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Abstract 1 

Higher-order chromatin organization controls transcriptional programs that 2 

govern cell properties and functions. In order for pluripotent stem cells (PSCs) to 3 

appropriately respond to differentiation signals, developmental gene loci should be 4 

structurally and spatially regulated to be readily available for immediate 5 

transcription, even though these genes are hardly expressed in PSCs. Here we 6 

show that both chromatin interaction profiles and nuclear positions at 7 

developmental gene loci differ between human somatic cells and hPSCs, and that 8 

changes in the chromatin interactions are closely related to the nuclear 9 

repositioning. Moreover, we also demonstrate that developmental gene loci, which 10 

have bivalent histone modifications, tend to colocalize in PSCs. Furthermore, this 11 

colocalization requires PRC1, PRC2 and TrxG complexes, which are essential 12 

regulatory factors for the maintenance of transcriptionally poised developmental 13 

genes. Our results indicate that higher-order chromatin regulation may be an 14 

integral part of the differentiation capacity that defines pluripotency. 15 

 16 

Introduction 17 

One prominent aspect of stem cells is their ability to differentiate into other cell types. 18 

Specifically, pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and 19 

induced pluripotent stem cells (iPSCs), can give rise to almost all cell types within an 20 

animal's body. In the pluripotent state, developmental genes are rarely expressed in 21 

PSCs, but should be properly transcribed in response to extracellular differentiation cues. 22 

Therefore, in order to understand the differentiation ability of PSCs, it is important to 23 

know how developmental genes are regulated in order to promptly undergo 24 

transcription upon stimulation.  25 

  Epigenetic regulation by histone modification plays critical roles in transcriptional 26 

programs that govern various biological processes. In PSCs, distinct histone 27 

modification regions, termed bivalent domains, have been observed in the promoters of 28 

many developmental genes
1, 2, 3, 4, 5

. Bivalent domains have both transcriptionally active 29 
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(H3K4me3) and repressive (H3K27me3) histone marks, which are independently 30 

catalyzed by the trithorax group (TrxG) and polycomb repressive complex 2 (PRC2) 31 

complexes, respectively
6, 7, 8

. Moreover, polycomb repressive complex 1 (PRC1), which 32 

has ubiquitin ligase activity, binds to bivalent domains by recognizing H3K27me3 and 33 

maintains the inactivation state of developmental genes
9
. Notably, bivalent domains are 34 

frequently occupied by paused RNA polymerase II
10, 11

, suggesting that bivalency is a 35 

mark of developmental genes that are in transcriptionally silent but poised states in 36 

PSCs. Most of the bivalent gene loci in PSCs lose either active (H3K4me3) or 37 

repressive (H3K27me3) marks upon PSC differentiation
1
. Conversely, during somatic 38 

cell reprogramming, bivalency at developmental gene loci is reestablished in their 39 

promoters
12

. Furthermore, knockout experiments have implied that epigenetic modifiers 40 

that establish bivalency might be required for developmental plasticity
13, 14, 15

. Thus, the 41 

regulation of bivalent modification is closely related to the cellular differentiation of 42 

PSCs. 43 

  In addition to histone modifications, higher-order chromatin arrangements through 44 

three-dimensional (3D) architecture and subnuclear localization are also key factors for 45 

the control of transcription. Previous studies have shown that upon the induction of 46 

PSCs, pluripotency gene loci, including Nanog, are repositioned from the nuclear 47 

periphery to the nuclear interior
16

, and that the promoter-enhancer looping structure of 48 

the pluripotency genes is reorganized before transcriptional activation
17

, suggesting a 49 

crucial role of chromatin interaction during the induction. However, it remains unclear 50 

whether higher-order chromatin structures at developmental gene loci are altered during 51 

somatic cell reprogramming and how these structures are regulated in PSCs. 52 

  Generally, chromosome conformation capture (3C)-based methods are widely used to 53 

determine physical interactions of distant DNA loci
18

. These methods quantify chimeric 54 

DNA fragments that are derived from proximity ligation events. Among them, circular 55 

chromosome conformation capture sequencing (4C or 4C-seq) can identify spatial 56 

interactions of a single genomic locus on a genome-wide scale
19, 20, 21

. Since 4C-seq 57 

focuses on one genomic locus as the analysis target, the required total read number for 58 
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analyzing chromatin interactions with 4C-seq is much smaller than that with the Hi-C 59 

method, which detects all combinations of genomic interactions
22

. However, 60 

conventional 4C-seq has some disadvantages in the library preparation, which requires 61 

inverse PCR using a circularized 3C library as a template, prior to quantification by 62 

massively parallel sequencing. This inverse PCR results in the amplification of DNA 63 

fragments that have the same 5' and 3' sequences derived from the primers, and the 64 

artificial PCR duplicates prevent quantitative analysis of the 4C-seq data. Furthermore, 65 

the circular 3C library construction process contains DNA that has been digested with a 66 

restriction enzyme (typically, a 4 bp recognition enzyme); therefore, it has a potential 67 

bias associated with the uneven distribution of the enzyme recognition sequence. In 68 

addition, conventional 4C-seq is restricted to one genomic locus and cannot reveal 69 

interaction profiles at multiple regions in parallel. 70 

  In this study, to investigate the global chromatin interaction profiles around dozens of 71 

developmental gene loci in detail, we develop a multiplexed Splinkerette
23

 72 

Chromosome Conformation Capture Combined with high-throughput sequencing 73 

(ms4C-seq) by improving upon previously reported 4C methods
17, 24, 25

. The ms4C-seq 74 

allows simultaneous analysis of chromatin interactions from multiple viewpoints while 75 

limiting the effects of PCR and sequence bias. Using ms4C-seq, we examine the 76 

genome-wide chromatin interaction profiles of multiple developmental gene loci before 77 

and after human somatic cellular reprogramming. Our results demonstrate that the 78 

global interaction profiles of developmental genes dynamically change during the 79 

reprogramming process. Furthermore, we find that the position of pluripotency gene 80 

loci and also developmental gene loci change from the nuclear periphery in somatic 81 

cells to the nuclear interior in human PSCs (hPSCs), and these changes are 82 

accompanied by changes in the nuclear positions of their interaction target loci. Finally, 83 

we show that bivalent promoters have a tendency to colocalize with one another in 84 

hPSCs, and that the knockdown of components of PRC1, PRC2 or TrxG complexes 85 

disrupts bivalent gene co-localization, thereby suggesting that the histone modification 86 

machinery plays an instructive role in higher-order chromatin organization. Thus, our 87 
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findings illuminate the regulatory mechanisms of developmental genes that are crucial 88 

for the cellular differentiation of hPSCs. 89 

 90 

Results 91 

ms4C-seq reveals chromatin structures at bivalent gene loci 92 

It has been shown that pluripotency gene loci are dynamically reorganized before their 93 

reactivation during somatic cell reprogramming
17, 26

. Here, we focused our attention on 94 

developmental genes, which are frequently marked in PSCs by both active (H3K4me3) 95 

and repressive (H3K27me3) histone modifications, called bivalent domains
1, 2, 3, 4, 5

. To 96 

examine the chromatin interaction profiles of the developmental genes (especially 97 

bivalent genes) at high resolution, we tried to perform a 4C (Circularized Chromosome 98 

Conformation Capture) based-massively paralleled sequenced method (4C-seq). Many 99 

versions of 4C-seq have been reported to overcome the disadvantages of 4C-seq 100 

described above by introducing several modifications, such as sonication-based 101 

fragmentation, adaptor ligation and multiplexed PCR
17, 24, 25

. Thus, we combined the 102 

beneficial features of those modified methods and developed a version of 4C-seq, 103 

termed Multiplexed Splinkerette
23

 Chromosome Conformation Capture Combined with 104 

high-throughput sequencing (ms4C-seq) (Fig. 1a; see Methods). To avoid non-specific 105 

priming in the enrichment of bait loci by adaptor ligation-mediated PCR, we employed 106 

the splinkerette-PCR.
23

. 107 

 To select the baits for our analysis with ms4C-seq systematically, we used publicly 108 

available data sets for chromatin state segmentation determined by ChromHmm
27

, 109 

which integrates multiple genome-wide data sets such as ChIP-seq data across multiple 110 

cell types using a multivariate Hidden Markov Model (HMM) to characterize chromatin 111 

states. In a previous report that applied ChromHMM to nine ChIP-seq plus input 112 

ENCODE data across nine cell types
28

, all human genomic regions (200 base pair 113 

interval) were assigned to fifteen chromatin states including a "Poised Promoter" state. 114 

Comparison with ChIP-seq data sets
29

 showed that virtually all the genes whose 115 

promoter regions (±250 bp from transcription start sites (TSS)) are categorized into a 116 
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“Poised_Promoter” state by ChromHmm have both H3K4me3 and H3K27me3 117 

modifications in their promoters.  Therefore, hereafter, we designate these genes as 118 

“bivalent genes” in PSCs and human fibroblasts (HFs) (Fig.1b for PSCs and 119 

Supplementary Fig. 1 for HFs). Likewise, we defined genes that have promoters 120 

categorized into “Active / Weak Promoter” and “Repressed / Heterochrom” by 121 

ChromHmm as “active genes” and “repressive genes”, respectively, in both PSCs and 122 

HFs (Fig.1b for PSCs and Supplementary Fig. 1 for HFs). Consistent with a previous 123 

report
1, 30, 31

, the number of bivalent genes in PSCs is much greater than in somatic cells 124 

(HFs) because the gene number of the bivalency lost is greater than that of the bivalency 125 

reformation during PSC differentiation. 126 

   To investigate the chromatin interaction feature in bivalent gene loci, as the bait 127 

regions of ms4C-seq, we selected 29 bivalent, 31 active, 17 repressive and 12 other 128 

genes from the gene groups in PSCs we defined above (Fig. 1b and Supplementary 129 

Table 1 and 2). The 29 bivalent genes in PSCs include typical developmental regulators 130 

for ectoderm, mesoderm and endoderm
32, 33, 34, 35

. We performed ms4C-seq for all 89 131 

bait loci on human iPSCs (hiPSCs; generated with episomal vectors), and for 42 bait 132 

loci out of 89 bait loci on their original HFs. Using the data from each bait that met our 133 

strict criteria for quality control (Supplementary Tables 2 and 3; see also Methods), we 134 

created domainograms to visualize the interaction profiles
36, 37

 (Fig. 2a and 135 

Supplementary Fig. 2a). These profiles clearly demonstrated that ms4C-seq achieves 136 

high reproducibility between two independent biological replicates in HFs and hiPSCs. 137 

Moreover, the Spearman correlation coefficients for the chromatin interaction 138 

frequencies between biological replicates also confirmed the high reproducibility of 139 

ms4C-seq (Fig. 2b and Supplementary Table 4). We then assessed the results of 140 

ms4C-seq by 3D DNA fluorescence in situ hybridization (FISH) and confirmed physical 141 

interactions at the single cell level in both HFs and hiPSCs (Fig. 2c and Supplementary 142 

Fig. 2b). Furthermore, 3C-qPCR assays independently confirmed our ms4C-seq data, 143 

showing that the HOXA13 locus frequently interacts with HOXA3 and HOXA5 in 144 

hiPSCs but not in HFs (Supplementary Fig. 2c). Taken together, our ms4C-seq data are 145 
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highly reliable for analyzing the genome-wide interaction profiles of bivalent regions 146 

before and after cellular reprogramming. 147 

 148 

Chromatin structures reorganize at bivalent gene loci 149 

During mouse iPSC induction, enhancer-promoter looping formation at the Nanog locus 150 

is reestablished before the genes are expressed
17

, possibly indicating that chromatin 151 

remodeling causes changes in gene expression. In order to investigate the relationship 152 

between chromatin structure and gene expression, we compared changes in the 153 

interaction profiles and gene expression profiles before and after hiPSC induction. The 154 

bait genes as viewpoints were divided into three groups: genes with higher (category 1), 155 

lower (category 2), and similar (category 3) expression in hiPSCs than HFs (Fig. 3a). 156 

We found that the interaction profiles for genes in all three categories dynamically 157 

changed before and after reprogramming (Fig. 3b and Supplementary Fig. 3). These 158 

results indicate that the chromatin interaction profiles of various bait gene loci are 159 

remodeled during somatic cell reprogramming regardless of changes in the expression 160 

at the bait genes. 161 

 162 

Reposition of bivalent gene loci by cellular reprogramming 163 

Pluripotency-related gene loci change their nuclear positions between the periphery and 164 

interior during the differentiation of mouse ESCs
38

, and this repositioning is important 165 

for transcriptional control
39

. However, little is known about the nuclear chromatin 166 

repositioning where the bivalency was restored in the reprogramming process. To 167 

investigate the subnuclear localization of bivalent gene loci in HFs and PSCs, we 168 

examined the distribution of lamina association signals in active, repressive and bivalent 169 

gene loci in HFs and PSCs using publically available data sets of LaminB1 DamID 170 

signals
40, 41

 as a surrogate for peripheral localization, which was confirmed by DNA 171 

FISH experiments
38

. Consistent with previous studies that reported the nuclear 172 

localizations of gene loci are closely related to transcription (active genes in the nuclear 173 

interior and inactive genes in the nuclear periphery)
39, 42, 43

, we observed that active and 174 
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repressive genes were biased to the nuclear interior and periphery, respectively, in both 175 

HFs and PSCs (Fig. 4a). Notably, whereas bivalent genes in HFs tended to localize to 176 

the nuclear periphery, bivalent genes in PSCs were biased to the nuclear interior, 177 

suggesting that the regulatory mode of the nuclear localization for bivalent genes in HFs 178 

differs from those in PSCs. Next, we examined the relationship between the changes of 179 

chromatin states and those of nuclear localization and found that when the gene states 180 

are changed from repressive in HFs to active in PSCs, the distribution of the lamina 181 

association signals become biased to the nuclear interior in PSCs (Fig. 4b, magenta 182 

lines). Moreover, the gene loci whose states changed from repressive in HFs to bivalent 183 

in PSCs behaved similarly to those changed to active in PSCs (Fig. 4b, black and 184 

magenta lines), even though bivalent genes were not transcriptionally activated in PSCs 185 

(Fig. 4c). These results suggested that repressed genes in HF changed their position 186 

from the nuclear periphery toward the interior in hPSCs not only when they became 187 

active but also when they became bivalent. Our data also showed that when bivalent 188 

loci as baits changed their position from the nuclear periphery of HFs to the interior of 189 

hPSCs, the interaction target regions of the baits likewise changed (Fig. 4d, e and 190 

Supplementary Fig. 3). These results imply that the reestablishment of 3D chromatin 191 

structures is accompanied by the reorganization of chromatin states and chromatin 192 

repositioning in the nucleus before and after cellular reprogramming. 193 

 194 

Bivalent gene loci colocalize in pluripotent stem cells 195 

Transcriptionally active gene loci are known to colocalize
44, 45, 46 

with one another. 196 

Because many active genes are marked by H3K4me3 in their promoter regions
3, 47

, 197 

genomic regions with histone modification H3K4me3 may be expected to colocalize. In 198 

fact, our ms4C-seq data also showed that pluripotency-related genes such as NANOG, 199 

DPPA4 and SOX2 (active genes in PSCs) interact with genomic regions with the 200 

H3K4me3 modification (Supplementary Fig. 4). To investigate the histone modification 201 

profiles around interaction targets of bivalent bait genes in PSCs, we compared our 202 

ms4C-seq data with a genome-wide data set of various histone modifications in hPSCs. 203 
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Notably, we found that several interaction regions of bivalent bait loci often overlapped 204 

with the promoter regions of other bivalent genes (Fig. 5a and Supplementary Fig. 5). 205 

For example, in hiPSCs, the PAX6 bait region interacted with bivalent domains, 206 

including the promoters of WT1 and ALX4 (Fig. 5a). These observations indicate that 207 

bivalent genes localized together in hPSCs. To further support this notion, we calculated 208 

the enrichment of bivalent genes in the interaction regions from the perspective of the 209 

bivalent bait loci. Our data demonstrated that bivalent genes are enriched in the 210 

interaction targets of bivalent genes, but not in those of active or repressed genes (Fig. 211 

5b and c). Importantly, whereas significant enrichments of active and repressive genes 212 

were observed in the interaction targets of active and repressive gene loci (baits), 213 

respectively (Supplementary Fig. 6a), no enrichment of active or repressive genes was 214 

observed in the interaction targets of bivalent gene loci (baits) (Supplementary Fig. 6a). 215 

These data suggested that bivalent genes preferentially interact with bivalent genes, but 216 

neither with active nor repressive genes. The colocalization of bivalent gene loci was 217 

also observed in single cell analysis by 3D DNA FISH (Fig. 2c). To examine whether 218 

the colocalization of bivalent gene loci is true for other hPSC lines, we investigated the 219 

interaction frequencies of bivalent gene loci defined in PSCs by 3C-qPCR. In 220 

accordance with the results of the genome wide analysis by ms4C-seq in hiPSCs, 221 

bivalent gene loci colocalized with one another in hPSCs in the nuclear interior (Fig. 5d 222 

and e). Together, our results strongly suggest that bivalent gene loci frequently 223 

colocalize in the nuclear interior of hPSCs. 224 

  Approximately 25% of bivalent genes are DNA methylation valley (DMV) genes
48

, 225 

which contain large hypomethylated regions. In addition to the above results, we 226 

observed that bivalent genes interacted with DMV genes (Supplementary Fig. 6b and c), 227 

suggesting that epigenetic regulation including histone modification and DNA 228 

methylation may contribute to the organization of higher-order chromatin structures in 229 

hPSCs.  230 

 231 

Bivalent gene colocalization requires PcG and TrxG proteins 232 
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Histone modifiers, such as PRC1, PRC2 and TrxG, contribute to the maintenance of the 233 

poised state of bivalent gene loci in PSCs
6, 7, 8, 11

. To obtain mechanistic insights into the 234 

colocalization of bivalent gene loci, we focused on PRC1, PRC2 and TrxG protein 235 

complexes. We introduced small hairpin RNAs (shRNAs) that target RING1B, EED and 236 

WDR5, which are components of the PRC1, PRC2 and TrxG complexes, respectively, 237 

into hiPSCs and performed ms4C-seq for eight selected bivalent bait loci to examine the 238 

effects of the shRNAs on the interaction profiles (Supplementary Fig. 7a). We 239 

confirmed that the expression of each protein targeted by the shRNAs was reduced by 240 

50%-90% (Supplementary Fig. 7b and 8). A large reduction in interaction frequency 241 

was not observed in any of the shRNA-treated samples at the resolution used in the 242 

domainogram analysis, indicating that the chromatin structures were largely maintained 243 

after knockdown of EED, WDR5 or RING1B (Fig. 6a). In contrast, we noticed that 244 

normalized signals of ms4C-seq at several gene loci were significantly decreased after 245 

knockdown of the target genes (Fig. 6b). We examined the reduction rates of the 246 

interaction frequencies by shRNA knockdown experiments (shRNA / shNegative RPM) 247 

in the interaction target gene loci of bivalent bait gene loci and found that reduction 248 

rates associated with bivalent gene loci were lower than those associated with 249 

non-bivalent genes in independent sh1 and sh2 knockdown experiments for EED, 250 

WDR5 and RING1B with statistical significance (Fig. 6c). Then, we tried to identify the 251 

target genes whose interaction frequencies were reduced more than 30% in both 252 

independent knockdown experiments compared with negative control. Our results 253 

showed that many bivalent colocalization events were significantly disrupted by the 254 

knockdown of EED, WDR5 or RING1B compared to interactions with non-bivalent 255 

genes although the degree of the effects varied in each bait (Fig. 6d), and the 256 

knockdown effect was different depending on the bait (Supplementary Fig. 7c). These 257 

results led us to conclude that both PcG and TrxG proteins are important for the 258 

colocalization of bivalent gene loci, but that the effects are variable. 259 

 260 

Discussion 261 
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In this study, we describe ms4C-seq using Splinkerette adaptor
23

