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Somatic cell reprogramming (SCR) is the conversion of differentiated somatic cells
into totipotent or pluripotent cells through a variety of methods. Somatic cell
reprogramming also provides a platform to investigate the role of chromatin-
based factors in establishing and maintaining totipotency or pluripotency, since
high expression of totipotency- or pluripotency-related genes usually require an
active chromatin state. Several studies in plants or mammals have recently shed light
on the molecular mechanisms by which epigenetic modifications regulate the
expression of totipotency or pluripotency genes by altering their chromatin
states. In this review, we present a comprehensive overview of the dynamic
changes in epigenetic modifications and chromatin states during reprogramming
from somatic cells to totipotent or pluripotent cells. In addition, we illustrate the
potential role of DNA methylation, histone modifications, histone variants, and
chromatin remodeling during somatic cell reprogramming, which will pave the
way to developing reliable strategies for efficient cellular reprogramming.
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Introduction

In mammals and plants, stem cells are undifferentiated cells with the capacity for self-
renewal that also have potential to differentiate into multiple types of somatic cells with specific
functions. Conversely, differentiated somatic cells can also be reprogrammed into totipotent or
pluripotent states spontaneously or under specific inducing conditions, in a process called
somatic cell reprogramming (SCR) (Ebrahimi et al., 2019). During SCR, genes expressed in
somatic cells are shut down, while genes associated with totipotency or pluripotency are
selectively activated (Surani, 2001). In mammals, SCR relies mainly on three general
approaches: somatic cell nuclear transfer (SCNT), fusion with embryonic stem cells (ESCs),
and transcription-factor-driven direct reprogramming. SCNT entails the transfer of a somatic
nucleus into an oocyte whose nucleus has been removed, and involves five cellular events:
nuclear membrane breakdown and formation of premature chromosome condensation (PCC);
activation; nuclear expansion; DNA replication; and zygotic genome activation (ZGA) (Matoba
and Zhang, 2018). The fusion of an ES cell (which is pluripotent) to a somatic cell can induce the
somatic cell to revert back to a pluripotent state (Do and Schöler, 2004). In direct
reprogramming, reprogramming factors that can reprogram the somatic cell into a
pluripotent state are injected into somatic cells in a process consisting of three stages:
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initial effects on the somatic epigenome; transcriptional changes
during early reprogramming; and induction and consolidation of
pluripotency (Smith et al., 2016). In plants, SCR encompasses
many approaches, such as somatic embryogenesis and regeneration.
Somatic embryogenesis is a typical mode of SCR, whereby the somatic
cell can be converted to a totipotent cell that can then give rise to an
entire plant (Su et al., 2021). Plant regeneration is another
representative example of SCR in plants, during which exposure of
vegetative tissue to a combination of phytohormones induces the
formation of relatively undifferentiated callus, which then regenerates
new organs (Lee and Seo, 2018). The fundamental principle of SCR is
the conversion of somatic cells into stem cells through rearrangement
of epigenetic modifications affecting chromatin state (Lee and Seo,
2018), such as histone and DNA modifications, which strongly
influence cell fate (Yao et al., 2020). There is mounting evidence
that the chromatin state changes significantly to break down the
barriers between diverse cell types through rebuilding of chromatin
structures during SCR (Flottmann et al., 2012; Wang F. X. et al., 2020).

A large body of work has revealed that SCR can be triggered by the
overexpression of certain essential transcription factor genes, which
are recognized as totipotency or pluripotency genes. For instance,
induced pluripotent stem cells (iPSCs) can form in mouse and human
adult fibroblasts through the co-overexpression of a set of four genes
referred to collectively as OSKM: octamer-binding protein 4 (OCT4),
sex-determining region Y-box 2 (SOX2), Krüppel-like factor 4 (KLF4),
and C-MYC (Takahashi and Yamanaka, 2006; Takahashi et al., 2007).
In plants, number of genes, when overexpressed, have been shown to
have the capacity to reprogram somatic cells into totipotent state and
form somatic embryos (SEs), including LEAFY COTYLEDON1
(LEC1) (Lotan et al., 1998), LEC2 (Stone et al., 2001), BABY
BOOM (BBM) (Boutilier et al., 2002), AGAMOUS-LIKE 15
(AGL15) (Harding et al., 2003), RWP-RK DOMAIN-CONTAINING
4 (RKD4) (Waki et al., 2011), andWUSCHEL (WUS) (Su et al., 2009).
Moreover, overexpression of some transcription factor genes can
induce the formation of callus, a pluripotent cell mass, from
somatic cells; these genes include PLETHORA (PLT) genes
(Kareem et al., 2015), WOUND INDUCED DEDIFFERENTIATION
(WIND) genes (Iwase et al., 2011), WUSCHEL-RELATED
HOMEOBOX 11 and 12 (WOX11/12) (Liu et al., 2014), and
LATERAL ORGAN BOUNDARIES DOMAIN 16 (LBD16) (Liu
et al., 2018).

Although the changes in chromatin state mediated by both 1)
epigenetic modifications and 2) the high-level expression of
totipotency or pluripotency genes are important for SCR, our
present knowledge of their complex and interwoven relationship is
rather scarce. Recently, the deployment of transposase-accessible
chromatin with high-throughput sequencing (ATAC-seq) has
unraveled how the chromatin of these totipotency or pluripotency
genes gradually opens during SCR, while that of somatic-cell-specific
genes becomes gradually closed (Li et al., 2017;Wang F. X. et al., 2020).
Intriguingly, the factors encoded by pluripotency genes can also
directly interact with the components of chromatin-remodeling or
chromatin-modifying complexes to regulate the dynamics of their
own chromatin state, in a process that precedes transcriptional
activation (Koche et al., 2011; Orkin and Hochedlinger, 2011).
Here, we review the contribution of various epigenetic
modifications, such as DNA methylation, histone modifications,
histone variants, and chromatin remodeling, to the changes in
chromatin state that occur during SCR in both plants and

mammals, and present a comprehensive overview of the modifiers
that facilitate or inhibit such reprogramming (Table 1).

DNA methylation

DNA methylation is a classical epigenetic modification consisting
of the addition of a methyl group to the cytosine base of DNA to form
5-methylcytosine (5 mC), which can occur at cytosine bases within all
sequence contexts: symmetric CG and CHG and asymmetric CHH
(where H = C, T, or A). DNA methylation can regulate gene
expression by affecting chromatin structure, DNA conformation,
DNA stability, and protein-DNA interaction (Dantas Machado
et al., 2015). Recent evidence suggests that genome-wide changes in
DNAmethylation take place during SCR (Nishino et al., 2011; Li et al.,
2019; Shim et al., 2021a). In mammals, the global methylation level of
OSKM-iPSCs derived from different type cells (such as human
endometrium or placental artery endothelium, among others) is
significantly higher than that of their corresponding parental cell
lines (Nishino et al., 2011; He et al., 2014). Intriguingly, some high-
expression endogenous pluripotency genes [including OCT4, Spalt
Like Transcription Factor 4 (SALL4), SOX8, zinc finger protein of the
cerebellum 5 (ZIC5), and Forkhead Box D1 (FOXD1)] show
hypomethylation in iPSCs, because they contain regions specifically
hypomethylated in stem cells that are available to be demethylated
during reprogramming (Nishino et al., 2011). In addition, CG
methylation is maintained by DNA methyltransferases (DNMTs).
Knockdown of DNMT1 by small heterochromatic RNA (shRNA)
facilitates the generation of iPSCs at the early stage of reprogramming
by decreasing the DNA methylation level of promoters from
pluripotency genes [like OCT4, NANOG, Estrogen Related Receptor
Beta (ESRRB), andDevelopmental Pluripotency Associated 2 (DPPA2)]
and thereby significantly increasing their expression (He et al., 2017).
DNMT3a/b are responsible for de novo DNA methylation (Kinoshita
et al., 2021). As with DNMT1, knockdown of DNMT3a or DNMT3b
can improve the efficiency of iPSC generation, while the ectopic
expression of DNMT3a or DNMT3b significantly inhibits
reprogramming at the early stage, indicating that DNMT3a and
DNMT3b expression acts as a barrier to cell reprogramming.
Overexpression of the pluripotency factor gene SOX2 can realize
SCR through upregulating the expression of the microRNA gene
miR29b, which can directly target DNMT3a and DNMT3b
transcripts and repress their abundance (Guo et al., 2013).
Furthermore, DNMT3a/b can be recruited by the histone
methyltransferase G9a [also called Euchromatic histone-lysine
N-methyltransferase 2 (EHMT2)] at pluripotency loci (OCT3/4,
NANOG) to block the expression of these pluripotency genes
through de novo DNA methylation, thus preventing
reprogramming of differentiated mouse embryonic stem cells to a
pluripotent state (Epsztejn-Litman et al., 2008).

Similarly, DNAmethylation also dynamically changes during SCR
in plants (Li et al., 2019; Shim et al., 2021a). The level of CHH
methylation was reported to decrease during the leaf-to-callus
transition in Arabidopsis (Arabidopsis thaliana) (Shim et al.,
2021a). Several essential genes related to cell division have lower
CHH methylation in callus than in leaf tissues, and their expression
gradually increases upon auxin-triggered callus proliferation in
Arabidopsis; these genes include ORIGIN RECOGNITION
COMPLEX 1 (ORC1), REPLICATION FACTOR C 2 (RFC2),
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TABLE 1 Epigenetic modifications and modifiers in somatic cell reprogramming.

Epigenetic modifications/
modifiers

Biochemical function Role for reprogramming References

Plant Mammal

MET1 DNMT1 DNA methyltransferase barrier for somatic cell reprogramming Li et al. (2011); He et al. (2017); Shim
et al. (2021b)

DRM1, DRM2,
CMT3

DNMT3a/b DNA methyltransferase barrier for somatic cell reprogramming Epsztejn-Litman et al. (2008); Guo
et al. (2013); Shemer et al. (2015)

TET1/2/3 TDG DNA demethylase essential for somatic cell reprogramming Costa et al. (2013); Gao et al. (2013);
Hu et al. (2014)

RAD50 act as a Tet1-binding protein facilitate pluripotent reprogramming Park et al. (2020)

CLF, SWN, FIE PRC2 components, catalyze
H3K27me3 formation

the effect of reprogramming depending on
the specific cell type

Makarevich et al. (2006); Bouyer et al.
(2011); He et al. (2012); Ikeuchi et al.
(2015)

EZH2 PRC2 components, catalyze
H3K27me3 formation

required for somatic cell reprogramming Buganim et al. (2012); Onder et al.
(2012); Ding et al. (2014)

UTX H3K27 demethylase interact with OSK and facilitate somatic
cell reprogramming

Mansour et al. (2012); Jiang et al.
(2020)

SUV39H1/H2,
EHMT1/2 SETDB1

H3K9 methyltransferase associated with transcriptional repression
and inhibit somatic cell reprogramming

Lachner et al. (2001); Chen et al. (2013)

KDM3/4 H3K9 demethylase remove H3K9me3 to accelerate somatic
cell reprogramming

Wei et al. (2017); Zhu et al. (2021)

TRIM28 epigenetic modifier interact with SETDB1 and repress the
pluripotent genes expression to inhibit
reprogramming

Miles et al. (2017)

CBX3 A H3K9me3 reader repress the pluripotency gene to block
reprogramming

Sridharan et al. (2013)

KYP H3K9 methyltransferase promote shoot regeneration Li et al. (2011)

JMJ30 H3K9 demethylase interact with ARF7and ARF9 remove
H3K9m3 at promoters of LBD16 and
LBD29

Lee et al. (2018)

ATX4 responsible for H3K4me3 accumulation promote shoot formation Lee et al. (2019)

ATXR2 confer H3K36me3 accumulation ARF7-ARF9-JMJ30 complex recruit
ATXR2 to accumulate H3K36me3, activate
LBD16 and LBD29 to promote somatic cell
reprogramming

Lee et al. (2017); Lee et al. (2021)

WDR5 belong to MLL complex, a H3K4me3 reader activate pluripotent genes expression and
promote somatic cell reprogramming

Ang et al. (2011)

ASH2L-b a core component of MLL complex improve reprogramming efficiency Li et al. (2018)

LSD1 catalyze the demethylation of H3K4me1/2 promote reprogramming by preventing
H3K4 demethylation

Sun et al. (2016)

SDG8 H3K36me3 methyltransferase accumulate H3K36me3 on ASA1 and
promote rooting from leaf explants

Zhang et al. (2019)

JHDM1a/1b H3K36 demethylase interact with Oct4 to activate the
microRNA 302/367, promote somatic cell
reprogramming

Subramanyam et al. (2011); Wang et al.
(2011)

DOT1L mediate H3K79 methylation formation barrier for somatic cell reprogramming Jones et al. (2008); Onder et al. (2012)

PRMT5 PRMT5 mediate H4R3sme2s formation improve the efficiency of somatic cell
reprogramming

Nagamatsu et al. (2011); Han et al.
(2013); Liu et al. (2016)

