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Abstract 17 
 18 
Mast cells (MCs) are critical effectors of allergic inflammation and protection against parasitic 19 
infections. We previously demonstrated that transcription factors GATA2 and MITF are the MC 20 
lineage-determining factors (LDTFs). However, it is unclear whether these LDTFs regulate 21 
chromatin accessibility at MC enhancer regions. In this study, we demonstrate that GATA2 22 
promotes chromatin accessibility at the super-enhancers of MC identity genes and primes both 23 
typical and super-enhancers at genes that respond to antigenic stimulation. We found that the 24 
number and densities of GATA2- but not MITF-bound sites at the super-enhancers were several 25 
folds higher than that at the typical enhancers. Our studies revealed that GATA2 promotes robust 26 
gene transcription to maintain MC identity and respond to antigenic stimulation by binding to 27 
super-enhancer regions with dense GATA2 binding sites available at key MC genes. 28 
  29 
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Main 30 
 31 
Mast cells (MCs) are critical effectors in immunity that originally evolved to protect against 32 
parasitic infections. In modern living conditions, MCs are much more frequently associated with 33 
allergic inflammation1, 2. MCs reside in the skin, mucosal linings of the lung and gut, and 34 
connective tissues surrounding blood vessels. In these tissue contexts MCs are among the first 35 
cells to encounter antigens, which can be captured by IgE antibodies. MCs express the high-36 
affinity receptor for IgE (FcεRI). Aggregation of FcεRI bound with IgE and their cognate 37 
antigens leads to MC activation and rapid degranulation to release pre-existing inflammatory 38 
mediators including histamine, heparin, and proteases. MC activation also directs de novo gene 39 
transcription of additional inflammatory mediators, including cytokine and chemokine genes.  40 

Transcription factors (TFs) GATA binding protein 2 (GATA2) and Microphthalmia-41 
associated transcription factor (MITF) play critical roles in the differentiation of MC progenitor 42 
cells into the MC lineage3, 4. GATA2 is critical for survival and proliferation of hematopoietic 43 
stem cells4, 5, granulocyte-monocyte progenitor differentiation,6 and basophil and MC 44 
differentiation4, 7. Spontaneous mutations in the Mitf gene lead to the failure of MC progenitor 45 
cells to differentiate into mature MCs3, 8, 9. GATA2 is also essential in maintaining the MC 46 
identity once MCs are fully committed to the MC lineage. We and others demonstrated that MC-47 
specific deletion of the Gata2 gene results in the failure of MCs to maintain the MC identity10, 11. 48 
We have demonstrated that the Mitf gene is highly expressed in MCs but not in basophils12 and 49 
that overexpression of the Mitf gene is sufficient to drive the differentiation of pre-BMPs into 50 
MCs12. Together, this evidence supports a model in which GATA2 and MITF are lineage-51 
determining TFs (LDTFs) in MCs and GATA2 is required for MC identity maintenance.   52 

Little is known concerning how GATA2 and MITF regulate target gene transcription in MCs. 53 
Notably, enhancers that drive MC-specific transcription have not been localized. Generally, 54 
enhancers are regulatory modules of a few hundred base pairs in length located within genes or 55 
in intergenic regions. They typically comprise clusters of TF-binding sites that bind sequence-56 
specific DNA-binding TFs and associated factors13. Enhancers activate gene transcription by 57 
mediating the assembly of higher-order functional domains with promoters14. Enhancers also 58 
provide binding hubs for signal-dependent TFs (SDTFs) that respond to the stimulation of 59 
receptors by external ligands. Together, signals triggered by ligand-bound receptors modulate 60 
activities of enhancers, which in turn drive gene transcription necessary for cell development and 61 
function15.  62 

Super-enhancers differ from typical enhancers in multiple ways16, 17. Super-enhancers 63 
comprise larger tracts of genomic DNA that include multiple smaller constituent enhancers. 64 
Super-enhancers are often associated with genes that confer cell identities17, 18 and are enriched 65 
in genetic variants that may contribute to disease progression and severity. Originally, the 66 
concept of super-enhancers was developed in embryonic stem cells17. Since then, super-67 
enhancers have been described in T cells19, B cells20, 21 and macrophages22 as well as in many 68 
other cell systems23. However, it has not been determined whether super-enhancers play similar 69 
pivotal roles in regulating transcription and cell identity in MCs. 70 

Remarkable progress has been made in identifying putative enhancers genome-wide. 71 
Epigenomic studies have demonstrated that monomethylation of lysine residue 4 on histone 3 72 
(H3K4me1) marks genes that are poised to be transcribed, while acetylation of lysine residue 27 73 
on histone 3 (H3K27ac) identifies genes that are actively being transcribed24-27. In this study, we 74 
used histone modifications to identify typical and super-enhancers in MCs. We found that super-75 
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enhancers are enriched at key MC genes. The number and density of GATA2 bound sites were 76 
higher at these super-enhancers relative to typical enhancers. We found that the super-enhancers 77 
had higher scores predicting their regulatory potential versus typical enhancers. The key MCs 78 
genes with higher regulatory potential scores express much higher levels of mRNA than genes 79 
with typical enhancers. We demonstrate that GATA2 promotes chromatin accessibility, which 80 
correlates with H3K4me1 and H3K27ac modifications at the super-enhancers of key MC genes. 81 
Our studies reveal that the increased frequency of GATA2 binding sites within super-enhancers 82 
at key MC genes promotes robust gene transcription that maintains MC identity and the response 83 
to antigenic stimulation.  84 
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Results 85 

 86 
Super-enhancers are enriched in the mast cell identity genes  87 
 88 
To identify enhancers of MC lineage genes, we performed H3K4me1 and H3K27ac ChIP-seq on 89 
two biological replicates of resting bone marrow-derived MCs (BMMCs). We defined potential 90 
enhancers as regions of chromatin marked by H3K4me1 together with H3K27ac modifications. 91 
We identified an average total of 20801 potential enhancers (Supplementary Table 1). A subset 92 
of these enhancers, the super-enhancers, are essential for the regulation of genes that control cell 93 
differentiation17. Using the software Ranking Of Super Enhancer (ROSE)17, we localized super-94 
enhancers as regions of chromatin that were at least 12.5 kb long and associated with significant 95 
H3K27ac modification. We identified an average of total 9,517 typical enhancers and 667 super-96 
enhancers found in two replicates (Fig. 1a, Supplementary Table 2). The average length of the 97 
super-enhancers was 13-fold greater than the typical enhancers (Fig. 1a). The genomic 98 
distributions of the typical and super-enhancers were quite different. Typical enhancers were 99 
mostly located in distal intergenic regions (36.5%), whereas the majority of super-enhancers 100 
were localized near promoters (55.8%) and overlapped with gene body exons and introns 101 
(16.2%) (Fig. 1b).  The genomic locations of the super-enhancers suggest that the close 102 
proximity of super-enhancers to promoters makes their interplay more efficient, although many 103 
enhancers occur at distances up to several megabases from their interacting promoters28. 104 
Representative tracks from one of the two biological replicates for the typical and super-105 
enhancers are shown in Fig. 1c. Reproducibility of our NGS sequencing data generated from 106 
biological replicates is documented in Supplementary Fig. 1 and 2.  107 

MC identity (ID) genes have been defined by the Immunological Genome Project 108 
Consortium as those that are expressed at higher or the same levels in MCs relative to basophils, 109 
but at low levels or insignificantly expressed in other blood cell types including T cells, B cells, 110 
eosinophils, macrophages, dendritic cells and neutrophils29. We compiled a list of 230 MC ID 111 
genes from a dataset published by our group12, merged with the dataset published by the 112 
Immunological Genome Project Consortium29. In the list of 230 MC ID genes, we also included 113 
genes that are not necessarily MC-specific or -enhanced but play critical roles in MC 114 
development and function including GATA2 and LYN. We denoted the 230 genes 115 
(Supplementary Table 3) as MC ID genes.  We defined the other genes expressed in MCs (but 116 
not included in the list of MC ID genes) as the non-ID genes (Supplementary Table 3). We found 117 
that 36% of the ID genes were associated with super-enhancers, as compared with 4.3% of non-118 
ID genes (Fig. 1d). This frequency represents a striking 8-fold enrichment of super-enhancers at 119 
these genes. Because of the reported association of super-enhancers with lineage determining 120 
genes, we refer to the 84 ID genes with super-enhancers as the key ID genes (Supplementary 121 
Table 3). Examples of the key ID genes include genes that are important for MC functions, 122 
including MC surface receptors (Kit, Fcer1a, Il1rl1 and Il4ra), transcription factors (Gata2 123 
and Mitf), proteases (Cpa3, Cma1 and Mcpt1), enzymes for sulfur metabolism (Ndst2, Hs3st1, 124 
Hs6st1) and signaling molecules (Prkcb and Lyn). These results suggest that super-enhancers 125 
direct the programming of key ID genes necessary for MC differentiation and function. 126 

