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ABSTRACT 1 

Bivalent chromatin is characterized by the simultaneous presence of H3K4me3 and H3K27me3, 2 

histone modifications generally associated with transcriptionally active and repressed chromatin, 3 

respectively. Prevalent in embryonic stem cells (ESCs), bivalency is postulated to poise/prime 4 

lineage-controlling developmental genes for rapid activation during embryogenesis while 5 

maintaining a transcriptionally repressed state in the absence of activation cues; however, this 6 

hypothesis remains to be directly tested. Most gene promoters DNA-hypermethylated in adult 7 

human cancers are bivalently marked in ESCs, and it was speculated that bivalency predisposes 8 

them for aberrant de novo DNA methylation and irreversible silencing in cancer, but evidence 9 

supporting this model is largely lacking. Here we show that bivalent chromatin does not poise 10 

genes for rapid activation but protects promoters from de novo DNA methylation. Genome-wide 11 

studies in differentiating ESCs reveal that activation of bivalent genes is no more rapid than that 12 

of other transcriptionally silent genes, challenging the premise that H3K4me3 is instructive for 13 

transcription. H3K4me3 at bivalent promoters—a product of the underlying DNA sequence—14 

persists in nearly all cell types irrespective of gene expression and confers protection from de 15 

novo DNA methylation. Bivalent genes in ESCs that are frequent targets of aberrant 16 

hypermethylation in cancer are particularly strongly associated with loss of H3K4me3/bivalency in 17 

cancer. Altogether, our findings suggest that bivalency protects reversibly repressed genes from 18 

irreversible silencing and that loss of H3K4me3 may make them more susceptible to aberrant DNA 19 

methylation in diseases such as cancer. Bivalency may thus represent a distinct regulatory 20 

mechanism for maintaining epigenetic plasticity.  21 
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INTRODUCTION 22 

The DNA in eukaryotic cells is organized into chromatin consisting of repeating units of nucleosome, 23 

an octamer of histone proteins wrapped with approximately 147 base pairs of DNA. Consequently, 24 

chromatin plays a central role in regulating accessibility to DNA in many DNA-templated processes 25 

including transcription. Histone modifications and DNA methylation are key epigenetic mechanisms 26 

that modulate chromatin structure and thus regulate gene expression programs controlling cell fate 27 

decisions and cell identity during development (Jaenisch and Bird 2003; Kouzarides 2007; Li et al. 28 

2007; Allis and Jenuwein 2016).  29 

Histones are subject to a vast array of post-translational modifications including acetylation and 30 

methylation (Kouzarides 2007; Li et al. 2007). Whereas histone acetylation is generally associated 31 

with gene activation, histone methylation, depending on the residue modified, is associated with 32 

either activation or repression. Trimethylation of histone H3 on lysine 4 (H3K4me3) and lysine 27 33 

(H3K27me3) are two of the most extensively studied histone modifications associated with 34 

transcriptionally active and repressed chromatin, respectively (Barski et al. 2007). H3K4me3 and 35 

H3K27me3, respectively, are catalyzed by the Trithorax group (TrxG) and Polycomb group (PcG) of 36 

proteins (Simon and Kingston 2009; Margueron and Reinberg 2011; Di Croce and Helin 2013; Piunti 37 

and Shilatifard 2016; Schuettengruber et al. 2017). Because TrxG and PcG proteins act 38 

antagonistically to regulate, respectively, the activated and repressed states of gene expression, 39 

H3K4me3 and H3K27me3 were thought to be mutually exclusive. But this assumption was 40 

challenged by the discovery of bivalent domains—genomic regions characterized by the 41 

simultaneous presence of H3K4me3 and H3K27me3—found predominantly at developmentally 42 
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regulated gene promoters in embryonic stem cells (ESCs) (Azuara et al. 2006; Bernstein et al. 2006; 43 

Voigt et al. 2012; Harikumar and Meshorer 2015; Shema et al. 2016; Blanco et al. 2020). Although 44 

H3K4me3 and H3K27me3 occupy essentially non-overlapping regions within bivalent domains 45 

(Barski et al. 2007), with H3K27me3 domains typically flanking a H3K4me3 domain, it was later 46 

established that nucleosomes that bear both “active” H3K4me3 and repressive H3K27me3 do exist 47 

in vivo, albeit on opposite H3 tails in nearly all cases (Voigt et al. 2012; Shema et al. 2016), 48 

consistent with direct allosteric inhibition of PRC2 activity by H3K4me3 (Schmitges et al. 2011). 49 

Despite the presence of H3K4me3, bivalently marked promoters are transcriptionally inactive, if not 50 

expressed at very low levels (Mikkelsen et al. 2007). This initial observation led to the elegant and 51 

inherently appealing concept that bivalency poises/primes lineage-controlling developmental genes 52 

for rapid activation during embryogenesis while maintaining a repressed state in the absence of 53 

activation cues (Azuara et al. 2006; Bernstein et al. 2006; Voigt et al. 2013); yet, this hypothesis 54 

remains to be directly tested, and the function of bivalent domains in development remains a 55 

mystery. 56 

Bivalency was initially hypothesized to be an ESC-specific chromatin state. During ESC 57 

differentiation, bivalency is thought to resolve into either H3K4me3-only or H3K27me3-only state 58 

depending on whether the gene is activated or silenced, respectively. Later observations, however, 59 

confirmed the existence of bivalent domains in terminally differentiated cell types (Barski et al. 60 

2007; Mikkelsen et al. 2007; Mohn et al. 2008), raising the question about its need and functional 61 

relevance in cell types with no differentiation potential.  62 
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DNA methylation, as an heritable epigenetic mark, adds an additional level of stability by serving as 63 

an enduring ‘lock’ to reinforce a previously silenced state by subjecting genes to irreversible 64 

transcriptional silencing even in the presence of all of the factors required for their expression 65 

(Deaton and Bird 2011; Jones 2012; Bestor et al. 2015; Schubeler 2015). Most gene promoters DNA-66 

hypermethylated in adult human cancers are bivalently marked in ESCs, and it was speculated that 67 

bivalency predisposes these genes for aberrant de novo DNA methylation and irreversible silencing 68 

in cancer (Ohm et al. 2007; Schlesinger et al. 2007; Widschwendter et al. 2007), but evidence 69 

supporting this model is largely lacking. Here we set out to decode the function of bivalent 70 

chromatin in physiological and pathological settings.  71 

RESULTS 72 

Bivalent chromatin does not poise genes for rapid activation 73 

To assess whether bivalent chromatin represents a distinct epigenetic state and/or a regulatory 74 

mechanism, we investigated genes with bivalently marked promoters in pluripotent human 75 

embryonic stem cells (ESCs) (Supplemental Table 1; Methods); henceforth, we use ‘bivalent genes’ 76 

to refer to genes whose promoters are bivalently marked in ESCs, unless stated otherwise. To gain 77 

insight into the functional significance of bivalent chromatin, we first sought to determine the 78 

chromatin and expression status of bivalent genes in lineage-restricted multipotent and terminally 79 

differentiated cells. Using publicly available NIH Roadmap Epigenomics project data from a large 80 

and diverse collection of human tissues and progenitor cells 81 

(http://www.roadmapepigenomics.org/data/), we noted that H3K4me3 enrichment at bivalently 82 

marked gene promoters in ESCs persists in nearly all other cell types irrespective of transcriptional 83 

activity (Fig. 1A-C; Supplemental Fig. S1). In contrast, H3K27me3 enrichment is more dynamic 84 
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Figure 1. H3K4me3, observed at bivalent promoters in ESCs, persists in nearly all cell types irrespective of gene expression. 

