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In Brief

Barnett et al. describe ATAC-Me, an
approach that captures chromatin
accessibility and DNA methylation
simultaneously from a single DNA
fragment library. ATAC-Me was used to
probe temporal relationships between
epigenetic and gene regulatory changes
at enhancers during myeloid
differentiation of THP1 monocytes,
revealing a decoupling of chromatin and
DNA methylation changes at transitioning
enhancers.
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SUMMARY

DNA methylation of enhancers is dynamic, cell-type
specific, and vital for cell fate progression. However,
current models inadequately define its role within the
hierarchy of gene regulation. Analysis of independent
datasets shows an unanticipated overlap between
DNA methylation and chromatin accessibility at
enhancers of steady-state stem cells, suggesting
that these two opposing features might exist concur-
rently. To define their temporal relationship, we
developed ATAC-Me, which probes accessibility
and methylation from single DNA library prepara-
tions. We identified waves of accessibility occurring
rapidly across thousands of myeloid enhancers in
a monocyte-to-macrophage cell fate model. Pro-
longed methylation states were observed at a
majority of these sites, while transcription of nearby
genes tracked closely with accessibility. ATAC-Me
uncovers a significant disconnect between chro-
matin accessibility, DNA methylation status, and
gene activity. This unexpected observation high-
lights the value of ATAC-Me in constructing precise
molecular timelines for understanding the role of
DNA methylation in gene regulation.

INTRODUCTION

Integrative analysis of epigenomic data has identified a range of
enhancer states across diverse cell types and their develop-
mental intermediates (Ernst and Kellis, 2012). Certain classes
of enhancers (active, repressed, poised) feature distinct combi-
nations of histone modifications (Rada-lglesias et al., 2012;
Zentner et al., 2011) and chromatin accessibility (ChrAcc)
patterns (Thurman et al., 2012). Such combinations may
represent stages in the stepwise process of gene regulation
coordinated by transcription factor (TF) DNA-binding events.
This intimate temporal relationship between the epigenome
and TFs is thought to ensure proper orchestration of TF activity

and is critical for normal specification of cellular function and
phenotype (Heinz et al., 2010).

DNA methylation (DNAme) in particular is thought to stabi-
lize cellular identity in the context of gene regulation
(Schubeler, 2015). DNAme is typically associated with stable
repression of promoters and enhancers, while hypo- or low
DNAme reflects past or present occupancy of gene-regulatory
elements (GREs) by factors involved in transcriptional control
(Hodges et al., 2011; Jadhav et al., 2019; Lister et al., 2009;
Stadler et al., 2011). Although DNAme is indispensable for
proper cellular differentiation and gene activation (Dawlaty
et al., 2014; Okano et al., 1999), current models of enhancer
dynamics only weakly describe a role for DNAme within this
ordered process. Furthermore, the degree to which DNAme
influences enhancer regulation of gene transcription is
unclear.

Comparative analysis of genome-wide DNAme datasets from
diverse tissues has shown that the degree of differential methyl-
ation between cell types is much greater in distal GREs outside
of CpG island promoters (Bock et al., 2012; Hodges et al.,
2011; Stadler et al., 2011). These patterns of DNAme are
characterized by local, cell type-specific hotspots of CpG
hypomethylation often overlapping enhancer histone marks
and DNase hypersensitive sites. We have previously suggested
that combined signatures of DNAme and ChrAcc may reflect
stages of enhancer activation (Schlesinger et al., 2013). Our anal-
ysis of steady-state data revealed that DNAme and ChrAcc
CO-OCCUr across a surprising number of sites in pluripotent
stem cells. In mature cells, this duality is seemingly resolved by
further loss of methylation (active) or loss of accessibility
(repressed), suggesting that DNAme changes are, perhaps not
surprisingly, sequential to nucleosome repositioning during
enhancer activation. Indeed, several recent studies support a
model in which inaccessible enhancers are primed by pioneer
TFs, leading to chromatin remodeling, increased ChrAcc, and
concomitant loss of DNAme (Donaghey et al., 2018; Mayran
et al., 2018). On the basis of this and other observations, we
hypothesized that these dual states may indicate a unique stage
along the enhancer regulation continuum and that loss of methyl-
ation during cell fate transitions is a final, necessary step in the
process of enhancer activation and thus the establishment or
stabilization of cell identity.
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The ability to test this model, however, has been limited in part
by a lack of molecular tools to measure spatiotemporal
relationships at high resolution on a genome-wide scale and,
most important, directly within the context of chromatin.
Consequently, our genome-scale understanding of relationships
between DNAme and other aspects of enhancer regulation
is based on disconnected datasets derived from steady-state,
asynchronous cell populations or time point-associated
datasets too far removed from one another to capture transient
cellular states. To better characterize the spatiotemporal
relationship between ChrAcc and DNAme, we developed an
approach that enables simultaneous measurement of these
two distinct biochemical events from the same population of
DNA molecules. Our approach, aptly named ATAC-Me, is an
adaptation of two techniques combining transposase-assisted
enrichment of ChrAcc fragments from native chromatin (Buen-
rostro et al., 2013) with subsequent sodium bisulfite conversion
and deep sequencing (Adey and Shendure, 2012; Wang
et al., 2013).

We performed ATAC-Me, RNA sequencing (RNA-seq), and
reference-point whole-genome bisulfite sequencing (WGBS) on
a densely sampled time course of PMA (phorbol 12-myristate
13-acetate)-induced THP-1 monocytes differentiated to
macrophages. Our approach reveals ChrAcc and DNAme may
be quantitatively decoupled at myeloid enhancers as they
appear to become poised, active, or repressed during early
monocyte-to-macrophage transitions. We observed persistent
hypermethylation of an unexpected number of DNA fragments
derived from nascent ChrAcc regions, corroborating earlier
observations that potentially transient states coexist (Schle-
singer et al., 2013). At early time points (0-24 h), dynamic ChrAcc
regions were associated with a range of seemingly inert DNAme
states, yet robust transcriptional responses of neighboring
genes were observed, suggesting that DNAme does not
immediately affect gene-regulatory responses. Minimal loss of
DNAme was observed at later time points (48 and 72 h), and dra-
matic DNAme changes were observed only with the application
of an artificial DNA demethylation stimulus (L-ascorbic acid
2-phosphate [L-AA-2-P]), suggesting a secondary consequential
role for DNAme removal at GREs. Ultimately these studies are
critical to disentangle the role of DNAme dynamics in normal
cellular differentiation.

Design

To better elucidate spatiotemporal relationships between
ChrAcc and DNAme, we required an approach that would
capture both ChrAcc and DNAme from the same population of
DNA molecules. Comparable approaches have been described
(Kelly et al., 2012; Li and Tollefsbol, 2011), but these methodol-
ogies are technically prohibitive and limited in their ability to
provide the resolution and coverage required to study dynamic
enhancer regions. We required a sequence-independent strat-
egy (not reliant on specific recognition sites of enzymes), with
the ability to directly probe the methylation status of accumu-
lating ChrAcc fragments at transitioning enhancers. Because of
its simple, cost-effective protocol and low input requirement,
ATAC-seq (assay for transposase accessible chromatin) has
become a widely adopted method for profiling ChrAcc regions
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genome-wide. In our adaptation of the approach, Tn5-enriched
ChrAcc fragments are further subjected to sodium bisulfite
conversion of unmethylated cytosines before library amplifica-
tion and sequencing (Figure 1A).

Preserving the fidelity of DNAme states during ATAC-Me
library construction was crucial to this study. There are known
opportunities during bisulfite library construction when the
information content of the original DNA fragment can become
artificially overwritten. Prior approaches for constructing
WGBS libraries with Tn5-based methodologies have used a
conservative end-repair step involving gap filling and nick liga-
tion to produce bisulfite converted, lllumina sequencing-
competent DNA libraries (Adey and Shendure, 2012; Wang
et al., 2013). Alternative efforts to streamline bisulfite adapta-
tion of Tn5 protocols have used an extension-based approach
to create sequencing compatible libraries (Lu et al., 2015;
Spektor et al., 2019; Suzuki et al., 2018). Specifically, an initial
tagmentation with Tn5 transposomes assembled with asym-
metric, methylated adapters is followed by a polymerase
extension step with a 5-methyl-deoxycytidine (5-methyl-
dCTP) nucleotide tri-phosphate blend. With fewer molecular
steps required, this approach would simplify ATAC-Me library
construction; however, several studies have reported detect-
able levels of exogenous cytosine methylation in the tagmented
genomic DNA, effectively creating false methylation signals (Lu
et al., 2015; Suzuki et al., 2018).

