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Pluripotent stem cells of the mammalian epiblast and their cultured counterparts—embryonic stem cells (ESCs) and epiblast stem cells (EpiSCs)—have the capacity to differentiate in all cell types of adult organisms. An artificial process of reactivation of the pluripotency program in terminally differentiated cells was established in 2006, which allowed for the generation of induced pluripotent stem cells (iPSCs). This iPSC technology has become an invaluable tool in investigating the molecular mechanisms of human diseases and therapeutic drug development, and it also holds tremendous promise for iPSC applications in regenerative medicine. Since the process of induced reprogramming of differentiated cells to a pluripotent state was discovered, many questions about the molecular mechanisms involved in this process have been clarified. Studies conducted over the past 2 decades have established that metabolic pathways and retrograde mitochondrial signals are involved in the regulation of various aspects of stem cell biology, including differentiation, pluripotency acquisition, and maintenance. During the reprogramming process, cells undergo major transformations, progressing through three distinct stages that are regulated by different signaling pathways, transcription factor networks, and inputs from metabolic pathways. Among the main metabolic features of this process, representing a switch from the dominance of oxidative phosphorylation to aerobic glycolysis and anabolic processes, are many critical stage-specific metabolic signals that control the path of differentiated cells toward a pluripotent state. In this review, we discuss the achievements in the current understanding of the molecular mechanisms of processes controlled by metabolic pathways, and vice versa, during the reprogramming process.
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INTRODUCTION
Epiblast cells residing in the inner cell mass (ICM) of the preimplantation embryo are pluripotent stem cells that possess the capacity to differentiate into all cell types of the mammalian organism, except extraembryonic trophoblast and primitive endoderm. Epiblast cells under specific culture conditions are capable of infinitely maintaining a pluripotent state ex vivo and are referred to as embryonic stem cells, or ESCs (Robertson et al., 1986; Thompson et al., 1989; Thomson et al., 1998). The breakthrough studies of Shinya Yamanaka’s laboratory discovered in 2006 an important process of reactivation of the pluripotency program in terminally differentiated cells, establishing induced pluripotent stem cells (iPSCs) via ectopic expression of the transcription factors (TFs) OCT4, SOX2, KLF4, and cMYC (OSKM) (Takahashi and Yamanaka, 2006). Thus, iPSCs are artificially generated counterparts of ESCs, sharing all of their main features. Along with OSKM-based methods, somatic cells can be reprogrammed to pluripotency by chemical treatment (Hou et al., 2013; Liuyang et al., 2023). Nowadays, iPSC technology has become an invaluable tool to investigate the molecular mechanisms of cell differentiation and embryonic development, to model human diseases ex vivo, and to develop therapeutic drugs for their treatment. Also, iPSCs hold tremendous promise in cell replacement therapy and regenerative medicine (Di Giorgio et al., 2007; Karagiannis et al., 2019; Yamanaka, 2020; Sinenko et al., 2021a; Herriges et al., 2023). iPSC reprogramming becomes a unique experimental system to investigate molecular mechanisms that govern the reverse cell fate transition. It also provides important clues to understand the molecular mechanisms of natural cell fate specification during mammalian development. Due to reprogramming to pluripotency, cells undergo dramatic changes in various cellular processes, including signal transduction and transcription networks, metabolic flux regulation, and retrograde signaling of mitochondria to the nucleus (Prieto et al., 2020).
Recent studies have identified molecular features of iPSC reprogramming via various genetic and genomic approaches. Cooperative binding of TFs, along with their transient and permanent interactions with chromatin factors, orchestrate this reprogramming (Chen et al., 2016; Chronis et al., 2017; Knaupp et al., 2017; Li et al., 2017). Poised iPSC intermediates and their molecular markers have also been identified during cellular reprogramming (Schwarz et al., 2018; Ha et al., 2022). Single-cell analyses determined the checkpoints and cell fate decisions of this process (Zunder et al., 2015; Tran et al., 2019a; Francesconi et al., 2019; Guo et al., 2019). In general, reprogramming is characterized by the silencing of the somatic gene expression program and the activation of the pluripotency gene network. Alongside master regulators of transcription, epigenetic modifiers play a crucial role in pluripotency acquisition. With the help of the above approaches, it has also been established that fibroblasts undergo mesenchymal-to-epithelial transition, progressing through primitive streak-like intermediates, resulting in only a small part of cells becoming mature iPSCs (Takahashi et al., 2014; Parenti et al., 2016; Schiebinger et al., 2019; Liu et al., 2020; Xing et al., 2020). Molecular marker expression analysis allowed to establish at least three stages of the iPSC generation process: early (initiation), mid (maturation), and late (stabilization) stages (Samavarchi-Tehrani et al., 2010; Apostolou and Hochedlinger, 2013; Ha et al., 2022). Cells undergoing reprogramming at each of these stages have unique gene expression and metabolic profiles. Proliferation and suppression of proapoptotic and senescent genes, including p53, during the early stages (days 1–4) of the process are critical for achieving efficient reprogramming to pluripotency (Schiebinger et al., 2019). The early stage of iPSC reprogramming is the most important stage at which many dramatic molecular and cellular events controlling metabolic pathways, redox events, induction of oxidative burst, mitochondria remodeling, mitophagy, induction of innate immunity pathway, and epigenetic landscape occur (Hansson et al., 2012; Kida et al., 2015). The intermediate stage is less investigated in terms of metabolic changes, while the late stage of reprogramming is characterized by almost complete activation of the pluripotent factor network, increased proliferation, dominance of glycolytic metabolism, and extensive epigenetic transformation. Activating glycolytic flux during iPSC generation improves the efficiency of the process, while impeding glycolysis has a suppressive effect (Folmes et al., 2011; Panopoulos et al., 2012; Zhang et al., 2012). Changes in the expression of metabolic genes, which underlay the shift from oxidative phosphorylation (OxPhos) to glycolysis, precede the activation of the pluripotency circuitry (Folmes et al., 2011; Hansson et al., 2012; Mathieu et al., 2014; Prigione et al., 2014; Cacchiarelli et al., 2015). In this review, we discuss recent achievements in the study of interactions among the factors involved in the induction of pluripotency with metabolic pathways at the levels of 1) regulation of metabolic genes, 2) regulation of mitochondria function and biogenesis, 3) mitochondria retrograde signaling, and 4) reactive oxygen species (ROS) signaling. We also discuss the importance of mitochondria and OxPhos for successful cell reprogramming. Understanding how molecular networks that regulate cellular reprogramming interact with metabolic processes would help to develop more efficient and safe iPSC generation protocols, meeting the demands of regenerative medicine.
MAIN CHARACTERISTICS OF THE STAGES OF REPROGRAMMING TOWARD PLURIPOTENCY
To date, two approaches to reprogramming terminally differentiated cells into a pluripotent state have been established. One makes use of reprogramming TFs (Takahashi and Yamanaka, 2006), while the other, which was developed more recently, uses a cocktail of several low-molecular-weight inhibitors and activators (Hou et al., 2013). These approaches appear to be quite different in terms of the molecular mechanisms, staging, timing, and epigenetics of reprogramming, and a chemical-based approach has been practically uninvestigated in terms of its metabolic regulation [reviewed in (Meir and Li, 2021; Lange et al., 2022; Wang et al., 2023)]. Here, we discuss mainly the current view of the metabolic characteristics described for reprogramming from terminally differentiated somatic cells to pluripotent stem cells using the transgene-based strategy. Four TFs, Oct4, Sox2, Klf4, and cMyc, convert the epigenome of somatic cells into an ESC-like pluripotent state. This approach has been extensively investigated in terms of the molecular mechanisms of its regulation by transcription factor network, metabolic, and epigenetic factors (Buganim et al., 2013; Takahashi and Yamanaka, 2016; Deng et al., 2021; Teslaa and Teitell, 2015; Wu et al., 2016; Nishimura et al., 2019; Tsogtbaatar et al., 2020; Meir and Li, 2021). Stage-dependent landmarks of cell reprogramming have been identified in several studies through genome-wide analyses of the transcriptome, proteome, epigenome, and metabolome (Maherali et al., 2007; Mikkelsen et al., 2008; Zhao et al., 2009; Stadtfeld et al., 2010; Gundry et al., 2012; Hansson et al., 2012). A dramatic reconfiguration of the proteome during the first and last 3 days of the 2-week interval of mouse cell reprogramming has been uncovered. Between these resetting phases (i.e., during the intermediate phase) more moderate proteome changes occur (Hansson et al., 2012). Analyses revealed a high coordination of expression of functionally linked proteins during the reprogramming phases. Genome-wide transcriptome analysis also revealed two similar transcriptional waves (Polo et al., 2012). These data, along with the results of single-cell expression analyses (Buganim et al., 2012), suggest that iPSC formation is a stepwise process tightly controlled by a set of functionally linked genes. Based on the revealed stage-specific regulatory networks, three phases of the reprogramming process were identified: initiation, maturation, and stabilization (Figure 1) (Mikkelsen et al., 2008; Samavarchi-Tehrani et al., 2010; Buganim et al., 2012; David and Polo, 2014; Meir and Li, 2021). During the initiation stage, cells undergo mesenchymal-to-epithelial (MET) transition, characterized by the repression of transforming factor beta (TGFbeta), activation of bone morphogenic protein (BMP), stress activated of mitogen-activated protein kinase (MAPK) and p38 MAPK signaling, and extensive remodeling of chromatin (Maherali and Hochedlinger, 2009; Li et al., 2010; Chen et al., 2011; Hu et al., 2014; Neganova et al., 2016; Neganova et al., 2017; Francesconi et al., 2019; Meir and Li, 2021). A number of epigenetic regulators of chromatin, including DOT1L methyltransferase, histone demethylase LSD1, CBP/EP300 bromodomains, bromodomain-containing protein BRD9, histone chaperone CAF-1, BET family proteins, RNA Pol II regulator RPAP1, SUMO modification, chromatin regulator FACT, histone deacetylases HDACs, methyltransferase Setdb1, and the TF TRIM28, act as potent barriers to reprogramming (Cheloufi et al., 2015; Wei et al., 2015; Shao et al., 2016; Sun et al., 2016; Miles et al., 2017; Cossec et al., 2018; Kolundzic et al., 2018; Lynch et al., 2018; Ebrahimi et al., 2019; Sevinc et al., 2022). Some of these factors maintain somatic cell gene expression programs, and some suppress the MET transition, mainly during the initial stage of reprogramming. Inhibition of these regulators greatly enhances the reprogramming of various types of cells. The DNA methylation epigenetic regulators Tet1/2 demethylases, poly (ADP-ribose) polymerase-1 Parp1, and cytidine deaminase AID are critical in reactivating pluripotency genes during this stage of reprogramming (Bhutani et al., 2010; Doege et al., 2012; Hu et al., 2014). After completing MET, cells increase their proliferation rate, suppressing proapoptotic and senescence factors, which are required for extensive epigenetic modification (Marion et al., 2009a; Hong et al., 2009; Utikal et al., 2009; Yunusova et al., 2017). MET also leads to the upregulation of genes involved in cell proliferation, metabolism, and cytoskeletal organization—c-Myc, MycN, KLF4, and Pdzk1 (Prieto et al., 2021). At this stage, cells lack DNA methylation, and active histone modifications mediate the suppression of cell type-specific genes (Polo et al., 2012).
[image: Figure 1]FIGURE 1 | Summary table of molecular and metabolic characteristics of cells at different stages of reprogramming toward pluripotency state, mediated by ectopic expression of TFs Oct4, Sox2, Klf4, and c-Myc (OSKM). The process occurs during the sequential initiation, maturation, and stabilization stages, all taking place within a 12-day time interval. Critical factors, the functions of which are required for the reprogramming process, are indicated in regular font. The dominance of factors or processes is marked in bold. Functions and factors that are downregulated during reprogramming are marked with a suppression sign (⊥); see details in the text and abbreviations.
At the beginning of the maturation phase, induction of certain pluripotency genes, such as Oct4, Sox2, Fbxo15, Nanog, Foxh1, and Sall4, takes place (Samavarchi-Tehrani et al., 2010; Buganim et al., 2012; Hansson et al., 2012; Polo et al., 2012; Takahashi et al., 2014). Not all pluripotency genes are activated during this phase, indicating the importance of tight and sequential regulation of events during this stage. During the late phase of maturation, exogenic transgenic constructs are silenced, which is followed by activation of the pluripotency-controlling gene network via 1) modification of the DNA methylation pattern by the DNA methyltransferases DNMT1 and DNMT3 and 2) modification of histones by histone methyltransferase G9a, histone demethylase Utx/Kdm6a, and histone deacetylase HDAC2 (Stadtfeld et al., 2008a; Brambrink et al., 2008; Mikkelsen et al., 2008; Sommer et al., 2009; Bhutani et al., 2010; Mali et al., 2010; Samavarchi-Tehrani et al., 2010; Golipour et al., 2012; Mansour et al., 2012; Polo et al., 2012; Nissenbaum et al., 2013; Wei et al., 2015). This stage represents a prolonged, gradual gene reactivation process associated with the recruitment of the polycomb group and NuRD complex, as well as the upregulation of genes involved in the regulation of chromosomal segregation and cytoskeletal organization (Mansour et al., 2012; Chen et al., 2013; Luo et al., 2013; Rais et al., 2013). By the beginning of the stabilization phase, the activation of additional pluripotent genes, such as Sox2, Utf1, Lin28a, Esrrb, Klf5, Dppa2, and Dppa4, as well as extensive epigenetic modifications, occurs (Maherali et al., 2007; Okita et al., 2007; Wernig et al., 2007; Brambrink et al., 2008; Stadtfeld et al., 2008b; Buganim et al., 2012). The processes of extensive reconfiguration of DNA methylation during this stage participate in the reactivation of the X chromosome, recovery of telomere size, and stabilization of the pluripotent epigenetic landscape (Stadtfeld et al., 2008b; Epsztejn-Litman et al., 2008; Mikkelsen et al., 2008; Marion et al., 2009b; Polo et al., 2012; Soufi et al., 2012; Huang et al., 2015; Bar et al., 2019).
METABOLIC FEATURES OF PLURIPOTENT STEM CELLS, IN BRIEF
Research on ECSs and iPSCs, collectively called pluripotent stem cells (PSCs), relies predominantly on in vitro and ex vivo cell culture-based conditions that are rather different from those provided by native niches. The cell culture conditions include significantly modified metabolic parameters, such as unlimited metabolite supply from the cell culture medium and a lack of hypoxia conditions, both of which differ from in vivo ICM surroundings. The first feature of iPSCs and ESCs growing under culture conditions is a high metabolic flux via glycolysis (Cho et al., 2006; Kondoh et al., 2007; Folmes et al., 2011). PSCs utilize glycolysis as a main source of adenosine triphosphate (ATP) production, generating a large amount of lactate (Xu et al., 2013) and shunting the metabolites through the pentose phosphate pathway (Varum et al., 2011; Rodrigues et al., 2015a; Kim et al., 2015). In contrast, upon ESC differentiation, glycolysis is downregulated, while oxidative phosphorylation becomes a dominant bioenergetic source of ATP (Chung et al., 2010; Prigione et al., 2010). In this regard, PSCs prefer hypoxic conditions, under which they rely mostly on glycolytic metabolism activated by hypoxia-inducible factor 1- and 2-alpha (HIF1/2α) and the glycolytic sensors – C-terminal binding proteins (CTBPs) (Powers et al., 2008; Millman et al., 2009; Forristal et al., 2010; Mohyeldin et al., 2010; Arthur et al., 2019; Nakamura et al., 2021). Consistent with lesser dependence on OxPhos for ATP production, PSCs have fewer mitochondria. Furthermore, these organelles are small, globular-shaped, and immature lamellar cristae; contain low copy numbers of mitochondrial DNA; and are predominantly localized in the perinuclear region—and all these parameters are associated with pluripotency (Baharvand and Matthaei, 2003; Cho et al., 2006; Lonergan et al., 2006; Armstrong et al., 2010; Suhr et al., 2010; Folmes et al., 2011; Varum et al., 2011; Zhou et al., 2012; Ware et al., 2014; St John, 2016). However, PSC-specific mitochondria are fully functional in terms of respiratory and OxPhos activities, and the mitochondrial functions are important for the maintenance of pluripotency (Zhang et al., 2011; Seo et al., 2018). A knockdown of mitochondrial DNA polymerase subunit γ (POLG), affecting mitochondrial gene expression, enhances ESC differentiation (Facucho-Oliveira et al., 2007). Extreme mitochondrial fragmentation and mitophagy impair mitochondrial homeostasis, resulting in ESC differentiation (Todd et al., 2010). If compared with differentiated somatic cells, mitochondria in PSCs have reduced OxPhos capacities (Cho et al., 2006; Kondoh et al., 2007; Folmes et al., 2011). Although the composition of the mitochondrial electron transport chain (ETC) in PSCs is different from that of differentiated cells, it is fully functional; nevertheless, mitochondrial production of ATP is maintained at a suboptimal level in these cells. Presumably, low OxPhos in PSCs is also important to maintain a low level of mitochondrial ROS generation to avoid potential ROS damaging activity toward proteins, lipids, and nucleic acids (Armstrong et al., 2010; Prigione et al., 2010). Due to low OxPhos and tricarboxylic acid (TCA) cycle activity, PSCs generate increased levels of metabolic intermediates, which are exported by mitochondria and utilized for various metabolic and signaling epigenetic purposes, for instance, the biosynthesis of fatty acids or the acetylation of histones (Wellen et al., 2009; Moussaieff et al., 2015; Intlekofer and Finley, 2019). The reduced TCA cycle activity in PSCs is maintained by shunting pyruvate out of mitochondria and, in part, via elevated uncoupling protein 2 (UCP2) and reduced pyruvate dehydrogenase (PDH) activities (Zhang et al., 2011). Several studies have revealed a feature of PSCs to actively maintain high mitochondrial membrane potential (MMP), which is important for maintaining a pluripotent state (Schieke et al., 2008; Armstrong et al., 2010; Prigione et al., 2011). The high MMP is maintained partly by the ATP hydrolase activity of ATP synthase, which utilizes ATP produced by glycolysis (Zhang et al., 2011). The function of high MMP in the maintenance of pluripotency requires further clarification, as it is suggested to participate in maintaining various metabolic processes, including regulation of the mitochondria network, anabolic processes, and certain epigenetic processes (Mattenberger et al., 2003; Shyh-Chang et al., 2011; Folmes et al., 2012; Teslaa and Teitell, 2015).
NAIVE AND PRIMED PLURIPOTENCY: MOUSE AND HUMAN IPSCS