, a 4C-based method 262 

that integrates the advantages of multiplexed PCR amplification
21

, adaptor-mediated 263 

PCR amplifications
17

, and sonication based random DNA fragmentation
24

. ms4C-seq 264 

was able to reliably and simultaneously identify chromatin interactions at multiple bait 265 

loci in HFs and hiPSCs, while limiting PCR duplication bias (Fig. 2a, b and 266 

Supplementary Fig. 2a to c). Although the cis interactions identified in this study by 267 

ms4C-seq showed high reproducibility in biological duplicate experiments, the trans 268 

interactions did not (Supplementary Table 4). This poor reproducibility in trans 269 

interactions may have been due to spurious random ligation events among inter 270 

molecules in the in-solution ligation step of the ms4C-seq preparation. Therefore, 271 

ms4C-seq may be improved by performing in-nucleus ligation in the 3C library 272 

preparation
49

. We also observed a certain level of nonspecific amplification and unequal 273 

distribution of the number of sequenced reads among baits in the ms4C-seq data. These 274 

inefficiently sequenced libraries may be amended by optimizing the primer sequences 275 

of the first and second PCR used to construct the ms4C-seq library. After the completion 276 

of our work, the UMI-4C method, which is similar to ms4C-seq, was reported
50

, 277 

supporting the general utility of these methods for examining chromatin interactions.  278 

  The subnuclear localization of gene loci affects gene expression. Inactive genes 279 

marked by transcriptionally silent histone modifications, such as H3K27me3 and 280 

H3K9me3, are enriched in the nuclear periphery, whereas transcriptionally active genes 281 

marked by H3K4me3 are localized in the nuclear interior
41, 51, 52

. Furthermore, the 282 

artificial tethering of a gene to the nuclear membrane leads to repression of the active 283 

gene
39

, strongly supporting a causal relationship between nuclear positioning and gene 284 

expression. Our analyses showed that, along with the restoration of bivalency, gene loci 285 

at the nuclear periphery in HFs are located in the nuclear interior of hPSCs, and that the 286 

bivalent gene repositioning is accompanied by alterations in the nuclear position of the 287 

interaction target loci (Fig. 4 and Supplementary Fig. 3). These results suggest that 288 

developmental gene loci might change their nuclear position from the nuclear periphery 289 

to the interior during somatic cell reprogramming, allowing the loci to be easily 290 
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accessible to transcription factors and RNA polymerase in the nuclear interior of hPSCs. 291 

   In the nuclear interior, active genes colocalize in a distinct structure, termed the 292 

transcriptional factory, which may be important for the coregulation of gene 293 

expression
44, 45, 46

. In contrast, our results demonstrated that bivalent gene loci 294 

frequently colocalize in hPSCs (Fig. 5 and Supplementary Fig. 6a), even though their 295 

expression was hardly observed. Similar to the concept of the transcriptional factory, the 296 

colocalization of bivalent gene loci may be crucial for the coregulation of 297 

developmental genes in hPSCs. By sharing regulatory factors, including transcription 298 

factors and RNA polymerase, the colocalization of bivalent gene loci in hPSCs may 299 

allow developmental genes to be coordinately transcribed as a rapid response to 300 

extracellular differentiation cues. 301 

  We also showed that histone modifiers contribute to the colocalization of bivalent 302 

genes in hPSCs. RING1B and EED, which are components of PRC1 and PRC2, 303 

respectively, are essential for the chromatin organization of polycomb-regulated gene 304 

loci in mouse PSCs
53, 54, 55

. Our results suggest that PRC1 and PRC2 are involved in 305 

broader aspects of chromatin interactions including bivalent gene colocalization. We 306 

also revealed that an active histone modifier, WDR5, is required for higher-order 307 

chromatin structures in hPSCs (Fig. 6 and Supplementary Fig. 7c). Recent studies have 308 

indicated that non-coding RNAs are important for the construction of chromatin 309 

interactions
56, 57

. Interestingly, several enhancer-like long non-coding RNAs (lncRNAs) 310 

also play a role in recruiting WDR5 to target loci for the methylation of H3K4
58, 59, 60.

 311 

Therefore, in addition to histone modifiers, lncRNAs may also mediate the 312 

colocalization of bivalent genes. 313 

Our knockdown experiments showed that the contribution of RING1B, EED and 314 

WDR5 to the colocalization of bivalent genes varies among baits. These different 315 

effects on the colocalization of bivalent gene loci may have several causes, including 316 

different cofactors, binding strengths, frequencies and stabilities of the histone modifiers. 317 

Knockout of RING1B and EED derepresses developmental genes in ESCs
11, 61

, and 318 

WDR5 is required for ESC self-renewal
62

. Therefore, the colocalization of bivalent 319 
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genes that are mediated by histone modifiers may be a critical regulatory event 320 

underlying the differentiation and self-renewal capabilities of PSCs. 321 

  In conclusion, our present study shows that bivalent gene loci colocalize to the 322 

nuclear interior of hPSCs, and that the organization of chromatin 3D structures around 323 

bivalent genes is mediated by histone modifiers related not only to inactive but also to 324 

active marks (Fig. 6e). Because bivalent histone modifications increase during the 325 

transition from the morula to the inner cell mass or trophectoderm in early 326 

embryogenesis
63

, the detailed regulatory mechanisms of higher-order chromatin 327 

structures and subnuclear localization at bivalent gene loci should provide insights on 328 

early embryogenesis. 329 

 330 

Methods 331 

Cell culture conditions  332 

hESC lines (H9 and KhES3) and hiPSC lines (428C2 and 409B2)
64, 65

 were cultured in 333 

DMEM/F12 (Thermo Fisher 10565-018) supplemented with 20% knockout serum 334 

replacement (Thermo Fisher 10828-028), 2 mM L-glutamine (Thermo Fisher 335 

25030-081), 1x non-essential amino acids (Thermo Fisher 11140-050), 110 mM 336 

2-mercaptoethanol (Thermo Fisher 21985-023), penicillin/streptomycin (0.05 U, 50 µg 337 

per ml) (Thermo Fisher 15140-122), and 4 ng per ml of hbFGF (Wako 064-054541) on 338 

feeder layers of mitomycin-C-treated SNL-STO cells stably expressing the 339 

puromycin-resistance gene. HFs (1388 and TIG120) were cultured in DMEM (Nacalai 340 

Tesque 08459-64) supplemented with 10% FBS (Japan Bio Serum S1560-500). The 341 

mouse SNL-STO cells used as feeder cells were cultured in DMEM (Nacalai Tesque 342 

08459-64) supplemented with 10% FBS (Thermo Fisher 10437-028), 0.05 U per ml 343 

penicillin and 50 µg per ml penicillin/streptomycin (0.05 U, 50 µg per l) (Thermo Fisher 344 

15140-122). All cells were cultured at 37°C in a 5% CO2 incubator. KhES3 was 345 

obtained from Kyoto University. H9 was from WiCell Research Institute. TIG120 was 346 

obtained from the Japanese Collection of Research Bioresources. HDF 1388 was 347 

purchased from Cell Applications. 348 
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 349 

Vector construction 350 

shRNA expression vectors were constructed by cloning the hU6 promoter and 351 

puromycin resistance genes between piggyBac inverted terminal repeats
66

. Target 352 

sequences of shRNAs for EED, RING1B and WDR5 were designed using siDirect 353 

(http://sidirect2.rnai.jp/) and cloned downstream of the hU6 promoter of the modified 354 

vector (Supplementary Fig. 7a and Supplementary Table 1). The CAG promoter-driven 355 

expression vector of piggyBac transposase
67

 was co-transfected with the shRNA 356 

expression vector. 357 

 358 

Knockdown experiments for EED, WDR4 and RING1B by shRNA  359 

428C2 cells were washed with 1x PBS, and feeder cells were removed by 3-5 min 360 

incubation in dissociation solution (Repro Cell RCHETP002). The hiPSC colonies were 361 

dissociated into single cells by incubation in ACCUMAX
TM

 (Innova Cell Technologies 362 

AM105) at 37 °C for 10 min. To prepare the transfection mix, 6 g of shRNA 363 

expression vector and 6 g of CAG promoter-driven expression vector of piggyBac 364 

transposase were mixed with 540 l Opti-MEM (Thermo fisher 31985-062) and 46 l 365 

of FuGENE HD (Promega E2311). After incubation of the transfection mix at RT for 15 366 

min, 5 x 10
6
 cells were resuspended in the transfection mix and incubated at RT for 5 367 

min. shRNA-transfected cells were suspended in 6 ml of mTeSR1 medium (Stemcell 368 

Technologies 05850) in the presence of 10 mol per l Y-27632 (Wako 257-00511) on 369 

Matrigel (CORNING 356231)-coated 10-cm dishes. Selection with 2 g per ml 370 

puromycin was performed 2 days after transfection. The cells were harvested 4 days 371 

after transfection for ms4C-seq analysis, immunoblotting and quantitative PCR (qPCR) 372 

analysis. 373 

 374 

RNA isolation, cDNA synthesis and qPCR 375 

RNA was extracted from each cell line with RNeasy Mini Kit (QIAGEN 74104). 376 

Complementary DNA was synthesized from 100 ng of total RNAs with QuantiTect 377 
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Reverse Transcription Kit (QIAGEN). qPCR analysis was performed with SYBR 378 

premix Ex TaqII (Takara) and primer sets (Supplementary Table 1) on StepOnePlus 379 

Real-Time PCR System (Applied Biosystems). Expression levels were normalized to 380 

that of GAPDH. 381 

 382 

Microarray experiments 383 

RNA was extracted from hiPSCs (409B2) and the original HFs (1388) with TRIzol and 384 

QIAGEN RNeasy Kit. Total RNA was subjected to cRNA synthesis with 3’ IVT 385 

Express Kit (Affymetrix), and the resultant cRNA was fragmented and hybridized to the 386 

HG-U133 Plus 2 platform (Affymetrix). After hybridization, GeneChip arrays were 387 

washed, stained with GeneChip Fluidics Station 450 (Affymetrix) and detected with 388 

Scanner 3000 TG System (Affymetrix) following the manufacturer's standard protocols. 389 

Data analyses were performed with GeneSpringGX 13.0 software (Agilent 390 

Technologies). 391 

 392 

Immunoblotting 393 

Cell lysates were prepared from an equal number of cells (0.5 - 1 x 10
6
 cells), which 394 

were suspended in 100 l of CytoBuster Protein Extraction Reagent (BIO RAD 395 

71009-50ML) supplemented with 1x protease inhibitor cocktail (Roche 04 693 159 001) 396 

followed by the addition of 100 l Laemmli sample buffer (BIO RAD 161-0737) in the 397 

presence of 5% 2-mercaptoethanol (Nacalai 21438-82). SDS-PAGE was performed with 398 

10% gels (BIO RAD 456-1036) or gradient gels (BIO RAD 456-9036) in 1x 399 

Tris/Glycine/SDS buffer (BIO RAD 161-0732). The separated proteins were transferred 400 

to a PVDF membrane (BIO RAD 162-0174). Target proteins were detected with the 401 

following antibodies: anti-EED (1:1000; rabbit; Millipore 09-774), anti-WDR5 (1:1000; 402 

rabbit; Millipore 07-706), anti-RING1B (1:500; rabbit; Cell Signaling Technology 403 

D22F2) and anti-GAPDH (1:4000; Ambion AM4300). Secondary antibodies were 404 

Anti-Rabbit IgG, HRP-Linked F(ab’)2 Fragment Donkey (1:4000; NA9340; GE 405 

Healthcare Life Science) or Anti-Mouse IgG, HRP-Linked F(ab’)2 Fragment Sheep 406 
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(1:4000; NA9310; GE Healthcare Life Science). 407 

 408 

3D DNA FISH 409 

Probes were prepared from BAC clones (BACPAC Resources) by using a Nick 410 

Translation Reagent Kit (Abbott Molecular Inc. 32-801300) and labeled with Red 650 411 

dUTP (ENZO ENZ-42522), Red 580 dUTP (ENZO ENZ-42844) or Green 496 dUTP 412 

(ENZO ENZ-42837). Nick-translated probes were precipitated with 70% EtOH (1 µg/µl 413 

human CotI DNA, 10 µg per μl salmon sperm DNA, 3 M sodium acetate). The probes 414 

were dissolved in 4 µl formamide that was pre-heated at 42°C, denatured at 75°C for 10 415 

min and then placed on ice for 3 min. The denatured probes were dissolved in 1x 416 

hybridization buffer (2 mg per ml BSA (Roche 711454), 2x SSC, 10% dextran sulfate 417 

sodium salt (Sigma D8906)). Cells cultured on gelatin-coated chamber slides (Iwaki) 418 

were fixed with 4% PFA in PBS at room temperature for 10 min and permeabilized with 419 

0.5% Triton X-100 in PBS at RT for 5-15 min. Permeabilized cells were washed 2 times 420 

with 70% EtOH that was pre-chilled at -20 °C and dehydrated in 70%, 90% and 100% 421 

EtOH (v per v) at RT for 5 min each. DNA in the nuclei was denatured in buffer (70% 422 

formamide (pH 7.0), 2x SSC) at 80 °C for 5 min. The denatured samples were washed 423 

and dehydrated with a gradient of ice-cold ethanol (70%, 90% and 100% EtOH (v per 424 

v)) for 5 min each. The dissolved probes were hybridized to the samples in a 37°C wet 425 

box for 1 to 2 days. The samples were then washed 3 times with 50% formamide / 2x 426 

SSC solution at 42 °C for 10 min and then washed 2 more times with 2x SSC solution at 427 

42 °C for 5 min. The nuclei were counterstained with 2 µg per ml Hoechst at RT for 10 428 

min. FISH signals were detected by using Zeiss LSM710. Z sections were captured at 429 

0.2-µm intervals. The following BACs were used in these studies: RP11-235I5 (GATA4), 430 

RP11-102O8 (LGI3), RP11-383B10 (MTUS1), RP11-1083M23 (TWIST1), 431 

RP11-815K24 (EGFR) and RP11-614D15 (INHBA). Distances between the bait probe 432 

and the positive or negative probes were measured in 180 to 456 signal pairs from three 433 

to five visual fields in a single experiment and the number of colocalized signals was 434 

counted. The statistical significance was calculated by Fisher’s exact test. 435 
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 436 

3C library preparation and 3C-qPCR assay 437 

The 3C assays in this study were performed according to the following protocol
22

. 438 

Briefly, 1 - 2 x 10
7
 cells were crosslinked in 9.25 ml ES cell culture medium containing 439 

1% formaldehyde (Wako 064-00406) at RT for 10 min. The formaldehyde was 440 

quenched with 500 μl 2.5 M glycine and washed twice with 5 ml ice-cold 1 x PBS. 441 

Crosslinked nuclei were isolated by incubation in 550 μl lysis buffer (10 mM Tris-HCl 442 

pH7.5, 10 mM NaCl, 0.2% Np-40, 1 x protease inhibitor (Roche 04 693 159 001)) on 443 

ice for 20 min and homogenization with 10 strokes x 2 by tight pestle in a dounce 444 

homogenizer (Wheaton) on ice. The isolated nuclei were washed twice with 500 μl 1 x 445 

cutsmart buffer (NEB B7200S). The formaldehyde was quenched with 500 μl 2.5 M 446 

glycine and washed twice with 5 ml ice-cold 1 x PBS. Crosslinked nuclei were isolated 447 

by incubation in 550 μl lysis buffer (10 mM Tris-HCl pH7.5, 10 mM NaCl, 0.2% Np-40, 448 

1 x protease inhibitor (Roche 04 693 159 001)) on ice for 20 min and homogenization 449 

with 10 strokes x 2 by tight pestle in a dounce homogenizer (Wheaton) on ice. The 450 

isolated nuclei were washed twice with 500 μl 1 x cutsmart buffer (NEB B7200S). 451 

Proximity ligation of the HindIII-digested DNA ends was conducted with 10 U (Weiss 452 

unit) T4 DNA ligase (TAKARA 2011A). 3C DNA libraries were purified by phenol 453 

chroroform extractions (Nacarai 25970-56, 26829-96) and ethanol precipitation. 454 

Precipitated 3C libraries were purified again by using an Invitrogen PureLink Genomic 455 

DNA Mini Kit (Thermo Fisher K1820-00). The 3C-qPCR experiments were performed 456 

by using a SYBR premix Ex TaqII (Takara) and primer sets (Supplementary Table 1) on 457 

a StepOnePlus Real-Time PCR System (Applied Biosystems). For qPCR, 100 ng of 458 

template was used for each reaction, and the reaction steps were 1 cycle at 95 °C for 30 459 

s and 45 cycles at 95 °C for 5 s, and 1 cycle at 60°C for 30 s. Interaction frequencies 460 

were normalized to the DNA amount based on measurements using the GAPDH locus. 461 

 462 

ms4C-seq and library construction for enhanced 3C-qPCR 463 

The 3C libraries were sonicated into 300 to 700-bp-long fragments in microtubes 464 
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(Covaris 520045) with Covaris E210 under the following conditions: duty cycle 5%, 465 

intensity 3, cycles per burst 200, and time 150 s. End-repairing and A-tailing were 466 

performed by using NEBNext® Ultra™ End Repair/dA-Tailing Module (NEB E7442S) 467 

according to the manufacturer's instructions. Ligation of the Splinkerette adaptor
23

 for 468 

sequencing by the next generation sequencer (Top: 469 

5’-CGAAGAGTAACCGTTGCTAGGAGAGACCGTGACTGGAGTTCAGACGTGT470 

GCTCTTCCGATCT-3’, Bottom: 3’ phosphate 471 

-GATCGGAAGAGCTGTTTTTTTTTTCAAAAAAA-5’) to the A-tailed 3C libraries 472 

was performed with Ligation high Ver.2 (TOYOBO LGK-201) at 16°C for 30 min and 473 

10:1 adapter:library molar ratio. The adaptor-ligated 3C libraries were purified with 474 

1.8x AMPureXP beads. A total of 3.7 μg (230 ng/reaction x 16) of adaptor-ligated 3C 475 

libraries served as the template to amplify target loci by PCR amplification. Each PCR 476 

was performed in a 50 μl reaction mix (1x Phusion® High-Fidelity PCR Master Mix 477 

with HF Buffer (NEB M0531S), 50 nM each universal and target primers 478 

(Supplementary Table 1), and 230 ng/tube template)). The reaction steps were 1 cycle at 479 

98 °C for 30 s, 20 cycles at 98 °C for 10 s, 62 °C for 30 s, and 72 °C for 30 s; and 1 480 

cycle at 72 °C for 10 min. Samples after the 1st PCR amplification were also used for 481 

3C-qPCR assays as templates of enhanced 3C-qPCR (Fig. 3d). To reduce the influence 482 

of different amplification efficiencies among primer sets, a 2nd nested PCR was 483 

performed in the 13 bait groups, and it had similar amplification efficiencies (data not 484 

shown). The reaction steps for the 2nd PCR were 1 cycle at 98 °C for 30 s; 20 cycles at 485 