Taking advantage of Drosophila melanogaster genomic DNA
(S2 cells), which is devoid of DNAme (Dunwell and Pfeifer,
2014), we compared the gap filling and nick ligation approach
with the extension approach. Analysis of nucleotide base
composition across reads from different bisulfite library
construction conditions indicated that in all replicates and condi-
tions of extension-based approaches, cytosine signal was
detected (Figures S1A and S1B). In contrast, a gap filling (using
a 5-methyl-dCTP-substituted NTP mix) and nick ligation
approach produced the expected nucleotide base composition
profile of bisulfite converted Drosophila DNA, virtually devoid
of cytosine signal. Analysis of individual CpG methylation levels
revealed methylation frequencies greater than 10% for exten-
sion-based libraries compared with DNAme levels seen by gap
filling and nick ligation with or without 5-methyl-dCTP. Exoge-
nous levels of methylation even at low levels could potentially
confound our data; therefore we opted to perform gap filling
and nick ligation-based ATAC-Me.

Assessing the spatiotemporal relationship between ChrAcc
and DNAme requires a dynamic, rather than steady-state,
cellular system. Approaches are not yet feasible that capture
these relationships in real time. Thus, we are required to sample
DNA fragments at sequential time points, and the selection of
those time points is an important component to our approach.
To test our method, we chose THP-1 cells, a well-established
model system for studying inflammatory responses in vitro (Tsu-
chiya et al., 1982). THP-1s originate from a monocytic leukemia
that, upon relatively short exposure to various stimuli including
PMA, can be differentiated into naive M(—) macrophages.
In addition, these cells exhibit exceptionally low phenotypic
heterogeneity, an important consideration when measuring
epigenetic states from cell populations.
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Figure 1. ATAC-Me Accurately Measures the Chromatin-Accessible Methylome

A) Methodology overview of ATAC-Me library construction and experimental design.

B). Spearman rank comparison of standard ATAC and ATAC-Me read counts at 0 or 24 h PMA stimulation within a common set of broad peak accessible regions.
C) Genome Browser profile of the CXCL8 locus displaying ATAC-seq accessibility signal (gray), ATAC-Me accessibility signal (blue), CpG methylation frequency
green), and CpG read abundance (black). All data shown have been read depth normalized.

(D) Scatterplot of mCpG fraction in THP-1 cells calculated with WGBS or ATAC-Me data for CpGs in non-allelicly regulated regions (Pearson r = 0.92, p < 0.0001,
0 h; Pearson r = 0.91, p < 0.0001, 24 h).

(E) CpGs within validated allele-specific methylated (Pearson r = 0.80, p < 0.0001, O h; Pearson r = 0.80, p < 0.0001, 24 h) regions. The CpG subset that displayed
the expected intermediate methylation state for allelicly regulated region (ARR) CpGs as calculated from WGBS data was not correlated with ATAC-Me CpG
methylation (Pearson r = 0.02, p = 0.59, 0 h; Pearson r = 0.02, p = 0.64, 24 h).

See also Figures S1-S3.
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Nuclear run-on sequencing studies, which map RNA poly-
merase activity at enhancers, have demonstrated that the im-
mediate effects of TF signaling can occur within as little as
15 min upon stimulation (Hah et al., 2011). In addition, PMA
is a robust stimulus at the applied concentration (100 ng/mL,
162 nM), as evident by a visual increase in cell adhesion in
as little as 0.5 h. Therefore, we expect an immediate and pri-
mary gene-regulatory response to PMA followed by a second-
ary more stable gene-regulatory response specific to the
macrophage transition. Given these considerations, we initially
performed ATAC-Me on cells collected at 0, 0.5, 1, and 2 h, as
well as 24 h, following PMA stimulation in order to capture both
immediate and subsequent gene-regulatory responses. In par-
allel, we collected RNA for each time point (Figure 1A) in addi-
tion to standard ATAC-seq and WGBS data for key reference
time points (0 and 24 h). To validate our time course, we
confirmed from RNA-seq data the upregulation of known
markers of PMA-induced macrophage differentiation as early
as 0.5 h post-PMA treatment (Figure S1C).

RESULTS

ATAC-Me Is Reproducible and Recapitulates Standard
ATAC-Seq

Bisulfite treatment is known to be detrimental to DNA integrity,
potentially leading to loss of material and erosion of the typical
ATAC-seq fragment size distribution. When comparing fragment
size distributions for ATAC-Me with standard ATAC, we observe
a distinct loss of material, but the DNA fragment size range
(<130 bp) most enriched for chromatin-accessible fragments is
preserved with the greatest fragment losses representing
mono-, di-, and tri-nucleosome fragments (Figures S2A-S2D).
Nevertheless, distinct mono-nucleosome signal can be
observed within the ATAC-Me size distribution, indicating that
nucleosome patterns proximal to open chromatin peaks are
preserved to some extent.

We used MACS2 to determine ATAC-Me peak locations
genome-wide, detecting on average 57,217 high-confidence,
reproducible peaks across all time points in accordance with
ChrAcc peak estimates from earlier ATAC-seq studies (Buenros-
tro et al., 2013). Only peak regions reproducible in both individual
and merged ATAC-Me replicates were selected for analysis. We
compared the performance of ATAC-Me with that of standard
ATAC-seq, generating libraries in parallel and in duplicate from
the same population of time point-specific nuclei (0 and 24 h).
Initial comparisons of peak calls between the two methodologies
demonstrated that more than 75% of peak regions in standard
ATAC-seq were replicated by the paired ATAC-Me dataset (Fig-
ures S2E and S2F). Furthermore, we observed high concordance
between peak signals in both datasets as well as between repli-
cates (Figures 1B and 1C; Figure S3). Whereas twice the number
of peaks is called in ATAC-Me versus standard ATAC-seq,
manual and global comparison of read counts at ATAC-Me
only peak regions reveals high correspondence between
ATAC-Me and standard ATAC-seq (Figures S2G-S2J), indi-
cating the discrepancy in peak calling is likely due to differences
in local background estimates used by the peak calling
algorithm, as discussed previously (Zhang et al., 2008).
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ATAC-Me Accurately Profiles the Methylome of Open
Chromatin

Using ATAC-Me, we measured methylation at all CpG sites
located within Tn5-enriched DNA fragments for every time point
collected. In parallel, we performed tagmentation-based WGBS
on genomic DNA collected at 0 and 24 h in order to create gold-
standard references for methylation of both endpoints (Figures
1D and 1E). We compared ATAC-Me and WGBS methylation
distributions within ChrAcc peak regions identified at 0 and 24
h. As expected, methylation levels of ATAC-Me and WGBS are
largely concordant within peak regions and extensively hypome-
thylated compared with the bimodal distribution of methylation
levels typically observed in WGBS (Figure 1D).

WGBS data represent an average measurement of DNAme
without consideration of the actual in cellulo accessibility of
DNA fragments. For instance, allelicly regulated regions (ARRs)
are known to consist of one hypomethylated, chromatin-acces-
sible allele and one hypermethylated, inaccessible allele (Martos
et al., 2017; Shibata et al., 1996; Stern et al., 2017), which would
be 50% methylated according to WGBS. Accordingly, our
ATAC-Me methodology should selectively enrich for the chro-
matin-accessible, hypomethylated allele within these ARRs
compared with WGBS. To determine the specificity of ATAC-Me
to measure methylation of accessible DNA, we compared
methylation levels of known ARRs, including imprinting control
regions (Fang et al., 2012). Indeed, we detected significantly
lower methylation levels of ARRs profiled by ATAC-Me
compared with those measured by WGBS (Figure 1E). The impli-
cations of these observations are that (1) ATAC-Me is highly
selective for accessible DNA fragments, offering a more incisive
view of methylation states within the context of chromatin
compared with WGBS, and (2) observed methylation of
accessible fragments is not due to random noise.

In general, ATAC-Me CpG methylation levels within steady-
state, ChrAcc regions are highly concordant with WGBS.
However, outside of defined peak regions, low-level noise result-
ing from molecular “breathing” of histone-bound DNA as well as
spurious exposure of DNA to Tn5 transposase results in low read
coverage of select CpGs within inaccessible chromatin regions
where DNAme may be determined with some accuracy (Fig-
ure 1C). Comparison of ATAC-Me read “noise” outside defined
peak regions with WGBS data revealed a surprisingly high level
of concordance despite locally minimal read depth in these
“no peak” regions (Figure S4A), thus demonstrating further utility
for ATAC-Me to partially interrogate the DNAme state of long
stretches of inaccessible chromatin.

