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SUMMARY 

Developing and adult tissues use different cis-regulatory elements. Although DNA at some 

decommissioned embryonic enhancers is hypomethylated in adult cells, it is unknown whether 

this putative epigenetic memory is complete and recoverable. We find that in adult mouse cells, 

hypomethylated CpG dinucleotides preserve a nearly complete archive of tissue-specific 

developmental enhancers. Sites that carry the active histone mark H3K4me1, and are therefore 

considered ‘primed’, are mainly cis-elements that act late in organogenesis. In contrast, sites 

decommissioned early in development retain hypomethylated DNA as a singular property. In 

adult intestinal and blood cells, sustained absence of Polycomb Repressive Complex 2 

indirectly reactivates most –and only– hypomethylated developmental enhancers. Embryonic 

and fetal transcriptional programs re-emerge as a result, in reverse chronology to cis-element 

inactivation during development. Thus, hypomethylated DNA in adult cells preserves a ‘fossil 

record’ of tissue-specific developmental enhancers, stably marking decommissioned sites and 

enabling recovery of this epigenetic memory. 
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INTRODUCTION 

Adult tissues arise through sequential activation of selected enhancers and target genes in 

embryonic primordial (Bonn et al., 2012; Long et al., 2016). Cis-elements used during 

development are subsequently inactivated (Long et al., 2016), yielding to regulatory and 

transcriptional programs unique to each adult tissue, but it is unclear if adult cells preserve a 

recoverable memory of silenced embryonic enhancers. This process is important to understand 

because induced pluripotency in somatic cells represents reversal of ontogeny and transcription 

factor (TF)-based reprogramming can leave vestiges of the original cell lineage (Kim et al., 

2010; Polo et al., 2010). Moreover, cancers reactivate selected fetal genes, usually from the 

same or a closely related lineage (Hu and Shivdasani, 2005; Kho et al., 2004); pancreas cancer 

metastases, for example, reactivate embryonic foregut-specific enhancers (Roe et al., 2017). 

Active enhancers display accessible chromatin, transcription factor binding, and the histone 

marks H3K4me1 and H3K27ac, which together associate best with expressed genes (Barski et 

al., 2007; Heintzman et al., 2007). The histone mark H3K27me3 is associated in ESC and adult 

tissues with repressed promoters, especially those of morphogenetic and TF genes (Bernstein 

et al., 2006; Boyer et al., 2006; Jadhav et al., 2016), but H3K27me3 is typically absent at adult 

enhancers (Saxena et al., 2017; Zentner et al., 2011). Instead, many candidate enhancers carry 

H3K4me1 but not H3K27ac; enhancers similarly marked in ESC appear to be ‘primed’ (Rada-

Iglesias et al., 2010) or ‘poised’ (Creyghton et al., 2010; Zentner et al., 2011) for activation upon 

acquiring H3K27ac (Figure S1A). However, H3K4me1 is not necessary for placement of 

H3K27ac (Dorighi et al., 2017), and it is unclear why large numbers of enhancers are ‘primed’ in 

terminally differentiated cells. 

Beyond modified histones, enhancers show reduced DNA methylation. Whereas most CpG 

dinucleotides in mammalian DNA are fully methylated (me), long stretches of high CG density 

(islands, CGIs) near transcription start sites (TSSs) are unmethylated in those tissues where the 

gene is active (Deaton and Bird, 2011). In contrast, enhancers have short stretches of CG-poor 

DNA with 20% to 50% meCpG (Hon et al., 2013; Stadler et al., 2011; Ziller et al., 2013). This 

intermediate state reflects oxidation of meCpG (Bogdanovic et al., 2016; Stadler et al., 2011) 

and likely the net effect of methylation, mediated by DNA methyltransferases (DNMTs), and 

demethylation mediated by TET enzymes (Hon et al., 2014; Stroud et al., 2011). Reduced 

meCpG at selected adult enhancers is attributed to their prior activity in embryos (Hon et al., 

2013; Lee et al., 2015). However, most cis-elements used in embryos remain unidentified and 

>50% of sites with hypomethylated DNA in the fetal brain were fully methylated in adult brains 
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(Hon et al., 2013). Moreover, the multitude of brain cell types precludes knowing which fetal 

enhancers lose or preserve this feature in given cell populations. Most importantly, it is unclear if 

decommissioned developmental enhancers retain memory that adult cells can recover. 

In contrast to the brain and other adult tissues, the intestinal epithelium descends lineally 

from a well-defined region of gut endoderm, without cellular admixture. Proliferating stem and 

progenitor cells in adult intestinal crypts continually produce terminally differentiated, short-lived 

villus cells of one predominant type: enterocytes (Clevers, 2013) (Figure 1A). Villus epithelial 

cells are readily separated from crypts and underlying mesenchyme (Weiser, 1973) and their 

developmental forebears can be purified from embryos (Sherwood et al., 2009). We took 

advantage of these features to study recruitment and decommissioning of cis-elements during 

mouse gut development. We found that adult intestinal cells retain a record of ~90% of tissue-

specific developmental enhancers in the form of hypomethylated DNA. Enhancers used early in 

development retain no other discernible mark, whereas thousands of sites used late in gestation 

retain some H3K4me1 but not H3K27ac. These H3K4me1+H3K27ac- regions are therefore not 

necessarily ‘poised’ or ‘primed’ for activation, but are sites that were decommissioned late in 

development. Remarkably, prolonged absence of Polycomb Repressor Complex 2 (PRC2) 

results in indirect and delayed reactivation of silenced developmental enhancers, in roughly 

reverse order to their use in embryos. In diverse PRC2-null cells, only tissue-restricted 

hypomethylated enhancers –and nearly all such enhancers– are reactivated, with attendant 

expression of developmental genes. 

meCpG is confidently implicated in X chromosome inactivation, gene imprinting, and 

silencing of endogenous viruses, but its role in other forms of epigenetic memory is uncertain 

(Bestor et al., 2015; Schubeler, 2015). Our findings reveal meCpG as a key determinant of bona 

fide and recoverable epigenetic memory dating to the period of organogenesis.  

 

 

RESULTS 

Short stretches of hypomethylated DNA vastly outnumber marked, active enhancers 

In adult mouse duodenal villus epithelium, ChIP-seq (Table S1 and Figure S1B) identified 

33,676 distant (>-2 and >+1 kb from TSSs) H3K4me1+ regions with, and 40,234 sites lacking, 

H3K27ac; genes near H3K27ac+ enhancers were expressed at high levels, whereas those near 

H3K27ac- sites were not (Figure S1C). Because the proportion of primed enhancers seemed 

high for short-lived, terminally differentiated cells and the extent of meCpG at these sites is 
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unknown, we assessed genome-wide DNA methylation at base resolution. Our whole-genome 

bisulfite sequencing (WGBS) data showed high concordance with published results (Sheaffer et 

al., 2014) and comparably low meCpG fractions in both groups of H3K4me1+ sites (Figure 

S1D). Defined by established criteria (Stadler et al., 2011), 53% to 58% of sites in each group 

showed reduced meCpG, revealing hypomethylated DNA as a common but not universal 

enhancer property. Notably, ~32,000 regions far from TSSs showed <50% meCpG, identified at 

a false discovery rate (FDR) of 0.05, but lacked H3K4me1 or H3K27ac, indicating that sites with 

hypomethylated DNA outnumber those with active histone marks. Applying an FDR of 0.1, we 

identified ~12,000 additional hypomethylated sites (17.5% increase, Figure S2A) in purified 

duodenal villus epithelium and hence mapped a total of 20,856 unmethylated (UMRs) and 

80,519 low-methylated regions (LMRs, corresponding to FDR 0.1 and meCpG <59%, Figure 

1B). UMRs overlapped extensively with promoter CGIs, but included 8,146 non-promoter sites 

(Figure S2B), whereas LMRs encompassed active regions, ‘primed’ enhancers, and 47,612 

sites that lack H3K4me1 or H3K27ac (Figure 1B-C). Going forward, we consider all non-

promoter regions with either active mark or reduced meCpG as potential enhancers (Figure 1C 

and Figure S2C). The conclusions that follow apply whether we consider 68,517 LMRs (FDR 

0.05) or 80,519 LMRs (FDR 0.1, Figure S2A); the latter, more inclusive set gives a fuller picture 

of embryonic enhancer usage and recrudescence. Of note, the LMR profile, including LMR-only 

regions, was similar in villus and Lgr5+ intestinal stem cells (Figure S2C), indicating that it 

characterizes the tissue and not just enterocytes. 

  Active enhancers showed accessible chromatin and binding of HNF4A, a TF that binds 

most enterocyte enhancers (San Roman et al., 2015); these features were absent or much 

reduced among ‘primed’ enhancers, and totally lacking in the regions showing only low meCpG 

(Figure 1C-D). Of note, although levels of hypomethylated DNA were comparable at active and 

‘primed’ enhancers, H3K4me1 was generally weaker at the latter sites and histone marks were 

more robust at active enhancers with reduced meCpG than in heavily methylated regions 

(Figure 1C). Moreover, the marked nucleosomes at active enhancers flanked a central area of 

DNA hypomethylation, accessible chromatin, and TF occupancy, whereas nucleosomes at 

‘primed’ enhancers coincided with areas of low meCpG (Figure 1C), in agreement with their 

diminished chromatin access and infrequent HNF4A binding. These data identify distinct 

patterns of histone marking and DNA hypomethylation at active and ‘primed’ enhancers, and 

reveal thousands of sites with reduced meCpG as a solitary feature. 

