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ABSTRACT 22 

Considerable efforts have been made to characterize active enhancer elements, which can be annotated by 23 

accessible chromatin and H3 lysine 27 acetylation (H3K27ac). However, apart from poised enhancers that are 24 

observed in early stages of development and putative silencers, the functional significance of cis-regulatory 25 

elements lacking H3K27ac is poorly understood. Here we show that macroH2A histone variants mark a subset of 26 

enhancers in normal and cancer cells, which we coined ‘macroH2A-Bound Enhancers’, that negatively modulate 27 

enhancer activity. We find macroH2A variants enriched at enhancer elements that are devoid of H3K27ac in a cell 28 

type-specific manner, indicating a role for macroH2A at inactive enhancers to maintain cell identity. In following, 29 

reactivation of macro-bound enhancers is associated with oncogenic programs in breast cancer and its repressive 30 

role is correlated with the activity of macroH2A2 as a negative regulator of BRD4 chromatin occupancy. Finally, 31 

through single cell epigenomic profiling, we show that the loss of macroH2A2 leads to increased cellular 32 

heterogeneity that may help to explain the role of macroH2A variants in defining oncogenic transcriptional 33 

dependencies.  34 

 35 

36 
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INTRODUCTION 37 

Enhancers are cis-regulatory elements found throughout the eukaryotic genome that are bound by transcription 38 

factors (TF) and coactivator complexes1,2 playing a key modulatory role in gene expression. Chromatin landscape 39 

profiling has revealed specific patterns at enhancer regions consisting of a nucleosome-depleted region that is 40 

flanked by histones harboring specific post-translational modifications (PTMs) such as H3K4me1 and H3K27ac3. 41 

This combination of PTMs has been broadly utilized for epigenomic annotation of active enhancers, facilitating 42 

systematic discovery and functional understanding of this important class of cis-regulatory elements4. However, our 43 

ability to define an inactive enhancer state has been more elusive due mainly to their association with repressed 44 

transcriptional activity. In the absence of H3K27ac (and, in some instances in the presence of H3K27me3), 45 

H3K4me1, which in and of itself is largely dispensable for transcription5, has been associated with enhancer states 46 

that are repressed or poised/primed for activation6-9. Recently, H3K27me3-rich genomic regions that negatively 47 

regulate gene expression via proximity or looping have been proposed as potential silencers10. Together, these 48 

data indicate that the regulation of repressed/poised cis-regulatory elements may be more complex than previously 49 

thought. By extension, inactive states may have biological relevance in the context of cellular identity and 50 

homeostasis. This is particularly true during oncogenic transformation, where plasticity and reprogramming are 51 

altered due in part to genetic or structural disruption of cis-regulatory regions11 leading to re-activation or hijacking 52 

of enhancer elements12. Therefore, we hypothesized that dysregulation of the establishment and maintenance of 53 

repressive chromatin states in cis-regulatory regions could play a role in oncogenic transformation. 54 

  55 

Histone variant incorporation into the nucleosome has distinct effects on gene expression, regulating cell 56 

specification in both development and cancer13. MacroH2A (mH2A) histone variants contain a 30kDa non-histone 57 

domain (macro domain) at their C-termini14 and are associated with the inactive X chromosome15, various forms of 58 

heterochromatin16, and inactive genes17-20. MacroH2A1 and macroH2A2 isoforms are encoded by two distinct genes 59 

(H2AFY and H2AFY2, respectively), and macroH2A1 is alternatively spliced, resulting in two macroH2A1 isoforms, 60 

macroH2A1.1 and macroH2A1.2, that differ by only one exon in the macro domain21. The incorporation of mH2A 61 

variants into the genome occurs in large chromatin domains22 most often marked by the Polycomb-mediated 62 

repressive histone modification H3K27me319,23 and in some instances by H2BK12ac24. While recent reports have 63 

described a dynamic process by which such mH2A domains are negatively defined by exclusion from actively 64 

transcribed regions22, other regions of the genome are enriched for macroH2A with undefined functions. Previously, 65 

mH2A variants have been implicated in the maintenance of cell identity when challenged during somatic cell 66 
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reprogramming23,25, acting as an epigenetic barrier in association with H3K27me3 through co-localization at 67 

pluripotency genes in differentiated cells 21. In cancer, mH2A variants generally act as tumor suppressors, whose 68 

expression is reduced in several tumor types including melanoma, lung, bladder, and breast cancers, as compared 69 

to normal tissues and/or early cancer stages26-30. 70 

 71 

Accumulating evidence suggests that the genetic or structural disruption of enhancer function represents a major 72 

cause of human disease11, particularly in cancer, with a growing body of studies pointing towards the re-activation 73 

or hijacking of enhancer elements for the activation of oncogenic pathways12. However, the regulation of inactive 74 

enhancer elements in normal physiology and cancer remains poorly understood. Moreover, our understanding of 75 

the role of histone variants at enhancers is limited. In this study, we demonstrate through extensive epigenomic 76 

analysis that mH2A variants regulate gene expression through enhancer modulation and identify a novel class of 77 

cis-regulatory elements, which we termed macro-bound enhancers (mBE). We find that mBE are inactive and play 78 

a role in preserving cell identity and limiting cellular heterogeneity with important implications for cellular 79 

reprogramming and activation of oncogenic pathways.  80 

 81 

RESULTS 82 

Characterization of macro-Bound Enhancers 83 

We performed correlation analysis between macroH2A (mH2A) variants ChIP-seq signal and the ENCODE 84 

chromatin states in two different primary cell types (human mammary epithelial cells, HMEC, and normal human 85 

melanocytes, NHM), which indicated an enrichment of mH2A at enhancer elements (Fig. 1a). Interestingly, 86 

H3K27me3 and macroH2A highly correlate in the ‘Repressed Polycomb’ chromatin state but the presence of mH2A 87 

at enhancer elements is unique, as H3K27me3 is absent (Fig.1a, Supp. Fig. 1a). A pipeline was developed to 88 

determine the enrichment of mH2A in enhancer elements, using the ENCODE cis-regulatory elements (CRE) 89 

framework (Fig.1b)31. Following the alignment of all enhancers to the summit of cell-type specific open chromatin 90 

regions analyzed using ATAC-seq (in HMEC, NHM and the breast cancer cell line MCF-7), with the incorporation 91 

of H3K4me1 peaks and exclusion of a blacklist of ambiguous genomic regions31, k-means clustering (k=5) was 92 

performed on the overlap with identified cell-type agnostic CREs using the ChIP-seq signal from H3K4me1, 93 

H3K4me3, H3K27ac, H3K27me3, H2A.Z, mH2A1, mH2A2 and when available, CTCF. The five clusters identified 94 

could be characterized as follows (Fig.1c, Supp. Fig. 1b,c): Active Enhancers (enriched in H3K27ac), Active 95 

Promoter-Like (APL, enriched with H3K4me3), Inactive Enhancers (low H3K27ac), ATAC-only (mostly absent of 96 
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any other mark used in the classification) and a large subset of enhancers with low H3K27ac with strong mH2A 97 

signal, a class of enhancers we coined macro-Bound Enhancers (mBEs). Genomic location distribution of the five 98 

classes revealed the expected enrichment of APL around annotated transcription start sites (TSS) and an 99 

enrichment of active enhancers and mBEs at intronic and intergenic regions (Fig. 1d, Supp. Fig. 1d). Since mH2A 100 

variants have previously been associated with H3K27me3 around TSSs and gene bodies (Supp. Fig.1a), the 101 

presence of mH2A at enhancer elements lacking H3K27me3 was unexpected, which was most pronounced in 102 

HMEC (Fig. 1d, Supp. Fig. 2a). The distribution of these five classes across the cell-type agnostic ENCODE CRE 103 

classifications also revealed a consistent enrichment of APL in the ENCODE promoter-like signatures (Supp. Fig. 104 

1b) and a more robust distribution of mBEs at distal enhancer-like signatures. It is worth noting that the previously 105 

reported association of mH2A with H2BK12ac24 was not found at mBEs (Supp. Fig. 2b). Also, mBEs are devoid of 106 