Overall, ATAC-Me uniquely permits methylation of accessible
chromatin regions to be determined, where TFs and other pro-
teins are known to interact with DNA, thus providing enhanced
biological context to DNAme patterns compared with traditional
WGBS. As sequence coverage is highly focused on accessible
DNA fragments, probing DNAme of relevant targets requires
less sequencing than orthogonal methodologies. Similar to
restriction enzyme-based methods (enhanced reduced repre-
sentation bisulfite sequencing [ERRBS]; Akalin et al., 2012), the
approach is essentially a selective representation of the methyl-
ome; yet, unlike reduced representation bisulfite sequencing
(RRBS) (Meissner et al., 2005), ATAC-Me is agnostic to
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sequence context, thereby yielding better coverage of CpG sites
in relevant GREs (namely enhancer regions with lower CpG
densities). Additionally, requisite sequencing depths are equiva-
lent to those of standard ATAC-seq, making ATAC-Me a cost-
effective way to examine methylation of accessible DNA. As
expected, the sequence complexity (or number of distinct reads)
in ATAC-Me libraries is lower compared with standard ATAC-
seq yet substantially higher than the complexity of ERRBS
libraries sequenced to corresponding read depths (Figure S4B).
Sequence and mapping statistics are provided in Table S1.

Rapid Changes in Chromatin Accessibility Correspond
to TF Activity at Putative Monocyte and Macrophage
Enhancers

Profiling DNAme in the context of chromatin under dynamic con-
ditions is a cornerstone of our approach; therefore, we applied
ATAC-Me to a time course of THP-1 exposure to PMA, which
induces terminal monocyte-to-macrophage differentiation. To
understand temporal peak behaviors, we employed TCseq, an
R package that enables quantitative, differential analysis and
clustering of count-based epigenomic and transcriptomic data-
sets (Wu and Gu, 2019). Within the TCseq framework, we used
C-means clustering to identify five specific groups of unique
peak regions with different accessibility behaviors across the
five-point time course (Figure 2A). These groups display distinct
behaviors from one another, where peak amplitudes reflect (1)
gradual closing response, (2) transient response, (3) early persis-
tent response, (4) gradual opening response, and (5) late
response of ChrAcc peak regions (Figures 2B and 2C).
Interestingly, only ~12,000 of 90,000 unique peak regions
demonstrated dynamic temporal behavior, the majority of which
are intergenic or intronic and significantly depleted in promoter
proximal regions (Figure S4C).

To assess the probability that similar clustering patterns are
produced by random chance from our data, read counts were
scrambled between time points and reanalyzed with time
structure removed (Figure S5A). C-means maximal probabilities
for clusters obtained from scrambled data were much lower than
for non-scrambled data (Figure S5B), indicating the temporal
specificity of our differential peak calls. We next examined if
the temporal trends of different ChrAcc clusters determined
entirely with ATAC-Me data would hold true if we substitute
key time points (0 and 24 h) with standard ATAC-seq data.
Temporal trends among clusters remained strikingly similar
even when recalculated with standard ATAC substitute data,
again supporting the concordance of ATAC-Me with standard
ATAC for profiling ChrAcc dynamics (Figures S5C and S5D).

Significant and differential motif enrichment of specific TFs
was observed for each TCseq cluster (Figure 2D). Importantly,
high correspondence is observed between cluster-associated
TFs and the timeline of early PMA and late PMA response. These
TFs include known factors downstream of the protein kinase C
pathway, which is a direct target of PMA, and MAPK/ERK
signaling (Traore et al., 2005). Within 2 h, accessibility in peak
regions enriched for myeloid pioneer factor PU.1(SPI1) and
CEBP is significantly reduced, while EGR1 and KLF14 dominate
peaks in which accessibility is greatest immediately following
PMA addition. NFkB, an important TF in macrophage differenti-

ation and known target of immune regulation genes (Takashiba
et al., 1999), emerges as the dominant TF motif within peak re-
gions clustering at 24 h. Methods of identifying TF footprints
from DHS and ATAC-seq data have been described (Baek
etal., 2017; Piper et al., 2013); thus, we asked whether these pat-
terns are preserved in ATAC-Me data. Despite bisulfite conver-
sion-induced DNA damage, abundant TF footprints are detected
(Figure S6A). Accordingly, these footprints are consistent with
time point-specific TF binding events, and differential analysis
of TF footprints also reveals time point-linked enrichment and
depletion of specific TFs (Figure S6B). To provide further support
to these observations, we analyzed existing THP-1 monocyte
and macrophage chromatin immunoprecipitation sequencing
(ChlP-seq) data for acetylated histone H3 lysine 27 (H3K27ac),
a mark associated with active enhancers (Figure S7A; Phanstiel
et al.,, 2017). An increase or decrease in H3K27ac can be
observed between opening and closing ChrAcc loci, respec-
tively, when comparing unstimulated monocytes with macro-
phages exposed to PMA for 72 h. This is in contrast to static re-
gions, which overall show very little change in H3K27ac signal.
Altogether, these data support that dynamic ChrAcc loci
represent activating and responding enhancer elements.

Transitioning Chromatin Regions Exhibit Prolonged
Methylation States at Early Time Points

The identification of highly dynamic ChrAcc loci consisting of
newly accessible DNA is advantageous in determining whether
the establishment of ChrAcc and loss of DNAme, or vice versa,
are distinct events in the ordered process of enhancer regulation,
while also capturing the temporal diversity of states that may
exist genome-wide. Importantly, we did observe a significant
number of accessible regions that were also highly methylated
(>50% methylation), which supports our previous observation
that “dichotomous” states do exist (Figures 3A and 3B).
Comparing methylation levels within dynamic ChrAcc peaks
(identified by TCseq) with static peaks, a greater number of
hypermethylated regions are observed (Figures 3A and 3B). In
other words, if all ChrAcc regions are considered, regardless of
whether they change over time, the distribution of methylation
is heavily biased toward hypomethylation. However, when we
consider only dynamic regions, a substantial number of peaks
are hypermethylated, and this hypermethylation persists over
time despite increasing levels of accessibility (Figures 3A and
3B). This persistent hypermethylation frequently occurs at
“nascent” GREs where little to no accessibility exists prior to
PMA treatment (Figure 3B). Likewise, a subset of dynamic
ATAC-Me peaks exhibits persistent hypomethylation despite
increasing or decreasing peak signals. This phenomenon is
more frequent among loci in which low levels of accessibility
pre-exist, often corresponding to promoters and other high-den-
sity CGl regions, as exemplified by the “transient response”
cluster, which is enriched for regions that contain higher CpG
densities including promoters (Figures 3B and 3C; Figure S4C).
Additionally, the “gradual closing response” peaks also feature
persistent hypomethylation despite decreasing levels of acces-
sibility. Although the sampling nature of ATAC-Me can yield
sparse read count data at early stages of chromatin opening or
late stages of chromatin closing, endpoint-matched WGBS
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Figure 2. Dynamic Chromatin Accessibility and Transcription Factor Motif Enrichment during PMA-Stimulated Gene Activation

(A) C-means clustering of ATAC-Me time course accessibility data reveals multiple categorizations of dynamic accessibility behavior. Membership indicates the
goodness of fit for a region in a particular cluster.

(B) Heatmap of ATAC-Me accessibility signal at each time point for the dynamically accessible regions identified with corresponding C-means clustering.

(C) UCSC Genome Browser non-contiguous, “multi-region” view of multiple dynamic loci across time. Colored arrows indicate dynamic peak behaviors: early
persistent response (yellow), late response (blue), gradual opening response (red), gradual closing response (gray).

(D) Significance scores (p values) for select transcription factor motif enrichment within accessibility clusters. Motif enrichment p values were calculated using
HOMER. Sequence logos for enriched motifs are depicted to the right of motif enrichment plots.

See also Figures S4-S7.
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reference data support these results (Figure 3B). These
data suggest that DNAme and ChrAcc dynamics may be
quantitatively decoupled and that, although the two states are
highly correlated, their spatiotemporal partnership is much less
interdependent than previously appreciated.

Previous studies have established that regions with high CpG
density are less dynamic and more hypomethylated than regions
with lower CpG density. In our data, we detect notable differences
in CpG content between clusters of peaks with different temporal
ChrAcc behaviors and TF motif enrichments (Figures 2D and 3C).
Moreover, the two peak clusters, “transient response” and “early
persistent response,” that rapidly gain accessibility upon PMA
stimulation have the highest CpG content, whereas the more
gradual, late responders feature significantly lower frequencies
of CpGs. The “transient response” cluster also contains the
majority of regions where gains in ChrAcc are characterized by
pre-established and consistent hypomethylation. This may be
important considering the necessity to invoke rapid control of
gene expression without barriers that require additional enzy-
matic steps and/or DNA replication.

