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of Korea; and hHoward Hughes Medical Institute, University of California, Riverside, CA 92521

Contributed by Xuemei Chen, November 11, 2016 (sent for review September 29, 2016; reviewed by Wen-Hui Shen and Yanhai Yin)

Histone acetylation is a major epigenetic control mechanism that is
tightly linked to the promotion of gene expression. Histone acetyla-
tion levels are balanced through the opposing activities of histone
acetyltransferases (HATs) and histone deacetylases (HDACs). Arabi-
dopsis HDAC genes (AtHDACs) compose a large gene family, and
distinct phenotypes among AtHDAC mutants reflect the functional
specificity of individual AtHDACs. However, the mechanisms under-
lying this functional diversity are largely unknown. Here, we show
that POWERDRESS (PWR), a SANT (SWI3/DAD2/N-CoR/TFIII-B) do-
main protein, interacts with HDA9 and promotes histone H3 deace-
tylation, possibly by facilitating HDA9 function at target regions. The
developmental phenotypes of pwr and hda9 mutants were highly
similar. Three lysine residues (K9, K14, and K27) of H3 retained hyper-
acetylation status in both pwr and hda9 mutants. Genome-wide
H3K9 and H3K14 acetylation profiling revealed elevated acetylation
at largely overlapping sets of target genes in the two mutants.
Highly similar gene-expression profiles in the twomutants correlated
with the histone H3 acetylation status in the pwr and hda9 mutants.
In addition, PWR and HDA9 modulated flowering time by repressing
AGAMOUS-LIKE 19 expression through histone H3 deacetylation in
the same genetic pathway. Finally, PWR was shown to physically
interact with HDA9, and its SANT2 domain, which is homologous
to that of subunits in animal HDAC complexes, showed specific bind-
ing affinity to acetylated histone H3.We therefore propose that PWR
acts as a subunit in a complex with HDA9 to result in lysine deace-
tylation of histone H3 at specific genomic targets.

SANT domain | POWERDRESS | HDA9 | histone deacetylation | AGL19

Posttranslational modifications of histones—including acety-
lation, methylation, phosphorylation, and ubiquitination—

play important roles in plant development, genome integrity, and
stress responses. Histone acetylation/deacetylation, a reversible
process, promotes/represses gene expression (1) and occurs at lysine
residues within histone N-terminal tails. The histone acetylation
status is regulated by counteracting enzymes: histone acetyl-
transferases (HATs) and histone deacetylases (HDACs). The
18 HDACs identified in Arabidopsis (2) can be categorized into
three groups based on phylogenetic analysis: reduced potassium
dependency-3/histone deacetylase-1 (RPD3/HDA1), histone deace-
tylase-2 (HD2), and silent information regulator-2 (SIR2)-like (3).
Twelve HDACs belong to the RPD3/HDA1 group (3) and are
involved in various biological processes, such as organ develop-
ment, reproductive processes, hormone signaling, and DNA
methylation (4–9). They can be further classified into three classes
based on sequence homology (3). The HD2 group is plant-specific
and includes four HDACs that act in plant development
and stress responses (10–13). The two HDACs encoded by the
SIR2 family genes in Arabidopsis, SRT1 and SRT2, regulate

mitochondrial energy metabolism and cellular dedifferentiation,
respectively (14, 15).
In general, histone-modifying enzymes are components of

