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Summary 21 

Enhancer reactivation and pluripotency gene (PpG) expression were recently shown to induce 22 

stemness and enhance tumorigenicity in cancer stem cells. Silencing of PpG enhancers during 23 

embryonic stem cell differentiation involves changes in chromatin state, facilitated by the activity 24 

of Lsd1/Mi2-NuRD-Dnmt3a complex. In this study, we observed a widespread retention of 25 

H3K4me1 at PpG enhancers and partial repression of PpGs in F9 embryonal carcinoma cells 26 

(ECCs) post differentiation. Absence of H3K4me1 demethylation could not be rescued by Lsd1 27 

overexpression. Based on the observation that H3K4me1 demethylation is accompanied by 28 

strong Oct4 repression in P19 ECCs, we tested if Lsd1-Oct4 interaction modulates Lsd1 activity. 29 

Our data show a dose dependent inhibition of Lsd1 by Oct4 in vitro and retention of H3K4me1 30 

at PpG enhancers post differentiation in Oct4 overexpressing P19 ECCs. These data reinforce 31 

that Lsd1-Oct4 interaction in cancer stem cells could establish a primed enhancer state, which 32 

is susceptible to reactivation.   33 

Keywords: Pluripotency, enhancers, Dnmt3a, DNA methylation, embryonal carcinoma cells, 34 

Lsd1, histone demethylation, Oct4, cancer stem cells, enhancer priming. 35 

Introduction 36 

Cell type specific gene expression is regulated by chromatin conformation which facilitates the 37 

interaction of distally placed enhancer elements with the specific gene promoter (Banerji et al., 38 

1981, Bulger and Groudine, 2011, Ong and Corces, 2011, Plank and Dean, 2014). Enhancers 39 

house majority of transcription factor binding sites and amplify basal transcription thus playing a 40 

critical role in signal dependent transcriptional responses (summarized in (Heinz et al., 2015)).  41 

Epigenome profiling combined with the transcriptional activity in various cell types led to 42 

identification of potential enhancers, which are annotated as silent, primed, and active based on 43 

their epigenetic features. These epigenetic features include histone modifications, DNA 44 
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methylation, and enhancer-associated RNA (eRNA) (Ernst and Kellis, 2010, Ernst et al., 2011, 45 

Calo and Wysocka, 2013). Whereas histone H3K4me1 (monomethylation) and H3K4me2 46 

(dimethylation) is present at both active and primed enhancers, active enhancers invariantly are 47 

marked by histone H3K27Ac (acetylation) and are transcribed to produce short read eRNA 48 

(Heintzman et al., 2007, Heinz et al., 2010, Rada-Iglesias et al., 2011, Creyghton et al., 2010, 49 

Zentner et al., 2011).  50 

During embryonic stem cell (ESC) differentiation, pluripotency gene (PpG) specific enhancers are 51 

silenced via changes in histone modifications and gain of DNA methylation (Whyte et al., 2012, 52 

Mendenhall et al., 2013, Petell et al., 2016). In response to the differentiation signal, the 53 

coactivator complex (Oct4, Sox2, Nanog and Mediator complex) dissociates from the enhancer 54 

followed by the activation of pre-bound Lsd1-Mi2/NuRD enzymes. The histone demethylase, 55 

Lsd1, demethylates H3K4me1, and HDAC in NuRD complex deacetylates the H3K27Ac (Whyte 56 

et al., 2012). Our previous studies have shown that the histone demethylation event is critical for 57 

the activation of DNA methyltransferase Dnmt3a, which interacts with the demethylated histone 58 

H3 tails through its chromatin-interacting ADD (ATRX-Dnmt3a-Dnmt3L) domain allowing site-59 

specific methylation at pluripotency gene enhancers (PpGe) (Petell et al., 2016). These studies 60 

also suggest that an aberrant inhibition of Lsd1 activity could cause a failure to gain DNA 61 

methylation leading to incomplete repression of PpGs.  62 

Several studies have reported on potential mechanisms that control site specific targeting and 63 

catalytic activity of Lsd1. It was shown that whereas the interaction with CoREST activates the 64 

enzyme, BHC80 inhibits Lsd1 demethylation activity (Shi et al., 2005). The substrate specificity 65 

of Lsd1 is regulated by its interaction with androgen receptor and estrogen related receptor α, or 66 

by alternative splicing which add four or eight amino acids to the Lsd1 enzyme (Carnesecchi et 67 

al., 2017, Metzger et al., 2005, Laurent et al., 2015, Zibetti et al., 2010, Wang et al., 2015a). Lsd1 68 

is targeted to various genomic regions through its interaction with SNAG domain containing TFs, 69 
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such as Snail and GFI1B (McClellan et al., 2019, Vinyard et al., 2019). SNAG domain binds to 70 

the active site of Lsd1 by mimicking histone H3 tail and could potentially inhibit its activity (Baron 71 

et al., 2011). Interaction of p53 C’ terminal domain with Lsd1 active site inhibits its enzymatic 72 

activity (Speranzini et al., 2017). Lsd1 was also shown to be present in the Oct4 interaction 73 

network, and therefore could be targeted to Oct4 bound regulatory elements which largely control 74 

pluripotency and stemness (Pardo et al., 2010, van den Berg et al., 2010).  75 

Studies by the Cancer Genome Anatomy Project (CGAP) show that one out of three cancers 76 

express PpGs suggesting their role in dysregulated proliferation during tumorigenesis (Zhang et 77 

al., 2013, Liu et al., 2013). Further, expression of PpGs, Oct4, Sox2 and Nanog, potentiates self-78 

renewal of putative cancer stem cells (CSCs) (Ben-Porath et al., 2008, Feske, 2007, Linn et al., 79 

2010, Peng et al., 2010, Kumar et al., 2012, Wang et al., 2013, Mak et al., 2012, Wen et al., 2010, 80 

Jeter et al., 2011). CSCs proliferate as well as differentiate to give rise to cancer cells of various 81 

lineages (Iglesias et al., 2017). However, in order to retain the ability to proliferate, many cancer 82 

cells maintain expression of PpGs (Gwak et al., 2017, Yang et al., 2018). This has led to the 83 

development of terminal differentiation therapy, which aims to limit the proliferating cancer cell 84 

population (de The, 2018). Embryonal Carcinoma cells (ECCs) have been used as model cell line 85 

to study CSCs. ECCs were derived from developing mouse embryos at E6-7.5 and share 86 

regulatory characteristics with ESCs including their ability to differentiate into various somatic 87 

lineages (Alonso et al., 1991, Han et al., 2017, Andrews et al., 2005, Zhu et al., 2013). To 88 

understand the mechanism by which cancer cells retain PpG expression, we investigated the 89 

mechanism of enhancer-mediated regulation of PpG expression in ECCs. Our data showed in 90 

differentiating F9 ECCs, that the PpGs are partially repressed. This was concomitant with H3K27 91 

deacetylation but an absence of Lsd1- mediated H3K4me1 demethylation at PpGe. Presence of 92 

H3K4me1 prevented Dnmt3a from methylating the DNA at these sites potentially abrogating 93 

PpGe silencing. Drug-mediated inhibition as well as overexpression of Lsd1 had little or no effect 94 
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on enhancer silencing and PpG repression confirming a loss of Lsd1 dependence. Given that 95 