GCN5, PRZ1 GCN5, TRRAP responsible for histone methylation formation form SAGA complex to activate
reprogramming factors via catalyzing
histone acetylation at gene loci, required
for somatic cell reprogramming

Liu et al. (2003); Sieberer et al. (2003);
Anzola et al. (2010); Hirsch et al.
(2015); Kim et al. (2018); Rymen et al.
(2019)

(Continued on following page)
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MITOTIC ARREST DEFICIENT 1 (MAD1), and DISRUPTION OF
MEIOTIC CONTROL 1 (DMC1) (Shim et al., 2021a). Similarly, several
genes involved in callus formation from leaf explants in strawberry
(Fragaria vesca), such as FvePLT3/7, FveWIND3, FveWIND4,
LONELY GUY 4 (FveLOG4), and INDOLE-3-ACETIC ACID
INDUCIBLE 14 (FveIAA14), are upregulated during callus
formation, and their expression is associated with reduced DNA
methylation (Liu et al., 2022). CHH methylation levels also
decrease during somatic embryogenesis in cotton (Gossypium
hirsutum) (Li et al., 2019). Some phytohormone-related and
WUSCHEL-related homeobox genes, such as PIN-FORMED 1
(PIN1), SMALL AUXIN UPREGULATED RNA 1 (SAUR1), IAA14,
IAA16, WUS4.1, PLT5/6, and ENHANCER OF SHOOT
REGENERATION 12 (ESR12), are upregulated in conjunction with
a decrease of CHH methylation level at their chromatin during
somatic embryogenesis of cotton (Li et al., 2019). In plants, the
DNA methyltransferase MET1 maintains CG methylation (Kankel
et al., 2003), while CHROMOMETHYLASE 3 (CMT3) and CMT2 are
involved in the maintenance of CHG methylation, and CMT2 and
DOMAINS REARRANGEDMETHYLASE 2 (DRM2) are responsible
for maintaining CHHmethylation (Lindroth et al., 2001; Stroud et al.,
2014). In addition, DRM1 and DRM2 catalyze de novomethylation via
the RNA-directed DNA methylation (RdDM) pathway (Matzke and
Mosher, 2014; Wendte and Pikaard, 2017). Loss of MET1 function or
the drm1 drm2 cmt3 triple mutant can induce shoot regeneration
earlier than wild type in Arabidopsis (Li et al., 2011; Shemer et al.,
2015) because of their lower DNA methylation level on the WUS

promoter, thus shifting initial WUS expression earlier to reach a
higher expression level compared with the wild type in the initial
stage of shoot formation. In addition, the expression of the
photoreceptor genes CRYPTOCHROME 1 (CRY1) and CRY2,
which can stimulate the expression of type-B ARR genes [including
Arabidopsis RESPONSE REGULATOR 1 (ARR1) and ARR10] and
promote shoot regeneration, is higher in the met1 mutant, with
reduced CG methylation at their loci (Shim et al., 2021b).
Application of 5-azacytidine (5-AzaC), an inhibitor of DNA
methyltransferase, leads to an increased frequency of somatic
embryo induction in some plant species [rapeseed (Brassica napus),
barley (Hordeum vulgare), and Robusta coffee (Coffea canephora)],
due to DNA hypomethylation (Solis et al., 2015). Likewise, 5-AzaC
treatment facilitates the transformation of somatic cells into
pluripotent cells during the late stages of direct reprogramming
through the ectopic expression of defined transcription factor genes
(OCT4, SOX2, KLF4, and C-MYC) in mouse (Mikkelsen et al., 2008).
Importantly, all the above studies show that DNA methylation acts as
a barrier during SCR in both mammals and plants, as most
pluripotency- or totipotency-associated genes need to be
hypomethylated before they can be activated.

Conversely, DNA methylation can also be cleared by DNA
demethylases in a process called active DNA demethylation, which is
thought to have a positive effect on SCR (Gao et al., 2013). In mammals,
active DNA demethylation can be achieved via the independent action of
TET (ten-eleven translocation) dioxygenases and TGDs (thymine DNA
glycosylases). 5mC can be oxidized to 5-hydroxymethylcytosine (5hmC),

TABLE 1 (Continued) Epigenetic modifications and modifiers in somatic cell reprogramming.

Epigenetic modifications/
modifiers

Biochemical function Role for reprogramming References

Plant Mammal

HAD6,
HAD19

histone deacetylase repress pluripotent genes expression Tanaka et al. (2008); Zhou et al. (2013);
Chhun et al. (2016)

HDAC2, HDAC6 histone deacetylase remove histone acetylation and cause
pluripotent genes down-regulated

Wei et al., 2015; Sun et al., 2021

H3.15 replace canonical H3 and reduce the deposition
of H3K27me3

promote callus formation Yan et al. (2020)

H2A.Z histone variant act as a repressor of somatic cell
reprogramming

Lambolez et al. (2022)

H3.3 histone variant act as a repressor of somatic cell
reprogramming

Wen et al. (2014); Fang et al. (2018);
Wang F. X. et al. (2020)

macroH2A overlap with H3K27me3, prevents the regain of
H3K4me2

repress pluripotent genes expression Pasque et al. (2012); Barrero et al.
(2013); Gaspar-Maia et al. (2013);
Pliatska et al. (2018)

SYD a SWI2/SNF2-like protein in the SNF2 subclass repress WUS expression Kwon et al. (2005)

PKL, PKR2 CHD3 family of chromatin remodeling
proteins

repress reprogramming factors by
accumulation of H3K27me3 with PRC2

Dean Rider et al. (2003); Aichinger
et al. (2009)

NuRD histone deacetylase activity and ATP-
dependent nucleosome remodeling activity

act as a roadblock for SCR Zhang et al. (1999); Luo et al. (2013);
Rais et al. (2013)

BRG1, BRF155 esBAF complex increase H3K4me3and H3K9ac on
promoter of reprogramming factors

Ho et al. (2009); Singhal et al. (2010);
Ho et al. (2011); Jiang et al. (2015)

HMGA1 HMG protein family increase the rate of reprogramming Kishi et al. (2012); Shah et al. (2012)

AHL15 result in heterochromatin decondensation promote somatic embryogenesis Karami et al. (2021)
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5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) by TETs, after
which 5fC and 5caC can be recognized in the genome and excised by
TDGs, with the single-nucleotide gaps filled with unmethylated cytosine
through the base-excision repair (BER) pathway (Wu and Zhang, 2017).
TET1 has been shown to promote DNA demethylation at OCT4 loci and
reactivate its transcription at the early phase of iPSC induction (Gao et al.,
2013). TET1 was also reported to be able to replace OCT4 in OSKM to
initiate SCR and interact with NANOG to enhance the expression of
pivotal pluripotency genes (such as ESSRB and OCT4) by removing 5mC
from their promoters (Costa et al., 2013). Moreover, a triple knockout of
TET genes (TET1, TET2, and TET3) or knockout of TDG genes can block
the mesenchymal-to-epithelial transition (MET) to prevent SCR,
suggesting that TET- and TDG-mediated active DNA demethylation
is indispensable for the reprogramming of somatic cells (Hu et al., 2014).
TET1 can also interact with Rad50 (a key player in DNA double-strand
break repair) to facilitate active DNA demethylation at pluripotency genes
(Park et al., 2020). In plants, the bifunctional 5-mC DNA glycosylase
family REPRESSOR OF SILENCING 1 (ROS1), DEMETER (DME),
DME-like 2 (DML2), and DML3 can remove 5mC from the genome
(Bartels et al., 2018). The resulting single-nucleotide gaps are then filled
with unmethylated cytosine through the BER pathway. Notably, very few
demethylases have been reported to date in plants that affect cell
reprogramming. In general, pluripotency genes are hypermethylated
and transcriptionally silenced in somatic cells, and they must be
reactivated through active DNA demethylation during SCR, whereas
somatic genes must be silenced by de novo methylation to facilitate cell
reprogramming (Ohi et al., 2011; Liang and Zhang, 2013;
Haridhasapavalan et al., 2020; Poetsch et al., 2022). Therefore, during
SCR, there may be a complex balance between DNA methylation and
demethylation, whichmay occur simultaneously to alter the expression of
somatic-cell-specific genes or pluripotency genes to promote cell
reprogramming.

Histone methylation

Histone methylation is one of the main mechanisms of epigenetic
regulation. It is a dynamic and reversible reaction catalyzed by histone
methyltransferases (HMTs) and histone demethylases (Bannister and
Kouzarides, 2002). Methylation mainly targets lysine (K) and arginine
(R) residues. Usually, chromatin can switch between open
(euchromatin) and closed (heterochromatin) states (Allis, 2001).
Heterochromatin comprises tightly packed, transcriptionally
inactive regions of the genome and usually contains abundant
methylation at specific histone sites [H3K9me3 (trimethylation of
K9 on histone H3), H3K27me3, and H3K79me3]. By contrast, low
folding and compression of euchromatin is necessary for
transcriptional activation and is often associated with active histone
methylation (like H3K4me3 and H3K36me3). This dynamic
modification of histones drives the structural changes in chromatin
conformation required for gene expression (Fuchs et al., 2006;
Lawrence et al., 2016).

Polycomb repressive complex 2 (PRC2) is a key Polycomb Group
(PcG)-type regulator complex catalyzing the deposition of
H3K27me3, a repressive histone modification. PRC2, which has
been identified as a key factor shaping epigenetic modifications in
SCR, contains the proteins EZH1/2 (Enhancer of zeste homolog 1/2),
EED (Embryonic ectoderm development), Su(z) 12 (Suppressor of
zeste 12), and RBBP4/7 (Retinoblastoma binding protein 4/7) in

humans (Bieluszewski et al., 2021). Their homologs in Arabidopsis
are CURLY LEAF (CLF), SWINGER (SWN), MEDEA (MEA),
FERTILIZATION INDEPENDENT ENDOSPERM (FIE), EMBRYO
FLOWER 2 (EMF2), VERNALIZATION 2 (VRN2),
FERTILIZATION INDEPENDENT SEED 2 (FIS2), and
MULTICOPY SUPRESSOR OF IRA1 (MSI1) (Bieluszewski et al.,
2021). In Arabidopsis, mutations in PRC2 components (such as FIE,
CLF, and SWN) result in the formation of callus-like tissues or somatic
embryos in roots due to the loss of H3K27me3 (Bouyer et al., 2011;
Ikeuchi et al., 2015). PRC2 subunits can be directly targeted to the
chromatin of the embryonic regulators LEC2 and FUS3 and the callus
regulator WIND3 in the vegetative-to-embryonic transition.
Functional defects of PRC2 subunits lead to the removal of
H3K27me3 at the promoter region of these target genes, thereby
increasing their expression level (Makarevich et al., 2006; Bouyer et al.,
2011; Ikeuchi et al., 2015). However, an opposite phenomenon was
reported in clf swn leaf explants, which cannot form callus on callus-
inducing medium (CIM) (He et al., 2012). Indeed, although leaf
identity genes are repressed by PRC2-mediated
H3K27me3 deposition in wild-type callus, they are highly
expressed and prevent callus formation in the clf swn double
mutant due to the lack of H3K27me3 (He et al., 2012), suggesting
that H3K27me3 mediated by PRC2 is required for the leaf-to-callus
transition. There is a different situation in mammals, where inhibition
of EZH2, a core subunit of PRC2, led to a reduction in global
H3K27me3 levels and iPSC production during early
reprogramming (Buganim et al., 2012; Onder et al., 2012).
EZH2 represses the Ink4a/Arf (inhibitor of CDK4/alternative
reading frame) locus, which encodes a cell cycle inhibitor and acts
as a ‘roadblock’ for the generation of iPSCs (Ding et al., 2014),
suggesting that H3K27me3 deposition mediated by EZH2 is
required for reprogramming of somatic cells toward pluripotency.
H3K27me3 can be removed out by the H3K27 demethylase UTX [X-
linked homologue of Uty, also named KDM6A (lysine demethylase
6A)]. Overexpression ofUTX can facilitate iPSC reprogramming since
UTX interacts with the pluripotency factor OSK and binds to the
promoters of pluripotency genes (SALL1, SALL4, and UTF1) to
promote their expression through its histone demethylase catalytic
activity during early reprogramming (Mansour et al., 2012; Jiang et al.,
2020). However, elimination of H3K27me3 does not always have a
positive effect on SCR, as overexpression of another
H3K27 demethylase gene, KDM6B, impaired genetic
reprogramming during SCNT (Mansour et al., 2012; Jiang et al.,
2020). Therefore, only erasure of H3K27me3 at certain loci is
required for reprogramming, which also indicates that SCR is
regulated by H3K27me3 via an elaborate mechanism.