H2A.Z, an H2A variant associated with active TSS and enhancers32. Interestingly, the ATAC-only class was 107 

significantly enriched in H3K36me3, which could be explained by its predominance at intronic regions of expressed 108 

genes. Not surprisingly, all five classes show similar levels of conservation, but DNA methylation patterns are mostly 109 

low in active and mBE enhancers, which could suggest a primed state of mBEs (Supp. Fig. 2c). Moreover, super-110 

enhancer clusters and mBEs were mostly mutually exclusive (Supp. Fig. 2d).  111 

 112 

To validate our pipeline of enhancer mapping, we sought to compare expression at those regulatory elements 113 

through publicly available RNA-seq data, as a proxy for their activity33. In all three cell types, the highest expressing 114 

elements are ALP and the ATAC-only enhancers, which corroborates the idea that most of these later elements are 115 

present in intronic regions of expressed genes, since they are also enriched with H3K36me3. The class with the 116 

lowest expression detected in the non-malignant cells is mBE (Fig. 2a, Supp. Fig. 3a). The expression in normal 117 

mammary tissue33 of the enhancer elements as identified in HMECs revealed the same pattern (Fig. 2b). This 118 

suggests that the definition of such CREs in mammary epithelial cells is also reflective of enhancer activity in human 119 

samples. Moreover, enhancer-gene association of the five classes of CRE confirms that inactive and mBE 120 

enhancers are associated with the lowest expressing genes (Fig.2c). Finally, we queried whether mBE would differ 121 

between biosamples. Interestingly, the strongest overlap from the three samples was in the APL class with mBE 122 

and the other enhancer classes having fewer common elements (Fig.2d and Supp. Fig.3b), indicating a cell 123 

specificity to regulatory elements, in general. As expected, the two samples derived from the breast (HMEC and 124 

MCF7) showed greatest overlap in APL. Gene ontology analysis (GO) performed on genes common to the two 125 

breast-derived cell lines and associated with APL or mBEs (breast-associated APL and mBE) indicated a 126 
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fundamental difference (Fig. 2e). The mBE-associated genes were highly enriched in developmental processes that 127 

are also relevant in breast cancer, including epithelial to mesenchymal transition (EMT), while APL-associated 128 

genes were mainly associated with cell cycle and gene expression (Fig.2f). These results suggest an important role 129 

of mBE as gatekeepers of cellular identity and regulation of developmental specifications.   130 

 131 

MacroH2A is a negative modulator of enhancer activity 132 

In order to address the functional role of mBEs, we performed cellular reprogramming in cells derived from double 133 

knockout (dKO) mice34 lacking the genes encoding both mH2A variants (H2AFY and H2AFY2)23. Since these 134 

murine dermal fibroblasts (DFs) from this model were previously used to show that mH2A variants act as a barrier 135 

to reprogramming23, we hypothesized that mBEs could be enriched in the consensus binding domains of the four 136 

iPS reprogramming factors, Oct4 (O), Sox2 (S), Klf4 (K) and Myc (M). Consistent with the results obtained in the 137 

human cell lines, CRE analysis of DFs revealed the same five classes as described above, including mBEs (Fig. 138 

3a). We next analyzed the enrichment of mH2A variants and H3K27me3 in DFs at the OSKM binding sites35 48 139 

hours after OSKM expression. Interestingly, the binding sites of the three pioneering factors (OSK) were enriched 140 

in mH2A1 and mH2A2, but not H3K27me3 (Fig. 3b). To further decipher a potential role of mBEs as an epigenetic 141 

barrier during reprogramming, ChIP-seq data for four TFs highly expressed in fibroblasts (Fra1, Cebpa, Cebpb, and 142 

Runx1), three chromatin regulators (Brg1, p300 and Hdac1), and the OSKM factors obtained at 48hr during iPS 143 

reprogramming35 were used to calculate the enrichment of each class of enhancers (Active, Inactive, ATAC-only, 144 

and mBE) at these binding sites. Odds ratio analysis using a Fisher exact test revealed enrichment of Hdac1 and 145 

cMyc in Inactive Enhancers and enrichment of Sox2 and Oct4 in mBEs, confirming the presence of mH2A variants 146 

at the same loci bound by the pioneer factors during the early phases of reprogramming (Fig. 3c). 147 

 148 

To functionally address whether mH2A modulates enhancer activity, DFs isolated from mH2A dKO mice were used 149 

in iPS reprogramming experiments as described23. These cells completely lack mH2A variants, which permitted the 150 

implementation of a strategy to assess the effect of mH2A macro domain at a single locus by means of 151 

CRISPR/Cas9-mediated epigenome editing using a dCas9 chimeric protein containing either the macro domains 152 

or the known repressor KRAB domain (Fig.3d). This approach enabled the modulation of a specific enhancer and 153 

allowed us to assess the degree of the repression. First, an embryonic stem cell (ESC) line (NG4) expressing GFP 154 

under the control of the Nanog promoter and regulatory region (180 Kb upstream of TSS) was used to establish 155 

cell lines with different Cas9 constructs (Supp. Fig. 4a-c). NG4 cells express green fluorescence under normal ESC 156 
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growth conditions36, and targeting of a known regulatory element of Nanog (Supp. Fig. 4d,e) should decrease its 157 

expression. SpCas9 was used as a positive control for targeting of the region of interest, dCas9 alone was used as 158 

a negative control, and dCas9-KRAB was a positive control for negative modulation of the target enhancer (Supp. 159 

Fig. 4f,g). Expression of GFP was determined by FACS. The effect of dCas9-macro1.2 and dCas9-macro2 was 160 

comparable to dCas9-KRAB, especially at the enhancer locus and at the GFP gene body, indicating that the macro 161 

domains have the inhibitory effect both in transcribed regions (as expected) and at enhancer elements. After 162 

validating the enhancer modulation in ESCs, a similar experiment was then performed to examine the effect on 163 

endogenous Nanog expression (Fig.3d-f, Supp. Fig. 4h) during the process of reprogramming of mH2A dKO DFs. 164 

Expression of Nanog was also reduced upon targeting the enhancer with dCas9-macro2 after four days of iPS 165 

reprogramming (Fig. 3f). Thus, the presence of macroH2A at enhancers during reprogramming may hinder their 166 

activation, explaining in part the role of macroH2A as an epigenetic barrier for reprogramming.  167 

 168 

Reactivation of macro-Bound Enhancers associates with oncogenic programs 169 

Given the above, mBEs may regulate cellular homeostasis and potentially serve as gatekeepers of cell identity by 170 

limiting plasticity37. In turn, the loss of mH2A during cancer progression could serve as an opportunity for oncogenic 171 

gene expression programs by means of enhancer activation. Decreased mH2A expression has been described in 172 

a variety of different tumors13,30 and has been implicated in processes such as EMT in breast cancer37. However, a 173 

thorough analysis of loss of mH2A variants has not been performed in mammary carcinoma. Chromatin fractionation 174 

of a panel of breast cancer lines permitted the identification of several cell lines with a prominent loss of mH2A, 175 

particularly mH2A2. The loss of mH2A2 was not limited to a particular sub-type or mutational status, even though 176 

it was more associated with aggressive tumors such as triple negative (TN) and HER2-amplified cancers (Fig. 4a). 177 

We then investigated mH2A2 levels in two cohorts of patient samples (patients from Mount Sinai Hospital and 178 

Breast Cancer Progression tissue microarrays) by immunohistochemistry. Similar to the cell lines, mH2A2 was lost 179 

in invasive tumors and in tumors with advanced grades (II and III) when compared to ductal carcinoma in situ or 180 

grade I tumors, respectively (Fig. 4b).  181 

 182 

To evaluate if the loss of mH2A could also be correlated with reactivation of enhancer elements associated with 183 

oncogenic programs, activity of the mammary epithelial CREs (as defined in HMEC) in breast cancer cells lines 184 

was analyzed using the ChIP-seq signal for H3K27ac from 12 different breast cancer cell lines38,39 including the 185 

non-tumorigenic cell line MCF10A. Principal component analysis of the H3K27ac signal at mBEs indicated a strong 186 
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correlation between cancer cell lines from the same cancer subtypes analyzed, i.e., luminal, HER2-amplified, and 187 