Pluripotency is featured during mammalian development by the cell of the epiblast for a relatively short time interval between the pre-implantation blastocyst and post-implantation egg cylinder stages. Cultured mouse PSCs derived from pre-implantation epiblasts are represented by ESCs and those from post-implantation epiblast-stage cells are represented by the epiblast stem cells (EpiSCs) (Brons et al., 2007; Tesar et al., 2007). These different developmental states of pluripotency are referred to as naïve and primed, respectively. The developmental and functional differences between these pluripotency states are that primed PSCs have more restricted differentiation potential, they are not able to contribute to germ cells. Under cell culture conditions, mouse (m) and human (h) ESCs are maintained in naïve and primed pluripotency states, respectively (Thomson et al., 1998; Klimanskaya et al., 2006; Nichols and Smith, 2009; Nakamura et al., 2016). The same applies to mouse and human iPSCs, and the process of reprogramming into these cells have marked species-specific differences. In addition, the conversion of hESCs and hiPSCs into a naïve state is still an unresolved task in many aspects (Sagi and Benvenisty, 2016; Weinberger et al., 2016; Yilmaz and Benvenisty, 2019). Comparative transcriptional analysis and other analyses of the naïve and primed hPSCs have shown that these pluripotency states have major differences in the landscapes of transcription factors, chromatin remodeling, activity of signaling pathways, cell surface molecules, X chromosome activity, and transposable elements’ expression (Gafni et al., 2013; Guo et al., 2016; Qin et al., 2016; Theunissen et al., 2016; Collier et al., 2017; Messmer et al., 2019; Yilmaz and Benvenisty, 2019). Global DNA hypomethylation is featured in naive hPSCs, which contrasts with the global DNA hypermethylation signature in primed ones (Theunissen et al., 2016; Messmer et al., 2019).
 Importantly, there are also differences in the preference over metabolic pathways between naive and primed hPSCs. Oxidative phosphorylation dominates and lipogenesis tends to be active in naive hPSCs, while primed hPSCs rely on glycolysis for energy metabolism (Takashima et al., 2014; Cornacchia et al., 2019). Naïve mPSCs have a bivalent metabolism, with both glycolysis and OxPhos being active (Weinberger et al., 2016).
The mouse model of cell reprogramming is the most advanced, and the main molecular data were gained from this system. In this model, mouse cells are reprogrammed into naïve type iPSCs within 12 days, whereas it takes 16–28 days to generate primed hiPSCs. In addition, reprogramming efficiency is much lower for humans than for mouse systems (Takahashi and Yamanaka, 2016). The exact molecular differences between these systems still need to be clarified; however, it is known that, unlike in the mouse model, c-Myc transgene is more critical, and MET is a much later event in the human reprogramming process (Cacchiarelli et al., 2015; Xing et al., 2020; Thangavelu and Norden-Krichmar, 2023). Various molecular differences between these systems have also been observed, including JNK signaling, ERRα/ERRγ, and other activities (Yao et al., 2014; Kida et al., 2015; Neganova et al., 2016).
PLURIPOTENCY TFS IN REGULATION OF METABOLIC GENES DURING REPROGRAMMING
Key pluripotency TFs are involved in the direct regulation of primarily glycolytic genes. The reprogramming factor Oct4 acts in transcriptional regulation of multiple metabolic genes (Kang et al., 2009; Shen et al., 2017). In PSCs, Oct4 directly regulates rate-limiting enzymes of glycolysis—pyruvate kinase M2 (PKM2) and hexokinase 2 (HK2) (Figure 2) (Folmes et al., 2011; Prigione et al., 2014; Kim et al., 2015; Qin et al., 2017). It has also been shown that silencing glucose transporter GLUT3 or PKM2 causes a reduction of OCT4 expression, suggesting a feedback mechanism between glucose metabolism and pluripotent TF gene expression (Christensen et al., 2015). It has been shown that Oct4’s DNA-binding capacity depends on oxidation by ROS. The ROS-scavenging enzyme thioredoxin (Txn), through interaction with cysteines in the POU-domain of Oct4, is able to restore Oct4’s DNA-binding, and furthermore, the gain of Txn function enhances Oct4’s transcriptional activity (Guo et al., 2004). The regulatory sites of the core pluripotent TFs Sox2, Oct4, and Nanog have been identified in an enhancer of the human GLUT1 gene involved in glycolytic flux in ESCs (Yu et al., 2019). Other studies have shown that chicken HK1, platelet phosphofructokinase (PFKP), and lactate dehydrogenase A (LDHA) gene promoters contain binding sites for these TFs (Ding et al., 2022). c-MYC also possesses a function to activate glycolysis, which is required to maintain pluripotent status (Varlakhanova et al., 2010; Folmes et al., 2013a; Gu et al., 2016; Cliff et al., 2017; Prieto et al., 2021; Anatskaya and Vinogradov, 2022). c-MYC upregulates expression of PKM2 and LDHA, supporting increased glycolysis (Figure 2) (Cao et al., 2015). These observations are consistent with an activation of the expression of endogenous c-Myc during the initiating stage of reprogramming (Cao et al., 2015). The TF sterol regulatory element binding protein-1 (Srebp-1), involved in lipid homeostasis, enhances reprogramming efficiency through interaction with and strengthening of the function of c-Myc in the expression of pluripotent genes (Wu et al., 2016).
[image: Figure 2]FIGURE 2 | Schematic representation of the major metabolic pathways involved in regulating the process of reprogramming differentiated cells toward a pluripotent state. Metabolic pathways are highlighted in boxes, and key metabolic enzymes and metabolites involved in the regulation of reprogramming are noted in blue and purple rectangles, respectively. Transcription factors participating in positive and negative regulation of certain metabolic pathways are placed next to each of these pathways and depicted in green and brown, respectively. (I-III)—indicated for the initiation (I), maturation (II), stabilization (III) stages of the reprogramming process.
Although the endogenous activation of the pluripotency factor KLF4 occurs during the initiation stage of reprogramming, its function in metabolic regulation has not yet been determined. It has been shown that KLF4 plays an important role in metabolic regulation during the late stage of cell reprogramming (Figure 1). KLF4 positively regulates T cell leukemia/lymphoma protein 1 (TCL1) expression at the late stage of reprogramming (Nishimura et al., 2017; Nishimura et al., 2019). TCL1 suppresses the activity of mitochondrial RNA importer RNAase and polynucleotide phosphorylase (PnPase) through direct interaction with these proteins (Wang et al., 2010). It has been suggested that KLF4-induced TCL1 expression reduces mitochondrial content and OxPhos during the late stage of reprogramming (Khaw et al., 2015; Nishimura et al., 2017). The RNA-binding protein LIN28a/b, which is a critical factor in cell reprogramming and pluripotency maintenance, functions predominantly during the late/stabilization phase and is an important regulator of metabolic genes, mediating activation of glycolysis and maintaining low mitochondrial function, nucleotide, and one-carbon metabolisms (Shyh-Chang et al., 2013a; Zhang et al., 2016; Mathieu and Ruohola-Baker, 2016; Pieknell et al., 2022).
TFS’ REGULATION OF METABOLIC PATHWAYS DURING THE EARLY/INITIATION STAGE OF REPROGRAMMING—THE OXPHOS BURST STAGE
Estrogen-related nuclear receptors (ERRs) and their partners—peroxisome proliferator-activated receptor gamma coactivator 1-a/and b (PGC-1α/β)—are transiently expressed at an early stage of reprogramming. ERRα or ERRγ functions, respectively, mediate the burst of OxPhos at the early stage of iPSC generation in the human and mouse systems (Figures 1, 2) (Kida et al., 2015). This metabolic burst occurs upon the activation of glycolysis and OxPhos genes, including mitochondrial ATP synthase (ATP5G1), succinate dehydrogenase (SDHB), isocitrate dehydrogenase (IDH1/3A), and NADH dehydrogenase (NDUFA2), while blocking this metabolic change impedes the reprogramming process. It has been shown that in mice, ERRγ and PGC-1β are highly expressed in Sca1 (−)/CD34 (−) bona fide iPSC progenitors or intermediate cells, in which a high level of OxPhos is maintained (Kida et al., 2015).
Nuclear factor (erythroid-derived 2)-like 2 (NRF2) is a major TF involved in the regulation of antioxidant responses. The early burst in OxPhos and consequent ROS generation leads to an increase in NRF2 activity, which promotes a subsequent glycolytic shift through HIF1α activation after the early stage of reprogramming (Hawkins et al., 2016). It has been shown that hypoxic conditions or HIF1α stabilization enhance reprogramming efficiency (Yoshida et al., 2009; Mathieu et al., 2014; Ishida et al., 2020). At this early stage of reprogramming, HIF1α and HIF2α are stabilized, mediating the metabolic shift by activating the expression of glycolysis genes, such as pyruvate dehydrogenase kinase 3 (PDK3), GLUT1/3, LDHA, and HK2. However, only HIF2α stabilization at the late stage of reprogramming has been found to cause major suppression of iPSC generation, in part through activation of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-mediated apoptosis (Mathieu et al., 2014). This indicates at least two functions of HIFs during cell reprogramming. Krüppel-like zinc finger TF Glis1 mediates epigenetic and metabolic remodeling and is able to reprogram senescent cells into a pluripotent state, improving genome stability. During the initiation stage of reprogramming, Glis1 upregulates glycolysis by opening chromatin in glycolytic gene loci and closing chromatin in somatic ones (Figure 2) (Maekawa et al., 2011; Li et al., 2020).
Activity of the tumor suppressor p53, as well as inhibited cell proliferation, hinder the acquisition of pluripotency (Marion et al., 2009a; Hong et al., 2009; Kawamura et al., 2009; Utikal et al., 2009). It has been shown that NAD-dependent deacetylase sirtuin-1 (SIRT1) is activated and functions during the initiation phase of reprogramming by acting, in part, through deacetylation of p53, inhibition of p21, and enhancement of Nanog expression. This SIRT1 activity is suppressed through miR-34a, leading to higher p53 activity and, therefore, reduced reprogramming efficiency (Lee et al., 2012). The forkhead box TFs Foxd1 and Foxo1, participating in the regulation of ROS and cellular metabolism, may also be involved in oxidative burst regulation during reprogramming, as their knockdown suppresses the generation of iPSCs (Koga et al., 2014).
TFS DURING THE LATE-REPROGRAMMING PHASE
Another ERR-family TF, ERRβ/Esrrb, and the zinc finger of the cerebellum 3 (Zic3) regulate metabolic fluxes synergistically and variably, leading to enhanced reprogramming efficiency. These 2 TFs activate many glycolytic genes cooperatively, resulting in increased glucose consumption. At the same time, unlike Zic3, Esrrb activates OxPhos and oxygen consumption by inducing genes of mitochondrial complex IV (CIV), triggering the morphological remodeling of mitochondria during cell reprogramming (Sone et al., 2017). The ectopic expression of both Esrrb and Zic3 during reprogramming significantly enhances the efficiency of iPSC generation (Figures 1, 2). On the other hand, blocking both glycolysis and OxPhos lowers reprogramming efficiency (Sone et al., 2017). These functions of Esrrb and Zic3 appear to be engaged at the late stage of reprogramming, suggesting that Esrrb may be involved in completing the final epigenetic chromatin modifications specific for naïve pluripotency. This conclusion is supported by the finding that Esrrb can replace Nanog function in late iPSC precursors (Festuccia et al., 2012). In addition, it has been shown that Esrrb reactivation in these cells is dependent on ascorbic acid (Tran et al., 2015), suggesting that this event is a rate-limiting step during the late stage of reprogramming.
It has been shown that activating the Janus kinase/signal transducer and activator of the transcription 3 (Jak/Stat3) pathway is essential for reprogramming. Inhibiting Jak/Stat3 activity blocks demethylation of Oct4 and Nanog regulatory elements during the late reprogramming phase, affecting epigenetic modification and retroviral transgene silencing. Jak/Stat3 activity plays an important role in promoting the establishment of pluripotency during the late phase of reprogramming at the epigenetic level by facilitating DNA demethylation and open chromatin formation in pluripotent loci, including Oct4, Nanog, and the Dlk1-Dio3 regions (Tang et al., 2012; Wang et al., 2018). It is important to note that during reprogramming from the primed to naive states of pluripotency, Stat3 upregulates mitochondria-encoded transcripts and facilitates an increase in mitochondrial metabolism (Carbognin et al., 2016). This suggests that Stat3 activity is required during the late stage of reprogramming, facilitating the optimal maintenance of mitochondrial respiration and epigenetic modifications, both of which are dependent on TCA cycle metabolites.
METABOLIC FLUXES DURING CELL REPROGRAMMING
Glycolysis
Glycolysis is a catalytic pathway that converts glucose molecules, through a series of redox reactions, into two pyruvate molecules, generating two ATP and two reduced nicotinamide adenine dinucleotide (NADH) molecules. This pathway does not require oxygen but allows efficient ATP production when glucose is abundant, maintaining the ATP/ADP ratios required for highly proliferative cells. However, glycolysis is much less energetically efficient than the complete oxidation of pyruvate in the TCA cycle and in OxPhos. Nevertheless, highly proliferative cell types, such as cancer and PSCs, predominantly exploit glycolysis (aerobic glycolysis) despite an excess of OxPhos-supportive oxygen. The main reason for the switch to glycolysis is incomplete glucose oxidation, which enables the use of pyruvate for both anabolic needs and the biosynthesis of macromolecules supporting biomass production in proliferating cells (Vander Heiden et al., 2009). Intermediates of the glycolytic pathway are also used by different anabolic pathways: (1) lipid synthesis via acetyl-Coenzyme A (acetyl-Co A), (2) dihydroxyacetone phosphate (DHAP), nucleotide, and NADPH synthesis through glucose-6-phosphate and the pentose phosphate pathways (Figure 2) (Gu et al., 2016; Lees et al., 2018; Lees et al., 2019). It has also been suggested that the dominance of glycolysis over OxPhos is accompanied by reduced ROS generation, which may be protective for the cell due to the preservation of its genomic integrity. The reduction of both OxPhos and its byproduct ROS is less damaging to nuclear and mitochondrial DNA and RNA, as well as to proteins and lipids (Perales-Clemente et al., 2014). The metabolic switch from OxPhos to glycolysis after hyperenergetic flux at the early stage of cell reprograming is a crucial step in iPSC generation. Induction and maintenance of high levels of glycolytic activity during cell reprogramming precede the induction of pluripotency markers and are critical for the successful accomplishment of this process (Folmes et al., 2011; Cao et al., 2015). Activation of 3′-phosphoinositide-dependent kinase-1 (PDK1) by the PS48 compound, which stimulates AKT serine/threonine-protein kinase signaling, in combination with the ectopic expression of Oct4, is sufficient to reprogram cells to a pluripotent state (Zhu et al., 2010). These studies have also shown that AKT activation correlates with increased expression of glycolysis-related genes and increased lactate production. It has been shown that direct or indirect stimulation of glycolysis with D-fructose-6-phosphate or with an activator of HIF1α, ethyl 3,4-dihydroxybenzoate (EDHB), enhances reprogramming, while inhibition of glycolysis with UCN-01, 2-deoxyglucose (2DG), or 3-bromopyruvic acid (BrPA) suppresses reprogramming (Sato et al., 2002; Yoshida et al., 2009; Zhu et al., 2010; Folmes et al., 2011; Panopoulos et al., 2012; Prigione et al., 2014). Accordingly, cells with a dominance of glycolytic over OxPhos gene expression patterns can be reprogrammed more efficiently (Panopoulos et al., 2012). Upon inactivation of the TCA cycle and increased glycolysis after the early stage of reprogramming, lactate is increasingly produced and becomes actively involved in the modification of histones and other targets with the recently identified posttranslational modification—lactylation (Zhang et al., 2019; Li et al., 2020). Activation of glycolytic flux by the TF Glis1 increases acetyl-CoA and lactate levels, thereby enhancing H3 histone acetylation (H3K27Ac) and lactylation (H3K18la) within the chromatin of pluripotency genes, leading to their activation at the intermediate stage of reprogramming (Li et al., 2020). Taken together, these studies suggest that the switch to glycolytic metabolism is a driving force on the route to pluripotency (Figure 2) (Zhu et al., 2010; Folmes et al., 2011).
Mitochondria functions and remodeling during cell reprogramming
Mitochondria are complex multifunctional organelles and act as the main metabolic hub maintaining cellular homeostasis due to their major role as energy generators, as well as regulators of ROS production, NAD+/NADH balance, calcium homeostasis, signal transduction, and synthesis of most metabolites, including fatty acids, amino acids, iron/sulfur clusters, pyrimidines, heme, and steroid hormones (Dimmer and Scorrano, 2006; Labbe et al., 2014; Picard and Shirihai, 2022; Zhu et al., 2022; Quintana-Cabrera and Scorrano, 2023). Mitochondria are also involved in the regulation and remodeling of cellular processes such as stem cell self-renewal, differentiation, and proliferation (Liesa and Shirihai, 2013; Ma et al., 2015; Folmes et al., 2016; Folmes and Terzic, 2016; Khacho et al., 2016; Matilainen et al., 2017; Seo et al., 2018). The mitochondria of somatic cells serve as the main source of ATP production, representing mature, elongated, branching, filamentous network organelles. In contrast, the mitochondria of PSCs are immature and represent a lower density, possess fragmented morphology, show perinuclear localization, have disordered mitochondrial cristae, and have reduced mtDNA copy numbers (Cho et al., 2006; Lonergan et al., 2006; Suhr et al., 2010; Folmes et al., 2011; St John, 2016). During differentiation, extensive mitochondrial biogenesis and remodeling occurs, resulting in elongated branching filamentous networks. Mitochondrial morphology and dynamics are linked with cristae shape and supercomplex assembly, which are critical parameters directly regulating the main mitochondrial functions—respiratory efficiency, TCA cycle, OxPhos, ROS generation, and redox state (Baker et al., 2019).
It has been shown that during cellular reprogramming, mitochondria are gradually reconstructed to an ESC-specific immature state, characterized by rounded morphology with poor cristae structure, less active mitochondrial respiration, and reduced mtDNA copy number (Armstrong et al., 2010; Prigione et al., 2010; Folmes et al., 2011; Folmes et al., 2012; Choi et al., 2015). A significant re-organization of the mitochondrial network during the transition from somatic to pluripotent states occurs (Seo et al., 2018; Skvortsova et al., 2022). The number of mitochondria dramatically changes in iPSC precursors, reaching its peak at the initiation stage and then declining dramatically during the maturation and stabilization stages of the reprogramming (Figure 1). The decline of mitochondrial content during reprogramming, resulting in fewer spherical mitochondria with poorly developed and immature cristae, is probably mediated by the mitophagy process (Prigione and Adjaye, 2010; Folmes et al., 2011; Pan et al., 2013; Ma et al., 2015; Choi et al., 2015; Naik et al., 2019) and the inhibition of mitochondrial biogenesis (Wang et al., 2020). An early and transient activation of autophagy occurs during reprogramming through downregulation of the mTOR pathway (Wang et al., 2013; Xiang et al., 2017), and overactivation of this pathway during the early stage of reprograming is suppressive for the process (Wu et al., 2015). The activation of autophagy and mitophagy is mediated in part by elevated levels of ROS (Bolisetty and Jaimes, 2013), which may be triggered during the oxidative burst phase of reprogramming. However, the impact of mitophagy and mitochondrial biogenesis at this particular stage of reprogramming requires more investigation. The peak of mitochondrial content coincides with an ERR-mediated oxidative burst and an increase in mitochondrial and Nox-generated ROS, and these events induce NRF2/Hif1-α-triggered activation of glycolytic flux in iPSC precursors after day 3, followed by a subsequent major decline in mitochondrial numbers and activity by the mid- and late-reprogramming stages (see below).
