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Plants progress from a juvenile vegetative phase of development to an adult vegetative phase of development before they enter
the reproductive phase. miR156 has been shown to be the master regulator of the juvenile-to-adult transition in plants. However,
the mechanism of how miR156 is transcriptionally regulated still remains elusive. In a forward genetic screen, we identified that
a mutation in the SWI2/SNF2 chromatin remodeling ATPase BRAHMA (BRM) exhibited an accelerated vegetative phase
change phenotype by reducing the expression of miR156, which in turn caused a corresponding increase in the levels of
SQUAMOSA PROMOTER BINDING PROTEIN LIKE genes. BRM regulates miR156 expression by directly binding to the
MIR156A promoter. Mutations in BRM not only increased occupancy of the —2 and +1 nucleosomes proximal to the
transcription start site at the MIR156A locus but also the levels of trimethylated histone H3 at Lys 27. The precocious
phenotype of brm mutant was partially suppressed by a second mutation in SWINGER (SWN), but not by a mutation in
CURLEY LEAF, both of which are key components of the Polycomb Group Repressive Complex 2 in plants. Our results
indicate that BRM and SWN act antagonistically at the nucleosome level to fine-tune the temporal expression of miR156 to

regulate vegetative phase change in Arabidopsis.

Genetic analyses in both animals and plants dem-
onstrated that different developmental phases must be
temporally coordinated in order for them to develop
normally (Poethig, 2003; Moss, 2007). A representative
example of this is the coordination of shoot develop-
ment between juvenile, adult, and reproductive phases
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of development in plants. Changes in the relative tim-
ing of juvenile-to-adult shoot development can lead to
considerable effects on traits like leaf morphology and
the onset of flowering (Huijser and Schmid, 2011;
Poethig, 2013). Therefore, the study of the mechanism
of vegetative phase change is crucial for our under-
standing of plant ontogeny.

Shoot development in plants can be divided into a
juvenile vegetative phase, an adult vegetative phase,
and a reproductive phase (Poethig, 1990; Kerstetter
and Poethig, 1998), and each developmental phase is
marked by changes in a series of distinct phase-specific
traits. The transition from vegetative to reproductive
phase of development is relatively abrupt and is easy to
recognize because of the absence or presence of flowers
or other reproductive structures; the transition from
juvenile to adult phases of development involves rather
subtle changes and is therefore hard to recognize. In
Arabidopsis (Arabidopsis thaliana), vegetative phase
change is characterized by changes in the production of
trichomes on the abaxial side of the leaf blade, an in-
crease in the leaf length /width ratio, an increase in the
degree of serration of the leaf margin, and a decrease in
cell size (Telfer et al., 1997; Tsukaya et al., 2000; Usami
et al.,, 2009). Genetic and molecular analyses of vege-
tative development in Arabidopsis demonstrated that
miR156 negatively regulates the expression of a class of
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plant-specific SQUAMOSA PROMOTER BINDING
PROTEIN LIKE (SPL) genes and functions as a master
regulator of vegetative phase change by coordinating
several functionally distinct pathways during vegeta-
tive development (Wu and Poethig, 2006; Gandikota
et al., 2007; Wang et al., 2009; Wu et al., 2009). miR156
expression declines gradually, while the expression of
some of its targets, such as SPL3, SPL9, increases during
shoot development (Wu and Poethig, 2006; Wang et al.,
2009; Wu et al., 2009). SPL proteins act as upstream
activators of miR172, which in turn represses AP2-like
transcription factors that regulate floral organ identity
and flowering (Aukerman and Sakai, 2003; Chen, 2004);
the sequential interaction between miR156 and miR172
constitutes a major pathway to regulate vegetative de-
velopment in plants (Wu et al., 2009; Poethig, 2013).
miR156 expression responds to a variety of exogenous
cues such as ambient temperature (Lee et al., 2010; Xin
etal.,, 2010; Yu et al., 2012), phosphate starvation (Hsieh
etal., 2009), sugar (Yang et al., 2013; Yu et al., 2013), and
CO, treatment (May et al., 2013). However, the mech-
anism of how these extrinsic cues affect miR156 ex-
pression remains elusive. In Arabidopsis, FUSCA3
(FUS3), a B3 domain transcription factor, as well as two
MADS box genes, AGL15 and AGL18, were shown to
regulate miR156 expression by direct binding to the
promoter regions of MIR156 A and MIR156C loci (Wang
and Perry, 2013; Serivichyaswat et al., 2015), but the
biological function of direct binding remains unex-
plored. Recent work also indicated that the Arabidopsis
BMI1 (AtBMI1) protein, a PRC1 component (Pic6 et al.,
2015), and the CHD3 chromatin remodeler, PICKLE
(PKL), promote the addition of Lys 27 on histone H3
(H3K27me3) to MIR156A/MIR156C (Xu et al., 2016),
implying that epigenetic regulation also plays an im-
portant role in the regulation of miR156 expression.
Shoot development in plants also requires coordi-
nated temporal and spatial gene expression at the genome
level. Transcriptional regulation of gene expression at the
chromatin level by covalent modification of histones and /
or DNA by histone or DNA modifying enzymes (Li et al.,
2007), or by noncovalent alteration of nucleosome posi-
tion, occupancy, confirmation, and composition by chro-
matin remodeling ATPases (Hargreaves and Crabtree,
2011) is pivotal. In plants, one of the most important co-
valent modifications of histones is the trimethylation of
H3K27me3 by two histone methyltransferase, CURLY
LEAF (CLF) and SWINGER (SWN), two important
components of the Polycomb group (PcG) proteins
acting redundantly during the vegetative and repro-
ductive stages of development to keep a repressive
state for genes where they should be inactive in plants
(Chanvivattana et al., 2004). Loss-of-function muta-
tions in CLF resemble phenotypes caused by ectopic
overexpression of AGAMOUS (Goodrich et al., 1997),
and loss-of-function mutations in SWN were originally
considered to cause no obvious phenotypes until re-
cent work showed that swn and clf single mutants
exhibited weak vegetative phase change phenotypes
(Xuetal., 2016), while a double mutant between clf and
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swn forms somatic embryos (Chanvivattana et al.,
2004; Schubert et al., 2005), indicating that PcG pro-
teins play important regulatory roles in plant devel-
opment. Noncovalent modification of histones is
mainly mediated by the SWI/SNF-type chromatin
remodeling protein complex, which uses the energy
derived from ATP hydrolysis to change the histone
octamer-DNA interaction, such as nucleosome shift-
ing, conformational change, and histone loss or nu-
cleosome disassembly to change the accessibility of
DNA to transcription factors or other transcription
regulators (Saha et al., 2006; Clapier and Cairns, 2009).
Among the DNA-dependent ATPases, the SWI2/
SNEF2 subgroup is the most widely studied in plants
(Kwon and Wagner, 2007). The Arabidopsis genome
encodes three different types of SWI2 /SNF2 subgroup
proteins, including BRAHMA (BRM), SPLAYED,
and MINUSCULE, and these proteins have been
shown to participate in different aspects of plant
growth and development as well as abscisic acid re-
sponse (Flaus et al., 2006; Jerzmanowski, 2007; Kwon
and Wagner, 2007; Han et al., 2012; Sang et al., 2012).
A genome-wide analysis of H3K27me3 in brm mu-
tant seedlings using chromatin immunoprecipitation
(ChIP)-sequencing indicated that BRM directly binds
to its targets to antagonize the function of PcG pro-
teins at those loci (Li et al., 2015). The recruitment of
BRM to its target genes was facilitated by a plant-
specific H3K27 demethylase, RELATIVE OF EARLY
FLOWERING 6 (Li et al., 2016). brm mutants exhibited
pleiotropic phenotypes, such as reduced plant size
(Farrona et al., 2004; Hurtado et al., 2006), curled-down
leaf shape (Hurtado et al., 2006; Tang et al., 2008), de-
fects in floral organ identity (Hurtado et al., 2006; Wu
et al., 2012), hypersensitivity to abscisic acid treatment
(Han et al., 2012), and early flowering (Farrona et al.,
2004, 2011; Tang et al., 2008). However, whether
BRM plays arole in vegetative phase change remains
unknown.