BMMCs represent less mature MCs.  Phenotypically, BMMCs resemble mucosal MCs30, 31. 127 
For example, the Mcpt1 and Mcpt2 genes were expressed at higher levels in mucosal MCs 128 
relative to connective tissue MCs, whereas the Mcpt5 gene was expressed at higher levels in 129 
connective tissue MCs compared to mucosal MCs. In the Immunological Genome Project, 130 
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Dwyer et al. performed microarray analysis of primary mouse connective tissue MCs isolated 131 
from trachea, tongue, esophagus, skin and peritoneum and defined ID genes in these connective 132 
tissue MCs. Despite the differences that exist between the directly ex vivo MCs and in vitro 133 
cultured BMMCs and the difference that exist between the mucosal and connective tissue MCs, 134 
our key ID gene list shares 50% of identities with the Dwyer ID gene list (Supplementary Table 135 
4).  136 

The GATA2 binding motif and occupancy are enriched at the accessible regions within the 137 
super-enhancers of the key MC identity genes 138 
 139 
Super-enhancers comprise multiple constituent enhancers that contain clusters of TF binding 140 
motifs17. To identify TF binding sites associated with super-enhancers, we performed an 141 
improved Omni-ATAC-seq protocol that dramatically reduces mitochondria DNA 142 
contamination32 on resting BMMCs (n=2). The majority (63%) of ATAC-seq peaks co-localized 143 
within the typical enhancers and super-enhancers. Representative tracks from one biological 144 
replicate of the non-ID genes and key ID genes are shown in Fig. 2a. We conducted TF binding 145 
motif analysis on the accessible regions within the typical and super-enhancer regions to focus 146 
on TF binding motifs that promote gene transcription. The accessible regions that were located 147 
outside of the typical and super-enhancer regions could contain TF binding motifs that repress 148 
gene transcription and are included in Supplementary Table 5. The possible target genes 149 
regulated by these potential repressors are also included in the Supplementary Table 5. 150 
TF binding motifs enriched in these regions included SPDEF, SNAI2, NR2C2, PRDM1 and 151 
MEIS2 (Supplementary Fig. 3, left panel), the majority of which have been demonstrated to have 152 
transcriptional repressive activities33-37. We found that a set of TF binding motifs including those 153 
of EGR2, PU.1, GATA2, EGR1 and RUNX1 were enriched at the accessible regions within both 154 
the typical enhancers of the non-ID genes and the super-enhancers of the key ID genes (Fig. 2b).  155 
Enrichments of these motifs were restricted to accessible regions, typical enhancers, and super-156 
enhancers with significant H3K27ac modification (Fig. 2b). Remarkably, the same set of 157 
GATA2 and co-TF binding motifs were enriched in the GATA2 ChIP-seq peaks generated from 158 
resting BMMCs available in the public database38 (Fig. 2b). Among the TFs with enriched TF 159 
binding motifs, GATA2, PU.1 and EGR2 have been reported to regulate MC differentiation and 160 
functions4, 10, 11, 39, 40, demonstrating that our combined strategy for identifying TF binding motifs 161 
at MC enhancers was efficacious. 162 

The enrichment with the same set of GATA2 and co-TF binding motifs at both the typical 163 
enhancers and super-enhancers prompted us to investigate whether the relative frequencies of 164 
GATA2 binding motifs are different between these two types of enhancers. The frequencies of 165 
GATA2 binding motifs were 3-fold higher at the super-enhancers than at the typical enhancers 166 
(Fig. 2c). In contrast, the frequencies of MITF binding motifs were comparable between the 167 
super-enhancers and the typical enhancers. To verify that GATA2 binds directly to the accessible 168 
regions within the enhancers, we aligned the published GATA2 and MITF ChIP-seq datasets38 169 
(one biological sample) with our ChIP-seq and ATAC-seq data (Fig. 2d). We calculated the 170 
number of GATA2-bound sites and reads on a per gene basis to assess the total frequencies and 171 
intensities of GATA2 binding. Averages of GATA2-bound sites and reads per gene were 5.5-172 
fold and 39-fold, respectively, higher at the super-enhancers than at the typical enhancers (Fig. 173 
2e). Because the super-enhancers were much larger than the typical enhancers, we normalized 174 
the number of GATA2-bound sites and reads per kilobase per enhancer. Normalized GATA2-175 
bound sites and reads per enhancer were 1.9-fold and 1.3-fold, respectively, higher at the super-176 
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enhancers versus typical enhancers (Fig. 2e). In contrast, frequencies and densities of MITF-177 
bound sites at the super-enhancers were similar to those at the typical enhancers (Fig. 2e). 178 

Next, we assessed regulatory potential scores for the enhancers. Tang and colleagues 179 
developed an algorithm that utilized a large number of TF ChIP-seq, histone mark ChIP-seq and 180 
RNA-seq datasets generated from normal and cancer cell lines41. The algorithm estimates 181 
regulatory potential scores of enhancers based on the sum of TF factor binding sites as well as 182 
the distances of the TF binding sites from transcription start sites (TSS). TF-bound sites that are 183 
close to TSS were given higher scores than those that were further away from TSS42. Regulatory 184 
potential scores calculated using GATA2-bound sites was 2.1-fold higher for the super-185 
enhancers than for the typical enhancers (Fig. 2f). The key ID genes that had higher regulatory 186 
potential scores expressed 13.8-fold higher levels of mRNA relative to the non-ID gene that had 187 
lower regulatory scores (Fig. 2f). These results suggest that GATA2 promotes robust gene 188 
transcription in the key ID genes in MCs by binding to more abundant sites at the accessible 189 
regions of super-enhancers. 190 
  191 
GATA2 promotes chromatin accessibility and H3K4me1 and H3K27ac modifications of 192 
histones associated with the MC genes 193 
 194 
We hypothesized that binding of GATA2 to typical enhancers and super-enhancers renders the 195 
GATA2-bound regions accessible. The bound GATA2 and co-TFs then recruit histone 196 
methyltransferase MLL3/4 and histone acetyltransferase P300 to modify histones in the 197 
proximity of the bound sites. To test this hypothesis, we deleted the Gata2 genes in MCs by 198 
incubating inducible Gata2 knockout (Gata2f/fRosaYfp/YfpTgCreErt2hemi) BMMCs with 4-199 
hydroxytamoxifen (4-OHT) for five days. The Gata2 inducible knockout mouse was on the 200 
C57BL/6 genetic background, which is different from the genetic background of BALB/c mice 201 
that were used to generate the H3K4me1 and H3K27ac ChIP-seq data presented in Figure 1 and 202 
2. Therefore, we compared gene profiles in C57BL/6 BMMCs and BALB/c BMMCs under 203 
resting and stimulated conditions. We found remarkable similarity of gene expression profiles in 204 
C57BL/6 BMMCs and BALB/c BMMCs in resting and stimulated conditions with Pearson 205 
correlation coefficient r=0.86 under the resting conditions and r=0.9 under the stimulated 206 
conditions (Supplementary Fig. 4). The expression of the ID genes in resting BMMCs and the 207 
cytokine and chemokine genes in the resting and stimulated BMMCs was nearly identical 208 
(Supplementary Table 6). We chose the five-day time point based on our previous time-course 209 
experiments10. Five days after the initial culture with 4-OHT, the Gata2-/- MCs did not reduce 210 
their viability as measured by live cell counts10 and cell death markers11, while FcεR1α and c-211 
KIT expression were reduced by on average 50%10, 11, 43. We observed highly significant 212 
reductions (67%, n=2 biological replicates) in chromatin accessibility at the super-enhancers 213 
compared with less (23%) reduction at the typical enhancers (Fig. 3a, Supplementary Table 7). 214 
H3K4me1 was reduced by 37% and 40% at the typical enhancers and super-enhancers (n=2 215 
biological replicates), respectively, while H3K27ac modification was reduced by 43% and 51% 216 
at the typical enhancers and the super-enhancers (n=2 biological replicates), respectively (Fig. 217 
3a). These data indicate that chromatin accessibility at the super-enhancers was more dependent 218 
on the presence of GATA2. Consistent with the reduction in chromatin accessibility at the super-219 
enhancers, the key ID genes on average lost 44% mRNA expression, while the non-ID genes did 220 
not lose significant mRNA expression (Fig. 3a, Supplementary Table 7). 221 
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We noticed that the requirement for GATA2 to maintain chromatin accessibility, H3K4me1 222 
and H3K27ac modifications at enhancers varied from gene to gene. 100% of the super-enhancers 223 
of the key ID genes showed at least 46% reduction in chromatin accessibility, 9% reduction in 224 
H3K4me1 and 16% reduction in H3K27ac in the absence of GATA2. Notably, the super-225 
enhancers of genes encoding MC proteases (Tpsab1/Mcpt7, Tpsab2/Mcpt6, Tpsg1) showed the 226 
greatest reductions in chromatin accessibility (80-99%), 60-79% reduction in H3K4me1 227 
modification and 80-99% reductions in H3K27ac modification. Consistent with the marked 228 
reduction in chromatin accessibility, H3K4me1 and H3K27ac modifications, transcripts of these 229 
genes were reduced by 80-99% in the absence of GATA2 (Fig. 3b, lower panel). Lesser 230 
reductions in chromatin accessibility and histone modifications were observed at the super-231 
enhancers of the genes that encode MC enzymes (Hs3st1, Mmp27, Ddc, A4galt, Papss2, Ptpn2, 232 
Plau, Car8, Pde1c). The super-enhancers at these genes exhibited 60-79% reduction in 233 
chromatin accessibility, 27-74% reduction in H3K4me1, 40-79% reduction in H3K27ac and 60-234 
90% reduction in RNA transcripts (Fig. 3b, lower panel). We found a moderate correlation 235 
between reductions in chromatin accessibility and RNA transcripts (Pearson correlation 236 
coefficient, r=0.64). In contrast, only six percent of the typical enhancers of the non-ID genes 237 
had reduced chromatin accessibility and histone modifications in the absence of GATA2 (Fig. 238 
3b, upper panel). Representative tracks for the non-ID and key ID genes that exhibited the largest 239 
changes in the absence of GATA2 are shown in (Fig. 3c). Taken together, our data demonstrate 240 
that GATA2 binding promotes chromatin accessibility and histone modifications, with the 241 
strongest effects observed on chromatin accessibility and histone modifications at the super-242 
enhancers of the key ID genes in resting MCs. 243 

