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Abstract: Cell reprogramming can either refer to a direct conversion of a specialized cell into
another or to a reversal of a somatic cell into an induced pluripotent stem cell (iPSC). It implies a
peculiar modification of the epigenetic asset and gene regulatory networks needed for a new cell,
to better fit the new phenotype of the incoming cell type. Cellular reprogramming also implies
a metabolic rearrangement, similar to that observed upon tumorigenesis, with a transition from
oxidative phosphorylation to aerobic glycolysis. The induction of a reprogramming process requires
a nexus of signaling pathways, mixing a range of local and systemic information, and accumulating
evidence points to the crucial role exerted by the Hippo pathway components Yes-Associated
Protein (YAP) and Transcriptional Co-activator with PDZ-binding Motif (TAZ). In this review, we
will first provide a synopsis of the Hippo pathway and its function during reprogramming and
tissue regeneration, then we introduce the latest knowledge on the interplay between YAP/TAZ
and metabolism and, finally, we discuss the possible role of YAP/TAZ in the orchestration of the
metabolic switch upon cellular reprogramming.
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1. Introduction

Cell reprogramming is the process of converting a somatic, specialized, cell into a
different cell type. The term “reprogramming” can refer either to a direct conversion of a
specialized cell into another or to a reversal of a somatic cell into an induced pluripotent
stem cell (iPSCs) [1]. In any case, cell reprogramming implies a dramatic re-set of the
whole cell, starting from the erasure and re-establishment of epigenetic marks acquired
during development [2]. Reprogramming modifies the gene regulatory network of the
resident cell type, to better fit the characteristics of the incoming target cell type, and this
ultimately leads to changes in cell behavior, proliferation and metabolic rate, allowing
the acquisition of a new phenotype [1]. The same changes in cell fate specifications can
also be associated with some pathological cellular states. Indeed, tumorigenesis requires
the reprogramming of a specific cell type into a new one with different characteristics in
terms of gene expression, proliferation and metabolism and several types of tumors further
dedifferentiate to acquire features different from those of the initial tumor mass [3,4]. As
such, the somatic state is plastic, and can be modified by the right set of extracellular and
intracellular signals.

Cellular reprogramming also implies an essential metabolic rearrangement, especially
upon transition to induced pluripotency [5,6]. Somatic cells are often quiescent and their
metabolism relies on oxidative phosphorylation (OXPHOS), whereas embryonic stem cells
(ESCs) change their cell metabolism in diverse ways to meet the requirements for prolifer-
ation, gaining energy by increasing glucose conversion into lactate, even in oxygen-rich
conditions [5,6]. This “aerobic glycolysis”, also named the Warburg effect from its dis-
coverer Otto Warburg [7], depends on an increase in glucose uptake and highly activated
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glycolysis, and was originally employed to describe the metabolic switch occurring upon
tumor progression. In the last decade, several common characteristics between cancer
cell transformation and reprogramming have been established, with particular emphasis
on the connections between Epithelial-to-Mesenchymal Transition (EMT) and its reversal
Mesenchymal-to-Epithelial Transition (MET) [8], energy metabolism [9], DNA methylation
and histone modification [10]. Very recently, a multi-layered analysis of mouse iPSC gener-
ation revealed stage-specific interdependences between EMT and metabolism, controlling
an intermediary pluripotent state that can be converted to naïve and primed states [11].

Thus, the induction of a reprogramming process requires a nexus of signaling path-
ways, integrating a range of local and systemic information to control a series of cellular
features, and accumulating evidence points to the crucial role exerted by the Hippo path-
way components Yes-Associated Protein (YAP) and Transcriptional Co-activator with
PDZ-binding Motif (TAZ). As downstream effectors of the Hippo signaling cascade [12],
YAP and TAZ are crucial players of various cellular processes regulating organ growth,
cellular plasticity, cell proliferation and stem cell biology [13–15]. Their activity is tightly
regulated by a variety of upstream inputs, including the energy status of the cell, the
nutrient availability, the composition of the tissue microenvironment and architecture, and
extrinsic biochemical signals [16].

In this review, we will first provide a synopsis of the Hippo pathway and its function
during reprogramming and tissue regeneration, then we will introduce the latest knowledge
of YAP/TAZ regulation and function in metabolism and, finally, we will discuss the possible
role of YAP/TAZ in the orchestration of a metabolic switch upon cellular reprogramming.

2. The Mammalian Hippo Pathway

The Hippo pathway is an evolutionary conserved signal transduction pathway, iden-
tified for the first time in Drosophila through genetic screening of tumor suppressors
involved in tissue growth [17,18]. It plays a crucial role in organ development, tissue
regeneration, stem cell maintenance, and tumorigenesis [12,19]. The pathway is mediated
by a cascade of kinases, which ultimately phosphorylate the downstream effectors YAP
and TAZ to modulate their subcellular localization.

The human YAP gene is mapped at chromosome 11q22 and encodes a proline-rich
phosphoprotein capable of binding to the SH3 domain of the proto-oncogene tyrosine-
protein kinase Yes [20]. It is expressed throughout the entire development process and
ubiquitously in a wide range of tissues [21]. The human TAZ gene is mapped at chro-
mosome 3q23-q24 [22]. TAZ and YAP share homology in protein sequence, as they both
possess a WW domain for protein–protein interactions, a coiled coil domain, a transcrip-
tional activation domain, and a C-terminal PDZ motif. Unlike TAZ, YAP also features an
additional WW domain, a SH3-binding motif and a N-terminal proline-rich domain. Both
YAP and TAZ lack the DNA binding domain, and for this reason, once translocated to
the nucleus, they must interact with transcription factors in order to regulate target gene
expression [16].

2.1. The Hippo Kinase Cascade

Activation of the Hippo pathway prevents the nuclear translocation of YAP and
TAZ (Figure 1). The kinase cascade begins with the dimerization of the Mammalian
Sterile 20-like 1/2 (MST1/2, also named as STK4/3), which phosphorylates Salvador
(SAV1) and MOB kinase activator 1A/B (MOB1A/B) to recruit Large Tumor Suppressor
homolog 1/2 (LATS1/2). The subsequent phosphorylation of LATS1 on T1079 and LATS2
on T1041 is assisted by NF2, which interacts with LATS1/2 to bring it to the plasma
membrane [23,24]. NF2, in its complexed form with KIBRA / WWC1 or Angiomotin
(AMOT), can also induce LATS1/2 activation [25–27]. Subsequently, LATS1/2 undergoes
autophosphorylation and activation [28]. In the absence of MST1/2, LATS1/2 can be
activated through phosphorylation by proteins belonging to the MAPK4 family [29] and by
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proteins of the TAO kinase family [30]. The latter are also capable of stimulating indirect
activation of LATS1/2, through the phosphorylation and activation of MST1/2 [31,32].
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transcription factors to induce the expression of target genes.

Active LATS1/2 can phosphorylate YAP and TAZ at multiple sites. The phosphoryla-
tion on YAP S127, and on TAZ S89, generates the binding sites for the protein 14-3-3, which
holds them in the cytoplasm, preventing their nuclear translocation [33]. Further phospho-
rylation of YAP and TAZ on S381 and S311, respectively, generates the binding sites for
the Casein1 kinase, which induces their degradation through the ubiquitin-proteasome
pathway by recruiting SCF [34,35]. YAP can also be degraded by autophagy [36].

When the Hippo pathway is off, or upon occurrence, YAP/TAZ inhibitory phosphory-
lation can be rapidly reversed by phosphatases, resulting in their nuclear import [37,38],
where they compete with Vestigial Like family member 4 (VGLL4) for binding to the tran-
scriptional partner Transcriptional Enhancer factor Domain family members (TEAD) [39]
to induce the expression of target genes. Although the TEAD family is among the main
mediators [40], YAP and TAZ work synergistically with other transcription factors such as
RUNX1/2 and SMAD family members [41,42].

2.2. Numerous Initiating Signals May Regulate YAP and TAZ Activity

A wide range of upstream inputs regulate the Hippo signaling, many of which relate
to the cells’ local physical environment [12]. As such, YAP/TAZ regulation represents the
final step of complex networks that integrate multiple factors, including biochemical and
biomechanical cues [16]. Cell density, mechanical strength, cell adhesion, hypoxia, energy
stress, endoplasmic reticulum (ER) stress, osmotic stress, and different growth factors are
only a few examples of the possible modulators affecting YAP/TAZ activation [12]. Altered
cell shape, ECM stiffness, cell stretching, cell density, and shear forces are all conditions
associated with high levels of actomyosin contractility, which generally correlate with
high YAP activity, whereas conditions associated with low actomyosin contractility are
associated with low YAP activity [43,44].
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Mounting evidence demonstrates that a number of other signaling pathways are
able to converge on MST1/2 and/or LATS1/2 to regulate YAP/TAZ, and by now most
major signaling pathways have been found to regulate or cross-talk with Hippo signal-
ing. Protein kinases, including SRC kinase, protein kinase A (PKA), partition-defective
or microtubule-affinity regulating (PAR-1/MARK) kinase, and TAO kinase (TAOK) are
involved and participate in the initiation of the Hippo signaling [45,46]. Several growth
factor receptors [47–49], the Wnt pathway [50,51] and many G Protein-Coupled Receptor
(GPCR) signaling pathways [52] have been shown to interact with Hippo to modulate the
activity of YAP/TAZ. Among these signals, many of them collaborate with each other,
whereas others may be in conflict. How each cell selectively sorts out which signal(s) to
respond to and/or converge all signals, or ignore and terminate them, remains a critical
issue to resolve.

Finally, integration of growth and cell fate decisions also occur through cross-talk
with metabolic pathways, and several connections between Hippo signaling and nutrient
sensing and metabolic pathways have been identified and will be further discussed later in
this review.

In summary, YAP/TAZ activation–inactivation is a dynamic process that integrates
multiple cellular and extracellular inputs through different molecular mechanisms, which
are all potential targets to modulate YAP/TAZ activity by pharmacological interventions.

3. YAP and TAZ in Tissue Regeneration and Cell Reprogramming

Adult human organs retain little or no potential to regenerate, thus tissue damage
triggered by trauma, ageing or disease ultimately leads to organ disfunction [53].

In some tissues, the presence of resident, adult, stem cells (ASCs) ensures the turnover
of old or damaged cells with newly differentiated ones [54]. In other tissues, like in the liver,
regeneration is endowed by the ability of hepatocytes to reactivate cell proliferation [55].

Regenerative medicine aims at stimulating and enhancing such repair mechanisms
directly in the site of tissue damage, in order to promote tissue repair, and the dissection of
molecular effectors of tissue growth and regeneration will ultimately lead to novel potential
therapeutic strategies.

The Hippo pathway plays a fundamental role in the regulation of stem cell biology, cell
fate decisions, cell survival, differentiation, and de-differentiation and mounting evidence
supports the requirement of YAP and TAZ for regeneration of different organs [13].

Nevertheless, YAP/TAZ seem to have pleiotropic and tissue-specific functions, pro-
moting the growth of some organs, but supporting cell fate specification or stemness
in others.

3.1. YAP and TAZ Promote Tissue Growth and Cell Specification during Development

During embryo development, the activity of the Hippo pathway components, in
particular of the core kinases, is clearly required to restrict YAP/TAZ nuclear translocation,
thus preventing aberrant tissue overgrowth. Indeed, loss of function of the core kinases or
hyperactivation of YAP/TAZ in developing mice or of Yorkie in developing D. melanogaster
causes overgrowth of multiple organs [13–15].

Nonetheless, YAP/TAZ functions during development extend beyond proliferation
and tissue growth control [13], displaying crucial roles in the modulation of complex
phenomenon such as cell fate specification and differentiation.

Homozygous YAP mutant mouse embryos die at embryonic day 8.5, showing defects
in extraembryonic tissues, in body axis extension and neuroepithelium formation [21].
Homozygous TAZ mutant mice, instead, show no defects during embryogenesis, whereas
adult animals develop pulmonary and kidney diseases [56,57]. Interestingly, the double
knockout of YAP and TAZ dies before the morula stage, suggesting functional redundancy
of these genes during early embryonic development [58].
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To investigate YAP/TAZ functions at later stages of development and differentiation,
conditional knockout mice have been generated. In developing heart, YAP deletion inhibits
cardiomyocyte proliferation, causing cardiac hypoplasia [59,60].

Deletion of YAP in endothelial cells correlates with impaired angiogenesis and embry-
onic lethality [61]. During early development of coronary vasculature, YAP/TAZ inhibition
causes the dysregulation of Tbx18 and Wt1 expression, impeding epicardial EMT, epicardial
cell proliferation and differentiation into coronary endothelial cells [62,63].

YAP/TAZ play crucial roles at various stages of neurogenesis during the development
of the mammalian central and peripheral nervous systems. Several studies demonstrated
that YAP regulates brain development and homeostasis by balancing between neural
stem/progenitor cell expansion and differentiation into post-mitotic neurons and glia. At
early stages of embryonic development, the activation of the Hippo pathway controls the
number of neural progenitors within the developing mouse brain by blocking YAP/TAZ-
driven hypertranscription [64]. YAP inactivation also limits the size of neural progenitor cell
pools within the developing neural tube [65], whereas YAP and TEAD activation facilitate
cell cycle progression of the neural progenitor population through induction of cyclin D1,
while inhibiting differentiation by NeuroM suppression [66]. At later stages, instead, a
reduction in YAP/TAZ activity is required for promoting progenitor differentiation into
mature functional neurons [67,68].

Nephrogenesis is also regulated by YAP/TAZ, as YAP activation through mechanical
stress transduced via Rho GTPase Cdc42 promotes normal nephrogenesis [69]. The subse-
quent deactivation of YAP/TAZ through phosphorylation is required for inducing progeni-
tor differentiation into mature functional nephrons. Indeed, conditional LATS1/LATS2
knockdown in nephron progenitors of mice leads to disruption of nephrogenesis due to
YAP constitutive activation [70].

The spatiotemporal pattern of YAP expression during embryonic liver develop-
ment [71] suggests that YAP may be required for the initial proliferation of hepatoblasts,
while subsequent hepatoblast differentiation and maturation into hepatocytes entails YAP
downregulation. Surprisingly, YAP/TAZ deletion during liver development did not affect
adult liver size but caused defects in bile duct differentiation [72].

Similarly, YAP and TAZ deletion did not perturb the development and homeostasis
of adult intestine, but the stem cell compartment located at the base of normal intestinal
crypts displayed high levels of YAP [51].