Oct4 was expressed at substantial levels in F9 ECCs post differentiation, we investigated the 96 

effect of Lsd1-Oct4 interaction on Lsd1 catalytic activity. Using in vitro histone demethylation 97 

assays, we discovered that Lsd1-Oct4 interaction inhibits the Lsd1 activity potentially causing 98 

retention of H3K4me1 at PpGe in F9 ECCs. We tested this prediction in P19 ECCs in which we 99 

observed H3K4me1 demethylation at PpGe accompanied by loss of Oct4 expression post 100 

differentiation. Overexpression of Oct4 in differentiating P19 ECCs led to retention of H3K4me1 101 

at PpGe confirming the role of Oct4-mediated Lsd1 inhibition at these sites. Taken together our 102 

data show that inhibition of Lsd1 activity and Dnmt3a leads to the establishment of a “primed” 103 

enhancer state, which is open for coactivator binding and prone to reactivation. We speculate that 104 

aberrant expression of Oct4 in CSCs facilitates the establishment of “primed” enhancers, 105 

reactivation of which support tumorigenicity.  106 

Results: 107 

PpGs are partially repressed in differentiating F9 ECCs 108 

ECCs share many characteristics with ESCs including mechanisms governing regulation of 109 

gene expression and differentiation (Alonso et al., 1991). Based on the observation that 110 

aberrant PpG expression is commonly found in cancers (Zhang et al., 2013, Liu et al., 2013), we 111 

compared the magnitude of PpG repression in F9 ECCs with that in ESCs pre- and post- 112 

differentiation. F9 ECCs and ESCs were induced to differentiate with retinoic acid (RA) and 113 

expression of eight PpGs at 4 and 8 days (D4 and D8) post induction was measured by RT-114 

qPCR. The data show that in differentiating F9 ECCs, several PpGs were incompletely 115 

repressed, of which the pioneer factors Oct4 and Nanog showed only 50% loss of expression at 116 

D8 post differentiation. Comparatively in ESCs, the expression of most PpGs was reduced by 117 

more than 80% at D4 post differentiation (Figures 1A and 1B). The expression of Sox2 and 118 

Trim28 was maintained post differentiation as an anticipated response to RA signaling guiding 119 
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ESCs towards neural lineage. A substantial increase in the expression of Lefty1 and Lefty2 120 

genes in F9 ECCs suggests potential activation of germ cell and testis development program 121 

(Zhu et al., 2013). Continued expression of PpGs in F9 ECCs was also evident by positive 122 

alkaline phosphatase staining and SSEA-1 immunofluorescence in differentiating F9 ECCs that 123 

is completely lost in ESCs post differentiation (Figures 1C and 1D). We asked if failure to exit 124 

pluripotency in F9 ECCs was caused by an inability to activate lineage-specific genes. Our data 125 

showed 10-50 fold increase in expression of the lineage specific genes Gata4, FoxA2, Olig2, 126 

Gata6, Cxcr4 and Fgf5 (Figure 1E), endorsing a standard response to signal of differentiation. 127 

Given that previous studies in ESCs have established a critical role of enhancer silencing in 128 

complete PpG repression, we next investigated if PpGe were fully decommissioned in F9 ECCs 129 

post differentiation**. 130 

DNA methylation is not established at PpGe during F9 ECC differentiation 131 

We have previously reported that in differentiating ESCs, PpGe decommissioning involves gain 132 

of DNA methylation, which is required for complete PpG repression. (Petell et al., 2016). We 133 

used bisulfite sequencing (Bis-Seq) to compare DNA methylation changes at a subset of PpGe 134 

in F9 ECCs to that in ESCs post differentiation. Whereas DNA methylation was significantly 135 

gained in ESCs within 4 days post differentiation, the PpGe remained hypomethylated in F9 136 

ECCs at 4 and 6 days post differentiation (Figures 2A, 2B, and S1A). A similar hypomethylated 137 

state persisted at PpG promoters in F9 ECCs except the highly methylated Lefty2 promoter, 138 

where DNA methylation was partially lost post differentiation (Figure S1B). This is consistent 139 

with the observed partial repression of most PpGs and an induction of Lefty2 expression in 140 

these cells (Figure 1A).  141 

We confirmed that absence of DNA methylation at PpGe was not due to the low expression of 142 

Dnmt3a in F9 ECCs post differentiation (Figures S1C and S1D). Based on the previous 143 

observations in cancers that overexpression of DNA methyltransferases leads to DNA 144 
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hypermethylation (Yu et al., 2015, Gao et al., 2015, Ma et al., 2018, Jones et al., 2016, 145 

Schübeler, 2015), we tested if overexpression of Dnmt3a could rescue DNA methylation at 146 

PpGe. F9 ECCs were transfected with Myc-Dnmt3a and differentiated at 24 hrs post 147 

transfection to ensure expression of recombinant Dnmt3a during differentiation (Figure S1E). 148 

However, we observed no gain in DNA methylation at PpGe and no additional decrease in the 149 

expression of PpGs when compared to untransfected cells at D8 post differentiation (Figures 2C 150 

and 2D). 151 

 We next assayed DNA methylation genome-wide using MethylRAD sequencing to analyze 152 

changes at all PpGe in F9 ECCs pre- and post-differentiation (Wang et al., 2015b). Similar to 153 

methylation dependent restriction assays, this method uses FsPEI enzyme, which cuts DNA 154 

bidirectionally from mC to create 31-32 bp fragment (Cohen-Karni et al., 2011, Zheng et al., 155 

2010). The restriction fragments were isolated for library preparation and high throughput 156 

sequencing. Using this method, we captured DNA methylation at 1,370,254 cytosines genome-157 

wide, requiring a minimum read support of 5 reads. The reads were distributed among all 158 

chromosomes representing all annotated genomic elements (Figure S2A). DNA methylation 159 

levels at enhancers (low-intermediate-high) were calculated based on highest (75th percentile) 160 

and lowest (25th percentile) number of reads at all annotated enhancers in the genome, which 161 

were obtained from the EnhancerAtlas 2.0. We filtered the data to focus our analysis on DNA 162 

methylation changes at 3840 PpGe previously annotated in ESCs as Lsd1 bound regions 163 

(Whyte et al., 2012). Our method identified 1,865 PpGe in F9 ECCs. Compared to methylation 164 

levels at all other known enhancers, the PpGe cluster in low/intermediate methylation group 165 

(Figure S2B). The difference in methylation for each PpGe region was computed by subtracting 166 

the DNA methylation level in D4 differentiated from that in undifferentiated F9 ECCs. The data 167 

show around 1488 (82%) regions fail to gain DNA methylation post differentiation of F9 ECCs 168 

(no change in DNA methylation; NCDM PpGe) (Figure 2E). To determine the function of genes 169 
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associated with NCDM PpGe, we performed Ingenuity pathway analysis (IPA)  170 

(www.qiagen.com/ingenuity), which showed a significant enrichment of Oct4 and Nanog 171 

regulated mammalian embryonic stem cell and molecular mechanisms of cancer pathways 172 

(Figure 2F). 173 

Given that DNA methylation by Dnmt3a at PpGe requires H3K27 deacetylation and H3K4 174 

demethylation by Lsd1/Mi2NurD complex (Whyte et al., 2012), we anticipate a potential 175 

impediment in this process causing a widespread failure to acquire DNA methylation at PpGe.  176 

