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40  Abstract

41 Gene repression and silencers are poorly understood. We reasoned that
42  H3K27me3-rich regions (MRRs) of the genome defined from clusters of H3K27me3
43 peaks may be used to identify silencers that can regulate gene expression via
44  proximity or looping. MRRs are associated with chromatin interactions and interact
45  preferentially with each other. MRR-associated genes and long-range chromatin
46 interactions are susceptible to H3K27me3 depletion. MRR component removal at
47 interaction anchors by CRISPR leads to upregulation of interacting target genes,
48 altered H3K27me3 and H3K27ac levels at interacting regions, and altered chromatin
49 interactions. Chromatin interactions did not change at regions with high H3K27me3,
50 but regions with lower H3K27me3 and higher H3K27ac levels showed losses in
51 chromatin interactions, while new interactions emerged at high H3K27ac regions.
52 The MRR knockout cells also showed changes in phenotype associated with cell
53 identity, and altered xenograft tumor growth. Our results characterize H3K27me3-
54  rich regions and their mechanisms of functioning.

55
56 Introduction
57 The 3-dimensional organization of our genomes is important for gene

58 regulation'. The genome is organized into large Topologically-Associated Domains
59 (TADs) and chromatin interactions. Gene transcription is controlled by transcription
60 factors (TFs) that bind to enhancers and promoters to regulate genes*. TFs can bind
61 to proximal enhancers in the genome, and enhancers distal to genes can loop to
62  gene promoters via chromatin mteractrons to activate gene expression®. Cancer cells
63 show altered chromatin interactions®® including altered chromatin loops to key
64 oncogenes such as TERT".

65 By contrast, mechanisms for gene repression are much less well understood.
66  Silencers are regions of the genome that are capable of silencing gene expression.
67 Silencers have been shown to exist in the human genome, but are less well
68 characterized than enhancers. Until now, there are only a few known experimentally
69 validated silencers that have been demonstrated to repress target genes in vitro,
70  such as the human synapsin | gene®, the human BDNF gene’ and human CD4
71 gene®® (experimentally validated silencer examples are discussed in Table S1). The
72 reason for the lack of known silencers in the literature is that methods that can
73 identify human silencer elements in a genome-wide manner are not fully developed
74  yet. Moreover, the mechanism by which silencers can regulate distant genes is still
75 uncharacterized. Distant silencers are thought to loop over to target genes to silence
76 them'®'!) and this has been demonstrated in studies of polycomb-mediated
77 chromatin loops in Drosophila'?> and in mice™, but no such examples have been
78  characterized to date in humans.

79 Polycomb Group (PcG) proteins including Polycomb Repressive Complexes,
80 PRC1 and PRC2 are widely recognized to mediate gene silencing of developmental
81 genes'®. During the development process, PRC1 and PRC2 have the ability to
82 orchestrate genome architecture and repress gene expression'®. There are two
83  different types of expression domains: active domain and repressive domain, which
84 to regulate gene expression and construct cellular identity. Genes involved in cell
85 self-renewal are contained within the active domains which governed by super-
86 enhancers, while genes specifying repressed lineage are organized within chromatin
87  structures known as PcG domains'. Moreover, intact PcG domains have been
88 showed necessary to maintain the chromatin interaction landscape'”'®. However,
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89 the mechanisms of PcG domain formation and PcG protein recruitment are not fully
90 characterized yet'® which makes finding silencers more difficult.

91 PcG domains are marked by H3K27me3, which is deposited by the catalytic
92 component of PRC2 complex, mainly Enhancer of zeste homolog 2 (EZH2) and
93 sometimes EZH1%. H3K27me3 marks are associated with gene repression for cell
94 type-specific genes. Unlike H3K9me3 which remains silenced all the time and
95  prevents multiple TFs from binding®', H3K27me3 stiII allows these genes to be
96 activated through TF blnd|n2q in a different cell state®”. H3K27me3 are known to be a
97  characteristic of silencers'®

98 Recently, there are several papers that have proposed methods to identity
99 silencer elements in genome-wide manners. Huang et al defines silencers using the
100 correlation between H3K27me3-DNase | hypersensitive site (DHS) and gene
101 expression®. At the same time, Jayavelu et al used a subtractive analysis approach
102 to predict silencers in over 100 human and mouse cell types®. Moreover, Pang and
103 Snyder identified silencers through an innovative “ReSE screen” which screened for
104  genomic regions that can repress caspase 9 expression upon apoptosis induction®®.
105 Interestingly, Ngan et al. characterized silencers in mouse development through
106 PRC2 Chromatin Interaction Analysis with Paired-End Tag sequencing (ChlA-PET)
107  in mouse embryonic stem cells. They concluded that PRC2-bound anchors function
108 as transcriptional silencers suggestlng that we can identify silencers through
109 investigating chromatin interactions 3

110 However, there is no consensus yet in terms of how to identify silencers —
111 notably, each of these methods identify different genomic regions as silencers,
112 raising the question of whether there may be different classes of silencers.
113 Moreover, current methods for identifying silencers are laborious and require
114  complicated bioinformatics analyses and/or genome-wide screening (Table S2,
115  “comparison of different human silencer identification methods”). A simple, easy to
116  perform method to identify silencers in the genome in a high-throughput manner
117  would be ideal. Further, we need more research in order to understand whether
118 there are different classes of silencers and to characterize the roles of silencers in
119  the genome.

120 The term “super-enhancer’® has been used to describe clusters of H3K27ac
121  peaks which show very high levels of H3K27ac or other transcription-associated
122 factors such as mediator as determined from ChlP- Seq data Super-enhancers have
123 high levels of chromatin mteractlons to target genes®®, and are associated with
124 oncogenes in cancer cells?® and cell fate-associated genes in embryonic stem
125  cells®. While more research needs to be done to determine if super-enhancers are a
126  distinctly different entity from enhancers, super-enhancers are thought of as strong
127  enhancers, and the definition has been useful in identifying genes important for cell-
128  type specification®'.

129 Here, we reasoned that we can similarly identify “super-silencers” or
130 “H3K27me3-rich regions (MRRs)” from clusters of H3K27me3 peaks in the genome
131 through ChIP-Seq on H3K27me3. We hypothesized that H3K27me3-rich regions
132 may be a useful concept in identifying genomic regions that contain silencers which
133 can repress target genes either in proximity or via long-range chromatin interactions.
134  The target genes may be tumor suppressors in cancer cells, and also cell fate-
135  associated genes that need to be turned off for differentiation to occur.

