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SUMMARY

It is well known that genome organizers, like mammalian CCCTC-binding factor (CTCF) or Drosophila archi-
tectural proteins CP190 and BEAF-32, contribute to the three-dimensional (3D) organization of the genome
and ensure normal gene transcription. However, bona fide genome organizers have not been identified in
plants. Here, we show that EMBRYONIC FLOWER1 (EMF1) functions as a genome modulator in Arabidopsis.
EMF1 interacts with the cohesin component SISTER CHROMATIN COHESION3 (SCC3), and both proteins
are enriched at compartment domain (CD) boundaries. Accordingly, emf1 and scc3 show a strength decrease
at the CD boundary in which these proteins colocalize. EMF1 maintains CD boundary strength, either inde-
pendently or in cooperation with histone modifications. Moreover, EMF1 is required to maintain gene-reso-
lution interactions and to block long-range aberrant chromatin loops. These data unveil a key role of EMF1 in

regulating 3D chromatin structure.

INTRODUCTION

Accurate formation of the intricate three-dimensional (3D) chro-
matin structure is crucial for the proper functioning of many
genomic processes.’*> The organization of genomic chromatin
within the nucleus varies among species. Chromosome confor-
mation capture followed by high-throughput sequencing (Hi-C)
technique was first applied to map mammalian chromatin struc-
ture,® revealing that the genome can be divided into A/B com-
partments corresponding to active/inactive chromatin states.
A/B compartments frequently interact with other compartments
of the same type on a multiple mega-base-pair scale.® As
sequencing depth increased,” topologically associating do-
mains (TADs) were identified as smaller regions that form strong
local self-interactions.”” These regions feature highly tran-
scribed genes with binding sites for the DNA-binding protein
CCCTC-binding factor (CTCF) at the boundaries. In mammals,
TAD formation requires both CTCF and cohesin.®® Cohesin is
a ring-like complex that interacts with CTCF to regulate the 3D
chromatin structure.'® During interphase, chromatin loops are

extruded by the cohesin complex, which forms between conver-
gent CTCF sites."

Nevertheless, by combining deep-sequencing Hi-C data with
the TAD-calling algorithms, CTCF-independent TADs have also
been found in vertebrates. They are characterized by the absence
of CTCF sites and association with histone modifications,’'™"*
which are similar to TAD-like structures or compartment domains
(CDs) described in Drosophila.' In contrast to mammals,
Drosophila exhibits little dCTCF enrichment at the TAD boundary.
Their borders tend to be located in gene-rich and highly tran-
scribed open chromatin regions, enriched with active histone
post-translational modifications and architectural protein-binding
sites'® such as those of BEAF-32, CP190, or Chromotor.'® In
Drosophila, TAD-like structures strongly correlate with epigenetic
domains. These TADs are classified into four types: transcription-
ally active TADs associated with active histone modifications such
as H3K4me3 or H3K36me3, polycomb-repressed TADs associ-
ated with the repressive histone modification H3K27me3, hetero-
chromatin TADs enriched in H3K9me2, and other TADs devoid of
known specific epigenetic markers.'”
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In plants, there are no homologs of CTCF or CTCF-loop-
domain structures. By applying Hi-C techniques in crops
such as rice, maize, and pepper, TAD-like structures have
been identified as functional structures associated with
histone modifications, gene transcription elements, and trans-
posons.'®2% These TAD-like structures have been classified
into four types like in Drosophila.”’ The TEOSINTE BRANCHED
1, CYCLOIDEA, PCF1 (TCP), and BASIC LEUCINE ZIPPER
(bZIP) transcription-factor-binding motifs are enriched at TAD
boundaries in rice.'® However, neither TCP1-bound TAD bor-
ders nor TCP1-rich TADs show significantly different chromatin
genome organization in the Marchantia tcp mutant line.>" Simi-
larly, recent results showed that the Arabidopsis genome is
partitioned in different TAD-like structures or CDs enriched
in repressive histone marks (H3K27me3 and H3K27me1/
H3K9me2) or active histone marks (H3K4me3), which are highly
correlated with epigenetic modifications, gene density, and
transcription.””>* However, insulator proteins functioning as
CTCF or BEAF-32, CP190, and Chromotor have not yet been
identified in plants.

Polycomb group (PcG) proteins have been involved in the
maintenance and regulation of chromatin structure.'* These pro-
teins associate in two complexes with different histone-modi-
fying activities. Polycomb repressive complex 1 (PRC1), which
has H2A monoubiquitin ligase activity, and PRC2, which has
H3 lysine 27 trimethyltransferase activity.”>°® PRC1 and PRC2
have been proven to contribute to the establishment of both local
and long-range chromatin interactions.>*?"*® Here, we reveal
that the plant-specific PcG component EMF1 works as an orga-
nizer protein in Arabidopsis. Previous studies have shown that
EMF1 plays a crucial role in Arabidopsis vegetative develop-
ment.>® Accordingly, the emf? mutant exhibits an incomplete
transition from embryonic to vegetative development; moreover,
it skips the vegetative phase and generates floral organs right af-
ter germination.®° Surprisingly, our data show a clear enrichment
of EMF1 at CD boundaries and that it interacts with cohesin to
regulate and maintain CD structure. Our results in addition unveil
that EMF1 is crucial for maintaining strength of gene loops
and repressing long-range loops to accurately regulate gene
expression.

RESULTS

EMF1 is enriched at CD boundaries to regulate
topological structures in Arabidopsis
Although most PcG proteins are conserved between animals
and plants, there are some plant-specific proteins associated
with these complexes whose roles are still unclear.?*>® This
is the case of EMF1, which has been proposed to play a
role in chromatin compaction.>’ To further characterize the
EMF1 function, we constructed a transgenic plant with a
functional transgene pEMF1::EMF1-YFP that can rescue
the phenotype of the emf? mutant (Figure S1). Then, we
explored the genome-wide binding of EMF1-YFP using chro-
matin immunoprecipitation followed by sequencing (ChIP-
seq) (Figure S2).