Mast cells are long-live cells and expressed some of orthologous the self-renewal genes that 244 
have been defined in human embryonic stem cells and macrophages44 (Supplementary Table 8). 245 
To explore whether GATA2 regulates the orthologous self-renewal genes, we analyzed GATA2 246 
binding sites in these genes and found that binding of GATA2 to the enhancers of these genes 247 
(Supplementary Fig. 5). However, deletion of GATA2 did not affect the expression of these 248 
potential self-renewal genes (Supplementary Table 8). 249 

 250 
IgE receptor crosslinking induces expression of genes that encode signaling molecules, MC 251 
proteases, transcription factors, MC surface molecules, cytokines and chemokines 252 
 253 
Given that our data implicate GATA2 as important for transcribing genes that are constitutively 254 
expressed in resting MCs (and confer MC cell identity), we next investigated whether GATA2 255 
regulates genes that are induced to perform specialized functions in response to external stimuli. 256 
Although MCs respond to a host of stimuli including IL-18, IL-33 and complement 5a45-47, IgE 257 
receptor crosslinking is the major driver of MC activation. We performed RNA-seq analysis on 258 
BMMCs (n = three biological replicates) that were not stimulated or stimulated with IgE receptor 259 
crosslinking for two hours. We identified an average of 1089 genes (n=3) that were expressed 260 
>2-fold in activated MCs relative to resting MCs (Fig. 4a, Supplementary Table 9). We verified 261 
the gene expression patterns of the selected top-ranking genes using qPCR (Supplementary Fig. 262 
6). 263 

Gene Ontology (GO) enrichment analysis of the IgE receptor crosslinking-upregulated 264 
(referred to hereafter as activation-induced) transcripts revealed that the upregulated genes were 265 
significantly enriched in gene sets that encode signaling molecules, transcription factors, 266 
proteases and other enzymes, cell surface molecules, and cytokines and chemokines (Fig. 4b, 267 
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Supplementary Table 9). The most significantly enriched activation-induced genes were those 268 
encoding signaling molecules involved in the JAK-STAT signaling pathway, followed by the 269 
PI3K-Akt (Sgk1 and Cdkn1a) and MAPK signaling pathways (Mapkapk2, Map3k5 and Map2k3) 270 
(Fig. 4c, Supplementary Table 9). The next most enriched genes were cytokine and chemokine 271 
genes. We detected increases in Il1a, Il4 Il5, Il6, Il13, and Tnf mRNA in the activated MCs (Fig. 272 
4c, Supplementary Table 9). Transcripts of chemokines Ccl1, Ccl2, Ccl3, Ccl4 and Ccl7 273 
increased dramatically in activated MCs (Fig. 4c, Supplementary Table 9). Consistent with the 274 
transcript data, Ccl1, Ccl2, Ccl3, Ccl4 and Ccl7 protein levels were also dramatically increased 275 
(Supplementary Fig. 7). Another class of genes elevated in the activated MCs were TF genes. 276 
Among the upregulated TF genes, Nfkb1, Nfatc1, Egr1, Egr2, Atf3 and Ets1 have been reported 277 
to play critical roles in MC gene transcription in activated MCs. Notably, EGR1 and EGR2 are 278 
required for transcribing cytokine and chemokine genes in activated MCs40, 48. These results 279 
suggest that upregulation of genes encoding signaling molecules, receptors and transcription 280 
factors constitute positive feedback loops that rapidly augment inflammatory responses by 281 
replenishing histamine and other inflammatory mediators, induce MC proliferation and promote 282 
MC survival. 283 

We also observed that 280 genes were significantly suppressed following IgE receptor cross-284 
linking (Supplementary Table 9). GO enrichment analysis revealed that the repressed genes were 285 
significantly enriched in gene sets involved in cell proliferation, signal transduction, apoptosis or 286 
enriched in genes encoding receptors (Supplementary Table 9). 287 
 288 
Super-enhancers are enriched in the key genes that respond to antigenic stimulation 289 
 290 
We analyzed enhancers associated with the activation-induced genes. Super-enhancers were 291 
enriched 4-fold in these genes compared to other genes expressed in MCs, representing a 21.2 % 292 
of all the activation-induced MC genes (Fig. 5a, Supplementary Table 10). The activation-293 
induced genes associated with super-enhancers represent a striking 34% of all MC genes 294 
associated with super-enhancers. We refer to the activation-induced genes with super-enhancers 295 
as the key activation-induced genes and the activation-induced genes with typical enhancers as 296 
the non-key activation-induced genes. The key activation-induced genes had 1.7-fold higher 297 
regulatory potential scores (calculated either using H3K27ac peaks or Omni-ATAC-seq peaks) 298 
than the non-key activation-induced genes in resting MCs (Fig. 5b, c). These genes showed a 299 
1.2-fold increase in the regulatory scores when MCs were activated (Fig. 5b, c). The key 300 
activation-induced genes with higher regulatory scores were expressed 2-fold higher than the 301 
non-key activation-induced genes in activated MCs (Fig. 5d). The finding that a high percentage 302 
of the activation-induced genes have super-enhancers suggests that a large portion of super-303 
enhancers in MCs are programmed to respond to antigenic stimulation. Sequences within the 304 
super-enhancers likely include elements that facilitate responses to antigenic stimulation. 305 
 306 
Activation-induced genes exhibit “open” chromatin configurations before MCs encounter 307 
antigen and increase chromatin accessibility and H3K27ac modifications in response to IgE 308 
receptor crosslinking 309 
 310 
Cytokine and chemokine genes are expressed at low levels in resting MCs and upregulate 311 
dramatically in activated MCs. We examined the status of H3K4me1, H3K27ac, and chromatin 312 
accessibility at the enhancers of activatable cytokine and chemokine genes in resting MCs. 313 
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Representative tracks from one of the biological replicates shown in Fig. 6a provide evidence 314 
that the cytokine and chemokine genes with either typical or super-enhancers display enriched 315 
H3K4me1 modification before IgE receptor crosslinking. Surprisingly, these genes also display 316 
enriched H3K27ac, a histone modification mark for actively transcribed genes, prior to 317 
stimulation by IgE receptor crosslinking (Fig. 6a). Moreover, these genes feature accessible 318 
chromatin at their proximal promoters, as measured by Omni-ATAC-seq (Fig. 6b). Our data 319 
support a model in which cytokine and chemokine genes are poised with an “open” chromatin 320 
configuration even before MCs encounter antigen. We refer to the cytokine and chemokine genes 321 
with super-enhancers as the key cytokine and chemokine genes. 322 
  Two hours after IgE receptor crosslinking, we observed that H3K27ac, but not H3K4me1, 323 
was significantly increased at the typical enhancer and super-enhancer regions (Fig. 6c). 324 
Concurrently, chromatin accessibility at both types of enhancers was also significantly increased 325 
(Fig. 6c). Numbers of normalized H3K27ac reads and Omni-ATAC-seq reads increased 3.0-fold 326 
and 1.7-fold (calculated from two biological samples), respectively, at the super-enhancers of the 327 
key cytokine and chemokine and 1.5-fold at typical enhancers of the non-key cytokine and 328 
chemokine genes after IgE receptor crosslinking (Fig. 6d, Supplementary Table 11). The 329 
regulatory potential scores also increased after stimulation, as evidenced by increased H3K27ac 330 
or Omni-ATAC-seq peaks (Fig. 6e left, right panel, respectively). The key cytokine and 331 
chemokine genes with higher regulatory potential scores were expressed in 8.5-fold higher 332 
amounts of mRNA relative to the non-key cytokine and chemokine genes (calculated from three 333 
biological samples) (Fig. 6f). Enhancers that showed increased chromatin accessibility and 334 
H3K27ac modification in response to IgE receptor crosslinking are denoted as activation-335 
induced enhancers. 336 

