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Ten-eleven translocation-2 (TET2) is a crucial driver of cell fate outcomes in a myriad of biological processes, including embryonic development and tissue homeostasis. TET2 catalyzes the demethylation of 5-methylcytosine on DNA, affecting transcriptional regulation. New exciting research has provided evidence for TET2 catalytic activity in post-transcriptional regulation through RNA hydroxymethylation. Here we review the current understanding of TET2 functions on both DNA and RNA, and the influence of these chemical modifications in normal development and pluripotency contexts, highlighting TET2 versatility in influencing genome regulation and cellular phenotypes.
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INTRODUCTION

TET2 belongs to the Ten-eleven-translocation (TET) family of proteins, which also includes TET1 and TET3. The expression of the three TET enzymes differs during early embryonic development, with TET3 mostly restricted to oocytes and zygotes, while TET1 and TET2 are highly expressed later in preimplantation embryos (Gu et al., 2011; Iqbal et al., 2011; Wossidlo et al., 2011). TET proteins have been extensively characterized as α-ketoglutarate and Fe(II)-dependent dioxygenases capable of catalyzing the iterative oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) (Tahiliani et al., 2009; Ito et al., 2010), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Ito et al., 2011) on DNA. Importantly, 5hmC is now not only considered a demethylation intermediate but also an epigenetic mark by itself. TET2 plays thus key roles in shaping the methylome of a cell and establishing novel 5hmC-enriched genomic regions, including enhancers, for chromatin and transcriptional regulation. Moreover, recently we and others have shown that TET2 can also oxidize m5C (to distinguish it from 5mC in DNA) in RNAs of ESCs and during myelopoiesis for the regulation of RNA stability (Guallar et al., 2018; Shen et al., 2018; He et al., 2020; Lan et al., 2020) Here we review the current understanding of TET2 functions, providing an overview of its roles in development and pluripotency contexts. Although multiple studies have approached 5hmC function through double and triple Tet1/2/3 depletion (Dawlaty et al., 2013, 2014; Lu et al., 2014; Kang et al., 2015; Li et al., 2016; Verma et al., 2018; Charlton et al., 2020) we focus on Tet2 single mutants to try to better dissect TET2 specific functions on both DNA and RNA by integrating structure and function, providing a comprehensive overview of this versatile epigenetic and epitranscriptomic regulator.



TET2 PROTEIN STRUCTURE AND FUNCTION

TET2 protein contains an amino-terminal domain and a C-terminal catalytic domain which consists of a Cys-rich region and a double-stranded β helix (DSBH) with a large low-complexity insert (Figure 1A). Contrary to TET1 and TET3, during evolution TET2 lost its CXXC zinc finger domain, involved in binding of unmethylated CpG sequences, through a chromosomal inversion that resulted in the appearance of a new gene: IDAX (also known as CXXC4) (Iyer et al., 2009, 2011) (Figure 1A). Possibly due to the absence of a CXXC domain, TET2 is more associated to gene bodies and enhancers than to CpG-rich promoters (Hon et al., 2014; Huang et al., 2014). The DSBH domain contains key residues for the interaction of TET2 with its cofactors Fe(II) and 2-oxoglutarate (An et al., 2017) that are required for its catalytic function (Figure 1A). The interaction of TET2 with DNA has been investigated through the crystallization of the catalytic domain of human TET2 (TET2 CD) with 5mC-, 5hmC-, and 5fC-modified DNA (Hu et al., 2013, 2015). Importantly, TET2 catalytic cavity does not discriminate between 5mC and its oxidative derivatives, thus allowing iterative oxidation steps (Hu et al., 2013, 2015). Mutations introduced in TET2 DNA-interacting key residues or cofactor binding sites [i.e., Fe(II) and α-KG] have been shown to abolish its catalytic activity in vitro and in vivo (Ito et al., 2010; Ko et al., 2010; Hu et al., 2013; Shen et al., 2018) (Figure 1A). Although the minimal catalytically active fragment of TET2 is located in its C-terminal domain, the full-length protein shows a higher activity on DNA than an N-terminal truncation, suggesting important functions of the N-terminus of TET2 for its catalytic function (Hu et al., 2013; He et al., 2016). Indeed, not only the C-terminus, but also the N-terminal domain of TET2 was shown to be heavily post-translationally modified (Bauer et al., 2015; An et al., 2017), pointing to important regulatory functions of this region in TET2 regulation and function on DNA.
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FIGURE 1. Overview of TET2 structure and functions in different cellular contexts. (A) TET2 structure in the context of TET proteins. In the top panel, sequences of mouse TET1 (NP_001240786.1), TET2 (ACY38292.1), TET3 (NP_001334242.1), and IDAX (NP_001004367.2) proteins are represented. The numbers represent the amino acid numbers. The two conserved domains cysteine-rich (CRD) and double-stranded beta-helix (DSBH) domains are indicated [based in Hu et al. (2013) and Iyer et al. (2009) alignments]. The conserved CXXC domain is also represented (coordinates were obtained from NCBI database). The TET2 RNA Binding Region (RBR) sequence described by He et al. (2016), was mapped first in the isoform 1 of TET2 (NP_001035490.2), and then in ACY38292.1 TET2 sequence. The interaction sites with DNA (DBD), RNA, Fe2+ and α-Ketoglutarate (α-KG) cofactors are also represented, and their sequences, also shown by Ito et al. (2010) and Hu et al. (2013), were obtained from the NCBI database. In the lower panel, described mouse TET2 mutations are shown. Since the indicated mutations have been mapped in the ACY38292.1 sequence, possible discrepancies may appear in the mutated positions according to the reference article. (B) Summary of TET2 functions in pluripotency and during development, differentiation, and somatic cell reprogramming. TET2 functions in these processes at the DNA and RNA level is indicated in the light green and blue squares, respectively. PGCs, primordial germ cells; 2C, 2-cell embryo; ERVs, endogenous retroviruses; MET, mesenchymal-to-epithelial transition.