Mitochondrial fusion and fission dynamics are crucial for somatic cell reprogramming. Activation of mitochondrial fragmentation, which is mediated by dynamin-related protein 1 (DRP1), favors the reprogramming process at the initiation stage (Vazquez-Martin et al., 2012a; Prieto et al., 2016). During this stage, Ras/ERK1/2-mediated activation of Drp1 allows its recruitment to mitochondria and triggers mitochondrial fragmentation (Serasinghe et al., 2015; Prieto et al., 2016), which is also associated with the activation of cyclin-dependent kinase 1 (Cdk1) via cyclin B protein level increase (Prieto et al., 2018). It has also been shown that the pluripotency of TF REX1 mediates activation of DRP1/mitochondrial fission and, in parallel, activates cyclin B1/B2 expression (Son et al., 2013). In agreement with this, the activation of mitochondrial fusion by ectopic expression of mitofusin-1 or -2 (MFN1 and MFN2)—proteins that activate mitochondrial fusion—blocks the reprogramming (Figure 1) (Son et al., 2015). MFN1/MFN2 deficiencies increase reprogramming efficiency by participating in the switch to glycolytic metabolism. This process is associated with inhibition of the p53-p21 pathway, activation of RAS/RAF signaling, and ROS-mediated HIF1α stabilization (Son et al., 2015). The endoplasmic reticulum (ER) participates in mitochondrial fission; also, the unfolded protein response (UPR) of mitochondria and ER are activated during cell reprogramming. Transient activation of ectopic UPR, perhaps in concert with mito-fission activation, enhances cell reprogramming (Simic et al., 2019). Furthermore, mitochondria fragmentation is associated with an increased release of mtROS, which also peaks on day 3 of reprogramming (Tang et al., 2009; Bolisetty and Jaimes, 2013; Skvortsova et al., 2022), contributing to the regulation of the oxidative burst-mediated switch to glycolytic metabolism (discussed below). Thus, the processes involved in the activation of mitochondrial fragmentation are associated with stimulation of the cell cycle progression; they all occur during the initiation phase and are crucial factors for efficient cell reprogramming.
TCA cycle and iPSC reprogramming
In mitochondria, the TCA (or Krebs) cycle represents the main metabolic pathway mediating energy production, as well as supporting the cycle intermediates to support pathways involved in central carbon metabolism and epigenetic remodeling. In this catalytic pathway, pyruvate, which is produced mainly via glycolysis, is oxidized to CO2, resulting in the generation of reduced forms of the electron donors (NADH and flavin adenine dinucleotide, FADH2) required for OxPhos and ATP synthesis by donating electrons to the electron transport chain. The TCA cycle mediates the reactions to replenish TCA intermediates, using predominantly pyruvate and glutamine as substrates (Figure 2). The TCA cycle also supplies partially oxidized intermediates as building blocks for anabolic processes, including lipid, amino acid, and nucleotide biosynthesis, as well as for post-translational and epigenetic modifications of proteins and DNA (Wellen et al., 2009; Ruiz et al., 2012; Vardhana et al., 2019). The TCA cycle is critical for the regulation of cellular processes such as stem cell self-renewal, differentiation, and reprogramming through the regulation of energy generation and supply of substrates for anabolism and macromolecule modifications. In contrast to differentiated cells, PSCs feature incomplete oxidation of pyruvate, allowing them to use TCA cycle intermediates for many cellular processes, including anabolic synthetic pathways and histone modification. It has been shown that, in opposition to inactivation, activation of PDH by pyruvate dehydrogenase kinase (PDK) inhibitor dichloroacetate (DCA) reduces reprogramming efficiency, suggesting that activation of the TCA cycle and suppression of glycolysis have a suppressive effect on the process (Folmes et al., 2011; Rodrigues et al., 2015b).
The TCA cycle provides metabolites for epigenetic modifications in the nucleus during embryonic development and pluripotency induction. For example, the excess of TCA cycle intermediates in ESCs promotes the generation of citrate, which supports the additional production of cytoplasmic acetyl-CoA for protein acetylation (Moussaieff et al., 2015). The increased levels of cycle metabolites—α-ketoglutarate (α-KG), S-adenosyl methionine (SAM), malic acid, and cofactors NAD+/NADH—are also important for the regulation of epigenetic and metabolic modifications during the acquisition and maintenance of pluripotency (Figure 2) (Lee et al., 2012; Shiraki et al., 2014; TeSlaa et al., 2016; Tran et al., 2019b; Figlia et al., 2020). α-KG generated by isocitrate dehydrogenase 3 (Idh3) is an important substrate for DNA and histone demethylation (TeSlaa et al., 2016). SAM, derived from one-carbon metabolism, is a methyl donor for both DNA and histone methylation (Shyh-Chang et al., 2013b; Shiraki et al., 2014). Reduced NADH is required for NADH-dehydrogenase CI ETC/OxPhos activity and ATP production (see below) (Skvortsova et al., 2022), whereas NAD+/NADH balance is involved in the regulation of different post-transcription modifications during cell reprogramming (Lee et al., 2012). Recent studies have shown that translocation of TCA cycle enzymes—Pdha1, pyruvate carboxylase (Pcb), aconitase 2 (Aco2), citrate synthase (Cs), and isocitrate dehydrogenase 3 (Idh3a)—to the nucleus promotes reprogramming (Figure 2) (Li et al., 2022). This indicates that non-canonical functions of these enzymes outside of mitochondria reside in the nucleus and are likely to mediate a supply of metabolites for sufficient epigenetic modifications, which are extensively required during reprogramming. For instance, nuclear Pdha1 increases the acetyl-CoA pool in the nucleus, leading to chromatin remodeling within pluripotency genes by enhancing histone H3 acetylation. TCA cycle intermediate metabolites are critical for modifications of the epigenome in iPSCs and, thereby, are involved in the regulation of gene expression and pluripotency acquisition (Carey et al., 2015; Moussaieff et al., 2015; Zhang et al., 2016; Guitart et al., 2017; Zhang et al., 2018; Fang et al., 2019). Nevertheless, further investigations of the involvement of particular metabolites produced by the TCA cycle during the process of iPSC generation are yet required.
Amino acids are substrates for the biosynthesis of proteins, lipids, and nucleotides; they are also involved in de novo purine biosynthesis and amino acid metabolism and are linked with one-carbon metabolism (OCM), maintaining cellular pools of one-carbon residues associated with S-adenosylmethionine (SAM) and folate (Locasale, 2013; Shuvalov et al., 2017; Clare et al., 2019). This OCM donates methyl groups for the synthesis of amino acids, nucleotides, and phospholipids; it also supplies substrates, such as SAM, for the post-translational methylation of RNA, DNA, and proteins, linking changes in metabolism to epigenetic remodeling of cells (Figure 2). Threonine metabolism is required to maintain cellular pluripotency. Lack of threonine in cell culture medium or inhibition of the key enzyme of threonine metabolism, threonine dehydrogenase (TDH), results in a loss of self-renewal, apoptosis, and cell cycle arrest in PSCs (Wang et al., 2009; Alexander et al., 2011; Ryu and Han, 2011). Also, L-threonine supplementation and the ectopic expression of TDH enhance the efficiency of cell reprogramming (Han et al., 2013). The threonine metabolism can contribute to this process via several mechanisms, for example, by supplying methyl groups to OCM to reinforce the biosynthesis of cellular building blocks or by supporting SAM to promote the pluripotent state-specific H3K4me3 (Bernstein et al., 2006; Wang et al., 2009; Shyh-Chang et al., 2013b). The biosynthesis of the neurotransmitter serotonin by a rate-limiting enzyme, tryptophan hydroxylase-2 (TPH2), is also involved in the regulation of cell reprogramming. Removing TPH2 function during the entire reprogramming process majorly enhances the efficiency of iPSC generation, while TPH2 induction suppresses the process, indicating the importance of tryptophan pool or serotonin signaling in pluripotency acquisition (Sinenko et al., 2023). The latter possibility is supported by the observed activity of serotonin in the positive regulation of mitochondrial functions and biogenesis (Fanibunda et al., 2019; Rao et al., 2023). It has also been shown that a key enzyme in glycine degradation, glycine decarboxylase (GLDC), is involved in the early stages of cell reprogramming (Kang et al., 2019). GLDC expression appears to be regulated by the reprogramming factors KLF4 and c-MYC, and loss of GLDC activity impairs reprogramming, probably through a reduction in glycolytic intermediates, which suggests that it can function by upregulating glycolysis (Kang et al., 2019).
In addition to playing a structural role as the main components of membranes, lipids are important energy sources and signaling mediators. Lipid metabolism includes de novo biosynthesis and catabolism through fatty acid oxidation (FAO); both of these processes occur in equilibrium and are highly context- and cell-dependent. It has been shown that lipogenesis is enhanced during reprogramming, as fatty acid synthase (FASN) and acetyl-CoA carboxylase 1 (ACACA) expression are increased during the process; in addition, supplying extra oleic acid can increase reprogramming efficiency (Wang et al., 2017). ACACA-mediated increase in lipogenesis supported enhanced mitochondrial fission by blocking acetylation-dependent ubiquitin-proteasome degradation of the mitochondrial fission 1 protein. The pharmacological inhibition of ACACA and FASN activities markedly decreases reprogramming efficiency, whereas stimulating the activity of these key lipogenic enzymes promotes this process (Vazquez-Martin et al., 2013; Wu et al., 2016). Ectopic expression of Srebp-1, a transcriptional factor required for lipid homeostasis, was found to enhance reprogramming, while its knockdown suppresses the process (Wu et al., 2016). The inhibition of lipid biosynthesis and autophagosome formation significantly reduce reprogramming efficiency. It has been shown that Rab32 kinase-A anchoring protein increases lipid biosynthesis and storage, as well as autophagosome formation, during the early and middle phases of reprogramming, thus improving its outcome (Pei et al., 2015).
On the other hand, the catabolic FAO process is important at the early stage of reprogramming, which coincides with the abovementioned OxPhos burst. Activation of FAO by adding palmitoylcarnitine—a product of the carnitine palmitoyltransferase (CPT) system—during the first 3 days of reprogramming is sufficient to stimulate OxPhos activity, thereby enhancing reprogramming (Figures 1, 2) (Lin et al., 2018). After this stage, OxPhos is suppressed by palmitoylcarnitine supplementation. CPT1b, which is a rate-limiting enzyme of FAO, is significantly upregulated at the early stage of reprogramming, and its ectopic expression was found to significantly improved reprogramming efficiency. Thus, via different mechanisms, the activation of both lipid anabolism and catabolism support iPSC generation.
OxPhos and ETC in cell reprogramming
OxPhos is the main bioenergetic pathway operating in mitochondria, which enables the transfer of electrons donated by NADH and FADH2 of the TCA cycle to the redox reaction carried out by the ETC complexes. This process creates potential gradients and harnesses the energy to pump protons from the matrix to intramembrane space through the inner mitochondrial membrane, generating an electrochemical proton membrane gradient. Mitochondrial ATP synthase using the membrane gradient transfers protons back across the inner membrane, thereby generating ATP. OxPhos is a far more efficient bioenergetic pathway for ATP production than glycolysis (36 vs. 2 ATP molecules per glucose). Furthermore, OxPhos maintains bioenergetic homeostasis by linking multiple metabolic pathways, including glycolysis, the TCA cycle, and FAO. ETC contains five multi-subunit complexes, I-V (CI-CV). NADH-dehydrogenase CI is the largest 45-subunit complex mediating dehydrogenase activity by accepting electrons from NADH and the main contributor to electrochemical gradient force. CII accepts electrons from FADH2 and contributes much less than CI to the total electrochemical force (Figure 2).
It was shown that most subunits of CI, CII, and CIV are downregulated in iPSCs, while subunits of CIII and CV were shown to be upregulated in these cells, compared to the mouse embryonic fibroblasts (MEFs) from which the iPSCs were derived (Folmes et al., 2011). The CI and CII reduction in PSCs suggests that OxPhos is mainly suppressed in these cells, while the glycolytic pathway is dominant. As mentioned above, the proteomic analysis identified dynamic and tightly coordinated changes in expression and in the stoichiometry of ETC complexes at all stages of the reprogramming (Hansson et al., 2012). The decreased expression of NADH-dehydrogenase CI and CIV, along with increased expression of CII, CIII, and CV subunits at the early stage, might reflect possible stabilization of ROS levels during the oxidative burst to avoid an excess of its production (Boekema and Braun, 2007; van Raam et al., 2008). The reduced CI and increased CII presence at the early stage of the reprogramming may suggest that FADH2 dominates over NADH in electron donation to ETC, probably to avoid excessive ROS production and to increase the NADH/NAD + ratio, which can suppress the TCA cycle and overall OxPhos activity (Kida et al., 2015; Lee et al., 2016). OxPhos capacity reaches a peak by days 2–3 of reprogramming (Kida et al., 2015). We have shown that CI is important for cell reprogramming. Continuous suppression of CI function through silencing NADH-ubiquinone oxidoreductase subunits S1 or B10 (Ndufs1 or Ndub10) or through rotenone treatment during the entire process of reprogramming impedes iPSC generation. In contrast to the first 3 days of reprogramming, functioning CI is in greater demand during the intermediate and late stages of the process in terms of reprogramming efficiency, suggesting that efficient OxPhos is required during the entire process of iPSC generation (Skvortsova et al., 2022). In agreement with this observation, it has been demonstrated that induced mitochondrial respiratory dysfunction caused by pathogenic heteroplasmy of mitochondrial DNA (mtDNA), which encodes ETC complex subunits, also suppresses reprogramming (Hamalainen et al., 2015; Yokota et al., 2015). However, rare heteroplasmic iPSC clones derived via this reprogramming acquired proper pluripotency status. It has yet to be elucidated which part of OxPhos and ETC complexes is required for each stage of cell reprogramming (Figure 1). Among redox signaling regulation by mitochondrial ROS (Skvortsova et al., 2022), OxPhos can be important for TCA cycle metabolite supply, NADH and Acetyl CoA balance, MMP maintenance, and ATP production during each phase of reprogramming. The contribution of CI to ATP generation and MMP maintenance at various stages of cell reprogramming requires investigation. Cells with inhibited ETC are not able to oxidize TCA cycle-produced NADH, resulting in the suppression of this catalytic cycle. This may result in diminished biosynthesis of citrate and its derivative, cytosolic acetyl-CoA, and, therefore, in reduced histone acetylation (Martinez-Reyes et al., 2016). While this issue requires further investigation, it seems likely that immortalized somatic cells or cancer cells already recruit aerobic glycolysis and suppress OxPhos metabolic flux. These cells are unlikely to achieve an oxidative burst during the onset of reprogramming, which may explain their inability to achieve a pluripotent state (Vazquez-Martin et al., 2012b; Lee et al., 2016; Park et al., 2017; Skvortsova et al., 2018).
ROS signaling during cell reprogramming to pluripotency
ROS are several partially reduced (gaining electrons) oxygen-containing molecules, including superoxide anion (O2−), hydrogen peroxide (H2O2), and hydroxide radicals, all of which are highly poised to interact with and modify various types of biological molecules. High and continuous ROS exposure under, for example, conditions when the cell antioxidant system is deficient causes oxidative damage, leading to cell and mitochondrial genome failure, thereby promoting cell senescence and death (Halliwell and Gutteridge, 1984; Papa and Skulachev, 1997; Holzerova and Prokisch, 2015). However, it is well established that ROS function as important intracellular signaling molecules that operate through post-translational covalent modifications of various signaling proteins, as well as through specific sensors that acutely respond to redox-based intracellular changes (Hamanaka and Chandel, 2010; Suda et al., 2011; Autreaux and Toledano, 2007; Sinenko et al., 2021b; Sies and Jones, 2020; Andreyev et al., 2005; Lyublinskaya et al., 2015; Sauer et al., 2001). Physiological ROS signals, mediated mainly by hydrogen peroxide, are also important for stem cell functions, promoting the proliferation and differentiation of these cells (Le Belle et al., 2011; Suda et al., 2011; Sinenko et al., 2021b; Ivanova et al., 2021). ROS can be produced in the cytosol mainly by plasma membrane NAD(P)H oxidases (NOXs) and in mitochondria by ETC complexes. Alongside several enzymes of the TCA-cycle–2-oxoglutarate dehydrogenase, monoamine oxidases (MAOs), 2-oxoacid dehydrogenase complexes (OADHC), mitochondrial snglycerol-3-phosphate dehydrogenase (mGPDH), and dihydroorotate dehydrogenase (DHDOH)—the electron-transferring flavoprotein (ETF/ETF:QOR system) contributes to ROS generation in mitochondria (Brand, 2016). In addition, in mitochondria, electron leakage occurs due to electron transport ETC function, leading to the formation of O2−, H2O2, and other ROS-related molecules (Korshunov et al., 1997; Wong et al., 2017). The main sources of ROS in ETC are complexes I and III (Andreyev et al., 2005; Chernyak et al., 2006; Murphy, 2009; Vinogradov and Grivennikova, 2016; Chenna et al., 2022), and it was shown that CI contributes mainly to O2− generation under physiological conditions (Votyakova and Reynolds, 2001; Kushnareva et al., 2002). CI inactivation by genetic or pharmacological means leads to significantly increased ROS levels (sublethal levels), which mediate different physiological processes in various model organisms (Sinenko et al., 2012; Tan et al., 2017; Sinenko et al., 2021b; Knapp-Wilson et al., 2021; Skvortsova et al., 2022). Multilevel antioxidant defense and regulatory systems tightly regulate ROS levels in a cell type- and cell compartment-dependent manner, mediated by redox-controlled TFs and antioxidant enzyme systems, such as superoxide dismutase-1, -2 (SOD-1/2), catalase, and peroxiredoxins 1-6 (Pxn1-6) (Andreyev et al., 2005; Sies and Jones, 2020; Sinenko et al., 2021b).
The tight regulation of ROS levels is also required for different stages of cell reprogramming to pluripotency (Figure 1). It has been shown that activation of the innate immunity Toll-like receptor 3 (TLR3) pathway triggers ROS generation and signaling at the onset of the reprogramming, which is required for its efficient accomplishment (Lee et al., 2012; Yang et al., 2013). The NADPH oxidase 2 (NOX2) enzyme complex is involved in the generation of ROS at this stage of reprogramming, and optimal levels of ROS signaling are essential to induce pluripotency (Zhou et al., 2016). Along with NOX-generated ROS, mitochondria-derived ROS (mtROS) contribute greatly to ROS signaling at the early stage of reprogramming (Hawkins et al., 2016; Skvortsova et al., 2022). As previously mentioned, levels of mtROS peak on day 3 of the process, coincident with an OxPhos burst and high mitochondrial content. At this stage, the main ROS contributors, CI and CIII, are correspondingly down- and upregulated, probably to attenuate the overproduction of ROS. This idea is consistent with the observation that removing excess ROS during the early reprogramming phase significantly increases the efficiency of iPSC generation (Skvortsova et al., 2022). On the other hand, cells undergoing reprogramming at this stage are the most resilient to OxPhos inactivation and high ROS levels, as they better tolerate loss of CI activity compared with later stages of the reprogramming. The exact mechanisms by which reprogramming is regulated by ROS and antioxidant response systems requires further investigation.
