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ABSTRACT

In Arabidopsis, the circadian clock central oscillator
genes are important cellular components to generate
and maintain circadian rhythms. There is a negative
feedback loop between the morning expressed CCA1
(CIRCADIAN CLOCK ASSOCIATED 1)/LHY (LATE
ELONGATED HYPOCOTYL) and evening expressed
TOC1 (TIMING OF CAB EXPRESSION 1). CCA1 and
LHY negatively regulate the expression of TOCT,
while TOC1 also binds to the promoters of CCA1
and LHY to repress their expression. Recent stud-
ies indicate that histone modifications play an im-
portant role in the regulation of the central oscilla-
tors. However, the regulatory relationship between
histone modifications and the circadian clock genes
remains largely unclear. In this study, we found that
the Lysine-Specific Demethylase 1 (LSD1)-like his-
tone demethylases, LDL1 and LDL2, can interact with
CCA1/LHY to repress the expression of TOC1. ChIP-
Seq analysis indicated that LDL1 targets a subset
of genes involved in the circadian rhythm regulated
by CCA1. Furthermore, LDL1 and LDL2 interact with
the histone deacetylase HDAG6 and co-regulate TOC1
by histone demetylation and deacetylaion. These re-
sults provide new insight into the molecular mech-
anism of how the circadian clock central oscillator
genes are regulated through histone modifications.

INTRODUCTION

Histone modifications including methylation, acetylation,
phosphorylation, ubiquitination and sumoylation play im-
portant roles in the regulation of gene expression. All his-

tone modifications are removable, which may therefore pro-
vide a flexible way for gene regulation. Methylation on ly-
sine and arginine residues of histone N-terminal tails can
be associated with either transcriptional repression or acti-
vation. For example, tri-methylation of histone H3 at lysine
4 (H3K4me3) is an active mark for transcription, whereas
dimethylation of histone H3 at lysine 9 (H3K9me?2) is a sig-
nal for transcriptional silencing (1). Histone methylation
levels are determined by histone methyltransferases and
demethylases, whereas histone acetylation levels are regu-
lated by the action of histone acetyltransferases (HATs) and
histone deacetylases (HDACs or HDAs).

Human Lysine-Specific Demethylase 1 (LSDI1) is the
first histone demethylase identified to demethylate H3K4me
through an FAD-dependent oxidation reaction (2). In Ara-
bidopsis, four LSD1 homologs have been identified, namely
LSDI-LIKE 1 (LDL1), LDL2, LDL3 and FLOWERING
LOCUS D (FLD) (3). In dii, ldl1/ldI2 and fld mutant
plants, H3K4 methylation on target genes is enriched, sug-
gesting the H3K4 demethylase activity of LDL1, LDL2 and
FLD (3,4). In addition, both fld and Idl1/IdI2 double mu-
tant plants show late flowering phenotypes (3,5). FLD re-
presses the expression of FLC by reducing the H3K4me
level of FLC chromatin (5,6). Furthermore, LDL1 and
LDL2 act redundantly to repress the expression of FLC by
H3K4 demethylation. On the other hand, /d/1/ldI2 double
mutants also show reduced DNA methylation at the FIWA
locus, which represses the floral transition (3).

In yeast and animal systems, HDACs and LSD1 are the
core components of several multi-protein complexes, such
as Mi2/NuRD and CoREST (7-9). HDACs and LSDI
function cooperatively to regulate gene expression in hu-
man breast cancer cells (10). Although the HDAC com-
plexes can dynamically interact with different transcrip-
tion factors depending on different environmental condi-
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tions, the interactions between the core protein compo-
nents in HDAC complexes are relatively stable (11,12). Ara-
bidopsis HDAG is a RPD3-like class I HDAC involved in
transcription repression and regulation of ribosomal RNA
(13-17). Furthermore, HDAG is also involved in flowering,
leaf development, senescence and abiotic stress response
(6,18-20). Recent studies demonstrated that Arabidopsis
HDAG6 interacts directly with FLD and affects flowering
time by regulating histone H3 acetylation and H3K4 tri-
methylation on FLC, MAF4, and MAF5 loci (6).

In Arabidopsis, the circadian clock central oscilla-
tors rely on multiple interconnected loops that gener-
ate robust rhythms. There is a negative feedback loop
between the morning expressed CCAIl (CIRCADIAN
CLOCK ASSOCIATED 1) and LHY (LATE ELON-
GATED HYPOCOTYL) as well as the evening ex-
pressed TOCI/PRRI (TIMING OF CAB EXPRESSION
1/PSEUDO RESPONSE REGULATOR 1). CCAIl and
LHY are highly accumulated at dawn, but their expres-
sion levels are very low in the evening (21-23). CCA1 and
LHY proteins inhibit TOC/ transcription by binding to the
evening element (EE) on the TOC! promoter (21-23). In
the evening, TOCI is highly expressed (23). Recent studies
indicate that TOC1 also functions as a repressor and binds
to the promoters of CCAI and LH Y to repress their expres-
sion in the evening (24,25).

