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Dynamic Regulation and Functions of Locus-specific DNA Methylation 
By 

Yuelin Song 

Abstract 
The role and regulation of DNA methylation at various genetic elements have 

gathered tremendous interest over decades. The methylomes of many cell types have 
been described, revealing a dynamic and tissue-specific pattern of DNA methylation 
(tissue-specific differentially methylated regions, T-DMRs) in the distal regulatory 
elements, such as enhancers. The formation of T-DMRs still remain mysterious, 
however, one of their interesting features observed in mouse ES cells (mESCs) is the 
low-to-intermediate levels of average DNA methylation resulted from inter-cellular 
epigenetic heterogeneity. Given the transcriptional repressive role of DNA methylation 
at promoters, such non-zero levels of enhancer methylation is interesting to 
characterize. Prior to this thesis, a reporter for genomic DNA methylation (RGM) has 
been developed in the Jaenisch lab, when targeted into T-DMRs of interest, the 
surrounding locus-specific DNA methylation will be reported as on-and-off of 
fluorescent signals in single cells. We further modified RGM to investigate the 
regulation of DNA methylation at pluripotency super-enhancers Sox2 and MiR290 at 
single allele level in mESCs. We found that enhancer DNA methylation is surprisingly 
dynamic with two alleles independently being demethylated and methylated within 
days. Such dynamics is the basis of epigenetic and transcriptional heterogeneity and is 
coupled with changes in histone modifications and transcription factor binding. 
Furthermore, epigenetic heterogeneity was also observed in the developing pre-
implantation embryos. Our work provided a paradigm to functionally investigate locus-
specific DNA methylation in heterogenous tissues in diseases and development.  

The regulation of locus-specific DNA methylation is highly context dependent 
and sensitive to the environment. Our understanding of how locus-specific DNA 
methylation is regulated in vivo is still restricted to a few genomic elements. The 
appendix of this thesis attempts to generate an animal model to expand the scope of 
research on DNA methylation to retroelement-associated metastable epialleles. 

Thesis Supervisor: Rudolf Jaenisch 
Title: Professor of Biology and Member of Whitehead Institute 
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Chapter 1. Introduction. 

 
1.1 The Spatial and Temporal Landscape of Genomic DNA CpG Methylation in 

Mouse Embryonic Stem Cells 

5’methyl-cytosine in the context of DNA CpG dinucleotides (referred as DNA 

methylation below) has been proposed as an inheritable epigenetic mark regulating 

gene expression and cell fate since 19751. However, the specific roles of genomic DNA 

methylation across different genomic elements still remain to be elucidated. In the 

vertebrate genome most CpGs exist in CpG-islands (CGI, CpG rich regions with approx. 

1kb), which are protected from DNA methylation in somatic cells2,3. CpG-islands 

residing in more than half of the genome tend to be associated with transcriptional 

start sites (TSSs) of house-keeping and developmental genes2. The rest of the genome 

is depleted of CpGs but the remaining non-CGI CpGs are heavily methylated (>70%)4, 

especially at gene bodies, transposable elements and gene deserts3. Non-coding 

regulatory elements, such as enhancer and insulators have also low CpG densities. 

These regions tend to have more variable levels of DNA methylation in a tissue-specific 

manner5-8 (Figure 1).  

 

 
 
Figure 1. The Genomic Distribution of CpGs and CpG DNA Methylation. 
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DNA methylation is essential to mammalian development and most dynamic at 

early developmental stages. There are two waves of DNA methylation reset throughout 

mammalian development (Figure 2). The first one is a global erasure of DNA 

methylation except for genomic imprinted regions in the paternal and maternal 

genomes post-fertilization. This wave of reset brings the embryonic genome to a 

hypomethylated state at the blastocyst stage (E3.5-4.5 in mouse and E5-6 in human)9,10. 

Upon implantation, global de novo methylation occurs in the epiblast, derived from 

the inner cell mass of the blastocyst, which gives rise to the embryo proper10-12. Tissue-

specific regulatory regions undergo demethylation during embryonic development or 

adult stem cell differentiation6,13,14. The second reset occurs in the developing 

primordial germ cells (PGCs), where parent-of-origin DNA methylation is removed 

after which germ-line- and sex-specific methylation patterns are established at different 

times in male and female embryos12,15-17.  

 
 
Figure 2. DNA Methylation Reprogramming (Resets) During Development 

 

Mouse embryonic stem cells (mESCs) are isolated from the inner cell mass at the 

blastocyst stage and can be maintained at the pluripotent state in different media 

conditions in-vitro18-20. mESCs possess pluripotent signatures of genomic DNA 

methylation, which is extensively studied in the context of gene regulation as well as 
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cell fate decisions21. The total level of DNA methylation of mESCs is similar to that of 

liver and kidney cells in vivo22. Different from many other precursor cells as well as 

conventionally grown human ESCs, mESCs can tolerate global loss of methylation 

when depleted of all methyl-transferases and still remain pluripotent gene signatures23-

27. These DNA methylation deficient mESCs are capable to proliferate however fail to 

differentiate, indicating that DNA methylation is dispensable for maintaining the 

pluripotent state but essential to cells assuming a specific lineage in mouse28. CGI-

promoters of pluripotency genes are usually hypomethylated in mESCs, such as those 

of Oct4 and Nanog29,30. Immunoprecipitation of methylated DNA combined with DNA 

microarrays (mDIP) revealed that promoter methylation contributes to silencing of 

some developmental genes in ESCs31. Nevertheless, a majority of CGI-associated 

promoters of developmental genes in mESCs remain unmethylated as shown using 

reduced representation bisulfite sequencing (RRBS) that specifically enriches for CpG 

dense regions32. Whole-genome bisulfite sequencing (WGBS) sufficiently covering 

comparatively less-studied and hypermethylated CpG-poor regions showed that, in 

certain tissues or cell types, short stretches of DNA are hypomethylated, which 

constitutes differentially methylated regions (DMRs)5,33,34. mESC-specific DMRs 

identified in WGBS studies by comparing to other somatic tissues are predominantly 

found at distal regulatory regions of pluripotency genes5,13,17,35,36. Interestingly, unlike 

CGI-associated proximal promoters that are usually protected from DNA methylation, 

tissue-specific DMR (T-DMR)-associated enhancers show low-to-intermediate levels of 

DNA methylation5. Methylation of these regions is more dynamically regulated during 

development than CGI promoters, which is consistent with the role of enhancers in 

instructing tissue-specific gene expression6,13,37,38. However, the identities and 

biological functions of tissue-specific DMRs, especially causal links to gene regulations 

and cell states, still remain to be elucidated. 
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1.2 Enzymatic Regulations of DNA Methylation Dynamics in ESCs 

The processes of methylation and demethylation concertedly regulate 

methylation levels in ESCs (Figure 3). The mouse and human genomes both encode 5 

DNMTs: DNMT1, DNMT2, DNMT3A and DNMT3B, and DNMT3L, although DNMT2 

mainly has tRNA methyl-transferase activity39. DNMT3L has no enzymatic activity but is 

essential in facilitating DNMT3A-mediated de novo methylation in germ-cells and also 

protects DNMT3A2 from degradation in ESCs40. De novo methylation is enzymatically 

carried out by DNMT3A and DNMT3B, which is essential for establishing the 

methylation pattern in the developing embryo41-43. In ESCs, the predominantly active 

isoforms are DNMT3A, DNMT3A2, and DNMT3B1, the deletion of which result in 

progressive loss of methylation42. DNMT3A and DNMT3B have overlapping and 

distinct genomic targets in ESCs and both are excluded from active enhancers and 

promoters44. DNMT3B targets actively transcribed gene bodies, consistent with 

intragenic methylation’s role in promoting transcriptional efficiency44. DNMT3A 

appears to target distal promoters and de novo methylates pluripotency enhancers 

upon differentiation42,45,46. Maintenance methylation is mainly mediated by DNMT1 in 

partnership with UHRF1, although it has been shown that DNMT3s also contributes to 

DNA methylation maintenance47,48. DNMT1 is targeted to the replication fork and 

interacts with PCNA, preferentially methylating hemi-methylated DNA49. Passive 

demethylation is caused by the absence of maintenance methylation activity and it 

critically contributes to the methylation dynamics throughout development. Genetic 

ablation of DNMT1 and UHRF1 leads to rapid demethylation of ESCs23,50-52. The post-

fertilization maternal genome undergoes demethylation by excluding oocyte-specific 

DNMT1o from the nucleus53. In PGC epigenetic reprogramming, demethylation was 

shown to be achieved by nuclear extrusion or transcriptional repression of UHRF1 while 
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PGCs undergo several rounds of division54. Primed mESCs cultured in LIF/serum 

transition into the naïve state resembling the ICM when switched to “2i” (GSKβi/MEKi) 

media with the global demethylation during this process being mainly achieved by 

passive demethylation as a consequence of DNMT1/UHRF1 downregulation55,56. 

Passive demethylation also contributes to lineage-specific demethylation, however, 

how it is regulated in a locus-specific manner and to what degree it matters in 

comparison to active demethylation has not been fully elucidated57.  

Active or active-passive demethylation is initiated by TET enzymes converting 5’ 

methyl-cytosine (5mC) into 5’ hydroxymethyl-cytosine (5hmC). 5hmC can be further 

oxidized to  5’ formalcytosine (5fC) and 5’ carboxylcytosine (5caC) by TET enzymes, or 

deaminated by AID/APOBEC family members into 5’ hydroxymethyluracil (5mU). 5mC 

can also be directly deaminated by AID/APOBEC into thymidine, which together with 

5caC and 5mU are recognized by DNA base-excision repair pathway (BER) members 

such as TDG and subsequently replaced by newly synthesized cytosine58. Active 

demethylation has been shown to be present in many cell types and plays an important 

role during development58-60. Compared to the maternal genome where 

demethylation is mainly passive, the paternal genome undergoes TET3-mediated 

active demethylation post-fertilization with much faster kinetics61. Another example 

supporting the mechanism of active demethylation is the observation of cycles of 

methylation and demethylation within 100min periods in response to environmental 

stimuli in the absence of cell division62,63. Post-mitotic neurons also show high levels of 

5hmC and activity-dependent active demethylation mediated by TET1 and APOBEC1 

was observed in adult mouse brain64,65. 

5hmC inhibits the maintenance methylation machinery and therefore causes 

passive demethylation in the subsequence cell division (active-passive demethylation, 

Figure 4). An example of active-passive demethylation can be found in PGC 



 15 

reprogramming, where genomic imprints are erased. 5hmC accumulates after initial 

active demethylation and is then diluted in a replication-dependent manner60.  In 

mESCs, both TET1 and 2 are highly expressed  and 5hmC can be readily detected. 

TET1 is enriched at CGI promoters and TET2 mostly at actively transcribed gene bodies 

and enhancers66,67. TET3 is expressed at low level and contributes to ~2% of 5hmC68. 

Similar to DNMTs, loss of all TET enzymes does not affect ESC maintenance but impairs 

cell differentiation. TET triple-knockout mice show gastrulation defects causing 

embryonic lethalality69. Genetic ablation of the downstream BER component TDG 

revealed wide-spread accumulations of 5fC and 5caC at distal regulatory elements and 

poised promoters. Although the exact function of oxidized 5mC in transcriptional 

regulation is still unclear, they could be bound by other proteins and mediate local 

changes of chromatin59. 

 
 

Figure 3. DNA Methylation and Demethylation Pathways (Active or Passive). Bhutani 

et al. Cell. 2011. 
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Figure 4. Active-passive Demethylation (AM-PD: active modification-passive 

demethylation). Kohli et al. Nature. 2013. 

 

1.3 DNA Methylation in Transcriptional Regulation at Different Genetic Elements 

It is challenging to generalize a universal rule of DNA methylation in gene 

regulation at different genomic elements. The function of DNA methylation is most 

extensively characterized at proximal promoters, where it serves as a stable silencing 

mark3,70. Around 50% CGIs are associated with TSSs and remain hypomethylated at 

house-keeping and developmental genes, and many of the CGIs remain 

hypomethylated even after transcription becomes inactive70. However, during 

development there are small subsets of CGI promoters become de novo methylated, 

which usually leads to long-term gene silencing2. In ESCs, promoter DNA methylation 
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contributes to long-term silencing of germline-specific genes, such as Dazl, whereas 

promoters of highly expressed pluripotency genes such as Oct4, Nanog, Dppa4, Tdgf1 

are unmethylated31,71-73. The mechanism of DNA methylation mediating promoter 

silencing involves concerted alterations of chromatin structure as well as histone 

modifications74,75. As ESCs differentiate, promoters of other lineage-specific genes 

become de novo methylated after gene silencing occurs, leading to long-term 

repression via heterochromatin formation, subsequently restricting pluripotency and 

promoting lineage commitment76. Similarly, in X chromosome inactivation, DNA 

methylation at gene promoters occurs several days post-inactivation and maintains 

repression of silenced genes on the inactivated X (Xi) whereas “escaper” genes have 

lower methylation at promoters77-79. Therefore, DNA methylation at promoters serves 

to stably maintain but likely not to initiate gene silencing.  

In contrast, DNA methylation at gene bodies is not associated with repression in 

mammals. Gene-bodies are in general CpG poor and therefore are highly 

methylated37,70,80. Methylated gene bodies are associated with increased expression 

levels in cancer and somatic cells81-83, and perturbation of gene body methylation 

using demethylating agents such as 5’azacytidine leads to down-regulation of gene 

expression81. Some “orphan CGIs” are also found at gene-bodies and thought to 

possess potential intra-genic alternative promoter activities84. “Orphan CGIs” are more 

methylated than promoter CGIs (20~30% vs 3% methylation)2,84,85. Mechanistically, 

DNA methylation at gene bodies does not block elongation despite repressive histone 

modifications such as H3K9me3 in cancer cells86. In mESCs DNA methylation even 

facilitates transcriptional elongation via preferential binding by histone variant H2A.B 

at gene bodies not promoters87. On the other hand, due to its inhibitory role in 

transcriptional initiation, DNA methylation at gene bodies could also enhance 
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transcriptional efficiency by suppressing alternative promoter usage, retroelement 

activation and regulatory anti-sense ncRNA production88-90. 

The regulation and function of DNA methylation at enhancers are less 

characterized than that of promoters3, potentially due to the fact that most enhancers 

locate at CpG poor regions where sufficient coverage at single-base resolutions is only 

achieved with WGBS and variable levels of methylation complicating the interpretation 

of correlations5,13,91. Nevertheless, locus-specific studies have shown that methylated 

enhancers tend to correlate with reduced transcription of cognate genes, although 

some enhancers still remain unmethylated even after becoming dormant13,92. The 

evidence of DNA methylation at enhancers being  a negative regulator of transcription 

is variable.  In breast cancer92,93 a strong anti-correlation of gene expression with 

promoter methylation is seen, whereas in blood and skin cells this relationship is only 

moderate and even varies between different sub-group cells types94. However, 

enhancer methylation is becoming increasingly important as growing evidence 

supports the notion that T-DMRs that are only hypomethylated in certain lineages are 

preferentially associated with tissue-specific enhancers5,13,95,96. Therefore, 

understanding the mechanism of how T-DMRs at enhancers regulate tissue-specific 

gene expression is a crucial issue. The MyoD enhancer was shown to be 

hypermethylated in non-muscle cells but unmethylated in embryonic myogenic cells 

in a human MyoD enhancer transgenic mouse model. Though essential for MyoD 

tissue-specific expression, MyoD enhancer demethylation does not immediately cause 

MyoD expression95, which is similar to the delayed chicken clys gene expression after 

enhancer demethylation97. Together these examples indicate that enhancer 

demethylation may be a necessary but not sufficient step for gene activation. 

Interestingly, mice carrying a CpG-mutant MyoD enhancer, which is unable to become 

methylated, have no aberrant ectopic MyoD expression, suggesting that enhancer 
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methylation is not required for gene silencing in this context95. This echoes the induced 

liver-specific demethylation of the Tat enhancer by glucocorticoids (GC). GC withdraw 

after initial exposure does not remethylate the enhancer, despite Tat expression being 

shut down in the absence of stimuli98. In other cases, aberrant enhancer 

hypomethylation correlating with cognate gene upregulation have been found in ER-

positive tumors as well as in neurons from psychosis patients consistent with the 

importance of proper enhancer methylation in normal physiology92,99. In contrast to 

the delayed transcriptional activation after enhancer demethylation of MyoD and clys, 

demethylation of an enhancer-like Treg-specific demethylated region (TSDR) at the 

Foxp3 locus is sufficient to induce Foxp3 expression in Tregs100,101. However, this may 

not be generalizable as the TSDR is proximal to Foxp3 promoter and contains CpG-

islands which is less typical for most distal regulatory elements5,13,102. In mESCs, 

enhancer demethylation by genetic ablation of DNA methyl-transferases led to both 

up- and down-regulation of target gene expression, with the transcriptionally 

suppressive roles of DNA methylation validated at only a few loci103.  

Therefore, the answer as to the exact role and detailed steps of enhancer 

methylation dynamics in gene regulation is far from being conclusive and highly 

context-dependent37,104. Since enhancers are major transcription factor binding sites 

and are subjected to other complex epigenetic regulations to be discussed below, a 

more comprehensive view of all these components will facilitate a better 

understanding of how enhancer T-DMRs regulate gene expression. 

 

1.4 Cross-talk Between DNA Methylation and Histone Modification 

DNA methylation and histone modifications represent two parallel and 

complementary mechanisms in gene expression regulation. In many scenarios of 

promoter silencing, two processes are coordinated through direct interactions 
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between DNMTs and histone modifiers. For example, DNMTs can recruit the Polycomb 

repressive complex 2 by interacting with EZH2 to catalyze H3K27me3. H3K9 methyl-

transferase G9a can recruit DNMT3s to de novo methylate pluripotency gene 

promoters. It was also shown that interactions between DNMT3s with SUV39H1 and 

SETDB1 mediate pericentric heterochromatinization74. On a different level, histone 

modifications can directly affect DNMT binding. For example, H3K36me3 at gene-

bodies is recognized by the PWWP domain of DNMT3s and is required for intragenic 

DNA methylation105. H3K4me2 and H3K4me3 modified nucleosomes exclude DNMTs 

by disrupting binding from the ADD domain, thus protecting the CGI from being 

methylated106. Reciprocally, DNA methylation status can influence histone 

modifications. Unmethylated CGIs are bound by the CXXC domains of some H3K4 

methyl-transferases as well as of CXXC  finger protein 1 (CFP1), which recruits 

H3K4me3 methyltransferases that do not have the CXXC domain to activate CGI 

promoters107,108. In contrast, DNA methylation at a repressor domain upstream of H19 

can recruit DNA methylation binding protein MeCP2, which facilitates H3K9 

methylation and gene repression109. 

