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SUMMARY   Understanding the relationship between histone modification and chromatin 
accessibility of enhancers is key to elucidating their impact on cell-type-specific gene 
expression during differentiation. Previous analyses found that enhancers in hematopoietic 
progenitor cells have a lower correlation between accessible chromatin and H3K4 
monomethylation (H3K4me1) than terminal cell types. We used ATAC-seq, ChIP-seq, and 
RNA-seq data to track chromatin accessibility, H3K4 monomethylation (H3K4me1), and 
H3K27 acetylation (H3K27ac) status of 37,473 enhancers during myeloid differentiation, and 
assessed gene expression related to changes in enhancer status. We identified a subset of 
enhancers in multipotent progenitor cells that were both closed and marked by H3K27ac, a 
mark of active enhancers. A majority of this closed/H3K27ac enhancer subset (>80%) 
remains closed and subsequently loses its acetylation during differentiation into terminal cell 
types within the myeloid lineage. Based on the stepwise pattern of deactivation we have 
termed these features sunset enhancers. We found that each cell type has a nearly exclusive 
set of these sunset enhancers, and a significant proportion of closed/H3K27ac+ enhancers are 
not marked by H3K4me1. Genes proximal to sunset enhancers demonstrate an intermediate 
level of RNA expression (between genes proximal to closed/inactive and open/active 
enhancers). GO enrichment analysis reveals closed/H3K27ac+ (sunset) enhancers are 
associated with diverse biological processes across cell types. Analysis of genes associated 
with sunset enhancers in MPP cells that remain closed in downstream cell types indicates 
they likely do not contribute to myeloid lineage commitment in hematopoiesis. In conclusion, 
we have identified a new enhancer subset (closed/H3K27ac+) that is largely decommissioned 
in a stepwise manner during differentiation. 
 
INTRODUCTION 

ukaryotic genomes are organized into a complex of DNA and protein defined as 
chromatin. The structure of chromatin consists of nucleosomes: DNA tightly wrapped 

around a histone octamer, that is separated by lengths of unwrapped linker DNA (1). 
Nucleosomes regulate transcription through their DNA-histone interactions, which can be 
modified in several ways to activate or repress transcription. Histones have exposed N- and 
C-terminal tails that are decorated with a diverse array of chemical modifications (2). These 
modifications act to reinforce active and repressive chromatin states.  

Enhancers are regulatory elements of the genome that control the transcription of 
associated genes in conjunction with transcription factors (TFs). With hundreds of thousands 
of enhancers estimated to be in the human genome, enhancers are crucial players in gene 
regulation (3). Enhancers can be proximal or distal to their associated gene(s) and are defined 
by their associated epigenetic properties and known TF binding site sequences. Enrichment 
of H3K4me1, a monomethylation in lysine residue 4 of the H3 histone subunit, marks poised 

E Published Online: September 2022 

Citation: Melanie Law, Helena Sokolovska, Andrew 
Murtha, Kitoosepe Martens, Annice Li, and Kalen Dofher 
2022. Sunset enhancers: tracing H3K27 acetylation on 
closed chromatin in myeloid lineage differentiation. 
UJEMI+ 8:1-13 

Editor: Andy An and Gara Dexter, University of British 
Columbia 

Copyright: © 2022 Undergraduate Journal of 
Experimental Microbiology and Immunology.  

All Rights Reserved.  

Address correspondence to: Helena Sokolovska, 
hesoru@gmail.com 

 

 

 

 

 

s 

The	Undergraduate	Journal	of	Experimental	
Microbiology	&	Immunology	(+Peer	Reviewed)	



UJEMI+ Law et al. 

September 2022   Volume 8:1-13 Undergraduate Research Article https://jemi.microbiology.ubc.ca/ 2 

enhancers regions. Active enhancers are defined by additional acetylation of lysine residue 
27 in the H3 histone subunit (H3K27ac) (4). Adding an acetyl group to lysines in histone tails 
alters the strength of DNA-histone interactions, resulting in open chromatin containing 
accessible DNA interaction sites for TFs to bind (5). Changes in gene accessibility regulated 
by histone modifications are required for normal cellular differentiation and enhancer states 
have been explored across numerous differentiation systems, including blood (6, 7). 

The dataset used in this study was collected by Lara-Astasio et al. (6) to investigate the 
relationship between chromatin modifications, chromatin accessibility, and RNA expression 
during murine hematopoietic differentiation. The authors collected indexing-first chromatin 
immunoprecipitation (iChIP), RNA sequencing (RNA-seq), and assay for transposase-
accessible chromatin using sequencing (ATAC-seq) data of different cell types during 
hematopoietic differentiation (Fig. 1) (6). Lara-Astasio et al. identified de novo establishment 
of 17,035 lineage-specific enhancers during differentiation. During the study, authors noted 
a correlation between H3K4me1 and chromatin accessibility, with enhancers in 
hematopoietic progenitor cells having a lower correlation than terminal cell types. The 
authors identified a subset of enhancers enriched in H3K4me1 that were not ATAC-accessible 
(denoting closed chromatin). However, the genome-wide association between H3K27ac and 
ATAC-accessibility remains an unexplored facet of this dataset, and we were not able to find 
previous studies that investigated this intersection. While it has been established that 
H3K27ac-marked (4) and not ATAC-accessible (closed) chromatin (5) have opposing effects 
on transcription, we were interested in whether the presence of these two features was 
mutually exclusive in enhancer regions. 