In summary, the key role of YAP/TAZ during early development seems to be the
governance of the delicate balance between proliferation and differentiation of precursor
cells within various tissues. This role has also been conserved in adulthood, by regulating
stem cell-dependent homeostasis and regeneration of adult organs.

3.2. YAP and TAZ Promote Tissue Regeneration by Regulating Stemness, Dedifferentiation
and Differentiation

The expression of YAP and TAZ is enriched in diverse stem cell populations in vivo
and in vitro. In human embryos, for instance, YAP is localized to the nucleus of inner cell
mass (ICM) cells of the developing blastocysts [73], which contain the ESCs. Conversely,
in mouse embryos, YAP localized to the nucleus of trophoblast cells, which are stem cells
that give rise to extra-embryonic tissues, and not to the ICM [58]. Both human and mouse
ESCs display high levels of YAP when cultured in condition preserving pluripotency,
although the possible role of YAP/TAZ in governing pluripotency is still controversial.
Preliminary studies on in vitro mouse ESCs reported that YAP silencing induced a loss of
pluripotency, while its ectopic expression hampered ESC differentiation [74]. Furthermore,
YAP seemed to be a direct regulator of Octamer-binding transcription factor 3

4 (OCT3/4)
gene expression by interacting with TEAD2 [75]. Later, other studies pointed out that YAP
and TAZ might be dispensable for mouse ESC pluripotency, but required to sustain the
proper differentiation [50,76].

More recently, a new role of YAP has emerged as a regulator of the switch between
pluripotency and differentiation of mouse ESCs. In support of this notion, there is evidence
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indicating that blocking YAP from contributing to the TEAD/β-catenin-TCF3 complex in
mouse ESCs by the tumor suppressor RASSF1A is crucial for the onset of differentiation [77].
We have contributed to the field by demonstrating that YAP silencing induces a robust
deregulation of de novo methylation events that usually guide the exit of ESCs from
pluripotency upon differentiation [78].

Since self-renewal and pluripotency maintenance involves different mechanisms in
human compared to mouse ESCs [79], findings with mouse ESCs may not necessarily be
applicable to human ESCs. In fact, YAP/TAZ play a key role in maintenance of stem cell
phenotype in human ESCs [80–83].

Besides ESCs, YAP/TAZ are also involved in the expansion, self-renewal and mainte-
nance of stem cell phenotype of ASCs, including neural stem cells [84,85], muscle satellite
cells [86], and intestinal stem cells [87], whose activation and mobilization is required to
sustain normal tissue homeostasis and to support the regeneration process following tissue
disease or injury.

YAP/TAZ are required to maintain proliferation of Transit-Amplifying cells and to
inhibit their differentiation by a mechanism comprising the FAK-YAP-mTOR signaling
axis [88]. In addition, self-renewal and differentiation of bone-marrow derived mesenchy-
mal stem cells (MSCs) seem to be dependent on the interaction between YAP/TAZ and
the zinc-finger transcription factors Snail/Slug [89]. Mechanosensing of substrate stiffness
via YAP/TAZ regulates differentiation of MSCs into either the adipogenic or osteogenic
lineage. Increases in cytoskeletal tension via Rho GTPase, focal adhesion kinase (FAK) and
MAPK signaling pathways ultimately increases YAP/TAZ nuclear translocation, promot-
ing osteogenesis [90], while adipogenic differentiation is promoted by decreased YAP/TAZ
activity triggered by low cytoskeletal tension [91].

In agreement with embryonic neural development, enhanced differentiation of human
neural stem cells has been reported upon YAP cytoskeletal sequestration [83,92].

YAP plays a crucial role in the cell fate determination of muscle satellite cells, which
are stimulated to proliferate and differentiate into myoblasts upon muscle injury. Indeed,
increased nuclear YAP translocation induces satellite cell activation into highly proliferative
myoblasts [86]. However, further maturation into terminally differentiated myotubes
require subsequent deactivation of YAP through phosphorylation [93].

Epidermal healing and regeneration are mediated primarily by a resident pool of
adult stem cells located in the basal layer of the epidermis. YAP protein regulates the
balance between epidermal stem cell proliferation and differentiation [94,95], thus repre-
senting a master player of skin regeneration. Mechano-activation of YAP/TAZ promotes
epidermal stemness via inhibition of Notch signaling, whereas YAP/TAZ inhibition by
weak mechanical forces induces Notch signaling and differentiation [96].

Proliferation and differentiation of intestinal stem cells, required for homeostasis and
regeneration of the intestinal epithelium, also involves regulation of YAP/TAZ activity,
with high levels of YAP/TAZ activation promoting proliferation and inhibiting differentia-
tion, and TEADs and Kruppel-like factor 4 (KLF4) identified as YAP/TAZ transcriptional
partners [87,97].

These results indicate that YAP/TAZ may serve as a switch between quiescence, pro-
liferation and differentiation of ASCs. This specifically highlights the relevant contribution
of YAP/TAZ to ASC-dependent tissue homeostasis and regeneration.

Nevertheless, there are tissues, like the liver and the heart, in which YAP/TAZ are
largely dispensable for tissue homeostasis, but their activity is essential for regeneration
upon injury. Several studies have reported increased YAP/TAZ activation in ischemic heart
disease and dilated cardiomyopathy, suggesting a role in heart repair and regeneration [98],
possibly by stimulation of cardiomyocyte proliferation. Indeed, heterozygous deletion of
YAP significantly decreases cardiomyocyte proliferation and exacerbates injury in response
to chronic myocardial infarction [99]. In the adult mouse liver, the expression of YAP is low
or absent in hepatocytes, but upon liver injury, or after partial hepatectomy, YAP expression
rapidly increases in regenerating hepatocytes. Moreover, YAP/TAZ activation is required
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for the mobilization and proliferation of hepatic stellate cells, the endogenous resident
adult stem cell pool within the liver that contributes to regeneration following disease or
injury [100].

Altogether, these results highlight the fundamental contribution of YAP/TAZ to tissue
regeneration, although specific functions may differ in different organs. As such, YAP/TAZ
are emerging as possible targets to guide tissue regeneration processes for future progress
in tissue engineering and regenerative medicine applications.

3.3. YAP and TAZ Manipulation for Cellular Reprogramming

Studies on reprogramming of adult somatic cells into iPSCs suggested that the process
may take advantage of YAP activation, although some conflicting results exist between
humans and mice. YAP ectopic expression in human amniotic epithelial cells allowed the
reprogramming to iPSCs by only two reprogramming factors—OCT4 and SRY (sex deter-
mining region Y)-box 2 (SOX2)—instead of the four OCT4, SOX2, MYC proto-oncogene
(c-MYC) and KLF4 (OSMK) usually required [101]. Reprogramming of human somatic cells
into iPSCs may also benefit from LATS1/2 knockdown and the consequent YAP nuclear
translocation [102]. Moreover, sustained overexpression of YAP in human ESCs and iPSCs
seems to promote the generation of naive pluripotent stem cells [73]. More recently, in
contrast with previous results obtained in human somatic cells, a non-cell-autonomous
function of YAP has been proposed to promote mouse pluripotency induction. Hartman
et al. reported that co-expression of YAP together with OSMK potently inhibits the repro-
gramming process in a cell-autonomous manner, whereas co-culture of mouse embryonic
fibroblasts (MEFs) overexpressing YAP with MEFs overexpressing OSKM greatly promotes
the emergence of pluripotency in the latter in a paracrine fashion, by increasing the ex-
pression of secreted matricellular proteins, such as cysteine rich angiogenic inducer 61
(CYR61) [103]. The precise mechanism remains to be elucidated, but CYR61 modulates
inflammation and senescence [104], both of which have been implicated in reprogramming
induction via non-cell-autonomous mechanisms [105].

YAP/TAZ activation has also been associated with mouse somatic cell reprogramming
into tissue-specific stem/progenitor cells. Transient expression of exogenous YAP or
TAZ efficiently reprograms various lineages of primary differentiated mouse cells, such
as mammary gland, neuronal, and pancreatic exocrine cells, to proliferative cells with
progenitor-like properties [106].

Interestingly, YAP/TAZ also have a role in reprogramming of the intestinal epithelium
into a primitive state during the in vivo regeneration process. During this process the
suppression of marker genes of differentiated cells and the parallel de novo expression
of fetal markers can be observed, and an in vitro experiment with a collagen 3D matrix
supplemented with Wnt ligands to sustain endogenous YAP/TAZ activation recapitulate
the reprogramming of cell fate [107].

Finally, YAP/TAZ hyperactivation could induce the transdifferentiation of mature
hepatocytes into ductal cells bearing characteristics of hepatic progenitors [108].

Of note, not all reprogramming processes necessitate the activation of YAP/TAZ.
Direct cardiac reprogramming generates cardiomyocytes from fibroblasts without passing
through a stem cell state [109]. This transdifferentiation requires a massive epigenetic
remodeling to allow the silencing of fibroblast gene programs and, in parallel, the upregu-
lation of the transcriptional rate of genes in cardiogenic loci [110]. Very recently, it has been
demonstrated that the use of soft matrices resembling the native myocardium improved
cardiac reprogramming by suppressing YAP/TAZ signaling [111]. This is in line with other
evidence suggesting that YAP/TAZ deactivation is usually associated with the restriction
of heart growth at birth [60], that YAP deactivation is associated with a switch to fatty acid
metabolism that in turn inhibits proliferation and promotes cardiomyocyte maturation
in a cardiac organoid model [112], and that YAP deactivation leads to downregulation of
polo-like kinase 2, which in turn enables cardiac progenitors to switch from the proliferative
to the terminal differentiation phase [113].
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In summary, this evidence suggests that the manipulation of YAP/TAZ activity might
be a powerful tool for the induction of tissue repair and regeneration in different tissues.
Nevertheless, the hyperactivation of YAP/TAZ may also give rise to safety concerns, as
it can result in aberrant cell proliferation, fibrosis and tumorigenesis. Thus, whether and
how YAP/TAZ can be activated safely and effectively in human patients still needs to
be investigated.

4. YAP and TAZ Are Modulators of Metabolic Reprogramming

Cellular reprogramming implies an essential metabolic rearrangement, necessary to
face the changes in bioenergetic and biosynthetic demands [114]. Among the thousands of
genes whose expression is modified upon reprogramming, many are directly or indirectly
related to metabolism [5,6,115]. Our understanding of the role exerted by YAP/TAZ in
regulating metabolism is rapidly expanding [116]. It is worth noting that not only may their
activity be influenced by the cellular metabolic status, but they are also able to promote a
metabolic remodeling process, which may accompany cellular adaptation to changes in the
environmental conditions (Figure 2).
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in turn, influence cell metabolism in various ways (see the text for more details).

4.1. Metabolic Status Influences YAP and TAZ Activity

The activity of YAP/TAZ is influenced by various metabolic cues, such as glucose,
lipids, amino acids and other metabolites with signaling activity. Multiple studies revealed
that cellular glucose levels affect YAP/TAZ phosphorylation and inactivation [117–119],
which likely plays a role in coordinating glucose/energy status with cell growth. A crucial
role is exerted by the glycolytic enzyme phosphofructokinase (PFK1), which promotes
YAP-mediated gene transcription by binding to TEADs [117]. When glucose levels are
reduced and glycolysis rate decreased, PFK1 levels also decrease and YAP-mediated
transcription is downregulated. Another crucial factor in the regulation of YAP activity is
the AMP-activated protein kinase (AMPK) metabolic sensor [118–120]. A high AMP/ATP
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ratio activates AMPK, which in turn directly phosphorylates and inhibits YAP [117,118].
Furthermore, AMPK phosphorylates and stabilizes Angiomotin Like 1 (AMOTL1), and
this promotes LATS activation and further YAP phosphorylation and inhibition [118].

The nutrient-sensitive hexosamine biosynthetic pathway, and in particular the key
enzyme O-GlcNAc transferase (OGT), has also been shown to regulate YAP [121,122]. In
elevated glucose level conditions, OGT catalyzes the O-GlcNAcylation on YAP S109, which
promotes YAP expression, improves its stability, prevents its phosphorylation by LATS
and activates its transcriptional activity [121,122]. Moreover, the O-GlcNAcylation on YAP
T214 not only prevents the βTrCP-YAP interaction, which usually triggers YAP protein
degradation, but also antagonizes LATS1 phosphorylation on YAP S127, promoting its
transcriptional activity [119–122].

Lipid availability is a critical factor for efficient cell proliferation since lipids serve
as precursors of cell membrane components. Highly proliferative cells exhibit a strong
demand for lipids and cholesterol, which can be achieved by increasing either uptake of
exogenous lipids or de novo synthesis [123]. The activity of YAP/TAZ is regulated by key
enzymes involved in lipid metabolism. Stearoyl-CoA-desaturase 1 (SCD1), the enzyme
that synthesizes monounsaturated fatty acids, promotes the activity of YAP and TAZ,
in a mechanism partially dependent on the Wnt/β-catenin pathway [124]. Wnt ligands
stimulate the synthesis of unsaturated fatty acids by activating SCD1, which mediates the
release of β-catenin and YAP/TAZ from the β-catenin destruction complex [50]. Once
released from the complex, β-catenin, YAP and TAZ translocate to the nucleus to perform
their function. The mevalonate pathway is a lipid metabolic pathway that ensures the
synthesis of sterols and other nonsteroidal lipids from acetyl-CoA. This pathway promotes
YAP/TAZ activity through Rho GTPases, which require prenylation for their membrane
localization and activity [125].

Finally, both insulin and glucagon pathways regulate YAP/TAZ activity. YAP protein
is activated by insulin–IGF signaling (IIS), and YAP in turn is necessary for insulin-induced
growth [49]. This occurs through PDK1, with additional contributions from AKT. Glucagon,
instead, negatively affects YAP/TAZ activity by activation of LATS1/2 [52].

4.2. YAP and TAZ Influences Cell Metabolism

YAP and TAZ are now recognized to reprogram cellular metabolic pathways, allowing
cells to adapt to mutable environmental conditions [116,126]. They integrate physiolog-
ical and environmental signals by modulating transcriptional programs to regulate the
expression of metabolic enzymes and nutrient transporters. They also take part in the
regulation of biogenesis and the functioning of some intracellular organelles, in particular
mitochondria [127]. However, most of the information on YAP/TAZ regulation of cellular
metabolism derived from studies on tumor cells, in which they usually work as oncogenes
and are involved in the promotion of the switch to aerobic glycolysis.

