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The Hippo signaling pathway is a vital regulator of pancreatic development and
homeostasis, directing cell fate decisions, morphogenesis, and adult pancreatic cellular
plasticity. Through loss-of-function research, Hippo signaling has been found to
play key roles in maintaining the proper balance between progenitor cell renewal,
proliferation, and differentiation in pancreatic organogenesis. Other studies suggest
that overactivation of YAP, a downstream effector of the pathway, promotes ductal
cell development and suppresses endocrine cell fate specification via repression of
Ngn3. After birth, disruptions in Hippo signaling have been found to lead to de-
differentiation of acinar cells and pancreatitis-like phenotype. Further, Hippo signaling
directs pancreatic morphogenesis by ensuring proper cell polarization and branching.
Despite these findings, the mechanisms through which Hippo governs cell differentiation
and pancreatic architecture are yet to be fully understood. Here, we review recent
studies of Hippo functions in pancreatic development, including its crosstalk with
NOTCH, WNT/β-catenin, and PI3K/Akt/mTOR signaling pathways.
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INTRODUCTION

Hippo signaling plays an important role in regulating cell proliferation and apoptosis; thus,
it is thought to be a central regulator of organ size and tissue homeostasis. A complex
network of biological processes has been shown to regulate the Hippo signaling pathway,
including determinants of cell polarity and cell-cell junctions, factors mediating the activation
of Hippo kinases, mechanotransduction, soluble factors acting through G-protein-coupled
receptors (GPCRs) and Rho GTPases, and metabolic pathways mediating YAP/TAZ nuclear
localization (mevalonate pathway) or their binding to TEAD factors (glucose metabolism and
aerobic glycolysis) (Maugeri-Sacca and De Maria, 2018). These pathways are all important for
organogenesis, asserting the essential roles of the Hippo pathway in the development of an
organism (Zheng and Pan, 2019). Defective Hippo signaling can lead to pancreatic dysfunction
such as defects in both embryogenesis and postnatal development. This review aims to outline the
roles of the Hippo signaling pathway in pancreatic development.

The pancreatic developmental process begins with two outpouchings arising from the distal
foregut endoderm, forming into the dorsal and ventral pancreatic buds. Meanwhile, the organ
must properly form acinar cells, ductal cells, and five different endocrine cell lineages. Pancreatic
tubulogenesis is a complex process that must be regulated by a network of transcription factors
and signaling pathways (Jennings et al., 2015; Fujitani, 2017). As an essential organ for metabolic
regulation, dysfunction of the endocrine pancreas causes serious chronic metabolic diseases,
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such as diabetes mellitus. On the other hand, damage to
the exocrine pancreas can lead to pancreatitis and pancreatic
cancer. Possible treatment strategies for these debilitating
diseases include the generation and transplantation of pancreatic
endocrine cells, reprogramming the original pancreatic cells
(Zhou and Melton, 2018), or reducing inflammation to
subsequently revert metaplastic cells back to normal cells.
Understanding how the pancreas develops with correct organ
size, composition, and architecture will provide insights into
these diseases. In this review, we summarize recent knowledge
of the role of Hippo signaling in pancreatic development, discuss
the importance of crosstalk with other signaling pathways, and
explore future directions of investigation.

AN OUTLINE OF PANCREATIC
DEVELOPMENT

The mammalian pancreas is a dual-function organ that
is essential for proper digestion and subsequent energy
consumption. The exocrine pancreas is known to produce
digestive enzymes (lipases, proteinases, and amylases), which
are secreted by acinar cells and delivered to the small
intestine by a branched ductal network. The endocrine pancreas
is key to the maintenance of glucose homeostasis through
five kinds of hormone-producing cells (Shih et al., 2013).
These endocrine cells cluster in the islets of Langerhans
and include α-, β-, δ-, PP-, and ε- cells that synthesize
glucagon, insulin, somatostatin, pancreatic polypeptide, and
ghrelin, respectively. Pancreatic development has been reviewed
in detail (Benitez et al., 2012; Bastidas-Ponce et al., 2017; Larsen
and Grapin-Botton, 2017). Here, we provide a brief review
of pancreatic development to help contextualize the role of
Hippo pathway in it.

Early pancreatic organogenesis can be divided into two
transitional stages: the primary transition occurs during E9.0-
E12.5 while the secondary transition occurs during E13.5-E16.5
(Figure 1A; Bastidas-Ponce et al., 2017). The primary transition
is marked by the specification and proliferation of pancreatic
progenitors, accompanied by some development of glucagon-
producing cells. Importantly, the number of multipotent
pancreatic progenitors developed during the primary transition
correlates with final organ size (Seymour, 2014). Prior to the
onset of the primary transition (E8.5-E9.0), Pdx1 (pancreatic
and duodenal homeobox 1) expression marks the pre-pancreatic
endoderm. In a Pdx1-null pancreas, the dorsal bud develops
normally until approximately E10.5, is smaller by E11.0, and
fails to grow past E11.5, while the ventral bud never invaginates
(Hale et al., 2005). Pdx1 also regulates pancreatic tubulogenesis
and E-cadherin expression (Marty-Santos and Cleaver, 2016).
Lastly, Pdx1 can negatively regulate the expression of pancreatic
ductal cell-specific keratin 19, which leads to the inhibition
of the ductal differentiation program within the pancreatic
endocrine compartment, particularly in β cells (Deramaudt et al.,
2006). Because of these influential roles, Pdx1 is often termed a
“master regulator” of whole pancreatic development (Figure 1A;
Vinogradova and Sverdlov, 2017).

