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SUMMARY

The universal importance of epigenetic regulation has become explicit over the
last decade. There is now a detailed understanding of the molecular signatures
and chromatin-modifying enzymes determining epigenetic regulation. For
example, the trimethylation of lysine 27 at histone H3 by Polycomb complexes
is a hallmark of silenced gene expression conserved across animal and plant king-
doms. The repressive activity of Polycomb complexes is balanced by the histone
demethylase activity of Jumonji C-domain proteins. There has been a lot of
research on Polycomb functions and H3K27methylation; however, until recently,
little was known about the role of histone H3K27 demethylases. Here, we review
the role of Jumonji C-domain proteins from the plant development perspective.
We will recall the history of histone lysine demethylation and explore the recent
advances on the H3K27 demethylases in plant biology. Conserved and novel
genomic functions of these epigenetic regulators will be discussed.

INTRODUCTION

H3K27me3 is a Hallmark of Epigenetic Gene Silencing

In eukaryotic cells, chromatin is the basic unit of genomic regulation. The chromatin fiber is composed by

the tight association of genomic DNA, nucleosome histones, and accessory proteins. The C-terminal glob-

ular domains of histones are wrapped by DNA but the hydrophobic N-terminal domains protrude from the

double-helix surface. These N-terminal tails are subject to a myriad of post-translational modifications

including acetylation, ubiquitination, or methylation of specific amino acid residues (Kouzarides, 2007).

The genome-wide occurrence of these histonemodifications results from the coordinated action of specific

‘‘writer’’ modifying enzymes, ‘‘readers’’ effector proteins, and ‘‘erasers’’ that remove these modifications. A

large number of studies over the last decades show that some histone modifications are context depen-

dent and may have regulatory functions. For example, the trimethylation of histone H3 lysine 27

(H3K27me3) is associated with gene silencing, whereas the trimethylation of histone H3 lysine 36

(H3K36me3) is coupled with transcriptional elongation (Li et al., 2007). In addition, some histone modifica-

tions are considered epigenetic marks because they are maintained through development or even through

generations in the absence of the initial pioneer signal or stimuli. The best example is H3K27me3, a repres-

sive epigenetic mark involved in the maintenance of cellular fates during development of multicellular eu-

karyotes like plants or animals (Grossniklaus and Paro, 2014; Xiao and Wagner, 2014).

In the model plant Arabidopsis thaliana (hereinafter referred to as Arabidopsis), H3K27me3 decorates

about 15–60% of protein coding genes in a given tissue (You et al., 2017; Zhang et al., 2007). H3K27me3

is set by the methyltransferase activity present in the polycomb repressive complex 2 (PRC2), first charac-

terized in Drosophila and conserved from animals to plants (Förderer et al., 2016; Grossniklaus and Paro,

2014). There are three related SET (su(var)3–9, enhancer-of-zeste, trithorax) domain proteins that catalyze

H3K27me3 in Arabidopsis: CURLY LEAF, SWINGER, and MEDEA. The importance of H3K27me3 in plant

development is highlighted by the fact that plants strongly impaired in PRC2 function leads to embryo

abortion or results in the formation of amorphous almost non-viable callus-like structures. Plant Polycomb

histone methyltransferase complexes are especially important for the regulation of developmental transi-

tions like flowering or seed formation and play a key role in plant developmental transitions and other pro-

cesses that require preservation of pluripotency or differentiation. For example, Polycomb activity regu-

lates flowering time at several levels by modulating the expression of master regulators like the floral
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Figure 1. Phylogenetic Relationships among Histone H3K27 Demethylases

Left, the phylogenetic tree of selected Arabidopsis and human histone demethylases (ELF6 Q6BDA0, REF6 Q9STM3,

JMJ13 F4KIX0, JMJ30 Q8RWR1, JMJ31 F4K2M8, JMJ32 Q0WVR4, UTX O15550, JMJD3 O15054, and JMJD5

A0A0S2Z5T1). The dendogram was obtained using PhyML + SMS/OneClick pipeline at https://ngphylogeny.fr. Right,

graphical representations of the protein domains obtained from prosite (https://prosite.expasy.org/prosite.html).