The abundant ROS generated by OxPhos and NOX2 during the early reprogramming period are likely to be critical for driving metabolic transition during subsequent phases of reprogramming. This might be mediated by NRF2 activation via the modification of cysteine residues of the NRF2 repressor KEAP1, leading to HIF1α activation and stimulation of glycolysis (Mathieu et al., 2014; Hawkins et al., 2016). It has also been shown that elevated ROS can stabilize HIF1α, promoting reprogramming (Chandel et al., 2000; Son et al., 2015). The increased ROS might also act via nuclear factor kappa B (NF-κB) and c-Jun/activator protein-1 (AP-1) by inactivating these TF, as their inactivation increases the efficiency of iPSC generation (Filosto et al., 2003; Lingappan, 2018; Markov et al., 2021). The high ROS levels can potentially signal through the p38 MAPK and JNK pathways to mediate cell reprogramming processes during the early stages (Son et al., 2013; Neganova et al., 2016; Neganova et al., 2017). The function of ROS to support the proliferation of various cells, including PSCs (Ivanova et al., 2021; Kirova et al., 2022) and cells during reprogramming (Zhou et al., 2016; Skvortsova et al., 2022), is consistent with the importance of active proliferation at the early stage of reprogramming. It has been shown that Nrf2 action during reprogramming is also mediated by increased proteasome activity, particularly by proteasome maturation protein (POMP) (Buckley et al., 2012; Jang et al., 2014; Selenina et al., 2017; Zubarev et al., 2022), which probably acts through the degradation of metabolism-related proteins.
The impact of the significantly reduced number of mitochondria and decreased mtROS at the mid- and late stages of reprogramming requires better understanding. OxPhos suppression and increased ROS generation upon CI inactivation at these stages result in significantly reduced reprogramming efficiency, while maintaining certain levels of ROS at these stages is supportive of the reprogramming process (Skvortsova et al., 2022). Intriguingly, optimal ROS levels during reprogramming are crucial for the process, as simultaneous CI inhibition by rotenone and ROS scavenging by N-acetyl cysteine synergistically suppress reprogramming (Skvortsova et al., 2022). However, during these stages, increased ROS presumably has a damaging proapoptotic effect, and a certain counterbalancing by antioxidant activity is required to improve the quality of human iPSCs (Armstrong et al., 2010; Ji et al., 2014). In this regard, it is necessary to keep an optimal ROS level during every stage of the reprogramming, and the corresponding molecular mechanisms governing these processes await further clarification.
Mitochondria genome and reprogramming
The mitochondrial genome and functions are well preserved throughout the processes of reprogramming peripheral blood mononuclear cells to iPSCs and during differentiation of the latter cells into functional cerebral organoids (Duong et al., 2021). Several studies have investigated the effects of mitochondrial respiratory dysfunction triggered by mutant mtDNA on cellular reprogramming. The variable amount of mutant mtDNA in somatic cells allows for the generation of patient-specific iPSC lines with high or low heteroplasmic levels during reprogramming procedures (Ma et al., 2015; Kodaira et al., 2015). Further, when iPSC lines are established, mtDNA heteroplasmy levels are not significantly altered during in vitro differentiation, so higher and lower percentages of heteroplasmy are preserved in fully differentiated cells (Folmes et al., 2013b; Klein Gunnewiek et al., 2020; Duong et al., 2021).
The generation of patient-derived iPSCs and derivatives thereof, carrying various heteroplasmic mtDNA mutations, has also been reported (Fujikura et al., 2012; Folmes et al., 2013b; Cherry et al., 2013; Hamalainen et al., 2013; Yokota et al., 2015). Patient-specific and cell-type-specific variation of the molecular pathogenic potential of mutant m.3243A>G mtDNA was demonstrated (Yokota et al., 2015). In addition, in vitro recapitulation of neuronal pathophysiology in mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) was performed using iPSC-derived neurons (Hamalainen et al., 2013). Thus, the listed data demonstrate that iPSC-based approaches are highly useful for modeling and investigating mtDNA disease progression and the phenotypes of affected tissues.
A high-depth mtDNA sequence analysis of human iPSCs and primary fibroblasts confirmed the age-related accumulation of mtDNA mutations in human fibroblasts. However, this analysis showed that heteroplasmy levels vary during cell reprogramming and shape the mtDNA landscape on a clonal level, resulting in the heterogeneity of derived iPSC lines (Wei et al., 2021). On the other hand, heteroplasmy levels remained stable during the cell differentiation process. It was also shown that during iPSC culturing, there is a strong functional selection against mutations in mitochondrial genes that encode ETC complex subunits (Hamalainen et al., 2015; Kosanke et al., 2021). Thus, from a mtDNA perspective, reprogramming to pluripotency and iPSC culturing clears or “rejuvenates” the cell population by removing cells carrying mutated mtDNA, which resembles the processes that occur during germline reprogramming. In the female germline, rapid shifts in heteroplasmy due to various modes of mtDNA content reduction have been shown (Cree et al., 2008; Wai et al., 2008; Cao et al., 2009; Burr et al., 2018). A similar “bottleneck” effect can also occur at the cellular level due to the preferential replication and loss of cells containing specific mtDNA variants during reprogramming. mtDNA variations have been shown to influence reprogramming efficiency (Latorre-Pellicer et al., 2019).
CONCLUSION
Since the discovery of TF-mediated pluripotency reprogramming, an extensive pool of data has been developed, helping to understand the molecular mechanisms of the reprogramming process. In particular, during the last decade, significant insight into the role of metabolic regulation in stem cell pluripotency acquisition has been obtained. It was established that metabolic demands in differentiated cells and PSCs are different. The metabolism of slow-proliferating differentiated cells is dependent mainly on OxPhos and active catabolic pathways, while the metabolism of highly proliferative PSCs is dependent mainly on the activation of aerobic glycolysis and anabolic pathways. The reprogramming of differentiated cells into PCSs requires a major transformation of the energy metabolism. The most critical metabolic change occurs during the early stage of reprogramming, with the initiation of the switch from OxPhos to aerobic glycolysis dominancy. At this stage, an OxPhos burst that includes an increase in respiratory mitochondrial parameters occurs, resulting in a burst of ATP and ROS production. These events are likely to represent a signal to activate NRF2/HIF1a and other transcriptional regulators and to induce and maintain the activation of glycolytic and anabolic pathways. They also induce significant changes in the mitochondrial network, which is gradually transformed into an immature state through fragmentation and mitophagy processes. While the dominancy of the glycolytic pathway during the maturation and stabilization stages of reprogramming is established, the OxPhos function and associated optimal levels of ROS, ATP, and MMP production are required for reprogramming process. It has been shown that metabolic changes often determine and instruct changes during cell fate transitions and reprogramming. This can be mediated through interaction with signaling pathways and TF networks of various metabolites, including NAD+, ATP, ROS, and retrograde signals from the main metabolic organelles, mitochondria. In addition, the contribution of metabolic pathway metabolites to the epigenetic remodeling of the cell takes place. Recent studies have also shown that a single metabolic intermediate from active metabolic pathways—glycolysis, TCA cycle, FAO, and fatty acid synthesis—can dramatically affect stem cell identity and the reprogramming process.
Single-cell resolution analysis of gene expression during the reprogramming process identified that, along with the relatively minor population of true iPSC progenitor cells that become iPSCs, many cells pass different non-pluripotent cell fates. In most reprogramming studies, these populations were not considered in terms of their impact on metabolic processes and possible cell non-autonomous effects. These processes, along with many questions about the metabolic regulation of reprogramming, are only beginning to be deciphered and still require clarification using, for example, single-cell-based metabolomics methodology.
iPSCs are the most promising cell source for cell-based therapies in regenerative medicine. In light of this, it is especially important to gain a better understanding of molecular mechanisms, metabolic regulations, and epigenetic signatures involved in the reprogramming process to improve the timing and quality of the generated iPSCs and develop better cell sources for regenerative medicine.
AUTHOR CONTRIBUTIONS
SS: Conceptualization, Investigation, Visualization, Writing–original draft, Writing–review and editing. AT: Funding acquisition, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The work was supported by the Russian Science Foundation Grant No. 21-14-00369.
ACKNOWLEDGMENTS
The artwork of Figure 2 was performed with BioRender.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alexander, P. B., Wang, J., and McKnight, S. L. (2011). Targeted killing of a mammalian cell based upon its specialized metabolic state. Proc. Natl. Acad. Sci. U. S. A. 108 (38), 15828–15833. doi:10.1073/pnas.1111312108
 Anatskaya, O. V., and Vinogradov, A. E. (2022). Polyploidy and myc proto-oncogenes promote stress adaptation via epigenetic plasticity and gene regulatory network rewiring. Int. J. Mol. Sci. 23 (17), 9691. doi:10.3390/ijms23179691
 Andreyev, A. Y., Kushnareva, Y. E., and Starkov, A. A. (2005). Mitochondrial metabolism of reactive oxygen species. Biochem. (Mosc) 70 (2), 200–214. doi:10.1007/s10541-005-0102-7
 Apostolou, E., and Hochedlinger, K. (2013). Chromatin dynamics during cellular reprogramming. Nature 502 (7472), 462–471. doi:10.1038/nature12749
 Armstrong, L., Tilgner, K., Saretzki, G., Atkinson, S. P., Stojkovic, M., Moreno, R., et al. (2010). Human induced pluripotent stem cell lines show stress defense mechanisms and mitochondrial regulation similar to those of human embryonic stem cells. Stem cells 28 (4), 661–673. doi:10.1002/stem.307
 Arthur, S. A., Blaydes, J. P., and Houghton, F. D. (2019). Glycolysis regulates human embryonic stem cell self-renewal under hypoxia through HIF-2α and the glycolytic sensors CTBPs. Stem Cell. Rep. 12 (4), 728–742. doi:10.1016/j.stemcr.2019.02.005
 Baharvand, H., and Matthaei, K. I. (2003). The ultrastructure of mouse embryonic stem cells. Reprod. Biomed. online 7 (3), 330–335. doi:10.1016/s1472-6483(10)61873-1
 Baker, N., Patel, J., and Khacho, M. (2019). Linking mitochondrial dynamics, cristae remodeling and supercomplex formation: how mitochondrial structure can regulate bioenergetics. Mitochondrion 49, 259–268. doi:10.1016/j.mito.2019.06.003
 Bar, S., Seaton, L. R., Weissbein, U., Eldar-Geva, T., and Benvenisty, N. (2019). Global characterization of X chromosome inactivation in human pluripotent stem cells. Cell. Rep. 27 (1), 20–29. doi:10.1016/j.celrep.2019.03.019
 Bernstein, B. E., Mikkelsen, T. S., Xie, X., Kamal, M., Huebert, D. J., Cuff, J., et al. (2006). A bivalent chromatin structure marks key developmental genes in embryonic stem cells. Cell. 125 (2), 315–326. doi:10.1016/j.cell.2006.02.041
 Bhutani, N., Brady, J. J., Damian, M., Sacco, A., Corbel, S. Y., and Blau, H. M. (2010). Reprogramming towards pluripotency requires AID-dependent DNA demethylation. Nature 463 (7284), 1042–1047. doi:10.1038/nature08752
 Boekema, E. J., and Braun, H. P. (2007). Supramolecular structure of the mitochondrial oxidative phosphorylation system. J. Biol. Chem. 282 (1), 1–4. doi:10.1074/jbc.R600031200
 Bolisetty, S., and Jaimes, E. A. (2013). Mitochondria and reactive oxygen species: physiology and pathophysiology. Int. J. Mol. Sci. 14 (3), 6306–6344. doi:10.3390/ijms14036306
 Brambrink, T., Foreman, R., Welstead, G. G., Lengner, C. J., Wernig, M., Suh, H., et al. (2008). Sequential expression of pluripotency markers during direct reprogramming of mouse somatic cells. Cell. stem Cell. 2 (2), 151–159. doi:10.1016/j.stem.2008.01.004
 Brand, M. D. (2016). Mitochondrial generation of superoxide and hydrogen peroxide as the source of mitochondrial redox signaling. Free Radic. Biol. Med. 100, 14–31. doi:10.1016/j.freeradbiomed.2016.04.001
 Brons, I. G., Smithers, L. E., Trotter, M. W., Rugg-Gunn, P., Sun, B., Chuva de Sousa Lopes, S. M., et al. (2007). Derivation of pluripotent epiblast stem cells from mammalian embryos. Nature 448 (7150), 191–195. doi:10.1038/nature05950
 Buckley, S. M., Aranda-Orgilles, B., Strikoudis, A., Apostolou, E., Loizou, E., Moran-Crusio, K., et al. (2012). Regulation of pluripotency and cellular reprogramming by the ubiquitin-proteasome system. Cell. stem Cell. 11 (6), 783–798. doi:10.1016/j.stem.2012.09.011
 Buganim, Y., Faddah, D. A., Cheng, A. W., Itskovich, E., Markoulaki, S., Ganz, K., et al. (2012). Single-cell expression analyses during cellular reprogramming reveal an early stochastic and a late hierarchic phase. Cell. 150 (6), 1209–1222. doi:10.1016/j.cell.2012.08.023
 Buganim, Y., Faddah, D. A., and Jaenisch, R. (2013). Mechanisms and models of somatic cell reprogramming. Nat. Rev. Genet. 14 (6), 427–439. doi:10.1038/nrg3473
 Burr, S. P., Pezet, M., and Chinnery, P. F. (2018). Mitochondrial DNA heteroplasmy and purifying selection in the mammalian female germ line. Dev. Growth Differ. 60 (1), 21–32. doi:10.1111/dgd.12420
 Cacchiarelli, D., Trapnell, C., Ziller, M. J., Soumillon, M., Cesana, M., Karnik, R., et al. (2015). Integrative analyses of human reprogramming reveal dynamic nature of induced pluripotency. Cell. 162 (2), 412–424. doi:10.1016/j.cell.2015.06.016
 Cao, L., Shitara, H., Sugimoto, M., Hayashi, J., Abe, K., and Yonekawa, H. (2009). New evidence confirms that the mitochondrial bottleneck is generated without reduction of mitochondrial DNA content in early primordial germ cells of mice. PLoS Genet. 5 (12), e1000756. doi:10.1371/journal.pgen.1000756
 Cao, Y., Guo, W. T., Tian, S., He, X., Wang, X. W., Liu, X., et al. (2015). miR-290/371-Mbd2-Myc circuit regulates glycolytic metabolism to promote pluripotency. EMBO J. 34 (5), 609–623. doi:10.15252/embj.201490441
 Carbognin, E., Betto, R. M., Soriano, M. E., Smith, A. G., and Martello, G. (2016). Stat3 promotes mitochondrial transcription and oxidative respiration during maintenance and induction of naive pluripotency. EMBO J. 35 (6), 618–634. doi:10.15252/embj.201592629
 Carey, B. W., Finley, L. W., Cross, J. R., Allis, C. D., and Thompson, C. B. (2015). Intracellular alpha-ketoglutarate maintains the pluripotency of embryonic stem cells. Nature 518 (7539), 413–416. doi:10.1038/nature13981
 Chandel, N. S., McClintock, D. S., Feliciano, C. E., Wood, T. M., Melendez, J. A., Rodriguez, A. M., et al. (2000). Reactive oxygen species generated at mitochondrial complex III stabilize hypoxia-inducible factor-1alpha during hypoxia: a mechanism of O2 sensing. J. Biol. Chem. 275 (33), 25130–25138. doi:10.1074/jbc.M001914200
 Cheloufi, S., Elling, U., Hopfgartner, B., Jung, Y. L., Murn, J., Ninova, M., et al. (2015). The histone chaperone CAF-1 safeguards somatic cell identity. Nature 528 (7581), 218–224. doi:10.1038/nature15749
 Chen, H. F., Chuang, C. Y., Lee, W. C., Huang, H. P., Wu, H. C., Ho, H. N., et al. (2011). Surface marker epithelial cell adhesion molecule and E-cadherin facilitate the identification and selection of induced pluripotent stem cells. Stem Cell. Rev. Rep. 7 (3), 722–735. doi:10.1007/s12015-011-9233-y
 Chen, J., Chen, X., Li, M., Liu, X., Gao, Y., Kou, X., et al. (2016). Hierarchical Oct4 binding in concert with primed epigenetic rearrangements during somatic cell reprogramming. Cell. Rep. 14 (6), 1540–1554. doi:10.1016/j.celrep.2016.01.013
 Chen, J., Liu, H., Liu, J., Qi, J., Wei, B., Yang, J., et al. (2013). H3K9 methylation is a barrier during somatic cell reprogramming into iPSCs. Nat. Genet. 45 (1), 34–42. doi:10.1038/ng.2491
 Chenna, S., Koopman, W. J. H., Prehn, J. H. M., and Connolly, N. M. C. (2022). Mechanisms and mathematical modeling of ROS production by the mitochondrial electron transport chain. Am. J. Physiol. Cell. Physiol. 323 (1), C69–C83. doi:10.1152/ajpcell.00455.2021
 Chernyak, B. V., Izyumov, D. S., Lyamzaev, K. G., Pashkovskaya, A. A., Pletjushkina, O. Y., Antonenko, Y. N., et al. (2006). Production of reactive oxygen species in mitochondria of HeLa cells under oxidative stress. Biochim. Biophys. Acta 1757 (5-6), 525–534. doi:10.1016/j.bbabio.2006.02.019
 Cherry, A. B., Gagne, K. E., McLoughlin, E. M., Baccei, A., Gorman, B., Hartung, O., et al. (2013). Induced pluripotent stem cells with a mitochondrial DNA deletion. Stem cells 31 (7), 1287–1297. doi:10.1002/stem.1354
 Cho, Y. M., Kwon, S., Pak, Y. K., Seol, H. W., Choi, Y. M., Park, D. J., et al. (2006). Dynamic changes in mitochondrial biogenesis and antioxidant enzymes during the spontaneous differentiation of human embryonic stem cells. Biochem. biophysical Res. Commun. 348 (4), 1472–1478. doi:10.1016/j.bbrc.2006.08.020
 Choi, H. W., Kim, J. H., Chung, M. K., Hong, Y. J., Jang, H. S., Seo, B. J., et al. (2015). Mitochondrial and metabolic remodeling during reprogramming and differentiation of the reprogrammed cells. Stem cells Dev. 24 (11), 1366–1373. doi:10.1089/scd.2014.0561
 Christensen, D. R., Calder, P. C., and Houghton, F. D. (2015). GLUT3 and PKM2 regulate OCT4 expression and support the hypoxic culture of human embryonic stem cells. Sci. Rep. 5, 17500. doi:10.1038/srep17500
 Chronis, C., Fiziev, P., Papp, B., Butz, S., Bonora, G., Sabri, S., et al. (2017). Cooperative binding of transcription factors orchestrates reprogramming. Cell. 168 (3), 442–459. doi:10.1016/j.cell.2016.12.016
 Chung, S., Arrell, D. K., Faustino, R. S., Terzic, A., and Dzeja, P. P. (2010). Glycolytic network restructuring integral to the energetics of embryonic stem cell cardiac differentiation. J. Mol. Cell. Cardiol. 48 (4), 725–734. doi:10.1016/j.yjmcc.2009.12.014
 Clare, C. E., Brassington, A. H., Kwong, W. Y., and Sinclair, K. D. (2019). One-carbon metabolism: linking nutritional biochemistry to epigenetic programming of long-term development. Annu. Rev. Anim. Biosci. 7, 263–287. doi:10.1146/annurev-animal-020518-115206
 Cliff, T. S., Wu, T., Boward, B. R., Yin, A., Yin, H., Glushka, J. N., et al. (2017). MYC controls human pluripotent stem cell fate decisions through regulation of metabolic flux. Cell. stem Cell. 21 (4), 502–516. doi:10.1016/j.stem.2017.08.018
 Collier, A. J., Panula, S. P., Schell, J. P., Chovanec, P., Plaza Reyes, A., Petropoulos, S., et al. (2017). Comprehensive cell surface protein profiling identifies specific markers of human naive and primed pluripotent states. Cell. stem Cell. 20 (6), 874–890. doi:10.1016/j.stem.2017.02.014
 Cornacchia, D., Zhang, C., Zimmer, B., Chung, S. Y., Fan, Y., Soliman, M. A., et al. (2019). Lipid deprivation induces a stable, naive-to-primed intermediate state of pluripotency in human PSCs. Cell. stem Cell. 25 (1), 120–136. doi:10.1016/j.stem.2019.05.001
 Cossec, J. C., Theurillat, I., Chica, C., Bua Aguin, S., Gaume, X., Andrieux, A., et al. (2018). SUMO safeguards somatic and pluripotent cell identities by enforcing distinct chromatin states. Cell. stem Cell. 23 (5), 742–757. doi:10.1016/j.stem.2018.10.001
 Cree, L. M., Samuels, D. C., de Sousa Lopes, S. C., Rajasimha, H. K., Wonnapinij, P., Mann, J. R., et al. (2008). A reduction of mitochondrial DNA molecules during embryogenesis explains the rapid segregation of genotypes. Nat. Genet. 40 (2), 249–254. doi:10.1038/ng.2007.63
 Autreaux, B., and Toledano, M. B. (2007). ROS as signalling molecules: mechanisms that generate specificity in ROS homeostasis. Nat. Rev. Mol. Cell. Biol. 8 (10), 813–824. doi:10.1038/nrm2256