98 °C for 10 s, 60 °C for 30 s, and 72 °C for 30 s; and 1 cycle at 72 °C for 10 min (2nd 486 

universal and target primers (Supplementary Table 1)). Amplified multiplexed 487 

splinkerette 3C libraries were electrophoresed on a 2% agarose gel (Bio Rad 1613107), 488 

and libraries between 350 bp and 700 bp were excised and purified with QIAquick Gel 489 

Extraction Kit (QIAGEN 28704). This library was quantified with Library 490 

Quantification Kit (KAPA KK4824) and sequenced via HiSeq 2000 sequencing with 491 

paired-end reads of 100 bp from both ends or NextSeq 500 with paired-end reads of 80 492 

bp from both ends. For the POU5F1 locus, we were unable to design a specific 2nd 493 
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primer (2nd universal and target primers (Supplementary Table 1)), because its 494 

sequence is present in three loci: chr. 6, chr. 12 and chr. 1. However, we used this 2nd 495 

primer to amplify the POU5F1 locus, because the 1st PCR primer for POU5F1 is 496 

specific to the bait locus. 497 

 498 

Analysis of ms4C-seq data 499 

ms4C-seq data sets were analyzed according to following procedures. Bases with low 500 

quality scores and the adapters in all sequenced reads were trimmed with 501 

Cutadapt-1.4.2
68

. Read pairs with the HindIII site “AAGCTT” in the read1 (R1) 502 

sequence were used for the following analysis. The R1 sequences were separated into 503 

bait sequences and target sequences. To divide the reads into each bait, the former parts 504 

from HindIII of R1 were excised as bait sequence and mapped to 47 bait sequences by 505 

BWA (bwa-0.6.2)
69

 by using the default setting. The NANOG pseudogene gene loci 506 

were discriminated from NANOG bait loci on the basis of an SNP in the NANOG region. 507 

The latter parts from HindIII of the R1 and R2 read pairs were used for the subsequent 508 

mapping. These read pair sequences were mapped to the human reference genome 509 

(hg19) by BWA (bwa-0.6.2). The read pairs, which were derived from self-ligation and 510 

no-digestion events, were removed. PCR duplicates were removed by Picard 511 

(Picard-tools-1.97). The total read numbers within 1000 bp from each HindIII site were 512 

counted, and the counted numbers in the HindIII sites were collected as wiggle (.wig) 513 

format files. The total read numbers and ratio of cis:trans reads were used for quality 514 

control (Supplementary Table 2). To exclude the baits, which have insufficient 515 

sequenced reads for further analysis, percentages of the observed cis-interactions in the 516 

expected total number of cis-interactions were calculated for each bait. The total 517 

number of distinct cis-interactions was estimated by using Preseq software
70

. 518 

 519 

Domainograms and calculation of interaction frequencies 520 

Using the read count data at each HindIII site (wiggle format data), we analyzed the 521 

contact probabilities of the HindIII site by the following method
53

. In our analysis, 522 
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instead of running windows for the number of HindIII sites, running windows for 523 

distances from each HindIII site were used to obtain contact probabilities. The 524 

enrichment level of reads in small windows (within 100 Kb from the HindIII) for reads 525 

in large windows (within 3Mb from the HindIII) was statistically calculated as contact 526 

probabilities in each HindIII. Two statistical methods, the U-test and the binomial test, 527 

were used to calculate contact probabilities in proximal regions (within 8-Mb regions) 528 

and distal region (distance > 8 Mb) from the baits, respectively. The contact 529 

probabilities in each HindIII site are presented in domainograms by using previously 530 

published programs
37

. Gene-to-gene contact probabilities were calculated around the 531 

TSS of each gene through the same method described above with the one-sided 532 

binomial test, and adjusted by FDR. 533 

 534 

Correlation analysis of chromatin interactions 535 

To compare chromatin interaction profiles between biological duplicates or cell types, 536 

the following analysis was performed
53

. Briefly, wiggle formatted ms4C-seq data in 537 

each HindIII was binarized to 1 (reads > 0) and 0 (read = 0), and cis-hit coverages were 538 

calculated by averaging these binarized values in a sliding window (100 kb from each 539 

HindIII site). Spearman correlation coefficients were calculated by comparing the 540 

cis-hit coverages between cell types or biological duplicates. 541 

 542 

Definition of transcriptional gene states 543 

Chromatin states data of hESCs and NHLFs were obtained from the ENCODE project 544 

data sets of UCSC 545 

(http://hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/wgEncodeBroadHmm/w546 

gEncodeBroadHmmH1hescHMM.CNV.bed, 547 

http://hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/wgEncodeBroadHmm/w548 

gEncodeBroadHmmNhlfHMM.bed.gz)
29

 and used for the gene definitions. We defined 549 

the refseq genes that are mainly occupied by "poised promoter", “Active / Weak 550 

Promoter” and “Repressed / Heterochrom” chromatin states as "bivalent genes", “active 551 

http://hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/wgEncodeBroadHmm/wgEncodeBroadHmmH1hescHMM.CNV.bed
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/wgEncodeBroadHmm/wgEncodeBroadHmmH1hescHMM.CNV.bed
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/wgEncodeBroadHmm/wgEncodeBroadHmmNhlfHMM.bed.gz
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/encodeDCC/wgEncodeBroadHmm/wgEncodeBroadHmmNhlfHMM.bed.gz
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genes” and “repressive genes”, respectively. 552 

 553 

Reanalysis of LADs 554 

For nuclear localization analysis of gene loci, we used publically available 555 

log2(Dam-LMNB1/Dam) signal data of Tig3 human fibroblasts
41

 (GSE8854) as HFs 556 

and of SHEF-2 human embryonic stem cells
40

 (GSE22428) as PSCs, and define the 557 

lamina associated domains (LADs) according to a previously reported method
41

. Briefly, 558 

for the identification of LADs, the log2(Dam-LMNB1/Dam) signal was binarized with 559 

positive values to 1 and negative values to -1. Transition sites of these signals were 560 

identified as left and right side edges of LADs by the sliding filter which compared the 561 

average binary values between the right and left 99 probe windows of the probe
40, 41

. 562 

Cumulative fraction analysis for log2(Dam-LMNB1/Dam) signals in each gene was 563 

performed using the average log2(Dam-LMNB1/Dam) values for each probe in the gene 564 

bodies. 565 

 566 

Data availability 567 

All DNA microarray data are deposited in Gene Expression Omnibus under the 568 

accession number for GSE90141. 569 

All ms4C-seq data are deposited in Gene Expression Omnibus under the accession 570 

number for GSE90782. 571 
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Figure legends 842 

Figure 1 | ms4C-seq and definition of genes by chromatin states 843 

(a) Schematic diagram of ms4C-seq. Step 1: Fixation of nucleus with the formaldehyde. 844 

Step 2: Digestion of DNA with HindIII restriction enzyme. Step 3: Preparation of 845 

chimeric fragments that are derived from physical proximity ligations of DNA. Step 4:  846 

Fragmentation of those chimeric fragments. Step 5 to 7: Ligations of Splinkerette 847 

adapter
22

 and amplifications of target loci by nested PCR with a universal primer for the 848 

adaptor and specific primers designed for bait loci. Step 8: Deep sequencing by a next 849 

generation sequencer. See also Supplementary Table 1 and Methods for details. 850 

(b) Definition of transcriptional states of genes (bivalent, active, repressive and other 851 

gene groups). Top heat map represents the occupancy of each chromatin state (%) 852 

within TSS ± 250 bp for all refseq genes in PSCs (ESCs). Bottom heatmaps indicate 853 

H3K4me3 and H3K27me3 modification profiles (RPM values) around TSS for active, 854 

repressive and bivalent genes defined by chromatin states in PSCs (ESCs). Histone 855 

modification profiles are shown within TSS ± 2 Kb. 856 

 857 

Figure 2 | Examination of chromatin interaction profiles at bivalent gene loci 858 

(a) Cis-chromosomal interaction profiles at the GATA4 (bivalent in PSCs) gene locus in 859 

hiPSCs. Interaction frequencies of the GATA4 gene locus, as determined by ms4C-seq, 860 

are presented by the domainogram in biological duplicates (Ex. 1 and Ex. 2). The color 861 

scale represents the log10 (p-value) interaction frequencies from low significance (p = 1) 862 

to high significance (p = 10
-10

), with colors from black to yellow, respectively.  863 

(b) Analysis of the reproducibility of two independent ms4C-seq experiments in HFs 864 

(HDFs) and iPSCs. Boxplots indicate the distribution of the Spearman correlation 865 

coefficients of interaction signals among biological replicates (Ex. 1 vs Ex. 2). 866 

(c) Analysis of chromatin interactions with 3D DNA FISH in iPSCs. The left panel 867 

illustrates the positions of positive (bivalent gene LGI3 in PSCs) and negative (active 868 

gene MTUS1 in PSCs) interaction target loci relative to the bait (bivalent gene GATA4 in 869 

PSCs) locus on the genome. The bar graph in the right panel shows the colocalization 870 
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percentage between the GATA4 locus and the positive (magenta) or negative (green) 871 

interaction loci (n = 456, Fisher’s exact test, * p < 1 x 10
-8

). The right lower panel 872 

shows a nuclear image of 3D DNA FISH with Z-projection. Nuclei are stained with 873 

Hoechst (blue). The bait locus (GATA4), interaction positive locus (LGI3) and 874 

interaction negative locus (MTUS1) are indicated in white, magenta and green, 875 

respectively. Scale bar, 5 μm.  876 

See also Supplementary Fig. 2 and Supplementary Tables 2 and 3. 877 

 878 

Figure 3 | Chromatin interaction profiles at bivalent gene loci in somatic cells and 879 

hPSCs 880 

(a) Expression profiles of bait genes in iPSCs and their original HFs (HDFs). The 881 

scatter plot represents the log10 signal intensity of probe sets for Affymetrix GeneChip 882 

Array (HG-U133_Plus_2). A single gene is sometimes represented by multiple probe 883 

sets corresponding to different isoforms and ESTs derived from the same gene locus. 884 

Thus, some genes have multiple dots (probe sets). Two dashed lines indicate the 2-fold 885 

changes in gene expression levels between HFs (HDFs) and hiPSCs. The dots are 886 

color-coded as category 1 (magenta), category 2 (green) and category 3 (gray) on the 887 

basis of the fold-change of the signal intensity. 888 

(b) Cis-chromosomal interaction profiles of the bait loci (DPPA4, TWIST1, GAPDH and 889 

LHX1). The interaction frequencies of baits are shown by domainograms
37

. DPPA4 and 890 

GAPDH are active genes in PSCs. TWIST1 and LHX1 are bivalent genes in PSCs. The 891 

arrowheads indicate bait loci (white) and representative interaction regions that differ 892 

between HFs (HDFs) and hiPSCs (magenta). The left upper dots are colored according 893 

to the definition in Fig. 3a. 894 

 895 

Figure 4 | Nuclear positions at bivalent gene loci in somatic cells and hPSCs 896 

(a) Cumulative distribution of the lamina association signals (log2 (Dam-LMNB1/Dam) 897 

values
39,40

) at active (dashed line), repressive (dash-dot line) and bivalent (solid line) 898 

gene loci in HFs and PSCs (ESCs). * p < 3.0 x 10
-16

 for Mann Whitney U test using 899 
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active genes for the comparisons. 900 

(b) Cumulative distribution of the lamina association signals (log2 (Dam-LMNB1/Dam) 901 

values
40, 41

) for the genes which change their states from repressive in HFs to active 902 

(magenta), repressive (green) or bivalent (black) in PSCs (ESCs). * p < 3.0 x 10
-16

 for 903 

Mann Whitney U test using active genes for the comparisons. 904 

(c) Comparison of expression values for the indicated gene groups in iPSCs and their 905 

original HFs (HDFs). The boxplots indicate the distribution of log10 (signal intensity) 906 

values. The box plots are colored by cell types. 907 

(d) The relationship between chromatin interaction profiles and lamina association 908 

profiles at T gene bait loci in HFs and hPSCs. The positive log2(Dam-LMNB1/Dam) 909 

signals
40, 41

 are indicated by the green (HFs) or magenta (PSCs (ESCs)) bar chart above 910 

the HF and PSCs tracks. Positive log2(Dam-LMNB1/Dam) signals indicate 911 

lamina-associated regions. Rectangles below each signal track depict lamina-associated 912 

domains. The interaction frequencies determined by ms4C-seq in HFs (HDFs) and 913 

iPSCs are shown as described in Fig. 2a.  914 

(e) The subnuclear localization of the bait loci and their interaction target loci in HFs 915 

(top) and PSCs (iPSCs, bottom). Scatter plots present the strength of the lamina 916 

association of the bait gene loci (TSS ± 25 kb) (y-axis) and their chromatin interaction 917 

target sites (x-axis) (U-test, * p < 3 x 10
-7

). Bivalent baits indicating GSC, T and SOX1 918 

loci are shown as representative bait loci with interaction target loci located in the 919 

nuclear periphery in HFs and the nuclear interior in PSCs (ESCs). 920 

 921 

Figure 5 | Bivalent gene loci colocalize in hPSCs 922 

(a) The distribution of histone modifications for H3K4me3 and H3K27me3 in the PAX6 923 

bait locus and their target loci. ChIP-seq data are represented by RPM signals for 924 

H3K4me3and H3K27me3 in ESCs below ms4C-seq interaction signals in iPSCs. 925 

(b) Bivalent gene numbers in the interaction target genes of active, repressive and 926 

bivalent bait loci in iPSCs (428C2). The scatter plot shows the expected numbers of 927 

bivalent gene (x-axis) and observed numbers of bivalent genes (y-axis) in the interaction 928 
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targets of each bait locus. The expected number was calculated by the proportion of 929 

bivalent genes present on the same chromosome as bait loci. Bait genes were divided 930 

into bivalent (black), active (magenta), repressive (green) and other (gray) in PSCs 931 

(ESCs) according to Fig. 1b.  932 

(c) The enrichment of bivalent genes in interaction target genes of bivalent bait loci in 933 

iPSCs (428C2). Box plots show log2(observed frequency for bivalent genes)/(expected 934 

frequency for bivalent genes) in interaction targets of bivalent, active, repressive and 935 

other bait gene loci (U-test, * p < 3 x 10
-5

, ** p < 1 x 10
-5

, *** p < 1 x 10
-11

).  936 

(d) Interaction frequencies of bivalent gene loci in hESCs (KhES3 and H9), hiPSCs 937 

(428C2 and 409B2) and their original HFs (TIG120 and 1388). Bar graphs indicate the 938 

interaction frequencies of the indicated gene loci determined by enhanced 3C-qPCR 939 

analysis. The interaction frequencies in the ERCC3 promoter region are shown as 940 

positive interaction controls. Data are shown as means ± SD from three biological 941 

replicates. 942 

(e) Lamina association profiles of colocalized bivalent gene loci are indicated by 943 

log2(Dam-LMNB1/Dam) in HFs and PSCs (ESCs)
40, 41

.  944 

See also Supplementary Fig. 4,5 and 6. 945 

 946 

Figure 6 | EED, WDR4 and RING1B are important for the colocalization of 947 

bivalent gene loci 948 

(a) Interaction profiles determined by ms4C-seq for the NKX2-5 gene locus in EED, 949 

WDR5 and RING1B KD iPSCs. Domainograms indicate cis-chromatin interaction 950 

frequencies at the NKX2-5 gene locus on an Mb scale in shRNA-treated iPSCs. 951 

(b) The disruption of chromatin interactions between bivalent gene loci by shRNA 952 

treatment. Bar plots indicate interaction signals (RPM) at interaction target gene loci of 953 

the NKX2-5 gene bait locus. ChIP-seq signals (RPM) for H3K4me3 and H3K27me3 954 

histone modifications in PSCs (ESCs) are shown under the ms4C-seq interaction signals. 955 

Reduced interaction signals of the bait NKX2-5 gene locus are detected in bivalent gene 956 

loci (PITX1, HAND1 and TLX3) after shRNA treatment against EED, WDR5 or 957 
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RING1B in PSCs (iPSCs). 958 

(c) Cumulative distribution of reduction rates for interaction signals (RPM values in 959 

TSS ± 25 kb) in bivalent - bivalent (solid line) and bivalent - non-bivalent (dashed line) 960 

interactions by two independent knockdown (two different shRNAs) experiments for 961 

EED, RING1B or WDR5 in PSCs (iPSCs). *p < 0.03 was assessed for bivalent – 962 

bivalent interactions versus bivalent - non-bivalent interactions by two-sided 963 

Mann-Whitney U test. 964 

(d) Disruption of bivalent gene colocalizations by the KD for EED, WDR5 or RING1B. 965 

Bar graphs show the percentages of colocalized bivalent genes (light blue) and 966 

non-bivalent genes (white) with interaction signals (RPM values in TSS ± 25 kb) that 967 

were reduced at least 30% following both sh1 and sh2 treatments for EED, WDR5 and 968 

RING1B compared to shNegative treatment (Fisher’s exact test, * p < 0.01, ** p < 1 x 969 

10
-6

). 970 

(e) A model for the changes in chromatin interactions and subnuclear localization 971 

around bivalent gene loci during somatic cell reprogramming. 972 

See also Supplementary Fig. 7. 973 
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Supplementary Information 
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Supplementary Figure 1. Definition of transcriptional states of genes in HFs 

Definition of transcriptional states of genes (bivalent, active, repressive and other gene 

groups). Top heat map represents the occupancy of each chromatin state (%) within TSS 

± 250 bp for all refseq genes in HFs (NHLFs). Bottom heatmaps indicate H3K4me3 and 

H3K27me3 modification profiles (RPM values) around TSS for active, repressive and 

bivalent genes defined by chromatin states in HFs (NHLFs). Histone modification 

profiles are shown within TSS ± 2 Kb. 
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Supplementary Figure 2. Analysis of ms3-seq data 

(a) Profile of the cis-chromosomal interaction in the TWIST1 gene locus in HFs (HDFs). 

Chromatin interaction frequencies in the TWIST1 gene locus are shown as described in 

Fig. 1c. 

(b) Analysis of chromatin interactions with 3D DNA FISH in HFs (HDFs). 

Colocalization percentage of cis-interaction target loci in TWIST1. The left panel 

illustrates the relative positions of the positive (EGFR) and negative (INHBA) 

interaction target loci for the bait (TWIST1) locus on the genome. The bar graph shows 

the colocalization percentage between the bait (TWIST1) locus and the positive 

(magenta) or negative (green) interaction loci (n = 180, Fisher’s exact one-sided test, *p 

< 0.03). Nuclei were stained with Hoechst (blue). Bait locus (TWIST1), interaction 

positive locus (EGFR) and interaction negative locus (INHBA) are indicated as white, 
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magenta and green. Scale bar, 5 μm. 

(c) Validation of the ms3C-seq data by 3C-qPCR. Top: Cis interaction frequencies of the 

HOXA13 gene locus are presented with domainograms. The color scale is the same as 

shown in Fig. 1b. Middle: The bar plots show ms3C-seq read distributions in each 

HindIII site around the HOXA cluster locus in iPSCs and their original cells HFs 

(HDFs). The locations of primers that were used for 3C-qPCR are represented by 

interaction target loci (magenta arrows) and bait (black arrow). Bottom: Relative 

interaction frequencies between HOXA13 and each HOXA locus were determined by 

3C-qPCR in HFs (HDFs) and iPSCs (n = 3). Interaction frequency of the ERCC3 region 

is a positive control. (Means ± SD, t-test, *p < 0.05, **p < 0.001). 
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Supplementary Figure 3. LADs and chromatin interaction profiles in HFs and 

hPSCs 

Relationship between chromatin interaction profiles and lamina association profiles at 

bivalent gene loci. The profiles are shown as described in Fig. 4d. 
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Supplementary Figure 4. Epigenetic states of the interaction target sites of the 

active gene locus 

Histone modification patterns of H3K4me3 and H3K27me3 in the active gene loci 

(NANOG, DPPA4 and SOX2) and their positive interaction target sites in hiPSCs.  