TN (Fig. 4c). This compelling association indicates that breast cancer sub-types can be identified based on the 188 

activity of specific enhancers that were found enriched in mH2A in normal mammary epithelial cells. To further 189 

validate the usage of such mBEs in the different breast cancer programs from different subtypes, we turned to 190 

enhancer transcription analysis from TCGA RNA-seq data33 where patient samples were used from both the tumor 191 

and the adjacent non-malignant tissue. CRE expression of each pair (tumor vs. normal tissue) was identified for 192 

each subtype of breast cancer and showed a significant proportion of mBEs changing in the breast cancer samples 193 

for all the sub-types (Fig. 4d). 194 

 195 

mH2A2 is a negative regulator of estrogen targets. 196 

Next, we aimed to define the role of mBEs in a tumorigenic cell line, MCF7, which expresses both variants and in 197 

which mBEs have been characterized (Fig. 1c, 4a). Moreover, MCF7 is a known ER-responsive cell line with well-198 

defined enhancer network40.In light of the mBE’s cell type-specificity (Fig. 2d), we first performed in silico analysis 199 

of TF and chromatin regulator binding to DNA in MCF7 cells to understand mBE-related regulation. Since this is a 200 

commonly used model system, several ChIP-seq datasets could be used to compare binding of different factors 201 

and the annotated enhancers (ReMAP). We applied Fisher's exact test to every binding event in MCF7 cells that 202 

exist in both the ReMAP database and our annotated enhancer sub-groups (Fig. 5a). Unsurprisingly, Active 203 

Promoters were most enriched in DNA-binding proteins. Despite mBEs being repressive and mostly depleted of 204 

significant binding events, we identified preferential mBE binding of TFs associated with ER activation, namely, 205 

GATA3 and FOXA1, in MCF7 cells. This was a surprising result given that mBEs are inactive and MCF7 cells are 206 

actively maintaining an ER transcriptional signature in order to proliferate. A potential explanation is that mBEs may 207 

help maintain enhancer stability and define TF programs in a more robust and predictable way in order to generate 208 

and preserve cellular homeostasis and prevent unwanted cellular heterogeneity. Therefore, we hypothesized that 209 

mBEs could maintain ER-responsive enhancer elements inactive and thus serve as a gatekeeper of the MCF7 210 

enhancer network. This notion is also supported by our finding that MCF7 cells have mH2A2 levels similar to non-211 

tumorigenic cells (Fig. 4a). It follows from this hypothesis that loss of mBEs would render the ER-dependent 212 

transcriptional program even more accentuated. To test this idea, we depleted mH2A2 in MCF7 cells by 213 

CRISPR/Cas9 genome editing using four sgRNAs (Fig. 5b,c, Supp Fig. 5a-c). After screening for efficient sgRNAs 214 

(Supp Fig. 6b), we isolated and expanded two non-targeting control clones and two mH2A2 knockout (KO) clones 215 

with similar proliferative potential (Fig. 5d). To analyze the ER response, we infected MCF7 clones with GFP-H2A 216 
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(for imaging quantification purposes) and grew them in 2D conditions with EtOH or 17β-estradiol (E2; used as an 217 

ER agonist) for 5 days before plating them as 3D spheroids for another 7 days in the presence or absence of E2. 218 

3D spheroids were monitored using microfluidic devices and printed microwells that allow for accurate growth 219 

quantification using GFP fluorescence. After 7 days, mH2A2 KO MCF7 cells showed an increased response to E2 220 

when compared with parental or control MCF7 cells, as measured by the tumorsphere assay (Fig. 5e). Such results 221 

suggest that the loss of the regulatory mBEs led to an overall increase of available ER regulatory regions.   222 

 223 

mH2A2 is a negative regulator of BRD4 224 

To gain insights into the global effect of the mH2A histone variants and specifically mH2A2 on enhancer regulation, 225 

we used a breast cancer cell line that lacks mH2A2 and expresses mH2A1 at a reduced level (MDA-MB-231L) (Fig. 226 

4a). Over-expression of all mH2A variants and, particularly, mH2A2, lead to a decrease in the proliferative capacity 227 

of these cells (Fig. 6a). To test their oncogenic potential, we used an inducible system to over-express mH2A2 in 228 

MDA-MB-231L cells (Supp. Fig. 6a-c) and performed a tumor sphere assay. Induction of expression of mH2A2 lead 229 

to a significant decrease in the tumor sphere growth (Fig. 6b). To understand if enhancers were specifically affected 230 

by the ectopic expression of mH2A2, we performed ChIP-seq analysis of H3K4me1 and H3K27ac, the enhancer 231 

binding factor BRD4, and the histone methyltransferase p300, together with ATAC-seq (Fig. 6c). As the mH2A2 232 

signal increased at CREs, BRD4 binding became reduced (Fig. 6c). In contrast, H3K4me1, H3K27ac, and p300 233 

binding were not affected. This suggests a specific role for mH2A2 deposition around specific enhancers as an 234 

inhibitor of BRD4 binding (Supp. Fig. 6d). Since BRD4 function has been widely associated with the activation of 235 

transcription through its association with promoters and enhancers, we hypothesized that mBEs could negatively 236 

regulate enhancer activation through the eviction of BRD4 from chromatin. We next validated the loss of BRD4 in 237 

chromatin with over-expression of mH2A isoforms tagged with GFP in MDA-MB-231L and used GFP-H2A as a 238 

control (Fig. 6d). Loss of BRD4 followed the ectopic expression of mH2A variants as observed by Western blot of 239 

chromatin extracts, with the most robust effect seen in response to mH2A2 overexpression. Interestingly, BRD4 is 240 

also negatively associated with mBEs in MCF7 cells (Fig. 5a). Re-expression of mH2A2 in the mH2A2 KO MCF7 241 

cell clones also showed the loss of BRD4 from the chromatin (Fig. 6e). 242 

 243 

Loss of mH2A2 leads to increased cellular heterogeneity  244 

Cellular heterogeneity can also be one of the mechanisms by which cancer cells increase metastatic potential, 245 

evade the immune system or resist to drug therapies, making it a central problem in medicine. Intratumoral 246 
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heterogeneity has become a major issue that can now be addressed with single-cell sequencing technologies. To 247 

gain insights into the ER-response elements involved in E2 stimulation in the presence and absence of mBEs, we 248 

mapped open chromatin regions at single-cell resolution in MCF7 cells after treatment with E2 for five days using 249 

single cell ATAC-seq (scATAC-seq). The main goal was to understand the impact of the loss of mH2A2 on ER 250 

(ESR1) motif accessibility and cellular heterogeneity. We obtained high-quality single-cell profiles derived from a 251 

MCF7 wild type and from a mH2A2 KO MCF7 clone (Supp. Fig. 7a-c). The control and mH2A2 KO scATAC-seq 252 

profiles were analyzed using UMAP projections and graph-based clustering (Fig. 7a). Notably, mH2A2 KO showed 253 

more defined separation of the clusters, indicating a higher level of heterogeneity. Similar assessment of 254 

heterogeneity can be observed by merging the two datasets and then performing the same graph-based clustering 255 

(Supp. Fig. 7d).  Binding events from the ReMAP data base obtained in MCF7 cells with and without E2 exposure 256 

were then analyzed and compared to open chromatin regions (cut sites) in the two MCF7 clones (Fig. 7b). ESR1, 257 

GATA3, FOXA1 and BRD4 were among the TF and chromatin regulators that were significantly enriched in the 258 

absence of mH2A2. Notably, depletion of mH2A2 allowed for the enrichment of cut sites overlapping with mBEs, 259 

whereas the enrichment was less pronounced in Active Enhancers (Fig. 7c). This increased availability of open 260 

chromatin regions in the absence of mH2A2 was specific to enhancers, as the promoter regions showed a 261 

significantly decreased transposase accessibility in mH2A2 KO cells vs. wild-type cells (p=0.00014). Moreover, the 262 

co-accessibility of enhancer regions, used as a measure of interactions of regulatory elements, showed a clear 263 

increase in mH2A2 KO cells, both globally (Fig. 7d) and locally at genes associated with ER response, such as the 264 