multisubunit protein complexes, and interaction partners are
thought to modulate enzymatic activity, substrate binding spec-
ificity, and cofactor recruitment. HDAC-interacting proteins in
Arabidopsis include chromatin-modifying enzymes and tran-
scription factors. The interaction partners responsible for spe-
cific biological functions of HDACs are best understood for
HDA6 and HDA19 belonging to the RPD3/HDA1-class I genes
(HDA6, HDA7, HDA9, and HDA19). HDA6 controls flowering
time, stress response, and gene silencing through its interacting
partners (13, 16–20). HDA6 associates with histone demethylase
and FLOWERING LOCUS D, as well as homologs of the hu-
man histone binding proteins RbAp46/48, FVE, and MSI5 to
ensure proper flowering time (16, 18, 19, 21). In addition, HDA6
physically interacts with the DNA methyltransferase MET1 and
regulates a subset of transposons and repeats (17). HDA6 and
HDA19 also form complexes with various transcription factors
(22–26). The corepressor TOPLESS complexes with HDA6 and
PSEUDO RESPONSE REGULATORs to control circadian
clock function (23). HDA19 participates in brassinosteroid sig-
naling and basal defense through its interaction with the tran-
scription factors BRASSINAZOLE RESISTANT1 (BZR1) and
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WRKY 38/62, respectively (24, 26). The interacting partners of
HDA9 have been elusive.
SANT (SWI3/DAD2/N-CoR/TFIII-B) domain-containing pro-

teins exist as subunits of many chromatin remodeling complexes,
such as histone acetylases, HDACs, and ATP-dependent chromatin-
remodeling enzymes in yeast and animals (27, 28). The SANT do-
main was first described in nuclear receptor corepressors (N-CoR)
and later found in the subunits of other chromatin-modifying com-
plexes and transcription factors, including ADA, SWI-SNF, and
TFIII-B (27). SANT domain function is tightly linked to enzymatic
activity and substrate affinity. Deletion of the SANT domain in
ADA2, a subunit of HATs, results in attenuated HAT activity and
binding ability to unacetylated histone H3 tails (29, 30). Paired
SANT domains (SANT1 and SANT2) are present in the core-
pressors SMRT (silencing mediator of retinoid and thyroid recep-
tors), N-CoR (an HDAC3 complex subunit), and CoREST (an
HDAC1 complex subunit) (27, 31). The two SANT domains have
distinct roles in terms of HDAC function: SANT1 is responsible
for HDAC activity and protein interaction, whereas SANT2 is
necessary for substrate recognition (31–33). In contrast to the in-
depth study of SANT domain-containing proteins in yeast and
animals, the functions of SANT domain-containing proteins and
their interaction partners in plants remain unclear.
POWERDRESS (PWR) encodes a protein with two SANT do-

mains in Arabidopsis (34). A pwr mutant was isolated as an
enhancer of ag-10, a weak allele of AGAMOUS (AG); the pwr ag-10
double-mutant had prolonged floral stem cell activity, suggesting
that PWR promotes the termination of floral stem cell fate. The pwr
single-mutant exhibited other developmental defects, including bulged
silique tips and early flowering. The broad spectrum of developmental
defects of the pwr mutant indicates that PWR is involved in diverse
biological processes. Although PWR’s role in floral stem cell regulation
can be explained by its positive effects on the expression of a subset of
MIR172 genes andCRABSCLAW (CRC), how it affects other aspects
of plant development is unknown. Furthermore, the molecular func-
tion of PWR in gene regulation is unknown.
Here, we show that PWR acts in association with HDA9 to

repress gene expression through histone deacetylation. The
SANT2 domain of PWR binds acetylated histone H3, including
acetylated H3K9 and H3K14. The high degree of similarity be-
tween pwr and hda9 mutants in terms of both morphological
phenotypes and the hyperacetylation status of histone H3 suggests
a functional link between PWR and HDA9. Indeed, PWR and
HDA9 participate in histone H3K9 and H3K14 deacetylation and
repression of gene expression at highly overlapping sets of genomic
targets. One such target is AGL19, the misregulation of which was
previously associated with the early-flowering phenotype of hda9
mutants (35). We show that PWR and HDA9 act together on

AGL19 in the regulation of flowering time. Moreover, PWR and
HDA9 were found to physically interact. Taken together, these
findings suggest that a PWR–HDA9 complex regulates histone
H3 deacetylation to control various biological processes.