ChlP-seq results showed 14,170 peaks enriched in EMF1-
YFP binding (Figure S2). To confirm the accuracy of our data,
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we compared ChIP-seq data with previously published ChIP-
chip data.>® We found that ChIP-seq peaks were more
numerous and narrower than ChlP-chip peaks, which is consis-
tent with previous observations when comparing these two
types of datasets.®> Moreover, the low correlation between
ChIP-chip and ChIP-seq data was also observed in our results.
The correlation between ChIP-seq replicates was high (Fig-
ure S3A), indicating that our ChIP-seq results have higher
reproducibility and resolution than the ChIP-chip results. In
any case, we found 3,749 overlapping target genes when
comparing ChIP-seq and ChIP-chip (Figure S3C). EMF1 target
genes, such as AG, PI, SEP1, and FLC,?® displayed overlap-
ping signals in both datasets (Figure S3B), whereas EMF1
non-target genes, like FT and PHE1, did not show EMF1 bind-
ing in any of them (Figure S3B).

Surprisingly, when we mapped Hi-C matrices with EMF1-YFP
ChIP-seq data, we found that 75% of CD boundary regions were
enriched with EMF1 binding (Figures S3D and S5; Data S1). We
repeated this analysis using ChIP-chip data, which also showed
that 52% of CD boundary regions were enriched with EMF1
binding (Figures S3D and S3E). In addition, whereas the binding
of the PRC2 components CURLY LEAF (CLF) and SWIGER
(SWN)** was detected exclusively inside H3K27me3-enriched
CDs (Figures S4A and S4B), EMF1 binding was enriched at the
boundaries of H3K4me3-, H3K27me3-, and H3K9me2-enriched
CDs (Figures 1A-1C), supporting the notion that EMF1 could
function independently of PRC2. To explore whether bound
EMF1 is crucial for higher-order chromatin organization in Arabi-
dopsis, we analyzed the TAD separation score to show boundary
strength in Col-0 (wild type [WT]) and the emf1 mutant. The re-
sults showed that there was a significant decrease in boundary
strength in the mutant compared with the WT’s three kinds of
boundaries for H3K4me3-, H3K27me3-, and H3K9me2-en-
riched CDs in which EMF1 was found (Figures 1D-1F), support-
ing the idea that EMF1 plays a crucial role in regulating 3D chro-
matin structure in Arabidopsis.

In Drosophila, many insulator proteins bind very close to
gene promoters, and some of these proteins have been pro-
posed to function as transcriptional regulators.®**> Thus, we
analyzed the distribution of EMF1-binding sites relative to
gene features and found that approximately 75% of these sites
were located at promoter regions and 5’ UTR, suggesting that it
might be involved in the regulation of gene expression (Fig-
ure TH). Next, we classified EMF1 target genes into two clus-
ters according to the presence or absence of H3K27me3, as
some EMF1-binding sites are well correlated with the
H3K27me3 signal (Figure S4C). By analyzing the distribution
of EMF1 at target genes, we observed that EMF1 peaks tend
to be located around the transcription start site (TSS) and tran-
scription terminal site (TTS) in both clusters (Figure 1G).
Further, we showed that EMF1 was located at the gene body
of H3K27me3 co-target genes. In addition, we found that loss
of EMF1 function leads to gene transcription misregulation,
but this was not associated with a biased gene expression
change, as we found a similar proportion of genes with up-
and downregulated expression (Figures 11 and S2I). This
feature is distinct from PcG proteins’ function, which is mainly
to repress gene transcription.
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Figure 1. EMF1 is enriched at CD boundaries in Arabidopsis and regulates topological structure
(A-C) Metagene plots indicating the H3K4me3, H3K27me3, H3K9me2, and EMF1 signals at the H3K4me3 (A), H3K27me3 (B), and H3K9me2 (C) compartment

domains (CDs), respectively.

(D-F) Metaplots indicating the TAD separation score of the H3K4me3 (D), H3K27me3 (E), and H3K9me2 (F) CDs. The p value was calculated by two sample t tests,

one tailed.

(G) Distribution of EMF1-binding sites relative to gene feature.

(H) Metagene plots of EMF1 coverage at EMF1 target genes.

(I) The distribution of genes with altered expression in the emf1 mutant.

EMF1 maintains CD boundary strength, either
independently or in cooperation with histone
modifications

Like in Drosophila, Arabidopsis chromatin organization is highly
correlated with epigenetic modifications. Therefore, we investi-
gated the relationship among EMF1 binding, CD border strength,
and the levels of histone modifications. Although the levels of
H3K4me3 within H3K4me3-enriched CDs were unchanged in
emf1 compared with WT, CD borders were weaker in the emf1
mutant than in WT (Figures 2A and S6). This result indicates
that the effect of EMF1 on H3K4me3 CDs is independent of
the H3K4me3 level and supports the role of EMF1 in regulating
CD boundaries.

Interestingly, we found that H3K27me3- and H3K9me2-en-
riched CDs were grouped in two different clusters, respectively
(Figures 2B and 2C), suggesting different EMF1 regulatory func-
tions. For H3K27me3 CDs, we divided them into two clusters ac-
cording to the EMF1 binding. H3K27me3 CD cluster 1 (black line)
represents those CDs in which EMF1 localizes both within CD and
at CD boundaries. In the emf1 mutant, the CD border strength and
the levels of H3K27me3 were significantly reduced, which sug-
gests EMF1 and H3K27me3 are synergistically involved in CD
border strength regulation (Figures 2B and S6). Differently,
H3K27me3 CD cluster 2 (red line) represents those CDs in which
EMF1 localizes only at CD boundaries (Figure 2B). In the emf1
mutant, CD border strength was also reduced, but the change
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Figure 2. EMF1 maintains CD interactions
either independently or in cooperation with
histone modifications

Metaplots and corresponding heatmaps indicating
the EMF1 binding (left), delta TAD separation score
(emf1-WT; middle), and delta modification enrich-
ment (emf1-WT; right) of the H3K4me3 (A),
H3K27me3 (B), and H3K9me2 (C) CDs. H3K27me3
CDs are divided into cluster 1 and cluster 2, ac-
cording to EMF1 binding (B). H3K9me2 CDs are
divided into cluster 3 and cluster 4, according to the
H3K9me2 modification level (C).

border strength was reduced in both clus-
ters 3 and 4 (Figure 2C). Together, these
data suggest that EMF1 binding at CD
boundaries maintains CD border strength
either independently or in cooperation
with histone modifications.

