 
downregulating the antioxidant enzyme glutathione per-
oxidase 2 (GPX2), inhibiting the growth of lung squa-
mous cell carcinoma [43]. Furthermore, loss of LATS1/2 

Fig. 1  Molecular functions of the Hippo pathway. The core of the Hippo pathway consists of a kinase cascade, including MST1/2, 
MAP4K1/2/3/4/5/6/7, and LATS1/2, along with their binding partners SAV1, RAP2A/B/C, and MOB1A/B. When the Hippo pathway is activated, 
the upstream kinases MST1/2 and MAP4K1/2/3/4/5/6/7 induce the phosphorylation and activation of LATS1/2 kinases. LATS1/2 then 
phosphorylates the downstream transcriptional co-activators YAP/TAZ, inhibiting their functions by promoting their cytoplasmic retention 
and subsequent degradation. When the Hippo pathway is deactivated, unphosphorylated YAP/TAZ translocate to the nucleus, whereby they 
promote the transcriptional activity of the transcription factors TEAD1/2/3/4 to regulate the transcription of genes associated with cell-fate decision, 
such as cell proliferation, survival, and differentiation
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or overexpression of YAP is sufficient to reprogram can-
cer stem cells to attenuate Wnt signaling, thereby sup-
pressing tumor growth in organoids, patient-derived 
xenografts, and mouse models of primary and metastatic 
colorectal cancer (CRC) [44]. Therefore, although the 
Hippo pathway is generally considered to suppress cell 
growth, it can also promote cell proliferation and survival 
in some cases, and the biological functions of the Hippo 
pathway are context dependent.

This cell type-dependent phenotypic difference could 
result from differences in the histone modifications and 
chromatin accessibility between different cell types. 
Recently, it was shown that YAP modulates chromatin 
accessibility [45, 46], and that YAP/TAZ in complex with 
TEAD family transcription factors mainly bind to distal 
enhancer regions to regulate gene expression [47–49]. In 
fact, 91% of the YAP/TAZ/TEAD4 complex was identi-
fied in the enhancer region, whereas only a small frac-
tion (3.6%) was localized to the promoter region [49]. 
Given that enhancers are genetic elements that confer 
cell type-specific gene expression patterns [50], the tar-
get gene expression regulated by YAP/TAZ, and thus the 
functional output of the Hippo pathway, can vary widely 
across cell types, contributing to the diverse cellular phe-
notypes regulated by the Hippo pathway.

Another plausible mechanism underlying the con-
text-dependent functions of the Hippo pathway in tis-
sue homeostasis is cell–cell communication induced by 
the Hippo pathway. Owing to its inhibitory role in cell 
proliferation, the Hippo pathway is believed to act as a 
tumor suppressor, and suppression of the Hippo path-
way may promote tumor progression. Consistent with 
the growth inhibitory effect of LATS1/2, the deletion of 
LATS1/2 promoted cancer cell growth in vitro. How-
ever, a previous study revealed that the inhibition of the 
Hippo pathway in cancer cells unexpectedly suppressed 
tumor growth in mice [51]. LATS1/2 deletion in cancer 
cells also induces strong immune responses, overwhelm-
ing any growth advantage gained by the loss of LATS1/2 
and leading to strong inhibition of tumor growth in vivo. 
Another study showed that LATS1/2 deletion in tumor-
surrounding cells eliminated cancer cells through cell 
competition in mice [52]. Therefore, the survival or death 
of cancer cells depends on competing Hippo signal-
ing in the tumor and surrounding tissues. These results 
imply that the Hippo intracellular signaling pathway not 
only affects the fate of the given cells but also regulates 
the surrounding cells in a non-cell-autonomous man-
ner, inducing diverse cell–cell communication. The char-
acteristics of the Hippo pathway in regulating cell–cell 
communication add an extra level of complexity and 
diverse regulatory options to the Hippo pathway for the 
maintenance of tissue homeostasis, which may be closely 

associated with the context-dependent functions of this 
pathway. Herein, we highlight a recent understanding of 
the mechanisms by which the Hippo pathway modulates 
the surrounding environment through cell–cell commu-
nication (Fig. 2).

The Hippo pathway in direct cell–cell communication
The number of cells in tissues is tightly controlled by cell 
proliferation and cell death, and dysregulation of this 
process can lead to pathological conditions such as can-
cer or hypoplasia. Both cell competition and compensa-
tory proliferation contribute to the maintenance of tissue 
homeostasis.

Cell competition
Morata and Ripoll introduced the concept of cell com-
petition [53]. Cell competition is defined as a selection 
process that occurs within a tissue to eliminate cells with 
low fitness through interactions between cells of different 
fitness [54–58]. While much of our understanding of cell 
competition comes from work performed in Drosophila, 
recent studies have shed light on its role in mammalian 
development [55, 59], especially during the early post-
implantation stages [60]. The pluripotent cell population 
known as epiblasts is initially established in preimplan-
tation embryos, and its integrity is crucial for appropri-
ate embryonic development. Hashimoto et  al. revealed 
that TEAD transcriptional activity is essential for robust 
expression of pluripotency factors and exhibits variability 
in the developing epiblast. Cells with low TEAD activ-
ity undergo elimination through cell competition within 
the epiblast, eliminating unspecified cells and ensuring 
proper epiblast organization [61]. This finding suggests 
that the induction of pluripotency by the Hippo pathway 
and the removal of unspecified cells through cell com-
petition are essential for generating epiblasts with naive 
pluripotency.

Other examples of cell competition induced by the 
Hippo pathway have been studied in both in vitro cell 
culture as well as in vivo mouse models. Mouse NIH3T3 
fibroblasts with reduced TEAD activity are preferentially 
eliminated by apoptosis as loser cells, whereas those 
with increased TEAD activity became winner to elimi-
nate neighboring normal cells [62]. In contrast, Madin-
Darby canine kidney (MDCK) cells overexpressing an 
active mutant form of YAP were eliminated from the 
culture monolayer as loser cells via apical extrusion [63]. 
Similarly, mouse keratinocytes overexpressing an active 
mutant form of YAP or cells with activated endogenous 
YAP due to neurofibromatosis type 2 (NF2) knockdown 
were defeated in in vitro competition with control cells 
experiencing apical extrusion [64]. Although the exact 
mechanisms underlying these cell type-specific effects of 
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YAP activation on cell competition remain unclear, YAP-
overexpressing keratinocytes show reduced cell–matrix 
adhesion due to the defective expression of adhesion 
molecules like fibronectin-1. Indeed, the MOB1A- and 
MOB1B-deficient epidermis, and thus the YAP-activated 
epidermis, exhibits decreased type XVII collagen expres-
sion and cannot be successfully engrafted onto donor 
mice [64]. Therefore, it is possible that a difference in 
the ability of cells to adhere to the surface of their sur-
rounding matrix environment may cause winner–loser 
switching in cell competition in different contexts and 
cell types.

Compensatory proliferation
To maintain cell numbers in the tissue, a cell elimination 
process stimulates the proliferation of neighboring cells. 
This process is known as compensatory proliferation. 

