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ABSTRACT

ATP-dependent chromatin remodeling complexes
are important regulators of gene expression in Eu-
karyotes. In plants, SWI/SNF-type complexes have
been shown critical for transcriptional control of
key developmental processes, growth and stress re-
sponses. To gain insight into mechanisms underly-
ing these roles, we performed whole genome map-
ping of the SWI/SNF catalytic subunit BRM in Ara-
bidopsis thaliana, combined with transcript profiling
experiments. Our data show that BRM occupies thou-
sands of sites in Arabidopsis genome, most of which
located within or close to genes. Among identified di-
rect BRM transcriptional targets almost equal num-
bers were up- and downregulated upon BRM deple-
tion, suggesting that BRM can act as both activa-
tor and repressor of gene expression. Interestingly,
in addition to genes showing canonical pattern of
BRM enrichment near transcription start site, many
other genes showed a transcription termination site-
centred BRM occupancy profile. We found that BRM-
bound 3′ gene regions have promoter-like features,
including presence of TATA boxes and high H3K4me3
levels, and possess high antisense transcriptional
activity which is subjected to both activation and
repression by SWI/SNF complex. Our data suggest
that binding to gene terminators and controlling tran-
scription of non-coding RNAs is another way through
which SWI/SNF complex regulates expression of its
targets.

INTRODUCTION

Genes are packed into chromatin, which explains the need
for chromatin remodelling to ensure access to regula-
tory sequences. This activity is mediated by multi-subunit
complexes that use the energy derived from ATP hydrol-
ysis to alter the interactions between histone octamers
and DNA (1,2). Initially discovered in S. cerevisiae, chro-
matin remodelling complexes belonging to the SWI/SNF
class are probably the most comprehensively studied ones,
with a well-established role in gene expression regulation.
The SWI/SNF complexes are assembled around a cen-
tral SNF2-type ATPase containing a C-terminal bromod-
omain. Purified ATPase proteins have been shown to re-
model nucleosomes in vitro, reflecting the central function of
this subunit (3). Binding sites of SNF2 ATPases have been
repeatedly mapped genome-wide in yeast and animals, re-
vealing a strong preference for promoters in yeast (4) and
targeting to both promoters and other regulatory elements
like enhancers and super enhancers in animals (5–9). SNF2
ATPases may act as activators or repressors of gene ex-
pression (1,10). Recently, SWI/SNF complexes have also
been implicated in regulation of non-coding transcription
originating from promoters, enhancers, intergenic regions,
and transcription termination sites (TTS) of protein-coding
genes (11,12,6).

In Arabidopsis, the SNF2 family is represented by four
ATPases: BRAHMA (BRM), SPLAYED (SYD), CHR12
and CHR23 (13,14). BRM is the only subunit with the
C-terminal bromodomain and is therefore considered to
be the closest homolog of the yeast and animal ATPases.
Arabidopsis brm null mutants display pleiotropic pheno-
types (15), reflecting diverse functions of this protein in
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plant development and growth. Indeed, BRM was found
to be essential for transcriptional control of key genes in-
volved in: cotyledon separation, repression of seed matu-
ration and embryogenesis, flower patterning, cell division
during leaf development, root stem cell niche maintenance,
inflorescence architecture, flowering (16–23), as well as abi-
otic stress responses and hormonal responses to abscisic
acid, gibberellins, cytokinins and auxins (24–28). Other core
subunits of Arabidopsis SWI/SNF complex like SWI3 and
SWP73 proteins were also shown to participate in these pro-
cesses (18,23,29–34), suggesting that BRM performs most
of its functions as core ATPase subunit of SWI/SNF com-
plex. BRM functions are partially redundant with those
of SYD ATPase, as brm syd double mutant is lethal (35).
Although many processes controlled by BRM at differ-
ent developmental stages have been recently uncovered, the
molecular network through which it regulates plant growth,
as well as general mode of its action, have not been exten-
sively analyzed and remain largely unknown. A recent work
has demonstrated that BRM binding at some of its targets
identified using BRM-GFP tagged line, requires an H3K27
demethylase REF6 (36), suggesting that those BRM targets
(∼12%) might be specified by a REF6 DNA-binding prop-
erties (36).

In this study we have used a complementary approach of
genome wide mapping of BRM binding, using highly spe-
cific anti-BRM antibodies. By combining this analysis with
gene expression profiling of brm-1 knockout plants, we have
identified genes that are likely direct targets of BRM tran-
scriptional regulation. We have chosen to use Agronomics
tiling arrays (37) that enable both detection of protein-
bound genomic regions and sensitive measure of changes in
the levels of sense and antisense transcripts using the same
platform. Our analyses demonstrate that BRM is a direct
regulator of key genes functioning in known and new signal-
ing pathways, the mis-regulation of which is likely respon-
sible for many of the phenotypes observed in brm mutants.
Importantly, our data reveal that BRM can act as both posi-
tive and negative regulator of its targets. In addition, we find
that while BRM predominantly regulates its target genes
by binding to their promoters, many genes are bound by
BRM at their 3′ ends. We show that these 3′ regions serve
as promoters of non-coding transcription extensively regu-
lated by BRM. Given that terminator-bound genes are mis-
regulated in brm-1 mutant as often as the promoter-bound
targets, our data are consistent with a view that Arabidop-
sis SWI/SNF complex, in addition to the promoter-centred
gene expression regulation pathway, controls expression of
many of its targets by binding to their 3′ ends and directly
controlling transcription of non-coding RNAs originating
therefrom.

MATERIALS AND METHODS

Plant lines

Arabidopsis thaliana wild type and all mutant lines were of
the Columbia-0 (Col-0) ecotype. The brm-1, brm-3, brm-5,
swi3c-2 and swi3d-1 mutant alleles were characterized pre-
viously (15,17,38,34). Arabidopsis transgenic plants were
generated using A. tumefaciens-mediated transformation
following the vacuum infiltration method (39).