To examine the bona fides of the latter group, first we identified LMRs at FDR 0.1 in public 
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WGBS data from mouse blood (An et al., 2015). At least 45% of these LMRs lacked H3K4me1 

(Figure S2D), revealing LMR-only sites in comparable abundance to the intestine. Moreover, 

intestinal LMRs lacking H3K4me1 showed even higher enrichment of TF sequence motifs 

(Figure S2E), and evolutionary conservation (Figure 1E) than did H3K4me1+ enhancers. 

Whereas active and ‘primed’ enhancers were enriched for DNA sequence motifs associated 

with known intestinal TFs and nearby genes are enriched for enterocyte functions, both ‘primed’ 

and LMR-only sites were enriched for the motifs of developmental TFs, such as FOX factors, 

and nearby genes are enriched for developmental functions (Figure S2E-F). Thus, intestinal 

LMRs encompass both active and seemingly inactive cis-elements of two types, H3K4me1+ and 

H3K4me1-, and features of the inactive sites suggest prior activity during development. 

 

Adult cells retain a comprehensive archive of developmental enhancers  

A fraction of hypomethylated areas of DNA in adult mouse (Hon et al., 2013) and zebrafish 

(Lee et al., 2015) cells show cis-element activity in embryos, but >50% of sites with reduced 

meCpG in the fetal brain were fully methylated in adult brain cells (Hon et al., 2013). Because 

the brain contains numerous cell types, it is unclear which fetal enhancers lose or preserve 

hypomethylated DNA in a given population. In contrast, the intestinal epithelium descends 

directly from region-specific endoderm, and after embryonic day (E) 11, the surface protein 

EPCAM selectively marks prospective epithelial cells (Sherwood et al., 2009), allowing their 

isolation by flow cytometry (Figure S3A). To trace the possible origins of hypomethylated 

regions in the adult intestine, we assessed gene activity and enhancer dynamics in endodermal 

cells purified from different stages in intestine development (Table S1 and Figure S3B-C). 

Between E11.5 and adult intestinal epithelium, EPCAM+ cells showed 12,266 differences in 

mRNA levels (>2-fold, q <0.05) between any two stages; these alterations occurred in waves 

that coincide with early, mid, and late gestation (Figure S3D). Over the same period, ATAC-seq 

(Buenrostro et al., 2015) on EPCAM+ cells identified 68,510 unique areas of open chromatin >1 

kb from promoters. Unsupervised k-means clustering placed these sites in 10 clusters (Figure 

S3E), which formed 4 distinct groups (Figure 2A): (1) accessible at all stages, (2) open only 

before E14.5, (3) accessible mainly in mid- (E14.5) to late (E16.5) gestation, and (4) open at 

and after E16.5. Developmental stage-specific expression of nearby genes correlated with these 

waves of chromatin access (Figure S3E), indicating that regions identified by ATAC represent 

active enhancers. Indeed, intestinal endoderm purified at E16.5 (this study) or E12.5 

(Kazakevych et al., 2017) showed H3K4me1 or H3K27ac, respectively, in many areas marked 
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by ATAC before E14.5 (Figure S3F). At >96% of sites with open chromatin before E16.5, the 

chromatin was closed in adult cells (Figure 2B). These ~26,000 ATAC+ sites function during 

intestine development and are subsequently decommissioned; because ChIP- and ATAC-seq 

have some limitations in sensitivity, the full complement of inactivated developmental enhancers 

is likely even larger. 

To determine enhancer DNA methylation dynamics during intestine development, we 

performed WGBS on purified E12.5 and E16.5 intestinal epithelium. ATAC-identified enhancers 

were fully methylated in the epiblast and meCpG was reduced sequentially: first at sites 

showing open chromatin at E11.5 and E12.5, later in regions that opened in mid-gestation, and 

last at active adult enhancers (Figure 2C). Moreover, we objectively identified 53,350 unique 

non-promoter regions hypomethylated (FDR <0.1) at E12.5 and E16.5; these sites correspond 

to the areas we had identified in adult villus cells as the ‘LMR-only’ and ‘primed’ groups, 

respectively (Figure S3G). Notably, 83% of sites hypomethylated at E12.5 and 92% of sites 

hypomethylated at E16.5 remained so in adult villus cells (Figure 2C-D); only 8,914 enhancers 

became fully methylated. Thus, after decommissioned enhancers relinquish chromatin access, 

active histone marks and regulatory functions, they retain reduced meCpG as a singularly stable 

feature, preserved over the hundreds of cell divisions that separate embryonic from adult cells. 

Thousands of sites hypomethylated in the epiblast, however, were almost fully methylated in 

adult intestinal cells (Figure S3H), indicating that tissue-restricted enhancers are archived only 

after cells are specified. Within this archive, sites active late in gestation retain H3K4me1 and 

occasional weak TF binding and open chromatin in adult cells. Accordingly, these are not 

‘primed’ cis-elements per se, but transient and late-acting developmental enhancers. In 

contrast, sites active early in organogenesis retain none of the features we examined, other 

than hypomethylated DNA. 

 

Prolonged PRC2 inactivity selectively reactivates developmental enhancers 

Inactivation of developmental genes is a cardinal function of PRC2, which places the histone 

mark H3K27me3. However, up to 9 days after loss of PRC2 from intestinal epithelium in Villin-

CreER-T2;EedFl/Fl mice, only the few genes with tissue-specific bivalent (H3K4me3+ H3K27me3+) 

promoters are derepressed (Jadhav et al., 2016). All methylated H3K27 forms were abrogated 

within 9 days of Cre recombinase activation, and among 10 other covalent histone marks we 

examined by mass spectrometry, only H3K27ac was modestly increased (Figure 3A). Because 

these findings hinted that absence of PRC2 might expose unmethylated H3K27 residues to 
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indiscriminate acetylation, we examined the H3K27ac distribution in Eed-/- villus epithelium. To 

preclude any contribution from Eed-proficient ‘escaper’ crypts, we administered tamoxifen over 

a prolonged period; when mice became moribund, at 14 days, the epithelium lacked H3K27me3 

or dividing cells (Figure S4A). Even within 9 days of PRC2 depletion, ChIP revealed H3K27ac at 

silenced fetal enhancers, and by day 14 the marking was stronger and now also evident at 

embryonic enhancers (Figure 3B). We verified these gains by meticulous normalization using 

Drosophila chromatin ‘spike-in’ controls (Methods and Table S1). The same sites also acquired 

H3K4me1 (Figure 3B), indicating increased enhancer activity rather than passive acetylation of 

unmethylated H3K27. 

Among millions of nucleosomes depleted of H3K27me in Eed-/- cells, however, diffReps 

(Shen et al., 2013) identified only 43,816 sites of H3K27ac gain and 17,562 sites of reduced 

H3K27ac located >1 kb from promoters (Figure 4A). Thus, sustained absence of PRC2 in adult 

intestinal cells results in highly selective histone modulation. Nearly 80% of sites that acquired 

H3K27ac by these objective measures coincided with hypomethylated developmental 

enhancers (P=0, Fisher exact test), and conversely, nearly ½ of all hypomethylated enhancers 

inactivated during development gained H3K27ac (Figure 4B). In addition, many embryonic and 

fetal enhancers with discernible H3K27ac and H3K4me1 gains (Fig. 3B) did not meet stringent 

diffReps criteria. To assess site specificity, we considered the 8,914 sites that had low meCpG 

in embryonic or fetal intestine, but became fully methylated in adults (Figure 2D), and the 

~13,000 promoter UMRs (Figure S2B). Unlike developmental enhancers with persistent 

hypomethylation, neither group acquired significant H3K27ac in Eed-/- intestines (Figure 4C). 

Thus, histone activation was almost entirely restricted to decommissioned developmental 

enhancers.   

 

Basis of enhancer reactivation in the absence of PRC2  

To examine the specificity of this response to PRC2 loss, first we identified LMRs in public 

WGBS data from mouse skin and brain (Figure S4B), just as we had done earlier for blood cells 

(Figure S2D). In keeping with the tissue specificity attributed to enhancers, LMRs identified in 

villus epithelium or any other tissue were usually fully methylated in the others, whereas UMRs 

(mostly promoters) usually lacked meCpG in all tissues (Figure S4C-D). To determine if 

H3K27ac gains occur at LMRs after PRC2 loss in other cell types, we cultured bone marrow 

from EedFl/Fl mice, deleted Eed by viral CRE expression, induced macrophage differentiation in 

vitro, and confirmed that mutant CD11b+ macrophages lacked H3K27me (Figure 5A). In PRC2-
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null macrophages, diffReps identified 7,836 sites of quantitative H3K27ac gain, and these 

occurred selectively at hypomethylated enhancers (Figure 5B). We also identified nearly 50,000 

inactive (H3K27ac-) enhancers with unambiguous differential methylation between 

macrophages and intestinal cells. In each case, H3K27ac accumulated only in the 

corresponding PRC2-null tissue, as is evident in heatmaps (Figure 5C) and by strict quantitation 

of macrophage sites in intestinal cells (Figure 5D). In summary, only silenced developmental 

enhancers with low meCpG acquire active histone marks in the absence of PRC2; this occurs 

with high tissue specificity and, in the intestine, sooner at fetal than at embryonic enhancers. 

To investigate the basis for significant enhancer modulation in PRC2-null cells, we used 

ChIP to map the distributions in adult wild-type (WT) villus cells of all PRC2-modified forms of 

H3K27 (mono-, di-, and tri-methyl) and the PRC2 component SUZ12 (Table S1). Mirroring the 

distributions reported in ESC (Ferrari et al., 2014), H3K27me1 predominated at active loci, 

H3K27me2 in intergenic regions, and SUZ12 and H3K27me3 at silenced promoters and genes 

(Figure S5A). Enhancers generally lacked SUZ12 or H3K27me3, and when present, H3K27me3 

was dispersed across large regions, at levels considerably lower than those found at repressed 

bivalent promoters (Figure S5B). Likewise, H3K27me1 and H3K27me2 were distributed over 

hundreds of kb throughout the genome, with no focal enrichment in areas that acquire H3K27ac 

in Eed-/- cells (Figure S5B-C). Thus, modulation of these enhancers is likely a secondary effect 

stemming from the direct, short-term consequence of PRC2 loss: activation of numerous 

bivalent TF genes that mediate early intestine development (Jadhav et al., 2016). 

