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We previously reported Paired-Tag, a combinatorial indexing-based method

that can simultaneously map histone modifications and gene expression at
single-cell resolution at scale. However, the lengthy procedure of Paired-Tag
has hindered its general adoption in the community. To address this
bottleneck, we developed a droplet-based Paired-Tag protocol that is faster
and more accessible than the previous method. Using cultured mammalian
cells and primary brain tissues, we demonstrate its superior performance at
identifying candidate cis-regulatory elements and associating their dynamic
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chromatin state to target gene expression in each constituent cell typeina

complextissue.

Chemical modifications to histone proteins and nucleic acids along
chromosomes, collectively referred to as the cell’s epigenome, regulate
spatiotemporal gene expression patterns in multicellular eukaryotic
organisms'. Analysis of the epigenome has been successfully used to
reveal mechanisms of gene regulation and dysregulation in develop-
ment, disease pathogenesis and aging; however, considerable technical
barriers existin profiling the epigenome of complex tissues due to the
heterogeneity of cell types and states within biospecimens. Single-cell
epigenomic techniques can circumvent this barrier by revealing the
landscape of DNA methylation?, chromosome conformation®, chroma-
tinaccessibility*, histone modifications’” and transcription factor bind-
ing® at single-cell resolution. Single-cell multiomic assays that jointly
survey multiple molecular modalities, including gene expression’ > or
protein abundance'"”, further help to decipher the complex interplay
between the epigenome and transcriptional machinery. In particular,
single-cell CUT&Tag (scCUT&Tag) has enabled the characterization of
active or silenced chromatin states at candidate cis-regulatory elements
(cCRESs) within different cell types of primary tissues'®"”. However,
currentsingle-cell epigenomic assays have been slow for general adop-
tion, owing to factors such as lengthy procedures and lack of general
accessibility.

Here, we report Droplet Paired-Tag, a fast and broadly accessi-
ble technique for producing high-quality single-cell joint profiles
of histone modifications and transcriptomes in parallel, which has

the potential to be quickly adopted by the research community for
interrogating the dynamic and cell-type-specific epigenomic land-
scapes in complex tissues. The key modifications compared to the
initial combinatorial indexing-based Paired-Tag protocol include the
adaptation of acommercially available microfluidic platform (thatis,
10x Chromium Single Cell Multiome) to introduce cellular barcodes
and a simplified protocol to prepare sequencing libraries. The new
procedure, therefore, offers three key advantages. First, changing to
adroplet-based platform greatly shortens the hands-on time in both
the molecular barcoding and library preparation steps (Extended Data
Fig.1). As a result, Droplet Paired-Tag can be performed in less than
1.5 days from nuclei preparation to sequencing library construction,
considerably shorter than the conventional 3-day-long Paired-Tag
procedure. Second, this design can also be more easily adapted owing
to the wide availability of the commercial 10x Chromium platform and
reagent kits. Third, the simplified procedure also brings improved
performanceinidentifying cCCREs and correlating chromatin states of
distal elements to expression levels of putative target genes.

In Droplet Paired-Tag, nuclei are first permeabilized, followed by
targeted tagmentation using primary antibodies to a histone modifica-
tion; these antibodies are precoupled with protein A-Tn5transposase
fusion proteins (pA-Tn5) in a procedure modified from the reported
CUT&Tag'"® method (Methods). The resulting nuclei and barcoded
beadsare then coencapsulated into droplets withamicrofluidic device
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Fig.1|Joint profiling of transcriptomes and histone modifications in single
cells using Droplet Paired-Tag. a, Schematic overview of Droplet Paired-Tag;
TSO, template switch oligo. b, Distribution of the unique number of fragments
per cell across different single-cell epigenomic assays with the indicated
samples and histone targets; n =13,664 (Droplet Paired-Tag, H3K27ac), 4,501
(Droplet Paired-Tag, H3K27me3), 2,066 (Paired-Tag, H3K27ac), 418 (Paired-Tag,
H3K27me3), 3,031 (CoTECH, H3K27me3), 5,111 (scCUT&Tag, H3K27ac), 9,039
(scCUT&Tag-pro, H3K27ac) and 12,585 (scCUT&Tag-pro, H3K27me3); PBMCs,
peripheral blood mononuclear cells. ¢,d, Distribution of unique transcript (c)
or gene (d) numbers per cell across different single-cell multiomic assays. For all
box plots, hinges were drawn from the 25th to 75th percentiles, with the middle
line denoting the median and whiskers denoting amaximum 2x the interquartile
range; n =13,664 (Droplet Paired-Tag, H3K27ac), 4,501 (Droplet Paired-Tag,

H3K27me3), 2,066 (Paired-Tag, H3K27ac), 418 (Paired-Tag, H3K27me3), 3,031
(CoTECH, H3K27me3) and 2,711 (10x Multiome, ATAC). e, Genome-wide SCCs
between mESC histone modification datasets from Droplet Paired-Tag (indicated
with‘sc’), bulk CUT&Tag and ChIP-seq (indicated with ‘bulk’); rep, replicate.

f, Genome browser view showing examples of pseudo-bulk and single-cell
histone modification signals of Droplet Paired-Tag in mESCs, along with

bulk ChIP-seq and CUT&Tag. The pluripotent gene (Sox2), along with its
superenhancer (SCR), and the repressed gene (Gata4) are highlighted in pink;
chr, chromosome. g, Number and overlap of peaks called using H3K27ac Droplet
Paired-Tag compared to those from ChIP-seq datasets. h, Scatter plot showing
the relationships between the total number of H3K27ac peaks called and the
number of nuclei after downsampling. The dashed line indicates the cutoff of the
number of nuclei that could recover 85% of peaks.

(10x Genomics Chromium X controller). Two types of oligonucleotides
with the same set of barcodes areembedded inthe beads: (1) abarcoded
poly(dT) oligonucleotide to label cDNA and (2) a capturing oligonu-
cleotide to label DNA fragments derived from tagmentation. Reverse
transcriptionis performedinthe droplets with the barcoded poly(dT)
oligonucleotide. A ligation reaction is simultaneously performed to
attach barcoded capturing oligonucleotide to the tagmented chro-
matin fragments. To facilitate this ligation process with our in-house
pA-TnS5 fusion, we designed the pA-Tn5 adaptor with 3’-extended
bridge-pMENTSs sequence reverse complementary to the capturing

oligonucleotide sequence (Fig. 1a, Extended Data Fig. 2a and Sup-
plementary Table 1). After completion of the reactions, the reverse
transcription products and tagmented DNA fragments from the same
cells are both labeled with the same unique cellular barcodes. The
droplets are then dissolved, and the cDNA and chromatin fragments
are purified, amplified and split for sequencing library construction
following the manufacturer-recommended protocols (10x Chromium
Single Cell Multiome; Extended Data Fig. 2b-d).

Asaproofof concept, we first used Droplet Paired-Tag to analyze
histone modifications (H3K27ac and H3K27me3) jointly with the
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transcriptome in individual mouse embryonic stem cells (mESCs).
The complexity of the DNA-dedicated libraries corresponding to
histone modifications (median number of 1,448 and 3,224 fragments
per nucleus for H3K27ac and H3K27me3, respectively) was compara-
ble to that of the combinatorial indexing-based Paired-Tag. Library
complexity was also similar to or higher than library complexities
from other published methods for analyzing histone modifications
in single cells, such as scCUT&Tag’, CoOTECH and scCUT&Tag-pro
(Fig. 1b). Compared to H3K27ac, a higher fraction of reads from
H3K27me3 Droplet Paired-Tag experiments correspond to mono-,
di- and trinucleosome fragments (Extended Data Fig. 3b), consist-
ent with the more compact chromatin structures within Polycomb
complex-repressed regions'. For the transcriptomic analysis,
Droplet Paired-Tag yielded gene expression-dedicated libraries
with comparable complexities as other commonly used single-cell
RNA-sequencing (scRNA-seq) platforms (Fig. 1c,d). The gene
expression profile detected by Droplet Paired-Tag was in excellent
agreement with bulk RNA-seq data from mESCs (Extended Data
Fig. 3c). As expected, the detected gene expression levels are, in
general, positively correlated with the H3K27ac signal over the tran-
scription start site (TSS) and inversely correlated with H3K27me3
depositionacross gene bodies (Extended Data Fig. 3d). These results
indicate that Droplet Paired-Tag can reliably capture histone modi-
fications and gene expression simultaneously from the same cell in
a high-throughput fashion.