In a forward genetic screen to identify upstream
regulators of miR156, we identified that a loss-of-
function mutation in the BRM ATPase enhanced the
phenotype of plants with pSPL9::eGFP-SPL9 (transla-
tional fusion of eGFP to the SPL9 protein under the
control of the SPLI native promoter). The single brm
mutant exhibited an accelerated juvenile-to-adult phase
change phenotype. Molecular analyses revealed that
BRM directly binds to the promoter region of MIR156A
to regulate its expression; the brm mutant caused high
levels of nucleosome occupancy and H3K27me3 at the
proximal regions of the transcription start site (TSS) of
the MIR156A locus compared with wild type. Contrary
to the phenotype of the brm mutant, a loss-of-function
mutation in SWN exhibited a delayed juvenile-to-adult
phase change phenotype by reducing the degree of
H3K27me3 at the MIR156A locus, and it partially res-
cued the phenotype of the brm mutant. BRM functions
upstream of MIR156A to promote miR156 expression
during vegetative phase change by restricting nucleo-
some occupancy at the MIR156A locus as well as by
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restricting the activity of SWN to reduce the level of
H3K27me3 at the MIR156A locus.

RESULTS

Loss-of-Function Mutations in BRM Accelerate the
Juvenile-to-Adult Transition in Arabidopsis

miR156 represses SPL gene expression posttranscrip-
tionally to coordinate functionally different pathways
to regulate vegetative phase change (Wu et al., 2009).
To explore how miR156 itself is regulated, we did an
ethyl methanesulfonate mutagenesis for a reporter
line transformed with a pSPL9::eGFP-SPL9 construct,
and a forward genetic screen was performed in the
M2 population. Plants transformed with the pSPL9::
eGFP-SPLY construct sensitive to miR156 surprisingly
had a precocious vegetative phase change phenotype
with early abaxial trichomes on leaf 3 and leaves were
more elongated compared with those of wild type,
while plants with a pSPL9::eGFP-rSPL9 construct in-
sensitive to miR156 gave rise to earlier abaxial tri-
chomes on leaf 1 and the leaves were more elongated and
smaller than those with pSPL9:eGFP-SPL9 (Fig. 1),
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Figure 1. Identification of the brm-7 mutant with a precocious vege-
tative phase change phenotype. The 18-d-old wild-type, pSPL9::eGFP-
rSPL9, pSPL9::eGFP-rSPL9, brm-7 pSPL9::eGFP-SPL9, and brm-7 plants
were grown in short days. The first leaf with abaxial trichomes was scored.
Numbers indicate the first leaf with abaxial trichomes (n = 27, =SD).
Juvenile leaves are shown in gray and adult leaves in black in the heter-
oblastic analyses. Different letters indicate significant difference between
genotypes using one way ANOVA at P < 0.01. Scale bar =1 cm.
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indicating that SPL9 is under the regulation of miR156.
We can expect to isolate factors regulating miR156
expression by screening for enhancers and suppressor
of this pSPL9::eGFP-SPL9 reporter line. A forward
genetic screen yielded a mutation that can dramati-
cally enhance the phenotype of this reporter line.
pSPLI::eGFP-SPL9 reporter line has early abaxial tri-
chomes on leaf 3, whereas the enhancer has early ab-
axial trichomes on leaf 1 in the mutant background
(Fig. 1). Isolation of the single mutant showed that the
mutant resembled brm mutants (Farrona et al., 2004;
Hurtado et al., 2006; Bezhani et al., 2007; Tang et al.,
2008), which encode a SWI2/SNF2 ATPase. Sequenc-
ing of the BRM coding region showed that there was a
substitution of a G by an A at the 5,663-bp position in
the open reading frame of BRM, resulting in the re-
placement of a Gly by a Glu in the conserved ATPase
domain in the BRM coding region. To confirm the
identity of this mutation, we did a genetic comple-
mentation test by crossing this mutant to the brm-5
mutant (Tang et al., 2008). F1 plants basically showed
exactly the brm-5 phenotype (Supplemental Fig. S1),
indicating that this mutant is allelic to brm-5, and the
phenotype we saw was attributable to the mutation in
the BRM coding region. Based on the availability of
different brm alleles, we renamed this mutant as brm-7.
In addition to phenotypes described previously, the
brm-7 single mutant typically exhibited an accelerated
vegetative phase change phenotype, leaves were more
serrated, and it had early abaxial trichomes on leaf
4 (Fig. 1), implying that BRM functions to repress
vegetative development in Arabidopsis.