Transcriptional Responses Track Closely with
Chromatin Accessibility

Pathway enrichment analysis of genes in proximity to dynamic
ATAC-Me peaks revealed gene sets with distinct functional
associations consistent with PMA stimulation of THP-1 cells
(Figure 4A). To probe transcriptional changes corresponding to
ATAC-Me dynamics, we performed RNA-seq in parallel for
each time point collected. Independent K-means clustering of
RNA-seq data for the top 20% most variable genes across the
time course demonstrates near identical group transcriptional
responses to those temporal behaviors exhibited by clusters
defined by accessibility (Figure 4B). Importantly, these changes
are detected as soon as 0.5 h post-induction and include tran-
scripts of TFs corresponding to TF motifs implicated among
the divergent accessibility groups (Figure 4C). Analysis of genes
nearest to dynamic ATAC-Me peaks suggests that ChrAcc is a
better predictor of transcriptional response than DNAme levels
(Figure 4D). Moreover, these dynamic transcriptional responses
occur despite persistent DNAme levels of paired peak regions. It
is also worth noting that the directionality of change (i.e., acces-
sibility and transcription) is not always uniform, as exemplified by
gene pairs of “gradually closing” peaks that display increases in
transcription. This may be explained by (1) inaccurate assign-
ment of biological gene:peak pairs or (2) the possibility of the
GRE’s being either an enhancer or a repressor. It is also
important to note that although DNAme levels are less dynamic

over time, gene-associated peak regions consist of a range of
methylation values (Figure 4D).

To further investigate these relationships, we globally
compared transcript abundances with either accessibility or
DNAme levels for the top 20% most variable genes paired with
nearest neighbor peaks, finding a stronger positive correlation
with accessibility compared with a weaker negative correlation
with DNAme (Figure 5A). We considered that because of the
distinct characteristics of each data type, data standardization
is required to describe the temporal relationships among these
three molecular events. Therefore, a standardized difference
from the mean across all time points was determined for every
dynamic peak:gene pair (Figures 5B and 6D). This analysis
revealed a tight temporal relationship between ChrAcc and tran-
scriptional dynamics, but not DNAme. Related to these observa-
tions, a significant feature of the THP-1 monocyte-to-macro-
phage system is that replicative potential is irreversibly lost
upon PMA exposure, and replication may be required for both
deposition and removal of DNAme (Figure S7B) (Donaghey
et al., 2018; Otani et al., 2013). Nonetheless, our data suggest
that gain or loss of DNAme is not immediately required for gene
or GRE activation (or repression) to occur.

Subtle Loss of DNAme Occurs Downstream of
Chromatin and Transcriptional Changes

Thus far our analyses have focused on a relatively short-term
time course of PMA induction. Within this short time frame,
DNAme states do not appear to change among regions undergo-
ing rapid ChrAcc changes. These results suggest that ChrAcc
and DNAme changes do not occur on the same timescale,
raising the possibility that DNAme changes occur as a secondary
response to ChrAcc changes. Focusing specifically on ChrAcc
regions that open by 24 h (~7,000 loci), we performed an
extended time course of PMA induction, collecting ATAC-Me
data at 0, 24, 48, and 72 h. For ChrAcc regions that begin to
open by 24 h, accessibility has largely plateaued by 48 and
72 h (Figure 6A). Surprisingly, some small but significant loss
of DNAme is observed within these regions by 72 h (Figures
6B-6D), further highlighting a molecular decoupling of ChrAcc
and DNAme programs.

Several recent lines of evidence support these data (discussed
in further detail below); nonetheless, we sought to verify the
competence of ATAC-Me to capture distinct changes in DNAme.
At an applied concentration of 350 pM, vitamin C has been
demonstrated to induce “artificial” hypomethylation of select
genomic regions by enhancing the catalytic activity of TET-family
DNA dioxygenases involved in DNA demethylation pathways

Figure 3. Genomic Regions with Rapid Chromatin Accessibility Dynamics Exhibit Prolonged Methylation

(A) Density histogram of average methylation fraction for static accessible regions (no membership to a TCseq cluster) across the time course, regions with
decreasing accessibility signal across time (gradual closing response), and regions with increasing accessibility signal (late + gradual opening + transient + early
persistent responses identified with TCseq). Green boxes highlight regions with >50% DNA methylation.

(B) Heatmaps display mCpG fraction across individual peak regions in different accessibility groups (static, gradual closing response, transient response, early
persistent response, gradual opening response, and late response). mCpG fraction is calculated in 50 bp bins across regions scaled to 600 bp with a flanking

region of +300 bp.

(C) CpG density and GC content of TCseq cluster regions dynamic for chromatin accessibility across time. CpG density was calculated as observed/expected
occurrence of CpG dinucleotides within TCseq cluster regions defined in Figure 2. Dashed lines represent CpG island thresholds defined by Gardiner-Garden and

Frommer (1987) for CpG density/GC content.
See also Figure S7.
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Figure 4. Transcriptional Changes Track with Chromatin Accessibility Behaviors Independently of Methylation

(A) KEGG pathway enrichment of genes proximal to dynamic peaks in specific TC-seq clusters.

(B) K-means clustering of the top 20% most variable genes identified with RNA-seq.

(C) Read count plots across time for select TFs known to be related to the monocyte-to-macrophage transition. Depicted values are a replicate average of
DESeqg2 normalized read counts.

(legend continued on next page)
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Figure 5. Integrating the Dynamics of Chromatin Accessibility, DNA Methylation, and Transcription

(A) Scatterplot of RNA-seq read abundance for the top 20% most variable genes associated with a dynamic chromatin-accessible locus plotted
against neighboring dynamic chromatin-accessible locus read counts (left; Pearson r = 0.35, p < 0.0001) or average CpG DNA methylation (right; Pearson
r=—0.11, p < 0.0001). Scatterplots represent all time points (0, 0.5, 1, 2, and 24 h) plotted simultaneously.

(B) Boxplot distributions of standardized difference across time for all dynamic loci defined by TC-seq. Standardized difference across time was calculated for
normalized ATAC read counts, rlog(read counts) of neighboring transcripts (top 20% most variable), and the DNA methylation state of the chromatin-accessible

DNA fragments. Lines represent median values.

(Blaschke et al., 2013; Cimmino et al., 2017). In conjunction with
PMA induction, we added stabilized vitamin C (L-AA-2-P) to
THP-1 cells for a course of 72 h. At the aforementioned “opening”
regions, we observe significant reduction in DNAme in the
presence of vitamin C compared with control conditions (PMA
alone; Figures 6B-6D). Therefore, loss of DNAme is observed
only after application of a considerable stimulus of a DNA
demethylation pathway. Overall, these data confirm both the
biological coincidence of DNAme within ChrAcc regions and a
spatiotemporal disconnect between DNAme and ChrAcc dy-
namics at enhancers during terminal cell fate transitions.

DISCUSSION

Many aspects of gene regulation are deeply conserved in
eukaryotes and have been extensively studied in model or-
ganisms, but DNAme and its relationship with other critical
aspects of enhancer regulation are not well understood.
Genes are activated sequentially, and according to current
models, enhancer chromatin states are modified by a series
of biochemical events, including pioneer factor-initiated
recruitment of chromatin remodelers and histone modifiers,
leading to the appearance of chromatin-accessible DNA sites

(D) Hierarchical clustering of the top 20% most variable genes in nearby proximity to genomic loci identified as dynamic for chromatin accessibility. The mean
mCpG fraction of all time points for neighboring ATAC-Me peaks is indicated to the right of each plot. Black bars below the plots indicate replicate pairs for each

time point.
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Figure 6. Loss of DNA Methylation Is Delayed in Nascent Open Chromatin Regions
(A) Heatmap of ATAC-Me accessibility signal for extended time points across all genomic loci exhibiting accessibility by 24 h (early persistent response + gradual

opening response + late response).

(B) Heatmaps display CpG methylation levels in 50 bp bins across all regions in (A).
(C) Boxplot distribution comparisons of methylated CpG fractions across extended time points and treatments. Wilcoxon rank-sum test was used for statistical

comparison (ns, not significant). Red points indicate outlier values.

(D) Boxplot distributions of standardized difference across early and late time points for all genomic regions opening at 24 h (A and B). Standardized difference
across time was calculated for normalized ATAC read counts and CpG methylation fraction within chromatin-accessible fragments. Lines represent median

values.
See also Figure S7.