 David, L., and Polo, J. M. (2014). Phases of reprogramming. Stem Cell. Res. 12 (3), 754–761. doi:10.1016/j.scr.2014.03.007
 Deng, W., Jacobson, E. C., Collier, A. J., and Plath, K. (2021). The transcription factor code in iPSC reprogramming. Curr. Opin. Genet. Dev. 70, 89–96. doi:10.1016/j.gde.2021.06.003
 Di Giorgio, F. P., Carrasco, M. A., Siao, M. C., Maniatis, T., and Eggan, K. (2007). Non-cell autonomous effect of glia on motor neurons in an embryonic stem cell-based ALS model. Nat. Neurosci. 10 (5), 608–614. doi:10.1038/nn1885
 Dimmer, K. S., and Scorrano, L. (2006). De)constructing mitochondria: what for?Physiol. (Bethesda) 21, 233–241. doi:10.1152/physiol.00010.2006
 Ding, Y., Yuan, X., Zou, Y., Gao, J., Xu, X., Sun, H., et al. (2022). OCT4, SOX2 and NANOG co-regulate glycolysis and participate in somatic induced reprogramming. Cytotechnology 74 (3), 371–383. doi:10.1007/s10616-022-00530-6
 Doege, C. A., Inoue, K., Yamashita, T., Rhee, D. B., Travis, S., Fujita, R., et al. (2012). Early-stage epigenetic modification during somatic cell reprogramming by Parp1 and Tet2. Nature 488 (7413), 652–655. doi:10.1038/nature11333
 Duong, A., Evstratova, A., Sivitilli, A., Hernandez, J. J., Gosio, J., Wahedi, A., et al. (2021). Characterization of mitochondrial health from human peripheral blood mononuclear cells to cerebral organoids derived from induced pluripotent stem cells. Sci. Rep. 11 (1), 4523. doi:10.1038/s41598-021-84071-6
 Ebrahimi, A., Sevinc, K., Gurhan Sevinc, G., Cribbs, A. P., Philpott, M., Uyulur, F., et al. (2019). Bromodomain inhibition of the coactivators CBP/EP300 facilitate cellular reprogramming. Nat. Chem. Biol. 15 (5), 519–528. doi:10.1038/s41589-019-0264-z
 Epsztejn-Litman, S., Feldman, N., Abu-Remaileh, M., Shufaro, Y., Gerson, A., Ueda, J., et al. (2008). De novo DNA methylation promoted by G9a prevents reprogramming of embryonically silenced genes. Nat. Struct. Mol. Biol. 15 (11), 1176–1183. doi:10.1038/nsmb.1476
 Facucho-Oliveira, J. M., Alderson, J., Spikings, E. C., Egginton, S., and St John, J. C. (2007). Mitochondrial DNA replication during differentiation of murine embryonic stem cells. J. Cell. Sci. 120 (Pt 22), 4025–4034. doi:10.1242/jcs.016972
 Fang, Y., Tang, S., and Li, X. (2019). Sirtuins in metabolic and epigenetic regulation of stem cells. Trends Endocrinol. Metab. 30 (3), 177–188. doi:10.1016/j.tem.2018.12.002
 Fanibunda, S. E., Deb, S., Maniyadath, B., Tiwari, P., Ghai, U., Gupta, S., et al. (2019). Serotonin regulates mitochondrial biogenesis and function in rodent cortical neurons via the 5-HT(2A) receptor and SIRT1-PGC-1alpha axis. Proc. Natl. Acad. Sci. U. S. A. 116, 11028–11037.
 Festuccia, N., Osorno, R., Halbritter, F., Karwacki-Neisius, V., Navarro, P., Colby, D., et al. (2012). Esrrb is a direct Nanog target gene that can substitute for Nanog function in pluripotent cells. Cell. stem Cell. 11 (4), 477–490. doi:10.1016/j.stem.2012.08.002
 Figlia, G., Willnow, P., and Teleman, A. A. (2020). Metabolites regulate cell signaling and growth via covalent modification of proteins. Dev. Cell. 54 (2), 156–170. doi:10.1016/j.devcel.2020.06.036
 Filosto, M., Tonin, P., Vattemi, G., Savio, C., Rizzuto, N., and Tomelleri, G. (2003). Transcription factors c-Jun/activator protein-1 and nuclear factor-kappa B in oxidative stress response in mitochondrial diseases. Neuropathol. Appl. Neurobiol. 29 (1), 52–59. doi:10.1046/j.1365-2990.2003.00411.x
 Folmes, C. D., Dzeja, P. P., Nelson, T. J., and Terzic, A. (2012). Metabolic plasticity in stem cell homeostasis and differentiation. Cell. stem Cell. 11 (5), 596–606. doi:10.1016/j.stem.2012.10.002
 Folmes, C. D., Ma, H., Mitalipov, S., and Terzic, A. (2016). Mitochondria in pluripotent stem cells: stemness regulators and disease targets. Curr. Opin. Genet. Dev. 38, 1–7. doi:10.1016/j.gde.2016.02.001
 Folmes, C. D., Martinez-Fernandez, A., Perales-Clemente, E., Li, X., McDonald, A., Oglesbee, D., et al. (2013b). Disease-causing mitochondrial heteroplasmy segregated within induced pluripotent stem cell clones derived from a patient with MELAS. Stem cells 31 (7), 1298–1308. doi:10.1002/stem.1389
 Folmes, C. D., Nelson, T. J., Martinez-Fernandez, A., Arrell, D. K., Lindor, J. Z., Dzeja, P. P., et al. (2011). Somatic oxidative bioenergetics transitions into pluripotency-dependent glycolysis to facilitate nuclear reprogramming. Cell. metab. 14 (2), 264–271. doi:10.1016/j.cmet.2011.06.011
 Folmes, C. D., Park, S., and Terzic, A. (2013a). Lipid metabolism greases the stem cell engine. Cell. metab. 17 (2), 153–155. doi:10.1016/j.cmet.2013.01.010
 Folmes, C. D., and Terzic, A. (2016). Energy metabolism in the acquisition and maintenance of stemness. Semin. Cell. Dev. Biol. 52, 68–75. doi:10.1016/j.semcdb.2016.02.010
 Forristal, C. E., Wright, K. L., Hanley, N. A., Oreffo, R. O., and Houghton, F. D. (2010). Hypoxia inducible factors regulate pluripotency and proliferation in human embryonic stem cells cultured at reduced oxygen tensions. Reproduction 139 (1), 85–97. doi:10.1530/REP-09-0300
 Francesconi, M., Di Stefano, B., Berenguer, C., de Andres-Aguayo, L., Plana-Carmona, M., Mendez-Lago, M., et al. (2019). Single cell RNA-seq identifies the origins of heterogeneity in efficient cell transdifferentiation and reprogramming. Elife 8, e41627. doi:10.7554/eLife.41627
 Fujikura, J., Nakao, K., Sone, M., Noguchi, M., Mori, E., Naito, M., et al. (2012). Induced pluripotent stem cells generated from diabetic patients with mitochondrial DNA A3243G mutation. Diabetologia 55 (6), 1689–1698. doi:10.1007/s00125-012-2508-2
 Gafni, O., Weinberger, L., Mansour, A. A., Manor, Y. S., Chomsky, E., Ben-Yosef, D., et al. (2013). Derivation of novel human ground state naive pluripotent stem cells. Nature 504 (7479), 282–286. doi:10.1038/nature12745
 Golipour, A., David, L., Liu, Y., Jayakumaran, G., Hirsch, C. L., Trcka, D., et al. (2012). A late transition in somatic cell reprogramming requires regulators distinct from the pluripotency network. Cell. stem Cell. 11 (6), 769–782. doi:10.1016/j.stem.2012.11.008
 Gu, W., Gaeta, X., Sahakyan, A., Chan, A. B., Hong, C. S., Kim, R., et al. (2016). Glycolytic metabolism plays a functional role in regulating human pluripotent stem cell state. Cell. stem Cell. 19 (4), 476–490. doi:10.1016/j.stem.2016.08.008
 Guitart, A. V., Panagopoulou, T. I., Villacreces, A., Vukovic, M., Sepulveda, C., Allen, L., et al. (2017). Fumarate hydratase is a critical metabolic regulator of hematopoietic stem cell functions. J. Exp. Med. 214 (3), 719–735. doi:10.1084/jem.20161087
 Gundry, R. L., Riordon, D. R., Tarasova, Y., Chuppa, S., Bhattacharya, S., Juhasz, O., et al. (2012). A cell surfaceome map for immunophenotyping and sorting pluripotent stem cells. Mol. Cell. Proteomics 11 (8), 303–316. doi:10.1074/mcp.M112.018135
 Guo, G., von Meyenn, F., Santos, F., Chen, Y., Reik, W., Bertone, P., et al. (2016). Naive pluripotent stem cells derived directly from isolated cells of the human inner cell mass. Stem Cell. Rep. 6 (4), 437–446. doi:10.1016/j.stemcr.2016.02.005
 Guo, L., Lin, L., Wang, X., Gao, M., Cao, S., Mai, Y., et al. (2019). Resolving cell fate decisions during somatic cell reprogramming by single-cell RNA-seq. Mol. Cell. 73 (4), 815–829. doi:10.1016/j.molcel.2019.01.042
 Guo, Y., Einhorn, L., Kelley, M., Hirota, K., Yodoi, J., Reinbold, R., et al. (2004). Redox regulation of the embryonic stem cell transcription factor oct-4 by thioredoxin. Stem cells 22 (3), 259–264. doi:10.1634/stemcells.22-3-259
 Ha, J., Kim, B. S., Min, B., Nam, J., Lee, J. G., Lee, M., et al. (2022). Intermediate cells of in vitro cellular reprogramming and in vivo tissue regeneration require desmoplakin. Sci. Adv. 8 (43), 1239. doi:10.1126/sciadv.abk1239
 Halliwell, B., and Gutteridge, J. M. (1984). Oxygen toxicity, oxygen radicals, transition metals and disease. Biochem. J. 219 (1), 1–14. doi:10.1042/bj2190001
 Hamalainen, R. H., Ahlqvist, K. J., Ellonen, P., Lepisto, M., Logan, A., Otonkoski, T., et al. (2015). mtDNA mutagenesis disrupts pluripotent stem cell function by altering redox signaling. Cell. Rep. 11 (10), 1614–1624. doi:10.1016/j.celrep.2015.05.009
 Hamalainen, R. H., Manninen, T., Koivumaki, H., Kislin, M., Otonkoski, T., and Suomalainen, A. (2013). Tissue- and cell-type-specific manifestations of heteroplasmic mtDNA 3243A>G mutation in human induced pluripotent stem cell-derived disease model. Proc. Natl. Acad. Sci. U. S. A. 110 (38), E3622–E3630. doi:10.1073/pnas.1311660110
 Hamanaka, R. B., and Chandel, N. S. (2010). Mitochondrial reactive oxygen species regulate cellular signaling and dictate biological outcomes. Trends Biochem. Sci. 35 (9), 505–513. doi:10.1016/j.tibs.2010.04.002
 Han, C., Gu, H., Wang, J., Lu, W., Mei, Y., and Wu, M. (2013). Regulation of L-threonine dehydrogenase in somatic cell reprogramming. Stem cells 31 (5), 953–965. doi:10.1002/stem.1335
 Hansson, J., Rafiee, M. R., Reiland, S., Polo, J. M., Gehring, J., Okawa, S., et al. (2012). Highly coordinated proteome dynamics during reprogramming of somatic cells to pluripotency. Cell. Rep. 2 (6), 1579–1592. doi:10.1016/j.celrep.2012.10.014
 Hawkins, K. E., Joy, S., Delhove, J. M., Kotiadis, V. N., Fernandez, E., Fitzpatrick, L. M., et al. (2016). NRF2 orchestrates the metabolic shift during induced pluripotent stem cell reprogramming. Cell. Rep. 14 (8), 1883–1891. doi:10.1016/j.celrep.2016.02.003
 Herriges, M. J., Yampolskaya, M., Thapa, B. R., Lindstrom-Vautrin, J., Wang, F., Huang, J., et al. (2023). Durable alveolar engraftment of PSC-derived lung epithelial cells into immunocompetent mice. Cell. stem Cell. 30 (9), 1217–1234 e7. doi:10.1016/j.stem.2023.07.016
 Holzerova, E., and Prokisch, H. (2015). Mitochondria: much ado about nothing? How dangerous is reactive oxygen species production?Int. J. Biochem. Cell. Biol. 63, 16–20. doi:10.1016/j.biocel.2015.01.021
 Hong, H., Takahashi, K., Ichisaka, T., Aoi, T., Kanagawa, O., Nakagawa, M., et al. (2009). Suppression of induced pluripotent stem cell generation by the p53-p21 pathway. Nature 460 (7259), 1132–1135. doi:10.1038/nature08235
 Hou, P., Li, Y., Zhang, X., Liu, C., Guan, J., Li, H., et al. (2013). Pluripotent stem cells induced from mouse somatic cells by small-molecule compounds. Science 341 (6146), 651–654. doi:10.1126/science.1239278
 Hu, X., Zhang, L., Mao, S. Q., Li, Z., Chen, J., Zhang, R. R., et al. (2014). Tet and TDG mediate DNA demethylation essential for mesenchymal-to-epithelial transition in somatic cell reprogramming. Cell. stem Cell. 14 (4), 512–522. doi:10.1016/j.stem.2014.01.001
 Huang, K., Zhang, X., Shi, J., Yao, M., Lin, J., Li, J., et al. (2015). Dynamically reorganized chromatin is the key for the reprogramming of somatic cells to pluripotent cells. Sci. Rep. 5, 17691. doi:10.1038/srep17691
 Intlekofer, A. M., and Finley, L. W. S. (2019). Metabolic signatures of cancer cells and stem cells. Nat. Metab. 1 (2), 177–188. doi:10.1038/s42255-019-0032-0
 Ishida, T., Nakao, S., Ueyama, T., Harada, Y., and Kawamura, T. (2020). Metabolic remodeling during somatic cell reprogramming to induced pluripotent stem cells: involvement of hypoxia-inducible factor 1. Inflamm. Regen. 40, 8. doi:10.1186/s41232-020-00117-8
 Ivanova, J. S., Pugovkina, N. A., Neganova, I. E., Kozhukharova, I. V., Nikolsky, N. N., and Lyublinskaya, O. G. (2021). Cell cycle-coupled changes in the level of reactive oxygen species support the proliferation of human pluripotent stem cells. Stem cells 39, 1671–1687. doi:10.1002/stem.3450
 Jang, J., Wang, Y., Kim, H. S., Lalli, M. A., and Kosik, K. S. (2014). Nrf2, a regulator of the proteasome, controls self-renewal and pluripotency in human embryonic stem cells. Stem cells 32 (10), 2616–2625. doi:10.1002/stem.1764
 Ji, J., Sharma, V., Qi, S., Guarch, M. E., Zhao, P., Luo, Z., et al. (2014). Antioxidant supplementation reduces genomic aberrations in human induced pluripotent stem cells. Stem Cell. Rep. 2 (1), 44–51. doi:10.1016/j.stemcr.2013.11.004
 Kang, J., Gemberling, M., Nakamura, M., Whitby, F. G., Handa, H., Fairbrother, W. G., et al. (2009). A general mechanism for transcription regulation by Oct1 and Oct4 in response to genotoxic and oxidative stress. Genes. and Dev. 23 (2), 208–222. doi:10.1101/gad.1750709
 Kang, P. J., Zheng, J., Lee, G., Son, D., Kim, I. Y., Song, G., et al. (2019). Glycine decarboxylase regulates the maintenance and induction of pluripotency via metabolic control. Metab. Eng. 53, 35–47. doi:10.1016/j.ymben.2019.02.003
 Karagiannis, P., Yamanaka, S., and Saito, M. K. (2019). Application of induced pluripotent stem cells to primary immunodeficiency diseases. Exp. Hematol. 71, 43–50. doi:10.1016/j.exphem.2019.01.005
 Kawamura, T., Suzuki, J., Wang, Y. V., Menendez, S., Morera, L. B., Raya, A., et al. (2009). Linking the p53 tumour suppressor pathway to somatic cell reprogramming. Nature 460 (7259), 1140–1144. doi:10.1038/nature08311
 Khacho, M., Clark, A., Svoboda, D. S., Azzi, J., MacLaurin, J. G., Meghaizel, C., et al. (2016). Mitochondrial dynamics impacts stem cell identity and fate decisions by regulating a nuclear transcriptional program. Cell. stem Cell. 19 (2), 232–247. doi:10.1016/j.stem.2016.04.015
 Khaw, S. L., Min-Wen, C., Koh, C. G., Lim, B., and Shyh-Chang, N. (2015). Oocyte factors suppress mitochondrial polynucleotide phosphorylase to remodel the metabolome and enhance reprogramming. Cell. Rep. 12 (7), 1080–1088. doi:10.1016/j.celrep.2015.07.032
 Kida, Y. S., Kawamura, T., Wei, Z., Sogo, T., Jacinto, S., Shigeno, A., et al. (2015). ERRs mediate a metabolic switch required for somatic cell reprogramming to pluripotency. Cell. stem Cell. 16 (5), 547–555. doi:10.1016/j.stem.2015.03.001
 Kim, H., Jang, H., Kim, T. W., Kang, B. H., Lee, S. E., Jeon, Y. K., et al. (2015). Core pluripotency factors directly regulate metabolism in embryonic stem cell to maintain pluripotency. Stem cells 33 (9), 2699–2711. doi:10.1002/stem.2073
 Kirova, D. G., Judasova, K., Vorhauser, J., Zerjatke, T., Leung, J. K., Glauche, I., et al. (2022). A ROS-dependent mechanism promotes CDK2 phosphorylation to drive progression through S phase. Dev. Cell. 57 (14), 1712–1727 e9. doi:10.1016/j.devcel.2022.06.008
 Klein Gunnewiek, T. M., Van Hugte, E. J. H., Frega, M., Guardia, G. S., Foreman, K., Panneman, D., et al. (2020). m.3243A > G-induced mitochondrial dysfunction impairs human neuronal development and reduces neuronal network activity and synchronicity. Cell. Rep. 31 (3), 107538. doi:10.1016/j.celrep.2020.107538
 Klimanskaya, I., Chung, Y., Becker, S., Lu, S. J., and Lanza, R. (2006). Human embryonic stem cell lines derived from single blastomeres. Nature 444 (7118), 481–485. doi:10.1038/nature05142
 Knapp-Wilson, A., Pereira, G. C., Buzzard, E., Ford, H. C., Richardson, A., Corey, R. A., et al. (2021). Maintenance of complex I and its supercomplexes by NDUF-11 is essential for mitochondrial structure, function and health. J. Cell. Sci. 134 (13), jcs258399. doi:10.1242/jcs.258399
 Knaupp, A. S., Buckberry, S., Pflueger, J., Lim, S. M., Ford, E., Larcombe, M. R., et al. (2017). Transient and permanent reconfiguration of chromatin and transcription factor occupancy drive reprogramming. Cell. stem Cell. 21 (6), 834–845. doi:10.1016/j.stem.2017.11.007
 Kodaira, M., Hatakeyama, H., Yuasa, S., Seki, T., Egashira, T., Tohyama, S., et al. (2015). Impaired respiratory function in MELAS-induced pluripotent stem cells with high heteroplasmy levels. FEBS open bio 5, 219–225. doi:10.1016/j.fob.2015.03.008
 Koga, M., Matsuda, M., Kawamura, T., Sogo, T., Shigeno, A., Nishida, E., et al. (2014). Foxd1 is a mediator and indicator of the cell reprogramming process. Nat. Commun. 5, 3197. doi:10.1038/ncomms4197
 Kolundzic, E., Ofenbauer, A., Bulut, S. I., Uyar, B., Baytek, G., Sommermeier, A., et al. (2018). FACT sets a barrier for cell fate reprogramming in Caenorhabditis elegans and human cells. Dev. Cell. 46 (5), 611–626. doi:10.1016/j.devcel.2018.07.006
 Kondoh, H., Lleonart, M. E., Nakashima, Y., Yokode, M., Tanaka, M., Bernard, D., et al. (2007). A high glycolytic flux supports the proliferative potential of murine embryonic stem cells. Antioxidants redox Signal. 9 (3), 293–299. doi:10.1089/ars.2006.1467
 Korshunov, S. S., Skulachev, V. P., and Starkov, A. A. (1997). High protonic potential actuates a mechanism of production of reactive oxygen species in mitochondria. FEBS Lett. 416 (1), 15–18. doi:10.1016/s0014-5793(97)01159-9
 Kosanke, M., Davenport, C., Szepes, M., Wiehlmann, L., Kohrn, T., Dorda, M., et al. (2021). iPSC culture expansion selects against putatively actionable mutations in the mitochondrial genome. Stem Cell. Rep. 16 (10), 2488–2502. doi:10.1016/j.stemcr.2021.08.016
 Kushnareva, Y., Murphy, A. N., and Andreyev, A. (2002). Complex I-mediated reactive oxygen species generation: modulation by cytochrome c and NAD(P)+ oxidation-reduction state. Biochem. J. 368 (Pt 2), 545–553. doi:10.1042/BJ20021121
 Labbe, K., Murley, A., and Nunnari, J. (2014). Determinants and functions of mitochondrial behavior. Annu. Rev. Cell. Dev. Biol. 30, 357–391. doi:10.1146/annurev-cellbio-101011-155756
 Lange, L., Esteban, M. A., and Schambach, A. (2022). Back to pluripotency: fully chemically induced reboot of human somatic cells. Signal Transduct. Target Ther. 7 (1), 244. doi:10.1038/s41392-022-01109-5
 Latorre-Pellicer, A., Lechuga-Vieco, A. V., Johnston, I. G., Hamalainen, R. H., Pellico, J., Justo-Mendez, R., et al. (2019). Regulation of mother-to-offspring transmission of mtDNA heteroplasmy. Cell. metab. 30 (6), 1120–1130. doi:10.1016/j.cmet.2019.09.007
 Le Belle, J. E., Orozco, N. M., Paucar, A. A., Saxe, J. P., Mottahedeh, J., Pyle, A. D., et al. (2011). Proliferative neural stem cells have high endogenous ROS levels that regulate self-renewal and neurogenesis in a PI3K/Akt-dependant manner. Cell. stem Cell. 8 (1), 59–71. doi:10.1016/j.stem.2010.11.028
 Lee, J., Sayed, N., Hunter, A., Au, K. F., Wong, W. H., Mocarski, E. S., et al. (2012b). Activation of innate immunity is required for efficient nuclear reprogramming. Cell. 151 (3), 547–558. doi:10.1016/j.cell.2012.09.034
 Lee, M. R., Mantel, C., Lee, S. A., Moon, S. H., and Broxmeyer, H. E. (2016). MiR-31/SDHA Axis regulates reprogramming efficiency through mitochondrial metabolism. Stem Cell. Rep. 7 (1), 1–10. doi:10.1016/j.stemcr.2016.05.012
 Lee, Y. L., Peng, Q., Fong, S. W., Chen, A. C., Lee, K. F., Ng, E. H., et al. (2012a). Sirtuin 1 facilitates generation of induced pluripotent stem cells from mouse embryonic fibroblasts through the miR-34a and p53 pathways. PloS one 7 (9), e45633. doi:10.1371/journal.pone.0045633
 Lees, J. G., Cliff, T. S., Gammilonghi, A., Ryall, J. G., Dalton, S., Gardner, D. K., et al. (2019). Oxygen regulates human pluripotent stem cell metabolic flux. Stem Cells Int. 2019, 8195614. doi:10.1155/2019/8195614
 Lees, J. G., Gardner, D. K., and Harvey, A. J. (2018). Mitochondrial and glycolytic remodeling during nascent neural differentiation of human pluripotent stem cells. Development 145 (20), dev168997. doi:10.1242/dev.168997
 Li, D., Liu, J., Yang, X., Zhou, C., Guo, J., Wu, C., et al. (2017). Chromatin accessibility dynamics during iPSC reprogramming. Cell. stem Cell. 21 (6), 819–833. doi:10.1016/j.stem.2017.10.012
 Li, L., Chen, K., Wang, T., Wu, Y., Xing, G., Chen, M., et al. (2020). Glis1 facilitates induction of pluripotency via an epigenome-metabolome-epigenome signalling cascade. Nat. Metab. 2 (9), 882–892. doi:10.1038/s42255-020-0267-9
 Li, R., Liang, J., Ni, S., Zhou, T., Qing, X., Li, H., et al. (2010). A mesenchymal-to-epithelial transition initiates and is required for the nuclear reprogramming of mouse fibroblasts. Cell. stem Cell. 7 (1), 51–63. doi:10.1016/j.stem.2010.04.014
 Li, W., Long, Q., Wu, H., Zhou, Y., Duan, L., Yuan, H., et al. (2022). Nuclear localization of mitochondrial TCA cycle enzymes modulates pluripotency via histone acetylation. Nat. Commun. 13 (1), 7414. doi:10.1038/s41467-022-35199-0
 Liesa, M., and Shirihai, O. S. (2013). Mitochondrial dynamics in the regulation of nutrient utilization and energy expenditure. Cell. metab. 17 (4), 491–506. doi:10.1016/j.cmet.2013.03.002
 Lin, Z., Liu, F., Shi, P., Song, A., Huang, Z., Zou, D., et al. (2018). Fatty acid oxidation promotes reprogramming by enhancing oxidative phosphorylation and inhibiting protein kinase C. Stem Cell. Res. Ther. 9 (1), 47. doi:10.1186/s13287-018-0792-6
 Lingappan, K. (2018). NF-κB in oxidative stress. Curr. Opin. Toxicol. 7, 81–86. doi:10.1016/j.cotox.2017.11.002