Results
The PWR SANT2 Domain Preferentially Binds Modified Histone H3.We
reported previously that PWR regulates floral stem cell fate through
promotion of miR172 and CRC expression (34), but its molecular
function was unknown. The paired SANT domains (SANT1 and
SANT2), a distinct feature of PWR, were found to have high se-
quence similarity with the animal HDAC subunits SMRT
and N-CoR (52% and 63% similarity, respectively) (Fig. S1). The
SANT1 and SANT2 domains of SMRT are necessary for HDAC
activity and binding to unmodified histone tails, respectively (32). To
test whether the PWR SANT domains have similar functions to
those of the SMRT SANT domains, a histone peptide array was
probed with purified recombinant His-PWR SANT1, His-PWR
SANT2, and His-PWR SANT1+SANT2 (Fig. S2). Although the
PWR SANT1 domain did not bind any histone peptides (Fig. S2B),
the SANT2 domain strongly bound to a subset of modified histone
H3 but did not show any affinity for histone H4 or H2A/B; this
binding preference was perfectly repeated in duplicated arrays in the
same chip (Fig. 1A and Fig. S2A). The PWR SANT1+SANT2 also
bound the same peptides (Fig. S2C). Because SANT1 did not bind
histone peptides, the SANT1+SANT2 data independently verified
the SANT2 binding specificities. Among monomodified H3, PWR
SANT2 selectively bound to K9me1, K9me2, K9ac, S10P, T11P, and
K14ac compared with unmodified H3 or H3K4ac. It also interacted
with 32 kinds of multimodified histone H3, 29 of which contained at
least one of the above modifications bound by His-PWR SANT2
(Fig. 1 and Table S1). Modifications at the H3K9 residue were the
most preferred by the PWR SANT2 domain among the histone H3
monomodifications (∼70%) (Fig. 1B). This finding suggests that the
PWR SANT2 domain recognizes modified histone H3 and raises the
possibility that PWR is functionally relevant in histone modifications.

PWR Specifically Promotes Histone H3 Deacetylation. In light of the
sequence similarity of the PWR SANT2 domain to that of
HDAC subunits and its affinity for H3K9ac and H3K14ac, the
effect of PWR on histone H3 acetylation status was analyzed.
Histone H3 and H4 acetylation levels were examined by Western
blotting using pan-acetylated H3 and H4 antibodies. Consistent
with the histone peptide array results, hyperacetylation of his-
tone H3 was observed in pwr-2, whereas no difference was ob-
served for histone H4 acetylation (Fig. 2A). The levels of histone
H3 acetylation at K9, K14, and K27 were all increased in pwr-2
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Fig. 1. The PWR SANT2 domain interacts with a
subset of acetylated lysine residues of histone H3.
(A) Histone peptide array analysis of the binding of
the PWR SANT2 domain to histone peptides. Darker
spots indicate stronger interaction between the PWR
SANT2 domain and histone peptides. The red box in-
cludes unmodified and monomodified histone H3 pep-
tides. PWR SANT2 binds strongly to six monomodified
histone H3 peptides (K9me1, K9me2, K9ac, S10P,
T11P, and K14ac). Note that, of the acetylated marks,
PWR SANT2 binds K9ac and K14ac, but not K4ac
(arrowheads). PWR SANT2-bound, multimodified
histone H3 peptides are marked by blue boxes. (B)
Graph and pie chart showing the representation of
the six PWR SANT2-bound, monomodified histone
H3 peptide species among 32 PWR SANT2-bound,
multimodified histone H3 peptides. The gray and brown bars show the number of PWR SANT2-bound, multimodified histone H3 peptides that do not contain
and contain PWR SANT2-bound monomodified histone H3 peptide species, respectively. The percentages in the pie chart indicate the occurrence rate of PWR
SANT2-bound monomodified histone H3 peptide species.
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(Fig. 2C). These results suggest that PWR may contribute to the
regulation of histone H3 acetylation.
To investigate the functional correlation between PWR and