(Levine et al., 2014). DNAme is not typically permissive to
transcription (Schubeler, 2015; Stein et al., 1982; Vardimon
et al., 1982), and transcription at enhancers can be detected
prior to promoter activation (Arner et al., 2015). So, loss of
DNAme, whether immediate or eventual, is also expected at
these sites. A variety of indirect evidence points to active
removal of DNAme, including the presence of hydroxymethy-
lation (5hmC) at cell fate-determining enhancers (Li et al.,
2018a; Sérandour et al., 2012) and recruitment of TET en-
zymes by pioneer factors (Li et al., 2018b; Lio et al., 2016).
Furthermore, we and others have shown that enhancer hypo-
methylation is highly cell type specific and a better predictor

of target gene transcription than promoter hypomethylation
(Schlesinger et al., 2013). In light of these ideas, a key premise
for performing ATAC-Me stemmed from the observation that
an unexpected fraction of DHS sites ascertained by DHS-
seq are methylated in WGBS datasets of the equivalent cell
type, a duality we reasoned may represent an intermediate
state along a continuum of enhancer activation. Other studies
support these observations, reporting “bivalent” regions of
H3K27ac being marked by DNAme (Charlet et al., 2016).
Accordingly, time is an equally vital component to our
approach, as we sought to capture both ChrAcc and DNAme
changes during cell fate transitions.
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ATAC-Me is a straightforward approach that detects DNAme of
accessible DNA fragments from native chromatin and requires
minimal molecular adaptation of existing Tn5-assisted methods
including ATAC-seq and tagmentation-based WGBS. ATAC-Me
allows quantification of accumulating DNA fragments in acces-
sible genomic regions (or in nascent opening regions); therefore,
direct interrogation of the temporal relationship between ChrAcc
and DNAme is possible in a rapidly changing chromatin environ-
ment. Additionally, ATAC-Me provides a focused view of the meth-
ylome most relevant to cellular function; the methylome of DNA
molecules accessible to enzymes and TFs facilitating gene regula-
tion. Although approaches that enable joint profiling of chromatin
features and DNAme, including NOME-seq (nucleosome occu-
pancy and methylome sequencing), scNMT-seq (single-cell nucle-
osome, methylation, and transcription sequencing), and ChIP-BS
(ChIP coupled with bisulfite sequencing) have been described,
ATAC-Me offers some key advantages (Brinkman et al., 2012;
Clark et al., 2018; Kelly et al., 2012). First, ATAC-Me is not limited
by cytosine frequency in specific dinucleotide contexts, so even
the most CpG-poor enhancers are evaluated. Notably, our method
is readily able to identify TF footprints, and the DNAme state of pu-
tative TF footprint sites can be calculated, a feature that distin-
guishes ATAC-Me from other approaches. Second, ATAC-Me
selectively enriches Tn5-accessible genomic regions, so fewer
sequence reads (50 million to 60 million) are necessary to obtain
high, focused coverage of accessible DNA, compared with
whole-genome approaches. Use of a transposome assembly
(Picelli et al., 2014) with methylated adaptors also allows direct
cloning of accessible fragments with minimal opportunities for
input loss and therefore many fewer cells (50,000-200,000) are
required compared with other methods.

Using ATAC-Me, we observe clear patterns of rapid ChrAcc that
are tightly associated with the time points measured. Although this
time course sampled both very early (0, 0.5, 1, and 2 h) and later (24,
48, and 72 h) time points, our results indicate that ChrAcc dynamics
responses seem to plateau by 24 h. It remains to be seen if addi-
tional waves of ChrAcc are observed at time points beyond 72 h
(for example with stimulation of different activation states of macro-
phages). ATAC-Me detected TF footprints and distinct pattern-
specific TF motifs that tracked closely with time, even for time
points separated by less than 2 h, reflecting the rapid responses
of ChrAcc within this time frame. Transcriptional changes also
follow similar patterns to those observed with accessibility. In
contrast, we observe a range of DNAme states associated
with accessibility changes. Importantly, DNAme showed only
minimal changes within this time frame in our THP-1 monocyte-
to-macrophage model. This surprising temporal disconnect
between DNAme, ChrAcc, and transcription suggests that loss of
DNAme is not immediately required for transcription or for TF
binding, an observation supported by several lines of evidence.
In particular, a recent study showed that DNA demethylation is
not required for pioneer FoxA2 occupancy and its concomitant
effects on ChrAcc (Donaghey et al., 2018). Moreover, in dendritic
cells, gene upregulation is observed ahead of DNAme changes in
response to bacterial infection (Pacis et al., 2015).

Enhancer regions that remain methylated despite increasing
accessibility may be marked by 5hmC, which would not be distin-
guished from 5mC in our assay. However, application of high
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levels of vitamin C induced considerable loss of DNAme by 72
h, indicating that non-physiological levels of vitamin C accelerate
methylation removal. These data also imply that the higher levels
of DNAme we observe in dynamic ChrAcc peaks is not likely a
result of failure to discriminate 5hmC from 5mC. The slight loss
of DNAme we observe in the absence of vitamin C suggests
that with enough time, the DNAme in these regions will eventually
be lost, though recent evidence suggests that replication is
required for extensive DNA demethylation (Barwick et al., 2016;
Donaghey et al., 2018; Otani et al., 2013). THP-1 macrophages,
like dendritic cells, are terminally differentiated and no longer
replicate. Indeed, the question remains if DNAme would be
more dynamic in a cell fate specification system that maintains
cell division status. Nevertheless, our data demonstrate the
importance of evaluating DNAme in the context of a changing
chromatin environment during cellular differentiation. ATAC-Me
may also provide the resolution to catalog precise epigenetic
events that lead to sequential cell fate decisions in normal and
abnormal cell fate models.

Limitations

Some noteworthy limitations of ATAC-Me are that the approach
relies on the assumption that inaccessible loci, and therefore
missing data, are methylated, so a complementary WGBS dataset
may be useful in some cases. ATAC-inspired methodologies are
also plagued by mitochondrial DNA contamination, which can
be minimized by use of modified lysis protocols (Corces et al.,
2017) that include digitonin or depletion by Cas9 paired with a li-
brary of mitochondrial guide RNAs (Montefiori et al., 2017).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

T7 Express lysY/I? Competent E. coli New England Biolabs Cat#C3013I
Chemicals, Peptides, and Recombinant Proteins

RPMI Medium 1640 GIBCO Cat#11875093
GlutaMAX Supplement GIBCO Cat#35050061
Penicillin-Streptomycin (10,000 U/mL) GIBCO Cat#15140122
Sodium Pyruvate (100mM) GIBCO Cat#11360070
TrypLE Express Enzyme (1X), no phenol red GIBCO Cat#12604013
Trypan Blue Stain (0.4%) GIBCO Cat#15250061
Fetal Bovine Serum Peak Serum Cat#PS-FB1
Dimethyl Sulfoxide Sigma Cat#D8418
L-Ascorbic acid 2-phosphate Sigma Cat#A8960
Phorbol 12-myristate 13-acetate Sigma Cat#P8139
Schneider’s Drosophila Medium GIBCO Cat#21720001
T4 DNA Polymerase New England Biolabs Cat#M0203S
Klenow Fragment (3’ =5’ exo-) New England Biolabs Cat#M0212S
Ampligase® Enzyme and Buffer Lucigen Cat#A3202K
NEBNext® High-Fidelity 2X PCR Master Mix New England Biolabs Cat#M0541S
KAPA HiFi HotStart Uracil+ ReadyMix (2X) Roche Cat#07959052001
TRIzol Reagent Thermo Fisher Scientific Cat#15596018
IGEPAL® CA-630 Sigma Cat#18896
Trizma® hydrochloride solution Sigma Cat#T2319

Isopropyl-B-D-thiogalactopyranoside (IPTG)
(Dioxane-free)

Thermo Fisher Scientific

Cat#BP1755-1

cOmplete™, EDTA-free Protease Inhibitor Cocktail Sigma Cat#11873580001
Chitin Resin New England Biolabs Cat#S6651S
Dimethylformamide Thermo Fisher Scientific Cat#D119-1
5-Methylcytosine dNTP Mix Zymo Research Cat#D1030
Critical Commercial Assays

EZ DNA Methylation-Lightning Kit Zymo Research Cat#D5030
SMARTer® Stranded Total RNA Sample Prep Kit - HI Takara Bio USA Cat#634874
Mammalian

DNA Clean & Concentrator-5 Zymo Research Cat#D4004

MycoAlert™ Mycoplasma Detection Kit (25 Tests) Lonza Cat#LT07-218
Deposited Data

ATAC-seq of THP-1 monocytes stimulated with PMA This study GEO: GSE130096
(Ohr and 24hr)

ATAC-Me-seq of THP-1 monocytes stimulated with This study GEO: GSE130096
phorbol 12-myristate 13-acetate (Ohr, 0.5hr, 1hr,

2hr, 24hr)

RNA-seq of mRNA from THP-1 monocytes stimulated This study GEO: GSE130096
with phorbol 12-myristate 13-acetate (Ohr, 0.5hr, 1hr,

2hr, 24hr)

WGBS of THP-1 monocytes stimulated with phorbol This study GEO: GSE130096

12-myristate 13-acetate (Ohr and 24hr)

H3K27Ac ChlP-seq of phorbol 12-myristate 13-
acetate stimulated THP-1 monocytes (Ohr and 72hr)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
ATAC-Me-seq of THP-1 monocytes stimulated with This study GEO: pending

phorbol 12-myristate 13-acetate (Ohr, 24hr, 48hr, 72hr)
and L-Ascorbic acid 2-phosphate treatment (72hr)

Drosophila WGBS comparing DNA library construction This study GEO: pending

methods

Experimental Models: Cell Lines

THP-1 Monocytes
S2 cells

Gift of Dr. Manuel Ascano Jr., ATCC
Gift of Dr. Andrea Page-McCaw, ATCC

Cat#TI1B-202
Cat#CRL-1963

Oligonucleotides

Oligonucleotides for Tn5 based bisulfite library

construction

See Table S2

N/A

Recombinant DNA

pTXB1-Tn5 Plasmid

Gift of Dr. Rickard Sandberg;
Picelli et al., 2014)