In this study, we identified a subset of closed/H3K27ac+ enhancers and evaluated their 
epigenetic status, chromatin accessibility, and proximal gene expression throughout 
hematopoietic myeloid differentiation (6). Due to missing ATAC-seq data, macrophages 
were excluded from analysis, and B cells from the lymphoid lineage were included for 
comparison to the myeloid lineage. We aim to explore whether closed/H3K27ac+ chromatin 
regions in hematopoietic progenitor cells transition to open in more differentiated cell types, 
resulting in upregulated expression of enhancer-associated genes. Unexpectedly, our analysis 
revealed that the majority (>80%) of these closed/H3K27ac+ enhancers are on the horizon of 
losing their acetylation during subsequent steps of differentiation, and this was associated 
with a corresponding drop in proximal gene expressions. Given that these enhancers appear 
to represent a novel subset that is in process of being decommissioned, we designated this 
class as sunset enhancers.  

FIG. 1 Myeloid lineage cells were 
investigated in hematopoiesis and 
compared to B cells in the lymphoid 
lineage. Investigated cell types are 
highlighted in colour. Multipotent 
progenitors (blue) commit to either the 
myeloid (green) or lymphoid (purple) 
lineage. B cells were included in the 
study for comparison to the myeloid 
lineage. Due to missing ATAC-seq 
data, macrophages were not studied. 
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METHODS AND MATERIALS 

Sample collection. Data was downloaded from GEO accession GSE59636 using the NCBI 
SRA Toolkit (https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view=software). A full 
description of these methods can be found in the original study by Lara-Astiaso et al. (6). In 
the previous study, hematopoietic progenitor cells were extracted from femora, pelvis, and 
tibiae, while terminally differentiated cells were extracted from femora and tibiae of 8-12 
week old C57BL/6J female mice. Samples were incubated with antibody markers and 
separated by cell type using fluorescence-activated cell sorting (FACS). Cell types that were 
analyzed are highlighted in Fig. 1: macrophages were excluded due to lack of ATAC-seq 
data, and B cells from the lymphoid lineage were included for comparison to the myeloid 
lineage. Two biological replicates were analyzed for each cell type, with the exception of 
monocyte ATAC-sequencing, where only one sample was available.  
 
Alignment of iChIP & ATAC-Seq DNA to the reference genome. The Burrows-Wheeler 
Alignment MEM (BWA 0.7.17) tool was used to align reads from the .fastq file to the Mus 
musculus 10 (mm10) reference genome (8) using default parameters (9). 
 
iChIP & ATAC-Seq peak calling. The Model-Based Analysis of ChIP-Seq (MACS2 
callpeak) tool looks for significantly enriched bins by comparing the ChIP-seq data to the 
reference genome while removing duplicate reads to correct for PCR biases (10). MACS2 
was used to call peaks in both ATAC-seq and iChIP-seq datasets. Biological replicates were 
pooled within the MACS2 callpeak function, prior to calling peaks. No input control was 
available, so treatment samples were used to calculate the control lambda (10). The option “-
B” was used to create genome-wide treatment pileups and control lambda values. MACS2 
bdgcmp was used to calculate the fold-enrichment over the local background and q-values 
spanning the whole genome. A q < 0.05 threshold was set for a region to be considered a 
peak.  
 
Intersecting chromatin accessibility with H3K27 acetylation or H3K4 monomethylation 
status of enhancers. Genome-wide peak calls were intersected with 37,473 known enhancer 
regions in the mm10 genome (8). H3K4me1, H3K27ac, and ATAC-seq overlap within each 
enhancer was binarized, where 1 indicates that over half of the MACS2 peak overlaps with 
the enhancer region. Every enhancer was assigned a score of 0-3, where 0 is a 
closed/H3K27ac- enhancer (0 for H3K27ac and ATAC-seq), 1 is an open/H3K27ac- enhancer 
(1 for ATAC-seq, 0 for H3K27ac), 2 is a closed/H3K27ac+ enhancer (1 for H3K27ac, 0 for 
ATAC-seq), and 3 is an open/H3K27ac+ enhancer (1 for H3K27ac and ATAC-seq). The same 
scoring system was applied for H3K4me1 and ATAC-seq analysis. 
 
Associating enhancers with their nearest gene. The mm10 reference genome (8) and UCSC 
enhancer gene map (11) were loaded into the Genomic Regions Enrichment of Annotations 
Tool (GREAT) using default settings, which use proximity to associate gene transcriptional 
start sites (TSS) to genomic features up to 1000 kilobases (kb) away (12). We selected this 
threshold as a majority of enhancers are found within 1000 kb of a TSS (4). 
 
RNA expression analysis. RNA-seq data for each cell type was aligned to the indexed mm10 
reference genome and mm10 (Ensembl 84) gene annotation file using the STAR alignment 
program (v. 2.7.9a) (13). Read counts per gene were determined using HTSeq (14). To 
calculate absolute RNA expression, RNA-seq read counts within genes were normalized to 
transcripts per kilobase million (TPM) by the expression below. 
 