EMF1 maintains loops between
genes and represses long-range
interactions

To further explore the role of EMF1 in 3D
chromatin organization, we focused on
chromatin loops. A previous study defined
>20,000 short-range loops from the
euchromatic chromosome arms of Arabi-
dopsis.”® By measuring the loop strength
within EMF1-regulated CDs, we found
that gene-loop strength was weakened
in the emf1 mutant compared with WT
(Figure 3A). The strength reduction of
gene loops with an average length of
6,500 bp is in line with the difference in
interaction decay exponents (IDEs) found
between WT and the emf1 mutant (Fig-
ure 3B). Comparison of Hi-C interaction
matrices between WT and emf7 revealed
that some long-range chromatin interac-
tion or loops were stronger in emf1 than
in WT (Figure 3C). We identified 117 loops
with increased strength in the emf1
mutant than in WT, with an average length
of 1,800 kb, which is consistent with IDEs
(Figures 3B and 3D; Data S2). The anchor
regions of these long-range interactions
were enriched in H3K27me3 (Figure S7A).
However, we did not find EMF1 binding at
the anchor regions of these long-range

in H3K27me3 level was indirect and showed no tendency
(Figures 2B and S6), which indicates the function of EMF1 at CD
border are independent of the H3K27me3 level changes. For
H3K9me2 CDs, we also divided them into two clusters according
to the change in H3K9me2 level (Figures 2C and S6). The levels of
H3K9mez2 in the emf1 mutant were strongly decreased in cluster 4
(green line) and not obvious in cluster 3 (blue line) (Figure 2C). CD
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loops (Figure S7B), indicating that EMF1 does not directly regu-
late these interactions. The genes annotated at the anchors of
emf1-specific long-range loops were slightly downregulated
(Figure 3E). It could be possible that EMF1 acts as a clip to
impose genomic interactions, and the lack of EMF1 allows the
establishment of inappropriate long-range H3K27me3 interac-
tions, which subsequently could promote gene downregulation.
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Figure 3. EMF1 maintains loops between genes in CDs and represses H3K27me3 long-range loops by regulating boundaries

(A) The strength of gene loops in wild type (WT) and the emf7 mutant.

(B) The interaction decay exponents (IDEs) of WT and emf1 describe the slope of the relative contact probability from 100 kb to 10 Mb decay, with genomic

distance using sequencing depth-normalized data.

(C) Representative heatmaps showing the appearance of increased long-range loops (marked in black) in emf1 mutant (top) compared with WT (bottom).
(D) Aggregate peak analysis (APA) showing the strength of increased long-range loops in individual (left and middle) WT and emf7 mutant, and the difference

between emf1 mutant and WT (right).

(E) The distribution of genes with altered expression (adjusted p value < 0.05 and log, fold-change > 1.5) in the increased long-range loops. Gene counts are

marked on the bar.

Collectively, these observations support that EMF1 directly
controls CD boundaries and indirectly regulates short- and
long-range chromatin loops.

SCC3 and EMF1 interact with each other and co-
distribute genome wide

Cohesin is a multi-subunit protein complex that forms a ring-
like structure made up of structural maintenance of chromo-
somes1 (SMC1), SMC3, SCC3, and kleisin.*®*" In Arabidop-
sis, there are four kleisin proteins: SYNAPTIC1 (SYN1),
SYN2, SYN3, and SYN4.%%%3° |t has been reported that
SCC3 interacts with SYN4.%? Cohesin is required to hold sister
chromatids during cell division and regulates higher-order
chromatin structures.*®*” However, little is known about the
function of cohesin in Arabidopsis genome organization. Inter-
estingly, we found that EMF1 interacts with SCC3 by yeast
two-hybrid assay (Figure 4A) and further verified the interac-
tion using bimolecular fluorescence complementation (BiFC).
The YFP signals were only detected in EMF1-nYFP/cYFP-
SCCS3 but not in the negative controls (Figure 4B). Moreover,
coimmunoprecipitation (colP) experiments in Col-0 or EMF1-
FLAG"" protoplasts in which HA-tagged SCC3 was transiently
coexpressed showed that HA-SCC3 copurified with EMF1-

FLAG (Figure 4C), which further supported the EMF1-SCC3
interaction in vivo.

In addition, we transformed GST, GST-SCC3, and MYC-EMF1
into E. coli BL21 cells, respectively. Using in vitro pull-down
assay, GST-fused SCC3—but not GST alone—could pull down
EMF1 tagged with MYC from total protein extracts (Figure 4D).
Because EMF1 is a plant-specific protein existing in angio-
sperms (Figure S8A), and yeast two-hybrid results showed that
EMF1 and SCC3 from the maize line B73 interacted with each
other (Figure S8B), we inferred that the interaction of EMF1-co-
hesin is conserved in angiosperms.