Such mRNAs, including many FOX-family TFs, continued to accumulate after day 9 (Figure 

6A) and showed persistent association with basal promoter H3K4me3 levels (Figure S6A); 

prolonged PRC2 loss also increased levels of certain non-bivalent FOX genes (Figure 6A). To 

investigate the likely proximate cause of enhancer reactivation, we performed ChIP-seq for the 

two FOX TFs against which ChIP-grade antibodies are available. FOXA1 binding was robust 

and >78% of sites newly occupied in Eed-/- villus cells mapped to hypomethylated adult and 

developmental enhancers (Figure 6B). FOXG1 binding was less strictly quantifiable, but we 

nevertheless detected unambiguous occupancy at fetal and embryonic enhancers showing 

H3K27ac gains, some of which also bound FOXA1 (Figure S6B). Thus, following promoter-

based early gene reactivation, binding of FOX and other TFs likely accounts in aggregate for 

cis-element reactivation as an indirect consequence of PRC2 deficiency (Figure 6C). 

 

Transcriptional consequences of enhancer recrudescence 
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Compared to the few bivalent genes activated within 9 days of initial CreER-T2 activation, 

6,127 additional genes increased (>2-fold, q <0.05) by 14 days, the limit to which mice tolerated 

intestinal PRC2 loss. Most corresponding promoters had high basal levels of H3K4me3 and no 

H3K27me3 in WT intestines (Figure S6C-D). Thus, promoter H3K4me3 is the limiting factor –or 

a reliable proxy for one– at genes activated soon after PRC2 loss (Jadhav et al., 2016), but it 

does not account for genes activated after sustained PRC2 deficiency. Instead, genes activated 

after day 9 showed striking association with fetal and embryonic enhancers that acquired 

H3K27ac, but not with enhancers that lacked H3K27ac gains (Figure 7A). 

More than 77% of non-bivalent genes decommissioned during intestine development were 

activated in the prolonged absence of PRC2, and intestinal villus cells accordingly expressed 

both adult and embryonic transcriptomes (Figure 7B). Moreover, among genes activated after 

sustained PRC2 deficiency, 70.2% had been expressed in the developing intestine, compared 

for example to 23.3% and 21.4% that were expressed in developing heart or lungs (P <0.0001), 

and most of the latter genes were also expressed in the developing intestine (Figure S7). Thus, 

activation was largely confined to, and encompassed most, intestine-specific developmental 

genes. Those expressed late in gestation and linked to silenced fetal (H3K4me1+) enhancers 

were reactivated by day 11 and further increased at day 14, whereas genes expressed early in 

development and associated with decommissioned embryonic (LMR-only) enhancers were re-

expressed later (Figure 7C). Basal expression of both gene groups was equally low in WT adult 

villi and the timing of re-expression in Eed-/- cells correlated with sequential reactivation of fetal 

and embryonic enhancers (Figure 3B). Transcript levels of both groups in adult Eed-/- cells 

approached those present during development (Figure 7C). Thus, histone and mRNA fluxes 

together reveal enhancer DNA hypomethylation as the crucial property that underlies memory 

and reactivation of tissue-restricted developmental programs. 

 

 

DISCUSSION 

Methylated DNA inactivates endogenous viruses, sex chromosomes and imprinted genes, 

but its roles in tissue-specific and developmental gene control draw on correlative findings and 

remain controversial (Bestor et al., 2015). Separately, it has been unclear if decommissioning of 

developmental enhancers is irrevocable. This study reveals low meCpG as a persistent adult 

feature of almost 90% of those decommissioned enhancers that were hypomethylated during 

development and the signature of sites that reactivate after prolonged PRC2 deficiency. Among 
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the millions of cis-elements in the genome, only developmental enhancers with low meCpG 

were activated. The significant overlap with sites that gained H3K27ac (Figure 4B) is incomplete 

because formal definition of LMRs (FDR 0.1) and H3K27ac gains (q <0.01) requires arbitrary 

cut-offs. Indeed, gains of H3K27ac and H3K4me1 were evident at most developmental LMRs 

(Figure 3B) and in hypomethylated regions with 60% to 90% meCpG. Thus, hypomethylated 

DNA determines which enhancers are reactivated or at least signifies the potential for robust, 

tissue-specific reactivation. These sites re-emerged despite their lack of focal H3K27me or 

PRC2 binding in wild-type cells. Together with binding of embryonic TFs at activated sites, our 

findings imply that enhancer recrudescence is unrelated to H3K27me per se.  

Hypomethylated DNA, presumably generated during development by TET enzymes (Hon et 

al., 2014; Stroud et al., 2011), is stably preserved from embryonic tissues to adult organs. The 

maintenance methyltransferase DNMT1 offers a simple explanation because in each cell cycle it 

reproduces existing meCpG states on the new DNA strand (Bestor et al., 2015; Li et al., 1992; 

Schubeler, 2015). Thus, reduced meCpG could be preserved through faithful copying of fetal 

and embryonic meCpG templates over many cell generations; alternatively, it may reflect 

continually opposing DNMT and TET activities. Methylated histone H3K4 is thought to repel 

DNMT3L to help maintain absence of meCpG at promoters and CGIs in ES and germ cells (Ooi 

et al., 2007) and a recent study implicates DNMT3A in persistent hemimethylation of DNA at 

cohesin- and CTCF-binding sites during ES cell replication (Xu and Corces, 2018). Most LMRs 

in our study, however, lack H3K4me or other overt barriers to DNA methylation, and de novo 

DNMTs decline appreciably after development (Schubeler, 2015). Of note, epiblast LMRs are 

largely methylated in adult intestinal cells and embryonic LMRs have slightly larger meCpG 

fractions than fetal enhancers. These observations imply that the copying mechanism may be 

imperfect over long periods, in agreement with Holliday and Pugh’s ideas about ‘developmental 

clocks’, wherein DNMTs and demethylases are inherently inefficient over many cell cycles 

(Holliday and Pugh, 1975). 

Both embryonic and fetal enhancers lack H3K27ac and their target genes are comparably 

silent in adults, but fetal enhancers retain low levels of H3K4me1, the solitary mark associated 

with enhancer ‘priming’ or ‘poising’ in ESC (Creyghton et al., 2010; Rada-Iglesias et al., 2010; 

Zentner et al., 2011). In adult intestines, however, enhancers bearing only H3K4me1 are those 

that were decommissioned late in organogenesis. As vestiges of fetal life, these sites likely have 

little physiologic function, though they do activate sooner in PRC2-null cells than H3K4me1- 

enhancers. Enhancers that act only during development often elude detection by assays for 
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accessible chromatin or modified histones. Hypomethylated DNA, which preserves a faithful 

record of these enhancers into adulthood, can therefore be used to identify embryonic cis-

elements in purified adult cells. However, only ~60% of active enhancers are categorically 

hypomethylated (Figure 1C), owing in part to limited CpG content and because some enhancers 

act through methyl-insensitive TFs (Schubeler, 2015). Accordingly, whole-genome meCpG 

profiles (Hon et al., 2013; Ziller et al., 2013) will likely identify a significant but incomplete 

fraction of all cis-elements. 

At least in PRC2-deficient cells, reduced enhancer meCpG is necessary and sufficient for 

embryonic gene reactivation, which seems constrained by the repertoires of latent enhancers 

and available TFs. To the extent that these constraints apply generally, our findings may explain 

certain features of cellular reprogramming and of aberrant gene activity in cancer. TF-driven 

induction of pluripotency in adult somatic cells can leave vestiges of the starting cell type and 

limit the differentiation potential of resulting iPS cells (Bar-Nur et al., 2011; Polo et al., 2010). 

This is attributed in part to retained promoter CGI fingerprints (Kim et al., 2010; Ma et al., 2014), 

but the restricted potential may reflect residual tissue-specific enhancer hypomethylation. In the 

examples of TF-mediated modulation of one cell type into another, only selected heterologous 

cell fates are achieved, e.g., CEBPA-driven conversion of lymphocytes into macrophages (Xie 

et al., 2004), possibly constrained by the repertoire of tissue-specific developmental enhancers. 

Three TFs –PDX1, NEUROG3 and MAFA– together convert gut endocrine cells into insulin-

producing beta cells in vivo (Chen et al., 2014). This process is markedly more efficient in the 

gastric antrum, which shares an origin with the pancreas, than in the intestine (Ariyachet et al., 

2016), possibly reflecting the pool of available hypomethylated enhancers. Finally, the finite 

enhancer repertoire in any cell, delineated during development, suggests a basis for oncofetal 

gene activation, such as tissue-specific fetal genes in colon and brain tumors (Hu and 

Shivdasani, 2005; Kho et al., 2004) and embryonic foregut-restricted genes in pancreatic cancer 

metastases (Roe et al., 2017). 
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FIGURE LEGENDS 

 

Figure 1. Low-methylated regions (LMRs) in adult mouse intestinal villus epithelium. (A) 

Micrograph and drawing of mouse duodenal epithelium stained with Alcian blue and eosin, 

showing predominance of enterocytes in post-mitotic intestinal villi. (B) Left: distribution of all 

un- (UMRs) and low- (LMRs) methylated regions in purified villus epithelium. Right: contour map 

and aggregate meCpG density plots show the distribution and meCpG profiles of promoters, 

active and ‘primed’ enhancers, and sites recognized only by reduced meCpG. (C) Signals for 

methylated DNA (meCpG), histone marks H3K4me1/3 and H3K27ac, occupancy of the TF 

HNF4A, and open chromatin (ATAC) at 12,710 promoter UMRs, active and ‘primed’ enhancers, 

and LMR-only regions. H3K4me1+ enhancers are partitioned into groups with (LMRs) or without 

hypomethylated DNA. (D) Representative Integrative Genome Viewer (IGV) tracks showing key 

cis-element features. Numbers refer to the scales for relative ChIP or ATAC signals. (E) High 

evolutionary conservation of enhancers in each group, including LMR-only sites. 