Treating plants with the HDAC inhibitor Trichostatin
A (TSA) leads to higher amplitude and delayed phase
of TOCI expression, but the effect of TSA is reduced
in tocl mutant plants (26). In addition, the expression
level of CCAI, LHY and TOCI is specifically asso-
ciated with changes in the level of H3K4me and H3
acetylation in Arabidopsis (27,28), suggesting that his-
tone modifications are involved in the regulation of circa-
dian central oscillators. Furthermore, the Arabidopsis his-
tone acetyltransferase TAF1 and H3K4 methyltransferase
SET DOMAIN GROUP 2/ARABIDOPSIS TRITHO-
RAX RELATED 3 (SDG2/ATXR3) may also contribute
directly or indirectly to circadian gene activation (28).
In addition, HDAG6 functions with PRR9 by interacting
with TOPLESS/TOPLESS-RELATED (TPL/TPR) and
represses CCAI transcription (29). These studies indicate
that histone modifications play an important role in the reg-
ulation of the central oscillators. However, the regulatory re-
lationship between histone modifications and the circadian
clock genes remains elusive.

In this study, we found that LDL1/2 interact with the cir-
cadian clock central oscillators CCA1/LHY. Furthermore,
LDL1/2 interacts with HDA6 and co-regulate TOC/ ex-
pression by histone demetylation and deacetylaion. LDL1
targets a subset of genes involved in the circadian rhythm
regulated by CCAL1. These results provide new insight into
the molecular mechanism of how the circadian clock central
oscillator TOC1 is repressed through histone modifications.

MATERIALS AND METHODS
Plant materials and growth conditions

Arabidopsis ( Arabidopsis thaliana) was grown in growth
chambers under 12/12 h light/dark conditions at 22°C. In

this study, the wild-type Arabidopsis Columbia (Col-0) eco-
type was used. The mutants used in this research were pre-
viously described, including ldl1/1dI2 (3), hda6 (axel-5) (6)
and ccal/lhy (30). hda6/ldll/2 triple mutant plants were
generated by crossing /dll /Id[2 and hda6 mutant plants.

Plasmid construction and plant transformation

The full-length coding sequence (CDS) fragments of
LDLI, LDL2, CCAl and LHY were PCR-amplified and
cloned into the pCRS8/GW/TOPO vector (Invitrogen).
HDA6-pCR8/GW/TOPO was described in previous
research (6). LDLI and HDAG6 were recombined into
the pEarlyGatel03-GFP or PK7WGF2 (31) binary vec-
tor (Invitrogen), and LDLI, LDL2, CCAl and LHY
were sub-cloned into 3xFLAG Gateway multiple re-
combination vectors  (http://www.psb.ugent/gateway/).
Transgenic plants were generated using the floral dip
method (32). To construct LDLI-promoter:: LDLI:GFP or
HDAG6-promoter.: HDA6:GFP, LDLI or HDAG6 genomic
fragment containing ~2 kb promoter was ligated into
the modified pCAMBIAI300 vector containing GFP.
pEarlyGatel03-LDLI:GFP, PK7WGF2-HDA6: GFP,
LDLIpro::LDL1:GFP and HDAG6pro:: HDA6:GFP were
transformed into /d/l and hda6 by the floral dip method
(32).

Bimolecular fluorescence complementation assays

To generate the constructs for BiFC assays, full-length
cDNA fragments of LDLI, LDL2, CCAI, LHY, HDA9Y,
HDAIS, GLABRAI (GL1/MYB0)and M YB23 were PCR-
amplified and cloned into the pCRS/GW/TOPO vector
(Invitrogen), and then recombined into the YN vector
pEarleyGate201-YN and the YC vector pEarleyGate2(2-
YC (33). HDA6-YN, HDA6-YC and FLD-YN were de-
scribed in previous research (6). Constructed vectors were
transiently transformed into Arabidopsis protoplasts or to-
bacco (Nicotiana benthamiana) leaves. Transfected proto-
plasts and leaves were then examined by using a TCS SP5
confocal spectral microscope imaging system (Leica, https:
/Iwww.leica.com/).

Yeast two-hybrid and co- immunoprecipitation assays

Yeast two-hybrid assays were performed according to the
instruction for the Matchmaker GAL4-based two-hybrid
system 3 (Clontech). Full length or truncated LDLI, LDL2,
HDA6, CCAI and LHY cDNA fragments were sub-cloned
into pGADT7 and pGBKT7 vectors. All constructs were
transformed into the yeast strain AH109 by the lithium
acetate method, and yeast cells were grown on a minimal
medium/-Leu-Trp according to the manufacturer’s instruc-
tions (Clontech). Transformed colonies were plated onto
a minimal medium/-Leu-Trp-His (3DO) with 0.25 mM 3-
amino- 1,2,4-triazole(3AT) or media containing X-a-gal for
the a-galactosidase activity assay.
Co-immunoprecipitation assays were performed as pre-
viously described (6). Anti-GFP (Santa Cruz Biotechnolo-
gies, catalog no. SC-9996; 1:3000 dilution), anti-FLAG
(SIGMA catalog no. M2; 1:3000 dilution) and anti-CCA1
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(Agrisera, catalog no. AS13 2659; 1:500 dilution) antibod-
ies were used as primary antibodies for Western blot, the
resulting signals were detected by using a Pierce ECL West-
ern blotting kit (Pierce, https://www.lifetechnologies.com/).