YAP/TAZ are involved in regulation of glucose metabolism [126]. In tumor cells,
depletion of YAP and TAZ induced by silencing leads to a reduction in aerobic glycolysis-
dependent growth, an increase in mitochondrial respiration and accumulation of reactive
oxygen species (ROS), whereas the upregulation of glucose transporters and glycolytic
key enzymes is one of the effects of YAP and TAZ activation [127]. In partnership with
the hypoxia-inducible factor 1α (HIF1α), YAP regulates the expression of a number of
aerobic glycolytic genes [128,129] to increase glucose absorption and the glycolysis rate.
YAP promotes GLUT3 transcription via the TEAD responsive element conserved in the
GLUT3 promoter [119]. In addition, GLUT3 expression can be stimulated by the interaction
of YAP with the pyruvate kinase M2 (PKM2) enzyme [130]. YAP stimulates the expression
of hexokinase 2 (HK2) at both the mRNA and protein levels [131]. In this action, FOXC2
seems to play a central role: in the nucleus, it interacts with YAP and TEAD for the forma-
tion of the FOXC2-YAP-TEAD complex to promote HK2 transcription and consequently
glycolysis [131]. This mechanism is still controversial, unlike the YAP/TEAD/p65 complex
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that has been shown to bind to the HK2 promoter region and to promote glycolysis in
breast cancer cells [132].

Interestingly, other studies in breast cancer revealed that YAP also regulates the gly-
colytic rate indirectly, by promoting the transcription of long non-coding Breast Cancer
RNA Resistance to Antiestrogens 4 (BCAR4), which subsequently activates the Hedge-
hog effector GLI family zinc finger 2 (GLI2), to form a BCAR4/GLI2/p300 complex,
which, through the acetylation of histones H3K27ac, induces HK2 and 6-phosphofrutto-2-
kinase/fructose-2, 6-bisphosphatase 3 (PFKFB3) gene transcription [133].

Despite YAP/TAZ-mediated control of glucose metabolism being cell-type dependent
and possibly requiring changes of multiple glycolysis enzymes rather than a single com-
ponent, all these studies support a notion that high YAP activity alters cellular metabolic
programs to enhance glucose uptake and utilization.

Regarding the active role of YAP and TAZ in lipid metabolism, it seems that their
activity is tissue specific: they stimulate lipid accumulation, as in the liver [134], but
they decrease lipid deposition, as in adipocytes of the brown adipose tissue [135]. It has
been demonstrated that YAP interacts in the nucleus with the Sterol Rgulatory Element-
Binding Proteins 1 and 2 (SREBP1 and SREBP2) and enhances their transcriptional activities
for fatty acid synthase (FAS) and 30-hydroxylmethyl glutaryl coenzyme A reductase
(HMGCR) [136]. Moreover, the activation of LATS1 or inhibition of YAP reduces hepatic
steatosis and hyperlipidemia in diet-induced diabetic mice [136]. Meanwhile, in the process
of metastasis of the lymph nodes, YAP induces a metabolic reprogramming by switching
from glycolysis to fatty acid oxidation (FAO) for energy production [137].

Glutamine is a key amino acid involved in energy generation, biosynthesis of amino
acids, nucleotides, and fatty acids, and control of redox state, and YAP/TAZ regulate
glutamine metabolism in diverse way [138,139]. In the liver, YAP and TAZ stimulate glu-
tamine synthetase to produce glutamine in order to favor the de novo nucleotide synthesis
pathway [138], whereas in pulmonary arterial hypertension, vascular stiffness activates
YAP/TAZ, which in turn promote not only glycolysis, but also glutaminolysis in pulmonary
vascular endothelial cells, through the modulation of the glutaminase enzyme [140]. In
breast cancer, YAP/TAZ guide a metabolic reprogramming to promote a close dependence
of tumor cells on exogenous glutamine by inducing the expression of glutamic-oxaloacetic
transaminase (GOT1) and phosphoserine aminotransferase (PSAT1) [141]. YAP and TAZ
also upregulate different genes encoding high affinity transporters involved in the uptake
of amino acids to increase their availability, such as Solute Carrier family members SLC1A5,
SLC7A5, SLC38A1 and SLC1A3 [139,142].

The activation of mTOR is highly dependent on amino acids and can be regulated
by YAP/TAZ. Several studies demonstrate a bidirectional regulation: on the one hand,
YAP increases the activity of mTOR through the suppression of phosphatase and tensin
homolog (PTEN) via microRNA [143], and on the other both mTOR Complexes mTORC1
and mTORC2 positively regulate YAP in perivascular epithelioid cell tumors and glioblas-
tomas [36,144,145]. Finally, YAP/TAZ also has a great impact on mitochondrial homeosta-
sis [146,147].

All these data not only confirm the essential role played by YAP/TAZ in the regulation
of cellular metabolism, but demonstrate that metabolic changes in turn modulate YAP
and TAZ activation, making these proteins essential players at the crossroad between
metabolism and regulation of cell identity [116].

5. Potential Role of YAP and TAZ in the Orchestration of a Metabolic Switch upon
Cell Reprogramming

Over the last decade, many studies have highlighted the importance of metabolic
remodeling during reprogramming [5,6,114].

It is well known that metabolism has an active role in the regulation of cell identity and
behavior during embryonic development, and recent studies demonstrate that metabolic
remodeling is not only associated with reprogramming, but also appears to mediate the
process [5,6,114].
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All evidence supporting the involvement of YAP/TAZ in the metabolic remodeling
of cancer cells [116] also suggest a possible role for these proteins in metabolic changes
observed upon cellular reprogramming (Figure 3).
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5.1. Mechanisms of the Metabolic Switch during Cell Reprogramming

The overall trend of the metabolic changes during reprogramming consists of decreas-
ing OXPHOS and increasing glycolysis, as a main source of ATP production [5]. The switch
is accompanied by alterations in the amounts of corresponding metabolites [6], which are
shunted to various anabolic pathways. To maintain a high flux of metabolites in the gly-
colytic pathway, the key enzymes in this process including HK2, pyruvate dehydrogenase
(PDH), and PKM2 are expressed at higher levels in iPSCs than in somatic cells. A direct
transcriptional regulation of such genes depends on the core pluripotency factors, OCT4,
SOX2, and Nanog, which occupy many regions of glycolytic enzyme genes [148].

Many studies have shed light on the molecular mechanisms that regulate the acqui-
sition of this unique metabolic state during reprogramming. Genome wide analysis of
gene and protein expression, as well as metabolomic profiling, confirmed that somatic cell
reprogramming to iPSCs is initially accompanied by a massive activation of a pattern of
genes necessary to increase the proliferation rate and to trigger those metabolic changes
necessary to prepare the cell for new energy and metabolite demand arising during the
subsequent steps of reprogramming [5,114]. The effect of the increasing expression of
metabolism-related genes shortly after the start of reprogramming is that cells undergo
a transient hyper-energetic metabolism, which is somewhat reminiscent of the metabolic
state typical of naïve ESCs, in which high OXPHOS and high glycolysis co-exist [149,150]
for a short period of time. This hyper-energetic state generates ROS, leading to activation of
HIF1, which initiates a cascade of transcription factor induction that elicits the subsequent
metabolic shift to a more glycolytic phenotype [150]. In addition to its well-known role in
the maintenance and acquisition of stem cell properties and its relevance in metabolism
of primed stem cell state [150–153], the crucial role of HIFs in the switch from oxidative
to glycolytic metabolism during reprogramming is emphasized by the fact that its knock-
down in human fibroblasts prevents reprogramming [151,152], and that reprogramming
efficiency is enhanced in 5% oxygen compared with the standard 20% [153].

Other important factors playing a pivotal role in the acquisition of the transient
hyper-energetic state are c-MYC [154], the nuclear factor, erythroid 2 like 2 (NRF2) [150],
AKT [155] and OCT4 [148], which stimulate the metabolic flow of glycolysis by acting
at a transcriptional and post-transcriptional level on the regulation of the key regulatory
enzymes of the glycolytic pathway. In addition, the reprogramming factor Lin28, an
evolutionary conserved RNA-binding protein that plays important roles during embryonic
development and tumorigenesis [156–158] is involved in the repression of OXPHOS genes
by binding to their mRNA [159].
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Another distinct feature of the metabolic remodeling occurring in somatic cells
upon reprogramming to iPSCs involves mitochondria that undergo a significant remod-
eling encompassing morphological and functional changes to adopt a “rejuvenated”
state [5,6,114,160,161]. iPSCs appear to consistently have a low mitochondrial mass. Accord-
ingly, the amount of mitochondrial DNA gradually decreases during reprogramming [162].
Mitochondria also revert to a more immature phenotype resembling the ESC-like state
in terms of morphology, cellular distribution and efficiency of oxidative phosphoryla-
tion [163], in accord with the overall metabolic switch from mitochondrial oxidation to
glycolysis. This reorganization entails the removal of mature mitochondria by mitophagy,
an Atg5-independent selective autophagy, and the generation of new immature mito-
chondria [162]. The AMPK-mTOR signaling axis seems to play an essential role in this
mitochondria clearance [162].

Reprogramming somatic cells to a pluripotent state requires the removal of somatic
marks from the genome and the establishment of a pluripotent state and this occurs by
modification of the epigenetic landscape and chromatin conformation, which in turn affects
gene expression [164,165]. Metabolites directly prompt cell reprogramming by influencing
the modification of epigenetic marks [166]. Chromatin modifications such as H3K9me3,
H3K27me3 and DNA methylation function to maintain a somatic chromatin state that
must be removed during somatic reprogramming, whereas other histone methylation
marks, such as H3K4me3 or H3K4me1, are important to allow the proper transcription of
pluripotency genes. In both ESCs and iPSCs, the histone methylation mark depends on
threonine and S-adenosyl methionine (SAM) metabolism, where SAM is a substrate for
methyl transferases [167]. SAM is present at high levels in iPSCs [168] and its depletion
leads to reduced H3K4me3 marks and defects in the maintenance of the ESC state, as well
as in the key signaling pathways important for the metabolic changes [169]. The histone
acetylation mark functions to keep the chromatin relaxed in order to be transcribed, and
this mechanism depends on the amount of acetyl-coenzyme A (acetyl-CoA) produced
by the cell [167,170]. During reprogramming, not all the glucose is converted to lactate,
because it is also used to produce acetyl-CoA by the PDH enzyme [170]. The acetyl-CoA
is converted to citrate by citrate synthase in the mitochondria. Then, citrate is exported
to the cytoplasm where it is again converted to cytosolic acetyl-CoA by ATP-citrate lyase.
Cytosolic acetyl-CoA is required for histone acetylation to maintain the open state of
the chromatin structure [170,171]. In contrast, the loss of acetyl-CoA results in histone
deacetylation and loss of pluripotency in iPSCs [170].

In summary, the efficiency of reprogramming depends on the modulation of metabolism,
and conversely, when the reprogramming efficiency is altered, it is usually accompanied
by an altered metabolism. This suggests that this metabolic shift and all the molecules
involved in its regulation might play an active role in this process.

5.2. YAP and TAZ in the Metabolic Remodeling of Cell Reprogramming

YAP/TAZ are now recognized to reprogram cellular metabolic pathways allowing
cells to adapt to mutable environmental conditions [126]. They integrate physiological and
environmental signals by modulating transcriptional programs to regulate the expression
of metabolic enzymes and nutrient transporters. They also take part in the regulation
of biogenesis and the functioning of some intracellular organelles, in particular mito-
chondria [126,146,147]. However, most of the information on YAP/TAZ regulation of
cellular metabolism is derived from studies on tumor cells [116], in which they usually
work as oncogenes, while only a few studies have explored the possible role exerted by
YAP/TAZ modulation in governing the metabolic remodeling in physiological conditions
or in somatic cell reprogramming. Nevertheless, on these bases, it is reasonable to also pos-
tulate a significant contribution of YAP/TAZ to the metabolic remodeling accompanying
cellular reprogramming.

YAP/TAZ activation may regulate the switch from OXPHOS to glycolysis not only in
tumor cells, but also in cell reprogramming, promoting glucose uptake and utilization by
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regulating the transcriptional rate of glycolytic enzymes, and glucose transporters [30,120].
This would be essential to sustain the increase in the proliferation rate of somatic cells
undergoing reprogramming. Along with aerobic glycolysis, another hallmark of metabolic
reprogramming is enhanced glutaminolysis, which serves to directly fuel the TCA cycle
and produce key metabolites for cell growth, as well as ATP [126]. Many glutamine-
metabolizing enzymes are transcriptionally governed by YAP [139–141] and upon myofi-
broblastic transdifferentiation, hepatic stellate cells undergo metabolic reprogramming
activating aerobic glycolysis and increasing glutaminolysis in a YAP-mediated mecha-
nism [71]. YAP/TAZ regulation of metabolic reprogramming also occurs through the
interplay with mTOR [126].

Not only many metabolic-related genes, but also main transcription factors involved
in the acquisition of the transient hyper-energetic state, like c-MYC, HIF-1α, NRF2 and
OCT4 are directly or indirectly regulated by YAP [13].

Furthermore, YAP and TAZ regulate mitochondrial biogenesis and size. In both
humans and Drosophila, YAP or Yorkie activation induces accelerated fusion, with the
consequence of larger mitochondria [146]. On the contrary, forced mitochondrial fission
is associated with inhibition of YAP and TAZ [147]. Thus, they might be relevant in
mitochondrial remodeling upon somatic reprogramming.

Very recently, a novel role of YAP/TAZ in modulation of cell plasticity was discovered.
Totaro et al. found that YAP/TAZ transcriptionally control autophagy by regulating
autophagosomal degradation into autolysosomes, and linked this process to the YAP/TAZ-
mediated dedifferentiation and acquisition of self-renewing properties of normal cells. The
authors proposed that YAP/TAZ-driven autophagy represents a form of “cytoplasmic”
reprogramming, a checkpoint ensuring that YAP/TAZ transcriptional rewiring in the
nucleus goes hand in hand with the need for cytoplasmic and whole-cell renovation and
restructuring [172].

Finally, YAP/TAZ can potentially exert profound effects on cell plasticity and metabolic
reprogramming by affecting other processes like epigenetic modifications to chromatin
structure [78,173] and post-transcriptional microRNA (miRNA) processing [174]. It is
noteworthy that YAP/TAZ may influence the accessibility and activity of various target
genes via chromatin structure alterations in association with chromatin-remodeling com-
plex proteins such as nucleosome remodeling and deacetylase (NuRD), Switch/sucrose
non-fermentable (SWI/SNF), nuclear receptor coactivator 6 (Ncoa6), Mediator, and GAGA
factor [173]. MiRNAs have emerged not only as key regulators of metabolic homeostasis,
but they are also important in maintaining the balance between differentiation and prolifer-
ation [175]. Post-transcriptional processing of miRNA is also regulated by YAP/TAZ via
their modulation of Microprocessor activity [176], and Dicer activity [174].