Legend: JMJN, Jumonji N domain; JMJC, Jumonji C-domain with metal catalytic sites; ZINC, zinc finger C2H2 type

domain; PROK prokaryotic membrane lipoprotein lipid attachment site profile; TPR, tetratricopeptide repeat profile.
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integrators FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1) or the

floral repressor FLOWERING LOCUS C (FLC). All these functions of H3K27me3 methylation in plants asso-

ciated to Polycomb activity have been extensively reviewed over recent years (Costa and Dean, 2019; För-

derer et al., 2016; Grossniklaus and Paro, 2014; Schatlowski et al., 2008; Xiao and Wagner, 2014). However,

until recently, the function of histone demethylases, the ‘‘erasers’’, was underestimated in plant

development.
The History of Histone Demethylation

It was initially thought that histone methylation could be only passively removed through cell division. In

2004, a class of flavin adenine dinucleotide (FAD)-dependent amine oxidases were characterized as

mono- and di-methylated histone demethylases in animals (Shi et al., 2004) and soon after homologs

were characterized in plants (Liu et al., 2007). The final change in the dogma came with the discovery of

the Jumonji C (JmjC) family of Fe(II)-dependent and 2-oxoglutarate-dependent dioxygenases as demethy-

lases of tri-, di- and mono-methylated histones (Cloos et al., 2006; Klose et al., 2006; Tsukada et al., 2006).

The protein Jumonji (meaning cruciform in Japanese) was named after the ‘‘cross-like’’ shape of neural

grooves in jmjmutant mice (Takeuchi et al., 1995). The JmjC domains contain a conserved double-stranded

B helix fold, and it is present in a large family of thousands of proteins (Markolovic et al., 2016). The JmjC

protein family has a great complexity with an increased copy number and divergences in sequence and

function that seems to contribute to the evolutionary success of animals and plants. There are 21 Arabidop-

sis JmjC proteins that can be classified in five groups according to phylogenetic information and protein

domain architecture (Lu et al., 2008). A comprehensive phylogenetic analysis of the JmjC proteins in ani-

mals, plants, and fungi identified up to 14monophyletic subfamilies including conserved and plant-specific

groups (Qian et al., 2015). In animals, the main H3K27 demethylases are ubiquitously transcribed tetratri-

copeptide repeat gene on the X chromosome (UTX/KDM6A) and Jumonji domain-containing protein D3

(JMJD3/KDM6B) (Agger et al., 2007). These proteins regulate homeotic gene expression, embryonic devel-

opment, cellular reprogramming, immune diseases, and, in particular, have a critical role in cancer (Arci-

powski et al., 2016). JMJD3 and UTX homologs are not conserved in plants, but up to five proteins have

been reported with H3K27me3 demethylase activity in Arabidopsis (Figure 1): the JmjC domain-only pro-

teins JUMONJI 30 (JMJ30/AtJMJD5, AT3G20810) and JUMONJI 32 (JMJ32, AT3G45880) and the C2H2-

type zinc-finger (ZnFn)-containing JmjC proteins EARLY FLOWERING 6 (ELF6/JMJ11, AT5G0424), RELA-

TIVEOF ELF6 (REF6/JMJ12, AT3G48430), and JUMONJI 13 (JMJ13, AT5G46910). Here, we review the plant

H3K27me3 demethylases with an emphasis on their functions as regulators of development.
THE JMJC DOMAIN-ONLY GROUP

The Arabidopsis JmjC domain-only group consists of 3 members: JMJ30, JMJ31 (AT5G19840), and JMJ32

(Figure 1). These proteins belong to the monophyletic subfamily PKMD12 which is conserved in plants and

animals (Qian et al., 2015). JMJ30 was first described as a circadian regulator that modulates the expression

of the core clock components CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPO-

COTYL (LHY) (Jones et al., 2010). In due course, CCA1 and LHY directly repress JMJ30 gene expression,
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establishing a regulatory loop with this histone demethylase (Lu et al., 2011b). Consequently, jmj30 muta-

tion affects the length of circadian output rhythms (Jones et al., 2010; Lu et al., 2011b). Interestingly, human

cells deficient on the H3K36 demethylase Hs.JMJD5 (KDM8), the human homolog of JMJ30, show a short

period phenotype as well (Jones et al., 2010).