(A) Genome browser shots of select genes, bivalently marked in human embryonic stem cells (ESCs), showing ChIP-seq 

read density profiles for H3K4me3 (green) and H3K27me3 (red) in various cell types. Also shown are read density profiles 

for gene expression (blue; RNA-seq). HSCs, hematopoietic stem cells; PBMCs, peripheral blood mononuclear cells; HMECs, 

human mammary epithelial cells; NHEKs, normal human embryonic kidneys, NHLFs, normal human lung fibroblasts; 

HUVECs, human umbilical vein endothelial cells. (B, D) Heatmap representation of H3K4me3 (B) and H3K27me3 (D) ChIP-

seq read density, in various cell types, near transcription start sites (TSSs) of genes bivalently marked in human ESCs. Genes 

were ordered by decreasing order of H3K4me3 signal in ESCs (top to bottom). Read density is represented as RPKM (reads 

per million mapped reads). (C, E) Average H3K4me3 (C) and H3K27me3 (E) ChIP-seq read density, in various cell types, near 

TSSs of genes shown in B. Shades of color represent individual cell types. Select cell types, out of the twenty plotted, are 
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 across cell types (Fig. 1A,D,E; Supplemental Fig. S1), with its absence not necessarily accompanied 86 

by gene activation. Resolution of bivalent state in ESCs to H3K4me3-only state in lineage-restricted 87 

cell types coupled with no guarantees of transcription—in the absence of H3K27me3 (Supplemental 88 

Fig. S1)—calls into question the premise that the H3K4me3 component of bivalent chromatin poises 89 

genes for rapid activation.  90 

To determine whether H3K4me3 at bivalent genes confers them rapid or higher activation potential 91 

compared with other transcriptionally silent genes that lack the H3K4me3 mark, we sought to 92 

investigate the transcriptional fate of bivalent genes during early embryonic development using a 93 

previously validated differentiation system (Hayashi et al. 2011; Buecker et al. 2014; Shirane et al. 94 

2016; Yang et al. 2019) (Fig. 2A), wherein naïve mouse ESCs—representing the pre-implantation 95 

mouse embryo from approximately embryonic day E3.75-E4.5—can be induced to epiblast-like cells 96 

(EpiLCs), which most closely resemble the early post-implantation epiblast (E5.5-E6.5). Using the 97 

data that we previously generated from chromatin immunoprecipitation sequencing (ChIP-seq) 98 

analyses of the chromatin from naïve mouse ESCs using antibodies against histone modifications 99 

H3K4me3 and H3K27me3 (Yang et al. 2019), we identified 2,163 genes with bivalently marked 100 

promoters (Fig. 2B-D; Supplemental Table 2; Methods). For comparison purposes, we also 101 

identified genes whose promoters are enriched for H3K4me3 but not H3K27me3 (H3K4me3-only) 102 

and vice-versa (H3K27me3-only). Genes with neither H3K4me3 nor H3K27me3 enrichment at their 103 

promoters were grouped as ‘unmarked’. Consistent with H3K27me3’s role in maintaining the 104 

transcriptionally repressed chromatin state (Riising et al. 2014), nearly all of the bivalent (94%) and 105 

H3K27me3-only (99%) genes are transcriptionally inactive, if not expressed at very low levels (<1 106 

FPKM), in ESCs (Fig. 2E). We note that although the expression of bivalent genes is ~2-3 fold higher 107 
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Figure 2. Bivalent chromatin does not poise genes for rapid activation. (A) Top: Developmental events during early 

embryogenesis in mouse embryos. Bottom: Schematic showing in vitro differentiation of naïve ESCs to EpiLCs. ICM, 

inner cell mass; ESCs, embryonic stem cells; TE, trophectoderm; PE, primitive endoderm; EpiLC, post-implantation 

epiblast-like cells; PGCs, primordial stem cells. (B) Number of genes within each of the four classes, defined based on 

H3K4me3 (+/-500bp of TSS) and/or H3K27me3 (+/-2 kb of TSS) enrichment at gene promoters in naïve ESCs (0h) (Yang 

et al. 2019). Bivalent, positive for H3K4me3 and H3K27me3; H3K4me3-only, positive for H3K4me3 and negative for 

H3K27me3; H3K27me3-only, positive for H3K27me3 and negative for H3K4me3; Unmarked, negative for both H3K4me3 

and H3K27me3. (C-E) Boxplots showing the distribution of ChIP-seq read densities for H3K4me3 (C) and H3K27me3 (D) 

at gene promoters and gene expression (E) in naïve ESCs for each of the four gene classes defined in B. RPM, reads per 

million mapped reads; FPKM, fragments per kilobase per million mapped reads. (F) Boxplot showing the distribution of 

gene expression fold changes for genes upregulated in EpiLCs (72h vs 0h; n = 1,372) (Yang et al. 2019). Genes grouped 

based on their chromatin states in naïve ESCs (0h). (G) Boxplot showing the distribution of gene expression fold changes 

over time (vs 0h) for genes upregulated in EpiLCs (Yang et al. 2019). Genes grouped based on their chromatin states in 

naïve ESCs (0h). (H, I) Bivalent genes upregulated in EpiLCs (72h vs 0h; n = 1,372) were binned into three equal-sized 

sets based on H3K4me3 enrichment at gene promoters in naïve ESCs (0h). Box plots showing the distribution of ChIP-

seq read densities for H3K4me3 (H) and H3K27me3 (I) in naïve ESCs for each of the three defined sets. (J) Boxplot 

showing the distribution of gene expression fold changes (72h vs 0h) for bivalent genes upregulated in EpiLCs. Genes 

grouped based the three sets defined in H. (K) Boxplot showing the distribution of gene expression fold changes over 

time (72h to 0h) for bivalent genes upregulated in EpiLCs (72h vs 0h). Genes grouped based on high/low H3K4me3 

signal, as defined in H. All the P values were calculated using two-sided Wilcoxon rank-sum test. See also Supplemental 

i S2 S3 d S
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 compared to transcriptionally silent H327me3-only or unmarked genes, it is still very low (<1 FPKM) 109 

to be considered expressed, consistent with mutual exclusivity between PRC2 activity and active 110 

transcription (Brookes et al. 2012; Riising et al. 2014). 111 

To evaluate whether bivalent genes are activated any faster or any more than other 112 

transcriptionally silent genes (H3K27me3-only or unmarked), we focused on genes upregulated (q-113 

value < 0.05) during ESC to EpiLC differentiation (Supplemental Fig. S2A; Supplemental Table 3). 114 

Our analysis revealed that upregulated bivalent genes are no more activated, measured as either 115 

fold change or absolute difference in expression, compared to upregulated H3K27me3-only or 116 

unmarked genes (Fig. 2F; Supplemental Fig. S2B). Next, to address whether bivalent chromatin 117 

confers rapid activation potential, we examined gene expression changes at various time points (0, 118 

1, 6, 12, 24, 36, 48, and 72h) during ESC to EpiLC differentiation. We found that activation of 119 

upregulated bivalent genes is no more rapid than that of upregulated H3K27me3-only or unmarked 120 

genes (Fig. 2G; Supplemental Fig. S2C,D), challenging the notion that H3K4me3 at bivalent 121 

promoters poises them for rapid activation. This observation holds true irrespective of how 122 

stringently upregulated genes are defined (Supplemental Fig. S3). Nonetheless, if it is true that 123 

H3K4me3 at bivalent genes poises them for rapid activation, we reasoned that bivalent genes with 124 

higher levels of H3K4me3 must be activated much sooner or much more compared to those with 125 

relatively lower levels of H3K4me3. Our analysis of the activation dynamics of upregulated bivalent 126 

genes, divided into three equal-sized groups based on their H3K4me3 levels (Supplemental Fig. 127 

S4A,B; Fig. 2H,I) revealed that activation of bivalent genes with higher levels of H3K4me3 is neither 128 

greater nor faster compared to those with lower levels of H3K4me3 (Fig. 2J,K; Supplemental Fig. 129 