See also Figures S1 and S2. 

 

Figure 2. Chromatin and meCpG dynamics during mouse intestine development. (A) 

Profiles of open chromatin in purified EPCAM+ intestinal cells across 4 gestational (E) ages and 

in adult villus cells at regions >-2 or >1 kb from TSSs. Among the 68,510 sites identified by 

ATAC-seq at any stage, successive waves of accessible chromatin identify candidate 

embryonic, fetal, and adult enhancers. (B) Limited overlap of accessible chromatin (ATAC) sites 

in developing and adult intestinal epithelium. Most of the 38,376 regions open in fetal or 

embryonic intestinal endoderm were closed in adults. (C) Profiles of hypomethylated DNA at 

ATAC+ sites, extracted from WGBS data on undifferentiated E6.5 epiblast (Seisenberger et al., 

2012), developing endoderm, and adult villus epithelium. Representative IGV tracks show open 

chromatin, H3K4me1, meCpG, and mRNA dynamics at representative embryonic (Hapln1) and 

fetal (Myl1) loci. (D) meCpG states in adult, fetal, and embryonic intestinal epithelium. All but 

8,914 of the 53,350 LMRs (16.7%) identified objectively in the developing intestine met stringent 

LMR criteria in adults. Most enhancers that became inaccessible after development (B) thus 

retained hypomethylated DNA.  

See also Figure S3. 

 

Figure 3. Reactivation of developmental enhancers after prolonged PRC2 deficiency. (A) 

Epithelium-restricted loss of all methylated H3K27 forms in Villin-CreER-T2;EedFl/Fl mice 9 days 
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after the 1st of 5 daily injections of tamoxifen; residual fluorescence signals are confined to sub-

epithelial cells, separated from the overlying epithelium by dashed lines. Pie charts depict the 

fractions of each covalently modified form of H3K27 and the table lists the proportions of other 

histone modifications measured by mass spectrometry in purified WT and Eed-/- villus epithelium 

(N=3 each). All H3K27me was markedly reduced and H3K27ac was slightly increased, while 10 

other histone marks were unperturbed. (B) Accumulation of H3K27ac and H3K4me1 at fetal and 

embryonic enhancers in Eed-/- intestinal villus epithelium and preferential loss of these histone 

marks from non-hypomethylated active enhancers. Sites are arranged in the same order as 

Figure 1C, with adult (active) and fetal (‘primed’) enhancers partitioned into those with and 

without LMRs. IGV tracks below illustrate the H3K27ac and H3K4me1 gains (numbers refer to 

the scales for ChIP-seq signals).  

See also Figure S4A. 

 

Figure 4. Reactivation is confined to hypomethylated decommissioned enhancers. (A) 

Strict quantitation of H3K27ac gains and losses (>1.5-fold, q<0.01) in mutant cells by diffReps 

(Shen et al., 2013). (B) Areas of objective H3K27ac gain overlap significantly with embryonic 

and fetal enhancers that are hypomethylated in adult intestinal epithelium. (C) In contrast, 

H3K27ac did not accumulate at the 8,914 enhancers that are hypomethylated in development 

but methylated in adults, or at the 12,710 promoter UMRs. P values were calculated using the 

Wilcoxon signed rank test. IGV tracks below each split-violin plot (WT, light; Eed-/- dark) 

illustrate H2K27ac changes at cis-elements with different levels of basal (WT) meCpG. 

 

Figure 5. Enhancer flux in PRC2-null macrophages. (A) Erasure of all methyl-H3K27 forms 

in Eed-/- macrophages, cultured as depicted in the experimental schema and examined by 

immunofluorescence. (B) Relation of 7,836 sites of objective H3K27ac gain (diffReps >1.5-fold, 

q<0.01) in Eed-/- macrophages to the meCpG state of each in WT cells. H3K27ac accumulated 

at sites with basal hypomethylated DNA; IGV tracks are shown at a representative locus. (C) 

LMRs in macrophages and intestine that lack H3K27ac in the respective WT cells show tissue-

specific H3K27ac gains in PRC2-null cells. (D) Macrophage-restricted enhancers (n=21,083) do 

not acquire H3K27ac in Eed-/- intestine. P values were calculated using the Wilcoxon signed 

rank test. IGV tracks below split-violin plot (WT, light; Eed-/- dark) illustrate presence or absence 

of H2K27ac gains at cis-elements with different levels of basal (WT) meCpG in intestine.  

See also Figure S4B-D. 
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Figure 6. Enhancer reactivation follows on early consequences of PRC2 deficiency. (A) 

Partial list of representative induced and stable FOX-family TF mRNAs (normalized read 

counts) expressed from bivalent and non-bivalent genes in the mouse intestine. (B) New 

enhancer FOXA1 binding in Eed-/- cells occurs predominantly at sites defined in this study, 

including hypomethylated fetal enhancers that acquired H3K4me1 and H3K27ac. Enhancers 

are arranged in the same order as in Figures 1C and 3B. IGV tracks show FOXA1 and FOXG1 

occupancy at enhancers within 11 days of initial Eed deletion. (C) Inferred sequence of events 

following PRC2 loss. After TF and other genes are activated early from bivalent promoters, 

some TFs reactivate first hypomethylated fetal and then embryonic enhancers; fully methylated 

regions avoid reactivation. 

See also Figures S5 and S6A-B. 

 

Figure 7. Expression of developmental genes linked to reactivated enhancers. (A) Gene 

set enrichment analysis (GSEA) showing the distribution of genes near (<50 kb) fetal and 

embryonic enhancers among the genes reactivated by day 14 in Eed-/- villus cells. All RefSeq 

genes are arrayed in order of relative expression in WT and Eed-/- cells. Recommissioned 

H3K27ac+ fetal and embryonic enhancers (left) were significantly associated with reactivation of 

genes within 50 kb, while those lacking H3K27ac gains were not (right). NES, normalized 

enrichment score. Representative IGV tracks (right) show recrudescence of decommissioned 

enhancers in PRC2-null (Eed-/-) intestines. Arrows point to exons at which mRNA levels are 

shown in panel C. (B) Left: Fraction of all non-bivalent genes expressed during intestine 

development that were reactivated in Eed-/- villus cells. Right: Relatedness (Euclidean 

distances) among RNA-seq profiles of triplicate (WT and 9-day Eed-/-) or duplicate (all others) 

samples of WT and Eed-/- adult villus epithelium and WT intestinal endoderm. (C) Distributions 

of mRNA levels during intestine development and after adult PRC2 depletion of all genes 

located <50 kb from hypomethylated fetal or embryonic enhancers. Dots in each violin plot 

represent median values. WT levels of both transcript groups were comparably low, fetal genes 

were reactivated earlier than embryonic genes, and both groups were re-expressed at levels 

approaching those seen in developing WT endoderm. IGV tracks show representative RNA-seq 

data for the exons marked with arrows in panel B. 

See also Figures S6C-D and S7. 
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STAR METHODS 

CONTACT FOR REAGENT AND RESOURCE SHARING 

Requests will be fulfilled by the Lead Contact, Ramesh Shivdasani 

(ramesh_shivdasani@dfci.harvard.edu), after execution of a Materials Transfer Agreement. 

 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Lgr5EGFP-IRES-CreERT2 mice (Barker et al., 2007) were purchased from Jackson Laboratories and 

Eedfl/fl;Villin-CreER(T2) mice were described previously (Jadhav et al., 2016). Animals were 

maintained on the C57Bl/6 background and housed at 23 +1°C, 55 +15% humidity, and 12 hr 

light/dark cycles, with food and water available ad libitum. Mice were weaned at 21 days of age 

and handled according to ethical and procedural guidelines from the Animal Care and Use 

Committee of the Dana-Farber Cancer Institute. Animals were genotyped by PCR before 

weaning and again at the time of experiments, which were conducted using animals of both 

sexes with littermates as controls.  

 

 

METHOD DETAILS 

Mouse treatments 

Animals 8 weeks or older were injected intraperitoneally with 2 mg tamoxifen on 5 consecutive 

days and, in some experiments, with 1 mg tamoxifen on alternate days thereafter (Figure S4A).  

 

Isolation of intestinal villus and stem cells 

The proximal 1/3 small intestine (duodenum) was used for histology and to collect cells for RNA 

and chromatin studies. Intestines harvested immediately after euthanasia were washed with 

cold phosphate-buffered saline (PBS), followed by rotation for 40 min in 5 mM EDTA in PBS (pH 

8) at 4°C, with manual shaking every 10 min. Villus epithelium was recovered by filtering the 

resulting suspension over 70-µm filters (B-D Falcon). Villi retained on these filters were washed 

with ice-cold PBS and used to extract RNA, chromatin, or DNA. To purify Lgr5+ ISC, Lgr5EGFP-

IRES-CreERT2 mouse (Barker et al., 2007) intestines were washed in PBS and villi were depleted by 

scraping with glass slides. Crypts were extracted by rotating for 30 min in 5 mM EDTA in PBS 

mailto:ramesh_shivdasani@dfci.harvard.edu
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(pH 8) at 4°C, with manual shaking every 10 min, followed by discarding the supernatant and 

adding fresh EDTA solution for 10 additional min. Crypts in the 70-µm filtrate were dissociated 

into single cells by treatment with 4% TrypLE solution (Invitrogen) at 37°C for 30 min and GFPhi 

ISC were isolated from the viable (DAPI-) cell fraction by flow cytometry on a BD FACSAria II 

SORP instrument. 