BRM Regulates Vegetative Phase Change by Modulating
the Expression of miR156 and SPL Genes

To gain insight into the molecular mechanism of the
precocious vegetative phase change phenotypes con-
ferred by brm-7, we measured the expression of miR156,
SPL genes, and different primary miR156 transcripts in
14-d-old seedlings of wild type and the brm-7 mutant.
miR156 was reduced significantly in brm-7, whereas the
expression of its targets, SPL3, SPL9, and SPL13, was
elevated significantly in brm-7 (Fig. 2, A and B). To see if
the reduction in mature miR156 was caused by a corre-
sponding reduction in the transcription of miR156 loci,
we determined primary miR156 transcript levels, espe-
cially the levels of primary MIR156A (pri-MIR156A) and
primary MIR156C (pri-MIR156C), both of which are
highly expressed major miR156 loci contributing to
the level of mature miR156 (Yang et al., 2013; Yu et al,,
2013). Real-time quantitative reverse transcription-PCR
(qQRT-PCR) revealed that pri-MIR156A was down-
regulated significantly in the brm-7 mutant at all de-
velopmental stages tested, while pri-MIR156C was
down-regulated only at late stages (Fig. 2, C and D).
To further validate that BRM affects the transcription
of miR156, we took advantage of a pri-MIR156A GUS
reporter line, pMIR156A::GUS, which could partially
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http://www.plantphysiol.org/cgi/content/full/pp.16.01588/DC1

BRAHMA Regulates miR156 in Arabidopsis

A B IS PMIR156A::GUS
% 0072 ¢ miR156 06 WT
s I °* T mbrm-7 X
= 0.054
g 04
£ 03 L
o 0.036 | 3 F
s * 02 | * - brm-7 pMIR156A::GUS
2 o0 | . - . o CRAEY YR
'.3 0.1 |
g o 0 - :
wr brm-7 SPL3 SPL9 SPL13
C D . F
- pri-MIR156A pri-MIR156C_
d>) 0.00175 8
= M [am WT I ® brm-7 I
o mh 0.0014 |
i rm-7 ik % I 6
@ 001
e = 0.00105 [
g * X 4
() diocs: | * 0.0007 f
Q - =
2 * 0.00035 | 2
=
& 0 0 . 0 L )
DAP9 DAP14 DAP19 DAP9 DAP14 DAP19 PMIR156A::GUS brm-7

PMIR156A::GUS

Figure 2. BRM activates miR156 expression transcriptionally during vegetative phase change. A, The level of mature miR156 in 14-d-
old wild-type and brm-7 seedlings in short days. B, Expression of SPL3, SPL9, and SPL13 in 14-d-old wild-type and brm-7 seedlings in
short days. C, The temporal expression pattern of pri-MIR156A in wild type and brm-7 in short days. D, The temporal expression pattern
of pri-MIR156C in wild type and brm-7 in short days. E, GUS staining of 11-d-old pMIR156A::GUS and pMIR156A::GUS brm-7plants in
long days. Scale bar =2 mm. F, Relative expression of GUS transcript in 11-d-old pMIR156A::GUS and pMIR156A::GUS brm-7 plants as
shown in E. DAP, Days after planting. Asterisk denotes statistical significance from wild type at P < 0.01 using Student’s ¢ test.

reflect the transcription of the MIR156A locus in that it
could respond to exogenous cues normally (Yang et al.,
2013). We crossed this reporter line to brm-7 and gener-
ated homozygous brm-7 pMIR156A::GUS plants. GUS
staining and qRT-PCR showed a significant reduction in
the expression level of GUS in brm-7 compared with that
in the wild-type background (Fig. 2, E and F). To see
if pMIR156A::GUS also exhibited a similar temporal
expression pattern to miR156, we did GUS staining for
10- and 13-d-old pMIR156A::GUS line in both wild
type and brm-7 background. Neither line exhibited a
temporal decrease in GUS expression, whereas the
GUS expression level was consistently reduced sig-
nificantly in brm-7 (Supplemental Fig. 52), suggesting
that BRM activates miR156 expression by promoting
the transcription of the MIR156A locus.

BRM Interacts with the miR156-SPLs Pathway Genetically

To study the genetic interaction between BRM and
the miR156-SPLs pathway, we crossed 355::miR156A
and spl9-4 to brm-7. Under short-day conditions, the
brm-7 mutant produced early abaxial trichomes on leaf
4 and 35S::miR156 A produced abaxial trichomes on leaf
51, while 355::miR156A brm-7 produced abaxial tri-
chomes on leaf 13 (Fig. 3). Overexpression of miR156 in
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the brm-7 background could significantly rescue the
precocious vegetative phase change phenotype of the
brm-7 mutant, and the leaf shape of 355::miR156A brm-7
was more like those of 35S::miR156A. This result, to-
gether with the gene expression data that miR156 was
down-regulated in the brm-7 mutant (Fig. 2A), strongly
indicated that miR156 functions downstream of BRM.
To further validate the genetic interaction between
BRM and SPL genes, we generated a double mutant of
spl9-4 brm-7. spl9-4 produced abaxial trichomes on leaf
11, while spl9-4 brm-7 had abaxial trichomes on leaf 7;
spl9-4 can significantly delay the precocious vegetative
phase change phenotype of brm-7 (Fig. 3). This fact, plus
that SPL9 expression was up-regulated in brm-7, sug-
gested that SPL9 functions downstream of BRM as well.

BRM Regulates miR156 Expression by Directly Binding to
Its Promoter

BRM has been shown to regulate gene expression by
directly binding to the promoter or coding regions of its
targets (Han et al., 2012; Wu et al., 2012; Li et al., 2015).
To test if BRM also regulates miR156 expression by
directly binding to miR156, we generated 3XFLAG and
3XHA-tagged versions of BRM (pBRM::3XFLAG-BRM
and pBRM::3XHA-BRM) constructs under the control
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Figure 3. BRM interacts genetically with the miR156-SPLs pathway.
Plants were grown in short days. The first leaf with abaxial trichomes was
scored. Numbers indicate the first leaf with abaxial trichomes (n = 27,
+SD). Juvenile leaves are shown in gray and adult leaves in black in the
heteroblastic analyses. Different letters indicate significant difference
between genotypes using one-way ANOVA at P< 0.01. Scalebar=1cm.
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of the BRM native promoter and transformed into the
brm-7 mutant background. Either construct could fully
or partially rescue the brm-7 mutant phenotype (Fig.
4A), implying that both epitope-tagged proteins were
biologically functional in transgenic plants. Thirty
homozygous lines with single T-DNA insertions of
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pBRM::3XFLAG-BRM or pBRM::3X HA-BRM were
isolated in the progeny by selecting plants on 0.5X
Murashige and Skoog medium containing 30 mg/L
hygromycin. Semiquantitative RT-PCR analysis of total
RNA from pBRM::3XFLAG-BRM and pBRM::3X HA-BRM
showed that both 3XFLAG-BRM and 3XHA-BRM were
expressed in the rescued transgenic plants (Supplemental
Fig. S3A). Western blotting using a polyclonal anti-FLAG
antibody detected a specific band at about the 245-kD
position, similar to the size of full-length 3XFLAG-BRM
fusion protein (Supplemental Fig. S3B), implying that the
3XFLAG-BRM protein was normally expressed in the
transgenic plants. ChIP was carried out using a polyclonal
anti-FLAG antibody for homozygous pBRM::3XFLAG-BRM
plants, while homozygous pBRM::3XHA-BRM plants were
served as a negative control. We detected binding of
BRM to the —276-bp region upstream of the TSS in the
MIR156A promoter (Fig. 4B), strongly suggesting that
BRM also regulates miR156 expression by directly
binding to the promoter region of MIR156A. To see if the
down-regulation of miR156 in brm-7 was also attribut-
able to the effect of brm-7 on the expression of FUS3,
AGL15/18, and BMI1, we measured the expression of
these genes in brm-7 and wild type. qRT-PCR results
indicated that these genes were not obviously affected by
brm-7 (Supplemental Fig. S4), excluding the possibility of
the indirect effect of miR156 expression by brm-7.