Next, we constructed pSCC3::SCC3-GFP/scc3-27/~ and
pSCC3::SCC3-FLAG/scc3-2~/~ transgenic lines, finding that
both transgenes could rescue the lethal scc3-2 mutant pheno-
type (Figures S9A-S9C), and determined the genome-wide oc-
cupancy of SCC3 using a green fluorescent protein (GFP) anti-
body by ChIP-seq (Figure S2). Our ChlP-seq data were similar
to previously reported ChlP-seq data obtained with SCC3-spe-
cific antibody”® (Figure S10). We then compared SCC3 and
EMF1 occupancy profiles and found a substantial overlap be-
tween SCC3- and EMF1-binding sites (Figures 4E and S11A).
In addition, the strength of EMF1-SCC3 co-binding peaks
is stronger than the EMF1-binding peaks but weaker than
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wn

o EMF F ENIET ik iedimit Because homozygous Atscc3-2~/~ mu-
sces enriehed motls tation is lethal (Figures S9A and S9B),*” to
g P B Motif Bestmaich| Pvaiue investigate the function of SCC3 in Arabi-
s dopsis, we used RNA interference (RNAI)
£ 1 | £XCACGIC | ebox |100E228|  to obtain two independent RNAI lines:
3 RNAI-1 and RNAI-2 (Figure S9D). In com-

- 2 |AX CCQ bHLH | 1.00E-169 i ) (Figure S9D). In e
IOV parison with WT, these lines exhibited
slower growth and significantly lower
81 SCC3 expression (Figures S9D-S9F).

Mid of peaks

SCC3-binding peaks, which indicates that SCC3 is important for
EMF1 binding to chromatin (Figures S11B and S11C). Previous
results showed that EMF1 has sequence-unspecific DNA-bind-
ing activity“; thus, to understand how EMF1 is recruited to
target regions, we conducted a motif analysis at EMF1-binding
sites, finding that there was a significant enrichment in G-box
DNA regulatory elements (Figures 4F and S11E). Interestingly,
recent results showed that AtSYN4 could directly bind G-box
containing DNA,*° strongly suggesting that EMF1 could be re-
cruited by cohesin to DNA.

Impaired SCC3 expression affects 3D chromatin
structure

In vertebrates, cohesin is essential for loop extrusion and main-
tenance of promoter-enhancer interactions.®” Thus, we mapped
the genome-wide occupancy of SCC3-GFP along H3K27me3-,
H3K9me2-, and H3K4me3-enriched CDs and found that, similar
to EMF1, SCC3 binding was enriched at CD boundaries (Fig-
ure 5A). In addition, more than 50% of SCC3-binding sites are
localized at the promoter region (Figure 5B), and SCC3 tends
to be located around TSS and TTS at target genes (Figure 5C)
like EMF1. Moreover, we found that 30% of CD boundaries
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Both SCC3 RNAI lines showed a similar

proportion of up- and downregulated

genes (Figures 5D and S2l). To further
investigate the biological relevance of EMF1 and SCC3 interac-
tion in CD regulation, we used these SCC3 RNA: lines to investi-
gate possible changes in CD boundary strength (Figure S5D). We
classified CDs into two categories based on the presence or
absence of SCC3 and EMF1 binding at their boundaries. Both
RNAI-1 and RNAi-2 showed reduced boundary strength in the
three types of CDs in which SCC3 and EMF1 are present at
the boundaries (Figures 5E-5G), indicating that the interaction
between SCC3 and EMF1 contributes to maintaining CD bound-
ary strength regardless of the histone modification that they
contain.

DISCUSSION

In this work, we combined ChlP-seq, Hi-C, and histone modifica-
tion data to analyze the role of EMF1 and SCC3 in the formation
of 3D chromatin structure in Arabidopsis. Our results support the
notion that EMF1 is not only associated with Polycomb silencing
but also functions as a 3D chromatin organizer (Figure 6A). The
binding of EMF1 at the CD boundaries maintains CD stability
and contact frequency. In addition, we found that cohesin is
crucial for the maintenance of all kinds of CDs. According to
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Figure 5. Impaired SCC3 expression affects 3D chromatin structure
A) Metaplot showing the SCC3 RPKM value within +2 kb of the H3K27me3 (red), H3K4me3 (blue), and H3K9me2 (green) compartment domain (CD) regions.

B) Distribution of SCC3-binding sites relative to gene feature.

TSS

0 0

SCC3-RNAi-1 vs WT

SCC3-RNAI-2 vs WT

D) The distribution of genes with altered expression targeting by SCC3 in two SCC3 RNAI replications.
E-G) Metaplots indicating the TAD separation score of H3K4me3 (E), H3K27me3 (F), and H3K9me2 (G) CDs. The p value was calculated by two sample t tests,
one tailed. (SCC3-RNAi-1 H3K4me3 CDs: p = 0.2868, H3K27me3 CDs: p = 0.001389, H3K9me2 CDs: p = 0.0004484; SCC3-RNAi-2 H3K4me3 CDs:

(
(
(C) Metagene plots of SCC3 coverage at SCC3 target genes.
(
(

p = 0.004201, H3K27me3 CDs: p = 0.0002356, H3K9me2 CDs: p = 0.002483

our results, we propose that cohesin could recruit EMF1 to co-
regulate higher-order genome organization (Figure 6A). More-
over, EMF1 regulates short- and long-range chromatin loops
(Figure 6B).

CTCF- and cohesin-dependent TADs are known to be spe-
cific to vertebrates.'"**=*° In Drosophlia, CTCF deletion has a
limited effect on CD boundaries.*® TAD-like structure formation
has been proposed to arise cooperatively from histone modifi-
cations, binding of architectural proteins, and active transcrip-
tion. In Arabidopsis, recent results also showed that histone
modifications are crucial for CD formation and maintenance.?*
This implies that the regulation of chromatin 3D structure is
highly similar between Drosophila and Arabidopsis compared
with vertebrates. In Drosophila, the definition of organizer, insu-
lator, or architectural proteins is based on the following speci-
ficities. First, the boundary-binding specificity is one of the
common features of organizer or insulator proteins, such as
BEAF-32 and CP190. They function to block chromatin loops.
Our data provided enough evidence to show that EMF1 could
bind to all three kinds of CDs’ boundaries. Moreover, ChlP-
seq in our study generates additional, more-precise peaks,
whereas the peaks in ChIP-chip are wider and fewer.** Never-
theless, the characteristics of bound EMF1 are also proven by
ChIP-chip (Figure S3). CD boundary regions were enriched
with EMF1, and more than 75% of EMF1 peaks at CD bound-