 

Isolation of embryonic and fetal mouse endoderm 

The morning of the copulation plug was designated embryonic day (E) 0.5 and embryos were 

harvested from pregnant dams on 11.5, E12.5, E14.5, and E16.5 into ice-cold PBS. The small 

intestine (digestive tract distal to the pylorus and proximal to the cecum) was digested with 

0.25% trypsin (Life Technologies) for 30 min at 37oC to release single cells, followed by 

neutralization with fetal bovine serum (FBS, Life Technologies). Cells were passed over 40-µm 

filters to remove tissue fragments, centrifuged at 1,200 g for 5 min, washed in cold PBS, 

suspended in fluorescent-activated cell sorting (FACS) buffer (5 mM EDTA in PBS and 2% 

FBS), stained with APC-conjugated EpCAM antibody (Biolegend 118214, Lot B217174, 1:100) 

for 1 h at 4oC. Viable (DAPI-) EpCAM+ cells were isolated by flow cytometry on a FACS Aria II 

SORP instrument. 

 

Purification and treatment of macrophages 

Bone marrow cells from EedFl/Fl;Rosa26REYFP mice were cultured in media supplemented with 

SCF, IL-3 and IL-6 (R&D Systems, 10 ng/ml each) for 3 days, followed by infection with MSCV-

Cre retrovirus, prepared by cloning Cre cDNA into the BglII and XhoI restriction sites in an 

MSCV-Hygro vector (Clontech). After 48 h, KIT+ cells were enriched using CD117 microbeads 

(Miltenyi Biotech). Cre-infected (Eed-/-, EYFP+) and uninfected (EedFl/Fl, EYFP-) cell fractions 

were separated by flow cytometry and cultured for 3 additional days in media with 10 ng/ml SCF 

and IL-3, followed by 4 days in media with 10 ng/ml IL-3 and M-CSF to obtain populations highly 

enriched for CD11b+ macrophages. 

 

ChIP-seq. Intestinal epithelium or FACS-sorted cells were fixed by in 1% formaldehyde for 25 

min at room temperature immediately following isolation. ~1x106 to 5x106 cells were lysed in 

buffer containing 30 mM Tris-HCl (pH 8), 1% SDS, 10 mM EDTA, and protease inhibitors 

(Roche), and chromatin was sheared by sonication in a Covaris E210 sonicator for 50 min with 

5-min on/off cycles at 4oC. After centrifugation to remove debris, chromatin was incubated 
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overnight at 4°C with Ab against H3K4me1 (Diagenode C15410194, Lot A1862D), H3K4me3 

(Diagenode C15410003, Lot A1052D), H3K27ac (Active Motif 39135, Lot F1311), H3K27me1 

(Active Motif 61015, Lot 35813006), H3K27me2 (Cell Signaling D18C8, Lot 12), H3K27me3 

(Millipore 07-449, Lot 2607758), Suz12 (Cell Signaling, D39F6, Lot 6), FOXG1 (Active Motif 

61211, Lot 34711001), HNF4A (Santa Cruz sc-6546 (C-19)X, Lot F1311), or 1:1.5 combination 

of FOXA1 (Abcam 23738, Lot gr292351-2 and Abcam 5089, Lot gr122110-14) antibodies (Ab). 

For the samples indicated in Table S1, before Ab incubation we added 10 ng Spike-in chromatin 

from Drosophila Line 2 (S2, Active Motif 53083, Lot 11316004) and 2 µg Spike-in Ab against the 

Drosophila-specific histone variant H2Av (Active Motif 61686, Lot 17316003). Ab-bound 

chromatin was captured with magnetic beads (Dynal) and washed sequentially in low-salt (20 

mM Tris-HCl pH 8.1, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% TritonX-100), high-salt (20 mM 

Tris-HCl pH 8.1, 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% TritonX-100), and lithium chloride 

(10 mM Tris pH 8.1, 0.25 M LiCl, 1 mM EDTA, 1% NP-40, 1% deoxycholate) buffers. Cross-

links were reversed using 1% SDS and 0.1 M NaHCO3 for 6 h at 65°C, DNA was purified using 

columns (Qiagen), and ChIP-seq libraries were prepared using ThruPLEX kit (Rubicon, 

R400427). DNA size distribution in the libraries was determined using high sensitivity DNA Chip 

detection on Bioanalyzer 2100 (Agilent Genomics) and 75-bp single-end reads were sequenced 

on a NextSeq 500 instrument (Illumina).  

 

Whole genome bisulfite sequencing (WGBS) 

Genomic DNA was purified from cells using MasterPure DNA purification kit (Epicenter 

MCD85201) and 50 ng DNA was treated with the EZ DNA Methylation-Gold kit (Zymo Research 

D5005) for bisulfite conversion. We amplified 10 ng of bisulfite-converted DNA and prepared 

whole genome bisulfite sequencing (WGBS) libraries using the EpiGenome Methyl-Seq kit 

(Epicenter EGMK81312). Libraries were purified using AMPure beads (Beckman Coulter) and 

DNA size range of 200-800bp confirmed using high sensitivity DNA Chip detection (Bioanalyzer 

2100, Agilent Genomics). Libraries were sequenced on a NextSeq 500 instrument (Illumina) 

with up to 50% PhiX phage DNA (Illumina) to obtain 150-bp paired-end reads. 

 

RNA-seq 

Tissues or purified cells were lysed in Trizol (Life Technologies) and total RNA was extracted. 

RNA-seq libraries were prepared using TruSeq RNA Sample Preparation Kit V2 (Illumina RS-

122-2001) for adult cells or the SMARTer-Seq v4 Low Input mRNA library kit (Clontech) for 
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embryonic (E11.5, E12.5, E14.5, and E16.5) samples. Libraries were sequenced on a NextSeq 

500 instrument (Illumina) to obtain 75-bp single-end reads. 

 

ATAC-seq 

ATAC-seq (Buenrostro et al., 2015) was performed on 5,000 to 30,000 FACS-sorted epithelial 

cells from embryonic or adult intestinal epithelium, as described previously (Banerjee et al., 

2018). Freshly isolated cells were washed with cold PBS, resuspended in 50 µl cold ATAC lysis 

buffer (10 mM Tris·Cl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% (v/v) Igepal CA-630), and nuclei 

were isolated by centrifugation at 500 g at 4°C. Nuclear pellets were treated with Nextera Tn5 

Transposase (Illumina, FC-121-1030) for 30 min at 37°C in 50 µl reactions. Transposed DNA 

was column-purified (Qiagen, 28004) and amplified using high-fidelity 2X PCR Master Mix (New 

England Biolabs) with a common forward primer and different reverse primers carrying sample-

specific barcodes. After 5 cycles of amplification, 5 µl of the reaction-mix was amplified using 

qPCR for 20 cycles; the remaining 45 µl was then amplified for the number of cycles necessary 

to achieve 1/3 of the maximum fluorescence intensity in qPCR. Primer dimers (<100 bp) were 

removed from the amplified ATAC-seq library using AMPure beads (Beckman Coulter, A63880), 

library size distribution was determined using high sensitivity DNA Chip detection on 

Bioanalyzer 2100 (Agilent Genomics), and sequencing was done on a NextSeq 500 instrument 

(Illumina) to obtain 75 bp single-end reads. 

 

Detection of proteins 

Tissues were fixed overnight in 4% paraformaldehyde at 4ºC, washed in PBS, dehydrated in 

ethanol, and embedded in paraffin; 5-µm tissue sections were deparaffinized and rehydrated. 

Sections were stained with hematoxylin and eosin or treated with 10 mM sodium citrate (pH 6) 

for antigen retrieval and incubated overnight at 4°C with antibodies (Ab) against H3K27me1 

(Active Motif 61015, Lot 35813006, 1:1000), H3K27me2 (Cell Signaling D18C8, Lot 12, 1:1000), 

H3K27me3 (Millipore 07-449, Lot 2607758, 1:1000) or KI67 (Vector VP-K452, 1:500) in PBS. 

After washing in PBS for 10 min, sections were incubated with anti-rabbit or anti-mouse IgG 

conjugated to Cy3, FITC or biotin (Jackson Laboratories, 1:1000) and signals were detected by 

fluorescence or by staining with Vectastain Elite ABC Kit (Vector) and 3,3' diaminobenzidine 

tetrahydrochloride (Sigma P8375). Cultured macrophages were pelleted onto glass slides using 

Cytospin3 (Shandon) at 800 rpm for 5 min and fixed with 1% paraformaldehyde for 5 min. Slides 
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were washed with PBS and processed as above for H3K27me1/2/3 immunohistochemistry. 

Analyses were conducted on tissues from at least 5 mice of each genotype. 

 

Post-translational histone modifications 

Mouse intestinal epitelial cells were lysed with an  AFA Focused-Ultrasonicator (Covaris). 

Histones were purified from the lysates (Active Motif, Cat. No. 40026) and desalted by off-line 

reversed phase chromatography on an Agilent 1200 tower using a Jupiter 5 µm C4 300 Å 

Column 150 x 2 mm (Phenomenex). The resulting peak area was used to estimate 

concentration against histone preparations of known concentration. Desalted histones were 

lyophilized and spiked 1:1 with histones isolated from 5x106 HeLa cells grown in RPMI 1640 

SILAC heavy arginine (13C6 15N4) medium (Cambridge Isotope Labs), followed by treatment 

with NHS-propionyl synthesized at neutral pH and digestion with trypsin (Promega). Peptides 

were lyophilized and treated again to obtain a homogenous population of derivatized lysines 

and new N-termini, followed by high resolution – high mass accuracy LC-MS/MS in an Orbitrap 

Elite instrument (Thermo Scientific) equipped with a nanoACQUITY UPLC tower with a 

1x100mm HSS T3 1.8 m column (Waters). Mass spectrometry data were interpreted using 

Mascot Distiller (Matrix Science) for identification, followed by manual verification. The peak 

area was processed using Skyline Software v1.4.0.422 (University of Washington) to quantify 

histone peptides bearing specific post-translational modifications. 