Specification and differentiation of pancreatic cells during the
primary transition is further guided by a complex network of
additional transcription factors (Arda et al., 2013). One such
transcription factor, Ptf1a, is expressed in the early pancreas,
directing the expansion of multipotent progenitor cells (MPCs)
along with the specification of acinar cells, and is finally restricted
to acinar cells (Jin and Xiang, 2019). Sox9, which is also required
for maintenance of the pancreatic progenitor cell pool, is critical
in gene regulation as well (Seymour et al., 2007; Seymour, 2014).
Within the human fetal pancreas, Sox9 is important for the
expression of Ngn3 and other molecular markers of endocrine cell
differentiation (McDonald et al., 2012).

During the secondary transition of pancreatic organogenesis,
all five hormone-producing endocrine cells begin to develop,
and amylase-producing acinar cells arise from the extending
tip epithelium. During this transition, basic helix-loop-helix
transcription factor neurogenin 3 (Ngn3) drives bipotent
pancreatic progenitor cells toward the endocrine cell fate
(Gradwohl et al., 2000; McGrath et al., 2015). Furthermore,
biphasic expression of Ngn3 correlates with the “first” and
“second” transitions, which encompass two distinct waves of
embryonic endocrine differentiation (Villasenor et al., 2008). Not
only is Ngn3 a master regulator of pancreatic islet differentiation
and regeneration, but it also initiates stepwise delamination of
differentiating endocrine cells during pancreatic development
(Rukstalis and Habener, 2009; Gouzi et al., 2011). Lastly,
achieving high levels of Ngn3 expression is a critical step for
endocrine commitment from multipotent pancreatic progenitors
(Wang et al., 2010; Magenheim et al., 2011).

A “third” transition has been proposed by some researchers,
which occurs from E16.5-E19. During this time, endocrine cells
migrate and cluster into islets of Langerhans while acinar cells
further expand. However, the signaling pathways guiding the
formation of the islets of Langerhans are not fully understood.
Starting from the secondary transition, committed endocrine
cells leave the ductal epithelium, migrate into the surrounding
mesenchyme to coalesce into proto-islets, and finally develop
into functional islets of Langerhans. The process is regulated by
the spatiotemporal activities of various signaling factors along
with coordinated cell dynamics, such as the crosstalk between
endothelial and mesenchymal cells (Bastidas-Ponce et al., 2017).

As β cells exit the epithelial progenitor cell layer, they acquire
some mesenchymal characteristics (Cole et al., 2009). Cdc42-
mediated tubulogenesis controls cell specification by providing
the correct micro-environment, and it links actin dynamics to
pancreatic β cell delamination and differentiation (Kesavan et al.,
2009; Kesavan et al., 2014). Snail2/Slug, a known inducer of
epithelial to mesenchymal transition (EMT) and cell movement,
plays a vital role in endocrine cell delamination and migration
as well (Rukstalis and Habener, 2007; Lee et al., 2011). The
transcription co-repressor Grg3/Tle3 promotes the delamination
of endocrine progenitors along with β cell differentiation (Morris
and Machesky, 2015). During β cell development, EphB3 can
mark delaminating endocrine progenitors and help define the
timeframe of endocrine differentiation (Villasenor et al., 2012).

Besides the formation of different cell types, the
developmental mechanisms controlling the morphogenesis
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FIGURE 1 | Mouse pancreas development and the expression of Hippo components. (A) Major cell lineages in the pancreas and the master regulators of each
lineage. (B) The expression of Hippo components in the mouse pancreas.

of the pancreatic epithelium are also essential (Shih et al.,
2013). When the pancreatic buds develop, their morphogenesis
generates a highly branched, tree-like tubular epithelial network.
The process includes epithelial stratification, cell polarization,
microlumen formation and fusion, and finally gives rise to a
luminal plexus to be remodeled into a complex network. From
E11.5 onward, the mouse pancreatic epithelium consists of
MPCs that progressively segregate into tip or trunk domains and
are allocated to acinar or bipotent endocrine/duct progenitor
cell fates, respectively (Larsen and Grapin-Botton, 2017). The
cells in the tip domain express Ptf1a and Nr5a2, while the
trunk cells express Sox9, Nkx6.1, Hnf1b, and Pdx1. Several
signaling pathways such as Notch, EGFR and RhoA regulate
the tip-trunk pattern along with tubulogenesis (Murtaugh
et al., 2003; Afelik et al., 2012; Azizoglu et al., 2017; Lof-
Ohlin et al., 2017). Over the past decade, efforts have aimed
to pinpoint the molecular mechanisms governing pancreas
development and organogenesis. However, much remains to

be discovered, particularly regarding the cellular processes
that coordinate the morphogenesis of this complex organ
(Bastidas-Ponce et al., 2017).