136 We found several hundred MRRs in the K562 chronic myelogenous leukemia
137  cell line, which show dense chromatin interactions to target genes and to other
138  MRRs. Moreover, genes in close proximity to, and genes that loop to MRRs by long-
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139  range chromatin interactions, were more susceptible to EZH2 inhibition and showed
140  higher levels of upregulation upon EZH2 inhibition, as compared with genes in close
141 proximity or which loop to typical H3K27me3 peaks. EZH2 inhibition led to changes
142 in long-range chromatin interactions at MRRs. Next, we experimentally validated two
143 looping silencers through CRISPR removal, and both showed upregulation of target
144  genes indicating that they are indeed bona fide silencers. Through CRISPR excision
145 of one of the IGF2 looping silencer components and one of the FGF18 looping
146  silencer components, we found that silencers control cell identity and their removal
147 caused cell identity changes. Using the silencer at IGF2 as an example, we
148  dissected the consequences of silencer removal through 4C and ChlIP-Seq on
149 H3K27me3 and H3K27ac. We found that removal of a component of a silencer by
150 CRISPR excision leads to changes in chromatin loops. Remarkably, regions that
151  originally presented with very high H3K27me3 levels were stable in terms of
152 chromatin loops. New chromatin interactions formed at regions with high H3K27ac,
153 while chromatin interactions to regions with low H3K27me3 and medium H3K27ac
154  levels were lost.

155 Taken together, our results indicate that clustering of H3K27me3 peaks in a
156 manner similar to the super-enhancer analyses can identify MRRs that contain
157  silencers that can loop over to target gene promoters, and the epigenomic,
158  transcriptomic and phenotypic consequences of silencer perturbation by H3K27me3
159  depletion and CRISPR excision.

160

161  Results

162

163  ldentification and characterization of H3K27me3-rich regions (MRRs) in the
164 human genome

165 We identified hlghly H3K27me3-rich regions (MRRs) from cell lines using
166 H3K27me3 ChIP-seq data® in the following manner: we first identified H3K27me3
167  peaks, then clustered nearby peaks, and ranked the clustered peaks by average
168  H3K27me3 signals levels. The top clusters with the highest H3K27me3 signal were
169 called as “H3K27me3-rich regions” (MRRs) and the rest “typical H3K27me3” regions
170  (Figure 1A, 1B). The peaks that were merged together during this process were
171 called constltuent peaks. This method is similar to how super- enhancers were
172 defined®®, We overlapped our list of MRRs in K562 with a recent paper®® which
173 performed whole genome silencer element screening and found that 41% of our
174  MRRs overlap with the list of silencer elements defined by the ReSE screen®
175  (Figure S1A), indicating that our MRRs could identify silencers in the genome.

176 The number of constituent peaks and overlapping genes at MRRs is larger
177  than typical H3K27me3 peaks (Figure S1B, S1C). Consider the differences in the
178  lengths of MRRs and typical H3K27me3 peaks, we used constituent peaks of MRRs
179 and typical H3K27me3 peaks to study CpG methylation and gene features. The
180 results showed that the constituent peaks of MRRs and typical H3K27me3 peaks
181  mostly overlap with inter CpG island methylation (Figure S1D) and the intronic
182  regions of genes (Figure S1E).

183 Many MRR- overlafpmg genes in different cell lines are known or predicted
184  tumor suppressor genes>* Flgure S1F). For example, NPM1, the most commonly
185 mutated gene in leukemia®>®, overlaps with an MRR in the leukemic cell line K562.

186  FATT1, which is frequently mutated in chronic Iymphocytlc leukemia (CLL) and can
187  act as a tumor suppressor through inhibiting Wnt signaling®®*°, also overlaps with an
188 MRR in K562. Gene ontology analysis showed that MRR- related genes are enriched
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189 in developmental and differentiation processes, while genes associated with typical
190 H3K27me3 peaks are enriched in cell metabolism and transportation processes
191  (Figure S1G, S1H). These results suggest that MRR may regulate important genes
192  related to development and tumorigenesis.

193 ChlP-seq signals of EZH2 showed high correlation with H3K27me3 signal at
194 typical H3K27me3, MRRs, constituent peaks of typical H3K27me3 and constituent
195 peaks of MRRs, which is consistent with EZH2's role in H3K27me3 mark deposition
196 (Figure 1C; Figure S1l, S1J). Notably, the constituent peaks of MRRs had higher
197 H3K27me3 and EZH2 signals than the constituent peaks of typical H3K27me3 peaks.
198  This suggests that there are genomic regions with higher level of H3K27me3 and
199 EZH2 compared with others, and they can be found in MRRs. In addition, the ChlP-
200 seq profiles of SUZ12 and BMI1 are also higher in the constituent peaks of MRRs,
201  suggesting that these regions may be targeted by PRC1 and PRC2 complex (Figure
202 S1K, S1L).

203 MRRs were different in different cell lines, where a same gene can overlap
204  with different types of peaks (Figure 1D; S1M, S1N). For example, the cadherin-like
205 coding gene CPED1 is covered by a broad MRR in GM12878, but overlaps with a
206 super-enhancer in K562 (Figure 1D). Conversely, the gene for DENNDZ2D is
207 associated with an MRR but overlaps with a super-enhancer in GM12878 (Figure
208 1D). In addition, most MRRs were unique to individual cell lines (Figure S1Q).

209 Analysis of cell line expression data showed that genes which transit from
210 MRR-associated to H3K27ac peak-associated in a different cell line were up-
211 regulated, while genes transit from super enhancer-associated to H3K27me3 peak-
212 associated were down-regulated (Figure 1E). The expression fold changes between
213  repressive and active state are higher than those genes that merely lost MRR/SE
214  (Figure 1E; MRR vs. others and SE vs. others) or gain H3K27ac/H3K27me3 (Figure
215 1E; others vs. H3K27ac and others vs. H3K27me3), respectively. Further, genes
216  whose expression was more cell line-specific were associated with more MRRs than
217 those genes with lower expression specificity (Figure S1R). The uniqueness and
218  specificity of MRRs suggest they might be primed for specific regulation in different
219  cell contexts.

220 We overlapped MRRs with high-resolution in situ Hi-C data*', and found that
221 constituent peaks of MRRs had a higher density of chromatin interactions than the
222 constituent peaks of typical H3K27me3 peaks in both K562 and GM12878 (Figure
223 1F; Figure S1N, S10). The involvement of chromatin interactions in MRRs was
224 similar to super-enhancers compared with typical enhancers*, suggesting chromatin
225 interactions might be important within strong histone modification regions.

226 In summary, we defined MRRs using H3K27me3 ChlP-seq peaks, and
227 showed that MRRs might be involved with specific gene repression related to
228 development, differentiation and cancer via chromatin interactions.