ESR1 gene (Fig. 7e). 265 

266 
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DISCUSSION 267 

To understand the process by which tumors hijack regulatory elements to their benefit, we must define such 268 

regulatory elements in homeostasis and their potential role in defining cell identity and cellular heterogeneity.  A 269 

better characterization of enhancer activity in cancer may reveal unknown transcriptional dependencies, novel 270 

pathways and altered enhancer states that may be valuable in designing new therapeutic approaches. In addition, 271 

the role of histone variants at enhancer elements remains poorly defined. Here we characterize a new class of 272 

regulatory elements that lack H3K27ac and are enriched with the mH2A histone variants. These mBEs are 273 

associated with transcriptional modules that reflect cell-specific functions. Further studies will be required to 274 

understand the role of mBE in cellular specification during development, however the fact that mice lacking both 275 

mH2A variants are viable suggests that mBEs function as a fine-tuning mechanism rather than indispensable 276 

regulators of normal development. It also suggests that loss of mH2A unleashes cellular plasticity in somatic cells, 277 

by contributing to age-related diseases such as neurodegenerative diseases and cancer. Studies to test this 278 

hypothesis in mouse models would help to address these important questions. 279 

 280 

The biological parallels between reprogramming and cancer transformation led us to inquire whether mBEs could 281 

have a role in oncogenic activation. Here we demonstrate that mBEs identified in human mammary epithelial cells 282 

are associated with specific breast cancer subtypes when reactivated. In fact, the specific oncogenic programs that 283 

characterize various sub-types of breast cancer are in part encoded in such mBEs. At this point, it remains to be 284 

determined if the relationship between mBEs and tumor type-specific oncogenic programs is causal or a mere 285 

consequence of the loss of different mH2A isoforms in tumors. However, even the latter could be significant if these 286 

changes could be linked to variations in drug response or metastatic potential, and thus mH2A variants could be 287 

used as a biomarker. 288 

 289 

To better understand how mH2A could function as a repressor of enhancer activity, we showed that the macro 290 

domain of mH2A isoforms is sufficient to promote inactivation of enhancers by making use of a chimeric dCas9-291 

macro system to target a specific enhancer in ESCs and DFs during reprogramming. Such repression was 292 

comparable to the well characterized dCas9-KRAB system. These experiments not only provide insights into the 293 

functions of the domains that are required for mH2A-mediated repression, but also add an important new tool to the 294 

growing set of repressive systems available for experimental modulation of enhancers, alongside the repressive 295 

KRAB domain, EZH2 or DNMT domains41, which have been shown to work in a context-dependent manner. In 296 
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addition, we demonstrated that re-expression of mH2A2 led to loss of chromatin bound BRD4, a bromodomain-297 

containing reader of histone acetylation that binds active enhancers and promoters. Mass spectrometry studies 298 

have shown that bromodomain and extraterminal domain (BET) proteins do in fact interact with mH2A histone 299 

variants42, consistent with a potential role for mH2A in evicting BRD4 from enhancer elements.  300 

 301 

Finally, we showed with single-cell resolution that the loss of mH2A2 in MCF7 cells leads to increased cellular 302 

heterogeneity and more robust response to estrogen. This may occur in part due to enhancer deregulation and 303 

allows cancers to gain access to transcriptional programs that were previously silenced. For example, mH2A 304 

variants have been shown to play roles in EMT in breast cancer37 but their role in cellular heterogeneity has been 305 

hard to define. Loss of mH2A variants in DCIS and low-grade tumors could potentially allow for metastatic programs 306 

to activate within a more heterogeneous population of cells. The same is true in the context of reprogramming, 307 

where a variety of different factors, including cellular heterogeneity, may lead to an increased efficiency of the 308 

process35. 309 

 310 

In closing, the role of mH2A in modulating enhancer activity reveals a novel role for mH2A variants, beyond the 311 

described associations with the histone marks H3K27me3 and H2BK12ac. Most mH2A studies have focused on 312 

deciphering their function near or at genes, including the role of the macro domains as readers of metabolic activity 313 

(mH2A1.1), in DNA repair in association with PARP, and in cancer associated features such as proliferation and 314 

invasion senescence. The presence of specific mH2A isoforms at enhancers may facilitate our understanding of 315 

how some of these processes exert transcriptional changes through enhancer regulation. It remains to be 316 

determined how different macro variants may confer unique functions at enhancers in specific cellular contexts.  317 

318 
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METHODS 427 

Cell culture 428 

Normal Human Melanocytes (NHM) were cultures in Dermal Cell Basal Medium (ATCC) with the addition of 5 µg/mL 429 

Insulin, 50 µg/mL Ascorbic Acid, 6 mM L-Glutamine, 1.0 µM Epinephrine, 1.5 mM Calcium Chloride, Peptide Growth 430 

Factor and M8 Supplement. Dermal fibroblasts (DFs) were isolated from neonatal mice and iPS reprogramming 431 

was performed as described1. MCF-7, DFs and MDA-MB-231L cells were grown in DMEM (Gibco) with 4.5 g/L D-432 

glucose, 110 mg/L sodium pyruvate, 10% FBS and 1% Penicillin/Streptomycin (Hyclone). HMEC cells were grown 433 

in complete Mammary Epithelial Cell Growth Media. For estradiol (E2) treatment MCF-7 cells were grown for 5 days 434 

in modified DMEM without phenol-red (Hyclone) with 4.5 g/L D-glucose, 4.0 L-glutamine, 10% charcoal-dextran–435 

stripped FBS, 1% Penicillin/Streptomycin and 1nM of 17-β-estradiol or EtOH. For growth curves, 1000 cells stably 436 

expressing H2A-GFP were plated in each well of a 96 well plate and their growth was followed for 14 days in 437 

Incucyte (Sartorius), with acquisition every 12 hours. 438 

 439 

Constructs 440 

The 4 transcription factors (Oct4, Sox2, Klf4 and Myc) used for iPS reprogramming are encoded in a polycystronic 441 

lentiviral vector (Stemcca, kindly provided by Gustavo Mostoslavsky, Boston University). LentiCRISPR v2 (Addgene 442 

plasmid # 52961) and lentiCas9-Blast (Addgene Plasmid #52962) were a gift from Feng Zhang2. To generate 443 

CRISPR clones in MCF7 cells, sgRNAs targeting H2AFY2 were selected using CRISPR Design Tool 444 

(http://crispr.mit.edu) and cloned using BsmBI enzyme (NEB). SgRNAs targeting the H2AFY2 locus were: 1- 445 

GTTCAGCTAGGGCAGGTGTC, 2- GTTCAAGTACCGGATCAGCG, 3- GGCGGCAGTCATTGAGTACC, 4- 446 

GGATAGCCCCGAGACACATC. Human H2A and macroH2A isoforms were GFP-tagged and subcloned into 447 

pLKO.1 plasmid for lentiviral production. Tagged macroH2A2 isoform was subcloned into lentiviral vectors pLVX 448 
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(Clontech) for dox-inducible expression together with pLVX-Tet3G-Neo. pHAGE EF1α dCas9-KRAB was a gift from 449 

Rene Maehr & Scot Wolfe (Addgene plasmid # 50919). pHAGE-EF1-dCas9 plasmids were generated by cloning 450 

macro domains from mH2A1.1, mH2A1.2 and mH2A2 in replacement of the KRAB domain. SgRNAs targeting the 451 

Nanog-GFP locus were: Control (GACGGGTCTCCAGTAGTTCG), Enhancer (GACAGGAATGGGGGTTGGGGA), 452 

GFP-1(GGGCGAGGAGCTGTTCACCG), GFP-2 (GTAGGTCAGGGTGGTCACGA). SgRNAs were cloned using 453 

BbsI enzyme (NEB) into pLKO-GFP-H2A or pLKO-mCh-H2A. The packaging plasmids for the preparation of 454 

lentiviral particles were psPAX2 and pMD2G. 455 

 456 

Lentiviral production 457 

Transgenic cell lines with stable integration of constructs were generated by lentiviral transduction followed by 458 

selection in 2 μg/ml puromycin (Millipore) or 5 μg/ml blasticidin (InvivoGen) or 400 μg/ml neomycin (Millipore). 459 

Lentiviral particles used in this study were produced in house as previously described3. Briefly, lentiviral vectors 460 

containing constructs of interest were transfected into 293T cells together with packaging plasmids using calcium 461 

phosphate methods. Media containing lentiviral particles was collected at 36, 48 and 60h post-transfection, filtered 462 

and concentrated by ultracentrifugation at 25,000 rpm for 90 min.  463 

 464 

MCF7 CRISPR/Cas9 mH2A2 knockout clones  465 

LentiCRISPR v2 (Addgene plasmid # 52961) was used to generate CRISPR clones in MCF7 cells with sgRNAs 466 

targeting H2AFY2. After transduction, puromycin selection was performed and 1000 cells were plated in a 10cm 467 

dish. After 3 or 4 weeks, clones were identified and selected from the empty vector control or H2AFY2 targeting. 468 