Cloning of genetic constructs

For the construction of the following con-
structs, pASAt1g18700::LUC, pASAt1g70300::LUC,
pASAt2g23760::LUC, pASAt2g29090::LUC,
pASAt3g16785::LUC, pASAt1g18690::LUC,
pASAt2g29080::LUC, pASAt5g21326::LUC the respec-
tive genomic regions, we have selected and amplified:
At1g18700 (+440; −1941), At1g70300 (+1747; −1273),
At2g23760 (+3019; −413), At2g29090 (+3122; −364),
At3g16785 (+2334; −391), At1g18690 (+793; −1245),
At2g29080 (+506; −821), At5g21326 (+493; −1236)
from Arabidopsis Col-0 genomic DNA and cloned into
pGWB635 (40). As ncRNA genes do not have open read-
ing frame we could not use conventional reporter systems
to monitor ncRNA activity. To overcome this problem,
the IRES sequence (Internal Ribosomal Entry Site) was
fused between AS promoter sequence and reporter gene.
This allows the translation of non-coding transcripts
containing premature terminations in front of the open
reading frame of the reporter gene. Promoters were am-
plified from genomic Col-0 DNA, cloned into modified
pENTR-D/TOPO vector and sequenced. Corresponding
entry clones, with sense and antisense promoters were
used in LR recombination reactions to deliver them into
a gateway compatible expression vector of pGWB series
(40), pGWB635, containing luciferase marker gene (LUC).
BRM cDNA in pENTR-D/Topo was kindly provided
by Dr Xiuren Zhang (Texas A&M University) and used
in LR reaction for delivering into pGWB602 expression
vector. BRM cDNA was also PCR-amplified and cloned
into pCambia1300 containing 35S promoter. To create
BRM containing a mutation in the ATP binding site re-
producing the human BRG1 ATPase-dead point mutation
(Supplementary Figure S14D), gene specific BRM cDNA
fragment was PCR amplified using primers with intro-
duced mutation corresponding to lysine 1012 to arginine
substitution in BRM protein. The fragment (BRMmut)
was cloned into pJet 1.2 vector and sequenced to verify
the presence of the mutation. Next, BRMmut fragment
was directly integrated into 35S::BRM::pGWB602 by
restriction cloning via NdeI-AgeI restriction sites to create
35S::BRMmut::pGWB602. All genetic constructs were
transformed into Agrobacterium tumefaciens GV3101
strain and subsequently used for transient assays or
generation of stable transgenic lines.

Transactivation experiments and transient expression in Ara-
bidopsis seedlings

Data shown in Figure 5E and Supplementary Figure S13,
S14 were generated using transient Arabidopsis transforma-
tion protocol based on cocultivation of young Arabidopsis
seedlings with Agrobacterium tumefaciens. We used a mod-
ified Fast Agro-mediated Seedling Transformation method
published by (41). This approach was successfully used to
express constructs driven by different sense/antisense pro-
moters in Arabidopsis seedling cotyledons. Transformed
into Agrobacterium tumefaciens GV3101 strain promoter-
luciferase fusion constructs were used as ‘reporter’ and
35S::BRM as ‘effectors’ constructs in our assays. For
transient expression, about 35–40 5-days-old Arabidopsis
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seedlings were cocultivated with selected ‘reporter’ and ‘ef-
fectors’ constructs for 2 days in cocultivation media [0.25
MS, pH6; 100 �M acetosyringone; 0.005% Silwet]. After
cocultivation, seedlings were surface sterilized with 0.1%
bleach for 10 min, then washed twice in sterile ddH20 and
transferred to MS solid plates for imaging. Transformed
Arabidopsis seedlings were kept in Percival growth chamber
for 2–3 h and then subjected to LUC imagining using Night-
SHADE LB 985 in vivo Plant Imaging System (Berthold).
Taking into account variability in transfection, we counted
only experiments with transfection rate 75% and higher.
Similar results were obtained using both constructs express-
ing BRM.

BRM Western blot and immunoprecipitation

Nuclear extracts were obtained using nuclei isolated from 3
g of Arabidopsis seedlings according to the protocol of (42)
except that the nuclei were re-suspended in IP1 buffer (20
mM Hepes-KOH pH 8.0, 0.15 M KCl, 5 mM MgCl2, 0.2%
Triton X-100, 10% glycerol, 1 mM dithiothreitol, 0.1 mM
ethylenediaminetetraacetic acid, 0.1 mM PMSF, protease
inhibitors (Complete ethylenediaminetetraacetic acid-free,
Roche), digested with DNase and RNase for 1 h at 4◦C and
lysed by sonication in a sonicator bath (Diagenode). Nu-
clear extracts were centrifuged for 5 min at 12 000 x g at
4◦C and the supernatant was used for BRM immunodetec-
tion or immunoprecipitation experiment.

For BRM immunoprecipitation, 4 �g of anti-BRM anti-
body or pre-immune serum was bound to Dynabeads Pro-
tein A resin as recommended by the manufacturer (Invitro-
gen) and incubated with ∼100 �g of nuclear extract or to-
tal protein extract at 4◦C. After 6 h incubation with gentle
mixing, the beads were washed 4 times with IP1 buffer and
bound protein was eluted with elution buffer (1% sodium
dodecyl sulphate, 0.1 M NaHCO3) at room temperature. A
portion of the recovered proteins was resolved by polyacry-
lamide gel electrophoresis and the presence of BRM was
determined by Western blotting using anti-BRM antibod-
ies or visualized on silver-stained gel. Bands corresponding
to full length or truncated BRM protein present in brm-3
mutant were excised from the gel and proteins were identi-
fied using mass spectrometry.

For BRM detection after luciferase activity analysis,
roughly 20 transformed seedlings were placed in a 1.5 ml
eppendorf tube and homogenized by grinding with a plas-
tic pestle in the presence of 50 �l of 2xNuPAGE sample
buffer containing 2-Mercaptoethanol. Mixture was boiled
for 10 min at 95◦C. The supernatant after a centrifugation at
4000 x g for 5 min was loaded for sodium dodecyl sulphate-
polyacrylamide gel electrophoresis analysis. Western analy-
ses were performed as described (29).

ChIP-qPCR and ChIP-chip experiments

ChIP experiments were performed as described previously
(26) with some modifications. Chromatin was isolated from
3-week-old seedlings of wild-type (Col-0) and brm-1 mu-
tant grown under long-days conditions. For BRM ChIP,
anti-BRM antibody was used (29). For histone modifica-
tion ChIP experiments (Supplementary Figure S9), anti-

H3 (ab1791, Abcam), anti-H3K4me3 (C15410003, Diagen-
ode), anti-H3K27me3 (C15410195, Diagenode) or anti-
H3K9me2 (ab1220, Abcam) were used. Antibodies were
bound to Dynabeads Protein A (Invitrogen) and incubated
overnight with isolated chromatin. The extracted DNA was
resuspended in 100 �l of water. ChIP enrichment was de-
termined by qPCR using LightCycler 480 SYBR Green I
Master mix (Roche). Reactions were performed with 2 �l
of immunoprecipitated DNA as template. The amount of
ChIP DNA was calculated based on the standard curve and
relative to input samples for each pair of primers. The TA3
retrotransposon and PP2A coding sequence served as con-
trols. Primers used are listed in Supplementary Table S7.

