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Abstract

Gene repression and silencers are poorly understood. H3K27me3 is a repressive
histone modification; we reason that H3K27me3-rich regions (MRRs) of the genome
defined from clusters of H3K27me3 peaks may be used to identify silencers that can
regulate gene expression via proximity or looping. We found that MRRs are
associated with chromatin interactions and tend to interact preferentially with each
other. EZH2 inhibition or knockout showed that H3K27me3 was not required for
maintenance of chromatin interactions, but genes at or looping to MRRs were
upregulated upon loss of H3K27me3. To understand the function of MRRs, we used
CRISPR to excise components of MRRs at interaction anchors and functionally
characterized the knockouts in cellular assays and xenograft models. MRR removal
can lead to upregulation of interacting target genes, altered chromatin interactions,
changes in phenotype associated with cell identity, and altered xenograft tumor
growth. Our results characterize silencers and their mechanisms of functioning.

Introduction

Gene transcription is controlled largely by transcription factors that bind to
enhancers and promoters to regulate genes'. Transcription factors can bind to
enhancers in the genome, and enhancers distal to genes can loop to gene
promoters (“chromatin interactions”)®. By contrast, mechanisms for gene repression
are much less well understood. Silencers, which are regions of the genome that are
associated with gene silencing, are less well characterized than enhancers,
especially in humans. Distant silencers are thought to loop over to target genes to
silence them®*, but such examples have not been well explored in human systems.

Heterochromatin and gene silencing are associated with both H3K27me3 and
H3K9me3 marks. The H3K9me3 mark is associated with constitutive
heterochromatin, which tends to occur at regions with tandem repeats such as
centromeres and telomeres, while H3K27me3 is associated with facultative
heterochromatin®. DNA regions marked by H3K27me3 are known to harbor
silencers, but H3K27me3 marks are insufficient to describe silencers®. Enhancer of
zeste homolog 2 (EZH2), the catalytic component of polycomb repressive complex 2
(PRC2) complex, deposits histone H3K27me3 in the genome. EZH2 is dysregulated
or mutated in numerous cancers, such as lymphoma, which shows gain of function
mutations in EZH2’. EZH2 inhibitors have been developed for clinical purposes?®,
however, due to the ubiquity of H3K27me3 marks throughout the human genome, it
is unclear how EZH2 inhibitors can be used in a specific manner in the genome.

We reasoned that clusters of H3K27me3 peaks with strong H3K27me3 signal
may be a rich source of silencers, on the basis of several lines of evidence. First,
super-enhancers, which are regions defined by high levels of H3K27ac, transcription
factors and mediators, have been demonstrated to form at and drive key cell identity
genes and oncogenes in tumors®*. Similarly, broad H3K4me3 regions have been
used to identify tumor suppressor genes*?. Super-enhancers and broad H3K4me3
regions show chromatin looping to target genes'®**. While it is yet unclear whether
super-enhancers and broad H3K4me3 regions are distinctly different types of
regulatory elements, they have been useful in identifying gene targets important in
controlling cell identity as well as therapeutic vulnerabilities of cancers'®*.

Here, we characterized H3K27me3-rich regions (MRRs) defined from clusters
of H3K27me3 peaks in the genome. We found that chromatin interactions are denser
within constituent peaks of MRRs than in typical H3K27me3 peaks. We
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experimentally tested examples of MRRs for silencer properties and found that they
can serve as silencers in the genome and have functional roles in controlling cell
identity. We found that MRRs can regulate gene expression via proximity or looping.
Moreover, genes at or looping to MRRs were more upregulated upon loss of
H3K27me3 through EZH2 inhibition or knockout than genes at typical H3K27me3
regions; chromatin interactions associated with MRRs did not change, however,
suggesting that H3K27me3 is not required for the maintenance of chromatin
interactions in differentiated cells.

Results

Identification and characterization of H3K27me3-rich regions (MRRS) in the
human genome

We identified highly H3K27me3-associated regions from cell lines using
H3K27me3 ChiIP-seq data™ in the following manner: we first identified H3K27me3
peaks, then clustered nearby peaks, and ranked the clustered peaks by average
H3K27me3 signals levels. The top clusters with the highest H3K27me3 signal were
called H3K27me3-rich regions (MRRs) and the rest “typical H3K27me3” regions
(Figure 1A, 1B). This is similar to how super-enhancers were defined®**.