AN OVERVIEW OF THE HIPPO
SIGNALING CASCADE

The Hippo signaling pathway is a highly conserved kinase
cascade that was initially characterized in Drosophila, and most
components have since been found to have multiple orthologs
in mammals. The pathway regulates diverse cellular processes,
including proliferation, differentiation, cell survival, and organ
size (Gomez et al., 2014; Mo et al., 2014). In mammals, the
Hippo pathway consists of a kinase cascade of the Ste-20-like
protein kinases MST1 and 2, which phosphorylate large tumor
suppressor 1 and 2 (LATS1/2). Once phosphorylated, LATS1/2
are activated and can phosphorylate the main effectors of the
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Hippo pathway, the transcription coactivators Yes-Associated
Protein 1 (YAP), and Transcription co-activator with a PDZ-
binding motif (TAZ). Following phosphorylation, YAP and
TAZ are either sequestered in the cytoplasm or degraded in
a ubiquitin-proteasome-dependent manner. When LATS are
inactive, unphosphorylated YAP and TAZ translocate to the
nucleus to initiate transcription and induce the expression of
genes regulating proliferation, differentiation, and apoptosis.
Although YAP and TAZ have some redundant functions, studies
of mammary and kidney organogenesis have shown that the
inactivation of either gene produces very different phenotypes
(Piccolo et al., 2014; Skibinski et al., 2014), emphasizing their
distinct roles and the need to further delineate their functions
in other tissues.

Neither YAP nor TAZ have a DNA-binding domain, so they
require other transcription factors to exert control on gene
expression. Transcription enhancer associate domain (TEAD) 1-
4 have been shown to interact with YAP and TAZ to mediate
downstream gene expression (Santucci et al., 2015), including
genes involved in cell growth and proliferation (e.g., DNA
replication, mitosis, and chromosome organization) as well as
stem cell identity and tissue architecture (e.g., cytoskeleton,
extracellular matrix) genes (Holden and Cunningham, 2018).
The various target genes of YAP-TEAD result in a diverse
set of functions of the Hippo signaling pathway including
development, organ size control, tissue homeostasis, cell
ploidy, innate immunity, miRNA biogenesis, atherogenesis, and
tumorigenesis (Kim and Jho, 2018).

A number of studies have revealed that the Hippo pathway
is a critical player in the development of many different organ
systems, including the heart, lung, brain, and liver (Dai et al.,
2017; Wu et al., 2017; Nantie et al., 2018; Wang et al., 2018;
Noce et al., 2019; van Soldt et al., 2019). These studies indicate
that the Hippo pathway has distinct functions under different
physiological and pathological conditions, highlighting the
importance of investigating this pathway in a tissue- and context-
specific manner. Thus, the Hippo signaling pathway and its
transcription effectors YAP/TAZ have emerged as key regulators
of numerous developmental decision-making processes.

RECENT ADVANCES IN
UNDERSTANDING THE HIPPO PATHWAY
IN PANCREAS DEVELOPMENT

Recent studies have identified that the Hippo signaling
pathway and its effectors are vital for pancreatic development
and function. It influences not only embryonic pancreatic
development but also several pancreatic diseases, including acute
and chronic pancreatitis, pancreatic cancer, and diabetes mellitus.
Multiple Hippo pathway genes have been shown to be expressed
in the developing pancreas (Figure 1B). These genes have
since been investigated through selective deletion at embryonic
and adult stages using different pancreatic-specific Cre lines in
genetically engineered mice models (George et al., 2012; Gao
et al., 2013; Braitsch et al., 2019; Liu et al., 2019). Some Hippo
components have also been investigated in human pancreatic

cells differentiated from human pluripotent stem cells (Zhang
et al., 2013; Cebola et al., 2015; George et al., 2015; Mamidi et al.,
2018; Rosado-Olivieri et al., 2019).

Utilizing genetically engineered mouse models (GEMM) is
the primary method by which various components of the Hippo
pathway have been studied within the context of pancreatic
development. It is also essential to use specific Cre or Cre-ER lines
to achieve pancreas-specific gene modification with spatial and
temporal control. There are over seventy pancreatic Cre driver
lines directed by over thirty different gene promoters (Magnuson
and Osipovich, 2013). For example, 11 Cre or Cre-ER driver
lines have been generated using different DNA fragments of the
Pdx1 promoter, including Pdx1Cre−early and Pdx1Cre−late, which
enable Cre to be expressed at different time points during mouse
pancreatic development. Thus, we must consider the specific Cre
driver lines utilized when discussing knockout studies of Hippo
components and their resulting phenotypes.

MST: The Mammalian Ste20-Like
Kinases 1 and 2
MST1 and 2 kinases were the first components of the
Hippo pathway to be investigated in pancreatic development.
Phosphorylated Mst1/2 (p-Mst1/2) can be detected in the acinar
and ductal compartments of a developing mouse pancreas,
and much higher levels of p-Mst1/2 expression are found
in the pancreatic islets (George et al., 2012). A Cre/loxp
system was used to delete Mst 1 and 2 (Mst1/2) within the
pancreatic epithelium, (Pdx1creMst1−/−Mst2f l/fl, DKO) and
(Pdx1creMst1f l/fl Mst2f l/fl, DKO) (George et al., 2012; Gao
et al., 2013) in early development. The Pdx1 Cre lines used
in these two studies were notably different; Gao et al. (2013)
utilized Pdx1early while the Pdx1Cre line that (George et al.,
2012) used has not been characterized in detail. Nonetheless,
the major resulting phenotypes were similar: de-differentiation
of acinar cells to ductal-like structures, immune infiltration, and
auto-digestion. Typical characteristics of pancreatitis were also
observed postnatally. Although pancreatitis phenotypes occurred
early in Mst1/2 null mice (around P14), tumor formation was not
observed at 1 year of age (George et al., 2012).