Besides its binding to DNA, more recently TET2 has also been shown to interact with RNA in vitro and in vivo (Fu et al., 2014; Guallar et al., 2018; Shen et al., 2018; He et al., 2020; Lan et al., 2020). Indeed, and in line with the observation that TET2 is less strongly associated to chromatin than TET1 (Vella et al., 2013), its recruitment to chromatin was recently shown to be facilitated by RNA and decreased upon global transcriptional inhibition (Guallar et al., 2018). While TET2 interaction with RNA was reported to be dependent on an RNA-binding region (RBR) (He et al., 2016) (Figure 1A), the absence of the RBR in a C-terminal truncation of TET2 shows reduced, but not fully abrogated TET2-RNA interaction (He et al., 2016). In line with this, TET2 interaction with RNA is greatly reduced in ESCs in absence of one of its most confident interactors: the RNA binding protein PSPC1 (Guallar et al., 2018). It is plausible then that TET2 possesses the intrinsic ability to bind RNA but requires intermediate RNA-binding interactors for stabilizing this interaction and allowing m5C oxidation. It remains to be determined whether the catalytic activity of TET2 on RNA is only dependent on its RBR or on other protein domains that have not been identified yet. Of note, TET2 presents a greater affinity in vitro for m5C than hm5C (Guallar et al., 2018), similar to what happens with DNA (Hu et al., 2015). Although TET2 DNA-binding domain (DBD) and RBR domain have been mapped to different regions of the protein (Figure 1A) both were found to fold in proximity in human TET2 (Hu et al., 2013). Thus, it will be important to address how TET2 affinity and preference for RNA or DNA is regulated in the context of chromatin, where both nascent RNAs and genomic DNA can be oxidized (Chen et al., 2013; Hon et al., 2014; Guallar et al., 2018; Lan et al., 2020). Importantly, overexpression of full-length TET2 in HEK293T cells showed no catalytic activity in m5C in RNA, in contrast to TET2 catalytic domain, suggesting negative regulatory functions of the N-terminal domain on TET2 function on RNA oxidation (Fu et al., 2014). On the other hand, Hu and colleagues showed that the GS-linker which replaced the low complexity insert of the TET2-DNA in the crystal structure, was located distant from the core catalytic structure, suggesting that the low complexity insert is positioned on the exterior surface of the catalytic domain (Hu et al., 2013). Low complexity domains have been previously found in RNA-binding proteins and are involved in the formation of liquid-liquid phase-separation (LLPS) droplets by allowing multivalent and weak interactions (Franzmann and Alberti, 2019; Roden and Gladfelter, 2020). Given TET2's ability to interact with RNA, it is tempting to speculate that its low complexity insert could introduce a new layer of regulation through the formation of LLPS condensates. Future work will address this intriguing possibility and will determine the precise contribution and regulation of the different protein domains of TET2 to its roles as an epigenetic and epitranscriptomic regulator.



TET2 FUNCTION IN EARLY DEVELOPMENT: DO WE KNOW EVERYTHING?

Epigenetic modifications, such as DNA methylation and hydroxylation, are critical for normal early embryonic development (Monk et al., 1987; Howlett and Reik, 1991; Kafri et al., 1992; Hajkova et al., 2002; Guibert et al., 2012). During early embryogenesis, although readily detectable at the zygote, TET2 expression peaks in the inner cell mass (ICM) of the preimplantation blastocyst (Tang et al., 2010; Gu et al., 2011; Wossidlo et al., 2011). After implantation, TET2 expression is downregulated and is later only detected in primordial germ cells (PGCs) and in several adult tissues (Ito et al., 2010; Hackett et al., 2013; Guallar et al., 2018). Different groups have generated Tet2 mutant mice, all consistently reporting that mice lacking TET2 are viable and fertile and can give rise to litters with normal size compared to their wild type counterparts (Ko et al., 2011; Li et al., 2011; Quivoron et al., 2011) (Table 1). Several studies have pointed to potential compensatory effects of different TET members during early embryogenesis, based on the observation that single Tet1 or Tet2 knock-outs are viable while combined loss of both enzymes in embryos leads to mid-gestation abnormalities and perinatal lethality (Dawlaty et al., 2013; Dai et al., 2016), though a substantial fraction of them being viable and fertile (Dawlaty et al., 2013). Given that no upregulation of Tet1 or Tet3 was observed upon Tet2 depletion in mice (Li et al., 2011; Quivoron et al., 2011), it remains to be determined how TET1/3 are relocated to cover for TET2 loss for epigenetic and/or epitranscriptomic regulation in vivo. Despite these observations, no detailed analysis has been performed on the effects of Tet2 depletion at the earliest cell fate transitions in vivo. Indeed, although Tet2 silencing with siRNAs in the zygote was compatible with normal development in vitro, it leads to an abnormal upregulation of 2-cell (2C) embryo-specific genes and endogenous retroviral elements up to the preimplantation blastocyst stage in mouse (Guallar et al., 2018) (Figure 1B). Aberrant control of endogenous retrovirus at critical stages during development can lead to mobilization of these genomic parasites with implications on genomic stability and regulation (Rebollo et al., 2012; Faulkner and Garcia-Perez, 2017). These data thus support that a detailed analysis of TET2 targets and function during early preimplantation development is needed to study previously unappreciated fine-tuning functions of this protein which could be relevant for later generations. Later on in development, TET2 participates, together with TET1, in the active DNA demethylation at PGCs, and their deletion leads to defects in 5mC erasure at imprinting sites, as well as LINE1 and IAP endogenous retroviruses loci (Hackett et al., 2013) (Figure 1B). Nevertheless, the specific contribution of TET2 to this process is waiting to be addressed.


Table 1. Overview of TET2 studies deciphering its role and functions in mouse, murine embryonic stem cells (mESCs), human embryonic stem cells (hESCs) and during somatic cell reprogramming.
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Most importantly, loss of function of Tet2 in mice results in abnormal DNA hydroxymethylation patterns in bone marrow cells and leads to the emergence of myeloid malignancies between 2 and 4 months of age (Li et al., 2011; Moran-Crusio et al., 2011; Quivoron et al., 2011; Mulholland et al., 2020a). In depth discussion of TET2 role in normal and malignant hematopoiesis can be found in several excellent reviews (An et al., 2017; Bowman and Levine, 2017; Lio et al., 2019). Moreover, TET2 deficient mice show a mortality of around one-third in homozygosity and an 8% in heterozygosity within the first year of life (Li et al., 2011), implying other yet uncharacterized key roles of TET2 during aging. Additionally, TET2 has been shown to play a role in adult stem cell maintenance and differentiation (Ko et al., 2010, 2011; Li et al., 2011, 2017; Moran-Crusio et al., 2011; Quivoron et al., 2011; Zhang et al., 2016; Gontier et al., 2018; Yang et al., 2018). Future work with single-cell 5hmC/hm5C mapping at the DNA and RNA level, together with the identification of TET2 DNA and RNA targets during development, tissue homeostasis and aging will shed light into unknown functions of TET2.



AN EXPANDED VIEW OF TET2 IN PLURIPOTENCY IN VITRO

Pluripotent embryonic stem cells (ESCs) of mouse origin are derived from the ICM of the preimplantation blastocyst (Evans and Kaufman, 1981; Martin, 1981) and can be maintained indefinitely in vitro without affecting their properties of self-renewal and differentiation potential. When maintained in conventional culture conditions (i.e., serum/LIF), ESCs are a heterogeneous population of cells with different developmental potential, including cells with totipotency-like features and the duet of naïve and primed pluripotent subtypes (Weinberger et al., 2016; Li and Izpisua Belmonte, 2018). Thus, ESCs undoubtfully represent a useful in vitro model to study molecular events taking place during early development, and a great amount of the data accumulated during these years regarding how pluripotency is governed have been derived from investigating ESCs. TET2 expression is high in pluripotent ESCs and decreases during differentiation (Ficz et al., 2011; Koh et al., 2011; Hon et al., 2014). Indeed, Tet2 gene in ESCs is bound and activated by the master pluripotency factor OCT4 (i.e., Pou5f1), with Oct4 silencing causing a reduction of Tet2 expression (Koh et al., 2011; Wu et al., 2013). Nevertheless, Tet2 depletion does not affect ESC colony morphology or pluripotent marker gene expression and only moderately induces some differentiation markers such as Pax6, Neurod1 or Lefty1/2 which is compatible with pluripotency maintenance (Ito et al., 2010; Koh et al., 2011).