ChIP-seq data are represented by RPM signals for H3K4me3 (red) and H3K27me3 

(green) in ESCs below ms3C-seq interaction signals in iPSCs (black). 
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Supplementary Figure 5. Epigenetic states of the interaction target sites of the 

bivalent bait locus 

LADs and histone modifications at interaction target sites of bivalent gene loci (TWIST1, 

NEUROD1, GSC and NEUROG2) in hPSCs. Lamina association signals in PSCs 

(ESCs) are shown as described in Fig. 2f. ChIP-seq data are represented by RPM 

signals for H3K4me3 (red) and H3K27me3 (green) in PSCs (ESCs) below ms3C-seq 

interaction signals in PSCs (iPSCs) (black). 
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Supplementary Figure 6. Analysis of gene states in the interaction target genes of 

the bivalent bait locus 

(a) The enrichment of active and repressive genes in the interaction target genes of 

bivalent bait loci in iPSCs (428C2). Box plots show log2(observed frequency for active 

(left panel) or repressive genes (right panel))/(expected frequency for active (left panel) 

or repressive genes (right panel)) in the interaction targets of bivalent, active, repressive 

and other bait gene loci (U-test, * p < 5 x 10
-2

, ** p < 4 x 10
-3

, *** p < 3 x 10
-5

). 

(b) Enrichment of ms3C-seq interaction signals in DNA methylation valleys in iPSCs. 

DNA methylation percentages at the interaction target sites of the bivalent gene 

(NKX2-5) locus are shown under the ms3C-seq signals.  

(c) Enrichment of DMV genes in the interaction sites of bivalent genes in iPSCs 

(428C2). Box plots show log2(observed frequency for DMV genes)/(expected frequency 

for DMV genes) in interaction targets of bivalent, active, repressive and other bait gene 

loci in PSCs (U-test, *p < 1 x 10
-4

, **p < 1 x 10
-5

,***p < 1 x 10
-7

). 
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Supplementary Figure 7. shRNA ms3C-seq analysis 

(a) Schematic diagram of knockdown experiments by shRNA. 

(b) Analysis of the knockdown efficiencies of each shRNA in hiPSCs by qPCR (upper 

panels) and immunoblotting (lower panels). Error bars indicate standard deviation (n = 

3). 

(c) Percentages of bivalent genes with interaction signals that were reduced more than 

30% in both independent shRNA knockdown experiments (sh1 and sh2) for EED, 

WDR5 and RING1B compared to shNega treatment in each bivalent bait. 
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Supplementary Figure 8. Full-length images of immunoblots in Supplementary 

Figure 7. 
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Supplementary Table 1. Primers and target sequences for shRNA 

List of bait and adapter primers for ms4C-seq 

Bait 1st PCR primer sequence (5' to 3') 2nd PCR primer sequence (5' to 3') 

ASCL1 TCATTTCTGCCACTTAGCATGT ACACTCTTTCCCTACACGACGCTCTTCCGATCTATCCACCTCTTCCCTTTGAC 

ASCL2 CTCGCTAGCTTTGGGTTTTG ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGCTCTTGAAAGGAACAAG 

COL2A1 AGCGGGATTCTCTCATCCTG ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCCCAGCCACTTTCTAGTG 

DPPA4 TCGGGTCTTAGAAGCCAGAG ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTGTGCAAATCCTGCACTTC 

EOMES CTTCAACGCACAGAACCACT ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCAGTGGGAAAGGTTTGTAG 

ERCC3 CCTACCCCATGTAGTGAATC ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGTTTGTTTCCTCAAATAATGG 

ETS2 ATCATTTCCTCATGTGTAAGC ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGGCAGTGGTGGCTATTTC 

EVX1 AAATGGAATTCCGCAGAAAG ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCAGCGGGACTCGGTAAT 

FOXA2 ATGCATAGGAACTAGTGGGC ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCAGAAGACAGGCGAGATG 

FOXF1 ACGTGTAAACACACCCATGC ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGTGCGCACCCACTAATG 

GAPDH CCTGCCCTTTGAGTTTGATG ACACTCTTTCCCTACACGACGCTCTTCCGATCTCATAGTGGGGTGGTGAATAC 

GATA4 CAAAGGGAAAAGTTGGTGACC ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGAATGAACTATTTGCCAAACC 

GATA5 GATGGCGGACAGCTCTTG ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCCCACTTTCTCTAGGCACA 

GATA6 CCAATGACCGACGAAAGATT ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGGTGTCTTTCCGTGATCG 

GSC AACGAAGCCCTTCGCTAACT ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAACGTCAAGGGGATTTGAA 

HNF4A CCTCCTTCCTTTTCTTTGGG ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGCATGTGTTCTTGGCTGT 

HOXA13 AGGAAGTGTTGGGGACCTTCGG ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCTGGTAGTGATAGAGGTGATCTC 

KLF4 ACCCGAATTGCTTTGAAATG ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGGAGCTTGCAGCTTTCAC 

LHX1 TCCTACCCTCCCCTCTTTCC ACACTCTTTCCCTACACGACGCTCTTCCGATCTGATGCCGGCAGTTTAGGAT 
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MESP1 AGGGACCCTCATTCCCTCTA ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAGACCCTTCCCTGGTAAG 

MIXL1 CCGGCTGGAAACTGGTAAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCATGAGGATTCATTCTACGACTC 

NANOG TTTGTTAAGTGGGGGCTGTC ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTCACCGAGGCTGAGCTTG 

NANOG-P TTTGTTAAGTGGGGGCTGTC ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTCACCGAGGCTGAGCTTG 

NEUROD1 AACGAACCCACTGTGCTTAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGGTACTACTGCTGCAAAGTG 

NEUROD4 GGGCAGTTAGTTCCTTGAGTTAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTAAGCATTCACGTAGAAAAAGTCC 

NEUROG2 GGAGCTGAGTGCGTGTAGTG ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGAGGGTGGGGATCTTTAG 

NKX2-5 AGCTACATGGCCAGATCCTG ACACTCTTTCCCTACACGACGCTCTTCCGATCTCACTCCTTGGGAGGTCTGAT 

NR2F2 AAAGGGGTTCCCGATTAAGA ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGCAGGGCTTGGAACCTAG 

PAX3 TGAAAAGGGGGCTCAGAGAG ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCTCGGGAGCATTTATTAG 

PAX6 GGCCTGGCTATCTTGGAATGG ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTCCCTCATCCCTCAAAAC 

POU5F1 TCCAGGTGGTGGAGGTGATG ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGGTTGATCCTCGGACCTG 

Intergenic 1 AACCAGGAAGGAGGGAGAGA ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGAATTTCGGAGAGCCACC 

Intergenic 2 GAGAGATGGAGGCATTTTGC ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAAGTCAGTAGGGGGCTAAG 

Intergenic 3 TTACAGGCAGGACAAGAGCC ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTCAGTGACTGCGCTGG 

Intergenic 4 TAGTCAGTGGGGAGGGACAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCTTTTCAAGGTAATGTCAGCC 

Intergenic 5 ACCTCCCAGCCAAGAACC ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGGCGATAACGAGGTGAGAG 

SNAI1 TTGGTGTCATAGAGGAGTGGG ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCTTTGGTAAGGGAGGAGGG 

SOX1 TCAGTCCTCCAAGATGCTGG ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGACACGTTGGAATTGGAC 

SOX17 CCTTGGCTAGGGGACAAGTT ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGTAGTTTTGAAAGCGGTTG 

SOX2 AGACGCCACAAAGGGCAGAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGATTGTGTATGCATCGGTCTGC 

SOX7 CATCTCAGAGGAAGGCTGTC ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGACCCTGAGGAACGAATCC 
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SST TCCTGAGACCTTCAGTGCCT ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAAGTGGCATGGTCACAGG 

T TTGTTCCCGCTCTGGTTAAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTCATTTCTACAAGCCCCTCTTC 

TBX6 AGAAAAAGAGAAGCCCCTCG ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGACAGTAGCAGGGTCCCAC 

TCF21 AGCTGCCACATGAAATGAAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGAAAAACTGGCTTGAGTGATG 

TWIST1 AAGGATGGCTCCCTTTTTAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTAATTCTGGATTCTCTTATATATGCAAC 

ZIC1 TAGATCCAATTGTATTAGGGATTAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTCCACTGCAGATGTAAGAATTT 

LIN28B GGGGCTTTCTGCAAACCTAT ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACCGCCCACACTGATTCAC 

YTHDF2 TAGCTTGAGCATGTGGGAGC ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGTGTCTTGGCATAACCTGTG 

YBX1 AGTGCCATCTCAGCATTGTC ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGGAATGGACAACAAATGGGC 

ZZZ3 AGCCAAGTGGAAAGGGATGG ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGAGCCCCTGAGATCCTCAA 

MYCN AGAAGGTACTGCAGAGTCAAGG ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGGGAGAGGACTGGAGTTC 

MITD1 CGTTGCGTTAAAGTGGAAGTGC ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCACAGTGAAACCAGATCCCA 

DPH3 ATAGGCAATGACGCAACTCC ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGTAGCGGTCACCATGGAG 

ZFP42 GGTCGTATAAGTACACCCAGACC ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCAGACCATTAGAACGAAACCC 

KIF2A TGGTGGAAGGCAGGAGATTAG ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGCATTGGACAGTAGTGTTTCAC 

PTPRZ1 AGCATTACAAGAAGTATGCAGGTG ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTGACTGTGCACTGAGAGTTC 

PODXL AAAAACTGAAGCCCCAGTGC ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGATTTGGAAGGGGTGGTCTG 

TAF2 AAGTCACGTCTCGCAGCTG ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAACCTCGCTCCTTCGACTA 

FGFR2 GCCCTCCCGCTAAAGAGAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGCTTGATACTGCGGGGAG 

STX5 TCCAAGGATGCCCAAAGTTC ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGTTCTTGAGGCTCTTGGGG 

BCAT1 GAAGAGTTGACCCGGGTGG ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTTAAAAGCAGAAGGCCCCT 

METAP2 TGGATTGTGATTGGCTGCCT ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGTCCACCTGGAGAGTTTAGG 

KDM2B ATACGACGAGAACGAGGACTTG ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGTCGGACGTGGAGGAGATC 
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NCL TACCAGGTACCCCCACGTG ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGTTGTCTCGCTGGGAAAGG 

LIG1 TCTGTGATATTCTGCCCTTTGT ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCTAATTTATGTAGACCAGCGGG 

DNMT3B AAGCCCCTGTTCATGCTCTC ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGTCTGGACCCCGGGAAG 

SALL4 CATTTTGGGTGGGCGCAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTTTGGTGGTGTTTGGCAC 

ACO2 AGAGTTTCATGCACCTGCCA ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGAGCAAGACGGGCCTG 

ARHGEF38 AGCGGTTTAGTTAGAAGGGAGC ACACTCTTTCCCTACACGACGCTCTTCCGATCTAATCAGCCATTGCCTGCAAG 

SLC34A1 TTCTCAGGTTCAAGCTCTGGG ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGTTTCTGGGTTCGGGTGTC 

GIMAP1 GCCCCTGAGGAGACATCTGA ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCTTCAACCCCTTTCCCTGC 

PRSS3 GCACACTATTAAAAGAACACAAGCG ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCTCCCTCTCAGACCTACTG 

HEMGN TCCTGTTGGGAGTGGGAAAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAAGCCTCCAAGATTGTTCGC 

TNFSF8 AGGCGAAAGAGAAGACCATGG ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGCTTCTTAGAGCTTTGGACA 

OBP2B TCATGTACCTGCAGGAGCTG ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTACTGCAAAGACCAGCACC 

ANKRD1 AGGCGAAACTCATCAAAAGTACC ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTCCTAAAAGAAATGTGATTAAGCAG 

SOX6 GCCAGTTAAATCAAATCATGGCAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGGGCAATGTTGGATAAAGTC 

FLRT1 CGTTCCCACAGGCTCCAG ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGGTCTGGTCTCTGTGCTCA 

KRTAP5-11 GTTCCCCATGCCCTGGTG ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGCATTTCTCCAGCCCCTTC 

GAST GGGACAGCCTCACCCTTAAG ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCTGATCTTTGCACTGGCTC 

DEFB132 TCCTCCCTGACCGTGAAGAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCCCCACCCCTGTTTTTACC 

MC3R TGCAATTGTGTGTTTATCTTGCAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACCATTCCTTTCTTGCTTTGG 

VPREB1 TATGACCTGTTGCTCCTCCC ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCAGTGGGGAACTAACCAG 

PRAME ACAGGGAGATTGCACAGCTC ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGCGGGGATCCCATGGAAG 

IGLL5 TCAGGCAAGGAAGAGTGGTG ACACTCTTTCCCTACACGACGCTCTTCCGATCTATCTAGACCTAGGTTACCTCTGGG 
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COLQ GAGGGTGGGCAGGAAAGG ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCACATGCCCCTGCAAATTC 

CBLN2 GAACCGGACAGTTCCCCAAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTGACTCTGGAACCACAGCTCC 

TREM1 GAAGAGGACTGAGCAGGGGA ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTTTGGTCCAGGATCTCGGG 

 

Adaptor primers for 

ms4C-seq 
    

Name Primer sequence (5' to 3') 

1st PCR adaptor primer CGAAGAGTAACCGTTGCTAGG 

2nd PCR adaptor primer (P5) AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC 

2nd PCR adaptor primer (P7) (NNNNNN = Index) CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGTGC 

   
Target genes of shRNA and target sequence for EED, RING1B and WDR5 

Target gene   Target sequence (5' to 3') 

EED sh1 
TOP CCGGTGCACAGAGATGAAGTTCTAAGTGCCTCGAGGCACTTAGAACTTCATCTCTGTGCTTTTTTC 

BOTTOM AATTGAAAAAAGCACAGAGATGAAGTTCTAAGTGCCTCGAGGCACTTAGAACTTCATCTCTGTGCA 

EED sh2 
TOP CCGGTGGATCATTCTCTTAAACTTTGGAGCTCGAGCTCCAAAGTTTAAGAGAATGATCCTTTTTTC 

BOTTOM AATTGAAAAAAGGATCATTCTCTTAAACTTTGGAGCTCGAGCTCCAAAGTTTAAGAGAATGATCCA 

RING1B sh1 
TOP CCGGTGGCTAGAGCTTGATAATAACAATGCTCGAGCATTGTTATTATCAAGCTCTAGCCTTTTTTC 

BOTTOM AATTGAAAAAAGGCTAGAGCTTGATAATAACAATGCTCGAGCATTGTTATTATCAAGCTCTAGCCA 

RING1B sh2 
TOP CCGGTGCACAGACGAGATACATAAAGACTCTCGAGAGTCTTTATGTATCTCGTCTGTGCTTTTTTC 

BOTTOM AATTGAAAAAAGCACAGACGAGATACATAAAGACTCTCGAGAGTCTTTATGTATCTCGTCTGTGCA 

WDR5 sh1 TOP CCGGTGGGTGAAGTTCAATTTAACATGCGCTCGAGCGCATGTTAAATTGAACTTCACCCTTTTTTC 
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BOTTOM AATTGAAAAAAGGGTGAAGTTCAATTTAACATGCGCTCGAGCGCATGTTAAATTGAACTTCACCCA 

WDR5 sh2 
TOP CCGGTGGGAAGAGTTCCTAGTCTATTGTGCTCGAGCACAATAGACTAGGAACTCTTCCCTTTTTTC 

BOTTOM AATTGAAAAAAGGGAAGAGTTCCTAGTCTATTGTGCTCGAGCACAATAGACTAGGAACTCTTCCCA 

shNega 

TOP CCGGTCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGGTTTTTTC 

BOTTOM AATTGAAAAAACCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGGA 

   
List of primers for 3C qPCR and enhanced 3C qPCR   

Detection target of 

interaction 

Primer type (target gene 

name) 
Sequences (5' to 3') 

HOXA13 - HOXA (X) 

Bait (HOXA13) CCTCCACCTGGTAGTGATAG 

Interaction Target (HOXA3) GTCAAAAATGCGCCAGAACT 

Interaction Target (HOXA5) GGTTTAGCCACCAACTCCTG 

Interaction Target (HOXA10) AGCTGCACAAAGGTGCTGTA 

Interaction Target (HOXA11) CCTCACTCTCAGGCTCTTGG 

PAX6 - WT1 
Bait (PAX6) GGCCTGGCTATCTTGGAATGG 

Interaction Target (WT1) AGCAAGAGCCAGACTCAAGG 

NKX2-5 - MSX2 
Bait (NKX2-5) CACTCCTTGGGAGGTCTGAT 

Interaction Target (MSX2) TTTCATGGGAAGGTCACAGC 

NEUROG2 - PITX2 
Bait (NEUROG2) AAAGAAAGGGAGCTGAGTGC 

Interaction Target (PITX2) GGCAGACAGAAAAAGCAAGC 

TWIST1 - SP8 
Bait (TWIST1) TCCACATTTGCAAGGATGGC 

Interaction Target (SP8) TGCAACGTAGTGGGTTCCAG 

GATA5 - HRH3 Bait (GATA5) CCCCACTTTCTCTAGGCACA 
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Interaction Target (HRH3) TCAGGGGAATCTGTGCTTTCC 

Intra ERCC3 

Bait (ERCC3 forward) CCCTTTGTTCAAGCCAAAAA 

Interaction Target (ERCC3 

reverse) 
GCCCTACCCCATGTAGTGAA 

   
List of primers for qPCR analysis   

Genes Directions Primer sequences (5' to 3') 

RING1B 
Forward CACAGCCCTTAGAAGTGGCAA 

Reverse GTCTGGCCTTAGTGATCTTTTGG 

WDR5 
Forward AATTTGGGGCGCGTATGATG 

Reverse AATCTGACGACCAGGCTACATC 

EED 
Forward GTGACGAGAACAGCAATCCAG 

Reverse TATCAGGGCGTTCAGTGTTTG 

GAPDH 

Forward ACGAATTTGGCTACAGCAAC 

Reverse CAGTGAGGGTCTCTCTCTTC 
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Supplementary Table 2. Chromatin states of bait genes, observed and expected read numbers of ms4C-seq 

*Total expected interaction numbers were calculated by preseq software. 

Daley, T. & Smith, A. D. Predicting the molecular complexity of sequencing libraries. Nature methods 10, 325-327, 

doi:10.1038/nmeth.2375 (2013). 