For ChIP-chip experiment, DNA from BRM ChIP and
input samples (two biological replicates) were subjected to
two rounds of amplification using a WGA2 Kit (Sigma-
Aldrich), according to the manufacturer’s protocol. Four
micrograms of DNA was used for fragmentation and label-
ing according to Affymetrix chromatin immunoprecipita-
tion assay protocol (P/N 702238 Rev.4) using a GeneChip
WT Terminal Labeling Kit (Affymetrix). Labeled DNA
was hybridized to the Agronomics microarray (37) using a
GeneChip Hybridization Wash and Stain Kit according to
the manufacturer’s recommendations (Affymetrix).

Microarray gene expression profiling

Material was collected from 3 weeks-old WT and brm-1
seedlings grown in soil under long-day conditions. Total
RNA was extracted using RNeasy plant mini kit (Qiagen)
according to the manufacturer’s protocol, followed by treat-
ment with TURBO DNase (Ambion) and RiboMinus™
Plant Kit (Invitrogen) to reduce the rRNA fraction. The
quantity and quality of the isolated RNA was determined
using a NanoDrop ND1000 spectrophotometer (Nanodrop
technologies) and RNA integrity was assessed with a Bioan-
alyzer 2100 (Agilent Technologies). RNA (100 ng) was used
for cDNA synthesis with an Ambion WT Expression Kit.
After fragmentation and labeling with a GeneChip WT Ter-
minal Labeling Kit (Affymetrix), 5.5 �g of cDNA was hy-
bridized with an Agronomics array (37) using a GeneChip
Hybridization Wash and Stain Kit, according to the manu-
facturer’s recommendations (Affymetrix). Three biological
replicates were examined for each genotype.

Data analysis

ChIP-chip microarray probe signals were extracted using
Affymetrix apt-cel software. As AGRONOMICS1 tiling ar-
rays contain probes from both genome strands, signals for
both strands were merged for each replicate and then trans-
formed to TAIR10 coordinates. The signal was then nor-
malized separately for each of the two biological replicates.
To determine the correlation between biological repeats,
Pearson correlation coefficient was computed using python
scipy.stats module on normalized signals from ChIP and In-
put samples. The Pearson r coefficient was 0.967 between
ChIP replicates and r = 0.943 for Input (Supplementary
Figure S1), indicating that the ChIP-chip experiments were
reproducible. The average of the replicates for each probe
was used to compute log2 (IP/Input) for every probe and
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the significant regions were then called by finding maximal
regions of length > 20 probes with enrichment > 2 (log2 en-
richment > 1), for all except at most 3 faulty probes. The re-
sulting 8048 BRM binding sites that corresponded to 4832
nearest neighbor genes were used for calculating BRM pro-
files (Figure 1) and BRM direct targets selection (Figure 2).

To identify different BRM-bound gene clusters (Supple-
mentary Figure S4), BRM ChIP signal around features of
interest (TSS or TTS) was clustered using the k-means al-
gorithm Biopython (43), with k = 2, 3 or 4 and Pearson
correlation-based distance function. For analyses of 5′ and
3′ BRM bound genes, genes were selected based on the aver-
age signal 2000 bp upstream to TSS (−) and 1000 bp down-
stream of TTS region. Gene clusters were defined by at least
log2 enrichment of entire region >0.3 and >1.5 level of
BRM enrichment for 5′ over 3′ and 3′ over 5′ for 5′BRM
and 3′BRM-occupied genes, respectively. Heatmap images
(Figure 3B and Supplementary Figure S6) were performed
in python matplotlib with binning of the signal to bins of
size 50 bp. The same data were used for boxplots (Supple-
mentary Figure S12A) but only using the gene body part of
the signal profile. Histone modification and DNA methy-
lation profiles were computed as average signals for 50-bp
windows, beginning at the 5′ and 3′ ends of genes.

For transcript profiling, probe intensities for strand-
specific signals were extracted using Affymetrix apt-cel soft-
ware. The AGRONOMICS1 tiling array contains probes
from both genome strands, and can be used to simulta-
neously estimate levels of sense and antisense transcripts.
Probe positions were transformed to the TAIR10 genome
assembly. The signal was normalized separately for each of
the three biological replicates and the average of the repli-
cates for each probe was used. The average of 20 probes with
highest signal was counted for each gene in WT and brm-1
mutant and used to detect differentially expressed genes.

ChIP-chip and microarray expression data have been
submitted to GEO database under accession number
GSE71657.

GEO term analyses

Gene lists generated were analyzed using AgriGO (44) and
GORILLA (45). Resulting gene ontology (GO) term lists
are shown in Figure 2D, Supplementary Figure S7 and Sup-
plementary Tables S4 and S5.

DNA motif analysis

Differential motif analysis was performed for 500 bp
located behind TTS of 3′BRM-occupied and 5′BRM-
occupied genes as positive and negative sets respectively, us-
ing Amadeus tool (46) with default parameters. Sense pro-
moters showed similar number of TATA elements per se-
quence with 10,7 for BRM5′ and 10,5 for BRM3′-occupied
genes. BRM-enriched terminator regions showed on aver-
age 8,8 TATA box elements compared to 7,9 for genes with
5′ centered BRM occupancy (P-value< 0.0001, CHI square
test).

Antisense quantification

We generated a deep RNA database by merging previously
generated RNA seq (47) data for WT Arabidopsis acces-
sions (SRR748577, SRR748578, SRR748581, SRR748582,
SRR748583, SRR748584, SRR748585, SRR748616,
SRR748632). Log2 of gene length-normalized number of
reads was used for quantification after filtering outliers for
40–60% of distribution. Only genes located at least 750 bp
from nearest annotated gene were used for Supplementary
Figure S11.

RNA extraction and RT-qPCR analyses

Total RNA was extracted from seedlings using phenol–
chloroform procedure (48). RNA samples were treated with
TURBO DNase (Ambion), according to standard manu-
facturer protocol and efficiency of DNA removal was ana-
lyzed using PCR with PP2A primers. Quality and amount
of RNA samples were tested on 1.2% agarose gel and Nan-
odrop 2000. A total of 3.5 �g RNA was used for cDNA syn-
thesis from seedlings (sense and antisense); cDNA for sense
transcript was synthesized using oligodT primers. cDNAs
for antisense transcripts were synthetized using gene specific
primers. Expression levels were assayed by qPCR in Light-
Cycler ® 480 Instrument II device, using SYBR Green mix
(Roche). Data were normalized using PP2A and UBC (49).
Primers used are listed in Supplementary Table S7.