The repressive mark H3K9me3 acts as an important barrier to
SCR and is abundant at repressive chromatin regions. The
H3K9 methyltransferase SUV39H1 is required for the maintenance
of these H3K9me3 domains through recruitment of heterochromatin
proteins (HP1α, HP1β, and HP1γ) to establish heterochromatin and
silence gene expression (Lachner et al., 2001). Inhibition of
H3K9 methyltransferases [SUV39H1, SUV39H2, SETDB1 (SET
domain, bifurcate 1), EHNT1/GLP, and EHMT2/G9a, all belonging
to the KMT1 (lysine methyltransferase 1) class] expression promotes
the generation of iPSCs (Onder et al., 2012; Chen et al., 2013), as
knockdown of SETDB1 by short interfering RNA (siRNA) is sufficient
to convert pre-iPSCs into iPSCs by reducing H3K9 methylation levels
at core pluripotent loci (such as NANOG, OCT4, and SOX2) (Chen
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FIGURE 1
An overview of epigenetic factors dynamically regulating the chromatin state during somatic cell reprogramming. The diagrams illustrate the
reprogramming of somatic cells to pluripotent or totipotent cells along with the associated epigenetic modifications in plants (A) and mammals (B). DNA
methylation acts as a barrier during SCR in both mammals and plants. Most pluripotency or totipotency genes are hypermethylated and transcriptionally
silenced in somatic cells, and they are (re) activated through active DNA demethylation during SCR. Histone methylation is also required for SCR.
Different histone methylation marks induce open or repressive chromatin states, ensuring the activation of pluripotency or totipotency genes to promote
SCR. Histone acetylation acts as an epigenetic activator of reprogramming by establishing a chromatin structure that promotes the activation of a
transcriptional network that regulates pluripotency or totipotency. Histone variants and chromatin remodeling are also associated with histone modifications
and impose a repressive chromatin state to prevent the reactivation of critical pluripotency or totipotency genes during SCR.
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et al., 2013). Moreover, SETDB1 can also interact with the epigenetic
modifier TRIM28 (Tripartite motif-containing 28), by which it is
recruited to establish the repressive epigenetic marks H3K9me2/3 and
keep endogenous retroviruses (ERVs) silenced (Miles et al., 2017). The
reduction of TRIM28 expression can enhance reprogramming by
increasing the expression of genes located in repressive chromatin
regions, such as NANOG, LIN28b (Lin-28 Homolog b), ESRRB, FGF4
(Fibroblast Growth Factor 4), OCT4, and SOX2 (Miles et al., 2017),
suggesting that TRIM28 also acts as a barrier for cell reprogramming.
Similarly, inhibition the expression of heterochromatin-protein-1 γ
(Cbx3), which is an H3K9me3 reader associated with active
transcription, facilitates reprogramming. Indeed,
H3K9 methyltransferases and Cbx3 were reported to repress the
pluripotency gene NANOG to block reprogramming (Sridharan
et al., 2013). In plants, a similar mechanism has been described for
H3K9me3 as a barrier to SCR. Mutation in the KRYPTONITE (KYP)
gene encoding a histone H3K9 methyltransferase was reported to
promote in vitro shoot organogenesis by increasing WUS expression
(Li et al., 2011). Conversely, overexpression of KDM4b, an
H3K9 demethylase gene, can significantly improve the efficiency of
embryonic stem cell reprogramming in cloned mouse embryos by a
specific reduction in H3K9/36me3 levels and upregulation of core
pluripotency genes in mouse embryonic fibroblasts (Wei et al., 2017).
KDM3a and KDM3b also cooperate with OCT4–SOX2 to maintain
the pluripotency gene regulatory network via their demethylase
activity (Zhu et al., 2021). In plants, a knockout in the histone
demethylase gene JUMONJI C DOMAIN-CONTAINING PROTEIN
30 (JMJ30) inhibited the formation of callus from leaf explants in
Arabidopsis (Lee et al., 2018). JMJ30 can bind to the promoter of
LBD16 and LBD29 along with AUXIN RESPONSE FACTOR 7
(ARF7) and ARF19, and remove the repressive H3K9me3 mark
from the promoter of these genes during leaf-to-callus transition
(Lee et al., 2018). The balance between H3K9 methylation and
demethylation may provide a dynamic switch between
heterochromatin and euchromatin to specify cell fate during
reprogramming.

In contrast, the H3K4 and H3K36 marks usually act as activators
during SCR. In Arabidopsis, ARABIDOPSIS TRITHORAX 4 (ATX4),
which is responsible for the accumulation of H3K4me3 at target loci,
has been reported to promote in vitro shoot organogenesis (Lee et al.,
2019). The atx4-2 mutant showed enhanced callus formation during
leaf-to-callus transition but a reduced shoot formation capability
during callus-to-shoot regeneration due to the downregulation of
several shoot identity genes [HOMEOBOX GENE 1 (ATH1),
SAWTOOTH 1 (SAW1), SAW2, TCP DOMAIN PROTEIN 10
(TCP10), and YABBY5 (YAB5)], which is accompanied by reduced
H3K4me3 accumulation at these genes (Lee et al., 2019). In addition,
ARABIDOPSIS TRITHORAX-RELATED 2 (ATXR2), a histone lysine
methyltransferase, can promote H3K36me3 accumulation and
facilitate callus formation from leaf explants through activating
LBD genes (Lee et al., 2017). Moreover, ATXR2 interacts with
ARR1 to facilitate H3K36me3 deposition at type-A ARR5 and
ARR7 loci and activate their expression, resulting in lower WUS
expression and a failure of de novo shoot regeneration (Lee et al.,
2021). These results indicate that a single histone modifier, ATXR2,
can exhibit distinct functions in callus formation and shoot
regeneration. In mammals, the Set/MLL HMT complex subunit,
the H3K4me3 reader WDR5 (WD-repeat protein-5), is required for
the formation of iPSCs through their H3K4methylase catalytic activity

(Ang et al., 2011). A decrease in WDR5 expression causes a global
reduction of H3K4me3 levels and resulting downregulation of
pluripotency gene expression (such as OCT4, SOX2, KLF4,
NANOG, and ESRRB) at the initiation phase (Ang et al., 2011).
Moreover, WDR5 can interact with OCT4 to promote the
expression of pluripotency genes (such as OCT4, NANOG, and
SOX2) by establishing the H3K4me3 mark at the promoters of
these genes (Ang et al., 2011). Furthermore, WDR5 and another
core component of the MLL complex, ASH2L-b (absent, small, or
homeotic discs 2-like b), are downstream targets of OCT4, and their
expression increases with higher OCT4 protein stability, resulting in
higher H3K4me3 levels and greater efficiency of pluripotency
induction in mouse embryonic fibroblasts (Li et al., 2018).
Furthermore, suppression expression of the gene encoding Lysine-
specific histone demethylase 1 (LSD1/KDM1a), which catalyzes the
demethylation of H3K4me1/2, also promotes reprogramming by
facilitating the expression of exogenous transcription factor genes
like OCT4, KLF4, and SOX2 at the early stage of SCR (Sun et al., 2016),
suggesting that the H3K4me3 mark plays a positive role in SCR in
most cases. Another histone lysine methyltransferase, SET DOMAIN
GROUP8 (SDG8), augments H3K36me3 at the ANTHRANILATE
SYNTHASE α1 (ASA1) locus, a tryptophan biosynthesis gene that
participates in the auxin biosynthesis pathway. SDG8-mediated
H3K36me3 leads to increased ASA1 expression, which can
promote auxin biosynthesis and thus enhance root regeneration
from leaf explants in Arabidopsis (Zhang et al., 2019). These
results suggest that the H3K36me3 mark plays an important role
in improving plant regeneration capability and efficiency.
Nevertheless, unlike in plants, the H3K36 methylation mark acts as
a barrier for SCR in mammals. The histone demethylases JHDM1a
and JHDM1b, two known vitamin C-dependent H3K36 demethylases,
can promote the generation of iPSCs by eliminating the
H3K36me3 mark from the promoters of pluripotency genes, such
as CDH1 (Cadherin-1), DSP (Desmoplakin), and IRF6 (Interferon
Regulatory Factor 6), which are early responsive genes that
contribute to the activation of the pluripotency gene NANOG
during early reprogramming (Liang et al., 2012). Moreover,
JHDM1b also interacts with OCT4 to activate the microRNA
cluster miR302/miR367, which plays an essential role in
maintaining the cell cycle in ESC and enhances reprogramming of
mouse embryonic fibroblasts into iPSCs (Subramanyam et al., 2011;
Wang et al., 2011). Therefore, in mammals, removal of H3K36me2/
3 is beneficial for SCR. Likewise, H3K79 methylation has also been
considered to act as a roadblock during SCR. H3K79 methylation
mediated by DOT1L (Disruptor of telomeric silencing 1-like), a
histone methyltransferase specific for H3K79, is associated with
heterochromatin formation and embryonic development (Jones
et al., 2008; Onder et al., 2012). Knockdown of DOT1L via shRNA
increases the number of iPSCs along with a decrease in global
H3K79 methylation levels (Onder et al., 2012). Furthermore,
DOT1L inhibition can replace Klf4 or C-MYC to raise the
expression of pluripotency genes (like NANOG and LIN28) in the
early to middle stages of reprogramming and accomplish SCR (Onder
et al., 2012). These results suggest that removal of H3K79 methylation
is also beneficial for SCR.

Histone arginine methylation also has been shown to affect the
efficiency of SCR. In Arabidopsis, the loss of function of PROTEIN
ARGININE METHYLTRANSFERASE 5 (PRMT5), which is
responsible for the formation of symmetric dimethylation of
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histone H4R3 (H4R3sme2s), reduces the efficiency of shoot
regeneration (Liu et al., 2016). Indeed, PRMT5 can inhibit the
expression of KIP-RELATED PROTEINs (KRPs), which act as a
repressor of cell cycle, and the levels of the
H4R3sme2 modification at the KRP1 and KRP2 promoter regions
are lower in Arabidopsis prmt5 mutant, resulting in increased KRP1
and KRP2 transcript levels (Liu et al., 2016). In mammals, PRMT5 can
cooperate with the pluripotency factors KLF4 and OCT3/4 early on to
improve the efficiency of SCR (Nagamatsu et al., 2011). PRMT5 can
also regulate L-threonine dehydrogenase (TDH) activity through its
methyltransferase activity and interact with TDH to enhance SCR
efficiency (Han et al., 2013). In brief, histone methylation is required
for SCR. Different histone methylations are characteristic of open or
repressive chromatin states, ensuring the activation of pluripotency
genes to promote SCR.

Histone acetylation

Histone acetylation and deacetylation are catalyzed by histone
acetyltransferases (HAT) and histone deacetylases (HDAC),
respectively, and are essential epigenetic marks that can regulate gene
expression by changing the chromatin state and determine the direction
of stem cell differentiation (Seto and Yoshida, 2014). Unlike histone
methylation, lysine acetylation represents an open chromatin state closely
related to transcriptional activation, whereas lysine deacetylation
represents a repressive chromatin state that is typical of transcriptional
repression (Shahbazian and Grunstein, 2007).

Previous studies have indicated that high histone acetylation at
pluripotency genes can open their chromatin to facilitate cellular
reprogramming (Zhang and Laux, 2018; Li et al., 2020). In
Arabidopsis, HISTONE ACETYLTRANSFERASE OF THE GNAT/
MYST SUPERFAMILY 1 (HAG1), also known as General control
non-repressed protein 5 (GCN5), has been reported to play a vital
role in the acquisition of pluripotency during shoot regeneration (Kim
et al., 2018; Rymen et al., 2019). GCN5-mediated histone acetylation is
highly enriched at the transcription start sites (TSS) of pluripotency genes,
including WOX5, WOX14, SCARECROW (SCR), PLT1, PLT2, WIND1,
ETHYLENE-RESPONSE FACTOR 113 [ERF113, also called RELATED
TO APETALA2.6 L (RAP2.6 L)], and LBD16, providing an open
chromatin state for their transcriptional activation during early shoot
induction (Kim et al., 2018; Rymen et al., 2019). PROPORZ1 (PRZ1), also
known as ADA2b (transcriptional ADAptor 2b), is a transcriptional
adaptor and a subunit of the Spt-Ada-Gcn5-acetyltransferase (SAGA)
complex, which is associated with histone acetylation activity mediated by
GCN5 (Grasser et al., 2021). PRZ1 was suggested to modulate
GCN5 activity, thus promoting the accumulation of histone
acetylation and the expression of target genes (Grasser et al., 2021).
Mutation in PRZ1 triggers the formation of tumorous callus-like tissue on
prz1-1 roots, due to its failure to convert auxin signals into proper
morphogenic signals for lateral root formation (Sieberer et al., 2003).
This defective growth response arises from changes in the expression of
core cell cycle regulator genes such as KRP, which encodes an inhibitor of
CYCLIN DEPENDENT KINASE (CDK) and is downregulated in the
prz1-1 mutant. These results suggest that histone acetylation acts as a
positive regulator of gene expression and is required for SCR (Sieberer
et al., 2003; Anzola et al., 2010).