Although only a limited number of neighboring cells 
must divide to compensate for cell loss, the mechanisms 
that select cells for division have not been fully eluci-
dated. A recent study using an MDCK monolayer cell 
culture system revealed that the inhomogeneous activity 
of YAP-mediated mechanotransduction in neighboring 
cells determines cell division for compensatory prolif-
eration [65]. This inhomogeneity in YAP activity arises 
from the nonuniform distribution of nuclear size and 
the mechanical force exerted on neighboring cells. Upon 
the induction of apoptosis, only the surrounding cells 
with a large nucleus that experienced a large deforma-
tion underwent cell division. Although the mechanisms 
by which nuclear translocation of YAP leads to cell cycle 
progression in the context of apoptosis-induced prolifer-
ation remain to be elucidated, these results highlight that 
the heterogeneity of YAP activity and force propagation 

Fig. 2  Schematic representation of the cell–cell communication regulated by the Hippo pathway. Intercellular communication can be categorized 
as direct or indirect. Direct cell–cell communication is mediated by direct interactions between cells, whereas indirect cell–cell communication 
involves soluble factors, extracellular vesicles (EVs), or the extracellular matrix (ECM). Examples include the molecules regulated by the Hippo 
pathway
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among neighboring cells plays a causal role in compensa-
tory proliferation.

The Hippo pathway in indirect cell–cell communication
Hippo pathway responds to soluble cues and mechani-
cal stimuli from the cellular microenvironment. Recep-
tors such as G protein-coupled receptors (GPCRs) and 
adherence complexes within the plasma membrane sense 
these soluble cues to regulate the activity of the Hippo 
pathway [66–70]. The Hippo pathway integrates a wide 
range of mechanical signals, including shear stress, con-
tractile forces, and extracellular matrix (ECM) stiffness, 
and translates these signals into cell-specific programs 
by regulating gene expression [69, 71, 72]. Therefore, the 
Hippo pathway acts as a nexus and an integrator of mul-
tiple signals from the cellular microenvironment, deter-
mining multiple aspects of cell fate. Additionally, recent 
studies have shown that the activity of the Hippo path-
way within cells regulates the release of soluble factors, 
extracellular vesicles, and the ECM to determine the fate 
of neighboring cells.

Soluble factors
Previous studies have identified connective tissue growth 
factor (CTGF) and cysteine-rich angiogenesis-inducing 
factor 61 (CYR61) as bona fide YAP/TAZ target genes 
[73, 74]. CTGF and CYR61 belong to a protein family of 
cell communication networks (CCN) and coordinate cell 
functions by interacting with ECM structural proteins, 
cell-surface receptors, proteases, and hormones [75]. 
These proteins regulate cellular functions in a cell-auton-
omous and non-cell-autonomous manner. A previous 
study revealed that YAP-mediated expression of CYR61 
in proliferating cells enhances the survival of neighboring 
cells [76]. In the context of pluripotency induction from 
mouse somatic cells, YAP inhibits pluripotency induction 
in a cell-autonomous manner yet promotes pluripotency 
induction of neighboring cells non-cell autonomously 
by inducing the expression of secreted factors, mainly 
CYR61 [77]. These results imply that the well-character-
ized biological outputs of the Hippo pathway, including 
cell survival and stem cell maintenance, are mediated by 
both cell-autonomous and non-cell-autonomous mecha-
nisms involving soluble factors.

In addition, Hippo pathway-regulated soluble fac-
tors play important roles in inflammation and immune 
responses. Liver injury in both mice and humans ele-
vates the YAP/TAZ levels to induce CYR61 expression 
in hepatocytes. This process contributes to macrophage 
infiltration and subsequent liver inflammation and fibro-
sis [78]. Another study showed that the activation of YAP 
in tumor-initiating cells (TICs) recruits TIC-associated 
macrophages via the induction of C-C motif chemokine 

ligand 2 (CCL2) and colony-stimulating factor 1 (CSF1), 
suppressing the immune clearance of TICs to promote 
tumorigenesis [79]. Intriguingly, this property of the 
Hippo pathway in regulating cytokines, along with its 
regulation by them, contributes to establishing a feed-
forward loop to confer a robust pathological response for 
disease progression. Stromal fibroblast-derived periostin 
activates YAP/TAZ in colon cancer cells. This induc-
tion leads to interleukin (IL)-6 production from cancer 
cells, which, in turn, activates and further induces peri-
ostin expression in fibroblasts [80]. Therefore, the Hippo 
pathway confers periostin- and IL-6-mediated inter-
actions between tumors and the surrounding stroma, 
establishing a feed-forward loop to promote colorec-
tal tumorigenesis. These observations suggest that the 
Hippo pathway regulates a wide range of cytokines and 
chemokines to induce cell–immune cell communication, 
enabling various tissue responses in different biological 
contexts. Indeed, proteome profiling analysis revealed 
that YAP overexpression promotes the expression and 
secretion of numerous paracrine-acting factors, includ-
ing plasminogen activator inhibitor-1 (PAI-1), C-X-C 
motif chemokine ligand 13 (CXCL13), and CXCL16 dur-
ing hepatocarcinogenesis [81]. Collectively, soluble fac-
tors regulated by the Hippo pathway affect the fate of 
the surrounding cells and modulate immune responses, 
inducing a multicellular response that connects intracel-
lular events with tissue responses.

Extracellular vesicles
Extracellular vesicles (EVs) are small particles naturally 
released from various cell types. These vesicles contain 
a diverse array of cellular elements including proteins, 
nucleic acids, lipids, and metabolites. Their composition 
enables intercellular communication that plays a crucial 
role in various biological processes [82–86]. Recent stud-
ies have revealed mutual regulation between the Hippo 
pathway and EVs.

The effect of EVs on the regulation of the Hippo path-
way has been extensively studied and summarized else-
where [87]. For instance, in a mouse model of CRC liver 
metastasis, EVs derived from hepatocytes in fatty liver 
transfer miRNAs that suppress LATS2 expression and 
induce YAP activation. These EVs promote cancer cell 
growth and creating an immunosuppressive microenvi-
ronment marked by M2 macrophage infiltration through 
CYR61 production [88]. In contrast, the Hippo pathway 
also regulates EV biogenesis. One study demonstrated 
that CD47-enriched EVs are released from hepatocytes in 
a YAP-dependent manner, inhibiting dendritic cell acti-
vation and ameliorating hepatic ischemia-reperfusion 
injury [89]. Another study showed that the 5-methyl-
cytosine modification of YAP mRNA stabilized it and 
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increased EV release in lung adenocarcinoma [90]. This 
effect is driven by two YAP-dependent transcription fac-
tors, Mycn and SRY-box transcription factor 10 (SOX10), 
which activate the transcription of several downstream 
genes promoting EV release. Although the molecular 
mechanisms underlying EV biogenesis have only begun 
to be elucidated, future studies clarifying the molecular 
link between the Hippo pathway and EV biogenesis will 
expand our understanding of how environmental cues 
are sensed and integrated to modulate EV composition 
and quantity, thereby broadening EV biology.

Extracellular matrix
The Hippo pathway is known to respond to ECM stiff-
ness [69, 91–93]. For instance, the Ras-related GTPase 
RAP2A/B/C, which functions as a binding partner of 
the Hippo upstream kinases MAP4K1/2/3/4/5/6/7, is 
activated under low stiffness conditions to stimulate the 
Hippo pathway, transducing signals from ECM stiffness 
to control gene expression via YAP/TAZ [72]. Addition-
ally, emerging evidence in recent years suggests that the 
Hippo pathway is an important modulator of the ECM. 
During cardiac development, LATS1/2 induce cardiac 
fibroblast differentiation from epicardial progenitors 
while concurrently controlling ECM composition and 
vascular remodeling [94]. Cells lacking LATS1/2 exhibit 
developmental arrest characterized by the sustained 
presence of epicardial markers and elevated expression of 
YAP targets, including dipeptidyl peptidase 4 (DPP4), a 
protease involved in ECM remodeling. Thus, the Hippo 
pathway suppresses a gene program coordinating ECM 
composition, thereby affecting crucial aspects of ves-
sel development, such as endothelial cell proliferation, 
migration, and vessel branching. Similarly, the Hippo 
pathway also regulate the differentiation and activation 
of fibroblasts in different biological contexts; LATS1/2-
deficient adipocytes accelerate fibrosis by dedifferentiat-
ing into DPP4+ progenitor cells and, upon transforming 
growth factor β (TGFβ) stimulation, transforming into 
DPP4− myofibroblasts [95]. In the context of cancer, YAP 
in cancer-associated fibroblasts (CAFs) increases matrix 
stiffness, facilitating cancer cell invasion and promoting 
angiogenesis. YAP plays a pivotal role in governing the 
expression of various cytoskeletal regulators such as anil-
lin (ANLN), diaphanous-related formin 3 (DIAPH3), and 
myosin light chain 9 (MYL9) [96]. YAP activation is fur-
ther intensified in response to matrix stiffening, creating 
a feed-forward, self-reinforcing loop that contributes to 
sustained CAF phenotype and cancer progression.