RESULTS

Genome-wide identification of BRM binding sites

We performed genome-wide localization study of BRM in
3-weeks-old Arabidopsis plants by ChIP-chip using Agro-
nomics whole genome tiling arrays (37) and anti-BRM an-
tibody (29) that allowed us to analyze endogenous protein.
This antibody specifically detected ∼250 kD band in WT
plants that could no longer be detected in brm-1 knock-
out line (15) (Figure 1A). Characterization of the antibody
showed that it can also detect native protein in cell ex-
tract as we could efficiently immunoprecipitate BRM pro-
tein (Figure 1B and C). In agreement with recent finding
that BRM can be phosphorylated by SnRK2.2/2.3 kinases
at C-terminal region (50), two bands corresponding to wild-
type BRM protein were often detected after BRM immuno-
precipitation (Figure 1B and C), while in brm-3 mutant (38)
only one band was detected corresponding to a truncated
BRM protein lacking C-terminal fragment of 454 amino
acids (Figure 1C).

ChIP-chip showed that BRM occupies thousands of sites
in Arabidopsis genome, as we determined 8048 BRM bind-
ing sites that were at least 2-fold enriched compared to in-
put. Most of them (93%) were localized close to or inside
annotated genes. In summary 4832 genes were found to be
bound by BRM (Supplementary Table S1). ChIP-chip repli-
cates were highly reproducible as IP signal from individual
probes and individual inputs showed Pearson correlation
coefficient higher than 0.96 and 0.94, respectively (Supple-
mentary Figure S1). Majority of identified BRM binding
sites were located in the promoters (Figure 1D), of which
28% localized in proximal (defined as 0–500 bp upstream of
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Figure 1. Genome-wide identification of BRAHMA (BRM) occupancy using ChIP-chip. (A–C) Specificity of anti-BRM antibody used for ChIP-chip.
(A) Western blot of nuclear extracts from WT and brm-1 null mutant. (B) Western blot showing precipitation of BRM from WT nuclear extracts; pre-
immunization serum (Pre) was used as a negative control. (C) Silver-stained gel showing immunoprecipitated BRM (asterisks) from WT and brm-3 whole-
cell extracts. (D) Distribution of BRM-bound regions throughout the Arabidopsis genome. (E) BRM occupancy at selected regions around known BRM
target genes SCL3, LOX2 and SVP. Y axis represents BRM enrichment. (F) Frequency of BRM-binding sites across a virtually normalized gene unit.
TSS, transcription start site; TTS, transcription termination site. (G) Analysis of average BRM binding site frequency surrounding the TSS. Genes were
classified into 10 groups based on expression levels.

transcription start site (TSS)) and 16% in distal (500–2000
bp upstream of TSS) promoter regions. The rest of BRM
binding sites were divided nearly equally between gene bod-
ies and 3′ ends of genes (0–1000 bp downstream of TTS)
with each of those accounting for one quarter of genome-
wide BRM binding sites (Figure 1D).

Inspection of BRM binding pattern at known BRM tar-
gets confirmed published results. In particular, we clearly
observed BRM binding at SCL3, LOX2, SVP (26,27,23)
and number of other known direct targets (Figure 1E and
Supplementary Figure S2A). These results were confirmed
for selected genes by ChIP-qPCR using WT and brm-1
plants (BRM knock-out mutant), as negative control (Sup-
plementary Figure S2B). Importantly, BRM binding pat-
tern on these genes revealed by ChIP-chip closely matched
the published BRM patterns including high BRM occu-
pancy at promoter and inside first exon, and low occupancy
inside exon 2 of SCL3 and SVP genes (Figure 1E) (26,23).

In a recent work Li et al. (36) mapped BRM binding sites
in Arabidopsis genome using a BRM-GFP line. We have
therefore compared the BRM bound genes defined by us
with the targets defined by Li et al. This analysis revealed
3026 genes bound by BRM in both ChIP experiments, rep-
resenting respectively 62.5% and 57.5% of all gene targets
reported in our study and in Li et al. (Supplementary Fig-
ure S3). The overlap is statistically significant (P-value <
1 × 10−5), despite different developmental stage analyzed,
and differences in ChIP approach (GFP tagged versus anti-
BRM antibody) and analysis platform (next generation se-
quencing versus microarrays). This confirms the robustness
of our analysis and suggests that BRM can stably bind to
the same group of genes in different plant tissues and growth
conditions. Analysis of average BRM binding distribution
across gene units revealed that majority of BRM binding is
centered near the TSS (Figure 1F). Clustering of Arabidop-
sis genes based on their expression levels showed that the
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Figure 2. Analysis of direct transcriptional BRM targets. (A) Three-week old WT and brm-1 mutant plants used for ChIP-chip and transcriptome analyses.
(B) BRM ChIP-chip and transcript profiling data of WT and brm-1 mutant were used to identify directly regulated genes. (C) Frequency of BRM-binding
sites across a virtually normalized gene unit. Genes were classified into two groups based on expression changes in brm-1 mutant. TSS, transcription
start site; TTS, transcription termination site. Asterisks indicate significant differences between the groups (Wilcoxon test, * P < 0.05; ** P < 0.01; n.s.
not significant). (D) Functional classification of directly regulated genes based on gene ontology (GO) using AgriGo tool. GO categories enriched within
BRM-activated and BRM-repressed targets are shown in blue and red color, respectively.

highly expressed genes are more likely to be bound by BRM
than the low expressed genes (Figure 1G). We also noted a
smaller second peak of BRM binding signal at TTS (Fig-
ure 1F). Indeed, unsupervised clustering of BRM localiza-
tion produced three different classes of BRM-bound genes,
with BRM localized at the 5′ end, 3′ end or both ends (Sup-
plementary Figure S4). Clustering profiles for 4 clusters did
not reveal additional distinct BRM binding patterns (Sup-
plementary Figure S4).

Analysis of direct transcriptional BRM targets

To further characterize the role of BRM in regulation of
gene expression, we performed transcript profiling of 3
weeks-old WT and brm-1 mutant plants (Figure 2A) us-
ing strand-specific whole genome Agronomics tilling arrays
(the same as used for ChIP-chip). This type of arrays allows
measuring expression of more than 90% of the annotated
Arabidopsis genes (37). We have used this data to find di-
rect transcriptional BRM targets, defined as genes occupied
by BRM and displaying altered expression in brm-1 mutant
(Figure 2B). Approximately 20% of genes bound by BRM
showed significantly changed expression in the mutant rel-