 

Samples Baits 
Gene states 

in HFs 

Gene group 

in HFs 

Gene states 

in PSCs 

Gene group 

in PSCs 

Total 

observed 

interactions 

Interaction 

Variety 

*Percentage of  

observed distinct 

interactions in expected 

interactions 

HF (TIG120) Ex1 ERCC3 1_Active_Promoter Active 1_Active_Promoter Active 62,734 5,893 52.82596029 

HF (TIG120) Ex1 GAPDH 1_Active_Promoter Active 1_Active_Promoter Active 993,064 10,834 92.833946 

HF (TIG120) Ex1 TBX6 1_Active_Promoter Active 2_Weak_Promoter Active 206,958 5,496 83.44340697 

HF (TIG120) Ex1 FOXF1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 83,976 4,760 68.06806807 

HF (TIG120) Ex1 KLF4 1_Active_Promoter Active 3_Poised_Promoter Bivalent 188,439 9,486 83.56604854 

HF (TIG120) Ex1 NR2F2 1_Active_Promoter Active 3_Poised_Promoter Bivalent 238,908 9,660 85.57457213 

HF (TIG120) Ex1 TCF21 1_Active_Promoter Active 3_Poised_Promoter Bivalent 1,102,909 21,176 94.76246733 

HF (TIG120) Ex1 TWIST1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 527,644 13,892 85.49396582 

HF (TIG120) Ex1 SNAI1 2_Weak_Promoter Active 2_Weak_Promoter Active 1,240,991 7,719 96.35741749 

HF (TIG120) Ex1 GATA6 2_Weak_Promoter Active 3_Poised_Promoter Bivalent 223,296 6,829 83.57197053 

HF (TIG120) Ex1 MESP1 2_Weak_Promoter Active 3_Poised_Promoter Bivalent 1,103,097 11,255 94.48534659 

HF (TIG120) Ex1 SOX2 3_Poised_Promoter Bivalent 1_Active_Promoter Active 2,523,898 23,056 97.74337277 

HF (TIG120) Ex1 MIXL1 3_Poised_Promoter Bivalent 2_Weak_Promoter Active 1,170,054 23,152 95.19697699 

HF (TIG120) Ex1 COL2A1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 890,762 17,620 94.48278451 
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HF (TIG120) Ex1 EOMES 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 489,686 19,240 87.69011299 

HF (TIG120) Ex1 HOXA13 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 2,297,370 15,214 97.07697118 

HF (TIG120) Ex1 NEUROD1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 955,650 23,533 90.81366855 

HF (TIG120) Ex1 NEUROG2 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 1,186,819 25,100 94.55819473 

HF (TIG120) Ex1 SOX7 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 195,390 10,031 85.66621689 

HF (TIG120) Ex1 ETS2 4_Strong_Enhancer Other 2_Weak_Promoter Active 11,766 1,597 63.73722861 

HF (TIG120) Ex1 Intergenic 3 7_Weak_Enhancer Other 5_Strong_Enhancer Other 286,979 18,455 77.3525356 

HF (TIG120) Ex1 POU5F1 11_Weak_Txn Other 2_Weak_Promoter Active 1,219,484 13,862 90.0270172 

HF (TIG120) Ex1 NANOG_P 11_Weak_Txn Other 11_Weak_Txn Other 382,846 10,383 82.23441918 

HF (TIG120) Ex1 NANOG 12_Repressed Repressive 2_Weak_Promoter Active 66,600 6,977 73.63510675 

HF (TIG120) Ex1 ASCL1 12_Repressed Repressive 3_Poised_Promoter Bivalent 147,879 8,722 85.40095956 

HF (TIG120) Ex1 ASCL2 12_Repressed Repressive 3_Poised_Promoter Bivalent 358,112 12,775 84.73845501 

HF (TIG120) Ex1 EVX1 12_Repressed Repressive 3_Poised_Promoter Bivalent 33,899 5,582 61.96301312 

HF (TIG120) Ex1 FOXA2 12_Repressed Repressive 3_Poised_Promoter Bivalent 34,872 4,509 70.05033557 

HF (TIG120) Ex1 GATA4 12_Repressed Repressive 3_Poised_Promoter Bivalent 422,872 13,644 88.70396255 

HF (TIG120) Ex1 GATA5 12_Repressed Repressive 3_Poised_Promoter Bivalent 672,942 8,024 89.27856157 

HF (TIG120) Ex1 GSC 12_Repressed Repressive 3_Poised_Promoter Bivalent 401,282 11,482 89.8449115 

HF (TIG120) Ex1 LHX1 12_Repressed Repressive 3_Poised_Promoter Bivalent 96,924 6,986 76.50021901 

HF (TIG120) Ex1 PAX3 12_Repressed Repressive 3_Poised_Promoter Bivalent 19,278 4,456 55.48154143 

HF (TIG120) Ex1 PAX6 12_Repressed Repressive 3_Poised_Promoter Bivalent 1,073,767 15,460 90.65321919 

HF (TIG120) Ex1 SOX1 12_Repressed Repressive 3_Poised_Promoter Bivalent 760,801 12,669 93.15441176 

HF (TIG120) Ex1 SOX17 12_Repressed Repressive 3_Poised_Promoter Bivalent 561,666 13,412 90.76021492 
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HF (TIG120) Ex1 SST 12_Repressed Repressive 3_Poised_Promoter Bivalent 998,996 17,179 92.94134832 

HF (TIG120) Ex1 T 12_Repressed Repressive 3_Poised_Promoter Bivalent 124,368 13,178 74.7641282 

HF (TIG120) Ex1 ZIC1 12_Repressed Repressive 3_Poised_Promoter Bivalent 44,422 6,576 55.97977373 

HF (TIG120) Ex1 DPPA4 13_Heterochrom/lo Repressive 1_Active_Promoter Active 685,051 19,614 88.13577601 

HF (TIG120) Ex1 Intergenic 1 13_Heterochrom/lo Repressive 4_Strong_Enhancer Other 1,284,276 23,404 93.02066773 

HF (TIG120) Ex1 Intergenic 2 13_Heterochrom/lo Repressive 5_Strong_Enhancer Other 1,583,584 16,133 94.11222531 

HF (TIG120) Ex1 Intergenic 4 13_Heterochrom/lo Repressive 5_Strong_Enhancer Other 1,332,349 12,728 95.03117184 

HF (TIG120) Ex1 Intergenic 5 13_Heterochrom/lo Repressive 5_Strong_Enhancer Other 1,098,083 21,392 89.86385156 

HF (TIG120) Ex1 NEUROD4 13_Heterochrom/lo Repressive 6_Weak_Enhancer Other 714,361 16,238 94.23111519 

HF (TIG120) Ex1 HNF4A 13_Heterochrom/lo Repressive 13_Heterochrom/lo Repressive 146,816 7,243 78.46132181 

HF (TIG120) Ex1 NKX2-5 14_Repetitive/CNV Other 3_Poised_Promoter Bivalent 928,351 17,519 90.58334454 

HF (TIG120) Ex2 ERCC3 1_Active_Promoter Active 1_Active_Promoter Active 64,406 5,514 57.90861068 

HF (TIG120) Ex2 GAPDH 1_Active_Promoter Active 1_Active_Promoter Active 1,305,704 11,583 94.0751269 

HF (TIG120) Ex2 TBX6 1_Active_Promoter Active 2_Weak_Promoter Active 360,681 6,413 86.83348228 

HF (TIG120) Ex2 FOXF1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 111,397 4,997 67.34682876 

HF (TIG120) Ex2 KLF4 1_Active_Promoter Active 3_Poised_Promoter Bivalent 267,802 10,378 83.52716766 

HF (TIG120) Ex2 NR2F2 1_Active_Promoter Active 3_Poised_Promoter Bivalent 389,266 10,073 87.68508927 

HF (TIG120) Ex2 TCF21 1_Active_Promoter Active 3_Poised_Promoter Bivalent 1,502,189 21,495 96.24684326 

HF (TIG120) Ex2 TWIST1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 747,264 14,526 91.28328233 

HF (TIG120) Ex2 SNAI1 2_Weak_Promoter Active 2_Weak_Promoter Active 1,744,747 8,004 96.64682372 

HF (TIG120) Ex2 GATA6 2_Weak_Promoter Active 3_Poised_Promoter Bivalent 347,045 7,347 87.05388881 

HF (TIG120) Ex2 MESP1 2_Weak_Promoter Active 3_Poised_Promoter Bivalent 1,462,650 11,856 95.37983798 



 23 

HF (TIG120) Ex2 SOX2 3_Poised_Promoter Bivalent 1_Active_Promoter Active 3,165,556 24,478 98.73545368 

HF (TIG120) Ex2 MIXL1 3_Poised_Promoter Bivalent 2_Weak_Promoter Active 1,521,050 25,001 96.54647755 

HF (TIG120) Ex2 COL2A1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 1,110,217 18,727 94.91396569 

HF (TIG120) Ex2 EOMES 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 649,137 19,666 89.09083496 

HF (TIG120) Ex2 HOXA13 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 2,719,822 16,390 98.03393805 

HF (TIG120) Ex2 NEUROD1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 1,936,121 26,532 95.44193877 

HF (TIG120) Ex2 NEUROG2 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 1,522,296 26,580 95.57231926 

HF (TIG120) Ex2 SOX7 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 337,013 11,012 89.02398603 

HF (TIG120) Ex2 ETS2 4_Strong_Enhancer Other 2_Weak_Promoter Active 20,772 1,876 70.54753309 

HF (TIG120) Ex2 Intergenic 3 7_Weak_Enhancer Other 5_Strong_Enhancer Other 462,219 21,786 85.98594134 

HF (TIG120) Ex2 POU5F1 11_Weak_Txn Other 2_Weak_Promoter Active 1,674,996 15,716 93.24070174 

HF (TIG120) Ex2 NANOG_P 11_Weak_Txn Other 11_Weak_Txn Other 371,934 11,465 81.49180106 

HF (TIG120) Ex2 NANOG 12_Repressed Repressive 2_Weak_Promoter Active 83,769 7,352 76.05805737 

HF (TIG120) Ex2 ASCL1 12_Repressed Repressive 3_Poised_Promoter Bivalent 180,072 8,544 82.70094471 

HF (TIG120) Ex2 ASCL2 12_Repressed Repressive 3_Poised_Promoter Bivalent 581,831 14,415 87.34193322 

HF (TIG120) Ex2 EVX1 12_Repressed Repressive 3_Poised_Promoter Bivalent 53,455 6,309 60.71425134 

HF (TIG120) Ex2 FOXA2 12_Repressed Repressive 3_Poised_Promoter Bivalent 56,121 5,317 77.96644965 

HF (TIG120) Ex2 GATA4 12_Repressed Repressive 3_Poised_Promoter Bivalent 559,262 14,728 92.92817122 

HF (TIG120) Ex2 GATA5 12_Repressed Repressive 3_Poised_Promoter Bivalent 1,005,673 8,792 94.25284892 

HF (TIG120) Ex2 GSC 12_Repressed Repressive 3_Poised_Promoter Bivalent 724,680 12,042 93.79819601 

HF (TIG120) Ex2 LHX1 12_Repressed Repressive 3_Poised_Promoter Bivalent 164,191 7,764 82.09184051 

HF (TIG120) Ex2 PAX3 12_Repressed Repressive 3_Poised_Promoter Bivalent 30,202 5,266 53.95657653 
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HF (TIG120) Ex2 PAX6 12_Repressed Repressive 3_Poised_Promoter Bivalent 1,388,857 15,915 92.94027646 

HF (TIG120) Ex2 SOX1 12_Repressed Repressive 3_Poised_Promoter Bivalent 1,112,744 13,361 94.70915973 

HF (TIG120) Ex2 SOX17 12_Repressed Repressive 3_Poised_Promoter Bivalent 691,844 13,248 93.82170477 

HF (TIG120) Ex2 SST 12_Repressed Repressive 3_Poised_Promoter Bivalent 1,234,637 18,414 93.93603942 

HF (TIG120) Ex2 T 12_Repressed Repressive 3_Poised_Promoter Bivalent 198,844 15,793 76.30205817 

HF (TIG120) Ex2 ZIC1 12_Repressed Repressive 3_Poised_Promoter Bivalent 67,138 7,316 59.08958744 

HF (TIG120) Ex2 DPPA4 13_Heterochrom/lo Repressive 1_Active_Promoter Active 846,550 20,694 92.30892757 

HF (TIG120) Ex2 Intergenic 1 13_Heterochrom/lo Repressive 4_Strong_Enhancer Other 1,762,150 23,918 93.49944685 

HF (TIG120) Ex2 Intergenic 2 13_Heterochrom/lo Repressive 5_Strong_Enhancer Other 1,972,301 17,117 95.75247674 

HF (TIG120) Ex2 Intergenic 4 13_Heterochrom/lo Repressive 5_Strong_Enhancer Other 1,691,528 13,232 95.94663186 

HF (TIG120) Ex2 Intergenic 5 13_Heterochrom/lo Repressive 5_Strong_Enhancer Other 1,436,111 25,520 92.67631924 

HF (TIG120) Ex2 NEUROD4 13_Heterochrom/lo Repressive 6_Weak_Enhancer Other 824,843 16,230 93.01339324 

HF (TIG120) Ex2 HNF4A 13_Heterochrom/lo Repressive 13_Heterochrom/lo Repressive 259,364 8,085 87.69836535 

HF (TIG120) Ex2 NKX2-5 14_Repetitive/CNV Other 3_Poised_Promoter Bivalent 1,469,831 19,231 94.60582954 

iPS (428C2) Ex1 ACO2 1_Active_Promoter Active 1_Active_Promoter Active 407,060 2,668 93.68306471 

iPS (428C2) Ex1 DPH3 1_Active_Promoter Active 1_Active_Promoter Active 988,540 11,697 91.9235817 

iPS (428C2) Ex1 ERCC3 1_Active_Promoter Active 1_Active_Promoter Active 52,978 4,415 50.22924559 

iPS (428C2) Ex1 GAPDH 1_Active_Promoter Active 1_Active_Promoter Active 1,443,698 7,936 91.15343089 

iPS (428C2) Ex1 KDM2B 1_Active_Promoter Active 1_Active_Promoter Active 981,800 8,548 93.91033036 

iPS (428C2) Ex1 KIF2A 1_Active_Promoter Active 1_Active_Promoter Active 408,700 9,235 88.27352846 

iPS (428C2) Ex1 LIG1 1_Active_Promoter Active 1_Active_Promoter Active 371,520 4,442 91.87366854 

iPS (428C2) Ex1 METAP2 1_Active_Promoter Active 1_Active_Promoter Active 283,780 5,325 89.41164618 
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iPS (428C2) Ex1 MITD1 1_Active_Promoter Active 1_Active_Promoter Active 687,020 14,514 87.37478328 

iPS (428C2) Ex1 NCL 1_Active_Promoter Active 1_Active_Promoter Active 703,380 10,592 88.46128149 

iPS (428C2) Ex1 STX5 1_Active_Promoter Active 1_Active_Promoter Active 519,340 5,867 89.38964561 

iPS (428C2) Ex1 TAF2 1_Active_Promoter Active 1_Active_Promoter Active 208,140 4,091 84.25149824 

iPS (428C2) Ex1 YBX1 1_Active_Promoter Active 1_Active_Promoter Active 866,460 9,556 92.52965384 

iPS (428C2) Ex1 YTHDF2 1_Active_Promoter Active 1_Active_Promoter Active 597,560 8,882 90.18723854 

iPS (428C2) Ex1 ZZZ3 1_Active_Promoter Active 1_Active_Promoter Active 660,780 13,377 87.46052606 

iPS (428C2) Ex1 TBX6 1_Active_Promoter Active 2_Weak_Promoter Active 234,553 7,161 84.56342552 

iPS (428C2) Ex1 FOXF1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 93,857 3,727 61.73493896 

iPS (428C2) Ex1 KLF4 1_Active_Promoter Active 3_Poised_Promoter Bivalent 129,848 8,464 76.33821871 

iPS (428C2) Ex1 NR2F2 1_Active_Promoter Active 3_Poised_Promoter Bivalent 286,098 7,019 84.97990217 

iPS (428C2) Ex1 TCF21 1_Active_Promoter Active 3_Poised_Promoter Bivalent 917,824 15,154 92.46332951 

iPS (428C2) Ex1 TWIST1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 414,711 11,180 78.94532436 

iPS (428C2) Ex1 BCAT1 1_Active_Promoter Active 4_Strong_Enhancer Other 602,460 7,454 90.73203983 

iPS (428C2) Ex1 DNMT3B 2_Weak_Promoter Active 1_Active_Promoter Active 393,640 2,508 93.49487418 

iPS (428C2) Ex1 SNAI1 2_Weak_Promoter Active 2_Weak_Promoter Active 1,403,105 8,735 96.17290203 

iPS (428C2) Ex1 GATA6 2_Weak_Promoter Active 3_Poised_Promoter Bivalent 201,593 5,940 81.73037233 

iPS (428C2) Ex1 MESP1 2_Weak_Promoter Active 3_Poised_Promoter Bivalent 1,341,623 9,570 94.14380294 

iPS (428C2) Ex1 SOX2 3_Poised_Promoter Bivalent 1_Active_Promoter Active 2,473,905 18,118 96.42876151 

iPS (428C2) Ex1 MIXL1 3_Poised_Promoter Bivalent 2_Weak_Promoter Active 1,035,958 18,825 94.10900147 

iPS (428C2) Ex1 PODXL 3_Poised_Promoter Bivalent 2_Weak_Promoter Active 880,860 9,519 92.65496029 

iPS (428C2) Ex1 PTPRZ1 3_Poised_Promoter Bivalent 2_Weak_Promoter Active 343,160 7,722 83.68010403 
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iPS (428C2) Ex1 COL2A1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 701,368 12,594 90.61996316 

iPS (428C2) Ex1 EOMES 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 410,409 12,401 85.64463107 

iPS (428C2) Ex1 HOXA13 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 2,435,683 11,567 96.11852984 

iPS (428C2) Ex1 NEUROD1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 966,017 20,327 87.96749093 

iPS (428C2) Ex1 NEUROG2 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 1,127,126 19,151 92.77686271 

iPS (428C2) Ex1 SOX7 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 285,626 8,168 84.97622788 

iPS (428C2) Ex1 PRSS3 3_Poised_Promoter Bivalent 12_Repressed Repressive 214,920 4,451 85.84543578 

iPS (428C2) Ex1 ETS2 4_Strong_Enhancer Other 2_Weak_Promoter Active 8,026 1,322 62.48818302 

iPS (428C2) Ex1 Intergenic 3 7_Weak_Enhancer Other 5_Strong_Enhancer Other 256,224 13,808 72.9674743 

iPS (428C2) Ex1 ANKRD1 7_Weak_Enhancer Other 12_Repressed Repressive 375,600 6,948 86.20454348 

iPS (428C2) Ex1 TREM1 7_Weak_Enhancer Other 12_Repressed Repressive 618,660 8,217 89.20564958 

iPS (428C2) Ex1 PRAME 8_Insulator Other 8_Insulator Other 460,080 3,449 86.47361163 

iPS (428C2) Ex1 CBLN2 8_Insulator Other 12_Repressed Repressive 475,720 4,743 89.71909581 

iPS (428C2) Ex1 POU5F1 11_Weak_Txn Other 2_Weak_Promoter Active 1,444,853 8,207 86.24603291 

iPS (428C2) Ex1 NANOG_P 11_Weak_Txn Other 11_Weak_Txn Other 234,335 8,322 80.58409428 

iPS (428C2) Ex1 FGFR2 12_Repressed Repressive 1_Active_Promoter Active 1,011,120 8,043 93.48738275 

iPS (428C2) Ex1 LIN28B 12_Repressed Repressive 1_Active_Promoter Active 692,140 11,281 91.32120682 

iPS (428C2) Ex1 MYCN 12_Repressed Repressive 1_Active_Promoter Active 405,080 12,519 83.7475332 

iPS (428C2) Ex1 SALL4 12_Repressed Repressive 1_Active_Promoter Active 913,620 6,737 95.29130539 

iPS (428C2) Ex1 NANOG 12_Repressed Repressive 2_Weak_Promoter Active 101,789 5,741 70.14564293 

