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Circadian rhythms are a universal way for organisms, ranging
from prokaryotes to humans, to maintain coordination with
the daily changes of light and temperature. It is known that
a functional circadian clock confers enhanced fitness. In
both animals and plants, diverse physiological processes
are affected by the clock and more than 10% of transcripts
show a circadian rhythm. Recent advances in the field have
revealed a link between circadian regulated gene expression
and dynamic changes in chromatin. Jumoniji C (JmjC) domain-
containing proteins have been shown to be involved in
chromatin remodeling, acting as histone demethylases. The
recent discovery that a JmjC domain-containing protein
functions as a novel clock component suggests that histone
modification has evolved as an important mechanism at the
core of the circadian machinery.

The Circadian Clock

Biological rhythms with a period close to 24 h are called circa-
dian rhythms. Circadian rhythms are autoregulatory, endog-
enous rhythms that allow organisms to anticipate rhythmic
changes in the environment and accordingly adjust their cel-
lular and physiological activities, thus providing them with
an adaptive advantage.'? In all kingdoms of life, the circadian
clock regulates a wide variety of physiological processes such
as human sleep/wake cycles,” fungal sporulation,’ plant growth
and flowering time.®” Without a circadian system, organisms
survive less well.??

Circadian systems can be divided conceptually into three
parts: the input pathways that receive environmental cues (light
and temperature) and entrain the oscillator; the central oscillator
that generates rhythmicity; and the output pathways that cre-
ate overt thythmic processes. The central oscillator is the set of
components that can maintain an endogenous rhythm of about
24 h even in the absence of external cues. In eukaryotic organ-
isms, the central oscillator is, in principle, similar in different
kinds of organisms and involves interaction of positive and neg-
ative elements that influence each other’s expression or activity
in interconnected feedback loops (Fig. 1). Crucial to the correct
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function of the oscillator is that the feedback loop takes approx-
imately 24 h to complete and this is achieved by multiple levels
of post-translational controls that are built into the system.

The Molecular Mechanism of the Arabidopsis Clock

In Arabidopsis, three genes have been suggested as components of
the central oscillator: CIRCADIAN CLOCK ASSOCIATED 1
(CCA1), LATE ELONGATED HYPOCOTYL (LHY) and
TIMING OF CAB EXPRESSION 1 (TOC1). CCAl and LHY
are closely related MYB-like transcription factors. They both
have a circadian rhythm of expression peaking soon after dawn,
and their overexpression leads to dramatically reduced levels of
both transcripts and causes arrythmicity in gene expression,
leaf movement and hypocotyl elongation.®” CCAl and LHY
reset the phase of the circadian clock after a transient increase
in their expression,' further supporting their roles as central
oscillator components. However, the double mutant still retains
robust rhythmicity with short period, suggesting that other
MYB-related proteins of this multigene family may function
redundantly.'>'? TOCI, also known as PSEUDORESPONSE
REGULATOR 1 (PRRI1), encodes a nuclear protein contain-
ing a receiver domain similar to that of response regulators
from bacterial two-component signaling systems.”* Mutation
of TOCI causes period shortening and overexpression results
arrhythmicity." Expression of 7OCI peaks at dusk, which is
anti-phase with the expression of CCAI and LHY> CCALI and
LHY repress 7OCI expression by direct binding to the EE (eve-
ning element) in its promoter,'®"” while TOCI activates tran-
scription of CCAI and LHY through CHE (CCA1 HIKING
EXPEDITION) and other unknown mechanisms.®

There are a number of other genes that have been shown
to affect circadian cycling and three extra feedback loops have
been proposed based on experimental observations and math-
ematical modeling (Fig. 2). Evening-phased clock components,
EARLY FLOWERING 3 and 4 (ELF3 and ELF4) and a MYB
transcription factor LUX ARRYTHMO (LUX; also known
as PHYTOCLOCKI) contribute to the positive regulation of
CCAI and LHY rhythmic expression and are essential for main-
taining robust rhythms in constant conditions.”?* To close the
second loop, CCA1 and LHY repress the expression of ELF3,
ELF4 and LUX as they do TOCI. In the third loop, PRR7 and
PRRY, which are two TOC1 homologs with morning expres-
sion, inhibit the expression of CCAI and LHY through direct
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tive elements (NEG), which in turn repress the POS.