Collectively, the ability of the Hippo pathway to regu-
late cell–cell communication via direct cell–cell inter-
actions, soluble factors, EVs, and ECM offers multiple 
options for this pathway to control diverse biological 

processes. Therefore, the Hippo pathway not only deter-
mines the fate of a given cell but also induces multicel-
lular responses involving tissue-resident cells as well as 
infiltrating immune cells. Additionally, the responsive-
ness of the Hippo pathway to various extracellular sig-
nals, including soluble factors and ECM stiffness, enables 
the establishment of a feedback or feed-forward loop, 
conferring robust homeostatic regulation in tissue physi-
ology or a vicious cycle in disease progression. This con-
tributes to the involvement of the Hippo pathway in a 
broad range of life events, including organ development, 
regeneration, aging, and cancer. In the next section, we 
highlight the importance of cell–cell communication 
mediated by the Hippo pathway in development and 
regeneration.

Hippo pathway‑mediated intercellular communications 
during development
The Hippo pathway is distinct from other developmen-
tal signaling pathways in terms of its ability to respond 
to various signals such as hormones, ECM, mechanical 
cues, energy status, and cellular stress, rather than spe-
cific morphogens. This pathway integrates these diverse 
inputs and regulates cellular events that are crucial for 
cell growth, differentiation, overall tissue development, 
and homeostasis (Fig. 3).

In embryos at the 8- to 16-cell stage, active TEAD4 
induces caudal-type homeobox 2 (CDX2) expression and 
promotes trophectoderm (TE) development in extracel-
lular cells [97, 98]. In contrast, TEAD4 activity is sup-
pressed inside cells of the inner cell mass (ICM) lineage 
by cell–cell contact-induced YAP inhibition by LATS 
[99]. In the early blastocyst ICM, high Hippo signaling 
activity keeps YAP out of the nucleus, rendering TEAD 
transcription factors inactive [99]. Temporal reduction of 
LATS1/2 results in nuclear accumulation of YAP within 
inner cells, leading to an abnormal morphology of the 
ICM with collapsed clumps of cells and inducing a shift 
in cell fate toward a TE-like lineage [100]. Consistently, 
inhibiting the upstream regulator NF2 using dominant-
negative mRNA induces nuclear translocation of YAP 
and ectopic expression of CDX2 inside cells, adopting 
a TE fate and failing to form an ICM [101]. The activ-
ity of the Hippo pathway, which is regulated by cell–cell 
contact, is crucial for the induction of ICM/TE lineage 
specification.

At the mid-blastocyst stage, nuclear YAP/TEAD activ-
ity and expression of pluripotency factors are highly het-
erogeneous in the ICM. During epiblast formation, YAP 
gradually accumulates in the nucleus, activating TEAD 
transcriptional programs. Elevated TEAD transcriptional 
activity induces the expression of pluripotency factors 
that facilitate the formation of epiblasts. During this step, 
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cells compete to eliminate cells with low TEAD activity 
through apoptosis, thereby contributing to the removal 
of less pluripotent cells. This process ensures the genera-
tion of high-quality epiblasts characterized by a state of 
naïve pluripotency [102, 103].

Following the preimplantation stage, embryonic devel-
opment enters the gastrulation and neurulation stage 
from embryonic days 6 (E6) to E9 in mice. Yap mRNA 
is broadly distributed in the trophectoderm and epiblast 
derivatives from E6.5 to E8.5 yet demonstrates stage- and 
region-specific domains with relatively strong expres-
sion [104]. Mouse embryos lacking YAP arrest develop-
ment around E8.5 and display defects in yolk sac vascular 
development, chorioallantoic fusion, and embryonic axis 
elongation [104]. Despite a clear indication of appropri-
ate patterning and lineage specifications, YAP-deficient 
embryos display developmental abnormalities. This sug-
gests that at this stage of embryogenesis, YAP is required 
for morphogenetic movement or the maintenance of 
proper cell numbers, rather than lineage specification. 
From this point onwards, mouse development (E9−) 
undergoes organogenesis. During this period, the Hippo 
pathway is considered to play an important role in cell 

survival, migration, and 3D structure formation [105]. 
However, the involvement of Hippo pathway-mediated 
intercellular communication in embryonic development 
after gastrulation remains unclear.

Hippo pathway‑mediated intercellular communications 
in regeneration
The Hippo pathway plays an essential role in regenera-
tion, particularly in the intestine [106], liver [107–109], 
heart [110–112], and skin [68], where, in most cases, 
transient YAP/TAZ activation promotes regenerative tis-
sue repair. However, achieving regeneration after injury 
by manipulating the Hippo pathway is not simple; sus-
tained YAP/TAZ activation in the entire tissue may result 
in ectopic cell proliferation, ultimately leading to hyper-
plasia or neoplasia. Recent studies have revealed that 
heterogeneous, rather than homogenous, YAP activation 
within tissues is important for regeneration in several 
contexts (Fig. 4).

For instance, single-cell RNA sequencing has identi-
fied a damage-induced quiescent cell type called revival 
stem cells in the mouse intestinal epithelium [113]. These 
stem cells are extremely rare under normal conditions 

Fig. 3  Hippo pathway-mediated intercellular communications during development. The Hippo pathway contributes to cell differentiation 
from the eight-cell stage by being activated in cells with pluripotent inner cell mass (ICM) but not in cells of multipotent trophectoderm (TE) 
lineages. Subsequently, cells with high Hippo pathway activity are eliminated by apoptosis, owing to cell competitive mechanisms at the blastocyst 
stage, selecting highly pluripotent cells in the ICM. Between E6.5 and E8.5, YAP mRNA expression remains high, although its precise functions 
remain to be elucidated. YAP activity is associated with vascularization, morphogenesis, cell proliferation, and organogenesis in multiple organs
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but undergo YAP-dependent transient expansion fol-
lowing damage, giving rise to all major cell types of the 
intestine to regenerate the intestinal epithelium. Using 
an in vitro organoid system that mimics the regenerative 
process, another study revealed that transient activation 
of YAP, followed by variability in YAP subcellular locali-
zation within the intestinal sphere, is crucial for Paneth 
cell differentiation [114]. The induction of delta-like pro-
tein 1 (Dll1), a YAP target gene, within YAP-activated 
cells leads to the activation of Notch signaling in neigh-
boring cells via lateral inhibition, driving Paneth cell for-
mation to constitute the key niche to support intestinal 
stem cells. Homogeneous activation or suppression of 
YAP failed to activate Notch–Dll1 signaling, thereby 
abolishing Paneth cell differentiation and organoid bud-
ding. Therefore, cell–cell communication induced by the 
heterogeneous Hippo pathway status among neighboring 
cells is critical for proper intestinal regeneration and tis-
sue organization.