As mentioned above, ESCs cultured in presence of serum/LIF are heterogenous, and include a small population (<5%) of cells with an expanded potency (Macfarlan et al., 2012), known as 2C-like cells (2CLCs). These 2CLCs, in contrast to pluripotent stem cells, have the ability to contribute to the trophectoderm. 2CLCs present a similar transcriptome and proteome to that of cells of the 2C-embryo, including high levels of endogenous retroviruses, particularly MERVL elements (Macfarlan et al., 2012; Eckersley-Maslin et al., 2016). TET2 is required for proper silencing of 2C-genes and MERVL elements in ESCs, and its depletion leads to an increase of 2CLCs population in vitro (Guallar et al., 2018). Importantly, TET2 contributes to both transcriptional and epitranscriptomic regulation of MERVL elements by recruiting HDACs to chromatin and oxidizing m5C in MERVL transcripts, respectively (Figure 1B). Additionally, a very recent study by He et al. (2020) has shown that TET2 can also modify tRNAs to modulate tRNA fragmentation. Given that tRNA fragments have been previously involved in ERV control (Schorn et al., 2017), it is tempting to speculate that TET2-mediated hm5C deposition on tRNA contributes to ERV regulation in pluripotent cells. This exciting possibility remains to be addressed. On the other hand, we and others have shown that TET1 and TET2 not only display specific patterns of expression in defined pluripotent subtypes (Fidalgo et al., 2016; Pantier et al., 2019; Mulholland et al., 2020b), but most importantly, play opposite roles in regulating naïve and primed pluripotency (Fidalgo et al., 2016). While TET1 is important for primed pluripotency, TET2 is a key determinant of naïve one. In fact, Tet2 overexpression in primed post-implantation epiblast stem cells (EpiSCs) is sufficient to restore naïve pluripotency (Fidalgo et al., 2016). Thus, exquisite control of TET proteins during early development has been revealed through the study of their function in ESCs, exposing a critical role for TET2 in limiting previous developmental stages in ESCs (i.e., 2CLCs) and defining the unique pluripotency features of naïve pluripotency. Future studies are needed to address how TET2 catalytic-dependent and independent activities orchestrate pluripotency heterogeneity on DNA and RNA regulatory layers.



TET2 ROLE IN DIFFERENTIATION: THE DNA AND RNA SIDES OF THE STORY

In contrast to TET2 dispensability for ESC maintenance, it is at the exit of pluripotency that a negative effect of loss of Tet2 has been documented in a variety of systems. On the one hand, Tet2 depleted ESCs give rise to large hemorrhagic teratomas that grow more aggressively than controls and are accompanied by a greater neuroectoderm contribution, thus reflecting a skewed differentiation potential (Koh et al., 2011). On the other hand, absence of Tet2 during differentiation of ESCs to neural progenitors (NPCs) leads to a delay in the induction of differentiation genes, molecularly explained by a gain in 5mC at enhancers in absence of TET2 activity (Hon et al., 2014) (Figure 1B). This lack of phenotype of Tet2 absence in pluripotency maintenance but its requirement for proper differentiation has also been shown to be conserved in human ESCs (Langlois et al., 2014), supporting an evolutionary conserved requirement of TET2 for cell commitment.

Remarkably, although both Tet1 and Tet2 are highly expressed in ESCs, many studies show a higher contribution of TET2 to 5hmC levels of genomic DNA (Hon et al., 2014; Huang et al., 2014; Mulholland et al., 2020b). At the molecular level, TET1 and TET2 have been shown to target different genomic regions, and thus be responsible for the regulation of 5mC at distinct targets (Chen et al., 2013; Hon et al., 2014; Huang et al., 2014). In particular, TET2 contributes to enhancer hypomethylation by 5mC oxidation, which is important for timely induction of lineage genes upon differentiation (Hon et al., 2014) (Figure 1B). Moreover, TET2-mediated deposition of 5hmC in gene bodies in ESCs has been related to exon inclusion/exclusion regulation (Huang et al., 2014) (Table 1). These observations, together with the absence of Tet1 upregulation upon Tet2 depletion in ESCs, and vice versa, (Koh et al., 2011; Huang et al., 2014), point toward non-redundant functions of TET1/2 in pluripotency maintenance and exit (Huang et al., 2014; Mulholland et al., 2020b). This is in sharp contrast to the absence of strong phenotypes in embryonic development in single Tet1 or Tet2 knock-out animals, which only becomes obvious when both TET1/2 proteins are absent and a partially penetrant perinatal lethality appears (Dawlaty et al., 2013). Intrinsic differences of in vitro and in vivo studies may be behind these apparently contradictory observations. It may be as well possible that the effects of TET1 or TET2 individual loss-of-function may only be visible in vivo after a number of generations. Indeed, this could be expected according to several studies which reported defects in telomere maintenance in ESCs in absence of one or several of the TET members (Lu et al., 2014; Yang et al., 2016), which would have minor effects on F0-F1 offsprings, but could lead to the appearance of genomic instability and propensity to cancer development in later generations.

Besides its well-known presence on DNA as an epigenetic mark, hm5C has also been detected in RNA of ESCs (Fu et al., 2014; Guallar et al., 2018; Lan et al., 2020). Besides 2C-specific transcripts and MERVL RNAs (Guallar et al., 2018), around 800 mRNAs, including more than 100 pluripotency-related transcripts, are hm5C-modified in ESCs (Lan et al., 2020) (Figure 1B). Importantly, characterization of flag-tagged endogenous TET1 and TET2 RNA interactome revealed overlapping and distinct targets, suggesting common and specific roles of TET proteins on RNA regulation (Lan et al., 2020). Deletion of TET2 RNA-binding region (RBR) (He et al., 2016) resulted in a 47% decrease in TET2 interaction with ESC transcripts, supporting that additional TET2 domains and/or interactors, such as PSPC1, could be required for its stable interaction with RNA (Guallar et al., 2018; Lan et al., 2020). In line with the observation that transcriptional inhibition greatly reduces TET2 chromatin occupancy (Guallar et al., 2018), hm5C modified-RNAs were found to be enriched in nuclear nascent-chromatin associated RNAs, pointing to a co-transcriptional mechanism of RNA modification by TETs (Lan et al., 2020). In sharp contrast, Legrand et al. (2017) did not detect hm5C modification in mRNAs when analyzing total RNA in ESCs. A potential explanation could be that hm5C-modified RNAs are likely less abundant compared to their non-modified counterparts, given that this modification has been linked to RNA destabilization (Guallar et al., 2018; Shen et al., 2018; Lan et al., 2020), and thus more difficult to detect. Future studies will be needed to further clarify these apparent contradictions. Importantly, RNA destabilization of pluripotency-coding transcripts, through m5C oxidation to hm5C including some encoding for Polycomb proteins, is important for contributing to transcriptome flexibility necessary for differentiation (Lan et al., 2020). This is in agreement with previous observations in both pathological and physiological contexts which have reported a stabilizing role of m5C on mRNA (Chen et al., 2019; Yang et al., 2019). Future studies are required to interrogate hm5C patterns and dynamics during early development, coinciding with TET expression, and its potential role in fine-tuning cell fate transitions through mRNA modifications.