A “primed” PpGe state is established during F9 ECC differentiation  177 

We asked if the chromatin state at PpGe in F9 ECCs is impermissible to DNA methylation. 178 

Using chromatin immunoprecipitation followed by qPCR (ChIP-qPCR) we examined histone 179 

H3K27 deacetylation and our data showed a decrease in H3K27Ac at PpGe in F9 ECCs post 180 

differentiation. This suggests that similar to ESCs, PpGe are active in undifferentiated F9 ECCs 181 

and initiate the decommissioning process post differentiation (Figures S3A and 3A). 182 

Furthermore, deacetylation at Lefty1 and Lefty2 enhancers suggests enhancer-switching 183 

involving the potential use of germline-specific enhancers post differentiation leading to an 184 

observed increase in Lefty1 and Lefty2 expression (Figure 1A). Numerous studies have 185 

proposed that deacetylation of H3K27Ac followed by H3K27 methylation by PRC2 enzyme 186 

complex establishes a silenced state (Lindroth et al., 2008, Barski et al., 2007, Wang et al., 187 

2008). Our data showed no increase of H3K27me3 at the PpGe in both ESCs as well as F9 188 

ECCs post differentiation suggesting that PRC2 activity is unessential for the PpGe silencing 189 

(Figures S3B and S3C). 190 

We next monitored H3K4me1 demethylation activity of Lsd1 at PpGe during F9 ECC 191 

differentiation. Surprisingly, we observed a retention or an increase in H3K4me1 at five out of 192 

seven tested PpGe post differentiation (Figure 3B) suggesting a potential disruption of Lsd1 193 
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activity. We verified similar expression levels of Lsd1 in F9 ECCs compared to ESCs (Figures 194 

S1C and S1D). To examine if Lsd1 interacts with Mi2/NuRD complex in F9 ECCs, we performed 195 

co-immunoprecipitation (Co-IP) experiments using whole cell extracts. Antibodies against Lsd1 196 

and HDAC1 were used for reciprocal Co-IP. The data show the presence of Chd4, HDAC1 and 197 

Lsd1 and no significant difference in protein complexes between ESCs and F9 ECCs (Figure 198 

S3D). To test its recruitment to PpGe, ChIP-qPCR showed similar enrichment of Lsd1 in F9 199 

ECCs and ESCs at four tested enhancers (Figure 3C).These data suggest that retention of 200 

H3K4me1 at PpGe is caused by lack of Lsd1 activity in F9 ECCs post differentiation. 201 

To confirm the above conclusion we next tested the effect of Lsd1 overexpression or inhibition on 202 

PpGe silencing and PpG repression in differentiating F9 ECCs. F9 ECCs were transfected with 203 

FLAG-Lsd1 overexpressing plasmid and differentiated at 24 hrs post transfection (Figure S4A). 204 

We observed no change in H3K4me1 at PpGs post differentiation, rather a small increase at some 205 

enhancers, indicating an inhibitory mechanism which affects Lsd1 irrespective of its origin (Figure 206 

3D). An increase in H3K4me1 post differentiation could be due to partial activity of Lsd1 by which 207 

it demethylates H3K4me2 to H3K4me1 at these sites. Additionally, Lsd1 overexpression had no 208 

effect on PpG repression or DNA methylation at PpGe post differentiation (Figures S4B and S4C).  209 

Previous studies in ESCs have shown that treatment with Lsd1 inhibitors pargyline and TCP 210 

(tranylcypromine) at the onset of differentiation results in H3K4me1 retention at PpGe and 211 

incomplete repression of PpGs (Whyte et al., 2012). F9 ECCs were treated with pargyline and 212 

TCP 6 hrs prior to induction of differentiation.  In contrast to 70-80% cell death caused by Lsd1 213 

inhibitor in ESCs, F9 ECCs remained largely viable upon treatment (Figure S4D). Expression 214 

analysis of PpGs showed a slight relief of PpG repression in treated cells, suggesting a partial 215 

Lsd1 activity at PpGe (Figure S4E). Interestingly, pargyline treatment affected the H3K4me1 216 

enrichment gained post differentiation in untreated cells (WT and Lsd1 overexpressing) 217 

confirming the partial activity of Lsd1 at these sites (Figure 3E). To test if Lsd1 activity 218 
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contributed to the generation of H3K4me1 in undifferentiated state, we transiently 219 

overexpressed Lsd1 in F9 ECCs and allowed cells to grow for 72 hrs. ChIP-qPCR analysis 220 

showed no increase in H3K4me1 levels in Lsd1 overexpressing cells (Figure S4F). This 221 

suggests that similar to ESCs the deposition of H3K4me1 in the undifferentiated F9 ECCs is 222 

largely accomplished by MLL3/4 histone methyltransferases and Lsd1 activity at these sites is 223 

initiated only in response to a differentiation signal (Mak et al., 2012, Yegnasubramanian et al., 224 

2011).  225 

Taken together these observations propose that the restricted activity of Lsd1 at PpGe leads to 226 

retention of H3K4me1 post differentiation. Moreover, following the deacetylation of H3K27, 227 

absence of DNA methylation and presence of H3K4me1 yields these enhancers in a “primed” 228 

state, prone to reactivation in presence of a coactivator. 229 

High throughput analysis of changes in H3K4me1 at PpGe 230 

To identify and enumerate PpGe with aberrant retention of H3K4me1 post differentiation, we 231 

performed ChIP-Seq analysis of H3K4me1 genome-wide in undifferentiated and D4 232 

differentiated F9 ECCs. Peak calling was performed using Epic2 for each input-ChIP pair and 233 

the list was filtered to calculate the number of peaks with cut off (FDR<=0.05 and Log2FC>=2) 234 

(Figure S5A). We analyzed the distribution of H3K4me1 peaks at the regulatory elements 235 

across the genome (Figure S5B). For further analysis, we identified 1425 H3K4me1 peaks 236 

found within 1kb of PpGe previously annotated in ESCs (Whyte et al., 2012).  The difference in 237 

peak enrichment (i.e. log2FoldChange) between differentiated and undifferentiated was 238 

calculated to score for change in H3K4me1 post differentiation.  The data showed no change, 239 

increase, and decrease in 733, 510, and 182 PpGe respectively. Therefore 87% of PpGe 240 

showed no significant decrease in H3K4me1 (no decrease in histone methylation; NDHM PpGe) 241 

(Figure 4A). We next computed correlation between the three PpGe sub-groups and the 1792 242 

PpGe that undergo H3K4me1 demethylation in differentiating ESCs (Whyte et al., 2012). The 243 
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data showed that a significant fraction of NDHM PpGe, which exhibit an increase (74%) or no 244 

change (69%) in H3K4me1 in F9 ECCs overlap with PpGe that are H3K4me1 demethylated in 245 

ESCs (Figures 4B, 4C, and S5C). These observations strongly support our previous conclusion 246 

that in F9 ECCs, Lsd1 activity is inhibited leading to retention of H3K4me1 at PpGe. IPA of 247 