229

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

232 We assigned chromatin states at Hi-C interaction anchors using H3K27me3
233 and H3K27ac peaks: active (A) anchors overlap with H2K27ac peaks, repressive (R)
234  anchors overlap with H3K27me3 peaks, bivalent (B) anchors overlap with both
235 H3K27me3 and H3K27ac peaks, and quiescent (Q) anchors overlap with neither
236 peak (Figure 2A). We further defined the chromatin state pair of an interaction as the
237 chromatin states of its anchors and calculated the proportion of different chromatin
238 interaction in the Hi-C data (Figure 2B, “Obs”). Next, we calculated the expected
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239  proportion of interactions for each state pair under a homogeneous model (Figure
240 2B, Exp), and compared those expectations to the actual number of observations
241 (Figure 2B, log2(Obs/Exp) on the x-axis). If the observed proportion of a certain
242  category of interactions were more frequently seen, the logo(Obs/Exp) value would
243 be positive; conversely, if a certain category was depleted, the log>(Obs/Exp) value
244  would be negative.

245 Interactions between anchors of the same state (AA, RR, and BB) were more
246  likely to interact with each other, while interactions with highly different chromatin
247  state pairs (e.g., AR, BQ) less likely (Figure 2B, left), regardless of cell line. When
248  grouped into typical H3K27me3 peaks (T) versus high H3K27me3 regions or MRRs
249 (MRR), the high H3K27me3 regions showed a preference for interactions with other
250 MRRs (Figure 2B, right). In keeping with A/B chromatin compartments of the
251  nucleus, this 'like-like' preference indicated that loci of similar chromatin state were
252 more prone to interact with each other.

253 To further explore the potential regulatory role of MRRs in chromatin
254  interactions, we identified the subset of MRR-anchored interactions where at least
255 one anchor peak overlapped a gene transcription start site, and grouped them
256 according to whether the MRR anchor was proximal or distal to the TSS anchor
257  (Figure 2C, 2D; Figure S2A-S2F, S2G; examples of genes can be found in Figure
258 S2H-S2K). Both proximal and distal gene looping occur for MRR-anchored
259 interactions, but some MRRs are large enough that both anchors occur in the same
260 MRR. While proximal looping genes are a subset of the genes within MRRs, distal
261 looping genes are only identified by chromatin interactions (Figure 2D, right). The
262  top-ranking MRRs are often involved in extensive internal looping (Figure S2J-S2K).
263 Gene ontology analysis showed that MRR-associated genes in the context of
264  chromatin interactions are involved in developmental and differentiation processes
265  (Figure S2L).

266 In order to validate the ‘like-like’ preference of chromatin interactions, we
267 performed Circular Chromosome Conformation Capture (4C) experiments on
268 selected loci at MRR to investigate the associated chromatin interactions in a
269 comprehensive and high-resolution manner. We annotated the interactions based on
270  the chromatin state of the anchor distal from the bait in K562 (Figure 2E and Figure
271 S2M-0), and across multiple cell lines (Figure S2P-Q). The interaction profiles of 4C
272 baits of different states were largely dominated by interacting regions of the same
273 state as the baits. In addition, the TMCO4 4C data showed that most 4C interactions
274  fell within the same MRR as the bait and only a handful of them were outside of the
275  MRR. This suggest that MRR can have extensive internal looping.

276 We also carried out 4C experiments on the same bait across different cell
277  lines. The interactions and the chromatin state at the bait locus varied in different cell
278  lines, but the interaction profile maintained a preference for the same chromatin state
279  as the bait (Figure S2P, S2Q). As a further test of this concept, the extensive BB
280 long-range interactions (green arcs) connecting PSMD5 and TOR1A in K562 were
281 validated using reciprocal 4C bait design. When the PSMD5 bait region was A
282 (active) in either GM12878 or HAP1 cells, the BB interactions were largely reduced
283  and other types of interactions started to appear (Figure S2P).

284 Next, we analyzed the transcription factors binding to the regions of MRRs
285 that are connected by chromatin interactions. ChlP-seq peaks of chromatin
286  architectural proteins (CTCF, YY1, ZNF143), cohesin subunits (RAD21, SMC3), and
287  transcription repression-associated proteins (EZH2, REST, GATAD2B) were
288 downloaded from ENCODE and overlapped with the interacting regions of MRRs,
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289  which were then normalized to Z-score and clustered by hierarchical clustering.
290  Specific enrichments of one specific transcription factor can be found in several
291  small clusters (Figure 2F; YY1 in cluster_1, EZH2 in cluster 2, and SMC3 in
292 cluster_3). Another cluster was identified with very high binding affinity of RAD21,
293  REST, ZNF143, CTCF, and SMC3 (Figure 2F cluster_5). Our results demonstrate
294 that different chromatin architectural proteins are involved in the regulation of
295  different silencer-associated chromatin interactions.

296

297 MRR-associated gene expression and long-range chromatin interactions are
298 susceptible to EZH2 perturbation

299 In order to investigate the effects of H3K27me3 on MRR-associated
300 chromatin interactions and associated gene expression, we eliminated or reduced
301 H3K27me3 by CRISPR knock-out of EZH2 in HAP1 cells (a near haploid cell line
302  derived from chronic myeloid leukemia) and EZH2 inhibitor treatment (GSK343) in
303 K562 cells.

304 After treatment with GSK343 in K562 cells, the level of H3K27me3 decreased
305 globally, leading to the loss of nearly half of the H3K27me3 ChlP-seq peaks (Figure
306 3A). However, there were still residual H3K27me3 peaks after GSK343 treatment,
307 and these were the regions that had higher H3K27me3 signal before the treatment
308 as compared with the susceptible peaks. Western blot confirmed that a lower
309 concentration of drug treatment in K562 cells and EZH2 knockout in HAP1 cells both
310 led to global loss of H3K27me3 (Figure S3A-B).

311 To interrogate the gene expression changes of MRR-related genes, we
312 performed RNA-seq in DMSO-treated and GSK343-treated K562 cells. The RNA-
313 seq results indicated strong up-regulation of H3K27me3-associated genes, while
314 genes associated with H3K27ac peaks (super enhancers or typical enhancers)
315 underwent minimal net change (Figure 3B). Notably, MRR-associated genes were
316  the most strongly upregulated as compared with other categories (typical H3K27me3,
317 super-enhancer and typical enhancers) (Figure 3B). Similarly, a lower dose of drug
318 treatment in K562 and EZH2 knockout in HAP1 also induced H3K27me3 depletion
319 and significant up-regulation of MRR-associated genes as compared with other
320 categories (Figure S3C-E). In addition, cell adhesion related genes in RNA-seq of
321 HAP1 and K562 cells were significantly up-regulated (Figure S3F-S3I). This is in
322 concordance with the increased aggregation HAP1 EZH2 KO cells (Figure S3J).
323  HAP1 EZH2 KO cells also expressed slower growth rate compared with EZH2 WT
324  cells (Figure S3K), possibly due to contact inhibition of the cells. Taken together, our
325 results showed that MRR-associated genes were highly susceptible to EZH2
326 inhibition and cell adhesion pathways were up-regulated.