6. Conclusions

YAP and TAZ have attracted considerable attention in the past decade for their multi-
faced functions, such as mechanotransduction, stemness, differentiation, proliferation, and
tumorigenesis. Recently, the interplay between YAP/TAZ and metabolism has emerged.
The findings paved the way for the elaboration of strategies in which modulation of YAP
and TAZ may be used to reprogram differentiated cells into plastic progenitor cells or
iPSCs able to functionally restore injured organs. As YAP and TAZ are often hyperactivated
in human cancers, where they contribute to tumor development, their tissue activation
for a long time may trigger detrimental effects. Moreover, hyperactivation of YAP/TAZ
may not universally stimulate regeneration, as it causes different phenotypes in different
organs. Thus, a better understanding of the role of YAP/TAZ in cell lineage fate deter-
mination would be advantageous for therapeutic applications in tissue engineering and
regenerative medicine.

Author Contributions: Conceptualization, F.P.; writing—original draft preparation, G.D.B., F.P. and
S.P.; writing—review and editing, F.P. and T.R.; funding acquisition, F.P., S.P. and T.R. All authors
have read and agreed to the published version of the manuscript.



Metabolites 2021, 11, 154 15 of 20

Funding: This work was funded by “Finanziamento Ricerca di Ateneo-FRA” project from Uni-
versity of Naples Federico II to F.P., “Prodotti alimentari” project from Regione Campania to T.R.,
“PROSCAN” project from Italian Ministry of Research to T.R., PRIN-2017 (2017CH4RNP) to SP.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Aydin, B.; Mazzoni, E.O. Cell Reprogramming: The Many Roads to Success. Annu. Rev. Cell Dev. Biol. 2019, 35, 433–452.

[CrossRef]
2. Bitman-Lotan, E.; Orian, A. Nuclear organization and regulation of the differentiated state. Cell. Mol. Life Sci. 2021. [CrossRef]
3. Friedmann-Morvinski, D.; Verma, I.M. Dedifferentiation and reprogramming: Origins of cancer stem cells. EMBO Rep. 2014,

15, 244–253. [CrossRef]
4. Caiazza, C.; D’Agostino, M.; Passaro, F.; Faicchia, D.; Mallardo, M.; Paladino, S.; Pierantoni, G.M.; Tramontano, D. Effects of

Long-Term Citrate Treatment in the PC3 Prostate Cancer Cell Line. Int. J. Mol. Sci. 2019, 20, 2613. [CrossRef]
5. Mathieu, J.; Ruohola-Baker, H. Metabolic remodeling during the loss and acquisition of pluripotency. Development 2017, 144, 541–551.

[CrossRef]
6. Nishimura, K.; Fukuda, A.; Hisatake, K. Mechanisms of the Metabolic Shift during Somatic Cell Reprogramming. Int. J. Mol. Sci.

2019, 20, 2254. [CrossRef]
7. Warburg, O. On the origin of cancer cells. Science 1956, 123, 309–314. [CrossRef]
8. Lai, X.; Li, Q.; Wu, F.; Lin, J.; Chen, J.; Zheng, H.; Guo, L. Epithelial-Mesenchymal Transition and Metabolic Switching in Cancer:

Lessons From Somatic Cell Reprogramming. Front. Cell Dev. Biol. 2020, 8, 760. [CrossRef]
9. Wu, J.; Ocampo, A.; Belmonte, J. Cellular Metabolism and Induced Pluripotency. Cell 2016, 166, 1371–1385. [CrossRef]
10. Ryall, J.G.; Cliff, T.; Dalton, S.; Sartorelli, V. Metabolic Reprogramming of Stem Cell Epigenetics. Cell Stem Cell 2015, 17, 651–662.

[CrossRef]
11. Sun, H.; Yang, X.; Liang, L.; Zhang, M.; Li, Y.; Chen, J.; Wang, F.; Yang, T.; Meng, F.; Lai, X.; et al. Metabolic switch and

epithelial-mesenchymal transition cooperate to regulate pluripotency. EMBO J. 2020, 39, e102961. [CrossRef]
12. Yu, F.X.; Zhao, B.; Guan, K.L. Hippo Pathway in Organ Size Control, Tissue Homeostasis, and Cancer. Cell 2015, 163, 811–828.

[CrossRef]
13. Heng, B.C.; Zhang, X.; Aubel, D.; Bai, Y.; Li, X.; Li, X.; Wei, Y.; Fussenegger, M.; Deng, X. Role of YAP/TAZ in Cell Lineage Fate

Determination and Related Signaling Pathways. Front. Cell Dev. Biol. 2020, 8, 735. [CrossRef]
14. Moya, I.M.; Halder, G. Hippo–YAP/TAZ signalling in organ regeneration and regenerative medicine. Nat. Rev. Mol. Cell Biol.

2019, 20, 211–226. [CrossRef]
15. Davis, J.R.; Tapon, N. Hippo signalling during development. Development 2019, 146, dev167106. [CrossRef]
16. Pocaterra, A.; Romani, P.; Dupont, S. YAP/TAZ functions and their regulation at a glance. J. Cell Sci. 2020, 133, jcs230425.

[CrossRef]
17. Justice, R.W.; Zilian, O.; Woods, D.F.; Noll, M.; Bryant, P.J. The Drosophila tumor suppressor gene warts encodes a homolog of

human myotonic dystrophy kinase and is required for the control of cell shape and proliferation. Genes Dev. 1995, 9, 534–546.
[CrossRef]

18. Xu, T.; Wang, W.; Zhang, S.; Stewart, R.A.; Yu, W. Identifying tumor suppressors in genetic mosaics: The Drosophila lats gene
encodes a putative protein kinase. Development 1995, 121, 1053–1063.

19. Fulford, A.; Tapon, N.; Ribeiro, P.S. Upstairs, downstairs: Spatial regulation of Hippo signalling. Curr. Opin. Cell Biol. 2018,
51, 22–32. [CrossRef]

20. Sudol, M. Yes-associated protein (YAP65) is a proline-rich phosphoprotein that binds to the SH3 domain of the Yes proto-oncogene
product. Oncogene 1994, 9, 2145–2152. [PubMed]

21. Morin-Kensicki, E.M.; Boone, B.N.; Howell, M.; Stonebraker, J.R.; Teed, J.; Alb, J.G.; Magnuson, T.R.; O’Neal, W.; Milgram, S.L.
Defects in yolk sac vasculogenesis, chorioallantoic fusion, and embryonic axis elongation in mice with targeted disruption of
Yap65. Mol. Cell. Biol. 2006, 26, 77–87. [CrossRef]

22. Kanai, F.; Marignani, P.A.; Sarbassova, D.; Yagi, R.; Hall, R.A.; Donowitz, M.; Hisaminato, A.; Fujiwara, T.; Ito, Y.; Cantley, L.C.; et al.
TAZ: A novel transcriptional co-activator regulated by interactions with 14-3-3 and PDZ domain proteins. EMBO J. 2000, 19, 6778–6791.
[CrossRef]

23. Yin, F.; Yu, J.; Zheng, Y.; Chen, Q.; Zhang, N.; Pan, D. Spatial organization of Hippo signaling at the plasma membrane mediated
by the tumor suppressor Merlin/NF2. Cell 2013, 154, 1342–1355. [CrossRef] [PubMed]

24. Glantschnig, H.; Rodan, G.A.; Reszka, A.A. Mapping of MST1 kinase sites of phosphorylation. Activation and autophosphoryla-
tion. J. Biol. Chem. 2002, 277, 42987–42996. [CrossRef] [PubMed]

25. Genevet, A.; Wehr, M.C.; Brain, R.; Thompson, B.J.; Tapon, N. Kibra is a regulator of the Salvador/Warts/Hippo signaling
network. Dev. Cell 2010, 18, 300–308. [CrossRef]

26. Hirate, Y.; Hirahara, S.; Inoue, K.; Suzuki, A.; Alarcon, V.B.; Akimoto, K.; Hirai, T.; Hara, T.; Adachi, M.; Chida, K.; et al. Polarity-
dependent distribution of angiomotin localizes Hippo signaling in preimplantation embryos. Curr. Biol. 2013, 23, 1181–1194.
[CrossRef]

http://doi.org/10.1146/annurev-cellbio-100818-125127
http://doi.org/10.1007/s00018-020-03731-4
http://doi.org/10.1002/embr.201338254
http://doi.org/10.3390/ijms20112613
http://doi.org/10.1242/dev.128389
http://doi.org/10.3390/ijms20092254
http://doi.org/10.1126/science.123.3191.309
http://doi.org/10.3389/fcell.2020.00760
http://doi.org/10.1016/j.cell.2016.08.008
http://doi.org/10.1016/j.stem.2015.11.012
http://doi.org/10.15252/embj.2019102961
http://doi.org/10.1016/j.cell.2015.10.044
http://doi.org/10.3389/fcell.2020.00735
http://doi.org/10.1038/s41580-018-0086-y
http://doi.org/10.1242/dev.167106
http://doi.org/10.1242/jcs.230425
http://doi.org/10.1101/gad.9.5.534
http://doi.org/10.1016/j.ceb.2017.10.006
http://www.ncbi.nlm.nih.gov/pubmed/8035999
http://doi.org/10.1128/MCB.26.1.77-87.2006
http://doi.org/10.1093/emboj/19.24.6778
http://doi.org/10.1016/j.cell.2013.08.025
http://www.ncbi.nlm.nih.gov/pubmed/24012335
http://doi.org/10.1074/jbc.M208538200
http://www.ncbi.nlm.nih.gov/pubmed/12223493
http://doi.org/10.1016/j.devcel.2009.12.011
http://doi.org/10.1016/j.cub.2013.05.014


Metabolites 2021, 11, 154 16 of 20

27. Li, Y.; Zhou, H.; Li, F.; Chan, S.W.; Lin, Z.; Wei, Z.; Yang, Z.; Guo, F.; Lim, W.J.; Xing, W.; et al. Angiomotin binding-induced
activation of Merlin/NF2 in the Hippo pathway. Cell Res. 2015, 25, 801–817. [CrossRef]

28. Chan, E.H.; Nousiainen, M.; Chalamalasetty, R.B.; Schäfer, A.; Nigg, E.A.; Sillje, H.H.W. The Ste20-like kinase Mst2 activates the
human large tumor suppressor kinase Lats1. Oncogene 2005, 24, 2076–2086. [CrossRef]

29. Meng, Z.; Moroishi, T.; Mottier-Pavie, V.; Plouffe, S.W.; Hansen, C.G.; Hong, A.W.; Park, H.W.; Mo, J.S.; Lu, W.; Lu, S.; et al.
MAP4K family kinases act in parallel to MST1/2 to activate LATS1/2 in the Hippo pathway. Nat. Commun. 2015, 6, 8357.
[CrossRef]

30. Plouffe, S.W.; Meng, Z.; Lin, K.C.; Lin, B.; Hong, A.W.; Chun, J.V.; Guan, K.L. Characterization of Hippo Pathway Components by
Gene Inactivation. Mol. Cell 2016, 64, 993–1008. [CrossRef]

31. Boggiano, J.C.; Vanderzalm, P.J.; Fehon, R.G. Tao-1 phosphorylates Hippo/MST kinases to regulate the Hippo-Salvador-Warts
tumor suppressor pathway. Dev. Cell 2011, 21, 888–895. [CrossRef]

32. Poon, C.L.; Lin, J.I.; Zhang, X.; Harvey, K.F. The sterile 20-like kinase Tao-1 controls tissue growth by regulating the Salvador-
Warts-Hippo pathway. Dev. Cell 2011, 21, 896–906. [CrossRef]

33. Zhao, B.; Li, L.; Tumaneng, K.; Wang, C.Y.; Guan, K.L. A coordinated phosphorylation by Lats and CK1 regulates YAP stability
through SCF(beta-TRCP). Genes Dev. 2010, 24, 72–85. [CrossRef]

34. Liu, C.Y.; Zha, Z.Y.; Zhou, X.; Zhang, H.; Huang, W.; Zhao, D.; Li, T.; Chan, S.W.; Lim, C.J.; Hong, W.; et al. The hippo tumor
pathway promotes TAZ degradation by phosphorylating a phosphodegron and recruiting the SCFβ-TrCP E3 ligase. J. Biol. Chem.
2010, 285, 37159–37169. [CrossRef]

35. Nguyen, T.H.; Kugler, J.M. Ubiquitin-Dependent Regulation of the Mammalian Hippo Pathway: Therapeutic Implications for
Cancer. Cancers 2018, 10, 121. [CrossRef]

36. Liang, N.; Zhang, C.; Dill, P.; Panasyuk, G.; Pion, D.; Koka, V.; Gallazzini, M.; Olson, E.N.; Lam, H.; Henske, E.P.; et al. Regulation
of YAP by mTOR and autophagy reveals a therapeutic target of tuberous sclerosis complex. J. Exp. Med. 2014, 211, 2249–2263.
[CrossRef]

37. Liu, C.Y.; Lv, X.; Li, T.; Xu, Y.; Zhou, X.; Zhao, S.; Xiong, Y.; Lei, Q.Y.; Guan, K.L. PP1 cooperates with ASPP2 to dephosphorylate
and activate TAZ. J. Biol. Chem. 2011, 286, 5558–5566. [CrossRef]

38. Wang, P.; Bai, Y.; Song, B.; Wang, Y.; Liu, D.; Lai, Y.; Bi, X.; Yuan, Z. PP1A-mediated dephosphorylation positively regulates YAP2
activity. PLoS ONE 2011, 6, e24288. [CrossRef]

39. Zhang, W.; Gao, Y.; Li, P.; Shi, Z.; Guo, T.; Li, F.; Han, X.; Feng, Y.; Zheng, C.; Wang, Z.; et al. VGLL4 functions as a new tumor
suppressor in lung cancer by negatively regulating the YAP-TEAD transcriptional complex. Cell Res. 2014, 24, 331–343. [CrossRef]

40. Ota, M.; Sasaki, H. Mammalian Tead proteins regulate cell proliferation and contact inhibition as transcriptional mediators of
Hippo signaling. Development 2008, 135, 4059–4069. [CrossRef]