)

aries in ChIP-chip data could be covered in ChlP-seq data (Fig-
ure S3). In the emf1 mutant, long-range interactions are also
significantly increased. Second, the strength of boundaries is
reduced with the mutation/depletion of organizer or insulator
proteins. However, the mutation in different organizers or insu-
lators leads to different changes in 3D chromatin structures. In
Drosophila, the mutation in BEAF-32 led to changes in 3D chro-
matin structure only in BG3 cells but not in S2 cells.*”*® Our
data proved that the mutation in EMFT1 led to a significant
strength reduction of boundaries with bound EMF1. Mean-
while, we suggest there may exist other insulators (such as
TCP and bZIP'®2"?% collaborating with EMF1 to regulate
CDs’ strength. These insulators may have redundant functions.
Architectural protein complexes may exist at the CD boundary
to function like Drosophila. Therefore, the deletion of one factor
is not sufficient to produce drastic changes in the 3D structure
of chromatin.

In Arabidopsis, the Atscc3-2 mutant has a more severe pheno-
type than the emf1 mutant, as loss of SCC3 function is lethal.
This is not surprising, as cohesin, in addition to regulating
higher-order chromatin structures, plays important roles during
cell division. Therefore, the mild phenotype of SCC3 RNAi mu-
tants explains the fact that the 3D structural changes of chro-
matin in these mutants were not as drastic as expected for a
loss-of-function mutant. Knockdown of SCC3 weakens the
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Figure 6. Proposed model of EMF1 3D chro-
matin structural regulation in Arabidopsis
(A) EMF1 is recruited to the boundaries, and
cooperates with cohesin to maintain CD boundary
strength.

—

emf1

(B) EMF1 maintains gene loops in compartment
domains (left) and blocks aberrant long-range
loops by regulating boundaries (right).

like Drosophila. However, this conjecture

% Q PUS

() scC3-cohesin

I H3K27me3 regions

EMF1

strength of CD boundaries. Moreover, the same binding motif,
the higher binding strength of EMF1 at cohesin-binding sites,
and the interaction between EMF1 and cohesin indicate that
EMF1 could be recruited to CD borders by cohesin. Neverthe-
less, we noticed that there are some CD boundaries without
the binding of EMF1 or cohesin, also suggesting that there
may be other factors participating in shaping the 3D chromatin
structure in Arabidopsis. Moreover, there are CD boundaries
occupied by EMF1 but not by SCC3, suggesting that EMF1
could be recruited to CD borders by other factors. Besides
G-box, there are some other motifs enriched by motif analysis
at EMF1-binding site s (Figures S11E and S11F). For example,
the basic helix-loop-helix (bHLH) transcription factor family is
one of the largest transcription factor gene families in Arabidop-
sis. We compared ChlIP-seq data for some published genes, and
the results showed that the EMF1 and PIFs binding sites were
highly overlapped, which suggests that EMF1 may interact
with PIFs (Figure S11F).

In summary, our study identified EMF1 as the first functional
modulator protein, which could contribute to furthering our un-
derstanding of the molecular mechanisms of 3D chromatin regu-
lation in plants. Organizers or insulators dependent on 3D chro-
matin regulation have species specificity. We admitted that the
EMF1 function is different from CTCF or its mediated loop
domain formation function. Although how EMF1 or even
Drosophila insulators organize chromatin 3D structure is elusive,
we think the EMF1 is more similar to insulators in Drosophila. A
structural organizer such as EMF1 may work as the “glue” to
hold different transcription factors and cohesin together and
form an architectural protein complex at the CD boundary to
regulate 3D chromatin organization.

Limitations of the study

Although our study provides critical evidence for the identifica-
tion of a higher-order chromatin modulator in Arabidopsis, prob-
lems remain. First, the weak molecular phenotype of the emf1
mutant implies that unknown proteins could act in concert with
EMF1 to regulate the 3D structure of chromatin. Architectural
protein complexes may exist at the CD boundary to function
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needs to be studied further. Annotating
potentially complete complexes remains
a challenge for the field. Second, we
clearly showed that cohesin is crucial for
the maintenance of chromatin organiza-
tion, but the detailed regulatory processes
associated with cohesin need further
study. For example, it is unclear how cohesin regulated chro-
matin loops.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chromosight Takemata et al.®* N/A
Bedtools Quinlan et al.®® N/A
JuiceBox Durand et al.®® N/A

Other

PVDF-Western Blotting Membranes Roche Diagnostics 03010040001

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant materials and growth conditions

The wild-type plants used in this study include the Columbia ecotype (Col) and Wassilewskija (Ws) of Arabidopsis thaliana.
Several mutants and transgenic lines used in this study were described previously: emf1-2,°° scc3-2* and ProEMF1::
EMF1-FLAG.*' Generation of plant materials was described in the method details.

The seeds were surface-sterilized by soaking in 10% (v/v) NaCIO for around 10 min and washing in sterile distilled water for at least
four times. After surface-sterilization, the seeds were plated on MS medium (2.22 g/L MS, 1% (w/v) sucrose, 0.7 % (w/v) agar, pH 5.8),
and cold-treated at 4 C for 2 to 3 days in the dark. Arabidopsis seedlings were grown under long-day conditions (16 h light/8 h dark)
at 22°C on MS for 10 days. Adult Arabidopsis plants were grown under a 16 h/8 h day/night photoperiod at 22 C.