As shown in Fig. 4, there were 1089 genes that responded to IgE receptor crosslinking with 337 
increased mRNA expression. We found that these genes also had an “open” chromatin 338 
configuration before MCs encountered antigenic stimulation. Upon IgE receptor crosslinking, 339 
H3K27ac modification and chromatin accessibility, but not H3K4me1, were significantly 340 
increased at typical enhancers and super-enhancers. Increased H3K27ac also correlated 341 
positively with increased regulatory potential scores and increased mRNA expression 342 
(Supplementary Fig. 8). 343 
 344 
GATA2 primes the activation-inducible enhancers to respond to antigenic stimulation 345 
 346 
To determine whether GATA2 plays a role in regulating the activation-induced enhancers, 347 
we conducted TF binding motif analysis on regions marked by activation-increased H3K27ac 348 
modification to identify motifs that promote gene transcription. The accessible regions that 349 
overlapped with the activation-induced enhancers are highlighted in Fig. 7a. The activation-350 
induced accessible regions located outside of the regions with H3K27ac modification regions 351 
could contain TF binding motifs that repress gene transcription and are included in 352 
Supplementary Table 5. TF binding motifs enriched in these regions included HIC2, DUX4, 353 
KLF4, E2F8 and HHEX (Supplementary Fig. 3, right panel), the majority of which have been 354 
reported to show transcriptional repressive activities49-53. EGR2, AP1 and GATA2 binding 355 
motifs were significantly enriched within the overlapped accessible regions (Fig. 7a). 356 
Enrichment of these TF binding motifs was not found when the activation-induced accessible 357 
regions, the activation-induced typical or the activation-induced super-enhancers were analyzed 358 
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without intersecting the accessible regions within the activation-induced enhancers 359 
(Supplementary Fig. 9).   360 

To distinguish the activation-induced enhancers in resting MCs from those in activated MCs, 361 
we refer to the former as the activation-inducible enhancers. To investigate a potential 362 
requirement for GATA2 in regulating the activation-inducible enhancers, we counted the number 363 
of GATA2 and MITF binding motifs within these enhancers. The number of GATA2 binding 364 
motifs was significantly higher than that of MITF binding motifs at both types of activation-365 
inducible enhancers (Fig. 7b). To verify that GATA2 binds directly to the activation-inducible 366 
enhancers, we performed GATA2 ChIP-seq on resting BMMCs (n=2) and used the downloaded 367 
MITF ChIP-seq data generated from resting BMMCs38. Because recent studies have shown that 368 
chromatin accessibility at super-enhancers can change in just a few hours after stimulation, we 369 
also performed GATA2 ChIP-seq on BMMCs that were stimulated with IgE receptor 370 
crosslinking for two hours (n=2). We found that the total frequencies and densities of GATA2 371 
binding sites were higher at the inducible super-enhancers than at the inducible typical enhancers 372 
(4.2- and 5.1-fold higher, respectively, Fig. 7b, middle panel). We found the normalized densities 373 
and reads of GATA2-bound sites per enhancer were also higher at the activation-inducible super-374 
enhancers (1.5- and 2.1-fold higher, respectively, (n=2), Fig. 7b, right panel). We did not observe 375 
significant changes in GATA2 binding both at the typical or the super-enhancers before or after 376 
stimulation. These data support that GATA2 binds to both typical and super-enhancers in resting 377 
MCs before they are stimulated and that GATA2 occupancy at the enhancers of are not 378 
significantly altered by antigenic stimulation. 379 

To determine whether the formation of activation-induced enhancers is critically dependent 380 
on GATA2 binding, we deleted the Gata2 gene in the inducible Gata2 knockout BMMCs (n=2). 381 
Fig. 7c shows that five days after the initial treatment with 4-OHT, 93% of Gata2-/- MCs 382 
expressed the IgE receptor FcεR1 at 56% lower levels than WT MCs as measured by MFI (Fig. 383 
7c). Gene transcripts for the Fcer1a (encodes IgE receptor α chain), Ms4a2 (encodes IgE 384 
receptor β chain), and Fcer1g (encodes IgE receptor γ chain) genes were reduced by 38%, 52% 385 
and 45%, respectively, in resting Gata2-/- MCs (Supplementary Table 12). Gene transcripts for 386 
some signaling molecules involved in IgE signaling were reduced by 4-66%, while gene 387 
transcripts for other signaling molecules involved in IgE signaling increased 1.1 to 6.7-fold 388 
(Supplementary Table 12). The resting Gata2-/- MCs showed slight reductions in chromatin 389 
accessibility and H3K27ac modification at the activation-inducible enhancers (Fig. 7d, 390 
Supplementary Table 13). Remarkably, Gata2-/- MCs with only partially impaired IgE receptor 391 
signaling completely failed to increase chromatin accessibility and H3K27ac modification at 392 
activation-inducible enhancers in Gata2-/- MCs (Fig. 7d), indicating that GATA2 is required for 393 
the formation of the activation-induced enhancers. Not only did the activation-inducible 394 
enhancers fail to be activated in MCs lacking GATA2, but these enhancers exhibited diminished 395 
chromatin accessibility in response to IgE receptor crosslinking (Fig. 7d, left panel, P<0.01, 396 
n=2). These data indicate that signals triggered by the stimulation were delivered to the 397 
activation-inducible super-enhancers by a mechanism involving GATA2. Moreover, Gata2-/- 398 
MCs completely failed to upregulate gene transcription in response to IgE receptor crosslinking 399 
(Fig. 7d, Supplementary Table 13). Representative tracks from one of the biological replicates 400 
for reductions in chromatin accessibility, histone modifications and RNA transcripts in Gata2-/- 401 
MCs are shown in (Fig. 7e). To determine whether Gata2-/- MCs were functionally responsive, 402 
we examined the responsiveness of Gata2-/- MCs to IgE receptor crosslinking. Gata2-/- MCs 403 
released similar amounts of β-hexosaminidase under resting conditions and released 74% less β-404 
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hexosaminidase after IgE receptor crosslinking (Supplementary Fig. 10a).  Gata2-/- MCs 405 
completely failed to produce IL-6 protein and only produced 7% TNFα protein compared to WT 406 
BMMCs in response to IgE receptor crosslinking (Supplementary Fig. 10b). Our results provide 407 
evidence that GATA2 binding to the activation-inducible enhancers of MCs prior to IgE receptor 408 
crosslinking is required for priming the activation-inducible enhancers to respond to antigenic 409 
stimulation.  410 
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Discussion 411 
 412 
Although we and others have demonstrated that GATA2 is essential for the differentiation of MC 413 
progenitor cells into the MC lineage3, 4. GATA2 is also essential for maintaining the identity of 414 
fully committed MCs, it has not been investigated how GATA2 regulates enhancers of its target 415 
genes in MCs. We identified typical and super-enhancers of MC genes in resting and antigen-416 
stimulated MCs. We found that super-enhancers are enriched with GATA2 binding motifs and 417 
bound sites, supporting the role of GATA2 as a critical regulator of chromatin accessibility and 418 
histone modifications associated with active enhancers. These conclusions are consistent with 419 
our previous observation that GATA2 is expressed in relatively large amounts in MC 420 
progenitors10. GATA2 is a member of a special class of proteins that accesses its DNA target 421 
sites in the context of nucleosomes, whereas other factors require more accessible DNA for 422 
binding54. Once bound, these factors collaborate to promote chromatin accessibility and gene 423 
transcription. Indeed, our observation that GATA2 is bound to the typical and super-enhancers in 424 
resting BMMCs suggests its roles as an early initiator of gene transcriptional patterning in MC 425 
development.   426 