HDACs, we screened several hda mutants for similarities with
pwr mutants in morphology. From both the screen and published
reports, the phenotype of hda9 mutants was similar to that of pwr
mutants, including early flowering and slightly bulged silique tips
(Fig. 2B and Fig. S3) (35, 36). The early flowering phenotype was
much milder under continuous light compared with short-day
conditions (35, 36), such that pwr-2 and hda9-1 mutants bolted
about 1.5 d earlier than wild type, with a similar number of ro-
sette leaves to that in wild type at bolting (Fig. S3). Additionally,
the acetylation levels of histone pan-H3, but not pan-H4, were

increased in the hda9 mutant (Fig. 2A). H3K9 and H3K14
acetylation levels were also increased in hda9 (Fig. 2C). Hyper-
acetylation of H3K27 in the hda9 mutant was reported in a
previous study (35) and was also observed here (Fig. 2C). The
similar morphological and histone acetylation phenotypes of
the two mutants led us to hypothesize that PWR and HDA9 act
closely to deacetylate histone H3 at specific target genes.

PWR and HDA9 Enhance Histone H3 Deacetylation at Largely
Overlapping Sets of Targets. To determine whether PWR pro-
motes deacetylation at specific genomic targets and, if so, whether
PWR and HDA9 affect the same targets, a global analysis of the
acetylation status of histone H3K9 and H3K14 was conducted.
Chromatin immunoprecipitation (ChIP) high-throughput sequenc-
ing (ChIP-seq) was performed in wild type, pwr-2, and hda9-1 using
antibodies against H3K9ac and H3K14ac. For H3K9ac ChIP-seq,
two biological replicates were performed; Pearson’s correlation
analysis showed that the replicates were reasonably reproducible
(Fig. S4). H3K14ac ChIP-seq was carried out with one replicate,
but randomly selected observations were later validated by ChIP-
quantitative PCR (ChIP-qPCR) (Fig. S5). In wild type, a total of
12,650 H3K9ac peaks were found. As observed before (37, 38), the
peaks were mostly in genes or intergenic regions (Fig. S6A). For the
H3K14ac ChIP-seq, a total of 11,141 H3K14ac peaks were found.
The genomic distribution of H3K14ac was similar to that of
H3K9ac, but a stronger enrichment for genic regions than H3K9ac
was found (Fig. S6B). Within genes, H3K9ac and H3K14ac marks
were strongly enriched in 5′UTRs, which constitute 4% of all genes
(Fig. S6E) but more than 25% of H3K9ac- or H3K14ac-containing
genic regions (Fig. S6 C and D). In addition, H3K9 and H3K14
acetylation was centered at ∼300 bp downstream of the transcrip-
tional start site (TSS) and markedly dropped off at the transcription
termination site (TTS) (Fig. 3D).
Next, we identified differentially acetylated regions between