 Liu, X., Ouyang, J. F., Rossello, F. J., Tan, J. P., Davidson, K. C., Valdes, D. S., et al. (2020). Reprogramming roadmap reveals route to human induced trophoblast stem cells. Nature 586 (7827), 101–107. doi:10.1038/s41586-020-2734-6
 Liuyang, S., Wang, G., Wang, Y., He, H., Lyu, Y., Cheng, L., et al. (2023). Highly efficient and rapid generation of human pluripotent stem cells by chemical reprogramming. Cell. stem Cell. 30 (4), 450–459 e9. doi:10.1016/j.stem.2023.02.008
 Locasale, J. W. (2013). Serine, glycine and one-carbon units: cancer metabolism in full circle. Nat. Rev. Cancer 13 (8), 572–583. doi:10.1038/nrc3557
 Lonergan, T., Brenner, C., and Bavister, B. (2006). Differentiation-related changes in mitochondrial properties as indicators of stem cell competence. J. Cell. physiology 208 (1), 149–153. doi:10.1002/jcp.20641
 Luo, M., Ling, T., Xie, W., Sun, H., Zhou, Y., Zhu, Q., et al. (2013). NuRD blocks reprogramming of mouse somatic cells into pluripotent stem cells. Stem cells 31 (7), 1278–1286. doi:10.1002/stem.1374
 Lynch, C. J., Bernad, R., Calvo, I., Nobrega-Pereira, S., Ruiz, S., Ibarz, N., et al. (2018). The RNA polymerase II factor RPAP1 is critical for mediator-driven transcription and cell identity. Cell. Rep. 22 (2), 396–410. doi:10.1016/j.celrep.2017.12.062
 Lyublinskaya, O. G., Borisov, Y. G., Pugovkina, N. A., Smirnova, I. S., Obidina, J. V., Ivanova, J. S., et al. (2015). Reactive oxygen species are required for human mesenchymal stem cells to initiate proliferation after the quiescence exit. Oxidative Med. Cell. Longev. 2015, 502105. doi:10.1155/2015/502105
 Ma, H., Folmes, C. D., Wu, J., Morey, R., Mora-Castilla, S., Ocampo, A., et al. (2015b). Metabolic rescue in pluripotent cells from patients with mtDNA disease. Nature 524 (7564), 234–238. doi:10.1038/nature14546
 Ma, T., Li, J., Xu, Y., Yu, C., Xu, T., Wang, H., et al. (2015a). Atg5-independent autophagy regulates mitochondrial clearance and is essential for iPSC reprogramming. Nat. Cell. Biol. 17 (11), 1379–1387. doi:10.1038/ncb3256
 Maekawa, M., Yamaguchi, K., Nakamura, T., Shibukawa, R., Kodanaka, I., Ichisaka, T., et al. (2011). Direct reprogramming of somatic cells is promoted by maternal transcription factor Glis1. Nature 474 (7350), 225–229. doi:10.1038/nature10106
 Maherali, N., and Hochedlinger, K. (2009). Tgfbeta signal inhibition cooperates in the induction of iPSCs and replaces Sox2 and cMyc. Curr. Biol. CB 19 (20), 1718–1723. doi:10.1016/j.cub.2009.08.025
 Maherali, N., Sridharan, R., Xie, W., Utikal, J., Eminli, S., Arnold, K., et al. (2007). Directly reprogrammed fibroblasts show global epigenetic remodeling and widespread tissue contribution. Cell. stem Cell. 1 (1), 55–70. doi:10.1016/j.stem.2007.05.014
 Mali, P., Chou, B. K., Yen, J., Ye, Z., Zou, J., Dowey, S., et al. (2010). Butyrate greatly enhances derivation of human induced pluripotent stem cells by promoting epigenetic remodeling and the expression of pluripotency-associated genes. Stem cells 28 (4), 713–720. doi:10.1002/stem.402
 Mansour, A. A., Gafni, O., Weinberger, L., Zviran, A., Ayyash, M., Rais, Y., et al. (2012). The H3K27 demethylase Utx regulates somatic and germ cell epigenetic reprogramming. Nature 488 (7411), 409–413. doi:10.1038/nature11272
 Marion, R. M., Strati, K., Li, H., Murga, M., Blanco, R., Ortega, S., et al. (2009a). A p53-mediated DNA damage response limits reprogramming to ensure iPS cell genomic integrity. Nature 460 (7259), 1149–1153. doi:10.1038/nature08287
 Marion, R. M., Strati, K., Li, H., Tejera, A., Schoeftner, S., Ortega, S., et al. (2009b). Telomeres acquire embryonic stem cell characteristics in induced pluripotent stem cells. Cell. stem Cell. 4 (2), 141–154. doi:10.1016/j.stem.2008.12.010
 Markov, G. J., Mai, T., Nair, S., Shcherbina, A., Wang, Y. X., Burns, D. M., et al. (2021). AP-1 is a temporally regulated dual gatekeeper of reprogramming to pluripotency. Proc. Natl. Acad. Sci. U. S. A. 118 (23), e2104841118. doi:10.1073/pnas.2104841118
 Martinez-Reyes, I., Diebold, L. P., Kong, H., Schieber, M., Huang, H., Hensley, C. T., et al. (2016). TCA cycle and mitochondrial membrane potential are necessary for diverse biological functions. Mol. Cell. 61 (2), 199–209. doi:10.1016/j.molcel.2015.12.002
 Mathieu, J., and Ruohola-Baker, H. (2016). Metabolic RemodeLIN of pluripotency. Cell. stem Cell. 19 (1), 3–4. doi:10.1016/j.stem.2016.06.016
 Mathieu, J., Zhou, W., Xing, Y., Sperber, H., Ferreccio, A., Agoston, Z., et al. (2014). Hypoxia-inducible factors have distinct and stage-specific roles during reprogramming of human cells to pluripotency. Cell. stem Cell. 14 (5), 592–605. doi:10.1016/j.stem.2014.02.012
 Matilainen, O., Quiros, P. M., and Auwerx, J. (2017). Mitochondria and epigenetics - crosstalk in homeostasis and stress. Trends Cell. Biol. 27 (6), 453–463. doi:10.1016/j.tcb.2017.02.004
 Mattenberger, Y., James, D. I., and Martinou, J. C. (2003). Fusion of mitochondria in mammalian cells is dependent on the mitochondrial inner membrane potential and independent of microtubules or actin. FEBS Lett. 538 (1-3), 53–59. doi:10.1016/s0014-5793(03)00124-8
 Meir, Y. J., and Li, G. (2021). Somatic reprogramming-above and beyond pluripotency. Cells 10 (11), 2888. doi:10.3390/cells10112888
 Messmer, T., von Meyenn, F., Savino, A., Santos, F., Mohammed, H., Lun, A. T. L., et al. (2019). Transcriptional heterogeneity in naive and primed human pluripotent stem cells at single-cell resolution. Cell. Rep. 26 (4), 815–824. doi:10.1016/j.celrep.2018.12.099
 Mikkelsen, T. S., Hanna, J., Zhang, X., Ku, M., Wernig, M., Schorderet, P., et al. (2008). Dissecting direct reprogramming through integrative genomic analysis. Nature 454 (7200), 49–55. doi:10.1038/nature07056
 Miles, D. C., de Vries, N. A., Gisler, S., Lieftink, C., Akhtar, W., Gogola, E., et al. (2017). TRIM28 is an epigenetic barrier to induced pluripotent stem cell reprogramming. Stem cells 35 (1), 147–157. doi:10.1002/stem.2453
 Millman, J. R., Tan, J. H., and Colton, C. K. (2009). The effects of low oxygen on self-renewal and differentiation of embryonic stem cells. Curr. Opin. organ Transplant. 14 (6), 694–700. doi:10.1097/MOT.0b013e3283329d53
 Mohyeldin, A., Garzon-Muvdi, T., and Quinones-Hinojosa, A. (2010). Oxygen in stem cell biology: a critical component of the stem cell niche. Cell. stem Cell. 7 (2), 150–161. doi:10.1016/j.stem.2010.07.007
 Moussaieff, A., Rouleau, M., Kitsberg, D., Cohen, M., Levy, G., Barasch, D., et al. (2015). Glycolysis-mediated changes in acetyl-CoA and histone acetylation control the early differentiation of embryonic stem cells. Cell. metab. 21 (3), 392–402. doi:10.1016/j.cmet.2015.02.002
 Murphy, M. P. (2009). How mitochondria produce reactive oxygen species. Biochem. J. 417 (1), 1–13. doi:10.1042/BJ20081386
 Naik, P. P., Birbrair, A., and Bhutia, S. K. (2019). Mitophagy-driven metabolic switch reprograms stem cell fate. Cell. Mol. life Sci. CMLS 76 (1), 27–43. doi:10.1007/s00018-018-2922-9
 Nakamura, N., Shi, X., Darabi, R., and Li, Y. (2021). Hypoxia in cell reprogramming and the epigenetic regulations. Front. Cell. Dev. Biol. 9, 609984. doi:10.3389/fcell.2021.609984
 Nakamura, T., Okamoto, I., Sasaki, K., Yabuta, Y., Iwatani, C., Tsuchiya, H., et al. (2016). A developmental coordinate of pluripotency among mice, monkeys and humans. Nature 537 (7618), 57–62. doi:10.1038/nature19096
 Neganova, I., Chichagova, V., Armstrong, L., and Lako, M. (2017). A critical role for p38MAPK signalling pathway during reprogramming of human fibroblasts to iPSCs. Sci. Rep. 7, 41693. doi:10.1038/srep41693
 Neganova, I., Shmeleva, E., Munkley, J., Chichagova, V., Anyfantis, G., Anderson, R., et al. (2016). JNK/SAPK signaling is essential for efficient reprogramming of human fibroblasts to induced pluripotent stem cells. Stem cells 34 (5), 1198–1212. doi:10.1002/stem.2327
 Nichols, J., and Smith, A. (2009). Naive and primed pluripotent states. Cell. stem Cell. 4 (6), 487–492. doi:10.1016/j.stem.2009.05.015
 Nishimura, K., Aizawa, S., Nugroho, F. L., Shiomitsu, E., Tran, Y. T. H., Bui, P. L., et al. (2017). A role for KLF4 in promoting the metabolic shift via TCL1 during induced pluripotent stem cell generation. Stem Cell. Rep. 8 (3), 787–801. doi:10.1016/j.stemcr.2017.01.026
 Nishimura, K., Fukuda, A., and Hisatake, K. (2019). Mechanisms of the metabolic shift during somatic cell reprogramming. Int. J. Mol. Sci. 20 (9), 2254. doi:10.3390/ijms20092254
 Nissenbaum, J., Bar-Nur, O., Ben-David, E., and Benvenisty, N. (2013). Global indiscriminate methylation in cell-specific gene promoters following reprogramming into human induced pluripotent stem cells. Stem Cell. Rep. 1 (6), 509–517. doi:10.1016/j.stemcr.2013.11.007
 Okita, K., Ichisaka, T., and Yamanaka, S. (2007). Generation of germline-competent induced pluripotent stem cells. Nature 448 (7151), 313–317. doi:10.1038/nature05934
 Pan, H., Cai, N., Li, M., Liu, G. H., and Izpisua Belmonte, J. C. (2013). Autophagic control of cell 'stemness. EMBO Mol. Med. 5 (3), 327–331. doi:10.1002/emmm.201201999
 Panopoulos, A. D., Yanes, O., Ruiz, S., Kida, Y. S., Diep, D., Tautenhahn, R., et al. (2012). The metabolome of induced pluripotent stem cells reveals metabolic changes occurring in somatic cell reprogramming. Cell. Res. 22 (1), 168–177. doi:10.1038/cr.2011.177
 Papa, S., and Skulachev, V. P. (1997). Reactive oxygen species, mitochondria, apoptosis and aging. Mol. Cell. Biochem. 174 (1-2), 305–319. doi:10.1023/a:1006873518427
 Parenti, A., Halbisen, M. A., Wang, K., Latham, K., and Ralston, A. (2016). OSKM induce extraembryonic endoderm stem cells in parallel to induced pluripotent stem cells. Stem Cell. Rep. 6 (4), 447–455. doi:10.1016/j.stemcr.2016.02.003
 Park, S. J., Lee, S. A., Prasain, N., Bae, D., Kang, H., Ha, T., et al. (2017). Metabolome profiling of partial and fully reprogrammed induced pluripotent stem cells. Stem cells Dev. 26 (10), 734–742. doi:10.1089/scd.2016.0320
 Pei, Y., Yue, L., Zhang, W., Wang, Y., Wen, B., Zhong, L., et al. (2015). Improvement in mouse iPSC induction by Rab32 reveals the importance of lipid metabolism during reprogramming. Sci. Rep. 5, 16539. doi:10.1038/srep16539
 Perales-Clemente, E., Folmes, C. D., and Terzic, A. (2014). Metabolic regulation of redox status in stem cells. Antioxidants redox Signal. 21 (11), 1648–1659. doi:10.1089/ars.2014.6000
 Picard, M., and Shirihai, O. S. (2022). Mitochondrial signal transduction. Cell. metab. 34 (11), 1620–1653. doi:10.1016/j.cmet.2022.10.008
 Pieknell, K., Sulistio, Y. A., Wulansari, N., Darsono, W. H. W., Chang, M. Y., Ko, J. Y., et al. (2022). LIN28A enhances regenerative capacity of human somatic tissue stem cells via metabolic and mitochondrial reprogramming. Cell. death Differ. 29 (3), 540–555. doi:10.1038/s41418-021-00873-1
 Polo, J. M., Anderssen, E., Walsh, R. M., Schwarz, B. A., Nefzger, C. M., Lim, S. M., et al. (2012). A molecular roadmap of reprogramming somatic cells into iPS cells. Cell. 151 (7), 1617–1632. doi:10.1016/j.cell.2012.11.039
 Powers, D. E., Millman, J. R., Huang, R. B., and Colton, C. K. (2008). Effects of oxygen on mouse embryonic stem cell growth, phenotype retention, and cellular energetics. Biotechnol. Bioeng. 101 (2), 241–254. doi:10.1002/bit.21986
 Prieto, J., Garcia-Canaveras, J. C., Leon, M., Sendra, R., Ponsoda, X., Izpisua Belmonte, J. C., et al. (2021). c-MYC triggers lipid remodelling during early somatic cell reprogramming to pluripotency. Stem Cell. Rev. Rep. 17 (6), 2245–2261. doi:10.1007/s12015-021-10239-2
 Prieto, J., Leon, M., Ponsoda, X., Sendra, R., Bort, R., Ferrer-Lorente, R., et al. (2016). Early ERK1/2 activation promotes DRP1-dependent mitochondrial fission necessary for cell reprogramming. Nat. Commun. 7, 11124. doi:10.1038/ncomms11124
 Prieto, J., Ponsoda, X., Izpisua Belmonte, J. C., and Torres, J. (2020). Mitochondrial dynamics and metabolism in induced pluripotency. Exp. Gerontol. 133, 110870. doi:10.1016/j.exger.2020.110870
 Prieto, J., Seo, A. Y., Leon, M., Santacatterina, F., Torresano, L., Palomino-Schatzlein, M., et al. (2018). MYC induces a hybrid energetics program early in cell reprogramming. Stem Cell. Rep. 11 (6), 1479–1492. doi:10.1016/j.stemcr.2018.10.018
 Prigione, A., and Adjaye, J. (2010). Modulation of mitochondrial biogenesis and bioenergetic metabolism upon in vitro and in vivo differentiation of human ES and iPS cells. Int. J. Dev. Biol. 54 (11-12), 1729–1741. doi:10.1387/ijdb.103198ap
 Prigione, A., Fauler, B., Lurz, R., Lehrach, H., and Adjaye, J. (2010). The senescence-related mitochondrial/oxidative stress pathway is repressed in human induced pluripotent stem cells. Stem cells 28 (4), 721–733. doi:10.1002/stem.404
 Prigione, A., Hossini, A. M., Lichtner, B., Serin, A., Fauler, B., Megges, M., et al. (2011). Mitochondrial-associated cell death mechanisms are reset to an embryonic-like state in aged donor-derived iPS cells harboring chromosomal aberrations. PloS one 6 (11), e27352. doi:10.1371/journal.pone.0027352
 Prigione, A., Rohwer, N., Hoffmann, S., Mlody, B., Drews, K., Bukowiecki, R., et al. (2014). HIF1α modulates cell fate reprogramming through early glycolytic shift and upregulation of PDK1-3 and PKM2. Stem cells 32 (2), 364–376. doi:10.1002/stem.1552
 Qin, H., Hejna, M., Liu, Y., Percharde, M., Wossidlo, M., Blouin, L., et al. (2016). YAP induces human naive pluripotency. Cell. Rep. 14 (10), 2301–2312. doi:10.1016/j.celrep.2016.02.036
 Qin, S., Yang, D., Chen, K., Li, H., Zhang, L., Li, Y., et al. (2017). Pkm2 can enhance pluripotency in ESCs and promote somatic cell reprogramming to iPSCs. Oncotarget 8 (48), 84276–84284. doi:10.18632/oncotarget.20685
 Quintana-Cabrera, R., and Scorrano, L. (2023). Determinants and outcomes of mitochondrial dynamics. Mol. Cell. 83 (6), 857–876. doi:10.1016/j.molcel.2023.02.012
 Rais, Y., Zviran, A., Geula, S., Gafni, O., Chomsky, E., Viukov, S., et al. (2013). Deterministic direct reprogramming of somatic cells to pluripotency. Nature 502 (7469), 65–70. doi:10.1038/nature12587
 Rao, S., Turek, I., Ratcliffe, J., Beckham, S., Cianciarulo, C., Adil, S., et al. (2023). 5-HT(3) receptors on mitochondria influence mitochondrial function. Int. J. Mol. Sci. 24 (9), 8301. doi:10.3390/ijms24098301
 Robertson, E., Bradley, A., Kuehn, M., and Evans, M. (1986). Germ-line transmission of genes introduced into cultured pluripotential cells by retroviral vector. Nature 323 (6087), 445–448. doi:10.1038/323445a0
 Rodrigues, A. S., Correia, M., Gomes, A., Pereira, S. L., Perestrelo, T., Sousa, M. I., et al. (2015b). Dichloroacetate, the pyruvate dehydrogenase complex and the modulation of mESC pluripotency. PloS one 10 (7), e0131663. doi:10.1371/journal.pone.0131663
 Rodrigues, A. S., Pereira, S. L., Correia, M., Gomes, A., Perestrelo, T., and Ramalho-Santos, J. (2015a). Differentiate or die: 3-bromopyruvate and pluripotency in mouse embryonic stem cells. PloS one 10 (8), e0135617. doi:10.1371/journal.pone.0135617
 Ruiz, S., Diep, D., Gore, A., Panopoulos, A. D., Montserrat, N., Plongthongkum, N., et al. (2012). Identification of a specific reprogramming-associated epigenetic signature in human induced pluripotent stem cells. Proc. Natl. Acad. Sci. U. S. A. 109 (40), 16196–16201. doi:10.1073/pnas.1202352109
 Ryu, J. M., and Han, H. J. (2011). L-threonine regulates G1/S phase transition of mouse embryonic stem cells via PI3K/Akt, MAPKs, and mTORC pathways. J. Biol. Chem. 286 (27), 23667–23678. doi:10.1074/jbc.M110.216283
 Sagi, I., and Benvenisty, N. (2016). Stem cells: aspiring to naivety. Nature 540 (7632), 211–212. doi:10.1038/nature20484
 Samavarchi-Tehrani, P., Golipour, A., David, L., Sung, H. K., Beyer, T. A., Datti, A., et al. (2010). Functional genomics reveals a BMP-driven mesenchymal-to-epithelial transition in the initiation of somatic cell reprogramming. Cell. stem Cell. 7 (1), 64–77. doi:10.1016/j.stem.2010.04.015
 Sato, S., Fujita, N., and Tsuruo, T. (2002). Interference with PDK1-Akt survival signaling pathway by UCN-01 (7-hydroxystaurosporine). Oncogene 21 (11), 1727–1738. doi:10.1038/sj.onc.1205225
 Sauer, H., Wartenberg, M., and Hescheler, J. (2001). Reactive oxygen species as intracellular messengers during cell growth and differentiation. Cell. Physiol. Biochem. 11 (4), 173–186. doi:10.1159/000047804
 Schiebinger, G., Shu, J., Tabaka, M., Cleary, B., Subramanian, V., Solomon, A., et al. (2019). Optimal-transport analysis of single-cell gene expression identifies developmental trajectories in reprogramming. Cell. 176 (4), 928–943. doi:10.1016/j.cell.2019.01.006
 Schieke, S. M., Ma, M., Cao, L., McCoy, J. P., Liu, C., Hensel, N. F., et al. (2008). Mitochondrial metabolism modulates differentiation and teratoma formation capacity in mouse embryonic stem cells. J. Biol. Chem. 283 (42), 28506–28512. doi:10.1074/jbc.M802763200
 Schwarz, B. A., Cetinbas, M., Clement, K., Walsh, R. M., Cheloufi, S., Gu, H., et al. (2018). Prospective isolation of poised iPSC intermediates reveals principles of cellular reprogramming. Cell. stem Cell. 23 (2), 289–305. doi:10.1016/j.stem.2018.06.013
 Selenina, A. V., Tsimokha, A. S., and Tomilin, A. N. (2017). Proteasomes in protein homeostasis of pluripotent stem cells. Acta naturae 9 (3), 39–47. doi:10.32607/20758251-2017-9-3-39-47
 Seo, B. J., Yoon, S. H., and Do, J. T. (2018). Mitochondrial dynamics in stem cells and differentiation. Int. J. Mol. Sci. 19 (12), 3893. doi:10.3390/ijms19123893
 Serasinghe, M. N., Wieder, S. Y., Renault, T. T., Elkholi, R., Asciolla, J. J., Yao, J. L., et al. (2015). Mitochondrial division is requisite to RAS-induced transformation and targeted by oncogenic MAPK pathway inhibitors. Mol. Cell. 57 (3), 521–536. doi:10.1016/j.molcel.2015.01.003
 Sevinc, K., Sevinc, G. G., Cavga, A. D., Philpott, M., Kelekci, S., Can, H., et al. (2022). BRD9-containing non-canonical BAF complex maintains somatic cell transcriptome and acts as a barrier to human reprogramming. Stem Cell. Rep. 17 (12), 2629–2642. doi:10.1016/j.stemcr.2022.10.005
 Shao, Z., Yao, C., Khodadadi-Jamayran, A., Xu, W., Townes, T. M., Crowley, M. R., et al. (2016). Reprogramming by de-bookmarking the somatic transcriptional program through targeting of BET bromodomains. Cell. Rep. 16 (12), 3138–3145. doi:10.1016/j.celrep.2016.08.060
 Shen, Z., Kang, J., Shakya, A., Tabaka, M., Jarboe, E. A., Regev, A., et al. (2017). Enforcement of developmental lineage specificity by transcription factor Oct1. Elife 6, e20937. doi:10.7554/eLife.20937
 Shiraki, N., Shiraki, Y., Tsuyama, T., Obata, F., Miura, M., Nagae, G., et al. (2014). Methionine metabolism regulates maintenance and differentiation of human pluripotent stem cells. Cell. metab. 19 (5), 780–794. doi:10.1016/j.cmet.2014.03.017
 Shuvalov, O., Petukhov, A., Daks, A., Fedorova, O., Vasileva, E., and Barlev, N. A. (2017). One-carbon metabolism and nucleotide biosynthesis as attractive targets for anticancer therapy. Oncotarget 8 (14), 23955–23977. doi:10.18632/oncotarget.15053
 Shyh-Chang, N., Locasale, J. W., Lyssiotis, C. A., Zheng, Y., Teo, R. Y., Ratanasirintrawoot, S., et al. (2013b). Influence of threonine metabolism on S-adenosylmethionine and histone methylation. Science 339 (6116), 222–226. doi:10.1126/science.1226603
 Shyh-Chang, N., Zheng, Y., Locasale, J. W., and Cantley, L. C. (2011). Human pluripotent stem cells decouple respiration from energy production. EMBO J. 30 (24), 4851–4852. doi:10.1038/emboj.2011.436
 Shyh-Chang, N., Zhu, H., Yvanka de Soysa, T., Shinoda, G., Seligson, M. T., Tsanov, K. M., et al. (2013a). Lin28 enhances tissue repair by reprogramming cellular metabolism. Cell. 155 (4), 778–792. doi:10.1016/j.cell.2013.09.059
 Sies, H., and Jones, D. P. (2020). Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell. Biol. 21 (7), 363–383. doi:10.1038/s41580-020-0230-3
 Simic, M. S., Moehle, E. A., Schinzel, R. T., Lorbeer, F. K., Halloran, J. J., Heydari, K., et al. (2019). Transient activation of the UPR(ER) is an essential step in the acquisition of pluripotency during reprogramming. Sci. Adv. 5 (4), eaaw0025. doi:10.1126/sciadv.aaw0025
 Sinenko, S. A., Kuzmin, A. A., Skvortsova, E. V., Ponomartsev, S. V., Efimova, E. V., Bader, M., et al. (2023). Tryptophan hydroxylase-2-mediated serotonin biosynthesis suppresses cell reprogramming into pluripotent state. Int. J. Mol. Sci. 24 (5), 4862. doi:10.3390/ijms24054862
 Sinenko, S. A., Ponomartsev, S. V., and Tomilin, A. N. (2021a). Pluripotent stem cell-based gene therapy approach: human de novo synthesized chromosomes. Cell. Mol. life Sci. CMLS 78 (4), 1207–1220. doi:10.1007/s00018-020-03653-1