Similar heterogeneity in YAP activity was observed 
during liver regeneration. In the liver, hepatocytes and 
BECs repair tissues following injury. BECs contribute to 

liver repopulation and exhibit substantial plasticity under 
certain conditions [115, 116]. A study using single-cell 
RNA sequences revealed substantial heterogeneity of 
BECs in the normal liver, reflecting the dynamic activa-
tion of a YAP-dependent transcriptional program [117]. 
This transcriptional signature delineates a dynamic 
cellular state during homeostasis and exhibits a high 
responsiveness to injury, highlighting the plasticity of 
BECs. During liver injury, YAP-active BECs increase in 
response to bile acids, which are necessary for BEC sur-
vival and crucial for hepatocyte reprogramming into bil-
iary progenitors for the regenerative response. However, 
it remains to be elucidated how this heterogeneity in the 
YAP activation status in BECs contributes to the efficient 
induction of liver regeneration.

Conclusions
Numerous studies have focused on the cell-autonomous 
functions of the Hippo pathway, which mediates the 
intracellular signaling cascade to regulate gene expres-
sion. In addition to these previously well-characterized 
functions of the Hippo pathway, recent studies have 

Fig. 4  Hippo pathway-mediated intercellular communications in regeneration. In the intestine, revival stem cells are infrequent under normal 
conditions; however, they undergo YAP-dependent expansion to facilitate intestinal regeneration in response to injury. During intestinal organoid 
development from a single cell, YAP activation exhibits heterogeneity within intestinal spheres. This heterogeneity is essential for the activation 
of Notch–Dll1, thereby promoting the formation of Paneth cells. In a normal liver, biliary epithelial cells (BECs) exhibit significant diversity in YAP 
activity, illustrating the dynamic cellular state and plasticity of BECs during homeostasis. In the event of liver injury, YAP-active BECs increase 
in response to bile acids, which is crucial for BEC survival and plays a pivotal role in reprogramming hepatocytes into biliary progenitors 
for the regenerative response
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revealed that cells can change the activity of their own 
Hippo pathway to control the fate of surrounding cells 
either directly (cell–cell interactions) or indirectly (inter-
actions via soluble factors, EVs, or ECM) via cell–cell 
communication. Non-cell-autonomous functions of the 
Hippo pathway have emerged as crucial regulators of 
development, regeneration, and cancer development.

Although the Hippo pathway was initially identi-
fied as a regulator of organ size, previous studies have 
suggested that it may not necessarily regulate normal 
organ growth. For instance, the conditional deletion 
of YAP/TAZ at the embryonic stage of liver develop-
ment does not interfere with hepatocyte proliferation 
or liver growth [118, 119]. Additionally, a recent study 
revealed that numerous genes targeted by YAP/TAZ 
are associated with ectopic rather than normal growth 
[120]. These results imply that the Hippo pathway does 
not dictate when cells proliferate or undergo apoptosis 
during normal development. Thus, the classic Hippo 
mutant overgrowth phenotype may represent abnormal 
activation of the genetic program that facilitates ectopic 
overgrowth [120]. Consistently, YAP-deficient embryos 
demonstrate appropriate patterning and lineage specifi-
cation at E8.5 [104], suggesting that defects in the cell-
autonomous functions of the Hippo pathway may not be 
the primary reason for the embryonic lethality of YAP-
null mice. However, despite clear indications for normal 
cellular differentiation, YAP-deficient embryos exhibit 
abnormal morphogenesis and development. Therefore, 
one may speculate that some aspects of the physiologi-
cal functions of the Hippo pathway during embryogen-
esis are to maintain high-quality cells and facilitate the 
morphogenetic movement of the cells through cell–
cell communication. As highlighted in this review, the 
non-cell-autonomous functions of the Hippo pathway 
in mammals have been elucidated by taking advan-
tage of recent developments in single-cell analysis and/
or the introduction of sporadic Hippo mutations in tis-
sues. Notably, recent advances in the genetic tracing of 
cell–cell contacts using the synthetic Notch (synNotch) 
system, which utilizes artificial Notch ligand–recep-
tor interaction to induce gene expression upon cell–cell 
contact [121, 122], and the photo-isolation chemistry 
(PIC) system, which enables the isolation of transcrip-
tome profiles from photo-irradiated regions of interest 
[123], have revealed an unexpected broad cell–cell inter-
action history during development. Future studies clari-
fying the role of the Hippo pathway in these intercellular 
communications during development and regeneration 
may not only contribute to a better understanding of this 
pathway but also open new avenues for future therapeu-
tic strategies targeting the Hippo pathway.

Abbreviations
MST1/2	� Mammalian STE20-like kinase 1/2
MAP4K1/2/3/4/5/6/7	� Mitogen-activated protein kinase kinase kinase kinase 

1/2/3/4/5/6/7
LATS1/2	� Large tumor suppressor homolog
SAV1	� Salvador family WW domain containing protein 1
MOB1A/B	� MOB kinase activator 1A/B
YAP	� Yes-associated protein
TAZ	� Transcriptional coactivator with PDZ-binding motif
TEAD1/2/3/4	� TEA domain transcriptional factor 1/2/3/4
BECs	� Biliary epithelial cells
MC38	� Murine colon adenocarcinoma
WISP2	� WNT1-inducible signaling pathway protein 2
CCDC80	� Coiled-coil domain containing 80
GPX2	� Glutathione peroxidase 2
CRC​	� Colorectal cancer
MDCK	� Madin-Darby canine kidney
NF2	� Neurofibromatosis type 2
GPCRs	� G protein-coupled receptors
ECM	� Extracellular matrix
EVs	� Extracellular vesicles
CTGF	� Connective tissue growth factor
CYR61	� Cysteine-rich angiogenesis-inducing factor 61
CCN	� Cell communication network
TICs	� Tumor-initiating cells
CCL2	� C-C motif chemokine ligand 2
CSF1	� Colony-stimulating factor 1
IL	� Interleukin
PAI-1	� Plasminogen activator inhibitor 1
CXCL13	� C-X-C motif chemokine ligand 13
SOX10	� SRY-box transcription factor 10
DPP4	� Dipeptidyl peptidase 4
TGFb	� Transforming growth factor b
CAFs	� Cancer-associated fibroblasts
ANLN	� Anillin
DIAPH3	� Diaphanous-related formin 3
MYL9	� Myosin light chain 9
CDX2	� Caudal type homeobox 2
TE	� Trophectoderm
ICM	� Inner cell mass
TGFβ	� Transforming growth factor β
E6	� Embryonic days 6
synNotch	� Synthetic Notch
PIC	� Photo-isolation chemistry
DLL1	� Delta-like protein 1

Acknowledgements
The authors sincerely apologize to their colleagues whose work cannot be 
cited because of space limitations. We thank Ayato Maeda, Mohamed Fathi 
Saleh, and David Nduru for critically reviewing the manuscript. Work in the 
Moroishi laboratory is supported by grants from Japan Agency for Medical 
Research and Development (AMED) (JP22gm6210030 and JP23bm1123044 
to T. M.), Japan Society for the Promotion of Science (JSPS) KAKENHI grants 
(22H05635 to T. M.; 23K1445500 to A. N.), Japan Science and Technology 
Agency (JST) CREST (JPMJCR23B7 to T. M.), Takeda Science Foundation (to T. 
M.), and Kobayashi Foundation for Cancer Research (to T. M.).

Authors’ contributions
AN and TM wrote the manuscript. All authors have read and approved of the 
final draft of the manuscript.