ative to WT with applied criteria (Fc > 1.25, FDR < 0.01)
(Supplementary Table S2). This relatively small number of
affected genes is in line with published reports showing that
the vast majority of genes occupied by animal SWI/SNF do
not show altered expression in SWI/SNF knock-outs (51).
Roughly half of so defined direct transcriptional BRM tar-
gets (472 out of 999 genes) were up- and another half (527
genes) downregulated in brm-1 mutant (Supplementary Ta-
ble S3), suggesting that in plants BRM works as both ac-
tivator and repressor of gene expression. This is in agree-
ment with the data published so far. For example, BRM
direct targets SCL3 and SVP were down-regulated, while
ABI5 was up-regulated in brm mutants (23,24,26). The abil-
ity to both activate and repress gene expression has also
been demonstrated for BRM homologs in animals (10). In-
terestingly, although meta-gene profiles for target genes up-
and down-regulated in brm-1 are overall similar, genes up-
regulated in brm-1 are more likely to be bound by BRM
around TSS when compared to down-regulated targets. In
contrast, target genes down-regulated in brm-1 show a rel-
ative increase in BRM binding at TTS compared to up-
regulated genes. These differences, although small, were sta-

 at A
B

E
 M

arketing on January 17, 2017
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

http://nar.oxfordjournals.org/


Nucleic Acids Research, 2016 7

Figure 3. Characterization of 3′ BRM bound genes. (A) Example of 3′ BRM-occupied gene (At1g18700) from whole-genome ChIP-chip using anti-BRM
antibodies, y-axis represents BRM enrichment. (B) BRM occupancy along genes; genes with BRM bound at 5′ end or near 3′ end are shown. TSS and
TTS represent aligned transcription start and transcription termination sites, respectively, of genes in each class. (C) Expression levels of all, 5′ and 3′
BRM-occupied genes using RNAseq data from (47). Asterisks indicate significant differences between the 5′BRM and 3′BRM groups (Wilcoxon signed-
rank p-test; *** P < 0.001; n.s. not significant). (D) Comparison of expression of 5′ and 3′ BRM-occupied genes in brm-1 null mutant and WT plants. (E)
RT-qPCR analysis of mRNA expression for selected 3′ BRM-bound genes in brm-1 mutant and WT. * significant change between brm-1 and WT (t-test,
P < 0.05).

tistically significant for regions 1kb upstream of TSS and 1
kb upstream of TTS (Figure 2C).

Analysis of BRM-activated and BRM-repressed direct
targets showed an enrichment in GO terms related to hor-
mone responses – 42 and 30 genes (P-value 2.4 × 10−10 and
8.6 × 10−6), stress and environmental responses – 42 and 42
genes (P-value 9.8 × 10−6 and 7.4 × 10−7), biotic stresses
– 33 and 42 genes (P-value 2.5 × 10−10 and 9.5 × 10−18)
and diverse cellular processes – 78 and 73 genes (P-value
4.6 × 10−6 and 2.3 × 10−6) for down- and up-regulated
genes, respectively (Figure 2D, Supplementary Figure S5
and Supplementary Tables S4 and S5). Interestingly, some
of the GO categories were enriched exclusively in BRM-
activated or BRM-repressed groups of targets. The BRM-
activated genes were primarily enriched in categories of jas-
monic acid and gibberellic acid responses, as well as re-
sponse to drought, while BRM-repressed genes were pri-
marily enriched in categories of salicylic acid and light re-
sponses (Figure 2D).

In summary, our whole genome profiling of BRM showed
that BRM binds almost 5000 of gene regions and is as likely
to repress, as it is to up-regulate its direct targets. The ma-
jority of BRM binding sites are located at promoter regions.
However, almost 1/4 of BRM binding sites are located at 3′
ends of genes (TTS regions). Interestingly, genes down reg-
ulated in brm-1 mutant showed a more pronounced BRM
binding at TTS compared to up regulated genes.

Genes occupied by BRM at 3′ ends

It is known that genes are often structured as gene loops
(52–54). In agreement, multiple factors bound to promoter
regions are also found at transcription terminators (55–57).
Our analysis revealed that BRM is often localized simul-
taneously at 5′ and 3′ ends of genes (Supplementary Fig-
ure S4). Despite this, we found a relatively large number of
genes with predominant BRM binding at either 5′ or 3′ ends
(Supplementary Figure S4). To investigate the role of BRM
binding at 3′ versus 5′ ends of genes, we selected a set of
genes with BRM present preferentially at the 3′ or the 5′
gene regions (Figure 3A). To this end, BRM ChIP-chip data
were re-analyzed, so that genes were divided into three parts
(2 kb upstream of TSS, gene body, and 1 kb downstream of
TTS), and the average BRM signal for each entire region
was calculated (Supplementary Figure S6). To focus exclu-
sively on 5′ and 3′-bound targets, genes bound by BRM at
both 5′ and 3′ ends were excluded. Such re-analysis gave
3835 genes with the BRM signal enriched around their 5′
end and 1759 genes with BRM detected predominantly at
the 3′ end (Figure 3B and Supplementary Table S6).

Comparison of GO terms enrichment among 5′ and
3′BRM-bound targets showed similar GO categories in
both groups, mostly associated with responses to different
types of signals (Supplementary Figure S7), in agreement
with our previous analysis (Figure 2C). Also comparison of
mRNA levels showed that the 3′ and 5′BRM-bound genes
represent similarly expressed, mostly active genes (Figure
3C). We concluded that BRM target genes bound at 5′ and
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3′ end are similar in regard to their expression levels and
functions.

BRM controls mRNA expression of 3′-bound genes

To test if 3′BRM-bound genes are regulated by BRM in a
similar or different way than 5′BRM targets, we compared
expression changes within 3′ and 5′BRM-bound genes us-
ing our brm-1 mutant microarray data. Out of the 3835
5′BRM-occupied genes 723 (18.9%) showed significantly
changed expression relative to WT plants (Figure 3D). No-
tably, 338 (19.2%) of the 1759 3′BRM-occupied genes were
affected as well (Figure 3D). This result has been validated
by RT-qPCR for a set of randomly selected 3′BRM tar-
gets. RT-qPCR showed that 3 out of 6 tested 3′BRM-bound
genes were significantly mis-regulated in brm-1 mutant (Fig-
ure 3E). Together, these data show that 3′BRM-occupied
genes are as likely to be misregulated in brm mutant as are
the 5′BRM bound genes, suggesting that they represent le-
gitimate, direct targets of the BRM-containing SWI/SNF
complex.

BRM binding profiles indicated that BRM occupancy for
target genes down-regulated in brm-1 was relatively higher
at TTS region compared to genes up-regulated in brm-1
(Figure 2C). In agreement, whereas close to half of 5′BRM
occupied genes were down- and another half up-regulated
in brm-1 mutant, as much as 63% of 3′BRM-bound genes
that were mis-regulated showed down regulation in brm-1
mutant (Figure 3D). This suggests that BRM is more likely
to up-regulate gene expression when it is bound at 3′ end of
a gene.