41. Zaidi, S.K.; Sullivan, A.J.; Medina, R.; Ito, Y.; van Wijnen, A.J. Tyrosine phosphorylation controls Runx2-mediated subnuclear
targeting of YAP to repress transcription. EMBO J. 2004, 23, 790–799. [CrossRef]

42. Grannas, K.; Arngården, L.; Lönn, P.; Mazurkiewicz, M.; Blokzijl, A.; Zieba, A.; Soderberg, O. Crosstalk between Hippo and
TGFβ: Subcellular Localization of YAP/TAZ/Smad Complexes. J. Mol. Biol. 2015, 427, 3407–3415. [CrossRef]

43. Zhao, B.; Wei, X.; Li, W.; Udan, R.S.; Yang, Q.; Kim, J.; Xie, J.; Ikenoue, T.; Yu, J.; Li, L.; et al. Inactivation of YAP oncoprotein by
the Hippo pathway is involved in cell contact inhibition and tissue growth control. Genes Dev. 2007, 21, 2747–2761. [CrossRef]

44. Sun, S.; Irvine, K.D. Cellular Organization and Cytoskeletal Regulation of the Hippo Signaling Network. Trends Cell Biol. 2016,
26, 694–704. [CrossRef]

45. Yu, F.X.; Zhang, Y.; Park, H.W.; Jewell, J.L.; Chen, Q.; Deng, Y.; Pan, D.; Taylor, S.S.; Lai, Z.C.; Guan, K.L. Protein kinase A activates
the Hippo pathway to modulate cell proliferation and differentiation. Genes Dev. 2013, 27, 1223–1232. [CrossRef]

46. Wu, Y.; Griffin, E.E. Regulation of Cell Polarity by PAR-1/MARK Kinase. Curr. Top. Dev. Biol. 2017, 123, 365–397. [CrossRef]
47. Fan, R.; Kim, N.G.; Gumbiner, B.M. Regulation of Hippo pathway by mitogenic growth factors via phosphoinositide 3-kinase

and phosphoinositide-dependent kinase-1. Proc. Natl. Acad. Sci. USA 2013, 110, 2569–2574. [CrossRef]
48. Reddy, B.V.; Irvine, K.D. Regulation of Hippo signaling by EGFR-MAPK signaling through Ajuba family proteins. Dev. Cell 2013,

24, 459–471. [CrossRef]
49. Straßburger, K.; Tiebe, M.; Pinna, F.; Breuhahn, K.; Teleman, A.A. Insulin/IGF signaling drives cell proliferation in part via

Yorkie/YAP. Dev. Biol. 2012, 367, 187–196. [CrossRef] [PubMed]
50. Azzolin, L.; Panciera, T.; Soligo, S.; Enzo, E.; Bicciato, S.; Dupont, S.; Bresolin, S.; Frasson, C.; Basso, G.; Guzzardo, V.; et al.

YAP/TAZ incorporation in the β-catenin destruction complex orchestrates the Wnt response. Cell 2014, 158, 157–170. [CrossRef]
51. Park, H.W.; Kim, Y.C.; Yu, B.; Moroishi, T.; Mo, J.S.; Plouffe, S.W.; Meng, Z.; Lin, K.C.; Yu, F.X.; Alexander, C.M.; et al. Alternative

Wnt Signaling Activates YAP/TAZ. Cell 2015, 162, 780–794. [CrossRef] [PubMed]
52. Yu, F.X.; Zhao, B.; Panupinthu, N.; Jewell, J.L.; Lian, I.; Wang, L.H.; Zhao, J.; Yuan, H.; Tumaneng, K.; Li, H.; et al. Regulation of

the Hippo-YAP pathway by G-protein-coupled receptor signaling. Cell 2012, 150, 780–791. [CrossRef]
53. Baddour, J.A.; Sousounis, K.; Tsonis, P.A. Organ repair and regeneration: An overview. Birth Defects Res. C Embryo Today 2012,

96, 1–29. [CrossRef] [PubMed]
54. Merrell, A.; Stanger, B. Adult cell plasticity in vivo: De-differentiation and transdifferentiation are back in style. Nat. Rev. Mol.

Cell Biol. 2016, 17, 413–425. [CrossRef]

http://doi.org/10.1038/cr.2015.69
http://doi.org/10.1038/sj.onc.1208445
http://doi.org/10.1038/ncomms9357
http://doi.org/10.1016/j.molcel.2016.10.034
http://doi.org/10.1016/j.devcel.2011.08.028
http://doi.org/10.1016/j.devcel.2011.09.012
http://doi.org/10.1101/gad.1843810
http://doi.org/10.1074/jbc.M110.152942
http://doi.org/10.3390/cancers10040121
http://doi.org/10.1084/jem.20140341
http://doi.org/10.1074/jbc.M110.194019
http://doi.org/10.1371/journal.pone.0024288
http://doi.org/10.1038/cr.2014.10
http://doi.org/10.1242/dev.027151
http://doi.org/10.1038/sj.emboj.7600073
http://doi.org/10.1016/j.jmb.2015.04.015
http://doi.org/10.1101/gad.1602907
http://doi.org/10.1016/j.tcb.2016.05.003
http://doi.org/10.1101/gad.219402.113
http://doi.org/10.1016/bs.ctdb.2016.11.001
http://doi.org/10.1073/pnas.1216462110
http://doi.org/10.1016/j.devcel.2013.01.020
http://doi.org/10.1016/j.ydbio.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22609549
http://doi.org/10.1016/j.cell.2014.06.013
http://doi.org/10.1016/j.cell.2015.07.013
http://www.ncbi.nlm.nih.gov/pubmed/26276632
http://doi.org/10.1016/j.cell.2012.06.037
http://doi.org/10.1002/bdrc.21006
http://www.ncbi.nlm.nih.gov/pubmed/22457174
http://doi.org/10.1038/nrm.2016.24


Metabolites 2021, 11, 154 17 of 20

55. Mao, A.S.; Mooney, D.J. Regenerative medicine: Current therapies and future directions. Proc. Natl. Acad. Sci. USA 2015,
112, 14452–14459. [CrossRef]

56. Makita, R.; Uchijima, Y.; Nishiyama, K.; Amano, T.; Chen, Q.; Takeuchi, T.; Mitani, A.; Nagase, T.; Yatomi, Y.; Aburatani, H.; et al.
Multiple renal cysts, urinary concentration defects, and pulmonary emphysematous changes in mice lacking TAZ. Am. J. Physiol.
Renal Physiol. 2008, 294, F542–F553. [CrossRef]

57. Mitani, A.; Nagase, T.; Fukuchi, K.; Aburatani, H.; Makita, R.; Kurihara, H. Transcriptional coactivator with PDZ-binding motif is
essential for normal alveolarization in mice. Am. J. Respir. Crit. Care Med. 2009, 180, 326–338. [CrossRef] [PubMed]

58. Nishioka, N.; Inoue, K.; Adachi, K.; Kiyonari, H.; Ota, M.; Ralston, A.; Yabuta, N.; Hirahara, S.; Stephenson, R.O.;
Ogonuki, N.; 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, 398–410. [CrossRef] [PubMed]

59. von Gise, A.; Lin, Z.; Schlegelmilch, K.; Honor, L.B.; Pan, G.M.; Buck, J.N.; Ma, Q.; Ishiwata, T.; Zhou, B.; Camargo, F.D.; et al.
YAP1, the nuclear target of Hippo signaling, stimulates heart growth through cardiomyocyte proliferation but not hypertrophy.
Proc. Natl. Acad. Sci. USA 2012, 109, 2394–2399. [CrossRef] [PubMed]

60. Ragni, C.V.; Diguet, N.; Le Garrec, J.F.; Novotova, M.; Resende, T.P.; Pop, S.; Charon, N.; Guillemot, L.; Kitasato, L.;
Badouel, C.; et al. Amotl1 mediates sequestration of the Hippo effector Yap1 downstream of Fat4 to restrict heart growth. Nat.
Commun. 2017, 8, 14582. [CrossRef] [PubMed]

61. Wang, X.; Freire Valls, A.; Schermann, G.; Shen, Y.; Moya, I.M.; Castro, L.; Urban, S.; Solecki, G.M.; Winkler, F.; Riedemann, L.; et al.
YAP/TAZ orchestrate VEGF signaling during developmental angiogenesis. Dev. Cell 2017, 42, 462–478.e7. [CrossRef]

62. Kim, J.; Kim, Y.H.; Kim, J.; Park, D.Y.; Bae, H.; Lee, D.H.; Kim, K.H.; Hong, S.P.; Jang, S.P.; Kubota, Y.; et al. YAP/TAZ regulates
sprouting angiogenesis and vascular barrier maturation. J. Clin. Investig. 2017, 127, 3441–3461. [CrossRef]

63. Singh, A.; Ramesh, S.; Cibi, D.M.; Yun, L.S.; Li, J.; Manderfield, L.J.; Olson, E.N.; Epstein, J.A.; Singh, M.K. Hippo signaling
mediators Yap and Taz are required in the epicardium for coronary vasculature development. Cell Rep. 2016, 15, 1384–1393.
[CrossRef]

64. Lavado, A.; Park, J.Y.; Paré, J.; Finkelstein, D.; Pan, H.; Xu, B.; Fan, Y.; Kumar, R.P.; Neale, G.; Kwak, Y.D.; et al. The hippo pathway
prevents YAP/TAZ-driven hypertranscription and controls neural progenitor number. Dev. Cell 2018, 47, 576–591.e8. [CrossRef]
[PubMed]

65. Van Hateren, N.J.; Das, R.M.; Hautbergue, G.M.; Borycki, A.G.; Placzek, M.; Wilson, S.A. FatJ acts via the Hippo mediator Yap1 to
restrict the size of neural progenitor cell pools. Development 2011, 138, 1893–1902. [CrossRef] [PubMed]

66. Cao, X.; Pfaff, S.L.; Gage, F.H. YAP regulates neural progenitor cell number via the TEA domain transcription factor. Genes Dev.
2008, 22, 3320–3334. [CrossRef]

67. Xia, W.; Liu, Y.; Jiao, J. GRM7 regulates embryonic neurogenesis via CREB and YAP. Stem Cell Rep. 2015, 4, 795–810. [CrossRef]
68. Lin, Y.T.; Ding, J.Y.; Li, M.Y.; Yeh, T.S.; Wang, T.W.; Yu, J.Y. YAP regulates neuronal differentiation through Sonic hedgehog

signaling pathway. Exp. Cell Res. 2012, 318, 1877–1888. [CrossRef] [PubMed]
69. Reginensi, A.; Scott, R.P.; Gregorieff, A.; Bagherie-Lachidan, M.; Chung, C.; Lim, D.S.; Pawson, T.; Wrana, J.; McNeill, H. Yap-

and Cdc42-dependent nephrogenesis and morphogenesis during mouse kidney development. PLoS Genet. 2013, 9, e1003380.
[CrossRef] [PubMed]

70. McNeill, H.; Reginensi, A. Lats1/2 regulate Yap/Taz to control nephron progenitor epithelialization and inhibit myofibroblast
formation. J. Am. Soc. Nephrol. 2017, 28, 852–861. [CrossRef] [PubMed]

71. Du, K.; Hyun, J.; Premont, R.T.; Choi, S.S.; Michelotti, G.A.; Swiderska-Syn, M.; Dalton, G.D.; Thelen, E.; Rizi, B.S.; Jung, Y.; et al.
Hedgehog-YAP signaling pathway regulates glutaminolysis to control activation of hepatic stellate cells. Gastroenterology 2018,
154, 1465–1479.e13. [CrossRef]

72. Lu, L.; Finegold, M.J.; Johnson, R.L. Hippo pathway coactivators Yap and Taz are required to coordinate mammalian liver
regeneration. Exp. Mol. Med. 2018, 50, e423. [CrossRef] [PubMed]

73. Qin, H.; Hejna, M.; Liu, Y.; Percharde, M.; Wossidlo, M.; Blouin, L.; Durruthy-Durruthy, J.; Wong, P.; Qi, Z.; Yu, J.; et al. YAP
induces human naive pluripotency. Cell Rep. 2016, 14, 2301–2312. [CrossRef] [PubMed]

74. Lian, I.; Kim, J.; Okazawa, H.; Zhao, J.; Zhao, B.; Yu, J.; Chinnaiyan, A.; Israel, M.A.; Goldstein, L.S.B.; Abujarour, R.; et al. The
role of YAP transcription coactivator in regulating stem cell self-renewal and differentiation. Genes Dev. 2010, 24, 1106–1118.
[CrossRef]

75. Tamm, C.; Böwer, N.; Annerén, C. Regulation of mouse embryonic stem cell self-renewal by a Yes-YAP-TEAD2 signaling pathway
downstream of LIF. J. Cell Sci. 2011, 124, 1136–1144. [CrossRef] [PubMed]

76. Chung, H.; Lee, B.K.; Uprety, N.; Shen, W.; Lee, J.; Kim, J. Yap1 is dispensable for self-renewal but required for proper
differentiation of mouse embryonic stem (ES) cells. EMBO Rep. 2016, 17, 519–529. [CrossRef]

77. Papaspyropoulos, A.; Bradley, L.; Thapa, A.; Leung, C.Y.; Toskas, K.; Koennig, D.; Pefani, D.E.; Raso, C.; Grou, C.;
Hamilton, G.; et al. RASSF1A uncouples Wnt from Hippo signalling and promotes YAP mediated differentiation via p73. Nat.
Commun. 2018, 9, 424. [CrossRef]