 Sinenko, S. A., Shim, J., and Banerjee, U. (2012). Oxidative stress in the haematopoietic niche regulates the cellular immune response in Drosophila. EMBO Rep. 13 (1), 83–89. doi:10.1038/embor.2011.223
 Sinenko, S. A., Starkova, T. Y., Kuzmin, A. A., and Tomilin, A. N. (2021b). Physiological signaling functions of reactive oxygen species in stem cells: from flies to man. Front. Cell. Dev. Biol. 9, 714370. doi:10.3389/fcell.2021.714370
 Skvortsova, E. V., Nazarov, I. B., Tomilin, A. N., and Sinenko, S. A. (2022). Dual mode of mitochondrial ROS action during reprogramming to pluripotency. Int. J. Mol. Sci. 23 (18), 10924. doi:10.3390/ijms231810924
 Skvortsova, E. V., Sinenko, S. A., and Tomilin, A. (2018). Immortalized murine fibroblast cell lines are refractory to reprogramming to pluripotent state. Oncotarget 9 (81), 35241–35250. doi:10.18632/oncotarget.26235
 Sommer, C. A., Stadtfeld, M., Murphy, G. J., Hochedlinger, K., Kotton, D. N., and Mostoslavsky, G. (2009). Induced pluripotent stem cell generation using a single lentiviral stem cell cassette. Stem cells 27 (3), 543–549. doi:10.1634/stemcells.2008-1075
 Son, M. J., Kwon, Y., Son, M. Y., Seol, B., Choi, H. S., Ryu, S. W., et al. (2015). Mitofusins deficiency elicits mitochondrial metabolic reprogramming to pluripotency. Cell. death Differ. 22 (12), 1957–1969. doi:10.1038/cdd.2015.43
 Son, M. Y., Choi, H., Han, Y. M., and Cho, Y. S. (2013a). Unveiling the critical role of REX1 in the regulation of human stem cell pluripotency. Stem cells 31 (11), 2374–2387. doi:10.1002/stem.1509
 Son, Y., Kim, S., Chung, H. T., and Pae, H. O. (2013b). Reactive oxygen species in the activation of MAP kinases. Methods Enzymol. 528, 27–48. doi:10.1016/B978-0-12-405881-1.00002-1
 Sone, M., Morone, N., Nakamura, T., Tanaka, A., Okita, K., Woltjen, K., et al. (2017). Hybrid cellular metabolism coordinated by Zic3 and Esrrb synergistically enhances induction of naive pluripotency. Cell. metab. 25 (5), 1103–1117. doi:10.1016/j.cmet.2017.04.017
 Soufi, A., Donahue, G., and Zaret, K. S. (2012). Facilitators and impediments of the pluripotency reprogramming factors' initial engagement with the genome. Cell. 151 (5), 994–1004. doi:10.1016/j.cell.2012.09.045
 Stadtfeld, M., Apostolou, E., Akutsu, H., Fukuda, A., Follett, P., Natesan, S., et al. (2010). Aberrant silencing of imprinted genes on chromosome 12qF1 in mouse induced pluripotent stem cells. Nature 465 (7295), 175–181. doi:10.1038/nature09017
 Stadtfeld, M., Maherali, N., Breault, D. T., and Hochedlinger, K. (2008b). Defining molecular cornerstones during fibroblast to iPS cell reprogramming in mouse. Cell. stem Cell. 2 (3), 230–240. doi:10.1016/j.stem.2008.02.001
 Stadtfeld, M., Nagaya, M., Utikal, J., Weir, G., and Hochedlinger, K. (2008a). Induced pluripotent stem cells generated without viral integration. Science 322 (5903), 945–949. doi:10.1126/science.1162494
 St John, J. C. (2016). Mitochondrial DNA copy number and replication in reprogramming and differentiation. Semin. Cell. Dev. Biol. 52, 93–101. doi:10.1016/j.semcdb.2016.01.028
 Suda, T., Takubo, K., and Semenza, G. L. (2011). Metabolic regulation of hematopoietic stem cells in the hypoxic niche. Cell. stem Cell. 9 (4), 298–310. doi:10.1016/j.stem.2011.09.010
 Suhr, S. T., Chang, E. A., Tjong, J., Alcasid, N., Perkins, G. A., Goissis, M. D., et al. (2010). Mitochondrial rejuvenation after induced pluripotency. PloS one 5 (11), e14095. doi:10.1371/journal.pone.0014095
 Sun, H., Liang, L., Li, Y., Feng, C., Li, L., Zhang, Y., et al. (2016). Lysine-specific histone demethylase 1 inhibition promotes reprogramming by facilitating the expression of exogenous transcriptional factors and metabolic switch. Sci. Rep. 6, 30903. doi:10.1038/srep30903
 Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Sasaki, A., Yamamoto, M., et al. (2014). Induction of pluripotency in human somatic cells via a transient state resembling primitive streak-like mesendoderm. Nat. Commun. 5, 3678. doi:10.1038/ncomms4678
 Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cell. 126 (4), 663–676. doi:10.1016/j.cell.2006.07.024
 Takahashi, K., and Yamanaka, S. (2016). A decade of transcription factor-mediated reprogramming to pluripotency. Nat. Rev. Mol. Cell. Biol. 17 (3), 183–193. doi:10.1038/nrm.2016.8
 Takashima, Y., Guo, G., Loos, R., Nichols, J., Ficz, G., Krueger, F., et al. (2014). Resetting transcription factor control circuitry toward ground-state pluripotency in human. Cell. 158 (6), 1254–1269. doi:10.1016/j.cell.2014.08.029
 Tan, S. W. S., Lee, Q. Y., Wong, B. S. E., Cai, Y., and Baeg, G. H. (2017). Redox homeostasis plays important roles in the maintenance of the Drosophila testis germline stem cells. Stem Cell. Rep. 9 (1), 342–354. doi:10.1016/j.stemcr.2017.05.034
 Tang, S., Le, P. K., Tse, S., Wallace, D. C., and Huang, T. (2009). Heterozygous mutation of Opa1 in Drosophila shortens lifespan mediated through increased reactive oxygen species production. PloS one 4 (2), e4492. doi:10.1371/journal.pone.0004492
 Tang, Y., Luo, Y., Jiang, Z., Ma, Y., Lin, C. J., Kim, C., et al. (2012). Jak/Stat3 signaling promotes somatic cell reprogramming by epigenetic regulation. Stem cells 30 (12), 2645–2656. doi:10.1002/stem.1225
 Tesar, P. J., Chenoweth, J. G., Brook, F. A., Davies, T. J., Evans, E. P., Mack, D. L., et al. (2007). New cell lines from mouse epiblast share defining features with human embryonic stem cells. Nature 448 (7150), 196–199. doi:10.1038/nature05972
 TeSlaa, T., Chaikovsky, A. C., Lipchina, I., Escobar, S. L., Hochedlinger, K., Huang, J., et al. (2016). α-Ketoglutarate accelerates the initial differentiation of primed human pluripotent stem cells. Cell. metab. 24 (3), 485–493. doi:10.1016/j.cmet.2016.07.002
 Teslaa, T., and Teitell, M. A. (2015). Pluripotent stem cell energy metabolism: an update. EMBO J. 34 (2), 138–153. doi:10.15252/embj.201490446
 Thangavelu, C. S., and Norden-Krichmar, T. M. (2023). Integrative meta-analysis during induced pluripotent stem cell reprogramming reveals conserved networks and chromatin accessibility signatures in human and mouse. BioMedInformatics 3 (4), 1015–1039. doi:10.3390/biomedinformatics3040061
 Theunissen, T. W., Friedli, M., He, Y., Planet, E., O'Neil, R. C., Markoulaki, S., et al. (2016). Molecular criteria for defining the naive human pluripotent state. Cell. stem Cell. 19 (4), 502–515. doi:10.1016/j.stem.2016.06.011
 Thompson, S., Clarke, A. R., Pow, A. M., Hooper, M. L., and Melton, D. W. (1989). Germ line transmission and expression of a corrected HPRT gene produced by gene targeting in embryonic stem cells. Cell. 56 (2), 313–321. doi:10.1016/0092-8674(89)90905-7
 Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, J. J., Marshall, V. S., et al. (1998). Embryonic stem cell lines derived from human blastocysts. Science 282 (5391), 1145–1147. doi:10.1126/science.282.5391.1145
 Todd, L. R., Damin, M. N., Gomathinayagam, R., Horn, S. R., Means, A. R., and Sankar, U. (2010). Growth factor erv1-like modulates Drp1 to preserve mitochondrial dynamics and function in mouse embryonic stem cells. Mol. Biol. Cell. 21 (7), 1225–1236. doi:10.1091/mbc.e09-11-0937
 Tran, K. A., Dillingham, C. M., and Sridharan, R. (2019b). The role of alpha-ketoglutarate-dependent proteins in pluripotency acquisition and maintenance. J. Biol. Chem. 294 (14), 5408–5419. doi:10.1074/jbc.TM118.000831
 Tran, K. A., Jackson, S. A., Olufs, Z. P., Zaidan, N. Z., Leng, N., Kendziorski, C., et al. (2015). Collaborative rewiring of the pluripotency network by chromatin and signalling modulating pathways. Nat. Commun. 6, 6188. doi:10.1038/ncomms7188
 Tran, K. A., Pietrzak, S. J., Zaidan, N. Z., Siahpirani, A. F., McCalla, S. G., Zhou, A. S., et al. (2019a). Defining reprogramming checkpoints from single-cell analyses of induced pluripotency. Cell. Rep. 27 (6), 1726–1741. doi:10.1016/j.celrep.2019.04.056
 Tsogtbaatar, E., Landin, C., Minter-Dykhouse, K., and Folmes, C. D. L. (2020). Energy metabolism regulates stem cell pluripotency. Front. Cell. Dev. Biol. 8, 87. doi:10.3389/fcell.2020.00087
 Utikal, J., Polo, J. M., Stadtfeld, M., Maherali, N., Kulalert, W., Walsh, R. M., et al. (2009). Immortalization eliminates a roadblock during cellular reprogramming into iPS cells. Nature 460 (7259), 1145–1148. doi:10.1038/nature08285
 Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009). Understanding the Warburg effect: the metabolic requirements of cell proliferation. Science 324 (5930), 1029–1033. doi:10.1126/science.1160809
 van Raam, B. J., Sluiter, W., de Wit, E., Roos, D., Verhoeven, A. J., and Kuijpers, T. W. (2008). Mitochondrial membrane potential in human neutrophils is maintained by complex III activity in the absence of supercomplex organisation. PloS one 3 (4), e2013. doi:10.1371/journal.pone.0002013
 Vardhana, S. A., Arnold, P. K., Rosen, B. P., Chen, Y., Carey, B. W., Huangfu, D., et al. (2019). Glutamine independence is a selectable feature of pluripotent stem cells. Nat. Metab. 1 (7), 676–687. doi:10.1038/s42255-019-0082-3
 Varlakhanova, N. V., Cotterman, R. F., deVries, W. N., Morgan, J., Donahue, L. R., Murray, S., et al. (2010). Myc maintains embryonic stem cell pluripotency and self-renewal. Differ. Res. Biol. Divers. 80 (1), 9–19. doi:10.1016/j.diff.2010.05.001
 Varum, S., Rodrigues, A. S., Moura, M. B., Momcilovic, O., Easley, C. A. t., Ramalho-Santos, J., et al. (2011). Energy metabolism in human pluripotent stem cells and their differentiated counterparts. PloS one 6 (6), e20914. doi:10.1371/journal.pone.0020914
 Vazquez-Martin, A., Corominas-Faja, B., Cufi, S., Vellon, L., Oliveras-Ferraros, C., Menendez, O. J., et al. (2013). The mitochondrial H(+)-ATP synthase and the lipogenic switch: new core components of metabolic reprogramming in induced pluripotent stem (iPS) cells. Cell. cycle 12 (2), 207–218. doi:10.4161/cc.23352
 Vazquez-Martin, A., Cufi, S., Corominas-Faja, B., Oliveras-Ferraros, C., Vellon, L., and Menendez, J. A. (2012a). Mitochondrial fusion by pharmacological manipulation impedes somatic cell reprogramming to pluripotency: new insight into the role of mitophagy in cell stemness. Aging 4 (6), 393–401. doi:10.18632/aging.100465
 Vazquez-Martin, A., Vellon, L., Quiros, P. M., Cufi, S., Ruiz de Galarreta, E., Oliveras-Ferraros, C., et al. (2012b). Activation of AMP-activated protein kinase (AMPK) provides a metabolic barrier to reprogramming somatic cells into stem cells. Cell. cycle 11 (5), 974–989. doi:10.4161/cc.11.5.19450
 Vinogradov, A. D., and Grivennikova, V. G. (2016). Oxidation of NADH and ROS production by respiratory complex I. Biochim. Biophys. Acta 1857 (7), 863–871. doi:10.1016/j.bbabio.2015.11.004
 Votyakova, T. V., and Reynolds, I. J. (2001). DeltaPsi(m)-Dependent and -independent production of reactive oxygen species by rat brain mitochondria. J. Neurochem. 79 (2), 266–277. doi:10.1046/j.1471-4159.2001.00548.x
 Wai, T., Teoli, D., and Shoubridge, E. A. (2008). The mitochondrial DNA genetic bottleneck results from replication of a subpopulation of genomes. Nat. Genet. 40 (12), 1484–1488. doi:10.1038/ng.258
 Wang, G., Chen, H. W., Oktay, Y., Zhang, J., Allen, E. L., Smith, G. M., et al. (2010). PNPASE regulates RNA import into mitochondria. Cell. 142 (3), 456–467. doi:10.1016/j.cell.2010.06.035
 Wang, J., Alexander, P., Wu, L., Hammer, R., Cleaver, O., and McKnight, S. L. (2009). Dependence of mouse embryonic stem cells on threonine catabolism. Science 325 (5939), 435–439. doi:10.1126/science.1173288
 Wang, J., Sun, S., and Deng, H. (2023). Chemical reprogramming for cell fate manipulation: methods, applications, and perspectives. Cell. stem Cell. 30, 1130–1147. doi:10.1016/j.stem.2023.08.001
 Wang, L., Jiang, Z., Huang, D., Duan, J., Huang, C., Sullivan, S., et al. (2018). JAK/STAT3 regulated global gene expression dynamics during late-stage reprogramming process. BMC genomics 19 (1), 183. doi:10.1186/s12864-018-4507-2
 Wang, L., Xu, X., Jiang, C., Ma, G., Huang, Y., Zhang, H., et al. (2020). mTORC1-PGC1 axis regulates mitochondrial remodeling during reprogramming. FEBS J. 287 (1), 108–121. doi:10.1111/febs.15024
 Wang, L., Zhang, T., Wang, L., Cai, Y., Zhong, X., He, X., et al. (2017). Fatty acid synthesis is critical for stem cell pluripotency via promoting mitochondrial fission. EMBO J. 36 (10), 1330–1347. doi:10.15252/embj.201695417
 Wang, S., Xia, P., Ye, B., Huang, G., Liu, J., and Fan, Z. (2013). Transient activation of autophagy via Sox2-mediated suppression of mTOR is an important early step in reprogramming to pluripotency. Cell. stem Cell. 13 (5), 617–625. doi:10.1016/j.stem.2013.10.005
 Ware, C. B., Nelson, A. M., Mecham, B., Hesson, J., Zhou, W., Jonlin, E. C., et al. (2014). Derivation of naive human embryonic stem cells. Proc. Natl. Acad. Sci. U. S. A. 111 (12), 4484–4489. doi:10.1073/pnas.1319738111
 Wei, T., Chen, W., Wang, X., Zhang, M., Chen, J., Zhu, S., et al. (2015). An HDAC2-TET1 switch at distinct chromatin regions significantly promotes the maturation of pre-iPS to iPS cells. Nucleic acids Res. 43 (11), 5409–5422. doi:10.1093/nar/gkv430
 Wei, W., Gaffney, D. J., and Chinnery, P. F. (2021). Cell reprogramming shapes the mitochondrial DNA landscape. Nat. Commun. 12 (1), 5241. doi:10.1038/s41467-021-25482-x
 Weinberger, L., Ayyash, M., Novershtern, N., and Hanna, J. H. (2016). Dynamic stem cell states: naive to primed pluripotency in rodents and humans. Nat. Rev. Mol. Cell. Biol. 17 (3), 155–169. doi:10.1038/nrm.2015.28
 Wellen, K. E., Hatzivassiliou, G., Sachdeva, U. M., Bui, T. V., Cross, J. R., and Thompson, C. B. (2009). ATP-citrate lyase links cellular metabolism to histone acetylation. Science 324 (5930), 1076–1080. doi:10.1126/science.1164097
 Wernig, M., Meissner, A., Foreman, R., Brambrink, T., Ku, M., Hochedlinger, K., et al. (2007). In vitro reprogramming of fibroblasts into a pluripotent ES-cell-like state. Nature 448 (7151), 318–324. doi:10.1038/nature05944
 Wong, H. S., Dighe, P. A., Mezera, V., Monternier, P. A., and Brand, M. D. (2017). Production of superoxide and hydrogen peroxide from specific mitochondrial sites under different bioenergetic conditions. J. Biol. Chem. 292 (41), 16804–16809. doi:10.1074/jbc.R117.789271
 Wu, J., Ocampo, A., and Belmonte, J. C. I. (2016a). Cellular metabolism and induced pluripotency. Cell. 166 (6), 1371–1385. doi:10.1016/j.cell.2016.08.008
 Wu, Y., Chen, K., Liu, X., Huang, L., Zhao, D., Li, L., et al. (2016b). Srebp-1 interacts with c-myc to enhance somatic cell reprogramming. Stem cells 34 (1), 83–92. doi:10.1002/stem.2209
 Wu, Y., Li, Y., Zhang, H., Huang, Y., Zhao, P., Tang, Y., et al. (2015). Autophagy and mTORC1 regulate the stochastic phase of somatic cell reprogramming. Nat. Cell. Biol. 17 (6), 715–725. doi:10.1038/ncb3172
 Xiang, G., Yang, L., Long, Q., Chen, K., Tang, H., Wu, Y., et al. (2017). BNIP3L-dependent mitophagy accounts for mitochondrial clearance during 3 factors-induced somatic cell reprogramming. Autophagy 13 (9), 1543–1555. doi:10.1080/15548627.2017.1338545
 Xing, Q. R., El Farran, C. A., Gautam, P., Chuah, Y. S., Warrier, T., Toh, C. D., et al. (2020). Diversification of reprogramming trajectories revealed by parallel single-cell transcriptome and chromatin accessibility sequencing. Sci. Adv. 6 (37), eaba1190. doi:10.1126/sciadv.aba1190
 Xu, X., Duan, S., Yi, F., Ocampo, A., Liu, G. H., and Izpisua Belmonte, J. C. (2013). Mitochondrial regulation in pluripotent stem cells. Cell. metab. 18 (3), 325–332. doi:10.1016/j.cmet.2013.06.005
 Yamanaka, S. (2020). Pluripotent stem cell-based cell therapy-promise and challenges. Cell. stem Cell. 27 (4), 523–531. doi:10.1016/j.stem.2020.09.014
 Yang, C. S., Kim, J. J., Lee, S. J., Hwang, J. H., Lee, C. H., Lee, M. S., et al. (2013). TLR3-triggered reactive oxygen species contribute to inflammatory responses by activating signal transducer and activator of transcription-1. J. Immunol. 190 (12), 6368–6377. doi:10.4049/jimmunol.1202574
 Yao, K., Ki, M. O., Chen, H., Cho, Y. Y., Kim, S. H., Yu, D. H., et al. (2014). JNK1 and 2 play a negative role in reprogramming to pluripotent stem cells by suppressing Klf4 activity. Stem Cell. Res. 12 (1), 139–152. doi:10.1016/j.scr.2013.10.005
 Yilmaz, A., and Benvenisty, N. (2019). Defining human pluripotency. Cell. stem Cell. 25 (1), 9–22. doi:10.1016/j.stem.2019.06.010
 Yokota, M., Hatakeyama, H., Okabe, S., Ono, Y., and Goto, Y. (2015). Mitochondrial respiratory dysfunction caused by a heteroplasmic mitochondrial DNA mutation blocks cellular reprogramming. Hum. Mol. Genet. 24 (16), 4698–4709. doi:10.1093/hmg/ddv201
 Yoshida, Y., Takahashi, K., Okita, K., Ichisaka, T., and Yamanaka, S. (2009). Hypoxia enhances the generation of induced pluripotent stem cells. Cell. stem Cell. 5 (3), 237–241. doi:10.1016/j.stem.2009.08.001
 Yu, L., Ji, K. Y., Zhang, J., Xu, Y., Ying, Y., Mai, T., et al. (2019). Core pluripotency factors promote glycolysis of human embryonic stem cells by activating GLUT1 enhancer. Protein Cell. 10 (9), 668–680. doi:10.1007/s13238-019-0637-9
 Yunusova, A. M., Fishman, V. S., Vasiliev, G. V., and Battulin, N. R. (2017). Deterministic versus stochastic model of reprogramming: new evidence from cellular barcoding technique. Open Biol. 7 (4), 160311. doi:10.1098/rsob.160311
 Zhang, D., Tang, Z., Huang, H., Zhou, G., Cui, C., Weng, Y., et al. (2019). Metabolic regulation of gene expression by histone lactylation. Nature 574 (7779), 575–580. doi:10.1038/s41586-019-1678-1
 Zhang, H., Badur, M. G., Divakaruni, A. S., Parker, S. J., Jager, C., Hiller, K., et al. (2016b). Distinct metabolic states can support self-renewal and lipogenesis in human pluripotent stem cells under different culture conditions. Cell. Rep. 16 (6), 1536–1547. doi:10.1016/j.celrep.2016.06.102
 Zhang, J., Khvorostov, I., Hong, J. S., Oktay, Y., Vergnes, L., Nuebel, E., et al. (2011). UCP2 regulates energy metabolism and differentiation potential of human pluripotent stem cells. EMBO J. 30 (24), 4860–4873. doi:10.1038/emboj.2011.401
 Zhang, J., Nuebel, E., Daley, G. Q., Koehler, C. M., and Teitell, M. A. (2012). Metabolic regulation in pluripotent stem cells during reprogramming and self-renewal. Cell. stem Cell. 11 (5), 589–595. doi:10.1016/j.stem.2012.10.005
 Zhang, J., Ratanasirintrawoot, S., Chandrasekaran, S., Wu, Z., Ficarro, S. B., Yu, C., et al. (2016a). LIN28 regulates stem cell metabolism and conversion to primed pluripotency. Cell. stem Cell. 19 (1), 66–80. doi:10.1016/j.stem.2016.05.009
 Zhang, J., Zhao, J., Dahan, P., Lu, V., Zhang, C., Li, H., et al. (2018). Metabolism in pluripotent stem cells and early mammalian development. Cell. metab. 27 (2), 332–338. doi:10.1016/j.cmet.2018.01.008
 Zhao, X. Y., Li, W., Lv, Z., Liu, L., Tong, M., Hai, T., et al. (2009). iPS cells produce viable mice through tetraploid complementation. Nature 461 (7260), 86–90. doi:10.1038/nature08267
 Zhou, G., Meng, S., Li, Y., Ghebre, Y. T., and Cooke, J. P. (2016). Optimal ROS signaling is critical for nuclear reprogramming. Cell. Rep. 15 (5), 919–925. doi:10.1016/j.celrep.2016.03.084
 Zhou, W., Choi, M., Margineantu, D., Margaretha, L., Hesson, J., Cavanaugh, C., et al. (2012). HIF1α induced switch from bivalent to exclusively glycolytic metabolism during ESC-to-EpiSC/hESC transition. EMBO J. 31 (9), 2103–2116. doi:10.1038/emboj.2012.71
 Zhu, D., Li, X., and Tian, Y. (2022). Mitochondrial-to-nuclear communication in aging: an epigenetic perspective. Trends Biochem. Sci. 47 (8), 645–659. doi:10.1016/j.tibs.2022.03.008
 Zhu, S., Li, W., Zhou, H., Wei, W., Ambasudhan, R., Lin, T., et al. (2010). Reprogramming of human primary somatic cells by OCT4 and chemical compounds. Cell. stem Cell. 7 (6), 651–655. doi:10.1016/j.stem.2010.11.015
 Zubarev, I. V., Podenkova, U. I., Tomilin, A. N., and Tsimokha, A. S. (2022). Ubiquitin–proteasome system in the induction and maintenance of cellular pluripotency. Russ. J. Dev. Biol. 53 (6), 373–388. doi:10.1134/s1062360422060091
 Zunder, E. R., Lujan, E., Goltsev, Y., Wernig, M., and Nolan, G. P. (2015). A continuous molecular roadmap to iPSC reprogramming through progression analysis of single-cell mass cytometry. Cell. stem Cell. 16 (3), 323–337. doi:10.1016/j.stem.2015.01.015
GLOSSARY 
 | 
[image: ]Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Sinenko and Tomilin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-11-1328522-g002.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Metabolic control of induced pluripotency		Introduction