BRM-bound terminators resemble promoters and show high
antisense transcription

In order to characterize the mechanism by which BRM con-
trols expression of terminator-bound genes, we performed
de novo motif discovery using the 3′ regions of those genes,
and as a negative set, the corresponding regions of genes
occupied by BRM at the 5′ end (Figure 4A). Several over-
represented motifs were found (Supplementary Figure S8),
including a motif highly reminiscent of a TATA box (Fig-
ure 4B). Re-analysis of the putative TATA box elements in
promoter region of 5′ and terminator region of 3′BRM-
occupied genes showed no statistical differences, suggest-
ing that the TATA boxes enriched around TTS of 3′BRM-
occupied genes may represent genuine TSS.

To learn more about 3′BRM-bound genes, we used pre-
viously generated whole genome data for several histone
marks (58–60) and DNA methylation (61), and profiled
their occupancy across 5′ and 3′BRM-bound genes as well
as genes not bound by BRM (Figure 4C and D). We no-
ticed that TTS regions of 3′BRM-bound genes show many
features of promoters, as exemplified by TSS of 5′BRM-
occupied genes. In particular, the H3 level at TTS of
3′BRM-bound genes showed a localized and statistically
significant decrease compared with that of TTS of either
5′BRM-bound or BRM not bound genes (Figure 4C). Tran-
scription initiation sites of actively transcribed genes are of-
ten marked by specific chromatin modifications, of which
histone H3 lysine 4 tri-methylation (H3K4me3) is the most

studied one. The 5′BRM-occupied genes showed a canoni-
cal H3K4me3 profile with a strong enrichment around TSS.
In contrast, 3′BRM-occupied genes showed a much broader
pattern of H3K4me3 distribution, suggesting the presence
of a second peak around the TTS (Figure 4C). Statistical
analysis showed that this difference is significant (Figure
4C). In addition we performed independent ChIP qPCR
experiment and tested the levels of H3K4me3 at selected
5′BRM and 3′BRM-bound targets. This analysis showed
that selected 3′BRM but not the 5′BRM bound genes show
high H3K4me3 signal at their TTS (Supplementary Figure
S9), confirming our whole genome analysis. Consistent with
the observation that both 5′ and 3′BRM targets are active
genes with relatively high expression levels (Figure 3C), they
showed low levels of H3K27me3 and H3K9me2 repressive
marks (Supplementary Figures S9 and S10).

We have also analyzed DNA methylation profile of 5′
and 3′BRM bound genes. The most pronounced changes
could be observed in case of CpG methylation. Both 5′
and 3′BRM occupied genes showed lower methylation lev-
els than all other genes (Figure 4D and Supplementary Fig-
ure S10). Interestingly, 5′ and 3′BRM-bound genes showed
the most pronounced reduction of methylation in all con-
texts along the promoter and terminator regions, respec-
tively. In addition, 3′ BRM-bound genes are characterized
by low level of CG methylation in gene bodies (Figure 4D).
The significance of this observation is unclear at present, as
the role of gene body methylation is poorly understood (62).

To conclude, the TTS regions of 3′BRM-occupied genes
show promoter-like features, including low H3 and high
H3K4me3 levels that are absent from the TTS of 5′BRM-
bound genes. Together with low levels of repressive his-
tone marks and DNA methylation, this suggests that BRM-
occupied gene terminators may represent active promot-
ers of antisense transcription. Consistent with this hypoth-
esis, quantification of sense and antisense reads across
5′BRM-occupied and 3′BRM-occupied genes revealed a
significantly higher level of antisense reads for the latter
(Wilcoxon signed-rank p-test < 2.2e−16) and no difference
in the sense transcripts levels (Wilcoxon signed-rank p-test
0.4845) (compare Figures 4E and 3C), when analyzed using
RNA sequencing data (47). Since that observation could
in principle be explained by the proximity of the 3′BRM-
occupied genes to other genes, we repeated the analysis on a
subset of genes selected to be positioned clearly away from
nearby genes, reaching the same conclusions (Supplemen-
tary Figure S11).

SWI/SNF complex regulates antisense transcription from
gene terminators

The design of our whole genome study allowed us to in-
terrogate not only sense transcription but also antisense
signals along the genes affected in brm-1 mutant. We did
not detect any global changes in antisense signal in 3′ or
5′BRM bound genes when we compared WT and brm-1 mu-
tant (Supplementary Figure S12A). However, inspection of
3′BRM-occupied targets showed that at interrogated genes
brm-1 strongly affects antisense transcripts at 3′ end of genes
(Figure 5A, B and C). The examination of the sense strand
indicated a concomitant change of sense signal that could
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Figure 4. TTS regions occupied by BRM act as promoters of antisense transcription. (A) Schematic of de novo motif discovery procedure used to define
motifs enriched in 500 bp region behind TTS (highlighted in blue) of 3′BRM-occupied genes. Black rectangles represent genes and dashed lines indicate
BRM binding sites. (B) Weblogo of discovered motif, with canonical TATA box motif shown below, y-axis – information context. (C) Genes were grouped
based on BRM occupancy into 5′, 3′ and BRM – not bound, and for each class occupancy profiles along a 1 kb region around TSS and TTS were plotted.
Top to bottom occupancy profile of H3 and H3K4me3, using published ChIP-seq data (58–59). (D) CG DNA methylation profiles for 5′BRM, 3′BRM
and BRM – not bound genes for a 1 kb region around TSS and TTS were plotted based on (61). (E) 3′BRM-occupied genes show high antisense levels.
RNAseq data (47) were combined, normalized for gene length and average for each gene category was plotted. Asterisks in C, D and E indicate significant
differences between the 5′BRM and 3′BRM groups (Wilcoxon test, *P < 0.05; **P <0.01; ***P < 0.001; n.s. not significant).

either occur in the same or opposite direction compared
to antisense transcript change (compare Figure 5A and B).
The concomitant change of antisense and sense transcrip-
tion at 3′BRM bound genes indicates a possible role of
BRM-dependent antisense transcripts in regulation of sense
expression.