Although the phenotypes found from these two papers were
similar, different mechanisms for the results are discussed. The
first difference surrounds the paradox as to how increased cell
proliferation within the exocrine cells is associated with reduced
pancreatic mass. Gao et al. (2013) suggest that the loss of
Mst1/2 and subsequent de-differentiation of acinar cells triggers
an upregulation in cell death. Conversely, George et al. (2012)
found that there are no changes in cell apoptosis, and they
propose that the reduction in pancreatic mass is instead the result
of activation of auto-digestion. Specifically, Mst1/2 DKO mice
fail to form a highly branched ductal network, which causes
digestive enzymes to be released into the surrounding tissue and
initiate auto-digestion. In addition, Gao et al. (2013) propose that
acinar cell development is not affected by the loss of Mst1/2,
because acinar-related transcription factors, Mist1, Ptf1a, RBP-
JL, and Lrh1, are found to have normal expression at P0. The two
papers also consider different reasons for immune infiltration.
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Gao et al. (2013) suggest that acinar de-differentiation precedes
cell death and pancreatitis, and that loss of Mst1/2 promotes
leukocyte invasion. George et al. (2012) report that acinar to
ductal metaplasia is the result of immune infiltration, but they
do not propose the molecular mechanisms for the initial onset
of pancreatitis.

The second difference between the two papers is in regard
to the endocrine compartment. Gao et al. (2013) found that
the loss of Mst1/2 leads to an increase in the ratio of α/β cells.
George et al. (2012) reported changes to the islet architecture
in that β cells were not surrounded by α cells, but the α/β ratio
stayed the same. Numerous single insulin positive cells were
found throughout the Mst1/2 KO pancreas instead of the normal
pattern of central β cells surrounded by α cells. Neither of these
two papers reported precise time points during the discussion
of endocrine cell development. Despite these differences, they
both conclude that the overall function of the islets is not
affected by the loss of Mst1/2. Both papers also demonstrate
that the expression of YAP is undetectable in endocrine cells,
even in the DKO offspring from E16.5. This suggests that YAP
is regulated in a Hippo-independent manner during pancreatic
endocrine development.

Through analysis of gene ontology of differentially expressed
genes in DKO pancreas versus control, Gao et al. (2013) suggest
that the Hippo pathway may first lead to changes in cell shape
and adhesion, followed by effects on cellular identity. In their
Mst1/2 DKO mice model, the pancreas exhibited deregulation
of genes involved in integrin signaling and cell adhesion (Gao
et al., 2013). Although both studies display YAP stabilization
through low levels of YAP phosphorylation in DKO mice, only
Gao et al. (2013) used a genetic method to demonstrate that the
phenotype of DKO pancreas was largely rescued by deleting one
copy of the YAP gene. They also showed that overexpression of
a constitutively activated form of YAP in the pancreas mimics
the Mst1/2 null phenotype. Altogether, these papers delineate
the functions of MST1/2 in pancreatic development and suggest
that YAP is the downstream factor responsible for the pancreatic
defects (George et al., 2012; Gao et al., 2013).

LATS: Large Tumor Suppressor 1 and 2
Pancreatic progenitor epithelial cells give rise to acinar,
ductal, and endocrine lineages, coinciding with branching and
tubule development. The process of organ morphogenesis
includes epithelial stratification, cell polarization, microlumen
formation and fusion, and formation of a luminal plexus to be
remodeled into a complex tubular network. It is a complicated
developmental process that requires multiple transcription
factors and signaling pathways to govern it. However, we
still do not have a complete understanding of how these
processes are carried out. Nonetheless, it has been proposed
that LATS1/2, the downstream kinases of MST1/2, function in
pancreatic morphogenesis.

In the early developmental stage, phospho-LATS1/2 localize
to the apical domains adjacent to mucin-1+ (MUC1+)
microlumens in the normal pancreatic bud at E9.75, and are
expressed at the apical surface of mature lumens at E15.5
(Braitsch et al., 2019). Following the early embryonic deletion
of Lats1/2 using Pdx1early Cre (Gu et al., 2002), the pancreas

lacks all differentiated cell types including the acinar, ductal
and endocrine cells. The loss of pancreatic cell identity occurs
before and during the secondary transition. At E10.75, there
are no changes in expression levels of PDX1 and PROX1, but
there are fewer NGN3+ cells. Knockout pancreata do not initiate
branch formation at E11.5, and MUC1 expression is reduced at
E12.5, which leads to the loss of cell polarity and subsequent
failure of epithelial expansion/branching. Progressive luminal
hyperfusion, increased lumen size, and loss of the normal ductal
plexus have also been observed. When studying cell shape,
increases in the ratio of apical to basal width leads to failure
of apical constriction, which is vital for microlumen formation.
Abnormal expression of Vimentin within epithelial cells can
also be found at E11.5. However, the cells remain E-cadherin
positive, suggesting incomplete EMT. Partial EMT is indicated
by unchanged expression of most EMT transcription factors. At
E13.5, the mutant pancreas remains small and rounded, which
shows that early pancreatic morphogenesis requires a properly
functioning Hippo signaling pathway.