327 Based on the genes that were up-regulated following H3K27me3 depletion,
328 we selected candidate MRR-associated genes to examine whether their interactions
329 had been changed by EZH2 inhibition. ChlP-seq data at FGF18 gene showed that
330 HBK27me3 level was decrease and there were accompanied lost peaks, while the
331 HBK27ac and H3K4me3 signal were mostly unaltered (Figure 3C). By comparing the
332  4C interactions at FGF18 promoter in DMSO and GSK343 condition, we found that
333  4C interactions at near distance stayed almost the same (Figure 3D, 50 kb range
334 view on the left), while interactions with greater genomic spans were altered (Figure
335 3D, 1000 kb range view on the right). We further classified 4C interactions into
336 “gained”, “lost”, and “unchanged” categories, and showed that the unchanged 4C
337 interactions showed a closer distance relative to the 4C bait compared with gained or
338 lost categories (Figure 3E). This trend was observed in all of the 4C libraries of in
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339 GSK343-treated K562 cells (Figure 3F; Figure S3L) as well as HAP1 EZH2 KO cells
340 (Figure S3L, for details of 4C interactions see Figure S3M-S3S). One question is
341  whether the reduced 4C signal upon H3K27me3 depletion is due to a reduced
342 number of cells displaying chromatin interactions at MRRs. The HAP1 cell line is
343  near-haploid, therefore we can conclude that the reduced 4C signal seen in the
344 HAP1 cells indicates that reduced numbers of cells display these interactions (Figure
345  S3L, Figure S3M-S3S).

346 Similarly, chromatin interactions of other 4C experiment genes were largely
347 unaffected in the vicinity of the 4C bait (Figure S3M-S3S). Taken together, these
348 results showed that short-range chromatin interactions stayed highly similar upon
349 depletion of H3K27me3, while long-range chromatin interactions are changed by
350 EZH2 inhibition and/or knockout.

351

352 CRISPR excision of a silencer looping to FGF18 leads to FGF18 gene
353 upregulation, cell differentiation and tumor growth inhibition

354 Next, we asked if MRRs function as silencers to regulate gene expression.
355 We selected 2 MRRs for functional testing based on the H3K27me3 signal, the
356 presence of Hi-C anchors and the number of Hi-C anchors they associated with
357  whether the genes were involved in cell identity (Supplementary Text). Briefly, there
358 are 974 MRRs in K562 (Figure S4A) and of those MRRs, 237 MRRs are associated
359 with genes. Among these, 130 MRRs show proximal looping to genes (MRRs
360 overlap with target gene promoters), 111 MRRs show distal looping to genes (MRR
361 loops over to the promoter of target gene by long-range chromatin interactions) and
362 51 MRRs show internal looping to genes (Part of the MRR overlaps with the target
363  gene promoter and the other part of the MRR loops over to the promoter of the target
364 gene by long-range chromatin interactions). From this list, we selected MRR1, an
365 internal looping example which showed many loops to FGF18, a fibroblast growth
366 factor involved in cell differentiation and cell-to-cell adhesion**** (Figure 4A) and
367 MRR2, an internal looping example which showed many loops to /GF2, an imprinted
368 gene known to be associated with genomic silencers®* and involved in growth,
369 development and cancer® (Figure 5A).

370 We designed the CRISPR deletion site at a 1 kb region in MRR1 (termed
371 “MRR1-A1”) located in the FBXW11 intronic region that was associated with one of
372 two Hi-C anchors that loop over to FGF18 (Figure 4A). This region has high
373 H3K27me3 as validated by ChIP-gPCR (Figure S4B). MRR-A1 is part of cluster_8
374  (associated with low levels of cohesin proteins, high binding to GATAD2B; Table S8)
375  from Figure 2F. We performed 4C using MRR1-A1 as the viewpoint to detect all the
376  genomic locations that have chromatin interactions with this region in wild-type K562.
377 The 4C-seq results showed that this region indeed had chromatin interactions with
378 FGF18 and several other genes such as NPM1 and UBTDZ (Figure 4A).

379 Next, we performed CRISPR deletion and generated three knock out (KO)
380 clones (Figure S4C). To scan for the target genes, we aligned RNA-seq data of one
381 KO clone and 4C-seq data (Figure 4A) and found that FGF18 and UBTDZ2 were both
382 upregulated upon CRISPR deletion. Upregulation of the FGF18 gene was further
383 confirmed by RT-qgPCR consistently in three different KO clones (Figure 4B) which
384 indicated that MRR1-A1 removal leads to upregulation of FGF18 gene expression.
385 To confirm that upregulation of FGF18 was due to H3K27me3 removal, we treated
386 the control cells and KO cells with GSK343 (EZH2 methyltransferase inhibitor). Upon
387 GSK343 treatment, FGF18 gene was upregulated compared with DMSO control and
388  MRR1-A1 removal can rescue the transcriptional upregulation of FGF18 (Figure 4C).
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389  Therefore, MRR1-A1 can act as a silencer repressing FGF18 gene expression via
390 chromatin looping in K562. To explore if this looping silencer is cell type specific, we
391 called MRRs in seven cell lines and found FGF18 MRR is specific to two of the
392 seven cell lines, K562 and GM12878 (Figure S4D) which suggested that silencers
393  are specific to different cell types and might control the cell identity related genes.

394 Since FGF18 has been reported to be involved in cell differentiation and cell-
395  to-cell adhesion***°, next we asked if KO cells showed any phenotype. To address
396 this, we performed gene ontology (GO) analysis which showed that KO cells may
397 undergo cell adhesion and cell differentiation (Figure 4D). First, we observed that the
398 KO cells show increased adhesion to the cell culture plate surface and formed
399 aggregates while wild type cells are suspension cells (Figure 4E). The adhesion
400 ability was further quantified by cell adhesion assay (Figure 4F). Second, those
401  similar aggregates morphology was reported by some publications*** which showed
402 that aggregates are associated with cell differentiation such as erythroid and
403 megakaryocyte lineage of K562 cells. Therefore, we checked the expression of
204  hemoglobin genes which can be the indicator of erythroid lineage differentiation*® in
405 the RNA-seq data and further confirmed some of their upregulation (HBB, HBZ and
406 HBET1) by RT-gPCR (Figure 5A). To rescue the erythroid differentiation phenotype,
407  we performed siRNA knock down of FGF18 gene in the KO cells. Hemoglobin genes
408 can be partially rescued by FGF18 knock down (Figure 5B) which suggested that
409  erythroid differentiation is indeed caused by FGF18 upregulation (Figure 5C).