Similarly, the GCN5-mediated SAGA complex is also a critical
regulator of reprogramming initiation in mammals (Hirsch et al.,

2015). Loss of GCN5 or at least two of the three other components of
the SAGA complex [CCDC101 (coiled-coil domain containing 101),
TAF12 (TATA-Box Binding Protein Associated Factor 12), and
ATXN7L3 (Ataxin 7 Like 3)] leads to downregulation of RNA
splicing and processing genes [such as SNRPD1 (Small Nuclear
Ribonucleoprotein D1), SKIV2L2 (Superkiller viralicidic activity 2-
like 2), PRPF4 (Pre-MRNA Processing Factor 4), PNN (Pinin), ISY1
(Interactor of SYf1), U2AF1 (U2 Small Nuclear RNA Auxiliary Factor
1), and SNRPG (Small Nuclear Ribonucleoprotein Polypeptide G)] and
decreased cell proliferation or survival, thus reducing SCR efficiency
(Hirsch et al., 2015). Furthermore, the transcription factor MYC can
directly activate GCN5 and the other components of the SAGA
complex in mouse ESCs to initiate a positive transcriptional
feedback loop. In addition, MYC and GCN5 can also co-regulate a
group of genes related to RNA splicing and RNA processing, which is
essential for SCR (Zavolan and Kanitz, 2018). During SCR, GCN5 can
be recruited by TRRAP (transformation-transactivation domain-
associated protein) to MYC for transcriptional activation via its
acetylase activity (Liu et al., 2003). Together, these data suggest
that histone acetylation acts as an epigenetic activator to
reprogramming by establishing a chromatin structure that
promotes the activation of a transcriptional network and the
regulation of pluripotency during early SCR.

Numerous studies have shown that inhibition of histone
deacetylation significantly enhanced the reprogramming of somatic
cells into pluripotent or totipotent cells (Zhang and Wu, 2013;
Wojcikowska et al., 2018; Bie et al., 2020; Lee et al., 2020; Yang
et al., 2021). Blocking HDAC activity with the histone deacetylase
inhibitors trichostatin A (TSA) or sodium butyrate (NaB) promoted
SCR in plants and mammals (Zhang and Wu, 2013; Wojcikowska
et al., 2018; Bie et al., 2020; Lee et al., 2020; Yang et al., 2021). In plants,
TSA treatment can induce the formation of somatic embryos from
explants without the exogenous application of auxin by upregulating
the expression of YUCCA auxin biosynthesis genes (YUC1 and
YUC10) and the pluripotency genes LEC1, LEC2, FUSCA 3 (FUS3),
BBM, and AGL15, possibly due to increased histone acetylation at
these genes (Wojcikowska et al., 2018). NaB was also reported to
enhance adventitious shoot formation of Nicotiana benthamiana in a
concentration-dependent manner (Lee et al., 2020). A low
concentration of NaB exerts a significant effect in stimulating
adventitious shoot formation in calli derived from N. benthamiana
protoplasts, which was accompanied by increased histone
H3 acetylation (Lee et al., 2020). A double RNA interference
(RNAi) line of the histone deacetylase genes HDA6 and HDA19
displayed embryo-like structures on true leaves along with high
expression levels of LEC1, FUS3, and ABSCISIC ACID-
INSENSITIVE 3 (ABI3) in Arabidopsis, suggesting that HDA6 and
HDA19 act to inhibit embryo-specific transcription factor gene
expression and the embryogenic program (Tanaka et al., 2008).
VP1 (Viviparous1)/ABI3-LIKE 1 (VAL1) and VAL2 may also serve
as factors that recruit HDA6 and HDA19 to LEC promoters and
repress their transcription (Zhou et al., 2013; Chhun et al., 2016). In
mammals, as in plants, HDAC-mediated histone deacetylation acts as
a barrier for SCR. Knockdown ofHDAC2 has been shown to efficiently
improve OSKM-mediated iPSC generation, since loss of
HDAC2 increases histone acetylation and enhances TET1 binding
activity and DNA demethylation at the promoters of iPSC maturation
genes during pre-iPS cell maturation (Wei et al., 2015). Inhibition the
expression of HDAC6 can upregulate OCT4 and CDX2 (Caudal Type
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Homeobox 2) and raise the efficiency of SCNT embryo development
by increasing histone H3K9/K14 and H4K8 acetylation levels (Sun
et al., 2021). Overall, HDACs-mediated histone deacetylation can
change the chromatin structure and make the chromatin
inaccessible for transcription.

Histone variants

Histone variants are atypical proteins that are highly similar to
conventional histones. Histone variants have been shown to affect
nucleosome stability and change the chromatin state by replacing
canonical histones (containing histones H2A, H2B, H3, H4) (Talbert
andHenikoff, 2017). In alfalfa (Medicago sativa), expression of the histone
variant genes H3-1 and H3-11 was detected during somatic
embryogenesis, but the underlying regulatory mechanisms remain
unclear (Kapros et al., 1992). A recent study has shown that the
histone variant H3.15 can promote callus formation in Arabidopsis
(Yan et al., 2020). Indeed, H3.15 can replace canonical H3s and
reduce the deposition of H3K27me3 catalyzed by PRC2, resulting in
transcriptional derepression of downstream genes such as WOX11 and
LBD18 (Yan et al., 2020). Another histone variant, H2A.Z, acts as a
repressor of SCR in Arabidopsis, as a double mutant lacking two
HISTONE H2A.Z variant genes, hta9 hta11, displayed enhanced shoot
regeneration (Lambolez et al., 2022). Some genes involved in organ
regeneration or auxin biosynthesis, such as YUC genes, are
upregulated by the reduction of H2A.Z that occurs when plants are
exposed to high temperature (27 °C) (Lambolez et al., 2022). Furthermore,
H2A.Z is highly conserved in eukaryotes and its abundance is enriched
near the TSS of genes with high transcriptional activity (Dong et al., 2016;
Zhang et al., 2017). These results suggest that H2A.Z may be involved in
modulating chromatin structure to enhance access of transcription factors
to genes critical for pluripotency and conducive to reprogramming (Dong
et al., 2016; Zhang et al., 2017). Another histone variant, H3.3, which can
replace canonical H3s, carries the repressive histone modification
H3K27me3 and contributes to the accumulation of H3K4me3 and
H3K36me3 (Wen et al., 2014; Fang et al., 2018). H3.3 deposition leads
to the acquisition of cell pluripotency at the late stage of SCR inmammals
(Wen et al., 2014; Fang et al., 2018). Moreover, knockdown of the
H3.3 genes causes the downregulation of pluripotency genes (OCT4
and SOX2) and an increase in H3K9me3, which in turn represses the
reprogramming potential and efficiency of somatic cell nuclear transfer
(SCNT) embryos (Wang Y. et al., 2020). However, the histone variant
macroH2A acts as a barrier to the generation of iPSCs in mammals.
Removal of macroH2A enhanced reprogramming efficiency (Pasque
et al., 2012; Barrero et al., 2013; Gaspar-Maia et al., 2013; Pliatska
et al., 2018). MacroH2A preferentially occupies genes marked with
H3K27me3, such as OCT4 and NANOG, and prevents the
regeneration of H3K4me2 at the early stage of reprogramming
(Barrero et al., 2013; Gaspar-Maia et al., 2013). Thus, most histone
variants change the chromatin state by replacing canonical histones
and then blocking histone modifications to prevent the reactivation of
critical pluripotency genes during SCR.

Chromatin remodeling

Chromatin remodeling complexes alter the nucleosome distribution at
specific loci and the chromatin structure to facilitate the access of

transcription factors to their cognate DNA sequences (Clapier and
Cairns, 2009). ATP-dependent chromatin remodeling complexes consist
of four major subfamilies: switch/sucrose non-fermentable (SWI/SNF),
chromodomain helicase DNA-binding (CHD), imitation switch (ISWI),
and inositol requiring 80 (INO80) (Luo et al., 2013; Cabot and Cabot, 2018;
Mashtalir et al., 2018; Song et al., 2022). These chromatin remodeling
complexes contain multiple protein subunits, utilizing ATP hydrolysis to
restructure the nucleosome and ultimately change the chromatin state
(Clapier and Cairns, 2009). In mammals, the esBAF (found in embryonic
stem cells) complex possesses a unique subunit composition not found in
other cell types, defined by the presence of BRG1 (Brahma-related gene 1),
BAF155 (BRG1-Associated Factor 155), and BAF60a and the absence of
BRM (Brahma), BAF170, and BAF60c, which are present in somatic cells
(Ho et al., 2009). Continuous overexpression of BRG1 and BAF155 or
knockdown of BRM and BAF170 can facilitate the production of iPSCs
induced by OSKM (Singhal et al., 2010; Jiang et al., 2015). The esBAF
complex acts via the STAT3 (signal transducer and activator of
transcription 3) signaling pathway, which can prevent cell
differentiation and plays an essential role in pluripotency by binding to
the chromatin of pluripotency genes (Ho et al., 2011). BRG1 can establish
chromatin accessibility at STAT3-binding target genes to help STAT3 bind
to these promoters by opposing PcG-mediated H3K27me3 deposition (Ho
et al., 2011; Jiang et al., 2015). Moreover, BRG1 and BAF155 can also
increase the H3K4me3 and H3K9ac marks, and reduce DNAmethylation
of the promoters of these pluripotency genes (OCT4, SOX2, NANOG).
BRG1 and BAF155 can also interact with OCT4 to enhance its binding to
downstream pluripotency genes such as SALL4, DPPA4 (Developmental
Pluripotency Associated 4), and OCT4 (Ho et al., 2009; Ho et al., 2011).
These results provide a possible explanation of the requirement for esBAF
complexes in pluripotency.

In Arabidopsis, mutation in the SPLAYED (SYD) component of the
SWI2/SNF2 complex exhibits defect in the maintenance of shoot apical
stem cells, as SYD is recruited to establish a euchromatic state at the
promoter of the pluripotency regulator gene WUS to transcriptionally
regulate its expression (Kwon et al., 2005). Therefore, the BAF chromatin
remodeling complex may play an essential role in the maintenance of the
transcriptional program by regulating chromatin structure. By contrast,
another type of chromatin remodeling factor, the CHD3 proteins PICKLE
(PKL) and PICKLE-RELATED 2 (PKR2), are functionally redundant and
prevent the formation of somatic embryos (Dean Rider et al., 2003;
Aichinger et al., 2009). Mutation in PKL or PKR2 results in tissues with
embryonic traits and can cause reduced H3K27me3 levels and, thus,
increased expression of the pluripotency genes LEC1, LEC2, and FUS3
(DeanRider et al., 2003; Aichinger et al., 2009). In addition, the pklmutant
can also enhance the phenotype of the clf swn double mutant, which
produces SEs from seedlings (Aichinger et al., 2009). PKL has been shown
to bind to EMF2 and SWN promoters, and loss of PKL function reduces
the expression and H3K27me3 levels of these PRC2 genes (Aichinger
et al., 2009). Thus, PKL may repress pluripotency genes by directly
activating the accumulation of H3K27me3 at these PRC2 genes. These
results reveal that chromatin remodelingmediated byCHDmay impose a
repressive chromatin state that prevents the transcription of pluripotency
genes during SCR.

Similarly, overexpression of genes encoding subunits of the
nucleosome remodeling and deacetylase (NuRD) complex can
interfere with the reprogramming of somatic cells into iPSCs in
mammals (Luo et al., 2013). The complex contains multiple subunits,
including the ATPaseMi-2 (auto-antigen for dermatomyositis), HDAC1/
2, Mta1/2 (Metastasis-associated protein1/2), and MBD2/3 (methyl-
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binding domain proteins 2/3) (Cabot and Cabot, 2018). The NuRD
complex binds to methylated DNA, which it demethylates to repress
transcription via the formation of heterochromatin (Zhang et al., 1999).
Depletion of MBD3 triggers the transcriptional activation of pluripotency
genes and enhances the production of iPSCs, even in the absence of
C-MYC or SOX2 (Luo et al., 2013; Rais et al., 2013). Furthermore,
overexpression of MBD3 causes the establishment of heterochromatic
features and the silencing of pluripotency genes (including OCT4 and
NANOG) in the late stage of reprogramming (Luo et al., 2013). Similarly,
MBD3 can be directly recruited to the downstream target genes of OSKM,
which are required for multiple reprogramming processes, to prevent
their reactivation (Luo et al., 2013). Thus, the NuRD complex acts as a
roadblock for SCR.

Others

The high-mobility group (HMG) protein family is a type of
non-histone chromatin binding protein that participate in
transcriptional regulation, RNA processing, and chromatin
states (Sgarra et al., 2010). The genes encoding HMG group A
(HMGA) proteins were highly expressed and their encoding
proteins were highly abundant during embryogenesis and can
bind to AT-rich regions (also called AT-hook motifs) to
regulate the chromatin state and gene expression (Pfannkuche
et al., 2009). HMGA proteins can also regulate the global
chromatin state and are required for open chromatin in neural
precursor cells early in the reprogramming of mammalian cells
(Kishi et al., 2012; Shah et al., 2012; Karami et al., 2021).
Overexpression of HMGA1 increased the reprogramming
efficiency of somatic cells into iPSCs through HMGA1 binding
to the promoters of pluripotency genes (SOX2, LIN28, and C-MYC)
to induce their expression (Shah et al., 2012). Similarly,
overexpression of the HMGA protein family gene AT-HOOK
MOTIF CONTAINING NUCLEAR LOCALIZED 15 (AHL15)
resulted in heterochromatin decondensation and somatic
embryogenesis in Arabidopsis (Karami et al., 2021). Notably,
knockdown of GhHmgB3, a member of the high-mobility group
box (HMGB) family genes, failed to generate somatic embryos in
cotton (Hu et al., 2011). In conclusion, HMG proteins may increase
the expression of pluripotency genes through chromatin opening,
thus promoting the occurrence of SCR.

