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Concerted genomic targeting of H3K27 demethylase REF6
and chromatin-remodeling ATPase BRM in Arabidopsis

Chenlong Lil2, Lianfeng Gu3-%, Lei Gao*, Chen Chen!-2, Chuang-Qi Wei®’, Qi Qiu®, Chih-Wei Chien®,
Suikang Wang*8, Lihua Jiang®, Lian-Feng Ai'%, Chia-Yang Chen!!, Songguang Yang!2, Vi Nguyen!, Yanhua Qi8,
Michael P Snyder®, Alma L Burlingame!3, Susanne E Kohalmi?, Shangzhi Huang!4, Xiaofeng Cao>!>16,
Zhi-Yong Wang®, Kegiang Wu'!l, Xuemei Chen*!” & Yuhai Cuil>2

SWI/SNF-type chromatin remodelers, such as BRAHMA
(BRM), and H3K27 demethylases both have active roles in
regulating gene expression at the chromatin level’-5, but
how they are recruited to specific genomic sites remains
largely unknown. Here we show that RELATIVE OF EARLY
FLOWERING 6 (REF6), a plant-unique H3K27 demethylase®,
targets genomic loci containing a CTCTGYTY motif via its
zinc-finger (ZnF) domains and facilitates the recruitment of
BRM. Genome-wide analyses showed that REF6 colocalizes
with BRM at many genomic sites with the CTCTGYTY

motif. Loss of REF6 results in decreased BRM occupancy at
BRM-REF6 co-targets. Furthermore, REF6 directly binds to
the CTCTGYTY motif in vitro, and deletion of the motif from
a target gene renders it inaccessible to REF6 in vivo. Finally,
we show that, when its ZnF domains are deleted, REF6 loses
its genomic targeting ability. Thus, our work identifies a new
genomic targeting mechanism for an H3K27 demethylase
and demonstrates its key role in recruiting the BRM
chromatin remodeler.

Chromatin-mediated control of gene expression is achieved mainly by
chromatin remodelers and enzymes covalently modifying histones”-10.
In Arabidopsis thaliana, the SWI/SNF-type chromatin-remodeling
ATPase BRM and the H3K27 demethylase REF6 have critical roles
in many developmental processes!!-16. Both proteins have been
shown to antagonize Polycomb group proteins at target loci®17-20,
but how they are recruited to specific genomic sites and whether
their activities are coordinated remain largely unknown. To address

these questions, we mapped the genome-wide occupancy of BRM and
REF6 by chromatin immunoprecipitation followed by sequencing
(ChIP-seq). ChIP-seq analyses using transgenic plants expressing
a BRM-GFP fusion protein from the native BRM promoter in the
brm-1 mutant background (pBRM :: BRM-GFP brm-1; refs. 19,21)
identified 5,278 genes occupied by BRM (Supplementary Data 1),
including previously reported BRM targets'®?2-2> (Supplementary
Fig. 1). To map the genomic occupancy of REF6, we generated a
transgenic line expressing a REF6-GFP fusion protein from the native
REF6 promoter (pREF6:: REF6-GFP). The transgene was functional
in vivo, as its expression fully rescued the morphological defects of
ref6-1 plants (Supplementary Fig. 2). ChIP-seq analyses identified
3,164 REF6 target genes (Supplementary Data 2), including previ-
ously identified direct REF6 targets® (Supplementary Fig. 3).
Occupancy profiles of individual genomic regions showed that
both BRM and REF6 proteins occupied defined locations within
the genome. We found two major types of BRM sites characterized
by either sharp, narrow peaks or broad peaks (Fig. 1a). The aver-
age size of a BRM site was 2,155 bp (Fig. 1b). In contrast, only one
major type of REF6 site was observed, characterized by single, defined
narrow peaks (Fig. 1a), with an average size of 1,355 bp (Fig. 1b).
Examination of the distribution of both BRM- and REF6-associated
sites showed that ~80% of these sites were located in promoters and
gene bodies, whereas ~20% of the sites were in intergenic regions
(Fig. 1c). When the occupancy profiles were compared with pub-
lished genome-wide histone modification data?®, both BRM and
REF6 were found to colocalize with active histone marks but not with
repressive ones (Supplementary Fig. 4). Notably, genes involved in
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Figure 1 Genome-wide occupancy of BRM and a
REF6. (a) ChlP-seq genome browser views of 120
occupancy of BRM (top) and REF6 (bottom) at
the same genomic coordinates on chromosome 5.
The red box highlights a single, defined BRM
peak, and the blue boxes highlight broad BRM
peaks. Black arrows mark REF6 peaks. The
positions of the CTCTGYTY motifs underlying
the REF6 peaks (Fig. 4) are indicated by
orange vertical bars. Gene structures are

shown underneath the panel. The y-axis scales
represent shifted merged MACS tag counts

for every 10-bp window. (b) The average peak '
widths of BRM and REF6 sites. The x axis
shows logo-transformed values for peak width.
The y axis shows the percentage of peaks with
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responses to different types of stimuli were
highly enriched in BRM or REF6 target genes
(Supplementary Fig. 5).