each mutant and wild type. Among the differentially acetylated
regions identified, the majority were hyperacetylated in pwr-2
(H3K9ac: 3,921 of 5,026; H3K14ac: 3,128 of 3,351) and hda9-1
(H3K9ac: 4,222 of 5,307; H3K14ac: 3,847 of 4,131) compared
with wild type (Col) (Fig. 3A), which is consistent with the
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Fig. 2. PWR and HDA9 are specifically required for histone H3 deacetylation.
(A and C) Western blot analysis of histone H3 acetylation levels. Total protein
extract was resolved on an SDS/PAGE gel and blotted against pan-acetylated H3
(A) and acetylated-H3K9/H3K14/H3K27 and mono/dimethylated-H3K9anti-
bodies (C). H3 was used as an internal control. (B) Phenotypes of pwr-2, hda9-1,
and pwr-2 hda9-1. Plants were grown under continuous light. Note the en-
larged silique tips in pwr-2 and hda9-1 (arrows). (Scale bar, 4 mm.)
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pwr and hda9 significantly overlap. (A) Histogram
showing ChIP-seq–derived differentially acetylated
regions for H3K9 and H3K14 in pwr-2 and hda9-1.
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acetylation, respectively. (B) Venn diagram showing
the overlap of hyperacetylation ChIP peaks between
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charts showing the genomic distribution of overlapping
hyperacetylation ChIP peaks in pwr-2 and hda9-1
from B. (D) The distribution of all ChIP peaks in wild
type (blue and green curves) and overlapping hyper-
acetylation ChIP peaks in pwr-2 and hda9-1 (red and
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of protein-coding genes. (E) The motifs significantly
enriched in hyperacetylation ChIP peaks in pwr-2 and
hda9-1 through MEME-ChIP analysis.
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observed increase in H3K9ac and H3K14ac levels in the two
mutants (Fig. 2C). The hyperacetylated regions accounted for
30–40% of all ChIP-derived peaks for H3K9 (pwr-2: 3,921 of
12,890; hda9-1: 4,222 of 12,745) and H3K14 (pwr-2: 3,128 of
12,791; hda9-1: 3,847 of 13,122) in the pwr and hda9 mutants,
which reflects that PWR and HDA9 contribute to more than
one-third of H3K9 and H3K14 deacetylation at a genome-wide
level. Comparative analysis of the hyperacetylated regions in
pwr-2 and hda9-1 revealed significant overlap: about 70% over-
lap for H3K9ac (P = 0; hypergeometric test) and 50–60%
overlap for H3K14ac (P = 0; hypergeometric test) (Fig. 3B).
Further analysis of the overlapping regions of hyperacetylated
H3K9 and H3K14 between pwr-2 and hda9-1 revealed that more
than 50% corresponded to genes and a minor fraction corre-
sponded to transposable elements (TEs) (Fig. 3C), which is
consistent with the nature of H3K9ac and H3K14ac as euchro-
matic marks. Furthermore, in the overlapping, hyperacetylated
regions, H3K9 and H3K14 acetylation was peaking at ∼300 bp
downstream of the TSS, as observed in wild type (Fig. 3D).
MEME-ChIP analysis (39) was performed to identify overrepre-
sented motifs among the genomic targets of PWR and HDA9 in
terms of histone H3K9 and H3K14 deacetylation. Similarly, motifs
GAAG(A/C)AG(A/C) and G(A/G)(A/C)GA(A/C)G(A/C/G) were
identified as the most significant motifs for H3K9ac and H3K14ac
marks, respectively, from overlapping hyperacetylation regions be-
tween pwr-2 and hda9-1 (Fig. 3E). These findings indicate that PWR
and HDA9 regulate histone H3 deacetylation mainly at actively
transcribed regions and that the functions of these two genes are
tightly correlated.

PWR and HDA9 Share a Significant Number of Target Genes. The
studies above revealed hyperacetylation at common genomic sites
in the pwr and hda9 mutants, raising the possibility that the two
genes regulate similar sets of target genes. Transcriptome analysis
was performed to examine the correlation between the histone
acetylation status and gene-expression levels of the targets of PWR
and HDA9. In pwr-2 and hda9-1, 2,159 and 2,073 differentially
expressed genes (DEGs) were identified, respectively (Fig. 4A).
Among the DEGs, 774 and 1,385 genes were increased and re-
duced in pwr-2, respectively, and 772 and 1,301 genes were in-
creased and reduced in hda9-1, respectively (Fig. 4A). There was a