It was found that further deleting Yap1&Taz in Lats1/2
null mice (Pdx1Creearly; Lats1f /f ; Lats2f /f ; Yap1f /f ; Tazf /wt)
largely rescues the phenotype, suggesting that LATS1/2 regulate
pancreatic differentiation via YAP1&TAZ (Braitsch et al., 2019).
It was found that loss of Lats1/2 upregulates the expression of
Vnn1, which leads to activation of ROS and NFκB signaling
pathways. However, blocking the NFκB signaling pathway does
not rescue the defects of pancreatic cell differentiation, indicating
that activation of the NFκB pathway may be a secondary effect. It
is suggested that LATS1/2 suppress the activation of NFκB and
EMT via YAP (Figure 2A). Lastly, RNA-seq analysis indicates
that cell adhesion molecules and tight junction pathways are
upregulated, which may be a compensatory response to the
defects of EMT, loss of apicobasal polarity, and altered cell shape
(Braitsch et al., 2019).

Interestingly, the deletion of Lats1/2 in adult pancreata has
shown very distinct phenotypes (Liu et al., 2019). Our lab used
the Ptf1aCre−ER system to delete Lats1/2 specifically in acinar cells
at the adult stage. The knockout mice displayed a very severe
pancreatitis-like phenotype, which differs from the phenotype
seen in both Mst1/2 knockout studies. Subsequent analysis found
that deletion of Lats1/2 did not directly affect acinar proliferation
and apoptosis. Instead, Lats1/2 null acinar cells produced
cytokines, such as CTGF and SPP1, which directly activated
pancreatic stellate cells and consequently induced fibrosis and
immune cell infiltration. This research suggests that Hippo
signaling plays critical roles in acinar-stromal communication,
which promotes the proliferation and metaplasia of acinar cells.
Additionally, the phenotype can be rescued by further deletion
of YAP and TAZ. These findings underscore the mechanism
through which epithelial acinar cells can mount an inflammatory
response within the pancreas (Liu et al., 2019). Disruption
of Hippo signaling directly contributes to the activation of
stromal cells through upregulation of inflammation and fibrosis-
associated genes in acinar cells (Figure 2B). However, it will be
important to fully explore the direct targets of YAP/TAZ and their
contributions to the immune cell recruitment.

Developmental-stage deletion of Mst1/2 produces a phenotype
similar to what is seen in an adult-stage deletion of Lats1/2,
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FIGURE 2 | LATS 1 and 2 function in pancreas. (A) LATS 1/2 phosphorylate YAP/TAZ to indirectly suppress NFκB and aberrant EMT initiation to allow proper
pancreatic morphogenesis. (B) LATS 1/2 control the intrinsic fibroinflammatory program in adult pancreatic acinar cells through inhibition of YAP/TAZ.

but differs from a developmental-stage deletion of Lats1/2, even
though both used same Pdx1early Cre (George et al., 2012; Gao
et al., 2013; Braitsch et al., 2019). The different phenotypes in
these two knockout mice models suggest that, during pancreatic
development, LATS1/2 may have other upstream regulators such
as GPCR signaling, AMPK, or MAP4K (Hong et al., 2016),
and further study will be required to reveal their identities.
Although MST1/2 have yet to be deleted in adult acinar cells,
the results will most likely phenocopy what has been seen
in a LATS1/2 deletion, as it should also result in YAP/TAZ
hyper-activation. Nevertheless, both MST1/2 and LATS1/2 affect
pancreas development through YAP, making YAP the center of
Hippo signaling pathway during development.

YAP/TAZ
In the developing pancreas, progenitors show high levels of
proliferation, followed by exiting the cell cycle and differentiating
into different cell types. Here, it is important to maintain a
balance between self-renewal and specification of daughter cells.
It has been thought that the Hippo pathway contributes to this
balance and overall organogenesis by regulating growth and the
time at which progenitors exit the cell cycle (Halder and Johnson,
2011). As one of the most important effectors of the Hippo
signaling pathway, YAP expression is robust, which coincides
with the high levels of proliferation during the primary and
secondary transition stages (George et al., 2015). However, in
the pancreatic endocrine lineage, YAP expression is turned off
at the RNA level rather than by the canonical Hippo pathway
control, and the downregulation of YAP expression consequently
correlates with a decrease in endocrine cell proliferation (George
et al., 2015). Zhang et al. report that YAP1 is a target gene
of miR-375, which acts on the 3’ UTR of YAP1 mRNA to
decrease its mRNA and protein levels. Similar to silencing YAP1
by shRNA, the proliferation of pancreatic progenitor cells is
inhibited significantly by forced expression of miR-375 (Zhang
et al., 2013). Whether the suppression of YAP/TAZ in endocrine
lineage cells is through microRNA or epigenetic regulation
requires further investigation.