Super-enhancers are often associated with genes that confer cell identities17, 18. However, 427 
mechanisms by which super-enhancers regulate cell identity genes have not been completely 428 
delineated. Furthermore, super-enhancers might function differently in different cell types, 429 
dependent on which transcription factors are being expressed in the particular cell types. Super-430 
enhancers that act in MC differentiation and MC responsiveness to antigenic stimulation have 431 
not been investigated. Our findings reveal a mechanism of how GATA2 contributes to the high 432 
levels of target gene transcription associated with MC identity and robust responsiveness to 433 
antigenic stimulation. We demonstrated that the same set of binding motifs of GATA2 and co-434 
TFs PU.1, RUNX1, EGR1 and EGR2 are enriched at the accessible regions of both the typical 435 
enhancers and super-enhancers. However, the number of GATA2 binding motifs and occupied 436 
sites, but not those of the other MC LDTF, MITF, are observed at several fold higher frequencies 437 
at super-enhancers relative to typical enhancers. In fact, the super-enhancers in the key ID genes 438 
not only have more GATA2-bound sites per gene overall, but also have higher densities of 439 
GATA2-bound sites relative to typical enhancers. Moreover, super-enhancers have higher 440 
regulatory potential scores. Key ID genes with higher regulatory potential scores expressed much 441 
higher levels of mRNA. These results support a model in which GATA2 promotes higher levels 442 
of target gene transcription by binding to a larger number of clustered binding sites available at 443 
the super-enhancers of key ID genes. This model is consistent with modes of action of other 444 
LDTFs in other cell types. For example, in ES cells, the relative occupancy of binding sites for 445 
the TFs KLF4 and ESRRB, but not OCT4, SOX2, or Nanog bound sites, increase at the super-446 
enhancers of the key ES identity genes compared to the typical enhancers17. In B cells, E2A 447 
binding densities,17 but not PU.1-, FOXO1- or EBF1-bound sites, are present in increased 448 
numbers at the super-enhancers of the key B cell identity genes17.   449 

We identified a new class of enhancers that mediate responses to antigenic stimulation. These 450 
activation-induced typical and super-enhancers have increased chromatin accessibility and 451 
H3K27ac modification but do not have increased H3K4me1 modification in response to 452 
antigenic stimulation. We propose that binding of GATA2 to the activation-inducible enhancers 453 
in resting MCs primes these regions by recruiting the SDTFs that are activated by signals 454 
triggered by antigen. Our results provide evidence that the assembly of these activation-induced 455 
enhancers is GATA2-dependent. In the absence of the Gata2 gene, activation-inducible 456 
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enhancers failed to be triggered after antigenic stimulation. Our RNA-seq data obtained from the 457 
inducible Gata2 gene deletion experiments further support this GATA2 priming model. We 458 
found that in the absence of the Gata2 gene, IgE receptor crosslinking completely failed to 459 
upregulate gene transcription of those genes that normally would be upregulated. The failure to 460 
upregulate gene transcription in response to antigenic stimulation cannot be explained solely by 461 
the partial reduction in IgE receptor signaling capacity. In fact, further diminution in chromatin 462 
accessibility at the activation-inducible super-enhancers after IgE receptor crosslinking argues 463 
that the partially reduced IgE receptors on Gata2-/- MCs were capable of delivering signals. 464 
Moreover, our published data showed that phorbol myristate acetate (PMA) and ionomycin 465 
stimulation, which bypass the need for FcεR1α to activate MCs, also failed to upregulate the 466 
genes that normally would respond to antigenic stimulation10, suggesting that without GATA2 467 
priming, the activation-inducible enhancers fail to be triggered and, as a result, they fail to recruit 468 
SDTFs. The failure of triggering the activation-inducible enhancers might lead to the inability of 469 
MCs to upregulate gene transcription in response to antigenic stimulation.  470 

TF motif enrichment analysis of the activation-induced enhancers supports roles of the 471 
SDTFs AP1 and EGR2, which bind the activation-inducible enhancers in response to antigenic 472 
stimulation to recruit the co-activator P300. In turn, P300 adds additional H3K27ac 473 
modifications. This proposed model is consistent with recent findings from a study on human 474 
MCs. Cildir and colleagues reported that IgE receptor crosslinking induces Ca2+-dependent 475 
chromatin domains in a genome-wide fashion55. AP1 binding motifs are enriched at the Ca2+-476 
dependent chromatin domains. Wu et al. showed that EGR2, which is rapidly increased after IgE 477 
receptor crosslinking, directly binds to the Ccl1 chemokine gene promoter and is required for 478 
CCL1 production but not for CCL3 and CCL9 production40. Our data confirmed that Egr2 479 
mRNA rapidly increased after IgE receptor crosslinking on BMMCs, supporting a role for EGR2 480 
in regulating genes that respond to antigenic stimulation. Because there are a large number of 481 
zinc finger family TFs in MCs that potentially bind consensus EGR2 binding motifs, the 482 
identity(ies) of the exact SDTFs that bind to the induced regions after IgE receptor crosslinking 483 
need to be assessed on an individual basis. Heinz and colleagues reported that strain-specific 484 
PU.1, CEBPα and AP1 binding sites co-localize with regions marked with H3K4me2 and 485 
H3K27ac modifications. They showed that PU.1, CEBPα and AP1 prime enhancers to respond 486 
to macrophage activation signals in a strain-specific manner. The primed enhancers require 487 
additional binding of SDTF P65, a component of NFκB, to be fully functional56. Their work 488 
illustrates a mechanism by which LDTFs prime enhancers to respond to external stimulations. 489 
However, the work was conducted prior to the advancement of next generation sequencing and 490 
only a few genes in one cell type were observed. Our proposed model is consistent with these 491 
studies of macrophages, but also illuminate how MCs prepare their enhancers to respond to 492 
antigenic stimulation. Together, our work adds new evidence supporting the priming of 493 
enhancers by LDTFs in multiple cell types. 494 

Our studies raise the question of whether the activation-induced H3K27ac modification is 495 
used as an epigenetic mark to record the history of activation-induced gene transcription. 496 
Cytokine and chemokine gene transcription returned to background levels 24 hours after 497 
antigenic stimulation. The rapid disappearance of cytokine and chemokine mRNA posts a 498 
challenge for accurate measurements of cytokine and chemokine gene expression in patients 499 
experiencing acute inflammation. A 40% reduction in the activation-induced H3K27ac 500 
modification 5 days after the Gata2 gene was deleted allows us to estimate that activation-501 
induced H3K27ac potentially persists for 10 days after the SDTFs AP1 and EGR2 leave the 502 
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activation-induced enhancers. However, activation-induced epigenetic marks could persist much 503 
longer under chronic disease conditions. Thus, the delayed removal of H3K27ac at the 504 
activation-induced enhancers may serve as a useful epigenetic marker of previous cytokine and 505 
chemokine gene transcription following an episode of acute inflammation and during chronic 506 
inflammation.  507 

IgE receptor crosslinking induces profound changes in gene expression in MCs. While a 508 
small percentage of upregulated genes have been reported before, the majority of upregulated 509 
genes have not been reported previously. The activation-induced gene expression enables MCs 510 
to perform more robust functions and recruit other types of cells to sites of inflammation. 511 
Notably, the increased expression of the Il1r1 gene encoding IL-33 receptor promotes IL-33 512 
signaling, leading to further upregulation of cytokine genes and chemokine genes, including 513 
Il1357. Increased expression of the signaling proteins LYN, JAK1, PIK3CD, and MAPKAPK3 514 
strengthen potential signaling through major signaling pathways, including MAKP, PI3K, and 515 
JAK-STAT. Increased expression in the Bcl2 gene suggests that the activated MCs enhance MC 516 
survival. Increased expression in the Nlrp3 (Cryopyrin) gene suggests that the MCs can have a 517 
stronger ability to release pro-inflammatory cytokines such as IL-1β and IL-18 in response to 518 
bacterial infection and other insults. We also observed that a number of genes enriched in gene 519 
sets involved in cell proliferation, signal transduction, apoptosis or enriched in genes encoding 520 
receptors were significantly suppressed following IgE receptor cross-linking. Downregulation of 521 
these genes allow activated MCs to return to resting state. Notably, downregulation of the Kit 522 
(encode the receptor for SCF), Gata2, Stat5b by IgE crosslinking suggest that activated MCs 523 
become less sensitive to SCF stimulation. Downregulation of the Ma4a2 (encode IgE receptor β 524 
chain), Pip5k1c, Pik3cg, Pi3kcd genes could lead to termination of signals triggered by IgE 525 
receptor crosslinking. Downregulation of the apoptotic genes promote MC survival after 526 
activation. The mechanisms by which IgE crosslinking downregulate these genes are not clear. 527 
Around 8.1% of the activation-induced accessible regions in response to IgE receptor cross-528 
linking was located outside the enhancer regions with H3K27ac modification. We found that 529 
these activation-induced accessible regions are enriched in transcription repressor binding motifs. 530 
A significant number of these repressive TF binding motifs target genes were repressed by IgE 531 
receptor crosslinking. Further studies using our combined strategy of TF binding motif 532 
enrichment should identify transcription repressors induced by antigenic stimulations. 533 