Comparing their genomic distribution
patterns, we found that BRM and REF6
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co-occupied a total of 1,276 genes (Fig. 2a
and Supplementary Data 3), a number
much larger than expected by chance alone
(hypergeometric test, P < 7 x 107192). Consistently, BRM was strongly
enriched right at the summits of REF6-occupied sites but not at loci
marked by trimethylation of histone H3 at lysine 27 (H3K27me3)
(Fig. 2b). ChIP-seq data showing the colocalization of BRM and REF6
at a set of selected loci are presented in Figure 2¢c, and the colocali-
zation was further validated by ChIP-qPCR (Fig. 2d). Again, genes
involved in responses to various stimuli were highly enriched among
BRM-REF6 co-targets (Fig. 2e).

We wondered whether the co-occupancy of chromatin by BRM
and REF6 reflects mutually dependent occupancy by these proteins.
To test whether the association of REF6 with chromatin is dependent
on BRM, we introduced the brm-1 mutation into the pREF6:: REF6-
GFP transgenic line by genetic crossing (brm-1 pREF6:: REF6-GFP)
and then performed ChIP-seq analyses to compare the genome-wide
occupancy profiles of REF6 in brm-1 mutant plants with those in
plants with wild-type BRM. We could not detect a significant decrease
in REF6 occupancy in brm-1 plants (Fig. 3a—c). In control analyses,
we observed that loss of BRM activity had no effect on REF6 RNA
(Supplementary Fig. 6a) and protein (Supplementary Fig. 6b) levels,
as well as nuclear localization of the REF6 protein (Supplementary
Fig. 6¢). These data suggest that BRM is likely not required for the
occupancy of REF6 on chromatin. To examine whether the occupancy
of BRM on chromatin depends on REF6, we carried out ChIP-seq
analyses comparing the BRM occupancy profiles in ref6-1 plants with
those in plants with wild-type REF6 (ref6-1 pBRM :: BRM-GFP versus
pPBRM :: BRM-GFP). We found that BRM occupancy on target chroma-
tin was significantly reduced in ref6-1 plants (see Fig. 3d for a global
view and Fig. 3e.f for individual loci), indicating that the association of
BRM with its target genes requires REF6. A total of 443 genes showed
a marked reduction or elimination of BRM binding (false discovery
rate (FDR) < 0.001) in the absence of REF6 (Supplementary Data 4).
Notably, loss of REF6 did not affect BRM RNA and protein levels or
the nuclear localization of BRM protein (Supplementary Fig. 7a-c),
excluding the possibility of reduced BRM occupancy being a result

m5 UTR ®Exon Intron m3 UTR Intergenic

Iog2 (peak W|dth)

of decreased BRM abundance in nuclei. These results indicate that
REF6 mediates the recruitment of BRM to its target loci, but its own
genomic targeting is independent of BRM.

To examine whether REF6 physically interacts with BRM, we
performed immunoprecipitation for GFP followed by mass spec-
trometry (IP-MS) with the transgenic line encoding BRM-GFP. We
observed coimmunoprecipitation of several known and predicted
subunits of SWI/SNF complexes, including BRM, SWP73A, SWP73B,
SWI3A, SWI3B, SWI3C, SWI3D, and SYD (Supplementary Fig. 8a),
indicating that we had successfully isolated the BRM-containing
SWI/SNF complexes in Arabidopsis. Notably, the IP-MS analysis
also identified REF6 peptides (Supplementary Fig. 8a), indicat-
ing that REF6 physically associates with BRM-containing SWI/SNF
complexes. We validated the physical interaction between REF6 and
BRM by bimolecular fluorescence complementation (BiFC) assay
(Supplementary Fig. 8b). An unrelated nucleus-localized protein?’
was used as a negative control and did not interact with REF6 or BRM
(Supplementary Fig. 8b,c).