Quantitative reverse transcriptase PCR analysis

Total RNA was isolated using TRIZOL reagent (In-
vitrogen, 15596026) according to the manufacturer’s in-
structions. Two micrograms of DNAse (Promega, RQI1
#M6101) treated total RNA were used to synthesize cDNA
(Promega, #1012891). RT-qPCR (Real-Time quantitative
PCR) was performed using iQ SYBR Green Supermix so-
lution (Bio-Rad, #170-8880). The CFX96 Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc.) was used
with the following cycling conditions: 95°C for 10 min, fol-
lowed by 45 cycles of 95°C for 15 s, 60°C for 30 s, and then
fluorescent detection. This was immediately followed by a
melting curve (65-95°C, incrementing 0.5°C for 5 s, and
plate reading). The melting curve analysis confirmed the ab-
sence of non-specific products. Each sample was quantified
at least in triplicate, and normalized by calculating delta Cq
(quantification cycle) to the expression of the internal con-
trol Ubiquitinl0 (UBQ10). The Cq and relative expression
level are calculated by the Biorad CFX Manager 3.1 based
on the MIQE guidelines (34). Standard deviations repre-
sent at least three technical and two biological replicates.
The variance in average data is represented by SEM (stan-
dard error of the mean). The SD (standard deviation), SEM
determination and P-value were calculated using Student’s
paired ¢-test. The gene specific primers used for qRT-PCR
are listed in Supplementary Table S1.

Protoplast transient assays

The native promoter driven TOClpro:: LUC plasmid con-
structs were previously described (30). Effector constructs
including 35Spro::TOCI, 35Spro::CCAI, 35Spro::LDLI,
35Spro::HDAG6 or 35Spro::GFP were co-transformed into
protoplasts with TOClpro:: LUC for transcriptional activ-
ity assays, and the plant samples were collected after 12 h
at ZT12. The reporter luciferase activities were standard-
ized by activities of co-expressed Renilla luciferase, and rel-
ative reporter activities were calculated. Experiments were
repeated at least three times for each reporter-effector com-
bination. Signals of Firefly and Renilla luciferase were as-
sayed with the dual luciferase assay reagents (Promega).

Chromatin immunoprecipitation assays

ChIP assays were performed as previously described (6).
Chromatin extracts were prepared from seedlings treated
with 1% formaldehyde. The chromatin was sheared to the
mean length of 500 bp by sonication, proteins and DNA
fragments were then immunoprecipitated using antibodies
against acetylated histone H3K9K 14 (Millipore, catalog no.
06-599), di-methylated histone H3K4 (Diagenode, catalog
no. C15410035) or GFP (Abcam, catalog no. ab290). The
DNA cross-linked to immunoprecipitated proteins were re-
versed, and then analyzed by real-time PCR using specific
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primers (Supplementary Table S1). Percent input was cal-
culated as follows: 2(CaIN-CaIP) 5 100, Cq is the quantifi-
cation cycle as calculated by the Biorad CFX Manager 3.1
based on the MIQE guidelines (34). Standard deviations
represent at least three technical and two biological repli-
cates. The variance in average data is represented by SEM
(standard error of the mean). The SD (standard deviation),
SEM determination and P-value were calculated using Stu-
dent’s paired z-test. The gene specific primers used for real-
time PCR are listed in Supplementary Table S1.

ChIP-seq and data analyses

ChIP-seq assays were performed based on previous research
(35,36). 10 ng of DNA from at least five ChIPs was pooled
to ensure that there are enough starting DNA for library
construction. Two biological replicates were prepared and
sequenced for each ChIP-seq experiment. The ChIP DNA
was first tested by qRT-PCR and then used to prepare
ChIP-seq libraries. End repair, adaptor ligation, and ampli-
fication were carried out using the Illumina Genomic DNA
Sample Prep kit according to the manufacturer’s protocol.
An Illumina HiSeq 2500 instrument was used for high-
throughput sequencing of the ChIP-seq libraries. The raw
sequence data were processed using the Illumina sequence
data analysis pipeline GAPipeline 1.3.2. Bowtie (37) was
then employed to map the reads to the Arabidopsis genome
(TAIR10) (38). Only perfectly and uniquely mapped reads
were retained for further analysis. To determine the corre-
lation between biological repeats, Pearson correlation was
computed using R statistical software on normalized sig-
nal intensity for ChIP binding peaks. The alignments were
first converted to Wiggle (WIG) files using MACS (39).
The data were then imported into the Integrated Genome
Viewer (IGV) (40) for visualization. The program SICER
(41) was used to identify ChIP-enriched domains (peaks). A
peak summit that was positioned within 3 kb upstream or 3
kb downstream of a TSS was assigned to the corresponding
gene. If multiple genes could be assigned to a peak, the one
with the closest TSS was selected. If no TSS was found in
this window, the peak was left unassigned. The overlap venn
diagrams were completed by Venny 2.1 (http://bioinfogp.
cnb.csic.es/tools/venny/index.html). To identify DNA mo-
tifs enriched at LDL1-associated sites, 400-bp sequences en-
compassing each peak summit (200 bp upstream and 200
bp downstream) were extracted and searched for enriched
DNA motifs using MEME-ChIP (42). Searches were per-
formed using default parameters. The binding correlation
analysis was completed by Expasy ChIP-Seq tools (http://
ccg.vital-it.ch/chipseq/chip_cor.php). The LDL1 ChIP-seq
data has been deposited to NCBI-Gene Expression Om-
nibus (GEO) database (GSE118025). ChIP-Seq files from
other research groups, GSE67903 (43), GSE70533 (44) and
GSES52175 (un-published ChIP-seq data from Nigel P. D.)
were downloaded from the NCBI-GEO database.