H3K27ac is a shared marker between active enhancers and promoters. In 

general, H3K27ac is inversely-correlated with DNA methylation as acetylated histones 

promote chromatin accessibility and transcriptionally permissivity110,111. Methyl-

binding MeCP2, beside facilitating H3K9 methylation, is also in complex with histone 

deacetylase (HDAC)112. Histone deacetylation condenses chromatin inhibiting 

transcription factor access and facilitating gene silencing on methylated DNA. 

Treatment of live cells with HDAC inhibitor can induce global hypomethylation by 

altering DNMT1 nuclear dynamics and protein level113,114. On the other hand, knocking 

out DNMT1 leads to extensive changes of the H3K27ac landscape in mESCs, with both 

gains and losses at different enhancers, indicating a more complicated and locus-
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dependent relationship between DNA methylation and H3K27ac103. H3K4me1 is 

distinguishably enriched at enhancers compared to promoters. In contrast to H3K27ac, 

H3K4me1-marked enhancers are usually primed to be active. The presence of 

H3K4me1 at enhancers often precedes nucleosome depletion and H3K27 acetylation, 

leaving an opportunity for enhancer activation104. A meta-analysis of high-throughput 

profiles of DNA methylation and histone modifications observed a pattern of H3K4me1 

enrichment at enhancers with intermediate DNA methylation level, such as at the 

enhancer of c-Myc and Sox2. In ESCs, regions with low DNA methylation level has 

elevated H3K4me3 level and diminished H3K4me1, which seems to mark an enhancer-

promoter transition. The molecular details of this correlation cannot yet be explained 

by any intermediate mechanisms such as binding of known MBD-containing proteins 

or 5hmC patterns115. The inconclusive understanding of how DNA methylation and 

enhancer histone modifications are connected is partially due to current sequencing-

based technologies that use bulk-cell populations at a snapshot time-point and thus 

have limited temporal and locus-specific resolution. Observations yielded from the 

genome-wide high-throughput approaches are valuable yet mostly correlative. 

Therefore, it is important to utilize new systems that allow functional explanation of the 

various (anti-)correlations between DNA methylation and histone modifications at 

different genomic loci.  

 

1.5 Cross-talk Between DNA Methylation and Transcription Factor Binding 

Tissue-specific enhancers are bound by transcription factors (TFs). On one hand, 

the binding activity of a TF can be influenced both positively and negatively by DNA 

methylation. On the other hand, TF binding can recruit DNA (de)methylation 

machineries inducing local changes of DNA methylation. It is still challenging to 
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distinguish the hierarchical cross-talk between DNA methylation changes and TF 

binding events in transcriptional regulation. 

Due to the transcriptionally suppressive role of DNA methylation at promoters 

and some enhancers, TF binding is traditionally thought to be inhibited by methylated 

DNA either directly or indirectly through methyl-binding proteins116. Crystal structure 

studies have shown that 5mC resides in the major groove of DNA, and, because the 

bulky methyl-group narrows the minor groove, the altered structure of the DNA can 

directly affect TF binding117. MBD-containing proteins can bind methylated DNA 

directly at CpGs, such as MeCP2, or to any methylated DNA independent of the 

sequence, such as MBD1,2,4118. These methyl-binding proteins are associated with 

protein partners that mediate heterochromatin formation and transcriptional 

repression. They also exclude the demethylase TET1 from methylated DNA118,119,120 

and thus indirectly inhibit TF binding to methylated DNA. However, evidence indicates 

that DNA methylation can both promote and inhibit TF binding. A systematic SELEX 

(systematic evolution of ligands by exponential enrichment) assay applied a collection 

of 542 full-length human TFs and DNA binding domains to CpG-methylated DNA and 

showed that the methylated DNA inhibited binding of many major classes of TFs 

including bHLH, bZIP, and ETS. In contrast, TFs containing homeodomains such as 

POU and NEAT were shown to preferentially bind to methylated DNA121. However, the 

forcefully expressed POU-domain containing TF Oct4 in colon carcinoma cells can only 

bind to DNA when it is unmethylated122, raising the caution that the knowledge about 

TF-binding and DNA methylation gained through in vitro TF-binding motifs binding 

assays still requires in vivo validation, as nucleosomal chromatin presents a very 

different target for TF binding as compared to naked DNA118. Nevertheless, a few in 

vivo studies have yielded valuable insights on the cross-talk between DNA methylation 

and TF-binding in a regulated chromatin environment. By mapping DNaseI 
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hypersensitivity sites (DHS) in the absence of DNA methylation in DNMT triple 

knockout (TKO) cell , the study showed that NRF1 gained additional thousands binding 

sites especially in the CpG-poor distal regulatory elements, which were originally 

methylated in WT mESCs. The appearance of new NRF1 binding sites in TKO cells was 

concomitant with enrichment of H3K27ac and initiation of aberrant transcription, 

indicating that DNA methylation in wild-type cells was safeguarding against aberrant 

transcription by blocking NRF1 binding123. In contrast, KLF4 ChIP-bisulfite sequencing 

experiments have shown that KLF4 binds to two motifs differently in hESCs. KLF4 

binding to one motif is preferred when the sequence is methylated whereas binding 

to the other motif is inhibited by methylation, providing an example of context-

dependent methylation sensitivity of TF-binding124. 

The above-mentioned examples show that the DNA methylation status could act 

upstream excluding or attracting certain TFs. As the genomic DNA methylation pattern 

correlates with cell-type, locus-specific DNA methylation needs to be inherited 

mitotically to maintain a certain cell state. To maintain a given differentiation state DNA 

methylation at promoters and enhancers may serve to prevent TFs from aberrantly 

activating genes which are not supposed to be expressed in the given cell type, and 

meanwhile attracting methyl-binding repressors to secured the silenced state. Similarly, 

the pre-existing unmethylated promoters and enhancers need to be actively protected 

from de novo methylation for maintaining cell-type specific gene expression. 

However, the chick-and-egg question is whether TF binding induces DNA 

methylation changes or whether the pre-existing DNA methylation state regulates TF 

binding affinity. The above-mentioned KLF4 is a pioneer transcription factor in iPSC 

programming and initiates remodeling of the chromatin, opening up pluripotency 

enhancers and TSSs125. In fact, most pioneer TFs instruct cell-fate transitions and a 

common view of tissue-specific enhancer activation is that pioneer TF binding instructs 
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local changes of the heterochromatin by interactions with various epigenetic modifiers 

and chromatin remodelers, which further leads to TF-dependent coactivator assembly 

and transcription. Therefore, the ability to bind methylated enhancers is an important 

attribute of  pioneer TF function. In addition to KLF4, other pioneer TFs such as HOXA5, 

HOXA9, GATA3,  GATA4, FOXC1, FOXK1, FOXK2, and FOXA1 have been shown in 

vitro118 to have methyl-CpG binding activity. However, in vivo data for these pioneer 

TFs binding being sufficient to change DNA methylation is either lacking or supports 

the opposite view, i.e. that the pre-existing DNA methylation status determines 

whether the pioneer TF initiates transcription. For example, FOXA1 binds to target 

enhancers during neural differentiation, which is inhibited by DNA methylation 

contrary to previous in vitro observations126,127. An in vivo example of TF driving 

methylation changes is MEF2 and SIX binding to the upstream of the Myogenin 

promoter. Myogenin starts muscle-specific expression at around E8.5 following a 

rostro-caudal gradient. Its weak-CpG island promoter is initially methylated and bound 

by ZBTB38 and MBD2 to maintain the silenced state, both of which are degraded upon 

the onset of differentiation with the concomitant demethylation of Myogenin promoter 

leading to activation of the gene. Mutations of either MEF2 or SIX binding sites 

abolishes DHS formation illustrating the requirement for binding of two TFs in initiating 

demethylation, which precedes the activation of Myogenin128,129. Perhaps the most 

robust evidence of TF binding driving DNA methylation changes comes from the 

insulator CTCF and the transcriptional repressor REST. Stadler et al. showed CTCF 

binds regulatory elements those overlap with low-methylated regions (LMR). A 

reporter construct with or without CTCF binding motif was inserted into the same 

genomic locus of mESCs. The constructs carrying a mutated CTCF binding motif 

became methylated in mESCs whereas reduced methylation was observed in cells 

containing the functional CTCF binding motif construct. A construct containing pre-



 25 

methylated CTCF binding site was then further inserted into the same locus causing 

CTCF binding-induced local reduction of methylation in vivo, confirming the driver role 

of CTCF binding in creating LMRs5. Similar to CTCF, REST also occupies LMRs in ESCs 

and genetic deletion of REST led to increased methylation at its target LMRs. 

Reintroduction of REST restored the LMR, showing the necessity and sufficiency of 

REST binding in creating and maintaining DNA methylation patterns5.  

High-throughput in vitro biochemical studies as well as genome-wide 

epigenetic and TF binding profiling yielded valuable correlative patterns between TF 

binding and DNA methylation. However, the relationship between genomic DNA 

methylation and binding activities of many TFs in a physiologically relevant setting still 

awaits further mechanistic dissection, especially at enhancers, the activation of which 

is tissue-specific. With the development of genomic and epigenomic editing 

technologies, manipulations of TF binding sites or of locus-specific methylation status 

endogenously should bring a clearer picture of this mechanistic hierarchy.   

 

1.6 Super-Enhancers and the Mediator Complex 

 Classical enhancers are defined as DNA elements bound by transcription factors 

(TF), which activate transcription of a gene independently of distance or orientation 

with respect to the gene130. Super-enhancers are a large cluster of enhancers that often 

have unusually high levels of coactivator binding, such as the Mediator complex, and 

display active histone modifications, such as H3K27ac131. In mESCs, super-enhancers 

are defined by either of the following criteria: (1) the binding of all three master TFs 

Oct4, Sox2 and Nanog, (2) the proximity of stitched enhancer within 12.5kb, (3) a 

ranking of H3K27ac or MED1 ChIP-seq signal where the intensity of the enhancer is 

above the slope of 1130-132. Compared to normal enhancers, super-enhancers are large 

and usually locate at genes controlling cell identity with their activity being more 
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sensitive to the knockdown of the Mediator complex subunits. Therefore, super-

enhancers tend to be associated with T-DMRs. Most super-enhancers in mESCs are 

associated with pluripotency genes such as Sox2, Oct4, Nanog, Prdm14, Esrrb, Klf4 and 

microRNA clusters such as Mir290-295. Individual enhancers within a super-enhancer 

can cooperate in activating transcription consistent with that super-enhancers usually 

drive high level of target gene expression. Strong enrichment of the Mediator complex 

plays a central role in coordinating transcription and was initially used to identify super-

enhancers in mESCs132,133. The Mediator complex consists of approximately 30 

subunits, including MED1 to MED31, and the cyclin-dependent kinase (CDK) 8-cyclin 

C pair as well as several paralogs. The subunits of the Mediator complex are not fixed 

and can vary between different complex isoforms. The earliest discovered function of 

the Mediator complex was a “bridge” to bring TF-bound enhancers to PolII and general 

transcription factor (GTF) machineries to promoters by a “looping” mechanism and to 

form the pre-initiation complex (PIC)134. Besides initiation, the Mediator complex has 

also been shown to interact with histone modifiers, lncRNAs, transcriptional elongation, 

termination and RNA splicing factors133.  

 Recently, an alternative view of how transcription factors interacting with DNA 

regulatory elements has evolved when the Mediator complex together with other 

chromatin associated coactivators was found to form phase-separated condensates in 

vitro and in vivo135,136. Transcriptional factor and coactivator condensates form when 

proteins reach a critical concentration and therefore are dependent on the density and 

affinity of TF-binding sites at enhancers137. As TF and coactivators may recruit or 

exclude DNA methylation machinery from binding to enhancers in a locus-dependent 

manner, it is unresolved how DNA methylation affects transcriptional condensates. 

Direct or indirect interactions between the Mediator Complex and the DNA (de) 

methylation machineries or methyl-binding proteins may be involved in coordinating 
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transcriptional activity. It was shown that Mediator CDKs have repressive role in 

transcription of C/EBPβ target genes, and this repressive effect is achieved in part 

through recruiting histone arginine methyl-transferase PRMD5. The product of 

H4R3me2 correlated with DNMT3A recruitment and methylation at target gene 

promoters138. The Mediator complex subunit MED14 in Arabidopsis thaliana was 

shown to promote transcription at highly methylated transposable elements with 

med14-3 mutation inducing decreased non-CG DNA methylation at chromosomal 

pericentromeric regions139. In summary, it remains to be elucidated whether the 

Mediator complex can directly cross-talk with DNMTs, TETs or methyl-binding proteins 

at enhancers. 

 

1.7 Enhancer DNA Methylation Heterogeneity 

DNA methylation at a certain CpG in a single cell at a given time is a binary event 

with values of  0 (biallelically unmethylated), 0.5 (mono-allelically methylated), or 1 

(biallelically methylated). However, many active enhancers show a range of low-level 

value of methylation between 0-0.5, which could be a result of averaging methylated 

and unmethylated alleles from bulk-cell sequencing. In a cultured cell population, for 

example ESCs, such continuous values of low-level methylation (0-0.5) of a specific loci 

indicates cell-to-cell DNA methylation heterogeneity. Recent development of single 

cell RRBS (scRRBS) and WGBS (scWGBS) in ESCs indeed revealed widespread locus-

specific methylation heterogeneity, especially at LMR active enhancers140-142. 

Interestingly, transcription levels of ESC genes have also been shown to be 

heterogeneous143 suggesting the possibility that the transcriptional level 

heterogeneity has an epigenetic basis. However, most sequencing-based observations 

are correlative lacking functional validation. As cells differentiate, decommissioning 

enhancers gain DNA methylation to a critical level that shuts down target gene 
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expression. ESCs represent a transient pluripotent state in vivo, and this leads to a 

hypothesis that the heterogenous DNA methylation level may be a specific feature of 

active pluripotency enhancers, which is regulated in the way to permit both 

demethylation and de novo methylation upon environmental and developmental 

signaling, similar to the bivalent H3K4me3 and H3K27me3 modifications at “poised” 

developmental enhancers104.  

The methylation heterogeneity of rapidly dividing ESCs allows a dynamic view 

where enhancers of any cell can adopt the methylated or unmethylated state at a given 

time, and the heterogeneous levels of methylation collectively constituting the low-to-

intermediate level of bulk-cell methylation. Unfortunately, bisulfite sequencing even at 

single base resolution does not allow validation of such hypothesis, because each 

profile represents a snapshot with little means to trace individual cells longitudinally. 

In addition, many of the CpG poor enhancers are not sufficiently covered by WGBS or 

scWGBS and allelic information is even harder to retrieve if SNP information is not 

available. Therefore, a different approach such as using reporters that allows real-time 

resolution is needed to validate the aforementioned hypothesis as well as to further 

investigate the causal link between epigenetic and transcriptional level of 

heterogeneity. 

 
1.8 Genomic DNA Methylation Reporter for Locus-specific Studies in Single Cells 

To date, many technologies have been adopted to study DNA methylation. 

Those measuring genomic average methylation level include WGBS and RRBS, 

methylated DNA immunoprecipitation (MeDIP), mass spectrometry and HPLC related 

methods. Single-cell bisulfite sequencing can reveal intercellular differences of 

genome-wide methylation. Combined-bisulfite restriction analysis (COBRA) and other 

site-specific methylation-sensitive restriction digestion analysis, and pyro-sequencing, 
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on the other hand, can generate sensitive quantification of DNA methylation at a locus-

specific level144. However, neither of these methods can provide single-cell, locus-

specific and real-time resolution of DNA methylation at the same time, especially in 

vivo.  

Previously, Stelzer et al. in the Jaenisch lab generated a genomic reporter of 

DNA methylation (RGM) with the aim to trace dynamic changes of methylation locus-

specifically in single cells. The RGM consists of a methylation sensitive Snrpn minimal 

promoter driving the expression of a fluorescent protein. The reporter construct can 

be readily inserted into T-DMR of interest and the methylation status of the Snrpn 

promoter follows that of the surrounding genomic loci. If unmethylated, the RGM 

drives fluorescent protein expression in a single cell (Figure 5). The faithfulness of the 

RGM in reporting endogenous genomic DNA methylation has been validated in 

different genetic elements such as CGI promoters145, imprinting control regions 

(ICR)146, retro-transposable elements (unpublished), and enhancers145. The fluorescent 

signal allows flow cytometry assisted sorting (FACS) to purify cells with a defined DNA 

methylation state at a particular locus, as well as real-time monitoring of the changes 

of DNA methylation both in vitro and in vivo. Especially for rare populations of cells that 

exhibit different methylation patterns different from the majority, the resolution given 

by RGM is superior to current existing sequencing-based technologies. For example, 

parent-of-origin imprinting is thought to be faithfully maintained in adult somatic 

tissues147. Using RGM, loss of imprinting pattern at the Dlk1-Dio IG DMR was found in 

multiple adult somatic tissues, which also leads to corresponding cell-type specific 

allelic transcription of genes controlled by this ICR146. Compared to other methylation 

analysis methods, RGM provides continuous tracing of locus-specific methylation 

changes in live cells on the allelic level. The basis, regulation and functional impacts of 

DNA methylation at tissue-specific enhancers and its intricate relationship with histone 
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modification, TF binding and transcription still remain to be elucidated at the 

mechanistic level, and the RGM system provides an attractive approach to address this 

question in single cells and on individual alleles.  

 

 
 
Figure 5. RGM Reporter Translates Genomic DNA Methylation Information into 

Fluorescent Signal in Single Cells. Stelzer et al. CSH Symposia on Quantitative Biology, 

2015. 