TET2 FUNCTIONS IN THE ESTABLISHMENT OF PLURIPOTENCY

The process of somatic cell reprogramming (SCR) to regain pluripotency from somatic cells was first achieved by overexpressing four transcription factors (Oct4, Sox2, Klf4, and c-Myc) called OSKM or Yamanaka factors (Takahashi and Yamanaka, 2006). This complex process of cell fate transitions leads to the generation of induced pluripotent stem cells (iPSCs) and involves wide remodeling cell fate steps, including the shutting down of somatic transcriptional programs and reactivation of pluripotency genes (Apostolou and Stadtfeld, 2018), and a metabolic rewiring toward a more glycolytic and less oxidative cellular metabolism (Yoshida et al., 2009; Zhu et al., 2010; Folmes et al., 2011; Mathieu et al., 2014). Tet2 expression is induced as early as day 2 of OSKM reprogramming in mouse embryonic fibroblasts (MEFs) (Doege et al., 2012). TET2 has been reported to play key roles in a myriad of reprogramming systems, which include reprogramming of adult B cells through cell fusion (Piccolo et al., 2013), pre-iPSC reprogramming by NANOG (Costa et al., 2013), B cell reprogramming through CEBP and OSKM overexpression (Di Stefano et al., 2014; Sardina et al., 2018) and the classical Yamanaka reprogramming (Doege et al., 2012; Hu et al., 2014; Cheng et al., 2020) (Table 1). All these studies reflect a critical role of TET2 as an epigenetic regulator for pluripotency reacquisition in somatic cells. At the molecular level, TET2 has been shown to be important for 5hmC deposition on DNA and transcriptional regulation of pluripotency genes, mesenchymal-to-epithelial facilitators (i.e., miR200 cluster), proteasomal subunits and glycolytic regulators (Doege et al., 2012; Piccolo et al., 2013; Di Stefano et al., 2014; Hu et al., 2014; Sardina et al., 2018; Cheng et al., 2020) (Figure 1B and Table 1). Importantly, TET2 is required both at the earliest phases of reprogramming, and during later stages of pluripotency reacquisition, further underlining the relevance of TET2 as a central reprogramming player (Doege et al., 2012; Costa et al., 2013; Di Stefano et al., 2014; Hu et al., 2014; Sardina et al., 2018; Cheng et al., 2020). Importantly, TET2 has been shown to mediate its roles in reprogramming in coordination with several transcription factors including NANOG, CEBPα, KLF4, TFCP2l1, and ZSCAN4F (Costa et al., 2013; Sardina et al., 2018; Cheng et al., 2020), though for some of them definitive proof of direct recruitment has not been provided. Although at this stage there is no doubt of TET2 relevance for iPSC generation as a transcriptional regulator through DNA hydroxymethylation, its contribution to pluripotency reacquisition through RNA modification is currently unexplored and will need further studies.



SUMMARY AND IMPLICATIONS

TET2 function as an epigenetic modifier through 5mC to 5hmC, 5fC and 5caC oxidation is currently fully accepted. The relevance of TET2-mediated catalytic-dependent functions, has been implicated in vivo in the correct function of hematopoietic compartment (Lio and Rao, 2019) and in vitro in the appropriate establishment of the epigenetic landscape that endows a correct timing of differentiation program expression as well as facilitates pluripotency reacquisition through SCR (Doege et al., 2012; Piccolo et al., 2013; Di Stefano et al., 2014; Hon et al., 2014; Hu et al., 2014; Langlois et al., 2014; Sardina et al., 2018). In contrast, only a handful of studies have shown the implication of TET2 in these physiological and pathological contexts in terms of RNA m5C oxidation (Figure 1B). The determination of the TET2-RNA complex structure, combined with the known TET2-DNA complex (Hu et al., 2013, 2015) may provide additional mechanistic insights into differences and similarities between TET-mediated oxidation of m5C/5mC in RNA and DNA. Moreover, neither the enzyme(s) responsible for depositing m5C on RNA for TET2 oxidation, nor the hm5C readers in charge of destabilizing TET2-targeted RNAs are currently known. Furthermore, the observation that a fraction of its interactome is comprised by unmodified RNAs raises the possibility that TET2 could also have catalytic-independent functions on RNA, similar to what has been previously described on DNA (Chen et al., 2013; Zhang et al., 2015; Guallar et al., 2018; Ito et al., 2019). The development of technology that allows mapping of chromatin regulators using low input samples, coupled with the appearance of sequencing techniques which can faithfully distinguish 5mC/m5C from 5hmC/hm5C at a single base resolution on DNA and RNA, respectively, opens up exciting possibilities to explore TET2 function as an epigenetic and epitranscriptomic regulator during early development, in ESC subpopulations and in tissue heterogeneity in the near future.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

This research was funded by grants from the Spanish Agencia Estatal de Investigación, co-funded by the FEDER Program of the EU (RTI2018-096708-J-I00 to DG, and BFU2016-80899-P and PID2019-105739GB-I00 to MF) (AEI/FEDER, UE), the 2020 Leonardo Grant for Researchers and Cultural Creators BBVA Foundation (2020-PO041 to DG) and the Xunta de Galicia-Consellería de Cultura, Educación e Ordenación Universitaria (ED431F 2016/016 to MF). DG and MF are recipients of a Marie Skłodowska-Curie (MSCA-IF-EF-RI-895984) from the European Commission and Ramón y Cajal (RYC-2014-16779) awards, respectively. VG-O (Ministerio de Ciencia, Innovación y Universidades, FPU17/01131) and CP (Xunta de Galicia, ED481A-2020/187) are recipients of fellowships.



ACKNOWLEDGMENTS

We thank members of the Guallar and Fidalgo laboratories for critical review of this manuscript.