In addition to the circadian cycle, Arabidopsis JMJ30 also influences several developmental processes. For

example, JMJ30 promotes callus formation from leaf explants (Lee et al., 2018), contributes to abscisic

acid-dependent growth arrest (Wu et al., 2019), and has been recently found important for plant heat accli-

mation (Yamaguchi et al., 2020). This chromatin factor is especially relevant in regulating flowering time. On

one side, JMJ30 interacts with EARLY FLOWERING MYB PROTEIN (EFM) to regulate the expression of the

floral integrator FT (Yan et al., 2014). On the other hand, JMJ30 and JM32 participate in the flowering ther-

mosensory pathway (Gan et al., 2014). The jmj30 jmj32 double mutant was found to be early flowering at

high ambient temperature (29�C) but not at standard growth conditions (22�C). This early flowering pheno-

type was associated with reduced expression and increased H3K27 methylation at FLC locus (Gan et al.,

2014).

Nevertheless, the specificity of the JmjC domain-only demethylases is not totally clear. Gan and collabo-

rators found that JMJ30 and JMJ32 are able to demethylate H3K27me3 and H3K27me2 in vitro and in vivo

(Gan et al., 2014). However, other authors propose that JMJ30 can demethylate H3K36me3 (Yan et al.,

2014), and another group found that jmj30 mutation alters H3K9me3 levels at target genes (Lee et al.,

2018). In addition, JMJ31 function remains unknown and it may not be an active demethylase because it

lacks conserved amino acids (Gan et al., 2014; Lu et al., 2011b). Further genomic and biochemical studies

are needed to conclude the specificity of the Arabidopsis JmjC domain-only histone demethylases.
THE ZNFN-CONTAINING JMJC H3K27 DEMETHYLASES

The plant-specific monophyletic subfamily PKMD9 includes three Arabidopsis ZnFn-containing JmjC

domain proteins (Qian et al., 2015). ELF6 and REF6 are plant-specific JmjC homolog proteins that carry

four N-terminal C2H2-type ZnFn motifs (Figure 1). JMJ13 is phylogenetically related to ELF6 and REF6

but lacks the ZnFn N-terminal domain. ELF6, REF6, and JMJ13 are nuclear proteins with different expres-

sion profiles. REF6 is widely expressed across the plant, whereas ELF6 is expressed at lower levels and

mainly at floral buds and during embryo development (Crevillén et al., 2014; Lu et al., 2008; Noh et al.,

2004). Conversely, JMJ13 exhibits lower expression levels in vegetative tissues but it is the most expressed

plant-specific H3K27me3 demethylases in pollen (Borg et al., 2020).

In vivo Nicotiana benthamiana leaf-based enzymatic activity assays have shown that ELF6 (Crevillén et al.,

2014), REF6 (Lu et al., 2011a), and JMJ13 (Zheng et al., 2019) are able to demethylate H3K27me3; however.

only ELF6 and REF6 were found to demethylate H3K27me2. None of these three enzymes seem to have any

activity in vivo on histone H3 lysine K4, K9, or K36 methylation, although REF6 has been found to demeth-

ylate H3K4me3 and H3K36me3 using in vitro based assays (Ko et al., 2010). All these data suggest that these

related epigenetic modifier enzymes have specialized functions in the genome.
REF6

REF6 was the first reported plant H3K27me3 demethylase, and it has a key role in a number of develop-

mental processes. Initially, the ref6 mutant was described as late flowering because it has high levels of

FLC expression (Noh et al., 2004). However, the exact mechanism of REF6 regulating floral transition re-

mains elusive because REF6 does not bind to FLC locus (Cui et al., 2016; Li et al., 2016; Yang et al.,