iPS (428C2) Ex1 ASCL1 12_Repressed Repressive 3_Poised_Promoter Bivalent 157,442 5,278 80.51500313 

iPS (428C2) Ex1 ASCL2 12_Repressed Repressive 3_Poised_Promoter Bivalent 401,762 9,010 84.62795634 
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iPS (428C2) Ex1 EVX1 12_Repressed Repressive 3_Poised_Promoter Bivalent 36,211 3,803 52.03174169 

iPS (428C2) Ex1 FOXA2 12_Repressed Repressive 3_Poised_Promoter Bivalent 63,113 4,621 69.37292639 

iPS (428C2) Ex1 GATA4 12_Repressed Repressive 3_Poised_Promoter Bivalent 553,413 10,623 90.23418587 

iPS (428C2) Ex1 GATA5 12_Repressed Repressive 3_Poised_Promoter Bivalent 700,007 7,017 89.42840757 

iPS (428C2) Ex1 GSC 12_Repressed Repressive 3_Poised_Promoter Bivalent 431,808 8,288 90.85926023 

iPS (428C2) Ex1 LHX1 12_Repressed Repressive 3_Poised_Promoter Bivalent 157,561 5,764 74.42893483 

iPS (428C2) Ex1 PAX3 12_Repressed Repressive 3_Poised_Promoter Bivalent 21,899 3,013 60.92037689 

iPS (428C2) Ex1 PAX6 12_Repressed Repressive 3_Poised_Promoter Bivalent 1,885,087 14,241 92.85751545 

iPS (428C2) Ex1 SOX1 12_Repressed Repressive 3_Poised_Promoter Bivalent 1,335,342 7,627 91.04691417 

iPS (428C2) Ex1 SOX17 12_Repressed Repressive 3_Poised_Promoter Bivalent 781,046 11,683 92.57381024 

iPS (428C2) Ex1 SST 12_Repressed Repressive 3_Poised_Promoter Bivalent 619,379 12,666 88.52452142 

iPS (428C2) Ex1 T 12_Repressed Repressive 3_Poised_Promoter Bivalent 149,138 10,811 70.31041682 

iPS (428C2) Ex1 ZIC1 12_Repressed Repressive 3_Poised_Promoter Bivalent 50,003 5,037 60.00285898 

iPS (428C2) Ex1 COLQ 12_Repressed Repressive 7_Weak_Enhancer Other 518,140 8,451 87.62779702 

iPS (428C2) Ex1 DEFB132 12_Repressed Repressive 12_Repressed Repressive 48,820 2,252 73.03625868 

iPS (428C2) Ex1 GAST 12_Repressed Repressive 12_Repressed Repressive 611,160 5,374 62.78917605 

iPS (428C2) Ex1 HEMGN 12_Repressed Repressive 12_Repressed Repressive 476,400 6,325 91.22903175 

iPS (428C2) Ex1 SLC34A1 12_Repressed Repressive 12_Repressed Repressive 904,600 7,153 67.41625983 

iPS (428C2) Ex1 TNFSF8 12_Repressed Repressive 12_Repressed Repressive 350,560 4,199 86.55947227 

iPS (428C2) Ex1 VPREB1 12_Repressed Repressive 12_Repressed Repressive 280,000 2,635 91.4771741 

iPS (428C2) Ex1 DPPA4 13_Heterochrom/lo Repressive 1_Active_Promoter Active 1,029,523 19,517 89.9139881 

iPS (428C2) Ex1 ZFP42 13_Heterochrom/lo Repressive 1_Active_Promoter Active 646,220 7,799 89.93519223 
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iPS (428C2) Ex1 Intergenic 1 13_Heterochrom/lo Repressive 4_Strong_Enhancer Other 1,199,038 16,568 89.72553777 

iPS (428C2) Ex1 Intergenic 2 13_Heterochrom/lo Repressive 5_Strong_Enhancer Other 1,603,505 13,197 94.11169033 

iPS (428C2) Ex1 Intergenic 4 13_Heterochrom/lo Repressive 5_Strong_Enhancer Other 1,727,815 10,231 94.93365501 

iPS (428C2) Ex1 Intergenic 5 13_Heterochrom/lo Repressive 5_Strong_Enhancer Other 1,002,928 19,607 87.62121822 

iPS (428C2) Ex1 NEUROD4 13_Heterochrom/lo Repressive 6_Weak_Enhancer Other 619,821 11,012 90.29930299 

iPS (428C2) Ex1 ARHGEF38 13_Heterochrom/lo Repressive 12_Repressed Repressive 358,020 7,241 81.69551188 

iPS (428C2) Ex1 FLRT1 13_Heterochrom/lo Repressive 12_Repressed Repressive 709,680 6,646 89.40847268 

iPS (428C2) Ex1 GIMAP1 13_Heterochrom/lo Repressive 12_Repressed Repressive 460,440 6,274 88.28413025 

iPS (428C2) Ex1 IGLL5 13_Heterochrom/lo Repressive 12_Repressed Repressive 457,580 2,985 90.40797165 

iPS (428C2) Ex1 KRTAP5-11 13_Heterochrom/lo Repressive 12_Repressed Repressive 167,840 4,653 82.38897939 

iPS (428C2) Ex1 MC3R 13_Heterochrom/lo Repressive 12_Repressed Repressive 214,160 3,995 89.39560071 

iPS (428C2) Ex1 OBP2B 13_Heterochrom/lo Repressive 12_Repressed Repressive 321,060 3,775 60.68448888 

iPS (428C2) Ex1 HNF4A 13_Heterochrom/lo Repressive 13_Heterochrom/lo Repressive 179,649 6,894 81.07631334 

iPS (428C2) Ex1 SOX6 13_Heterochrom/lo Repressive 13_Heterochrom/lo Repressive 540,320 7,667 90.08977251 

iPS (428C2) Ex1 NKX2-5 14_Repetitive/CNV Other 3_Poised_Promoter Bivalent 1,085,549 12,418 90.22152152 

iPS (428C2) Ex2 ACO2 1_Active_Promoter Active 1_Active_Promoter Active 492,080 3,106 92.68045236 

iPS (428C2) Ex2 DPH3 1_Active_Promoter Active 1_Active_Promoter Active 909,520 13,251 90.1747557 

iPS (428C2) Ex2 ERCC3 1_Active_Promoter Active 1_Active_Promoter Active 67,937 4,074 64.70364018 

iPS (428C2) Ex2 GAPDH 1_Active_Promoter Active 1_Active_Promoter Active 1,517,433 8,089 91.14879712 

iPS (428C2) Ex2 KDM2B 1_Active_Promoter Active 1_Active_Promoter Active 1,236,400 8,634 94.57564737 

iPS (428C2) Ex2 KIF2A 1_Active_Promoter Active 1_Active_Promoter Active 405,960 10,324 86.30230886 

iPS (428C2) Ex2 LIG1 1_Active_Promoter Active 1_Active_Promoter Active 383,000 4,615 93.15892529 



 29 

iPS (428C2) Ex2 METAP2 1_Active_Promoter Active 1_Active_Promoter Active 430,460 6,572 88.35233384 

iPS (428C2) Ex2 MITD1 1_Active_Promoter Active 1_Active_Promoter Active 859,880 15,692 87.86311004 

iPS (428C2) Ex2 NCL 1_Active_Promoter Active 1_Active_Promoter Active 960,560 11,191 91.07629705 

iPS (428C2) Ex2 STX5 1_Active_Promoter Active 1_Active_Promoter Active 522,620 5,693 87.71551392 

iPS (428C2) Ex2 TAF2 1_Active_Promoter Active 1_Active_Promoter Active 252,040 4,865 82.75779948 

iPS (428C2) Ex2 YBX1 1_Active_Promoter Active 1_Active_Promoter Active 1,074,520 10,206 92.43225619 

iPS (428C2) Ex2 YTHDF2 1_Active_Promoter Active 1_Active_Promoter Active 698,220 9,072 87.21567421 

iPS (428C2) Ex2 ZZZ3 1_Active_Promoter Active 1_Active_Promoter Active 890,000 14,597 89.89130769 

iPS (428C2) Ex2 TBX6 1_Active_Promoter Active 2_Weak_Promoter Active 387,580 7,620 89.88711028 

iPS (428C2) Ex2 FOXF1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 199,418 4,412 71.18540151 

iPS (428C2) Ex2 KLF4 1_Active_Promoter Active 3_Poised_Promoter Bivalent 224,016 8,726 78.95689312 

iPS (428C2) Ex2 NR2F2 1_Active_Promoter Active 3_Poised_Promoter Bivalent 367,133 7,042 84.4172191 

iPS (428C2) Ex2 TCF21 1_Active_Promoter Active 3_Poised_Promoter Bivalent 1,326,190 15,685 92.29347973 

iPS (428C2) Ex2 TWIST1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 697,331 11,726 87.02363724 

iPS (428C2) Ex2 BCAT1 1_Active_Promoter Active 4_Strong_Enhancer Other 776,720 8,611 91.90066063 

iPS (428C2) Ex2 DNMT3B 2_Weak_Promoter Active 1_Active_Promoter Active 511,980 2,969 93.08377226 

iPS (428C2) Ex2 SNAI1 2_Weak_Promoter Active 2_Weak_Promoter Active 1,503,192 8,919 95.90425704 

iPS (428C2) Ex2 GATA6 2_Weak_Promoter Active 3_Poised_Promoter Bivalent 415,434 6,434 83.78586032 

iPS (428C2) Ex2 MESP1 2_Weak_Promoter Active 3_Poised_Promoter Bivalent 1,409,329 9,464 93.24781019 

iPS (428C2) Ex2 SOX2 3_Poised_Promoter Bivalent 1_Active_Promoter Active 3,384,289 18,210 97.7786369 

iPS (428C2) Ex2 MIXL1 3_Poised_Promoter Bivalent 2_Weak_Promoter Active 1,441,188 19,017 93.00448957 

iPS (428C2) Ex2 PODXL 3_Poised_Promoter Bivalent 2_Weak_Promoter Active 982,540 10,538 93.20220048 
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iPS (428C2) Ex2 PTPRZ1 3_Poised_Promoter Bivalent 2_Weak_Promoter Active 393,120 9,015 85.27967761 

iPS (428C2) Ex2 COL2A1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 1,152,938 13,225 92.17633734 

iPS (428C2) Ex2 EOMES 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 708,450 12,938 88.79768294 

iPS (428C2) Ex2 HOXA13 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 2,518,859 12,096 95.27260125 

iPS (428C2) Ex2 NEUROD1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 1,617,898 20,637 92.47666462 

iPS (428C2) Ex2 NEUROG2 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 1,566,173 19,374 94.21181368 

iPS (428C2) Ex2 SOX7 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 404,842 8,133 88.99320487 

iPS (428C2) Ex2 PRSS3 3_Poised_Promoter Bivalent 12_Repressed Repressive 204,220 5,610 85.26742967 

iPS (428C2) Ex2 ETS2 4_Strong_Enhancer Other 2_Weak_Promoter Active 19,103 1,673 69.38741653 

iPS (428C2) Ex2 Intergenic 3 7_Weak_Enhancer Other 5_Strong_Enhancer Other 523,746 15,420 81.60154948 

iPS (428C2) Ex2 ANKRD1 7_Weak_Enhancer Other 12_Repressed Repressive 307,540 7,903 83.28942099 

iPS (428C2) Ex2 TREM1 7_Weak_Enhancer Other 12_Repressed Repressive 517,820 9,094 88.40799502 

iPS (428C2) Ex2 PRAME 8_Insulator Other 8_Insulator Other 429,160 3,754 92.26080759 

iPS (428C2) Ex2 CBLN2 8_Insulator Other 12_Repressed Repressive 422,780 5,541 90.8390439 

iPS (428C2) Ex2 POU5F1 11_Weak_Txn Other 2_Weak_Promoter Active 2,366,942 8,543 91.90962883 

iPS (428C2) Ex2 NANOG_P 11_Weak_Txn Other 11_Weak_Txn Other 383,284 8,782 77.65015871 

iPS (428C2) Ex2 FGFR2 12_Repressed Repressive 1_Active_Promoter Active 1,044,160 8,635 92.16663642 

iPS (428C2) Ex2 LIN28B 12_Repressed Repressive 1_Active_Promoter Active 983,820 12,913 92.75647564 

iPS (428C2) Ex2 MYCN 12_Repressed Repressive 1_Active_Promoter Active 516,320 13,498 84.81999786 

iPS (428C2) Ex2 SALL4 12_Repressed Repressive 1_Active_Promoter Active 1,040,160 7,195 94.84701881 

iPS (428C2) Ex2 NANOG 12_Repressed Repressive 2_Weak_Promoter Active 168,906 5,962 78.47937975 

iPS (428C2) Ex2 ASCL1 12_Repressed Repressive 3_Poised_Promoter Bivalent 265,447 5,525 82.15246903 
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iPS (428C2) Ex2 ASCL2 12_Repressed Repressive 3_Poised_Promoter Bivalent 800,009 9,825 88.23608654 

iPS (428C2) Ex2 EVX1 12_Repressed Repressive 3_Poised_Promoter Bivalent 75,273 4,877 64.4194064 

iPS (428C2) Ex2 FOXA2 12_Repressed Repressive 3_Poised_Promoter Bivalent 151,812 5,503 73.48895596 

iPS (428C2) Ex2 GATA4 12_Repressed Repressive 3_Poised_Promoter Bivalent 825,219 11,188 90.27895455 

iPS (428C2) Ex2 GATA5 12_Repressed Repressive 3_Poised_Promoter Bivalent 1,344,116 7,239 93.37873921 

iPS (428C2) Ex2 GSC 12_Repressed Repressive 3_Poised_Promoter Bivalent 982,463 9,042 91.17584778 

iPS (428C2) Ex2 LHX1 12_Repressed Repressive 3_Poised_Promoter Bivalent 383,709 6,704 80.36153099 

iPS (428C2) Ex2 PAX3 12_Repressed Repressive 3_Poised_Promoter Bivalent 39,749 3,732 60.76889258 

iPS (428C2) Ex2 PAX6 12_Repressed Repressive 3_Poised_Promoter Bivalent 2,334,526 13,903 94.46192104 

iPS (428C2) Ex2 SOX1 12_Repressed Repressive 3_Poised_Promoter Bivalent 2,227,927 8,065 93.99547796 

iPS (428C2) Ex2 SOX17 12_Repressed Repressive 3_Poised_Promoter Bivalent 953,165 11,730 91.29257207 

iPS (428C2) Ex2 SST 12_Repressed Repressive 3_Poised_Promoter Bivalent 1,130,128 13,361 91.3810084 

iPS (428C2) Ex2 T 12_Repressed Repressive 3_Poised_Promoter Bivalent 285,738 11,840 79.05296682 

iPS (428C2) Ex2 ZIC1 12_Repressed Repressive 3_Poised_Promoter Bivalent 65,987 5,197 58.149553 

iPS (428C2) Ex2 COLQ 12_Repressed Repressive 7_Weak_Enhancer Other 455,040 9,978 87.71097046 

iPS (428C2) Ex2 DEFB132 12_Repressed Repressive 12_Repressed Repressive 47,760 2,646 74.985122 

iPS (428C2) Ex2 GAST 12_Repressed Repressive 12_Repressed Repressive 566,580 5,768 90.6476403 

iPS (428C2) Ex2 HEMGN 12_Repressed Repressive 12_Repressed Repressive 364,500 7,519 88.02903471 

iPS (428C2) Ex2 SLC34A1 12_Repressed Repressive 12_Repressed Repressive 798,180 6,931 90.18750569 

iPS (428C2) Ex2 TNFSF8 12_Repressed Repressive 12_Repressed Repressive 285,540 4,936 83.95414498 

iPS (428C2) Ex2 VPREB1 12_Repressed Repressive 12_Repressed Repressive 300,200 3,069 4.456583881 

iPS (428C2) Ex2 DPPA4 13_Heterochrom/lo Repressive 1_Active_Promoter Active 1,477,838 19,689 92.34340923 
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iPS (428C2) Ex2 ZFP42 13_Heterochrom/lo Repressive 1_Active_Promoter Active 665,900 8,303 86.90327915 

iPS (428C2) Ex2 Intergenic 1 13_Heterochrom/lo Repressive 4_Strong_Enhancer Other 1,841,248 17,539 91.94468326 

iPS (428C2) Ex2 Intergenic 2 13_Heterochrom/lo Repressive 5_Strong_Enhancer Other 2,603,335 13,383 95.30693633 

iPS (428C2) Ex2 Intergenic 4 13_Heterochrom/lo Repressive 5_Strong_Enhancer Other 1,909,362 10,536 94.07562838 

iPS (428C2) Ex2 Intergenic 5 13_Heterochrom/lo Repressive 5_Strong_Enhancer Other 1,606,334 19,651 91.04429207 

iPS (428C2) Ex2 NEUROD4 13_Heterochrom/lo Repressive 6_Weak_Enhancer Other 1,214,590 12,182 91.37413741 

iPS (428C2) Ex2 ARHGEF38 13_Heterochrom/lo Repressive 12_Repressed Repressive 348,680 8,523 89.85198617 

iPS (428C2) Ex2 FLRT1 13_Heterochrom/lo Repressive 12_Repressed Repressive 640,540 7,305 90.3703887 

iPS (428C2) Ex2 GIMAP1 13_Heterochrom/lo Repressive 12_Repressed Repressive 376,160 7,052 88.88552774 

iPS (428C2) Ex2 IGLL5 13_Heterochrom/lo Repressive 12_Repressed Repressive 472,440 3,263 94.17842815 

iPS (428C2) Ex2 KRTAP5-11 13_Heterochrom/lo Repressive 12_Repressed Repressive 154,160 5,178 79.36726905 

iPS (428C2) Ex2 MC3R 13_Heterochrom/lo Repressive 12_Repressed Repressive 190,100 4,213 84.56273459 

iPS (428C2) Ex2 OBP2B 13_Heterochrom/lo Repressive 12_Repressed Repressive 248,620 3,989 88.35581545 

iPS (428C2) Ex2 HNF4A 13_Heterochrom/lo Repressive 13_Heterochrom/lo Repressive 242,056 6,923 80.94709149 

iPS (428C2) Ex2 SOX6 13_Heterochrom/lo Repressive 13_Heterochrom/lo Repressive 477,040 8,759 89.43504498 

iPS (428C2) Ex2 NKX2-5 14_Repetitive/CNV Other 3_Poised_Promoter Bivalent 1,709,065 12,395 91.44024846 

EED-sh1 TWIST1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 370,004 5,250 88.07690372 

EED-sh1 HOXA13 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 482,561 5,499 85.2835807 

EED-sh1 NEUROD1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 616,371 10,549 86.19168233 

EED-sh1 NEUROG2 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 595,542 9,862 88.75569235 

EED-sh1 GSC 12_Repressed Repressive 3_Poised_Promoter Bivalent 342,858 5,185 85.72373316 

EED-sh1 PAX6 12_Repressed Repressive 3_Poised_Promoter Bivalent 670,882 7,671 86.77307331 
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EED-sh1 SOX17 12_Repressed Repressive 3_Poised_Promoter Bivalent 807,112 5,465 92.19738507 

EED-sh1 NKX2-5 14_Repetitive/CNV Other 3_Poised_Promoter Bivalent 663,297 7,512 88.07494343 

EED-sh2 TWIST1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 217,670 6,680 85.45040551 

EED-sh2 HOXA13 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 289,058 6,951 81.07729812 