Concluding remarks and future
directions

SCR is a breakthrough for basic biology and has broad applications.
In the medical field, SCR can turn somatic cells from patients into stem
cells, which might then be used for tissue and cell therapies and even
organ transplant. In plant biology, SCR can be used for rapid
propagation, obtaining virus-free shoots, and assisting crop
production. The ectopic expression of combinations of pluripotency
factor genes has been pioneered to induce SCR, and different epigenetic
factors can be integrated into the pluripotency factor network at multiple

levels to accelerate reprogramming. Although several recent mechanistic
studies have revealed that epigenetic modifications alter the chromatin
state to regulate SCR (Figure 1), we still know very little about the role of
epigenetics in SCR. As discussed above, the epigenetic modification
H3K27me3 may act as a barrier for somatic embryogenesis but may
be required for the leaf-to-callus transition in Arabidopsis. In addition,
treatments with epigenetic-related small molecule inhibitors such as 5-
AzaC or TSA can accelerate SCR, underscoring the need to clarify the
function of these epigenetic factors in various cell types and different
stages of SCR. Understanding the dynamic changes underlying epigenetic
modifications and chromatin states can improve reprogramming
efficiency and enable the generation of genetically stable pluripotent or
totipotent cells. Furthermore, with the rapid development of single-cell
transcriptome deep sequencing (scRNA-seq) technologies, single-cell
ATAC-seq, and single-cell epigenomics, we are in a position to
uncover which somatic cells can be reprogrammed into pluripotent or
totipotent cells and what changes in gene expression, chromatin status,
and epigenetic modifications accompany this cellular transition, which
might shed light on the epigenetic regulatory mechanisms of cell
pluripotency and totipotency. Moreover, locus-specific manipulation of
epigenetic modifications through epigenetic editing and engineering
could enhance the efficiency of SCR, which may be advantageous for
applications in the fields of medicine and precision breeding in
agriculture.

Author contributions

LPT, YHS and JP designed and wrote the manuscript; WJZ and
QZ wrote some parts of the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding

This work was funded by the National Natural Science Foundation
of China (31872669, 32070199) and the Program for Scientific
Research Innovation Team of Young Scholar in Colleges and
Universities of Shandong Province (2019KJE011).

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.

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.

Frontiers in Cell and Developmental Biology frontiersin.org10

Peng et al. 10.3389/fcell.2023.1097780

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1097780


References

Aichinger, E., Villar, C. B., Farrona, S., Reyes, J. C., Hennig, L., and Kohler, C. (2009).
CHD3 proteins and polycomb group proteins antagonistically determine cell identity in
Arabidopsis. PLoS Genet. 5 (8), e1000605. doi:10.1371/journal.pgen.1000605

Allis, T. J. C. D., and Allis, C. D. (2001). Translating the histone code. Science 293 (5532),
1074–1080. doi:10.1126/science.1063127

Ang, Y., Tsai, S., Lee, D. F., Monk, J. M., Su, J., Ratnakumar, K., et al. (2011).
Wdr5 mediates self-renewal and reprogramming via the embryonic stem cell core
transcriptional network. Cell. 145 (2), 183–197. doi:10.1016/j.cell.2011.03.003

Anzola, J. M., Sieberer, T., Ortbauer, M., Butt, H., Korbei, B., Weinhofer, I., et al. (2010).
Putative Arabidopsis transcriptional adaptor protein (PROPORZ1) is required to
modulate histone acetylation in response to auxin. Proc. Natl. Acad. Sci. U. S. A. 107
(22), 10308–10313. doi:10.1073/pnas.0913918107

Bannister, A. J, S. R., and Kouzarides, T. (2002). Histonemethylation: Dynamic or static?
Cell. 109 (7), 801–806. doi:10.1016/S0092-8674(02)00798-5

Barrero, M. J., Sese, B., Kuebler, B., Bilic, J., Boue, S., Marti, M., et al. (2013).
Macrohistone variants preserve cell identity by preventing the gain of
H3K4me2 during reprogramming to pluripotency. Cell. Rep. 3 (4), 1005–1011. doi:10.
1016/j.celrep.2013.02.029

Bartels, A., Han, Q., Nair, P., Stacey, L., Gaynier, H., Mosley, M., et al. (2018). Dynamic
DNA methylation in plant growth and development. Int. J. Mol. Sci. 19 (7), 2144. doi:10.
3390/ijms19072144

Bie, X. M., Dong, L. H., Li, X. H., Wang, H., Gao, X. Q., and Li, X. G. (2020). Trichostatin
A and sodium butyrate promotes plant regeneration in common wheat. Plant Signal.
Behav. 15 (12), 1820681. doi:10.1080/15592324.2020.1820681

Bieluszewski, T., Xiao, J., Yang, Y., and Wagner, D. (2021). PRC2 activity, recruitment,
and silencing: A comparative perspective. Trends Plant Sci. 26 (11), 1186–1198. doi:10.
1016/j.tplants.2021.06.006

Boutilier, K., Offringa, R., Sharma, V. K., Kieft, H., Ouellet, T., Zhang, L., et al. (2002).
Ectopic expression of BABY BOOM triggers a conversion from vegetative to embryonic
growth. Plant Cell. 14 (8), 1737–1749. doi:10.1105/tpc.001941

Bouyer, D., Roudier, F., Heese, M., Andersen, E. D., Gey, D., Nowack, M. K., et al. (2011).
Polycomb repressive complex 2 controls the embryo-to-seedling phase transition. PLoS
Genet. 7 (3), e1002014. doi:10.1371/journal.pgen.1002014

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

Cabot, B., and Cabot, R. A. (2018). Chromatin remodeling in mammalian embryos.
Reproduction 155 (3), R147–R158. doi:10.1530/REP-17-0488

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

Chhun, T., Chong, S. Y., Park, B. S., Wong, E. C., Yin, J. L., Kim, M., et al. (2016).
HSI2 repressor recruits MED13 and HDA6 to down-regulate seed maturation gene
expression directly during Arabidopsis early seedling growth. Plant Cell. Physiol. 57
(8), 1689–1706. doi:10.1093/pcp/pcw095

Clapier, C. R., and Cairns, B. R. (2009). The biology of chromatin remodeling
complexes. Annu. Rev. Biochem. 78, 273–304. doi:10.1146/annurev.biochem.77.
062706.153223

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 (7441), 370–374. doi:10.1038/nature11925

Dantas Machado, A. C., Zhou, T., Rao, S., Goel, P., Rastogi, C., Lazarovici, A., et al.
(2015). Evolving insights on how cytosine methylation affects protein-DNA binding. Brief.
Funct. Genomics 14 (1), 61–73. doi:10.1093/bfgp/elu040

Dean Rider, S., Jr., Henderson, J. T., Jerome, R. E., Edenberg, H. J., Romero-Severson, J.,
and Ogas, J. (2003). Coordinate repression of regulators of embryonic identity by PICKLE
during germination in Arabidopsis. Plant J. 35 (1), 33–43. doi:10.1046/j.1365-313x.2003.
01783.x

Ding, X., Wang, X., Sontag, S., Qin, J., Wanek, P., Lin, Q., et al. (2014). The polycomb
protein Ezh2 impacts on induced pluripotent stem cell generation. Stem Cells Dev. 23 (9),
931–940. doi:10.1089/scd.2013.0267

Do, J. T., and Schöler, H. R. (2004). Nuclei of embryonic stem cells reprogram somatic
cells. Stem cells 22 (6), 941–949. doi:10.1634/stemcells.22-6-941

Dong, F. L., Song, Z. W., Yu, J. L., Zhang, B. L., Jiang, B. C., Shen, Y., et al. (2016).
Dynamic changes in occupancy of histone variant H2A.Z during induced somatic cell
reprogramming. Stem Cells Int. 2016, 3162363. doi:10.1155/2016/3162363

Ebrahimi, A., Keske, E., Mehdipour, A., Ebrahimi-Kalan, A., and Ghorbani, M. (2019).
Somatic cell reprogramming as a tool for neurodegenerative diseases. Biomed.
Pharmacother. 112, 108663. doi:10.1016/j.biopha.2019.108663

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

Fang, H. T., El Farran, C. A., Xing, Q. R., Zhang, L. F., Li, H., Lim, B., et al. (2018). Global
H3.3 dynamic deposition defines its bimodal role in cell fate transition. Nat. Commun. 9
(1), 1537. doi:10.1038/s41467-018-03904-7

Flottmann, M., Scharp, T., and Klipp, E. (2012). A stochastic model of epigenetic
dynamics in somatic cell reprogramming. Front. Physiol. 3, 216. doi:10.3389/fphys.2012.
00216

Fuchs, J., Demidov, D., Houben, A., and Schubert, I. (2006). Chromosomal histone
modification patterns--from conservation to diversity. Trends Plant Sci. 11 (4), 199–208.
doi:10.1016/j.tplants.2006.02.008

Gao, Y., Chen, J., Li, K., Wu, T., Huang, B., Liu, W., et al. (2013). Replacement of Oct4 by
Tet1 during iPSC induction reveals an important role of DNA methylation and
hydroxymethylation in reprogramming. Cell. Stem Cell. 12 (4), 453–469. doi:10.1016/j.
stem.2013.02.005

Gaspar-Maia, A., Qadeer, Z. A., Hasson, D., Ratnakumar, K., Leu, N. A., Leroy, G., et al.
(2013). MacroH2A histone variants act as a barrier upon reprogramming towards
pluripotency. Nat. Commun. 4, 1565. doi:10.1038/ncomms2582

Grasser, K. D., Rubio, V., and Barneche, F. (2021). Multifaceted activities of the plant
SAGA complex. Biochim. Biophys. Acta. Gene Regul. Mech. 1864 (2), 194613. doi:10.1016/
j.bbagrm.2020.194613

Guo, X. D., Liu, Q. D., Wang, G. Y., Zhu, S. C., Gao, L. F., Hong, W. J., et al. (2013).
microRNA-29b is a novel mediator of Sox2 function in the regulation of somatic cell
reprogramming. Cell. Res. 23 (1), 142–156. doi:10.1038/cr.2012.180

Han, C., Gu, H., Wang, J., Lu,W., Mei, Y., andWu, M. (2013). Regulation of L-threonine
dehydrogenase in somatic cell reprogramming. Stem Cells 31 (5), 953–965. doi:10.1002/
stem.1335

Harding, E. W., Tang, W., Nichols, K. W., Fernandez, D. E., and Perry, S. E. (2003).
Expression and maintenance of embryogenic potential is enhanced through constitutive
expression of AGAMOUS-Like 15. Plant Physiol. 133 (2), 653–663. doi:10.1104/pp.103.
023499

Haridhasapavalan, K. K., Raina, K., Dey, C., Adhikari, P., and Thummer, R. P. (2020).
An insight into reprogramming barriers to iPSC generation. Stem Cell. Rev. Rep. 16 (1),
56–81. doi:10.1007/s12015-019-09931-1

He, C., Chen, X., Huang, H., and Xu, L. (2012). Reprogramming of H3K27me3 is critical
for acquisition of pluripotency from cultured Arabidopsis tissues. PLoS Genet. 8 (8),
e1002911. doi:10.1371/journal.pgen.1002911

He, S., Sun, H., Lin, L., Zhang, Y., Chen, J., Liang, L., et al. (2017). Passive DNA
demethylation preferentially up-regulates pluripotency-related genes and facilitates the
generation of induced pluripotent stem cells. J. Biol. Chem. 292 (45), 18542–18555. doi:10.
1074/jbc.M117.810457

He, W., Kang, X., Du, H., Song, B., Lu, Z., Huang, Y., et al. (2014). Defining differentially
methylated regions specific for the acquisition of pluripotency and maintenance in human
pluripotent stem cells via microarray. PLoS One 9 (9), e108350. doi:10.1371/journal.pone.
0108350

Hirsch, C. L., Coban Akdemir, Z., Wang, L., Jayakumaran, G., Trcka, D., Weiss, A., et al.
(2015). Myc and SAGA rewire an alternative splicing network during early somatic cell
reprogramming. Genes. Dev. 29 (8), 803–816. doi:10.1101/gad.255109.114

Ho, L., Miller, E. L., Ronan, J. L., Ho, W. Q., Jothi, R., and Crabtree, G. R. (2011).
esBAF facilitates pluripotency by conditioning the genome for LIF/STAT3 signalling
and by regulating polycomb function. Nat. Cell. Biol. 13 (8), 903–913. doi:10.1038/
ncb2285