		Main characteristics of the stages of reprogramming toward pluripotency

		Metabolic features of pluripotent stem cells, in brief

		Naive and primed pluripotency: mouse and human iPSCs

		Pluripotency TFs in regulation of metabolic genes during reprogramming

		TFs’ regulation of metabolic pathways during the early/initiation stage of reprogramming—the OxPhos burst stage

		TFs during the late-reprogramming phase

		Metabolic fluxes during cell reprogramming		Glycolysis

		Mitochondria functions and remodeling during cell reprogramming

		TCA cycle and iPSC reprogramming

		OxPhos and ETC in cell reprogramming

		ROS signaling during cell reprogramming to pluripotency

		Mitochondria genome and reprogramming





		Conclusion

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References

		Glossary 









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-11-1328522-001.jpg
Acetyl-CoA Acetyl-Coenzyme A

AAA Aromatic amino acids

AMPK AMP-activated protein kinase

AP-1 Activator protein 1

ATP Adenosine three phosphate

a-KG alpha-ketoglutarate

BMP Bone morphogenetic protein

CI-IV Complexes I-IV

CMA Cell-matrix adhesion

CcPT Carnitine palmitoyltransferase

CTBP C-terminal binding protein

DHAP Dihydroxyacetone phosphate

DRP1 Dynamin-related 1

ERK Extracellular signal-related kinase

ERRa/y Estrogen-related nuclear receptor alpha/gamma

ESRRB Estrogen-related nuclear receptor beta

ESCs Embryonic stem cell

ETC Electron transport chain

GLDC Glycine decarboxylase

GLUT1/3 Glucose transporter 1/or 3

FADH2 Flavin adenine dinucleotide

FAO Fatty acid oxidation

FASN Fatty acid synthase

FIS1 Mitochondrial fission 1 protein

HIF1/or 2a Hypoxia-inducible factor 1/or 2-alpha

HK1/or 2 Hexokinase 1/or 2

ICM IDH1/3 Isocitrate dehydrogenase 1/or 3

iPSCs induced pluripotent stem cells

KEAP1 Kelch like-ECH-associated protein 1

LIF Leukemia inhibitory factor

LDHA Lactate dehydrogenase A

MAPK Mitogen-activated protein kinase

MEFs Mouse embryonic fibroblasts

MET Mesenchymal-to-epithelial transition

MELAS Mitochondrial encephalopathy, lactic acidosis, and stroke-like
episodes

MMP Mitochondrial membrane potential

mtDNA Mitochondrial DNA

mTOR Mammalian target of rapamycin

MEN1/2 Mitofusin-1/or 2

NADH Nicotinamide adenine dinucleotide

NADPH Nicotinamide adenine dinucleotide phosphate

NDUFS1 NADH  ubiquinone oxidoreductase core subunit S1

NE-kB Nudlear factor kappa B
NRF2 Nuclear factor (erythroid-derived 2)-like-2
NOX2 NADPH oxidase 2

oCM One-carbon metabolism

OSKM OCT4, SOX2, KLF4, and cMYC

OxPhos Oxidative phosphorylation

PDH Pyruvate dehydrogenase

PDHKI1 Pyruvate dehydrogenase kinase 1

PDK1 3-Phosphoinositide-dependent protein kinase-1
PDK3 Pyruvate dehydrogenase kinase 3

PGC-1 Peroxisome proliferator-activated receptor-1
PKM2 Pyruvate kinase M2

PN TFs Pluripotency network TFs

PnPase Polynucleotide phosphorylase

POLG DNA polymerase subunit

POMP Proteasome maturation protein

PRPP Phosphoribosyl pyrophosphate

PSCs Pluripotent stem cells

PTBP1 Polypyrimidine tract-binding protein 1
ROS Reactive oxygen species

SAM S-adenosyl methionine

SDHB Succinate dehydrogenase

SOD-1/2 Superoxide dismutase 1/or 2

TCA Tricarboxylic acid

TCLL T cell leukemia/lymphoma protein 1

TDH Threonine dehydrogenase

TFs Transcription factors

TLR3 Tall-like receptor 3

TGFbeta Transforming factor beta

ucp2 Uncoupling protein 2

UPR Unfolded protein response





OPS/images/fcell-11-1328522-g001.gif
Initiation Maturation Stabilization

onTRs | SMYC, My Octd, Sox2, Fbxot5, S0x2, Lin2Balp,
S KLF4, Pazkt Nanog, Foxnt and Salk4 Esitb Dppa2
MET Mesenchymal and CMA Mesenchymal
MET  BMP MAPK, proteins | and CMA
PIBMAPK, proteins
TGFp L
Prolfe-  Proliferation Proferation Proliferation
ration~ P53,p21 1
Glycolysis/ Giycolysis/OxPhos Glycolysis/
Glycolys's OxPhos AKT, Giis OxPhos

GLUTI/3, HK172,
PKM2, LDHA, PDK3

PP Pathway
Mitochondria Mitochondria Mitochondia L
Mito- ~ OxPhos burst  Mitochondria biogenesis 1, Immature

L Sen g mitochondria

sgnals  NRE2,Hit2a  Efkl/2, D1, FIST, Minf/2 1 HIRG/TRAIL L

Erc;  chcimcv cu, e, v CILL, CllL, CVL.

FAO“ e aKG, Succinate

P modicaions
Cellular reprogramming by OSKM

0 3 6 9 12 Day









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