REF6 contains four repeats of a Cys,His, ZnF domain?3, which could
potentially bind DNA directly?®3%. We therefore attempted to define
the consensus sequence(s) targeted by REF6 through a motif discovery
analysis using MEME-ChIP3!. This analysis showed that 81% of REF6-
occupied sites contained a CTCTGYTY motif, where Y represents
T or C (Fig. 4a), which was mostly located in the center of REF6 bind-
ing peaks (Fig. 4b). Consistent with the genome-wide colocalization of
BRM and REF6 (Fig. 2a—c), this motif was also highly over-represented
among BRM-REF6 co-targets (83%), as well as BRM targets (44%)
(Fig. 4a). We further investigated whether the CTCTGYTY motif is
required for the genomic targeting of REF6. We cloned a genomic
fragment from a BRM-REF6 co-target, YUC3, that harbors four
repeats of the CTCTGTTT motif (YUC3wt) and generated a version
with the motifs deleted (YUC3A) (Fig. 4c and Supplementary Fig. 9).
These constructs were then transformed into pREF6:: REF6-GFP
plants, and REF6 occupancy levels at the transgenes—YUC3wt and
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Figure 2 BRM and REF6 co-occupy a large number of genomic regions. (a) A Venn diagram
displaying a statistically significant overlap between genes occupied by BRM and those
occupied by REF6 (1,276 genes; *P < 7 x 10-162 hypergeometric test). (b) Heat map
representation of the co-occupancy of BRM and REF6 in the genome. Each horizontal line g
represents a REF6-bound region, and signal intensity is shown for REF6 binding (left), BRM g
binding (middle), and H3K27me3 (right). Columns show the genomic region surrounding each %
REF6 peak summit. Signal intensity is indicated by the shade of red. (c) ChIP-seq genome g
browser views of BRM and REF6 co-occupancy at selected genes. Gene structures are shown !
underneath each panel. The positions of the CTCTGYTY motifs underlying the REF6 peaks
(Fig. 4) are indicated by orange vertical bars. Scale bars (black), 1 kb. (d) ChIP-qPCR
validation of BRM (top) and REF6 (bottom) occupancy at shared targets using ChIP DNA Q\S‘i\&0\0‘?’0\09&02@%\"&%?@%§°}?§$"%\°§®é\§°za§\\§0\°zza?b'\\’\‘g
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YUC3A—were then analyzed by ChIP-qPCR. As a positive control,
REF6 occupancy at the endogenous YUC3 locus was also measured
simultaneously. REF6 occupancy was enriched at the transgene con-
taining the CTCTGTTT motifs, and this enrichment was completely
abolished when the motifs were deleted (Fig. 4c). These data suggest
that the CTCTGYTY motif is necessary for REF6 recruitment in vivo.
Consistent with the observation that REF6 is required to recruit BRM
(Fig. 3d-f), we found that BRM occupancy was significantly lower at
YUC3A than at YUC3wt (Supplementary Fig. 10).

We examined how REF6 might be recruited to target chromatin
by testing whether the ZnF domains of REF6 mediate its genomic
targeting. We stably expressed a truncated version of REF6 lacking
the ZnF domains from the native REF6 promoter in ref6-1 plants
(ref6-1 pREF6:: REF6AZnFs) (Fig. 5a). We found that the ZnF-deleted
version of REF6 (REF6AZnFs) failed to rescue the short-petiole
and late-flowering phenotypes of the ref6-1 mutant (Fig. 5b and
Supplementary Fig. 11), suggesting that the ZnF domains are
essential for the biological function of REF6. We then examined the
chromatin occupancy of REF6AZnFs by ChIP-qPCR. No enrichment
of REF6AZnFs at the selected loci was detected, demonstrating that
the ZnF domains are essential for the association of REF6 with chro-
matin (Fig. 5¢). As neither the nuclear localization (Fig. 5d) nor the

abundance (Fig. 5e) of REF6 was affected by deletion of the ZnF
domains, the most likely explanation for the loss of chromatin occu-
pancy by REF6AZnFs is that the ZnF domains of REF6 mediate the
recruitment of REF6 to chromatin.