To confirm those findings, we analyzed levels of six anti-
sense transcripts originating from terminators using strand
specific RT-qPCR in WT and brm-1 knock-out plants. In
agreement with the lack of global change in antisense sig-
nal from microarrays, brm-1 mutant showed both up- and
down-regulation of antisense transcripts. In three cases an-
tisense transcripts were significantly upregulated in the mu-
tant and in three other cases the antisense levels were re-
duced (Figure 5D). Similar results were obtained for an ex-
tended set of genes (Supplementary Figure S12B). These re-
sults confirm that 3′BRM-bound genes indeed tend to pro-
duce antisense transcripts and suggest that BRM is able to
regulate TTS-derived antisense transcription. Changes ob-
served at individual genes by RT-qPCR (Figure 5D) were
in good agreement with our tilling array data (Figure 5A,
B and C). Next we analyzed expression of those antisense
transcripts in swi3c and swi3d mutants, defective in ho-
mologs of the conserved SWI3 subunit of SWI/SNF com-
plex (Figure 5D) (34). We detected mis-regulation of an-
tisense transcripts similar to that observed in brm-1, sug-
gesting that the BRM-dependent control of the antisense
transcription originating at TTS requires the activity of the
whole SWI/SNF complex.

Antisense transcription is often linked to sense transcrip-
tion in a complicated loop where they affect each other ex-
pression (63). We therefore detached the TTS-localized an-
tisense promoters from the effect of sense transcription by
cloning selected transcription terminator regions in front of
an IRES-LUC reporter (Internal Ribosome Entry Site). Pu-
tative antisense promoter regions were selected to include

2 kb downstream from TTS or to beginning of next gene
and 3 kb inside gene body unless there was a clear polyA
signal detected (64). For this analysis we selected six target
genes that showed 3′BRM binding pattern (Figure 3B) and
presence of antisense signal (Figure 4E). The TTS of three
out of six 3′BRM-occupied genes tested showed clear anti-
sense transcriptional activation upon transient BRM over-
expression (Figure 5E and Supplementary Figure S13A).
Transcriptional activity of two other TTS regions was sup-
pressed by BRM. Data from mutant analysis and transac-
tivation studies are mostly consistent, as the antisense tran-
scripts up-regulated in the absence of BRM (brm-1 mu-
tant) were down-regulated by addition of BRM (2 out of
3 tested), whereas the opposite could be seen for antisense
transcripts down-regulated in brm-1 mutant (3 out of 3)
(compare Figure 5D and E). Notably, putative antisense
transcripts driven by two randomly selected terminators did
not show BRM-dependent response (Supplementary Fig-
ure S13B), indicating specificity of our assay. Stable lines
generated for the 3′ region of one of the targets showed
strongly reduced LUC reporter activity in brm-1 and brm-3
backgrounds (Figure 5F and Supplementary Figure S14A),
in good agreement with the observed transactivation of this
construct by BRM in the transient assay (Figure 5E).

Finally, we sought to test if the transactivation by BRM
is dependent on its ATPase activity, as it was shown be-
fore to be required for chromatin remodeling in human (65–
67). Transient transformation with constructs encoding ei-
ther BRM-targeted sense or antisense promoter fused with
LUC, showed reduced activity in hypomorphic brm-3 (38)
as well as in brm-5 mutant (17) containing a point muta-
tion in the ATPase domain (Supplementary Figure S14B).
This was further corroborated by independently generated
point mutant in the BRM catalytic center that was unable
to activate both sense and antisense expression in the tran-
sient transactivation system (Supplementary Figure S14C
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and D). These results suggest that both promoter-bound
and terminator-bound BRM targets require BRM ATPase
activity for sense and antisense transcription regulation.

We concluded that BRM acts as a regulator of antisense
transcription at genes where it shows a 3′-centered occu-
pancy profile. Our data show that in Arabidopsis SWI/SNF
not only suppresses but can also act as a positive regula-
tor of antisense transcription similarly to what has been es-
tablished for SWI/SNF activity toward sense promoters of
protein coding genes (Figure 5G).

DISCUSSION

Functions of SWI/SNF complexes have been extensively
characterized in yeast and animals, including their global
binding patterns (10,68,69). Recently, understanding of
SWI/SNF roles in plant growth and development has also
greatly improved, including a proposed role of histone
demethylase REF6 in target specification (13,36). In this
work we undertook global approach to gain more extensive
view into the biological roles and general mode of action of
SWI/SNF catalytic subunit BRM.

We have mapped over 8000 binding sites of endogenous
BRM protein using specific anti-BRM antibody. Analysis
of BRM binding pattern indicates that BRM is almost ex-
clusively associated with genes, as nearly 93% of detected
binding sites were found to locate within or close to gene
units (from 2 kb upstream of TSS to 1 kb downstream of
TTS). This binding pattern has a number of interesting sim-
ilarities with published whole genome patterns of animal
BRM homologs. Firstly, both human ATPase BRG1 and
Arabidopsis BRM display preferential binding at highly ex-
pressed, active genes (7). Moreover, unlike yeast SNF2 AT-
Pases that bind almost exclusively to promoters near the
TSS site (4), Arabidopsis BRM and mammalian BRG1 bind
not only proximal regions of promoters, but also distal pro-
moter regions, gene bodies and gene terminators (5,7,51). In
addition, like mammalian homologs, BRM is able to both
activate and repress its target genes. On the other hand, only
7% of BRM binding sites could be classified as intergenic re-
gions (Figure 1D), while animal SWI/SNF-like complexes
have been shown to frequently bind enhancers and other
regulatory elements (10). This could reflect the relatively
small size of Arabidopsis genome and its dense gene ar-
rangement. Our data are in good agreement with recently
generated data using GFP tagged BRM (36) that showed
BRM binding at 5278 genes, very similar number to 4832
genes determined by us using a highly specific BRM anti-
body.

Previous genetic studies describing brm mutant pheno-
types and expression profiles using ATH1 microarrays sug-
gested that BRM directly or indirectly regulates hundreds
of genes. By comparing BRM-bound genes with genes dis-
playing altered expression in brm-1 null mutant we obtained
a list of genes that are likely direct transcriptional targets
of BRM. Analysis of so defined BRM transcriptional di-
rect target genes revealed both known and new pathways in
which BRM play significant roles (Supplementary Figure
S5). Hormone and stress responses were the most enriched
GEO categories in our analysis (Figure 2D). In agreement
with previous findings, BRM appears to regulate gibberellin

and ABA responses, as well as response to drought (26,24).
Other abiotic stress responses found to be regulated by
BRM are osmotic and salt-stress responses (Figure 2D).
Our data reveal that BRM is also involved in positive reg-
ulation of jasmonic acid (JA) responses, a function previ-
ously reported for BRM ortholog, SYD (70). In agreement,
among BRM-activated targets we found a number of JA
biosynthetic and signaling genes, including six JAZ regula-
tors (JAZ3, JAZ5, JAZ6, JAZ7, JAZ9, JAZ10) (71). More-
over, BRM appears to negatively regulate salicylic acid re-
sponses, and responses against microbial pathogens, known
to be regulated by this hormone (72); light responses, and
cell death (Figure 2D), by regulating expression of key tran-
scription factors. In summary, we found 65 and 50 TFs that
were BRM-activated and BRM-repressed, respectively, that
are likely to be major components of transcriptional net-
work regulated by BRM. This conclusion is consistent with
animal studies, showing that BRM homologs often regu-
late TFs critical for important biological processes includ-
ing cell pluripotency, differentiation and signaling (73,74).
We expect that the actual number of BRM-regulated TFs
involved in developmental processes is much higher than
we detected, as we used in this study 3-weeks-old seedlings
composed mainly of vegetative, fully differentiated cells.