Many MRR-associated genes in different cell lines are known or predicted
tumor suppressor genes'’ (Figure S1A). For example, NPM1, the most commonly
mutated gene in leukemia’®?*, overlaps with an MRR in the leukemic cell line K562.
FAT1, which is frequently mutated in CLL and can act as a tumor suppressor
through inhibiting Wnt signaling?®? also overlaps with an MRR in K562. Gene
ontology analysis showed that MRR-related genes are enriched in developmental
and differentiation processes, while genes associated with typical H3K27me3 peaks
are enriched in cell metabolism and transportation processes (Figure S1B, S1C).

ChiIP-seq signals of EZH2 showed high overlap with typical H3K27me3, MRR
and constituent peaks of MRRs, consistent with EZH2's role in H3K27me3 mark
deposition (Figure 1C; Figure S1D, S1E). Notably, constituent peaks of MRRs had
higher H3K27me3 and EZH2 signals than typical H3K27me3 peaks.

We overlapped MRRs with high-resolution in situ Hi-C data®, and found that
H3K27me3 peaks within MRRs had a higher density of chromatin interactions than
typical H3K27me3 peaks in both K562 and GM12878 (Figure 1D; Figure S1F, S1G).
The involvement of chromatin interactions in MRRs was similar to super-enhancers
compared with typical enhancers®™, suggesting chromatin interactions might be
important within strong histone modification regions.

MRRs were different in different cell lines (Figure 1E), and MRRs unique to
individual cell lines were the most common among the lines we studied (Figure
S1H,S1lI). For example, the cadherin-like coding gene CPEDL1 is covered by a broad
MRR in GM12878, but overlaps with a super-enhancer in K562. Conversely, the
gene for DENND2D is associated with an MRR but overlaps with a super-enhancer
in GM12878. In addition, MRRs were different in different cell lines, and most MRRs
were unique to cell lines (Figure S1J). The specificity and uniqueness of MRRs
suggested they might be primed for specific regulation in different cell contexts.

Analysis of cell line expression data showed that genes which transit from
MRR-associated to H3K27ac peak-associated in a different cell line were up-
regulated, while genes transit from super enhancer-associated to H3K27me3 peak-
associated as accompanied were down-regulated (Figure 1F). Further, genes whose
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expression was more cell line-specific were associated with more MRRs than those
genes with lower expression specificity (Figure S1K).

In summary, we defined MRRs using H3K27me3 ChlIP-seq signal, and
showed that MRRs might be involved in specific gene repression related to
development, differentiation and cancer via chromatin interactions.

H3K27me3-rich regions (MRRs) preferentially associate with MRRs in the
human genome via chromatin interactions

We assigned chromatin states at Hi-C interaction anchors using H3K27me3
and H3K27ac peaks: active (A) anchors overlap with H2K27ac peaks, repressive (R)
anchors overlap with H3K27me3 peaks, bivalent (B) anchors overlap with both
H3K27me3 and H3K27ac peaks, and quiescent (Q) anchors overlap with neither
peak (Figure 2A). We further defined the chromatin state pair of an interaction as the
chromatin states of its anchors. We calculated the expected number of interactions
for each state pair under a homogeneous model, and compared those expectations
to the actual number of observations.

Interactions between anchors of the same state (AA, RR, and BB) were more
likely to interact with each other, while interactions with highly different chromatin
state pairs (e.g., AR, BQ) less likely (Figure 2B, left), regardless of cell line. When
grouped into typical H3K27me3 peaks (T) versus high H3K27me3 regions or MRRs
(H), the high H3K27me3 regions showed a preference for interactions with other
MRRs (Figure 2B, right). In keeping with A/B chromatin compartments of the
nucleus, this 'like-like' preference indicated that loci of similar chromatin state were
prone to interact with each other. This like-like preference is confirmed in 4C
validation experiments on selected loci (Figure S2A-S2E). The tendency of MRRs to
interact with MRRs suggested that deeply-repressed genomic regions were closely
packed in 3D space.