To evaluate the sensitivity and specificity of Droplet Paired-Tag
in histone modification profiling, we compared the mESC single-cell
data with bulk CUT&Tag and public chromatin immunoprecipitation
with sequencing (ChIP-seq) datasets generated from mESCs***. For
both H3K27ac and H3K27me3, the aggregated single-cell signals faith-
fully resembled those from bulk CUT&Tag and ChIP-seq experiments
(Fig. 1e) and showed high enrichment over peaks identified from
ChIP-seq datasets (Extended Data Fig. 3e). As an example, single-cell
H3K27acreads from Droplet Paired-Tag (Fig. 1f) marked the promoter
region of the pluripotent gene Sox2 andits downstream superenhancer,
while H3K27me3 reads were deposited on genes involved in cellular
differentiation and genes that are expressed in specific cell lineages
(forexample, Gata4).Seventy-two percent of the peaksidentified from
aggregated single-cell signals from Droplet Paired-Tag overlapped
withthose from ChIP-seq experiments (Fig. 1g). By downsampling the
number of nuclei profiled in Droplet Paired-Tag experiments, we found
that the number of H3K27ac peaks detected reached saturation after
about 2,500 nuclei, or around 6 million total reads. By comparison,
the Paired-Tag required 60% more reads to reach saturation (Fig. 1h
and Extended Data Fig. 3f).

To demonstrate the utility of Droplet Paired-Tag for single-cell
epigenomic analysis of primary tissues, we used it to analyze histone
modifications and gene expression at single-cell resolutioninthe adult
mouse frontal cortex. We performed Droplet Paired-Tag experiments
to profile either H3K27ac or H3K27me3 together with RNA expression,
eachinthreebiological replicates. After filtering out low-quality cells
and potential doublets, we recovered 22,054 nuclei in total, of which
11,874 nuclei were profiled for H3K27ac and 10,180 were profiled for
H3K27me3. Clustering of these nuclei based on their transcriptomic
profiles identified 20 major cell clusters corresponding to nine glu-
tamatergic neuron types (Snap25'Sic17a7"), six GABAergic neuron
types (Snap25'GadI’) and five non-neuron cell types (Snap257; Fig. 2a,
Extended DataFig.4a-d and Supplementary Tables 2 and 3). Most cell
types were knownto existin the frontal cortex regions, except for three
cell types found in one sample, namely, DI2MSN (striatum D1/D2 like
medium spiny neurons), OBGA (olfactory bulb GABAergic neurons)
and OBGL (anterior olfactory nucleus glutamatergic neurons), which
likely originate from anatomical regions proximal to the frontal cortex
due to variations in surgical sectioning during sample preparation
(Extended Data Fig. 4b and Supplementary Table 4). Interestingly, 17
out of 20 and 18 out of 20 clusters can be independently recovered
by clustering using histone modification H3K27ac or H3K27me3 sig-
nals (Fig. 2a), respectively, suggesting that cell-type annotations are
highly concordant between transcriptome- and epigenome-based
clustering (Fig.2b and Extended Data Fig. 5a-d). Additionally, the cell
clusters reported in this study were also consistent with those from
the previous Paired-Tag dataset and the BRAIN Initiative Cell Census
Network (BICCN) reference 10x single-nucleus RNA-seq (snRNA-seq)
dataset generated from the mouse primary motor cortex (Extended
Data Fig. 5e—-h)*.

To jointly analyze Droplet Paired-Tag data corresponding to dif-
ferent histone modifications, we used transcriptome-based clustering
and cell-type annotationin all subsequent analyses. For histone modal-
ity, pseudo-bulk-level signals showed high concordance with both
bulk CUT&Tag and ChIP-seq experiments (Extended Data Fig. 6a,b).
Pseudo-bulk single-cell histone signals from cells within each cluster
showed that the H3K27ac signal is abundant at TSSs of cell-type-specific
genes, whereas these regions are generally silenced by H3K27me3 in
other cell types (Fig. 2c and Extended Data Figs. 6¢ and 7a-d). Com-
pared toscCUT&Tag®, Droplet Paired-Tag yielded a comparable fraction
of reads in peaks (FRiP) but higher numbers of unique fragments per
nucleus for both histone modifications. Compared to combinato-
rial indexing-based Paired-Tag'"?, Droplet Paired-Tag recovered fewer
unique reads per nucleus but showed higher FRiP and thus captured
ahigher number of peak-associated reads. Theimprovementsinboth

Fig.2|Droplet Paired-Tag effectively resolves multiple cell typesin

the mouse frontal cortex (FC) and identifies the cCREs within each

cell type. a, Uniform manifold approximation and projection (UMAP)
embedding visualization of frontal cortex Droplet Paired-Tag data clustered
and annotated based on the transcriptome (gene expression) and histone
modifications (H3K27ac and H3K27me3). b, Overlap of shared annotations
between transcriptome and epigenome clustering. ¢, Representative genome
browser view of gene expression and H3K27ac and H3K27me3 distribution
over cell-type-specific marker genes. d, Comparison of the number of unique
transcripts and genes detected in each cell between Droplet Paired-Tag and
Paired-Tag; n=22,054 (Droplet Paired-Tag, RNA) and 11,026 (Paired-Tag, RNA).
e f, Comparison of the unique fragments and FRiPs in each cell between Droplet
Paired-Tag and other methods measuring the histone modifications H3K27ac
(e) and H3K27me3 (f) in single cells. All box plot hinges were drawn from the
25th to 75th percentiles, with the middle line denoting the median and whiskers
denoting 2x the interquartile range; n = 11,874 (Droplet Paired-Tag, H3K27ac),
5,049 (scCUT&Tag, H3K27ac), 886 (Paired-Tag, H3K27ac), 10,180 (Droplet
Paired-Tag, H3K27me3), 4,019 (scCUT&Tag, H3K27me3) and 60 (Paired-Tag,
H3K27me3). g, Signal enrichment over CEMBA cCREs in Droplet Paired-Tag and

other methods measuring single-cell histone modifications; kbp, kilobase pairs.
h, Comparison of the number of H3K27ac peaks from the Droplet Paired-Tag
dataset with the original Paired-Tag dataset, intersected with CEMBA-identified
cCREs. i, Heat map showing gene expression values from promoter-proximal
cCREs. j, Signals of both histone modifications over promoter-proximal cCREs
across different cell types. k, Heat map of known motif enrichment for each cCRE
module of promoter-proximal cCREs. Examples of known motifs are shown along
with the heat map. Pvalues were calculated by one-sided binomial test. FDRs were
then calculated to select enriched motifs; TF, transcription factor. I, Schematics
foridentifying potential targets for cCREs. m, Frequency density plots showing
the distribution of SCCs between distal cCRE histone modification signals and
their putative target gene expression level. Cutoffs (FDR = 0.05) used to identify
cell-type-specific cCRE-gene pairs are also indicated. n, Heat map showing
histone modification signals at distal cCREs with potential active or repressive
roles and their putative target gene expression levels. Example overrepresented
GO terms for genes in selected cell types are shown. Pvalues were calculated by
Fisher’s exact test. Benjamini-Hochberg FDRs were then calculated to select
overrepresented GO terms.
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signal sensitivity and specificity likely contributed to the higher resolu-
tioninseparating celltypes (Fig.2d-fand Extended DataFig. 6f-i). Com-
pared to the list of open chromatin regions identified from the same
brain cell types fromarecentsingle-nucleus ATAC-seq atlas (BICCN)*,

Droplet Paired-Tag yielded the lowest level of H3K27me3 signals at
the open chromatin regions, indicating minimal off-target Tn5 trans-
posase activitiesin our procedure (Fig. 2g). To evaluate the sensitivity
of Droplet Paired-Tag, we identified the peaks of H3K27ac signals in
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each cell cluster and retained those that appeared in two or more repli-
cates. Theresulting union set of 63,799 peaks was two times more than
that detected with the previous combinatorial indexing-based
Paired-Tag method (27,522) from a similar number of nuclei (11,874
versus 11,749; Extended Data Fig. 6d). A higher fraction of H3K27ac
peaks detected in Droplet Paired-Tag overlapped with the open
chromatin regions from the same brain cell types than the previous
Paired-Tag dataset (90.8% versus 80.5%; Fig. 2h). Taken together, these
results suggest that Droplet Paired-Tag can generate high-quality
transcriptomic and epigenomic profiles at single-cell resolution from
complex tissues.