 

1.9 Why Is Enhancer DNA Methylation Heterogenous and What Does It Mean 

Functionally? 

Analysis of bulk-WGBS and scWGBS data all pointed to the fact that enhancer 

methylation is heterogeneous and that the LMRs created by such heterogeneity being 

an enhancer-specific feature has functional impact on transcription. To test this 

hypothesis and to further investigate its functional implication requires separation of 

cells with heterogenous methylation status at enhancers, which is a task the RGM can 

fulfill. Mouse ESCs are developmentally equivalent cells which have shown DNA 

methylation heterogeneity at enhancer-associated T-DMRs. The high homologous 

recombination rate of mESCs allows efficient gene targeting and the self-renewal and 

differentiation potentials allow examination of enhancer DNA methylation during 
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dynamic cell-fate changes. As two alleles of enhancers could have non-synchronized 

activity and epigenetic states, I created allele-specific RGM targeted mESCs and 

transgenic animals at pluripotency super-enhancers Sox2 and Mir290. The aim of my 

thesis is to answer the following questions: (1) Is DNA methylation heterogeneity the 

molecular basis of the low-to-intermediate level of enhancer methylation in mESCs? (2) 

If so, what creates DNA methylation heterogeneity at super-enhancers. (3) What is the 

functional impact of enhancer methylation heterogeneity and does it exist in the 

developing mouse embryos? 
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Summary 

Variable levels of DNA methylation have been reported at tissue-specific differential 

methylation regions (DMRs) overlapping enhancers, including super-enhancers (SEs) 

associated with key cell identity genes, but the mechanisms responsible for this 

intriguing behavior are not well understood. We used allele-specific reporters at the 

endogenous Sox2 and Mir290 SEs in embryonic stem cells and found that the allelic 

DNA methylation state is dynamically switching, resulting in cell-to-cell heterogeneity. 

Dynamic DNA methylation is driven by the balance between DNA methyltransferases 

and transcription factor binding on one side and co-regulated with the Mediator 

complex recruitment and H3K27ac level changes at regulatory elements on the other 

side. DNA methylation at the Sox2 and the Mir290 SEs is independently regulated and 

has distinct consequences on the cellular differentiation state. Dynamic allele-specific 

DNA methylation at the two SEs was also seen at different stages in preimplantation 

embryos, revealing that methylation heterogeneity occurs in vivo. 

 

Introduction 

Tissue-specific differential methylation regions (T-DMRs) have been found to strongly 

associate with low CpG density and inter-genic enhancers (Ehrlich et al., 2016; 

Fleischer et al., 2017; Izzi et al., 2016; Jones, 2012; Rinaldi et al., 2016), and the vast 

majority of cell-type specific DNA methylation changes occur at distal regulatory 

elements (Luo et al., 2018; Stadler et al., 2011). Whole-genome bisulfite sequencing 

(WGBS) data indicate a low but detectable level of DNA methylation at T-DMRs 

overlapping active enhancers (Elliott et al., 2015; Heyn et al., 2016; Hon et al., 2013; 

Jiang et al., 2015; King et al., 2016; Shull et al., 2016; Stadler et al., 2011). Recent single-

cell WGBS (scWGBS) data from mouse embryonic stem cells (ESCs) and the early 

mouse embryo suggest that the variable low-to-intermediate DNA methylation levels 
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found at enhancer regions in bulk-cell measurements are largely due to averaging 

signals across cells with heterogeneous methylation states (Cheow et al., 2015; Guo et 

al., 2013, 2015, 2017; Rulands et al., 2018; Smallwood et al., 2014). However, due to 

the static snapshot view of sequencing-based methods, it has been difficult to define 

the basis, regulation, and functional impact of DNA methylation heterogeneity on gene 

expression and cellular states.  

 

The hierarchy and casual relationship between the regulation of enhancer DNA 

methylation, active enhancer histone marks, transcription factor (TF) binding, and cis-

regulated transcription has been challenging to define due to the epigenetic 

heterogeneity among cells (Jin et al., 2011; King et al., 2016; Zhu et al., 2016). While 

genome-wide epigenetic profiling provided insights into the relationship between 

DNA methylation, histone marks, and TFs and coactivators binding (King et al., 2016; 

Kundaje et al., 2015; Wilson and Filipp, 2018), these approaches, even at the single-

cell level, did not allow resolving fast dynamics of individual epigenetic processes in 

heterogeneous tissues and cell populations. Thus, currently there is no clear 

understanding of the basis, regulation, and functional consequences of DNA 

methylation heterogeneity.  

 

Our recently developed Reporter of Genome Methylation (RGM) allows tracing of 

locus-specific DNA methylation based on the on-and-off of a fluorescent signal in 

single cells in real time, and has been shown to faithfully reflect the endogenous DNA 

methylation states at multiple genomic loci (Stelzer et al., 2015, 2016). This system 

allows for robustly tracking locus-specific DNA methylation at enhancer regions and 

for functionally dissecting the hierarchy of epigenetic events that regulate enhancer 

activity and cellular states, overcoming the challenges faced by bulk measurements or 
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sequence-based methods. We utilized this system at two pluripotency super-

enhancers (SEs), Sox2 and Mir290 SEs, in ESCs. Both SEs overlap with ESC-specific 

DMRs, which display consistently low levels of methylation, indicating potential 

heterogeneity (Kobayashi et al., 2012; Leung et al., 2014; Rulands et al., 2018; 

Seisenberger et al., 2012; Stadler et al., 2011). We targeted RGMs to both alleles of the 

two SEs in F1 129xCasteneous (129xCAST) hybrid ESCs allowing to visualize allele-

specific DNA methylation changes. We observed highly dynamic switching between 

different methylation states on individual alleles resulting in cell-to-cell heterogeneity 

and were able to distinguish the DNA methylation pathways driving these changes. 

The RGM system enables isolation of rare and transient populations exclusively based 

on their locus-specific methylation states, which allowed defining the relationship 

between dynamic SE DNA methylation changes, the Mediator complex condensation, 

histone H3K27 acetylation, TF binding, cis-regulated target gene expression, and 

changes in cellular states. Finally, transgenic methylation reporter mice for both SEs 

revealed the previously underappreciated epigenetic heterogeneity and dynamics of 

the pluripotent cells in cleavage embryos, recapitulating and extending the 

observations in ESCs. 

 

Results 

DNA methylation at the Sox2 and Mir290 SEs is heterogeneous at the allelic level  

Sox2 and Mir290 SEs reside on chromosome 3 and 7, respectively. Both SEs overlap 

with T-DMRs, which are hypo-methylated in ESCs but become de novo methylated 

upon differentiation (Stelzer et al., 2015). The T-DMR of the Sox2 SE is located about 

100 kb upstream of the Sox2 gene, whereas the Mir290 SE, consisting of hypo-

methylated DMR constituents interspersed by small hyper-methylated regions, is 

proximal to the Mir290-295 cluster (Figure S1A). WGBS of ESCs indicates that the Sox2 
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and Mir290 SE DMRs have overall DNA methylation levels higher than that of hypo-

methylated promoters of highly expressed genes in ESCs, such as Gapdh and Oct4, 

but lower than that of imprinting control regions or retroelements, which are 

monoallelically and hyper-methylated, respectively (Figure S1B) (Kobayashi et al., 2012; 

Leung et al., 2014; Seisenberger et al., 2012; Stadler et al., 2011). This low-to-

intermediate level of methylation at both SEs in bulk cell WGBS suggests that they are 

hypermethylated in a small population of cells. Re-analysis of published scWGBS data 

(Smallwood et al., 2014) revealed that the T-DMRs of both SEs belong to the 5% 

regions with the most variable DNA methylation level compared to other regions of 

chromosome 7 or chromosome 3 (Figure S1C), further supporting the presence of rare 

cells with hypermethylated SE DMRs. 

 

Consistent with published scWGBS studies reporting heterogeneity in the wild-type 

genome (Guo et al., 2013, 2015, Guo et al., 2017; Hu et al., 2016; Singer et al., 2014; 

Smallwood et al., 2014), we previously observed methylation heterogeneity in ESCs 

with the endogenous Nanog tagged with eGFP and RGM-tdTomato reporter inserted 

mono-allelically into the Sox2 or Mir290 SE DMRs (Stelzer et al., 2015). The 

heterogeneity at these two specific loci was manifested by the bi-modal distribution of 

RGM activity in Nanog positive (Nanog+) pluripotent cells as seen in fluorescence-

activated cell sorting (FACS) (Figure 1A). Sorting cells based on florescence intensity, 

followed by bisulfite PCR (BS-PCR) and sequencing, validated that RGM methylation 

strictly correlates with the endogenous methylation in both regions (Figure 1A). 

Analyzing the Sox2 SE revealed that hyper-methylation occurred on both the targeted 

and the untargeted alleles in the pluripotent ESC population (Nanog+), indicating that 

rare allelic methylation exists among cells (Figure S1D). The rare methylated alleles 

were also detected at the Mir290 SE by high-throughput sequencing of BS-PCR 
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amplicons from the wild-type allele. Figure 1B shows that, comparing to Dnmt3a/b 

double-knockout cells (described later in Figure S3A), we found methylation at the 

Mir290 SE in non-manipulated wild-type ESCs as well as on the untargeted allele in the 

Nanog+RGM+ ESCs. These results indicate that SE DNA methylation heterogeneity is 

created by allele-specific hypermethylation in rare ESC populations independent of 

RGM targeting. To track DNA methylation heterogeneity on each allele, we targeted 

the Mir290 and the Sox2 SE independently in 129xCastaneus F1 hybrid ESCs with 

allele-specific RGM reporters and generated two cell lines, Sox2-129SE-RGM-

tdTomato/Sox2-CASTSE-RGM-eGFP (abbreviated below as SOX2-SE-TG) and Mir290-

129SE-RGM-tdTomato/Mir290-CASTSE-RGM-eGFP (abbreviated below as MIR290-SE-

TG) (Figures 1C and S1E) allowing to visualize the SE locus-specific DNA methylation 

state at allelic and single-cell resolution. These cell lines also enabled dissection of 

allelic functional output of SE methylation states by distinguishing the two alleles based 

on the abundance of 129 or CAST allele-specific SNPs at both the DNA and the mRNA 

level.  

 

The initial FACS analysis detected a small fraction of single-positive (T+G–, T–G+) as 

well as double-negative (T–G–) cells in both cell lines, though the majority of cells were 

double-positive (T+G+) (Figure 1D), consistent with the heterogeneity reported in 

scWGBS data by others (Figure S1C) and in our BS-PCR analysis on both targeted and 

wild-type alleles (Figures 1A, 1B, and S1D). To confirm that the RGM reporter activity 

faithfully reflected the allele-specific endogenous DNA methylation state, we sorted 

the four populations and performed allele-specific BS-PCR followed by Sanger 

sequencing of the DMRs upstream of the reporters. Figure 1E shows that the reporter 

activities on both alleles were consistent with the DNA methylation levels of the 

genomic SE regions and the inserted RGMs in all sorted populations. Quantitative 
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pyro-sequencing further confirmed that T+G+ and T–G– populations represent two 

extreme methylation states of the intrinsic epigenetic heterogeneity at both SEs (Figure 

S1F). As expected, both unmethylated alleles in sorted T+G+ cells from both cell lines 

gained methylation synchronously upon retinoic acid (RA)-induced differentiation. This 

confirms that the RGM-targeted SEs undergo the predicted methylation changes when 

exiting pluripotency (Figure S1G). 

 

Dynamic allele-specific SE DNA methylation is regulated by de novo methylation and 

passive demethylation during cell proliferation. 

To gain insights into the origin of DNA methylation heterogeneity, we FACS sorted 

equal numbers of the four populations from both reporter cell lines and monitored the 

RGM activity upon passaging in serum + LIF medium (Figure 2A). Figure 2B (serum + 

LIF) and Figure S2A show that the SE DNA methylation states in the four sorted 

populations were not stable but highly dynamic with each allele independently 

switching the RGM on-and-off over the course of only a few days. This indicates that 

the observed SE DNA methylation heterogeneity is a result of fast dynamic and 

reversible switching of allelic DNA methylation states. When sorted cells were 

passaged and cultured in “2i” (GSKi and MAPKi) medium, the kinetics of the transitions 

between different methylation states was significantly altered with slowed de novo 

methylation for both SEs and an initial acceleration of demethylation at the Mir290 SE 

(Figures 2B and 2C; Figure S2B). Demethylation of T–G– population of SOX2-SE-TG in 

“2i”, however, is slower over the long term than that in serum + LIF, possibly due to 

impaired cell division as shown in the later part of this article. The observed DNA 

methylation difference between “2i” and serum + LIF is consistent with the extensive 

global demethylation induced in “2i” by downregulation of de novo and maintenance 
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methyltransferases (Choi et al., 2017; Leitch et al., 2013; Sim et al., 2017; von Meyenn 

et al., 2016; Yagi et al., 2017).  

 

Demethylation in “2i” suggests that changes in DNA methyltransferase (Dnmt) activities 

modulate the observed dynamics. To determine the main de novo methyltransferase 

driver for SE methylation, we compared RGM activities in Dnmt3a or Dnmt3b single-

knockout and Dnmt3a/3b double-knockout (DKO) cells (Figure S3A). Although the 

number of RGM negative cells was reduced in Dnmt3a or Dnmt3b single-knockout 

cells, cells with methylated SEs were eliminated only in the absence of both de novo 

methyltransferases in DKO cells preventing any de novo methylation (Figures 3A and 

S3B). The hypomethylation of both SEs was further confirmed by pyro-sequencing in 

DKO ESCs as well as in cells induced to differentiate by RA (Figure S3C). These results 

suggest that both DNMT3A and DNMT3B have redundant functions and 

independently contribute to de novo methylation of SE DMRs.    

 

DNA demethylation can occur either passively in rapidly dividing cells, caused by 

inhibition of DNMT1 or by active removal of the methyl group mediated by Tet 

enzymes and base excision repair (BER) pathways (Wu and Zhang, 2017). To assess 

whether demethylation of the SEs involved active or passive mechanisms, we analyzed 

whether DNA demethylation would be affected in cells upon delaying cell-cycle 

progression using thymidine block. In all three populations carrying at least one 

methylated allele, the kinetics of demethylation upon thymidine block was significantly 

decreased upon 3 days in culture (Figures 3B and 3C). This suggests that cell 

proliferation-driven passive demethylation is responsible for SE demethylation. To 

confirm this observation genetically, we transfected 129SE-RGM-tdTomato T–G+ cells 

with Cas9 and single-guide RNAs (sgRNAs) against genes encoding the maintenance 
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enzymes DNMT1/UHRF1, which upon downregulation would lead to genome-wide 

passive dilution of methylation. In addition, we used sgRNAs against enzymes 

implicated in mediating active demethylation (Tets/Tdg/Aid). Figure 3D shows the 

predicted outcomes of 129SE-RGM-tdTomato allele demethylation (changes of the 

fraction of T+G+ cells) after disruption of these genes. When Dnmt1 or Uhrf1 were 

disrupted, the 129SE-RGM-tdTomato allele became demethylated in a substantial 

fraction of cells (Figure 3E). In contrast, transduction of sgRNAs against Tet enzymes, 

Aid, or Tdg had no substantial effect indicating that active demethylation is not 

significantly involved in SE demethylation. To confirm that the lack of methylation 

changes upon disruption of Tets, Aid, or Tdg was not due to inefficient Cas9-sgRNA 

transfection, we further compared the demethylation kinetics of the 129SE-RGM-

tdTomato allele in single clones harboring homozygous Tdg and Aid frameshift 

mutations (Figure S3D) with that of wild-type cells and observed no difference (Figure 

S3E). In addition, DNA methylation levels, as quantified by pyro-sequencing, did not 

reveal a significant difference among Tet1, 2, and 3 single-knockout, Tet1, 2 double-

knockout, Tet1, 2, 3 triple-knockout ESCs, and the isogenic wild-type cells (Dawlaty et 

al., 2011, 2013, 2014) (Figure S3C). Given the rapid proliferation of ESCs, our data are 

consistent with the notion that locus-specific DNA methylation at both SEs is subjected 

to intrinsically dynamic changes at the allelic level in each cell due to unsynchronized 

cell division and passive DNA demethylation, which leads to heterogeneous SE 

methylation at a snapshot sampling time (t1, …, t4, Figure 3F, top). The steady-state of 

such dynamic heterogeneity reflects a balance between de novo methylation 

dependent on both DNMT3A and DNMT3B and passive demethylation during rapid 

cell proliferation (Figure 3F, bottom). 

 

TF binding at SEs promotes demethylation and inhibits de novo methylation 



 53 

To explore additional regulators of SE DNA methylation dynamics besides DNMTs 

activities and cell division, we investigated the impact of TF binding on the transition 

between DNA methylation states. Some TFs can serve as readers of DNA methylation 

or inducing changes to DNA methylation states upon binding to target sequences 

(Feldmann et al., 2013; Maurano et al., 2015; Yin et al., 2017; Zhu et al., 2016). The 

Sox2 SE harbors multiple enrichment sites for the master TFs OCT4 and NANOG in 

ESCs (Hnisz et al., 2013) (Figure 4A, top). We deleted enrichment sites for the two TFs 

(peak 1 for NANOG and 2 for both NANOG and OCT4) at the Sox2 SE DMR on either 

the 129SE-RGM-tdTomato or the CASTSE-RGM-eGFP allele using sgRNAs against 

allele-specific SNPs (Figure 4A,  bottom) and generated ESC clones harboring allele-

specific peak deletions (DPeak 1-CAST, DPeak 2-CAST, and DPeak 2-129 clones; Figure 

S4A). We sorted the T–G– and T+G+ populations from these clones and monitored the 

re-establishment of allelic heterogeneity across deletion genotypes (Figure 4B). The 

fraction of T+G– or T–G+ cells transitioning from T+G+ or T–G– cells were quantified as 

allelic de novo methylation rates or demethylation rates, respectively (Figure 4C). We 

found that both the 129SE-RGM-tdTomato and the CASTSE-RGM-eGFP allele 

exhibited a faster de novo methylation rate after deletion of its TF enrichment sites as 

compared to the intact wild-type allele (Figure 4D, top), indicating higher susceptibility 

to de novo methylation upon loss of TF binding. Similarly, the allele that had its TF 

enrichment site deleted showed a slower demethylation rate than the wild-type allele, 

indicating less resistance to maintenance methylation upon loss of TF binding (Figure 

4D, bottom). To confirm that the observed RGM activity changes correspond to 

changes in DNA methylation, we performed BS-PCR followed by Sanger sequencing 

on sorted cells from DPeak 1-CAST and DPeak 2-129 clones. This analysis confirmed 

that the methylation status of the endogenous SE region was consistent with that of the 

Snrpn promoter as well as RGM activities at allelic resolution after genetic manipulation 
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(Figure S4B). The TF binding effect on methylation dynamics was seen not only in 

cloned cells but also in sorted T+G+ cell population transfected with allele-specific 

sgRNAs against TF enrichment sites (Figure 4E). Consistent with the single-cell clone 

analyses, the allele with TF enrichment site deletion showed a faster de novo 

methylation rates than the wild-type allele that was not targeted by the sgRNAs (Figure 

4F). 