𝑇𝑃𝑀 = (
𝑟𝑒𝑎𝑑	𝑐𝑜𝑢𝑛𝑡

𝑔𝑒𝑛𝑒	𝑙𝑒𝑛𝑔𝑡ℎ	(𝑘𝑏)) ÷ (
𝑠𝑢𝑚	𝑜𝑓	𝑎𝑙𝑙	𝑟𝑒𝑎𝑑𝑠/𝑘𝑏

1,000,000 ) 

 
Genes were grouped by DNA accessibility and H3K27ac or H3K4me1 status of the nearest 
enhancer, and the average TPM in each group was compared. To calculate differential RNA 
expression, RNA-seq raw read counts were normalized to account for differences in gene 
length and sequencing depth, then log2(fold change) was calculated for each gene relative to 
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multipotent progenitor (MPP) cells in DESeq2 for each cell type under analysis (15). Using 
the DESeq2 package in RStudio (v2021.09.0) (16, 17), significant differential expression was 
assessed by the Wald test, and p-values were corrected for multiple testing (padj) using the 
Benjamini-Hochberg false discovery rate (BH FDR) method. 
 
Gene ontology-biological process (GO-BP) analysis. For GO analysis, the package 
tidyverse was used for data manipulation/filtering (18); AnnotationDbi/org.Mm.eg.db for 
annotating gene symbols/ENTREZ IDs (19, 20); AnnotationDbi/GO.db for annotating GO 
IDs (19, 21); GOstats for performing GO analysis (22); and xlsx for exporting data (23) in 
Rstudio (16, 17). Following enhancer association in GREAT (see above) (12), GO-BP 
enrichment analyses were conducted across four gene subsets (genes associated with 
open/closed × H3K27ac-/+ enhancers) for each cell type. Each subset was compared to the 
whole reference list of genes associated with all 37,473 enhancers. 

To investigate biological processes associated specifically with sunset enhancers, GO-BP 
enrichment analyses were conducted using two methods. The first method tracked which 
sunset enhancer-associated genes in MPP were upregulated (and thus not decommissioned) 
through differentiation. This method used the reference list of proximal genes to 
closed/H3K27ac+ enhancers in MPP cells (identified in GREAT). Differential expression data 
for this gene list was calculated using DESeq2, comparing raw read counts for each cell type 
to MPP (15). Only genes with significantly increased expression (padj < 0.05 and log2(fold-
change) > 1) for each cell type relative to MPP were funneled into the GO-BP analysis, with 
each upregulated gene list compared to the reference list. We set the threshold to log2(fold-
change) > 1 in alignment with similar RNA-seq studies in murine blood cells (24, 25). The 
second method extracted the highest-expressed (top quantile of TPM expression) 
closed/H3K27ac+ (sunset) enhancer-associated genes for each cell type. From these subsets, 
the highest-expressed closed/H3K27ac+ (sunset) enhancer-associated genes were compared 
to all enhancer-associated genes in GO-BP analysis (padj < 0.05).  
 
Additional software and data visualization. We would like to acknowledge the use of GNU 
parallel (26) and samtools (27) in the data analysis. The Python libraries numpy (28), pandas 
(29), matplotlib (30), seaborn (31), and scipy (32) were used for data manipulation and figure 
generation. All code used in this analysis is included in the supplementary material on GitHub 
(https://github.com/Mellaw/T8_MICB405/tree/main/manuscript). A workflow of data 
processing steps and tools employed are summarized in Fig. 2. 

RESULTS 

Few enhancers are closed/H3K27ac+ in the myeloid lineage. We assessed the H3K27ac 
density and chromatin accessibility of our reference set of enhancers in each cell type 
investigated. We found that over 90% of the reference enhancers were unacetylated (inactive) 

FIG. 2 Workflow of data processing. Workflows for the different data types are compared. Data is colour-coded: blue = 
raw data, white = intermediate data, green = final results. Programs/packages used are denoted above each arrow (see 
Methods). 
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in each cell type, highlighting their cell specificity (Fig. 3A). Terminally differentiated 
myeloid cell types contained a smaller fraction of acetylated enhancers than myeloid 
progenitor cells on average, indicating a decrease in acetylation of the reference enhancer set 
during differentiation (6.5% vs 1.4%, p < 0.0001 Fisher’s Exact Test). Within the set of 
acetylated enhancers, an average of 11.9% were located in closed chromatin regions (0.5% 
of all enhancers), and the ratio of closed to open acetylated enhancers increased during 
differentiation (MPP: 9.7%, CMP: 12.4%, GMP: 14.1%, monocytes/granulocytes: 15.2%, p 
< 0.0001, Pearson’s chi-squared test). The average number of sunset enhancers also decreased 
between myeloid progenitor and terminal cell types (0.7% vs 0.2%, p < 0.0001 Fisher’s exact 
test). A similar analysis was performed on H3K4me1 status and chromatin accessibility. The 
average fraction of open/H3K4me1+,  decreased in terminal cell types compared to progenitor 
cells in the myeloid lineage (Fig 3B, p < 0.0001 Fisher’s Exact Test), corroborating the similar 
finding in Lara-Astiaso et al. (6).  