NDHM PpGe –associated genes showed highest enrichment for Oct4-regulated and stem cell 248 

pathways. Comparatively, genes associated with PpGe, which undergo H3K4me1 249 

demethylation show enrichment for signaling pathways (Figures 4D and S5D). A correlation 250 

between NCDM and NCHM PpGe, showed that 65% of NDHM PpGe fail to acquire DNA 251 

methylation underpinning the role of histone demethylation in the regulation of DNA methylation 252 

at PpGe (Figure 4E) (Petell et al., 2016).  253 

Lsd1 activity at PpGe is inhibited by its interaction with Oct4 254 

Next, we sought to determine the mechanism that inhibits Lsd1 activity.  Due to its continued 255 

expression in F9 ECCs post differentiation, we assumed that Oct4 remains associated with 256 

PpGe and prevents demethylation of H3K4me1. We tested this hypothesis in P19 ECCs in 257 

which Oct4 expression was reported to be strongly repressed post differentiation (Li et al., 258 

2007). After confirming a 90% reduction in Oct4 expression (Figure 5A), we probed H3K4me1 259 

demethylation at PpGe during P19 ECC differentiation. Indeed, our data show decreased 260 

enrichment of H3K4me1 at PpGe 4 days post differentiation (Figure 5B). Similar to ESCs, we 261 

also observed a massive cell death when P19 ECCs were exposed to Lsd1 inhibitor during 262 

differentiation (Figure S6A). The change in the chromatin state was accompanied by 40% gain 263 

of DNA methylation at these sites (Figure 5C).  264 

This observation together with the IPA showing enrichment of Oct4-regulated genes in NCHM 265 

and NCDM enhancers, suggested that Oct4 may regulate the demethylase activity of Lsd1 at 266 

PpGe. Co-precipitation experiments using recombinant proteins, GST-Lsd1 and Oct4, confirmed 267 

a direct interaction between Oct4 and Lsd1 (Figure 6A). This is concurrent with previous reports 268 
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which suggested that Oct4 interacts with Lsd1 and the Mi2/NuRD complex in ESCs (van den 269 

Berg et al., 2010, Pardo et al., 2010). To test the effect of Oct4 interaction on Lsd1 catalytic 270 

activity, we performed Lsd1 demethylation assays using H3K4me2 peptide as a substrate. Our 271 

data showed that in the presence of Oct4, Lsd1 activity was reduced to by 60-70% in a dose 272 

dependent manner. This reduction in activity was not observed in the presence of recombinant 273 

Dnmt3a protein (Figures 6B and 6C). We also performed Lsd1 demethylation assays using 274 

purified histones as a substrate and detected H3K4me2 demethylation on a Western blot. The 275 

data clearly shows reduced H3K4me2 signal in presence of Lsd1 which was rescued in 276 

presence of 0.1mM TCP. An accumulation of H3K4me2 signal with an increase in Oct4 277 

concentration in reaction mix clearly show an enhanced inhibition of Lsd1 activity by Oct4 278 

(Figure 6D). These data suggest that in F9 ECCs, due to its continued expression post 279 

differentiation, Oct4 remains bound at PpGe and inhibits Lsd1. We tested this prediction directly 280 

by stably expressing recombinant Oct4 in P19 ECCs (Figure S6B). Following differentiation of 281 

Oct4-expressing P19 cells, examination of H3K4me1 showed retention of this mark at PpGe 282 

indicating the inhibition of Lsd1 by recombinant Oct4 (Figure 6E).This was accompanied by a 283 

derepression of several PpGs and reduced gain in DNA methylation at their respective 284 

enhancers (Figures 6F and 6G).  285 

Taken together we propose the following model that explains the regulation of Lsd1 activity at 286 

PpGe. At the active PpGe, Lsd1 activity is inhibited by its interaction with bound Oct4. Post 287 

differentiation, this inhibition is relieved by dissociation of Oct4 from its binding sites. However, 288 

in cancer cells where Oct4 expression is maintained, Lsd1 is held in its inhibited state leading to 289 

incomplete demethylation. Retention of H3K4me1 in turn blocks the activation of Dnmt3a from 290 

its autoinhibited state resulting in absence of DNA methylation at PpGe. The absence of DNA 291 

methylation and presence of H3K4me1 yields these enhancers in a “primed” state, prone to 292 

activation in presence of a coactivator (Figure 7). Based on previous reports that Oct4 as well 293 
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as Lsd1 are aberrantly expressed in several cancers (Kim et al., 2015, Wang et al., 2010, 294 

Schoenhals et al., 2009, Wang et al., 2009, Kashyap et al., 2013, Lv et al., 2012, Hosseini and 295 

Minucci, 2017), Oct4-Lsd1 interaction could misdirect Lsd1 activity leading to aberrant gene 296 

expression. 297 

Discussion 298 

The preservation of epigenetic state of enhancers in various cell types indicates that aberrant 299 

changes could promote tumorigenesis which is supported by recent studies revealing a crucial 300 

role for enhancer-mediated activation of oncogenes (Hnisz et al., 2015, Mansour et al., 2014, 301 

Chapuy et al., 2013, Groschel et al., 2014, Loven et al., 2013).Changes in H3K4me1 levels and 302 

DNA accessibility at various enhancers have been reported in many cancers (Akhtar-Zaidi et al., 303 

2012). Some studies also propose the role of change in enhancer state in therapy resistance in 304 

cancer cells. These studies showed loss or gain of H3K4me1/2 at the enhancers was reported in 305 

resistant breast cancer cells and loss of H3K27 acetylation at enhancers in T cell acute 306 

lymphoblastic leukemia (T-ALL) (Magnani et al., 2013, Knoechel et al., 2014). In addition, DNA 307 

hypermethylation concomitant with overexpression of DNA methyltransferases is a hallmark of 308 

many cancers (Jones et al., 2016, Schübeler, 2015). Changes in DNA methylation at enhancers 309 

have been shown in breast, lung, prostate and cervical cancers (Taberlay et al., 2014, Aran and 310 

Hellman, 2013, Aran et al., 2013, Yegnasubramanian et al., 2011). These studies suggest that 311 

chromatin state of enhancers can be used as a diagnostic to predict aberrant expression of tissue 312 

specific genes in cancer. Our data showing a coherent response of PpGe to signals of 313 

differentiation in ESCs supports this prediction. During ESC differentiation, all tested PpGe 314 

undergo histone deacetylation and gain of DNA methylation, irrespective of the transcriptional 315 

status of the associated gene. This is exemplified by H3K27Ac deacetylation and gain of DNA 316 

methylation at Sox2 and Trim28 enhancers despite the maintained expression of these genes.  317 
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Our study here reveals a mechanism by which developmental enhancers could acquire aberrant 318 

histone modification and DNA methylation states that affect gene expression. We show in F9 319 

ECCs, that compromised activity of histone demethylase, Lsd1, causes retention of H3K4me1 320 

and absence of DNA methylation at the PpGe, leading to a primed state of enhancers. Unlike 321 

the silenced state, the “primed” enhancer state grants accessibility for coactivator binding which 322 

renders cells highly vulnerable to small increase in the expression of oncogenic coactivators or 323 

master transcription factors (Zaret and Carroll, 2011, Calo and Wysocka, 2013).  324 

We uniquely discovered that Lsd1 activity is inhibited by its interaction with the pioneer 325 

transcription factor Oct4, which is expressed at a substantial level in F9 ECCs post 326 

differentiation. Recently similar observation was reported from flow cytometric analysis showing 327 

that compared to ESCs, a significantly higher number of F9 ECCs have persistent Oct4 328 

expression post differentiation (Gordeeva and Khaydukov, 2017). Aberrant expression of Oct4, 329 