Funding
Not applicable

Availability of data and materials
Not applicable



Page 11 of 13Nita and Moroishi ﻿Inflammation and Regeneration           (2024) 44:18 	

Declarations

Ethics approval and consent to participate
No applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 25 January 2024   Accepted: 24 March 2024

 References
	 1.	 Xu T, Wang W, Zhang S, Stewart RA, Yu W. Identifying tumor suppressors 

in genetic mosaics: the Drosophila lats gene encodes a putative protein 
kinase. Develop. 1995;121(4):1053–63.

	 2.	 Zeng Q, Hong W. The emerging role of the Hippo pathway in cell 
contact inhibition, organ size control, and cancer development in 
mammals. Cancer Cell. 2008;13(3):188–92.

	 3.	 Pan D. The Hippo signaling pathway in development and cancer. Dev 
Cell. 2010;19(4):491–505.

	 4.	 Zhao B, Lei QY, Guan KL. The Hippo-YAP pathway: new connections 
between regulation of organ size and cancer. Curr Opin Cell Biol. 
2008;20(6):638–46.

	 5.	 Halder G, Johnson RL. Hippo signaling: growth control and beyond. 
Develop. 2011;138(1):9–22.

	 6.	 Harvey KF, Pfleger CM, Hariharan IK. The Drosophila Mst ortholog, 
hippo, restricts growth and cell proliferation and promotes apoptosis. 
Cell. 2003;114(4):457–67.

	 7.	 Jia J, Zhang W, Wang B, Trinko R, Jiang J. The Drosophila Ste20 family 
kinase dMST functions as a tumor suppressor by restricting cell prolif-
eration and promoting apoptosis. Genes Dev. 2003;17(20):2514–9.

	 8.	 Pantalacci S, Tapon N, Léopold P. The Salvador partner Hippo 
promotes apoptosis and cell-cycle exit in Drosophila. Nat Cell Biol. 
2003;5(10):921–7.

	 9.	 Udan RS, Kango-Singh M, Nolo R, Tao C, Halder G. Hippo promotes 
proliferation arrest and apoptosis in the Salvador/Warts pathway. Nat 
Cell Biol. 2003;5(10):914–20.

	 10.	 Wu S, Huang J, Dong J, Pan D. Hippo encodes a Ste-20 family protein 
kinase that restricts cell proliferation and promotes apoptosis in con-
junction with Salvador and Warts. Cell. 2003;114(4):445–56.

	 11.	 Zheng Y, Wang W, Liu B, Deng H, Uster E, Pan D. Identification of Hap-
pyhour/MAP4K as alternative Hpo/Mst-like kinases in the Hippo kinase 
cascade. Dev Cell. 2015;34(6):642–55.

	 12.	 Li Q, Li S, Mana-Capelli S, Roth Flach RJ, Danai LV, Amcheslavsky 
A, et al. The conserved misshapen-warts-Yorkie pathway acts in 
enteroblasts to regulate intestinal stem cells in Drosophila. Dev Cell. 
2014;31(3):291–304.

	 13.	 Justice RW, Zilian O, Woods DF, Noll M, Bryant PJ. The Drosophila tumor 
suppressor gene warts encodes a homolog of human myotonic dystro-
phy kinase and is required for the control of cell shape and prolifera-
tion. Genes Dev. 1995;9(5):534–46.

	 14.	 Kango-Singh M, Nolo R, Tao C, Verstreken P, Hiesinger PR, Bellen HJ, 
et al. Shar-pei mediates cell proliferation arrest during imaginal disc 
growth in Drosophila. Develop. 2002;129(24):5719–30.

	 15.	 Tapon N, Harvey KF, Bell DW, Wahrer DCR, Schiripo TA, Haber DA, et al. 
Salvador Promotes both cell cycle exit and apoptosis in Drosophila and 
is mutated in human cancer cell lines. Cell. 2002;110(4):467–78.

	 16.	 Lai Z-C, Wei X, Shimizu T, Ramos E, Rohrbaugh M, Nikolaidis N, et al. 
Control of cell proliferation and apoptosis by mob as tumor suppressor, 
mats. Cell. 2005;120(5):675–85.

	 17.	 Huang J, Wu S, Barrera J, Matthews K, Pan D. The Hippo signaling path-
way coordinately regulates cell proliferation and apoptosis by inactivat-
ing Yorkie, the Drosophila homolog of YAP. Cell. 2005;122(3):421–34.

	 18.	 Goulev Y, Fauny JD, Gonzalez-Marti B, Flagiello D, Silber J, Zider A. 
SCALLOPED interacts with YORKIE, the nuclear effector of the hippo 
tumor-suppressor pathway in Drosophila. Curr Biol. 2008;18(6):435–41.

	 19.	 Zhang L, Ren F, Zhang Q, Chen Y, Wang B, Jiang J. The TEAD/TEF family 
of transcription factor scalloped mediates Hippo signaling in organ size 
control. Dev Cell. 2008;14(3):377–87.

	 20.	 Wu S, Liu Y, Zheng Y, Dong J, Pan D. The TEAD/TEF family protein scal-
loped mediates transcriptional output of the Hippo growth-regulatory 
pathway. Dev Cell. 2008;14(3):388–98.

	 21.	 Meng Z, Moroishi T, Guan K-L. Mechanisms of Hippo pathway regula-
tion. Genes Dev. 2016;30(1):1–17.

	 22.	 Piccolo S, Dupont S, Cordenonsi M. The biology of YAP/TAZ: Hippo 
signaling and beyond. Physiol Rev. 2014;94(4):1287–312.

	 23.	 Fu M, Hu Y, Lan T, Guan K-L, Luo T, Luo M. The Hippo signalling pathway 
and its implications in human health and diseases. Signal Transduct 
Target Ther. 2022;7(1):376.

	 24.	 Xie Z, Wang Y, Yang G, Han J, Zhu L, Li L, et al. The role of the Hippo 
pathway in the pathogenesis of inflammatory bowel disease. Cell 
Death Dis. 2021;12(1):79.

	 25.	 Camargo FD, Gokhale S, Johnnidis JB, Fu D, Bell GW, Jaenisch R, et al. 
YAP1 increases organ size and expands undifferentiated progenitor 
cells. Curr Biol. 2007;17(23):2054–60.

	 26.	 Lu L, Li Y, Kim SM, Bossuyt W, Liu P, Qiu Q, et al. Hippo signaling is a 
potent in vivo growth and tumor suppressor pathway in the mamma-
lian liver. Proc Natl Acad Sci U S A. 2010;107(4):1437–42.

	 27.	 Song H, Mak KK, Topol L, Yun K, Hu J, Garrett L, et al. Mammalian Mst1 
and Mst2 kinases play essential roles in organ size control and tumor 
suppression. Proc Natl Acad Sci U S A. 2010;107(4):1431–6.

	 28.	 Zhou D, Conrad C, Xia F, Park J-S, Payer B, Yin Y, et al. Mst1 and Mst2 
maintain hepatocyte quiescence and suppress hepatocellular 
carcinoma development through inactivation of the Yap1 oncogene. 
Cancer Cell. 2009;16(5):425–38.

	 29.	 Lee J-H, Kim T-S, Yang T-H, Koo B-K, Oh S-P, Lee K-P, et al. A crucial 
role of WW45 in developing epithelial tissues in the mouse. EMBO J. 
2008;27(8):1231–42.

	 30.	 Dong J, Feldmann G, Huang J, Wu S, Zhang N, Comerford SA, et al. 
Elucidation of a universal size-control mechanism in Drosophila and 
mammals. Cell. 2007;130(6):1120–33.