78. Passaro, F.; De Martino, I.; Zambelli, F.; Di Benedetto, G.; Barbato, M.; D’Erchia, A.M.; Manzari, C.; Pesole, G.; Mutarelli, M.;
Cacchiarelli, D.; et al. YAP contributes to DNA methylation remodeling upon mouse embryonic stem cell differentiation. J. Biol.
Chem. 2021, 296. [CrossRef]

http://doi.org/10.1073/pnas.1508520112
http://doi.org/10.1152/ajprenal.00201.2007
http://doi.org/10.1164/rccm.200812-1827OC
http://www.ncbi.nlm.nih.gov/pubmed/19498055
http://doi.org/10.1016/j.devcel.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19289085
http://doi.org/10.1073/pnas.1116136109
http://www.ncbi.nlm.nih.gov/pubmed/22308401
http://doi.org/10.1038/ncomms14582
http://www.ncbi.nlm.nih.gov/pubmed/28239148
http://doi.org/10.1016/j.devcel.2017.08.002
http://doi.org/10.1172/JCI93825
http://doi.org/10.1016/j.celrep.2016.04.027
http://doi.org/10.1016/j.devcel.2018.09.021
http://www.ncbi.nlm.nih.gov/pubmed/30523785
http://doi.org/10.1242/dev.064204
http://www.ncbi.nlm.nih.gov/pubmed/21521736
http://doi.org/10.1101/gad.1726608
http://doi.org/10.1016/j.stemcr.2015.03.004
http://doi.org/10.1016/j.yexcr.2012.05.005
http://www.ncbi.nlm.nih.gov/pubmed/22659622
http://doi.org/10.1371/journal.pgen.1003380
http://www.ncbi.nlm.nih.gov/pubmed/23555292
http://doi.org/10.1681/ASN.2016060611
http://www.ncbi.nlm.nih.gov/pubmed/27647853
http://doi.org/10.1053/j.gastro.2017.12.022
http://doi.org/10.1038/emm.2017.205
http://www.ncbi.nlm.nih.gov/pubmed/29303509
http://doi.org/10.1016/j.celrep.2016.02.036
http://www.ncbi.nlm.nih.gov/pubmed/26947063
http://doi.org/10.1101/gad.1903310
http://doi.org/10.1242/jcs.075796
http://www.ncbi.nlm.nih.gov/pubmed/21385842
http://doi.org/10.15252/embr.201540933
http://doi.org/10.1038/s41467-017-02786-5
http://doi.org/10.1074/jbc.RA120.015896


Metabolites 2021, 11, 154 18 of 20

79. Xu, R.H.; Peck, R.M.; Li, D.S.; Feng, X.; Ludwig, T.; Thomson, J.A. Basic FGF and suppression of BMP signaling sustain
undifferentiated proliferation of human ES cells. Nat. Methods 2005, 2, 185–190. [CrossRef]

80. Varelas, X.; Sakuma, R.; Samavarchi-Tehrani, P.; Peerani, R.; Rao, B.M.; Dembowy, J.; Yaffe, M.B.; Zandstra, P.W.; Wrana, J.L.
TAZ controls Smad nucleocytoplasmic shuttling and regulates human embryonic stem-cell self-renewal. Nat. Cell Biol. 2008,
10, 837–848. [CrossRef]

81. Musah, S.; Wrighton, P.J.; Zaltsman, Y.; Zhong, X.; Zorn, S.; Parlato, M.B.; Hsiao, C.; Palecek, S.P.; Chang, Q.; Murphy, W.L.; et al.
Substratum-induced differentiation of human pluripotent stem cells reveals the coactivator YAP is a potent regulator of neuronal
specification. Proc. Natl. Acad. Sci. USA 2014, 111, 13805–13810. [CrossRef] [PubMed]

82. Ohgushi, M.; Minaguchi, M.; Sasai, Y. Rho-signaling-directed YAP/TAZ activity underlies the long-term survival and expansion
of human embryonic Stem cells. Cell Stem Cell 2015, 17, 448–461. [CrossRef] [PubMed]

83. Hsiao, C.; Lampe, M.; Nillasithanukroh, S.; Han, W.; Lian, X.; Palecek, S.P. Human pluripotent stem cell culture density modulates
YAP signaling. Biotechnol. J. 2016, 11, 662–675. [CrossRef]

84. Han, D.; Byun, S.H.; Park, S.; Kim, J.; Kim, I.; Ha, S.; Kwon, M.; Yoon, K. YAP/TAZ enhance mammalian embryonic neural stem
cell characteristics in a Tead-dependent manner. Biochem. Biophys. Res. Commun. 2015, 458, 110–116. [CrossRef]

85. Bao, X.M.; He, Q.; Wang, Y.; Huang, Z.H.; Yuan, Z.Q. The roles and mechanisms of the Hippo/YAP signaling pathway in the
nervous system. Yi Chuan 2017, 39, 630–641. [CrossRef] [PubMed]

86. Judson, R.N.; Tremblay, A.M.; Knopp, P.; White, R.B.; Urcia, R.; De Bari, C.; Zammit, P.S.; Camargo, F.D.; Wackerhage, H. The
Hippo pathway member Yap plays a key role in influencing fate decisions in muscle satellite cells. J. Cell Sci. 2012, 125, 6009–6019.
[CrossRef]

87. Imajo, M.; Ebisuya, M.; Nishida, E. Dual role of YAP and TAZ in renewal of the intestinal epithelium. Nat. Cell Biol. 2015, 17, 7–19.
[CrossRef]

88. Hu, J.K.; Du, W.; Shelton, S.J.; Oldham, M.C.; DiPersio, C.M.; Klein, O.D. An FAK-YAP-mTOR signaling axis regulates stem
cell-based tissue renewal in Mice. Cell Stem Cell 2017, 21, 91–106.e6. [CrossRef]

89. Tang, Y.; Weiss, S.J. Snail/Slug-YAP/TAZ complexes cooperatively regulate mesenchymal stem cell function and bone formation.
Cell Cycle 2017, 16, 399–405. [CrossRef]

90. Qian, W.; Gong, L.; Cui, X.; Zhang, Z.; Bajpai, A.; Liu, C.; Castillo, A.B.; Teo, J.C.M.; Chen, W. Nanotopographic regulation of
human mesenchymal stem cell osteogenesis. ACS Appl. Mater. Interfaces 2017, 9, 41794–41806. [CrossRef]

91. Loebel, C.; Mauck, R.L.; Burdick, J.A. Local nascent protein deposition and remodelling guide mesenchymal stromal cell
mechanosensing and fate in three-dimensional hydrogels. Nat. Mater. 2019, 18, 883–891. [CrossRef]

92. Song, L.; Wang, K.; Li, Y.; Yang, Y. Nanotopography promoted neuronal differentiation of human induced pluripotent stem cells.
Colloids Surf. B Biointerfaces 2016, 148, 49–58. [CrossRef] [PubMed]

93. Watt, K.I.; Judson, R.; Medlow, P.; Reid, K.; Kurth, T.B.; Burniston, J.G.; Ratkevicius, A.; De Bari, C.; Wackerhage, H. Yap is a novel
regulator of C2C12 myogenesis. Biochem. Biophys. Res. Commun. 2010, 393, 619–624. [CrossRef] [PubMed]

94. Beverdam, A.; Claxton, C.; Zhang, X.; James, G.; Harvey, K.F.; Key, B. Yap controls stem/progenitor cell proliferation in the mouse
postnatal epidermis. J. Investig. Dermatol. 2013, 133, 1497–1505. [CrossRef] [PubMed]

95. Lee, M.J.; Byun, M.R.; Furutani-Seiki, M.; Hong, J.H.; Jung, H.S. YAP and TAZ regulate skin wound healing. J. Investig. Dermatol.
2014, 134, 518–525. [CrossRef] [PubMed]

96. Totaro, A.; Castellan, M.; Battilana, G.; Zanconato, F.; Azzolin, L.; Giulitti, S.; Cordenonsi, M.; Piccolo, S. YAP/TAZ link cell
mechanics to Notch signalling to control epidermal stem cell fate. Nat. Commun. 2017, 8, 15206. [CrossRef] [PubMed]

97. Le Bouteiller, M.; Jensen, K.B. Hippo signalling directs intestinal fate. Nat. Cell Biol. 2015, 17, 5–6. [CrossRef] [PubMed]
98. Hou, N.; Wen, Y.; Yuan, X.; Xu, H.; Wang, X.; Li, F.; Ye, B. Activation of Yap1/Taz signaling in ischemic heart disease and dilated

cardiomyopathy. Exp. Mol. Pathol. 2017, 103, 267–275. [CrossRef]
99. Del Re, D.P.; Yang, Y.; Nakano, N.; Cho, J.; Zhai, P.; Yamamoto, T.; Zhang, N.; Yabuta, N.; Nojima, H.; Pan, D.; et al. Yes-associated

protein isoform 1 (Yap1) promotes cardiomyocyte survival and growth to protect against myocardial ischemic injury. J. Biol.
Chem. 2013, 288, 3977–3988. [CrossRef]

100. Konishi, T.; Schuster, R.M.; Lentsch, A.B. Proliferation of hepatic stellate cells, mediated by YAP and TAZ, contributes to liver
repair and regeneration after liver ischemia-reperfusion injury. Am. J. Physiol. Gastrointest. Liver Physiol. 2018, 314, G471–G482.
[CrossRef]

101. Zhao, Y.; Fei, X.; Guo, J.; Zou, G.; Pan, W.; Zhang, J.; Huang, Y.; Liu, T.; Cheng, W. Induction of reprogramming of human amniotic
epithelial cells into iPS cells by overexpression of Yap, Oct4, and Sox2 through the activation of the Hippo-Yap pathway. Exp.
Ther. Med. 2017, 14, 199–206. [CrossRef]

102. Qin, H.; Blaschke, K.; Wei, G.; Ohi, Y.; Blouin, L.; Qi, Z.; Yu, J.; Yeh, R.F.; Hebrok, M.; Ramalho-Santos, M. Transcriptional analysis
of pluripotency reveals the Hippo pathway as a barrier to reprogramming. Hum. Mol. Genet. 2012, 21, 2054–2067. [CrossRef]
[PubMed]

103. Hartman, A.A.; Scalf, S.M.; Zhang, J.; Hu, X.; Chen, X.; Eastman, A.E.; Yang, C.; Guo, S. YAP Non-cell-autonomously Promotes
Pluripotency Induction in Mouse Cells. Stem Cell Rep. 2020, 14, 730–743. [CrossRef] [PubMed]

104. Jun, J.I.; Lau, L.F. The matricellular protein CCN1 induces fibroblast senescence and restricts fibrosis in cutaneous wound healing.
Nat. Cell Biol. 2010, 12, 676–685. [CrossRef]

105. Passaro, F.; Testa, G. Implications of Cellular Aging in Cardiac Reprogramming. Front. Cardiovasc. Med. 2018, 5, 43. [CrossRef]

http://doi.org/10.1038/nmeth744
http://doi.org/10.1038/ncb1748
http://doi.org/10.1073/pnas.1415330111
http://www.ncbi.nlm.nih.gov/pubmed/25201954
http://doi.org/10.1016/j.stem.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/26321201
http://doi.org/10.1002/biot.201500374
http://doi.org/10.1016/j.bbrc.2015.01.077
http://doi.org/10.16288/j.yczz.17-069
http://www.ncbi.nlm.nih.gov/pubmed/28757477
http://doi.org/10.1242/jcs.109546
http://doi.org/10.1038/ncb3084
http://doi.org/10.1016/j.stem.2017.03.023
http://doi.org/10.1080/15384101.2017.1280643
http://doi.org/10.1021/acsami.7b16314
http://doi.org/10.1038/s41563-019-0307-6
http://doi.org/10.1016/j.colsurfb.2016.08.041
http://www.ncbi.nlm.nih.gov/pubmed/27591570
http://doi.org/10.1016/j.bbrc.2010.02.034
http://www.ncbi.nlm.nih.gov/pubmed/20153295
http://doi.org/10.1038/jid.2012.430
http://www.ncbi.nlm.nih.gov/pubmed/23190885
http://doi.org/10.1038/jid.2013.339
http://www.ncbi.nlm.nih.gov/pubmed/24108406
http://doi.org/10.1038/ncomms15206
http://www.ncbi.nlm.nih.gov/pubmed/28513598
http://doi.org/10.1038/ncb3086
http://www.ncbi.nlm.nih.gov/pubmed/25679030
http://doi.org/10.1016/j.yexmp.2017.11.006
http://doi.org/10.1074/jbc.M112.436311
http://doi.org/10.1152/ajpgi.00153.2017
http://doi.org/10.3892/etm.2017.4512
http://doi.org/10.1093/hmg/dds023
http://www.ncbi.nlm.nih.gov/pubmed/22286172
http://doi.org/10.1016/j.stemcr.2020.03.006
http://www.ncbi.nlm.nih.gov/pubmed/32243844
http://doi.org/10.1038/ncb2070
http://doi.org/10.3389/fcvm.2018.00043


Metabolites 2021, 11, 154 19 of 20

106. Panciera, T.; Azzolin, L.; Fujimura, A.; Di Biagio, D.; Frasson, C.; Bresolin, S.; Soligo, S.; Basso, G.; Bicciato, S.; Rosato, A.; et al.
Induction of expandable tissue-specific stem/progenitor cells through transient expression of YAP/TAZ. Cell Stem Cell 2016,
19, 725–737. [CrossRef]

107. Yui, S.; Azzolin, L.; Maimets, M.; Pedersen, M.T.; Fordham, R.P.; Hansen, S.L.; Larsen, H.L.; Guiu, J.; Alves, M.R.P.;
Rundsten, C.F.; et al. YAP/TAZ-dependent reprogramming of colonic epithelium links ECM remodeling to tissue regeneration.
Cell Stem Cell 2018, 22, 35–49.e7. [CrossRef]

108. Fitamant, J.; Kottakis, F.; Benhamouche, S.; Tian, H.S.; Chuvin, N.; Parachoniak, C.A.; Nagle, J.M.; Perera, R.M.; Lapouge, M.;
Deshpande, V.; et al. YAP inhibition restores hepatocyte differentiation in advanced HCC, leading to tumor regression. Cell Rep.
2015, 10, 1692–1707. [CrossRef]

109. Passaro, F.; Testa, G.; Ambrosone, L.; Costagliola, C.; Tocchetti, C.G.; di Nezza, F.; Russo, M.; Pirozzi, F.; Abete, P.; Russo, T.; et al.
Nanotechnology-Based Cardiac Targeting and Direct Cardiac Reprogramming: The Betrothed. Stem Cells Int. 2017, 2017, 4940397.
[CrossRef]

110. Testa, G.; Russo, M.; Di Benedetto, G.; Barbato, M.; Parisi, S.; Pirozzi, F.; Tocchetti, C.G.; Abete, P.; Bonaduce, D.; Russo, T.; et al.
Bmi1 inhibitor PTC-209 promotes Chemically-induced Direct Cardiac Reprogramming of cardiac fibroblasts into cardiomyocytes.
Sci. Rep. 2020, 10, 7129. [CrossRef] [PubMed]

111. Kurotsu, S.; Sadahiro, T.; Fujita, R.; Tani, H.; Yamakawa, H.; Tamura, F.; Isomi, M.; Kojima, H.; Yamada, Y.; Abe, Y.; et al. Soft
Matrix Promotes Cardiac Reprogramming via Inhibition of YAP/TAZ and Suppression of Fibroblast Signatures. Stem Cell Rep.
2020, 15, 612–628. [CrossRef]