BRM Contributes to Proximal Nucleosome Occupancy but
Not Positioning at the MIR156A Promoter Region

SWI/SNF remodeling complexes guide nucleosome
movement via ATP-dependent alterations in histone-DNA

PBRM::3xFLAG-BRM brm-7
B pBRM::3xHA-BRM brm-7

3

-1196  -B74 -477 -276 +126 +527 +729
PBRM::3xHA-BRM brm-7
5605 +126 +527 +729
T , -1196 -447 -276 — = = = = —
. — — — — — |—’

TSS
MIR156A

Figure 4. BRM binds to the MIRT56A promoter region directly. A, The phenotype of wild type, brm-7, and brm-7 transformed
with pBRM::3X FLAG-BRM and pBRM::3X HA-BRM in short days. Numbers indicate the first leaf with abaxial trichomes (n =32,
*+sD). Juvenile leaves are shown in gray and adult leaves in black in the heteroblastic analyses. Scale bar = T cm. B, Direct binding
of BRM to the MIR156A promoter region shown by ChIPanalysis. Red rectangle denotes the MIRT156A stem loop structure region.
TSS, TSS of MIR156A. Arrows denotes the promoter regions detected by ChIP. Asterisk denotes statistical significance at P< 0.01.
ChIP results were averaged from three biological replicates with three technical replicates for each sample.
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interactions (Peterson and Workman, 2000). Nucleo-
some occupancy typically decreases upstream of tran-
scriptionally induced genes and increases in regulatory
regions of repressed genes. To see if mutations in BRM
cause changes in nucleosome positioning or occupancy
at the proximal regions at the MIR156A locus, we exam-
ined nucleosome positioning and occupancy at the
MIR156A locus using the MNase mapping method
(Chodavarapu et al., 2010; Rafati et al., 2011). We identi-
fied two nucleosomes (—2 and —1 nucleosomes) up-
stream and one nucleosome (+1 nucleosome) downstream
of the MIR156A TSS both in wild type and brm-7 (Fig. 5;
Supplemental Fig. S5). A significant difference in oc-
cupancy at the —2 and +1 nucleosomes was detected
between wild type and brm-7 (Fig. 5; Supplemental
Fig. S5), whereas no BRM-dependent shifting of nu-
cleosome position was detected among these three
nucleosomes. This result implies that BRM functions
to lower occupancy at the —2 and +1 nucleosomes to
activate MIRI56A transcription, which is consistent
with the qRT-PCR result that pri-MIR156A transcript
was reduced in brm-7 (Fig. 2C).

SWN, but Not CLF, Antagonizes BRM to Promote
Vegetative Phase Change in Arabidopsis

BRM was initially identified as a Trithorax (TrxG)
protein to antagonize the function of PcG proteins in
fly development (Tamkun et al., 1992). Loss-of-function
mutations in BRM accelerated vegetative phase change,
and we expect that loss-of-function mutations in PcG pro-
teins might exhibit some opposite vegetative phase change
phenotypes. To see if PcG proteins play a role in vegetative
phase change, we did phenotypic characterization of two
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null alleles of SWN and CLF, swn-3 and clf-29, both of
which encode two important components of PcG com-
plex with H3K27 methyltransferase activity during veg-
etative and reproductive development (Chanvivattana
et al., 2004). In contrast to wild type with abaxial tri-
chomes on leaf 7, swn-3 mutant exhibited significantly
delayed vegetative phase change phenotypes with
rounder leaves and later abaxial trichomes on leaf 11; clf-
29, however, had similar trichome production and leaf
shape to wild type (Fig. 6). The swn-3 brm-7 double mu-
tant had abaxial trichomes on leaf 6 compared with brm-7
that had early abaxial trichomes on leaf 4; swn-3, but
not clf-29, partially rescued the phenotype of brm-7
(Fig. 6). These genetic results imply that SWN, but
not CLF, functions more importantly to promote veg-
etative phase change in Arabidopsis. Even though clf-29
did not exhibit a vegetative phase change phenotype and
clf-29 brm-7 resembled brm-7 phenotype, we cannot rule
out the possibility that CLF acts redundantly with SWN
in regulating vegetative phase change. However, it is
difficult to test this possibility in that clf and swn
double mutant de-differentiated into callus in the early
seedling stage (Chanvivattana et al., 2004; Aichinger
et al., 2009; Xu et al., 2016), making it impossible to
characterize the vegetative phase change phenotype of
clf and swn double mutant.

SWN Integrates the miR156-SPLs Pathway to Regulate
Vegetative Phase Change

To learn if SWN functions to promote vegetative
phase change by integration into the miR156-SPLs
pathway, we determined the level of miR156 in wild
type, brm-7, swn-3, and swn-3 brm-7. gqRT-PCR reproducibly

Figure 5. BRM is required to maintain low
occupancy of the —2 and +1 nucleosome at
the MIR156A locus. gPCR was used to detect
the nucleosome positioning and occupancy
at the MIR156A locus using MNase-digested
DNA from 10-d-old wild-type and brm-7
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0007 | E 1%
0.002 = 0.1 . s
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plants in short days. The fraction of digested

Relative signal level
o
o

mononucleosome DNA amplified for each
amplicon was normalized to that of the —73
position of the negative control locus of
gypsy-like retrotransposon. Values represent
mean = sp from three technical replicates in
a representative experiment. The number on
the x axis denotes distance (bp) from the TSS
(0 bp) of MIRT156A. A diagram of the posi-
tioned nucleosomes is shown below the x axis.
Blue ovals, nucleosomes; black arrow, TSS;
black lines, genomic DNA; red rectangle,
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MIR156A stem loop structure region. Two figure
insets show the detailed increase in occupancy
at the —2 and +1 nucleosomes in brm-7 com-
pared with wild type. Asterisk denotes statistical
significance from wild type at P < 0.01.