To further explore the potential regulatory role of MRRs in chromatin
interactions, we identified the subset of MRR-anchored interactions where at least
one anchor peak overlapped a gene transcription start site, and grouped them
according to whether the MRR anchor was proximal or distal to the TSS anchor
(Figure 2C, 2D; Figure S2A-S2F, S2G). Both proximal and distal gene looping occur
for MRR-anchored interactions, but some MRRs are large enough that both anchors
occur in the same MRR. While proximal looping genes are a subset of the genes
within MRRs, distal looping genes are only identified by chromatin interactions
(Figure 2D, right). Gene ontology analysis shows that MRR-associated genes in the
context of chromatin interactions are involved in developmental and differentiation
processes (Figure S2H-S21). Example loci of both a proximal looping gene (GSE1)
and a distal looping gene (PPP3CC) are shown in Figure 2E and 2F, while Figure 2G
and 2H show examples of internal looping, all in K562 cells.

Next, we performed Circular Chromosome Conformation Capture (4C)
experiments on selected loci to investigate the associated chromatin interactions in a
comprehensive and high resolution manner. We and annotated the interactions
based on the chromatin state of the anchor distal from the bait in K562 (Figure 2I
and Figure S2J-L), and across multiple cell lines (Figure S2M-N). The interaction
profiles of 4C baits of different states were largely dominated by interacting regions
of the same state as the baits.

We also carried out 4C experiments on the same bait across different cell
lines. The interactions and the chromatin state at the bait locus varied in different cell
lines, but the interaction profile maintained a preference for the same chromatin state
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as the bait (Figure S2M, S2N). As a further test of this concept, the extensive BB
long-range interactions (green arcs) connecting PSMD5 and TOR1A in K562 were
validated using reciprocal 4C bait design. When the PSMD5 bait region was A
(active) in either GM12878 or HAP1 cells, the BB interactions were largely reduced
and other types of interactions started to appear (Figure S2M).

CRISPR excision of an MRR looping to FGF18 leads to FGF18 gene
upregulation and altered cell adhesion

Next, we asked if MRRs function as silencers to regulate gene expression.
We selected 2 MRRs for functional testing based on the H3K27me3 signal, the
presence of Hi-C anchors and the number of Hi-C anchors they associated with
whether the genes were involved in cell identity (Supplementary Text). Briefly, there
are 974 MRRs in K562 (Figure S3A) and of those MRRs, 237 MRRs are associated
with genes. Among these, 130 MRRs show proximal looping to genes (MRRs
overlap with target gene promoters), 111 MRRs show distal looping to genes (MRR
loops over to the promoter of target gene by long-range chromatin interactions) and
51 MRRs show internal looping to genes (Part of the MRR overlaps with the target
gene promoter and the other part of the MRR loops over to the promoter of the target
gene by long-range chromatin interactions). From this list, we selected MRR1, an
internal looping example which showed many loops to FGF18, a fibroblast growth
factor involved in cell differentiation and cell-to-cell adhesion®®?® (Figure 3A) and
MRR2, an internal looping example which showed many loops to IGF2, an imprinted
gene known to be associated with genomic silencers?’ and involved in growth,
development and cancer?® (Figure 4A).

We designed the CRISPR deletion site at a 1 kb region in MRR1 (termed
“MRR1-A1") located in the FBXW11 intronic region that was associated with one of
two Hi-C anchors that loop over to FGF18 (Figure 3A). This region has high
H3K27me3 as validated by ChIP-qPCR (Figure S3B). We performed 4C using
MRR1-A1l as the viewpoint to detect all the regions that have chromatin interactions
with this region in wild-type K562. The 4C-seq results showed that this region indeed
had chromatin interactions with FGF18 and several other genes such as NPM1 and
UBTD2 (Figure 3A).