2016). REF6 acts on floral development at several levels. It has been proposed that REF6 interacts with Nu-

clear Factor Y proteins (NF-Y) to regulate SOC1 expression in inflorescences (Hou et al., 2014) and that

SOC1 aids the recruitment of REF6 to regulate downstream targets such as FRUITFUL (FUL) (Hyun et al.,

2016) and TARGET OF FLC AND SVP 1 (TFS1) (Richter et al., 2019). KNUCKLES (KNU), a repressor of the

stem cell pool regulator WUSCHEL (WUS), is activated by REF6 during floral development as well (Yan

et al., 2018). All these data illustrate the important role of REF6 orchestrating the derepression of

H3K27me3-silenced genes during floral meristem development. Accordingly, REF6 overexpressing plants

resembled Polycomb mutants and show pleiotropic developmental defects like small plant size and wrin-

kled and curled leaves due the upregulated expression of floral homeotic genes in seedlings (Lu et al.,

2011a).
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Further, REF6 has also a role in brassinosteroid (BR) signaling. REF6 and ELF6 proteins were isolated as in-

teractors of BRI1-EMS-SUPPRESSOR 1 (BES1), and both elf6 and ref6 mutants have a reduced cell elonga-

tion phenotype, characterized by shorter leaf petioles compared to wildtype plants (Yu et al., 2008). It has

been shown that REF6 directly regulates the expression of a number of BR-responsive genes including the

cell wall-modifying enzyme TOUCH 4 (TCH4) and the flavin monooxygenase YUCCA 3 (YUC3) (Cui et al.,

2016; Li et al., 2016; Lu et al., 2011a). In addition to flowering and BR signaling, REF6 participates in a num-

ber of other developmental processes. REF6 modulates the expression of ETHYLENE INSENSITIVE 2

(EIN2), a central regulator of the ethylene signaling pathway (Zander et al., 2019). REF6 also promotes

lateral roots formation through H3K27me3 demethylation of PIN-FORMED auxin efflux carrier genes

(Wang et al., 2018) and directly controls NONYELLOWING 1 (NYE1) expression, a regulator of chlorophyll

degradation during leaf senescence (Wang et al., 2019). It has also been proposed that REF6 and HEAT

SHOCK TRANSCRIPTION FACTOR A2 (HSFA2) establish a positive feedback loop to transmit the transge-

nerational epigenetic memory of heat (Liu et al., 2019).

All the data indicate that REF6 is a general histone demethylase which is able to engage in a wide number

of H3K27me3-regulated processes. But how is REF6 able to recognize all its target regulatory regions?

Chromatin immunoprecipitation followed by high-throughput sequencing (ChIP-seq) studies have shown

that REF6 protein directly binds thousands of genomic regions in seedlings (Cui et al., 2016; Li et al., 2016)

and flowers (Yan et al., 2018). In fact, biochemical studies indicate that the REF6 ZnFn domain can bind DNA

in a sequence-specific manner. Genomic DNA motif discovery analyses defined that REF6 binds to a spe-

cific CTCTGYTY motif, where Y represents T or C (Cui et al., 2016; Li et al., 2016, 2018a). This DNA-protein

interaction has been proposed to define a novel half-cross braced ZnFn-type domain (Tian et al., 2020).

Interestingly, REF6 binding to DNA is inhibited by DNA methylation which explains why REF6 is depleted

from heterochromatin regions in the genome (Qiu et al., 2019; Tian et al., 2020).

The REF6 DNA binding domain is crucial for flowering time regulation (Cui et al., 2016; Yan et al., 2018).