Figure 1. Simplified molecular model of a core circadian clock. Positive transcriptional elements (POS) rhythmically induce the expression of the nega-

transcriptional repression.

Figure 2. Four interlocked feedback loops at the core of the Arabidopsis oscillator. In the central loop, CCAT and LHY act as negative elements to
repress the expression of a positive element TOC1. TOC1 is involved in the positive regulation of CCAT and LHY, partially through antagonizing CHE
through protein interaction. Experimental observations and mathematical modeling have incorporated three interlocked loops on the top of the
central loop. CCA1 and LHY repress the expression of ELF3, ELF4 and LUX, which in turn have positive effects on the expression of CCAT and LHY
through unknown mechanism. In the morning loop, PRR7 and PRR9 repress the expression of CCAT and LHY, which in turn activate PRR7 and PRR9.
In the evening loop, Gl promotes TOCT expression, which in turn represses GI. Arrows indicate transcriptional activation and horizontal bars indicate

binding to their promoter.”” In turn, CCAl and LHY have
been shown to participate in the positive regulation of PRR7
and PRR9,* suggesting the existence of this morning loop. The
fourth loop involves the induction of 7OCI by an evening-
expressed clock protein GIGANTEA (GI), which is known
to be negatively regulated by TOCI, CCA1l and LHY.”” The
presence of multiple interlocked loops is thought to make the
clock more robust and less likely to be disturbed by the envi-
ronmental noise. Despite the progress in linking interactions
between the clock proteins,?®
circadian system is far from complete. Identifying novel clock

our understanding of the plant
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components and dissecting interactions among them will help
us to elucidate the complex signal transduction network in the
central oscillator.

Chromatin Remodeling and Circadian Rhythms

Circadian clock regulation of the transcriptome is a widespread
phenomenon. More than 10% of transcripts oscillate in a circa-
dian manner in both animals and plants.*”° A recent study indi-
cates that about 90% of Arabidopsis transcripts cycles in at least
one condition when seedlings were exposed to different diurnal
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Figure 3. Five interlocked feedback loops at the core of the Arabidopsis oscillator. One extra loop in which CCA1 and LHY repress the expression of
JMJ30 and JMJ30 has positive effect on the expression of CCAT and LHY has been incorporated on the top of four-loop model shown in Figure 2.

and circadian cycles.! How does the circadian clock control the
large number of oscillating transcripts? Recent advances in the
field have linked the dynamic chromatin remodeling with the
circadian clock.

Eukaryotic chromatin is composed of nucleosomes in which
146 bp of DNA wraps around an octamer of four histone proteins,
H2A, H2B, H3 and H4. Histones, in particular their N-terminal
tails, are subjected to various post-translational modifications,
which play important roles in chromatin remodeling, DNA
repair and transcriptional regulation.?»* Histone modification,
such as acetylation and methylation, can function as a molecu-
lar switch between a relaxed chromatin (transcriptionally per-
missive) and a compacted one (transcriptionally repressive).?>%
Circadian changes in histone modifications at the promoters of
clock genes have been well documented. In Neurospora, an ATP-
dependent chromatin-remodeling enzyme CLOCKSWITCH
(CSW) is required for clock function. CSW localizes to the pro-
moter of the central clock gene FREQUENCY (frq) and regulates
f7q expression through controlling the accessibility of promoter
DNA.* In mammals, transcriptional regulation of the core clock
genes is accompanied by rhythms in histone H3 acetylation and
RNA polymerase II binding.> In Arabidopsis, the expression of
TOCI is affected by clock-controlled cycles of histone acetyla-
tion, although the responsible enzymes are not known."” Finally,
transcription factor CLOCK protein, an essential component of
the mammalian circadian system, has been shown to be a histone
acetyltransferase,’® suggesting that histone acetylation is crucial
for core clock mechanisms.