The majority of closed/H3K27ac+ enhancers in MPP lose their acetylation in 
downstream cell types, and a visible proportion of closed/H3K27ac+ enhancers lack 
H3K4me1. Of the 37,473 enhancers examined, 338 were found to be closed/H3K27ac+in 
MPP (Fig. 4A). We tracked the accessibility and acetylation states from MPP to the terminal 
cell types in the myeloid lineage (excluding macrophages) to examine how these enhancers 
behave throughout differentiation and if they retained their initial status. B cells were also 
included for comparison with a lymphoid lineage terminal cell type. This analysis revealed 
that >80% of sunset enhancers in MPP lost their acetylation in downstream cell types (Fig. 
4A). However, a small fraction remained closed/H3K27ac+ in each cell type (excluding 
monocytes), but this subset was nearly exclusive between cell types (Fig. 4B). Surprisingly, 
a visible proportion of closed/H3K27ac+ enhancers were H3K4me1- (Fig 4C). 
 
Genes proximal to closed/H3K27ac+ enhancers have an intermediate level of RNA 
expression. A comparison of enhancer-associated gene expression between enhancers of 
different chromatin states revealed that genes proximal to closed/H3K27ac+ (sunset) 
enhancers were expressed at a level significantly higher than genes associated with 
closed/H3K27ac- (inactive) enhancers (Fig. 5). Despite sunset enhancers being closed, genes 
associated with sunset enhancers have an intermediate level of RNA expression. This 
unexpected result suggests that the sunset enhancers may retain their regulatory properties 
despite dense histone occupancy or proximal genes are instead controlled by other forms of 
regulation not measured in this study (33). Open/H3K27ac- enhancer-associated genes 
spanned a wide range of expression levels but on average were also higher than genes 
associated with closed/H3K27ac- enhancers. This collection of genes could similarly include 
genes independent of H3K27ac enhancer regulation and openly expressed in euchromatin 
(Fig. 5).  

FIG. 3 The majority of enhancers are closed, unpoised (H3K4me1–), and inactive (H3K27ac–) in each cell type. Few 
enhancers are closed/H3K27ac+. (A) The fraction of all enhancers (n = 37,473) in each cell type split by H3K27ac and 
chromatin accessibility for each cell type. (B) The fraction of all enhancers (n = 37,473) in each cell type split by H3K4me1 
and chromatin accessibility for each cell type. Mono = monocyte, Gran = granulocyte. 
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Enhancer classes (open/closed × H3K27ac-/+) are associated with genes for distinct 
biological processes. To investigate whether enhancer chromatin accessibility and H3K27 
acetylation are associated with particular biological processes, we performed GO-BP 
enrichment analyses across 4 gene subsets (genes associated with open/closed × H3K27ac-/+ 

enhancers) for each cell type (Table 1). We found that across all cell types, closed/H3K27ac- 
enhancers were associated with developmental genes. With the exception of monocytes, 
open/H3K27ac- enhancers were associated with neural process genes and open/H3K27ac+ 

enhancers were associated with hematopoietic/immune process genes across cell types. It 
appears that the majority of genes associated with open/H3K27ac- enhancers are neither 
active nor poised: we observed that less than half of open/H3K27ac- enhancers in our study 
carried the H3K4me1 mark in each cell type. In contrast to other enhancer classes, 
closed/H3K27ac+ (sunset) enhancers were associated with diverse biological processes across 
cell types. While varied, the biological processes enriched in genes associated with 

FIG. 4 The majority (>80%) of closed/H3K27ac+ enhancers in MPP lose their acetylation in downstream cell types. 
(A) Bar plot showing the chromatin accessibility and H3K27ac status of enhancers throughout differentiation, that are 
closed/H3K27ac+ in MPP. (B) Proportion plots showing the chromatin accessibility, H3K4me1, and H3K27ac statuses of 
all examined cell types. Colour coding corresponds to Figure 4A for the H3K27ac plot (left) and Figure 4C for the 
H3K4me1 plot (right). The enhancer pool (n=1215) represents enhancers that were closed/H3K27ac+ across any cell type. 
The order of enhancers down each plot is consistent across cell types. (C) Bar plot showing the chromatin accessibility and 
H3K4me1 status of enhancers throughout differentiation, that are closed/H3K27ac+ in MPP. Mono = monocyte, Gran = 
granulocyte. 

FIG. 5 Genes proximal to closed/H3K27ac+ 
enhancers have a level of RNA expression between 
genes proximal to closed/inactive (H3K27ac-) and 
open/active (H3K27ac+) enhancers. Normalized 
RNA expression using TPM (y-axis) from examined 
cell types (x-axis), segmented by H3K27ac status of the 
most proximal enhancer. Bars show the average TPM 
for genes in each category. *Denotes significance 
(comparing enhancer states within cell types), 
calculated using the Mann–Whitney U test and 
corrected using a high significance Bonferroni test 
(adjusted alpha = 0.05). 
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closed/H3K27ac+ enhancers are significant and include signaling, housekeeping biological 
processes, growth, mRNA/miRNA-related processes, differentiation/development, histone 
acetylation/methylation, phosphatidylinositol modification, and even cell-type-specific 
processes (in B cells). 