Following expansion, clones were identified by western blot. 469 

 470 

Flow Cytometry analysis 471 

NG4 or MDA-MB-231 cells were trypsinized, washed in PBS, strained with a 100 µm filter, and resuspended at 1 472 

X107 cells/ml in FACS buffer (DPBS and 2%BSA) at 4°C. GFP and mCherry fluorescence was analyzed by FACS 473 

on a LSRII machine and data was analyzed with FlowJo. 474 

 475 

 476 
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Microfluidic devices and tumorspheres  477 

Development of spheroids in the presence or absence of E2 was achieved by 3D cultures inside microfluidic devices 478 

as previously described4. Briefly, microfluidic devices were fabricated using standard soft-lithography using mixture 479 

of 10:1 weight ratio of polydimethylsiloxane (PDMS) base to curing agent (Sylgard 184 Silicone Elastomer Kit, Dow 480 

Corning). 5 days after E2 treatment as described above, 4 × 105 cells were deposited in the inlet of the device and 481 

allowed to flow through the culture chamber until cells filled the bottom of the microwells. Cells were then kept in 482 

culture in the microfluidic devices for 7 days at 37 °C in the presence of E2 or EtOH, changing media every 24 h. To 483 

track the growth of the spheroids bright-field images were acquired at days 1,3, and 7 days after seeding. Spheroids 484 

sizes were assessed using ImageJ to estimate the area at each time point, and then normalized to the area at day 485 

1 to allow growth comparisons between wells.  486 

 487 

ChIP-seq 488 

Approximately 1 million cells for the histone variants and 3 million cells for histone modifications and regulators, 489 

from each sample, were used for input for native chromatin immunoprecipitation (nChIP). Cells were lysed on ice 490 

for 20 minutes in lysis buffer containing 0.1% Triton X-100, 0.1% deoxycholate, and protease inhibitor. Extracted 491 

chromatin was digested with 90U of MNase enzyme (New England Biolabs) for 6 minutes at 25°C. The reaction 492 

was quenched with 250 µM of EDTA post-digestion. A mix of 1.0% Triton X-100 and 1.0% deoxycholate was added 493 

to the digested samples and incubated on ice for 20 min. Digested chromatin was pooled and pre-cleared in IP 494 

buffer (20 mM Tris-HCl [pH 7.5], 2 mM EDTA, 150 mM NaCl, 0.1% Triton X-100, and 0.1% deoxycholate) plus 495 

protease inhibitors with pre-washed Protein A/G Dynabeads (Thermo Fisher Scientific, Waltham, United States) at 496 

4°C for 1.5 hours. Supernatants were removed from the beads and transferred to a 96-well plate containing the 497 

antibody-bead complex. Following an overnight 4°C incubation, samples were washed twice with low salt buffer (20 498 

mM Tris-HCl [pH 8.0], 0.1% SDS, 1.0% Triton X-100, 2 mM EDTA, and 150 mM NaCl) and twice with high salt 499 

buffer (20 mM Tris-HCl [pH 8.0], 0.1% SDS, 1.0% Triton X-100, 2 mM EDTA, and 500 mM NaCl). DNA-antibody 500 

complexes were eluted in elution buffer (100 mM NaHCO3, 1.0% SDS), incubated at 65°C for 90 minutes. Protein 501 

digestion was performed on the eluted DNA samples at 50°C for 30 minutes using protease mix (QIAGEN, Venlo, 502 

Netherlands). ChIP DNA was purified using Sera-Mag beads (Thermo Fisher Scientific) with 30% PEG before library 503 

construction. Size distribution and level of amplification were determined by analysis using Agilent bioanalyzer or 504 
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Fragment Analyzer. Libraries were prepared by following a modified Illumina paired-end protocol and sequenced 505 

on an Illumina HiSeq 2500 to a median depth of ~25 million (H3K4me1 and H3K4me3) or ~50 million reads 506 

(H3K27me3 and Input) or single end protocol for histone variants to a median depth of  ~80 million. Reads were 507 

aligned to the hg19 reference genome using bowtie2.5 508 

 509 

Immunohistochemistry 510 

Specimens were obtained from Mount Sinai School of Medicine and considered non-human subject research. 511 

Tissue Microarray slides were provided by the NCI cancer Diagnosis program (CDP). Other investigators may have 512 

received slides from the same blocks. IHC was performed as described before6. In brief, 5-μm sections from 513 

formalin-fixed paraffin-embedded specimens were deparaffinized, incubated for antigen retrieval with Vector 514 

Citrate-Based Antigen Unmasking Solution (Vector Laboratories) in microwave for 10 min, and then exposed to 515 

0.3% hydrogen peroxide to block endogenous peroxidase activity. After blocking with Vector Normal Horse Serum 516 

(2.5%) for 20 min, sections were incubated at 4 °C overnight with mH2A2 (1:350–1:500) prepared in 0.1% BSA. 517 

Slides were subsequently developed using Vector imPRESS Universal Kits anti-mouse/rabbit Ig or anti-goat Ig 518 

(Vector Laboratories), Vector DAB Peroxidase Substrate Kit as the chromagen (Vector Laboratories) and Harris 519 

Hematoxylin (Sigma) for counterstaining. Slides were then sealed and mounted with Permount (Sigma) and 520 

randomized for subsequent blinded review. 521 

 522 

Chromatin isolation and Western blot 523 

Chromatin fractionation was performed as described7. Briefly, cells were washed in PBS and resuspended in 1mL 524 

buffer A (10mM HEPES pH 7.9, 10mM KCl, 1.5mM MgCl2, 0.34M sucrose, 10% glycerol, 1mM DTT and 1 X 525 

protease inhibitor cocktail). Triton X-100 was added to 0.1% and the cells are incubated on ice for 10min. Nuclei 526 

were collected by centrifugation at 4000rpm at 4℃. The supernatant was taken as the cytosolic fraction. Nuclei 527 

were washed once with buffer A and then lysed for 30min in ‘No Salt’ buffer (3mM EDTA, 0.2mM EGTA, 1mM DTT 528 

and 1 X protease inhibitor cocktail) on ice. Chromatin was pelleted by centrifugation at 4000rpm at 4℃ and 529 

supernatant was enriched in soluble nuclear proteins. For western blotting, equal amounts of isolated chromatin, 530 

estimated by amido black (Sigma) staining, were run on an 8%, 15% or 4-15% SDS-PAGE gel, then transferred to 531 

PVDF membranes (Millipore). After blocking with Intercept® (PBS) Blocking Buffer (LI-COR) for 1 h at room 532 
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temperature, the membrane was incubated with primary antibodies at 4 °C overnight. The membrane was then 533 

washed three times with PBST for 10 min and then incubated for 1 h at room temperature with appropriate 534 

secondary antibodies conjugated with Dylight (Invitrogen). After extensive washing, fluorescent detection was 535 

performed using the Odyssey® Fc imaging system (Li-Cor Biosciences). Alternatively, immunoblotting was 536 

performed as described7. 537 

 538 

Antibodies 539 

The following antibodies were used in this study: H3K27me3 (Millipore 07-449), H3K27ac (Abcam ab4729, Western 540 

blot), H3K27ac (Cell signaling, 8173BC, ChIP), H3K4me1 (homemade EDL), P300 (Clone NM11, Active Motif 541 

61401), BRD4 (Bethyl A301-985A50, ChIP), BRD4 (Abcam ab128874, Western blot), Cas9 (Millipore MAC133), 542 

H2A.Z (Abcam ab150402), mH2A1 (Abcam ab37264, ChIP), mH2A1 (Millipore 07-219, Western blot), mH2A2 543 

(Homemade, Bernstein Lab6), H3 (Abcam Ab1791), GFP (Roche 11814460001), Beta-Actin (Sigma, A5441), Flag 544 

(Sigma, F1804), Mouse IgG – DyLight 680 (Invitrogen SA5-10170), Rabbit IgG DyLight 800 (Invitrogen SA5-10044).  545 

 546 

cDNA generation and RT-qPCR  547 

Total RNA was extracted using RNeasy Mini Kit (Qiagen) according to manufacturer’s protocol. cDNA was 548 

generated using First-Strand cDNA Synthesis System (ORIGENE). qPCR was performed using FastStart Universal 549 