During early pancreatic development, the two outpouchings
of distal foregut endoderm consist of multipotent epithelial
progenitors that branch and specify into the trunk domain

of bipotent pancreatic progenitors (bi-PPs), which further
differentiate into both duct and endocrine lineages, and
to the tip domains that give rise to acinar cells. YAP
transgenic mice models (tet-YAP1S127A;Pdx1tTA/+, referred
as YAPtg) in which constitutively active human YAP1
is expressed at E12.5 (Mamidi et al., 2018) have shown
that YAP1 target genes including Cdc20, Ctgf, Birc5, and
Snai2, are upregulated during pancreatic development. The
expression of SOX9, HNF1β, MUC1, and E-cadherin are
also upregulated, suggesting that overexpression of YAP
drives bi-PP cells toward ductal lineage in vivo. Meanwhile,
the expression of pancreatic progenitor markers (Pdx1 and
Nkx6.1), acinar markers (Cpa1 and Amy2A5) and endocrine
markers (Ngn3 and Ins1) are lower in the YAP1tg embryonic
pancreas compared with controls. In addition, normal
branching and tip-trunk patterning is perturbed at E12.5.
Altogether, the phenotypes indicate that YAP1 regulation
is important for mid-embryonic pancreas development
(Mamidi et al., 2018).

There has been an increase in research focused on identifying
the extrinsic and intrinsic signaling mechanisms that govern cell
fate, with activation of the Hippo signaling pathway occurring
via sensors of cell density (Mamidi et al., 2018). Specifically, the
F-actin-YAP1-NOTCH mechanosignaling axis, which ultimately
controls the fate of bipotent pancreatic progenitors, is initiated
by the interaction of the extracellular matrix with integrin α5.
Cell spreading positively regulates YAP1 activity by forming actin
bundles, which then drives progenitors toward a ductal fate.
Conversely, endocrine specification is driven by cell confinement
negatively regulating YAP1, dissociating actin bundles (Mamidi
et al., 2018). Altogether, the Hippo signaling pathway helps to
maintain the state of progenitors and promotes development
of ductal lineage during the second transition in a YAP-
dependent manner.

At E16.5, YAP becomes gradually limited to prospective
ductal and acinar regions. Conversely, endocrine cells lack
detectible YAP expression (George et al., 2015). The loss of YAP
in endocrine development is independent of canonical Hippo
signaling, and the regulation occurs at the transcription level. The
reduction of YAP mRNA and proteins coincides with decreased
proliferation of endocrine cells (George et al., 2012).
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There are two possible mechanisms to explain how the Hippo
signaling pathway drives cell proliferation. The first mechanism
proposes that Hippo signaling regulates cell proliferation and
apoptosis via a YAP-TEAD complex, which may directly
activate genes governing proliferation. Using human embryonic
pancreata and embryonic-stem-cell-derived progenitors, the
regulatory landscape of in vivo and in vitro MPCs has been
investigated (Cebola et al., 2015). Through analysis of RNA-
seq and ChIP-seq data, it has been found that TEAD factors
are vital components of the combination of transcription
factors that activates both stage and lineage-specific pancreatic
MPC enhancers. Additionally, TEAD1 is a core component of
pancreatic progenitor cis-regulatory modules (CRMs). The role
of TEAD and YAP in pancreatic development was determined
using chemical and genetic inhibitors to disrupt TEAD/YAP
complexes, which subsequently led to the reduction of pancreatic
epithelial proliferation. These findings indicate that YAP-TEAD
directly regulate the outgrowth of pancreatic progenitors. During
these experiments, SOX9 was the proliferative mediator of
TEAD and YAP in early pancreatic development (Cebola et al.,
2015). The second possible mechanism of Hippo influence on
cell proliferation considers the crosstalk between the Hippo
signaling pathway and other proliferative signaling, including
Notch, WNT/β-catenin, and PI3K/Akt/mTOR signaling. These
relationships will be further discussed in the next section.

In addition to TEAD1 regulating the proliferation of
pancreatic progenitors, Lee et al. studied TEAD1 function in β

cells using two β cell specific Cre drivers, RipCre which results
an early constitutive gene deletion from E15.5, and MipCreER

which deletes genes at the time of tamoxifen administration
(Lee et al., 2020). The mice with TEAD1 deleted at E15.5
developed early diabetes at 5 weeks of age. Further experiments
revealed that deletion of TEAD1 increases the number of β

cells in the active phases of the cell cycle in a cell-autonomous
way. Mechanistically, Lee et al. found that TEAD1 activates
p16INK 4a in adult β cells to maintain proliferative quiescence.
TEAD1 also activates the transcription of critical genes required
for maintaining mature β cell function. These data indicate
that TEAD1 controls, directly or indirectly, the gene regulatory
network critical to maintain β cell functional competence and
proliferative quiescence (Lee et al., 2020). Whether the function
of TEAD1 in β cells is independent of Hippo pathway remains
unknown. Several studies have shown that β cells do not express
YAP; however, the expression of TAZ has been found in β

cells (Lee et al., 2020). Thus, it will be interesting to find
out if deletion of TAZ phenocopies deletion of TEAD1 in
β cells.

THE CROSSTALK BETWEEN HIPPO
SIGNALING AND THE NOTCH,
WNT/β-CATENIN, AND PI3K/AKT/MTOR
PATHWAY IN THE PANCREAS

The Hippo signaling pathway influences pancreatic cell identity
and morphogenesis development by regulating several other

signaling pathways. These pathways have been shown to play
essential functions during pancreatic organogenesis.