Addgene plasmid #60240

Software and Algorithms

SAMtools

Li et al., 2009

version 1.5

BEDtools Quinlan and Hall, 2010 version 2.26.0

MACS2 Zhang et al., 2008 version 2.1

Deeptools Ramirez et al., 2014 version 3.1.2

MethPipe Song et al., 2013 version 3.4.3

WALT Chen et al., 2016 version 1.0

STAR aligner Dobin et al., 2013 version 2.6.1a

Bowtie2 Langmead and Salzberg, 2012 version 2.2.6

DESeq2 Love et al., 2014 version 1.18.1 (R version 3.4.3)

ChlPseeker Yu et al., 2015 version 1.14.2 (R version 3.4.3)

ClusterProfiler Yu et al., 2012 version 3.6.0 (R version 3.4.3)

TCseq https://bioconductor.org/packages/ version 1.1.0 (R version 3.4.3)
release/bioc/html/TCseq.html

ggplot2 Wickham, 2009 version 3.1.1 (R version 3.5.3)

Trimgalore http://www.bioinformatics.babraham. version 0.4.0
ac.uk/projects/trim_galore/

pyDNase Piper et al., 2013 version 0.3.0

HOMER Heinz et al., 2010 version 4.10

Cutadapt Martin, 2011 version 1.8.3

Preseq Daley and Smith, 2013 version 2.0

Fastqc https://www.bioinformatics.babraham.ac.uk/ version 0.11.4
projects/fastqc/

Other

Detailed protocol for ATAC-Me sequencing library

construction

This study

Methods S1

LEAD CONTACT AND MATERIALS AVAILABILITY

Inquiries regarding reagents and analyses used in this study should be directed to the lead contact (emily.hodges@vanderbilt.edu).

This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

THP-1 monocytes

THP-1 cells (gift of Dr. Manuel Ascano Jr., Vanderbilt University) were cultured in RPMI Medium 1640 supplemented with 10% fetal
bovine serum, 2mM GlutaMAX, 100 units/mL penicillin, 100 pg/mL streptomycin and 1mM sodium pyruvate (referenced as complete

Molecular Cell 77, 1-15.e1-e6, March 19, 2020 e2


mailto:emily.hodges@vanderbilt.edu
https://bioconductor.org/packages/release/bioc/html/TCseq.html
https://bioconductor.org/packages/release/bioc/html/TCseq.html
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Cell’ress

Please cite this article in press as: Barnett et al., ATAC-Me Captures Prolonged DNA Methylation of Dynamic Chromatin Accessibility Loci during Cell
Fate Transitions, Molecular Cell (2020), https://doi.org/10.1016/j.molcel.2020.01.004

RPMI medium). Culture conditions were maintained at 5% CO,, 37°C and 80% humidity. During routine culture THP-1 cells were
maintained at a density of 0.5-2E6 cells/mL with 50% media change every 72 hours.

Drosophila S2 Cells
S2 cells (gift of Dr. Andrea Page-McCaw, Vanderbilt University) were cultured in Schneider’s Drosophila Medium supplemented with
10% heat inactivated fetal bovine serum, 100 units/mL penicillin and 100 png/mL streptomycin. Culture conditions were maintained at
25°C, with atmospheric CO, and humidity. During routine culture cells were maintained at a density of 2-10E6 cells/mL.

All cell lines have been authenticated by genome sequencing and were regularly screened for mycoplasma contamination using
the MycoAlert kit (Lonza).

METHOD DETAILS

Cell Treatments

In preparation for the PMA time course, 5x10° THP-1 monocytes were plated in 1mL complete RMPI medium/well of a flat bottom
6-well cell culture treated plate. Differentiation was subsequently induced by addition of 1mL complete RPMI medium supplemented
with 200ng PMA for a final PMA concentration of 100ng/mL PMA (162nM). Additions of PMA were temporally staggered to allow for
simultaneous collection of time points. THP-1 L-AA-2-P treatment conditions were initially plated identically to PMA only conditions in
a final volume of 2mL complete RPMI medium with 100ng/mL PMA. Plated cells were then supplemented with 50mM L-AA-2-P to a
final concentration of 350uM. L-AA-2-P was replenished with daily media changes to account for L-AA-2-P degradation over time
until harvest at 72hrs. PMA stimulation was withdrawn due to toxicity after 24 hours for extended time points (48hr, 72hr). THP-1 cells
were harvested by first collecting non-adherent cells suspended in media followed by a 5 minute incubation with TrypLE Express at
37°C to collect adherent cells. Non-adherent and adherent cells were pooled and pelleted at 4°C, 500 R.C.F for 5 minutes in a 15mL
conical tube. After pelleting cells were resuspended in ice cold PBS and counted using an automated cell counter with trypan
blue to assess cell viability. Approximately 1x10° cells were reserved for TRIzol RNA extraction, 1x10° cells for ATAC reactions
and 2x10° cells for genomic DNA extraction.

Transposome Preparation
Plasmid (pTXB1-Tn5, gift of Dr. Rickard Sandberg, Karolinska Institutet) for production of Tn5 transposase (Picelli et al., 2014) was
transformed into E. coli strain C3013 (NEB) according to manufacturer supplied protocol on ampicillin plates. Resulting bacterial
colonies were inoculated into 5mL LB + 100pg/mL ampicillin and incubated at 37°C to OD600 = 1.0. 5mL cultures were subsequently
used to inoculate 1L LB +100ug/mL ampicillin and grown at 37°C, shaking at 220RPM in baffled flasks until OD600 was approxi-
mately 0.70. Cultures were then transferred to an ice water bath and cooled to 15°C. Protein expression was induced by adding
IPTG to a final concentration of 250uM followed by incubation at 23°C with shaking at 1720RPM for approximately 4hrs or until
OD600 = approximately 2.1. Bacteria cultures were harvested by centrifugation at 5,000 RPM (F9-4x1000y rotor), 4°C for 10 min
in 1L centrifuge bottles. Supernatants were decanted and pellets stored overnight at —70°C. The following day pellets were thawed
and resuspended in 60mL HEGX buffer (20 mM HEPES-KOH at pH 7.2, 0.8 M NaCl, 1 mM EDTA, 10% glycerol, 0.2% Triton X-100)
supplemented with Complete EDTA-free protease inhibitor tablet (Roche). The thawed bacterial suspension was cooled on salt-ice to
—1°C and subsequently lysed with 8 rounds of sonication for 40 s at 70% duty cycle. During sonication the lysate was cooled repeat-
edly on salt-ice to avoid warming above 10°C. Lysis progress was monitored by removing 200uL aliquots between rounds of
sonication and comparing pellet size after low speed centrifugation at 2000 R.C.F for 1 min. Lysate was then pelleted at 15K
RPM (SS-34 rotor), 4°C for 30 min. The pelleted lysate supernatant was cleared of contaminating E. coli genomic DNA by drop
wise addition of 1.6mL 10% neutralized PEI solution with slow stirring. The PEI lysate solution should begin to turn milky white as
the DNA precipitate forms. Lysate was pelleted at 12,000 RPM (SS-34 rotor), 4°C for 10 min. Supernatant was loaded onto a prepared
5mL chitin column at 0.4mL/min flow rate, 4°C. Chitin column was washed with 300mL HEGX buffer at a flow rate of 0.4mL/min. Tn5
transposase was eluted by the addition of 14mL HEGX + 100mM DTT to the column, followed by a 48hr incubation at 4°C to induce
cleavage from the column. Tn5 transposase was collected from the column in 1mL fractions and subsequently analyzed for protein
concentration. Fractions with the highest protein concentration were pooled and dialyzed twice with 1L of 2x dialysis buffer (100mM
HEPES, pH 7.2, 0.2M NaCl, 0.2mM EDTA, 2mM DTT, 0.2% TX100, 20% Glycerol). Dialyzed protein was concentrated with Amicon
Ultracel 30 centrifugal filters (Millipore) in multiple rounds of centrifugation at 3000 RCF, 4°C for 20 min with intermittent mixing until a
final OD280 of at least 3.0. Purified Tn5 transposase was aliquoted and stored at —20°C after the addition of 1 volume 100% glycerol.

Standard ATAC transposome adapters were prepared by annealing two oligo mixes in separate PCR tubes (Mix A: 5ul 100uM
Tn5MEREV oligo, 5ul 100uM Tn51 oligo, 40uL nuclease free water; Mix B: 5ul 100uM Tn5MEREV oligo, 5ul 100uM Tn5_2_ME_Comp
oligo, 40puL nuclease free water). Oligo mix A and B were both incubated in a PCR thermocycler as follows: 95°C for 3 minutes, 65°C
for 3 minutes, ramp down to 24°C at a rate of —1°C/second, hold at 24°C. After annealing, oligo mix A and B were combined along
with 100uL glycerol to create a 5uM, 50% glycerol adaptor mixture. Transposomes were assembled by mixing equal parts purified
Tn5 transposase enzyme and adaptor mixture followed by a 25°C incubation for 60 min.