To test whether the ZnF domains of REF6 could directly bind the
CTCTGYTY motif, we performed electrophoretic mobility shift
assays (EMSAs) using a recombinant GST-tagged C-terminal part
of REF6 containing all four ZnF domains (GST-REF6-ZnF; residues
1175-1360) and a DNA fragment of the YUC3 gene that contains four
copies of the CTCTGTTT motif (YUC3-wt) (Fig. 5f). GST-REF6-ZnF
but not GST alone bound the YUC3-wt DNA probe (Fig. 5g).
Moreover, GST-REF6-ZnF recognized probes containing one or two
CTCTGTTT motifs (YUC3-ml1, YUC3-m2, YUC3-m3, and YUC3-
m4) (Fig. 5g). In contrast, GST-REF6-ZnF failed to bind the DNA
probe in which all four motifs were mutated (YUC3-m5) (Fig. 58).
The addition of excess unlabeled wild-type probe (YUC3-wt) but not
mutant probe YUC3-m5 was sufficient to outcompete the specific
interactions, as evidenced by reduced intensity for the shifted bands
(Fig. 5h). Together, these data strongly suggest that REF6 uses its ZnF
domains to bind to genomic sites containing CTCTGYTY motif(s).

To examine whether BRM and REF6 regulate a shared set of genes,
we performed RNA-seq analyses in the brm-1, ref6-1, and brm-1 ref6-1

NATURE GENETICS VOLUME 48 | NUMBER 6 | JUNE 2016

689



© 2016 Nature America, Inc. All rights reserved.

npg

LETTERS

Figure 3 REF6-dependent recruitment of BRM to
genomic loci. (a) Mean density of REF6 occupancy
at all REF6-associated sites in brm-1 plants as
compared to plants with wild-type BRM (WT). The
average REF6 binding signal within 2-kb genomic
regions flanking the center of the REF6 peaks

is shown. (b) ChIP-seq genome browser views of
REF6 occupancy at selected loci in brm-1 plants
and those with wild-type BRM. Gene structures are
shown underneath each panel. (¢) REF6 occupancy
at selected genes as determined by ChIP-qPCR in
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backgrounds (see Supplementary Fig. 12 for the morphologies
of the single and double mutants and Supplementary Data 5 for
lists of differentially expressed genes). We found that 227 genes were

downregulated (Fig. 6a) and 31 genes were upregulated (Supplementary
Fig. 13a) in both the brm-1I and ref6-1 mutants. In contrast, the overlap
between the downregulated genes in brm-1 and the upregulated genes
in ref6-1, and vice versa, did not seem significant (Supplementary
Fig. 13a). These data suggest that BRM and REF6 preferentially co-
activate a common set of genes. To define genes regulated by both BRM
and REF6, we compared our ChIP-seq data with the RNA-seq data.
For genes associated with both BRM and REF6, there was a statistically
significant overlap with genes downregulated in the brm-1, ref6-1,
and brm-1 ref6-1 mutants (Fig. 6b and Supplementary Fig. 13b).
In contrast, the overlap of BRM and REF6 co-targets with upregu-
lated genes in the brm-1, ref6-1, and brm-1 ref6-1 mutants was not
significant (Supplementary Fig. 13¢), indicating that BRM and REF6
preferentially co-occupy expressed genes. The RNA-seq data were
further validated by qRT-PCR at selected genes (Fig. 6¢). In the brm-1
ref6-1 double mutant, there was no additive effect on expression at

Figure 4 A DNA motif required for REF6 genomic targeting. (a) The
CTCTGYTY motif is present in REF6 and BRM targets and in BRM-REF6
co-targets. MEME-ChIP was used for de novo motif discovery. The
percentage of peaks containing the motif is shown. Pvalues were
determined by MEME-ChIP. (b) Distribution of the CTCTGYTY motif across
REF6 peaks. (c) The CTCTGYTY motif is necessary for the recruitment of
REF6. Shown at the top is a schematic of the transgene constructs derived
from the YUC3 gene. Red stars indicate the positions of the CTCTGTTT
sequences; attR1 and attR2 are recombination sites in the Gateway-
compatible vector. For the full sequence of the transgene, see Supplementary
Figure 9. At the bottom are ChIP-qPCR results showing that REF6 binds the
transgene containing the wild-type motifs (YUC3wt) but not the transgene
without the motifs (YUC3A). Seven independent transgenic lines were
analyzed for each construct. ChlP signals are shown as percentage of input.
The endogenous YUCS3 locus and the TA3 locus were used as positive

and negative controls, respectively. Error bars, s.d. from three biological
replicates. Lowercase letters indicate significant differences between genetic
backgrounds, as determined by the post hoc Tukey’s HSD test.
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Figure 5 The REF6 zinc-finger domains are a C M p35S:GFP M ref6-1 pREF6:: ref6-1 pREF6::
essential for the binding of REF6 to chromatin. JMjN JmjC 4 ZnFs 4 ”EFG'GFZ REF6AZnFs-GFP
(a) A schematic of the proteins encoded by the HH GFP REF6 b