Ho, L., Ronan, J. L., Wu, J., Staahl, B. T., Chen, L., Kuo, A., et al. (2009). An embryonic
stem cell chromatin remodeling complex, esBAF, is essential for embryonic stem cell self-
renewal and pluripotency. Proc. Natl. Acad. Sci. U. S. A. 106 (13), 5181–5186. doi:10.1073/
pnas.0812889106

Hu, L., Yang, X., Yuan, D., Zeng, F., and Zhang, X. (2011). GhHmgB3 deficiency
deregulates proliferation and differentiation of cells during somatic embryogenesis in
cotton. Plant Biotechnol. J. 9 (9), 1038–1048. doi:10.1111/j.1467-7652.2011.00617.x

Hu, X., Zhang, L., Mao, S. Q., Li, Z., Chen, J., Zhang, R. R., et al. (2014). Tet and
TDGmediate 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

Ikeuchi, M., Iwase, A., Rymen, B., Harashima, H., Shibata, M., Ohnuma, M., et al. (2015).
PRC2 represses dedifferentiation of mature somatic cells in Arabidopsis. Nat. plants 1 (7),
15089. doi:10.1038/nplants.2015.89

Iwase, A., Mitsuda, N., Koyama, T., Hiratsu, K., Kojima, M., Arai, T., et al. (2011). The
AP2/ERF transcription factor WIND1 controls cell dedifferentiation in Arabidopsis. Curr.
Biol. 21 (6), 508–514. doi:10.1016/j.cub.2011.02.020

Jiang, Q., Huang, X., Hu, X., Shan, Z., Wu, Y., Wu, G., et al. (2020). Histone demethylase
KDM6A promotes somatic cell reprogramming by epigenetically regulating the PTEN and
IL-6 signal pathways. Stem Cells 38 (8), 960–972. doi:10.1002/stem.3188

Jiang, Z., Tang, Y., Zhao, X., Zhang, M., Donovan, D. M., and Tian, X. C. (2015).
Knockdown of Brm and Baf170, components of chromatin remodeling complex, facilitates
reprogramming of somatic cells. Stem Cells Dev. 24 (19), 2328–2336. doi:10.1089/scd.2015.
0069

Frontiers in Cell and Developmental Biology frontiersin.org11

Peng et al. 10.3389/fcell.2023.1097780

https://doi.org/10.1371/journal.pgen.1000605
https://doi.org/10.1126/science.1063127
https://doi.org/10.1016/j.cell.2011.03.003
https://doi.org/10.1073/pnas.0913918107
https://doi.org/10.1016/S0092-8674(02)00798-5
https://doi.org/10.1016/j.celrep.2013.02.029
https://doi.org/10.1016/j.celrep.2013.02.029
https://doi.org/10.3390/ijms19072144
https://doi.org/10.3390/ijms19072144
https://doi.org/10.1080/15592324.2020.1820681
https://doi.org/10.1016/j.tplants.2021.06.006
https://doi.org/10.1016/j.tplants.2021.06.006
https://doi.org/10.1105/tpc.001941
https://doi.org/10.1371/journal.pgen.1002014
https://doi.org/10.1016/j.cell.2012.08.023
https://doi.org/10.1530/REP-17-0488
https://doi.org/10.1038/ng.2491
https://doi.org/10.1038/ng.2491
https://doi.org/10.1093/pcp/pcw095
https://doi.org/10.1146/annurev.biochem.77.062706.153223
https://doi.org/10.1146/annurev.biochem.77.062706.153223
https://doi.org/10.1038/nature11925
https://doi.org/10.1093/bfgp/elu040
https://doi.org/10.1046/j.1365-313x.2003.01783.x
https://doi.org/10.1046/j.1365-313x.2003.01783.x
https://doi.org/10.1089/scd.2013.0267
https://doi.org/10.1634/stemcells.22-6-941
https://doi.org/10.1155/2016/3162363
https://doi.org/10.1016/j.biopha.2019.108663
https://doi.org/10.1038/nsmb.1476
https://doi.org/10.1038/nsmb.1476
https://doi.org/10.1038/s41467-018-03904-7
https://doi.org/10.3389/fphys.2012.00216
https://doi.org/10.3389/fphys.2012.00216
https://doi.org/10.1016/j.tplants.2006.02.008
https://doi.org/10.1016/j.stem.2013.02.005
https://doi.org/10.1016/j.stem.2013.02.005
https://doi.org/10.1038/ncomms2582
https://doi.org/10.1016/j.bbagrm.2020.194613
https://doi.org/10.1016/j.bbagrm.2020.194613
https://doi.org/10.1038/cr.2012.180
https://doi.org/10.1002/stem.1335
https://doi.org/10.1002/stem.1335
https://doi.org/10.1104/pp.103.023499
https://doi.org/10.1104/pp.103.023499
https://doi.org/10.1007/s12015-019-09931-1
https://doi.org/10.1371/journal.pgen.1002911
https://doi.org/10.1074/jbc.M117.810457
https://doi.org/10.1074/jbc.M117.810457
https://doi.org/10.1371/journal.pone.0108350
https://doi.org/10.1371/journal.pone.0108350
https://doi.org/10.1101/gad.255109.114
https://doi.org/10.1038/ncb2285
https://doi.org/10.1038/ncb2285
https://doi.org/10.1073/pnas.0812889106
https://doi.org/10.1073/pnas.0812889106
https://doi.org/10.1111/j.1467-7652.2011.00617.x
https://doi.org/10.1016/j.stem.2014.01.001
https://doi.org/10.1016/j.stem.2014.01.001
https://doi.org/10.1038/nplants.2015.89
https://doi.org/10.1016/j.cub.2011.02.020
https://doi.org/10.1002/stem.3188
https://doi.org/10.1089/scd.2015.0069
https://doi.org/10.1089/scd.2015.0069
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1097780


Jones, B., Su, H., Bhat, A., Lei, H., Bajko, J., Hevi, S., et al. (2008). The histone
H3K79 methyltransferase Dot1L is essential for mammalian development and
heterochromatin structure. PLoS Genet. 4 (9), e1000190. doi:10.1371/journal.pgen.
1000190

Kankel, M. W., Ramsey, D. E., Stokes, T. L., Flowers, S. K., Haag, J. R., Jeddeloh, J. A.,
et al. (2003). Arabidopsis MET1 cytosine methyltransferase mutants. Genetics 163 (3),
1109–1122. doi:10.1093/genetics/163.3.1109

Kapros, T., Bogre, L., Nemeth, K., Bako, L., Gyorgyey, J., Wu, S. C., et al. (1992).
Differential expression of histone H3 gene variants during cell cycle and somatic
embryogenesis in Alfalfa. Plant Physiol. 98 (2), 621–625. doi:10.1104/pp.98.2.621

Karami, O., Rahimi, A., Mak, P., Horstman, A., Boutilier, K., Compier, M., et al. (2021).
An Arabidopsis AT-hook motif nuclear protein mediates somatic embryogenesis and
coinciding genome duplication. Nat. Commun. 12 (1), 2508. doi:10.1038/s41467-021-
22815-8

Kareem, A., Durgaprasad, K., Sugimoto, K., Du, Y., Pulianmackal, A. J., Trivedi, Z. B.,
et al. (2015). PLETHORA genes control regeneration by a two-step mechanism. Curr. Biol.
25 (8), 1017–1030. doi:10.1016/j.cub.2015.02.022

Kim, J. Y., Yang, W., Forner, J., Lohmann, J. U., Noh, B., and Noh, Y. S. (2018). Epigenetic
reprogramming by histone acetyltransferase HAG1/AtGCN5 is required for pluripotency
acquisition in Arabidopsis. EMBO J. 37 (20), e98726. doi:10.15252/embj.201798726

Kinoshita, M., Li, M. A., Barber, M., Mansfield, W., Dietmann, S., and Smith, A.
(2021). Disabling de novo DNA methylation in embryonic stem cells allows an
illegitimate fate trajectory. Proc. Natl. Acad. Sci. U. S. A. 118 (38), e2109475118.
doi:10.1073/pnas.2109475118

Kishi, Y., Fujii, Y., Hirabayashi, Y., and Gotoh, Y. (2012). HMGA regulates the global
chromatin state and neurogenic potential in neocortical precursor cells. Nat. Neurosci. 15
(8), 1127–1133. doi:10.1038/nn.3165

Koche, R. P., Smith, Z. D., Adli, M., Gu, H., Ku, M., Gnirke, A., et al. (2011).
Reprogramming factor expression initiates widespread targeted chromatin remodeling.
Cell. Stem Cell. 8 (1), 96–105. doi:10.1016/j.stem.2010.12.001

Kwon, C. S., Chen, C., and Wagner, D. (2005). WUSCHEL is a primary target for
transcriptional regulation by SPLAYED in dynamic control of stem cell fate in
Arabidopsis. Genes. Dev. 19 (8), 992–1003. doi:10.1101/gad.1276305

Lachner, M., O’Carroll, D., Rea, S., Mechtler, K., and Jenuwein, T. (2001). Methylation of
histone H3 lysine 9 creates a binding site for HP1 proteins. Nature 410 (6824), 116–120.
doi:10.1038/35065132

Lambolez, A., Kawamura, A., Takahashi, T., Rymen, B., Iwase, A., Favero, D. S., et al.
(2022). Warm temperature promotes shoot regeneration in Arabidopsis thaliana. Plant
Cell. Physiol. 63 (5), 618–634. doi:10.1093/pcp/pcac017

Lawrence, M., Daujat, S., and Schneider, R. (2016). Lateral thinking: How histone
modifications regulate gene expression. Trends Genet. 32 (1), 42–56. doi:10.1016/j.tig.
2015.10.007

Lee, K., Park, O., Choi, C. Y., and Seo, P. J. (2019). ARABIDOPSIS TRITHORAX
4 facilitates shoot identity establishment during the plant regeneration process. Plant Cell.
Physiol. 60 (4), 826–834. doi:10.1093/pcp/pcy248

Lee, K., Park, O., and Seo, P. J. (2017). Arabidopsis ATXR2 deposits H3K36me3 at the
promoters of LBD genes to facilitate cellular dedifferentiation. Sci. Signal. 10 (507),
eaan0316. doi:10.1126/scisignal.aan0316

Lee, K., Park, O. S., Go, J. Y., Yu, J., Han, J. H., Kim, J., et al. (2021). Arabidopsis
ATXR2 represses de novo shoot organogenesis in the transition from callus to shoot
formation. Cell. Rep. 37 (6), 109980. doi:10.1016/j.celrep.2021.109980

Lee, K., Park, O. S., and Seo, P. J. (2018). JMJ30-mediated demethylation of
H3K9me3 drives tissue identity changes to promote callus formation in Arabidopsis.
Plant J. 95 (6), 961–975. doi:10.1111/tpj.14002

Lee, K., and Seo, P. J. (2018). Dynamic epigenetic changes during plant regeneration.
Trends Plant Sci. 23 (3), 235–247. doi:10.1016/j.tplants.2017.11.009

Lee, M. H., Lee, J., Choi, S. H., Jie, E. Y., Jeong, J. C., Kim, C. Y., et al. (2020). The effect of
Sodium Butyrate on adventitious shoot formation varies among the plant species and the
explant types. Int. J. Mol. Sci. 21 (22), 8451. doi:10.3390/ijms21228451

Li, D. W., Liu, J., Yang, X. J., Zhou, C. H., Guo, J., Wu, C. M., et al. (2017). Chromatin
accessibility dynamics during iPSC reprogramming. Cell. Stem Cell. 21 (6), 819–833. e6.
doi:10.1016/j.stem.2017.10.012

Li, J., Wang, M., Li, Y., Zhang, Q., Lindsey, K., Daniell, H., et al. (2019). Multi-omics analyses
reveal epigenomics basis for cotton somatic embryogenesis through successive regeneration
acclimation process. Plant Biotechnol. J. 17 (2), 435–450. doi:10.1111/pbi.12988

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, S., Xiao, F., Zhang, J., Sun, X., Wang, H., Zeng, Y., et al. (2018). Disruption of
OCT4 ubiquitination increases OCT4 protein stability and ASH2L-B-mediated
H3K4 methylation promoting pluripotency acquisition. Stem Cell. Rep. 11 (4),
973–987. doi:10.1016/j.stemcr.2018.09.001

Li, W., Liu, H., Cheng, Z. J., Su, Y. H., Han, H. N., Zhang, Y., et al. (2011). DNA
methylation and histone modifications regulate de novo shoot regeneration in Arabidopsis
by modulating WUSCHEL expression and auxin signaling. PLoS Genet. 7 (8), e1002243.
doi:10.1371/journal.pgen.1002243

Liang, G., He, J., and Zhang, Y. (2012). Kdm2b promotes induced pluripotent stem cell
generation by facilitating gene activation early in reprogramming. Nat. Cell. Biol. 14,
457–466. doi:10.1038/ncb2483

Liang, G., and Zhang, Y. (2013). Embryonic stem cell and induced pluripotent stem cell:
An epigenetic perspective. Cell. Res. 23 (1), 49–69. doi:10.1038/cr.2012.175