However, the REF6DZnF truncated protein was found to bind to thousands of genomic sites when ex-

pressed in a ref6 elf6 jmj13 triple mutant background (Yan et al., 2018). Consistently, a full knock-out

ref6 CRISPR/Cas9 mutant line showed a stronger phenotype than ref6-1 mutant (which carries a T-DNA

insertion at the ZnFn domain) (Yan et al., 2018). Thus, although important for target recognition and bind-

ing stability, some REF6 functions rely on specific interactions with transcription factors or other chromatin

modifiers. A well-known REF6 partner is BRHAMA (BRM), an ATP-dependent SWI/SNF-related chromatin

remodeller. REF6 co-purified with BRM protein complexes and BRM co-occupied up to 40% of REF6 target

genes in seedlings (Li et al., 2016). Consistent with these data, REF6 and BRM regulate together HSF2A and

TFS1 gene expression (Hyun et al., 2016; Liu et al., 2019; Richter et al., 2019). REF6 also interacts with a num-

ber of transcription factors. For example, REF6 has been found to co-purify with a number of MADS-box

transcription factors including SOC1, AGAMOUS (AG), SEPALLATA3 (SEP3), APETALA3 (AP3), and APA-

TELA1 (AP1) in inflorescences (Smaczniak et al., 2012; Yan et al., 2018). Interestingly, some of these protein

interactions seem to happen independently of the REF6 ZnFn domain (Yan et al., 2018).
ELF6

Mutations in the ELF6 gene resulted in early flowering plants in long and short day photoperiods (Noh et al.,

2004). The elf6 mutant early flowering phenotype is due to the downregulation of the floral repressor FLC

(Crevillén et al., 2014) and subsequent upregulation of the florigen FT expression (Jeong et al., 2009; Noh

et al., 2004). ELF6 protein binds directly to the FLC locus and interacts with SET DOMAIN GROUP 8

(SDG8), anH3K36me3methyltransferase that enhances gene expression by promoting transcriptional elon-

gation (Shafiq et al., 2013; Yang et al., 2016). Thus, the concerted action of gene activation by SDG8 and

derepression by ELF6 maintain an active transcriptional state at FLC locus (Yang et al., 2016). As mentioned

earlier, ELF6 interacts with BES1 linking BR signaling to chromatin regulation (Yu et al., 2008). In fact, it has

been proposed that BZR1 (BRASSINAZOLE-RESISTANT 1), a homolog of the transcription factor BES1, re-

cruits ELF6 to a specific FLC intronic regulatory region facilitating FLC locus activation (Li et al., 2018b).

Some Arabidopsis ecotypes carry a functional FRIGIDA (FRI) allele, a potent activator of FLC expression.

These winter accessions are extremely late flowering and require prolonged cold exposure to epigeneti-

cally silence FLC expression, and eventually flower, in a process called vernalization (Costa and Dean,

2019). The epigenetic silencing of FLC involves H3K27me3 Polycomb-mediated histone methylation and

it is maintained until embryogenesis, when FLC expression is reset to ensure a vernalization requirement
4 iScience 23, 101715, November 20, 2020
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in the next generation (Schatlowski et al., 2008). Strikingly, an elf6 hypomorphic allele was found in a ge-

netic screening looking for mutants impaired in the resetting of FLC expression after vernalization (Crev-

illén et al., 2014). The molecular characterization of this elf6 hypomorphic allele demonstrated that ELF6

is required for the epigenetic reprogramming of H3K27m3 at the FLC locus after vernalization (Crevillén

et al., 2014). This is one of the few examples of an environmentally induced transgenerational inheritance.

In summary, it is well established how FLC is regulated by ELF6. In addition, it has been reported that ELF6

may bind the FT locus (Jeong et al., 2009). However, no other ELF6 direct target has been reported, and the

precise role of ELF6 beyond FLC and flowering time regulation remains largely unexplored.
JMJ13

The third ZnFn-containing JmjC H3K27 demethylases is JMJ13, a protein phylogenetically related to ELF6

and REF6 that carries a C4HCHC-type helical-zinc finger cassette fused to the JmjC domain (Zheng et al.,

2019). Mutations at JMJ13 do not cause strong developmental alterations but, as with its close homologs,

JMJ13 modulates flowering time (Zheng et al., 2019). JMJ13 regulates FLC expression redundantly with

ELF6 (Yang et al., 2016) and when mutated confers an early flowering phenotype under long day conditions

(Yan et al., 2018; Zheng et al., 2019). Under short day photoperiod, the jmj13mutant is early flowering only

at high ambient temperature suggesting a temperature-dependent role in flowering time regulation