To further demonstrate the utility of Droplet Paired-Tag in char-
acterizing cCRE activity states, we examined variations of chromatin
states (H3K27ac or H3K27me3) at identified cCREs in different brain
cell types®. We classified cCREs as distal or proximal based on their
distance to promoter regions (Methods) and performed non-negative
matrix factorization to group all the cCREs with sufficient levels of
H3K27ac (reads per kilobase (kb) per million (RPKM) > 1) and H3K27me3
(RPKM >1) signalsinatleast one brain cell type into 20 cCCRE modules,
each showing a distinct pattern of cell-type specificity (Fig. 2i,j and
Extended DataFig. 8a). For proximal cCREs, H3K27ac signal in the pro-
moter region showed a strong positive correlation with transcription,
while H3K27me3 signal showed an overall inverse correlation (Fig. 2i).
Transcription factor binding motif analysis of each CRE module
revealed known transcription factors involved. For example, a
cCRE module corresponding to the ITL23GL cluster (excitatory
neurons from cortex layers 2 and 3) was enriched for NEUROD1 and
MEF2C motifs, and the OGC (mature oligodendrocytes) cCRE module
was enriched for motifs of oligodendrocyte-critical transcriptional
factors, such as SOX10 (Fig. 2k, Extended Data Fig. 8b and Supple-
mentary Table 5).

Droplet Paired-Tag data enable the prediction of putative target
genes of distal cCREs due to the joint profiling of gene expression
levels and chromatin states from the same cells. We calculated the
pairwise Spearman’s correlation coefficients (SCCs) between histone
modification signals at distal cCREs and promoter regions of potential
target genes within a 500-kb window (Fig. 2I). This analysis identified
20,241significant cCCRE-gene pairs with a positive correlation between
H3K27ac signals and gene expression and 4,738 pairs with a negative
correlation between H3K27me3 and gene expression (false discovery
rate (FDR) of <0.05; Fig.2m and Supplementary Table 6). Interestingly,
Droplet Paired-Tag data captured stronger linkages between cCREs
and genes over background than combinatorial indexing Paired-Tag
(Extended Data Fig. 8c). Gene ontology (GO) analysis showed that
H3K27ac-associated genes in the OGC population were enriched for
terms related to the myelination process, consistent with the likely
enhancer function of the distal cCREs. However, H3K27me3-associated
genesinthe same cell type were enriched for termsrelated to neuronal
function (Fig. 2n and Supplementary Table 7). Through integrative
analysis with arecently published mouse brain single-cell chromosome
contacts dataset*, we found that cell-type-specific cCRE-gene pairs
with long-range chromatin contacts were overall more positively (for
H3K27ac) correlated than cCRE-gene pairs with no detectable chro-
matin contacts (Extended Data Fig. 8d,e).

Discussion

In summary, Droplet Paired-Tag is a fast and robust method for joint
profiling of histone modifications and gene expressioninsingle cells.
We demonstrated the utility and superior performance of this method
for analyzing cell-type-specific gene regulatory programs in complex
tissues. By using a widely available microfluidic device (that is, 10x
Genomics Chromium), this shortened, more easily adaptable proce-
dure willlikely facilitate the quick adaptation of this method in the field
of epigenetics. Droplet Paired-Tag adds anew tool kit for investigation
of the gene regulatory mechanisms in disease and life span.
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Methods

Cell culture

mESCs used in this study have been described in a previous study?.
Specifically, ahybrid mouse embryonic cell line CAST x s129 was engi-
neered to have both alleles of the SOX2 gene tagged (CAST allele with
eGFP;s129 allele with mCherry), and 4 copies of the CTCF binding sites
inserted between SOX2and downstream super-enhancer onthe CAST
allele. mESCs were maintained in feeder-free and serum-free 2i medium
at 37 °C with 5% CO,. To isolate nuclei, mESCs were dissociated with
Accutase (Innovative Cell Technologies, AT104), collected by centrifu-
gation, washed twice with PBS (Gibco,10010023) and resuspended in
cold nuclei permeabilization buffer (10 mM Tris-HCI (pH 7.4; Sigma,
T4661), 10 mM NaCl (Sigma, S7653), 3 mM MgCl, (Sigma, 63069),
1x protease inhibitor (Roche, 05056489001), 0.5 U pl™ RNaseOUT
(Invitrogen, 10777-019), 0.5 U pl™ SUPERaseln inhibitor (Invitrogen,
AM2694), 0.1% IGEPAL CA630 (Sigma, 18896) and 0.02% digitonin
(Sigma, D141)) for 1 min. Nuclei were counted using a Bio-Rad TC20
cellcounter with 0.4% Trypan Blue (Gibco, 15250061) staining. For each
Droplet Paired-Tag experiment, 0.5 million nuclei were used.

Mouse brain dissection and nuclei extraction

All animal work described in this manuscript has been approved and
conducted under the oversight of the University of California, San
Diego, Institutional Animal Care and Use Committee. Male C57BL/6)
mice were purchased from the Jackson Laboratory (000664) at
12 weeks of age and were housed in the barrier facility at Univer-
sity of California, San Diego, under a 12-h light/12-h dark cycle in a
temperature-controlled room with ad libitum access to water and
food until euthanasia and tissue collection at 16 weeks of age. The
temperature in the animal facility was maintained within the range of
20t022.2 °C,while the humidity levels varied between 35 and 60%. The
frontal cortex was dissected from 16-week-old male mice, snap-frozen
in liquid nitrogen and stored at —80 °C before proceeding to nuclei
extraction.

Single-cell suspensions were prepared from frozen tissues by
Dounce homogenization in douncing buffer (0.25 M sucrose (Sigma,
$7903), 25 mM KCI (Sigma, P9333), 5 mM MgCl,, 10 mM Tris-HCI
(pH 7.4), 1mM DTT (Sigma, D9779), 1x protease inhibitor, 0.5 U pl™
RNaseOUT and 0.5 U pl™ SUPERaseln inhibitor). The cell suspension
was then filtered through a 30-pm Cell-Tric filter (Sysmex) for debris
removal and centrifuged for 10 min at 300g at 4 °C. Cell pellets was
washed once with douncing buffer, centrifuged again and resuspended
incold nuclei permeabilization buffer for 10 min. Permeabilized nuclei
were pelleted by centrifugation for 10 min at 1,000g and 4 °C and
washed with sort buffer (1x PBS (Gibco,10010023), 1x protease inhibi-
tor (Roche, 05056489001), 0.5 U pul™ RNaseOUT (Invitrogen, 10777-
019), 0.5 U pI'SUPERaselninhibitor (Invitrogen, AM2694),1 mM EDTA
(Invitrogen, 15575020) and 1% bovine serum albumin (BSA; Sigma,
A1595)) once. After resuspension in sort buffer, nuclei were stained
with2 pM 7-AAD (Invitrogen, A1310) for 10 minonice and were sorted
by fluorescence-activated nuclei sorting with an SH800 cell sorter
(Sony) for the isolation of single nuclei (Extended Data Fig. 9). Nuclei
were collected in collection buffer (1x PBS (Gibco, 10010023), 5% pro-
tease inhibitor (Roche, 05056489001), 2.5 U ul”* RNaseOUT (Invitro-
gen,10777-019), 2.5 U pl ™' SUPERaselninhibitor (Invitrogen, AM2694),
1 mMEDTA (Invitrogen, 15575020) and 5% BSA (Sigma, A1595)) at 5 °C
and immediately centrifuged for 10 min at 750g and 4 °C. Nuclei were
washed twice with sortbuffer and counted onan RWD C100-Pro fluores-
cence cell counter with DAPIstaining to better estimate the number of
nuclei. For each histone modification, around 0.5 million sorted nuclei
were aliquoted and used for Paired-Tag experiments.