	 31.	 Hariharan IK. Organ size control: lessons from Drosophila. Dev Cell. 
2015;34(3):255–65.

	 32.	 Irvine KD, Harvey KF: Control of organ growth by patterning and 
hippo signaling in Drosophila. Cold Spring Harb Perspect Biol 2015, 7(6): 
a019224.

	 33.	 Rogulja D, Rauskolb C, Irvine KD. Morphogen control of wing growth 
through the fat signaling pathway. Dev Cell. 2008;15(2):309–21.

	 34.	 Yu F-X, Zhao B, Guan K-L. Hippo pathway in organ size control, tissue 
homeostasis, and cancer. Cell. 2015;163(4):811–28.

	 35.	 Chen Q, Zhang N, Xie R, Wang W, Cai J, Choi K-S, et al. Homeostatic con-
trol of Hippo signaling activity revealed by an endogenous activating 
mutation in YAP. Genes Dev. 2015;29(12):1285–97.

	 36.	 Lee D-H, Park JO, Kim T-S, Kim S-K, Kim T-H, Kim M-C, et al. LATS-YAP/TAZ 
controls lineage specification by regulating TGFβ signaling and Hnf4α 
expression during liver development. Nat Commun. 2016;7:11961.

	 37.	 Yi J, Lu L, Yanger K, Wang W, Sohn BH, Stanger BZ, et al. Large tumor 
suppressor homologs 1 and 2 regulate mouse liver progenitor cell 
proliferation and maturation through antagonism of the coactivators 
YAP and TAZ. Hepatol. 2016;64(5):1757–72.

	 38.	 Zhou D, Zhang Y, Wu H, Barry E, Yin Y, Lawrence E, et al. Mst1 and Mst2 
protein kinases restrain intestinal stem cell proliferation and colonic 
tumorigenesis by inhibition of yes-associated protein (YAP) overabun-
dance. Proc Natl Acad Sci U S A. 2011;108(49):E1312–20.

	 39.	 Reginensi A, Enderle L, Gregorieff A, Johnson RL, Wrana JL, McNeill H. A 
critical role for NF2 and the Hippo pathway in branching morphogen-
esis. Nat Commun. 2016;7:12309.

	 40.	 Ma S, Wu Z, Yang F, Zhang J, Johnson RL, Rosenfeld MG, et al. Hippo sig-
nalling maintains ER expression and ER+ breast cancer growth. Nature. 
2021;591(7848):E1–E10.

	 41.	 Yamauchi T. Moroishi T: Hippo pathway in mammalian adaptive 
immune system. Cells. 2019;8(5):398.

	 42.	 Pan W-W, Moroishi T, Koo JH, Guan K-L. Cell type-dependent function of 
LATS1/2 in cancer cell growth. Oncogene. 2019;38(14):2595–610.



Page 12 of 13Nita and Moroishi ﻿Inflammation and Regeneration           (2024) 44:18 

	 43.	 Huang H, Zhang W, Pan Y, Gao Y, Deng L, Li F, et al. YAP suppresses lung 
squamous cell carcinoma progression via deregulation of the DNp63-
GPX2 axis and ROS accumulation. Cancer Res. 2017;77(21):5769–81.

	 44.	 Cheung P, Xiol J, Dill MT, Yuan W-C, Panero R, Roper J, et al. Regenera-
tive reprogramming of the intestinal stem cell state via Hippo signaling 
suppresses metastatic colorectal cancer. Cell Stem Cell. 2020;27(4):590–
604.e599.

	 45.	 Fetiva MC, Liss F, Gertzmann D, Thomas J, Gantert B, Vogl M, et al. 
Oncogenic YAP mediates changes in chromatin accessibility and 
activity that drive cell cycle gene expression and cell migration. 
Nucleic Acids Res. 2023;51(9):4266–83.

	 46.	 Monroe TO, Hill MC, Morikawa Y, Leach JP, Heallen T, Cao S, et al. YAP 
partially reprograms chromatin accessibility to directly induce adult 
cardiogenesis in vivo. Dev Cell. 2019;48(6):765–779.e767.

	 47.	 Della Chiara G, Gervasoni F, Fakiola M, Godano C, D’Oria C, Azzolin L, 
et al. Epigenomic landscape of human colorectal cancer unveils an 
aberrant core of pan-cancer enhancers orchestrated by YAP/TAZ. Nat 
Commun. 2021;12(1):2340.

	 48.	 Stein C, Bardet AF, Roma G, Bergling S, Clay I, Ruchti A, et al. YAP1 
exerts its transcriptional control via TEAD-mediated activation of 
enhancers. PLoS Genet. 2015;11(8):e1005465.

	 49.	 Zanconato F, Forcato M, Battilana G, Azzolin L, Quaranta E, Bodega 
B, et al. Genome-wide association between YAP/TAZ/TEAD 
and AP-1 at enhancers drives oncogenic growth. Nat Cell Biol. 
2015;17(9):1218–27.

	 50.	 Heinz S, Romanoski CE, Benner C, Glass CK. The selection and 
function of cell type-specific enhancers. Nat Rev Mol Cell Biol. 
2015;16(3):144–54.

	 51.	 Moroishi T, Hayashi T, Pan W-W, Fujita Y, Holt MV, Qin J, et al. The 
Hippo pathway kinases LATS1/2 suppress cancer immunity. Cell. 
2016;167(6):1525–1539.e1517.

	 52.	 Moya IM, Castaldo SA, Van den Mooter L, Soheily S, Sansores-
Garcia L, Jacobs J, et al. Peritumoral activation of the Hippo path-
way effectors YAP and TAZ suppresses liver cancer in mice. Sci. 
2019;366(6468):1029–34.

	 53.	 Morata G, Ripoll P. Minutes: mutants of drosophila autonomously affect-
ing cell division rate. Dev Biol. 1975;42(2):211–21.

	 54.	 Baker NE. Emerging mechanisms of cell competition. Nat Rev Genet. 
2020;21(11):683–97.

	 55.	 Clavería C, Torres M. Cell competition: mechanisms and physiological 
roles. Annu Rev Cell Dev Biol. 2016;32:411–39.

	 56.	 Di Gregorio A, Bowling S, Rodriguez TA. Cell competition and its role 
in the regulation of cell fitness from development to cancer. Dev Cell. 
2016;38(6):621–34.

	 57.	 Morata G. Cell competition: a historical perspective. Dev Biol. 
2021;476:33–40.

	 58.	 van Neerven SM, Vermeulen L. Cell competition in development, 
homeostasis and cancer. Nat Rev Mol Cell Biol. 2023;24(3):221–36.

	 59.	 Díaz-Díaz C, Fernandez de Manuel L, Jimenez-Carretero D, Montoya MC, 
Clavería C, Torres M: Pluripotency surveillance by Myc-driven competi-
tive elimination of differentiating cells. Dev Cell. 2017, 42(6):585-599.
e584.

	 60.	 Bowling S, Di Gregorio A, Sancho M, Pozzi S, Aarts M, Signore MD, et al. 
P53 and mTOR signalling determine fitness selection through cell com-
petition during early mouse embryonic development. Nat Commun. 
2018;9(1):1763.

	 61.	 Hashimoto M, Sasaki H. Epiblast formation by TEAD-YAP-dependent 
expression of pluripotency factors and competitive elimination of 
unspecified cells. Dev Cell. 2019;50(2):139–154.e135.

	 62.	 Mamada H, Sato T, Ota M, Sasaki H. Cell competition in mouse NIH3T3 
embryonic fibroblasts is controlled by the activity of Tead family pro-
teins and Myc. J Cell Sci. 2015;128(4):790–803.