After that, we performed CRISPR deletion and generated three knock out
(KO) clones (Figure S3C). Through aligning RNA-seq data of one KO clone and 4C-
seq data (Figure 3A), we found that FGF18 and UBTD2 were both upregulated upon
CRISPR deletion. This indicated that these two genes may be silenced by MRR1-Al.
We further quantified the gene expression changes through RT-qPCR, which
indicated that FGF18 and UBTD2 were indeed upregulated significantly after
CRISPR deletion in the three KO clones while FBXW11 gene expression was not
affected (Figure 3B). To explore the phenotype of KO cells, we performed gene
ontology (GO) analysis which showed that KO cells may undergo cell adhesion and
cell differentiation (Figure 3C). We observed that the KO cells show increased
adhesion to the surface of the cell culture plate while wild type cells are suspension
cells (Figure 3D). Therefore, we performed adhesion assays using fibronectin-coated
plates. We found that KO cells show greater adhesion to have more adhesion ability
to fibronectin-coated plates (FN) than control cells (Figure 3E). This result suggested
that deletion of MRR1-Al leads to cell identity changes such as cell adhesion and
cell differentiation.

To explore if these two target genes were controlled by H3K27me3, we
checked the gene expression changes in the DMSO condition and EZH2 inhibition
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by GSK343 condition. We found that FGF18 and UBTD2 significantly upregulated
upon EZH2 inhibition which suggested that these two genes are controlled by MRRs
which is consistent with CRISPR results (Figure 3F). To explore if MRR controlling
FGF18 expression is cell type specific, we called MRRs in seven cell lines and
results showed that FGF18 MRR are specific to two of the seven cell lines, K562 and
GM12878 (Figure S3D). In summary, this example demonstrated we showed that
MRR1-Al can function as a silencer and can involve looping over to FGF18 and
UBTD?2 to repress gene expression which leads to cell identity changes (Figure 3G).

CRISPR excision of an MRR looping to IGF2 leads to IGF2 gene upregulation
and altered chromatin interactions

Next, we designed another 1 kb deletion in MRR2 (termed “MRR2-Al")
located in an intergenic region 10 kb away from the long non-coding RNA H19 that
was associated with one of three Hi-C anchors that loop over to IGF2 (Figure 4A)
following ChIP-gPCR confirmation of high H3K27me3 signal (Figure S4A).

4C-seq results showed that this region indeed loops to IGF2 (Figure 4A). RT-
gPCR in CRISPR KO cells (Figure S4B) and vector control cells showed that IGF2
was upregulated in all three KO cells (Figure 4B). H19 showed upregulation in the
RNA-seq data, but this was not consistent across all three KO cells (Figure S4C),
indicating that H19 was not the target gene. IGF2 expression significantly
upregulated upon EZH2 inhibition which suggested that IGF2 expression are
controlled by MRRs which is consistent with CRISPR results (Figure 4C). Gene
ontology of the KO RNA-seq data showed changes in pathways such as cell
communication and activation (Figure S4D). The IGF2 MRR has cell line specificity
and is specific to K562 out of seven cell lines examined (Figure S4E).

We asked if CRISPR deletion of a silencer could lead to changes in chromatin
interactions. We performed 4C-seq using IGF2 gene as the viewpoint in one of the
KO clones and wild-type cells. We found that several chromatin interactions were
lost in KO cells including both repressive interactions and active chromatin
interactions (Figure 4D), indicating that CRISPR deletion of genomic regions can
lead to alterations of chromatin interactions in the local vicinity. We speculate that
MRR2 stabilized many chromatin interactions with other genomic regions (Figure 4A)
that collectively formed a large interacting structure with IGF2, and deletion of the
MRR may lead to destabilization of such chromatin interactions, potentially leading
those genomic regions to form chromatin interactions with other regions besides
IGF2, thus leading to changes of chromatin interactions to IGF2 (Figure 4E). In
summary, this example demonstrated that MRR2-A1l can function as a silencer and
looping over to IGF2 to repress gene expression. MRR2-A1 deletion leads to IGF2
upregulation and changes of chromatin interactions at IGF2 gene (Figure 4E).

To explore MRR functions in vivo, we injected KO cells into SCID (severe
combined immunodeficiency) mouse models. Our results indicated that MRR1-Al
KO cells and MRR2-A1l KO cells both showed tumor growth inhibition (Figure 4F).
While IGF2 and FGF18 do not have any known tumor suppressor role that has been
reported, RNA-seq analysis of MRR1-A1 KO and MRR2-A1 KO cells both showed a
number of downstream targets of IGF2 and FGF18 that were upregulated and have
tumor suppressor roles, such as cell adhesion related gene SPARC?® and estrogen
receptor ESRRB®. Taken together, our results suggested that MRRs can function as
tumor suppressors in vivo.