 

DNA methylation decreases MED1 association with SEs, enhancer-promoter H3K27ac, 

and in-cis transcription of the target genes 

We investigated whether the rapid changes in SE DNA methylation would dynamically 

affect target gene transcription. Promoter DNA methylation has long been associated 

with stable silencing of gene expression (Deaton and Bird, 2011; Dor and Cedar, 2018; 

Schübeler, 2015; Smith and Meissner, 2013); in comparison, enhancer methylation’s 

role in transcription is less well characterized. The Mediator complex has been shown 

to be dynamically involved in phase-separated condensates concentrating at SEs for 

transcription of key cell-identity genes (Sabari et al., 2018). Since SE DNA methylation 

is dynamically changing, we investigated whether different allelic methylation states 

affect association of MED1 condensates with the Mir290 SE. We performed DNA FISH 

at the Mir290 SE locus and MED1 immunostaining on sorted cell populations. Figure 

5A and Figure S5A show that MED1 was not enriched at the methylated Mir290 SE as 

T–G– cell populations did not have DNA FISH foci that overlapped with MED1 

enrichment as compared to cells in which at least one Mir290 SE was unmethylated. 

Since the Mediator complex interacts with both the SE and the promoter (Whyte et al., 

2013), a loss of MED1 enrichment upon SE DNA methylation may affect promoter 

activity as well. We therefore performed H3K27ac chromatin immunoprecipitation 

sequencing (ChIP-seq) as a proxy epigenetic mark defining active enhancers and 
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promoters on four sorted populations from both reporter cell lines. H3K27ac was 

significantly reduced at both methylated SE regions, as measured by total (Figures 5B 

and 5C, Sox2 SE and Mir290 SE boxes; Figure S5B, enhancer panels) as well as allele-

specific H3K27ac enrichment (Figure S5C, enhancer panels). As expected, a decrease 

in H3K27ac was also observed at promoters residing on the same chromosome with 

the methylated SE (Figures 5B and 5C, Sox2 and Mir290 boxes, and Figures S5B and 

S5C, promoter panels) but not at adjacent regions (Figure S5B, adjacent regions 

panels). This demonstrates that SE methylation affects the promoter H3K27ac level, 

likely through a loss of enhancer-promoter communication.  

 

To test whether synchronized H3K27ac changes upon transient DNA methylation at 

enhancers and promoters affects in cis target gene expression, we performed allele-

specific qRT-PCR on the four sorted cell populations from both reporter cell lines. As 

shown in Figure 5D, methylation of either allele of the SEs resulted in decreased target 

gene expression on the same chromosome. However, the Sox2 SE and the Mir290 SE 

have different effects on the total expression level of their respective target genes. The 

suppressive effect of transient DNA methylation was independent and additive when 

either Mir290 SE allele was methylated (Figure 5E, left). In contrast, total Sox2 

expression only significantly decreased when both Sox2 SE alleles were methylated 

(Figure 5E, right), and in single-positive cells only single-molecule RNA FISH (smFISH) 

could detect a slight decrease of Sox2 transcripts (Figures S5D and S5E), indicating a 

compensating mechanism on total Sox2 transcripts when one SE allele is methylated. 

Notably, DNA methylation at two SEs exclusively anti-correlated with their respective 

in cis target genes, and little difference is seen in Mir290-295 expression if cells were 

sorted based on the methylation state at the Sox2 SE locus and vice versa (Figure 5F). 



 56 

This indicates that the DNA methylation state of the two SEs switches independently of 

each other.  

 

To determine whether SE methylation has a causal role in suppressing enhancer-

promoter H3K27ac and transcription, we transfected Cas9-sgRNAs targeting Dnmt1 

and Uhrf1 and removed DNA methylation in sorted T–G– MIR290-SE-TG cells to induce 

rapid passive demethylation (Figure 6A). Figure 6B shows that cells deficient for Dnmt1 

or Uhrf1 displayed significantly faster demethylation resulting in a higher proportion of 

T+G+ cells as compared to the control. Both acetylation of H3K27 at the SE (Figure 6C) 

and Mir290-295 expression (Figure 6D) were significantly increased upon 

Dnmt1/Uhrf1 disruptions, as measured by ChIP-qPCR and qRT-PCR from the same 

cultures, respectively. This suggests that change in DNA methylation directly regulates 

SE function and transcription in cis. 

 

Since correlating abundance in RNA allele-specific SNPs with allele-specific RGM 

activities allows distinguishing direct targets regulated in cis by the SE methylation 

status versus expression changes caused by secondary effects, we searched additional 

genomic targets on the same chromosomes that are directly regulated by SE 

methylation by allele-specific RNA sequencing (RNA-seq) analysis on sorted 

populations. We quantified allele-specific expression of genes on chromosome 3 (for 

MIR290-SE-TG) and chromosome 7 (for SOX2-SE-TG) in single positive cells and 

calculated the ratio between expressions from the allele with an unmethylated SE over 

that of the other allele with a methylated SE. We plotted this ratio of each gene 

calculated in T–G+ cells as the x-axis value and the ratio calculated in T+G– cells as the 

y-axis value (Figure S6A). As expected, Mir290-295 and Sox2 both appeared in the 

upper right corner as they were in cis directly suppressed by allelic SE methylation. 
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Surprisingly, two antisense transcripts relative to Sox2 and Mir290-295, Ecm1 and 

AU018091, respectively, were oppositely regulated by allele-specific Sox2 or Mir290 

SE methylation: SE hyper-methylation strongly correlated with upregulations of both 

anti-sense transcripts, whereas SE hypo-methylation correlated with inhibition (Figures 

S6B and S6C). This result shows that direct transcriptional targets of SE methylation are 

highly specific with possibly opposite effects on some cis-regulated genes. Though the 

detailed mechanism of such regulation remains to be elucidated, Ecm1 was 

upregulated in Sox2 SE deletion cells (Gagnon et al., 2014).  

 

Our results suggest that DNA methylation at both SEs fluctuates independently and 

dynamically, altering Mediator complex condensates at the SE and allelic H3K27ac at 

enhancers and promoters in cis and ultimately leading to heterogeneous allelic 

transcription of the target genes (Figure 6E). 

 

Sox2 and Mir290 SE methylation heterogeneities have different biological impacts on 

ESC state  

Culture in “2i” medium has been shown to only allow naïve pluripotent cells to 

proliferate (Nichols and Smith, 2009). Long-term culture of MIR290-SE-TG and SOX2-

SE-TG cells in “2i” after passaging from serum + LIF media, though favoring T+G+ 

population decreased but did not abolish heterogeneity completely (Figure S6D). The 

persistence of all four populations in both reporter cell lines indicates that DNA 

methylation at both SEs have different degrees of heterogeneity in different culture 

conditions. Both Sox2 and Mir290-295 are highly expressed in ESCs (Calabrese et al., 

2007; Hnisz et al., 2013; Jaenisch and Young, 2008; Thomson et al., 2011), raising the 

possibility that allelic transcriptional heterogeneity caused by SE methylation 

heterogeneity may lead to co-existing heterogeneous cellular states of ESCs. In “2i” 
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media, SOX2-SE-TG T–G– cells exhibited significantly impaired colony-forming ability 

and proliferation (Figures 6F and 6G). However, under the same condition, the 

heterogeneous DNA methylation at the Mir290 SE did not lead to any obvious changes 

of ESCs, despite the slight colony formation disadvantage of MIR290-SE-TG T–G– cells 

(Figures 6F and 6G). We further explored the functional differences among 

populations in vivo by injecting sorted cells to form teratomas. Surprisingly, despite the 

significant growth disadvantage of SOX2-SE-TG T–G– population, they were able to 

contribute to all three germ layers in teratoma formation assays with no obvious 

contribution bias towards any germ layer compared to SOX2-SE-TG T+G+, MIR290-

SE-TG T+G+, and T–G– cells (Figure S6E). This indicates that ESCs with biallelic 

methylation at the Sox2 SE are still pluripotent. However, when examined at the 

molecular level, these cells were distinct from other populations in principal-

component analysis on difference in the 5% most highly variably expressed genes 

(Figure 6H) and 17,000 uniquely distinct H3K27ac enrichment peaks in ChIP-seq 

(Figure S6F). GO analysis on RNA-seq revealed that the SOX2-SE-TG T–G– population 

preferentially expressed genes in differentiation-related pathways as compared to the 

MIR290-SE-TG T–G– population (Figure S7A). The epigenetic and transcriptional 

differences of SOX2-SE-TG T–G– cells indicate that these cells downregulate Sox2 

expression and are prone to differentiate but not as yet committed to a certain fate. 

Our results are consistent with the notion that pluripotent ESC are heterogeneous as 

reflected by the dynamic allelic DNA methylation of key pluripotency SEs. 

 

DNA methylation is dynamic at both SEs in blastocysts, while exhibiting spatial-

temporal differences in pre-implantation embryos 

In vivo, both Sox2 and Mir290-295 are expressed in preimplantation embryos. As 

reported previously Sox2 expression increases between the morula and the blastocyst 
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stage (Mistri et al., 2018) and Mir290-295 expression significantly upregulates at the 4-

cell stage (Medeiros et al., 2011). To investigate changes in DNA methylation of the 

two SEs at single-cell and allelic resolution, we generated transgenic mice homozygous 

for the 129SE-RGM-tdTomato allele or the CASTSE-RGM-eGFP allele and obtained 2–

4 cell embryos carrying one 129SE-RGM-tdTomato allele and one CASTSE-RGM-eGFP 

allele by mating animals homozygous for RGM-eGFP or RGM-tdTomato (Figure 7A). 

The two SEs gained allelic DNA methylation heterogeneity at different times: reporter 

activity became apparent as early as the 4-cell stage for the Mir290 SE but only at the 

morula stage for the Sox2 SE (Figure 7B). At the blastocyst stage, Sox expression was 

restricted to the inner cell mass (ICM), whereas the Mir290-295 displayed broad 

expression in both ICM and trophectoderm (TE) (Nichols and Smith, 2009; Paikari et 

al., 2017; Wicklow et al., 2014). Heterogeneous SE DNA methylation was consistent 

with the established spatial expression pattern of the two genes in blastocysts (Figure 

7C). We further investigated whether the observed methylation heterogeneity was due 

to dynamic allelic methylation state switching in vivo. We sorted the four populations 

from SOX2-SE-TG and MIR290-SE-TG ESCs, injected each population into 8-cell stage 

wild-type CD1-IGS host embryos, and cultured embryos for 2 days to monitor de novo 

methylation or demethylation at single-cell resolution (Figure S7B). A long-term 

membrane bound dye (Cy5) was used to track the injected cells (Figures 7D; Figure 

S7C). Figure 7D (SOX2-SE-TG cells) and Figure S7C (MIR290-SE-TG cells) show that, at 

the blastocyst stage, injected T–G– cells demethylated the SE as they turned on the 

RGMs on either or both alleles and became single positive or T+G+ cells (T–G– columns, 

white arrows). Demethylation also was observed in injected single-positive cells as the 

originally methylated allele at injection became unmethylated and cells became T+G+ 

(T+G– and T–G+ columns, white arrows). Similarly, dynamic de novo methylation was 

observed in vivo, as injected T+G+ cells shut down RGM activities on either or both 
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alleles (T+G+ columns, yellow arrows) and single-positive cells became T–G– cells (T–

G+ and T–G+ columns, yellow arrows).  

 

In summary, our data indicate that dynamic DNA methylation exists at active SEs in 

early preimplantation embryos creating locus-specific epigenetic heterogeneity, 

recapitulating and extending our observations in ESCs in vitro. 

 

Discussion 

The importance of DNA methylation regulation at cis-regulatory elements is 

increasingly recognized as many developmental- and disease-associated DMRs 

overlap with these regions (Schultz et al., 2015; Weigel et al., 2016; Ziller et al., 2013). 

Locus-specific DNA methylation heterogeneity across cells has been shown by recent 

scWGBS as a potential explanation for the variable low-to-intermediate levels of 

methylation at active enhancers in bulk measurements. The present work was based 

on an experimental paradigm that overcomes some of the limitations of single-cell 

sequencing approaches using an allele-specific reporter system. This allowed us to 

address questions that were not resolved by previously used sequencing-based 

methods. (1) Our study shows that in ESCs the methylation state of the two alleles of 

the Sox2 and Mir290 SEs change dynamically and independently of each other. (2) We 

demonstrate that the dynamic change of SE DNA methylation is driven by the balance 

between three DNMTs and cell proliferation, with TF binding promoting the 

hypomethylated state. (3) We show that DNA methylation dynamically regulates target 

genes in cis and inhibits formation of Mediator complex condensates at the SE as well 

as enhancer-promoter H3K27 acetylation. (4) Allelic variation of SE DNA methylation, 

reflecting the epigenetic heterogeneity of ESCs, can originate from cells of different 

transcriptional landscapes and proliferative potentials as for the Sox2 SE or of 
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developmentally identical states as for the Mir290 SE. (5) Finally, we show that dynamic 

DNA methylation is not only seen in cultured ESCs but also in preimplantation embryos.  

Allele-specific RGM reporters targeted to the endogenous Sox2 and the Mir290 SEs 

allowed us to trace DNA methylation both in vitro and in vivo. Detailed analyses 

showed that the low levels of DNA methylation of the Sox2 and the Mir290 SE are due 

to the presence of a small fraction of cells with hypermethylated SE alleles. The 

methylation heterogeneity in these cells results from highly dynamic and reversible 

switching between allelic DNA methylation states. Because the RGM reporter allowed 

isolation of cells with defined allele-specific SE DNA methylation states, we were able 

to demonstrate that dynamic changes in SE DNA methylation are tightly anti-correlated 

in cis with enhancer-promoter H3K27ac levels. This is likely due to disruption of 

enhancer-promoter interactions consistent with the Mediator complex condensates 

showing decreased association at the methylated Mir290 SE. The Mediator complex 

and its unit MED1 have been shown previously to form condensates with liquid-like 

properties, which allows dynamic interactions with TFs and the transcription apparatus 

(Cho et al., 2018; Sabari et al., 2018). Our study shows that DNA methylation can affect 

these transcriptional condensates. Given the dynamic state switching of allelic SE DNA 

methylation as well as the dynamic nature of MED1 condensate formation, it is highly 

likely that one process mediates the other. We also show that SE DNA methylation can 

have opposing effects on transcription of different genes located on the same 

chromosome: the direct target genes Sox2 and Mir290-295 were repressed, while the 

antisense genes Ecm1 and AU018091 were activated by SE methylation. By removing 

DNA methylation at the Mir290 SE through Dnmt1/Uhrf1 deletion, we showed that 

changes in SE DNA methylation is a dynamic process actively regulating its 

transcriptional activity. By enabling sorting for a particular epigenetic state and 

combined with allelic expression analyses, we demonstrate that dynamic DNA 
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methylation serves as an epigenetic basis for allelic heterogeneity in gene expression 

and that dynamic DNA methylation at SEs is a likely mechanism for dynamic random 

monoallelic transcription seen in mammalian cells (Deng et al., 2014; Reinius and 

Sandberg, 2015). However, it warrants further exploration to establish the causal link 

between allelic epigenetic and transcriptional heterogeneity in vivo. 

 

While Sox2 and Mir290 SE methylation affect target gene expression similarly, we 

detected some differences on cellular growth and differentiation. Cells with biallelically 

methylated Sox2 SE revealed impaired growth and upregulation of differentiation-

related pathways (Figures 6F and 6G; Figure S7A). In contrast, Mir290 SE methylation 

had little effects on cell state. We identified additional differences of how DNA 

methylation suppresses activity of the two SEs. Mir290-295 expression was 

independently suppressed by methylation at either Mir290 SE DMR allele consistent 

with the observation that individual DMR constituents have independent activities 

(Suzuki et al., 2017). In contrast, monoallelic Sox2 SE methylation did not significantly 

affect the overall Sox2 expression, suggesting additional regulatory mechanisms.  

 

The experimental platform described here allows rapid tracing and isolating rare cell 

populations based on their transient methylation signatures at specific loci and thus 

can provide mechanistic insights into the nature of enhancer DNA methylation in 

heterogeneous cell populations both in vivo and in vitro in real time, which is difficult 

in sequencing-based approaches. Furthermore, this system enables manipulation of 

different molecular components to define interactions and hierarchies between layers 

of epigenetic regulation in dynamic systems with rapid changes. Our study provides a 

path towards the mechanistic understanding of dynamic T-DMR regulation in 
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heterogeneous tissues and complex biological processes, such as development and 

diseases (Heyn and Esteller, 2012; Robertson, 2005).   