(Zheng et al., 2019). Strikingly, a recent report shows that JMJ13 is the most abundant H3K27 demethylase

in pollen sperm cells, suggesting that JMJ13 contributes to paternal H3K27me3 resetting (Borg et al.,

2020). These and other data lead Borg and collaborators to propose that H3K27me3 demethylases play

a key role in a multi-layered genome wide epigenetic reprogramming ensuring that epigenetic marks

are erased and not passed to the next generation (Borg et al., 2020; Crevillén et al., 2014).
Redundant Roles of ZnFn-Containing JmjC H3K27 Demethylases

As discussed above, specific H3K27 demethylases play an important role in a number of developmental

processes and plant responses to biotic and abiotic stresses. REF6 is a general H3K27me3 demethylase

with roles in a number of developmental processes (Lu et al., 2011a); JMJ13 contributes to the genome

wide H3K27me3 erasure during gamete formation (Borg et al., 2020); and ELF6 is the main H3K27 deme-

thylases regulating the floral repressor FLC (Crevillén et al., 2014; Li et al., 2018b).

On the other hand, there is some functional redundancy among plant H3K27 demethylases. The elf6 jmj13 dou-

ble mutant, in an FRI background, showed increased flowering time acceleration and reduced FLCmRNA levels

compared to a single elf6mutant, indicating that ELF6 and JM13 are partially redundant in the regulation of FLC

locus expression (Yang et al., 2016). Recent reports also suggest that REF6 and ELF6may have independent and

partially redundant roles in the regulation of genomic H3K27me3 profiles (Antunez-Sanchez andGutierrez-Mar-

cos, 2020). In fact, elf6 ref6 double full knockout mutants show a dwarf phenotype and pleiotropic defects in leaf

morphology not observed in single mutant plants (Antunez-Sanchez and Gutierrez-Marcos, 2020; Yan et al.,

2018). Furthermore, this pleiotropic phenotype is enhanced in the elf6 ref6 jmj13 triple mutant, which shows a

strong dwarf phenotype, wrinkled leaves, reduced plant size, and floral organ alterations (Yan et al., 2018). Inter-

estingly, this pleiotropic phenotype is not additive with mutations in the JmjC domain-only proteins JMJ30 and

JMJ32 suggesting independent roles of these two families of plant histone demethylases (Yan et al., 2018).

It could be expected that this functional redundancy may hide unexpected new roles of the histone deme-

thylases. For example, it has been recently proposed that impaired ELF6 and REF6 activity during sexual

reproduction may result in the transgenerational inheritance of ectopic H3K27me3 imprints (Antunez-San-

chez and Gutierrez-Marcos, 2020). These H3K27me3 imprints were formed in elf6 ref6 double mutant

backcrossed to wildtype plants and were stably transmitted over generations even after wildtype histone

demethylase function was restored (Antunez-Sanchez and Gutierrez-Marcos, 2020).
Genomic Functions of ZnFn-Containing JmjC H3K27 Demethylases

We have discussed that one of the main functions of H3K27 demethylases is to modulate gene

expression and to reactivate H3K27m3 Polycomb-repressed genes in response to external or internal plant

stimuli (Figure 2A). In fact, consistent with the myriad of REF6 functions, ref6 mutants show thousands of

hypermethylated H3K27me3 regions across the genome (Antunez-Sanchez and Gutierrez-Marcos, 2020;

Cui et al., 2016; Li et al., 2016; Yan et al., 2018). The number of hypermethylated regions compared to
iScience 23, 101715, November 20, 2020 5



Figure 2. Genomic Functions of the Plant H3K27 Demethylases

The catalytic activity of H3K27 demethylases together with other promoting or repressing chromatin remodeling activities

may fine-tune gene expression in different ways.

(A) The active removal of H3K27me3 from gene coding regions or regulatory regions across the genome is crucial for the

re-activation of Polycomb-silenced genes during developmental transitions or in response to internal or external stimuli.