In summary, MCs are the cause of MC disorders. MCs remodel their chromatin landscapes in 534 
response to antigen exposure and do not die after antigenic stimulation and degranulation58, 59, 535 
posing great challenges for effectively treating MC-mediated diseases. The detailed molecular 536 
analysis presented here provides new information that may aid in the development of effective 537 
preventions and therapeutic strategies.  538 
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Methods 539 
  540 
Cell culture  541 
Bone marrow-derived mast cells (BMMCs) were cultured from bone marrow cells of Balb/c 542 
mice in Iscove’s DMEM (10016CV, CorningTM cellgroTM, Manassas, VA) plus 10% FBS,100 543 
units/mL penicillin, 100 μg/mL streptomycin, and 2 mM beta-mercaptoethanol in the presence of 544 
20 ng/mL IL-3 for four weeks. Over 99% of BMMCs were mast cells as determined by FACS 545 
analysis (FcεRIα+ c-Kit+).  546 
 547 
Inducible deletion of Gata2 gene in BMMCs  548 
For experiments that examined the role of GATA2, BMMCs were cultured from bone marrow 549 
cells of inducible Gata2 conditional knockout (Gata2f/fRosaYfp/YfpTgCreErt2hemi) mice or wild-type 550 
control (Gata2+/+RosaYfp/YfpTgCreErt2hemi) mice on 129 genetic background backcrossed to 551 
C57BL/6 genetic background for 5 generations. BMMCs were treated with 25 nM 4-552 
hydroxytamoxifen (4-OHT; H7904-5MG, Sigma-Aldrich, St. Louis, MO) for five days as 553 
described previously10, 43. Expression of FcεR1α, and c-Kit on mast cells were analyzed by Flow 554 
cytometry using fluorochrome labelled antibodies (PE-CY7–conjugated anti-FcεRIα, MAR-1 555 
Biolegend #134317; allophycocyanin-CY7–conjugated anti–c-Kit, 2B8, Biolegend, #105825). 556 
The YFP+ cells were FACS-sorted and deletion of the Gata2 gene was determined by PCR to be 557 
greater than 99%. 558 
  559 
BMMC stimulation  560 
BMMCs were sensitized with 1 μg/mL IgE anti-2, 4, 6-Trinitrophenyl (TNP) antibody (IGEL 2a, 561 
ATCC, Manassas, VA). Twenty-four hours later, the cells were challenged with 100 ng/mL 562 
TNP-BSA (T-5050-100, LGC Biosearch Technologies, Novato, CA) for 2 additional hours 563 
before the cells were collected for further analysis.  564 
  565 
Chromatin Immunoprecipitation and ChIP-seq  566 
 567 
Chromatin immunoprecipitation was performed as described before43. Briefly, 1x107 BMMCs 568 
that were not treated or treated with IgE receptor crosslinking were fixed, sonicated and pre-569 
cleared according to established protocols43. The samples were incubated with anti- H3K4me1 570 
antibody (ab8895, Abcam, Cambridge, MA), anti-H3K27ac antibody (ab4729, Abcam) or anti-571 
GATA2 antibody (ab22849, Abcam) and then with protein A agarose/salmon sperm DNA slurry 572 
(Millipore, Cat# 16-157). The beads were washed and eluted as described43. The crosslinking of 573 
eluted immunocomplexes was reversed and the recovered DNA was recovered using a QIAGEN 574 
QIAquick PCR purification kit (Qiagen, Valencia, CA). ChIP-seq library was prepared using 575 
TruSeq ChIP Library Preparation Kit (IP-202-1024, Illumina, San Diego, CA) according to the 576 
manufacturer’s instructions. Briefly, 10 ng of ChIPed DNA was converted into blunt-ended 577 
fragments. A single adenosine nucleotide was added to the 3’ ends of the blunt-ended fragments 578 
before ligation of indexing adaptors to the adenylated 3' ends. The ligated products were purified, 579 
size-selected and PCR amplified according to the manufacturer’s instructions. The quality and 580 
quantity of the DNA library were assessed on an Agilent Technologies 2100 Bioanalyzer. 581 
Paired-ended sequencing was performed on an Illumina NovaSEQ6000 platform.  582 
  583 
RNA-seq  584 
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To prepare RNA samples for RNA-seq, total RNA was isolated from 1x106 BMMCs that were 585 
untreated or treated with IgE receptor crosslinking using the RNeasy mini kit (Qiagen). RNA 586 
was treated with DNase I according to manufacturer’s instructions. The quality of RNA was 587 
analyzed using the Agilent Technologies 2100 Bioanalyzer. RNA-seq libraries were prepared 588 
using the NEBNext Ultra II RNA Library Prep Kit for Illumina (E7770S, New England Biolabs, 589 
Ipswich, MA). Briefly, polyA mRNA was purified using the NEBNext Poly(A) mRNA 590 
Magnetic Isolation Module (NEB, E7490). The isolated mRNA was fragmented, reverse 591 
transcribed into cDNA, end-repaired, and adaptor-ligated. The ligated samples were USER 592 
enzyme digested and PCR amplified and purified using AMPure-XP beads (Beckman Coulter 593 
Life Sciences, A63881, Indianapolis, IN). The quality and quantity of RNA libraries were 594 
assessed on an Agilent Technologies 2100 Bioanalyzer. Paired-ended sequencing of the RNA 595 
libraries was performed on an Illumina NovaSEQ6000 platform. The RNA-seq related to Gata2 596 
deletion experiments was performed by Novogene Corporation Inc., Sacramento, CA.  597 
  598 
Omni-ATAC-seq  599 
Omni-ATAC-seq was performed according to the established method32. Briefly, 50,000 BMMCs 600 
that were either untreated or treated with IgE receptor crosslinking were spun down and washed 601 
once with cold PBS. The cells were resuspended in 50 μl cold ATAC-RSB-lysis buffer (10mM 602 
Tris-HCl pH 7.4, 10mM NaCl, 3mM MgCl2, 0.1% NP-40, 0.1% Tween-20 and 0.01% Digitonin) 603 
and incubated for 3 minutes. The lysis buffer was immediately washed out with 1 mL ATAC-604 
RSB buffer (10mM Tris-HCl pH 7.4, 10mM NaCl, 3mM MgCl2 and 0.1% Tween-20). The cell 605 
pellet was resuspended in 50 μl transposition mix (25 μl 2X TD buffer, 2.5 μl transposase 606 
(Illumina, FC-121-1030), 16.5 μl PBS, 0.5 μl 1% digitonin, 0.5 μl 10% Tween-20, 5 μl H2O) and 607 
incubated at 37 °C for 30 minutes. The reaction was stopped by adding 2.5 uL of 0.5M EDTA 608 
pH 8 and transposed DNA was purified using Qiagen MiniElute PCR purification kit (Qiagen). 609 
Purified DNA was amplified using the following condition: 72� for 5 min, 98 � for 30 s, and 7 610 
cycles: 98 � for 10 s, 63 � for 30 s, 72 � for 1 min. The amplified libraries were purified, size-611 
selected, and the quality and quantity of libraries were assessed on an Agilent Technologies 2100 612 
Bioanalyzer. The pair-ended sequencing of DNA libraries was performed on an Illumina 613 
NovaSEQ6000 platform.  614 

Reproducibility metrics 615 

Reproducibility of the ChIP-seq and Omni-ATAC-seq data was determined by using the 616 
deepTools 3.3.060 multiBamSummary and plotCorrelation functions. Briefly, the aligned read 617 
coverages were computed for consecutive bins of 10 kb size across the mm10 genome from 618 
BAM files generated from two biological samples by using multiBamSummary. The similarity 619 
in the mapped reads in the bins between two biological samples were analyzed by 620 
plotCorrelation. R values were calculated by using Pearson correlation coefficient. The 621 
reproducibility of the RNA-seq data was calculated by using the ggscatter function in R package 622 
ggpubr (version 0.2). The similarity of reads mapped to genes from two biological samples 623 
(FPKM, generated by using Cufflink) was estimated using Pearson correlation coefficient 624 
analysis.  625 