The Notch signaling pathway has effects on determination
of cell fate and normal pancreatic architecture development.
During the early stage, Notch signaling helps to maintain
proliferation and prevent premature differentiation of pancreatic
progenitors into ductal and endocrine cells. Notch signaling
regulates pancreatic development through an expression level-
dependent manner, instead of a simple “on or off” modality
(Murtaugh et al., 2003; Fujikura et al., 2006; Afelik and Jensen,
2013; Li et al., 2015). The Notch pathway affects endocrine linage
development by regulating expression of SOX9 and NGN3 via a
complex network (Seymour et al., 2007, 2008; Shih et al., 2012).
Hes1, one of the target genes and effectors of Notch signaling
during pancreatic development, has been found to be a key
player in the differentiation of endocrine cells by suppressing
Ngn3 expression (Lee et al., 2001). Notch signaling promotes
expression of Sox9 to activate expression of Ngn3, which initiates
the development of endocrine cells. However, high levels of
Notch signaling also induces Hes1 expression, repressing Ngn3
and consequently blocking endocrine cell fate determination.
Thus, Notch signaling governs cell fate determination and
pancreatic patterning through the actions of Sox9 and Hes1
(Seymour et al., 2007, 2008; Shih et al., 2012). Other studies
have found that overexpression of YAP can upregulate Hes1 and
Notch1 in YAP1tg pancreata at E15.5, resulting in a phenotype
with an expanded ductal compartment. However, this phenotype
can be partially rescued by blocking Notch signaling. ChIP-
seq analysis has shown that YAP1 acts as an activator of Hes1
transcription to indirectly suppress NGN3, while YAP1-TEAD4-
HES1 directly represses the transcription of Ngn3 by specifically
binding to the NGN3 promoter (Gao et al., 2013; Mamidi et al.,
2018). Thus, YAP acts as both a transcription activator and
repressor during endocrine development (Figure 3).

The WNT/β-catenin signaling pathway also controls
pancreatic specification and patterning during different stages,
specifically through its effects on proliferation of pancreatic
progenitors (Hendley et al., 2015; Scheibner et al., 2019; Sharon
et al., 2019). Deletion of WNT related genes in early stages
has been found to reduce the MPC pool, which subsequently
decreases the amount of both exocrine and endocrine cells
(Afelik et al., 2015). Further, the WNT/β-catenin signaling
pathway regulates pancreatic epithelial morphogenesis through
influencing cell-cell adhesion and regulating the Notch signaling
pathway. George et al. suggest that the mechanism causing
increased proliferation in the Mst1/2 null pancreas may be
activation of both Wnt/β-catenin and mTOR signaling. They
found that Mst1/2 null pancreata had increased expression of
β-catenin, along with β-catenin dephosphorylated to an “active”
form, which increased cell proliferation. Expression levels of
Wnt signaling target genes, including c-Myc and Tcf1, were
also increased in Mst1/2 null pancreata (Gao et al., 2013).
Based on analysis of the regulatory landscape of in vivo and
in vitro MPCs, the enrichment of non-canonical WNT regulators
such as FZD2, SFRP5, CELSR2, and VANGL2, suggests an
evolutionarily conserved signaling mechanism operating within
early pancreatic development (Cebola et al., 2015). It has been
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FIGURE 3 | YAP acts as both a transcription activator and repressor with Notch signaling pathway during endocrine development. YAP may be suppressed at
transcription level in endocrine progenitor cells.

shown that LATS1/2 have vital functions to sustain WNT
signaling via a YAP-dependent but TEAD-independent pattern
in intestinal stem cells (Li et al., 2020). Although this mechanism
has not been investigated within the developing pancreas, we
expect that the same signaling regulation occurs due to the
similarities between pancreatic and intestinal organogenesis.

The mammalian target of Rapamycin (mTOR) integrates
signals from both nutrients and growth factors (Elghazi et al.,
2017). Inhibition of PKA or mTOR promotes Ngn3-driven β

cell regeneration in human T1D islets (Cheng et al., 2017).
Within a Mst1/2 null pancreas, there is an upregulation in
expression of phosphorylated S6 and 4E-BP1, indicating that
deletion of Mst1/2 leads to an increase in proliferation via
activation of mTOR signaling (George et al., 2012). Akt, an
upstream positive regulator of mTOR signaling, has been found
to be robustly activated within YapS127A-transduced islets,
which have YAP constitutively activated. When treated with
mTOR inhibitor rapamycin, the proliferation of β cells which
is induced by overexpression of YAP can been blocked in
human islets, suggesting that mTOR signaling may regulate
mature β cell proliferation downstream of YAP (George et al.,
2015). Nonetheless, whether the mTOR signaling pathway is
involved in Hippo function during early pancreatic development
remains elusive.

CONCLUSION AND FUTURE
PERSPECTIVE

The Hippo signaling pathway is an essential regulator of
pancreatic development, directing cell differentiation and organ
morphogenesis. Upstream components of YAP include cell-
cell contact and the interaction of the extracellular matrix
with integrin α5. However, whether these biological processes
influence the function of the Hippo pathway during pancreatic
development remains unclear. Components and pathways

downstream of YAP include the YAP-TEAD complex and
crosstalk with other signaling pathways including Notch,
Wnt/β-catenin, and mTOR. Although great progress has been
made toward uncovering the mechanisms through which
Hippo governs pancreatic development, there are still several
components of the pathway that warrant further study.