410 Leukemic cell differentiation induction is associated with cell growth inhibition
411 and small molecule inhibitors such as All-trans Retinoic Acid (ATRA) that can induce
412  differentiation have been useful in treatment of Acute Promyelocytic Leukemia,
413  suggesting that methods to induce differentiation could lead to potential leukemia
414  treatments**°°. Therefore, we asked if silencer KO is associated with growth
415 inhibition in vivo, given that silencer KO leads to cell differentiation. To test this, we
416 performed xenograft experiments for two different KO clones and both two KO
417  clones showed inhibition of tumor growth in the mice (Figure 5D and 5E). This tumor
418  growth inhibition suggests that FGF718 might play tumor suppressor roles in leukemia
419  and suggests the possibility that silencers can control cell identity through repression
420  of tumor suppressor gene expression. In summary, our analyses suggested MRR1-
421 A1 can function as a looping silencer of FGF18 and MRR1-A1 removal leads to cell
422  identity changes such as cell adhesion, cell differentiation and tumor growth
423  inhibition (Figure 5C).

424

425 CRISPR excision of a silencer looping to /IGF2 leads to /IGF2 gene upregulation,
426  cell differentiation and tumor growth inhibition

427 MRR2 was validated in the same manner as MRR1. Specifically, we designed
428 another 1 kb deletion in MRR2 (termed “MRR2-A1”) located in an intergenic region
429 10 kb away from the long non-coding RNA H179 that was associated with one of
430 three Hi-C anchors that loop over to IGF2 (Figure 6A). High H3K27me3 signal of
431 MRR2-A1 was confirmed by ChIP-gPCR (Figure S5A) and chromatin interactions to
432 IGF2 were confirmed by 4C-seq (Figure 6A). MRR2-A1 anchor was in cluster_5 in
433  Figure 2F, and it has high binding affinity of CTCF, RAD21, SMC3 and REST (Table
434  S8).

435 RT-gPCR in CRISPR KO cells (Figure S5B) and vector control cells showed
436 that IGF2 was upregulated in all three KO cells (Figure 6B) while H19 only showed
437  upregulation of one KO clone (Figure S6C) indicating MRR2-A1 can function as the
438 looping silencer to repress IGF2 in K562. Again, IGF2 was upregulated upon
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439  GSK343 treatment which further can be rescued by MRR2-A1 removal confirmed
440  IGF2 upregulation is due to H3K27me3 removal (Figure 6C). Similar to MRR1, this
441  IGF2looping silencer was also cell type specific (Figure S5D).

442 We performed RNA-Seq on the MRR2-A1 KO cells as compared with empty
443  vector cells, and in Gene Ontology analysis, we found the term for “cell
444  differentiation” (Figure 6D). Thus, we asked if those KO cells are also undergoing
445  erythroid differentiation. We checked the same hemoglobin genes. We found the
446  haemoglobin genes (HBB, HBZ and HE1) were upregulated in the KO cells (Figure
447  6E) and their upregulation can be rescued by /GF2 siRNA knock down (Figure 6F).
448 Finally, we tested to see whether the CRISPR KO cells showed tumor growth
449 inhibition in vivo, similar to MRR1. Xenograft experiments showed severe tumor
450  growth inhibition of two different clones (Figure 6G) which further suggests that
451  silencers can control cancer growth. Therefore, this IGF2 example together with
452  FGF18 example confirmed the existence of two looping silencers and showed that
453  looping silencers are involved in the control of cell identity and tumor growth.

454

455 IGF2 looping silencer removal caused changes of distant chromatin
456 interactions

457 Through the FGF18 and IGF2 example, we confirmed the existence of looping
458  silencers and demonstrated they can control cell identity. Next, we investigated the
459  epigenomic consequences of removal of a looping silencer using the IGF2 example.
460  First, we asked whether chromatin interaction landscape will be changed upon
461 looping silencer removal. We performed 4C-seq in the KO cells and control cells.
462  Using IGF2 as the bait, we detected there are 33 chromatin interactions lost and 12
463  chromatin interactions gained after knocking out while a control bait remains highly
464  unchanged (Figure 7A, Figure S6A). We further confirmed several lost loops by 3C-
465 PCR (Figure S6B). Taken together, our results indicate that loss of a silencer
466  through CRISPR excision could lead to alterations in the chromatin interaction
467  landscape.

468 Next, we classified chromatin interactions into three types: unchanged loops,
469  gained loops and lost loops to explore their features. Through mapping their distance
470 and density, we found that the average distance of changed loops are greater than
471 unchanged loops which indicate that the distant loops which are further away to the
472  bait tend to change (Figure 7B), which is consistent with the H3K27me3 depletion
473 experiments (Figure 3E-F).

474

475 Chromatin loops to high H3K27ac regions were gained upon IGF2 looping
476  silencer removal

477 MRR2 has high H3K27me3 signal, therefore, histone modifications may play
478  a role for the IGF2 upregulation. We performed H3K27me3 and H3K27ac ChlP-seq
479 in the KO cells and control cells (Figure S6C). We found that H3K27me3 decreased
480 along IGF2 gene region in the KO cells (Figure 7C) while a control region remained
481  similar (Figure S6D). This suggested that silencer removal will cause H3K27me3
482  loss at the target gene region.

483 Next, we performed integrative analysis of 4C-seq and ChIP-seq. Surprisingly,
484  we found that the initial histone states of the cells before knockout were associated
485  with whether the chromatin interactions would be gained, lost or unchanged upon
486  knockout of MRR2-A1 (Figure 7D). Specifically, very repressed loops with high
487 H3K27me3 and low H3K27ac were unchanged and retained after KO. Loops with
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488 high H3K27ac and low H3K27me3 tend to be gained while loops with medium
489 H3K27ac and medium H3K27me3 tend to be lost.

490 Moreover, in examining the unchanged loops, we observed a slight decrease
491  in H3K27me3 while levels H3K27ac remained similar (Figure S6E) which suggested
492  that the repressive ability of those anchors became weaker.