 626 
Assigning enhancers to genes  627 
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Genomic Regions Enrichment of Annotations Tool (GREAT, version 4.0.4) was used to assign 628 
the regulatory regions identified by H3K27ac ChIP-seq and Omni-ATAC-seq to their putative 629 
target genes61 with the following setting: Species Assembly, Mouse: GRCm38; Basal plus 630 
extension, proximal 5.0 kb upstream and 1.0 kb downstream, plus distal up to 100 kb. The 631 
expression of putative target genes was analyzed further by comparison with our RNA-seq 632 
expression dat. Only the genes with RPKM higher than 30 were considered as enhancer 633 
associated target genes.   634 
 635 
Analysis of super-enhancers and typical enhancers 636 
The adaptor sequences in raw reads (average 24.0 million reads, two biological replicates for 637 
each group) were trimmed using Trimmomatic (version 0.33)62 and the quality of resulting 638 
sequence data was analyzed by FastQC (version 0.11.9). The trimmed reads were aligned to the 639 
mm10 reference genome (GRCm38) using Bowtie2 (version 2.3.5.1)63. Peak calling was 640 
performed using MACS2 (version 2.1.2) with default parameters with the q-value cut-off of 641 
0.0564. Reads were presented as the read counts per million uniquely mapped reads. The 642 
analyzed sequence data was visualized using Integrative Genomics Viewer (IGV). H3K27ac 643 
ChIP-seq data were used for identifying typical and super-enhancers using ROSE software17. 644 
The H3K27ac ChIP-seq peaks in resting and activated mast cells were stitched within 12.5 kb of 645 
each other and excluding 2.5 kb upstream and downstream of the known transcription start sites 646 
(TSS). The combined H3K27ac reads within stitched regions were plotted in a ranked enhancer 647 
order. Super-enhancers were defined as the enhancers above the inflection point and the rest 648 
were defined as typical enhancers. Genomic distributions of the typical enhancers and super-649 
enhancers were analyzed by the R package ChIPseeker.65 Average total numbers of typical 650 
enhancers and super-enhancers were calculated by dividing total numbers of typical enhancers 651 
and super-enhancers found in two replicates with two. Representative ChIP-seq IGV tracks 652 
shows in the figures were generated from biological sample 1 and are similar to those in 653 
biological sample 2. The GATA2 ChIP-seq peaks generated from resting BMMCs (Figure 2) 654 
were downloaded from Gene Expression Omnibus (GSE48086). The GATA2 ChIP-seq data 655 
used in Figure 7 was generated in our laboratory (GSE145544).  656 
 657 
Calculation of reads and bound sites at enhancers  658 
Enhancers were identified using ROSE. The H3K27ac ChIP-seq peaks were assigned to their 659 
putative target genes using GREAT. The enhancer reads were counted by using Bedtools 660 
multicov (version 2.29.2)66. Reads at enhancers per gene were calculated as the sum of reads at 661 
all enhancers assigned to a gene in two biological replicates and were represented as average 662 
reads per million nucleotides mapped (RPM).  Normalized reads per enhancer were calculated by 663 
dividing the reads at enhancers per gene with a normalized size of enhancers, which is equal to 664 
the average sizes of enhancers assigned to a gene divided by 1000 bp. The data were represented 665 
as fragments per kilobase per million mapped reads (FPKM). Because pair-ended sequencing 666 
was used, reads at enhancers per gene and normalized reads per enhancer were divided by two to 667 
adjust to one read per gene or enhancer. TF-bound sites at enhancers per gene were calculated as 668 
the sum of bound sites at all enhancers assigned to a gene. Normalized TF-bound sites per 669 
enhancer were calculated by dividing the TF-bound sites at enhancers per gene with the sizes of 670 
enhancers. Both the reads and bounds sites at enhancers were calculated as the average reads and 671 
bound sites from two biological samples. 672 
 673 
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RNA-seq data analysis  674 
The raw reads (average 20.1 million reads, 3 biological replicates for each treatment in Fig. 4 675 
and 2 biological replicates for each treatment in Fig 7b Gata2 deletion analysis) were analyzed 676 
and quality checked by FastQC. The reads were aligned to the mm10 reference genome using the 677 
Spliced Transcripts Alignment to a Reference (STAR, version 2.4.0.1) software67. Reads (FPKM) 678 
were assembled into reference transcripts and counted using Cufflinks (version 2.2.1). The 679 
average reads from two or three biological samples were assessed using Cuffmerge (version 680 
1.0.0). Reads with FPKM < 30 in resting or stimulated BMMCs were filtered out from further 681 
analysis. The differential gene expression between the resting and stimulated samples (pooled) 682 
was analyzed by using Cuffdiff (version 2.2.1)68. Gene ontology enrichment analysis was 683 
performed on genes that responded to IgE receptor crosslinking by using the Database for 684 
Annotation, Visualization and Integrated Discovery (DAVID, version 6.8)69, 70.  Genes that were 685 
upregulated with log2 ratio of stimulated/untreated >2 in each enriched categories were selected 686 
for heatmap representations, which were generated by using Expander software71 (version 7.2). 687 
The dendrogram tree for different expression patterns was calculated using the agglomerative 688 
algorithm72. The representative RNA-seq IGV tracks showed in the figures were generated from 689 
one biological sample, representing two or three biological samples with similar pattens. 690 
 691 
Omni-ATAC-seq data analysis  692 
Raw sequencing reads (average 118.2 million reads, 2 biological replicates for each treatment) 693 
were adaptor trimmed by Trimmomatic 0.33 and the quality of sequenced data was analyzed by 694 
FastQC. The trimmed reads were aligned to the mm10 reference genome using Bowtie2 with -695 
very-sensitive and -x 2000 parameters. The read alignments were filtered using SAMtools 696 
(version 1.7) to remove mitochondrial genome and PCR duplicates. Peaks were identified by 697 
MACS2 with the q-value cut-off of 0.05 and the sequencing data was displayed using 698 
IGV.  Normalized reads per enhancer were calculated by dividing the reads at each enhancer 699 
(defined by H3K27ac modification) with the size of enhancers in 1000 bp per unit and were 700 
represented as fragments per kilobase per million mapped reads (FPKM). The averages of reads 701 
per enhancer were calculated from two biological replicates. The representative ATAC-seq IGV 702 
tracks showed in the figures were generated from one biological sample, representing two or 703 
three biological samples with similar pattens. 704 
  705 
Calculation of regulatory potential scores for enhancers 706 
GATA2 ChIP-seq, H3K27ac ChIP-seq or Omni-ATAC-seq BAM files were used to generate 707 
peak files using MACS2.  The peak files were used for regulatory potential score calculations 708 
using Binding and Expression Target Analysis (BETA) minus (Version 1.0.7)42. Enhancers 709 
located within ±100 kb of TSS of a target gene were assigned to the target gene.  710 
  711 
TF binding motif enrichment analysis�  712 
Multiple Em for Motif Elicitation (MEME)-ChIP was used to identify the TF binding motifs 713 
enriched in accessible regions, typical and super-enhancers73. To identify the TF binding motifs 714 
enriched in the accessible regions located within the regions marked with the H3K27ac 715 
modification, BED files of Omni-ATAC-seq data sets were used to intersect with the typical 716 
enhancer and super-enhancer regions identified by H3K27ac ChIP-seq using Bedtools intersect 717 
(version 2.29.2)66. The overlapped sequences were subjected to motif enrichment analysis using 718 
MEME-ChIP and the JASPAR database.�The number of TF motifs was counted by using the 719 
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Find Individual Motif Occurrences (FIMO) tool of MEME (FIMO). For analysis of TF binding 720 
motifs enriched at the activation-induced accessible regions located within the activation-induced 721 
enhancers, Omni-ATAC-seq or  H3K27ac ChIP-seq reads of BMMC samples that were 722 
untreated with IgE receptor crosslinking were compared with those of BMMC samples that were 723 
treated with IgE receptor crosslinking using the R package DiffBind. The regions that had 724 
increased H3K27ac ChIP-seq or Omni-ATAC-seq reads after IgE receptor crosslinking were 725 
compared using Bedtools intersect. The sequences of the regions that showed both activation-726 
induced H3K27ac ChIP-seq reads and Omni-ATAC-seq reads were used for TF binding motif 727 
enrichment analysis using MEME-ChIP.  728 
 729 
Chromatin accessibility enrichment distribution analysis at TSS of the selected regions 730 
Enrichment scores were calculated by using deepTools 3.3.060. The BigWig files of Omni-731 
ATAC-seq generated from resting BMMCs were used for chromatin accessibility enrichment 732 
distribution analysis. The TSS files for the cytokine and chemokine genes were compiled from 733 
the TSS files generated by UCSC table browser using the mm10 assembly.  734 