RESULTS
LDLI1 and LDL2 directly interact with CCA1 and LHY

Previous studies indicate that H3K4 methyltransferase ac-
tivity might be involved in the regulation of circadian cen-
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tral oscillators (28). We analyzed whether the Arabidopsis
H3K4 demethylases LDL1 and LDL2 can interact with
CCAIl and LHY. Both LDL1 and LDL2 interacted directly
with CCAl and LHY in Bimolecular Fluorescence Com-
plementation (BiFC) assays by using Arabidopsis proto-
plasts (Figure 1B). Strong YFP signals were observed in the
nucleus of the transformed cells. The interactions were fur-
ther confirmed by yeast two-hybrid (Y2H) assays (Figure
1C, Supplementary Figures S1A and B), Co- immunopre-
cipitation (Co-IP) assays (Figure 1D, Supplementary Fig-
ure S1C) and BiFC assays in Agrobacterium-infiltrated to-
bacco leaves (Supplementary Figures S1D, S2). The interac-
tion between LDL1 and CCA1 at different timing was an-
alyzed by Co-IP assays using LDLIpro::LDLI:GFP trans-
genic Arabidopsis plants grown under 12/12 light/dark con-
ditions. Since CCAI is highly expressed on ZT0, we found
that LDL1 interacted with CCA1 on ZTO0 but their interac-
tion was abolished on ZT12 (Figure 1D).

CCAIB is a splice variant of CCAIl, which lacks the
MYB-DNA binding domain (45). The N- terminal part of
CCA1B contains an important region ( ~136-316 aa) for its
interaction with LHY and for CCA1 dimerization (45,46).
To further investigate the interaction domains, various dele-
tion constructs of LDL1 and CCA1 were generated. The
interaction was significantly decreased between CCA1 and
LDL1 lacking the N-terminal SWIRM domain (47), but
the LDL1 SWIRM domain (LDLISW) can still strongly
interact with CCA1 (Figure 1B, Supplementary Figure S3).
These results indicated that the SWIRM domain of LDLI1
is mainly responsible for the interaction between CCA1 and
LDLI1. Although full-length LDLI1 can interact with both
the N-terminal part (CCA1BN, 84-316 aa) and C-terminal
part of CCA1B (CCA1BC, 311-608aa), LDL1SW can only
interact with CCA1BN (Figure 1B, Supplementary Figures
S3 and S4).

LDL1/2 and HDAG acts synergistically to repress the TOC1
expression by histone deacetylation and H3K4 demethylation

Previous research indicates that Arabidopsis HDAG6 directly
interacts with the H3K4 demethylase FLD and they syn-
ergistically co-regulate gene expression by histone deacety-
lation and H3K4 demethylation (6). We found that HDA6
can also interact with LDL1 and LDL2 in the nucleus in
BiFC assays (Figure 2A, Supplementary Figure S5A). In
contrast, LDL1 can not interact with HDA9 and HDA18 in
BiFC assays (Supplementary Figure S5A). The interactions
of LDL1 and LDL2 with HDAG6 were further confirmed by
Co-IP assays (Figure 2B and C). These results indicate that
LDL1/2 and HDA6 may function in the same protein com-
plex to co-regulate gene expression. This is consistent with
previous studies in yeast, animal and plant systems, indi-
cating that HDACs and LSD1-like demethylases function
cooperatively to regulate gene expression (6-10). Moreover,
HDAG can also interact with CCA1 and LHY in BiFC as-
says (Supplementary Figure S5B). In comparison, HDA6
and LDLI cannot interact with two other Myb transcrip-
tion factors, GLABRA1 (GL1/MYB0) and MYB23. In ad-
dition, FLD cannot interact with CCA1 and LHY in BiFC
assays (Supplementary Figure S5B). These results indicate

that HDAG6 and LDL1 interact with CCA1 and LHY specif-
ically.

The expression of TOCI is repressed by CCA1/LHY
(22). The interaction of CCA1/LHY with LDL1/2 in-
dicates that they may function together to repress the
expression of TOCI. We generated the hda6/Idll/IdI2
(hda6/1dl1/2) triple mutant by crossing hda6 and Idl1/1dI2
(Idl1/2). Quantitative RT-PCR (qRT-PCR) was used to an-
alyze the daily expression of 7OC!I in Columbia (Col-0)
wild type (WT), hda6, Idl1/2 and hda6/Idll /2. The mutant
plants were grown under 12 h-light/12 h-dark conditions
for 14 days. TOCI expression was significantly increased
in ldll /2 and hda6 compared to WT (Figure 3A). Further-
more, the expression level of TOCI was further increased
in hda6/1dl1 /2 compared to hda6 and Idll /2 mutants (Fig-
ure 3A). However, the expression phase of TOCI was not
shifted in the mutant plants compared to WT (Figure 3A).
These results indicate that LDL1/2 and HDA6 may act syn-
ergistically to repress the expression of TOC1, although the
daily expression phase of TOCI under 12 h-light/12 h-dark
conditions is not affected.