METHOD DETAILS

ChiP-seq

For EMF1, a 8,367-bp genomic DNA fragment containing 4,579 bp upstream of the EMF1 start codon and lacking the stop codon was
PCR-amplified using specific primers (Data S3) and recombined into the PXCG-YFP vector. For SCC3, a 5,822-bp genomic DNA
fragment containing 449 bp upstream of the SCC3 start codon and lacking the stop codon was PCR-amplified using specific primers
(Data S3) and recombined into the 1300-GFP vector. ChIP-seq experiments were performed as previously described®’ using 10-day-
old seedlings. Whole seedlings were fixed in 1% formaldehyde, ground in liquid N, and resuspended with 30 mL NIB(50 mM HEPES,
pH 8.0, 5% sucrose, 5 mM MgCl,, 5 mM NaCl, 40% (v/v) Glycerol, 0.25% Triton X-100, 0.1 mM Phenylmethylsulfonyl Fluoride
(PMSF), 0.1% (v/v) 2-mercaptoethanol (2-ME)). The nuclei were isolated by filtering the slurry with double-layered miracloth. Chro-
matin was sheared into 200- to 500-bp fragments by sonication in TE-SDS buffer(10 mM Tris-HCI, pH 7.4, 1 mM EDTA, 0.25% SDS).
Anti-H3K4me3 (Millipore, 17-614), anti-H3K27me3 (Millipore, 07-449), anti-H3K9me2 (Abcam, ab1220), and anti-GFP (Abcam,
ab290) antibodies were used for chromatin immunoprecipitation in IP buffer(80 mM Tris-HCI, pH7.4, 230 mM NaCl, 1.7% NP40,
0.17% DOC). The chromatin was captured with rProtein A Sepharose Fast Flow for antibody recovery. After washing the
Protein-A beads five times and decrosslinking at 65°C overnight, DNA was extracted with phenol-chloroform followed by ethanol
precipitation. For ChlP-seq, two immunoprecipitations from independent biological replicates were processed for next-generation
sequencing library preparation. All libraries were prepared with end repair, A-tailing, and ligation of lllumina-compatible adapters us-
ing the VAHTS® Universal Pro DNA Library Prep Kit for lllumina® (Vazyme, ND608). The ligated product was amplified with 14 cycles
of PCR. DNA fragments of 200-600 bp in size were selected using VAHTS™ DNA Clean Beads (Vazyme, N411). Libraries were
sequenced on the lllumina NovaSeq PE150 platform by generating 2 x 150-bp paired-end reads.

In situ Hi-C

In situ Hi-C was performed using 10-day-old seedlings. Tissue fixation, nuclei isolation, chromatin digestion, ligation, and DNA pu-
rification were performed as previously described.” Whole seedlings were fixed in 1% formaldehyde, ground in liquid N, and resus-
pended with 30 mL NIB(20 mM HEPES, pH 8.0, 250 mM sucrose, 1 mM Magnesium Chloride (MgCI2), 5 mM Potassium Chloride
(KCI), 40% (v/v) Glycerol, 0.25% Triton X-100, 0.1 mM Phenylmethylsulfonyl Fluoride (PMSF), 0.1% (v/v) 2-mercaptoethanol
(2-ME)). The nuclei were isolated by filtering the slurry with double-layered miracloth. A typical in situ Hi-C library preparation requires
107-108 nuclei. The pellet was resuspended with 10 x RE(1 M NaCl, 500 mM Tris-HCI, pH 7.9, 100 mM MgCl,, 10 mM DTT) and 150 pL
0.5% SDS successively. The Dpnll (New England Biolabs, R0543S) was used as the restriction enzyme for chromatin digestion at
37°C overnight. On the next day, digested DNA was blunt-ended by filling nucleotides with Klenow Fragment(40U) during which
biotin-14-dCTP (Invitrogen) was incorporated. Next, the DNA ligation was carried out at 16°C 4 hr and 25°C 1 hr, with each tube hav-
ing 50 Weiss units of T4 DNA ligase. The crosslinks were reversed by 65°C-overnight incubation. DNA was extracted with phenol-
chloroform followed by ethanol precipitation and sheared into 200- to 600-bp fragments by sonication in Tris-HCI pH 8.0. DNA frag-
ments of 200-600 bp in size were selected using VAHTS™ DNA Clean Beads (Vazyme, N411). The total volume was added to 100 pL.
The sample was mixed with 60 uL. VAHTS™ DNA Clean Beads and incubated. The supernatant was collected and incubated with
40 pl VAHTS™ DNA Clean Beads again. After cleaning the beads with 80% alcohol, the DNA was eluted with Tris- HCI (pH 8.0).
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DNA libraries were constructed and amplified using the VAHTS® Universal Pro DNA Library Prep Kit for lllumina® (Vazyme, ND608).
Dynabeads™ MyOne™ Streptavidin C1 beads (Invitrogen, 65001) were used to enrich an aliquot of proximally ligated DNA. Two in-
dependent biological replicates were processed for next-generation sequencing library preparation. Libraries were purified using
VAHTS™ DNA Clean Beads (Vazyme, N411). Libraries were sequenced on the lllumina NovaSeq PE150 platform by generating
2 X 150-bp paired-end reads.

RNA-seq

Total RNA was extracted using the E.Z.N.A.® Plant RNA Kit (Omega Bio-Tek, R6827-01) from 10-day-old whole seedlings. Three
independent biological replicates were processed for next-generation sequencing library preparation. Libraries were prepared ac-
cording to the manufacturer’s instructions for the VAHTS™ Total RNA-seq (H/M/R) Library Prep Kit for lllumina® (Vazyme,
NR605). Libraries were sequenced on the lllumina NovaSeq PE150 platform by generating 2 x 150-bp paired-end reads.

Yeast two-hybrid
Coding sequences for SCC3, ZmSCC3, ZmEMF1 and EMF1 or different domains of SCC3 were PCR-amplified using specific
primers (Data S3) and cloned into the yeast two-hybrid vectors, pGADT7 and pGBKT7. Yeast two-hybrid assays were performed
according to the Matchmaker™ GAL4 Two-Hybrid System manual (Clontech). SD/-Leu -Trp and SD/-Leu -Trp -His plates were
used for selection.