REFERENCES

 An, J., Rao, A., and Ko, M. (2017). TET family dioxygenases and DNA demethylation in stem cells and cancers. Exp. Mol. Med. 49:e323. doi: 10.1038/emm.2017.5

 Apostolou, E., and Stadtfeld, M. (2018). Cellular trajectories and molecular mechanisms of iPSC reprogramming. Curr. Opin. Genet. Dev. 52, 77–85. doi: 10.1016/j.gde.2018.06.002

 Bauer, C., Gobel, K., Nagaraj, N., Colantuoni, C., Wang, M., Muller, U., et al. (2015). Phosphorylation of TET proteins is regulated via O-GlcNAcylation by the O-linked N-acetylglucosamine transferase (OGT). J. Biol. Chem. 290, 4801–4812. doi: 10.1074/jbc.M114.605881

 Bowman, R. L., and Levine, R. L. (2017). TET2 in normal and malignant hematopoiesis. Cold Spring Harb. Perspect. Med. 7:a026518. doi: 10.1101/cshperspect.a026518

 Charlton, J., Jung, E. J., Mattei, A. L., Bailly, N., Liao, J., Martin, E. J., et al. (2020). TETs compete with DNMT3 activity in pluripotent cells at thousands of methylated somatic enhancers. Nat. Genet. 52, 819–827. doi: 10.1038/s41588-020-0639-9

 Chen, Q., Chen, Y., Bian, C., Fujiki, R., and Yu, X. (2013). TET2 promotes histone O-GlcNAcylation during gene transcription. Nature 493, 561–564. doi: 10.1038/nature11742

 Chen, X., Li, A., Sun, B. F., Yang, Y., Han, Y. N., Yuan, X., et al. (2019). 5-methylcytosine promotes pathogenesis of bladder cancer through stabilizing mRNAs. Nat. Cell Biol. 21, 978–990. doi: 10.1038/s41556-019-0361-y

 Cheng, Z. L., Zhang, M. L., Lin, H. P., Gao, C., Song, J. B., Zheng, Z., et al. (2020). The Zscan4-Tet2 transcription nexus regulates metabolic rewiring and enhances proteostasis to promote reprogramming. Cell Rep. 32:107877. doi: 10.1016/j.celrep.2020.107877

 Costa, Y., Ding, J., Theunissen, T. W., Faiola, F., Hore, T. A., Shliaha, P. V., et al. (2013). NANOG-dependent function of TET1 and TET2 in establishment of pluripotency. Nature 495, 370–374. doi: 10.1038/nature11925

 Dai, H. Q., Wang, B. A., Yang, L., Chen, J. J., Zhu, G. C., Sun, M. L., et al. (2016). TET-mediated DNA demethylation controls gastrulation by regulating Lefty-Nodal signalling. Nature 538, 528–532. doi: 10.1038/nature20095

 Dawlaty, M. M., Breiling, A., Le, T., Barrasa, M. I., Raddatz, G., Gao, Q., et al. (2014). Loss of Tet enzymes compromises proper differentiation of embryonic stem cells. Dev. Cell 29, 102–111. doi: 10.1016/j.devcel.2014.03.003

 Dawlaty, M. M., Breiling, A., Le, T., Raddatz, G., Barrasa, M. I., Cheng, A. W., et al. (2013). Combined deficiency of Tet1 and Tet2 causes epigenetic abnormalities but is compatible with postnatal development. Dev. Cell 24, 310–323. doi: 10.1016/j.devcel.2012.12.015

 Di Stefano, B., Sardina, J. L., van Oevelen, C., Collombet, S., Kallin, E. M., Vicent, G. P., et al. (2014). C/EBPalpha poises B cells for rapid reprogramming into induced pluripotent stem cells. Nature 506, 235–239. doi: 10.1038/nature12885

 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, 652–655. doi: 10.1038/nature11333

 Eckersley-Maslin, M. A., Svensson, V., Krueger, C., Stubbs, T. M., Giehr, P., Krueger, F., et al. (2016). MERVL/Zscan4 network activation results in transient genome-wide DNA demethylation of mESCs. Cell Rep. 17, 179–192. doi: 10.1016/j.celrep.2016.08.087

 Evans, M. J., and Kaufman, M. H. (1981). Establishment in culture of pluripotential cells from mouse embryos. Nature 292, 154–156. doi: 10.1038/292154a0

 Faulkner, G. J., and Garcia-Perez, J. L. (2017). L1 Mosaicism in mammals: extent, effects, and evolution. Trends Genet. 33, 802–816. doi: 10.1016/j.tig.2017.07.004

 Ficz, G., Branco, M. R., Seisenberger, S., Santos, F., Krueger, F., Hore, T. A., et al. (2011). Dynamic regulation of 5-hydroxymethylcytosine in mouse ES cells and during differentiation. Nature 473, 398–402. doi: 10.1038/nature10008

 Fidalgo, M., Huang, X., Guallar, D., Sanchez-Priego, C., Valdes, V. J., Saunders, A., et al. (2016). Zfp281 Coordinates opposing functions of Tet1 and Tet2 in pluripotent states. Cell Stem Cell 19, 355–369. doi: 10.1016/j.stem.2016.05.025

 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, 264–271. doi: 10.1016/j.cmet.2011.06.011

 Franzmann, T. M., and Alberti, S. (2019). Prion-like low-complexity sequences: Key regulators of protein solubility and phase behavior. J. Biol. Chem. 294, 7128–7136. doi: 10.1074/jbc.TM118.001190

 Fu, L., Guerrero, C. R., Zhong, N., Amato, N. J., Liu, Y., Liu, S., et al. (2014). Tet-mediated formation of 5-hydroxymethylcytosine in RNA. J. Am. Chem. Soc. 136, 11582–11585. doi: 10.1021/ja505305z

 Gontier, G., Iyer, M., Shea, J. M., Bieri, G., Wheatley, E. G., Ramalho-Santos, M., et al. (2018). Tet2 rescues age-related regenerative decline and enhances cognitive function in the adult mouse brain. Cell Rep. 22, 1974–1981. doi: 10.1016/j.celrep.2018.02.001

 Gu, T.-P., Guo, F., Yang, H., Wu, H.-P., Xu, G.-F., Liu, W., et al. (2011). The role of Tet3 DNA dioxygenase in epigenetic reprogramming by oocytes. Nature 477, 606–610. doi: 10.1038/nature10443

 Guallar, D., Bi, X., Pardavila, J. A., Huang, X., Saenz, C., Shi, X., et al. (2018). RNA-dependent chromatin targeting of TET2 for endogenous retrovirus control in pluripotent stem cells. Nat. Genet. 50, 443–451. doi: 10.1038/s41588-018-0060-9

 Guibert, S., Forne, T., and Weber, M. (2012). Global profiling of DNA methylation erasure in mouse primordial germ cells. Genome Res. 22, 633–641. doi: 10.1101/gr.130997.111

 Hackett, J. A., Sengupta, R., Zylicz, J. J., Murakami, K., Lee, C., Down, T. A., et al. (2013). Germline DNA demethylation dynamics and imprint erasure through 5-hydroxymethylcytosine. Science 339, 448–452. doi: 10.1126/science.1229277


 Hajkova, P., Erhardt, S., Lane, N., Haaf, T., El-Maarri, O., Reik, W., et al. (2002). Epigenetic reprogramming in mouse primordial germ cell. Mech. Dev. 117, 15–23. doi: 10.1016/S0925-4773(02)00181-8

 He, C., Bozler, J., Janssen, K. A., Wilusz, J. E., Garcia, B. A., Schorn, A. J., et al. (2020). TET2 chemically modifies tRNAs and regulates tRNA fragment levels. Nat. Struct. Mol. Biol. doi: 10.1038/s41594-020-00526-w. [Epub ahead of print].