S4C-E). Grouping upregulated bivalent genes slightly differently based on the distribution of 130 
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H3K4me3 levels yielded the same result (Supplemental Fig. S4F-J). Together, these results indicate 131 

that bivalent chromatin does not poise genes for rapid activation any more than chromatin marked 132 

with just H3K27me3 or chromatin marked with neither H3K4me3 nor H3K27me3. 133 

To assess the fate of bivalent genes in later developmental stages, we analyzed gene expression 134 

profiles of representative lineage-restricted populations from the three germ layers (ectoderm, 135 

mesoderm, and endoderm), derived through directed differentiation of human ESCs (Gifford et al. 136 

2013). Consistent with our findings from ESC to EpiLC differentiation, upregulated bivalent genes in 137 

lineage-restricted cells are no more activated compared to upregulated H3K27me3-only or 138 

unmarked genes (Supplemental Fig. 5).  139 

Transcriptional competence of ‘poised’ RNA Polymerase II at bivalent genes  140 

Although about two-thirds of the bivalent genes lack transcriptionally engaged RNA Polymerase II 141 

(RNAPII) (Williams et al. 2015), the presence of ‘poised’ RNAPII, preferentially phosphorylated at 142 

serine 5 but not serine 2 and serine 7, at a subset of bivalent gene promoters has lent some 143 

credence to the conceptually appealing notion that bivalency poises genes for rapid activation while 144 

keeping them repressed (Stock et al. 2007; Brookes et al. 2012; Ferrai et al. 2017). Phosphorylation 145 

of serine 5 on RNAPII , largely mediated by the TFIIH complex, promotes transcription initiation, 146 

whereas phosphorylation of serine 2 on RNAPII mediates transition of RNAPII from initiation into 147 

productive elongation (Phatnani and Greenleaf 2006). At a cohort of PRC2-targeted developmental 148 

genes, it is MAPK1 (also known as ERK2) but not TFIIH that phosphorylates serine 5 on RNAPII, and it 149 

was hypothesized that, at these PRC2 target genes, MAPK1’s phosphorylation of Serine 5 on RNAPII 150 

establishes a poised/stalled form of RNAPII that is competent for transcription (Tee et al. 2014).  151 
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 152 

To gain further insight into the transcriptional competence and poising potential of RNAPII observed 153 

at bivalent promoters, we focused on bivalent genes that harbor ‘poised’ RNAPII (Supplemental 154 

Table 4), defined as RNAPII phosphorylated at serine 5 (S5p
+
) but not serine 2 (S2p

-
) and serine 7 155 

(S7p
-
) (Brookes et al. 2012). We noted that the expression of bivalent genes with ‘poised’ RNAPII is 156 

no more than that of bivalent genes with no RNAPII (Supplemental Fig. S6A). Unlike 157 

transcriptionally active gene promoters, which are enriched for TFIIH but not MAPK1, bivalent gene 158 

promoters with ‘poised’ RNAPII are enriched for MAPK1 but not TFIIH (Fig. 3). Consistent with this 159 

observation, RNAPII-S5p levels at active promoters correlate with TFIIH levels (R = 0.61) whereas 160 

RNAPII-S5p levels at bivalent promoters correlate with MAPK1 levels (R = 0.58). During early stages 161 

of transcription, serine 5 phosphorylation on RNAPII, together with the PAF complex, is known to 162 

recruit the histone methyltransferase, Set1/COMPASS, to tri-methylate H3K4 (Shilatifard 2012), 163 

which is reflected in the correlation between RNAPII-S5p and H3K4me3 levels at active genes (R = 164 

0.6) (Supplemental Fig. S6B,C). However, RNAPII-S5p levels at bivalent promoters with ‘poised’ 165 

 

Figure 3. Bivalent promoters with ‘poised’ RNA Polymerase II are enriched for MAPK1 (also known as ERK2) but not 

TFIIH. ChIP-seq read density profiles of histone modifications H3K4me3 and H3K27me3 (Marks et al. 2012), 

phosphorylated forms (S2p, S5p, or S7p) of RNA polymerase II (RNAPII) (Brookes et al. 2012), general transcription 

factor TFIIH (ERCC3) (Tee et al. 2014) and mitogen-activated protein kinase MAPK1 (Tee et al. 2014) near transcription 

start site (TSS) of indicated gene classes in mouse ESCs grown in serum-containing medium. Mean ChIP-seq signal is 

shown. Confidence interval (95%) of the mean is shown as a cloud. RPM, reads per million mapped reads. See also 

Supplemental Fig. S6. 

 Cold Spring Harbor Laboratory Press on November 9, 2021 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


12 

 

RNAPII exhibit no such correlation with H3K4me3 levels (R = 0.13) (Supplemental Fig. S6B,C); 166 

instead, RNAPII-S5p levels correlate with repression-associated H3K27me3 levels (R = 0.4), which is 167 

in marked contrast to the inverse correlation observed between RNAPII-S5p and H3K27me3 at 168 

transcriptionally active genes (R = -0.31), but is similar to the correlation observed between RNAPII-169 

S5p and H3K27me3 at H3K27me3-only genes with ‘poised’ RNAPII (R = 0.57). Given that (i) MAPK1 170 

binds exclusively to a subset of PRC2 targets and phosphorylates serine 5 on RNAPII (Tee et al. 171 

2014), (ii) bivalent promoters with ‘poised’ RNAPII are devoid of TFIIH and thus any serine 5 172 

phosphorylation on RNAPII at bivalent promoters with ‘poised’ RNAPII is attributable to MAPK1 (Fig. 173 

3), and (iii) PRC2 binding and active transcription are mutually exclusive (Riising et al. 2014), these 174 

data suggest that the MAPK1-mediated serine 5 phosphorylation on RNAPII at ‘poised’ bivalent 175 

genes may be incompatible with transcription.  176 

Next, to assess whether the presence of ‘poised’ RNAPII at bivalent genes confers them rapid or 177 

higher activation potential during differentiation, we examined their expression during ESC to EpiLC 178 

differentiation. Our analysis revealed that the activation dynamics of bivalent genes with ‘poised’ 179 

RNAPII is no greater or no more rapid than those of bivalent genes with no RNAPII (Supplemental 180 

Fig. S6D,E), raising questions about the poising potential and transcriptional competence of ‘poised’ 181 

RNAPII at bivalent genes. 182 

Bivalent chromatin is a product of PRC2 activity at CpG-rich sequences 183 

Enrichment for developmental genes and regulators among bivalent genes is yet another 184 

characteristic that has been used to make the case for the biological relevance of bivalent 185 

chromatin in poising lineage-controlling genes for rapid activation during early embryogenesis 186 
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(Bernstein et al. 2006). Although it is true that bivalent genes are enriched for genes associated with 187 

developmental processes, this characteristic is not unique to bivalent genes as it also holds true for 188 

H3K27me3-only genes (Supplemental Fig. S7; Supplemental Table 5), making it a general feature of 189 

genes targeted by PRC2.  190 

With bivalent chromatin conferring no more poising or activation potential than chromatin 191 

decorated with just H3K27me3 (Fig. 2G), we asked why some promoters targeted by PRC2 are also 192 

co-enriched for H3K4me3, making them bivalent, while others are not. Because H3K4me3 193 

enrichment at bivalent promoters in ESCs persists in nearly all cell types irrespective of 194 

transcriptional activity (Fig. 1), we reasoned that H3K4me3 at bivalent chromatin is perhaps a 195 

product of the underlying DNA sequence features. Indeed, analysis of dinucleotide frequency at 196 

H3K27me3-enriched promoters (bivalent and H3K27me3-only) revealed a high correlation (R = 0.88) 197 

between CpG density and H3K4me3 levels (Fig. 4A,B; Supplemental Table 2), which is somewhat 198 

expected given that CpG-rich sequences, when unmethylated, per se are sufficient to establish 199 

H3K4me3 domains (Thomson et al. 2010). This observation indicates that CpG density can 200 

discriminate between PRC2 targets that are bivalent versus those that are H3K27me3-only. 201 

Moreover, this association between CpG density and H3K4me3 levels holds true even for gene 202 

promoters that are not PRC2 targets (Fig. 4C), suggesting that CpG density alone can be an excellent 203 

predictor of H3K4me3 levels. A corollary to this conclusion would be that CpG density, together with 204 