ATAC-Me and T-WGBS transposome adapters were prepared by annealing the oligonucleotides in PCR tubes (10ul 100puM
Tn5mC-Apt1 oligo, 10ul 100uM Tn5mC1.1-A1block oligo, 80uL nuclease free water). Oligos were incubated in a PCR thermocycler
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as follows: 95°C for 3 minutes, 65°C for 3 minutes, ramp down to 24°C at a rate of —1°C/second, hold at 24°C. After annealing oligos
were combined along with 100uL glycerol to create a 5uM, 50% glycerol adaptor mixture. Transposomes were assembled by mixing
equal parts purified Tn5 transposase enzyme and adaptor mixture followed by a 25°C incubation for 60 min.

Extension based T-WGBS transposome adapters (Spektor et al., 2019) were prepared by annealing two oligo mixes in separate
PCR tubes (Mix A: 5ul 100uM Tn5MEREV oligo, 5ul 100uM Tn5mC-Apt1 oligo, 40uL nuclease free water; Mix B: 5ul 100uM
Tn5MEREYV oligo, 5pl 100uM Meth_Tn5_2_ME_comp oligo, 40uL nuclease free water). Oligo mix A and B were both incubated in
a PCR thermocycler as follows: 95°C for 3 minutes, 65°C for 3 minutes, ramp down to 24°C at a rate of —1°C/second, hold at
24°C. After annealing, oligo mix A and B were combined along with 100uL glycerol to create a 5uM, 50% glycerol adaptor mixture.
Transposomes were assembled by mixing equal parts purified Tn5 transposase enzyme and adaptor mixture followed by a 25°C
incubation for 60 min.

All oligonucleotides utilized for transposome assembly are provided in Table S2.

ATAC-seq

ATAC-seq libraries were prepared similarly to previously reported methods (Buenrostro et al., 2013). Harvested THP-1 cells were
centrifuged at 4°C, 500 R.C.F for 5 min and subsequently resuspended in 1mL ice cold PBS. Resuspended cells were counted
and assayed for cell viability with trypan blue using an automated cell counter. Cell viability > 80% was required to proceed with
library preparation. Cell suspension volume corresponding to 2x10° THP1 cells was pipetted into a 1.5mL eppendorf tube and pel-
leted at 4°C, 500 R.C.F for 5 min. Supernatant was aspirated and the cell pellet resuspended in 150puL cold ATAC lysis buffer (10mM
Tris-HCI pH 7.4, 10mM NaCl, 3mM MgCl,, 0.1% IGEPAL-630). This suspension was agitated by gently pipetting up/down with a
200uL micropipette tip 10 times. Subsequently, this suspension was pelleted at 4°C, 500 R.C.F for 10 minutes. Supernatant was
discarded and nuclei pellet immediately resuspended in 190uL transposition reaction mix (10mM Tris-HCI pH 7.5, 5mM MgCl,,
10% Dimethylformamide) by pipetting up/down with a 200uL micropipette tip 3 times. 10uL of pre-assembled Tn5 transposome
with standard ATAC adapters was added. Tubes were gently agitated to mix all components and incubated at 37°C, 30 minutes,
700RPM in an Eppendorf Thermomixer. ATAC reactions were terminated by adding 1mL Zymo DNA binding buffer and vortexing.
Reactions were purified according to manufacturer instructions in a DNA Clean and Concentrator-5 kit (Zymo) and eluted in 25uL
nuclease free water. Eluted ATAC DNA was amplified and barcoded in 50uL PCR reactions (25uL 2x NEBNext High-Fidelity PCR
Master Mix, 20uL eluted ATAC DNA, 2.5uL 10uM i5 index primer, 2.5uL 10uM i7 index primer) with the following PCR thermocycler
program: 72°C 5 min; 98°C 30 s; 8 cycles of 98°C 10's, 62°C 30 s, 72°C 30 s; final extension 72°C 5 min; hold at 12°C. Post-ampli-
fication PCR reactions were cleaned and concentrated with a Zymo DNA Clean and Concentrator-5 column kit. DNA was eluted in
22ul nuclease free H,O. Preliminary library analysis for concentration and size distribution was performed using an Agilent 2200
TapeStation with a D5000 screentape. ATAC-seq DNA libraries were sequenced using 2x75bp paired-end reads on the NextSeq500
instrument.

ATAC-Me

Harvested THP-1 cells were centrifuged at 4°C, 500 R.C.F for 5 min and subsequently resuspended in 1mL ice cold PBS. Resus-
pended cells were counted and assayed for cell viability with trypan blue using an automated cell counter. Cell viability > 80%
was required to proceed with library preparation. Cell suspension volume corresponding to 2x10° THP1 cells was pipetted into a
1.5mL eppendorf tube and pelleted at 4°C, 500 R.C.F for 5 min. Supernatant was aspirated and the cell pellet resuspended in
150uL cold ATAC lysis buffer (10mM Tris-HCI pH 7.4, 10mM NaCl, 3mM MgCl,, 0.1% IGEPAL-630). This suspension was agitated
by gently pipetting up/down with a 200uL micropipette tip 10 times. The suspension was pelleted at 4°C, 500 R.C.F for 10 minutes.
Supernatant was discarded and nuclei pellet immediately resuspended in 190uL transposition reaction mix (10mM Tris-HCI pH 7.5,
5mM MgCl,, 10% Dimethylformamide) by pipetting up/down with a 200uL micropipette tip 3 times. 10uL of pre-assembled Tn5
transposome (containing methylated adaptors) was added. Tubes were gently agitated and incubated at 37°C, 30 minutes,
700RPM in an Eppendorf Thermomixer. ATAC-Me reactions were terminated by adding 1mL Zymo DNA binding buffer and vortex-
ing. Reactions were purified according to manufacturer instructions in a DNA Clean and Concentrator-5 kit (Zymo) and eluted in 13uL
nuclease free water.

DNA eluate was used as input into the gap repair reaction (11uL ATAC-Me DNA eluate, 2pL 10uM Tn5mC-Repl01 oligo, 2puL 10x
ampligase buffer, 2uL dNTPs 2.5mM each). This gap repair reaction was assembled in a PCR tube and incubated as follows ina PCR
thermocycler: 50°C for 1 minute, 45°C for 10 minutes, ramp down to 37°C at a rate of —0.1°C/second, hold at 37°C. Once reaching
37°C, 1uL T4 DNA polymerase and 2.5ulL ampligase were added separately without removing the tube from the thermocycler. After
final addition of enzymes, the reaction was mixed by pipetting up/down with a 20uL micropipette tip without removing tube from the
thermocycler. The gap repair reaction was incubated as follows: 37°C for 30 minutes, hold at 4°C. 2uL of the gap repair reaction was
reserved for a test PCR ampilification to confirm successful ATAC nucleosomal laddering. 2uL of 250mM EDTA (pH = 8.0) was added
to stop the gap repair reaction. Gap repaired ATAC-Me material was bisulfite converted according to manufacturer instructions using
the Zymo Lightning EZ DNA Methylation-Lightning Kit (cat no D5030) with slight modification. 20uL gap repaired DNA and 130uL CT
conversion reagent were mixed and split between three PCR tubes, 50uL/tube. Bisulfite conversion reactions were then incubated in
PCR tubes as follows: 98°C for 8 minutes, 54°C for 60 minutes, hold at 4°C. The three bisulfite conversion reactions were re-pooled
into a single tube. Final purification/desulfonation was performed as directed by the kit manufacturer manual instructions. Final
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elution was in 25uL of M-elution buffer supplied by the kit. Eluted ATAC-Me DNA was amplified and barcoded in 50uL PCR reactions
(25uL 2x KAPA HiFi HotStart Uracil+ ReadyMix, 20uL eluted ATAC-Me DNA, 1.5uL 10uM i5 index primer, 1.5uL 10puM i7 index primer)
with the following PCR thermocycler program: 98°C 45 s; 10 cycles of 98°C 15 s, 62°C 30 s, 72°C 30 s; final extension 72°C 2 min;
hold at 12°C. Post-amplification PCR reactions were cleaned and concentrated with a Zymo DNA Clean and Concentrator-5 column
kit. Elution was in 22uL nuclease free H,O. Preliminary library analysis for concentration and size distribution was performed using an
Agilent 2200 TapeStation with a D5000 screentape. ATAC-Me DNA libraries were sequenced using 2x150bp paired-end reads on the
HiSeq4000 and NovaSeq6000 instruments.