 
Genes associated with 

closed/H3K27ac– enhancers 
Genes associated with 

closed/H3K27ac+ enhancers 
Genes associated with 

open/H3K27ac– enhancers 
Genes associated with 

open/H3K27ac+ enhancers 
Top GO (BP) Terms Top GO (BP) Terms Top GO (BP) Terms Top GO (BP) Terms 

MPP 

embryonic organ development regulation of cell-matrix adhesion nervous system process immune system process 

embryonic morphogenesis signal transduction memory positive regulation of macromolecule 
metabolic process 

embryonic organ morphogenesis positive regulation of biological 
process behavior regulation of cellular metabolic 

process 

animal organ morphogenesis positive regulation of cell-matrix 
adhesion learning or memory regulation of gene expression 

embryo development cellular response to stimulus cell-cell signaling hematopoietic or lymphoid organ 
development 

CMP 

system process positive regulation of nitrogen 
compound metabolic process neuron fate specification cellular response to stimulus 

plasma membrane bounded cell 
projection organization positive regulation of cellular process nervous system process immune system process 

cellular component morphogenesis positive regulation of biological 
process regulation of heart contraction regulation of response to stimulus 

regulation of blood circulation positive regulation of RNA metabolic 
process neuromuscular process signal transduction 

cell projection organization muscle cell proliferation regulation of blood circulation cellular response to organic 
substance 

GMP 

tissue development RNA 3'-end processing potassium ion transport immune system process 

appendage development cellular response to salt stress multicellular organismal signaling hematopoietic or lymphoid organ 
development 

limb development mRNA metabolic process monovalent inorganic cation 
transport immune system development 

muscle tissue development mRNA 3'-end processing neuron projection guidance signal transduction 
embryo development regulation of mRNA 3'-end processing axon guidance regulation of response to stimulus 

Granulocyte 

cell junction organization negative regulation of stem cell 
differentiation cell junction organization immune system process 

embryo development negative regulation of neuron migration synapse organization leukocyte activation 
cell-cell junction organization regulation of stem cell differentiation actin-mediated cell contraction cell activation 

embryonic organ development 
negative regulation of production of 

miRNAs involved in gene silencing by 
miRNA 

cardiac muscle cell contraction negative regulation of cellular 
process 

muscle contraction gland development behavior lymphocyte activation 

Monocyte 

tissue development histone H3-K36 trimethylation regulation of blood circulation negative regulation of apoptotic 
signaling pathway 

regulation of heart contraction phosphatidylinositol 5-phosphate 
metabolic process regulation of heart contraction cellular response to organic 

substance 

regulation of blood circulation establishment of blood-retinal barrier heart process regulation of intracellular signal 
transduction 

embryonic morphogenesis regulation of phosphatidylinositol 
dephosphorylation connective tissue development negative regulation of apoptotic 

process 

animal organ morphogenesis histone acetylation animal organ morphogenesis central nervous system neuron 
development 

B cell 

tissue morphogenesis B cell receptor signaling pathway neuromuscular process immune system process 

tissue development regulation of B cell receptor signaling 
pathway behavior leukocyte differentiation 

regulation of blood circulation positive regulation of B cell receptor 
signaling pathway chemical synaptic transmission regulation of cellular metabolic 

process 

morphogenesis of an epithelium B cell activation anterograde trans-synaptic 
signaling regulation of immune system process 

blood circulation negative regulation of cellular process trans-synaptic signaling hematopoietic or lymphoid organ 
development 

Table 1. Enhancer classes with each chromatin accessibility and H3K27 acetylation combination are associated with 
genes for distinct biological processes (BPs). For each cell type, GO-BP enrichment analyses were conducted for four 
gene subsets (genes associated with open/closed × H3K27ac-/+ enhancers), with each subset compared to the whole 
reference list of genes associated with all 37,473 enhancers. The top five GO (BP) term results (p < 0.01) are listed. Analyses 
with the majority of GO terms related to certain biological processes are highlighted in colour to emphasize trends: yellow 
= multicellular development and/or cardiovascular regulation, brown = neural processes and/or neural development, blue 
= hematopoietic and/or immune processes. 
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Sunset enhancers in MPP are likely not the main drivers of hematopoietic 
differentiation. Our GO analysis of closed/H3K27ac+ (sunset) enhancer-associated genes in 
MPP cells that are upregulated in downstream cell types suggests that they are not involved 
in lineage-specific differentiation (Table 2). Out of the 4 cell types we analyzed, only 
terminally differentiated cells showed GO term enrichment for lineage-specific functions. 
Genes associated with sunset enhancers in B cells were enriched in integrin-mediated cell-
cell adhesion genes implicated in interfacing with the adaptive immune system through T-
cells (34).  Granulocytes showed enrichment of genes involved in protein localization, 
transport, secretion, and nitrogen compound transport – all essential processes for protein 
synthesis (Table 2) (35). These GO terms are in line with granulocytes’ protein-secreting 
functions. Though granulocytes are split into at least four sub-lineages (36), all of them share 
granule proteins: clusters of proteins stored in intracellular vesicles whose release can be 
triggered by either the adaptive or innate immune systems in response to pathogens (37). The 
roles of these proteins include directly binding to or enzymatically destroying pathogens, as 
well as producing reactive oxygen species and effectors which activate other components of 
the innate and adaptive immune systems (38, 39). 