H3K27me3 levels, can predict bivalent chromatin (Fig. 4B,D). Indeed, a machine learning approach 205 

based on multinomial logistic regression of dinucleotide frequencies and H3K27me3 levels 206 

predicted, with >90% accuracy, chromatin status of promoters into one of the four classes (bivalent, 207 
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H3K27me3-only, H3K4me3-only, or unmarked) (Fig. 4E; Supplemental Methods). Promoters with 208 

bivalent chromatin are predicted with >90% sensitivity (recall) and precision.  209 

With DNA sequence features and CpG density in particular seeming to have such an outsized 210 

influence on H3K4me3 levels and thus establishment of bivalent domains, we next sought to 211 

 

Figure 4. Bivalent chromatin is a product of PRC2 activity at CpG-rich sequences. (A) Heatmap showing unsupervised 

hierarchical clustering of pairwise Pearson’s correlations between H3K4me3 levels and dinucleotide frequency (5’ to 3’) 

at the promoters (+/- 500 bp of TSS) of genes enriched for H3K27me3 in naïve mouse ESCs. (B, C) Scatter plot showing 

correlation between CpG dinucleotide frequency and H3K4me3 read density at promoters (+/- 500bp of TSS) of genes 

with (B) or without (C) H3K27me3 enrichment in naïve mouse ESCs. (D) Boxplots showing the distribution of CpG 

dinucleotide frequency at promoters (+/- 500 bp of TSS) of genes within each the four classes defined in Fig. 2B. (E) 

Statistics summarizing the performance of the multinomial logistic regression-based machine learning method for 

predicting chromatin state of mouse or human gene promoters (Bivalent, H3K27me3-only, H3K4me3-only, or 

unmarked) using only H3K27me3 data and dinucleotide frequencies at gene promoters. Boxplots show the distribution 

of indicated performance measures over 1,000 models. Accuracy, fraction of predictions that are correct; Recall 

(sensitivity), fraction of bivalent genes correctly predicted as such; Precision (positive predictive value), fraction of 

predicted bivalent genes that are correct. (F) Plot showing Pearson’s correlation between number of bivalent genes and 

expression of individual genes, calculated based on data from various cell types. Genes, denoted as individual data 

points, are sorted (left to right, x-axis) based on their correlation values (y-axis). See also Supplemental Fig. S7. 
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understand why bivalent domains are more prevalent in pluripotent ESCs compared to terminally 212 

differentiated or lineage-restricted multipotent cells (Supplemental Fig. S8A). Because bivalently 213 

marked promoters across various cell types are CpG-rich (Supplemental Fig. S8B) but not vice versa 214 

(Fig. 4B-D) and because they almost always harbor H3K4me3 (Fig. 1; Supplemental Fig. S8C), we 215 

reasoned that the prevalence of bivalent domains in a given cell type is presumably a function of the 216 

extent of PRC2 activity and/or targeting. Consistent with this notion, analysis of gene expression 217 

across various cell types revealed that the number of bivalent genes in a given cell type correlates 218 

the best with expression levels of EZH2 (R = 0.84), the catalytic subunit of the PRC2 complex (Fig. 4F;  219 

Supplemental Table 6). Expression of MLL2 (KMT2D), the catalytic subunit of the Set1/MLL complex 220 

chiefly responsible for H3K4me3 at bivalent domains (Hu et al. 2013; Denissov et al. 2014), 221 

correlates negatively (R = -0.18), if at all, with the number of bivalent genes (Fig. 4F; Supplemental 222 

Fig. S8D). Given that CpG-rich sequences, when unmethylated, per se are sufficient to establish 223 

H3K4me3 domains (Thomson et al. 2010) and that EZH2 gain/loss-of-function strongly correlates 224 

with number of bivalent genes (Shema et al. 2016), these data suggest that bivalent domains are 225 

likely a product of PRC2 activity at genomic regions with high CpG density. 226 

H3K4me3 at bivalent chromatin protects promoters from de novo DNA methylation 227 

Gene promoters targeted by PRC2 in ESCs—mostly bivalent genes—are often found to be DNA-228 

hypermethylated in adult human cancers, and it was speculated that bivalent chromatin and/or the 229 

presence of Polycomb proteins might predispose these genes for aberrant de novo DNA methylation 230 

and irreversible silencing in cancer (Ohm et al. 2007; Schlesinger et al. 2007; Widschwendter et al. 231 

2007). Acquisition of promoter DNA methylation at these genes is thought to lock in stem cell 232 

phenotypes—at the expense of ability to respond to appropriate lineage commitment and 233 
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differentiation cues—and initiate abnormal clonal expansion and thereby predispose to cancer 234 

(Jones and Baylin 2007; Widschwendter et al. 2007; Easwaran et al. 2014). 235 

To determine whether bivalent genes in ESCs are more susceptible to de novo DNA methylation 236 

during normal development, we investigated promoter DNA methylation levels in naïve mouse ESCs 237 

and EpiLCs. ESCs represent the pre-implantation epiblast (~E3.75-E4.5), and EpiLCs most closely 238 

resemble early post-implantation epiblast (E5.5-E6.5) (Hayashi et al. 2011; Yang et al. 2019) (Fig. 239 

2A). This time period spanning pre- to post-implantation epiblast differentiation during early 240 

embryonic development is noteworthy because naïve ESCs are associated with global DNA 241 

hypomethylation, with a major wave of global de novo methylation occurring after implantation 242 

(~E5.0) (Okano et al. 1999; Smith et al. 2012; Leitch et al. 2013; Shirane et al. 2016), when de novo 243 

methylatransferases Dnmt3a and Dnmt3b—not expressed in naïve ESCs—get induced by about 244 

~500-1000 fold (Supplemental Fig. S9A).  245 

Our analysis of DNA methylation and H3K4me3 levels in naïve ESCs revealed that promoters 246 

enriched for H3K4me3 are devoid of DNA methylation (Supplemental Fig. S9B). Focusing on the 910 247 

genes whose promoters are hypermethylated in EpiLCs compared to naïve ESCs (Supplemental Fig. 248 

S9C,D), we noted that bivalent genes in ESCs are significantly under-represented among genes 249 

hypermethylated in EpiLCs (Fig. 5A; Supplemental Fig. S9E; Supplemental Table 7). In contrast, 250 

H3K27me3-only genes in ESCs are significantly over-represented among the hypermethylated 251 
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   252 

 

Figure 5. Bivalent chromatin protects promoters from de novo DNA methylation. (A) Percentage of genes, within each 

of the four classes of genes defined in naïve mouse ESCs, whose promoters are DNA hypermethylated in EpiLCs (Shirane 

et al. 2016) are shown. See also Supplemental Fig. S9C, D.  