112. Mills, R.J.; Titmarsh, D.M.; Koenig, X.; Parker, B.L.; Ryall, J.G.; Quaife-Ryan, G.A.; Voges, H.K.; Hodson, M.P.; Ferguson, C.;
Drowley, L.; et al. Functional screening in human cardiac organoids reveals a metabolic mechanism for cardiomyocyte cell cycle
arrest. Proc. Natl. Acad. Sci. USA 2017, 114, E8372–E8381. [CrossRef] [PubMed]

113. Mochizuki, M.; Lorenz, V.; Ivanek, R.; Della Verde, G.; Gaudiello, E.; Marsano, A.; Pfister, O.; Kuster, G.M. Polo-like Kinase 2
is dynamically regulated to coordinate proliferation and early lineage specification downstream of yes-associated protein 1 in
Cardiac progenitor cells. J. Am. Heart Assoc. 2017, 6, e005920. [CrossRef]

114. Folmes, C.D.; Nelson, T.J.; Martinez-Fernandez, A.; Arrell, D.K.; Lindor, J.Z.; Dzeja, P.P.; Ikeda, Y.; Perez-Terzic, C.; Terzic, A.
Somatic oxidative bioenergetics transitions into pluripotency-dependent glycolysis to facilitate nuclear reprogramming. Cell
Metab. 2011, 14, 264–271. [CrossRef]

115. Park, S.J.; Lee, S.A.; Prasain, N.; Bae, D.; Kang, H.; Ha, T.; Kim, J.S.; Hong, K.H.; Mantel, C.; Moon, S.H.; et al. Metabolome
Profiling of Partial and Fully Reprogrammed Induced Pluripotent Stem Cells. Stem Cells Dev. 2017, 26, 734–742. [CrossRef]

116. Yamaguchi, H.; Taouk, G.M. A potential role of YAP/TAZ in the interplay between metastasis and metabolic alterations. Front.
Oncol. 2020, 10, 928. [CrossRef] [PubMed]

117. Enzo, E.; Santinon, G.; Pocaterra, A.; Aragona, M.; Bresolin, S.; Forcato, M.; Grifoni, D.; Pession, A.; Zanconato, F.; Guzzo, G.; et al.
Aerobic glycolysis tunes YAP/TAZ transcriptional activity. EMBO J. 2015, 34, 1349–1370. [CrossRef]

118. DeRan, M.; Yang, J.; Shen, C.H.; Peters, E.C.; Fitamant, J.; Chan, P.; Hsieh, M.; Zhu, S.; Asara, J.M.; Zheng, B.; et al. Energy stress
regulates hippo-YAP signaling involving AMPK-mediated regulation of angiomotin-like 1 protein. Cell Rep. 2014, 9, 495–503.
[CrossRef]

119. Mo, J.S.; Meng, Z.; Kim, Y.C.; Park, H.W.; Hansen, C.G.; Kim, S.; Lim, D.S.; Guan, K.L. Cellular energy stress induces AMPK-
mediated regulation of YAP and the Hippo pathway. Nat. Cell Biol. 2015, 17, 500–510. [CrossRef]

120. Wang, W.; Xiao, Z.D.; Li, X.; Aziz, K.E.; Gan, B.; Johnson, R.; Chen, J. AMPK modulates Hippo pathway activity to regulate energy
homeostasis. Nat Cell Biol. 2015, 17, 490–499. [CrossRef]

121. Peng, C.; Zhu, Y.; Zhang, W.; Liao, Q.; Chen, Y.; Zhao, X.; Guo, Q.; Shen, P.; Zhen, B.; Quian, X.; et al. Regulation of the Hippo-YAP
Pathway by Glucose Sensor O-GlcNAcylation. Mol. Cell 2017, 68, 591–604.e5. [CrossRef]

122. Zhang, X.; Qiao, Y.; Wu, Q.; Chen, Y.; Zou, S.; Zhao, Y.; Chen, Y.; Yu, Y.; Pan, Q.; Wang, J.; et al. The essential role of YAP
O-GlcNAcylation in high-glucose-stimulated liver tumorigenesis. Nat. Commun. 2017, 8, 15280. [CrossRef]

123. Röhrig, F.; Schulze, A. The multifaceted roles of fatty acid synthesis in cancer. Nat. Rev. Cancer 2016, 16, 732–749. [CrossRef]
124. Noto, A.; De Vitis, C.; Pisanu, M.E.; Roscilli, G.; Ricci, G.; Catizone, A.; Sorrentino, G.; Chianese, G.; Taglialatela-Scafati, O.;

Trisciuoglio, D.; et al. Stearoyl-CoA-desaturase 1 regulates lung cancer stemness via stabilization and nuclear localization of
YAP/TAZ. Oncogene 2017, 36, 4573–4584. [CrossRef]

125. Sorrentino, G.; Ruggeri, N.; Specchia, V.; Cordenonsi, M.; Mano, M.; Dupont, S.; Manfrin, A.; Ingallina, E.; Sommaggio, R.;
Piazza, S.; et al. Metabolic control of YAP and TAZ by the mevalonate pathway. Nat. Cell Biol. 2014, 16, 357–366. [CrossRef]

126. Koo, J.H.; Guan, K.L. Interplay between YAP/TAZ and Metabolism. Cell Metab. 2018, 28, 196–206. [CrossRef] [PubMed]
127. White, S.M.; Avantaggiati, M.L.; Nemazanyy, I.; Di Poto, C.; Yang, Y.; Pende, M.; Gibney, G.T.; Ressom, H.W.; Field, J.;

Atkins, M.B.; et al. YAP/TAZ Inhibition Induces Metabolic and Signaling Rewiring Resulting in Targetable Vulnerabilities in
NF2-Deficient Tumor Cells. Dev. Cell 2019, 49, 425–443.e9. [CrossRef] [PubMed]

128. Chen, R.; Zhu, S.; Fan, X.G.; Wang, H.; Lotze, M.T.; Zeh, H.J., 3rd; Billiar, T.R.; Kang, R.; Tang, D. High mobility group protein
B1 controls liver cancer initiation through yes-associated protein-dependent aerobic glycolysis. Hepatology 2018, 67, 1823–1841.
[CrossRef]

129. Jia, Y.; Li, H.Y.; Wang, J.; Wang, Y.; Zhang, P.; Ma, N.; Mo, S.J. Phosphorylation of 14-3-3ζ links YAP transcriptional activation to
hypoxic glycolysis for tumorigenesis. Oncogenesis 2019, 8, 31. [CrossRef]

http://doi.org/10.1016/j.stem.2016.08.009
http://doi.org/10.1016/j.stem.2017.11.001
http://doi.org/10.1016/j.celrep.2015.02.027
http://doi.org/10.1155/2017/4940397
http://doi.org/10.1038/s41598-020-63992-8
http://www.ncbi.nlm.nih.gov/pubmed/32346096
http://doi.org/10.1016/j.stemcr.2020.07.022
http://doi.org/10.1073/pnas.1707316114
http://www.ncbi.nlm.nih.gov/pubmed/28916735
http://doi.org/10.1161/JAHA.117.005920
http://doi.org/10.1016/j.cmet.2011.06.011
http://doi.org/10.1089/scd.2016.0320
http://doi.org/10.3389/fonc.2020.00928
http://www.ncbi.nlm.nih.gov/pubmed/32596154
http://doi.org/10.15252/embj.201490379
http://doi.org/10.1016/j.celrep.2014.09.036
http://doi.org/10.1038/ncb3111
http://doi.org/10.1038/ncb3113
http://doi.org/10.1016/j.molcel.2017.10.010
http://doi.org/10.1038/ncomms15280
http://doi.org/10.1038/nrc.2016.89
http://doi.org/10.1038/onc.2017.75
http://doi.org/10.1038/ncb2936
http://doi.org/10.1016/j.cmet.2018.07.010
http://www.ncbi.nlm.nih.gov/pubmed/30089241
http://doi.org/10.1016/j.devcel.2019.04.014
http://www.ncbi.nlm.nih.gov/pubmed/31063758
http://doi.org/10.1002/hep.29663
http://doi.org/10.1038/s41389-019-0143-1


Metabolites 2021, 11, 154 20 of 20

130. Kuo, C.C.; Ling, H.H.; Chiang, M.C.; Chung, C.H.; Lee, W.Y.; Chu, C.Y.; Wu, Y.C.; Chen, C.H.; Lai, Y.W.; Tsai, I.L.; et al. Metastatic
Colorectal Cancer Rewrites Metabolic Program Through a Glut3-YAP-dependent Signaling Circuit. Theranostics 2019, 9, 2526–2540.
[CrossRef]

131. Song, L.; Tang, H.; Liao, W.; Luo, X.; Li, Y.; Chen, T.; Zhang, X. FOXC2 positively regulates YAP signaling and promotes the
glycolysis of nasopharyngeal carcinoma. Exp. Cell Res. 2017, 357, 17–24. [CrossRef]

132. Gao, Y.; Yang, Y.; Yuan, F.; Huang, J.; Xu, W.; Mao, B.; Yuan, Z.; Bi, W. TNFα-YAP/p65-HK2 axis mediates breast cancer cell
migration. Oncogenesis 2017, 6, e383. [CrossRef]

133. Zheng, X.; Han, H.; Liu, G.P.; Ma, Y.X.; Pan, R.L.; Sang, L.J.; Li, R.H.; Yang, L.J.; Marks, J.R.; Wang, W.; et al. LncRNA wires up
Hippo and Hedgehog signaling to reprogramme glucose metabolism. EMBO J. 2017, 36, 3325–3335. [CrossRef]

134. Jeong, S.H.; Kim, H.B.; Kim, M.C.; Lee, J.M.; Lee, J.H.; Kim, J.H.; Kim, J.W.; Park, W.Y.; Kim, S.Y.; Kim, J.B.; et al. Hippo-mediated
suppression of IRS2/AKT signaling prevents hepatic steatosis and liver cancer. J. Clin. Investig. 2018, 128, 1010–1025. [CrossRef]

135. Tharp, K.M.; Kang, M.S.; Timblin, G.A.; Dempersmier, J.; Dempsey, G.E.; Zushin, P.J.H.; Benavides, J.; Choi, C.; Li, C.X.;
Jha, A.K.; et al. Actomyosin-Mediated Tension Orchestrates Uncoupled Respiration in Adipose Tissues. Cell Metab. 2018,
27, 602–615.e4. [CrossRef]

136. Shu, Z.; Gao, Y.; Zhang, G.; Zhou, Y.; Cao, J.; Wan, D.; Zhu, X.; Xiong, W. A functional interaction between Hippo-YAP signalling
and SREBPs mediates hepatic steatosis in diabetic mice. J. Cell. Mol. Med. 2019, 23, 3616–3628. [CrossRef]

137. Lee, C.K.; Jeong, S.H.; Jang, C.; Bae, H.; Kim, Y.H.; Park, I.; Kim, S.K.; Koh, G.Y. Tumor metastasis to lymph nodes requires
YAP-dependent metabolic adaptation. Science 2019, 363, 644–649. [CrossRef]

138. Cox, A.G.; Hwang, K.L.; Brown, K.K.; Evason, K.; Beltz, S.; Tsomides, A.; O’Connor, K.; Galli, G.G.; Yimlamai, D.;
Chhangawala, S.; et al. Yap reprograms glutamine metabolism to increase nucleotide biosynthesis and enable liver growth. Nat.
Cell Biol. 2016, 18, 886–896. [CrossRef]

139. Hansen, C.G.; Ng, Y.L.; Lam, W.L.; Plouffe, S.W.; Guan, K.L. The hippo pathway effectors YAP and TAZ promote cell growth by
modulating amino acid signaling to mTORC1. Cell Res. 2015, 25, 1299–1313. [CrossRef]

140. Bertero, T.; Oldham, W.M.; Cottrill, K.A.; Pisano, S.; Vanderpool, R.R.; Yu, Q.; Zhao, J.; Tai, Y.; Tang, Y.; Zhang, Y.Y.; et al.
Vascular stiffness mechanoactivates YAP/TAZ-dependent glutaminolysis to drive pulmonary hypertension. J. Clin. Investig.
2016, 126, 3313–3335. [CrossRef]

141. Yang, C.S.; Stampouloglou, E.; Kingston, N.M.; Zhang, L.; Monti, S.; Varelas, X. Glutamine-utilizing transaminases are a metabolic
vulnerability of TAZ/YAP-activated cancer cells. EMBO Rep. 2018, 19, e43577. [CrossRef]

142. Bertero, T.; Oldham, W.M.; Grasset, E.M.; Bourget, I.; Boulter, E.; Pisano, S.; Hofman, P.; Bellvert, F.; Meneguzzi, G.;
Bulavin, D.V.; et al. Tumor-Stroma Mechanics Coordinate Amino Acid Availability to Sustain Tumor Growth and Malignancy.
Cell Metab. 2019, 29, 124–140.e10. [CrossRef] [PubMed]

143. Tumaneng, K.; Schlegelmilch, K.; Russell, R.C.; Yimlamai, D.; Basnet, H.; Mahadevan, N.; Fitamant, J.; Bardeesy, N.; Camargo, F.D.;
Guan, K.L. YAP mediates crosstalk between the Hippo and PI(3)K–TOR pathways by suppressing PTEN via miR-29. Nat. Cell
Biol. 2012, 14, 1322–1329. [CrossRef]

144. Artinian, N.; Cloninger, C.; Holmes, B.; Benavides-Serrato, A.; Bashir, T.; Gera, J. Phosphorylation of the Hippo Pathway
Component AMOTL2 by the mTORC2 Kinase Promotes YAP Signaling, Resulting in Enhanced Glioblastoma Growth and
Invasiveness. J. Biol. Chem. 2015, 290, 19387–19401. [CrossRef] [PubMed]

145. Sciarretta, S.; Zhai, P.; Maejima, Y.; Del Re, D.P.; Nagarajan, N.; Yee, D.; Liu, T.; Magnuson, M.A.; Volpe, M.; Frati, G.; et al.
mTORC2 regulates cardiac response to stress by inhibiting MST1. Cell Rep. 2015, 11, 125–136. [CrossRef] [PubMed]

146. Nagaraj, R.; Gururaja-Rao, S.; Jones, K.T.; Slattery, M.; Negre, N.; Braas, D.; Christofk, H.; White, K.P.; Mann, R.; Banerjee, U.
Control of mitochondrial structure and function by the Yorkie/YAP oncogenic pathway. Genes Dev. 2012, 26, 2027–2037.
[CrossRef]