In contrast, many of the cell types showed enrichment in GO terms unrelated to their 
specific lineage. CMP cells showed enrichment of GO terms related to fat cell differentiation, 
protein processing and maturation, ossification, embryonic limb morphogenesis, and axon 
extension (Table 2). GMP cells also included upregulation of genes related to fat cell 
differentiation and axon extension and genes related to nervous system development. In 
addition to the functions listed earlier, the granulocytes were enriched for genes involved in 
eye development. Similarly, genes not specific to B cell functions were upregulated, including 
genes associated with multicellular organism growth and amacrine cell differentiation. 
Amacrine cells are also specific to the eyes (40). These results should be tempered because 
the overall number of genes in the defined category is relatively low (n ≤ 338).  

 

Myeloid Progenitors Terminally Differentiated  
Myeloid Cells 

Terminally Differentiated  
Lymphoid Cells 

CMP GMP Granulocyte B cell 
positive regulation of fat cell 

differentiation 
negative regulation of cell 

differentiation secretion DNA-templated transcription, elongation 

fat cell differentiation negative regulation of axon 
extension regulation of protein transport transcription elongation from RNA 

polymerase II promoter 

regulation of protein processing negative regulation of 
axonogenesis 

regulation of establishment of protein 
localization 

regulation of DNA-templated 
transcription, elongation 

regulation of protein maturation positive regulation of fat cell 
differentiation regulation of peptide transport positive regulation of DNA-templated 

transcription, elongation 

ossification negative regulation of 
neurogenesis nitrogen compound transport 

positive regulation of transcription 
elongation from RNA polymerase II 

promoter 

regulation of fat cell differentiation negative regulation of nervous 
system development eye development cell adhesion mediated by integrin 

protein processing negative regulation of 
developmental process camera-type eye development cell-cell adhesion mediated by integrin 

embryonic limb morphogenesis negative regulation of cell 
development sensory system development regulation of transcription elongation 

from RNA polymerase II promoter 
negative regulation of axon 

extension 
negative regulation of neuron 

projection development visual system development multicellular organism growth 

appendage morphogenesis regulation of axon extension retina development in camera-type eye amacrine cell differentiation 

Table 2. Granulocytes and B cells express some lineage-specific biological processes through the expression of genes 
associated with closed/H3K27ac+ enhancers during differentiation. Sunset enhancer-associated genes in MPP that were 
upregulated (and thus not decommissioned) through differentiation were entered into GO-BP analysis. Using the list of 
genes associated with closed/H3K27ac+ (sunset) enhancers in MPP, raw read counts were compared for each cell type vs. 
MPP in DESeq2. Only genes with significantly increased expression (padj < 0.05 and log2(fold-change) > 1) for each cell 
type relative to MPP were funneled into the GO-BP analysis. The top ten GO (BP) term results (p < 0.01) are listed. Cell-
type-specific biological processes are highlighted in yellow. 
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Next, we ran a GO-BP enrichment analysis, comparing the highest-expressed (top 
quantile of TPM expression) closed/H3K27ac+ (sunset) enhancer-associated genes for each 
cell type to all enhancer-associated genes. The most active sunset enhancer-associated genes 
in early progenitors MPP and CMP were largely involved in cell cycle checkpoint regulation, 
specifically during G1/S and G2/M phase transitions (Table 3). Highest-expressed sunset 
enhancer-associated genes were related to sugar alcohol metabolism in GMP cells; 
transcription and myeloid differentiation in granulocytes; histone methylation/acetylation, 
phosphatidylinositol modification, and autophagy in monocytes; and immune system (B/T 
cell) function in B cells.  

 
DISCUSSION 

In exploring the relationship between chromatin accessibility and H3K27ac, our analysis 
revealed a novel enhancer class that we have termed sunset enhancers. A majority of these 
closed/H3K27ac+ enhancers appeared to be decommissioned in downstream cell types, losing 
the H3K27ac mark and downregulating associated genes. This suggests that sunset enhancers 
represent a class of enhancers utilized during an earlier stage of differentiation and are in the 
process of being lost. Sunset enhancers may thus provide a record of preceding differentiation 
states of a measured cell type or enhancers that are specifically silenced during hematopoietic 
differentiation. This will need to be further elucidated by following the majority of sunset 
enhancers that lose their acetylation through differentiation. Furthermore, the 
closed/H3K27ac+ phenotype may be cell-type-specific, since closed/H3K27ac+ enhancers 
were nearly exclusive between studied cell types. In agreement, Heintzmann et al. found 

Myeloid Progenitors Terminally Differentiated Myeloid Cells 
Terminally 

Differentiated 
Lymphoid Cells 

MPP CMP GMP Granulocyte Monocyte B cell 

regulation of protein 
stability 

positive regulation of 
cell cycle arrest response to wounding 

positive regulation of 
transcription, DNA-

templated 

histone H3-K36 
trimethylation hematopoiesis 

negative regulation of 
G1/S transition of 
mitotic cell cycle 

mitotic G1 DNA damage 
checkpoint 

positive regulation of 
histone methylation 

positive regulation of 
RNA biosynthetic 

process 

phosphatidylinositol 5-
phosphate metabolic 

process 

hematopoietic or 
lymphoid organ 

development 
negative regulation of 
cell cycle G1/S phase 

transition 

G1 DNA damage 
checkpoint 

sorbitol catabolic 
process 

positive regulation of 
nucleic acid-templated 

transcription 

regulation of 
phosphatidylinositol 
dephosphorylation 

immune system 
development 

pyridine-containing 
compound biosynthetic 

process 

mitotic DNA damage 
checkpoint 

aspartyl-tRNA 
aminoacylation 

positive regulation of 
myeloid cell 

differentiation 

histone H3-K36 
methylation 

homeostasis of number 
of cells 

NADP biosynthetic 
process 

mitotic DNA integrity 
checkpoint alditol catabolic process positive regulation of 