BiFC

Coding sequences for SCC3 and EMF1 were PCR-amplified using specific primers (Data S3) and recombined into the split-YFP bi-
nary vectors, p112-sYFPn and p113-sYFPc. BiFC assays were conducted as previously described.®® Agrobacterium tumefaciens
strains carrying plasmids were grown overnight at 28 °C in a selective medium. The strains were collected by centrifugation and
resuspended in an infiltration medium (1 mM MgCiI2, 150 uM acetosyringone, and 1 mM MES-KOH, pH 5.6). Different experiment
combinations were co-infiltrated N. benthamiana using a 1 mL needleless syringe. The relevant proteins were transiently expressed
in tobacco leaves. YFP fluorescence was imaged two days after infiltration and visualized using a ZEISS LSM 800 confocal laser-
scanning microscope.

Co-IP

Coding sequences for target proteins SCC3 were fused to HA and EMF1 were fused to FLAG and inserted into the pAM vector. Co-IP
assays were performed as previously described.”" In brief, the leaves were shredded, vacuumed for 15 min and incubated for 3-4 hr
in 30 ml of working solution (0.4 g Cellulose R10, 0.09 g Macerozyme R10, 15 mL 0.8 M Mannitol, 0.6 mL 1 M KCI, 0.6 mL 1M MES, pH
5.7,0.3 mL 1 M CaCl,, 0.03 g BSA). The protoplasts were isolated by filtering the slurry with double-layered miracloth. After washing
with W5 solution(154 mM NaCl, 125 mM CaCl,, 5 mM KCI, 2 mM MES pH 5.7) twice, the pellet was resuspended in 2 mL MMG(0.4 M
Mannitol, 15 mM MgCl,, 4 uM MES pH 5.7 ), added 80 ng plasmids and 2.2 mL PEG solution(40% PEG, 0.2 M Mannitol, 0.1 M CaCl,)
incubating for 12 min. A typical Co-IP preparation requires 10° protoplasts. After resuspending the pellet with 10 mL W5 solution, the
relevant proteins were expressed in Col-0 or EMF1-FLAG protoplasts overnight. The protoplasts were harvested and lysed in lysis
buffer (50 mM Tris-HCI, pH 7.5; 150 mM KCI; 2 mM EDTA,; 0.1% Triton X-100; 10% glycerol; and 5 mM DTT) with freshly added Pro-
tease Inhibitor Cocktail (Sigma-Aldrich, P9599) and MG-132 (Sigma-Aldrich, M7449). Total protein was extracted and incubated for
2 hr using Anti-FLAG M2 Magnetic Beads (Sigma-Aldrich, M8823) from Col-0 or EMF1-FLAG protoplasts expressing SCC3-HA. The
beads were washed three times with lysis buffer, diluted in 2x SDS loading buffer, boiled for 5 min, subjected to SDS-PAGE, and
then transferred to PVDF membrane. Membranes were probed with anti-HA (Sigma-Aldrich, H6908) and anti-FLAG (Sigma-
Aldrich, F3165) antibodies.

Pull down

Coding sequences for target proteins SCC3 were fused to GST and EMF1 were fused to Myc and inserted into the pDEST vector.
PDEST was used as negative control for GST expression. Each construct was transformed into E. coli BL21 cells and grown in resis-
tant medium at 37°C until the OD600 reached 0.6-0.8. Cultures were induced with 0.3 mM isopropyl B-D-1 thiogalactopyranosi-
de(IPTG) overnight at 16°C. Harvested cells were resuspended in 1x PBST buffer (137 mM NaCl, 10 mM NasHPOy, 2.7 mM KClI,
2 mM KH,PO,, 0.1% Tween-20) and sonicated. PMSF was added to the solution to inhibit protein degradation. The disrupted cells
were centrifuged and the supernatant containing GST or GST-SCC3 protein was incubated with Glutathione Sepharose 4B
(GE Healthcare) beads for 2 hours at 4°C. The beads were washed three times with 1x PBST and transferred to the supernatant con-
taining Myc-EMF1 protein for incubating. The pull-down fractions were analyzed by Western blot using antibodies (Abmart,
M20002S) against MYC.

Gene resolution loop analysis

More than 20,000 chromatin loops from the euchromatic chromosome arms have been previously identified.® For analytical pur-
poses, these loops were shifted to 1-kb resolution. Pgltools, particularly the intersect and intersect1D operations, were used to
confirm their relationships with EMF1 binding sites and CDs,®® and GENOVA was used to calculate loop strength.®> The bioconductor
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R packages ChIPpeakAnno®® and clusterProfiler® were used to annotate loop anchors. Statistically significant differences in loop
strength were assessed using the nonparametric Mann-Whitney-Wilcoxon test in the R package ggpubr.

RNA-seq and ChIP-seq bioinformatics analysis

Trim Galore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) with flags -pairs and -length 70 (minimum read
length after trimming) was used for removal of adapter sequences and quality control of reads. The clean reads were then aligned
to the Arabidopsis genome (TAIR10, https://www.arabidopsis.org) using STAR default parameters under the guidance of Araport11
(https://www.araport.org) annotation.®® Next, the reads were sorted, indexed, and compressed using SAMtools,®” and those with
multiple alignments were discarded due to ambiguity of their true locations.

Fastp®® was used to remove adaptor sequences and low-quality reads. Alignment of the Arabidopsis clean reads to TAIR10 (http://
www.arabidopsis.org/) using Bowtie’® (v1.2.1.1) resulted in two mismatches. PCR duplicates were marked by MarkDuplicates in Pic-
ard (http://broadinstitute.github.io/picard/). Unique mapped reads were retained in SAMtools®” for downstream analysis. The Bigwig
file was generated with the following options: binSize 10, normalizeUsing RPKM, and corresponding effective genome size analysis
was performed in deepTools® through bamCoverage. For the Arabidopsis samples, the blacklist regions were selected from our
previously published study®® and removed with the options —blackListFileName in bamCoverage and bamCompare in deepTools.**
Typical loci were plotted using the Integrative Genomics Viewer (IGV) software.®® To compare the reproducibility between ChIP-seq
and ChIP-chip data of EMF1, ChIP-seq data were mapped to the TAIR 8 genome. multiBigwigSummary and plotCorrelation tools in
deepTools were used. Binsize was set at 1000, which is also the resolution of Hi-C data. The average score is based on the
1 kilobase size bins, which consecutively cover the entire genome. The signal intensities were presented by RPKM in ChlIP-seq
and log(test/input-DNA) ratios in ChIP-chip.