Lindroth, A. M., Cao, X., Jackson, J. P., Zilberman, D., McCallum, C. M., Henikoff, S.,
et al. (2001). Requirement of CHROMOMETHYLASE3 for maintenance of CpXpG
methylation. Science 292 (5524), 2077–2080. doi:10.1126/science.1059745

Liu, D., Mu, Q., Li, X., Xu, S., Li, Y., and Gu, T. (2022). The callus formation capacity of
strawberry leaf explant is modulated by DNA methylation. Hortic. Res. 9, uhab073.
uhab073. doi:10.1093/hr/uhab073

Liu, H., Ma, X., Han, H. N., Hao, Y. J., and Zhang, X. S. (2016). AtPRMT5 regulates shoot
regeneration through mediating histone H4R3 dimethylation on KRPs and pre-mRNA
splicing of RKP in Arabidopsis. Mol. Plant 9 (12), 1634–1646. doi:10.1016/j.molp.2016.
10.010

Liu, J., Hu, X., Qin, P., Prasad, K., Hu, Y., and Xu, L. (2018). The WOX11-LBD16
pathway promotes pluripotency acquisition in callus cells during de novo shoot
regeneration in tissue culture. Plant Cell. Physiol. 59 (4), 734–743. doi:10.1093/pcp/
pcy010

Liu, J., Sheng, L., Xu, Y., Li, J., Yang, Z., Huang, H., et al. (2014). WOX11 and 12 are
involved in the first-step cell fate transition during de novo root organogenesis in
Arabidopsis. Plant Cell. 26 (3), 1081–1093. doi:10.1105/tpc.114.122887

Liu, X., Tesfai, J., Evrard, Y. A., Dent, S. Y., and Martinez, E. (2003). c-Myc
transformation domain recruits the human STAGA complex and requires TRRAP and
GCN5 acetylase activity for transcription activation. J. Biol. Chem. 278 (22), 20405–20412.
doi:10.1074/jbc.M211795200

Lotan, T., Ohto, M.-a., Yee, K. M., West, M. A., Lo, R., Kwong, R. W., et al. (1998).
Arabidopsis LEAFY COTYLEDON1 is sufficient to induce embryo development in
vegetative cells. Cell. 93 (7), 1195–1205. doi:10.1016/s0092-8674(00)81463-4

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

Makarevich, G., Leroy, O., Akinci, U., Schubert, D., Clarenz, O., Goodrich, J., et al.
(2006). Different Polycomb group complexes regulate common target genes in
Arabidopsis. EMBO Rep. 7 (9), 947–952. doi:10.1038/sj.embor.7400760

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

Mashtalir, N., D’Avino, A. R., Michel, B. C., Luo, J., Pan, J., Otto, J. E., et al. (2018).
Modular organization and assembly of SWI/SNF family chromatin remodeling complexes.
Cell. 175 (5), 12721272–12721288. doi:10.1016/j.cell.2018.09.032

Matoba, S., and Zhang, Y. (2018). Somatic cell nuclear transfer reprogramming:
Mechanisms and applications. Cell. stem Cell. 23 (4), 471–485. doi:10.1016/j.stem.2018.
06.018

Matzke, M. A., and Mosher, R. A. (2014). RNA-Directed DNA methylation: An
epigenetic pathway of increasing complexity. Nat. Rev. Genet. 15 (6), 394–408. doi:10.
1038/nrg3683

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

Nagamatsu, G., Kosaka, T., Kawasumi, M., Kinoshita, T., Takubo, K., Akiyama, H., et al.
(2011). A germ cell-specific gene, Prmt5, works in somatic cell reprogramming. J. Biol.
Chem. 286 (12), 10641–10648. doi:10.1074/jbc.M110.216390

Nishino, K., Toyoda, M., Yamazaki-Inoue, M., Fukawatase, Y., Chikazawa, E., Sakaguchi, H.,
et al. (2011). DNA methylation dynamics in human induced pluripotent stem cells over time.
PLoS Genet. 7 (5), e1002085. doi:10.1371/journal.pgen.1002085

Ohi, Y., Qin, H., Hong, C., Blouin, L., Polo, J. M., Guo, T., et al. (2011). Incomplete DNA
methylation underlies a transcriptional memory of somatic cells in human iPS cells. Nat.
Cell. Biol. 13 (5), 541–549. doi:10.1038/ncb2239

Onder, T. T., Kara, N., Cherry, A., Sinha, A. U., Zhu, N., Bernt, K. M., et al. (2012).
Chromatin-modifying enzymes as modulators of reprogramming. Nature 483 (7391),
598–602. doi:10.1038/nature10953

Orkin, S. H., and Hochedlinger, K. (2011). Chromatin connections to pluripotency and
cellular reprogramming. Cell. 145 (6), 835–850. doi:10.1016/j.cell.2011.05.019

Park, H., Cho, B., and Kim, J. (2020). Rad50 mediates DNA demethylation to establish
pluripotent reprogramming. Exp. Mol. Med. 52 (7), 1116–1127. doi:10.1038/s12276-020-0467-0

Pasque, V., Radzisheuskaya, A., Gillich, A., Halley-Stott, R. P., Panamarova, M.,
Zernicka-Goetz, M., et al. (2012). Histone variant macroH2A marks embryonic
differentiation in vivo and acts as an epigenetic barrier to induced pluripotency.
J. Cell. Sci. 125 (24), 6094–6104. doi:10.1242/jcs.113019

Pfannkuche, K., Summer, H., Li, O., Hescheler, J., and Droge, P. (2009). The high
mobility group protein HMGA2: A co-regulator of chromatin structure and pluripotency
in stem cells? Stem Cell. Rev. Rep. 5 (3), 224–230. doi:10.1007/s12015-009-9078-9

Frontiers in Cell and Developmental Biology frontiersin.org12

Peng et al. 10.3389/fcell.2023.1097780

https://doi.org/10.1371/journal.pgen.1000190
https://doi.org/10.1371/journal.pgen.1000190
https://doi.org/10.1093/genetics/163.3.1109
https://doi.org/10.1104/pp.98.2.621
https://doi.org/10.1038/s41467-021-22815-8
https://doi.org/10.1038/s41467-021-22815-8
https://doi.org/10.1016/j.cub.2015.02.022
https://doi.org/10.15252/embj.201798726
https://doi.org/10.1073/pnas.2109475118
https://doi.org/10.1038/nn.3165
https://doi.org/10.1016/j.stem.2010.12.001
https://doi.org/10.1101/gad.1276305
https://doi.org/10.1038/35065132
https://doi.org/10.1093/pcp/pcac017
https://doi.org/10.1016/j.tig.2015.10.007
https://doi.org/10.1016/j.tig.2015.10.007
https://doi.org/10.1093/pcp/pcy248
https://doi.org/10.1126/scisignal.aan0316
https://doi.org/10.1016/j.celrep.2021.109980
https://doi.org/10.1111/tpj.14002
https://doi.org/10.1016/j.tplants.2017.11.009
https://doi.org/10.3390/ijms21228451
https://doi.org/10.1016/j.stem.2017.10.012
https://doi.org/10.1111/pbi.12988
https://doi.org/10.1038/s42255-020-0267-9
https://doi.org/10.1016/j.stemcr.2018.09.001
https://doi.org/10.1371/journal.pgen.1002243
https://doi.org/10.1038/ncb2483
https://doi.org/10.1038/cr.2012.175
https://doi.org/10.1126/science.1059745
https://doi.org/10.1093/hr/uhab073
https://doi.org/10.1016/j.molp.2016.10.010
https://doi.org/10.1016/j.molp.2016.10.010
https://doi.org/10.1093/pcp/pcy010
https://doi.org/10.1093/pcp/pcy010
https://doi.org/10.1105/tpc.114.122887
https://doi.org/10.1074/jbc.M211795200
https://doi.org/10.1016/s0092-8674(00)81463-4
https://doi.org/10.1002/stem.1374
https://doi.org/10.1038/sj.embor.7400760
https://doi.org/10.1038/nature11272
https://doi.org/10.1016/j.cell.2018.09.032
https://doi.org/10.1016/j.stem.2018.06.018
https://doi.org/10.1016/j.stem.2018.06.018
https://doi.org/10.1038/nrg3683
https://doi.org/10.1038/nrg3683
https://doi.org/10.1038/nature07056
https://doi.org/10.1002/stem.2453
https://doi.org/10.1074/jbc.M110.216390
https://doi.org/10.1371/journal.pgen.1002085
https://doi.org/10.1038/ncb2239
https://doi.org/10.1038/nature10953
https://doi.org/10.1016/j.cell.2011.05.019
https://doi.org/10.1038/s12276-020-0467-0
https://doi.org/10.1242/jcs.113019
https://doi.org/10.1007/s12015-009-9078-9
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1097780


Pliatska, M., Kapasa, M., Kokkalis, A., Polyzos, A., and Thanos, D. (2018). The histone
variant macroH2A blocks cellular reprogramming by inhibiting mesenchymal-to-
epithelial transition. Mol. Cell. Biol. 38 (10), 006699–e717. doi:10.1128/MCB.00669-17

Poetsch, M. S., Strano, A., and Guan, K. (2022). Human induced pluripotent stem cells:
From cell origin, genomic stability, and epigenetic memory to translational medicine. Stem
Cells 40 (6), 546–555. doi:10.1093/stmcls/sxac020

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

Rymen, B., Kawamura, A., Lambolez, A., Inagaki, S., Takebayashi, A., Iwase, A., et al.
(2019). Histone acetylation orchestrates wound-induced transcriptional activation and
cellular reprogramming in Arabidopsis. Commun. Biol. 2, 404. doi:10.1038/s42003-019-
0646-5

Seto, E., and Yoshida, M. (2014). Erasers of histone acetylation: The histone deacetylase
enzymes. Cold Spring Harb. Perspect. Biol. 6 (4), a018713. doi:10.1101/cshperspect.
a018713

Sgarra, R., Zammitti, S., Lo Sardo, A., Maurizio, E., Arnoldo, L., Pegoraro, S., et al.
(2010). HMGA molecular network: From transcriptional regulation to chromatin
remodeling. Biochim. Biophys. Acta. 1799 (1-2), 37–47. doi:10.1016/j.bbagrm.2009.08.009

Shah, S. N., Kerr, C., Cope, L., Zambidis, E., Liu, C., Hillion, J., et al. (2012).
HMGA1 reprograms somatic cells into pluripotent stem cells by inducing stem cell
transcriptional networks. PLoS One 7 (11), e48533. doi:10.1371/journal.pone.0048533

Shahbazian, M. D., and Grunstein, M. (2007). Functions of site-specific histone
acetylation and deacetylation. Annu. Rev. Biochem. 76, 75–100. doi:10.1146/annurev.
biochem.76.052705.162114

Shemer, O., Landau, U., Candela, H., Zemach, A., and Eshed Williams, L. (2015).
Competency for shoot regeneration from Arabidopsis root explants is regulated by DNA
methylation. Plant Sci. 238, 251–261. doi:10.1016/j.plantsci.2015.06.015

Shim, S., Lee, H. G., Park, O. S., Shin, H., Lee, K., Lee, H., et al. (2021a). Dynamic changes
in DNA methylation occur in TE regions and affect cell proliferation during leaf-to-callus
transition in Arabidopsis. Epigenetics 17 (1), 41–58. doi:10.1080/15592294.2021.1872927

Shim, S., Lee, H. G., and Seo, P. J. (2021b). MET1-dependent DNA methylation
represses light signaling and influences plant regeneration in Arabidopsis. Mol. Cells
44 (10), 746–757. doi:10.14348/molcells.2021.0160

Sieberer, T., Hauser, M. T., Seifert, G. J., and Luschnig, C. (2003). PROPORZ1, a putative
Arabidopsis transcriptional adaptor protein, mediates auxin and cytokinin signals in the
control of cell proliferation.Curr. Biol. 13 (10), 837–842. doi:10.1016/s0960-9822(03)00327-0

Singhal, N., Graumann, J., Wu, G., Arauzo-Bravo, M. J., Han, D. W., Greber, B., et al.
(2010). Chromatin-remodeling components of the BAF complex facilitate
reprogramming. Cell. 141 (6), 943–955. doi:10.1016/j.cell.2010.04.037

Smith, Z. D., Sindhu, C., and Meissner, A. (2016). Molecular features of cellular
reprogramming and development. Nat. Rev. Mol. Cell. Biol. 17 (3), 139–154. doi:10.
1038/nrm.2016.6

Solis, M. T., El-Tantawy, A. A., Cano, V., Risueno, M. C., and Testillano, P. S. (2015). 5-
azacytidine promotes microspore embryogenesis initiation by decreasing global DNA
methylation, but prevents subsequent embryo development in rapeseed and barley. Front.
Plant Sci. 6, 472. doi:10.3389/fpls.2015.00472