Page 6 of 22


https://doi.org/10.1101/684712
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/684712; this version posted July 9, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

MRR-associated gene expression levels are highly susceptible to EZH2
perturbation

In order to investigate the effects of H3K27me3 on MRR-associated
chromatin interactions and associated gene expression, we eliminated or reduced
H3K27me3 by CRISPR knock-out of EZH2 in HAP1 cells (a near haploid Chronic
Myeloid Leukemia derived cell line) and EZH2 inhibitor treatment in K562 cells.

In HAP1 EZH2 KO cells, both EZH2 and H3K27me3 were depleted (Figure
5A). To interrogate the gene expression changes of MRR-related genes, we
performed RNA-seq in HAP1 WT and EZH2 KO cells. Our RNA-seq and RT-gPCR
results indicated that up-regulation of H3K27me3-associated genes was prominent,
while genes associated with H3K27ac peaks (super enhancers or typical enhancers)
underwent minimal net change (Figure 5B; Figure S5A) in HAP1 EZH2-KO cells.
Notably, MRR-associated genes were the most strongly upregulated as compared
with other categories (typical H3K27me3, super-enhancer and typical enhancers)
(Figure 5B). Similarly, EZH2 inhibition in K562 also induced H3K27me3 depletion
and significant up-regulation of MRR-associated genes as compared with other
categories (Figure S5B, S5C). This indicated that MRR-associated genes were
highly susceptible to EZH2 inhibition compared to genes associated with typical
H3K27me3.

HAP1 EZH2 KO cells showed slower growth rate and more cell adhesion
compared with HAP1 WT cells (Figure S5D, S5E). The induced cell adhesion was in
concordance with the significantly up-regulated cell adhesion related genes in RNA-
seq of HAP1 and K562 cells (Figure S5F-S5L). We then examined the results of
EZH2 inhibition on H3K27me3 landscape via ChlP-seq in HAP1 cells. H3K27me3
peaks could be barely found in HAP1 EZH2 KO cells, while the numbers of
H3K4me3 peaks were comparable before and after EZH2 KO (Figure 5C).

Based the results of genes up-regulation and H3K27me3 depletion after
EZH2 inhibition, we selected candidate MRR-associated genes to examine whether
their interactions had been changed by EZH2 inhibition. Surprisingly, although IGF2,
FGF18 and HOXD13 were up-regulated in HAP1 EZH2 KO cells, their promoter-
related interaction profiles stayed highly similar to HAP1 WT cells (Figure 5D, 5E).
Around these genes, H3K27me3 histone marks were depleted while H3K4me3
stayed comparable with the wild-type cells (Figure 5D; Figure S5M).

Similarly, chromatin interactions of these genes were largely unaffected in
K562 after EZH2 inhibition (Figure S5N, S50, and S5P). In addition, the reciprocal
interactions between CRISPR excision sites and promoters of FGF18 and IGF2
remain largely unchanged after GSK343 treatment in K562 cells (Figure S5Q). We
also designed 4C on other genes that are not associated with MRRs in HAP1 and
K562 cells, all of which showed highly similar interaction profiles around the 4C baits
at gene promoters or at distal interacting regions (Figure S5R and S5S). Taken
together, these results showed that chromatin interactions of MRR-associated genes
stayed highly similar despite the depletion of H3K27me3 and up-regulation of the
genes.
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Discussion

Here, we demonstrated that there are H3K27me3-rich regions of the genome
(called “MRRs”), and they are associated with chromatin interactions. MRRs tend to
preferentially associate with other MRRs. These highly repressive regions can
control gene regulation by acting as silencers looping over to gene promoters.
Interestingly, chromatin interactions do not change upon H3K27me3 alteration, and
appear to act as “scaffolds” to guide histone modification loading and unloading onto
the genome, and contact between H3K27me3 regions with target genes, indicating
that H3K27me3 is not required for the maintenance of chromatin interactions in
differentiated cells. However, chromatin interactions change upon alterations of DNA
regions, such as excision of MRR genomic DNA. Our work addresses a few major
guestions in chromatin biology.