 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Delineation and analysis of enhancers and expressed genes 

For ATAC- and ChIP-seq, reads were aligned to the mouse genome (Mm9, NCBI build 37) 

using Bowtie2 (Langmead and Salzberg, 2012) v2.1.0; PCR duplicates and reads aligned to 

multiple locations were removed from the raw alignment (bam) files and peaks (P <10-5) were 

detected using MACS (Zhang et al., 2008) v1.4. For further analysis, peaks were divided into 

promoters (<2 kb upstream and <1 kb downstream from TSSs) or enhancers (non-promoter). 

Read distributions were visualized on the Integrated Genomics Viewer (Robinson et al., 2011) 

v2.3 after conversion into signal files (bigWig) using DeepTools (Ramirez et al., 2016) v2.1.0. 

Signals across samples were quantile normalized with Haystack (Pinello et al., 2014), using 50-

bp windows across the genome. For libraries with Drosophila chromatin spike-in, reads were 

aligned to the Drosophila genome (dm6). A normalization factor (NF) was derived for each 
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library: NF = Drosophila reads in library with the lowest count / Drosophila reads in that library. 

Each library was then down-sampled to the read counts proportional to its NF. 

RNA-seq reads were aligned to the mouse genome (Mm9, NCBI build 37) using STAR 

aligner (Dobin et al., 2013) v2.5.3a. Data quality measures, including per-base sequence 

quality, per-read GC content (~50%), comparable read alignments to +/- strands, exonic vs 

intronic read distributions and 3’ bias, were determined using RSeQC (Wang et al., 2012) 

v2.6.2. Gene specific read counts were determined using HTSeq (Anders et al., 2015) v0.6.1, 

followed by normalization in DESeq2 (Love et al., 2014). Normalized tag counts were converted 

into reads per kb of transcript length per 1M mapped reads (RPKM) and heatmaps representing 

this measure were generated using GENE-E software (Broad Institute). Differential gene 

expression between cell types was determined in DESeq2 using negative binomial GLM fitting 

and the Wald test to calculate statistical significance (P value). Benjamini-Hochberg correction 

was used to calculate adjusted P values (FDR); genes with FDR <0.05 and the indicated fold-

changes were regarded as differentially expressed. RNA expression in developing tissues 

(Figure S7B) was determined using data from the ENCODE consortium 

(www.encodeproject.org). Genes expressed from E12.5 to E16.5 heart and lung and silenced 

before birth were determined by unsupervised k-means clustering of all differentially expressed 

genes among the developmental and postnatal stages. 

Enhancer ATAC peaks from E11.5, E12.5, E14.5, E16.5, and adult intestinal epithelium 

were pooled to identify a total of 68,510 unique peaks. Unsupervised k-means clustering was 

conducted for signal within 1.5 kb from the centres of ATAC peaks, using DeepTools (Ramirez 

et al., 2016) v2.1.0. Gap statistics were used to determine the optimal number of clusters 

(Figure S3E) and clusters with visually similar signal patterns were merged to form 4 final 

groups (Figure 2A). Differential ChIP signals between cell types were determined with diffReps 

(Shen et al., 2013) v1.55.4 using comparison of read counts over 1-kb windows with step size of 

100 bp across the genome; ChIP-seq signals for input DNA samples were used as the 

background. Negative binomial test was used to calculate P-values, and FDRs were calculated 

using Benjamini–Hochberg adjustment; differential regions with FDR <0.01 were selected for 

further processing. 

Evolutionary conservation of enhancer groups (Figure 1E) was determined by comparison 

with all vertebrate genomes using Cistrome (Liu et al., 2011). PhastCons conservation scores 

were plotted as average profiles centered on enhancer summits. Gene enrichment analysis was 

conducted using GREAT analysis tool (McLean et al., 2010) v3.0 and default parameters to 

http://www.encodeproject.org/
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identify Gene Ontology (GO) terms for biological processes associated with genes within 50 kb 

of different enhancer groups. Significantly enriched terms were plotted using binomial P-values 

(Figures S2F and S4D). To identify TF motifs enriched in different groups of enhancers, we 

used the de novo motif-finding tool HOMER (Heinz et al., 2010) v4.7.2, based on cumulative 

binomial distributions. 

 

Determination and analysis of unmethylated (UMR) and low-methylated (LMR) regions 

WGBS reads were filtered to remove those of poor quality and the error-prone 6 bases from 

the 5’ end using Trimmomatic (Bolger et al., 2014) v0.32. The mouse genome (mm9, build 

NCBI37) was bisulfite-converted using Bismark (Krueger and Andrews, 2011) v0.13.1 and 

trimmed WGBS reads were aligned to this genome using Bowtie2 (Langmead and Salzberg, 

2012) within Bismark. Duplicate reads were removed and the number of alignments with C 

(methylated) or T (unmethylated) were determined for each CpG dinucleotide using Bismark. 

Percent methylation for individual positions was calculated as the fraction of alignments with C 

relative to the total number of alignments (C or T). In further analysis of each CpG, counts from 

the two Cs on complementary strands were combined to determine strand-independent 

methylation. 

UMRs and LMRs were identified using the MethylSeekR package (Burger et al., 2013) with 

the mouse bisulfite-converted genome (BSgenome.Mmusculus.UCSC.mm9) from Bioconductor 

(www.bioconductor.org) as the reference. All CpGs with coverage <5 were disregarded and C 

nucleotides overlapping known SNPs between the reference strains (C57BL/6J and 129/S5) 

were removed to eliminate spurious effects from polymorphism; methylation levels were 

smoothed over 3 consecutive CpG dinucleotides. Hypomethylated regions were identified as 

those with smoothed meCpG levels below various specified cut-offs and containing a minimum 

numbers of CpGs, to calculate the corresponding false discovery rates (FDRs) (Figure S2A). 

Regions were divided into UMRs (unmethylated and high number of CpGs) or LMRs (CpG-poor 

with fractional methylation between 10% and pre-defined upper limits). Average methylation 

was determined at UMR and LMRs from the intestinal epithelium, skin (He et al., 2014), blood 

(An et al., 2015), brain (Lister et al., 2013), and E6.5 epiblast (Seisenberger et al., 2012). Tissue 

specificity was calculated as z-scores by comparing the methylated fraction for each UMR or 

LMR in one tissue against the average of all other tissues. 

 

Linking cis-regulatory regions and gene expression 

http://www.bioconductor.org/
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To correlate groups of enhancers with gene expression, the Regulatory Potential Score (RPS) 

for individual genes was calculated from a distance-based metric linking all enhancers within 50 

kb of that gene using BETA (Wang et al., 2013). For comparative analysis of gene regulation by 

different groups of enhancers (Figure S3E), z-scores were calculated using the mean RPS of 

the designated gene set and embryonic, fetal or adult enhancers. To analyze expression 

changes for genes linked to different groups of enhancers in PRC2-null intestinal cells (Figure 

7A), genes were assigned to adult, embryonic or fetal enhancers based on the highest 

regulatory potential, as defined by BETA. Enriched expression of genes assigned to each group 

of enhancers in wild-type or Eed-/- cells was determined using the Gene Set Enrichment 

Analysis approach (Subramanian et al., 2005). Enrichment scores were determined in relation 

to 1,000 permutations of random gene sets of similar size. 

 

Additional data analyses and display 

Scatter plots with density and contour estimates of DNA methylation levels (Figures. 1B, S1D, 

S2E and S3G) and violin plots with gene expression, meCpG levels or H3K27ac signal 

estimates were generated in base R (version 3) or using ggplot2 package (Wickham, 2009) 

v2.2.1. Aggregate density profiles of ChIP-seq and meCpG read distributions (Figure 1B right, 

Figures S1D, S5C and S6D) were generated using the SitePro package in Cistrome (Liu et al., 

2011). Venn diagrams were created using BioVenn (Hulsen et al., 2008). Heatmaps 

representing ATAC-seq and ChIP-seq data for the same mark (from the same antibody) were 

created using signals normalized across all samples. Average signal intensity was calculated 

over non-overlapping 50-bp bins over the regions indicated in each panel; scales alongside the 

heatmaps represent the relative signal range. 

 

 

DATA AND SOFTWARE AVAILABILITY 

Accession numbers for the data reported in Table S1 are GEO: GSE111024 and GSE115541. 

Information on individual files is included in Table S1. 



KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

EPCAM-APC conjugated Biolegend Cat#118214; RRID: AB_1134102 

H3K27me1 Active Motif  Cat#61015; RRID:AB_2715573 

H3K27me2 Cell Signaling  Cat# D18C8; RRID:AB_1281337 

H3K27me3 Millipore Cat# 07-449; RRID:AB_310624 

H3K4me1 Diagenode  Cat# C15410194; 
RRID:AB_2637078 

H3K4me3 Diagenode Cat# C15410003; 
RRID:AB_2616052 

H3K27ac Active Motif  Cat#39135; RRID:AB_2614979 

Suz12 Cell Signaling  Cat#D39F6; RRID:AB_2196850 

FOXG1 Active Motif  Cat#61211 

HNF4A Santa Cruz  Cat# sc-6546(C-19)X 

FOXA1 Abcam  Cat#23738; RRID:AB_2104842 

FOXA1 Abcam Cat#23738; RRID:AB_304744 

Ki-67 Vector Cat# VP-K452; RRID:AB_2314697 

Drosophila-specific histone 
variant H2Av 

Active Motif  Cat#61686 

   

Chemicals, Peptides, and 
Recombinant Proteins 

  

Tamoxifen Sigma T5648 

TrypLE Select Enzyme (10X) ThermoFisher A1217702 

Trizol reagent ThermoFisher  15596026 

High-Fidelity 2X PCR master 
mix 

New England Biolabs  M0541S 

   

Critical Commercial Assays   

CD117 microbeads Miltenyi Biotech 130-091-224 

Elite ABC Kit  Vector PK-6100 

Jupiter 5 µm C4 300 Å 
Column 

Phenomenex 00G-4167-E0 

TruSeq RNA Library Prep Kit 
v2 

Illumina RS-122-2001 

SMART-Seq v4 Ultra Low 
Input RNA Kit  

Clontech  634890 

ThruPLEX DNA-seq 48S Kit Rubicon Genomics R400427 

Nextera DNA Sample 
Preparation Kit 

Illumina FC-121-1030 

Agencourt AMPure XP Beckman Coulter A63881 

Qubit dsDNA HS Assay Kit Thermo Fisher 
Scientific 

Q32854 

Agilent High Sensitivity DNA 
Kit 

Agilent Technologies 5067-4626 

QIAquick PCR Purification Kit Qiagen 28106 

MinElute PCR Purification Kit Qiagen 28004 

Key Resource Table



MasterPure DNA Purification 
kit 

Epicenter  MCD85201 

EZ DNA Methylation-Gold kit Zymo Research  D5005 

EpiGenome Methyl-Seq kit  Epicenter  EGMK81312 

   

Deposited Data 

Raw and analyzed data This paper Table S1; GEO: GSE111024 

   

Experimental Models: 
Organisms/Strains 

  

Mouse: Villin-CreER(T2) (el Marjou et al., 2004) N/A 

Mouse: Eedfl/fl (Xie et al., 2014) N/A 

Mouse: Lgr5EGFP-IRES-CreERT2 (Barker et al., 2007) N/A 

Mouse: Eedfl/fl;Villin-CreER(T2) This paper N/A 

   

Software and Algorithms   

BETA (Wang et al., 2013) http://cistrome.org/BETA/ 

Bismark v0.13.1 (Krueger et al, 2011) https://www.bioinformatics.babraha
m.ac.uk/projects/bismark/ 

BioVenn (Hulsen et al., 2008) www.biovenn.nl/ 

Bowtie2  (Langmead and 
Salzberg, 2012) 

http://bowtie-
bio.sourceforge.net/bowtie2/index.s
html 

deepTools v2.1.0 (Ramirez et al., 2016) https://github.com/fidelram/deepTool
s 

DeSeq2 (Love et al., 2014) http://bioconductor.org/packages/rel
ease/bioc/html/DESeq2.html 

diffReps  (Shen et al., 2013) https://github.com/shenlab-
sinai/diffreps 

GENE-E Broad Institute https://software.broadinstitute.org/G
ENE-E/ 

ggplot2  (Wickham, 2009) http://ggplot2.org/ 

Gene Set Enrichment 
Analysis (GSEA)  

(Subramanian et al., 
2005) 

http://software.broadinstitute.org/gse
a/index.jsp 

GREAT   (McLean et al., 2010) http://bejerano.stanford.edu/great/pu
blic/html/ 

Haystack  (Pinello et al., 2014) https://github.com/lucapinello/Hayst
ack 

HOMER v4.7.2 (Heinz et al., 2010) http://homer.ucsd.edu/homer/ 

HTSeq  (Anders et al., 2015) http://www-
huber.embl.de/HTSeq/doc/overview.
html 

IGV  (Robinson et al., 
2011) 

http://software.broadinstitute.org/soft
ware/igv/ 

MACS2 v1.4 (Zhang et al., 2008) https://github.com/taoliu/MACS 

MethylSeekR (Burger et al., 2013) https://bioconductor.org/packages/re
lease/bioc/html/MethylSeekR.html 

RSeQC v2.6.2 (Wang et al., 2012) http://rseqc.sourceforge.net/ 



SitePro/Cistrome (Liu et al., 2011) http://cistrome.org/ap/root 

STAR aligner v2.5.3a (Dobin et al., 2013) https://github.com/alexdobin/STAR 

Trimmomatic v0.32 (Bolger et al, 2014) www.usadellab.org/cms/?page=trim
momatic 
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Figure S1. Enhancer states in adult mouse intestinal villus epithelium, Related to Figure 

1. (A) Known features associated with diverse cis-element states. (B) High concordance among 

biological replicates of ChIP-seq experiments in this study; numbers represent Pearson 

correlations. (C) Distinction of active (H3K4me1+ H3K27ac+) from ‘primed’ (H3K4me1+ 

H3K27ac-) enhancers by ChIP-seq in purified adult mouse villus epithelium. mRNA levels of 

genes within 50 kb of the two enhancer types diverge widely. (D) More than half of all active and 

‘primed’ enhancers carry hypomethylated DNA, at levels that are comparable in the two groups; 

the remaining sites failed to meet conventional LMR criteria (FDR <0.05) (Stadler et al., 2011). 

Integrated Genome Viewer (IGV) tracks of meCpG (0-100%) show examples of hypomethylated 

DNA at H3K4me1+ enhancers that have and those that lack H3K27ac. Density plot below shows 

high concordance between our (x-axis) and published (Sheaffer et al., 2014) (y-axis) base-

resolution data on meCpG fractions at sites in purified villus epithelial cells. 
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Figure S2. Identification of low-methylated regions (LMRs) in adult mouse intestinal villus 

epithelium and blood, Related to Figure 1. (A) Cumulative plot of H3K4me1 marks at LMRs 

and UMRs, considered in increasing order (left to right) of median meCpG content (and 

proportionally decreasing confidence of LMR calls). Amending the false discovery rate (FDR) 

from 0.05 (corresponding to meCpG <56%) to 0.1 (meCpG <59%) resulted in identification of 

~12,000 additional LMRs. (B) Fraction of all UMRs that map to promoters (<-2 kb and <1 kb 

from TSSs) and distant regions, with representative examples shown as IGV tracks. (C) 

Distribution of all candidate enhancers in duodenal villus epithelium, based on H3K4me1, 

H3K27ac, and meCpG. Similar profiles in purified intestinal Lgr5+ stem cells (ISC) indicate that 

reduced enhancer meCpG is largely a tissue- and not a differentiation state-specific signature. 

(D) Density map of UMRs and LMRs (FDR <0.1) defined from public WGBS data on mouse 

blood. Heatmaps (right) reveal substantial fractions of ‘LMR-only’ (low meCpG, no H3K4me1) 

candidate enhancers. (E) Relative to the genome background, all 3 groups of sites 

hypomethylated in the adult intestine are highly enriched for TF sequence motifs. Active and 

‘primed’ enhancers are enriched for the motifs of well-known intestine-active TFs, while both 

‘primed’ and LMR-only sites are enriched for developmentally active TFs such as FOX proteins. 

(F) Biological processes affiliated with genes located within 50 kb of each group of putative 

enhancers. 
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Figure S3. Characteristics of LMR-only putative enhancers and dynamics of gene 

expression and chromatin features in mouse intestine development, Related to Figure 2. 

(A) Example of flow cytometry separation of EPCAM+ prospective epithelial cells from E12.5 

intestinal endoderm. (B-C) High concordance among biological replicates of ATAC-seq (B, 

Pearson correlations), and RNA-seq (C, sample-to-sample Euclidean distances, based on the 

maximum difference of 366.57 between WT adult and E11.5 intestinal epithelium) used in this 

study. (D) Dynamics of 12,266 transcripts that were modulated between any two developmental 

stages and adult epithelium. Each column represents data from 1 of at least 2 biological 

replicates. (E) Gap statistics to determine the optimal number of clusters for differential (k-

means) analysis of ATAC-seq data. The 10 clusters fell into the 4 distinct groups shown in 

Figure 2A. Matrix below shows correlation of ATAC-identified regions specific to embryonic, 

fetal, and 6-week adult intestinal epithelium with mRNAs expressed during each period (from 

panel D). Numbers represent z-scores from regulatory potential of genes linked to each group of 

enhancers from BETA analysis (Wang et al., 2013). (F) Histone marks at regions identified as 

showing open chromatin (by ATAC-seq) selectively in E11.5 and E12.5 endoderm (embryonic), 

E14.5 and E16.5 epithelium (fetal), and adult intestinal villus cells. We performed ChIP for 

H3K4me1 on E16.5 epithelium; the data on H3K27ac in E12.5 endoderm are from (Kazakevych 

et al., 2017). While areas of open chromatin in adult cells correspond to H3K4me1+ H3K27ac+ 

adult enhancers, many ‘primed’ and LMR-only sites carry active histone marks in the developing 

intestine. (G) Serial density maps depicting the meCpG status of all intestinal LMRs identified at 

any stage (E12.5, E16.5, adult) in the E6.5 epiblast (Seisenberger et al., 2012) and in E12.5 and 

E16.5 intestinal epithelium. The positions of adult, ‘primed’ (fetal), and ‘LMR-only’ (embryonic) 

enhancers are depicted in the contour maps below each density plot. Hypomethylation first 

occurs predominantly at LMR-only regions and subsequently at ‘primed’ and adult enhancers; 

the adult profile is evident by E16.5. meCpG principally decreases during the transitions; a 

dotted box in the center panel marks the minority of sites that are hypomethylated at E12.5 and 

methylated in adults. (H) Most of the ~55,000 LMRs identified objectively in mouse epiblast (see 

Fig. S4B) are methylated in adult intestinal cells. Thus, preservation of hypomethylation begins 

after the epiblast stage.   
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Figure S4. Intestinal Eed deletion and status of intestinal LMRs to those in other mouse 

tissues, Related to Figures 3, 4, and 5. (A) Schema to sustain PRC2 deficiency in vivo and 

resulting intestinal histology, cell replication, and total H3K27me3. (B) Delineation of UMRs and 

LMRs using public WGBS data from epiblast and other tissues. (C) Most sites hypomethylated 

in adult intestinal epithelium (from Figure 1C) are fully methylated in other tissues. (D) High 

tissue specificity (represented by z-scores) of LMRs –typically hypomethylated in only 1 or 2 of 

the 4 tissues we examined– compared to UMRs, which are usually hypomethylated in every 

tissue. In keeping with these differences, genes linked to LMRs associate with tissue-specific 

functions (shown for intestinal epithelium), whereas genes linked to UMRs associate with 

general cellular properties. IGV tracks at a representative locus, Cars, reveal distinct intronic 

LMRs (candidate tissue-restricted enhancers) in each tissue. 
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Figure S5. Lack of focal H3K27 methylation at intestinal enhancers, Related to Figure 6. 