Song, Y., Liang, Z., Zhang, J., Hu, G., Wang, J., Li, Y., et al. (2022). CTCF functions as an
insulator for somatic genes and a chromatin remodeler for pluripotency genes during
reprogramming. Cell. Rep. 39 (1), 110626. doi:10.1016/j.celrep.2022.110626

Sridharan, R., Gonzales-Cope, M., Chronis, C., Bonora, G., McKee, R., Huang, C., et al.
(2013). Proteomic and genomic approaches reveal critical functions of H3K9 methylation
and heterochromatin protein-1γ in reprogramming to pluripotency. Nat. Cell. Biol. 15 (7),
872–882. doi:10.1038/ncb2768

Stone, S. L. K. L., Yee, K. M., Pelletier, J., Lepiniec, L., Fischer, R. L., Goldberg, R. B., et al.
(2001). LEAFY COTYLEDON2 encodes a B3 domain transcription factor that induces
embryo development. Proc. Natl. Acad. Sci. U. S. A. 98 (20), 11806–11811. doi:10.1073/
pnas.201413498

Stroud, H., Do, T., Du, J., Zhong, X., Feng, S., Johnson, L., et al. (2014). Non-CG
methylation patterns shape the epigenetic landscape in Arabidopsis. Nat. Struct. Mol. Biol.
21 (1), 64–72. doi:10.1038/nsmb.2735

Su, Y. H., Tang, L. P., Zhao, X. Y., and Zhang, X. S. (2021). Plant cell totipotency: Insights
into cellular reprogramming. J. Integr. Plant Biol. 63 (1), 228–243. doi:10.1111/jipb.12972

Su, Y. H., Zhao, X. Y., Liu, Y. B., Zhang, C. L., O’Neill, S. D., and Zhang, X. S. (2009).
Auxin-induced WUS expression is essential for embryonic stem cell renewal during
somatic embryogenesis in Arabidopsis. Plant J. 59 (3), 448–460. doi:10.1111/j.1365-313X.
2009.03880.x

Subramanyam, D., Lamouille, S., Judson, R. L., Liu, J. Y., Bucay, N., Derynck, R., et al. (2011).
Multiple targets of miR-302 and miR-372 promote reprogramming of human fibroblasts to
induced pluripotent stem cells. Nat. Biotechnol. 29 (5), 443–448. doi:10.1038/nbt.1862

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

Sun, J., Liu, Q., Lv, L., Sun, R., Li, Z. P., Huang, B., et al. (2021). HDAC6 is involved in the
histone deacetylation of in vitro maturation oocytes and the reprogramming of nuclear
transplantation in pig. Reprod. Sci. 28 (9), 2630–2640. doi:10.1007/s43032-021-00533-2

Surani, M. A. (2001). Reprogramming of genome function through epigenetic
inheritance. Nature 414 (6859), 122–128. doi:10.1038/35102186

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al.
(2007). Induction of pluripotent stem cells from adult human fibroblasts by defined
factors. Cell. 131 (5), 861–872. doi:10.1016/j.cell.2007.11.019

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells frommouse
embryonic and adult fibroblast cultures by defined factors. Cell. 126 (4), 663–676. doi:10.
1016/j.cell.2006.07.024

Talbert, P. B., and Henikoff, S. (2017). Histone variants on the move: Substrates for
chromatin dynamics. Nat. Rev. Mol. Cell. Biol. 18 (2), 115–126. doi:10.1038/nrm.2016.148

Tanaka, M., Kikuchi, A., and Kamada, H. (2008). The Arabidopsis histone deacetylases
HDA6 and HDA19 contribute to the repression of embryonic properties after
germination. Plant Physiol. 146 (1), 149–161. doi:10.1104/pp.107.111674

Waki, T., Hiki, T., Watanabe, R., Hashimoto, T., and Nakajima, K. (2011). The
Arabidopsis RWP-RK protein RKD4 triggers gene expression and pattern formation
in early embryogenesis. Curr. Biol. 21 (15), 1277–1281. doi:10.1016/j.cub.2011.07.001

Wang, F. X., Shang, G. D., Wu, L. Y., Xu, Z. G., Zhao, X. Y., and Wang, J. W. (2020).
Chromatin accessibility dynamics and a hierarchical transcriptional regulatory network
structure for plant somatic embryogenesis. Dev. Cell. 54 (6), 742–757. doi:10.1016/j.devcel.
2020.07.003

Wang, T., Chen, K., Zeng, X., Yang, J., Wu, Y., Shi, X., et al. (2011). The histone
demethylases Jhdm1a/1b enhance somatic cell reprogramming in a vitamin-C-dependent
manner. Cell. Stem Cell. 9 (6), 575–587. doi:10.1016/j.stem.2011.10.005

Wang, Y., Li, Y., Luan, D., Kang, J., He, R., Zhang, Y., et al. (2020). Dynamic replacement
of H3.3 affects nuclear reprogramming in early bovine SCNT embryos. Theriogenology
154, 43–52. doi:10.1016/j.theriogenology.2020.05.031

Wei, J., Antony, J., Meng, F., MacLean, P., Rhind, R., Laible, G., et al. (2017). KDM4B-
mediated reduction of H3K9me3 and H3K36me3 levels improves somatic cell
reprogramming into pluripotency. Sci. Rep. 7 (1), 7514. doi:10.1038/s41598-017-
06569-2

Wei, T. Y., Chen, W., Wang, X. K., Zhang, M., Chen, J. Y., Zhu, S. C., 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

Wen, D., Banaszynski, L. A., Rosenwaks, Z., Allis, C. D., and Rafii, S. (2014).
H3.3 replacement facilitates epigenetic reprogramming of donor nuclei in somatic cell
nuclear transfer embryos. Nucleus 5 (5), 369–375. doi:10.4161/nucl.36231

Wendte, J. M., and Pikaard, C. S. (2017). The RNAs of RNA-directed DNA
methylation. Biochim. Biophys. Acta. Gene Regul. Mech. 1860 (1), 140–148.
doi:10.1016/j.bbagrm.2016.08.004

Wojcikowska, B., Botor, M., Moronczyk, J., Wojcik, A. M., Nodzynski, T., Karcz, J., et al.
(2018). Trichostatin A triggers an embryogenic transition in Arabidopsis explants via an
auxin-related pathway. Front. Plant Sci. 9, 1353. doi:10.3389/fpls.2018.01353

Wu, X., and Zhang, Y. (2017). TET-Mediated active DNA demethylation: Mechanism,
function and beyond. Nat. Rev. Genet. 18 (9), 517–534. doi:10.1038/nrg.2017.33

Yan, A., Borg, M., Berger, F., and Chen, Z. (2020). The atypical histone variant
H3.15 promotes callus formation in Arabidopsis thaliana. Development 147 (11),
dev184895. doi:10.1242/dev.184895

Yang, G., Zhang, L. F., Liu,W.Q., Qiao, Z. B., Shen, S. J., Zhu, Q. S., et al. (2021). Dux-mediated
corrections of aberrantH3K9ac during 2-cell genome activation optimize efficiency of somatic cell
nuclear transfer. Cell. Stem Cell. 28 (1), 150–163.e5. e5. doi:10.1016/j.stem.2020.09.006

Yao, Z., Chen, Y., Cao, W., and Shyh-Chang, N. (2020). Chromatin-modifying drugs
and metabolites in cell fate control. Cell. Prolif. 53 (11), e12898. doi:10.1111/cpr.12898

Zavolan,M., andKanitz, A. (2018). RNA splicing and its connectionwith other regulatory layers
in somatic cell reprogramming. Curr. Opin. Cell. Biol. 52, 8–13. doi:10.1016/j.ceb.2017.12.002

Zhang, G., Zhao, F., Chen, L., Pan, Y., Sun, L., Bao, N., et al. (2019). Jasmonate-mediated
wound signalling promotes plant regeneration. Nat. Plants 5 (5), 491–497. doi:10.1038/
s41477-019-0408-x

Zhang, K., Xu, W. Y., Wang, C. C., Yi, X., Zhang, W. L., and Su, Z. (2017). Differential
deposition of H2A.Z in combination with histone modifications within related genes in
Oryza sativa callus and seedling. Plant J. 89 (2), 264–277. doi:10.1111/tpj.13381

Zhang, N., and Laux, T. (2018). Epigenetically jump starting de novo shoot regeneration.
EMBO J. 37 (20), e100596. doi:10.15252/embj.2018100596

Zhang, Y., Ng, H. H., Erdjument-Bromage, H., Tempst, P., Bird, A., and Reinberg, D. (1999).
Analysis of theNuRD subunits reveals a histone deacetylase core complex and a connectionwith
DNA methylation. Genes. Dev. 13 (15), 1924–1935. doi:10.1101/gad.13.15.1924

Zhang, Z. H., and Wu, W. S. (2013). Sodium Butyrate promotes generation of human
induced pluripotent stem cells through induction of the miR302/367 cluster. Stem Cells
Dev. 22 (16), 2268–2277. doi:10.1089/scd.2012.0650

Zhou, Y., Tan, B., Luo, M., Li, Y., Liu, C., Chen, C., et al. (2013). HISTONE
DEACETYLASE19 interacts with HSL1 and participates in the repression of seed
maturation genes in Arabidopsis seedlings. Plant Cell. 25 (1), 134–148. doi:10.1105/tpc.112.
096313

Zhu, Z., Wu, X., Li, Q., Zhang, J., Yu, S., Shen, Q., et al. (2021). Histone demethylase
complexes KDM3A and KDM3B cooperate with OCT4/SOX2 to define a pluripotency
gene regulatory network. FASEB J. 35 (6), e21664. doi:10.1096/fj.202100230R

Frontiers in Cell and Developmental Biology frontiersin.org13

Peng et al. 10.3389/fcell.2023.1097780

https://doi.org/10.1128/MCB.00669-17
https://doi.org/10.1093/stmcls/sxac020
https://doi.org/10.1038/nature12587
https://doi.org/10.1038/s42003-019-0646-5
https://doi.org/10.1038/s42003-019-0646-5
https://doi.org/10.1101/cshperspect.a018713
https://doi.org/10.1101/cshperspect.a018713
https://doi.org/10.1016/j.bbagrm.2009.08.009
https://doi.org/10.1371/journal.pone.0048533
https://doi.org/10.1146/annurev.biochem.76.052705.162114
https://doi.org/10.1146/annurev.biochem.76.052705.162114
https://doi.org/10.1016/j.plantsci.2015.06.015
https://doi.org/10.1080/15592294.2021.1872927
https://doi.org/10.14348/molcells.2021.0160
https://doi.org/10.1016/s0960-9822(03)00327-0
https://doi.org/10.1016/j.cell.2010.04.037
https://doi.org/10.1038/nrm.2016.6
https://doi.org/10.1038/nrm.2016.6
https://doi.org/10.3389/fpls.2015.00472
https://doi.org/10.1016/j.celrep.2022.110626
https://doi.org/10.1038/ncb2768
https://doi.org/10.1073/pnas.201413498
https://doi.org/10.1073/pnas.201413498
https://doi.org/10.1038/nsmb.2735
https://doi.org/10.1111/jipb.12972
https://doi.org/10.1111/j.1365-313X.2009.03880.x
https://doi.org/10.1111/j.1365-313X.2009.03880.x
https://doi.org/10.1038/nbt.1862
https://doi.org/10.1038/srep30903
https://doi.org/10.1007/s43032-021-00533-2
https://doi.org/10.1038/35102186
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/nrm.2016.148
https://doi.org/10.1104/pp.107.111674
https://doi.org/10.1016/j.cub.2011.07.001
https://doi.org/10.1016/j.devcel.2020.07.003
https://doi.org/10.1016/j.devcel.2020.07.003
https://doi.org/10.1016/j.stem.2011.10.005
https://doi.org/10.1016/j.theriogenology.2020.05.031
https://doi.org/10.1038/s41598-017-06569-2
https://doi.org/10.1038/s41598-017-06569-2
https://doi.org/10.1093/nar/gkv430
https://doi.org/10.4161/nucl.36231
https://doi.org/10.1016/j.bbagrm.2016.08.004
https://doi.org/10.3389/fpls.2018.01353
https://doi.org/10.1038/nrg.2017.33
https://doi.org/10.1242/dev.184895
https://doi.org/10.1016/j.stem.2020.09.006
https://doi.org/10.1111/cpr.12898
https://doi.org/10.1016/j.ceb.2017.12.002
https://doi.org/10.1038/s41477-019-0408-x
https://doi.org/10.1038/s41477-019-0408-x
https://doi.org/10.1111/tpj.13381
https://doi.org/10.15252/embj.2018100596
https://doi.org/10.1101/gad.13.15.1924
https://doi.org/10.1089/scd.2012.0650
https://doi.org/10.1105/tpc.112.096313
https://doi.org/10.1105/tpc.112.096313
https://doi.org/10.1096/fj.202100230R
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1097780

	The dynamics of chromatin states mediated by epigenetic modifications during somatic cell reprogramming
	Introduction
	DNA methylation
	Histone methylation
	Histone acetylation
	Histone variants
	Chromatin remodeling
	Others
	Concluding remarks and future directions
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