First, silencers are poorly characterized in the human genome and there are
very few known examples that have been definitively shown to silence target genes,
such as the human synapsin | gene® and the human BDNF gene®. Our work
demonstrates that H3K27me3-rich regions can contain silencers in the human
genome, and provides a method for the identification of such silencer regions. Our
work also characterizes such potential silencer regions and indicates that silencers
may be of functional significance. These silencers are important for our
understanding of how genes are repressed and the consequences of such
repression on cell biology, and for our understanding of the potential for EZH2
inhibitors in drug development.

A second major question when discussing chromatin interactions and gene
activation or repression is the mechanism of functioning. A recent study on polycomb
repressive complex 2 reported that the deposition and spreading of H3K27me3
marks are dependent on the contact of PRC2 nucleation sites®. Our results suggest
that H3K27me3 depletion by EZH2 inhibition will lead to loss of H3K27me3 marks at
chromatin interactions, but not necessarily alter interactions themselves. Gene
expression changes would still be expected to occur because of the loss of
H3K27me3 either in proximity or brought into close proximity by looping.

Our findings support a “stable looping” model which holds that looping events,
once formed in cells upon cellular development and differentiation, are stable. These
results are in concordance with other studies on transcription activation, that such as
TNF-alpha responsive enhancers, which are already in contact with their target
genes before the signaling*.

A third question is whether H3K27me3 is required for maintenance of
chromatin interactions. Depletion of Eed in embryonic stem cells reduces chromatin
interactions between specific regions but does not lead to systemic change of
topologically-associated domains®. Here, high-resolution characterization by 4C of
the results of depletion of EZH2 on several different loci, some with very high levels
of H3K27me3, do not show changes in chromatin interactions, suggesting that
H3K27me3 is not required for maintenance of looping chromatin interactions. This
could be a reflection of the cell types we studied (K562 and HAP1, which are
differentiated cells) compared with embryonic stem cells, which may have different
requirements for maintenance of chromatin interactions.

In conclusion, maintenance of cellular identity requires that the right genes are
expressed and other genes are silenced. The results add an additional dimension to
the epigenetic code by involving chromatin interactions as structural scaffolds for
epigenetic marks, which could potentially assist in guiding the epigenetic marks to
specific regions of the genome. H3K27me3-rich regions demonstrate strong cellular
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control of particular genes and can act as silencers. Abrogation of H3K27me3-rich
regions demonstrates that these regions are functional in the genome. Just as the
concept of “super-enhancers” has been useful in identifying oncogenes and
therapeutic vulnerabilities in cancer cells, the concept of H3K27me3-rich regions
may be useful in identifying genes of key cellular identity and establishment of
cancer potential in the future.

Methods

We performed Hi-C interaction analysis, ChlIP-seq, RNA-seq, gene expression
analyses, cell culture, RT-gPCR, CRISPR excision, 4C, 3C, xenograft models,
western blot, adhesion assays, and growth curves as described in the
Supplementary Methods. A list of all libraries used and generated is provided in
Supplementary Table 1. A list of all the primers used is provided in Supplementary
Table 2.
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Figure 1. Definition of H3K27me3-rich regions (MRRs) and their
characterization.