MIR156A
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Figure 6. SWN, but not CLF, antago-
nizes BRM to promote vegetative phase
change. Plants were grown in short days.
The first leaf with abaxial trichomes was
scored. Numbers indicate the first leaf
with abaxial trichomes (n = 18, *sp).
Juvenile leaves are shown in gray and
adult leaves in black in the heteroblastic
analyses. Different letters indicate sig-
nificant difference between genotypes
using one-way ANOVA at P < 0.01.
Scale bar =1 cm.

showed that miR156 was significantly elevated in swn-3,
and swn-3 brm-7 had an intermediate level of miR156
between brm-7 and swn-3 (Fig. 7A), consistent with the
result that swn-3 partially rescued the brm-7 mutant phe-
notype (Fig. 6). To see if swn-3 affects the level of miR156
by affecting the level of primary miR156 transcripts, we
determined the levels of pri-MIR156A and pri-MIR156C
transcripts in swn-3 and wild type. We reproducibly saw a
significant increase in the level of pri-MIR156A, whereas
the level of pri-MIR156C transcript remained unchanged
in swn-3 compared with that in wild type (Fig. 7, Band C).
As expected, the levels of SPL3, SPL9, and SPL13 tran-
scripts in swn-3 were significantly reduced (Fig. 7D). All
these data implied that SWN functions by integration into
the miR156-SPLs pathway to regulate vegetative phase
change in Arabidopsis.

BRM and SWN Function to Regulate the Level of
H3K27me3 at the MIR156A Locus

The fact that SWN and CLF function as H3K27me3
methyltransferases and that BRM antagonizes PcG

et

swn-3 116174
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79901
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function during fly and plant development (Tamkun
etal., 1992; Wuetal., 2012; Li et al., 2015) prompted us
toask if BRM and SWN function to regulate the level of
H3K27me3 at the MIR156A locus. We performed
ChIP using an anti-H3K27me3 antibody in wild-type,
brm-7, swn-3, and swn-3 brm-7 mutant plants. Levels of
H3K27me3 were elevated in brm-7 at —276 bp and
—75 bp upstream of MIR156A TSS (Fig. 8A), while
swn-3 reduced levels of H3K27me3 at —276 bp up-
stream and +527 bp downstream of MIR156A TSS and
ultimately resulted in intermediate levels of H3K27me3
in the swn-3 brm-7 mutant (Fig. 8A). This result dem-
onstrated that H3K27me3 plays an important role in
regulating miR156 expression. miR156 expression de-
clines when plants age (Wu and Poethig, 2006), and
whether this temporal expression pattern of miR156 is
attributable to changes in the level of H3K27me3 during
development remains unknown. To further explore the
possibility that H3K27me3 may contribute to the tem-
poral expression pattern of miR156, we harvested 10-d-old
juvenile and 21-d-old adult wild-type seedlings to exam-
ine the levels of H3K27me3 at the MIR156A locus. ChIP

144

Figure 7. swn-3 delays vegetative phase change A B
by modulating the expression of genes in the 3 012 miR156 % 0.0a8  Pri-MIR156A *
miR156-SPLs pathway. A, The level of mature 2 I
miR156 in 14-d-old wild-type, brm-7, swn-3, and s 0.036
swn-3 brm-7 seedlings in short days. B, The level § 0.08 r =
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MIR156A and temporal expression of
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revealed that the H3K27me3 level was significantly
higher at all three regions examined in 21-d-old adult
wild-type seedlings than in 10-d-old juvenile wild-type
seedlings (Fig. 8B), implying that H3K27me3 may be
responsible for shaping the temporal expression of
miR156 when plants age. However, we saw similar
temporal expression patterns of miR156 between wild
type and the brm-7 mutant (Fig. 8C), indicating that BRM
and H3K27me3 were not required for the temporal ex-
pression pattern of miR156 but for maintaining a rela-
tively stable abundance of miR156 during vegetative
phase change.

Interplay between H3K27me3 and Nucleosome Occupancy
Regulates Vegetative Phase Change in Arabidopsis

The phenotype of swn-3 brm-7 double mutant led us
to ask the underlying cause for the intermediate phe-
notype (Fig. 6). We examined nucleosome occupancy in
the promoter region of MIR156A and found that the
swn-3 brm-7 double mutant had a similar level of nu-
cleosome occupancy to the brm-7 single mutant for
most regions examined except for the —416 region (Fig.
9A); furthermore, introduction of the swn-3 mutation to
brm-7 gave rise to almost wild-type abaxial trichome
production (Fig. 6). These results suggest that SWN-
mediated H3K27me3 is partially responsible for the
brm-7 vegetative phase change phenotype. As miR156
expression declines gradually during development, we
asked if this temporal expression pattern is also related
to changes in nucleosome occupancy during vegetative
phase change. We examined nucleosome occupancy in
10-d-old juvenile and 21-d-old adult wild-type seed-
lings. No significant difference in nucleosome occu-
pancy was detected between these two samples (Fig.
9B), together with the result that juvenile plants had
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-276

plants and 21-d-old wild adult plants in
short days. Values represent mean * sp
from two technical replicates in a repre-
sentative experiment. C, Temporal expres-
sion pattern of miR156 in wild type and
brm-7 in short days. Wild-type and brm-7
plants were harvested for gqRT-PCR analysis
of mature miR156 levels at different time
points. Asterisk denotes statistical signifi-
cance from wild type at P < 0.01 using
Student’s ¢ test.