THP-1 T-WGBS

THP-1 T-WGBS libraries were prepared similarly to previously reported methods (Adey and Shendure, 2012; Wang et al., 2013).
Genomic DNA purified from THP-1 cells was diluted in a 50uL tagmentation reaction (100ng genomic DNA, 10mM Tris-HCI pH
7.5, 5mM MgCl,, 10% Dimethylformamide). 2.5uL of transposome assembled with T-WGBS adapters was added and the reaction
incubated at 55°C for 8 min in a PCR thermocycler. Tagmentation reactions were immediately stopped with the addition of 250uL
Zymo DNA binding buffer from the DNA Clean & Concentrator-5 kit (Zymo). Reactions were then purified according to manufacturer
instructions in a DNA Clean and Concentrator-5 kit (Zymo) and eluted in 15uL nuclease free water. DNA eluate was used as input into
the gap repair reaction (11uL ATAC-Me DNA eluate, 2uL 10pM Tn5mC-Repl01 oligo, 2uL 10x ampligase buffer, 2uL dNTPs 2.5mM
each). This gap repair reaction was assembled in a PCR tube and incubated as follows in a PCR thermocycler: 50°C for 1 minute,
45°C for 10 minutes, ramp down to 37°C at a rate of —0.1°C/second, hold at 37°C. Upon reaching 37°C, 1uL T4 DNA polymerase
and 2.5uL ampligase were added separately without removing the tube from the thermocycler. The reaction was mixed by pipetting
up/down with a 20puL micropipette tip without removal from the thermocycler. The gap repair reaction was subsequently incubated as
follows: 37°C for 30 minutes, hold at 4°C. 2L of the gap repair reaction was reserved for a test PCR amplification for troubleshooting.
2uL of 250mM EDTA (pH = 8.0) was added to stop the reaction. Gap repaired, tagmented DNA was subsequently bisulfite converted
according to manufacturer instructions using the Lightning EZ DNA Methylation-Lightning Kit (Zymo) with slight modification. 20uL
gap repaired DNA and 130uL CT conversion reagent were mixed and split between three PCR tubes, 50pL/tube. Bisulfite conversion
reactions were then incubated in PCR tubes as follows: 98°C for 8 minutes, 54°C for 60 minutes, hold at 4°C. The three bisulfite
conversion reactions were re-pooled into a single tube. Final purification/desulfonation was performed as directed by the kit manu-
facturer manual instructions. Final elution was in 25uL of M-elution buffer supplied by the kit. Eluted bisulfite converted DNA was
amplified and barcoded in 50uL PCR reactions (25uL 2x KAPA HiFi HotStart Uracil+ ReadyMix, 20uL eluted ATAC-Me DNA,
1.5uL 10uM i5 index primer, 1.5uL 10uM i7 index primer) with the following PCR thermocycler program: 98°C 45 s; 8 cycles of
98°C 15 s, 62°C 30 s, 72°C 30 s; final extension 72°C 2 min; hold at 12°C. Post-amplification PCR reactions were cleaned and
concentrated in a DNA Clean and Concentrator-5 kit (Zymo). Elution was in 22uL nuclease free water. Preliminary library analysis
for concentration and size distribution was performed using an Agilent 2200 TapeStation with a D5000 screentape. THP-1
T-WGBS DNA libraries were sequenced using 2x150bp paired-end reads on the HiSegX instrument.

Drosophila S2 cell T-WGBS

Drosophila S2 cell T-WGBS libraries were prepared similarly to previously reported methods (Lu et al., 2015; Spektor et al., 2019;
Suzuki et al., 2018). Genomic DNA purified from Drosophila S2 cells was diluted in a 50uL tagmentation reaction (100ng genomic
DNA, 10mM Tris-HCI pH 7.5, 5mM MgCl,, 10% Dimethylformamide). 2.5uL of transposome assembled with T-WGBS adapters
was added and the reaction incubated at 55°C for 8 min in a PCR thermocycler. Tagmentation reactions were immediately halted
with the addition of 250uL Zymo DNA binding buffer from the DNA Clean & Concentrator-5 kit (Zymo). Reactions were then purified
according to manufacturer instruction in a DNA Clean and Concentrator-5 kit (Zymo) and eluted in 15uL nuclease free water. Eluted
DNA was subsequently end-repaired with either Klenow exo- polymerase (NEB) or T4 DNA polymerase (NEB). Klenow extension
based libraries were end-repaired by Klenow exo- repair mix (2uL 10x NEBuffer 2.0, 5 units Klenow exo- [NEB], 4uL 2.5mM each
5-methyl-dCTP substituted dNTP mix, 13.5uL eluted tagmented DNA). Klenow repair reactions were incubated at 37°C,
30 minutes followed by adding 2uL 250mM EDTA to terminate the reaction. T4 polymerase extension based libraries were end
repaired by T4 polymerase repair mix (2uL 10x NEBuffer 2.1, 2uL 2.5mM each 5-methyl-dCTP substituted dNTP mix, 11uL eluted
tagmented DNA). T4 polymerase repair mixture was incubated as follows: 50°C, 1 min; hold at 37°C; add 1uL T4 polymerase,
3000 units/mL (NEB); 37°C, 5 min. T4 polymerase repair reaction was subsequently terminated by adding 2uL 250mM EDTA. Klenow
or T4 DNA polymerase end-repaired DNA was bisulfite converted, PCR amplified and sequenced as described above.

RNA-seq

RNA from approximately 1x10° THP-1 cells was harvested from each PMA stimulation time point by pelleting cells at 4°C, 500 R.C.F
for 5 minutes. After removal of supernatant, cell pellet was homogenized with 1mL of TRIzol Reagent by repeatedly pipetting up/down
with a 1mL micropipette tip. RNA was purified from Trizol homogenate according to recommended manufacturer instructions. RNA-
seq libraries were prepared using the SMARTer® Stranded Total RNA Sample Prep Kit (Takara Bio). RNA-seq libraries were
sequenced using 2x100bp paired-end reads on the NovaSeq6000 instrument.
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Sequencing Library Processing

All sequencing library reads were trimmed of adapters using TrimGalore script wrapper for Cutadapt (Martin, 2011) and FastQC.
Standard ATAC and ATAC-Me/WGBS reads were mapped with Bowtie2 (Langmead and Salzberg, 2012) or WALT (Chen et al.,
2016), respectively, to the hg19 genome assembly (Lander et al., 2001). Methylation analysis of ATAC-Me and WGBS reads was per-
formed using the MethPipe suite of tools (Song et al., 2013). Preseq (Daley and Smith, 2013) was used to compare library complexity
across protocols. RNA libraries were mapped with the STAR mapper (Dobin et al., 2013) and analyzed for differential RNA expression
using DESeq2 (Love et al., 2014). Regions enriched for chromatin accessibility in standard ATAC and ATAC-Me data were identified
using the MACS2 (Zhang et al., 2008) peak caller suite of tools. Regions dynamic for chromatin accessibility were identified with the
TCseq R-package (Wu and Gu, 2019). HOMER was used for all transcription factor motif analysis of dynamic or static chromatin
accessible regions. Annotation and gene association for dynamic and static chromatin accessible regions was performed with
the ChiPseeker (Yu et al., 2015) and ClusterProfiler (Yu et al., 2012) R-packages. De-novo footprint analysis by identifying ATAC-seq
read signal depressions was performed using the Wellington footprinting algorithm (Piper et al., 2013). Dual analysis of footprint depth
and flanking accessibility at pre-identified transcription factor DNA sequence motifs was performed using the bagfootr R-package
(Baek et al., 2017). The samtools (Li et al., 2009), bedtools (Quinlan and Hall, 2010) and deeptools (Ramirez et al., 2014) suites of tools
were used to aid in data manipulation and visualization.

QUANTIFICATION AND STATISTICAL ANALYSIS

Chromatin accessibility peaks were initially selected for analysis based upon filtering of the Benjamini-Hochberg corrected p value
(g-value) reported by the MACS2 peak-calling algorithm (corr. p value < 1x10~'9). Differentially chromatin accessible genomic loci
across the time course were selected from FDR corrected p values produced by the likelihood ratio test implemented in the TCseq
R-package (corr. p value < 5x10~%). Differentially expressed genes across the time course were selected from corrected p values
produced by the likelihood ratio test implemented in the DESeq2 R-package (corr. p value < 5x10~%). Statistical analyses were
performed within the R computing environment and visualized with ggplot2 (Wickham, 2009). Details of statistical analyses can found
in figure legends and on our Github page (see below).

DATA AND CODE AVAILABILITY
Datasets utilized in this study may be accessed at GEO: GSE130096 and GEO: GSE96800.
Detailed code and workflows associated with main figures may be accessed at: https://github.com/HodgesGenomicsLab/
ATAC-Me
ADDITIONAL RESOURCES

A detailed step-by-step ATAC-Me sequencing library construction protocol is available in Methods S1.
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