 He, C., Sidoli, S., Warneford-Thomson, R., Tatomer, D. C., Wilusz, J. E., Garcia, B. A., et al. (2016). High-resolution mapping of RNA-binding regions in the nuclear proteome of embryonic stem cells. Mol. Cell 64, 416–430. doi: 10.1016/j.molcel.2016.09.034

 Hon, G. C., Song, C. X., Du, T., Jin, F., Selvaraj, S., Lee, A. Y., et al. (2014). 5mC oxidation by Tet2 modulates enhancer activity and timing of transcriptome reprogramming during differentiation. Mol. Cell 56, 286–297. doi: 10.1016/j.molcel.2014.08.026

 Howlett, S. K., and Reik, W. (1991). Methylation levels of maternal and paternal genomes during preimplantation development. Development 113, 119–127.

 Hu, L., Li, Z., Cheng, J., Rao, Q., Gong, W., Liu, M., et al. (2013). Crystal structure of TET2-DNA complex: insight into TET-mediated 5mC oxidation. Cell 155, 1545–1555. doi: 10.1016/j.cell.2013.11.020

 Hu, L., Lu, J., Cheng, J., Rao, Q., Li, Z., Hou, H., et al. (2015). Structural insight into substrate preference for TET-mediated oxidation. Nature 527, 118–122. doi: 10.1038/nature15713

 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, 512–522. doi: 10.1016/j.stem.2014.01.001

 Huang, Y., Chavez, L., Chang, X., Wang, X., Pastor, W. A., Kang, J., et al. (2014). Distinct roles of the methylcytosine oxidases Tet1 and Tet2 in mouse embryonic stem cells. Proc. Natl. Acad. Sci. U. S. A. 111, 1361–1366. doi: 10.1073/pnas.1322921111

 Iqbal, K., Jin, S. G., Pfeifer, G. P., and Szabo, P. E. (2011). Reprogramming of the paternal genome upon fertilization involves genome-wide oxidation of 5-methylcytosine. Proc. Natl. Acad. Sci. U. S. A. 108, 3642–3647. doi: 10.1073/pnas.1014033108

 Ito, K., Lee, J., Chrysanthou, S., Zhao, Y., Josephs, K., Sato, H., et al. (2019). Non-catalytic roles of Tet2 are essential to regulate hematopoietic stem and progenitor cell homeostasis. Cell Rep. 28, 2480–2490.e4. doi: 10.1016/j.celrep.2019.07.094

 Ito, S., D'Alessio, A. C., Taranova, O. V., Hong, K., Sowers, L. C., and Zhang, Y. (2010). Role of Tet proteins in 5mC to 5hmC conversion, ES-cell self-renewal and inner cell mass specification. Nature 466, 1129–1133. doi: 10.1038/nature09303

 Ito, S., Shen, L., Dai, Q., Wu, S. C., Collins, L. B., Swenberg, J. A., et al. (2011). Tet proteins can convert 5-methylcytosine to 5-formylcytosine and 5-carboxylcytosine. Science 333, 1300–1303 doi: 10.1126/science.1210597

 Iyer, L. M., Abhiman, S., and Aravind, L. (2011). Natural history of eukaryotic DNA methylation systems. Prog. Mol. Biol. Transl. Sci. 101, 25–104. doi: 10.1016/B978-0-12-387685-0.00002-0

 Iyer, L. M., Tahiliani, M., Rao, A., and Aravind, L. (2009). Prediction of novel families of enzymes involved in oxidative and other complex modifications of bases in nucleic acids. Cell Cycle 8, 1698–1710. doi: 10.4161/cc.8.11.8580

 Kafri, T., Ariel, M., Brandeis, M., Shemer, R., Urven, L., McCarrey, J., et al. (1992). Developmental pattern of gene-specific DNA methylation in the mouse embryo and germ line. Genes Dev. 6, 705–714. doi: 10.1101/gad.6.5.705

 Kang, J., Lienhard, M., Pastor, W. A., Chawla, A., Novotny, M., Tsagaratou, A., et al. (2015). Simultaneous deletion of the methylcytosine oxidases Tet1 and Tet3 increases transcriptome variability in early embryogenesis. Proc. Natl. Acad. Sci. U. S. A. 112, E4236–E4245. doi: 10.1073/pnas.1510510112

 Ko, M., Bandukwala, H. S., An, J., Lamperti, E. D., Thompson, E. C., Hastie, R., et al. (2011). Ten-eleven-translocation 2 (TET2) negatively regulates homeostasis and differentiation of hematopoietic stem cells in mice. Proc. Natl. Acad. Sci. U. S. A. 108, 14566–14571. doi: 10.1073/pnas.1112317108

 Ko, M., Huang, Y., Jankowska, A. M., Pape, U. J., Tahiliani, M., Bandukwala, H. S., et al. (2010). Impaired hydroxylation of 5-methylcytosine in myeloid cancers with mutant TET2. Nature 468, 839–843. doi: 10.1038/nature09586

 Koh, K. P., Yabuuchi, A., Rao, S., Huang, Y., Cunniff, K., Nardone, J., et al. (2011). Tet1 and Tet2 regulate 5-hydroxymethylcytosine production and cell lineage specification in mouse embryonic stem cells. Cell Stem Cell 8, 200–213. doi: 10.1016/j.stem.2011.01.008

 Lan, J., Rajan, N., Bizet, M., Penning, A., Singh, N. K., Guallar, D., et al. (2020). Functional role of Tet-mediated RNA hydroxymethylcytosine in mouse ES cells and during differentiation. Nat. Commun. 11:4956. doi: 10.1038/s41467-020-18729-6

 Langlois, T., da Costa Reis Monte-Mor, B., Lenglet, G., Droin, N., Marty, C., Le Couedic, J. P., et al. (2014). TET2 deficiency inhibits mesoderm and hematopoietic differentiation in human embryonic stem cells. Stem Cells 32, 2084–2097. doi: 10.1002/stem.1718

 Legrand, C., Tuorto, F., Hartmann, M., Liebers, R., Jacob, D., Helm, M., et al. (2017). Statistically robust methylation calling for whole-transcriptome bisulfite sequencing reveals distinct methylation patterns for mouse RNAs. Genome Res. 27, 1589–1596. doi: 10.1101/gr.210666.116

 Li, M., and Izpisua Belmonte, J. C. (2018). Deconstructing the pluripotency gene regulatory network. Nat. Cell Biol. 20, 382–392. doi: 10.1038/s41556-018-0067-6

 Li, X., Yao, B., Chen, L., Kang, Y., Li, Y., Cheng, Y., et al. (2017). Ten-eleven translocation 2 interacts with forkhead box O3 and regulates adult neurogenesis. Nat. Commun. 8:15903. doi: 10.1038/ncomms15903

 Li, X., Yue, X., Pastor, W. A., Lin, L., Georges, R., Chavez, L., et al. (2016). Tet proteins influence the balance between neuroectodermal and mesodermal fate choice by inhibiting Wnt signaling. Proc. Natl. Acad. Sci. U. S. A. 113, E8267–E76. doi: 10.1073/pnas.1617802113

