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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).

Keywords: YAP ; TAZ ; iPSC ; cell reprogramming ; metabolic reprogramming

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) . 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 . 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 . 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 . 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 . 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

proliferation, gaining energy by increasing glucose conversion into lactate, even in oxygen-rich conditions . This

“aerobic glycolysis”, also named the Warburg effect from its discoverer Otto Warburg , depends on an increase in

glucose uptake and highly activated 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) , energy metabolism , DNA methylation

and histone modification . Very recently, a multi-layered analysis of mouse iPSC generation revealed stage-specific

interdependences between EMT and metabolism, controlling an intermediary pluripotent state that can be converted to

naïve and primed states .

Thus, the induction of a reprogramming process requires a nexus of signaling pathways, 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 pathway components Yes-Associated Protein (YAP) and Transcriptional Co-activator with PDZ-binding Motif

(TAZ). As downstream effectors of the Hippo signaling cascade , YAP and TAZ are crucial players of various cellular

processes regulating organ growth, cellular plasticity, cell proliferation and stem cell biology . 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 .

Over the last decade, many studies have highlighted the importance of metabolic remodeling during the reprogramming

.
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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 .

All evidence supporting the involvement of YAP/TAZ in the metabolic remodeling of cancer cells  suggest a possible

role for these proteins also in metabolic changes observed upon cellular reprogramming.

2. 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 . NF2, in its complexed form with KIBRA / WWC1 or Angiomotin

(AMOT), can also induce LATS1/2 activation . Subsequently, LATS1/2 undergoes autophosphorylation and

activation . In the absence of MST1/2, LATS1/2 can be activated through phosphorylation by proteins belonging to the

MAPK4 family  and by proteins of the TAO kinase family . The latter are also capable of stimulating indirect

activation of LATS1/2, through the phosphorylation and activation of MST1/2 .

Figure 1. The Hippo signaling pathway comprises a cascade of phosphorylation and activation of kinases, which

ultimately regulate YAP and TAZ subcellular localization. When the pathway is on, the activation of LATS1/2 triggers the

inhibitory phosphorylation of YAP and TAZ. Phosphorylation on different residues may cause their cytoplasmic retention

and/or their degradation through the ubiquitin-proteasome pathway. YAP can also be degraded by autophagy. When the

pathway is off, YAP/TAZ dephosphorylation allows their nuclear import, where they compete with VGLL4 for binding to

TEAD transcription factors to induce the expression of target genes.

3. Conclusion

YAP/TAZ activation may regulate the switch from OXPHOS to glycolysis not only in tumor cells, but also in cell

reprogramming to sustain the increasing in the proliferation rate of somatic cells undergoing reprogramming. Along with

aerobic glycolysis, another hallmark of metabolic reprogramming is the enhanced glutaminolysis, which serves to directly

fuel the TCA cycle and produce key metabolites for cell growth as well as ATP. Many glutamine-metabolizing enzymes are

transcriptionally governed by YAP  as well as main transcription factors involved in the acquisition of the transient

hyper-energetic state, like c-MYC, HIF-1α, NRF2 and OCT4 . Furthermore, YAP and TAZ regulate mitochondrial

biogenesis and size . Very recently, a novel role of YAP/TAZ in modulation of cell plasticity has been 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, indeed, propose 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 of cytoplasmic and whole-cell renovation and restructuring .
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Finally, YAP/TAZ can potentially exert profound effects on cell plasticity and metabolic reprogramming by affecting other

processes like epigenetic modifications to chromatin structure and post-transcriptional microRNAs (miRNAs) processing

. 
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