-75 +527

lower levels of H3K27me3 than adult plants (Fig. 8B),
implying that the gradual increase in the level of
H3K27me3, but not changes in nucleosome occupancy,
contributed to maintaining a relative stable abundance
of miR156 during vegetative phase change in Arabi-
dopsis. However, when we compared the phenotype
of the swn-3 brm-7 double mutant to that of swn-3, the
brm-7 mutation partially rescued the swn-3 mutant
phenotype (Fig. 6) and the swn-3 brm-7 double mutant
had higher levels of nucleosome occupancy at almost
all regions of the MIR156A promoter than swn-3 (Fig.
9A), consistent with the reduced level of miR156 in the
double mutant (Fig. 7A), implying that changes in nu-
cleosome occupancy in the MIR156A promoter region
in brm-7 also contributed to the swn-3 brm-7 mutant
phenotype. We also noticed that the level of H3K27me3
at —75 upstream of TSS of MIR156A between wild type
and swn-3 was similar, but not between wild type and
brm-7 (Fig. 8A); likewise the level of H3K27me3 at +527
was similar between wild type and brm-7, but not be-
tween wild type and swn-3 (Fig. 8A), implying that
BRM and SWN might function in an uncoupled way
at regions away from the BRM-binding site in the
MIR156A promoter. Therefore, interplay and coordi-
nation between H3K27me3 and nucleosome occupancy
in the MIR156A promoter region regulate the tran-
scription of miR156 to control vegetative phase change
in Arabidopsis.

DISCUSSION

Both BRM and SWN Play an Important Regulatory Role in
Vegetative Phase Change in Arabidopsis

BRM functions as a TrxG protein in plant develop-
ment, and loss-of-function mutations in BRM caused
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Figure 9. Nucleosome occupancy at the MIR156A locus in different
mutants. A, Nucleosomes occupancy at the MIR156A locus in 10-d-old
wild-type, brm-7, swn-3, and swn-3 brm-7 plants in short days. B,
Nucleosome occupancy at the MIR156A locus in juvenile and adult
wild-type plants in short days. qPCR was used to detect the nucleosome
positioning and occupancy at the MIR756A locus using MNase-digested
DNA from wild-type, brm-7, swn-3, and swn-3 brm-7 plants (A) or from
10-d-old juvenile wild-type plants and 21-d-old adult wild-type plants
(B). The fraction of digested mononucleosome DNA amplified for each
amplicon was normalized to that of the —73 position of the negative
control locus of gypsy-like retrotransposon. Values represent mean = sp
from three technical replicates in a representative experiment. Asterisk
denotes the statistical significance from wild type at P < 0.01 using
Student’s ¢ test.

pleiotropic phenotypes in Arabidopsis (Farrona et al.,
2004, 2011; Hurtado et al., 2006; Tang et al., 2008; Wu
et al.,, 2012; Li et al., 2015). SWN constitutes an impor-
tant component of PRC2 whose role in vegetative phase
change, however, has not been well described until
recently (Xu et al., 2016). In this study, we discovered a
role that BRM and SWN play to regulate vegetative
phase change by modulating the expression of miR156
in Arabidopsis. Loss-of-function mutations in BRM
accelerated vegetative phase change, while loss-of-
function mutations in SWN delayed vegetative phase
change in Arabidopsis. Therefore, BRM functions to
delay vegetative phase change, whereas SWN functions
to promote vegetative phase change in Arabidopsis.
Genetics and molecular analyses demonstrated that
both BRM and SWN function in the regulation of veg-
etative phase change by integration into the miR156-
SPLs pathway. In this study, we demonstrated that
BRM directly binds to the promoter of the MIR156A
region to regulate its expression. A previous report showed
that CLF and SWN function redundantly as histone
methyltransferases in plant development (Chanvivattana
et al,, 2004). In our study, swn-3 delayed vegetative phase
change, while clf-29 did not show any obvious vegetative
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phase change phenotypes, implying that SWN and CLF
have diverse roles in vegetative phase change. The
question of whether these two proteins act redundantly
in regulating vegetative phase change still awaits fur-
ther investigation.

Regulation of miR156 Expression by BRM and SWN

miR156 has been shown to be the master regulator of
vegetative phase change in plants (Wu and Poethig,
2006; Poethig, 2009; Wu et al., 2009; Poethig, 2013), and
it also controls a plethora of other different processes
vital for plant growth and development (Jiao et al.,
2010; Gou et al., 2011; Zhang et al., 2011; Fu et al., 2012;
Aung et al., 2015; Bhogale et al., 2014; Ferreira e Silva
et al., 2014; Stief et al., 2014; Wang et al., 2015). How-
ever, the question of how miR156 expression is regu-
lated remains elusive. Recent work showed that FUS3,
AGL15, and AGL18 regulate miR156 expression by di-
rectly binding to the promoter regions of miR156A and
miR156C loci (Wang and Perry, 2013; Serivichyaswat
et al., 2015), but the function of the direct binding re-
mains unexplored. miR156 was also shown to be reg-
ulated by AtBMI1, a PRC1 component (Pic6 et al., 2015),
and PKL, a CHD3 chromatin remodeler (Xu et al.,
2016), to repress miR156 expression through modifica-
tion of H3K27me3 marks at the miR156A/C loci. In this
study, we demonstrated that MIR156A is a direct target
of BRM, which promotes miR156 expression by directly
binding to the promoter of the MIR156A locus. This
direct binding confers functionality by promoting the
expression of miR156 to delay vegetative phase change
in Arabidopsis. BRM was shown to either activate or
repress target gene expression by increasing or de-
creasing the accessibility of the target DNA to tran-
scription factors or transcription regulators (Tang et al.,
2008; Hargreaves and Crabtree, 2011; Han et al., 2012).
In this study, BRM acted as an activator of miR156 ex-
pression. The brm-7 mutant had more elevated levels of
occupancy than wild type at the —2 and +1 nucleo-
somes proximal to the TSS of MIR156A to repress its
transcription. A previous study showed that SWI/SNF
was largely depleted at the —1 nucleosome but
enriched at the —2 nucleosome (Yen et al., 2012). This is
consistent with our result of changes in occupancy at
the —2 nucleosome, but not the —1 nucleosome up-
stream of the MIR156A promoter in this study (Fig. 5).
The +1 nucleosome is a gateway to transcription, and
therefore it is a preferable target of chromatin remod-
elers; the closer the +1 nucleosome to the TSS, the more
repressive transcription would be (Yen et al., 2012).
However, we did not detect any shifting of the +1 nu-
cleosome proximal to the TSS of MIR156A; instead we
saw an elevated level of +1 nucleosome occupancy in
this region. Therefore, we favor a model that BRM
normally functions to lower occupancy of the +1 nu-
cleosome at the MIR156A locus to activate the expres-
sion of miR156. When BRM is absent, SWN functions as
a histone methyltransferase to repress miR156 expression
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Figure 10. A model for the function of BRM and SWN in the regulation of MIR156A expression during vegetative phase change in
Arabidopsis. A, Regulation of MIR156A by BRM and SWN during vegetative phase change in wild-type plants. At the juvenile
phase, BRM binds to the MIR156A promoter to antagonize SWN function to reduce the level of H3K27me3 at the MIR156A locus
as well as to reduce nucleosome occupancy to activate MIR156A expression. When plants enter the adult phase, BRM still
functions normally, but SWN overtakes the function of BRM to increase the level of H3K27me3 at the MIR156A locus to repress
MIR156A expression. Red star: H3K27me3 modification. Number of red stars denotes the degree of H3K27me3. Temporal
changes in the level of miR156 and H3K27me3 were illustrated by the shaded bars during the juvenile-to-adult development. B,
Regulation of MIR156A by BRM and SWN during vegetative phase change in the brm mutant plants. When BRM is mutated, SWN
takes over BRM function to increase the level of H3K27me3, and the brm mutation increases nucleosome occupancy at the