Assembly of the active transposon complex
Sequences for all custom oligonucleotides used in this study are
provided in Supplementary Table 1. To assemble pA-Tn5 complexes

suitable for the 10x Single Cell Multiome ATAC + Gene Expression
platform, we mixed transposome oligonucleotides (100 pM) in two
separate PCR tubes (USA Scientific, 1402-2300) with 25 pl of Adapt-
erA + 25 pl of bridge-pMENTSs or 25 pl of AdapterB + 25 pl of pMENTS.
Oligonucleotides were annealed in athermal cycler with the following
program: 95 °C for 5 min and slowly coolto12 °C ataspeed of 0.1°Cs™.
Each1ploftheannealed transposome DNA was mixed separately with
6 pl of unloaded pA-Tn5 (0.5 mg ml™, MacroLab) and quickly spun
down. The mixtures were incubated at room temperature for 30 min
thenat4 °Cfor anadditional 10 min, and equal volumes of assembled
pA-Tn5-AdapterA and pA-Tn5-AdapterB were mixed to form func-
tional pA-Tn5 complexes. Assembled transposon complexes can be
stored at =20 °C for up to 6 months, and transposon activity was vali-
dated with abulk CUT&Tag assay before use.

Antibodies

Antibodies used in this study include H3K27ac (Abcam, ab177178,
recombinant; Abcam, ab4729, polyclonal) and H3K27me3 (Abcam,
ab192985, recombinant). We found that antibody specificity is criti-
cal for high-quality signals of single-cell histone data. For H3K27ac,
althoughthe recombinantantibody yielded a higher fragment number
per cellthan the polyclonal antibody, its enrichment at TSSs or ChIP-
seq peaks was lower (Extended Data Fig. 6e). Therefore, except for
replicate 1 of the mouse frontal cortex dataset, all other experiments
targeting H3K27ac were performed with the polyclonal antibody. One
microgram of antibody was used per Droplet Paired-Tag reaction.

Experimental protocol for Droplet Paired-Tag

Abrief description of the Droplet Paired-Tag experimental procedure
is provided below. Amore detailed, step-by-step protocolis provided
in Supplementary Dataland on the Protocol Exchange®.

Antibody-guided tagmentation. pA-Tn5and primary antibody were
preconjugated during nuclei extraction. One microgram of primary
antibody and 1 pl of assembled pA-Tn5 were premixed in 35 pl of MED1
buffer 20 mM HEPES (pH 7.5), 300 mM NaCl, 0.5 mM spermidine, 1x
protease inhibitor cocktail, 0.5 U pul SUPERaseln RNase inhibitor,
0.5U pl™ RNaseOUT, 0.01% IGEPAL CA630, 0.01% digitonin, 2 mM
EDTA and 1% BSA) and rotated at room temperature for 1 h, as a previ-
ous study showed that high-salt conditions are critical to reducing
undesired open chromatin background’. Nuclei extracted with the
above-described protocol were also resuspended in MED1 buffer, and
0.15 million-0.50 million nuclei were distributed into the premixed
antibody and pA-TnS5 to a final volume of 75 pl. The mixtures were
rotated at 4 °C overnight for epitope targeting along with pA-Tn5
tethering.

After overnight incubation, nuclei were isolated by centrifuga-
tionfor10 minat300gand 4 °C and washed with MED2 buffer (20 mM
HEPES (pH 7.5),300 mMNacl, 0.5 mM spermidine, 1x protease inhibitor
cocktail, 0.5 U pI™ SUPERaseln inhibitor, 0.5 U ul™ RNaseOUT, 0.01%
IGEPAL CA630, 0.01% digitonin and 1% BSA) three times to remove
excess antibody and pA-Tn5. Tagmentation was next performed in
50 pl of MED2 buffer supplemented with10 mM MgCl, (Sigma, M1028)
at550 r.p.m.and 37 °Cfor 60 minina ThermoMixer (Eppendorf). The
tagmentation reaction was terminated by adding an equal volume
of stop solution (10 mM Tris-HCI (pH 8.0), 20 mM EDTA, 2% BSA, 2x
protease inhibitor cocktail, 1 U pl™ SUPERaseln inhibitor and 1 U pl™
RNaseOUT). Nuclei were spun down for 10 min at 500g and 4 °C and
washed once with 1x nuclei buffer (10x Genomics, PN-2000207; sup-
plemented with1 mMDTT, 0.5 U pul™ SUPERaselninhibitorand 0.5 U pI™
RNaseOUT).Finally, nuclei were resuspendedin10 pl of 1x nucleibuffer,
and 10,000-16,000 nuclei were aliquoted into PCR tubes with a total
volume of 8 pl. Normally, the nuclei recovery rate is around 30-60%
depending on the starting input materials. To assess CUT&Tag per-
formance, around10,000-50,000 nuclei were used for bulk analysis.
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Fragmented DNA in these nuclei was purified with MiniElute (Qiagen,
28004) columns and amplified for quality control assessment. Seven
microliters of ATAC Buffer B (10x Genomics, PN-2000193) was added
to 8 pl of nuclei mixture to reach a final reaction volume of 15 pl, the
same as specified in the user manual of the Chromium Next GEM Single
Cell Multiome kit (CGO00338, RevF), except that we substituted 3 pl
of ATAC Enzyme B (10x Genomics, PN-2000265/PN-2000272) with 1x
nucleibuffer.

Reverse transcription, cell barcoding and library preparation. Bar-
coding reaction mixtures were prepared as described in the manual for
the Chromium Next GEM Single Cell Multiome kit. Sixty microliters of
prepared master mix was added to 15 pl of nuclei mixture before being
loaded onto a Chromium Next GEM ChipJ and proceeding to droplet
generation with a Chromium X microfluidic system (10x Genomics).
Reverse transcription and cell barcoding were performed inside 10x
GEM. Final DNA and RNA library amplification was performed accord-
ing to the Chromium Single Cell ATAC Library kit manual except that
we used an increased number of amplification cycles (12-13 in total)
for histone modality libraries.

Preprocessing of Droplet Paired-Tag data

All sequencing was performed with an Illumina Nextseq2000
sequencer. Droplet Paired-Tag fastq files were demultiplexed using
cellranger-arc (v2.0.0) with the command ‘cellranger-arc mkfastq’;
however, DNA and RNA datawere preprocessed using cellranger-atac
(v2.0.0) and cellranger (v6.1.2), respectively, and barcodes were
manually paired with a custom script using the matching relation-
ship provided in cellranger-arc. To select high-quality nuclei, we first
aggregated histone modification data from the same sample and per-
formed peak calling to find narrow peaks (for H3K27ac) or broad peaks
(for H3K27me3) using MACS2 (v2.1.2)*. We then filtered the histone
modality based on the per cell fragment number and FRiP. We next
selected nuclei by pairing pass-filtered nuclei from both modalities
(histone modification and transcriptome), as shownin Extended Data
Fig.3a.Before clustering, nuclei witha high fraction of mitochondrial
and ribosomal RNA reads were filtered out. Nuclei with an extremely
high number of reads were also filtered out because most of them
were doublets. Potential doublets were identified and removed using
Scrublet” for individual RNA datasets, and corresponding DNA bar-
codes were also removed.

Forgenomebrowser track generation, sample- or cell-type-specific
bigwig files were generated from bam files with deepTools (v3.5.1)* and
visualized in Integrative Genomics Viewer (v2.15.4)%.

For FRiP calculation, duplicate reads were removed using Sam-
tools (v1.14)** and Picard MarkDuplicates (v2.25.0), taking barcode
information into account. Peak calling was then performed using
MACS2 with default parameters, except that for H3K27me3, we called
broad peaks with ‘~broad’ due to its broad domain enrichment. Pre-
processing pipelines and scripts are shared at https://github.com/
Xieeeee/Droplet-Paired-Tag.

Analysis of Droplet Paired-Tag data

Signal enrichment calculation. Density plots and heat maps of signal
enrichment over ChIP-seq peaks or CEMBA cCREs were generated
using deepTools. Peaks that overlapped with ENCODE blacklist (v2)
or CUT&RUN blacklist regions were removed during the calculation
of enrichment®*,

Clustering and annotation. Clustering of single-cell transcriptomic
datawas performed in R using Seurat (v4.1.0)** and Signac (v1.6.0)*.In
short, gene counts were normalized, and the top 2,500 variable genes
were selected for dimension reduction by principal-componentanaly-
sis. For all datasets, the first 35 principal components were used to cor-
rectbatch effects with Harmony?®, followed by UMAP visualization and

Louvain clustering. Marker genes for each cluster were identified using
Seurat, with thelog, (fold change) threshold set to 0.25. Annotation of
cluster identities was done with marker genes characterized in previ-
ous studies. For epigenomic data, 10x fragment files were converted
to cell-by-binmatrices using 5-kb non-overlapping genomicbins, and
clustering was performed using Signac. Briefly, sequencing depth
was normalized using the two-step term frequency-inverse document
frequency. Thetop 85% of genomic bins were selected for linear dimen-
sion reduction by singular value decomposition, and batch effects
were corrected with Harmony, again followed by UMAP visualization
and Louvain clustering. Gene activity scores were computed by signal
density in promoter and gene body regions.