A. H3K27me3 ChIP-seq peaks within 4kb are stitched together and the stitched
peaks ranked according to their H3K27me3 signal. The rank-ordered signal with a
slope of 1 is used as cut-off for defining H3K27me3-rich MRRs. B. H3K27me3-rich
regions (MRRs) and typical H3K27me3 peaks in K562 and their associated genes. A
representative overlapping gene from each of the top 10 MRRs are shown. C. ChlIP-
seq signal on typical H3K27me3, MRR and constituent peaks of MRR regions in
K562. Peaks are scaled to the same median length of peaks in typical H3K27me3
(1070 bp), MRR (92170 bp) or constituent peaks (203 bp), and the plot expanded by
5kb on both sides of the peak. D. Constituent peaks of MRRs have more Hi-C
interactions compared to typical H3K27me3. Constituent peaks are peaks that form
super peaks. “Super” and “typical” peaks are called by ROSE. Wilcoxon test p values
are as indicated. E. Example of CPED1 and DENND2D and their associated
MRR/SE in different cell lines. MRR and SE could be interchangeable in different cell
lines. SE, super enhancers; MRR, H3K27me3-rich regions. Expression level of
CPED1 is 107.826 and 0.029 in K562 and GM12878, respectively; expression level
of DENND2D is 0.002 and 78.004 (expression in RPKM). F. Expression changes
associated with state transition between different cells. MRR—H3K27ac, gene
associated peaks change from MRR into either super-enhancers or typical
enhancers; SE—~H3K27me3, gene associated peaks change from super-enhancers
into either MRR or typical H3K27me3 peaks. K562—-GM12878/K562—HAP1,
direction of state transition between two indicated cell line. Expression data is from
Epigenetic RoadMap and in-house HAP1 RNA-seq. Wilcoxon test p values are as
indicated.
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Figure 2. H3K27me3-rich regions (MRRs) preferentially associate with MRRs in
the human genome via chromatin interactions.

A. Schematic plot of how different categories of Hi-C interactions are defined. Hi-C
anchors are classified by whether they overlap with H3K27me3 or H3K27ac peaks.
A (active), overlap with only H3K27ac peaks; R (repressive), overlap with only
H3K27me3 peaks; Q (quiescent), overlap with neither H3K27ac nor H3K27me3
peaks; B (both), overlap with both H3K27ac and H3K27me3 peaks. The height of Hi-
C interactions (arcs) represents the highest read counts in the interacting regions. B.
Observed/expected ratio of Hi-C interactions in different categories. Left: categories
of chromatin pair states. Right: T (typical H3K27me3) or H (MRR) peaks. The
expected interactions are calculated from the marginal distributions of different
anchors. C. Different categories of MRR associated with genes. D. H3K27me3-rich
regions (MRRs) and typical H3K27me3 peaks in K562 and their associated genes
through chromatin interactions. Peaks overlapping with Hi-C interactions are labeled
with associated genes: for peaks labeled “proximal”, the gene TSS and peak occupy
the same Hi-C anchor; “distal” peaks are connected to the gene via Hi-C
interactions. E. Example of MRR (rank: 6) with proximal looping to gene GSEL1. F.
Example of MRR (rank: 85) with distal looping to gene PPP3CC. G & H. Examples of
two MRR (rank: 1st and 10th) with internal looping in K562. I. Example of TMCO4 4C
showing extensive internal looping within a MRR in K562. The colors of 4C
interactions are based on the distal interacting regions to the 4C bait. Blue:
repressive; orange: active; green: both; grey: quiescent. The state of the 4C bait is
labeled by text. Each ChIP-seq tracks contains ChIP signal and peaks. TE, typical
enhancer; SE, super-enhancer; T, typical H3K27me3; MRR, H3K27me3-rich region.
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Figure 3. CRISPR characterization of an MRR in K562 cells at FGF18.

A. Screenshot showing EZH2 ChlIP-seq, H3K27me3 ChIP-seq, H3K27ac ChiP-seq
and chromatin interactions as identified from previously published Hi-C data'®, gene
information, and 4C performed on the CRISPR-excised region in wild-type cells
confirming chromatin interactions to FGF18, as well as showing chromatin
interactions to UBTD2. The regions highlighted in the red boxes are shown in more
detail, with RNA-seq was shown as one CRISPR knockout clone over wild-type at
FGF18 and UBTD2. The blue bar shows the predicted whole MRR. The red box with
the red scissors indicates the region which was excised. B. RT-gPCR of FGF18,
UBTD2 and FBXW11 in three different CRISPR-excised clones (KO-1, KO-2, KO-3)
as compared with vector control cells (“Empty Vector”, “EV”). The data shown is
average + standard error. P value less than 0.05 is shown as *. P value less than
0.01 is shown as **. C. Gene Ontology (GO) was performed using significant DE
genes in the RNA-seq data which was shown as —log2(p value). D. Light microscopy
photos of empty vector (EV) and CRISPR knockout cells (KO) showing increased
cell adhesion and clumping in the KO clones. 10X and 20X magnification were
shown. E. A fibronectin adhesion assay showed increased adhesion of the three
CRISPR knockout cells (KO) as compared with empty vector (EV). BSA was used as
a negative control. The data shown is average + standard error. P value less than
0.05 is shown as *. F. RT-qPCR of FGF18 and UBTD2 expression upon DMSO
treatment (vehicle) and GSK343 treatment in K562 cells. The data shown is average
+ standard error. P value less than 0.05 is shown as *. G. Cartoon schematic
summary of the results showing that MRR1 interacts with FGF18 and UBTD2 in wild-
type cells, and CRISPR excision (as indicated by the red scissor) leads to
upregulation of FGF18 and a modest upregulation of UBTD2. The cellular
consequences of MRR1-Al excision includes increased cell adhesion.
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Figure 4. CRISPR characterization of an MRR in K562 cells at IGF2.