 Li, Z., Cai, X., Cai, C. L., Wang, J., Zhang, W., Petersen, B. E., et al. (2011). Deletion of Tet2 in mice leads to dysregulated hematopoietic stem cells and subsequent development of myeloid malignancies. Blood 118, 4509–4518. doi: 10.1182/blood-2010-12-325241

 Lio, C. J., and Rao, A. (2019). TET enzymes and 5hmC in adaptive and innate immune systems. Front. Immunol. 10:210. doi: 10.3389/fimmu.2019.00210

 Lio, C. J., Yuita, H., and Rao, A. (2019). Dysregulation of the TET family ofepigenetic regulators in lymphoid and myeloid malignancies. Blood 134, 1487–1497. doi: 10.1182/blood.2019791475

 Lu, F., Liu, Y., Jiang, L., Yamaguchi, S., and Zhang, Y. (2014). Role of Tet proteins in enhancer activity and telomere elongation. Genes Dev. 28, 2103–2119. doi: 10.1101/gad.248005.114

 Macfarlan, T. S., Gifford, W. D., Driscoll, S., Lettieri, K., Rowe, H. M., Bonanomi, D., et al. (2012). Embryonic stem cell potency fluctuates with endogenous retrovirus activity. Nature 487, 57–63. doi: 10.1038/nature11244

 Martin, G. R. (1981). Isolation of a pluripotent cell line from early mouse embryos cultured in medium conditioned by teratocarcinoma stem cells. Proc. Natl. Acad. Sci. U. S. A. 78, 7634–7638. doi: 10.1073/pnas.78.12.7634

 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, 592–605. doi: 10.1016/j.stem.2014.02.012

 Monk, M., Boubelik, M., and Lehnert, S. (1987). Temporal and regional changes in DNA methylation in the embryonic, extraembryonic and germ cell lineages during mouse embryo development. Development 99, 371–382.


 Moran-Crusio, K., Reavie, L., Shih, A., Abdel-Wahab, O., Ndiaye-Lobry, D., Lobry, C., et al. (2011). Tet2 loss leads to increased hematopoietic stem cell self-renewal and myeloid transformation. Cancer Cell 20, 11–24. doi: 10.1016/j.ccr.2011.06.001

 Mulholland, C. B., Nishiyama, A., Ryan, J., Nakamura, R., Yigit, M., Glück, I. M., et al. (2020a). Recent evolution of a TET-controled and DPPA3/STELLA-driven pathway of passive demethylation in mammals. bioRxiv. doi: 10.1038/s41467-020-20453-0

 Mulholland, C. B., Traube, F. R., Parsa, E., Eckl, E.-M., Schönung, M., Modic, M., et al. (2020b). Distinct and stage-specific contributions of TET1 and TET2 to stepwise cytosine oxidation in the transition from naive to primed pluripotency. Sci. Rep. 10:12066. doi: 10.1038/s41598-020-68600-3

 Pantier, R., Tatar, T., Colby, D., and Chambers, I. (2019). Endogenous epitope-tagging of Tet1, Tet2 and Tet3 identifies TET2 as a naive pluripotency marker. Life Sci Alliance 2:e201900516. doi: 10.26508/lsa.201900516

 Piccolo, F. M., Bagci, H., Brown, K. E., Landeira, D., Soza-Ried, J., Feytout, A., et al. (2013). Different roles for Tet1 and Tet2 proteins in reprogramming-mediated erasure of imprints induced by EGC fusion. Mol. Cell 49, 1023–1033. doi: 10.1016/j.molcel.2013.01.032

 Quivoron, C., Couronne, L., Della Valle, V., Lopez, C. K., Plo, I., Wagner-Ballon, O., et al. (2011). TET2 inactivation results in pleiotropic hematopoietic abnormalities in mouse and is a recurrent event during human lymphomagenesis. Cancer Cell 20, 25–38. doi: 10.1016/j.ccr.2011.06.003

 Rebollo, R., Romanish, M. T., and Mager, D. L. (2012). Transposable elements: an abundant and natural source of regulatory sequences for host genes. Annu. Rev. Genet. 46, 21–42. doi: 10.1146/annurev-genet-110711-155621

 Roden, C., and Gladfelter, A. S. (2020). RNA contributions to the form and function of biomolecular condensates. Nat. Rev. Mol. Cell Biol. doi: 10.1038/s41580-020-0264-6

 Sardina, J. L., Collombet, S., Tian, T. V., Gomez, A., Di Stefano, B., Berenguer, C., et al. (2018). Transcription factors drive Tet2-mediated enhancer demethylation to reprogram cell fate. Cell Stem Cell 23, 727–741.e9. doi: 10.1016/j.stem.2018.08.016

 Schorn, A. J., Gutbrod, M. J., LeBlanc, C., and Martienssen, R. (2017). LTR-retrotransposon control by tRNA-derived small RNAs. Cell 170, 61–71 doi: 10.1016/j.cell.2017.06.013

 Shen, Q., Zhang, Q., Shi, Y., Shi, Q., Jiang, Y., Gu, Y., et al. (2018). Tet2 promotes pathogen infection-induced myelopoiesis through mRNA oxidation. Nature 554, 123–127. doi: 10.1038/nature25434

 Tahiliani, M., Koh, K. P., Shen, Y., Pastor, W. A., Bandukwala, H., Brudno, Y., et al. (2009). Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Science 324, 930–935. doi: 10.1126/science.1170116

 Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cell 126, 663–676. doi: 10.1016/j.cell.2006.07.024

 Tang, F., Barbacioru, C., Bao, S., Lee, C., Nordman, E., Wang, X., et al. (2010). Tracing the derivation of embryonic stem cells from the inner cell mass by single-cell RNA-Seq analysis. Cell Stem Cell 6, 468–478. doi: 10.1016/j.stem.2010.03.015

 Vella, P., Scelfo, A., Jammula, S., Chiacchiera, F., Williams, K., Cuomo, A., et al. (2013). Tet proteins connect the O-linked N-acetylglucosamine transferase Ogt to chromatin in embryonic stem cells. Mol. Cell 49, 645–656. doi: 10.1016/j.molcel.2012.12.019

 Verma, N., Pan, H., Dore, L. C., Shukla, A., Li, Q. V., Pelham-Webb, B., et al. (2018). TET proteins safeguard bivalent promoters from de novo methylation in human embryonic stem cells. Nat. Genet. 50, 83–95. doi: 10.1038/s41588-017-0002-y

 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, 155–169. doi: 10.1038/nrm.2015.28

 Wossidlo, M., Nakamura, T., Lepikhov, K., Marques, C. J., Zakhartchenko, V., Boiani, M., et al. (2011). 5-Hydroxymethylcytosine in the mammalian zygote is linked with epigenetic reprogramming. Nat. Commun. 2:241. doi: 10.1038/ncomms1240