 

Methods 

ESC cell culture and proliferation assays 

All cells were cultured at 37℃ with 5% CO2. 129xCAST or v6.5 mouse male ESCs were 

cultured on irradiated mouse embryonic fibroblasts (MEFs) with standard ESCs 

medium: (500 ml) DMEM supplemented with 10% FBS (Hyclone), 10 mg recombinant 

leukemia inhibitory factor (LIF), 0.1 mM beta-mercaptoethanol (Sigma-Aldrich), 

penicillin/streptomycin, 1 mM L-glutamine, and 1% nonessential amino acids (all from 

Invitrogen). For experiments in 2i culture conditions, ESCs were cultured on gelatin-

coated plates with N2B27 + 2i + LIF medium containing: (500 ml), 240 ml DMEM/F12 

(Invitrogen; 11320), 240 ml Neurobasal media (Invitrogen; 21103), 5 ml N2 

supplement (Invitrogen; 17502048), 10 ml B27 supplement (Invitrogen; 17504044), 10 

mg recombinant LIF, 0.1 mM beta-mercaptoethanol (Sigma-Aldrich), 

penicillin/streptomycin, 1 mM L-glutamine, and 1% nonessential amino acids (all from 

Invitrogen), 50 mg/ml BSA (Sigma), PD0325901 (Stemgent, 1 mM), and CHIR99021 

(Stemgent, 3 mM). For measuring cell proliferation, AlamarBlue Cell Viability Reagent 

(Bio-Rad, BUF012A) was added to cell culture and incubated at 37℃ with 5% CO2  and 

emission at 590nm was monitored every 50hrs. At each sampling time point, relative 

changes in cell numbers were compared to 0hr after sorting. 

Generating biallelically targeted reporter cell lines 

To generate SOX2-SE-TG and MIR290-SE-TG reporter cell lines, targeting vectors 

(Mir290-SE-RGM-tdTomato, Mir290-SE-RGM-eGFP, Sox2-SE-RGM-tdTomato, Sox2-SE-

RGM-eGFP), and CRISPR/Cas9 were transfected into ESCs using Xfect ESC 

Transfection Reagent (Clontech, Cat#631320), according to the provider’s protocol. 
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Forty-eight hours following transfection, cells were selected for puromycin resistance 

(Sigma Aldrich, Cat#P7255) and plated on MEF feeder plates. Single colonies were 

further analyzed for proper and single integration by Southern blot and Junction PCR 

analysis. PGK-Puromycin resistance cassette were looped out by overexpression of Cre 

recombinase (pTurbo-Cre, GenBank accession number AF334827) and followed by 

Southern blot validation. 

ESCs with CRISPR-Cas9-mediated deletions 

Tet-enzyme single-, double- and triple knockouts were generated and described 

previously 69,148,149. sgRNA sequences are cloned into px330-BFP vector under U6 

promoter. px330-BFP-sgRNA vectors were transfected into pre-plated ESC cells using 

Xfect ESC Transfection Reagent, according to the provider’s protocol. For analysis in 

populations, cells were sorted for BFP 48 hours post-transfection and cultured on MEF 

feeder plates. For single clone analysis, cells were genotyped using Southern blot or 

TA cloning of PCR products of CRISPR targeting site from each allele followed by 

sequencing. For Dnmt3a and Dnmt3b, Aid and Tdg single knockouts, single clones 

with frame-shifting indels were selected for further analysis; for TF binding site 

deletions, single clones have allele-specific entire peak site deletions were selected for 

further analysis.  For TF enrichment site deletion experiments, sgRNA pairs for 

generating deletion are transfected as following: Δpeak 1-CAST: sgTFBS-Sox2-SE-

1(CAST) and sgTFBS-Sox2-SE-2(CAST); Δpeak 2-CAST: sgTFBS-Sox2-SE-2(CAST) and 

sgTFBS-Sox2-SE-3(CAST); Δpeak 2-129: sgTFBS-Sox2-SE-2(129) and sgTFBS-Sox2-SE-

3(Both); Δ Peak 1+2-CAST: sgTFBS-Sox2-SE-1(CAST) and sgTFBS-Sox2-SE-3(CAST). All 

sgRNA sequences are listed in Table S1. 

Blastocyst injections and generation of reporter mice 

Blastocyst injections were performed using (C57BL/6xDBA) B6D2F1 (Charles River) or 

CD1 (Charles River) host embryos. In brief, 6-7-week old B6D2F1 females were 
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hormone primed by an intraperitoneal (i.p.) injection of pregnant mare serum 

gonadotropin (PMS, EMD Millipore) followed 46 hr later by an injection of human 

chorionic gonadotropin (hCG, VWR). Embryos were harvested at the morula stage and 

cultured in a CO2 incubator overnight. To obtain tetraploid (4n) blastocysts, 

electrofusion was performed at approximately 44–47 h post hCG using a BEX LF-301 

cell fusion device (Protech International Inc., Boerne, TX). On the day of the injection, 

groups of embryos were placed in drops of M2 medium using a 16-um diameter 

injection pipet (CytoSpring). Approximately ten cells were injected into the blastocoel 

cavity of each embryo using a Piezo micromanipulator (Prime Tech). Approximately 20 

blastocysts were subsequently transferred to each recipient female; the day of injection 

was considered as 2.5 days postcoitum (DPC). Male chimera mice were mated to 

C57BL/6 females and the ones that gave birth to agouti pups (F1) have germ-line 

transmitted CASTX129 ESC. Mice were handled in accordance with institutional 

guidelines and approved by the Committee on Animal Care (CAC) and Department of 

Comparative Medicine (DCM) of Massachusetts Institute of Technology. 

Mouse mating scheme and genotyping 

All mouse F1 mice heterozygous for either the SE-RGM-tdTomato (abbreviated as 

SOX2-SE-T0 or MIR290-SE-T0) or the SE-RGM-eGFP allele (abbreviated as SOX2-SE-

G0 or MIR290-SE-G0) were obtained by mating germ-line transmitted chimeras to 

C57BL/6 females. F2 mice homozygous for either SE-RGM-tdTomato (abbreviated as 

SOX2-SE-TT or MIR290-SE-TT) or the SE-RGM-eGFP allele (abbreviated as SOX2-SE-

GG or MIR290-SE-GG) were generated by inbreeding (SOX2-SE-T0 x SOX2-SE-T0,  

SOX2-SE-G0 x SOX2-SE-G0, MIR290-SE-T0 x MIR290-SE-T0, MIR290-SE-G0 x MIR290-

SE-G0). Mice are genotyped by PCR the 5’junction of the SE RGM: SOX2-SE-F (or 

MIR290-SE-F) with tdTomato-R for the RGM-tdTomato allele, SOX2-SE-F(or SOX2-SE-
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F) with eGFP-R for the RGM-eGFP allele, and SOX2-SE-F (or MIR290-SE-F) with SOX2-

SE-R (or MIR290-SE-R) for the wild-type allele (Table S5).  

Confocal imaging of live pre-implantation embryos 

2-cell embryos were obtained from mating SOX2-SE-TT or MIR290-SE-TT females 

hormone primed step-wise with PMS and hCG to SOX2-SE-GG or MIR290-SE-GG 

males, respectively, or the opposite mating strategy (SOX2-SE-GG or MIR290-SE-GG 

females to SOX2-SE-TT or MIR290-SE-TT males, respectively). 2-cell embryos were 

flushed out from the oval-duct by M2 media with BSA (CytoSpring # m2113) 48hrs post 

mating. The embryos were then cultured in 25-50ul KSOM media droplets (CytoSpring 

# KO102) covered by mineral oil in a 37℃ 5% CO2 incubator. Embryos will become 

blastocysts at E3.5. For monitoring methylation dynamics in vivo , ESCs were cultured 

in serum + LIF, pre-plated and sorted based on RGM activity before injection. 2-3 cells 

were injected into 8-cell stage CD1 host embryos and cultured in M2 media with BSA 

at 37℃ in 5% CO2. Images were taken by a Zeiss LSM 710  

Laser Scanning Confocal microscope. Images were taken using either 10x or 40x water 

lenses and saved in LSM format. Channels for eGFP (excitation 488nm), tdTomato 

(excitation 594nm), Cy5 (excitation 633nm), and Hoechst 33342 (excitation 405nm) 

were merged into image composites. 

Teratoma formation assays and H&E staining 

0.5-1 million sorted ESCs in serum + LIF media were 1:1 mixed with Matrigel and 

injected subcutaneously into the femur on both sides of the NSG mice. Tumors were 

taken when reaching 1cm in diameter and mice euthanized.  Mice were handled in 

accordance with institutional guidelines and approved by the Committee on Animal 

Care (CAC) and Department of Comparative Medicine (DCM) of Massachusetts 

Institute of Technology. Tissues were dissected and fixed in 10% formalin overnight. 

Tissues were embedded in paraffin, sectioned, and stained for H&E.  
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Southern blots 

Genomic DNA (10–15 mg) was digested with appropriate restriction enzymes 

overnight. Subsequently, genomic DNA was separated on a 0.8% agarose gel, 

transferred to a nylon membrane (Amersham) and hybridized with 32P probe labeled 

by Prime-It II Random Primer Labeling Kit (Agilent Technologies, Cat#300385). 

Flow cytometry 

To assess the proportion of eGFP and tdTomato in the established reporter cell lines, 

a single-cell suspension was filtered and assessed on the BD Aria or FACSCanto II. 

Compensation was achieved by using cells with either tdTomato or eGFP fluorescence. 

Fsc files were analyzed by FlowJo. 

Bisulfite conversion-PCR (BS-PCR) and pyro-sequencing 

Bisulfite conversion of genomic DNA,  nested PCR, and sequencing was established as 

described previously 145. Pyro-seq of all bisulfite converted genomic DNA samples 

were performed with PyroMark Q48 Autoprep (QIAGEN) according to the 

manufacturer’s instructions. Primers used for BS-PCR and pyro-sequencing are listed 

in Table S2.  

Retinoic acid differentiation 

ESCs carrying the reporter for both Mir290 and Sox2 SE regions were sorted for Nanog-

eGFP positive and RGM-tdTomato positive and plated on gelatin-coated plates in ESC 

medium (+LIF). The next day, cells were washed with PBS, re-suspended in basal 

N2B27 medium (2i medium without LIF, insulin, and the two inhibitors), and 

supplemented with 0.25uM retinoic acid (RA, Sigma Aldrich, Cat#R2625-50MG). 

Medium was replaced every other day. 

Double thymidine block 

10-20k cells/per well were plated onto 12-well plates after sorting with media 

containing 2.5mM thymidine for 12hrs. Blocking was released by washing twice with 
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PBS and culturing in serum + LIF mouse ES media for 9hrs. Cells were then again 

blocked with 2.5mM thymidine for 14hrs and FACS analyses were done 6hrs post 

release.  

qRT-PCR and TaqMan assays 

Total mRNA was extracted from ESCs using Direct-zol RNA Miniprep (Zymo Research, 

Cat#R2050) after pre-plating for elimination of MEF feeders, treated with DNase A 

defined amount of mRNA reverse-transcribed into cDNA using SuperScript III First-

Strand Synthesis SuperMix (Life Technologies, Cat#18080400) using random 

hexamers. Total expression of transcripts were quantified by qRT-PCR using Fast SYBR 

Green Master Mix (Life Technologies), and allele-specific transcripts are quantified by 

TaqMan Assay customized probes (Sigma, Table S3) targeting Sox2 and Mir290-295 

pri-mRNA SNPs. Tukey’s multiple comparison (****P<0.0001, **P<0.01, *P<0.05). Both 

qRT-PCR and TaqMan assays used at least 2 independently targeted clones as 

biological replica. The probes and context sequences are listed in Table S3. 

ChIP-qPCR 

ChIP was done on 2-5 million cells of each same-culture-sorted population from both 

reporter cell lines as described previously 150, 2ug of anti-H3K27ac antibody (abcam 

ab4729) was used for precipitation. Eluted DNA was quantified using real-time qPCR 

with Fast SYBR Green Master Mix. Each ChIP-qPCR was repeated 3 times. Enrichment 

was calculated using as percentage of input. Statistical differences between samples 

are calculated with two-way ANOVA (alpha = 0.05), followed by Tukey’s multiple 

comparison (****P<0.0001, **P<0.01). Primers used for detecting positive and 

negative control sequences, and SE targets are listed in Table S4. 

H3K27ac ChIP-Seq and analysis 

ChIP samples of 4 same-culture-sorted populations from SOX2-SE-TG and MIR290-SE-

TG, respectively, were validated for positive and negative targets using qPCR. Libraries 
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of Input-ChIP pairs were prepared with Accel-NGS 2S PCR-Free Library Kit (Cat#20096) 

and sequenced using Illumina HiSeq 2500. Raw reads were aligned to the reference 

genome mm10 using BWA using default parameters. Peak calling was done using 

MACS2. Peak intensities at SE, promoter and in-between regions are quantified and 

compared using bamCompare – deepTools 3.0.2 with FPKM from 10bp genomic bins 

of each sample. SNPs specific to 129 or CAST genomes at SE and promoters were 

counted from mapped raw reads and SNPs covered by more than 3 reads are accepted 

for quantification. Coordinates for analysis (mm10): Mir290-SE: chr7:3198900-

3202780, Mir290-promoter: chr7:3215340-3221110; Sox2-SE: chr3:34752523-

34766449, Sox2-promoter chr3:34649995-34652460.  

RNA-Seq and analysis 

For each reporter cell line, 2 independently targeted clones are independently sorted 

twice, generating 2 biological replica x 2 experimental replica = 4 replica in total. 

Stranded mRNA libraries were prepared using KAPA HyperPrep (SOX2-SE-TG) and 

TrueSeq Stranded PolyA prep (MIR290-SE-TG). mRNA libraries were sequenced on 

Illumina HiSeq 2500. Allele-specific RNA expression was quantified with a custom 

pipeline. In short, raw fastq files are aligned to a consensus genome using STAR 

(v.2.5.3.a). The reference transcriptome includes the Mir290-295 pri-miRNA or Sox2 

and the RGMs on pseudo-chromosomes. After alignment SNPsplit (v0.3.2) splits the 

reads into four files based on single nucleotide variations (SNV). The reads were either 

allele specific (for CAST or S129), unassigned (if there are no SNVs present) or 

conflicting (if the SNVs in the read are from both alleles). The split read files were 

quantified using RSEM (v1.2.31) separately for each sample. Raw counts were then 

normalized to library using DESeq2 (v1.18.1) for each split. To obtain sample-level 

quantifications raw counts were summed over the splits before normalization. 

Differential expression analysis (DEA) was performed using DESeq2 (v1.18.1) at the 
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level of samples. Samples were corrected for genetic clone and batch effect. GO 

analyses were performed using PANTHER. All expressed genes in the respective cell 

lines were used as the reference backgrounds. All P-values were controlled for false 

discovery rate (Benjamin-Hochberg procedure). 

RNA smFISH and image analyses 

Cells were fixed for 15 min with 4% PFA at room temperature and subsequently 

permeabilized in 70% EtOH overnight. Custom designed smFISH probes for Sox2 

labeled with Quasar 670 ( Stellaris® DesignReady FISH Probes, Cat# VSMF-3075-5-BS) 

were incubated with the samples for 16 hours at 30°C in hybridization buffer (100 

mg/mL dextran sulfate, 25% formamide, 2X SSC, 1 mg/mL E.coli tRNA, 1 mM vanadyl 

ribonucleoside complex, 0.25 mg/mL BSA). Samples were washed twice for 30 min at 

30°C with wash buffer (25% formamide, 2X SSC) containing DAPI (1 µg/mL, Sigma 

D9542). All solutions were prepared with RNAse-free water. Finally, the sections were 

mounted using ProlongGold (Life Technologies, P36930) and imaged two days later. 

Mounted samples were imaged on a Nikon Ti-Eclipse epifluorescence microscope 

equipped with an Andor iXON Ultra 888 EMCCD camera, using  a 100X /1.45 Plan Apo 

Lambda oil objective (Nikon) and dedicated, custom-made fluorescence filter sets 

(Nikon). z-stacks with a distance of 0.3 µm between planes were collected. The number 

of Sox2 (mRNA) signals per cell was quantified using home-made MATLAB scripts. 

DNA FISH, Med1 IF and average image analyses 

DNA FISH of the Mir290 SE and IF of MED1 were done as previously described 136. For 

analysis of RNA/DNA FISH with immunofluorescence, custom Python scripts were 

written to process and analyze 3D image data gathered in FISH and IF channels. 

Nuclear stains were blurred with a Gaussian filter (sigma = 2.0), maximally projected in 

the z plane, and clustered into 2 clusters (nuclei and background) by K-means. FISH 

foci were either manually called with ImageJ or automatically called using the scipy 
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ndimage package. For automatic detection, an intensity threshold (mean +  3*standard 

deviation) was applied to the FISH channel. The ndimage find_objects function was 

then used to call contiguous FISH foci in 3D. These FISH foci were then filtered by 

various criteria, including size (minimum 100 voxels), circularity of a max z-projection 

(circularity = 4*areaperimeter2 ; 0.7), and being present in a nucleus (determined by 

nuclear mask described above). For manual calling, FISH foci were identified in 

maximum z-projections of the FISH channel, and the x and y coordinates were used as 

reference points to guide the automatic detection described above. The FISH foci were 

then centered in a 3D-box (length size 𝑙 = 3.0 µm). The IF signal centered at FISH foci 

for each FISH and IF pair are then combined and an average intensity projection is 

calculated, providing averaged data for IF signal intensity within a 𝑙 x 𝑙 square centered 

at FISH foci. As a control, this same process was carried out for IF signal centered at an 

equal number of randomly selected nuclear positions. These average intensity 

projections were then used to generate 2D contour maps of the signal intensity. 

Contour plots are generated using the matplotlib python package. For the contour 

plots, the intensity-color ranges presented were customized across a linear range of 

colors (𝑛! = 15). For the FISH channel, black to magenta was used. For the IF channel, 

we used chroma.js (an online color generator) to generate colors across 15 bins, with 

the key transition colors chosen as black, blueviolet, medium-blue, lime. This was done 

to ensure that the reader’s eye could more readily detect the contrast in signal. The 

generated colormap was employed to 15 evenly spaced intensity bins for all IF plots. 

The averaged IF centered at FISH or at randomly selected nuclear locations are plotted 

using the same color scale, set to include the minimum and maximum signal from each 

plot. 