SYBR Green Master Mix (Rox) (Roche). 550 

 551 

 552 

ATAC-seq 553 

DNA for ATAC-seq was prepared from 50,000 cells following the OMNI-ATAC procedures as described by Corces 554 

et al. with modifications using the Nextera kit (Illumina). The cells were lysed for 3 minutes on ice and transposed 555 

for 30 minutes at 37ºC following clean-up. The DNA libraries were prepared with 5-10 cycles of PCR amplification 556 

with the NEB High Fidelity Master Mix (New England Biolabs, Ipswich, United States). Clean-up was done using 557 

the Zymo DNA Clean and Concentrator kit (Zymo Research, Irvine, United States) and followed with AMPure XP 558 

(Beckman Coulter, Brea, United States) bead clean-up to remove primer dimers and under-digested chromatin. 559 
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Sequencing was performed on an Illumina HiSeq 4000 to a depth of ~30 million reads per sample. Reads were 560 

aligned to hg19 using bowtie2.  561 

 562 

Data analysis 563 

Aligned reads from the different immunoprecipitation and accessibility sequencing experiments were sorted and 564 

indexed using samtools11 and peaks were called using MACS212 with input controls (except ATAC-seq where no 565 

input was used). The UCSC Genome Browser and deepTools were used for signal visualization.10,13 For visualization 566 

purposes averaged, input-corrected signal tracks were created (except ATAC-seq where no input was used) using 567 

samtools merge of the corresponding aligned bam files and deepTools bamCoverage / bigwigCompare.  568 

For classification of the cell-specific cis-regulatory elements (CRE), the following procedure was adopted for each 569 

cell-type. Firstly, the peaks that were common in both ATAC-seq and H3K4me1 were obtained using bedtools14 570 

intersect. Then peaks that overlap ENCODE blacklist15 regions – regions that are known to have anomalous, 571 

unstructured or high signal15 were removed. From this list, only peaks whose center overlapped with at least one 572 

ENCODE candidate cis-regulatory element (cCRE)16 were chosen for downstream analysis. The signal intensity for 573 

each peak was calculated as the summation of the input-corrected signals (raw signals for ATAC-seq) over a 574 

window of 2000 base pairs around the center of each peak. The signal intensities for each peak were then 575 

normalized by the total intensity, then multiplied by a scale factor of 10,000 and then log-transformed. The z-scores 576 

of these log-normalized intensities of the seven signals – H3K4me1, H3K4me3, H3K27ac, H3K27me3, H2A.Z, 577 

macroH2A1 and macroH2A2 (and CTCF, for those cell-types where available), were fed as input to K-means 578 

clustering algorithm with k = 5 to classify the peaks set into 5 clusters. These clusters were then named as Active, 579 

APL, ATAC-only, Inactive and mBE, based on the signal(s) that identify each cluster.   580 

Data are presented as median (range) unless denoted otherwise. Medians were the preferred measure of central 581 

tendency and non-parametric hypothesis tests were used for comparisons unless stated otherwise. Continuous 582 

variables were compared using the Mann-Whitney-U test, categorical variable using Fischer’s exact test. Hidden 583 

Markov modeling (ChromHMM)17 was used to discover and characterize the presence of chromatin states in 584 

promoter regions (TSS  2000bp). Genes associated with the CRE were identified using GeneHancer18 and Genomic 585 

Regions Enrichment of Annotations Tool (GREAT). Candidate transcription factors potentially binding these regions 586 

were identified by querying the ReMap 2020 database. Genome annotation of the CRE were performed using 587 
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Hypergeometric Optimization of Motif EnRichment (HOMER)19. Super-Enhancer prediction was performed using 588 

LILY20. Expression quantification for RNA-seq data was done by read alignment using STAR21, counting using 589 

bedtools multicov, normalization and RPKM calculations using edgeR22.  590 

 591 

Analysis of Odds Ratios 592 

To analyze the enrichment of TF binding sites, we intersected the locations of the TF binding sites from REMAP 593 

(using the 2020 data in hg38 converted to hg19 with liftOver) with our enhancer sites using bedtools. From this list 594 

of all locations coded by both TF binding site and enhancer class, we performed a Fisher’s Exact Test with the TFs 595 

and the enhancer classes as the categories. The result is, for each enhancer class/TF pair, a mathematical 596 

comparison of the actual occurrence of that pairing versus the statistically expected occurrence. We have displayed 597 

these results here as a heat map of the log (base 2) of odds ratio so that more positive values (redder colors) are 598 

enriched and more negative values (bluer colors) are depleted.  599 

 600 

Single cell ATAC-seq 601 

Approximately 100,000 viable cells per sample were subjected to transposase assays (exposing buffered nuclei to 602 

Tn5 transposase) before proceeding to single-cell partitioning into gel beads in emulsion, barcoding, library 603 

construction, and sequencing following established 10X Genomics protocols. The target cell recovery was 604 

approximately 8000 cells per sample. For details on the 10X Genomics Chromium platform including demonstrated 605 

protocols on sample preparation, library construction, instrument settings, and sequencing parameters please see 606 

the manufacturer’s resources (https://support.10xgenomics.com/single-cell-atac). Genomic libraries were 607 

sequenced on an HiSeq 4000 (Illumina) before demultiplexing, alignment to the reference genome, and post-608 

alignment quality control. The 10X Genomics Cell Ranger ATAC 1.2.0 software23 was used for demultiplexing, 609 

alignment of the reads to the hg19 reference genome, filtering and quality control, counting of barcodes and unique 610 

molecular identifiers, identification of transposase cut sites, detection of accessible chromatin peaks, count matrix 611 

generation for peaks and transcription factors, clustering, and differential accessibility analysis. 612 

Quality control, integration, normalization, scaling, feature selection, clustering, and dimensionality reduction of the 613 

scATAC-seq data was performed using Signac24. The cis-regulatory interactions and co-accessibility scores were 614 

predicted using Cicero25. The MCF7 CRE were used as the peaks set for the UMAP cluster analysis while the peaks 615 
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called by Cell Ranger ATAC were used as the peaks set for the Cicero co-accessibility analysis for need of better 616 

resolution.  617 

For the Effect Size Bubble Plot, we computed Cohen’s Effect Size comparing the means of the distributions of the 618 

number of TF binding sites per cell in the wild-type and knock-out populations. The calculation is done on TFs 619 

binding sites unique to the Estrogen line, to the control line, and to binding sites in both. p-values are computed 620 

using the Mann-Whitney U test with the null-hypothesis that the medians in the two distributions are the same. This 621 

test was used because the numbers of TF binding sites are not normally distributed so that parametric tests do not 622 

apply. 623 

 624 

Availability of data and materials  625 

The ChIP-seq and ATAC-seq datasets generated and analyzed in this study have been deposited into the NCBI 626 

Gene Expression Omnibus (GEO) data base (https://www.ncbi.nlm.nih.gov/geo/) with accession number 627 

GSE171599 (reviewers access token: qzshuuqwrtqlhip ).  628 
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FIGURE 1 629 

 630 

Figure 1. Characterization of macro-Bound Enhancers. a) Heatmap of the ENCODE chromatin states from 631 

HMEC and NHM with histone marks including the histone variants macroH2A1, macroH2A2. b) Algorithm to classify 632 

cell-specific cis-regulatory elements (CRE). c) Scatter plot showing the five classes assigned to the regulatory 633 

elements after K-means clustering in three cell types (HMEC – Human Mammary Epithelial Cells, NHM – Normal 634 
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Human Melanocytes, and MCF7 – breast cancer cell line), displayed along the Z scores for the log-normalized 635 

ChIP-seq signal of mH2A2 and H3K27ac.  Pie charts show the proportions of CRE classes in each cell type. d-e) 636 

Characterization of the regulatory classes. Pie chart with genomic annotations for each regulatory class annotated 637 

using Homer (left). Signal profile (top) and heatmap (bottom) of enrichment around open chromatin regions (defined 638 

by ATAC-seq) of the five regulatory classes in HMEC (right). Enrichment of histone marks H3K4me1, H3K4me3, 639 

H3K27ac, H3K27me3 and histone variants macroH2A1 and macroH2A2 was analyzed by ChIP-seq.  640 