To compare clustering results from different modalities, we first
annotated the epigenome clusters by nominating the most abundant
celltypeidentified with transcriptome clustering. Overlap coefficients
(0;) were calculated according to the proportion of cells sharing the
same labels from both the transcriptome (A) and epigenome clusters
(B) inthe transcriptome clusters:

AN B;
Oi=max(%).

i

Integration with public snRNA-seq datasets. Integration of the Drop-
let Paired-Tag RNA dataset with the original Paired-Tag datasetand 10x
snRNA-seq dataset was performed using Seurat. Briefly, gene counts for
all datasets were normalized, and the top 2,000 shared variable genes
across datasets were identified as integration features. Dimensional
reduction (canonical correlation analysis) was performed to project
all nuclei into the same embedding, and ‘anchors’ (pairs of cells from
different datasets) were identified by mutual nearest neighbors search-
ing. Low-confidence anchors were filtered out, and shared neighbor
overlap between anchor and query cells in an overall neighbor graph
was computed. Louvain clustering on the overall neighbor graph was
used for coembedded cluster identification. To compare clustering
results from different datasets, overlap coefficients (O, ;) were calcu-
lated based on the number of cells sharing the same labels from both
the query (4) and reference clusters (B) in the coembedding clusters (C;
iindicates query celltype,jindicates reference cell type, and kindicates
coembedding cluster):

. ([ANG BinG
O,J_m1n<[ A ],max[ Bj .

Identification of peak set. To identify peaks using H3K27ac data,
we adopted a previously described method to perform peak calling
and merge peaks across replicates®. Properly paired reads from all
pass-filtered nuclei in the same replicate were merged to generate a
pseudo-bulk dataset for all biological replicates. After shift correction
for the pA-Tn5 cleavage site, peak calling was performed using MACS2
with the following parameters: -q 0.01 -nomodel -shift -75 -extsize
150 -keep-dup all -B -SPMR’. Because we used two different antibod-
ies toreduce variation caused by antibody affinity and specificity, we
retained peaksidentifiedinatleast two replicates as conserved peaks
during merging. Finally, we extended peak summits to a fixed width of
500 base pairs for merging and downstream analysis.

Identification of cCRE modules. To ensure afair comparison between
different techniques, we filtered the CEMBA cCREs list for elements
withan arbitrary cutoff (histone modification signal RPKM of >1) in at
least one transcriptome-based cluster from both Droplet Paired-Tag
and Paired-Tag datasets and retained cCREs with H3K27ac (289,437,
87.9% of cCREs) or H3K27me3 (127,005, 34.9% of cCREs) signal RPKM
values of >lin atleast one cluster for downstream analysis. For visuali-
zation, shared cCREs (108,319) from H3K27ac and H3K27me3 groups
were selected for plotting. cCREs were classified as distal or proximal
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based ontheir distance to +2 kb of the TSSin GENCODE mm10 (vm25).
Proximal or distal cCREs were grouped into 20 different modules by
non-negative matrix factorization® based on their histone modifica-
tionsignalintensity. Downstream motif enrichmentand GO analysis are
based on this classification of cCRE modules. For visualization, 95,799
distal cCREsand 12,520 proximal cCREs that passed both H3K27ac and
H3K27me3 signal cutoffs were plotted. Cell types with <100 nuclei
were excluded for further analysis (vascular and leptomeningeal cells).

Linking cCREs with putative target genes. We used a previously
described method to link cCREs with their putative regulatory genes
for both histone modifications®. First, cCREs with co-occupancy of
H3K27ac or H3K27me3 within a genomic distance of 500 kb were
identified using Cicero®. cCREs with co-occupancy (Cicero score) of
>0.1were retained for further analysis. Next, cCREs were classified as
distal or proximal based on their distance to +2 kb of the TSS in GEN-
CODE mm10 (vm25).Inour analysis, only distal-to-proximal pairs were
selected for comparison. We calculated SCCs between gene expression
and histone modification signal over cCRE across clusters to examine
the relationship between coaccessibility pairs. To estimate random
background levels, we shuffled the cell identities for each read and
calculated the corresponding SCCs. Finally, we fit anormal distribution
model and set a cutoff SCC score with an FDR of <0.05 as an empiri-
cally defined significance threshold to select significant positively
(H3K27ac) or negatively (H3K27me3) correlated cCRE-gene pairs. To
compareto the original Paired-Tag dataset on the strength of putative
cCRE-gene pairs, we used a Kolmogorov-Smirnov test to calculate
the difference between putative cCRE-gene linkages over random
background. For comparison to the previously published Paired-Tag
dataset, the greatest distance (D) between real and background distri-
butions was calculated for each dataset, respectively.

Motif enrichment and GO analysis. Motif enrichment for each cCRE
module was performed using HOMER (v4.11) and the ‘findMotifsGe-
nome.pl’ function*’. The displayed motif heat maps in Fig. 2k and
Extended DataFig. 8b were from the results of known motif discovery.
GO analysis for each enriched gene set was performed using PANTHER
with default parameters, and biological process terms were used for
annotation®. To exclude ambiguous terms, we only selected the top
enriched termsranked by fold enrichment x -log,, (adjusted Pvalue).

Integrative analysis of Droplet Paired-Tag and single-nucleus
methyl-3C sequencing (snm3C-seq) data. The mouse brain
snm3C-seq dataset was downloaded from Gene Expression Omnibus
(GEO) withaccession number GSE156683 (ref. 24). Contact pairs from
individual cells were merged and visualized using pairtools (v1.0.2) at
a 5-kb resolution*”. To summarize putative cCRE-gene pairs at loop
anchors, we first performed loop calling using HICCUPS (Juicer tools
v1.22.01) at resolutions of 5,10 and 25 kb (ref. 43). Merged loop sets
were thenintersected with cCRE-gene pairs using bedtools pairtobed
(v2.27.1)*.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Rawdataobtainedinthisstudy havebeendeposited at NCBIGEO (http://
www.ncbi.nlm.nih.gov/geo/) with accession number GSE224560. The
processed data can also be accessed as supplementary files in GEO.
Datasets for mESC H3K27ac ChIP-seqwere downloaded from the 4DN
dataportal withthe accession number 4DNESTVGLCD9. Other external
datasets were downloaded from NCBI GEO with the following accession
numbers: mESC H3K27me3 ChIP-seq data (GSE156589), Paired-Tag
data (GSE152020), CoTECH data (GSE158435), scCUT&Tag data from

peripheral blood mononuclear cells (GSE157910), scCUT&Tag data
from brain (GSE163532), scCUT&Tag-pro data (GSE195725), snm3C-seq
data from brain (GSE156683) and ChIP-seq data from mouse cortex
excitatory neurons (GSE141587). The BICCN single-nucleus ATAC-seq
datasets and BICCN 10x snRNA-seq MOp data were downloaded via
the NeMO archive (RRID SCR_016152; https://assets.nemoarchive.org/
dat-chlngb7). The 10x peripheral blood mononuclear cell scRNA-seq
and E18 embryonic mouse brain Multiome datasets were downloaded
from the 10x Genomics website (https://www.10xgenomics.com/
resources/datasets). Source data are provided with this paper.