EED-sh2 NEUROD1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 569,455 14,162 88.89976962 

EED-sh2 NEUROG2 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 651,423 14,499 90.36403637 

EED-sh2 GSC 12_Repressed Repressive 3_Poised_Promoter Bivalent 500,495 7,190 88.21220003 

EED-sh2 PAX6 12_Repressed Repressive 3_Poised_Promoter Bivalent 494,706 9,701 84.6709085 

EED-sh2 SOX17 12_Repressed Repressive 3_Poised_Promoter Bivalent 825,543 8,293 94.90404312 

EED-sh2 NKX2-5 14_Repetitive/CNV Other 3_Poised_Promoter Bivalent 461,339 9,717 88.90373108 

RING1B-sh1 TWIST1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 422,626 7,461 90.1304663 

RING1B-sh1 HOXA13 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 384,041 7,983 87.80536093 

RING1B-sh1 NEUROD1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 632,045 13,467 90.43231846 

RING1B-sh1 NEUROG2 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 716,996 14,421 93.31987343 

RING1B-sh1 GSC 12_Repressed Repressive 3_Poised_Promoter Bivalent 468,919 6,930 92.66688062 

RING1B-sh1 PAX6 12_Repressed Repressive 3_Poised_Promoter Bivalent 729,006 10,054 91.5348058 

RING1B-sh1 SOX17 12_Repressed Repressive 3_Poised_Promoter Bivalent 906,769 8,110 95.49602591 

RING1B-sh1 NKX2-5 14_Repetitive/CNV Other 3_Poised_Promoter Bivalent 600,484 10,074 91.09899352 

RING1B-sh2 TWIST1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 563,682 6,660 89.76830074 

RING1B-sh2 HOXA13 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 734,762 7,010 93.23048278 

RING1B-sh2 NEUROD1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 901,090 12,289 93.56916611 

RING1B-sh2 NEUROG2 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 967,034 12,613 93.6064418 
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RING1B-sh2 GSC 12_Repressed Repressive 3_Poised_Promoter Bivalent 625,269 6,294 93.61752763 

RING1B-sh2 PAX6 12_Repressed Repressive 3_Poised_Promoter Bivalent 1,001,566 9,316 91.37723024 

RING1B-sh2 SOX17 12_Repressed Repressive 3_Poised_Promoter Bivalent 1,074,198 7,597 94.23570711 

RING1B-sh2 NKX2-5 14_Repetitive/CNV Other 3_Poised_Promoter Bivalent 951,039 8,849 94.0952543 

shNega TWIST1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 589,571 7,465 90.71135198 

shNega HOXA13 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 503,685 7,668 91.56367544 

shNega NEUROD1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 726,236 13,549 91.2716323 

shNega NEUROG2 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 723,357 13,004 91.86989572 

shNega GSC 12_Repressed Repressive 3_Poised_Promoter Bivalent 316,160 6,272 85.20002717 

shNega PAX6 12_Repressed Repressive 3_Poised_Promoter Bivalent 658,380 9,198 87.70942795 

shNega SOX17 12_Repressed Repressive 3_Poised_Promoter Bivalent 875,539 7,702 92.33904808 

shNega NKX2-5 14_Repetitive/CNV Other 3_Poised_Promoter Bivalent 363,205 8,398 83.50651804 

WDR5-sh1 TWIST1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 260,357 6,099 83.87194367 

WDR5-sh1 HOXA13 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 298,018 6,852 87.10021864 

WDR5-sh1 NEUROD1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 438,847 11,259 87.61322252 

WDR5-sh1 NEUROG2 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 405,701 11,857 90.62421181 

WDR5-sh1 GSC 12_Repressed Repressive 3_Poised_Promoter Bivalent 257,122 5,407 89.18027379 

WDR5-sh1 PAX6 12_Repressed Repressive 3_Poised_Promoter Bivalent 482,738 8,499 87.89947254 

WDR5-sh1 SOX17 12_Repressed Repressive 3_Poised_Promoter Bivalent 636,918 6,578 94.13279908 

WDR5-sh1 NKX2-5 14_Repetitive/CNV Other 3_Poised_Promoter Bivalent 445,222 8,690 89.49720901 

WDR5-sh2 TWIST1 1_Active_Promoter Active 3_Poised_Promoter Bivalent 548,015 6,072 92.12422813 

WDR5-sh2 HOXA13 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 490,114 6,606 89.50613102 
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WDR5-sh2 NEUROD1 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 603,793 10,878 90.94101124 

WDR5-sh2 NEUROG2 3_Poised_Promoter Bivalent 3_Poised_Promoter Bivalent 709,042 11,615 94.49004661 

WDR5-sh2 GSC 12_Repressed Repressive 3_Poised_Promoter Bivalent 370,659 5,530 91.20746813 

WDR5-sh2 PAX6 12_Repressed Repressive 3_Poised_Promoter Bivalent 774,845 8,339 90.88035921 

WDR5-sh2 SOX17 12_Repressed Repressive 3_Poised_Promoter Bivalent 853,763 6,267 91.86051625 

WDR5-sh2 NKX2-5 14_Repetitive/CNV Other 3_Poised_Promoter Bivalent 904,421 8,730 94.56034315 
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Supplementary Table 3. Sequenced read number and cis read ratio in each bait after removing PCR duplicates 

Samples (cell type) Bait Total read # Cis-chromosomal interaction # Trans-chromosomal interaction# 
Cis-chromosomal read % among total 

read 

HF (TIG120) Ex1 ASCL1 61,965 17,423 44,542 28.11 

HF (TIG120) Ex1 ASCL2 76,646 32,382 44,264 42.24 

HF (TIG120) Ex1 COL2A1 108,383 52,818 55,565 48.73 

HF (TIG120) Ex1 DPPA4 88,020 45,751 42,269 51.97 

HF (TIG120) Ex1 EOMES 109,804 60,007 49,797 54.64 

HF (TIG120) Ex1 ERCC3 22,107 10,730 11,377 48.53 

HF (TIG120) Ex1 ETS2 10,239 4,311 5,928 42.1 

HF (TIG120) Ex1 EVX1 23,605 12,524 11,081 53.05 

HF (TIG120) Ex1 FOXA2 30,789 9,905 20,884 32.17 

HF (TIG120) Ex1 FOXF1 47,405 19,193 28,212 40.48 

HF (TIG120) Ex1 GAPDH 94,681 42,361 52,320 44.74 

HF (TIG120) Ex1 GATA4 78,789 35,277 43,512 44.77 

HF (TIG120) Ex1 GATA5 102,410 37,961 64,449 37.06 

HF (TIG120) Ex1 GATA6 52,742 24,273 28,469 46.02 

HF (TIG120) Ex1 GSC 81,673 34,727 46,946 42.51 

HF (TIG120) Ex1 HNF4A 50,136 19,730 30,406 39.35 

HF (TIG120) Ex1 HOXA13 119,539 74,858 44,681 62.62 

HF (TIG120) Ex1 KLF4 60,760 36,530 24,230 60.12 

HF (TIG120) Ex1 LHX1 52,588 17,831 34,757 33.9 
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HF (TIG120) Ex1 MESP1 102,836 47,150 55,686 45.84 

HF (TIG120) Ex1 MIXL1 101,297 60,310 40,987 59.53 

HF (TIG120) Ex1 NANOG 54,268 13,266 41,002 24.44 

HF (TIG120) Ex1 NANOG_P 62,101 25,034 37,067 40.31 

HF (TIG120) Ex1 NEUROD1 95,002 61,605 33,397 64.84 

HF (TIG120) Ex1 NEUROD4 95,678 36,426 59,252 38.07 

HF (TIG120) Ex1 NEUROG2 108,223 66,922 41,301 61.83 

HF (TIG120) Ex1 NKX2-5 111,321 60,778 50,543 54.59 

HF (TIG120) Ex1 NR2F2 78,617 39,609 39,008 50.38 

HF (TIG120) Ex1 PAX3 11,540 6,793 4,747 58.86 

HF (TIG120) Ex1 PAX6 98,726 41,747 56,979 42.28 

HF (TIG120) Ex1 POU5F1 77,322 35,467 41,855 45.86 

HF (TIG120) Ex1 Intergenic 1 116,693 57,241 59,452 49.05 

HF (TIG120) Ex1 Intergenic 2 133,599 58,572 75,027 43.84 

HF (TIG120) Ex1 Intergenic 3 68,691 39,033 29,658 56.82 

HF (TIG120) Ex1 Intergenic 4 118,176 47,711 70,465 40.37 

HF (TIG120) Ex1 Intergenic 5 103,027 62,314 40,713 60.48 

HF (TIG120) Ex1 SNAI1 138,122 57,287 80,835 41.47 

HF (TIG120) Ex1 SOX1 88,539 35,452 53,087 40.04 

HF (TIG120) Ex1 SOX17 70,184 30,473 39,711 43.41 

HF (TIG120) Ex1 SOX2 119,294 75,014 44,280 62.88 

HF (TIG120) Ex1 SOX7 52,695 22,037 30,658 41.81 
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HF (TIG120) Ex1 SST 100,199 51,482 48,717 51.37 

HF (TIG120) Ex1 T 57,231 33,005 24,226 57.66 

HF (TIG120) Ex1 TBX6 62,192 26,472 35,720 42.56 

HF (TIG120) Ex1 TCF21 103,835 60,775 43,060 58.53 

HF (TIG120) Ex1 TWIST1 83,126 49,586 33,540 59.65 

HF (TIG120) Ex1 ZIC1 19,021 12,216 6,805 64.22 

HF (TIG120) Ex2 ASCL1 82,224 15,822 66,402 19.24 

HF (TIG120) Ex2 ASCL2 107,126 41,415 65,711 38.66 

HF (TIG120) Ex2 COL2A1 133,985 60,131 73,854 44.87 

HF (TIG120) Ex2 DPPA4 109,917 46,250 63,667 42.07 

HF (TIG120) Ex2 EOMES 125,220 60,571 64,649 48.37 

HF (TIG120) Ex2 ERCC3 24,118 10,195 13,923 42.27 

HF (TIG120) Ex2 ETS2 15,038 5,817 9,221 38.68 

HF (TIG120) Ex2 EVX1 31,067 15,647 15,420 50.36 

HF (TIG120) Ex2 FOXA2 48,671 12,218 36,453 25.1 

HF (TIG120) Ex2 FOXF1 58,202 21,629 36,573 37.16 

HF (TIG120) Ex2 GAPDH 117,042 46,499 70,543 39.72 

HF (TIG120) Ex2 GATA4 97,462 39,476 57,986 40.5 

HF (TIG120) Ex2 GATA5 139,980 50,612 89,368 36.15 

HF (TIG120) Ex2 GATA6 67,749 28,891 38,858 42.64 

HF (TIG120) Ex2 GSC 105,208 39,165 66,043 37.22 

HF (TIG120) Ex2 HNF4A 70,324 25,088 45,236 35.67 
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HF (TIG120) Ex2 HOXA13 138,380 80,838 57,542 58.41 

HF (TIG120) Ex2 KLF4 73,813 43,609 30,204 59.08 

HF (TIG120) Ex2 LHX1 69,153 21,601 47,552 31.23 

HF (TIG120) Ex2 MESP1 126,342 54,577 71,765 43.19 

HF (TIG120) Ex2 MIXL1 124,107 70,357 53,750 56.69 

HF (TIG120) Ex2 NANOG 74,062 13,463 60,599 18.17 

HF (TIG120) Ex2 NANOG_P 79,948 29,640 50,308 37.07 

HF (TIG120) Ex2 NEUROD1 125,779 77,253 48,526 61.41 

HF (TIG120) Ex2 NEUROD4 118,535 33,725 84,810 28.45 

HF (TIG120) Ex2 NEUROG2 130,948 76,209 54,739 58.19 

HF (TIG120) Ex2 NKX2-5 139,924 75,401 64,523 53.88 

HF (TIG120) Ex2 NR2F2 95,135 43,522 51,613 45.74 

HF (TIG120) Ex2 PAX3 15,056 7,939 7,117 52.72 

HF (TIG120) Ex2 PAX6 118,493 45,019 73,474 37.99 

HF (TIG120) Ex2 POU5F1 100,909 43,696 57,213 43.3 

HF (TIG120) Ex2 Intergenic 1 138,159 60,915 77,244 44.09 

HF (TIG120) Ex2 Intergenic 2 155,346 64,347 90,999 41.42 

HF (TIG120) Ex2 Intergenic 3 94,557 51,036 43,521 53.97 

HF (TIG120) Ex2 Intergenic 4 140,116 53,643 86,473 38.28 

HF (TIG120) Ex2 Intergenic 5 142,623 74,712 67,911 52.38 

HF (TIG120) Ex2 SNAI1 165,002 65,686 99,316 39.8 

HF (TIG120) Ex2 SOX1 114,099 39,653 74,446 34.75 
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HF (TIG120) Ex2 SOX17 82,173 30,552 51,621 37.18 

HF (TIG120) Ex2 SOX2 140,691 81,691 59,000 58.06 

HF (TIG120) Ex2 SOX7 68,733 25,481 43,252 37.07 

HF (TIG120) Ex2 SST 123,654 60,295 63,359 48.76 

HF (TIG120) Ex2 T 84,409 42,883 41,526 50.8 

HF (TIG120) Ex2 TBX6 84,201 34,331 49,870 40.77 

HF (TIG120) Ex2 TCF21 117,519 64,599 52,920 54.96 

HF (TIG120) Ex2 TWIST1 98,707 52,871 45,836 53.56 

HF (TIG120) Ex2 ZIC1 23,504 14,102 9,402 59.99 

iPS (428C2) Ex1 ASCL1 45,094 19,145 25,949 42.45 

iPS (428C2) Ex1 ASCL2 82,295 42,289 40,006 51.38 

iPS (428C2) Ex1 COL2A1 132,281 56,345 75,936 42.59 

iPS (428C2) Ex1 DPPA4 121,818 67,399 54,419 55.32 

iPS (428C2) Ex1 EOMES 87,522 55,898 31,624 63.86 

iPS (428C2) Ex1 ERCC3 23,610 11,677 11,933 49.45 

iPS (428C2) Ex1 ETS2 10,593 4,416 6,177 41.68 

iPS (428C2) Ex1 EVX1 24,397 16,582 7,815 67.96 

iPS (428C2) Ex1 FOXA2 34,950 22,563 12,387 64.55 

iPS (428C2) Ex1 FOXF1 43,000 25,370 17,630 59 

iPS (428C2) Ex1 GAPDH 95,259 49,175 46,084 51.62 

iPS (428C2) Ex1 GATA4 90,624 48,150 42,474 53.13 

iPS (428C2) Ex1 GATA5 128,025 57,110 70,915 44.6 
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iPS (428C2) Ex1 GATA6 56,870 29,053 27,817 51.08 

iPS (428C2) Ex1 GSC 87,829 44,763 43,066 50.96 

iPS (428C2) Ex1 HNF4A 70,006 27,918 42,088 39.87 

iPS (428C2) Ex1 HOXA13 118,612 69,823 48,789 58.86 

iPS (428C2) Ex1 KLF4 61,545 33,040 28,505 53.68 

iPS (428C2) Ex1 LHX1 56,708 32,001 24,707 56.43 

iPS (428C2) Ex1 MESP1 118,534 56,557 61,977 65.9 

iPS (428C2) Ex1 MIXL1 130,956 63,743 67,213 48.67 

iPS (428C2) Ex1 NANOG 66,375 21,624 44,751 32.57 

iPS (428C2) Ex1 NANOG_P 80,563 33,193 47,370 41.2 

iPS (428C2) Ex1 NEUROD1 116,423 76,291 40,132 65.52 

iPS (428C2) Ex1 NEUROD4 108,876 40,615 68,261 37.3 

iPS (428C2) Ex1 NEUROG2 135,078 74,376 60,702 55.06 

iPS (428C2) Ex1 NKX2-5 127,837 70,136 57,701 54.86 

iPS (428C2) Ex1 NR2F2 76,871 50,125 26,746 65.2 

iPS (428C2) Ex1 PAX3 11,943 8,717 3,226 72.98 

iPS (428C2) Ex1 PAX6 120,853 73,113 47,740 60.49 

iPS (428C2) Ex1 POU5F1 95,638 49,204 46,434 51.44 

iPS (428C2) Ex1 Intergenic 1 112,557 55,552 57,005 49.35 

iPS (428C2) Ex1 Intergenic 2 152,879 72,387 80,492 47.34 

iPS (428C2) Ex1 Intergenic 3 84,578 43,773 40,805 51.75 

iPS (428C2) Ex1 Intergenic 4 141,812 56,282 85,530 39.68 
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iPS (428C2) Ex1 Intergenic 5 138,607 78,244 60,363 56.45 

iPS (428C2) Ex1 SNAI1 152,650 64,250 88,400 42.08 

iPS (428C2) Ex1 SOX1 101,881 57,825 44,056 56.75 

iPS (428C2) Ex1 SOX17 79,908 45,537 34,371 56.98 

iPS (428C2) Ex1 SOX2 150,493 83,193 67,300 55.28 

iPS (428C2) Ex1 SOX7 64,348 36,661 27,687 56.97 

iPS (428C2) Ex1 SST 113,824 49,666 64,158 43.63 

iPS (428C2) Ex1 T 75,427 46,195 29,232 61.24 

iPS (428C2) Ex1 TBX6 82,975 33,808 49,167 40.74 

iPS (428C2) Ex1 TCF21 111,689 53,136 58,553 47.57 

iPS (428C2) Ex1 TWIST1 83,407 47,885 35,522 57.41 

iPS (428C2) Ex1 ZIC1 20,026 14,765 5,261 73.72 

iPS (428C2) Ex1 LIN28B 66,071 33,101 32,970 50.1 

iPS (428C2) Ex1 YTHDF2 72,845 31,804 41,041 43.66 

iPS (428C2) Ex1 YBX1 77,529 33,271 44,258 42.91 

iPS (428C2) Ex1 ZZZ3 83,648 39,909 43,739 47.71 

iPS (428C2) Ex1 MYCN 74,581 45,848 28,733 61.47 

iPS (428C2) Ex1 MITD1 149,571 42,052 107,519 28.12 

iPS (428C2) Ex1 DPH3 98,359 39,184 59,175 39.84 

iPS (428C2) Ex1 ZFP42 77,834 38,925 38,909 50.01 

iPS (428C2) Ex1 KIF2A 65,966 30,205 35,761 45.79 

iPS (428C2) Ex1 PTPRZ1 58,344 25,360 32,984 43.47 
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iPS (428C2) Ex1 PODXL 76,763 34,575 42,188 45.04 