To further confirm whether LDLI can repress 7OCI
expression, the TOCI promoter driven TOCI fused with
LUCIFERASE (TOClpro:: TOCI:LUC or pTOCI:LUC)
was co-expressed with 35Spro::CCAI, 35Spro::LDLI or
35Spro::GFP in Arabidopsis protoplasts. The LUC expres-
sion was only slightly decreased when co-expressed with
LDLI, but significantly decreased when co-expressed with
LDLI and CCAI (Figure 3B). A previous study indicated
that co-expression of the full-length CCA1 (CCAla) with
CCAIB inhibits the regulatory function of CCAI (45). We
found that CCA1B can interact with LDL1 and LDL2 in
BiFC assays (Figure 1B, Supplementary Figure S3). Inter-
estingly, when LDLI1 was co-expressed with CCAla and
CCAI1B, the TOCI::LUC expression level was not signifi-
cantly repressed (Figure 3B). Taken together, these results
indicate that CCA1 functions collaboratively with LDLI to
repress TOCI, and the gene repression function of CCA1l
and LDL1 was abolished when co-expressed with CCA1B.

To investigate whether CCA1/LHY affect the levels of
H3Ac and H3K4me on 70C1, we performed ChIP analy-
siswith WT and ccal /lhy. The levels of H3K4me and H3Ac
on TOCI were significantly increased in ccal /lhy compared
to WT (Supplementary Figure S6). Previous studies also in-
dicated that H3K4me and H3Ac on TOCI were decreased
in CCAI over-expression plants (26,28). We further ana-
lyzed whether LDL1, LDL2 and HDAG are involved in
the regulation of the H3K4me and H3Ac levels of TOCI.
WT, ldl1/1dI2, hda6 and hda6/ldll/2 plants grown under
12h-light/12h-dark conditions for 14-days were collected
on ZTO0 and ZT12 for ChIP-qPCR assays. The levels of
H3K4me and H3Ac on the promoter and exon regions
of TOCI were significantly increased in both Idll/IdI2 and
hda6 compared to WT (Figure 3D), indicating that LDLI,
LDL2 and HDAG6 are indeed involved in TOCI regula-
tion by removing H3K4me and H3Ac. Furthermore, the
H3K4me and H3Ac levels were higher in the hda6/Idll /2
triple mutant compared to hda6 and Idll/2 (Figure 3D).
Similar results were also obtained with additional puta-
tive target genes of LDL1, LDL2 and HDAG6 (Supplemen-
tary Figure S7). These data support that LDL1, LDL2 and
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Figure 1. LDL1 and LDL2 interacts with CCA1. (A) Schematic representation of deletions in LDL1 and CCA1 constructs. LDL1AS: deletion of 154—
255aa; LDL1SW: 154-255aa; CCAlmyb: 1-82aa; CCA1R: 83-608aa; CCAIBN: 83-316aa; CCAIBC: 311-608aa. SWIRM: SWIRM domain of LDL1;
myb: myb-domain of CCAL. (B) BiFC assays in Arabidopsis protoplasts showing interaction of LDL1/LDL2 with CCA1 in living cells. Different regions of
LDLI and CCAl, and full-length of LDL2 were fused with the N terminus (YN) or C terminus (YC) of YFP and co-delivered into Arabidopsis protoplasts.

The nucleus was indicated by mCherry carrying a nuclear localization signal. (C
LDLI1-BD/LDL2-BD with CCA1-AD was co-transformed into the yeast strain

) Yeast two hybrid analysis of the interaction of LDL1/LDL2 with CCAL.
AH109. The transformants were plated on the SD/-Leu-Trp-His medium.

(D) Co-IP of LDL1:GFP with CCAl in LDLIpro::LDLI:GFP transformed Arabidopsis. Western blot (WB) was performed with the indicated antibodies.

HDAG6 act synergistically to change H3K4me and H3Ac
states of their targets.

The LDL1-HDA6 complex targets directly to the TOCI pro-
moter

We found that LDLI interacted with CCA1l on ZTO0 but
their interaction was abolished on ZT12 (Figure 1D, Sup-
plementary Figure S5C). We further performed ChIP as-
says to analyze whether LDL1 and HDAG6 directly target to
TOCI. LDLI:GFP and HDA6:GFP driven by the 35S pro-
moter or their native promoters were transformed into /d/1
and /da6 mutants, respectively. Transgenic seedlings were
grown under 12/12 light/dark conditions and harvested on
ZT0 and ZT12 after 14 days. ChIP assays were performed
with the anti-GFP antibody and the binding of LDL1 and

HDAG to the TOCI promoter was analyzed by qPCR. As
shown in Figure 4, both LDL1 and HDAG6 bound to the
TOCI promoter. Furthermore, the binding of LDL1 and
HDAG to the TOCI promoter was significantly higher on
ZTO0 than on ZT12 (Figure 4A). The binding of LDL1 and
HDAG6 to the TOCI promoter is correlated with the expres-
sion of TOC1, since TOC1 is highly expressed in the evening
(22).