Although most studies have focused on histone acetylation
in the circadian system, histone methylation has also been sug-
gested to be important for clock function. Mammalian histone
methyltransferase EZH2 (enhancer of zeste), a polycomb group
enzyme that mediates the methylation of H3K27 at the promoter

812

Plant Signaling & Behavior

of the central clock gene Period is required for clock function.”
The WDRS5 protein, a member of a histone methyltransferase
complex, interacts with PERIOD1 (PER1) and mediates the
rthythmic methylation of H3K4 and H3K9 at the promoter of
PERI1-regulated genes.® In Arabidopsis, histone dimethylation
at the CCAI, LHY, TOCI and GI promoters positively corre-
lates with their expression.” Recent studies have shown that a
Jumonji C (JmjC) domain-containing protein, which is generally
known as a histone demethylase, functions in both the plant and
human circadian systems, suggesting that histone methylation is

an important regulatory mechanism in the eukaryote circadian
clock. 4041

Jumonji C Domain-Containing Proteins

The methylation status of histones regulates chromatin struc-
ture and gene expression in eukaryotes. Histone methylation is
a dynamic modification which can be associated with activation
or repression of gene expression, depending on the methylated
residue and the degrees of methylation.” Jumonji C (JmjC)
domain-containing proteins, a class of histone demethylases,
directly reverse histone methylation through an oxidative reac-
tion that requires Fe (IT) and a-ketoglutarate as cofactors.”> The
JmjC domain-containing proteins are evolutionarily conserved in
species spanning from yeast to human. They are involved in a
wide range of biological processes, such as embryonic stem cell
self-renewal,** animal posterior development,” tumor suppres-
sion,**% X-linked mental retardation,” neural stem cell differen-
tiation,” and metabolic gene expression and obesity resistance.”

In Arabidopsis, there are twenty-one JmjC domain-contain-
ing proteins, which can be classified into five groups based on
the sequence similarity in the JmjC domain.®' Although all 21
genes are actively expressed,” only a few have been characterized
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and they have been shown to be involved in gametophyte devel-
opment,” cytosine methylation,” brassinosteroid responses,”
RNA silencing’®” and flowering time.’*® Recent studies
showed that the JmjC domain protein At JMJ30 (also known
as JMJD5) regulates the pace of the circadian clock in both
the Arabidopsis and the human circadian system.**4 JAJ30 is
the only gene of the 21 members that shows a robust circadian
thythm at the level of transcription. /MJ30 peaks at dusk and
is co-regulated across developmental and circadian time with
an evening-phased clock gene 7OCI. Chromatin immunopre-
cipitation (ChIP) assays revealed that /M/30 is a direct target
of the morning-phased clock components, transcription factors
CCALl and LHY and /M/30 expression is drastically reduced in
seedlings overexpressing CCAI or LHY, suggesting that CCALl
and LHY bind directly to the /M/30 promoter to repress its
expression.”! In turn, CCAI and LHY have reduced expression
in jmj30 loss-of-function mutants grown under high levels of
red light, indicating that JMJ30 has a positive effect on CCAI
and LHY expression.® Together, these findings suggest a poten-
tial negative feedback loop between CCA1/LHY and JMJ30 in
the central oscillator (Fig. 3). Both loss- and gain-of-function
mutants of /M/30 shorten the free-running circadian period
indicating that JMJ30 is a circadian clock component involved
in controlling the pace of the clock. Interestingly, a similar
period-shortening phenotype was observed in the mammalian
cells deficient for the human ortholog of JMJ30, which has been
shown to have histone demethylase activity.®® In addition, the
JMJ30 human ortholog is able to rescue the short-period phe-
notype of Arabidopsis 77730 loss-of-function mutants and vice
versa, suggesting that JMJ30 has conserved function in both
Arabidopsis and human circadian systems.“ These findings not

only reveal the importance of histone methylation in the circa-
dian clock mechanism, but also open up a gateway to explore
the connection between chromatin remodeling and the circa-
dian clock.

Conclusions and Future Perspectives

Circadian rhythms control key metabolic and physiological
pathways in almost all organisms. Circadian function is largely
based on the complex program of gene expression which involves
dynamic changes in chromatin structure. In plants, chromatin
remodeling plays important roles in various biological processes
associated with photomorphogenesis, floral transition, hormone
signaling and stress responses. The molecular nature of clock-
controlled chromatin remodeling that responds to environmen-
tal stimuli has yet to be determined. Experimental description
of the details of the molecular mechanism through which
JM]J30 regulates the pace of the circadian clock will allow elu-
cidation of the function of JMJ30 within the circadian clock.
Further characterization of the functional and the evolution-
ary characteristics of JmjC domain-containing proteins in the
circadian system will provide a new conceptual understanding
of how histone methylation evolved in the core of the circa-
dian machinery. Better understanding how different histone
modifications interact to regulate the transcriptional state of
core clock genes will further our knowledge about how clocks
respond to the daily and seasonal environmental changes and
confer enhanced fitness onto the organism.
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