transgene constructs. The conserved domains JmJN Jmic 3

of REF6 are shown. (b) Image of petioles

(top) and quantification of the petiole length
(bottom) in plants with the different genotypes.
Error bars, s.d. from 17 plants. Lowercase
letters indicate significant differences between
genetic backgrounds, as determined by the post
hoc Tukey’s HSD test. (c) ChIP-qPCR results
showing genomic occupancy by the wild-type
and ZnF-deleted REF6-GFP fusion proteins.
p35S:: GFP was used as the negative-control
transgene, and the TA3 locus was used as the
negative-control locus. Error bars, s.d. from
three biological replicates. (d) Confocal image
of root tips showing nuclear localization
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blue, respectively. (g) EMSA showing that
GST-REF6-ZnF but not GST by itself specifically
binds the YUC3-wt, YUC3-m1, YUC3-m2, YUC3-
m3, and YUC3-m4 probes but not the YUC3-m5
probe. Arrows indicate the shifted bands. FP,
free probe. The asterisk indicates a band likely
corresponding to degraded GST-REF6-ZnF.
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interactions visible in lane 1. The uncropped
scan is shown in Supplementary Data 6.

wt wt mi

— -

\A

most of the genes examined relative to the
single mutants (Fig. 6¢), suggesting that BRM
and REF6 act in the same pathway to activate
transcription of these loci.

To examine whether BRM could facilitate
the function of REF6 as an H3K27 demethy-
lase, we performed H3K27me3 ChIP-seq
analyses in wild-type, brm-1, ref6-1, and brm-1 ref6-1 plants. In com-
parison with wild-type plants, an increase in H3K27me3 levels at REF6
target genes was observed in ref6-1 mutant plants (Supplementary
Fig. 14), confirming that REF6 is an H3K27 demethylase. In contrast,
no increase in H3K27me3 levels at REF6 target genes was detected in
brm-1 mutants, suggesting that BRM might not be required for REF6
to remove methyl groups from H3K27me3-modified sites. These data
are consistent with our results showing that BRM is not required for the
genomic targeting of REF6. Further supporting this notion, we found
that the H3K27me3 levels in the brm-1 ref6-1 double mutant were
similar to those in the ref6-1 single mutant (Supplementary Fig. 14).

In summary, our findings have identified a mechanism by which
REF6 and BRM are recruited to specific genomic sites (Fig. 6d). First,
we demonstrate that REF6 directly binds to a specific DNA motif
(CTCTGYTY) through its ZnF domains. This conclusion is supported
by the observations that deletion of the CTCTGYTY motifs from
a REF6 target gene abolishes the binding of REF6 in vivo (Fig. 4),
that the ZnF-deleted version of REF6 fails to bind to its target genes

*

e W G B 09

m2 m3 m4 m5 1 2 3 4 5

p— - 1 GST-REF6-ZnF + no unlabeled
2 GST-REF6-ZnF + 50x YUC3-wt
3 GST-REF6-ZnF + 100x YUC3-wt
4 GST-REF6-ZnF + 50x YUC3-m5

5 GST-REF6-ZnF + 100x YUC3-m5

(Fig. 5¢), and that the ZnF domains of REF6 directly bind to DNA
in vitro (Fig. 5f-h). Second, we demonstrate that BRM occupies
many REF6 target genes that contain the CTCTGYTY DNA motif
(Figs. 2a-d and 4a). Finally, we show that loss of REF6 leads to an
impairment in BRM occupancy at many genes (Fig. 3d-f). Thus, this
work highlights a paradigm for genomic targeting of H3K27 demethy-
lases, as well as BRM-containing SWI/SNF complexes. It is worth
noting that the H3K27me3 mark has been shown to have a feedback
role in recruiting its ‘writer’, Polycomb complex PRC2 (refs. 32-34). It
will be interesting to investigate whether it also facilitates the recruit-
ment of its ‘erasers’ such as REF6. Finally, our BRM and REF6 ChIP-
seq data are also expected to be important community resources for
future dissection of the roles of these two global chromatin regulators
in controlling specific genes and pathways.