A. Screenshot showing EZH2 ChlIP-seq, H3K27me3 ChIP-seq, H3K27ac ChiP-seq
and chromatin interactions as identified from previously published Hi-C data'®, gene
information, and 4C performed on the CRISPR-excised region in wild-type cells
confirming chromatin interactions to IGF2. The blue bar shows the predicted whole
MRR. The red box with the red scissor indicates the region which was excised. B.
RT-gPCR of IGF2 in three different CRISPR-excised clones (KO-1, KO-2, KO-3) as
compared with vector control cells (“Empty Vector”, “EV”). The data shown is
average + standard error. P value less than 0.05 is shown as *. C. RT-gPCR of IGF2
expression upon DMSO treatment (vehicle) and GSK343 treatment. The data shown
is average + standard error. P value less than 0.05 is shown as *. D. Chromatin
interactions landscape changes at the viewpoint of IGF2 gene region in knock out
cells (KO) compared to control cells. Red box with scissor highlights the CRISPR
excised region. E. Cartoon schematic summary of the results showed that MRR2
interacts with IGF2 in control cells, and CRISPR excision (as indicated by the red
scissor) leads to upregulation of IGF2 and chromatin interactions changes at IGF2
region. Red dots show the unchanging chromatin interactions and blue dots show
the changing interactions (either loss or gain) in KO cells. F. Tumor growth in SCID
(Severe Combined Immunodeficiency) mice injected with MRR1-A1l knock out cells,
MRR2-A1 knock cells and empty vector cells (EV), n=5 for each group. The left
panel shows the tumor growth curve, and data shown as tumor volume (average +
standard error) with different post implantation days. The right panel was tumor
pictures of four injected mice in each group at day 38 which labelled with exact tumor
volume. For mice injected with MRR2-A1 cells, only two grew tumors.
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Figure 5. MRR-associated gene expression levels are highly susceptible to
EZH2 perturbation.

A. Representative western blot of histone marks in HAP1 wild type (WT) & EZH2
knock-out (EZH2 KO) cells. Bottom panels showed the quantification of the western
blots. B. Expression changes of genes associated with different types of peaks in
HAP1 EZH2 KO cells. Genes included: 1) Genes with TSS overlapped with different
peaks; 2) Genes associated with different peaks through Hi-C interaction. One-tail
wald test was used for testing significantly up-regulation. All the P values of genes in
each category are aggregated. C. Number of ChIP-seq peaks found in HAP1 WT
and EZH2 KO cells. D. RT-gPCR of IGF2, FGF18 and HOXD13 in HAP1 WT and
EZH2 KO cells. E. 4C results of IGF2, FGF18 and HOXD13 in HAP1 WT and EZH2
KO cells. The colors of 4C interactions are based on the distal interacting regions to
the 4C bait. Blue: repressive; orange: active; green: both; grey: quiescent. The
height of the 4C is shown in Reads Per Million (RPM). The ChIP signal and peaks of
H3K27me3 and H3K4me3 are shown. H3K27me3 ChlIP-seq peaks in HAP1 WT
contains typical H3K27me3 (top peak track) and MRR (bottom peak track) peaks.
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