To analyze whether the binding of LDL1 and HDA6
to the TOCI promoter is dependent on CCAl and LHY,
LDLIpro::LDLI:GFP and HDA6pro:: HDA6:GFP were
transformed into the ccal/lhy mutant. The binding of
LDL1 and HDAG6 on the TOCI promoter was significantly
decreased in ccal/lhy on ZTO (Figure 4B), supporting that
the binding of LDL1 and HDAG to the TOCI promoter is
dependent on CCA1 and LHY. Although LDL1 and HDA6
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in living cells. LDL1/LDL2 and HDAG6 fused with the N terminus (YN) or C terminus (YC) of YFP were co-delivered into Arabidopsis protoplasts. The
nucleus was indicated by mCherry carrying a nuclear localization signal. (B, C) Co-IP assays of HDA6:GFP with LDL1-3xFLAG (B) or LDL2-3xFLAG

(C). Western blot (WB) was performed with the indicated antibodies.

also bound to the TOCI exon regions, this binding was
not changed significantly on different time points (Figure
4), indicating that the binding of LDL1 and HDAG® to the
TOC]I exon regions may not depend on CCA1/LHY. Previ-
ous studies indicated that H3Ac and H3K4me are involved
in both transcription initiation and elongation (48,49). The
binding of LDL1 and HDAG to the 7OC! exon region im-
plied that LDL1 and HDA6 may also be involved in both
transcription initiation and elongation of TOCI.

LDL1 and CCA1 co-target genes involved in the circadian
rhythm

Since most of the identified Arabidopsis circadian clock
components display a peak expression at specific times dur-
ing a day (50,51), we also analyzed the expression patterns
of LDLI, LDL2 and HDAG6 in Arabidopsis grown under
12/12 light/dark. The expression level of HDA6 was only
slightly increased during dark-period, and the daily expres-
sion patterns of LDLI and LDL2 was not changed signif-
icantly (Supplementary Figure S§A). In addition, the level
of the LDL1 protein did not change significantly on differ-
ent time points as well (Supplementary Figure S§B). These
results indicate that LDLI, LDL2 and HDAG are continu-
ously expressed.

We further analyzed the expression of the circadian genes
in [dll/ldI2 and hda6/Idll/2 under ‘free-running’ condi-
tions. Plants grown under 12/12 light/dark for 14 days
were transferred to continuous light, and the plant samples
were then collected starting from the 2nd day of continu-
ous light. The TOCI expression phase was shifted on the
2nd day and 3rd day in hda6/Idll/2. In addition, the ex-
pression phase of the circadian marker genes COLD CIR-
CADIAN RHYTHM AND RNA BINDING 2 (CCR?2) and
CHLOROPHYLL A/B-BINDING PROTEIN 2 (CAB2)
was also shifted in hda6/ldll/2 on the 2nd or 3rd days
of free-running conditions (Supplementary Figure S§D),
indicating that LDL1/2 and HDAG6 activities contribute

to the regulation of circadian rhythm. Previous research
also indicated that elevated TOCI expression causes in-
creased period length (52), which is similar with our results
in hda6/1dl1 /2. The endogenous circadian clock regulates
many physiological output processes including hypocotyl
growth. We further analyzed hypocotyl lengths of WT,
ldl1/1dI2, hda6 and hda6/1dll /2. Similar with ccal /lhy, we
found that the hypocotyl length of hda6/Idll /2 was signif-
icantly shorter than WT (Supplementary Figure S9). The
circadian phenotypes such as period-shift in gene expres-
sion and hypocotyl lengths of hda6/Idll1/2 indicate that
HDAG6 and LDL1/2 may act synergistically to regulate cir-
cadian central oscillators.

We performed the ChIP sequencing (ChIP-Seq) assays
to identify the LDL1-occupied sites in the genome by us-
ing the ld/1 plants expressing LDLIpro.:LDLI:GFP. Gene
Ontology_Biological Process (GO-BP) analysis of LDLI1-
occupied genes indicated that LDL1 regulates a subset of
genes involved in circadian rhythms (Figure 5A, Supple-
mentary Table S2). The newly identified LDL1-occupied
genes were compared with the previously published CCALl
ChIP-Seq data, GSE67903 (43). Among 863 genes targeted
by CCA1, 197 of them were also occupied by LDLI, indi-
cating a high overlap between LDL1 and CCA1 occupied
genes (P = 2.45¢-17) (Figure 5B). Gene Ontology (GO)
analysis indicates that the LDL1/CCAT1 co-targeted genes
contain a higher ratio of the circadian rhythm genes com-
pared to the CCAl-targeted or the LDL1-targeted genes
alone (Supplementary Figures S1I0A and B). Moreover, the
binding sites of LDL1 and CCAL1 were close to each other
(Figure 5C), suggesting that LDL1 and CCA1 tend to bind
to the same genomic locations. Similar results were also
obtained when compared with another published CCA1l
ChIP-Seq data, GSE70533 (44) (Supplementary Figures
S10C-E). In addition, we also identified a high binding cor-
relation between the LDL1 genomic binding sites and LHY
binding sites when compared the LDL1 ChIP-Seq with the
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LHY ChIP-Seq data, GSE67903 (Supplementary Figure
S10F). Previous studies indicate that the cis-elements such
as the G-box (CACGTG), TCP binding site (TBS, GGC-
CCA), Evening Element (EE)-like and (GA/TC), repeat
were enriched in the CCAl-occupied loci (43,44). Similar
cis-elements including (GA/TC), repeat, G-box, TBS and
EE-like motifs were also enriched in LDL1-occupied pro-
moter targets (Figure 5D).