Sox2, and Nanog is associated with tumor transformation, metastasis, and drug resistance 330 

(Sampieri and Fodde, 2012, Ben-Porath et al., 2008). We speculate that during differentiation of 331 

cancer stem cells, inhibition of Lsd1 by Oct4 leads to PpGe priming/reactivation which enhances 332 

PpG expression. Our studies further highlight the versatility of Lsd1 binding and activity which 333 

can be fine-tuned by its interaction with numerous factors allowing the enzyme to function in 334 

various cellular processes including differentiation and disease. 335 
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Figure Legends 348 

Figure 1. Pluripotency genes are partially repressed in F9 embryonal carcinoma cells. 349 

UD: undifferentiated; D4, D8: Days post induction of differentiation; ESCs: embryonic stem cells 350 

and F9 ECCs:  F9 embryonal carcinoma cells, PpGs: pluripotency genes.  351 

(A, B, and E) Gene expression analysis by RT-qPCR of PpGs in (A) F9 ECCs, (B) ESCs (E) 352 

lineage specific genes in F9 ECCs. The Ct values for each gene were normalized to Gapdh and 353 

expression is shown relative to that in undifferentiated cells (dotted line). In F9 ECCs, the 354 

lineage specific genes show 40-60 fold induction of gene expression (E) whereas the 355 

expression of PpGs is on average reduced to about 50% post differentiation (B).  Average and 356 

SEM of two biological replicates are shown for each gene.  357 

(C) Alkaline phosphatase staining and (D) SSEA-1 immunofluorescence of ESCs and F9 ECCs 358 

pre- and post-differentiation. Positive signal indicates pluripotency that is lost post differentiation 359 

in ESCs. The scale bar is a 100µm. 360 

Figure 2. Pluripotency gene enhancers do not gain DNA methylation in differentiating F9 361 

embryonal carcinoma cells.  362 

UD: undifferentiated; D4, D8: Days post induction of differentiation; D8 UT: untransfected F9 363 

ECCs differentiated for 8 days; D8+Myc-Dnmt3a: F9 ECCs overexpressing Myc-Dnmt3a and 364 

differentiated for 8 days; ESCs: embryonic stem cells and F9 ECCs:  F9 embryonal carcinoma 365 

cells; PpGe: pluripotency gene enhancers.  366 

(A, B, and C) DNA methylation analysis using Bis-Seq. Genomic DNA was treated with bisulfite 367 

and PpGe regions were amplified by PCR. The amplicons were sequenced on a high 368 

throughput sequencing platform (Wide-Seq) and the data were analyzed using Bismark 369 

software. DNA methylation of PpGe in (A) ESCs (B) F9 ECCs pre- and post-differentiation. Less 370 
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than 10% DNA methylation was recorded in F9 ECCs whereas H19 imprinted region, used as a 371 

control, showed DNA methylation at 80%. At the same regions, DNA methylation increased up 372 

to 30% in ESCs. See also Figure S1A. 373 

(C) DNA methylation of PpGe in F9 ECCs overexpressing Myc-Dnmt3a. (D) Gene expression 374 

analysis by RT-qPCR PpGs in F9 ECCs overexpressing Myc-Dnmt3a pre- and post-375 

differentiation. (C, D) show no significant increase in DNA methylation or gene repression 8 376 

days post differentiation The Ct values for each gene were normalized to Gapdh and expression 377 

is shown relative to that in undifferentiated cells (dotted line). Data for A, B, C and D are the 378 

average and SEM of two biological replicates. 379 

(E) Genome-wide DNA methylation analysis by MethylRAD sequencing. Genomic DNA was 380 

digested with the restriction enzyme FspEI that cuts methylated DNA into 31-32 bp fragments. 381 

The fragments were sequenced and mapped on mm10 mouse genome. The number of reads 382 

per region were used as a measure for extent of DNA methylation and compared between 383 

undifferentiated and D4 differentiated F9 ECCs. The waterfall plot shows DNA methylation 384 

changes at PpGe computed by subtracting normalized counts in D4 samples from normalized 385 

counts in undifferentiated samples. Upper and lower quartiles were used in thresholding regions 386 

as gaining or losing methylation. The pie chart shows fractions of PpGe with increase, decrease 387 

or no change in DNA methylation (NCDM). See also Figure S2B. 388 

(F) Top ten statistically significant enriched canonical pathways amongst the genes associated 389 

with the NCDM enhancers, which showed no change. The x-axis shows the log10 (adjusted p-390 

value), with the p-value adjusted for multiple testing using the Benjamini-Hochberg method. 391 
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Figure 3. Changes in chromatin modifications establish a “primed” state at pluripotency 392 

gene enhancers in F9 embryonal carcinoma cells. 393 

UD: undifferentiated; D4: Days post induction of differentiation; D4+FLAG-Lsd1: F9 ECCs 394 

overexpressing FLAG-Lsd1 and differentiated for 4 days; Prg: Pargyline; ESCs: embryonic stem 395 

cells and F9 ECCs:  F9 embryonal carcinoma cells; PpGe: pluripotency gene enhancers.  396 

(A-E) Chromatin immunoprecipitation (ChIP)-qPCR assays showing percent enrichment over 397 

input. Histone modifications at PpGe (A) H3K27Ac and (B) H3K4me1 in F9 ECCs pre- and D4 398 

post differentiation. Whereas deacetylation of PpGe is observed as a decrease in H3K27Ac 399 

signal, histone H3K4me1 is retained post differentiation.  400 

(C) Similar Lsd1 occupancy in undifferentiated ESCs and F9 ECCs. 401 

(D) Enrichment of H3K4me1 in F9 ECCs expressing recombinant FLAG-Lsd1 compared to 402 

untransfected cells at D4 post differentiation. There is a slight increase in H3K4me1 at some 403 

PpGe. 404 

(E) Fold change in enrichment of H3K4me1 at PpGe in pargyline treated and untreated, WT and 405 

FLAG-Lsd1 overexpressing F9 ECCs, at D4 post differentiation. Fold change is represented as 406 

relative to enrichments in the undifferentiated state (dotted line). 407 

Figure 4. Retention of H3K4me1 at most pluripotency gene enhancers in F9 ECCs post 408 

differentiation.  409 

ESCs: embryonic stem cells and F9 ECCs:  F9 embryonal carcinoma cells; PpGe: pluripotency 410 

gene enhancers; D4: Days post induction of differentiation   411 

Genome-wide H3K4me1 levels in F9 ECCs pre- and post-differentiation were measured by 412 

ChIP-Seq. Peak calling was performed using Epic2 for each input-ChIP pair. 1425 H3K4me1 413 

peaks were identified in F9 ECCs within 1kb of previously annotated PpGe in ESCs (Whyte et 414 
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al., 2012). See also Figure S5A.  Histone demethylation activity of Lsd1 was measured by 415 

calculating the change in H3K4me1 peak enrichment at PpGe between D4 differentiated and 416 

undifferentiated samples.  417 

(A) Waterfall plot represents changes in H3K4me1, which were calculated as the difference 418 

between log2FC of D4 and undifferentiated samples and transformed to Z-score. Z-score 419 

thresholds of +1 and -1 were used to define the fractions showing increase, no change and 420 

decrease in H3K4me1 shown in the pie chart. Combined together 87% PpGe show an increase 421 

or no change (NDCM) in H3K4me1 enrichment.  422 

(B, C) Venn diagram showing an overlap between PpGe that show (B) an increase, or (C) no 423 

change in peak enrichment in F9 ECCs but undergo histone H3K4me1 demethylation in ESCs 424 

post differentiation (Whyte et al., 2012).  425 

(D) Top ten statistically significant enriched canonical pathways amongst the genes associated 426 

with increase and no change in F9 ECCs. The x-axis shows the log10 (adjusted p-value), with 427 

the p-value adjusted for multiple testing using the Benjamini-Hochberg method. 428 