 (legend continued on next page) 
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genes. Although H3K27me3-only genes in ESCs are 29-fold more likely to be hypermethylated 253 

compared with bivalent genes, PRC2 targets in ESCs (bivalent and H3K27me3-only), as a group, are 254 

still under-represented among hypermethylated genes (Fig. 5A), indicating that PRC2 targets are 255 

less susceptible to de novo DNA methylation at least during early stages of embryonic development. 256 

Moreover, because genes hypermethylated in EpiLCs are relatively CpG-poor (Supplemental Fig. 257 

S9F), over-representation of H3K27me3-only genes among the hypermethylated set is more likely a 258 

reflection of their CpG-poor promoters—known to undergo extensive and dynamic methylation and 259 

de-methylation during normal development (Meissner et al. 2008)—than their being PRC2 targets. 260 

Although the generally inverse correlation between CpG density and hypermethylation (Fig. 4D; Fig. 261 

5A) suggests that protection from de novo methylation is perhaps a direct function of the local CpG 262 

density, studies in mouse have shown that, for most promoters, high CpG density alone cannot 263 

account for their unmethylated state in vivo (Lienert et al. 2011), underscoring our limited 264 

understanding of the mechanisms that protect most CpG island (CGI) promoters from de novo 265 

methylation. 266 

To gain insight into mechanisms that underlie protection of bivalent promoters from de novo DNA 267 

methylation, we examined chromatin and expression changes that accompany hypermethylation in 268 

(B) Boxplots showing changes in promoter H3K4me3/H3K27me3 levels and gene expression (Yang et al. 2019), for each 

of the four classes of genes shown in A, during ESC to EpiLC differentiation. FPKM, fragments per kilobase per million 

mapped reads. RPM, reads per million mapped reads. (C, D) Percentage of genes, within each of the four classes of 

genes defined in human ESCs, whose promoters are aberrantly DNA hypermethylated in human osteosarcoma (U2OS) 

(Easwaran et al. 2012) (C) or primary human colorectal tumor (Widschwendter et al. 2007) (D). (E) Log2 odds ratio, with 

95% confidence intervals, of promoter de novo DNA methylation during normal development (mouse ESC to EpiLC 

differentiation; circle), in cancer (human osteosarcoma and colorectal cancer; diamond and square, respectively), and 

during aging (Rakyan et al. 2010) (X mark) based on their chromatin state in ESCs. (F) Genes bivalently marked in human 

ESCs were divided into those that are aberrantly DNA hypermethylated in human osteosarcoma (left) and those that are 

not (right). Boxplots show the distribution of H3K4me3 levels at these gene promoters in human osteoblasts (yellow) 

and osteosarcoma (purple) (Easwaran et al. 2012). All the P values were calculated using Fisher’s exact test (panels 

A,C,and D) or two-sided Wilcoxon rank-sum test (panels F and E). See also Supplemental Fig. S9. 
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EpiLCs. High-temporal resolution profiles of H3K4me3, H3K27me3, and gene expression during ESC 269 

to EpiLC differentiation (Yang et al. 2019) revealed no major changes in H3K4me3, H3K27me3, or 270 

expression levels for hypermethylated H3K27me3-only and unmarked genes (Fig. 5B), suggesting 271 

that de novo DNA methylation merely reinforces the previously silenced state at these genes. In 272 

contrast, hypermethylated H3K4me3-only genes exhibit a gradual decrease in gene expression and 273 

H3K4me3 levels (Fig. 5B), which would be consistent with the notion that transcriptional activity 274 

protects promoters from DNA methylation and that hypermethylation of these genes likely reflects 275 

consequence rather than cause of transcription inactivation (Jones 2012; Bestor et al. 2015; 276 

Schubeler 2015). Although almost all of the bivalent genes in ESCs are protected from de novo DNA 277 

methylation (Fig. 5A; Supplemental Fig. S9E), the very few that get hypermethylated in EpiLCs also 278 

exhibit a gradual loss of H3K4me3 and thus bivalency, but no change in expression (which was 279 

negligible to begin with) or H3K27me3 (Fig. 5B). Given that (i) de novo methylases cannot act on 280 

H3K4me3 modified nucleosomes in vitro (Ooi et al. 2007), (ii) complete erasure of H3K4 methylation 281 

elevates DNA methylation levels, and restoration of H3K4 methylation levels reduces DNA 282 

methylation levels back to wild-type levels (Hu et al. 2009), and (iii) reversible DNA methylation has 283 

no impact on H3K4me3 levels at gene promoters (King et al. 2016), these findings suggest that 284 

H3K4me3 at bivalent promoters, either directly or indirectly, protects transcriptionally repressed yet 285 

permissive CpG-rich promoters from de novo DNA methylation (also see Supplemental Text).  286 

Loss of H3K4me3 at bivalent promoters is associated with aberrant DNA hypermethylation in 287 

cancer 288 

To address whether bivalent chromatin predisposes genes for (or protects genes from) aberrant de 289 

novo methylation in adult cancer, we analyzed genes hypermethylated in osteosarcoma and 290 
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colorectal tumor (Widschwendter et al. 2007; Easwaran et al. 2012). About two-thirds of the genes 291 

hypermethylated in cancer are bivalent in ESCs (Supplemental Fig. S9G). Unlike in EpiLCs, genes 292 

bivalent in ESCs are significantly over-represented among genes hypermethylated in cancer (Fig. 293 

5A,C,D). Whereas genes that are either H3K4me3-only or H3K27me3-only in ESCs are equally 294 

susceptible to hypermethylation during normal development and in cancer, genes bivalent in ESCs 295 

are more likely to be hypermethylated in cancer (odds ratio [OR] 11.87, 95% CI: 9.66-14.65 for 296 

osteosarcoma, and OR 12.48, 95% CI 7.21-22.34 for colorectal tumor) than during normal 297 

development (OR 0.063, 95% CI: 0.02-.15) (Fig. 5E).  298 

To determine whether predisposition of bivalent genes in ESCs to acquire aberrant methylation in 299 

cancer might be due to loss of their bivalent status, we examined H3K4me3 and H3K27me3 levels 300 

for genes hypermethylated in osteosarcoma. We found that bivalent genes in ESCs that are 301 

hypermethylated in osteosarcoma, as opposed to those that are not, exhibit significantly reduced 302 

levels of H3K4me3 (Fig. 5F). No such specificity was observed for H3K27me3 levels; all bivalent 303 

genes in ESCs exhibit reduced levels of H3K27me3 irrespective of their methylation status 304 

(Supplemental Fig. S9H). Altogether, these data suggest that bivalent chromatin protects promoters 305 

from de novo DNA methylation and irreversible silencing while maintaining a reversibly repressed 306 

state, and that loss of H3K4me3 may make these genes more susceptible to aberrant DNA 307 

methylation in cancer. 308 

Our analysis of hypermethylated genes in 14 other cancer types further corroborated our 309 

observation that genes bivalent in ESCs, which are CpG-rich (Supplemental Fig. S8B) and less likely 310 

to be methylated during normal development (Fig. 5A), are significantly over-represented among 311 
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genes hypermethylated in cancer (Fig. 6A,C; Supplemental Table 8). In contrast, bivalent genes in 312 

ESCs are not among those hypomethylated in cancer (Fig. 6B,C; Supplemental Table 8). Genes 313 

unmarked in ESCs, which are CpG-poor and more likely to be methylated during normal 314 

development (Fig. 5A), are significantly over-represented among genes hypomethylated in cancer. 315 

Age is the single biggest risk factor for most diseases including cancer (Niccoli and Partridge 2012). 316 

Because genes frequently hypermethylated and silenced in many adult human cancers exhibit 317 

aging-associated hypermethylation and because aging-associated hypermethylation occurs 318 

predominantly at promoters bivalently marked in ESCs (Rakyan et al. 2010), we surmised that 319 

bivalent genes in ESCs are more susceptible to hypermethylation during the aging process. Indeed, 320 

our analysis of aging-associated hypermethylated genes (Supplemental Table 7) revealed that 321 

genes bivalent in ESCs are more likely to be hypermethylated during aging—to the same extent as in 322 

cancer—than during ESC to EpiLC differentiation (Fig. 5E; Supplemental Fig. S9I,J). Moreover, unlike 323 

in EpiLCs, promoters of bivalent genes in ESCs that get hypermethylated in cancer and/or during 324 

aging are CpG-rich (Supplemental Fig. S9F,K). Given that CpG-rich promoters are mostly 325 

unmethylated in all cell types at all stages of development, even when transcriptionally inactive 326 