TOCl, PSEUDORESPONSE REGULATOR 7
(PRR7), PRRY, GI, and CCR2 as well as the circa-
dian genes TIME FOR COFFEE (TIC) and TRF-LIKE
3 (TRFL3) were previously identified to be targeted by
CCA1 (43,44). These CCAl-occupied genes were also
targeted by LDLI. In addition to these genes, we also
selected several other genes co-targeted by CCA1/LDLI

for further analysis, including EUKARYOTIC ELON-
GATION FACTOR 5A4-1 (ELF5A4-1), HEAT SHOCK
TRANSCRIPTION FACTOR A3 (HSFA3), SIGMA
FACTOR-BINDING PROTEIN 1 (SIBI) and SERINE
CARBOXYPEPTIDASE-LIKE 49 (SCPL49) (43,44) (Fig-
ure 6A). Genome browser views of the LDL1 ChIP-Seq
data indicate that the LDL1 binding peaks were highly
correlated with the CCAl binding regions and close to
the G-box, EE or TBS motifs (Figure 6A). The binding
of LDL1 to the promoter regions of these CCA1/LDLI
co-targets was also confirmed by ChIP qRT-PCR (Figure
6B). Similar to TOCI, we found that the binding of LDLI
to the CCR2, TRFL3, GI, ELF5A4-1, HSFA3, SIBI and
SCPL49 promoters was significantly higher on ZT0 than
ZT12 (Figure 6B). We also analyzed the LDL1 binding
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to the promoters of the target genes in ccal/lhy mutant
plants. The binding of LDLI on all of the above genes was
significantly decreased in ccal /Ihy (Figure 6C), suggesting
that the binding of LDLI1 to promoter regions of the
CCAI1/LDL1 co-targets are dependent on CCAl and
LHY.

In addition to TOCI, the expression of other CCAL tar-
gets such as GI and CCR2 was also increased in ld/1/1dI2,
hda6 and hda6/Idl1 /2 compared to WT (Supplementary
Figure S11). The expression of PRR7 and PRRY was de-
creased in hda6/1dl1 /2 (Supplementary Figure S11). Simi-
larly, the expression of PRR7 and PRRY was also decreased
in ccal /Ihy mutants (53). More recent studies suggested that
CCALI functions as a direct transcription repressor of PRR7
and PRRY, but can act indirectly to activate PRR7 and
PRRY in the circadian gene regulatory network (43).

DISCUSSION

There are two types of histone lysine demethylases in eu-
karyotes, the KDM1/LSD1 and Jumonj C (JmjC) domain-
containing demethylases (1,54,55). Four Arabidopsis LSD1
homologs including LDL1, LDL2, LDL3 and FLD have

been identified (3). Previous studies indicate that LDL1 and
LDL2 act redundantly to repress FLC and FWA expres-
sion, and /dl1/ldl2 mutants display a significant late flow-
ering phenotype (3). In this study, we found that LDL1/2
are involved in the regulation of the circadian clock genes.
Mis-regulation of the circadian oscillators may result in al-
tered flowering phenotypes, but the precise molecular in-
teraction between the clock and flowering is still poorly
understood (51). In addition to LSDI1-like type histone
demethylases, the Arabidopsis genome encodes 21 JmjC-
domain containing proteins, which are capable of remov-
ing the methyl-group on different lysine residues (55,56).
IMJ30/IMIDS, a JmjC domain-only group protein, was
identified as a H3K27me3 demethylase and can regu-
late the expression of CCAI/LHY (57,58). Arabidopsis
RELATIVE OF EARLY FLOWERING 6 (REF6) is a
H3K27 demethylase with DNA binding activity (35,59).
In addition, the KDMS5/JARID1 group JmjC domain-
containing proteins were also identified as H3K4 demethy-
lases (55,60,61). The roles of these histone demethylase in
regulation of the circadian clock have not been investigated.
Furthermore, histone H2B mono-ubiquitination (H2bUDb)
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is also associated with the regulation of CCAI, LHY and
TOCI (62,63), indicating that H2BUD is involved in regu-
lation of circadian central oscillators. The interaction be-
tween LDL1 and the H2B deubiquitinase OTU6/OTLDI1
has been reported (64). It remains to be determined whether
LDL1 and OTU6/OTLDI1 act together to regulate the cir-
cadian genes.