High-throughput sequencing of bisulfite PCR 
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PCR amplicons were sonicated using Covarius into 150-200bp range. NEBNext® 

Ultra™ DNA Library Prep Kit for Illumina and NEBNext® Multiplex Oligos for Illumina® 

were used to construct libraries according to manufacturer’s protocol. Single barcoded 

library was prepared from sonicated bisulfite PCR amplicon fragments of the Mir290 

SE wildtype-allele using NEBNext® Ultra™ DNA Library Prep Kit for Illumina (NEB 

#E7370S) and NEBNext® Multiplex Oligos for Illumina® (Index Primers Set 1, NEB 

#E7335S). Libraries were sequenced with 40bp single reads, adapter trimmed, aligned 

and analyzed with Bismark v0.21.0 (bismark -nondirectional). CpGs with >1000 

coverage were counted to generate average percentage of methylation. Methylation 

percentage and its standard error were estimated as described in 141, and number of 

methylated counts was assumed to be a binomial random variable. 
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Figure 1. DNA Methylation at the Sox2 and Mir290 SEs Is Heterogeneous at the Allelic 

Level 

(A) Left, DNA methylation heterogeneity at both the Sox2 and the Mir290 SE in v6.5-

Nanog-eGFP ESC where the RGM-tdTomato reporter was mono-allelically targeted. 

Right, BS-PCR followed by sequencing of the Sox2 SE in different populations of the 

bimodal distribution. 

(B) Average methylation percentage and standard errors were quantified from high-

throughput sequencing of BS-PCR amplicons of the Mir290 SE wild-type alleles in 

Dnmt3a/b double-knockout ESCs, in Nanog+RGM+ ESCs and in untargeted wild-type 

ESCs. BS-PCRs were amplified allele-specifically as illustrated from potential 

epigenetic states indicated above. Standard error was estimated assuming number of 

methylated counts as a binomial random variable. 

(C) Targeting strategy for generating SOX2-SE-TG and MIR290-SE-TG ESCs using 

CRISPR/Cas9 and targeting vectors. Methylation tracks from (Stadler et al., 2011) were 

used as the genome reference with blue bars highlighting the DMRs of the two SEs. 

Red tracks, 129 allele; green tracks, CAST allele. 

(D) FACS analysis of CASTx129 F1 ESC clones targeted with allele-specific RGMs at 

either the Mir290 or the Sox2 SE. 

(E) Allele-specific BS-PCR of the SEs with RGM (Snprn-tdTomato or Snprn-eGFP) in 

single PCR amplicons followed by Sanger sequencing in sorted cells from both SOX2-

SE-TG and MIR290-SE-TG.  

See also Figure S1. 
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Figure 2. SE DNA Methylation Heterogeneity Is Created by Dynamic Switching of 

Methylation States 

(A) Experiment setup for monitoring SE DNA methylation dynamics. Yellow cells: T+G+; 

gray cells: T–G–; red cells: T+G–; green cells: T–G+. 

(B) FACS analyses on the dynamics of T+G–, T–G+, T+G+, and T–G– populations 4 days 

post-sorting for both MIR290-SE-TG in serum + LIF or ‘‘2i’’ medium. 

(C) Quantifications of the dynamics of 4 sorted populations from MIR290-SE-TG in 

percentages change over time when cultured in the serum + LIF or the ‘‘2i’’ medium 

after sorting. 

See also Figure S2.
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Figure 3. The Dynamics of SE DNA Methylation Is Driven by De Novo Methylation and 

Passive Demethylation during Cell Proliferation 

(A) Elimination of the population with methylated SEs in Dnmt3a and Dnmt3b double-

knockout (DKO) v6.5-Nanog-eGFP ESCs with the RGM-tdTomato reporter targeted 

mono-allelically at either the Sox2 or the Mir290 SE. 

(B and C) Demethylation of sorted T+G–, T–G+, and T–G– cells from (B) SOX2-SE-TG 

and (C) MIR290-SE-TG cells with and without thymidine block. 

(D) Expected changes in the T+G+ cell percentage for each demethylation mechanism 

upon CRISPR/Cas9-mediated gene disruptions. Changes in the percentage of T+G+ 

cells indicate the rate of demethylation on the 129SE-RGM-tdTomato allele. 

(E) Relative changes in the T+G+ percentage upon transfecting sgRNAs against 

enzymes involved in DNA demethylation, as compared to cells transfected with the 

same vector without sgRNA (sgControl). 

(F) A model for the origin of locus-specific DNA methylation heterogeneity. 

See also Figure S3. 
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Figure 4. TF Binding at SEs Promotes Demethylation and Inhibits De Novo 

Methylation 

(A) Top, schematic representation of TF enrichment sites (based on the ChIP-seq data 

of NANOG [pink track, peak 1 and 2] and OCT4 [blue track, peak 2]. 

ENCODE: ENCSR779CZG and ENCSR392DGA) relative to the RGM targeted site 

(orange). Bottom, allele-specific deletions of individual peaks after overlapping 

NANOG (N) and OCT4 (O) ChIP tracks. Red: 129SE-RGM-tdTomato allele, green: 

CASTSE-RGM-eGFP allele. Scissors illustrate sgRNA targeting sites. ChIP-seq value is 

presented as fold-change-over-control. 

(B) Experimental setup using cells with different allelic TF enrichment site deletions in 

assessing the impacts of TF binding on SE methylation dynamics. 

(C) Top, T+G+ cells were sorted fromthe genotyped single-cell clones with allelic TF 

enrichment site deletions. Bottom, T–G– cells were sorted fromthe same clones. 

(D) Quantification of allele-specific de novo methylation rates (top panels, T+G– or T-

G+ cells derived from T+G+ cells) and demethylation rates (bottom panels, T+G– or T–

G+ cells derived from T–G– cells) of the respective ESC clones compared to that of an 

unmodified parental wild-type clone (dotted line level). 

(E) Bulk T+G+ cells were sorted from the SOX2-SE-TG cell line and transfected with 

allele-specific sgRNA pairs to delete TF enrichment sites or with empty vectors. 

(F) Quantification of allele-specific de novo methylation rates of the bulk cells 

transfected with different sgRNAs. 

See also Figure S4.
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Figure 5. DNA Methylation Decreases MED1 Association at SE, Enhancer-Promoter 

H3K27ac and in cis Transcription of the Target Genes 

(A) Averaged DNA FISH (Magenta, Mir290 SE) and co-immunofluorescence staining 

(Green, MED1) signal in the nuclei of MIR290-SE-TG cells sorted based on allelic 

methylation states. Random spots were selected in the same image away from the DNA 

FISH spots.  

(B) Peak calling from H3K27ac ChIP-seq of 4 sorted populations from MIR290-SE-TG. 

Mir290 SE and Mir290-295 cluster are boxed in blue. Peak values are normalized using 

RPKM (reads per million) with a 10-bp bin size. 

(C) Peak calling from H3K27ac ChIP-seq of 4 sorted populations from SOX2-SE-TG. 

Sox2 SE and Sox2 gene are boxed in blue. Peak values are normalized using RPKM 

(reads per million) with a 10-bp bin size. 

(D) Allele-specific expression of Mir290-295 pri-miRNA (top) and Sox2 mRNA (bottom) 

in 3 sorted populations, with VIC-TaqMan probe detecting the 129SE-RGM-tdTomato 

allele, and FAM-TaqMan probe detecting the CASTSE-RGM-eGFP allele in both SE 

cases. Independently targeted clones for each SE were used as biological replica. Data 

are represented as mean ± SD. 

(E) Fold change of total Mir290-295 pri-miRNA (left) and total Sox2 mRNA (right) from 

the 4 sorted populations normalized to that of the T+G– population. Independently 

targeted clones for each SE were used as biological replica. Data are represented as 

mean ± SD. 

(F) Quantification of Mir290-295 expression on sorted SOX2-SE-TG cells compare to 

Sox2 expression (left) and quantification of Sox2 expression on sorted MIR290-SE-TG 

cells compare to Mir290-295 expression (right). Data are represented as mean ± SD. 

See also Figure S5. 
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Figure 6. DNA Methylation Directly Suppresses SE Activity and Affects ESC State 

(A) Experimental setup for assessing the causal role of SE DNA methylation suppresses 

H3K27ac. FACS (DNA methylation), RT-qPCR (Mir290-295), and ChIP-qPCR (H3K27ac) 

were co-assessed from the same pool of cells from each sample. 

(B) Loss of DNA methylation in MIR290-SE-TG T–G– cells 8 days post-Dnmt1 and Uhrf1 

sgRNA transfection as compared to controls. 

(C) H3K27ac ChIP-qPCR at the Mir290 SE from the experimental groups in (B), 

respectively. Data are represented as mean ± SD. 

(D) Mir290-295 pri-miRNA level from the experimental groups in (B). Data are 

represented as mean ± SD. 

(E) Summary of the dynamic regulation and functional impact of allelic SE methylation. 

(F) Colony formation assays in ‘‘2i’’ starting from 100 sorted cells. Data are represented 

as mean ± SD. 

(G) Growth curves measured by AlamarBlue Cell Viability Reagent. Data are 

represented as mean ± SD. 

(H) Principal-component analysis of the top 5% highly variable genes from different 

populations of SOX2-SE-TG (Labeled as S. red: T+G–, green, T–G+, black: T–G–, yellow: 

T+G+) and MIR290-SE-TG (labeled as M; color code same as S). 

See also Figures S5–S7. 
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Figure 7. DNA Methylation Is Dynamic at Both SEs in Blastocysts while Exhibiting 

Spatial-Temporal Differences in Pre-implantation Embryos 

(A) Mating scheme for generating SOX2-SE-TG and MIR290-SE-TG mice and 

heterozygous pre-implantation embryos genetically carry 129SE-RGM-tdTomato and 

CAST-SE-RGM-eGFP at the Sox2 or the Mir290 SE for imaging analyses. 

(B) Live 4–8 cell (MIR290-SE-TG) and morula stage (SOX2-SE-TG) embryos. 

(C) Live E3.5-E4.5 blastocysts of SOX2-SE-TG and MIR290-SE-TG in 103 low 

magnification, 403 high magnification, and 3D projections (left to right in each group). 

Red: tdTomato, green: eGFP, blue: Hoechst 33342. 

(D) Tracking Sox2 SE DNA methylation dynamics in vivo. Columns are sorted and 

injected populations and rows are different imaging channels. Red: RGM-tdTomato; 

Green: RGM-eGFP; Cy5: Qtracker 705 was used to label and track injected cells. White 

arrows indicate demethylation, and yellow arrows indicate de novo methylation, at 2 

days post-injection compare to 5 h post-injection. Channels were adjusted for 

brightness and contrast for optimal visibility. 

See also Figure S7.  
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Supplementary Figure S1. DNA methylation at the Sox2 and Mir290 SE is 

heterogeneous at the allelic level, Related to Figure 1. (A) The genomic views of Sox2 

and Mir290 SEs and the distances to their primary target genes. Hypo-methylated 

DMRs were highlighted with blue bars. Methylation tracks are from 5, OSN (OCT4, 

SOX2, and NANOG) and MED1 ChIP-Seq data are from Young Lab. (B) Comparison of 

SE low-methylated DMRs to other genomic loci across four mouse ESC WGBS libraries 
5,17,35,36. For each locus, the distributions of methylation levels of CpGs within the DMR 

were plotted as individual columns, with each column representing data from one 

published library. Tukey’s multiple comparisons test was performed in comparing 

column-means (****P<0.0001, **P<0.01, *P<0.05). (C) Top, violin plots of DNA 

methylation level at Sox2 SE and Mir290 SE from Smallwood et al. scBS-seq data. Each 

column represents a window over 3000bp. Bottom, coefficient of variation (CV) of CpG 

DNA methylation levels across single cells. Red bars indicate the 95th percentile for the 

CVs along the whole chromosome. Arrows indicate where RGM were targeted in all 

experiments later in this study. (D) BS-PCR followed by Sanger sequencing. ESCs 

targeted with RGM-tdTomato at one allele was sorted based on the reporter activity. 

BS-PCR was performed using allele-specific primers in List 2 as illustrated. Cell 

illustration: RGM-tdTomato (red box), methylated allele (filled), unmethylated allele 

(open); wild-type allele is indicated by absence of the RGM (red box on the targeted 

allele). (E) Southern blot genotyping for the selected MIR290-SE-TG and SOX2-SE-TG 

clones with a single integration on each allele. The HindIII digested fragments 

containing the tdTomato reporter from the 129SE-RGM-tdTomato allele was detected by the 

tdTomato probe and fragments from the CASTSE-RGM-eGFP allele was detected by the 

eGFP probes. (F) Heatmap of percentage of methylation from pyro-sequencing of the 

Sox2 (5 consecutive CpGs) and Mir290 (2 groups of 3 consecutive CpGs, separated by 
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the dotted line) SE DMR in DKO ESCs, sorted double positive (T+G+) and double 

negative (T-G-) cells, and untargeted wild-type ESCs. Primers used for amplifying pyro-

sequencing template are listed in primer list 2. (G) DNA methylation dynamics in the 

SOX2-SE-TG and the MIR290-SE-TG cells after 4 days of differentiation in the N2B27 

medium supplemented with 0.25μM retinoic-acid (RA).  

  



 98 

   



 99 

Supplementary Figure S2. SE DNA methylation heterogeneity is created by dynamic 

switching of methylation states, Related to Figure 2. (A) FACS analysis of allelic DNA 

methylation dynamics at the Mir290 and the Sox2 SE in the serum + LIF medium over 

13 days, and (B) in “2i” medium over 11 days. 
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Supplementary Figure S3. The dynamics of SE DNA methylation is driven by de novo 

methylation and passive demethylation during cell proliferation, Related to Figure 3. 

(A) Top, RT-PCR on mRNA from Dnmt3a/b single- or double catalytic domain knockout 

clones. Clones showed similar size of cDNA PCR products (labeled in bold) as the wild-

type cells are due to one or more alleles having small frame-shift genomic indels 

unresolved by agarose gel electrophoresis. Bottom, Topo-cloned genomic PCR 

sequences from clones labeled in bold above to confirm frame-shift disruption. PAMs 

of sgRNA are highlighted in red, sgRNA in blue (Dnmt3a reference) or yellow (Dnmt3b 

reference), and exons are in orange. (B) DNA methylation dynamics of one SE allele in 

the wild type, Dnmt3a or Dnmt3b single, and DKO ESCs over 14 days. All clones were 

derived from the same parental clone for each SE case. Cells were sorted at day 0 

based on RGM “on” (red) or “off” (green), and changes in each population were 

monitored at each passaging for over 14 days. The results of the sorted RGM “on” and 

“off” population pairs originally from the same culture are overlapped in each FACS 

histogram plot. (C) Quantification of DNA methylation level of the endogenous Sox2 

or Mir290 SE locus in ESCs with indicated genotypes (Tet enzymes knockouts or Dnmts 

knockouts) using pyro-sequencing. Each bar represents the methylation level of a CpG. 

Wild-type clones (WT) and Tet enzymes knockout clones were from the same parental 

ES clone as described in69,148,149. (D) Genomic PCR followed by topo-cloning and 

sequencing of Tdg and Aid KO clones. Yellow highlights: exons; pink highlights: 

introns; CCT (Tdg clones) and AGG (Aid clone) are used as PAM sequences. All 

deletions are validated as frame-shifting. (E) Top, experiment design and predicted 

changes if the mechanism of demethylation is mainly active; bottom, DNA methylation 

dynamics of T-G+ cells transitioning to double-positive T+G+ cells from Tdg or Aid 

knockout (KO) single SOX2-SE-TG clones as compared to their respective sister wild-

type clones (WT) for the Sox2 SE. 
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Supplementary Figure S4. Transcription factor binding at SEs promotes 

demethylation and inhibits de novo methylation, Related to Figure 4. (A) Southern 

blot genotyping of the representative single cell clones harboring TF enrichment site 

deletions on either allele. Southern blot was done using HindIII and BrsGI double 

digestion followed by probing with tdTomato (T) or eGFP (G) coding sequences. (B) 

Allele-specific BS-PCR followed by Sanger sequencing at the Sox2 SE in sorted T+G- 

cells form DPeak 1-CAST and T-G+ cells from DPeak 2-129 clones. Primers used for PCR 

amplification are the same as the ones used in Figure 1F.  
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Supplementary Figure S5. DNA methylation decreases MED1 association at SE, 

enhancer-promoter H3K27ac, and in-cis transcription of the target gene, Related to 

Figure 5. (A) Representative images of DNA FISH (Mir290 SE) and MED1 IF co-

localization in MIR290-SE-TG T+G+, T-G+ and T+G- populations. (B) Quantification of 

H3K27ac ChIP-seq 100bp-bin FPKM values for SE, promoter, and adjacent regions for 

4 sorted populations from MIR290-SE-TG (top) and SOX2-SE-TG (bottom). Genome 

coordinates are from genome assembly mm10. Data points within 1.5xinterquartile 

range are represented as median with 25-75th percentile R boxplots. (C) Percentages 

of CAST-specific H3K27ac ChIP-seq reads out of total reads at the SE and the promoter 

regions for Mir290-295 (top) and Sox2 (bottom). SNP positions with read counts > 3 

were accepted for allele-specific read quantification. Genome coordinates are from 

genome assembly mm10. Data points within 1.5xinterquartile range are represented 

as median with 25-75th percentile R boxplots. (D) Representative images of smFISH of 

Sox2 mRNA in the SOX2-SE-TG cells with heterogeneous DNA methylation. (E) 

Quantification of total Sox2 transcripts in double negative (T-G-), single-positive (T+G- 

or T-G+) and double positive cells.  
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Supplementary Figure S6. DNA methylation of both SEs regulates in-cis transcription 

of the target genes and affects ES cell state at the Sox2 SE, Related to Figure 5, 6. (A) 

Highly specific in-cis regulation on Sox2 (left) and Mir290-295 (right) expression in 

single-positive cells. X-axis value represents the ratio of rlog2 of transcripts from the 

CAST (unmethylated) allele versus the 129 (methylated) allele in the T-G+ population, 

and y-axis value represents the ratio of rlog2 of transcripts from the 129 (unmethylated) 

allele versus the CAST (methylated) allele in the T+G- population. The majority of 

genes were not affected by the SE methylation state in an allele-specific manner, as 

they appeared in the center of the plot. Genes appeared in the upper left and lower 

right corners were differentially regulated due to different genetic backgrounds of 

CAST and 129 alleles. Transcription of Ecm1 and AU018091 correlates in-cis with 

presence of DNA methylation at the Sox2 SE and the Mir290 SE, respectively. (B) 

Genomic view of allele-specific FPKM of Mir290-295 versus AU018091 and (C) Sox2 

versus Ecm1 from the respective T+G- and T-G+ populations of MIR290-SE-TG and 

SOX2-SE-TG cells. (D) DNA methylation dynamics and persistence of allelic 

heterogeneity of SOX2-SE-TG (top) and MIR290-SE-TG (bottom) cells transitioned from 

serum + LIF medium and cultured long-term in “2i” media. (E) Contribution to three 

germ layers by double positive and double negative cells of both MIR290-SE-TG and 

SOX2-SE-TG in teratoma formation assays. (F) Hierarchical clustering of H3K27ac ChIP-

seq peaks 3000bp up- and downstream of peak centers from sorted T+G-, T-G+, T+G+, 

and T-G- ESCs. Peaks uniquely enriched in the SOX2-SE-TG T-G- population were 

framed with black bars.   