147. Von Eyss, B.; Jaenicke, L.A.; Kortlever, R.M.; Royla, N.; Wiese, K.E.; Letschert, S.; McDuffus, L.A.; Sauer, M.; Rosenwald, A.;
Evan, G.I.; et al. A MYC-Driven Change in Mitochondrial Dynamics Limits YAP/TAZ Function in Mammary Epithelial Cells
and Breast Cancer. Cancer Cell 2015, 28, 743–757. [CrossRef]

148. Kim, H.; Jang, H.; Kim, T.W.; Kang, B.H.; Lee, S.E.; Jeon, Y.K.; Chung, D.H.; Choi, J.; Shin, J.; Cho, E.J.; et al. Core Pluripotency
Factors Directly Regulate Metabolism in Embryonic Stem Cell to Maintain Pluripotency. Stem Cells 2015, 33, 2699–2711. [CrossRef]

149. Kida, Y.S.; Kawamura, T.; Wei, Z.; Sogo, T.; Jacinto, S.; Shigeno, A.; Kushige, H.; Yoshihara, E.; Liddle, C.; Ecker, J.R.; et al.
ERRs Mediate a Metabolic Switch Required for Somatic Cell Reprogramming to Pluripotency. Cell Stem Cell 2015, 16, 547–555.
[CrossRef]

150. Hawkins, K.E.; Joy, S.; Delhove, J.M.; Kotiadis, V.N.; Fernandez, E.; Fitzpatrick, L.M.; Whiteford, J.R.; King, P.J.; Bolanos, J.P.;
Duchen, M.R.; et al. NRF2 Orchestrates the Metabolic Shift during Induced Pluripotent Stem Cell Reprogramming. Cell Rep. 2016,
14, 1883–1891. [CrossRef]

151. Mathieu, J.; Zhou, W.; Xing, Y.; Sperber, H.; Ferreccio, A.; Agoston, Z.; Kuppusamy, K.T.; Moon, R.T.; Ruohola-Baker, H. Hypoxia-
inducible factors have distinct and stage-specific roles during reprogramming of human cells to pluripotency. Cell Stem Cell 2014,
14, 592–605. [CrossRef]

152. Prigione, A.; Rohwer, N.; Hoffmann, S.; Mlody, B.; Drews, K.; Bukowiecki, R.; Blumlein, K.; Wanker, E.E.; Ralser, M.;
Cramer, T.; et al. HIF1alpha modulates cell fate reprogramming through early glycolytic shift and upregulation of PDK1-3
and PKM2. Stem Cells 2014, 32, 364–376. [CrossRef]

http://doi.org/10.7150/thno.32915
http://doi.org/10.1016/j.yexcr.2017.04.019
http://doi.org/10.1038/oncsis.2017.83
http://doi.org/10.15252/embj.201797609
http://doi.org/10.1172/JCI95802
http://doi.org/10.1016/j.cmet.2018.02.005
http://doi.org/10.1111/jcmm.14262
http://doi.org/10.1126/science.aav0173
http://doi.org/10.1038/ncb3389
http://doi.org/10.1038/cr.2015.140
http://doi.org/10.1172/JCI86387
http://doi.org/10.15252/embr.201643577
http://doi.org/10.1016/j.cmet.2018.09.012
http://www.ncbi.nlm.nih.gov/pubmed/30293773
http://doi.org/10.1038/ncb2615
http://doi.org/10.1074/jbc.M115.656587
http://www.ncbi.nlm.nih.gov/pubmed/25998128
http://doi.org/10.1016/j.celrep.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25843706
http://doi.org/10.1101/gad.183061.111
http://doi.org/10.1016/j.ccell.2015.10.013
http://doi.org/10.1002/stem.2073
http://doi.org/10.1016/j.stem.2015.03.001
http://doi.org/10.1016/j.celrep.2016.02.003
http://doi.org/10.1016/j.stem.2014.02.012
http://doi.org/10.1002/stem.1552


Metabolites 2021, 11, 154 21 of 20

153. Yoshida, Y.; Takahashi, K.; Okita, K.; Ichisaka, T.; Yamanaka, S. Hypoxia enhances the generation of induced pluripotent stem
cells. Cell Stem Cell 2009, 5, 237–241. [CrossRef]

154. Prieto, J.; Seo, A.Y.; Leon, M.; Santacatterina, F.; Torresano, L.; Palomino-Schatzlein, M.; Gimenez, K.; Vallet-sanchez, A.;
Ponsoda, X.; Pineda-Lucena, A.; et al. MYC Induces a Hybrid Energetics Program Early in Cell Reprogramming. Stem Cell Rep.
2018, 11, 1479–1492. [CrossRef]

155. Khaw, S.L.; Min-Wen, C.; Koh, C.G.; Lim, B.; Shyh-Chang, N. Oocyte factors suppress mitochondrial polynucleotide phosphory-
lase to remodel the metabolome and enhance reprogramming. Cell Rep. 2015, 12, 1080–1088. [CrossRef] [PubMed]

156. Mathieu, J.; Ruohola-Baker, H. Metabolic RemodeLIN of Pluripotency. Cell Stem Cell 2016, 19, 3–4. [CrossRef] [PubMed]
157. Parisi, S.; Passaro, F.; Russo, L.; Musto, A.; Navarra, A.; Romano, S.; Petrosino, G.; Russo, T. Lin28 is induced in primed embryonic

stem cells and regulates let-7-independent events. FASEB J. 2017, 31, 1046–1058. [CrossRef]
158. Parisi, S.; Castaldo, D.; Piscitelli, S.; D’Ambrosio, C.; Divisato, G.; Passaro, F.; Avolio, R.; Castellucci, A.; Gianfico, P.;

Masullo, M.; et al. Identification of RNA-binding proteins that partner with Lin28a to regulate Dnmt3a expression. Sci. Rep. 2021,
11, 2345. [CrossRef] [PubMed]

159. Zhang, J.; Ratanasirintrawoot, S.; Chandrasekaran, S.; Wu, Z.; Ficarro, S.B.; Yu, C.; Ross, C.A.; Cacchiarelli, D.; Xia, Q.;
Seligson, M.; et al. LIN28 Regulates Stem Cell Metabolism and Conversion to Primed Pluripotency. Cell Stem Cell 2016, 19, 66–80.
[CrossRef]

160. Suhr, S.T.; Chang, E.A.; Tjong, J.; Alcasid, N.; Perkins, G.A.; Goissis, M.D.; Ellisman, M.H.; Perez, G.I.; Cibelli, J.B. Mitochondrial
rejuvenation after induced pluripotency. PLoS ONE 2010, 5, e14095. [CrossRef]

161. Prigione, A.; Fauler, B.; Lurz, R.; Lehrach, H.; Adjaye, J. The senescence-related mitochondrial/oxidative stress pathway is
repressed in human induced pluripotent stem cells. Stem Cells 2010, 28, 721–733. [CrossRef]

162. Ma, T.; Li, J.; Xu, Y.; Yu, C.; Xu, T.; Wang, H.; Liu, K.; Cao, N.; Nie, B.M.; Zhu, S.Y.; et al. Atg5-independent autophagy regulates
mitochondrial clearance and is essential for iPSC reprogramming. Nat. Cell Biol. 2015, 17, 1379–1387. [CrossRef]

163. Prigione, A.; Hossini, A.M.; Lichtner, B.; Serin, A.; Fauler, B.; Megges, M.; Lurz, R.; Lehrach, H.; Makrantonaki, E.;
Zouboulis, C.C.; et al. Mitochondrial-associated cell death mechanisms are reset to an embryonic-like state in aged donor-derived
iPS cells harboring chromosomal aberrations. PLoS ONE 2011, 6, e27352. [CrossRef]

164. Li, D.; Liu, J.; Yang, X.; Zhou, C.; Guo, J. Chromatin Accessibility Dynamics during iPSC Reprogramming. Cell Stem Cell 2017,
21, 819–833.e6. [CrossRef] [PubMed]

165. Parisi, S.; Piscitelli, S.; Passaro, F.; Russo, T. HMGA Proteins in Stemness and Differentiation of Embryonic and Adult Stem Cells.
Int. J. Mol. Sci. 2020, 21, 362. [CrossRef]

166. Harvey, A.; Caretti, G.; Moresi, V.; Renzini, A.; Adamo, S. Interplay between Metabolites and the Epigenome in Regulating
Embryonic and Adult Stem Cell Potency and Maintenance. Stem Cell Rep. 2019, 13, 573–589. [CrossRef] [PubMed]

167. Shyh-Chang, N.; Locasale, J.W.; Lyssiotis, C.A.; Zheng, Y.; Teo, R.Y.; Ratanasirintrawoot, S.; Zhang, J.; Onder, T.; Uternaehrer, J.J.;
Zhu, H.; et al. Influence of threonine metabolism on S-adenosylmethionine and histone methylation. Science 2013, 339, 222–226.
[CrossRef]

168. Panopoulos, A.D.; Yanes, O.; Ruiz, S.; Kida, Y.S.; Diep, D.; Tautenhahn, R.; Herrerias, A.; Batchelder, E.M.; Plongthongkum, N.;
Lutz, M.; et al. The metabolome of induced pluripotent stem cells reveals metabolic changes occurring in somatic cell reprogram-
ming. Cell Res. 2012, 22, 168–177. [CrossRef]

169. Shiraki, N.; Shiraki, Y.; Tsuyama, T.; Obata, F.; Miura, M.; Nagae, G.; Aburatani, H.; Kume, K.; Rndo, F.; Kume, S. Methionine
metabolism regulates maintenance and differentiation of human pluripotent stem cells. Cell Metab. 2014, 19, 780–794. [CrossRef]
[PubMed]

170. Moussaieff, A.; Rouleau, M.; Kitsberg, D.; Cohen, M.; Levy, G.; Barasch, D.; Nemirovski, A.; Shen.Orr, S.; Laevsky, I.;
Amit, M.; et al. Glycolysis-mediated changes in acetyl-CoA and histone acetylation control the early differentiation of embryonic
stem cells. Cell Metab. 2015, 21, 392–402. [CrossRef]

171. Wellen, K.E.; Hatzivassiliou, G.; Sachdeva, U.M.; Bui, T.V.; Cross, J.R.; Thompson, C.B. ATP-citrate lyase links cellular metabolism
to histone acetylation. Science 2009, 324, 1076–1080. [CrossRef]

172. Totaro, A.; Zhuang, Q.; Panciera, T.; Battilana, G.; Azzolin, L.; Brumana, G.; Gandin, A.; Brusatin, G.; Cordenonsi, M.; Piccolo, S.
Cell phenotypic plasticity requires autophagic flux driven by YAP/TAZ mechanotransduction. Proc. Natl. Acad. Sci. USA 2019,
116, 17848–17857. [CrossRef] [PubMed]

173. Hillmer, R.E.; Link, B.A. The roles of Hippo signaling transducers Yap and Taz in chromatin remodeling. Cells 2019, 8, 502.
[CrossRef]

174. Chaulk, S.G.; Lattanzi, V.J.; Hiemer, S.E.; Fahlman, R.P.; Varelas, X. The Hippo pathway effectors TAZ/YAP regulate dicer
expression and microRNA biogenesis through Let-7. J. Biol. Chem. 2014, 289, 1886–1891. [CrossRef]

175. Divisato, G.; Passaro, F.; Russo, T.; Parisi, S. The Key Role of MicroRNAs in Self-Renewal and Differentiation of Embryonic Stem
Cells. Int. J. Mol. Sci. 2020, 21, 6285. [CrossRef]

176. Mori, M.; Triboulet, R.; Mohseni, M.; Schlegelmilch, K.; Shrestha, K.; Camargo, F.D.; Gregory, R.I. Hippo signaling regulates
microprocessor and links cell-density-dependent miRNA biogenesis to cancer. Cell 2014, 156, 893–906. [CrossRef]

http://doi.org/10.1016/j.stem.2009.08.001
http://doi.org/10.1016/j.stemcr.2018.10.018
http://doi.org/10.1016/j.celrep.2015.07.032
http://www.ncbi.nlm.nih.gov/pubmed/26257174
http://doi.org/10.1016/j.stem.2016.06.016
http://www.ncbi.nlm.nih.gov/pubmed/27392218
http://doi.org/10.1096/fj.201600848R
http://doi.org/10.1038/s41598-021-81429-8
http://www.ncbi.nlm.nih.gov/pubmed/33504840
http://doi.org/10.1016/j.stem.2016.05.009
http://doi.org/10.1371/journal.pone.0014095
http://doi.org/10.1002/stem.404
http://doi.org/10.1038/ncb3256
http://doi.org/10.1371/journal.pone.0027352
http://doi.org/10.1016/j.stem.2017.10.012
http://www.ncbi.nlm.nih.gov/pubmed/29220666
http://doi.org/10.3390/ijms21010362
http://doi.org/10.1016/j.stemcr.2019.09.003
http://www.ncbi.nlm.nih.gov/pubmed/31597110
http://doi.org/10.1126/science.1226603
http://doi.org/10.1038/cr.2011.177
http://doi.org/10.1016/j.cmet.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/24746804
http://doi.org/10.1016/j.cmet.2015.02.002
http://doi.org/10.1126/science.1164097
http://doi.org/10.1073/pnas.1908228116
http://www.ncbi.nlm.nih.gov/pubmed/31416916
http://doi.org/10.3390/cells8050502
http://doi.org/10.1074/jbc.C113.529362
http://doi.org/10.3390/ijms21176285
http://doi.org/10.1016/j.cell.2013.12.043

	Introduction 
	The Mammalian Hippo Pathway 
	The Hippo Kinase Cascade 
	Numerous Initiating Signals May Regulate YAP and TAZ Activity 

	YAP and TAZ in Tissue Regeneration and Cell Reprogramming 
	YAP and TAZ Promote Tissue Growth and Cell Specification during Development 
	YAP and TAZ Promote Tissue Regeneration by Regulating Stemness, Dedifferentiation and Differentiation 
	YAP and TAZ Manipulation for Cellular Reprogramming 

	YAP and TAZ Are Modulators of Metabolic Reprogramming 
	Metabolic Status Influences YAP and TAZ Activity 
	YAP and TAZ Influences Cell Metabolism 

	Potential Role of YAP and TAZ in the Orchestration of a Metabolic Switch upon Cell Reprogramming 
	Mechanisms of the Metabolic Switch during Cell Reprogramming 
	YAP and TAZ in the Metabolic Remodeling of Cell Reprogramming 

	Conclusions 
	References