In yeast and animal systems, HDACs and LSD1 are iden-
tified as the core components of several multi-protein com-
plexes such as Mi2/NuRD and CoREST to regulate gene
expression cooperatively (7-10). The Arabidopsis LSD1 ho-
molog FLD interacts with HDAG6 and regulates flowering
(6). In this study, we demonstrate that LDL1/2 can also in-
teract with HDAG6 and they act synergistically to regulate
gene expression in the circadian clock. Previous studies in-
dicate that HDAG6 can be recruited by different transcrip-
tion factors to regulate gene expression involved in flow-
ering, leaf development, senescence and abiotic stress re-
sponse (6,12,17-19). In this study, we found that the HDA®6-
LDL1/2 complex can interact with the Myb-transcription
factors CCA1/LHY to regulate TOCI expression by re-
moving H3Ac and H3K4me on the TOC! locus. Further-
more, more than 300 genes were co-occupied by LDL1 and
CCAI1 (43,44). Similar cis-elements such as the G-box, TBS,
EE and (GA/TC), repeat are overrepresented in the bind-
ing sites of both CCAI1 (43,44) and LDLI1, supporting that
LDLI1 regulates gene expression by interacting with CCALI.
CCAI and LHY are highly expressed in the morning, but
their expression levels are very low in the evening (20-22).
The interaction between LDL1 and CCA1l was only de-
tectable in the morning in our Co-IP and BiFC analysis.

Furthermore, the binding of LDL1 and HDAG6 to the TOCI
promoter was also decreased in the evening. CCA1/LHY
can therefore recruit the histone modification complex con-
taining LDL1/2 and HDAG to repress the expression of
TOCI in the morning. However, only about 20% of the
putative CCAl-targeted genes were co-targeted by LDLI1
in our ChIP-seq experiment, suggesting that maybe not all
CCA1 targeted genes are co-regulated by LDLI.
Arabidopsis circadian clock genes generate expression
rhythms by multiple interconnected loops and form a com-
plicate feedback regulation network. The central oscilla-
tors CCA1, LHY and TOCI constitute the central loop
(20-23). The central loop is meshed with the morning loop
and the evening loop, in which the morning loop contains
CCA1/LHY, PRR5,PRR7, and PRRY (65,66), whereas the
evening loop is consist of GI, ZEITLUPE (ZTL), PRR3
and TOCI1 (67-70). We found that although the bind-
ing of LDL1 and HDAG6 to the TOCI promoter region
was decreased in the ccal/lly mutant plants, their bind-
ing was not completely abolished, suggesting that other un-
known transcription factors may also recruit the LDL1/2-
HDAG6 complex to 7OCI. In addition to CCA1/LHY, the
Evening Complex (EC) comprising of EARLY FLOW-
ERING3 (ELF3), EARLY FLOWERING4 (ELF4) and
the small putative Myb transcription factor LUX AR-
RHYTHMO (LUX) is also involved in the regulation of
TOCI (71,72), since TOCI expression is increased in elf3,
elf4 and lux (73-75). It was reported that HDAG6 functions
with PRR9 by interacting with TOPLESS/TOPLESS-
RELATED (TPL/TPR) to repress CCAI (29). TOC1 (also
known as PRR1) is one of the PRR-family proteins (76).
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The functional correlation of LDL1/2-HDA6 with TOCI,
PRRs and EC remains to be further clarified. By using the
ChIP-Seq assay, we identified additional circadian genes in-
cluding the central loop, morning loop and evening loop
genes are targeted by LDLI1. Since the morning loop and
evening loop circadian genes are also involved in the feed-
back regulation of CCAI and LHY, it remains to be deter-
mined whether this feedback regulation is functional related
to LDL1/2 and HDAG®.

Recent studies indicated that the circadian clock genes in-
cluding TOCI and PRRs are regulated by alternative splic-

ing of RNA transcripts (77-79). While histone acetylation
and methylation are important for fine-tuning the accessi-
bility of chromatin, it is believed that pre-mRNA splicing
can combine with histone modification events. The associ-
ation of H3K4me and H3Ac with alternative splicing has
been demonstrated in mammalian systems (49,80). In this
research, we found that LDL1 and HDAG6 can bind to the
gene-body of TOCI. The ChIP-seq data also showed that
LDLI1 can bind to the gene-bodies of many circadian genes.
These results implied that the LDL1/2-HDAG6 complex may
be involved in the other regulation processes such as tran-
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of circadian clock central oscillator 7TOCI. The morning accumulated-
CCAI1/LHY interact with the histone modification complex containing
LDL1/2 and HDA6. CCA1/LHY act as transcription repressors and re-
cruit the histone modification complex to their targets loci such as TOCI.
In the evening, CCA1/LHY are low expressed, and TOC! is highly ex-
pressed because the LDL1/2-HDAG6 complex is released from the 7OCI
promoter.

scription elongation and alternative splicing regulation of
the circadian genes.

In summary, we demonstrated how LDL1/2 and HDA6
are involved in the regulation of the circadian central oscil-
lators TOCI by histone deacetylation and H3K4 demethy-
lation (Figure 7). The morning accumulated-CCA1/LHY
interact with the histone modification complex containing
LDL1/2 and HDA6. CCA1/LHY act as transcription re-
pressors and recruit the LDL1/2-HDAG6 histone modifi-
cation complex to their targets locus such as 7OCI. In
the evening, CCA1/LHY are low expressed, and TOCI is
highly expressed because the LDL1/2-HDAG6 complex is re-
leased from the TOCI promoter.
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