In addition to promoter – bound genes, many other tar-
gets have BRM occupancy profiles centred around termi-
nators rather than promoters (Figure 3A and B). BRM-
bound terminators show high H3K4me3, low H3 and DNA
methylation levels, accompanied by the presence of TATA
boxes, resembling classical promoters. Moreover, 3′BRM-
bound genes show extensive non-coding transcription orig-
inating from their 3′ end regions. Transient BRM overex-
pression can either activate or suppress antisense transcrip-
tion from selected 3′ bound targets. Expression changes of
those non-coding antisense transcripts observed in brm-1,
as well as mutants in other subunits of the SWI/SNF com-
plex were mostly complementary to changes observed after
BRM overexpression (Figure 5D). As 5′BRM-bound genes
tend to have low levels of antisense transcription (Figure 4E
and Supplementary Figure S11), we did not test the abil-
ity of BRM to regulate antisense transcripts derived from
their terminators. Instead control terminators from BRM -
not bound genes were analyzed, and did not show respon-
siveness to BRM. Perhaps the ability to both activate and
repress antisense transcription should not be unexpected,
as SWI/SNF complexes have been implicated in both ac-
tivation and repression of protein coding gene expression
through sense promoters.

Given that BRM binds to gene terminators, the observed
effects of mutations in SWI/SNF subunits and BRM tran-
sient expression suggest that BRM regulates antisense tran-
scription directly. However, we note here that we were un-
able to directly test BRM binding to the used transgenes
in transient experiments. Although we recognize the need
of performing the above described experiments, the insuf-
ficient amounts of plant material from transiently trans-
formed 5-days-old Arabidopsis seedlings have currently
hindered this approach. Nonetheless, we provided multi-
ple additional evidence supporting our conclusions. Firstly,
stable transgenic lines in brm-1 and brm-3 mutant back-
grounds validate results from the transient assays (Figure
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Figure 5. SWI/SNF complex regulates antisense transcription. (A, B and C) Difference (brm-1 – WT) in intensity for antisense (AS signal) and sense
(S signal) expression values from whole genome tilling arrays was plotted along the selected target genes. Negative values indicate down and positive up
regulation. For the antisense signal a cut-off value of 0.1 (black filled picks) was used to indicate changes in antisense expression above background. (D)
Mutants in SWI/SNF subunits show misregulation of antisense transcription. Strand specific RT-qPCR quantification of antisense transcripts at selected
3′BRM-bound genes. (E) BRM controls antisense transcription from TTS regions of 3′BRM-occupied genes. TTS regions of selected genes were cloned
into luciferase marker gene (LUC) reporter construct and used for transient co-transformation of Arabidopsis Col-0 (WT) seedlings with or without BRM
expression construct. Data represent fold change in LUC activity upon BRM overexpression relative to seedlings transformed with empty expression
vector; data are mean ±SE for at least 20 individually transformed plants. (F) pAS-At5g45830::LUC transgene was transformed into BRM/brm-1 plant
line. brm-1 heterozygotes segregating 3:1 for the transgene were selected and their offspring were genotyped to select WT and brm-1 homozygous plants.
Data for two independent transformants (line #7 and #102) are shown. (G) Model of 5′BRM driven activation or repression of gene expression (Top), and
3′BRM driven regulation of antisense transcription leading to concomitant sense gene regulation (Bottom). * significant change (t-test, P < 0.05).

5F and Supplementary Figure S14A). In addition, the abil-
ity of BRM to regulate its 5′ and 3′ target in transient system
seems to be dependent on the ATPase activity of BRM, as
the ability of BRM to activate these promoters was strongly
impaired when generated by us BRM point mutant in the
ATP-binding site was used (Supplementary Figure S14C
and D). This result is consistent with reduced activity of an-
tisense promoter in brm-5 mutant containing a point muta-
tion in the ATPase domain (Supplementary Figure S14B).

Involvement of chromatin remodelers in regulation of
non-coding transcription has not been reported in plants,
although it has been shown that SWI3B, a SWI/SNF com-

plex subunit interacts directly with IDN2 protein help-
ing to reinforce long-ncRNA mediated gene silencing (75).
The recruitment/modulation of SWI/SNF complex activ-
ity has also been recently supported in mammals by the
discovery of the 7SK ncRNA that interacts with human
SWI/SNF complex, to supress non-coding transcription at
enhancers (76). Other recent reports also implicate non-
plant SWI/SNF complexes in regulation of ncRNA ex-
pression. Yeast SWI/SNF-type RSC complex have been re-
ported to suppress non-coding transcription from TTS and
other genomic sites (11). Similarly, human SWI/SNF-type
complex specific for embryonic stem cells suppresses non-
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coding transcription in ESC (6). Importantly, SWI/SNF
can also activate antisense transcription from divergent pro-
moters in yeast cells (12). Our data suggest that Arabidop-
sis BRM and SWI/SNF complex both activate and repress
ncRNA transcription from TTS regions to regulate expres-
sion of protein-coding genes.

We show that in addition to a promoter centred gene reg-
ulation, in plants SWI/SNF complex controls expression
of a large number of its direct targets through their 3′ ends.
The significance of 3′ centred BRM-dependent gene expres-
sion control is supported by our observation that 3′BRM-
occupied genes are as likely to be mis-regulated in brm-
1 mutant, as are the 5′BRM-occupied genes. Interestingly,
the BRM mediated regulation of ncRNA originating from
TTS is independent of the presence of linked sense pro-
moter (Figure 5E and F). This suggests the possibility that
3′-bound BRM uses antisense promoters to control sense
expression of those genes (Figure 5G). Further studies will
be required to elucidate the precise molecular mechanism
involved in this regulation.

The TTS regions of genes or antisense transcripts orig-
inating therefrom have been repeatedly implicated in sens-
ing environmental signals in many systems, including sul-
fur sensing by 3′ UTR of SULTR2;1 (77) and cold sensing
by FLC 3′ region (48) in plants, or the requirement for the
3′ region of KCS1 for phosphate sensing in yeast (78). Our
finding that a large fraction of the 3′ SWI/SNF targets are
stress-related genes (Supplementary Figure S7) is in good
agreement with those observations.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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