(E) Overlap between the PpGe showing no change in DNA methylation (NDHM) and PpGe that 429 

show no decrease in H3K4me1 (NCDM).  430 

Figure 5. PpGe are decommissioned and in differentiating P19 ECCs. 431 

UD: undifferentiated; D4, D8: Days post induction of differentiation; P19 ECCs:  P19 embryonal 432 

carcinoma cells, PpGs: pluripotency genes; PpGe: Pluripotency gene enhancers.  433 

(A) Gene expression analysis by RT-qPCR of PpGs in P19 ECCs. The Ct values for each gene 434 

were normalized to Gapdh and expression is shown relative to that in undifferentiated cells 435 

(dotted line). Similar to the repression of PpGs in ESCs (Figure 1A), PpGs, especially Oct4 and 436 

Nanog, show more than 90% reduction in expression.  437 
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(B) ChIP-qPCR showing H3K4me1 enrichment in UD and D4 differentiated P19 ECCs. A 438 

decrease in H3K4me1 was observed at all PpGe post differentiation showing histone 439 

demethylation activity.  440 

(C) DNA methylation analysis of PpGe using Bis-Seq in UD, D4 and D8 differentiated P19 441 

ECCs. A 40% increase in DNA methylation level was observed at PpGe post differentiation. 442 

Average and SEM of two biological replicates are shown for each gene.  443 

Figure 6. Oct4 directly interacts with Lsd1 and inhibits its catalytic activity. 444 

TCP: tranylcypromine; ECCs: embryonal carcinoma cells; PpGe: pluripotency gene enhancers 445 

D4: Days post induction of differentiation.  446 

(A) GST-pull down experiment showing direct interaction between Lsd1 and Oct4. Recombinant 447 

GST-Lsd1 was incubated with Oct4 at about 1:2 molar ratio and precipitated using GST-448 

Sepharose. The co-precipitated Oct4 is detected using Anti-Oct4 antibody.  449 

(B) Lsd1 demethylase assay was performed using 0.25µM of Lsd1 and H3K4me2 peptide as 450 

substrate. Lsd1 demethylation activity was completely inhibited by 0.1mM TCP 451 

(tranylcypromine) in the reaction. To test the effect of Oct4 on Lsd1 activity, demethylation 452 

assays were performed in presence of 0.5µM Oct4 at 1:2 (Lsd1:Oct4) molar ratio. Catalytic 453 

domain of Dnmt3a at the same molar ratio was used as a control.  454 

(C) Dose dependent inhibition assays were performed using increasing concentration of Oct4 in 455 

the following molar ratio of Lsd1:Oct4, (1:0.5), (1:1), (1:2), (1:3), (1:4). Data are an average and 456 

SD of at least 5 experimental replicates. 457 

(D) Lsd1 demethylation assays were performed using 0.25µM of Lsd1 and 30µg bulk histones 458 

as substrate with increasing concentrations of Oct4 in the reaction. Upper Panel: Histone 459 

demethylation was detected by using anti H3K4me2 on Western blot showing a retention of 460 
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signal in presence of increasing concentration of Oct4. Lower panels: Amount of Lsd1 enzyme 461 

and increasing amounts of Oct4 in the histone demethylation reaction. Ponceau S stain of bulk 462 

histones shows equal loading on the gel. 463 

(E) ChIP-qPCR showing percent enrichment of H3K4me1 at PpGe in P19 ECCs stably 464 

expressing recombinant Myc-Oct4 pre- and post-differentiation. The data show retention of 465 

H3K4me1 post differentiation. 466 

(F) Gene expression analysis by RT-qPCR of PpGs in P19 ECCs expressing recombinant Myc-467 

Oct4. The Ct values were normalized to Gapdh and expression is shown relative to that in 468 

undifferentiated cells (dotted line).  469 

(G) DNA methylation analysis of PpGe using Bis-Seq in UD and D4 differentiated P19 ECCs 470 

WT and expressing recombinant Myc-Oct4. Oct4 expressing cells show failure to gain DNA 471 

methylation at PpGe post differentiation compared to untransfected WT. Average and SEM of 472 

two biological replicates are shown. 473 

Figure 7. Illustration of epigenetic state at PpGe in F9 ECCs during differentiation.  474 

In an undifferentiated state, the PpGe are active, bound by the coactivator complex and 475 

chromatin modifications include H3K4m2/1 and H3K27Ac. In response to signal of 476 

differentiation, the dissociation of the coactivator complex including Oct4 is followed by the 477 

activity of the Lsd1-Mi2/NuRD complex, which facilitates enhancer silencing. The histone 478 

deacetylase (HDAC) removes H3K27Ac at PpGe, and Lsd1 demethylates H3K4me1, followed 479 

by DNA methylation by Dnmt3a. However, in F9 ECCs, Lsd1 activity is inhibited in presence of 480 

Oct4 causing retention of H3K4me1. The ADD domain of Dnmt3a cannot interact with H3K4 481 

methylated histone tail and will potentially remain in the autoinhibited state thus preventing DNA 482 

methylation at these sites. Consequently, PpGe instead of being silenced acquire a “primed” 483 

state. Black pins represent methylated CpGs.  484 
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STAR Methods 485 

Cell culture and differentiation: 486 

F9 embryonal carcinoma cells (F9 ECCs), P19 embryonal carcinoma cells (P19 ECCs), and 487 

E14Tg2A Embryonic stem cells (ESCs) were cultured and maintained in gelatin-coated tissue 488 

culture plates. Differentiation was induced by plating 20X106 cells in low attachment 15 cm petri 489 

dishes and the addition of 1µM Retinoic acid (RA). ESCs were differentiated by the same 490 

method with a concurrent withdrawal of LIF. The medium was replenished every two days and 491 

samples were collected on Days 4, and 8 post differentiation.  492 

Myc-Dnmt3a2 and FLAG-Lsd1 WT were transiently overexpressed in F9 ECCs using 493 

Lipofectamine 2000. One-day post transfection, a UD sample was collected (D0), and 494 

transfected cells were induced to differentiate on gelatinized plates by the addition of RA. The 495 

next day, differentiated cells were trypsinized and plated on low adherence petri dishes. 496 

Samples were collected on Days 4, and 8 post-differentiation. Lsd1 inhibitor treatment was 497 

performed as described 6 hrs prior to induction of differentiation (Petell et al., 2016). 498 

P19 ECCs were transfected with Myc-Oct4 using Lipofectamine 2000 per the manufacturer’s 499 

instructions. Transfected cells were clonally propagated, and Myc-Oct4 expression was 500 

determine by Western blots with anti-cMyc antibody (Millipore, MABE282). 501 

DNA methylation analysis 502 

Bisulfite sequencing: Bisulfite conversion was performed using EpiTect Fast Bisulfite 503 