(Deaton and Bird 2011; Jones 2012; Bestor et al. 2015; Schubeler 2015), these findings suggest that 327 

aging-associated hypermethylation of genes that are bivalently marked in ESCs can serve as a 328 

potential biomarker for carcinogenesis in the elderly.  329 

Establishment and fate of bivalent chromatin 330 

During ESC differentiation and embryonic development, bivalent chromatin is postulated to resolve 331 

into either H3K4me3-only or H3K27me3-only state depending on whether the gene is activated or 332 
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Figure 6. Genes hypermethylated in cancer are more likely to be PRC2 targets in ESCs. (A, B) Percentage of genes, within 

each of the four classes of genes defined in human ESCs, whose promoters are aberrantly DNA hypermethylated (A) or 

hypomethylated (B) in various cancer types. All the P values were calculated using Fisher’s exact test. (C) Log2 odds 

ratio, with 95% confidence intervals, of promoter DNA hypermethylation (left) or hypomethylation (right) in various 

cancer types based on their chromatin state in human ESCs. 
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silenced, respectively (Azuara et al. 2006; Bernstein et al. 2006; Voigt et al. 2013). To definitively 334 

determine the fates of bivalent genes, we examined chromatin states of gene promoters across 335 

various cell types. Our analysis revealed that a vast majority (83%) of genes that are bivalent in ESCs 336 

retain H3K4me3 in other cell types, with 52% resolving into H3K4me3-only chromatin state and 31% 337 

remaining bivalent (Fig. 7A; Supplemental Table 9). Only a small fraction (10%) of bivalent genes in 338 

ESCs resolve into H3K27me3-only state in other cell types. Because bivalent promoters are CpG-rich 339 

(Fig. 4D; Supplemental Fig. S8B) and because CpG-rich sequences, when unmethylated, are 340 

sufficient to establish H3K4me3 (Thomson et al. 2010), these data suggest that bivalent genes have 341 

a predilection to resolve into their presumably default H3K4me3-only state in the absence of PRC2 342 

activity (Fig. 7B). Consistent with this conclusion, we find bivalent promoters that resolve into 343 

H3K4me3-only state in most cell types are more CpG-rich compared to those that resolve into 344 

H3K27me3-only state in most cell types (Fig. 7C; Supplemental Table 9).  345 

Next, to understand the establishment of the bivalent chromatin state, we focused on genes that 346 

acquire bivalency in cell types with restricted potency and found that an overwhelming majority 347 

(81%) of these genes are H3K4me3-only in ESCs and are CpG-rich (Fig. 7A). Our analysis of 348 

chromatin fates during reconstituted pre- to post-implantation epiblast differentiation in mouse 349 

revealed similar results (Supplemental Fig. S10A). Specifically, nearly all the genes that acquire 350 

bivalency in EpiLCs were H3K4me3-only previously. These data further support our conclusion that 351 

bivalent chromatin is the culmination of PRC2 activity at regions with high CpG density. Our findings 352 

are consistent with studies linking EZH2 to the acquisition of 910 (out of 1,026; 88%) new bivalent 353 

genes in germinal center B cells, almost all of which were previously H3K4me3-only in naive B cells 354 

(Beguelin et al. 2013). 355 
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 Lastly, to gain further insight into sequence features—besides CpG density—that underlie bivalent 356 

promoters, we explored transcription factor (TF) binding motifs over-represented in H3K4me3-only, 357 

bivalent, H3K27me3-only and unmarked promoter classes in ESCs (Supplemental Methods). We 358 

 

Figure 7. Chromatin fate and sequence characteristics of bivalent promoters. (A) Top: Genes are grouped into four 

classes based on their chromatin state, defined based on H3K4me3 (+/- 500 bp of TSS) and/or H3K27me3 (+/- 2 kb of 

TSS) enrichment at gene promoters in human ESCs. H3K4me3 and H3K27me3 levels, CpG density (+/- 500 bp of TSS), 

and gene expression are shown. Bottom: Chromatin states of the same four gene classes in various cell types. (B) 

Schematic summarizing chromatin state transitions of gene promoters from one state to another. Arrows represent 

state transitions. The thicker the arrow, the more frequently observed that transition is. K4, H3K4me3-only; Biv, 

bivalent; K27, H3K27me3-only; Un, unmarked. (C) Boxplot showing distribution of CpG density at promoters of bivalent 

genes (in ESCs) that predominantly resolve into H3K4me3-only (green, left) or H3K27me3-only (red, right) state in other 

cell types.  P value calculated using two-sided Wilcoxon rank-sum test. (D) Binding motifs for various transcription factor 

(TF) families and their enrichment within promoters (+/- 500 bp of TSS) of the four genes classes defined in A. +/- 

denotes over/under-enrichment, ‘ne’ denotes no enrichment. See also Supplemental Fig. S10 and Supplemental Table 

10. 
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found motifs for ubiquitously expressed SP/KLF family of TFs generally over-represented (~2- to 5-359 

fold) within mostly CpG-rich H3K4me3-only and bivalent promoters compared with mostly CpG-360 

poor H3K27me3-only and unmarked promoters (Fig. 7D; Supplemental Fig. S10B,C; Supplemental 361 

Table 10). An exception to this is a small fraction of bivalent promoters—relatively CpG poor—that 362 

mostly resolve into H3K27me3-only state in other cell types (Fig. 7C); they exhibit no such 363 

enrichment for a subset of SP/KLF TF motifs (Supplemental Fig. S10D). Unlike CpG-rich promoters, 364 

the largely CpG-poor H3K27me3-only and unmarked promoters are characterized by over-365 

representation of motifs recognized by families of TFs that are tissue-specific (e.g., HOX, AP-1, SOX, 366 

FOX, GATA, and TBX) (Fig. 7D; Supplemental Fig. S10B,C; Supplemental Table 10). Our analysis also 367 

revealed that H3K4me3-only but not bivalent promoters are characterized by over-representation 368 

of motifs for ETS family of TFs (Supplemental Fig. S10B), known to activate genes associated with 369 

variety of cellular house-keeping processes including cell cycle control, cell proliferation, and cellular 370 

differentiation. These data suggest that CpG-rich promoters that are enriched for motifs for SP/KLF 371 

but not ETS factors, when transcriptionally inactive, provide a fertile ground for PRC2 activity and 372 

establishment of bivalent chromatin, consistent with a causal role for GC-rich sequences—lacking 373 

activating TF motifs—in PRC2 recruitment (Mendenhall et al. 2010).  374 

DISCUSSION 375 

Bivalent genes, by virtue of their exhibiting features of both transcriptionally active and repressed 376 

chromatin, are posited as being in a poised state—enabling them to be rapidly activated upon 377 

appropriate activation cues during development—while maintaining a transcriptionally repressed 378 

state (Azuara et al. 2006; Bernstein et al. 2006; Voigt et al. 2013).  379 
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Collectively, our studies reveal that bivalency does not poise genes for rapid activation but protects 380 

promoters from de novo DNA methylation. Activation of bivalent genes is neither greater nor more 381 

rapid than that of other transcriptionally silent genes that lack H3K4me3 at their promoters (Fig. 382 

2G), challenging the premise that H3K4me3 at bivalent promoters is instructive for rapid activation 383 

of transcription. We find that promoter H3K4me3 levels are a product of the underlying CpG-rich 384 

DNA sequence, so much so that CpG density alone can predict H3K4me3 levels/enrichment 385 

reasonably accurately (Fig. 4B,C). This likely explains why H3K4me3 at bivalent promoters in one cell 386 

type persists in nearly all other cell types irrespective of gene expression (Fig. 1) and why 387 

unmethylated CGI promoters harbor H3K4me3 even when transcriptionally inactive (Guenther et al. 388 

2007; Mikkelsen et al. 2007). Our findings are consistent with studies showing that high CpG-rich 389 

sequences, when unmethylated, per se are sufficient to establish H3K4me3 domains (Thomson et al. 390 

2010)—even in the absence of RNAPII and sequence specific TFs (Vastenhouw et al. 2010)—but 391 

insufficient to induce transcriptional activity on chromatin (Hartl et al. 2019). Because bivalently 392 

marked promoters across various cell types overlap CpG-rich sequences (Supplemental Fig. S8B), 393 

which inherently are devoid of DNA methylation (Deaton and Bird 2011) and almost always positive 394 

for H3K4me3 (Supplemental Fig. S8C), establishment (as well as dissolution) of bivalent domains 395 

likely boil down to PRC2 activity (inactivity, respectively) at genomic regions with high CpG density. 396 