Code availability
Scripts and code are available at https://github.com/Xieeeee/
Droplet-Paired-Tag.
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Droplet Paired-Tag Split-and-pool based Paired-Tag

DAY 0: ~2.5 hours | DAY 0: ~2 hours
15hour | > Antibody + Protein A-TnS conjugation HCUER) = eior peeaston

( overnight | - Antibody targeting
1 hour - Nuclei preparation

overnight - Antibody-Protein A-Tn5 targeting

Extended Data Fig. 1| Comparison of the workflows of Droplet Paired-Tag and combinatorial-indexing-based Paired-Tag. Detailed workflow describing the end-
to-end procedure of Droplet Paired-Tag (left) is compared to the conventional combinatorial-indexing-based version of Paired-Tag (right).
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a Design for Droplet Paired-Tag (on 10X Chromium Single Cell Multiome platform)

1. Post CUT&Tag and GEM generation, RNA are barcoded through reverse transcription

DNA:
Illumina PS adapter ATAC barcodes AdapterA PMENTS tagmented gDNA PMENTS
57~ AATGATACGGCGACCACCGAGATCTACAC[16-bp cell barcode]CGCGTCTG 5"~ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGKXXXXXXXXXXX. . . XXX CTGTCTCTTATACACATCT -3
3~ GCGCAGACAGCAGCCGTCGCAGTCTACACATATTCTCTGTC XXX. . . XKKXXXXKKKXXGACAGAGAATATGTGTAGAGGCTCGGGTGCTCTG -5
Bridge oligo AdapterB
RNA:
Illumina TruSeq R1 RNA barcodes polydT RT primer CDNA

CTACACGACGCTCTTCCGATCT[16-bp cell barcode][12-bp UMI]CAT),,VNXXXXXXXXXXXXX. . . XXXXXXXXX(
37- AAA. . BNXXXXXXXXXXXXX. . . XKXXXXXXX -5”

2.In GEM, CUT&Tag p! are gh ligation; T itching adds an adapter at cDNA 3’ end
DNA:
Tllumina PS adapter ATAC barcodes  Bridge  AdapterA PMENTS tagmented gDNA PMENTS AdapterB

AATGATACGGCGACCACCGAGATCTACAC[16-bp cell barcode]CGCGTCTGTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGKXXXXXXXXXXX. . . XXX CTGTCTCTTATACACATCT -3*
37~ GCGCAGACAGCAGCCGTCGCAGTCTACACATATTCTCTGTC XXX. . . XXXXXXXXXXXXGACAGAGAATATGTGTAGAGGCTCGGGTGCTCTG -5

RNA:

Tllumina TruSeq RL 10X RNA barcodes polydT RT primer CDNA

CTACACGACGCTCTTCCGATCT[16-bp cell barcode][12-bp UMI]CAT),.VNXXXXXXXXXXXXX. . . XXXXXXXXX( -3
37- AAA. . BNXXXXXXXXXXXXX. . . XXXXXXXXX -5

3-1. CUT&Tag products after GEM breaking, products purification and pre-amplification

5'- AATGATACGGCGACCACCGAGATCTACAC -3’ == PMENTs AdapterB
5'- AATGATACGGCGACCACCGAGATCTACAC[16-bp cell barcode]CGCGTCTGTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGKXXX. . . XXXXXXCTGTCTCTTATACACATCTCCGAGCCCACGAGAC -3
37~ TTACTATGCCGCTGGTGGCTCTAGATGTG[16-bp cell barcode]GCGCAGACAGCAGCCGTCGCAGTCTACACATATTCTCTGTCXXXX. . . XXXXXXGACAGAGAATATGTGTAGAGGCTCGGGTGCTCTG -5
Tllumina PS adapter ATAC barcodes Bridge  AdapterA PMENTS tagmented gDNA <— 3’- GGCTCGGGTGCTCTGNNNNNNNNTAGAGCATACGGCAGAAGACGAAC -5'
Sample index TIllumina P7 adapter

3-2. Final CUT&Tag library

Illumina PS adapter ATAC barcodes Bridge AdapterA PMENTs ‘tagmented gDNA PMENTs AdapterB  Sample index Illumina P7 adapter
- AATGATACGGCGACCACCGAGATCTACAC[16-bp cell barcode]CGCGTCTGTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGXXXX. . . XXXXXXCTGTCTCTTATACACATCTCCGAGCCCACGAGACNNNNNNNNATCTCGTATGCCGTCTTCTGCTTG -3°
37~ TTACTATGCCGCTGGTGGCTCTAGATGTG[16-bp cell barcode]GCGCAGACAGCAGCCGTCGCAGTCTACACATATTCTCTGTCXXXX. . . XXXXXXGACAGAGAATATGTGTAGAGGCTCGGGTGCTC AGAGCATACGGCAGAAGACGAAC -5
4-1. cDNA prod after GEM ing, products i ion, p i ion and cDNA lifi
Illumina TruSeq R1 10X RNA barcodes polydT RT primer CDNA
5"~ CTACACGACGCTCTTCCGATCT[16-bp cell barcode][12-bp UMI](AT), VNXXXXXXXXXXXXX. . . XXXXXXXXX! -3
3"~ GATGTGCTGCGAGAAGGCTAGA[16-bp cell barcode][12-bp UMIJCA. .A)BNXXXXXXXXXXXXX. . . XXXXXXXX -5

4-2. cDNA fragmentation, end repair and A-tailing

Illumina TruSeq R1 10X RNA barcodes polydT RT primer  cDNA TruSeq R2 adapter (*)
5'- CTACACGACGCTCTTCCGATCT[16-bp cell barcode][12-bp UMI](AT), VNXXXXXXXXXXXXX. .. XXXA -3 5~ GATCGGAAGAGCACACGTCTGAACTCCAGTCAC -3°
3"~ GATGTGCTGCGAGAAGGCTAGA[16-bp cell barcode][12-bp UMIJ(CA..A)BNXXXXXXXXXXXXX...XX -5 3’- TCTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTG -5°

4-3. cDNA products after adapter ligation

AATGATACGGCGACCACCGAGATCTACACNNNNNNNNNNACACTCTTTCCCTACACGACGCTCTTCCGATCT -3”
5'- CTACACGACGCTCTTCCGATCT[16-bp cell barcode][12-bp UMI](AT),,VNXXXXXX. . . XXXAGATCGGAAGAGCACACGTCTGAACTCCAGTCAC -3
3'- GATGTGCTGCGAGAAGGCTAGA[16-bp cell barcode][12-bp UMIICA..AIBNXXXXXX. . .XXTCTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTG -5°
<= 3~ TGTGCAGACTTGAGGTCAGTGNNNNNNNNNNTAGAGCATACGGCAGAAGACGAAC -5'

Illumina PS adapter Sample index Illumina TruSeq R1 10X RNA barcodes CDNA TruSeq Read 2 Sample index Illumina P7 adapter

4-4. Final cDNA library
Illumina PS adapter Sample index TruSeq Read 2 10X RNA barcodes CDNA TruSeq Read 2 Sample index Illumina P7 adapter

5"~ AATGATACGGCGACCACCGAGATCTACACNNNNNNNNNNACACTCTTTCCCTACACGACGCTCTTCCGATCT[16-bp cell barcode][12-bp UMIT(AT),,VNXXXXXX. . . XXKAGATCGGAAGAGCACACGTCTGAACTCCAGTCACNNNNNNNNNNATCTCGTATGCCGTCTTCTGCTTG -37
3"~ TTACTATGCCGCTGGTGGCTCTAGATGTGNNNNNNNNNNT GTGAGAAAGGGATGTGCTGCGAGAAGGCTAGA[16-bp cell barcode][12-bp UMITCA. .A)BNXXXXXX. .. XXTCTAGCCTTCTCGTGTGCAGACTTGAGGT CAGTGNNNNNNNNNNTAGAGCATACGGCAGAAGACGAAC -5°
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Experimental design and quality control metrics

of Droplet Paired-Tag. a, Schematics for Droplet Paired-Tag barcoding and
library preparation process. Modification on oligos is not shown for simplicity.
b-d, Example capillary electrophoretic gel images from a TapeStation showing
final libraries size distribution for Droplet Paired-Tag DNA (c) and RNA (d).
Allreplicates are showninb. e, Barcode mapping rate for Droplet Paired-Tag

and standard 10X Multiome experiment. f,g, Sequence mapping rate (f) and
fraction of mitochondrial reads (g) for Droplet Paired-Tag DNA libraries. For all
boxplots, hinges were drawn from the 25th to 75th percentiles, with the middle
line denoting the median, whiskers with maximum 2 interquartile range (IQR).
n=4,302 (Droplet Paired-Tag, H3K27ac, replicate#1), 9,346 (Droplet Paired-Tag,
H3K27ac, replicate#2), 2,711 (10X Multiome, ATAC).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Quality control metrics of mESC Droplet Paired-Tag
data. a, Strategies of valid nuclei selection. DNA barcodes were filtered based
ontotal reads per nucleiand fraction of reads in peak regions. Valid nuclei

were further selected based on the pairing of valid DNA and RNA nuclei in the
scatterplot of total reads per nuclei (right). Cutoffs were set by manual inspection
and depicted as dash lines and are also annotated inside the scatterplot.