  641 
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FIGURE 2 642 

 643 

Figure 2. MacroH2A regulates enhancer activity. a) Expression levels at the CREs for HMEC, NHM and MCF7 644 

by RNA-seq (logRPKM). b) Expression levels by RNA-seq from normal breast samples from TCGA33 using the 645 

annotated CREs in HMEC c) Expression levels in HMEC by RNA-seq of the genes directly associated with the 646 

CREs from HMEC (associations obtained from GeneHancer v4.4) and super-enhancers (annotated using LILY). 647 

The expression data is represented as boxplots where the middle line represents the median, the lower and upper 648 

edges of the rectangle represent the first and third quartiles and the lower and upper whiskers represent the 649 

interquartile range (IQR) x 1.5. Outliers beyond the end of the whiskers are plotted individually. d) Intersection of 650 

mBE and APL (H3K4me3) CRE loci between the three cell lines. e, f) Gene Ontology Biological Process terms of 651 

genes associated with mBE and APL (H3K4me3) common in HMEC and MCF7, respectively. Enriched terms 652 

ranked by Binomial p value and presented on a -log10 scale.  653 
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FIGURE 3 654 

 655 

Figure 3. MacroH2A is a negative modulator of enhancer activity. a) Scatter plot upon K-means clustering of 656 

regulatory elements in mouse dermal fibroblasts (DFs), displayed along the Z scores for log-normalized ChIP-seq 657 

signals of mH2A2 and H3K27ac. Pie charts show proportions of CRE classes. b) Boxplot graph of ChIP-seq signal 658 

(fold enrichment) from mH2A1, mH2A2 and H3K27me3 in DFs at OSKM binding sites and PRC2 sites for 659 

comparison (48hrs after OSKM induction, binding sites data collected from35). The middle line represents the 660 

median, the lower and upper edges of the rectangle represent the first and third quartiles and the lower and upper 661 

whiskers represent the interquartile range (IQR) x 1.5. c) Odds ratio of enrichment of TF and chromatin binding 662 

factors after 48h of OSKM expression35 at enhancer elements of DF cells, ranked by enrichment in mBE (Fisher 663 

Exact test). d) Schematic of enhancer targeting in DF during reprogramming with OSKM using dCas9-KRAB and 664 

dCas9-macro2 and sgRNAs complementary to regions around the enhancer site. e) UCSC genome browser 665 

snapshot of the Klf4 binding site upstream of the Nanog TSS in DF with open chromatin (ATAC-seq), H3K27me3, 666 

H3K27ac, H2A.Z, mH2A1 and mH2A2 data. f) Nanog relative expression after 96h of OSKM infection in DFs with 667 

dCas9, dCas9-KRAB or dCas9-macro2 with sgRNAs targeting the enhancer site upstream of Nanog or control. 668 

Unpaired (two tailed) student’s t-test: * p value= 0.02.  669 
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FIGURE 4 670 

 671 
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Figure 4. Reactivation of macro-Bound Enhancers associates with oncogenic programs. a) Immunoblot of 672 

chromatin extracts were probed for mH2A1 and mH2A2 across a panel of breast cancer cell lines including the 673 

three different major sub-types (estrogen and progesterone positive, HER2 positive and triple negative), and non-674 

tumorigenic cells (human mammary epithelial cells, HMEC; and immortalized mammary cells MCF10A). Mutational 675 

status defined above. Amido Black of core histones used as loading control. b) Immunohistochemistry (IHC) from 676 

normal breast tissue, ductal carcinoma in situ (DCIS) and grade III invasive tumors for mH2A2. Histone H3 IHC was 677 

used as a control (top right). Quantification of mH2A2 scoring for TMA and ISMMS patient samples according to 678 

the tumor grade or sub-class (below). B – Benign tissue, D – DCIS, I – Invasive. Column bar represents mean and 679 

SE. Unpaired (two tailed) student’s t-test *p<0,05 ** p<0,005. c) Principal component analysis of H3K27ac ChIP-680 

seq signal in HMEC macro-Bound enhancers (left) and all CREs (right) in 12 breast cancer cell lines from38. d) 681 

Volcano plot of differential enhancer expression in paired normal vs. tumor patient samples in breast cancer sub-682 

types from RNA-seq (data collected from TCGA as described in ref.33), including the proportion of enhancers in 683 

each enhancer class that are significantly differentially expressed, down-regulated (down) or up-regulated (up), p-684 

value < 0.05. 685 

  686 
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FIGURE 5 687 

 688 

Figure 5. mH2A2 is a negative regulator of estrogen targets. a) Odds ratio of enrichment of TF and chromatin 689 

binding factors (ReMAP data for MCF7 cells) at enhancer elements of MCF7 cells, ranked by enrichment in mBEs 690 

(Fisher Exact test). b) Immunoblots for mH2A2 from chromatin extracts in MCF7 clones. H3 and histones (amido 691 

black) used as loading controls. c) Brightfield images of wild type and mH2A2 KO clones. d) Proliferation of MCF7 692 

clones (wild type and mH2A2 KO) transduced with H2A-GFP and analyzed by number of GFP cells using Incucyte. 693 

Data represented are mean with SE (n=3). e) Growth ratio of MCF7 3D spheroids after treatment with EtOH and 694 

E2 (Estradiol) in microwells after 7 days. Scatter plot of area factored with GFP Intensity Density in individual 695 

spheroids. Horizontal bars signify mean values (left). Representative images of MCF7 spheroids (right). Scale bar, 696 

500µm. Unpaired (two tailed) student’s t-test *p<0,05 ** p<0,005.   697 
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FIGURE 6 698 

 699 

Figure 6. mH2A2 is a negative regulator of BRD4. a) Proliferation of MDA-MB-231L cells with over-expression 700 

of mH2A-GFP constructs (and H2A-GFP as control) determined by the number of GFP positive cells on Incucyte. 701 

Data are mean with SE (n=9). Two-way ANOVA (Dunnett’s multiple comparison) *p<0,05. b) Tumorsphere 702 

formation assessed by number of cells upon mH2A2-GFP induction. Data represented are mean with SEM (n=3). 703 

Unpaired two tailed student’s t-test *p<0,05. c) Scatter plot of ChIP-seq signals for mH2A2, H3K4me1, H3K27ac, 704 

p300 and BRD4, and ATAC-seq signal enrichment after over-expression of mH2A2 against control over-expression 705 

(GFP-H2A) at CREs in MDA-MB-231L cells. The regression line (solid line) is shown along with the line y = x for 706 

reference.  d) Immunoblots from chromatin extracts in MDA-MB-231L cells with over-expression of mH2A-GFP 707 

constructs (and H2A-GFP as control) probed for BRD4, GFP and histone H3 (loading control). e) Immunoblots from 708 

chromatin extracts in MCF7 clones with over-expression of mH2A-GFP constructs (and H2A-GFP as control) 709 

probed for BRD4, mH2A2 and histone H3 (loading control). 710 
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FIGURE 7 711 

  712 

Figure 7. Loss of mH2A2 leads to increased cellular heterogeneity. a) UMAP plot of cells showing clusters 713 

identified by graph-based clustering of scATAC-seq signals from MCF7 wild type and MCF7 mH2A2 KO after 5 714 

days of treatment with E2. Proportion of cells in each cluster represented as a bar graph (bottom). b) Cohen’s effect 715 

size distributions of TF binding sites in mH2A2KO cells compared to wild-type MCF7 cells, grouped by binding sites 716 

found in estrogen- or control-specific cell lines (or both). c) Violin plot showing the number of cut sites overlapping 717 

different classes of enhancers in MCF7 control and mH2A2 KO clone. Mean and p-values shown were obtained by 718 

comparing means using unpaired Wilcoxon test. d) Histogram showing the distribution of the number of interactions 719 

between open chromatin regions predicted from the scATAC-seq data using Cicero. Mean is represented in dotted 720 

lines and wilcoxon rank sum test with continuity correction was used. e) Interaction plot around ESR1 locus for 721 

MCF7 wild type and mH2A2 KO clone with co-accessibility score given by Cicero. 722 

 723 



Figures

Figure 1

Characterization of macro-Bound Enhancers. a) Heatmap of the ENCODE chromatin states from HMEC
and NHM with histone marks including the histone variants macroH2A1, macroH2A2. b) Algorithm to
classify cell-speci�c cis-regulatory elements (CRE). c) Scatter plot showing the �ve classes assigned to



the regulatory elements after K-means clustering in three cell types (HMEC – Human Mammary Epithelial
Cells, NHM – Normal Human Melanocytes, and MCF7 – breast cancer cell line), displayed along the Z
scores for the log-normalized ChIP-seq signal of mH2A2 and H3K27ac. Pie charts show the proportions
of CRE classes in each cell type. d-e) Characterization of the regulatory classes. Pie chart with genomic
annotations for each regulatory class annotated using Homer (left). Signal pro�le (top) and heatmap
(bottom) of enrichment around open chromatin regions (de�ned by ATAC-seq) of the �ve regulatory
classes in HMEC (right). Enrichment of histone marks H3K4me1, H3K4me3, H3K27ac, H3K27me3 and
histone variants macroH2A1 and macroH2A2 was analyzed by ChIP-seq.