  



 108 

  



 109 

Supplementary Figure S7. DNA methylation is dynamic at both SEs in blastocysts, 

while exhibiting spatial-temporal differences in pre-implantation embryos, Related to 

Figure 6, 7. (A) GO analysis of the differentially regulated genes (T+G+ vs. T-G-) in both 

SOX2-SE-TG and MIR290-SE-TG RNA-seqs. All expressed genes in the respective cell 

lines were used as the reference backgrounds (FDR < 5%). Listed pathways were 

ranked top 23. (B) Experimental setup to investigate dynamic SE DNA methylation in 

vivo. Four populations  were sorted from SOX2-SE-TG and MIR290-SE-TG were 

injected into 8-cell stage CD1-IGS host embryos. Embryos were cultured in M2 media 

and imaged at indicated time points in Figure 7D and S7C. (C) Tracking Mir290 SE DNA 

methylation dynamics in vivo. Columns are injected population and rows are different 

imaging channels. Red: RGM-tdTomato; Green: RGM-eGFP; Cy5: Qtracker™ 705 was 

used to label and track injected cells. White arrows indicate demethylation, and yellow 

arrows de novo methylation, at 2 days post-injection compare to 5hr post-injection. 

Channels were adjusted for brightness and contrast for optimal visibility. 

 

Table S1. sgRNAs 

sgDnmt1-1 CTCGGCTGAGTCGGCTGCAG 

sgDnmt1-2 CTAACGTGGCTTCTCTCTGC 

sgDnmt1-3 GAAGGCTGGAGTAGGATCCA 

sgDnmt3A-1 GTGGGAACAACAACTGCTGC 

sgDnmt3A-2 CTGGTGGAATGCACTGCAGA 

sgDnmt3B-1 AGCTGAGGATGCCAAGCTGC 

sgDnmt3B-1 CCGTTCGACTTGGTGATTGG 

sgUhrf1-1 TCCCATCCATAGTTCGAACC 

sgUhrf1-2 CAGCAAGTACGCTCCTGCAG 

sgTet1-1 ACCACGTCTACTGCAGTCCA 
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sgTet1-2 TCTTTGTTGGGTACCTTCTC 

sgTet2-1 TTCTGAAAAGGACAGGTACC 

sgTet2-2 TGGAGGCAGCTGCAAGCTTG 

sgTet3 AAAAGCGGGGCTTCTTAAGG 

sgTDG-1 GCACCAGGTAGTTCTTACAT 

sgTDG-2 TTGTTCTTTCAGCTATTCTC 

sgAID-1 GGCGCGCGGTGAAAATCCTC 

sgAID-2 TGCGGAGACTGCACCGCGCT 

sgAID-3 CGCTGGAGACCGATATGGAC 

sgTFBS-Sox2-SE-1(CAST) TAGTTCTGTGTGTGTGCGCC 

sgTFBS-Sox2-SE-2(CAST) CCTCTTTGGGGGAGGGGTGG 

sgTFBS-Sox2-SE-2(129) TCTTTGGGGGAGGGGTGTGG 

sgTFBS-Sox2-SE-3(CAST) AGGGAAGTTTTTTCAAGACC 

sgTFBS-Sox2-SE-3(Both) TTTAAAAGTTTTTCAAAACA 

sgRNA for targeting Sox2-SE 129 allele CCAGCTTTCCGAGCCAGATG 

sgRNA for targeting Sox2-SE CAST allele CCAGCTTTCAGAGCCAGATG 

sgRNA for targeting RGM into miR290-SE GTATCAGCTCTGAAATCTGC 

sgRNA for targeting RGM into Sox2-SE (CAST) CCAGCTTTCAGAGCCAGATG 

sgRNA for targeting RGM into Sox2-SE (129) CCAGCTTTCCGAGCCAGATG 

 
 
Table S2. Primers for Bisulfite PCR 

Sox2-SE Nested BS-F GTGGTTGTTGTGTTTAGTATGTGGG 

Sox2-SE BS-F GTAGATGTAGGAATTATTTTTGGTGTTTT 

miR290-SE Nested BS-F GTGATATTGTGTTTTGGGGAGAAAG 

miR290-SE BS-F GTTTTGGGGAGAAAGTTTTGTTATTAAAG 
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Snrpn Nested BS-R CCCTTACTCACCATACTAACAAAATCC 

Snrpn BS-R ACAAACCCAACTAACCTTCCTC 

tdTomato Nested BS-R AACGCATAAACTCTTTAATAACCTCCTC 

eGFP Nested BS-R CTCGACCAAAATAAACACCACCCC 

Sox2-SE Pyro-PCR-F TGATTATAGGGAAGTGGGAGAATTTT 

Sox2-SE Pyro-PCR-R ACCTAAATTCCTTAAACCCTATTTCA 

Sox2-SE Pyro-seq-F GGGAGAATTTTTTTTTGGAG 

miR290-SE Pyro-PCR-F1 AGGTGGTTTTGTTAGTTTGTTT 

miR290-SE Pyro-PCR-R1 AAACCATTCACCACCACATT 

miR290-SE Pyro-seq-F1 AGTAAGAGAGAAAAGATTTTATT 

miR290-SE Pyro-PCR-F2 ATTTTGGTTGGGTGGAGT 

miR290-SE Pyro-PCR-R2 CCCAAACAACTTTCTCTACCTTCA 

miR290-SE Pyro-seq-F2 GTGGAGTAGAAGGTTT 

 

Table S3. Primers for qRT-PCR  

miR290-pri-RNA-F ACCTGGCTCCTAGCACAAACA 

miR290-pri-RNA-R GGGCTATTGTAAAGCCAAAAGGTA 

Sox2-F GCGGAGTGGAAACTTTTGTCC 

Sox2-R CGGGAAGCGTGTACTTATCCTT 

Gapdh-F AGGTCGGTGTGAACGGATTTG 

Gapdh-R TGTAGACCATGTAGTTGAGGTCA 

eGFP-F ACGTAAACGGCCACAAGTTC 

eGFP-R AAGTCGTGCTGCTTCATGTG 

tdTomato-F GCTGAAGGGCGAGATCCA 

tdTomato-R GTGGGAGGTGATGTCCAGCTT 
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TaqMan Sox2 context 

sequence 

GGAGGGGTGCAAAAAGAGGAGAGTA[G/A]AAAAATCT

GATAATGCTCAAAAGGA 

TaqMan Sox2 F TGGACTGCGAACTGGAGAAG 

TaqMan Sox2 R CGTTTCGCTGCGGAGATTTTTTT 

TaqMan Sox2 reporter – 

FAM 

AGGAGAGTAAGAAAAAT 

TaqMan Sox2 reporter – 

VIC   

AGGAGAGTAGGAAAAAT 

TaqMan miR290 

context sequence 

TTTCCTTCAGGTTGGAGTGANTTTT[A/G]GTTCTCCACG

TTCTTTCCTCCTGGT 

TaqMan miR290 F GGTTTCCTTCAGGTTGGAGTGA 

TaqMan miR290 R GCGGTCCAGACGTTAAAACATTT 

TaqMan miR290 

reporter – FAM 

ACGTGGAGAACTCAAAA 

TaqMan miR290 

reporter – VIC  

ACGTGGAGAACTTAAAA 

 

Table S4. Primers for ChIP-qPCR 

Oct4-distal enhancer (positive target) F CCCGAAGCTGACTTTGAACTCATG 

Oct4-distal enhancer (positive target) R GCTACAACCTCCCCACACC 

Chr19 gene desert (negative target) F TGGTTCCACACACATCTCCG 

Chr19 gene desert (negative target) R CAGCCGAACCAGGAACTCAT 

Sox2-SE H3K27ac ChIP F CCCGAAGCTGACTTTGAACTCATG 

miR290-SE H3K27ac ChIP F GCAATCTGAAGGCAGAGAAAGCTG 

RGM ChIP R GAATGCTTGAGCATTCCTACTGCG 
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Table S5. Primers for Genotyping 

Sox2-SE-F AACCCAGGCAGACTGCAAAC 

Sox2-SE-R GAGAGAAGGGAAGAGAGGAGCT 

Mir290-SE-F GCAATCTGAAGGCAGAGAAAGCTG 

Mir290-SE-R AGAATTCCCACTGAGTCTCCTGC 

tdTomato-R AACTCTTTGATGACCTCCTCG 

eGFP-R CTGAACTTGTGGCCGTTTAC 

Dnmt3a-RT-F TTTGATGGGATTGCTACAGGGC 

Dnmt3a -RT-R CACGGGGTTAGACTCAAGAAATCG 

Dnmt3b-RT-F TGGAATTGCAACGGGGTACTTG 

Dnmt3b -RT-R CATCACTGGGTTACATGCCAGG 

Dnmt3a-genomic-F TGTTGGGTCTGTTTGCTCACTG 

Dnmt3a-genomic-R GATGACCACCACACCTCTTTGAAC 

Dnmt3b-genomic-F GGGCAGTTGGAGGTATAATTCAGG 

Dnmt3b-genomic-R GTTCTCAGATTAAGCCACACCCTC  

Tdg-genomic-F ACCTCCCTAATCTCCTGTTACCTG  

Tdg-genomic-R GAGACATTCAAGGGAGACCATG  

Aid-genomic-F CACAACAGCACTGAAGCAGC  

Aid-genomic-R CTTCGTGGTCAGAGTTAGGTCC 
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Chapter 3. Future Directions 

 
3.1 Developmental Impacts of DNA Methylation Heterogeneity by Epigenetic 

Lineage Tracing 

Chapter 2 has shown that DNA methylation of pluripotency super-enhancers is 

heterogeneous in the developing embryo, and such epigenetic heterogeneity is 

responsible for transcriptional level differences between ESCs in vitro, especially in the 

case of Mir290-295, where monoallelic methylation reduces its expression by half 

compared to the biallelically unmethylated cells. Mir290-295 is broadly expressed in 

the trophectoderm and the ICM and presents a great degree of allelic DNA 

methylation heterogeneity. It is therefore interesting to investigate whether cells with 

different levels of super-enhancer DNA methylation eventually contribute to different 

cell types in the placenta or the embryo proper. However, since the DNA methylation 

status is dynamically changing, determining the critical developmental stage where 

such heterogeneity matters is crucial. Combining conditional genomic recombination 

with the RGM system would provide a powerful tool for epigenetic lineage tracing, 

which can help to answer this question144,151. Since two alleles of super-enhancers 

behave independently of each other and pluripotency super-enhancers are initially 

unmethylated pre-implantation, two inducible recombinase systems are needed. The 

modified E. coli dihydrofolate reductase protein (DHFR) is rapidly degraded in the 

absence of inducer TMP. Compared to tamoxifen used in the traditional inducible ER-

fusion protein system, TMP is easy to administrate and readily diffusible across tissues 

in vivo152. Therefore, a Snrpn-DHFR-Cre can be targeted on one allele releasing 

tdTomato expression from a loxP-stop-loxP-tdTomato cassette when this allele is 

unmethylated, and a Snrpn-DHFR-Flp on the other allele inducing eGFP expression 

from an FRT-stop-FRT-eGFP cassette when that allele is unmethylated. Both 
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fluorophore cassettes can be targeted into the either alleles of the safe-harbor ROSA26 

locus (Figure 1). At the blastocyst stage of a developing embryo (E3.5-4.5), when high 

degree of DNA methylation heterogeneity was observed in the experiments in Chapter 

2, TMP can be administrated to the pregnant mouse, and analyzing embryos at 

different post-implantation stage will likely yield interesting results as to whether early-

stage allelic DNA methylation heterogeneity at pluripotency super-enhancers 

regulates the differentiation potential of cells.  

 

 
Figure 1. Allele-specific Epigenetic Lineage Tracing. 

 

3.2 Exploring the Upstream Signals Leading to Aberrant DNA Methylation in 

Diseases 

The above-mentioned epigenetic lineage tracing approach can be modified 

and applied to another interesting biological question: what upstream signals regulate 

tissue-specific methylation patterns and whether dysregulation of this process during 

development underlies the initiation of disease, such as cancer or autoimmune 

diseases?  
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On one hand, it has been shown that tissue-specific demethylation at regulatory 

elements such as enhancers is important for cell maturation and function in the 

hematopoietic, hepatic, neuronal, and muscular systems14,65,153,154, indicating that 

failure of demethylation could led to differentiation defects. Many tumor suppressor 

genes are improperly silenced in cancers which chromatin profile also resembles 

undifferentiated stem cells155. Mutations of IDH1 and IDH2 are associated with acute 

myeloid leukemia (AML), which causes accumulation of D-2-hydroxyglutarate, a 

competitive inhibitor of TET enzymes. Impaired TET enzyme activities leads to global 

hypermethylation and impairs differentiation of hematopoietic cells, which causes pro-

leukemic transcriptional programs156. Gene-body hypermethylation, on the opposite, 

is linked to increased oncogenic expression in liver cancer83. During liver development, 

insulin signaling is responsible for demethylating ~40% of the hepatocyte-specific 

DMRs around 15 weeks postnatally14. raising the question of whether dysregulation of 

developmental-related tissue-specific demethylation can be responsible for 

oncogenic hypermethylation in the cell origin of cancer, and what perturbations in the 

environment and signal transduction are pathological. In fact, the immune system 

responses rapidly to environmental signals with DNA methylation changes and cell 

differentiation, and mis-regulation of these processes can also lead to blood 

malignancy157.  

On the other hand, abnormal DNA hypomethylation is even more wide-spread 

in cancer tissues compared to counterpart normal tissues than hypermethylation, 

especially around repetitive regions, germline-specific and oncogenes. Genome 

instability and inappropriately high levels of oncogene expression provide two 

plausible functional explanations of DNA hypomethylation in tumor initiation. However, 

what are the upstream signals causing such hypomethylation is unclear in most cases158.  
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Due to the heterogeneity of somatic tissues, dysregulation of DNA methylation 

occurring in a small subset of cells could be sufficient for tumorigenesis159. DNA 

methylation is very heterogeneous in tumor tissues and understanding this 

heterogeneity is crucial for cancer diagnosis and treatment, as drug resistance could 

be attributed be rare populations with unique epigenetic features in addition to 

acquired secondary mutations. Epigenetic lineage tracing tool that reports abnormal 

hypomethylation and hypermethylation can help to understand the initiation of tumors 

and to isolate cells presenting DNA methylation features associated with the drug-

resistance phenotype. This  requires careful selection of T-DMRs which function and 

methylation status throughout normal development is comprehensively understood. 

For tracing hypomethylation, current version of RGM or an inducible Snprn-Cre can be 

utilized to mark the cells. However, for tracing abnormal hypermethylation, an opposite 

circuit, which includes Snprn driving a transcriptional repressor such as the KRAB 

domain may be tested.  

 

3.3 Metabolic Regulation of DNA Methylation in Early Embryonic Development 

DNA methylation is carried out by DNMTs transferring the methyl-group to the 

5th carbon on cytosines using S-adenosylmethionine (SAM) as the methyl donor and 

forming by-product S-adenosylhomocysteine (SAH). SAH is a potent inhibitor of 

DNMTs and the balance of SAM/SAH regulates methyltransferase reactions. SAM is 

generated from methionine and SAH can be metabolized into homocysteine and fuel 

back to methionine production by coupling with the folate cycle. The methionine cycle 

(SAM production) and the folate cycle together constitutes one carbon metabolism 

which has been shown to be regulated by many upstream signals, including dietary 

nutrients160. Mutations in one-carbon metabolism enzymes have been linked to 

dysregulation of DNA and histone methylation and contribute to diseases, such as liver 
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cancer161,162. DNA methylation during early embryonic development is highly dynamic, 

and deficiencies of one carbon metabolism could lead to alterations of epigenetic 

dynamics that has long-lasting effect163. Many genome-wide profiles of DNA 

methylation dynamics during early embryonic development have been generated, 

however the corresponding dynamics of one carbon metabolism and its influence on 

cells’ future developmental potential are not well characterized in vivo. Therefore, the 

pre-implantation embryos of the transgenic mice described in Chapter 2 could be 

potentially used as a system to test the effect methyl-nutrient availability on T-DMR 

dynamics by manipulating the methyl-nutrient levels on the in-vitro developing 

embryos and monitoring the subsequent RGM signal changes. In the Mir290-295 

super-enhancer case,  it will be interesting to further study how DNA methylation 

dynamics is influenced by nutrient availability in the developing placenta by 

transplanting manipulated embryos back to pseudo-pregnant mice.     