significant overlap between the DEGs identified in pwr-2 and
hda9-1 [542 increased DEGs and 817 reduced DEGs, P =
0 (hypergeometric test)] (Fig. 4A), indicating that PWR and
HDA9 act in the same regulatory pathway. Gene ontology (GO)
analysis revealed that the up-regulated genes in pwr-2 and hda9-1
were mainly involved in stress responses (Fig. 4D). Further anal-
ysis was performed to assess the correlation between overlapping
up-regulated DEGs and ChIP-derived hyperacetylated regions in
the corresponding gene body and promoter regions (up to 2-kb
upstream of the TSSs). Of the 542 genes identified as up-regulated
DEGs in both mutants (i.e., co–up-regulated DEGs), 179 and 144
genes were hyperacetylated at H3K9 and H3K14, respectively, in
the gene body or promoter regions in pwr-2 or hda9-1 (Fig. 4B).
About 50% of the hyperacetylated DEGs for H3K9 and H3K14
overlapped between pwr-2 and hda9-1 (H3K9: 89 of 137 in pwr-2
and 89 of 131 in hda9-1; H3K14: 47 of 86 in pwr-2 and 47 of 105 in
hda9-1) (Fig. 4B). Furthermore, 274 of the 542 co–up-regulated
DEGs retained hyperacetylation status for either H3K9 or H3K14
(Fig. 4C). About 30% (49 of 179 for H3K9 and 49 of 144 for
H3K14) had both H3K9 and H3K14 hyperacetylation (Fig. 4C),
suggesting some degree of functional specificity between H3K9
and H3K14 acetylation of target genes. Taken together, these
findings indicate that histone deacetylation at either H3K9 or
H3K14 through PWR and HDA9 is significantly correlated with
gene expression at the target loci.

PWR and HDA9 Act in the Same Genetic Pathway Through AGL19 to
Ensure Proper Flowering Time. One of the obvious phenotypes of
pwr and hda9mutants is early flowering (Fig. 2B). Several studies
have shown that early flowering in hda9 is because of increased
AGL19 levels, which results from increased levels of histone
acetylation and Pol II occupancy at the locus (35, 36). To in-
vestigate whether PWR acts in the AGL19-mediated flowering-
time pathway through HDA9 function, we first examined AGL19
transcript levels in pwr-2. AGL19 expression was higher in pwr-2
as in hda9-1 (Fig. 5A). Next, the acetylation level of histone H3
was tested in pwr-2 and hda9-1 by ChIP-qPCR, and the analysis
revealed increased histone H3 acetylation in pwr-2 and hda9-1
(Fig. 5B). Finally, no synergetic effect was observed in the pwr-2
hda9-1 double-mutant compared with either single-mutant in
terms of AGL19 transcript levels and flowering time (Figs. 2B
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and 5A and Fig. S3). Taken together, these findings indicate that
PWR and HDA9 act in the same genetic pathway in the regula-
tion of flowering time.

PWR Physically Interacts with HDA9. Our results indicate that the
functions of PWR and HDA9 are tightly correlated: they share
histone deacetylation targets and regulate some of the same bi-
ological processes. Because N-CoR/SMRT acts together with
HDAC3 as a subunit of the complex (32), we investigated whether
PWR is associated with HDA9. HA epitope-fused PWR (PWR-
3xHA) and FLAG epitope-tagged HDA9 (HDA9-3xFLAG) were
transiently expressed in Nicotiana benthamiana. Immunoprecipi-
tation was performed with anti-HA antibodies to pull down PWR-
3xHA followed by Western blotting to detect HDA9-3xFLAG.
Indeed, HDA9-FLAG was enriched in the PWR-3xHA immu-
noprecipitate (Fig. 5C). To confirm the interaction between PWR
and HDA9, we performed a yeast two-hybrid assay and PWR was
found to interact with HDA9 (Fig. 5D). These results suggest that
PWR interacts with HDA9 and may function in the same complex.

Discussion
The presence of a pair of SANT domains in PWR and their high
sequence similarity to those of animal HDAC subunits were a
major clue in the investigation of the molecular function of PWR.
We found that the PWR SANT2 domain recognizes histones, as
does the SANT2 motif of the HDAC-associated subunit SMRT/
N-CoR. This finding prompted further studies on PWR and
HDACs and led to the conclusion that PWR acts together with
HDA9 to deacetylate H3K9 and H3K14 at numerous genes. Unlike
the specific binding of the SMRT SANT2 domain to an unacety-
lated histone H4 tail (32), the PWR SANT2 domain preferentially
binds to acetylated histone H3. Yu et al. (32) proposed that the
SMRT SANT2 domain binds to unacetylated histone H4, possibly
to recruit other cofactors or to prohibit further modification. In
contrast, the binding of the PWR SANT2 domain to targets prob-
ably promotes histone H3 deacetylation in plants. The PWR
SANT2 domain exhibited specificity for modified histone H3 but
not H4 or H2A/B (Fig. 1A), which is consistent with the hyper-
acetylation status in pwr-2 and hda9-1 being specific for histone H3
and not H4 (35 and present study). Given the interaction between
PWR and HDA9 and the significant overlap in their deacetylation
targets in the genome, we propose that the PWR SANT2 domain
confers substrate binding preferences to HDA9.