Supporting this notion, the number of bivalent genes in a given cell type strongly correlate with 397 

EZH2 expression (catalytic subunit of PRC2) (Fig. 4F), with gain- or loss-of-function EZH2 mutation, 398 

respectively, associated with increased or decreased bivalency (Shema et al. 2016).  399 

H3K4me3 and H3K27me3 are loosely referred to as “activating” and “repressive” marks 400 

respectively, but neither has been firmly established to play a causative role in the regulation of 401 
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gene expression. To the contrary, it was shown that PRC2/H3K27me3 is not required for the 402 

initiation of transcriptional repression of its targets, but is only required for the maintenance of the 403 

repressed state (Riising et al. 2014). Despite the general correlation between H3K4me3 and gene 404 

expression, it remains unclear as to whether H3K4me3 is instructive for transcription (Howe et al. 405 

2017). Our results showing that the mere presence or the extent of H3K4me3 at bivalent genes does 406 

not confer an added advantage when it comes to rapid or higher activation potential (Fig. 2) suggest 407 

that H3K4me3 is not instructive for transcription activation. Consistent with this conclusion, 408 

deletion of Mll2—chiefly responsible for H3K4me3 at bivalent chromatin—in mouse ESCs resulted in 409 

no substantial disruption in the responsiveness of gene activation after retinoic acid treatment 410 

despite the almost complete loss of H3K4me3 and concomitant gain of H3K27me3 at bivalent 411 

promoters (Hu et al. 2013; Denissov et al. 2014). Our findings are also consistent with studies in 412 

yeast demonstrating that loss of H3K4me3 has no effect on the levels of nascent transcription and, 413 

conversely, loss of RNAPII has no effect on H3K4me3 levels (Murray et al. 2019). Together, these 414 

observations indicate that H3K4me3 is neither instructive for nor informed by transcription. 415 

Besides its ability to predict transcription or chromatin states, the precise role(s) of H3K4me3 still 416 

remains elusive (Piunti and Shilatifard 2016). Our findings suggest that H3K4me3 is a better 417 

predictor of unmethylated CpGs than transcriptional activity and may be a general mechanism to 418 

maintain the hypomethylated state of CGIs, even when transcriptionally inactive. This would be 419 

consistent with studies showing that H3K4me3 repulses de novo methyltransferases in vitro (Ooi et 420 

al. 2007) and that complete erasure of H3K4me3 elevates DNA methylation levels (Hu et al. 2009; 421 

Rose and Klose 2014) but reversible DNA methylation has no impact on H3K4me3 levels (King et al. 422 

2016). About 70% of mammalian promoters overlap with CGIs (Deaton and Bird 2011). Although 423 
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CpG dinucleotides are substrates for DNA methyltransferases, few CGI promoters gain 424 

methylation—even when transcriptionally inactive—during normal development (Deaton and Bird 425 

2011; Jones 2012; Bestor et al. 2015; Schubeler 2015). However, most genes that are 426 

hypermethylated in cancer have CGI promoters and are bivalently marked in ESCs, which led to the 427 

proposition that bivalency predisposes them for aberrant de novo DNA methylation and irreversible 428 

silencing in cancer (Ohm et al. 2007; Schlesinger et al. 2007; Widschwendter et al. 2007). Recent 429 

studies have also shown an association between hypermethylation of bivalent promoters in cancer 430 

and acquired resistance to chemotherapy (Curry et al. 2018). Our findings suggest reveal that 431 

bivalency and H3K4me3 in particular protects promoters from de novo methylation during pre- to 432 

post-implantation epiblast differentiation and that aberrant hypermethylation in cancer may be 433 

explained by the loss of H3K4me3/bivalency (Fig. 5). In other words, it may be that it is not the 434 

bivalency but the loss of bivalency that make bivalent genes more susceptible to aberrant DNA 435 

methylation in diseases such as cancer. This would be consistent with studies showing cancer cell 436 

lines exhibiting a general loss of bivalency (Bernhart et al. 2016), and bivalent promoters with high 437 

H3K27me3:H3K4me3 ratio being targets for DNA hypermethylation in cancer (Dunican et al. 2020).  438 

CGI promoters, the superset containing bivalent promoters, are relatively nucleosome-deficient, 439 

intrinsically accessible without the need for ATP-dependent nucleosome displacement, and 440 

transcriptionally permissive (Ramirez-Carrozzi et al. 2009). So, what keeps transcriptionally 441 

repressed bivalent promoters from getting transcribed? Most bivalent promoters lack 442 

transcriptionally engaged RNAPII (Williams et al. 2015) but harbor what is referred to as ‘poised’ 443 

RNAPII (preferentially phosphorylated at serine 5 but not serine 2), and it has been suggested that 444 

‘poised’ RNAPII primes bivalent genes for rapid activation (Stock et al. 2007; Brookes et al. 2012; 445 
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Tee et al. 2014; Ferrai et al. 2017). Because promoter-proximal pausing of RNAPII is not a common 446 

mechanism employed at bivalent genes (Min et al. 2011; Williams et al. 2015), it is less likely that 447 

the ‘poised’ RNAPII at bivalent promoters represents some form of paused/stalled RNAPII 448 

competent for rapid transcription re-activation. Our analyses reveal that bivalent promoters are 449 

devoid of TFIIH and that any serine 5 phosphorylation on RNAPII at bivalent promoters is 450 

attributable to MAPK1 (Fig. 3), known to bind exclusively to a subset of PRC2 targets and 451 

phosphorylate serine 5 on RNAPII (Tee et al. 2014). Because MAPK1 and TFIIH are mutually exclusive 452 

at their target promoters and because RNAPII-S5p levels at ‘poised’ bivalent promoters correlate 453 

with H3K27me3 levels (and not H3K4me3, as observed at active promoters), it is conceivable that 454 

MAPK1-mediated phosphorylation of serine 5 on RNAPII (or MAPK1’s mere presence on chromatin) 455 

is refractory to transcription. In this scenario, MAPK1 and/or the substrate it modifies on RNAPII 456 

(one or more CTD heptad repeats) may antagonize TFIIH, and activation of transcription likely 457 

occurs only upon loss of MAPK1 binding and/or MAPK1-mediated phosphorylation of serine 5 on 458 

RNAPII, which may be followed by binding of appropriate transcription factors at promoters and/or 459 

enhancers. Further studies are required to ascertain any potential antagonism between MAPK1 and 460 

TFIIH. 461 

Mll2 is dispensable for maintaining ESC self-renewal, but Mll2 deficiency is embryonic lethal. Mll2 462 

knock-out (KO) mice exhibit growth defects as early as ~E6.5 and die at ~E10.5 (Glaser et al. 2006), 463 

suggesting that MLL2 is not required until after implantation, right when Dnmt3a and Dnmt3b get 464 

induced to carry out global de novo methylation in early post-implantation embryo. Furthermore, in 465 

vitro differentiation of Mll2 KO ESCs results in impaired embryoid body formation, with many 466 

bivalent genes with key functions in embryonic development and differentiation failing to activate 467 
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or exhibiting delayed activation kinetics (Lubitz et al. 2007; Mas et al. 2018), indicating an essential 468 

role for MLL2 during ESC differentiation. Our finding that H3K4me3 at transcriptionally repressed 469 

bivalent promoters, catalyzed primarily by MLL2 (Hu et al. 2013; Denissov et al. 2014), confers 470 

protection against de novo DNA methylation during pre- to post-implantation epiblast 471 

differentiation (Fig. 5A,B,E) suggests that the requirement for MLL2 after implantation—when it is 472 

no longer the major H3K4 trimethyltransferase (Glaser et al. 2006)—at least in part might have to 473 

do with its role in implementing H3K4me3 at bivalent genes in order to maintain epigenetic 474 

plasticity by protecting against de novo DNA methylation and thus irreversible silencing. Because 475 