b, Distribution for fragment lengths of the sequenced fragments from the
H3K27ac and H3K27me3 Droplet Paired-Tag experiments. ¢, Heatmap showing
pairwise Spearman’s correlation coefficients of expression profiles from
single-cell Droplet Paired-Tag experiment and with the bulk mRNA-seq datasets.
d, Boxplots showing the expression level of genes grouped by histone marks

occupancy at their TSS regions (H3K27ac) or gene bodies (H3K27me3). For all
boxplots, hinges were drawn from the 25th to 75th percentiles, with the middle
line denoting the median, whiskers with maximum linterquartile range (IQR),
outlier indicated with dots. For H3K27ac group 1-10, gene number n = 22,456
(2,246 each quantile group except group 10); for H3K27me3 group 1-10,
n=22,969 (2,297 each quantile group except group 10). e, Enrichment of histone
modification signals over ChIP-seq peaks, compared between Droplet Paired-
Tag and ChIP-seq data. f, Scatter plot showing the relationships between total
number of H3K27ac peaks called and the number of reads from Droplet Paired-
Tag or Paired-Tag dataset in adown-sampling test, similar to Fig. 1g. Dashed line
indicates 85% peaks recovered for Droplet Paired-Tag dataset.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Brief Communication

https://doi.org/10.1038/s41594-023-01060-1

a W H3K27ac Average Expression Percent Expressed
M H3K27me3

b

Wrep1 [ rep2 W rep3

NPGL
CTGL
ITL6GL

ITLSGL | @ @ @@ e @e e

ITL45GL |
PTGL
ITL23GL |

CLAGA | cie-@ - .o @ e e

0BGL
STRGA
D12MSN |
OBGA |
SSTGA
PVGA

MGL
VLMC
OGC
OPC
ASC

. NPGL |
------------------- cTeL |l W  Anterior Olfactory Nucleus
....... ITL6GL T
................... ITL5GL
e e ITL45GL
,,,,,, . PTGL
ITL23GL
CLAGA
OBGL
STRGA
D12MSN
OBGA
SSTGA
PVGA
VIPGA
MGL |l
VLMC
0OGC
OPC
ASC

Striatum

Main Olfactory Bulb

% Percentage SAEENGEIHSHUSESSNMMIENUP P RSN NEINE

% Percentage

]
- < e
S h= x
K] = = 2
E=J a =3 o
= €9 Qa 9} b
T o <« £ & $
O =2 © 2 2
o © 5 5 5 o @
11 4 2 < ] [N o o P
o < & ) g S 3 < £ - %
). * =3 pe] > =4 5] 3B <
104 o 5 Q Q < £ |5 = B 2 S
= ° = T - =
= o) = o o L o - a z
=) 0 = ° S o = - [} ul by © i
9 4 el o [] = 2 = © © s @ Q ° o
a 3 x a o ] w © s 2 =3 »
J > -~ =
2g @ = £ § 8 f : B % s = 32 g
cc 74 o @ o £ < 0 % a 2 © c - =y
s 3, S « s § 0o ¥y 5 32 S & o 2 >
3o 64 32 2 5 N g 5 ] 2 X a
g @ 3 © 3 2 = = 2 x N 9
x5 ) > = 3 3
3 ° g c § ¢ @ 2 & 8
o5 44 X 2 £ S o z 0
) i T n o© Ee) o
e 31 © g 8 &
T
< 2 ) @a
1 ] - -
0 - [E—
@a Q [9] n Q Q Q Q o [V] [0) Q 0] o 9 [0) é 5 6 =
< =4 s ) e} e} o = a ) aQ o = > = 8
6 & 8§ 3 g2 £ = 8 8 ° E oz 5 g & 3
d o 3 2 £ E E 7] * >
15,000 nuclei 10,000 nuclei 5,000 nuclei 1,000 nuclei 500 nuclei 200 nuclei
| ITL6GL . «06C _ opc . VIPGA~  opc creLa oL cTeLy
TSEL Ly Ve j’;c Ascy  tMoL vimc ssTaA) D12MSN wel NPGL
GL LM D12MSN } N \ASC STR( CLAGL N yI:MC ITLSGLCLAGL ITL23GL PVGA
o WL Apsc omaL WM ok cTeL 40BGA masaumiseL © ASC mm._—ﬁs%,_%am Di2wsN seTeA: %
opc GA NPGLy ITL23GL  NPGL .y MGL STRGA -
of
# Diavsn . ~CLAGL SsTGA MLASGL iy frLeGL opc Tve 0BGL NPGL
PTOL  “gradn SsTEAgVGA 1456L &= JiClacboseL  CTGL e proL ssTeA
ViPGA cToL i MsoL ProL PVGA el iaot - osdL . oaed, Pk
N veL, e - PToL DI2MSN., 0BGA opg
§ ANPGL . VIPGA PVGA #SSTGA o0cc#C
=)
UMAP1
Louvian Cluster (res = 1)
0GC. CTGL
- ) Missol Scc oroL, maset e oizvsn
Q o cra st 05 T g
Qo L mseL e o NrosL st orc
5 e s i s i )
[} Tsct Ve CLAGL oBGL vime srren
@ oA Py Sston [y ssTan e
a by msot Secn ‘e i
2y C 1GL vimc PVGA D12MSN TLSGL
F o= e sk ) ) e
= ot oz rsc iisn e ot
8 STRA STRGA Dravis e occ croc
CLAGL i sTRGA ASC MGL NPGL
vme opc. opc P NPGL joce
e ————r oo EEE R L F TTE TR T e TS TS SR o R © - ~ g -
[— ]
0 1
Overlap
Coefficient

Extended Data Fig. 4 | Annotation of cell clusters in the mouse frontal
cortex Droplet Paired-Tag based on transcriptomic profiles. a, Expression
of marker genes in 20 mouse brain cell types, and the fraction of nuclei by set
of experiments. b, Fraction of nucleiin each cell type by replicates. Cell types
withbiased distribution in any of the replicates were from anatomical regions

(right) proximal to frontal cortex. ¢, Averaged Log, fold enrichment ratio of
the normalized selected marker genes expression (RPKM) in cluster of interest
versus the rest of the dataset. d, UMAP embeddings and overlap scores based
on Droplet Paired-Tag transcriptome profiles down-sampled to different nuclei
numbers.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Quality control of mouse frontal cortex Droplet Paired-

Tag histone modifications profiles. a, Genome-wise Spearman’s correlation
coefficients between mouse frontal cortex histone modification datasets from
single-cell Droplet Paired-Tag and bulk CUT&Tag. b, Genome-wise Spearman’s
correlation coefficients between mouse frontal cortex glutamatergic neurons
histone modification datasets from single-cell Droplet Paired-Tag and bulk ChIP-
seq. ¢, Heatmap showing marker genes expression level and promoters/gene
bodies histone modifications signal in each cell type. Examples of well-known
marker genes are shown. d, Overlap of the number of H3K27ac peaks called from
Droplet Paired-Tag and Paired-Tag datasets. Both datasets are down-sampled to
similar number of cells. e, Comparison of the number of unique fragments and

FRiP in single cell between monoclonal and polyclonal H3K27ac antibodies used.
For all boxplots, hinges were drawn from the 25th to 75th percentiles, with the
middle line denoting the median, whiskers with maximum 2 interquartile range
(IQR). n = 8,807 (monoclonal antibody), 10,069 (polyclonal antibody). f, UMAP
co-embedding of single nuclei H3K27ac profile from Droplet Paired-Tag, Paired-
Tagand scCUT&Tag. g, Overlap of shared annotations between Droplet Paired-
Tag and public single-cell H3K27ac datasets. h, UMAP co-embedding of single
nuclei H3K27me3 profile from Droplet Paired-Tag, Paired-Tag and scCUT&Tag. i,
Overlap of shared annotations between Droplet Paired-Tag and public single-cell
H3K27ac datasets.
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Extended Data Fig. 7| Landscape of histone modifications across cell types profiled. d, Spearman’s correlation coefficients between cell-type specific
inmouse frontal cortex. a, b, Representative Genome browser view showing marker bins H3K27me3 signal (CPM) and bin-overlapped genes expression level
H3K27ac (a) or H3K27me3 (b) signal over marker genes in each mouse brain (RPKM) from different cell types.