493 Taken together, the regions that loop to /GF2 in the KO cells are now more
494  active with higher H3K27ac regions. These findings demonstrate two mechanisms
495 by which IGF2 might be upregulated in KO cells. First, IGF2 showed gains of
496 chromatin loops to more active anchors and losses of loops to several repressive
497  anchors. Secondly, the retained loops which had strong H3K27me3 levels at the
498  control cells show weaker H3K27me3 levels now (Figure 7E).

499
500 Discussion
501 Silencers are important regulatory elements for gene regulation, and several

502 studies have suggested that they loop to target genes, in a manner analogous to
503 enhancers. Although there are several silencer examples that have been
504 experimentally validated (Table S1) and several methods have been proposed to
505 identify silencer elements (Table S2), however, there is no consensus yet.
506 Additionally, no silencers that work via a looping mechanism have been
507 characterized yet except several PRC2-bound silencers in mouse'. Here, we
508 propose a new method to identify H3K27me3-rich regions (MRRs) or putative
509  “super-silencers” through clustering and ranking H3K27me3 signals.

510 In this way, we found that MRRs are highly associated with chromatin
511 interactions and can be perturbed by EZH2 inhibition. Through H3K27me3 clustering,
512 ranking and associate them with chromatin interactions, we validated two looping
513  silencer examples (IGF2 and FGF18 examples). We showed that silencer removal
514  cause cell identity changes and further related to tumor growth inhibition. Moreover,
515 |IGF2 example demonstrated that silencer removal will cause altered chromatin
516 interaction landscape and altered histone modifications.

517 In the EZH2 inhibition and knockout data, we showed that MRR-associated
518 genes as well as long-range chromatin interactions were susceptible to the depletion
519 of H3K27me3 histone marks. The differences in the de-repression of genes
520 associate with MRR and typical H3K27me3 peaks suggest that different genes may
521 response differently and their response may correlate with their chromatin state.
522 Although differences in chromatin interactions have been observed in cells at
523 different developmental stages®'?, whether chromatin interactions can be affected
524 by different cell treatments is still an open question. A study in human fibroblast cells
525 showed that the contacts between enhancers and promoters were present in the
526 cells before the transient treatment of TNF-a®, suggesting a pre-existing and stable
527 chromatin architecture. However, our results suggest that long-range chromatin
528 interactions may be affected by depletion of H3K27me3. The regulatory elements at
529 a great distance can be brought into proximity to genes and form a permissive or
530 repressive microenvironment around genes to help regulate their expression. To
531  answer this question, further investigation of the structural differences in response to
532  different cell treatments should be done using high-resolution and whole-genome
533 chromatin interactions sequencing methods. This can help us to understand the
534  mechanisms of gene activation or repression in cellular pathways.

535 The mechanism of how silencers function to repress genes will be an
536 interesting topic to explore. Through the IGF2 silencer example, we showed that that
537 looping silencer removal cause distant loops to change and histone states in the
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538 initial conditions can predict the lost loops. Importantly, we found that the initial
539 histone state determines whether loops will change, which provides evidence that
540 histone modifications can affect overall genome architecture. Secondly, we found
541 that nearby loops tend to remain unchanged while long range loops are disturbed
542  either upon silencer KO or GSK343 treatment which is in line with the finding that
543 showed PRC1 and PRC2 are necessary to maintain the chromatin interactions
544 Iandscape17’54. Thirdly, there are multiple regions inside an MRR that are involved in
545  chromatin interactions and may also function as silencers. It would be interesting to see
546  whether all the putative silencers in an MRR function differently and to dissect different
547  functional mechanisms of silencers. Fourthly, transcription factors can contribute to the
548  chromatin interaction landscape and cell type-specific transcription factors may result
549  in different chromatin interaction landscape™. Therefore, elucidating the transcription
550 factors involved in silencer functioning would be an important future direction for
551  research.

552 We and other people found that silencers are cell-type specific and highly
553  context-dependent®*?® (Table S2). Specifically, for the same genomic region, they
554  are silencers in one cell line but can be a super-enhancer in another cell line. Not
555  surprisingly, this kind of change is associated with different gene expression.
556  Moreover, it has been showed that silencers can transit into active enhancers during
557  differentiation’’. Thus, the study of relationship between cell types and silencers can
558  shed light on cell type specific regulation of gene expression. Interestingly, we found
559  that silencer removal leads to cell differentiation and tumor growth inhibition, which is
560 in line with previous observed studies that showed that more H3K27me3 can render
561 Topologically-Associated Domains (TADs) inactive and repress tumor suppressor
562 genes™. It will be interesting to study the detailed mechanism of how silencers
563  regulate tumor suppressor genes. In this way, it may be possible for us to activate
564 the tumor suppressor genes expression by perturbing silencers, just as super-
565  enhancer perturbation can result in loss of oncogene expression®.

566 Notably, the question of whether super-enhancers are indeed different from
567 enhancers is not settled yet®®. Our research raises similar questions: are “super-
568 silencers” different from typical silencers? The regions of the long MRR that are
569 critical for silencer function are not fully elucidated yet. Here we showed that the
570 components of the MRRs that are involved in looping interactions are important in
571  repressing distal chromatin interactions, while the roles of other components of the
572 MRRs are not yet known. Moreover, we found that different anchors within the same
573 MRR can be associated with different proteins, suggesting that these different
574  anchors may play different roles within the MRR. Detailed dissection of the different
575 anchors and other components of MRRs will be required to answer these questions
576 in future work.

577 In conclusion, maintenance of cellular identity requires that the right genes are
578  expressed and other genes are silenced. Our results add an additional dimension to
579 the epigenetic code by identifying silencer elements, validating the first looping
580 silencer and deciphering its working mechanism. Just as the concept of “super-
581 enhancers” has been useful in identifying oncogenes and therapeutic vulnerabilities
582 in cancer cells, the concept of silencers calling by clustering of H3K27me3 may be
583 useful in identifying genes of key cellular identity and establishment of cancer
584  potential in the future.

585

586

587

Page 12 of 33


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 April 5, 2020. 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.

588

589

590 Methods

591  We performed Hi-C interaction analysis, ChlP-seq, RNA-seq, gene expression
592 analyses, cell culture, RT-gPCR, CRISPR excision, 4C, 3C, xenograft models,
593 western blot, adhesion assays, and growth curves as described in the
594 Supplementary Methods. A list of all libraries used and generated is provided in
595 Supplementary Table S3. A list of all the primers used is provided in
596 Supplementary Table S4.

597

598

599
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604 Figure 1. Definition of H3K27me3-rich regions (MRRs) and their
605 characterization.