Conversion Kit (Qiagen, 59802) according to the manufacturer’s protocol. PCR conditions for 504 

outer and inner amplifications were performed (Petell et al., 2016). The pooled samples were 505 

sequenced using NGS on Wide-Seq platform. The reads were assembled and analyzed by 506 

Bismark and Bowtie2. Methylated and unmethylated CpGs for each target were quantified, 507 

averaged, and presented as percent CpG methylation. Number of CpGs for regions tested are 508 
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listed in Supplementary table S1. Total number of reads used to calculate percent CpG 509 

methylation are listed in Supplementary table S2. Primer sequences can be found in 510 

Supplementary table S4.  511 

MethylRAD sequencing: Genomic DNA was isolated using a standard phenol:chloroform 512 

extraction, followed by ethanol precipitation. DNA from various samples was digested with 513 

FspEI overnight at 37°C and run on 2% agarose gel. 30 base pair fragments were cut out, 514 

purified and adaptor ligated at 4°C overnight (Wang et al., 2015b). The ligated DNA was PCR 515 

amplified with index primers and sequenced in Novaseq2000. The primers used for PCR 516 

amplification is in Supplementary table S4. The details of the bioinformatics analysis of data are 517 

in Supplementary Methods. 518 

Chromatin Immunoprecipitation and ChIP-Seq 519 

ChIP was performed as described (Petell et al., 2016). Chromatin was sheared by sonication 520 

using Covaris E210 device, according to the manufacturer’s protocol. 8µg of sheared 521 

crosslinked chromatin was incubated with 8µg of antibody pre-loaded on 1:1 ratio of protein A 522 

and protein G magnetic beads (Life Technologies, 10002D and 10004D, respectively). After 523 

washing the beads, the samples were eluted in 1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 524 

8.0. Crosslinking was reversed by incubation at 65°C for 30 min with shaking. Samples were 525 

treated with RNase (Roche, 11119915001) for 2 h at 37°C, and subsequently treated with 526 

Proteinase K (Worthington, LS004222) for 2 h at 55°C. DNA was purified by Phenol:Chloroform 527 

extraction followed by ethanol precipitation and quantified using PicoGreen (Life Technologies, 528 

P11495) and NanoDrop 3300 fluorospectrometer. qPCR was then performed using equal 529 

amounts of IN and IP samples. Fold enrichment was calculated as: 2^( Ct(IN)-Ct(IP)). 530 

Supplementary Table S4 lists sequences of primers used.  531 
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Gene expression analysis  532 

RNA was isolated by TRIzol (Invitrogen, 15596026) according to manufacturer’s protocol. 533 

Samples were treated with DNAse (Roche, 04716728001) at 37°C, and then purified using 534 

Quick-RNATM MiniPrep Plus Kit (ZymoReseach, R1057). Reverse-transcription quantitative PCR 535 

was performed by using Verso One-Step RT-qPCR kits (Thermo Scientific, AB-4104A) with 1µg 536 

of purified RNA. Gene expression was calculated as ∆Ct which is Ct(Gene)- Ct(Gapdh). Change 537 

in gene expression is reported as fold change relative to that in undifferentiated cells, which was 538 

set to 1. See Supplementary table S4 for primers used. 539 

Microscopy 540 

Bright field images of Embryoid bodies (EBs) were obtained with Zeiss microscope at 10X 541 

objective. Alkaline phosphatase staining was performed using solutions supplied by an alkaline 542 

phosphatase staining kit (Sigma, AB0300). Cells were cross-linked with 1% formaldehyde for 5 543 

min, followed by quenching with a final concentration of 150 mM Glycine. Cells were washed 544 

twice with 1xPBS, then twice with combined staining solution (BCIP and NBT). The stain was 545 

developed in the dark for 5 min, then washed three times with 1x PBS. SSEA-1 546 

immunofluorescence was performed using the following antibodies: anti-SSEA-1 (Millipore, 547 

MAB430) and AlexaFluor 555 nm (Life Technologies, A21422). SSEA-1 and Alkaline 548 

phosphatase staining were imaged using 20X objectives under Nikon Ts and Zeiss 549 

microscopes, respectively. 550 

Co-precipitation experiment 551 

Immunoprecipitation assays were performed with 1µg of GST-Lsd1 (Sigma, SRP0122) 552 

incubated with 1µg of recombinant Oct4 (abcam, ab134876) and Glutathione sepharose 4B (GE 553 

healthcare, 17-0756-01) resin in binding buffer (50mM Tris pH8.5, 50mM KCl, 5mM MgCl, 0.5% 554 

BSA, and 5% glycerol, complemented with a cocktail of protease inhibitors) overnight at 4°C 555 
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with gentle agitation. The resin was washed twice with binding buffer and proteins were eluted 556 

elution buffer (50mM Tris-HCl, 10mM reduced glutathione, pH8) according to manufacturer’s 557 

instructions. Eluate and input were loaded onto 10% SDS-PAGE gels and blots were probed 558 

using anti-Lsd1 (abcam, ab17721) and anti-Oct4 (Santa Cruz, sc-8628) antibodies. 559 

In vitro Lsd1 demethylase activity assay 560 

In vitro fluorometric assay were performed using Lsd1 demethylase activity assay, EpigenaseTM 561 

kit (Epigentek, P-0379) according to manufacturer’s protocol. 0.25µM of Lsd1 (Sigma, 562 

SRP0122) was used together with 0.5µM (or as indicated) of Oct4 (abcam, ab134876 and 563 

ab169842) or BSA (Sigma, A3059) or catalytic domain of Dnmt3a (purified in house) or 0.1mM 564 

Lsd1 inhibitor Tranylcypromine (TCP). Signals were measured using CLARIOstar plate reader 565 

and analyzed using MARs software as described by the manufacturer. 566 

Histone demethylation assay 567 

Lsd1 histone demethylation assays were performed as described in (Shi et al., 2004). 30µg of 568 

bulk histones (Sigma, H9250) in a histone demethylation buffer (50mM Tris pH8.5, 50mM KCl, 569 

5mM MgCl, 0.5% BSA, and 5% glycerol) were incubated with 0.25µM of Lsd1 (Sigma, 570 

SRP0122) alone, or increasing concentrations (0.125µM, 0.25µM, 0.5µM, 1µM) of Oct4 (abcam, 571 

ab134876 and ab169842), or 0.1µM TCP for 4 hrs at 37°C. Lsd1 activity was monitored by 572 

Western blot using anti-H3K4me2 antibody (abcam, ab32356). The membrane was stained by 573 

Ponceau S to detect equal loading of the reaction mix. 574 
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Supplemental Figure legends 575 

Figure S1. Expression of epigenetic effectors in F9 ECCs.  576 

UD: undifferentiated, D4: Days post differentiation. ESCs: embryonic stem cells and F9 ECCs:  577 

F9 embryonal carcinoma cells; PpGe: pluripotency gene enhancers.  578 

(A and B) Bis-Seq analysis of DNA methylation at PpG (A) enhancers and (B) promoters in F9 579 

ECCs pre- and post-differentiation. The DNA methylation at PpGe remained under 10% even at 580 

6 days post differentiation. DNA methylation at PpG promoters is also low except Lefty2, which 581 

shows very high methylation in the UD state that is reduced post differentiation.  582 

(C) RT-qPCR comparing the changes in expression of DNA methyltransferase Dnmt3a and 583 

histone demethylase Lsd1 in ESCs with that in F9 ECCs pre- and post-differentiation. The Ct 584 

values are normalized to Gapdh and represented relative to expression in undifferentiated cells 585 