(A) Representative IGV tracks of ChIP-seq for H3K27me1/2/3 in purified villus epithelial cells, 

illustrating that the 3 marks are mutually exclusive and that SUZ12 binding coincides with areas 

(mainly silent promoters) with the most H3K27me3. (B) Distributions of H3K27me1, H3K27me2, 

H3K27me3, and SUZ12 around all candidate enhancers classified in Figure 1C. (C) Aggregate 

plots and representative IGV tracks (numbers refer to the scales for relative ChIP signals). Most 

enhancers lack H3K27me3 and SUZ12, whereas H3K27me1 and especially H3K27me2 are 

ubiquitous, with no focal enrichment over the sites that acquire active histone marks in PRC2-

null cells. These distributions imply that enhancer flux is an indirect consequence of PRC2 loss. 
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Figure S6. Consequences of short- and long-term PRC2 deficiency on promoter and 

enhancer activation, Related to Figures 6 and 7. (A) Transcripts from bivalent genes 

activated by 9 days after initial PRC2 depletion continue to accumulate, while transcripts from 

genes with low basal promoter H3K4me3 levels appear by 11 and 14 days. Genes are arrayed 

in decreasing order of mRNA gains at 14 days, and the corresponding promoter levels of 

H3K27me3 and H3K4me3 depict the relation of gene activation to basal H3K4me3 levels 

(Jadhav et al., 2016). (B) FOXA1 and FOXG1 occupancy at enhancers within 11 days of initial 

Eed deletion. All fetal and embryonic enhancers are clustered according to binding in PRC2-null 

cells of FOXA1, FOXG1, or both TFs. Other developmental enhancers are presumably occupied 

by other TFs activated soon after PRC2 deficiency. (C) mRNA (left) and basal (WT) promoter 

H3K27me3 and H3K4me3 levels (right) of 6,127 genes increased in Eed-/- villus cells by day 14. 

Genes are arranged in order from greatest to least mRNA gain and the IGV tracks below show 

a representative example. (D) Composite plots of promoter H3K27me3 and H3K4me3 levels for 

genes activated at days 11 and 14 in Eed-/- villus cells and for early-activated bivalent genes 

(from panel A). In contrast to the latter group, genes affected at days 11 and 14 have high basal 

H3K4me3 and virtually no HK27me3. 
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Figure S7. Tissue specific enhancer responses in the absence of PRC2, Related to Figure 

7. Fraction of all non-bivalent genes reactivated in Eed-/- villus cells that were expressed during 

intestine (grey), heart (blue) or lung (green) development. A Venn diagram shows the overlap of 

embryonic heart and lung genes reactivated in Eed-/- adult intestine with embryonic and fetal 

intestinal genes. 
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Table S1. Summary of genome-wide analyses, Related to Figures 1-3; Figures 5-7. 
 

Experiment 
 Replicate No. 

GEO 
Accession 

Uniquely 
mapped reads 

ChIP-seq       

WT Adult Intestine ChIP Input DNA   GSM3020526 25,200,083 

Eed -/- Intestine (Day 9) ChIP Input DNA 
 

GSM3020527 27,344,167 

WT Adult Intestine H3K27ac  1 GSM3020528 43,178,460 

  2** GSM3020529 10,425,202 

  3 GSM3020530 28,270,690 

Eed -/- Adult Intestine H3K27ac (Day 9)  1 GSM3020531 47,184,207 

  2** GSM3020532 14,137,949 

  3 GSM3020533 29,848,874 

Eed -/- Adult Intestine H3K27ac (Day 14)  1** GSM3020534 40,775,950 

  2** GSM3020535 29,035,288 

WT Macrophage H3K27ac 1 GSM3020536 26,250,046 

  2 GSM3020537 16,848,097 

Eed -/- Macrophage H3K27ac 1 GSM3020538 12,578,267 

  2 GSM3020539 16,903,923 

WT Adult Intestine H3K4me1 1** GSM3181709 20,234,655 

  2 GSM3020541 35,469,839 

Eed -/- Adult Intestine H3K4me1 (Day 9)  1** GSM3020542 29,167,478 

  2 GSM3040277 13,929,177 

Eed -/- Adult Intestine H3K4me1 (Day 14)  1** GSM3020543 22,876,757 

  2 GSM3040278 40,896,256 

E16.5 Intestine H3K4me1 1 GSM3020544 18,492,149 

  2 GSM3040279 10,255,096 

WT Adult Intestine H3K4me3 1 GSM1843531 14,301,214 

  2 GSM2610659 17,587,823 

Eed -/-  Adult Intestine H3K4me3 (Day 9) 1 GSM3020545 13,008,285 

  2 GSM3020546 13,461,860 

Eed -/-  Adult Intestine H3K4me3 (Day 14)  1 GSM3020547 21,193,536 

  2 GSM3020548 15,530,496 

WT Adult Intestine H3K27me1 1 GSM3020549 25,298,013 

  2 GSM3020550 69,099,566 

WT Adult Intestine H3K27me2  1 GSM3020551 56,183,796 

  2 GSM3020552 83,251,751 

WT Adult Intestine H3K27me3  1 GSM1843530 16,558,898 

  2 GSM2065675 42,799,090 

  3 GSM2065676 65,114,772 

WT Adult Intestine Suz12 1 GSM3020553 9,167,202 

  2 GSM3020554 13,362,657 



   Jadhav et al., 2019 

WT Adult Intestine Foxa1 1 GSM3020555 13,819,874 

  2 GSM3020556 11,487,958 

Eed -/- Adult Intestine Foxa1 (Day 9)  1 GSM3020557 17,909,140 

  2 GSM3040280 6,469,965 

Eed -/- Adult Intestine Foxa1 (Day 11) 1 GSM3020558 26,475,314 

  2 GSM3020559 10,130,086 

WT Adult Intestine Foxg1 1 GSM3020560 21,756,784 

Eed -/- Adult Intestine Foxg1 (Day 9)  1 GSM3020561 9,680,222 

Eed -/- Adult Intestine Foxg1 (Day 11)  1 GSM3020562 11,447,621 

  
 

    

RNA-seq 
 

    

E11.5 Intestinal epithelium EPCAM+ cells 1 GSM3020567 24,319,967 

  2 GSM3020568 27,737,012 

E12.5 Intestinal epithelium EPCAM+ cells 1 GSM3181743 26,565,039 

  2 GSM3181744 27,041,658 

E14.5 Intestinal epithelium EPCAM+ cells 1 GSM3181737 63,136,129 

  2 GSM3181738 21,103,783 

E16.5 Intestinal epithelium EPCAM+ cells 1 GSM3181726 19,318,011 

  2 GSM3181727 17,705,240 

WT Adult Intestine 1 GSM1843521 27,811,300 

  2 GSM1843522 27,687,974 

  3 GSM1843523 23,148,182 

Eed -/- Adult Intestine (Day9) 1 GSM1843527 23,308,614 

  2 GSM1843528 23,540,166 

  3 GSM1843529 31,315,825 

Eed -/- Adult Intestine (Day11) 1 GSM3020575 24,017,530 

  2 GSM3020576 24,191,913 

Eed -/- Adult Intestine (Day14)  1 GSM3020577 19,722,369 

  2 GSM3020578 19,155,508 

  
 

    

ATAC-seq 
 

    

WT Adult Intestine*  1 GSM3020516 13,664,230 

  2 GSM3020517 13,018,158 

E11.5 Intestinal epithelium EPCAM+ cells 1 GSM3181707 8,613,195 

  2 GSM3181708 4,521,851 

E12.5 Intestinal epithelium EPCAM+ cells 1 GSM3181705 7,850,575 

  2 GSM3181706 6,169,647 

E14.5 Intestinal epithelium EPCAM+ cells 1 GSM3181699 9,391,708 

  2 GSM3181700 9,888,633 

E16.5 Intestinal epithelium EPCAM+ cells 1 GSM3181686 7,431,237 

  2 GSM3181687 3,510,733 



   Jadhav et al., 2019 

Whole genome bisulfite seqencing 
(WGBS) 

 
    

E12.5 Intestinal epithelium EPCAM+ cells 
 

GSM3020563   

E16.5 Intestinal epithelium EPCAM+ cells 
 

GSM3020564   

WT Adult Intestinal Epithelium  
 

GSM3020565   

WT Macrophage WGBS 
 

GSM3020566   

* Adult intestine = purified villus epithelium 
   ** Sample with Drosophila chromatin 

spike-in 
    

 