RNA metabolic process 
peptidyl-lysine 
trimethylation B cell activation 

negative regulation of 
cellular amine metabolic 

process 

mitotic G1/S transition 
checkpoint hexitol catabolic process regulation of myeloid 

cell differentiation 
phosphatidylinositol 
dephosphorylation 

myeloid cell 
differentiation 

cell cycle G1/S phase 
transition 

cellular modified amino 
acid metabolic process 

pentitol metabolic 
process 

positive regulation of 
metallopeptidase activity 

regulation of 
autophagosome 

assembly 
B cell differentiation 

regulation of cell cycle 
phase transition 

negative regulation of 
mitotic cell cycle phase 

transition 

pentitol catabolic 
process 

positive regulation of 
integrin activation 

homeostasis of number 
of cells within a tissue 

lymphocyte 
differentiation 

regulation of cell cycle 
G1/S phase transition definitive hematopoiesis multi-organism 

metabolic process immune system process 
regulation of DNA-

templated transcription, 
elongation 

erythrocyte homeostasis 

pyridine-containing 
compound metabolic 

process 

cellular amide metabolic 
process 

multi-organism catabolic 
process 

positive regulation of 
macromolecule 

biosynthetic process 

regulation of vacuole 
organization 

regulation of myeloid 
cell differentiation 

Table 3. Biological processes associated with the most active closed/H3K27ac+ enhancer-associated genes in each cell 
type. The highest-expressed (top quantile of TPM expression) closed/H3K27ac+ enhancer-associated genes were extracted 
for each cell type. From these subsets, the highest expressed closed/H3K27ac+ (sunset) enhancer-associated genes were 
compared to all enhancer-associated genes in GO-BP analysis (padj < 0.05). The top ten GO (BP) term results (p < 0.01) are 
listed. GO terms with repeating themes in a cell type are highlighted in yellow. 
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histone modification patterns of enhancers and enhancer activity to be highly cell-specific 
(12). For future studies, it is also of interest to investigate why a subset of these sunset 
enhancers later become open despite losing their acetylation, and what mechanistic role this 
simultaneous gain of chromatin accessibility and loss of activity, inferred from the loss of 
their acetylation marker, has in differentiation.  

Surprisingly, a significant proportion of closed/H3K27ac+ enhancers were H3K4me1- 
(not poised). Creyghton et al. reported that genes proximal to H3K27ac+/H3K4me1- 
enhancers have a similar expression to genes proximal to H3K27ac+/H3K4me1+ enhancers, 
so these H3K4me1- sunset enhancers should be considered transcriptionally active (4). 
However, the reason that sunset enhancers have a lower correlation with H3K4me1 than other 
enhancer classes remains unknown. 

Our analysis suggests that chromatin accessibility and acetylation state may not be the 
sole factors responsible for maintaining the regulatory activity of enhancers involved in 
hematopoietic differentiation. Enhancers that became open/acetylated did not consistently 
show higher RNA expression of associated genes than the closed/H3K27ac+ group. This 
defied our expectations that closed, and therefore inaccessible, enhancers are refractory to 
transcription factor recruitment and activation of associated gene expression. A potential 
explanation for this observation is that RNA expression of the genes associated with sunset 
enhancers may be additionally regulated by alternate mechanisms such as H3K4 
trimethylation (33) or increased chromatin accessibility of promoter regions (6). 

GO-BP enrichment analysis suggests that enhancer classes with each chromatin 
accessibility/H3K27 acetylation combination are associated with genes for distinct biological 
processes. While developmental genes were expected to be enriched in the closed/H3K27ac- 
(inactive) subset and cell-type-specific genes in the open/H3K27ac+ (active) subset (4), we 
did not anticipate the enrichment of neural process genes in the open/H3K27ac- subset. It 
appears that the majority of these neural process genes are neither active nor poised during 
hematopoietic differentiation: we observed that less than half of open/H3K27ac- enhancers in 
our study carried the H3K4me1 mark in each cell type (4). Why these unacetylated (and 
largely not monomethylated) enhancers remain open is unclear and could be the result of 
false-positive open chromatin calls due to the lack of matched input controls, or another 
epigenetic mark may be responsible for keeping these enhancers open. In open enhancer 
subsets, monocytes were the exception to biological process trends across cell types - possibly 
due to extremely low proportions of acetylated enhancers in monocytes. Pham et al. have 
found this proportion of H3K27ac+ enhancers increases during differentiation from 
monocytes to macrophages (41). In contrast to open or unacetylated enhancer subsets, 
closed/H3K27ac+ (sunset) enhancers are associated with diverse biological processes across 
cell types. While it is possible that sunset enhancers do not regulate a consistent biological 
process through differentiation like other enhancer classes, this result could also be due to the 
small sample size of sunset enhancers (n ≤ 338 for each cell type) in the analysis.  