The upstream kinases of the Hippo pathway, MST1/2 and
LATS1/2, have been studied in early pancreatic development.
Deletion of either set of kinases stabilizes YAP and TAZ, enabling
them to translocate to the nucleus and regulate proliferation,
differentiation, and apoptosis. However, Mst1/2 and Lats1/2
have only been deleted with Pdx1Cre during early pancreatic
development, so how these kinases function in the development
of specific cell lineages remains largely unknown. Thus, using
other Cre lines, such as Ngn3Cre or MipCre (mouse insulin
promoter), to study these components in a lineage-specific
manner will provide a more comprehensive understanding of
the extent to which the Hippo signaling pathway contributes to
pancreatic organogenesis.

Pancreatic mesenchymal cells play pivotal roles in pancreas
development, mainly via the FGF (fibroblast growth factor)
signaling pathway (Lv et al., 2019). Research using single-cell
RNA sequencing, in situ hybridization, immunofluorescence
staining, and genetic lineage tracing, has found that the
mesenchymal cells can be identified as 10 transcriptionally
distinct populations. Pathway analysis of genes expressed by cells
within each population has indicated that Hippo signaling may
have important functions within at least some of these cells,
suggesting a need for further focus on studying the link between
Hippo signaling and the regulation of mesenchymal cells during
pancreatic development (Byrnes et al., 2018).

Pancreatic cancer is the third most common cause of cancer-
related deaths in the United States. Disruption of Hippo signaling
has been found to be associated with pancreatic cancer via
promoting pancreatic tumor development and progression, even
without mutant Kirsten RAS (KRAS) (Kapoor et al., 2014). Hippo
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disruption and YAP/TAZ upregulation promotes tumorigenesis
through EMT, activation of pancreatic stellate cells, recruitment
of immunosuppressive cells, and subsequent resistance to
gemcitabine, which is the standard chemotherapeutic agent in
pancreatic cancer. The involvement of YAP/TAZ in pancreatic
cancer development has been intensively reviewed by others as
well (Rooman and Real, 2012; Zhang et al., 2014; Ying et al., 2016;
Jiang et al., 2018; Ansari et al., 2019; Eibl and Rozengurt, 2019).

Diabetes mellitus becomes largely intractable once there is
loss of β cell function and mass. The Hippo signaling pathway
is a key regulator of final organ size as it regulates the balance
between cell proliferation and apoptosis. Thus, it has been
considered as a potential therapeutic target for increasing β

cell proliferation without a change in function (Ardestani and
Maedler, 2018). Overexpression of active YAP has been shown
to induce β cell proliferation within isolated human islets, but
it has no effect on β cell function and functional identity genes.
On the other hand, YAP is downregulated in Ngn3 positive
endocrine progenitor cells and remains low. We scrutinized the
transcriptome of human β cells for expression levels of Hippo
pathway components. The data showed that YAP mRNA is low,
0.5 FPKM (Fragments Per Kilobase of transcript per Million
mapped reads), TAZ is tenfold higher than YAP at 5.9 FPKM,
LATS1 at 10.4, LATS2 at 0.3, MST1 at 2.4, and MST2 at 3.35
(Nica et al., 2013). A study on the deletion of MST1 in mice
has shown that MST1 is a critical regulator of β cell apoptosis
and functions through direct phosphorylation of PDX1, and that
this is a Hippo-independent function (Ardestani et al., 2014).
Whether other components of the Hippo pathway play roles in
β cell development and function requires further investigation.

The Hippo signaling pathway plays critical roles in
maintaining organ size, making it an important pathway to
consider manipulating for regenerative medicine (Moya and
Halder, 2019). Rosado-Olivieri et al. demonstrated that inhibition
of YAP can enhance endocrine progenitor differentiation and
result in the generation of improved insulin-secreting cells
derived from stem cells (Rosado-Olivieri et al., 2019). On the
other hand, even though YAP is not expressed in endocrine cells,
two labs have tried to use its pro-proliferation ability to expand

insulin producing beta cells (George et al., 2015; Yuan et al.,
2016). Here, overexpression of an active form of YAP has been
found to greatly induce β cell proliferation in adult human islets.
Both labs showed that islets with high levels of YAP expression
retain normal gene expression and insulin secretion. However,
these experiments must be repeated with islets in vivo before
attempting to rescue diabetes in human patients. Depending on
when YAP is manipulated, inhibiting or activating YAP can both
lead to the generation of more insulin-producing cells. It will be
interesting to test whether inhibiting YAP during the progenitor
stage followed by activating YAP in mature cells will increase
the number of insulin-producing cells derived from stem cells
(Panciera et al., 2016).

In conclusion, the Hippo signaling pathway has profound
impacts on pancreatic development at multiple levels, and
its continued roles in tissue homeostasis and tumorigenesis
warrant further research into this complex network. Thus, a
better understanding of the Hippo pathway’s various stage-
dependent contributions within both the developing and mature
pancreas will provide insightful knowledge, which can one day
be incorporated into the generation of new regenerative and
oncologic therapies.
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