 Wu, Y., Guo, Z., Liu, Y., Tang, B., Wang, Y., Yang, L., et al. (2013). Oct4 and the small molecule inhibitor, SC1, regulates Tet2 expression in mouse embryonic stem cells. Mol. Biol. Rep. 40, 2897–2906. doi: 10.1007/s11033-012-2305-5

 Yang, J., Guo, R., Wang, H., Ye, X., Zhou, Z., Dan, J., et al. (2016). Tet enzymes regulate telomere maintenance and chromosomal stability of mouse ESCs. Cell Rep. 15, 1809–1821. doi: 10.1016/j.celrep.2016.04.058

 Yang, R., Yu, T., Kou, X., Gao, X., Chen, C., Liu, D., et al. (2018). Tet1 and Tet2 maintain mesenchymal stem cell homeostasis via demethylation of the P2rX7 promoter. Nat. Commun. 9:2143. doi: 10.1038/s41467-018-04464-6

 Yang, Y., Wang, L., Han, X., Yang, W. L., Zhang, M., Ma, H. L., et al. (2019). RNA 5-Methylcytosine facilitates the maternal-to-zygotic transition by preventing maternal mRNA decay. Mol. Cell 75, 1188–1202.e11. doi: 10.1016/j.molcel.2019.06.033

 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, 237–241. doi: 10.1016/j.stem.2009.08.001

 Zhang, Q., Zhao, K., Shen, Q., Han, Y., Gu, Y., Li, X., et al. (2015). Tet2 is required to resolve inflammation by recruiting Hdac2 to specifically repress IL-6. Nature 525, 389–393. doi: 10.1038/nature15252

 Zhang, X., Su, J., Jeong, M., Ko, M., Huang, Y., Park, H. J., et al. (2016). DNMT3A and TET2 compete and cooperate to repress lineage-specific transcription factors in hematopoietic stem cells. Nat. Genet. 48, 1014–1023. doi: 10.1038/ng.3610

 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, 651–655. doi: 10.1016/j.stem.2010.11.015

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 © 2021 Garcia-Outeiral, de la Parte, Fidalgo and Guallar. 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/xhtml/Nav.xhtml




Contents





		Cover



		The Complexity of TET2 Functions in Pluripotency and Development



		Introduction



		TET2 Protein Structure and Function



		TET2 Function in Early Development: Do We Know Everything?



		An Expanded View of TET2 in Pluripotency in vitro



		TET2 Role in Differentiation: The DNA and RNA Sides of the Story



		TET2 Functions in the Establishment of Pluripotency



		Summary and Implications



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers
in Cell and Developmental Biology

The Complexity of TET2 Functions
in Pluripotency and Development





OPS/images/fcell-08-630754-g001.gif
liem e vl ] TeTH

._osa e

T oo e[| Tev2
s =

iz maoey wisoia mivton R

T e
TEa ww we D oW

v Pluetancy

R e e

e

Rescogamming

I






OPS/images/fcell-08-630754-t001.jpg
Model Genotype Phenotype/most relevant findings References

Mouse Tet2 KO - Redution in ShmC levels in the genomic DNA of BM cells Lietal, 2011
- 1/3 of Tet2~/~ and 8% of Tet2*/~ died within 1 year of age
- Development of myeloid malignancies
Tet2 KO - Amplification and competitive advantage of hematopoietic stem and Quivoron et al,, 2011
progenitor cells
- Pleiotropic alterations of the hematopoietic compartments including both
lymphoid and myeloid lineages
- Myeloid malignancies with differentiation abnormalities
Tet2 KO - No evidence for embryonic lethality Ko etal.,, 2011
- Decreased genomic levels of shmC
- Increase in the size of the HSPC pool in a cell-autonomous manner.
- Competitive advantage of HSCs, leading to an enhanced hematopoiesis into
both lymphoid and myeloid lineages.
Tet2 - No observable delay in embryonic development Guallar et al,, 2018
KD (Early embryo) - Derepression of MERVL elements and MERVL-associated genes
mESCs Tet2 KD - ~40% of decrease in genomic ShmG levels Kohetal., 2011
- No changes in ESC maintenance
- Formation of large hemorrhagic and aggressive teratomas, with greater
contribution from neuroectoderm.
Tet2 KD/KO - ~50% of decrease in genomic ShmG levels in Tet2-deficient MESCs Huang et al., 2014
- Loss of 5hmG in gene bodies and increased 5hmG levels at promoter/TSS
regions in Tet2-deficient mESCs
- No detectable ShmC levels in Tet2~/~ mESCs
Tet2 KO - >90% loss of global 5hmC levels. Hon et al,, 2014
- Enhancers hypermethylation
- Delay in early differentiation markers expression
Tet2 KD - Telomere shortening Yang etal., 2016
- Chromosomal instabilty
Tet2 KO - Significant decrease in global ShmC levels in both naive ESCs and Mulholland et al., 2020b
primed EpiLCs
Tet2 KO - Significant decrease in global ShmC levels in naive ESCs Mulholland et al., 2020a
- Significant increase in DNA methylation at LINE1/L1 elements
- Severe hypermethylation at promoters, gene bodies, and repetitive elements
- Premature repression of Dppad
hESCs Tet2 KD - Increased expression of neuroectoderm markers and decreased expression Langlois et al,, 2014
of mesoderm and endoderm makers during EBs differentiation
- No detectable alterations in pluripotency
Somatic cell Tet2 KD - Abolishment of iPSC generation Doege etal., 2012
reprogramming MEF+OSKM - Decrease of H3K4me?2 at pluripotency loci
- TET2 binds to Nanog and Esmb loci during SCR and catalyze ShmG
Tet2 KD - Redution of ~ 50% in reprogramming capacity Piccolo et al., 2013
MEGC+hB cel fusion - Decrease in 5hmC levels at the somatic Oct4 promoter
preiPSC - TET2 overexpression enhances NANOG-mediated reprogramming Costaetal., 2013
+NANOG - TET2 KD abolishes the reprogramming synergy of NANOG with a catalytically
deficient mutant of TET1
Tet2 KO - Redution of ~70% in reprogramming capacity Huetal, 2014
MEF+OSKM
B cel* CEBPa+ - TET2 overexpression enhances SCR Di Stefano et al., 2014
OSKM - CEBPw activates Tet2 expression
- TET2 binds and demethylates pluripotency loci (e.g. Oct4)
Tet2 KO - TET2 s required for B cell activation by GEBPa and for reprogramming by Sardina et al., 2018
B cell+ CEBPa+ OSKM
iOSKM - TET2 interactors (.e. CEBPa, KLF4, TFGP2I1) contribute with TET2
to reprogramming
2 MEF+ iOSKIM - ZSCANA4F binds to TET2 and recruits it to ShmG-modify genes involved in Cheng et al., 2020

glycolysis and proteasome activity

Model of study, genotype, phenotype, and meyor findings are includied along with the reference article. HSCs, hematopoletic stem cels; HSPCs, hematopoiefic stem progenttor cells;
KD, knockdown; KO, knockout; iPSCs, induced pluripotent stem cells. 2nd MEF, secondary system expressing inducible OSKM.
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