MIRT56A locus to repress MIRT56A expression.

by establishing a repressive mark of H3K27me3 at the
MIR156A promoter (Fig. 8A). Meanwhile, higher nucle-
osome occupancy also contributes to the repression of
miR156 in this background. The level of miR156 declines,
while H3K27me3 level at the MIR156A locus increases
during vegetative phase change. This inverse pattern
implies that H3K27me3 might be responsible for the
temporal change in the level of miR156 during vegetative
phase change, but this hypothesis was negated by the
fact that the temporal expression pattern of miR156 was
not affected in the brm-7 background with elevated levels
of H3K27me3 at the MIR156A locus (Fig. 8, A and C).
Therefore, the level of H3K27me3 at the MIR156A locus
was important for maintaining the miR156 level during
vegetative phase change but not essential for the tem-
poral expression of miR156, and disruption of this rela-
tive stable abundance of miR156 contributes to defects in
vegetative phase change manifested by brm-7 and swn-3
mutants.

A Model for the Antagonistic Interaction between BRM
and SWN during Vegetative Phase Change

The evidence that occupancy at the —2 and +1 nu-
cleosome and levels of H3K27me3 were elevated in the
promoter region of MIR156A in brm-7 suggested that
both noncovalent and covalent histone modifications
are the underlying mechanism involved in the regula-
tion of miR156 expression in this background. Loss-of-
function mutations in BRM were recently shown to
cause increased deposition of H3K27me3 at several
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hundred genes, and this increase was partially sup-
pressed by mutations in the histone methyltransferase
CLF and SWN (Li et al., 2015). ChIP results showed that
SWN occupancy was increased at the majority of BRM
target sites when BRM is absent, resulting in elevated
levels of H3K27me3 in brm mutants (Li et al., 2015). In
our study, the brm-7 mutation caused an elevated level
of H3K27me3, while the swn-3 mutation resulted in a
reduced level of H3K27me3; brm-7 swn-3, however, had
an intermediate level of H3K27me3 at the —276 region
(Fig. 8A), implying that BRM and SWN function an-
tagonistically in this region to regulate the level of
H3K27me3 in the promoter region of MIR156A to fine
tune the expression of miR156. However, the levels
of H3K27me3 at the —75 and +527 regions were not
complementary between brm-7 and swn-3 (Fig. 8A),
implying that BRM and SWN do not always work
antagonistically at some specific regions. However,
the questions as to whether SWN directly binds to
the promoter region of MIR156A and the increased
H3K27me3 level in the promoter region of MIR156A in
brm-7 is due to the increased SWN occupancy in this
region remain to be investigated. Based on all results,
we proposed a model for the antagonistic interaction
between BRM and SWN in the regulation of vegetative
phase change in Arabidopsis (Fig. 10). In wild-type
plants, BRM and SWN function normally but antago-
nistically to balance the level of miR156; the level of
H3K27me3 increases as plants age to maintain a rela-
tively stable level of miR156 during vegetative phase
change (Fig. 10A). When BRM is absent, SWN functions
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to increase H3K27me3 levels at the miR156 regulatory
regions to down-regulate miR156 (Fig. 10B); in the
meantime, the brm mutation also represses miR156 ex-
pression by increasing occupancy at the —2 and +1
nucleosomes close to the TSS at the MIR156A locus.
This combinatorial mode of action reduces the miR156
level to accelerate vegetative phase change; when SWN
is absent, levels of H3K27me3 are decreased, but BRM
functions normally and reduced levels of H3K27me3
promote miR156 expression to delay vegetative phase
change. When both SWN and BRM are absent, lower
levels of H3K27me3 caused by swn promote miR156
expression, while higher levels of occupancy at the —2
and +1 nucleosomes in the brm-7 background repress
miR156 expression. Therefore, the level of miR156 was
maintained at an intermediate level between swn and
brm to give rise to an intermediate phenotype. This is
also consistent with our gene expression analysis (Fig.
7A) and phenotypic characterization of the swn-3 brm-7
mutant (Fig. 6).

Chromatin remodelers themselves do not have DNA
binding ability. They are recruited to their target sites by
interacting with specific transcription factors (cofactors;
Bezhani et al., 2007; Wu et al., 2012). ChIP experiment
showed that BRM physically binds to the —267-bp re-
gion upstream of the TSS in MIR156 A promoter (Fig. 4B),
implying that this region is critical for the direct binding
of cofactors to recruit BRM to regulate the expression of
miR156A. Identification of these cofactors will greatly
facilitate our understanding of the regulation of miR156
in Arabidopsis in the future.

MATERIALS AND METHODS
Genetic Stocks, Genotyping, and Growth Conditions

All of the genetic stocks used in this study were in a Col genetic back-
ground. spl9-4 (CS807258), swn-3 (SALK_050195), and clf-29 (SALK_021003) were
obtained from the Arabidopsis Biological Resource Center. pMIR156A::GUS
and 355:miR156A transgenic lines are the same seed stocks as described previ-
ously (Wu and Poethig, 2006; Yang et al., 2013). A specific DNA sequence
encompassing the brm-7 mutation was PCR-amplified using a pair of dCAPS
primers. The amplified DNA was then digested with HaeIIl. DNA amplified from
brm-7 was resistant to Haelll cleavage, whereas that of wild type was susceptible
to Haelll cleavage. All T-DNA lines including spl9-4, swn-3, and clf-29 were
genotyped using combinations of a T-DNA-specific LBb1.3/LB1 primer and
gene-specific primers RP and LP. All genotyping results are summarized in
Supplemental Figure S6. Seeds were grown in a mixture of soil and vermiculite
(1:1) and left at 4°C for 2 d before transfer to the growth chamber. Plants were
grown under short-day conditions (10 h light:14 h dark, 140 umol /m?/s) at 22°C.