	 63.	 Chiba T, Ishihara E, Miyamura N, Narumi R, Kajita M, Fujita Y, et al. MDCK 
cells expressing constitutively active Yes-associated protein (YAP) 
undergo apical extrusion depending on neighboring cell status. Sci 
Rep. 2016;6:28383.

	 64.	 Nishio M, Miyachi Y, Otani J, Tane S, Omori H, Ueda F, et al. Hippo path-
way controls cell adhesion and context-dependent cell competition to 
influence skin engraftment efficiency. FASEB J. 2019;33(4):5548–60.

	 65.	 Kawaue T, Yow I, Pan Y, Le AP, Lou Y, Loberas M, et al. Inhomogeneous 
mechanotransduction defines the spatial pattern of apoptosis-induced 
compensatory proliferation. Dev Cell. 2023;58(4):267–277.e265.

	 66.	 Hansen CG, Moroishi T, Guan K-L. YAP and TAZ: a nexus for Hippo signal-
ing and beyond. Trends Cell Biol. 2015;25(9):499–513.

	 67.	 Moroishi T, Hansen CG, Guan K-L. The emerging roles of YAP and TAZ in 
cancer. Nat Rev Cancer. 2015;15(2):73–9.

	 68.	 Moya IM, Halder G. Hippo-YAP/TAZ signalling in organ regeneration 
and regenerative medicine. Nat Rev Mol Cell Biol. 2019;20(4):211–26.

	 69.	 Panciera T, Azzolin L, Cordenonsi M, Piccolo S. Mechanobiology 
of YAP and TAZ in physiology and disease. Nat Rev Mol Cell Biol. 
2017;18(12):758–70.

	 70.	 Rausch V, Hansen CG. The Hippo pathway, YAP/TAZ, and the plasma 
membrane. Trends Cell Biol. 2020;30(1):32–48.

	 71.	 Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cord-
enonsi M, et al. Role of YAP/TAZ in mechanotransduction. Nature. 
2011;474(7350):179–83.

	 72.	 Meng Z, Qiu Y, Lin KC, Kumar A, Placone JK, Fang C, et al. RAP2 
mediates mechanoresponses of the Hippo pathway. Nature. 
2018;560(7720):655–60.

	 73.	 Zhao B, Ye X, Yu J, Li L, Li W, Li S, et al. TEAD mediates YAP-dependent 
gene induction and growth control. Genes Dev. 2008;22(14):1962–71.

	 74.	 Zhang H, Liu C-Y, Zha Z-Y, Zhao B, Yao J, Zhao S, et al. TEAD transcrip-
tion factors mediate the function of TAZ in cell growth and epithelial-
mesenchymal transition*. J Biol Chem. 2009;284(20):13355–62.

	 75.	 Leask A. Conjunction junction, what’s the function? CCN pro-
teins as targets in fibrosis and cancers. Am J Phys Cell Physiol. 
2020;318(6):C1046–54.

	 76.	 Mugahid D, Kalocsay M, Liu X, Gruver JS, Peshkin L, Kirschner MW. YAP 
regulates cell size and growth dynamics via non-cell autonomous 
mediators. Elife. 2020:9:9:e53404.

	 77.	 Hartman AA, Scalf SM, Zhang J, Hu X, Chen X, Eastman AE, et al. YAP 
non-cell-autonomously promotes pluripotency induction in mouse 
cells. Stem Cell Rep. 2020;14(4):730–43.

	 78.	 Mooring M, Fowl BH, Lum SZC, Liu Y, Yao K, Softic S, et al. Hepatocyte 
stress increases expression of yes-associated protein and transcriptional 
coactivator with PDZ-binding motif in hepatocytes to promote paren-
chymal inflammation and fibrosis. Hepatol. 2020;71(5):1813–30.

	 79.	 Guo X, Zhao Y, Yan H, Yang Y, Shen S, Dai X, et al. Single tumor-initiating 
cells evade immune clearance by recruiting type II macrophages. 
Genes Dev. 2017;31(3):247–59.

	 80.	 Ma H, Wang J, Zhao X, Wu T, Huang Z, Chen D, et al. Periostin promotes 
colorectal tumorigenesis through integrin-FAK-Src pathway-mediated 
YAP/TAZ activation. Cell Rep. 2020;30(3):793–806.e796.

	 81.	 Marquard S, Thomann S, Weiler SME, Bissinger M, Lutz T, Sticht C, et al. 
Yes-associated protein (YAP) induces a secretome phenotype and tran-
scriptionally regulates plasminogen activator inhibitor-1 (PAI-1) expres-
sion in hepatocarcinogenesis. Cell Commun Signal. 2020;18(1):166.

	 82.	 van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of 
extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19(4):213–28.

	 83.	 O’Brien K, Breyne K, Ughetto S, Laurent LC, Breakefield XO. RNA delivery 
by extracellular vesicles in mammalian cells and its applications. Nat 
Rev Mol Cell Biol. 2020;21(10):585–606.

	 84.	 Möller A, Lobb RJ. The evolving translational potential of small extracel-
lular vesicles in cancer. Nat Rev Cancer. 2020;20(12):697–709.

	 85.	 Jeppesen DK, Zhang Q, Franklin JL, Coffey RJ. Extracellular vesi-
cles and nanoparticles: emerging complexities. Trends Cell Biol. 
2023;33(8):667–81.

	 86.	 El Andaloussi S, Mäger I, Breakefield XO, Wood MJA. Extracellular vesi-
cles: biology and emerging therapeutic opportunities. Nat Rev Drug 
Discov. 2013;12(5):347–57.

	 87.	 Matthaios D, Tolia M, Mauri D, Kamposioras K, Karamouzis M. YAP/
Hippo pathway and cancer immunity: it takes two to tango. Biomed. 
2021;9(12):1949.

	 88.	 Wang Z, Kim SY, Tu W, Kim J, Xu A, Yang YM, et al. Extracellular vesicles in 
fatty liver promote a metastatic tumor microenvironment. Cell Metab. 
2023;35(7):1209–1226.e1213.

	 89.	 Yuan Z, Ye L, Feng X, Zhou T, Zhou Y, Zhu S, et al. YAP-dependent 
induction of CD47-enriched extracellular vesicles inhibits dendritic cell 
activation and ameliorates hepatic ischemia-reperfusion injury. Oxid 
Med Cell Longev. 2021;2021:6617345.



Page 13 of 13Nita and Moroishi ﻿Inflammation and Regeneration           (2024) 44:18 	

	 90.	 Yu W, Zhang C, Wang Y, Tian X, Miao Y, Meng F, et al. YAP 5-methylcyto-
sine modification increases its mRNA stability and promotes the tran-
scription of exosome secretion-related genes in lung adenocarcinoma. 
Cancer Gene Ther. 2023;30(1):149–62.

	 91.	 Zanconato F, Cordenonsi M, Piccolo S. YAP and TAZ: a signalling hub of 
the tumour microenvironment. Nat Rev Cancer. 2019;19(8):454–64.

	 92.	 Totaro A, Panciera T, Piccolo S. YAP/TAZ upstream signals and down-
stream responses. Nat Cell Biol. 2018;20(8):888–99.

	 93.	 Low BC, Pan CQ, Shivashankar GV, Bershadsky A, Sudol M, Sheetz M. 
YAP/TAZ as mechanosensors and mechanotransducers in regulating 
organ size and tumor growth. FEBS Lett. 2014;588(16):2663–70.

	 94.	 Xiao Y, Hill MC, Zhang M, Martin TJ, Morikawa Y, Wang S, et al. Hippo 
signaling plays an essential role in cell state transitions during cardiac 
fibroblast development. Dev Cell. 2018;45(2):153–169.e156.