GO analysis of sunset enhancer-associated genes that are significantly upregulated 
relative to MPP revealed some genes associated with cell-type-specific functions. 
Unexpectedly, genes related to embryonic development were also upregulated relative to 
MPP, such as those involved in embryonic limb morphogenesis and ossification in CMP cells. 
Hematopoiesis is implicated with ectopic bone formation, possibly explaining why 
ossification was indicated in GO enrichment (42). However, while not completely 
understood, these genes are generally thought to be turned off in adulthood (43). Since 
mutations in these genes are often fatal during development, an inducible knock-out model 
would be needed to investigate whether developmental genes identified in the GO enrichment 
in hematopoiesis are functionally relevant. Taken together, these results suggest that these 
sunset enhancers are not the main drivers of hematopoiesis, but maybe drive the expression 
of genes involved in embryogenesis for unknown reasons that may warrant further 
investigation. Interestingly, the most active sunset enhancer-associated genes (top quantile of 
RNA expression) in early progenitors MPP and CMP were largely involved in cell cycle 
checkpoint regulation, specifically during G1/S and G2/M phase transitions. This suggests 
that closed/H3K27ac+ enhancers may play a role in cell cycle regulation for early myeloid 
progenitors, though further investigation is required. 
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Limitations Fastq files were aligned using BWA mem, despite being <70bp in length. At this 
length, it is BWA mem is outperformed by BWA aln, resulting in a small additional fraction 
of unmapped reads. Fewer reads reduce signal and potential bias results in the regions with 
substantial unmapped reads. Additionally, ATAC-seq reads were not adjusted to account for 
the 9-bp duplication produced in sample preparation, resulting in slightly offset peaks. This 
will impact the overlap between open-chromatin and the known enhancer regions, leading to 
a small fraction of incorrectly determined enhancers, where the overlap would fluctuate over 
our 50% cutoff.  

Another potential limitation is the set of enhancers chosen for this study. We included 
known enhancers taken across tissues during developmental processes of mice. However, the 
hematopoietic lineage was excluded from the previous study, and hematopoietic-specific 
enhancers will not be excluded. The limited enhancer set may have restricted the impact of 
this work, as many significant sunset enhancers may be specific to the hematopoietic lineage. 
Future work should analyze this specific set to see if sunset enhancers are enriched in tissue-
specific enhancers.  

Our finding that increases in RNA expression were not correlated with enhancer 
accessibility and acetylation status is limited as our analysis was specific to proximal 
enhancers: distal open/acetylated enhancers may additionally upregulate RNA expression of 
these genes. However, future studies of proximal enhancers may wish to associate genes with 
enhancers closer than 1000 Kb away (e.g. 20 Kb). Another limitation in our study is that 
ATAC-seq may falsely interpret some enhancers as closed if they are occupied by other 
proteins (enhancer “footprints” in the ATAC-seq data) (44). Future studies should run ATAC-
seq footprinting packages to rescue open enhancers with low ATAC-seq signal due to 
transcriptional activator binding. 

The lack of input control available for the comparison of relative signal differences during 
MACS2 analysis was a major limitation in this study. Without a control, the peaks generated 
from peakcall lack proper context and can only be compared to other peaks in the distribution 
to determine the local lambda value. This could affect the q-value of the peaks and the 
enhancers determined to be active when binarizing this data. Further limitations of the 
binarization process include the adoption of thresholds and a q-value cutoff for enhancer/peak 
assignment when assigning a 0 or 1 value. Additionally, the dataset of enhancers was 
intersected with a predetermined set of enhancers from the UCSC genome database. Future 
projects could generate an enhancer set using ChIP-seq data from the same experiment. One 
immediate correction would be the inclusion of macrophage data in our analysis of the 
myeloid lineage (macrophages were excluded due to lack of ATAC-seq data). However, this 
predetermined set may miss hematopoietic-specific enhancers while including unrelated 
enhancers, which reduces the power of statistical analyses. Finally, a complete analysis of 
enhancer state progression could be obtained by comparing a greater variety of cell types and 
lineages. Our findings related to MPP cells can be explored in multiple lineages with the 
analysis of existing data for the downstream cell types.  

It should be noted that there are limitations to GO-BP term analysis. Our GO analyses for 
Table 1 were decoupled from RNA expression data, therefore the most transcriptionally 
active biological processes are not represented. GO annotation databases are incomplete, thus 
analysis may overlook biological processes associated with genes. Lastly, genes involved in 
multiple biological processes may confound GO term results (45). 
 
Conclusions and Future Directions We identified a subset of enhancers in multipotent 
progenitor cells that were closed/H3K27ac+ (i.e. closed/active). In each cell type, RNA 
expression of genes proximal to closed/active enhancers was between genes proximal to 
closed/inactive and open/active enhancers. The majority of sunset enhancers in MPP remain 
closed and lose their acetylation during differentiation into the myeloid lineage. Sunset 
enhancers may be cell-type-specific, since the set of closed/H3K27ac+ enhancers is nearly 
exclusive in each cell type. Further investigation of sunset enhancers may provide novel 
insight into the epigenetic processes that control hematopoietic differentiation. 
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