(B) Plant H3K27 demethylases also function delimiting Polycomb-silenced chromatin regions and preventing the

uncontrolled spreading of the epigenetic silencing.
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wildtype plants is reduced in epigenomic analyses of elf6 (Antunez-Sanchez and Gutierrez-Marcos, 2020)

and it is much less prominent in jmj13 mutants (Zheng et al., 2019). Consistent with the partial functional

redundancy among these proteins, H3K27me3 genomic analyses in the elf6 ref6 jmj13 triple mutant

show an increased number of hypermethylated regions and misregulated genes compared to any single

mutant (Yan et al., 2018).

The characterization of the H3K27me3 landscape in the elf6 ref6 jmj13 triple mutant together with the study of

REF6 genomic occupancy revealed another important role for plant H3K27me3 demethylases (Figure 2B). Inter-

estingly, the binding patterns of Polycomb complex and the REF6 protein do not overlap. REF6 binding sites

appear at the boundaries of H3K27me3 regions whereas Polycomb proteins cover H3K27me3 marked regions

(Yan et al., 2018). In addition,most hypermethylatedgenes found in ref6mutants appear at the boundary of gene

coding regions. Thus, Yan and collaborators proposed that REF6 not only counteracts Polycomb silencing but

also prevents H3K27me3 spreading and delimits Polycomb-silenced regions (Yan et al., 2018).

H3K27 DEMETHYLATION IN CROPS

JmjC proteins can be found in most plant lineages, and we are beginning to understand their role in some

crop species. The best example is Os.JMJ705, the rice (Oriza sativa) REF6 homolog. Os.JMJ705 gene

expression is stress induced, and during pathogen infection, Os.JMJ705 removes repressive H3K27methyl-

ation from plant defense genes (Li et al., 2013). Consequently, an Os.jmj705 T-DNA insertion mutant was

found more susceptible to pathogen infection, and transgenic Os.JMJ705 overexpression enhances the

expression of jasmonic acid response genes (Li et al., 2013). In addition, it has been proposed that rice

WOX11 recruitsOs.JMJ705 to activate a number of genes involved inmeristem identity, chloroplast biogen-

esis, and energy metabolism to promote shoot grow (Cheng et al., 2018). Therefore, Os.JMJ705 not only

plays a role in abiotic stress but also is required for the proper development of the rice shoot meristem.

In other crop species, information is scarce, but H3K27 demethylases seem to influence important crop

traits. For instance, a recent report has shown that tomato (Solanum lycopersicum) Sl.JMJ6 is an active

H3K27me2/3 demethylase that is required for the activation of a number of fruit ripening-related genes

(Li et al., 2020). Further research is needed to characterize the role of H3K27 demethylases in major crop
6 iScience 23, 101715, November 20, 2020
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species. It is envisaged that these combined insights into epigenetic regulators will have an impact on crop

yield in the near future (Gallusci et al., 2017; Springer and Schmitz, 2017).

CONCLUDING REMARKS

The control of H3K27me3 genomic homeostasis may be achieved by the correct balance between the his-

tone deposition, histone methylation, and histone demethylation machinery. We cannot rule out the exis-

tence of other active forms of H3K27 demethylation independently of the enzymes discussed here. How-

ever, it is quite remarkable that JmjC H3K27me3 demethylases play an important role in plant

development. Despite the many studies, there are still many opened question: Are plant H3K27me3 deme-

thylases part of multiprotein chromatin remodeling complexes? How is the activity of these epigenetic en-

zymes modulated? Do plant H3K27 demethylases have catalytic independent functions? For example, hu-

man UTX functions as a scaffold protein facilitating the binding of other regulatory factors to target loci

(Arcipowski et al., 2016). Further biochemical studies, cell-type-specific genomic profiles, and the use of

modern genome editing technologies will be required to understand the precise role of these chromatin

regulators in plant biology. It is tempting to speculate that natural or induced histone demethylase activity

alterationsmay lead to epigenetic variation that, eventually, could be genetically fixed. The ability to unlock

this knowledge will potentially improve modern genomic breeding technologies (Gallusci et al., 2017;

Springer and Schmitz, 2017).
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