URLs. BINGO, http://www.psb.ugent.be/cbd/papers/BiNGO/
Home.html; GeneProf, http://www.geneprof.org/GeneProf/tools/
hypergeometric.jsp.
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a b

BRM and REF6
co-bound genes
(1,276)

Downregulated in brm-1
(798)

Downregulated in ref6-1
(715)

488

Figure 6 Expression of BRM-REF6 co-target genes in the brm-1, ref6-1, and brm-1
ref6-1 backgrounds. (a,b) Venn diagrams showing statistically significant overlaps
between genes downregulated in both brm-1 and ref6-1 (*P=5.5 x 10-185) (a) and
between BRM-REF6 co-bound genes and genes downregulated in brm-1 ref6-1 (*P
=5.8 x 10-21) (b). (c) gRT-PCR analyses showing decreased expression of selected
genes in brm-1, ref6-1, and brm-1 ref6-1 plants as compared with wild-type plants. The
expression level of each gene was normalized to that of GAPDH. Error bars, s.d. from
three biological replicates. Lowercase letters indicate significant differences between
genetic backgrounds, as determined by the post hoc Tukey’s HSD test. (d) A proposed
model showing that REF6 directly binds to chromatin DNA containing CTCTGYTY motifs
(red stars) via its ZnF domains and subsequently facilitates the recruitment of BRM,

predominantly resulting in activation of gene expression.

Downregulated in brm-1 ref6-1
(1,373)

1,236

W ref6-1

1.2 - B WT ® brm-1 W brm-1 ref6-1

Relative expression level

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. The ChIP-seq and RNA-seq data sets have been
deposited in the Gene Expression Omnibus (GEO) under accession
GSE72736. The mass spectrometry proteomics data have been depos-
ited with the ProteomeXchange Consortium via the PRIDE partner
repository with the data set identifier PXD003583.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Plant materials and growth conditions. Arabidopsis seeds were stratified
for 4 d at 4 °C in darkness. The seeds were then sown on soil or on agar
plates containing 4.3 g/L Murashige and Skoog (MS) nutrient mix (Sigma-
Aldrich), 1.5% sucrose (pH 5.8), and 0.8% agar. Plants were grown in growth
rooms with 16-h light/8-h dark cycles at 22 °C. Transfer DNA (T-DNA)
insertion mutants were obtained from the Arabidopsis Biological Resource
Center (ABRC), unless otherwise indicated. The brm-1 (SALK_030046) and
ref6-1 (SALK_001018) mutants are both in the Col background and have been
described previously!>3>. Homozygous T-DNA insertion mutants were identi-
fied by PCR-based genotyping. The brm-1 pBRM:: BRM-GFP and p35S:: GFP
transgenic plants have been described!%21:3,

Generation of transgenic plants. Genomic regions corresponding to full-
length REF6 and REF6AZnFs including a 2-kb promoter and the coding region
without the stop codon were amplified and subcloned into the pDONR221
vector (Invitrogen) by BP reaction. The resulting entry vectors were sequenced
to ensure that no mutation was introduced during PCR amplification. The
inserts were then transferred into the pMDC107 vector3” by LR reaction (to
generate pREF6:: REF6-GFP and pREF6:: REF6-GFP-AZnFs). The constructs
were introduced into Agrobacterium tumefaciens strain GV3101, which was
used to transform ref6-1 mutant plants using the floral dip method?3®.

A segment of the YUC3 genomic DNA sequence located 701-977 bp
downstream of the ATG start codon was amplified and subcloned into the
pDONR221 vector by BP reaction. The insert was then transferred into the
pEarleyGate 201 vector by LR reaction. To delete CTCTGTTT motifs,
the Phusion Site-Direct Mutagenesis kit (Finnzymes) was used according to
the manufacturer’s instructions. The constructs were introduced into A. tumefa-
ciens strain GV3101, which was then used to transform ref6-1 pREF6:: REF6-GFP
plants using the floral dip method?8. Sequences for the primers used are listed
in Supplementary Table 1.

ChIP assays. ChIP was carried out as described®40, with minor modifica-
tions. Briefly, 2 g of 14-d-old seedlings grown on MS agar were collected and
cross-linked with 1% formaldehyde for 20 min under vacuum and then ground
into fine powder in liquid nitrogen. Chromatin was isolated and sheared into
200- to 800-bp fragments by sonication. The sonicated chromatin was incu-
bated with 10 pl of antibody to GFP (Abcam, ab290) or H3K27me3 (Millipore,
07-449) overnight at 4 °C. Precipitated DNA was then recovered with the
MinElute PCR Purification kit (Qiagen) according to the manufacturer’s
instructions. ChIP-qPCR was performed with three technical replicates, and
results were calculated as percentage of input DNA according to the Champion
ChIP-qPCR user manual (SABioscience). ChIP experiments were performed
at least three times. Sequences for the primers used for ChIP-qPCR are listed
in Supplementary Table 1.