ESCs do not express Dnmt3a or Dnmt3b and are DNA hypomethylated, this could perhaps explain 476 

why MLL2 is dispensable in mouse ESCs. Moreover, a recent study showed that MLL2—which also is 477 

responsible for H3K4me3 at a vast majority of transcriptionally active genes (Denissov et al. 2014)—478 

protects about 2% of MLL2 -dependent active genes from DNMT1-mediated maintenance 479 

methylation (Douillet et al. 2020), highlighting MLL2’s multifaceted role in regulating gene 480 

expression. 481 

In summary, our findings suggest a unifying model (Fig. 8) wherein bivalency maintains epigenetic 482 

plasticity by protecting gene promoters from irreversible silencing while maintaining a reversibly 483 

repressed state, and that loss of H3K4me3 may make them more susceptible to aberrant DNA 484 

methylation in diseases such as cancer. One limitation of our study is that the ESC to EpiLC 485 

differentiation model we used to investigate bivalency only recapitulates events during pre- to post-486 

implantation epiblast development (~E3.75-5.75) and does not provide sufficient time for all of 487 

bivalency to resolve. Assessing the fate of all bivalent genes through all stages of development 488 
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would require further investigation using differentiation models that recapitulate later 489 

developmental stages through directed differentiation of ESCs to specific lineages.  490 
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Poised enhancers, characterized by the co-occurrence of histone modifications generally associat491 

with positive (H3K4me1) and negative (H3K27me3) transcriptional states, are another class of 492 

bivalent regions (Blanco et al. 2020). Similarly to bivalent promoters, they are considered to be 493 

 

Figure 8. Model for bivalent chromatin maintaining epigenetic plasticity by protecting gene promoters from irrevers

silencing while maintaining a reversibly repressed state. (A) H3K4me3, catalyzed primarily by the MLL2/COMP

complex, protects CpG-rich bivalent promoters from DNA methylation by repelling de novo methyltransferases Dnm

and Dnmt3b. Bivalent promoters, by virtue of their overlapping CGIs, are more averse to assembling into nucleosom

compared to other genomic DNA (Ramirez-Carrozzi et al. 2009); consequently, bivalent promoters are relativ

nucleosome-deficient, intrinsically accessible, and transcriptionally permissive (Deaton and Bird 2011; Mas et al. 20

The assembly of transcription machinery at the promoter triggers PRC2 to recruit— either directly or indirectly thro

yet-to-be-determined mechanism—reinforcement in the form of MAPK1 (ERK2), which, in lieu of the usual TF

phosphorylates serine 5 on a particular (or a set of) RNAPII CTD heptad repeat(s) (Tee et al. 2014). The presence

MAPK1 and/or the ensuing serine 5 phosphorylation is refractory to transcription as it antagonizes the recruitmen

the TFIIH complex, which, besides its role in phosphorylating serine 5 on RNAPII, is necessary to unwind promoter D

to form transcription bubble for RNA synthesis. (B) Activation of transcription at bivalent genes likely occurs only u

loss of PRC2 activity and thus MAPK1 activity, followed by binding of appropriate transcription factors at promo

and/or enhancers. (C) Loss of H3K4me3 at CpG-rich bivalent promoters make them more susceptible to aberrant D

methylation during aging and in diseases such as cancer. 
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primed for future activation during embryo development, with loss of H3K27me3 and gain of 494 

H3K27ac associated with enhancer activation. Although some of our findings on bivalent promoters 495 

may be applicable to poised enhancers, further studies are needed to precisely characterize the 496 

functional relevance and mechanism of poised enhancers.  497 

METHODS 498 

Data sources. All data sets pertaining to this manuscript were obtained from previously published 499 

studies (for details, see Supplemental Methods). 500 

Histone modification enrichment at gene promoters. For each gene promoter, read densities (RPM, 501 

reads per million mapped reads) of individual histone modifications (H3K4me3/H3K27me3) and 502 

corresponding genomic input were calculated. Promoters were defined as the region spanning TSS ± 503 

500 bp for H3K4me3 and TSS ± 2 kb for H3K27me3. A promoter is deemed to be enriched for a 504 

particular histone modification only if its ChIP signal (RPM) is at least (i) 3-fold greater than its input 505 

signal (RPM), and (ii) greater than a threshold (1% FDR), estimated as the lowest RPM value at which 506 

the number of qualifying promoters (RPM greater than or equal to the threshold) based on the 507 

input signal (RPM) is less than 1% of the number of qualifying promoters based on the ChIP signal 508 

(RPM). Promoters enriched for both H3K4me3 and H3K27me3 were defined as bivalent. Promoters 509 

enriched for H3K4me3 but not H3K27me3 were defined as H3K4me3-only, and those that are 510 

enriched for H3K27me3 but not H3K4me3 were defined as H3K27me3-only. Promoters with neither 511 

H3K4me3 nor H3K27me3 enrichment were defined as ‘unmarked’. Custom scripts used to compute 512 

H3K4me3/H3K27me3 enrichment at gene promoters, define promoter chromatin state, and 513 
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generate data for making tag density plots and heatmaps are available as Supplemental Code and 514 

at GitHub (https://github.com/DhirKumar/Biv_ChIP). 515 

RNA-seq data analysis. RNA-seq reads were aligned to the mouse genome (mm9) using STAR 516 

aligner (Dobin et al. 2013), allowing up to three mismatches, retaining only reads that align to 517 

unique genomic locations. Alignment files were used to quantitate expression (FPKM) of genes and 518 

isoforms annotated in the mm9 genome (source: NCBI RefSeq) using the cuffdiff tool (Trapnell et al. 519 

2013) with default parameters and library type defined as fr-firststrand. The RefSeq-GTF file 520 

(downloaded from the UCSC database) for the mm9 genome build was supplied to cuffdiff tool as 521 

the reference. The resultant “isoforms.fpkm_tracking” file from the cuffdiff run was used to infer 522 

differentially expressed genes (q-value < 0.05) and fold changes between two cell-types/time-points 523 

of interest. In the case of multiple promoters giving rise to alternative isoforms, we used one-to-one 524 

association of promoter chromatin state and isoform expression. For human, processed RNA-seq 525 

signal (FPKM) for various cell types were obtained from NIH Roadmap Epigenomics project 526 

(Roadmap Epigenomics Consortium et al. 2015) 527 

(https://egg2.wustl.edu/roadmap/data/byDataType/rna/expression/57epigenomes.RPKM.pc.gz). 528 

RefSeq accession (NM/NR ID) was used to integrate gene expression and chromatin-level data. 529 

Mouse DNA methylation analysis. Processed promoter DNA methylation data from naïve mouse 530 

ESCs and EpiLCs were obtained from a previously published study (Shirane et al. 2016). liftOver tool 531 

was used to map gene coordinates between mm9 and mm10 assemblies. A gene promoter is 532 

defined as hypermethylated in EpiLCs compared to naïve ESCs only if (i) its methylation level in 533 
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EpiLCs is at least 50%, and (ii) its methylation level in EpiLCs is at least 2-fold greater than that in 534 

naïve ESCs. 535 

Human DNA methylation analysis. Genes DNA-hypermethylated (based on promoter DNA 536 

methylation levels) in primary colorectal tumor was obtained from a previously published study 537 

(Widschwendter et al. 2007). Genes DNA-hypermethylated in human osteosarcoma was inferred 538 

from processed probe-level methylation data (Easwaran et al. 2012) using criteria outlined in the 539 

original study (for details, see Supplemental Methods). Genes DNA 540 

hypermethylated/hypomethylated in 14 TCGA solid epithelial cancer types were inferred from DNA-541 

methylation (Illumina 450K array) beta values for 6,129 tumors and respective control tissues, 542 

generated by the TCGA Research Network (for details, see Supplemental Methods). Genes DNA-543 

hypermethylated during aging were inferred by mapping processed probe-level methylation data 544 

(Rakyan et al. 2010) to gene promoter coordinates using Infinium manifest file.  545 
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