Gene Expression Analyses

For gene expression analyses, 9-, 14-, and 19-d-old aerial parts of whole
seedlings were collected and stored at —80°C until use. Total RNA was extracted
using TRIzol reagent (Invitrogen) and digested by RNase-Free DNase (Promega).
Reverse transcription was done using PrimerScript I 1 Strand cDNA Synthesis
Kit (TaKaRa). For the synthesis of the first cDNA strand of miRNA, the reverse
transcription primers were designed as previously reported (Varkonyi-Gasic
et al.,, 2007). Reverse transcription was done as follows: one cycle at 16°C for
30 min, 60 cycles at 30°C for 30 s, 42°C for 30 s, and 50°C for1 s, followed by in-
cubation at 85°C for 5 min to inactivate the reverse transcriptase. Real-time PCR
was performed using diluted cDNA on a Step One Plus (ABI) real time PCR
machine. TUB2 and AtsnoR101 served as the control for mRNAs and miRNAs
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analyses, respectively. The sequences of primers used are listed in Supplemental
Table S1.

GUS Staining

For GUS staining, 11-d-old plants as well as 10- and 13-d-old plants were
collected and pretreated with 90% acetone on ice for 20 min. After washing three
times with 100 mm phosphate buffer (pH 7.0), plants were submerged in X-Gluc
solution and vacuumed twice and then incubated at 37°C for 3 h. Stained plants
were decolorized in 70% ethanol and photographed.

Generation of Transgenic Lines

The whole intergenic region containing SPL9 as well as rSPL9 (insensitive to
miR156 regulation) genomic sequence was PCR-amplified using primers as de-
scribed previously (Wu et al., 2009). The PCR fragment was then fused in-frame to
the eGFP sequence using overlapping PCR, and the fused pSPL9::eGFP-SPL9,
pSPL9::eGFP-rSPL9 sequences were then cloned into pCAMBIA3300 for genetic
transformation. To generate pBRM::3XFLAG-BRM and pBRM::3X HA-BRM con-
structs, the whole intergenic region of BRM was PCR-amplified; three copies of
FLAG or HA epitope tags were fused in-frame to the N terminus of the BRM
protein, and the fused sequences were then cloned into pCAMBIA1300. The
primer sequences are listed in Supplemental Table S1. All constructs were
transformed into the Agrobacterium tumefaciens GV3101 strain, and transformation
was done using the floral dipping method. Transformants of pSPL9::eGFP-SPL9,
pSPL9::eGFP-rSPL9 were selected in soil by spraying BASTA, and trans-
formants of pBRM::3XFLAG-BRM and pBRM::3X HA-BRM were selected on
0.5X Murashige and Skoog medium containing 30 mg/L hygromycin. Lines
containing single insertions were obtained on the basis of the segregation
ratio of the resistant or susceptible plants to BASTA or hygromycin in the
selfed progeny of these primary transformants, and homozygous stocks were
established from these lines.

Nucleosome Occupancy Assay

A total of 1.0 g 10- and 21-d-old aerial parts of seedlings of wild type and
brm-7 was harvested on ice and cross-linked with 1% formaldehyde for 15 min
and then treated in 0.125 M Gly for 5 min. Samples were ground into fine power
with liquid nitrogen, and the chromatins were isolated as previously described
(Zhu et al., 2012). Chromatin was resuspended with 1X digestion buffer and
digested with 0.05 unit/ L (final concentration) Micrococcal Nuclease (Takara)
for 10 min at 37°C. The digestion was stopped with 20 mm EDTA, and reverse
cross-linking was carried out in 0.3 M NaCl at 65°C overnight. Mononucleosome
fragments were separated on 1.5% agarose gels and purified by a gel purifi-
cation kit. The purified DNAs were used for gPCR analysis of nucleosome
occupancy. The gypsy-like retrotransposon (At4g07700) —73 loci served as the
control, and the data were calculated with 274t (= 2~ Cttarget-Cticontroly ‘priperg
used for nucleosome occupancy detection are listed in Supplemental Table S1.

ChIP Assays

ChIP was carried out with the same samples as nucleosome occupancy
detection using the method as described previously (Zhu et al., 2012) with
minor modifications. The chromatin DNA was sonicated into about 200- to
1,000-bp DNA fragments on ice, and the sonicated chromatin was then
immunoprecipitated with 5 uL anti-FLAG polyclonal antibody (Sigma,
F7425), or anti-H3K27me3 (Millipore 07-449) or anti-H3 antibodies (Abcam
1791), and then the precipitated DNAs were purified using a PCR Purifi-
cation Kit (Sangon). To detect the BRM binding region, the exon region of
retrotransposon TA3 was used as the internal control, and the data were
calculated with 274Ct (= 27 CHCRIP)-Ctlinput)) "o H3K27me3 modification de-
tection, the SHOOT MERISTEMLESS (STM) gene was used as the internal
control, and the data were calculated as the ratio of H3K27me3 target gene
27&& — 27CI(H3K27me3 target gene-Ct(input H3 target gene)) to H3K27me3 STM zfACt
(= 27 (CHHSK2me3 STM)-CHHE STM)) Drimer sequences used for ChIP-qPCR detection
are listed in Supplemental Table S1.

Western Blot

The aerial parts of 2-week-old seedlings in short day conditions were col-
lected and ground to isolate total protein. Equal amounts of protein samples
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(about 20 ug) were loaded onto an SDS-PAGE gel. After electrophoresis, protein
in the gel was electrotransferred to a nitrocellulose membrane, stained with
Ponceau, then incubated with an anti-FLAG antibody and subsequently with
the secondary antibody. The signal was detected with an ECL kit (Beyo).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. A genetic complementation test confirmed the
precocious vegetative phase change phenotype was caused by the brm-7
mutation.

Supplemental Figure S2. GUS staining of pMIR156A::GUS and brm-7
pMIR156A::GUS reporter lines at different developmental stages in
short-day conditions.

Supplemental Figure S3. Expression of FLAG-BRM and HA-BRM in brm-7
plants transformed with pBRM::3XFLAG-BRM and pBRM::3X HA-BRM
constructs.

Supplemental Figure S4. Expression of BMI1, AGL15, AGL18, and FUS3
genes in 14-d-old wild-type and brm-7 plants in short days.

Supplemental Figure S5. The second biological replicate for nucleosome
occupancy in wild type and brm-7 as shown in Figure 5.

Supplemental Figure S6. The genotyping results of different mutant
plants.

Supplemental Table S1. Primers used in this study (from 5" to 3’, F: forward,
R: reverse).
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