ChIP-seq and data analyses. Ten nanograms of DNA from at least ten ChIPs
was pooled to ensure enough starting DNA for library construction. Two bio-
logical replicates were prepared and sequenced for each ChIP-seq experiment.
The ChIP DNA was first tested by qRT-PCR and then used to prepare ChIPseq
libraries. End repair, adaptor ligation, and amplification 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 [llumina sequence data analysis pipeline GAPipeline 1.3.2. Bowtie*!
was then employed to map the reads to the Arabidopsis genome (TAIR10)%2.
Only perfectly and uniquely mapped reads were retained for further analysis.
A summary of the number of reads for each replicate is given in Supplementary
Table 2. To determine the correlation between biological repeats, Pearson
correlation was computed using R statistical software on normalized signal
intensity for ChIP binding peaks. Correlation (R?) was 0.94, 0.90, 0.87, and
0.88 for pREF6:: REF6-GFP, pBRM :: BRM-GFP, ref6-1 pBRM:: BRM-GFP,
and brm-1 pREF6:: REF6-GFP, respectively (Supplementary Fig. 15), indi-
cating that our ChIP-seq experiments are reliable. The alignments were first
converted to Wiggle (WIG) files using MACS*3. The data were then imported
into the Integrated Genome Browser (IGB)** for visualization. Second, the
program SICER*® was used to identify ChIP-enriched domains (peaks) and

for qualitative comparisons of BRM binding levels in wild-type and ref6-1
plants. Third, the program segMINER*® was used to generate the heat map in
Figure 2b and to compare the global changes in BRM and REF6 binding levels,
as shown in Figure 3a,d and Supplementary Figure 14. Published ChIP-seq
data for H3K27me3 were used!®. To assign the peaks to proximal genes, the
distance between each peak summit and the nearby transcriptional start site
(TSS) of a gene was calculated. A peak summit that was positioned within 2 kb
upstream or 2 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.
To identify DNA motifs enriched at REF6- and BRM-associated sites, 300-bp
sequences encompassing each peak summit (150 bp upstream and 150 bp
downstream) were extracted and searched for enriched DNA motifs with an
oligomer length of 6-8 bp using MEME-ChIP3!. Searches were performed
using default parameters.

Gene ontology term and gene list overlap analyses. The BINGO 2.44 plugin
for Cytoscape?” was used to determine which GO categories were statisti-
cally enriched. To test whether the overlap between two groups of genes was
statistically significant, a hypergeometric probability test was performed
using GeneProf.

Electrophoretic mobility shift assays. GST and GST-REF6-ZnF recombinant
fusion protein were expressed in Escherichia coli (BL21-CodonPlus, Stratagene)
and purified using Glutathione Sepharose 4B beads (GE Healthcare).
Complementary oligonucleotides (Supplementary Table 1) were labeled with
[0:-32P]dATP using T4 polynucleotide kinase (New England BioLabs, M0201)
and annealed. Approximately 100 ng of GST or GST-REF6-ZnF protein and
0.3 pM of 32P-labeled probe were incubated in a 10-JL reaction mixture (con-
taining 25 mM Tris-HCI, 100 mM NaCl, 2.5 mM MgCl,, 0.1% CA-630, 10%
glycerol, 1 uM ZnSO,, and 1 mM DTT) for 1 h on ice, and the reaction mixture
was then separated on a 6% polyacrylamide gel in Tris-glycine buffer (50 mM
Tris-HCI, 380 mM glycine, and 2 mM EDTA, pH 8.5) for 1 h at 80 V. For the
competition assays, 50- or 100-fold more non-labeled competitor DNA than
labeled probe was added to the reaction 10 min before addition of the labeled
probe. The uncropped scan is shown in Supplementary Data 6.

Immunoblotting. Two grams of 14-d-old seedlings were collected, and nuclei
were isolated according to the ChIP protocol but without the tissue fixation
step. Nuclear proteins were released by incubating the nuclei preparation in
120 pl of lysis buffer (50 mM Tris-HCI, 10 mM EDTA, 1% SDS, and 1x pro-
tease inhibitors) for 3 h at 4 °C. The extract was then diluted with 1 volume
of ChIP dilution buffer (16.7 mM Tris-HCI, 167 mM NaCl, and 1.1% Triton
X-100, pH 8.0) and centrifuged at 15,000¢ for 10 min at 4 °C to remove debris.
Proteins were resolved on a 4-20% Mini-PROTEAN TGX Precast Protein Gel
(Bio-Rad) by electrophoresis and detected by antibody to GFP (Invitrogen,
A11122; 1:5,000 dilution), HA (Sigma, H6908; 1:5,000 dilution), FLAG (Sigma,
F7425; 1:5,000 dilution), or histone H4 (Millipore, 07-108; 1:20,000 dilution).
Histone H4 was used as the loading control. Quantification of protein signal
was performed using Image] software. Uncropped scans of immunoblotting
results are shown in Supplementary Data 6.