 

3.4 DNA Methylation and Transcriptional Condensates 

 In Chapter 2, we showed that DNA methylation at the Mir290 super-enhancer 

affect the formation of MED1 condensates. Since phase-separated condensate 

contents exchange as well as enhancer DNA methylation are both dynamic, it will be 

interesting to investigate whether two dynamic processes are interconnected, and if so, 

which one is upstream of the other. Another interesting question is to investigate 

whether other intrinsically disordered chromatin-associated proteins that have been 

shown to form phase-separated condensates also show correlations with the DNA 

methylation of the cis-regulatory elements, or the DNA methylation and demethylation 

machineries.  
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Concluding Remarks 

DNA methylation was discovered in 1948, not long after the discovery of DNA 

being the genetic material164, and the function of DNA methylation in regulating gene 

expression was proposed in 19751,165. With the advancement of high-throughput 

sequencing technologies at both bulk and single cell levels, the research community 

is generating high-resolution methylation maps together with many other “omic” 

profiles of different cell types, developmental stages, and diseases at an 

unprecedented pace. Now with these “maps” in hand, it is time to find the bread 

crumbles and dive deep into the unexplored areas to fully understand how locus- and 

cell-type specific DNA methylation is regulated by environmental cues, signaling 

pathways, and its intricate cross-talks with a broad range of epigenetic regulators in 

the physiologically relevant contexts.  
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 APPENDIX I. Metastable Epiallele Reporter Mouse Model 

Development for Studying Environmental Regulation of DNA 

Methylation 

 
Background 

Metastable epialleles (ME) have various levels of expression among genetically 

identical individuals due to differences in their stochastically established epigenetic 

states during early development1,2. Many MEs found in plants and mammals have been 

associated with transposable elements3,4. The viable yellow Agouti (Avy) allele is one of 

the most extensively-described mammalian MEs, which arose from a spontaneous 

insertion of a transposable element intracisternal-A-particle (IAP) into the pseudo-exon 

1A (PS1A) 100kb upstream of the TSS (exon II) of the Agouti gene5. In the wild-type A 

allele, Agouti expression is mostly controlled hair-cycle dependent promoters located 

~80kb downstream at exons 1B, 1C, resulting in black-yellow-black banded hair 

pigements6 . Loss-of-function “a” allele carried by C57/BL6 mice is created by a large 

insertion of VL30 element downstream of the exon 1C. A recombination of the VL30 

element left only 40bp VL30 LTR behind, resulting in the Aw allele that is commonly 

found in 129 strains7. In the Aw allele, a ventral-specific promoter located at exon 1A 

(proximal downstream to PS1A) seems to be constitutively active thus mice carrying an 

Aw allele resembles wild-type agouti mice dorsally, but have a white/yellow cream 

colored belly8 (Figure 1).  
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Figure 1. Configurations of Aw (mostly derived from 129 backgrounds), Avy (on the 

C57/B6 background from Jackson Laboratory , and “a” alleles of Agouti genes.  

Among all the alleles of Agouti gene, Avy is a metastable epiallele due to the 

regulation of IAP.  IAP is a class of LTR-based endogenous retrovirus, which are usually 

silenced by DNA methylation, especially at the LTRs which possess promoter activities. 

The silencing of IAPs is important for maintaining genome stability and aberrant 

transcription9,10. DNA methylation of the IAP-LTR on the Avy allele is established during 

development with unknown timing and regulation. When left unmethylated, the LTR 

became an ectopic promoter capable of driving Agouti expression constitutively and 

non-specifically in somatic tissues, and presented on the skin with yellow hair11,12. 

When left unmethylated, the LTR became an ectopic promoter capable of driving 

Agouti expression constitutively and non-specifically in somatic tissues, and presented 

on the skin with yellow hair (Figure 2)11,12. The DNA methylation status of the Avy 

metastable epiallele to a certain degree can be inherited trans-generationally via the 

maternal lineage and is modifiable by gestation methyl-nutrient levels in the 

developing embryos13,14. These phenotypes associated with the Avy mice triggered as 

much interests as puzzles in the research community over years12,15-17. 
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Figure 2. The Avy Mouse Model.  

(A). IAP-5’LTR at the Avy locus serves as a constitutive ectopic promoter for Agouti in 

addition to . The LTR activity is suppressed by DNA methylation. (B) DNA Methylation 

is established during development stochastically, leading to a random distribution of 

mice with coat colors ranging from pseudoagouti to extreme yellow and mottled 

yellow in between.  

There are ~1000 copies of IAP in the mouse genome. IAP elements are the only 

whole class of endogenous retroelements known to be resistant to primordial germ 

cell genomic demethylation18, leaving them particularly relevant to transgenerational 

epigenetic inheritance and metastable epialleles4,14,19. The full length IAP is around 

7kb and capable of autonomous retro-transposition. However, 30% IAPs have 

undergone mutations and recombination, leaving a solo-LTR or truncated sequences 

behind20,21.  Interestingly, many truncated IAP-LTRs have been shown to lead to ectopic 

expression of adjacent genes22. Therefore, we ask if a solo-LTR is sufficient to create a 

metastable epiallele at the Agouti locus. If so, whether the epigenetic status of the LTR 

established during development can be trans-generationally inherited, and whether 

such process is sensitive to environmental perturbation, such as methyl-nutrient 

supplement? To study these questions, we generated and analyzed the phenotype of 
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transgenic  mice derived from v6.5 ES cells.  These mice carry a tdTomato reporter Aw 

alleles with or without solo-LTR targeted at the endogenous Agouti PS1A, where IAP 

of the original Avy metastable epiallele resides. 

Result 

Generation of Aw-LTR-tdTomato and Aw-tdTomato Alleles to Study IAP-LTR Genomic 

Insertional Effect 

To allow real-time analysis of Agouti expression and epigenetic regulation of its 

epiallele at embryonic stage, before coat color is an available phenotype, we 

engineered an P2A-tdTomato expression reporter into the endogenous locus of 

Agouti in v6.5 (129xC57/B6) ES cells by CRISPR-Cas9 mediated double-strand break 

followed by homology recombination (Figure 3). The correctly targeted homozygous 

ES cell clone (AwT/awT) exhibited expected tdTomato reporting on Agouti expression 

during in vitro differentiation (Figure 4A). We also generated germ-line transmitted F1s 

by mating male chimeras to C57/B6 females. Followed with inter-crossing of AwT/a F1s, 

we obtained AwT/AwT homozygous colonies. E14.5 embryos from AwT/AwT xC57/B6 

(AwT/a) mating showed physiological expression pattern of Agouti (Figure 4B)as 

reported earlier using RNA-FISH6.  

 
Figure 3. Genomic Targeting of Agouti-tdTomato Expression Reporter in v6.5 ES Cells 

(AwT/awT).  
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Left: targeting scheme; right: Southern blot using tdTomato internal probe. Expected 

size ~10kb.  

 
Figure 4. Validation of tdTomato Reporter on The AwT Allele.  

(A). In vitro embryoid body and retinoic acid differentiation. (B) AwT/AwT x C57/B6 

offspring (AwT/a) at E14.5. 

 Next, we targeted the LTR sequence derived from Avy IAP into PS1A (~100kb 

upstream of the TSS), with exactly the same breakpoint as the Avy IAP insertion and 

made germ-line transmitted mice from two ES clones F12 and A5 carrying the Aw-LTRT 

allele (Figure 5).  

 
Figure 5. Genomic Targeting of LTR into PS1A. Left: Targeting scheme.  

Right: Southern blot of Aw/a ES cell (untargetd v6.5), a/a C57/B6 mice tail, and F1 

homozygous Aw-LTRT/ Aw-LTRT (F12 derived) and heterozygous Aw-LTRT/a (A5 derived) 

mice tails.   
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 However, Aw-LTRT/a animals did not recapitulate the phenotype seen in Avy/a 

animals. Instead, mice with hypomethylated LTR in general exhibit a “black-back-

yellow-belly” (YB) phenotype, whereas mice with hypermethylated LTR are have similar 

dorsal Agouti expression as wild-type AwT/ AwT or AwT /a animals (Figure 6). To further 

confirm the phenotypic-epigenetic status relationship of the Aw-LTRT allele, we analyzed 

DNA methylation levels of all YB Aw-LTRT/a mice obtained in the first generation from 

chimera mating, and found all YB mice have a hypomethylated LTR (Figure 7). The YB 

phenotype of mice with hypomethylated LTR indicate some disruption of the dorsal 

Agouti expression, which has been shown to be dependent on hair-cycle specific 1B 

and 1C promoters7,8 . As the distance between LTR insertion site (PS1A) and 1B, 1C are 

rather large (~100kb, Figure 1), the exact mechanism of how this LTR distally affected 

dorsal Agouti expression when unmethylated is currently unknown.  

 
Figure 6. Phenotypes of Mice Carrying Aw-LTRT Alleles with Different Degrees of LTR 

Methylation.  

Mice are numbered and their ES origins are indicated in brackets (left). LTR methylation 

was measured by pyro-sequencing and averaged across CpGs (right). Methylation 

values of crossed CpGs didn’t pass pyro-sequencing quality control.  
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Figure 7. LTR DNA Methylation of Tail Genomic DNA from YB F1 Mice.  

Only CpGs passed quality control are shaded with their respective methylation values.  

 

DNA Methylation of LTR Is Homogenous Across Tissues within Individuals. 

Since LTR methylation so far has been only measured all in tail genomic DNA, 

we next ask whether LTR methylation level is similar across different tissues within 

individual mice or exhibits tissue-specific values. We took two YB Aw-LTRT/a mice and 

measured LTR methylation in their brain, kidney, liver and spleen, and found these 

tissues exhibited similar hypomethylation (Figure 8A). Such unanimous methylation 

level across tissues was also observed in LTR hypermethylated mice (Figure 8B). This is 

consistent with observations in the Avy allele and other metastable epialleles14,23.  
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Figure 8. LTR Methylation Is Similar Across Tissues within Individual Mice.  

(A). LTR methylation of brain (B), liver (L), Kidney (K) and spleen (S) of two YB 

(hypomethylated) mice. (B). LTR methylation of hypermethylated (600) and 

hypomethylated (697) mice.  

 

Hypomethylated LTR Induces Weak Ectopic Agouti Expression, with Tissue-specificity 

Since the IAP-LTR in the Avy allele drives ectopic Agouti expression when 

unmethylated, we asked if an unmethylated solo LTR is sufficient to drive ectopic 

Agouti as well, especially in organ/tissue types where Agouti is not expressed from the 

wild-type AwT allele. We performed immunostaining against tdTomato on brain, 

kidney, and liver from Aw-LTRT/a mice with hypomethylated LTRs (YB). All tissues 

exhibited overexpression of tdTomato in the Aw-LTRT/a male and females with different 

degrees, whereas no tdTomato signal was detected in AwT/ AwT or aT/a animals (Figure 

9).  



 129 

 
Figure 9. α -tdTomato Immunofluorescence on Mice Tissue Sections of Indicated 

Genotypes.  

Animals are age matched. YB: black-back-yellow-belly phenotype, indicating 

hypomethylation at the LTR.  

 Next, we asked if hypermethylation at the LTR suppresses such ectopic 

promoter activity by directly comparing tdTomato signal single liver cells across 

different epigenotypes. Indeed, agouti mice (Aw-LTRT /a with hypermethylated LTR) 

have almost no tdTomato+ cells compared to either wild-type (AwT/AwT) or C57/B6J 

animals, whereas YB mice (Aw-LTRT /a with hypomethylated LTR) showed various 

degrees of tdTomato+ cells (Figure 10A).  
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Given the DNA methylation level within one animal is homogenous across 

different tissue-types, it is puzzling that the majority of the liver cells in YB animals are 

negative for tdTomato. We hypothesize that the LTR in tdTomato- liver cells in the YB 

liver should still be hypomethylated, and the LTR activity is suppressed by other 

epigenetic or transcriptional mechanisms. To test this, we sorted out the tdTomato-  

liver cells and compared the LTR methylation level to that of agouti animals (Aw-LTRT /a 

with hypermethylated LTR) using pyrosequencing. Indeed, the tdTomato- liver cells 

from the YB mice are not hypermethylated, compared to the phenotypically identical 

tdTomato- liver cells from agouti mice (Figure 10B), indicating that and DNA 

methylation is sufficient (as all cells are tdTomato- from agouti mice), but not necessary 

(as  tdTomato- cells from YB mice are still hypomethylated) in silencing LTR activity in 

the adult liver. Other silencing mechanisms may co-exist, such as histone methylation, 

while DNA methylation may serve as a safe guarding mechanism. The tdTomato+ liver 

cells from YB mice may simply be “escapees” due to lack of DNA methylation at the 

LTR. 
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Figure 10. TdTomato Signal Across Aw-LTRT/a Mice with Hypoethylated or 

Hypermethylated LTRs.  

(A) FACS of single liver cells of age- and sex-matched adults. Genotypes are indicated. 

Agouti animals have a hypermethylated LTR and YB animals have a hypomethylated 

LTR. (B). DNA methylation level of tdTomato- liver cells from either a YB mouse or an 

agouti mouse.  

 We wonder if the leakiness of LTR activity due to lack of LTR methylation of the 

Aw-LTRT allele happens in different tissue types, therefore we performed qRT-PCR 

analyses of both Agouti and tdTomato transcripts from the ovary, lung, kidney, liver 

and cerebellum in LTR-hypermethylated and LTR-hypomethylated animals, both of 

which are normalized to wildtype controls. Although hypomethylation of LTR drives 

tdTomato and Agouti ectopic expressions compared to wild-type AwT allele and 

hypermethylated Aw-LTRT allele (with liver the most prominent), the absolute leakiness 
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of LTR is minimal compared to the expression level of house-keeping gene such as 

GAPDH and is variable dependent on the tissue type (Figure 11). In summary, LTR 

insertion is silenced by cell-intrinsic mechanisms, among which DNA methylation is 

sufficient but not necessary induced weak ectopic expression of Agouti, which is 

suppressed by DNA methylation. 

 
Figure 11. Hypomethylated LTR Cause LTR Leakiness of Tissue-dependent Levels.  

qRT-PCR of Agouti and tdTomato expression from various tissues of LTR-

hypermethyalted (Hyper), LTR-hypomethyalted (Hypo) Aw-LTRT/a mice and wild-type 

AwT/ AwT mice.  

 

DNA Methylation of IAP-LTR Can Be Inherited Across Generations, But Doesn’t Re-

establish Once Demethylated. 

The presence of F1 mice with both hypomethylated and hypermethylated LTR 

indicate that the newly generated  Aw-LTRT allele is a metastable epiallele. However, 

these mice were initially derived from different ES clones. To exclude clonal effects and 
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further confirm that DNA methylation at the Aw-LTRT allele is metastable, we analyzed 

DNA methylation of all offspring from one single hypermethylated founder female (600, 

derived from A5 ES cells).  Among all her offspring, regardless of sex, we observed 

both mice carrying LTRs with various methylation levels (Figure 12A). We then selected 

a few hypomethylated and hypermethylated offspring from 600 to breed with B6 mice 

for the next generation. We observed that hypomethylated LTRs are stably transmitted 

across the next generation, whereas hypermethylated whereas hypermethylated or 

lowly methylated LTRs present certain degrees of epigenetic metastability  (Figure 

12B). As the F1 founder of F12 ES clone-derived mice were YB to begin with (mostly 

with almost 0% LTR methylation), we did not observe re-gain of DNA methylation in 

any of the offspring from this lineage, consistent with the observation in A5 ES clone-

derived mice (Figure 12C). In summary, the newly created Aw-LTRT allele can transmit 

DNA methylation to some degree across generations, however, is unable to re-

establish DNA methylation at an inherited hypomethylated LTR. In conclusion, it did 

not meet the criteria of a conventionally-defined metastable epiallele1,23.  

 
Figure 12. Epigenetic Inheritance of The Aw-LTRT allele.  

(A) Methylation levels of the LTR in offspring from 600. (B) Phenotypes of the A5 ES cell-

derived animals. Black-yellow gradient filling: YB phenotype (Hypomethylated LTR); 

black: B6; brown: Agouti (hypermethylated LTR). Squares: males, circles: females; 
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rhombus: all offspring. (C) Phenotypes of the F12 ES cell-derived animals. Annotation 

is the same as in (B). 

 

No Major Effects of Methyl-rich Diet on Transgenerational Inheritance of LTR 

Methylation Have Been Observed.  

 As we observed no re-establishment of DNA methylation on hypomethylated 

LTRs across generation, we asked if supplement of methyl-rich nutrient in the maternal 

diet could generate stochastic de novo methylation in the offspring LTR. We subjected 

7-8-week-old CD1 females with high-methyl or control diet for 2 weeks prior to mating 

to a YB Aw-LTRT/a (hypomethylated LTR) males. We also include mating between CD1 

and wild-type AwT/a males as controls.  Among all the offspring inherited the  Aw-LTRT 

allele, we did not observe significant difference in tdTomato fluorescence intensity of 

the whole embryos at E15.5 (data not shown) between control and supplemented 

groups. More quantitatively in the developing gonads, tdTomato expression did not 

vary between control or supplemented groups Aw-LTRT/a offspring, although they all 

showed elevated ectopic expression of tdTomato (LTR-driven) compared to wild-type 

AwT/a offspring (Figure 13). However, we cannot rule out that the lack of effect from 

maternal methyl-nutrient supplement is due to the low numbers of embryos sampled 

or the selection of organ (gonads).  
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Figure 13. Maternal Diet Methyl-nutrient Supplement Did Not Significantly Alter 

Offspring LTR-driven tdTomato Expression in The Offspring. 

 In summary, to study the epigenetic effect of LTR insertion,  potential origin and 

regulation of metastable epialleles at the cellular level during development, we 

generateds a targeted allele Aw-LTRT using Avy-derived LTR and Agouti-P2A-tdTomato 

expression reporter.  Based on our results so far, solo-LTR insertion is not sufficient to 

generate a bona fide metastable epiallele mimicking Avy at PS1A. However, the LTR 

can serve as an ectopic promoter for Agouti. The LTR activity can be silenced by DNA 

methylation, but can also possibly by other uncharacterized mechanisms, such as 

SETDB1-mediated histone modifications24. However, DNA methylation as a sufficient 

silencing mechanism provides stable suppression, as the lack of which causes leakiness 

of LTR activity and ectopic tdTomato/Agouti expression. Importantly, DNA methylation 

of the LTR is comparable across tissues within one individual, however, the ectopic 

promoter activity leaked by LTR hypomethylation exhibits tissue-level specificity. The 

DNA methylation of the LTR can be inherited from a hypermethylated parent to some 

offspring. However, once demethylated, the LTR cannot re-establish DNA methylation 

in later generations. Methyl-diet effect on modifying LTR methylation status might not 
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be very strong or hard to detect with small animal numbers, as seen in our preliminary 

results with Aw-LTRT embryos.  
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