606 A. H3K27me3 ChlIP-seq peaks within 4kb are stitched together and the stitched
607 peaks ranked according to their H3K27me3 signal. The rank-ordered signal with a
608 slope of 1 is used as cut-off for defining H3K27me3-rich MRRs. Constituent peaks
609 are the peaks that are stitched together during the process of merging peak. B.
610 H3K27me3-rich regions (MRRs) and typical H3K27me3 peaks in K562 and their
611 associated genes. A representative overlapping gene from each of the top 10 MRRs
612 is shown. C. ChlIP-seq signal on typical H3K27me3, MRR, constituent peaks of
613  typical H3K27me3 peaks, and constituent peaks of MRR regions in K562. Peaks are
614 scaled to the same median length of peaks in typical H3K27me3 (1070 bp), MRR
615 (92170 bp), constituent peaks of typical H3K27me3 (221 bp), or constituent peaks of
616 MRRs (199 bp), and the plot expanded by 5kb on both sides of the peak. D.
617 Example of CPED1 and DENND2D and their associated MRR/SE in different cell
618 lines. MRR and SE could be interchangeable in different cell lines. SE, super
619 enhancers; MRR, H3K27me3-rich regions. Expression level of CPED1 is 107.826
620 and 0.029 in K562 and GM12878, respectively; expression level of DENNDZ2D is
621 0.002 and 78.004 (expression in RPKM). E. Expression changes associated with
622  different peaks between different cells. K562 vs. GM12878/K562 vs. HAP1, cell lines
623 used in the comparison. Genes are classified based on the states of their
624 overlapping peaks in different cell lines: [state in the first cell line] vs. [state in the
625 second cell line], where the state can be SE, MRR, H3K27ac, H3K27me3, or Others.
626 SE, super-enhancer; H3K27me3 peaks, either MRR or typical H3K27me3 peak;
627 MRR, H3K27me3-rich region; H3K27ac, either super-enhancer or typical enhancer;
628  Others, no overlapping peaks. Expression data is from Epigenetic RoadMap and in-
629 house HAP1 RNA-seq. Wilcoxon test p values are as indicated. F. Constituent peaks
630 of MRRs have more Hi-C interactions compared to the constituent peaks of typical
631 H3K27me3. Constituent peaks are peaks that form super peaks as described in A.
632 The shuffled peaks were generated by expanding the middle point of each
633 constituent peaks to the median length of all the constituent peaks, and then
634 followed by random genomic region shuffling. Wilcoxon test p values are as
635 indicated.
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660 Figure 2. H3K27me3-rich regions (MRRs) preferentially associate with MRRs in
661 the human genome via chromatin interactions.
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662  A. Schematic plot of how different categories of Hi-C interactions are defined. Hi-C
663  anchors are classified by whether they overlap with H3K27me3 or H3K27ac peaks.
664 A (active), overlap with only H3K27ac peaks; R (repressive), overlap with only
665 H3K27me3 peaks; Q (quiescent), overlap with neither H3K27ac nor H3K27me3
666  peaks; B (both), overlap with both H3K27ac and H3K27me3 peaks. The height of Hi-
667  C interactions (arcs) represents the highest read counts in the interacting regions. B.
668 Observed/expected ratio of Hi-C interactions in different categories. Left: categories
669 of chromatin pair states. Right: T (typical H3K27me3) or H (MRR) peaks. The
670 expected interactions are calculated from the marginal distributions of different
671  anchors. C. Different categories of MRR associated with genes. D. H3K27me3-rich
672  regions (MRRs) and typical H3K27me3 peaks in K562 and their associated genes
673  through chromatin interactions. Peaks overlapping with Hi-C interactions are labeled
674  with associated genes: for peaks labeled “proximal”, the gene TSS and peak occupy
675 the same Hi-C anchor; “distal” peaks are connected to the gene via Hi-C
676 interactions. E. Example of TMCO4 4C showing extensive internal looping within an
677 MRR in K562. The colors of 4C interactions are based on the distal interacting
678  regions to the 4C bait. Blue: repressive; orange: active; green: both; grey: quiescent.
679 The state of the 4C bait is labeled by text. Each ChlP-seq tracks contains ChIP
680  signal and peaks. TE, typical enhancer; SE, super-enhancer; T, typical H3K27me3;
681 MRR, H3K27me3-rich region. F. Heatmap of transcription factors binding enrichment
682  at interacting regions of MRRs. Each row represents an interacting region of MRRs
683  (regions of MRRs that overlapped with Hi-C interactions). The number overlapping
684 TF peaks at interacting regions are normalized to Z score per TF. Red colors
685 indicate more binding events.
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712 Figure 3. MRR-associated gene expression and long-range chromatin
713  interactions to EZH2 perturbation.

714  A. H3K27me3 ChIP-seq signal at peaks from DMSO-treated and 5um GSK343-
715 treated K562 cells. B. Expression changes of genes associated with different types
716  of peaks in 5um GSK343-treated K562 cells. Genes included: 1) Genes with TSS
717  overlapped with different peaks; 2) Genes associated with different peaks through
718  Hi-C interaction. One-tail wald test was used for testing significantly up-regulation. All
719 the P values of genes in each category are aggregated. C. 4C results of FGF18 in
720 DMSO and GSK343-treated K562 cells. The colors of 4C interactions are based on
721  the distal interacting regions to the 4C bait. Blue: repressive; orange: active; green:
722 both; grey: quiescent. The height of the 4C is shown in Reads Per Million (RPM).
723 The ChIP signal and peaks of H3K27ac, H3K27me3, and H3K4me3 are shown. D.
724  Close up view of 4C interactions at 50 kb (left) and 1000 kb range (right). The color
725 of 4C interactions are the same as in C. Highlighted regions have changed in 4C
726 interactions after EZH2 inhibition treatment. E. Density plot of different categories of
727  4C interactions on the same chromosome as the bait. All the 4C interactions that
728  have p-value < 0.05 on the same chromosome as the 4C bait are included. Gained,
729  4C interactions present in GSK343-treated 4C but not DMSO-treated 4C; lost, 4C
730 interaction present in DMSO-treated 4C but not GSK343-treated 4C; unchanged, 4C
731  interactions present in both DMSO-treated and GSK343-treated 4C. Mean distances
732 of each category are indicated by vertical dashed line. F. Proportions of unchanged
733 4C interactions in different distance categories in 5ym GSK343-treated K562 cells.
734  The proportions were calculated separately for each distance category (short
735 distance, intermediate distance, and long distance). As the distance of 4C
736 interactions increases, the proportion of unchanged 4C interactions drops,
737  suggesting that long-range interactions are perturbed.

738

739

740

741

742

743

744

Page 20 of 33


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 April 5, 2020. 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.