HDA9 regulates several biological processes, such as flow-
ering time, seed dormancy, and stress responses (14, 35, 36, 40,
41). Although previous studies have shown that development
and stress-response genes are up-regulated and this is ac-
companied by hyperacetylation in the hda9 mutant, there have
been no reports about HDA9-interacting proteins required for
its histone deacetylation function. The physical interaction
between HDA9 and PWR and the similar morphological and
molecular defects in the pwr and hda9 mutants support the
hypothesis that PWR and HDA9 act in the same complex.
However, it is not clear whether HDA9 is the only interacting
partner of PWR. The histone peptide array showed that in
addition to acetylated histone H3, the PWR SANT2 domain
also bound to other modified histone H3, such as H3K9me1
and H3K9me2 (Fig. 1A), and the levels of H3K9me1 and
H3K9me2 were reduced in pwr-2 and hda9-1 (Fig. 2C). This
finding raises two possibilities. First, the PWR–HDA9 complex
coordinates histone acetylation and methylation for tran-
scriptional regulation. For example, PWR may act as a his-
tone code reader of which the SANT2 domain recognizes
H3K9me1/me2 and interprets its repressive mode through
histone deacetylation by recruiting HDA9. Because H3K9me1/
me2 is mainly found at heterochromatin, this may be a mecha-
nism to prevent histone acetylation at such genomic regions.
Second, PWR acts in a distinct complex from the one containing
HDA9 to regulate other histone modifications. Several histone
demethylases are known to interact with N-CoR. For example,
JMJD2A, which demethylases di- or trimethylated histone
H3K9, was isolated from affinity purification of the N-CoR
complex (42).
Our previous study revealed that PWR regulates floral stem

cells as a positive regulator of a subset of MIR172 genes and
CRC (34). Given our finding that PWR acts in histone H3
deacetylation, the reduced transcript levels of MIR172 and CRC
in pwr may be an indirect effect. In fact, there were a large
number of down-regulated DEGs observed in pwr-2 and hda9-1
along with significant overlap between them (Fig. 4A). As an
example, the level of miR164 was increased in pwr-2 (34) and,
consistently, ChIP-seq revealed H3K9 hyperacetylation at
MIR164b in both pwr-2 and hda9-1. Therefore, MIR164b could
be a direct target of the PWR–HDA9 complex and increased
miR164 levels are expected to result in reduced expression of
miR164 target genes in pwr and hda9 mutants. It is not yet clear
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how the PWR–HDA9 complex specifies its targets. Motif
analysis uncovered significant enrichment of sequences from
the H3K9ac and H3K14ac ChIP-seq peaks (Fig. 3E), which are
very similar to the GAAGAA motif. No transcription factors
targeting this motif are known, but several studies have pro-
posed that this motif is significantly enriched in splicing junc-
tion proximal exons, possibly as an exonic splicing enhancer
(43–45). Therefore, the GAAGAA motif present in some genes
may be recognized by PWR–HDA9 to regulate their tran-
scription. Alternatively, the GAAGAA motif may simply be
associated with histone acetylation in spliced genes, leading to
an overrepresentation of this motif in the dataset rather than
being directly targeted by the PWR–HDA9 complex.

Materials and Methods
For plantmaterials, histone peptide array,Western blot analysis, mRNA-seq, ChIP-
seq, and other methods, please see SI Materials and Methods. See Table S2 for a
list of the primers used. A summary of the ChIP-seq reads is provided in Table S3.
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