Immunoprecipitation-mass spectrometry. Seedlings of brm-1 pBRM:: BRM-
GFP and p35S:: YFP transgenic Arabidopsis lines were collected and frozen in
liquid nitrogen. They were then ground into fine powder with a mortar. Ten
grams of tissue powder was mixed with 20 ml of extraction buffer (20 mM
HEPES, pH 7.5, 40 mM KCl, 1 mM EDTA, 1% Triton X-100, and 1x protease
and phosphatase inhibitors (Thermo Fisher)). After filtering and centrifuga-
tion, the protein extract was mixed with 50 ul of protein A-conjugated mag-
netic beads preincubated with 20 ug of polyclonal antibody to GFP (custom
made) for 2 h at 4 °C. After incubation, the beads were washed three times
with wash buffer (20 mM HEPES, pH 7.5, 40 mM KCl, 1 mM EDTA, and 0.1%
Triton X-100), and the proteins were eluted by incubating beads twice with
SDS loading buffer for 10 min at 95 °C.

The immunoprecipitated proteins were separated on a NuPAGE Novex
4-12% Bis-Tris gel, and the gel was stained using the Colloidal Blue Staining
kit (Invitrogen). Each gel lane was cut into 15 bands. After in-gel digestion
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with trypsin, the samples were analyzed on a Thermo Scientific Q Exactive
mass spectrometer using the data-dependent mode. The spectrum data were
searched against the TAIR10 database using Protein Prospector.

BiFC assays. Full-length BRM and REF6 coding sequences were amplified and
transformed into the pPDONR221 vector by BP reaction. The resulting entry
vectors were confirmed by sequencing to ensure that no errors were introduced
by PCR amplification. The inserts were then transferred into the modified
pEarleyGate 201-nYFP or pEarleyGate 202-cYFP vector® by LR reaction.
The constructs were introduced into A. tumefaciens strain GV3101 individu-
ally, and the resulting bacteria were used to infiltrate the lower epidermis of
tobacco (Nicotiana benthamiana) leaves. After 48 h, the fluorescence signals
were visualized using a confocal microscope (Leica Microsystems). Sequences
for the primer used are listed in Supplementary Table 1.

Gene expression analyses. Total RNA was isolated from ~50 mg of plant tissue
using the Plant/Fungi Total RNA Purification kit (Norgen). All RNA sam-
ples were treated with RNase-free DNase (Qiagen). One microgram of RNA
was reverse transcribed into cDNA using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems). Random primers from the kit were
used as primers. Real-time qPCR was conducted using the SsoFast EvaGreen
Supermix kit with the Bio-Rad CFX96 real-time PCR detection system. Results
are repeated for two additional independent RNA samples (biological repli-
cates). GAPDH was used as the internal reference. Sequences for the PCR
primers used in real-time PCR are listed in Supplementary Table 1.

RNA-seq analyses. For genome-wide expression analysis, RNA from 14-d-old
seedlings of wild-type, brm-1, ref6-1, and brm-1 ref6-1 plants was isolated using
the Plant/Fungi Total RNA Purification kit and treated with RNase-free DNase.
RNA from three biological replicates was sequenced separately. Sequencing
libraries were built using the Illumina TruSeq RNA library preparation proto-
col. The libraries were sequenced on the Illumina HiSeq 2500 platform using a
paired-end scheme (2 x 100 bp) with TruSeq v3 chemistry. Reads were mapped
to the TAIR10 Arabidopsis genome using TopHat v2.0.4 (ref. 49) with default
settings, except that a minimum intron length of 20 bp and a maximum intron
length of 4,000 bp were required. Reads that mapped to multiple regions were
discarded. Calculations to identify differentially expressed genes were per-
formed as described®. Genes with at least a twofold change in expression (FDR
=5%, P < 0.01) were considered to be differentially expressed.

Assessment of flowering time and petiole length. Wild-type and mutant
plants were grown side by side in soil at 22 °C with 16-h light/8-h dark cycles.
The number of rosette leaves was determined when the first flower opened.
The petiole length of the fifth true leaf was measured for each plant 40 d after
germination. For each genotype, at least 17 plants were analyzed, and the
analysis was repeated three times independently.
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