	 95.	 Shen H, Huang X, Zhao Y, Wu D, Xue K, Yao J, et al. The Hippo pathway 
links adipocyte plasticity to adipose tissue fibrosis. Nat Commun. 
2022;13(1):6030.

	 96.	 Calvo F, Ege N, Grande-Garcia A, Hooper S, Jenkins RP, Chaudhry SI, 
et al. Mechanotransduction and YAP-dependent matrix remodelling 
is required for the generation and maintenance of cancer-associated 
fibroblasts. Nat Cell Biol. 2013;15(6):637–46.

	 97.	 Yagi R, Kohn MJ, Karavanova I, Kaneko KJ, Vullhorst D, DePamphilis 
ML, et al. Transcription factor TEAD4 specifies the trophectoderm 
lineage at the beginning of mammalian development. Develop. 
2007;134(21):3827–36.

	 98.	 Nishioka N, Yamamoto S, Kiyonari H, Sato H, Sawada A, Ota M, et al. 
Tead4 is required for specification of trophectoderm in pre-implanta-
tion mouse embryos. Mech Dev. 2008;125(3-4):270–83.

	 99.	 Nishioka N, Inoue K-I, Adachi K, Kiyonari H, Ota M, Ralston A, et al. The 
Hippo signaling pathway components Lats and Yap pattern Tead4 
activity to distinguish mouse trophectoderm from inner cell mass. Dev 
Cell. 2009;16(3):398–410.

	100.	 Lorthongpanich C, Messerschmidt DM, Chan SW, Hong W, Knowles 
BB, Solter D. Temporal reduction of LATS kinases in the early preim-
plantation embryo prevents ICM lineage differentiation. Genes Dev. 
2013;27(13):1441–6.

	101.	 Cockburn K, Biechele S, Garner J, Rossant J. The Hippo pathway 
member Nf2 is required for inner cell mass specification. Curr Biol. 
2013;23(13):1195–201.

	102.	 Hashimoto M, Sasaki H. Cell competition controls differentiation in 
mouse embryos and stem cells. Curr Opin Cell Biol. 2020;67:1–8.

	103.	 Karasek C, Ashry M, Driscoll CS, Knott JG. A tale of two cell-fates: role 
of the Hippo signaling pathway and transcription factors in early line-
age formation in mouse preimplantation embryos. Mol Hum Reprod. 
2020;26(9):653–64.

	104.	 Morin-Kensicki EM, Boone BN, Howell M, Stonebraker JR, Teed J, Alb 
JG, et al. Defects in yolk sac vasculogenesis, chorioallantoic fusion, and 
embryonic axis elongation in mice with targeted disruption of Yap65. 
Mol Cell Biol. 2006;26(1):77–87.

	105.	 Wu Z, Guan K-L. Hippo signaling in embryogenesis and development. 
Trends Biochem Sci. 2021;46(1):51–63.

	106.	 Yu F-X, Meng Z, Plouffe SW, Guan K-L. Hippo pathway regulation of 
gastrointestinal tissues. Annu Rev Physiol. 2015;77:201–27.

	107.	 Russell JO, Camargo FD. Hippo signalling in the liver: role in devel-
opment, regeneration and disease. Nat Rev Gastroenterol Hepatol. 
2022;19(5):297–312.

	108.	 Pibiri M, Simbula G. Role of the Hippo pathway in liver regeneration and 
repair: recent advances. Inflamm Regen. 2022;42(1):59.

	109.	 Driskill JH, Pan D. The Hippo pathway in liver homeostasis and patho-
physiology. Annu Rev Pathol. 2021;16:299–322.

	110.	 Zhou Q, Li L, Zhao B, Guan K-L. The Hippo pathway in heart develop-
ment, regeneration, and diseases. Circ Res. 2015;116(8):1431–47.

	111.	 Wang J, Liu S, Heallen T, Martin JF. The Hippo pathway in the heart: piv-
otal roles in development, disease, and regeneration. Nat Rev Cardiol. 
2018;15(11):672–84.

	112.	 Liu S, Li RG, Martin JF. The cell-autonomous and non-cell-autonomous 
roles of the Hippo pathway in heart regeneration. J Mol Cell Cardiol. 
2022;168:98–106.

	113.	 Ayyaz A, Kumar S, Sangiorgi B, Ghoshal B, Gosio J, Ouladan S, et al. 
Single-cell transcriptomes of the regenerating intestine reveal a revival 
stem cell. Nature. 2019;569(7754):121–5.

	114.	 Serra D, Mayr U, Boni A, Lukonin I, Rempfler M, Challet Meylan L, et al. 
Self-organization and symmetry breaking in intestinal organoid devel-
opment. Nature. 2019;569(7754):66–72.

	115.	 Rodrigo-Torres D, Affò S, Coll M, Morales-Ibanez O, Millán C, Blaya D, 
et al. The biliary epithelium gives rise to liver progenitor cells. Hepatol. 
2014;60(4):1367–77.

	116.	 Schaub JR, Malato Y, Gormond C, Willenbring H. Evidence against a 
stem cell origin of new hepatocytes in a common mouse model of 
chronic liver injury. Cell Rep. 2014;8(4):933–9.

	117.	 Pepe-Mooney BJ, Dill MT, Alemany A, Ordovas-Montanes J, Matsu-
shita Y, Rao A, et al. Single-cell analysis of the liver epithelium reveals 
dynamic heterogeneity and an essential role for YAP in homeostasis 
and regeneration. Cell Stem Cell. 2019;25(1):23–38.e28.

	118.	 Lu L, Finegold MJ, Johnson RL. Hippo pathway coactivators Yap and Taz 
are required to coordinate mammalian liver regeneration. Exp Mol Med. 
2018;50(1):e423.

	119.	 Zhang N, Bai H, David KK, Dong J, Zheng Y, Cai J, et al. The Merlin/NF2 
tumor suppressor functions through the YAP oncoprotein to regulate 
tissue homeostasis in mammals. Dev Cell. 2010;19(1):27–38.

	120.	 Kowalczyk W, Romanelli L, Atkins M, Hillen H, Bravo González-Blas C, 
Jacobs J, et al. Hippo signaling instructs ectopic but not normal organ 
growth. Science. 2022;378(6621):eabg3679.

	121.	 Liu K, Jin H, Zhang S, Tang M, Meng X, Li Y, et al. Intercellular genetic 
tracing of cardiac endothelium in the developing heart. Dev Cell. 
2023;58(16):1502–1512.e1503.

	122.	 Zhang S, Zhao H, Liu Z, Liu K, Zhu H, Pu W, et al. Monitoring of 
cell-cell communication and contact history in mammals. Science. 
2022;378(6623):eabo5503.

	123.	 Honda M, Oki S, Kimura R, Harada A, Maehara K, Tanaka K, et al. High-
depth spatial transcriptome analysis by photo-isolation chemistry. Nat 
Commun. 2021;12(1):4416.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Hippo pathway in cell–cell communication: emerging roles in development and regeneration
	Abstract 
	Background
	Main text
	Complex roles of the Hippo pathway in multicellular organisms
	The Hippo pathway
	Context-dependent functions of the Hippo pathway

	The Hippo pathway in direct cell–cell communication
	Cell competition
	Compensatory proliferation

	The Hippo pathway in indirect cell–cell communication
	Soluble factors
	Extracellular vesicles
	Extracellular matrix

	Hippo pathway-mediated intercellular communications during development
	Hippo pathway-mediated intercellular communications in regeneration

	Conclusions
	Acknowledgements
	References