celltype. ¢, Top 10 H3K27me3 marker bins from each cell type with >100 nuclei
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H3K27ac/me3 at distal cCREs (95,799 cCREs)
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Extended Data Fig. 8 | Integrative analysis of histone modifications at
candidates cis-regulatory elements across cell types in mouse frontal cortex.
a, Heatmap showing H3K27ac and H3K27me3 signals at the distal cCREs across
different cell types. b, Heatmap of known motifs enrichment for each cCRE
module of distal cCREs. Examples of known motifs are shown along with the
heatmap. Pvalue: one-sided binomial test. False Discovery Rate is then calculated
to select enriched motifs. ¢, Cumulative distribution function plot of Spearman’s
correlation coefficients between distal cCREs histone modification signal

and putative target genes expression level. Distributions from both Droplet
Paired-Tag and the Paired-Tag are shown, and the greatest separation between
realand random background (D) for each dataset is annotated inside the plot.

d H3K27ac H3K27me3
P =1.504e™" P=0.016
-0.5 1
§ 0.94
=
3 0.6
° -0.
£ g 0.8
[SIN]
o & -0.7 4
8 071
S
g0
H -0.8 4
g_ 0.6
2]
-0.9 4
Not at At Not at At
loop anchors  loop anchors loop anchors  loop anchors
e
snm3C-seq mouse brain PN
Glutamatergic Neurons
(3,161 cells)
Non neurons
1,671 cells]
Normalized ( )
Reads Count
10° 10"
Glutamatergic | [0-108),
RNA | Neurons U
Non-neurons
Glutamatergic [[0-55]
H3K27ac Neurons | a Al i A
Non-neurons L N
< "
H3K27ac-associated
Gene-distal cCRE pairs
Glutamatergic | 5.40)
H3K27me3 Neurons
Non-neurons i .
S~
H3K27me3-associated
Gene-distal cCRE pairs
H— t
Neurod6 Gm38820 Ccdc129
== Glutamatergic neurons == GABAergic neurons Non-neurons
specific pairs specific pairs specific pairs

d, boxplot showing Spearman’s correlation coefficients of H3K27ac- or
H3K27me3- associated distal cCREs-gene pairs intersected at or not atloop
anchors identified in snm3C-seq dataset™. Pvalue, two-tailed Wilcoxon rank-sum
test. For all boxplots, hinges were drawn from the 25th to 75th percentiles, with
the middle line denoting the median, whiskers with maximum 1.5 interquartile
range (IQR). n =11,231 (H3K27ac, not at loop anchors), 9,010 (H3K27ac, at loop
anchors), 2,553 (H3K27me3, not at loop anchors), 2,185 (H3K27me3, at loop
anchors). e, Representative snm3C-seq contact heatmap and genome browser
view showing class-specific (glutamatergic versus non-neurons), active /
repressive putative cCREs regulating gene Neurodé. Distal cCREs and proximal
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Extended Data Fig. 9 | Nuclei gating strategy for mouse frontal cortex.
After nuclei extraction, nuclei were stained with DRAQ7 and proceeded to
fluorescence-activated nucleisorting. First, potential nuclei were identified
using forward scatter (FSC) area and backscatter (BSC) area (left dot plot).
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Next, potential doublets were removed based on BSC as well as FSC signal width
(two middle dot plots). Finally, 200-500k diploid nuclei (2n) were collected for
antibody incubation (right dot plot).
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Validation All antibodies used in this study are commercially available, and have been validated appropriate for the assays used in this
manuscript by the provider (https://www.abcam.com/products/primary-antibodies/histone-h3-acetyl-k27-antibody-ep16602-chip-
grade-ab177178.html; https://www.abcam.com/products/primary-antibodies/histone-h3-acetyl-k27-antibody-chip-grade-
ab4729.html; https://www.abcam.com/products/primary-antibodies/histone-h3-tri-methyl-k2 7-antibody-epr18607-chip-grade-
ab192985.html).

We also validated all antibodies with in-house CUT&Tag and compared to ENCODE data(H3K27ac (ENCSROOOAQC), H3K27me3
(ENCSROOODTY)) before using for publication.

We found that antibodies specificity is critical for high-quality signals of single-cell histone data. For H3K27ac, although recombinant
antibody yielded a higher fragment number per cell than polyclonal antibodies, its enrichment at transcription starting sites or ChlP-
seq peaks was lower. Therefore, except for replicate 1 (rep1) of the mouse frontal cortex datasets, all other experiments targeting in
H3K27ac were carried out with the polyclonal antibody.
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Cell line source(s) Mouse embryonic stem cells (mESC) used in this study is genetically engineered to have allelic tagging of Sox2 genes with
egfp and mcherry on CAST and 129/Sv allele, respectively, and also harbors an insertion of four CTCF binding sites in between
Sox2 and its downstream super-enhancer on the CAST allele (Huang et.al., 2021, Nat. Genetics). The parental, hybrid F123
mESC line (F1 Mus musculus castaneusxS$129/Svlae, maternal 129/Sv, paternal CAST) was from Rudolf Jaenisch’s laboratory
at the Whitehead Institute at MIT.

Authentication Cells were not authenticated.
Mycoplasma contamination Cells were not tested for mycoplasma.

Commonly misidentified lines None of the cell lines used are listed in the ICLAC database.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals All animal work described in this manuscript has been approved and conducted under the oversight of the UC San Diego Institutional
Animal Care and Use Committee. Male C57BL/6J mice were purchased from the Jackson Laboratory (#000664) at 12 weeks of age
and housed in the barrier facility at UC San Diego in a 12-hour light/dark cycle in a temperature-controlled room, with ad libitum
access to water and food, until euthanasia and tissue collection at 16 weeks of age. The temperature in the animal facility is
maintained within the range of 68°F to 72°F, while the humidity levels can vary between 35% and 60%. The frontal cortex was
dissected from 16-week male mice, snap-frozen in liquid nitrogen, and stored at -80°C before proceeding to nuclei extraction.

Wild animals The study did not involve wild animals.
Reporting on sex All three replicates used in this study are male C57BL/6) mice
Field-collected samples  The study did not involve field collected samples

Ethics oversight All animal work described in this manuscript has been approved and conducted under the oversight of the UC San Diego Institutional
Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Single cell suspensions were prepared from frozen mouse cortex by douncing in the douncing buffer (0.25M sucrose (Sigma,
$7903), 25mM KCl (Sigma, P9333), 5mM MgCl2, 10mM Tris-HCl pH 7.4, 1mM DTT (Sigma, D9779), 1x Protease Inhibitor, 0.5
Upl-1 Rnase OUT, 0.5Uul-1 SUPERase Inhibitor). The cell suspension was then filtered through a 30-um Cell-Tric (Sysmex)
for debris removal, and spun down for 10min at 300g, 4°C. Cell pellets were washed once with douncing buffer, spun down
again, and resuspended in cold nuclei permeabilization buffer for 10mins. Permeabilized nuclei were pelleted by centrifuge
for 10min at 1,000g, 4°C, and washed with sort buffer (1x PBS (Gibco, 10010023), 1xProtease Inhibitor (Roche,
05056489001), 0.5Uul-1 Rnase OUT (Invitrogen, 10777-019), 0.5U pul-1 SUPERase Inhibitor (Invitrogen, AM2694), ImM
EDTA (Invitrogen, 15575020), 1% BSA (Sigma, A1595)) once. After resuspension in sort buffer, nuclei are stained with 2 uM 7-
AAD (Invitrogen, A1310) for 10mins on ice, and proceed to Fluorescence-activated cell sorting (FACS) with an SH800 cell
sorter (Sony) for isolation of single nucleus.

SH800 Cell Sorter (Sony)
Data analysis and display are performed in the SH800 software.

We used 7-AAD to stain intact nuclei and separated them from debris, without separating identities of different cell types.
Using 'normal' mode in sorting nuclei, we collected 200,000-500,000 nuclei for each sample for down-streaming processing.

First, potential nuclei were identified using forward scatter (FSC) area and back scatter (BSC) area. Next, potential doublets
were removed based on BSC and FSC signal width. Finally, diploid nuclei (2n) were sorted into each tube for down-streaming
processing.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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