For the violin plot, first, we employed featureCounts with the parameter -p to tally meta-features such as genes, considering frag-
ments instead of reads. Subsequently, we utilized DESeq?2 for the differential expression analysis of these genes. We compared the
gene expression levels across various groups, applying stringent criteria: a adjusted P-value less than 0.05 and a fold change greater
than 2. Volcano plots are constructed using log2FoldChange and adjusted P-value.

Hi-C sequencing data processing and comparison

The raw Hi-C sequencing reads were filtered by fastp,®® the adapters were trimmed, and low-quality reads were discarded. Next, the
output data were mapped, read pair-filtering was performed, and the ligation validity was controlled using HiC-Pro.®" First, Bowtie2°®
with the end-to-end method was used to align single clean mates from the read pairs to the TAIR10 reference genome (https://www.
arabidopsis.org) in order to avoid linear constraints between read pairs. Additionally, a small number of chimeric read pairs, including
those reads spanning junction sites, were saved using the two-step method in HiC-Pro, which eliminates singletons, multiple map-
pings, and low-quality mapped reads. According to the reference genome sequence and restriction enzymes, only well-mapped
reads were retained and assigned to fragments. Next, we constructed our downstream Hi-C contact map by selecting read pairs
consisting of two different restriction fragments, while dangling-end and self-circulation pairs were discarded as invalid products.
After the removal of read pairs from PCR duplicates, we calculated Hi-C resolution based on the established definition, " and gener-
ated Hi-C contact maps with fixed-sized bins at different resolutions. We transformed the HiC-Pro contact matrixes and bins into
different formats for specific analysis. Hi-C contact matrixes at different resolutions were loaded into HiCExplorer®® (https:/
github.com/deeptools/HiCExplorer/) in h5 format using hicTransform with fixed bins, and cooler files were generated through
hicTransform.

To compare the different Hi-C samples and biological replicates globally, we used the RCP function in GENOVA®? to measure the
distance-dependent decay of the interaction frequency, and ggplot2 (http://ggplot2.tidyverse.org) was used for decay plot visuali-
zation. The interaction decay index (IDE) is defined as the linear-fitting slope of the average probability of chromatin interaction with
increasing genomic distance, which can be used as a measure to explain the differences between Hi-C samples in our previously
published study.”' The HiCdatR tool was applied to calculate the compartment score of each replicate to further validate the repro-
ducibility (https://github.com/MWSchmid/HiCdat).

Identification of CDs from Hi-C
All Hi-C datasets were subsampled to the same sequencing depth. Using hicCorrectMatrix in HiCExplorer,®® the raw matrix was
further transformed into a normalized Hi-C contact matrix using the Knight and Ruiz (KR) balancing method. The obs_ exp_ Lieber-
man method was then used to generate the Hi-C Observed/Expected matrixes through hicTransform. Typical loci were generated by
pyGenomeTracks (https://github.com/deeptools/pyGenomeTracks/) based on our Hi-C data, RNA-Seq data, and annotations.
The degree of segregation between the left and right parts of each Hi-C genome bin was defined by the TAD separation score. We
used the hicFindTADs tool in HiCExplorer to calculate the TAD separation fraction with the following options: —-minDepth 3000 -max-
Depth 30000 —step 1000 -thresholdComparison 0.05 —delta 0.01 —correctForMultipleTesting fdr at 1 kb resolution using Hi-C. The
metagene plot and associated heatmap of the TAD separation scores were generated using segplots (http://przemol.github.io/
segplots/). Next, local rescaled pileup plots normalized by local backgrounds were generated by coolpup.py'® (https://github.
com/Phlya/coolpuppy/) and GENOVA.>? The hicInterintraTAD tool in HICExplorer was applied to quantified the contacts within CDs.
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Long-range chromatin loop identification, quantitation, and comparison

We identified unique visible long-range cis chromatin interactions (loops) from the genome-wide Hi-C map. hic2cool (https://github.
com/4dn-dcic/hic2cool) was employed to generate 5-, 10-, and 20-kb resolution Hi-C maps in cooler format. These maps were
further normalized to the equilibrium function in cooler.”? For WT data, maximizing recognition accuracy was our primary goal; there-
fore, we adopted a higher threshold. Based on the Pearson correlation coefficient,”® the quantization module Chromosight was used
to calculate a metric called the loop score, which is defined as the similarity between the detected patterns and the loop template.
This metric has also been used as a measure of loop strength in other studies®” in addition to the present study. To identify the most
stringent loops, we retained only those with loop scores >0.45, >0.4, and >0.35 at a 20-kb, 10-kb, or 5-kb resolution, respectively.
Based on our practical experience, we observed that the patterns around the pericentromeric and centromeric regions were unique
relative to the loops from the chromosome arm, and these regions had relatively poor localization quality; therefore, we used pair-
ToBed from bedtools®® to remove all loops detected in the heterochromatin region. Next, all remaining loops identified at the three
different resolutions were merged into a union set using hicMergeLoops in HiCExplorer® with the option —lowestResolution 20000.
We also used the hic format in JuiceBox®® to manually check the identified chromatin loops directly. Then, coolpup.py was used to
perform aggregate peak analysis (APA) in order to evaluate the genome-wide loop in cis, which was similar to our previous studies.”"
We also performed APAs for a series of Hi-C maps. To examine the dynamics of each loop, we used an aggregate tornado-plot,
which extracts each loop to a certain distance and displays it as a heatmap in GENOVA.°?
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