(dotted line). In both ESCs and ECCs, Lsd1 and Dnmt3a expression is maintained post 586 

differentiation.  587 

(D) Western blot. 50 µgs of total cell extract from undifferentiated and differentiated cells were 588 

loaded in each well. Left panel confirms comparable expression of Dnmt3a and Lsd1 pre- and 589 

post-differentiation in F9 ECCs. Right panel compares Lsd1 expression in F9 ECCs with ESCs 590 

showing very similar levels in these cells. β-Actin is the loading control. 591 

(E) Gene expression analysis by RT-qPCR and Western blot confirming recombinant Myc-592 

Dnmt3a overexpression in F9 ECCs 24 hrs post differentiation (48 hrs post transfection). The 593 

data are normalized to Gapdh control and shown relative to untransfected that is set to 1. β-594 

Actin is used as loading control for Western blot. 595 
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Figure S2.  Distribution of MethylRAD peaks. 596 

(A) Fractional distribution of MethylRAD peaks in undifferentiated and differentiated F9 ECCs 597 

across regulatory regions of the genome.  598 

(B) Pie charts show the level of methylation at PpGe in undifferentiated (grey) and differentiated 599 

day 4 (blue) samples. Most PpGe had low levels of methylation or to a lesser extent, 600 

intermediate levels of methylation, with none having high CpG methylation. 601 

Figure S3. H3K27 modification of PpGe in ESCs and F9 ECCs.  602 

UD: undifferentiated; D4: Days post induction of differentiation; IP: immunoprecipitation 603 

(A, B, and C) ChIP-qPCR was used to determine the percent enrichment of histone 604 

modifications at PpGe. (A) H3K27Ac in ESCs (B) H3K27me3 in ESCs and (C) H3K27me3 in F9 605 

ECCs pre- and post-differentiation. Whereas deacetylation of PpGe is observed as a decrease 606 

in H3K27Ac signal post differentiation in ESCs, there is no gain of H3K27me3 at these sites 607 

neither in ESCs, no in F9 ECCs. A previously reported, we observed a decrease in H3K27me3 608 

at the enhancers and promoters of Hoxa5 and mNr2f1 genes, consistent with their 609 

transcriptional activation in response to differentiation (Laursen et al., 2013) 610 

(D) Co-IP was performed with anti-Lsd1, and anti-HDAC1 using whole cell extracts from 611 

undifferentiated ESCs and F9 ECCs. 20% input and eluate from Co-IP was probed for Lsd1-612 

Mi2/NuRD subunits (Lsd1, HDAC1 and CHD4) on Western blot.  613 

Figure S4. Overexpression or inhibition of Lsd1 has little to no effect on differentiation 614 

and PpGe silencing in F9 ECCs.  615 

UD: undifferentiated; D8: Days post induction of differentiation; Prg: pargyline; TCP: 616 

Tranylcypromine. 617 
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(A) Gene expression analysis by RT-qPCR and Western blot examining the expression of 618 

recombinant FLAG-Lsd1 in F9 ECCs 24 hrs post differentiation (48 hrs post transfection). The 619 

Ct values are normalized to Gapdh and represented relative to expression in untransfected cells 620 

(set to 1). β-Actin is used as loading control for Western blot  621 

(B) Gene expression analysis by RT-qPCR of PpGs in F9 ECCs expressing FLAG-Lsd1.Similar 622 

to untransfected WT F9 ECCs, PpGs are partially repressed in these cells showing no effect of 623 

recombinant Lsd1 on PpG repression. 624 

(C)  Bis-Seq analysis of DNA methylation at PpGe in F9 ECCs expressing recombinant FLAG-625 

Lsd1 showed no gain corresponding to no loss of H3K4me1 at these sites. Data are an average 626 

and SEM of two biological replicates. 627 

(D) Bright field microscopy of ESCs, and ECCs differentiated for 4 days in presence of Lsd1 628 

inhibitors, Prg or TCP. 80-90% cell death is observed in ESCs, Lsd1 inhibitors have no effect on 629 

F9 ECC differentiation as shown by a normal morphology of embryoid bodies. Scale bar is 630 

100µm. 631 

(E) Gene expression analysis of PpGs by RT-qPCR in differentiating F9 ECCs; untreated and 632 

treated with Prg and TCP. A slight derepression of PpGs was observed in inhibitor treated cells 633 

post differentiation. Gene expression was normalized to Gapdh and represented as relative 634 

change to gene expression in undifferentiated (dotted line).  635 

(F) Undifferentiated F9 ECCs were transfected with FLAG-Lsd1 and cultured for 72 hrs. 636 

H3K4me1 enrichment was determined using ChIP-qPCR. No change in H3K4me1 levels was 637 

observed compared untransfected (UT) cells.  638 
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Figure S5. Distribution of H3K4me1 ChIP-Seq peaks. 639 

(A) Summary of the overlapping LSD1 bound sites between H3K4me1 peaks in F9 ECCs and 640 

ESCs (Whyte et al., 2012). To determine correct overlap, Whyte et al peak coordinates were 641 

converted from mm8 to mm10 using CrossMap tool (Zhao et al., 2014). 642 

(B) Fractional distribution of H3K4me1 peaks in undifferentiated and differentiated F9 ECCs 643 

throughout the genome.  644 

(C) Overlap of the sites that show decrease in H3K4me1 post-differentiation in ESCs (Whyte et 645 

al., 2012), and F9 ECCs.  646 

(D) Top ten most statistically significant enriched canonical pathways amongst the genes 647 

associated with decrease in F9 ECCs. 648 

Figure S6. P19 ECCs are sensitive to Lsd1 inhibitor. 649 

D4: Days post induction of differentiation; Prg: pargyline; UT: untransfected control. 650 

(A) Bright field microscopy of P19 ECCs differentiated for 4 days in presence of Lsd1 inhibitor, 651 

Prg. 80-90% cell death is observed in P19 ECCs indicating that Lsd1 activity at PpGe is 652 

required for differentiation. Scale bar is 100µm. 653 

(C) Expression analysis by Western blot confirming recombinant Myc-Oct4 overexpression in 654 

two independent clones of P19 ECCs. β-Actin is used as loading control for Western blot.  655 

Table S1. Number of CpGs at each site used for Bis-Seq DNA methylation analysis. 656 

The number of CpGs sites used to compute percent methylation within H19 imprinted region in 657 

addition to PpG enhancers, and promoters in bisulfite-sequencing analyses. 658 
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Table S2. Number of reads for each enhancer used for Bis-Seq analysis. 659 

The total number of reads from Wide-Seq runs that were used for data presented in this study. 660 

The number of reads were calculated for each sample, enhancer, along with the overall total 661 

reads. 662 

Table S3. Number of reads for promoters and imprinted region used for Bis-Seq analysis. 663 

The total number of reads from Wide-Seq runs that were used in this study. The number of 664 

reads were calculated for each sample, promoter site, imprinted locus as well as the overall total 665 

reads. 666 

Table S4. Primers used in this study. 667 

A list of all PCR primers used in this study (5’ to 3’), separated by technique. The presence of 668 

(AminoC6) modification at 3’ end of the antisense oligonucleotide of each adaptor is used to 669 

block extension. 670 
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