β-Hexosaminidase release assay 735 

Mast cell degranulation was measured by the release of β-hexosaminidase. BMMCs cultured 736 
from bone marrow cells of inducible Gata2 knockout mice or control mice were treated with 4-737 
OHT for five days and the YFP+ cells were FACS-sorted. The sorted cells (1 x 105 cells/ml) were 738 
sensitized with 1 μg/mL IgE anti-TNP antibody for 24 hours and challenged with 100 ng/mL 739 
TNP-BSA for 30 minutes.  Both cells and supernatants were collected. β-hexosaminidase in 740 
supernatants and cell pellets was incubated with an equal volume of 7.5 mM p-nitrophenyl N-741 
acetyl-α-D-glucosaminide (N8759, Sigma-Aldrich), which was dissolved in citric acid (80 mM, 742 
pH 4.5) for 2 hours at 37�. After incubation, the reaction was developed by adding 0.2M glycine 743 
(pH 10.7) and the absorbances at 405 and 490 nm were measured. The percentage of β-744 
hexosaminidase release was calculated as the percentage of β-hexosaminidase in supernatants 745 
relative to total β-hexosaminidase in supernatants and cell pellets. 746 

ELISA measurement of chemokine and cytokine productions  747 

ELISA was used to measure the amounts of chemokines and cytokines released from BMMCs. 748 
BMMCs were sensitized with 1 μg/mL IgE anti-TNP antibody for 24 hours and challenged with 749 
100 ng/mL TNP-BSA for 2, 4, 6, 8 and 24 hours. Untreated BMMCs were included as a control. 750 
The amounts of CCL1 (LS-F290-1, LifeSpan BioSciences, Seattle, WA), CCL2 (LS-F31326-1, 751 
LifeSpan BioSciences), CCL3 (LS-F31325-1, LifeSpan BioSciences), CCL4 (LS-F31354-1, 752 
LifeSpan BioSciences) and CCL7 (LS-F619-1, LifeSpan BioSciences) protein in the 753 
supernatants were measured by ELISA. For cytokine measurement, the sorted Gata2-/-or control 754 
BMMCs were left untreated or sensitized with 1 μg/mL IgE anti-TNP antibody for 24 hours and 755 
challenged with 100 ng/mL TNP-BSA overnight. The amounts of IL-6 (LS-F31434-1, LifeSpan 756 
BioSciences) and TNFα (LS-F57505-1, LifeSpan BioSciences) protein in the supernatants were 757 
measured by ELISA.  758 

Statistical analysis 759 
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Error bars above the medians represent variants ranging from third quartile to maximum and 760 
error bars below the medians represent variants ranging from first quartile to minimum. Two-761 
tailed student’s t test was used to determine significant differences between two samples. 762 
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Figure legends 952 

Fig. 1: Super-enhancers are enriched in mast cell identity genes. a The H3K27ac ChIP-seq 953 
peaks in resting BMMCs were used for analyzing super-enhancers (SEs) and typical enhancers 954 
(TEs) using Ranking Of Super Enhancer (ROSE). b Genomic distributions of the TEs and SEs. c 955 
Representative IGV tracks of the mast cell identity (ID) genes and non-ID genes. The small bars 956 
below the tracks indicate TEs and the large bars indicate SEs. Data a-c represent two biological 957 
samples. d SEs are enriched in the mast cell ID genes. The ChIP-seq IGV tracks are generated 958 
from one biological sample, representing two biological replicates with similar patterns. 959 
 960 
Fig. 2: The GATA2 binding motif and occupancy are enriched at the accessible regions 961 
within the super-enhancers of the key mast cell identity genes. a Representative tracks of the 962 
key ID genes and non-ID genes. b Enrichment analysis of TF binding motifs at the accessible 963 
regions, TEs and SEs separately or in the overlapped regions between the accessible regions and 964 
TEs or between the accessible regions and SEs. TF binding motif enrichment was also analyzed 965 
for the peaks from GATA2 ChIP-seq (GATA2-bound sites). NA means unknown motifs. c The 966 
numbers of GATA2 and MITF motifs per gene. d Representative tracks for the key ID and non-967 
ID genes. e The GATA2 and MITF occupancy. Total per gene indicates the number of average 968 
bound sites and reads per gene. Data (a-e) represent two biological samples. f The regulatory 969 
potential scores calculated using GATA2-bound sites (upper panel). The RNA transcripts (lower 970 
panel). RPKM, reads per kilobase per million mapped reads. Data represent three biological 971 
samples. P values in this and all other six figures were calculated using the two-tailed student’s t 972 
test. The IGV tracks are generated from one biological sample, representing two biological 973 
replicates with similar patterns. 974 
 975 
Fig. 3: GATA2 promotes chromatin accessibility and H3K4me1 and H3K27ac 976 
modifications of histones associated with the MC genes. a Calculated average reads at 977 
enhancers for the key ID genes and the non-ID genes in wild-type MCs (WT) and Gata2-/- MCs 978 
(KO). b Heatmap presentation of reads at the enhancers (FPKM) and RNA reads (RPKM). c 979 
Representative tracks. Data (a-c) represent two biological samples. The IGV tracks are generated 980 
from one biological sample, representing two biological replicates with similar patterns. 981 
 982 
Fig. 4: IgE receptor crosslinking induces expression of genes that encode signaling 983 
molecules, Proteases and enzymes, transcription factors, MC surface molecules, cytokines 984 
and chemokines. a Heatmap presentation of the RNA transcripts after IgE receptor crosslinking 985 
for two hours. Unstim: unstimulated; Stim: stimulated. “Highly induced” means that the fold of 986 
induction (Stim vs Unstim) is higher than 10, “induced” means that the fold of induction ranges 987 
from 2 to 10, “unchanged” means that the fold of change is higher than 0.5 and lower than 2 and 988 
“repressed” means that the fold of change is lower than 0.5. b DAVID gene ontology enrichment 989 
analysis of the activation-induced genes. c Heatmap representations of top activation-induced 990 
genes.  The numbers indicate RNA reads (RPKM). Data a-c represent three biological samples. 991 
 992 
Fig. 5: Super-enhancers are enriched in the key activation-induced genes. a SEs are enriched 993 
in the key activation-induced genes. b The regulatory potential scores for TEs of the non-key 994 
activation-induced genes and SEs of the key activation-induced genes in resting (UN) or 995 
activated (ST) MCs were calculated either using H3K27ac ChIP-seq peaks (b) or using Omni-996 
ATAC-seq peaks (c). d Average FPKM reads of RNA transcripts of the non-key activation-997 
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induced genes and key activation-induced genes in resting or activated mast cells. Data a-c 998 
represent three biological samples. 999 
 1000 
Fig. 6: The activation-induced cytokine and chemokine genes show “open” chromatin 1001 
configuration before MCs encounter antigen and show increased chromatin accessibility 1002 
and H3K27ac modification in response to IgE receptor crosslinking. a Representative tracks 1003 
from resting MCs. b Enrichment distribution analysis of chromatin accessibility at the TSS of the 1004 
cytokine and chemokine genes. c Representative tracks from resting (UN) and activated (ST) 1005 
BMMCs. d Calculated average reads at enhancers per kb per enhancer in and activated BMMCs. 1006 
e The regulatory potential scores were calculated using either H3K27ac ChIP-seq peaks or 1007 
Omni-ATAC-seq peaks. Data (a-e) represent two biological samples. f Calculated average 1008 
FPKM reads of RNA transcripts in and activated BMMCs. The IGV tracks are generated from 1009 
one biological sample, representing two biological replicates with similar patterns. 1010 
 1011 
Fig. 7: GATA2 primes the activation-inducible enhancers to respond to antigenic 1012 
stimulation. a TF binding motifs enriched in the overlapped regions between the regions with 1013 
the activation-induced H3K27ac modification and the regions with the activation-induced 1014 
accessibility (highlighted). H3K27ac ChIP-seq and Omni-ATAC-seq were prepared from resting 1015 
(UN) and activated mast cells (ST). b The number of GATA2 and MITF binding motifs (left 1016 
panel) and occupancy (total bound sites and reads per gene, middle panel) and normalized bound 1017 
sites and reads per kb per enhancer (right panels). c Flow cytometry analysis of the WT and 1018 
Gata2 KO BMMCs at 5 days after 4-OHT treatment. d Calculated average reads at enhancers 1019 
and RNA transcripts for WT and Gata2 KO MCs under resting or activated conditions. Two 1020 
biological samples for each NGS sequencing under each condition. e Representative tracks for 1021 
cells and treatments indicated in d. The IGV tracks are generated from one biological sample, 1022 
representing two biological replicates with similar patterns. 1023 
 1024 
 1025 
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