A B
g T
85 .l g s BN =V BN kO
“§ p U] %
LB s =4 .
B
a9 ] % i
§N 54 =3 24
1 =4
e F
85 8
2. z
) ® FGF18 uBTD2 FEXWLL
o f: ! KO
E -
B B
 — FBXW11 UBTD24 E
MIR3912 | STK10 <4 2
TLX3| EFCAB9 °
NPM1 bk SH3PXD2E 4@ 2
FGF18 o
N ZZ E
3e+05 y - €
)
Ge+05 4}':5‘@:'&%___ - X | L E
. ) M o M z
FGF18 UBTDE IE FGF1E UBTDZ FEXWI11 FGF18 UETDZ FEXWI11
S s KO-2 KO-3
§§=1 R i §‘g=1 [
253 T £5
- L2
C RT-qPCR of FGF18 D GO terms
*
[ | cell adhesion
o
2 7 [ I positive regulation of cell proliferation
§ 154 cell migration
§ response to stimulus
cell surface receptor signaling pathwa:
P g g p y
§ cell differentiation
2 5
EV KO-1 KO-2
-log2 (P-value)
E F
Il B8SA [ Fibronectin (FN)
3= +*
10X . E
e S
' w
T
]
L5
c
©
£
o
2
20X <

EV EV KO-1 KO-2 KO-3

745
746

747
748


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 April 5, 2020. 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.

749  Figure 4. CRISPR excision of a silencer looping to FGF18 leads to FGF18 gene
750  upregulation and altered cell adhesion.

751  A. Screenshot showing EZH2 ChIP-seq, H3K27me3 ChIP-seq, H3K27ac ChIP-seq
752 and chromatin interactions as identified from previously published Hi-C data®, gene
753 information, and 4C performed on the CRISPR-excised region in wild-type cells
754  confirming chromatin interactions to FGF18, as well as showing chromatin
755 interactions to UBTDZ2. The regions highlighted in the red boxes are shown in more
756  detail, with RNA-seq was shown as one CRISPR knockout clone over wild-type at
757 FGF18 and UBTD2. The blue bar shows the predicted whole MRR. The red box with
758 the red scissors indicates the region which was excised. B. RT-qPCR of FGF18,
759  UBTDZ2 and FBXW11 in three different CRISPR-excised clones (KO-1, KO-2, KO-3)
760 as compared with vector control cells (“Empty Vector”, “EV”). C. RT-gPCR of FGF18
761  expression upon GSK343 treatment in EV cells and two KO cells (KO-1 and KO-2).
762  D. Gene Ontology (GO) was performed using significant DE genes in the RNA-seq
763  data which was shown as —logz(p value). E. Light microscopy photos of empty vector
764 (EV) and CRISPR knockout cells (KO) showing increased cell adhesion and
765 aggregates in the KO clones. 10X and 20X magnification were shown. F. A
766  fibronectin adhesion assay showed increased adhesion of the three CRISPR
767  knockout cells (KO) as compared with empty vector (EV). BSA was used as a
768  negative control. All data shown here are average + standard error. P value less than
769  0.05 is shown as *. P value less than 0.01 is shown as **.
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797  Figure 5. CRISPR excision of an silencer looping to FGF18 leads to erythroid
798 differentiation and tumor growth inhibition.

799  A. RT-gPCR of hemoglobin genes (HBB, HBZ and HBE1) in EV and two KO cells. B.
800 RT-gPCR of hemoglobin genes (HBB, HBZ and HBE1) upon FGF18 siRNA knock
801 down in KO cells. C. Cartoon schematic summary of the FGF18 looping silencer.
802 D&E. Tumor growth in SCID (Severe Combined Immunodeficiency) mice injected
803  with MRR1-A1 knock out cells and empty vector cells (EV). The upper panel shows
804 the tumor growth curve, and data shown as tumor volume with different post
805 implantation days. The panel below was representative tumor picture at the final day.
806 All data shown here are average + standard error. P value less than 0.05 is shown
807 as *. P value less than 0.01 is shown as **.
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813 Figure 6. CRISPR excision of a silencer looping to IGF2 leads to IGF2 gene
814  upregulation, erythroid differentiation and tumor growth inhibition.

815  A. Screenshot showing EZH2 ChIP-seq, H3K27me3 ChlP-seq, H3K27ac ChlP-seq
816 and chromatin interactions as identified from previously published Hi-C data®, gene
817 information, and 4C performed on the CRISPR-excised region in wild-type cells
818  confirming chromatin interactions to /IGF2. The blue bar shows the predicted whole
819 MRR. The red box with the red scissors indicates the region which was excised. B.
820 RT-gPCR of IGF2 in three different CRISPR-excised clones (KO-1, KO-2, KO-3) as
821 compared with vector control cells (“EV”). C. RT-qPCR of IGF2 expression upon
822 GSKB343 treatment in EV cells and two KO cells (KO-1 and KO-2). D. Gene Ontology
823 (GO) was performed using significant DE genes in the RNA-seq data shown as —
824  log2(p value). E. RT-gPCR of hemoglobin genes (HBB, HBZ and HBET) in EV and
825 two KO cells. F. RT-gPCR of hemoglobin genes (HBB, HBZ and HBE1) upon IGF2
826 siRNA knock down in KO cells. G. Tumor growth in SCID (Severe Combined
827  Immunodeficiency) mice injected with MRR2-A1 knock out cells and empty vector
828  cells (EV). The upper panel shows the tumor growth curve, and data shown as tumor
829 volume with different post implantation days. The panel below was representative
830 tumor picture at the final day. All data shown here are average + standard error. P
831 value less than 0.05 is shown as *. P value less than 0.01 is shown as **. P value
832 less than 0.001 is shown as ***.
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838 Figure 7. Initial histone states determine the changed loops upon IGF2 silencer
839 removal.

840 A. Representative chromatin interactions at /GF2 bait in KO cells and control cells
841  which shown as loops. B. The average distance of changed loops (gained loops and
842 lost loops) is greater than unchanged loops. C. ChlIP-seq and ChIP-gPCR of
843 H3K27me3 and H3K27ac for four regions (R1-R4) at IGF2 gene in EV and KO cells.
844  Data shown here are average + standard error. P value less than 0.05 is shown as *.
845 P value less than 0.01 is shown as **. D. Integrative analysis of ChlP-seq
846 (H3K27me3 and H3K27ac) and 4C-seq at /GF2 bait showed the characteristic of
847 three loop categories: unchanged loops, gained loops and lost loops. E. 3D and 2D
848 model showing /GF2 looping silencer removal caused distant loops to change and
849 that initial histone states are associated with changed loops.
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