Figure 2

MacroH2A regulates enhancer activity. a) Expression levels at the CREs for HMEC, NHM and MCF7 by
RNA-seq (logRPKM). b) Expression levels by RNA-seq from normal breast samples from TCGA33 using
the annotated CREs in HMEC c) Expression levels in HMEC by RNA-seq of the genes directly associated
with the CREs from HMEC (associations obtained from GeneHancer v4.4) and super-enhancers
(annotated using LILY). The expression data is represented as boxplots where the middle line represents
the median, the lower and upper edges of the rectangle represent the �rst and third quartiles and the lower
and upper whiskers represent the interquartile range (IQR) x 1.5. Outliers beyond the end of the whiskers
are plotted individually. d) Intersection of mBE and APL (H3K4me3) CRE loci between the three cell lines.
e, f) Gene Ontology Biological Process terms of genes associated with mBE and APL (H3K4me3)
common in HMEC and MCF7, respectively. Enriched terms ranked by Binomial p value and presented on a
-log10 scale.

Figure 3



MacroH2A is a negative modulator of enhancer activity. a) Scatter plot upon K-means clustering of
regulatory elements in mouse dermal �broblasts (DFs), displayed along the Z scores for log-normalized
ChIP-seq signals of mH2A2 and H3K27ac. Pie charts show proportions of CRE classes. b) Boxplot graph
of ChIP-seq signal (fold enrichment) from mH2A1, mH2A2 and H3K27me3 in DFs at OSKM binding sites
and PRC2 sites for comparison (48hrs after OSKM induction, binding sites data collected from35). The
middle line represents the median, the lower and upper edges of the rectangle represent the �rst and third
quartiles and the lower and upper whiskers represent the interquartile range (IQR) x 1.5. c) Odds ratio of
enrichment of TF and chromatin binding factors after 48h of OSKM expression35 at enhancer elements
of DF cells, ranked by enrichment in mBE (Fisher Exact test). d) Schematic of enhancer targeting in DF
during reprogramming with OSKM using dCas9-KRAB and dCas9-macro2 and sgRNAs complementary to
regions around the enhancer site. e) UCSC genome browser snapshot of the Klf4 binding site upstream of
the Nanog TSS in DF with open chromatin (ATAC-seq), H3K27me3, H3K27ac, H2A.Z, mH2A1 and mH2A2
data. f) Nanog relative expression after 96h of OSKM infection in DFs with dCas9, dCas9-KRAB or dCas9-
macro2 with sgRNAs targeting the enhancer site upstream of Nanog or control. Unpaired (two tailed)
student’s t-test: * p value= 0.02.



Figure 4

Reactivation of macro-Bound Enhancers associates with oncogenic programs. a) Immunoblot of
chromatin extracts were probed for mH2A1 and mH2A2 across a panel of breast cancer cell lines
including the three different major sub-types (estrogen and progesterone positive, HER2 positive and triple
negative), and non-tumorigenic cells (human mammary epithelial cells, HMEC; and immortalized
mammary cells MCF10A). Mutational status de�ned above. Amido Black of core histones used as
loading control. b) Immunohistochemistry (IHC) from normal breast tissue, ductal carcinoma in situ



(DCIS) and grade III invasive tumors for mH2A2. Histone H3 IHC was used as a control (top right).
Quanti�cation of mH2A2 scoring for TMA and ISMMS patient samples according to the tumor grade or
sub-class (below). B – Benign tissue, D – DCIS, I – Invasive. Column bar represents mean and SE.
Unpaired (two tailed) student’s t-test *p<0,05 ** p<0,005. c) Principal component analysis of H3K27ac
ChIP-seq signal in HMEC macro-Bound enhancers (left) and all CREs (right) in 12 breast cancer cell lines
from38. d) Volcano plot of differential enhancer expression in paired normal vs. tumor patient samples in
breast cancer sub-types from RNA-seq (data collected from TCGA as described in ref.33), including the
proportion of enhancers in each enhancer class that are signi�cantly differentially expressed, down-
regulated (down) or up-regulated (up), p-value < 0.05.



Figure 5

mH2A2 is a negative regulator of estrogen targets. a) Odds ratio of enrichment of TF and chromatin
binding factors (ReMAP data for MCF7 cells) at enhancer elements of MCF7 cells, ranked by enrichment
in mBEs (Fisher Exact test). b) Immunoblots for mH2A2 from chromatin extracts in MCF7 clones. H3 and
histones (amido black) used as loading controls. c) Bright�eld images of wild type and mH2A2 KO
clones. d) Proliferation of MCF7 clones (wild type and mH2A2 KO) transduced with H2A-GFP and



analyzed by number of GFP cells using Incucyte. Data represented are mean with SE (n=3). e) Growth
ratio of MCF7 3D spheroids after treatment with EtOH and E2 (Estradiol) in microwells after 7 days.
Scatter plot of area factored with GFP Intensity Density in individual spheroids. Horizontal bars signify
mean values (left). Representative images of MCF7 spheroids (right). Scale bar, 500µm. Unpaired (two
tailed) student’s t-test *p<0,05 ** p<0,005.

Figure 6

mH2A2 is a negative regulator of BRD4. a) Proliferation of MDA-MB-231L cells with over-expression of
mH2A-GFP constructs (and H2A-GFP as control) determined by the number of GFP positive cells on
Incucyte. Data are mean with SE (n=9). Two-way ANOVA (Dunnett’s multiple comparison) *p<0,05. b)
Tumorsphere formation assessed by number of cells upon mH2A2-GFP induction. Data represented are
mean with SEM (n=3). Unpaired two tailed student’s t-test *p<0,05. c) Scatter plot of ChIP-seq signals for
mH2A2, H3K4me1, H3K27ac, p300 and BRD4, and ATAC-seq signal enrichment after over-expression of



mH2A2 against control over-expression (GFP-H2A) at CREs in MDA-MB-231L cells. The regression line
(solid line) is shown along with the line y = x for reference. d) Immunoblots from chromatin extracts in
MDA-MB-231L cells with over-expression of mH2A-GFP constructs (and H2A-GFP as control) probed for
BRD4, GFP and histone H3 (loading control). e) Immunoblots from chromatin extracts in MCF7 clones
with over-expression of mH2A-GFP constructs (and H2A-GFP as control) probed for BRD4, mH2A2 and
histone H3 (loading control).

Figure 7

Loss of mH2A2 leads to increased cellular heterogeneity. a) UMAP plot of cells showing clusters
identi�ed by graph-based clustering of scATAC-seq signals from MCF7 wild type and MCF7 mH2A2 KO
after 5 days of treatment with E2. Proportion of cells in each cluster represented as a bar graph (bottom).
b) Cohen’s effect size distributions of TF binding sites in mH2A2KO cells compared to wild-type MCF7
cells, grouped by binding sites found in estrogen- or control-speci�c cell lines (or both). c) Violin plot
showing the number of cut sites overlapping different classes of enhancers in MCF7 control and mH2A2
KO clone. Mean and p-values shown were obtained by comparing means using unpaired Wilcoxon test.



d) Histogram showing the distribution of the number of interactions between open chromatin regions
predicted from the scATAC-seq data using Cicero. Mean is represented in dotted lines and wilcoxon rank
sum test with continuity correction was used. e) Interaction plot around ESR1 locus for MCF7 wild type
and mH2A2 KO clone with co-accessibility score given by Cicero.
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