iPS (428C2) Ex1 TAF2 36,778 11,997 24,781 32.62 

iPS (428C2) Ex1 FGFR2 83,530 36,880 46,650 44.15 

iPS (428C2) Ex1 STX5 68,165 31,055 37,110 45.56 

iPS (428C2) Ex1 BCAT1 66,583 25,945 40,638 38.97 

iPS (428C2) Ex1 METAP2 52,783 23,129 29,654 43.82 

iPS (428C2) Ex1 KDM2B 100,621 39,815 60,806 39.57 

iPS (428C2) Ex1 NCL 83,869 36,845 47,024 43.93 

iPS (428C2) Ex1 LIG1 71,571 25,456 46,115 35.57 

iPS (428C2) Ex1 DNMT3B 28,984 12,246 16,738 42.25 

iPS (428C2) Ex1 SALL4 108,411 40,444 67,967 37.31 

iPS (428C2) Ex1 ACO2 63,538 18,184 45,354 28.62 

iPS (428C2) Ex1 ARHGEF38 58,397 19,816 38,581 33.93 

iPS (428C2) Ex1 SLC34A1 91,916 37,517 54,399 40.82 

iPS (428C2) Ex1 GIMAP1 61,182 21,548 39,634 35.22 

iPS (428C2) Ex1 PRSS3 55,328 14,991 40,337 27.09 

iPS (428C2) Ex1 HEMGN 76,067 23,365 52,702 30.72 

iPS (428C2) Ex1 TNFSF8 57,870 17,256 40,614 29.82 

iPS (428C2) Ex1 OBP2B 59,080 17,553 41,527 29.71 

iPS (428C2) Ex1 ANKRD1 55,763 23,200 32,563 41.6 

iPS (428C2) Ex1 SOX6 71,550 28,635 42,915 40.02 

iPS (428C2) Ex1 FLRT1 78,681 27,604 51,077 35.08 
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iPS (428C2) Ex1 KRTAP5-11 41,672 16,562 25,110 39.74 

iPS (428C2) Ex1 GAST 73,433 25,528 47,905 34.76 

iPS (428C2) Ex1 DEFB132 23,044 6,746 16,298 29.27 

iPS (428C2) Ex1 MC3R 40,778 18,915 21,863 46.39 

iPS (428C2) Ex1 VPREB1 51,228 14,107 37,121 27.54 

iPS (428C2) Ex1 PRAME 68,137 28,204 39,933 41.39 

iPS (428C2) Ex1 IGLL5 60,384 17,559 42,825 29.08 

iPS (428C2) Ex1 COLQ 82,191 32,388 49,803 39.41 

iPS (428C2) Ex1 CBLN2 69,218 21,902 47,316 31.64 

iPS (428C2) Ex1 TREM1 84,098 29,132 54,966 34.64 

iPS (428C2) Ex2 ASCL1 47,912 19,652 28,260 41.01 

iPS (428C2) Ex2 ASCL2 91,976 48,086 43,890 52.28 

iPS (428C2) Ex2 COL2A1 137,159 60,532 76,627 44.13 

iPS (428C2) Ex2 DPPA4 124,363 70,147 54,216 56.4 

iPS (428C2) Ex2 EOMES 92,101 60,151 31,950 65.3 

iPS (428C2) Ex2 ERCC3 21,381 10,570 10,811 49.43 

iPS (428C2) Ex2 ETS2 14,890 6,192 8,698 41.58 

iPS (428C2) Ex2 EVX1 32,730 22,195 10,535 67.81 

iPS (428C2) Ex2 FOXA2 47,011 30,154 16,857 64.14 

iPS (428C2) Ex2 FOXF1 51,545 30,920 20,625 59.98 

iPS (428C2) Ex2 GAPDH 97,766 50,686 47,080 51.84 

iPS (428C2) Ex2 GATA4 98,001 52,853 45,148 53.93 
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iPS (428C2) Ex2 GATA5 134,326 60,140 74,186 44.77 

iPS (428C2) Ex2 GATA6 63,153 32,736 30,417 51.83 

iPS (428C2) Ex2 GSC 98,677 51,560 47,117 52.25 

iPS (428C2) Ex2 HNF4A 68,356 28,545 39,811 41.75 

iPS (428C2) Ex2 HOXA13 121,511 74,091 47,420 60.97 

iPS (428C2) Ex2 KLF4 65,041 37,268 27,773 57.29 

iPS (428C2) Ex2 LHX1 71,414 40,893 30,521 57.26 

iPS (428C2) Ex2 MESP1 116,665 57,072 59,593 48.91 

iPS (428C2) Ex2 MIXL1 133,655 66,233 67,422 49.55 

iPS (428C2) Ex2 NANOG 68,933 22,821 46,112 33.1 

iPS (428C2) Ex2 NANOG_P 86,404 36,936 49,468 42.74 

iPS (428C2) Ex2 NEUROD1 120,813 81,222 39,591 67.22 

iPS (428C2) Ex2 NEUROD4 118,352 45,719 72,633 38.62 

iPS (428C2) Ex2 NEUROG2 137,897 79,297 58,600 57.5 

iPS (428C2) Ex2 NKX2-5 131,584 75,155 56,429 57.11 

iPS (428C2) Ex2 NR2F2 76,561 50,775 25,786 66.31 

iPS (428C2) Ex2 PAX3 15,562 11,474 4,088 73.73 

iPS (428C2) Ex2 PAX6 116,248 72,319 43,929 62.21 

iPS (428C2) Ex2 POU5F1 99,819 51,972 47,847 52.06 

iPS (428C2) Ex2 Intergenic 1 123,363 60,707 62,656 49.21 

iPS (428C2) Ex2 Intergenic 2 157,121 74,664 82,457 47.52 

iPS (428C2) Ex2 Intergenic 3 99,219 52,999 46,220 53.41 
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iPS (428C2) Ex2 Intergenic 4 146,250 59,813 86,437 40.89 

iPS (428C2) Ex2 Intergenic 5 138,746 83,063 55,683 59.86 

iPS (428C2) Ex2 SNAI1 153,933 66,731 87,202 43.35 

iPS (428C2) Ex2 SOX1 108,434 61,865 46,569 57.05 

iPS (428C2) Ex2 SOX17 82,396 47,336 35,060 57.44 

iPS (428C2) Ex2 SOX2 152,306 89,643 62,663 58.85 

iPS (428C2) Ex2 SOX7 65,557 38,631 26,926 58.92 

iPS (428C2) Ex2 SST 120,878 55,083 65,795 45.56 

iPS (428C2) Ex2 T 89,024 54,986 34,038 61.76 

iPS (428C2) Ex2 TBX6 88,009 36,691 51,318 41.69 

iPS (428C2) Ex2 TCF21 115,275 58,448 56,827 50.7 

iPS (428C2) Ex2 TWIST1 90,456 53,133 37,323 58.73 

iPS (428C2) Ex2 ZIC1 20,933 15,517 5,416 74.12 

iPS (428C2) Ex2 LIN28B 71,346 37,876 33,470 53.09 

iPS (428C2) Ex2 YTHDF2 70,016 33,842 36,174 48.33 

iPS (428C2) Ex2 YBX1 76,329 36,734 39,595 48.13 

iPS (428C2) Ex2 ZZZ3 78,247 43,987 34,260 56.22 

iPS (428C2) Ex2 MYCN 69,613 47,414 22,199 68.11 

iPS (428C2) Ex2 MITD1 146,771 44,281 102,490 30.17 

iPS (428C2) Ex2 DPH3 90,811 42,653 48,158 46.97 

iPS (428C2) Ex2 ZFP42 74,635 40,607 34,028 54.41 

iPS (428C2) Ex2 KIF2A 60,293 31,873 28,420 52.86 
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iPS (428C2) Ex2 PTPRZ1 57,857 28,638 29,219 49.5 

iPS (428C2) Ex2 PODXL 75,730 38,192 37,538 50.43 

iPS (428C2) Ex2 TAF2 38,405 13,677 24,728 35.61 

iPS (428C2) Ex2 FGFR2 80,903 40,212 40,691 49.7 

iPS (428C2) Ex2 STX5 61,883 30,772 31,111 49.73 

iPS (428C2) Ex2 BCAT1 69,618 30,155 39,463 43.31 

iPS (428C2) Ex2 METAP2 55,398 26,630 28,768 48.07 

iPS (428C2) Ex2 KDM2B 92,430 41,694 50,736 45.11 

iPS (428C2) Ex2 NCL 82,648 40,438 42,210 48.93 

iPS (428C2) Ex2 LIG1 64,533 26,555 37,978 41.15 

iPS (428C2) Ex2 DNMT3B 30,117 13,944 16,173 46.3 

iPS (428C2) Ex2 SALL4 101,945 43,558 58,387 42.73 

iPS (428C2) Ex2 ACO2 71,622 23,141 48,481 32.31 

iPS (428C2) Ex2 ARHGEF38 60,052 23,183 36,869 38.6 

iPS (428C2) Ex2 SLC34A1 84,084 38,849 45,235 46.2 

iPS (428C2) Ex2 GIMAP1 58,248 23,395 34,853 40.16 

iPS (428C2) Ex2 PRSS3 57,922 17,955 39,967 31 

iPS (428C2) Ex2 HEMGN 73,427 25,779 47,648 35.11 

iPS (428C2) Ex2 TNFSF8 58,816 19,456 39,360 33.08 

iPS (428C2) Ex2 OBP2B 55,935 18,529 37,406 33.13 

iPS (428C2) Ex2 ANKRD1 54,425 25,859 28,566 47.51 

iPS (428C2) Ex2 SOX6 69,297 31,123 38,174 44.91 
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iPS (428C2) Ex2 FLRT1 76,582 30,642 45,940 40.01 

iPS (428C2) Ex2 KRTAP5-11 39,188 18,219 20,969 46.49 

iPS (428C2) Ex2 GAST 69,903 28,238 41,665 40.4 

iPS (428C2) Ex2 DEFB132 22,265 7,231 15,034 32.48 

iPS (428C2) Ex2 MC3R 37,751 18,779 18,972 49.74 

iPS (428C2) Ex2 VPREB1 52,224 15,907 36,317 30.46 

iPS (428C2) Ex2 PRAME 64,501 29,271 35,230 45.38 

iPS (428C2) Ex2 IGLL5 59,417 19,462 39,955 32.75 

iPS (428C2) Ex2 COLQ 83,935 37,087 46,848 44.19 

iPS (428C2) Ex2 CBLN2 69,744 24,769 44,975 35.51 

iPS (428C2) Ex2 TREM1 80,927 32,120 48,807 39.69 

shNega 

TWIST1 45746 35605 10141 77.83 

GSC 48901 33086 15815 67.65 

SOX17 43630 32580 11050 74.67 

NEUROD1 63714 53015 10699 83.2 

NKX2-5 68496 47009 21487 68.63 

NEUROG2 75258 57589 17669 76.52 

PAX6 64115 48031 16084 74.91 

HOXA13 62343 48299 14044 77.47 

EED 

 

 

sh1 

 

 

TWIST1 29424 23117 6307 78.56 

GSC 37483 25618 11865 68.34 

SOX17 29109 21915 7194 75.28 
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EED 

sh1 NEUROD1 45564 39037 6527 85.67 

NKX2-5 57883 40506 17377 69.97 

NEUROG2 51379 40595 10784 79.01 

PAX6 48627 37185 11442 76.46 

HOXA13 44361 35826 8535 80.76 

sh2 

TWIST1 40194 30600 9594 76.13 

GSC 60946 40607 20339 66.62 

SOX17 47189 34869 12320 73.89 

NEUROD1 68122 56816 11306 83.4 

NKX2-5 81175 55190 25985 67.98 

NEUROG2 84055 63688 20367 75.76 

PAX6 66918 49681 17237 74.24 

HOXA13 60889 47829 13060 78.55 

 

 

 

 

WDR5 

 

 

 

 

sh1 

TWIST1 39295 21313 17982 54.23 

GSC 48731 22962 25769 47.11 

SOX17 41628 22062 19566 52.99 

NEUROD1 56198 33838 22360 60.21 

NKX2-5 76918 36286 40632 47.17 

NEUROG2 73793 38646 35147 52.37 

PAX6 62908 33237 29671 52.83 

HOXA13 59245 31654 27591 53.42 

sh2 TWIST1 38274 23031 15243 60.17 



 50 

 

 

 

WDR5 

 

sh2 

GSC 46447 24580 21867 52.92 

SOX17 38211 22074 16137 57.76 

NEUROD1 52315 34316 17999 65.59 

NKX2-5 74784 39682 35102 53.06 

NEUROG2 69504 39957 29547 57.48 

PAX6 59040 34317 24723 58.12 

HOXA13 56112 32918 23194 58.66 

RING1B 

sh1 

TWIST1 48326 32393 15933 67.03 

GSC 61136 35946 25190 58.79 

SOX17 48742 31956 16786 65.56 

NEUROD1 67511 49186 18325 72.85 

NKX2-5 86717 50311 36406 58.01 

NEUROG2 85229 55178 30051 64.74 

PAX6 72365 47264 25101 65.31 

HOXA13 67717 45080 22637 66.57 

sh2 

TWIST1 42211 31842 10369 75.43 

GSC 50579 33173 17406 65.58 

SOX17 42358 30985 11373 73.15 

NEUROD1 59719 48559 11160 81.31 

NKX2-5 74620 48949 25671 65.59 

NEUROG2 72101 53726 18375 74.51 

PAX6 65279 47528 17751 72.8 
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HOXA13 59442 45014 14428 75.72 
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Supplementary Table 4. Spearman's correlation coefficients of interaction 

frequencies (hit%) between biological duplicates or cell types (HDF and iPS) 

Cis interaction  

    
Bait 

iPS (428C2)  

Ex.1 vs. Ex. 2 

TIG120  

Ex.1 vs. Ex. 2 

Ex.1 iPS (428C2) vs.  

Ex.1 HDF (TIG120) 

Ex.2 iPS (428C2) vs.  

Ex.2 HDF (TIG120) 

ASCL1 0.772569 0.808567 0.687868 0.675739 

ASCL2 0.908834 0.845173 0.681867 0.714829 

DPPA4 0.898698 0.886055 0.522457 0.517504 

ERCC3 0.553455 0.665026 0.454103 0.433568 

ETS2 0.72659 0.876538 0.549591 0.608938 

EVX1 0.71608 0.753794 0.582966 0.649208 

FOXF1 0.796859 0.81846 0.660651 0.685862 

GATA6 0.891303 0.909459 0.571612 0.559717 

HNF4A 0.937826 0.913496 0.851767 0.880292 

HOXA13 0.889001 0.919806 0.754725 0.763992 

MIXL1 0.899496 0.926537 0.758836 0.772816 

NANOG 0.720583 0.672871 0.567468 0.544335 

NANOG_P 0.862057 0.865239 0.751869 0.742993 

NEUROD1 0.860934 0.894531 0.821707 0.828041 

NEUROD4 0.747489 0.890442 0.438555 0.478332 

POU5F1 0.802559 0.879102 0.715549 0.723304 

Intergenic 4 0.941639 0.923671 0.768317 0.773221 

Intergenic 5 0.77461 0.827361 0.478508 0.492985 

SOX1 0.822855 0.93335 0.472113 0.488847 

SOX17 0.90174 0.794176 0.733489 0.752261 

SOX2 0.877147 0.908627 0.645948 0.663819 

SOX7 0.807695 0.746657 0.639901 0.655964 

T 0.853468 0.876578 0.559127 0.555226 

TCF21 0.864998 0.907361 0.833115 0.83703 

COL2A1 0.866404 0.89035 0.594865 0.579211 

EOMES 0.743827 0.82127 0.703268 0.713344 

FOXA2 0.78941 0.85149 0.529421 0.544481 

GAPDH 0.861951 0.914264 0.672864 0.670391 

GATA4 0.881109 0.771912 0.692833 0.694226 

GATA5 0.955289 0.954394 0.834064 0.840987 
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GSC 0.923541 0.903567 0.797043 0.806319 

KLF4 0.885263 0.950321 0.70905 0.725528 

LHX1 0.904248 0.811504 0.192042 0.203118 

MESP1 0.945441 0.945875 0.625648 0.626271 

NEUROG2 0.899891 0.936203 0.811235 0.801021 

NKX2-5 0.842743 0.916825 0.749377 0.745742 

NR2F2 0.889598 0.901352 0.821101 0.830427 

PAX3 0.584575 0.646676 0.480375 0.534003 

PAX6 0.902329 0.86084 0.8185 0.829571 

Intergenic 1 0.822934 0.893322 0.708118 0.706065 

Intergenic 2 0.863868 0.904491 0.61683 0.623375 

Intergenic 3 0.824658 0.874356 0.677823 0.706988 

SNAI1 0.957611 0.938518 0.778115 0.769223 

SST 0.734616 0.824002 0.653117 0.682422 

TBX6 0.942792 0.90883 0.689991 0.7108 

TWIST1 0.795683 0.814517 0.724801 0.719319 

ZIC1 0.694096 0.770364 0.691923 0.691856 

     Trans interaction 

   
Bait 

iPS (428C2)  

Ex.1 vs. Ex. 2 

TIG120  

Ex.1 vs. Ex. 2 

Ex.1 iPS (428C2) vs.  

Ex.1 HDF (TIG120) 

Ex.2 iPS (428C2) vs.  

Ex.2 HDF (TIG120) 

ASCL1 0.007059 0.041234 0.011536 0.013784 

ASCL2 0.390434 0.079882 0.121384 0.099337 

DPPA4 0.202582 0.101223 -0.03951 -0.04287 

ERCC3 0.020515 0.035124 0.026441 0.006837 

ETS2 0.031435 0.069926 0.023408 0.039453 

EVX1 0.073273 0.06591 0.034059 0.054355 

FOXF1 0.258531 0.12493 0.125584 0.098653 

GATA6 0.223103 0.237493 0.150946 0.129321 

HNF4A 0.227909 0.093473 0.117345 0.114042 

HOXA13 0.220735 0.215356 0.131671 0.121403 

MIXL1 0.277145 0.152828 0.145235 0.146536 

NANOG 0.13654 0.047784 0.015774 0.001821 

NANOG_P 0.328964 0.157201 0.166044 0.160985 

NEUROD1 0.081756 0.063047 0.043118 0.045717 
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NEUROD4 0.133474 0.137904 0.010459 -0.00229 

POU5F1 0.445565 0.205351 0.228508 0.218927 

Intergenic 4 0.276282 0.189079 0.169337 0.140599 

Intergenic 5 0.108128 0.138783 0.026856 0.019182 

SOX1 0.456733 0.15103 0.029726 0.022792 

SOX17 0.159301 0.06513 0.055337 0.032729 

SOX2 0.150953 0.150374 0.053317 0.059746 

SOX7 0.257129 0.055782 0.027246 0.017499 

T 0.21629 0.144051 0.065275 0.058196 

TCF21 0.066578 0.055582 0.034211 0.053541 

COL2A1 0.221902 0.154545 0.132439 0.114018 

EOMES 0.039328 0.03132 0.010112 0.01293 

FOXA2 0.161573 0.055772 0.040817 0.041478 

GAPDH 0.392923 0.377449 0.286904 0.27553 

GATA4 0.371711 0.058153 0.067052 0.043456 

GATA5 0.486393 0.491211 0.327071 0.346671 

GSC 0.307858 0.089159 0.05687 0.03378 

KLF4 0.052661 0.247278 0.05892 0.039981 

LHX1 0.333818 0.061474 0.057953 0.045542 

MESP1 0.365542 0.372095 0.248492 0.241829 

NEUROG2 0.148083 0.090609 0.071916 0.060861 

NKX2-5 0.435849 0.238319 0.207023 0.218663 

NR2F2 0.116074 0.085382 0.070125 0.054729 

PAX3 0.022021 0.025368 0.01491 0.019375 

PAX6 0.225059 0.076548 0.0564 0.041321 

Intergenic 1 0.165129 0.072472 0.073151 0.07299 

Intergenic 2 0.513089 0.344947 0.278557 0.271427 

Intergenic 3 0.115721 0.087777 0.072557 0.056525 

SNAI1 0.533467 0.594063 0.374487 0.354629 

SST 0.083872 0.04465 0.049581 0.051783 

TBX6 0.359307 0.422943 0.262079 0.263366 

TWIST1 0.063345 0.051169 0.022156 0.027533 

ZIC1 0.031034 0.01523 0.011822 0.019244 
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