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Abstract

Technological progress over the past 15years has fueled an explosion in
genome-wide chromatin profiling tools that take advantage of low-cost short-
read sequencing technologies to map particular chromatin features. Here, we
survey the recent development of epigenomic tools that provide precise posi-
tions of chromatin proteins genome-wide in intact cells or nuclei. Some profil-
ing tools are based on tethering Micrococcal Nuclease to chromatin proteins of
interest in situ, whereas others similarly tether Tn5 transposase to integrate
DNA sequencing adapters (tagmentation) and so eliminate the need for library
preparation. These in situ cleavage and tagmentation tools have gained in pop-
ularity over the past few years, with many protocol enhancements and adapta-
tions for single-cell and spatial chromatin profiling. The application of
experimental and computational tools to address problems in gene regulation,
eukaryotic development, and human disease are helping to define the emerg-
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1 | INTRODUCTION

Completion of the draft sequence of the human genome
in 2001"* ushered in the post-genomic era, during which
attention turned to mapping the protein constituents and
chromatin modifications onto the human and other
eukaryotic genomes. At the outset of the post-genomic
era, the most popular tool for chromatin analysis was
chromatin immunoprecipitation (ChIP), a method dating
from the mid-1980s.>* With ChIP, chromatin from cells
or nuclei is fragmented and solubilized, usually by soni-
cation after cross-linking, then targeted chromatin epi-
topes are pulled down using an antibody, whereupon the
DNA is extracted. Genome-wide read-out for ChIP at first
consisted of various DNA microarray platforms, collec-
tively referred to as ChIP-chip, which at its peak was
capable of genome-wide profiling from as few as 10,000
cells.” However, beginning in 2007, short-read DNA
sequencing made ChIP-seq possible,”” which rapidly

ing field of chromatin structural epigenomics.

Micrococcal Nuclease, single-cell CUT&Tag, spatial profiling, Tn5 transposase

replaced ChIP-chip as the cost of Illumina sequencing
dramatically decreased. Although ChIP-seq remains the
most common method for chromatin profiling, its domi-
nance is being challenged by Assay for Transposase-
Accessible Chromatin using sequencing (ATAC-seq)® and
by in situ chromatin profiling methods, which is the sub-
ject of this survey (Figure 1).

For ChIP the entire chromatin content of a cell is
fragmented and solubilized, usually by sonication, which
requires cross-linking to prevent loss of protein from the
DNA. Cross-linking can result in epitope masking, and
sonication introduces variability, limits resolution and
contributes to genome-wide background. In contrast, for
in situ chromatin profiling methods, no cross-linking is
required, and only the chromatin-bound target is solubi-
lized for DNA purification (Figure 2). As a result, back-
grounds and sequencing costs are lower with in situ
profiling, and orders-of-magnitude less material is
required to distinguish a chromatin feature from
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FIGURE 1

Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) and in situ chromatin profiling methods are

rapidly growing in popularity. Graph shows the number of Google Scholar citations each year using each of the indicated terms (together

with “chromatin” to reduce false-positives), where the number for 2022 has been linearly extrapolated based on statistics through September

17, 2022. Since its introduction in 2007, ChIP-seq has dominated chromatin profiling, currently with ~10,000 citations per year, but the
recent leveling off is likely attributable to the rapidly growing popularity of ATAC-seq. Based on this metric, CUT&RUN and CUT&Tag,
respectively introduced in 2017 and 2019, are growing in popularity at about the same rate as ATAC-seq during its first 5 years. ATAC-seq

and in situ chromatin profiling are suitable for single-cell platforms and so are likely to further chip away at the dominance of ChIP-seq in

the future. FAIRE and DamlID are respectively alternative chromatin accessibility and chromatin profiling methods.

untargeted background. These advantages have led to the
rapid development of single-cell chromatin profiling
methods, and recent adaptation for multimodal, multifac-
torial, and spatial applications (Table 1).

2 | INSITUCHROMATIN
PROFILING

2.1 | MNase-based in situ chromatin
mapping

Micrococcal Nuclease (MNase) has been used for chro-
matin mapping since the 1970s.**> MNase is an endonu-
clease that cleaves single-stranded nucleic acids and
double-stranded DNA one strand at a time, preferring

AT-rich regions. Cleavage of both strands results in rapid
progressive “end-nibbling” by MNase, which halts when
it encounters a nucleosome or DNA-binding protein.
MNase-seq has been the preferred method for base-pair
resolution genome-wide mapping of nucleosomes,*
although small molecule cleavage reagents have also
been used in place of MNase with the advantage that
they lack the AT-bias and aggressive end-nibbling activity
of MNase.*>”° MNase-seq has also been used for base-
pair resolution mapping of transcription factor
(TF) binding sites,*”® similar to the use of DNasel for
footprinting by the ENCODE project,> and MNase diges-
tion has been used to fragment chromatin for native
ChIP-seq.*>*!

Alternatives to ChIP are based on targeting chromatin
proteins within intact cells, originally using Escherichia
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- i TABLE 1 Genome-wide in situ chromatin profiling methods
,/ 1 .‘ ) \' P%;,an;g Method Defining feature Refs
G ‘\\ - f, ChEC-seq Micrococcal Nuclease (MNase) [9]
e N 4 POI-MNase fused to protein of interest
' S - ChEC-seq (POI)
oy antibody Y CUT&RUN MNase fused to Protein A bound ~ [10,11]
_ to antibody to POI
7
, / pA-DamID Dam DNA methyltransferase [12]
) fused to Protein A
RT&Tag A-T’:IS— I ,' pA-Dam pA-DamiD
P ‘\ / CUT&RUN. Supernatant from CUT&RUN [13]
N R ChIP used as input for ChIP
S pA-MNase CUT&RUN
' ' = CUT&Tag Tn5 fused to Protein A bound to [14-17]
pA-Tns % antibody to POI
CUT&Tag CUT&RUN.ChIP
CUTAC CUTAC Low-salt tagmentation of [18,19]
_ _ ) promoter epitope for
tissue slice ‘ ‘ cell suspension accessibility
7 Nanowell
P sccuTaTag Tip-seq CUT&Tag with in vitro [20]
Droplet it
@ transcription-based
CUT&Tag2for1 Split-pool . .
\/ ¥/ 5 MuIT-CUT&Tag opoo amplification
arrayed barcoding ‘ MulTl-Tag HiCuT Antibody-targeted HiC with a [21]
Spatial-CUT&Tag pairiﬁ_ﬁﬁg v 4 nano-CUT&TS i factorial CUT&Tag readout
I FACS
su(l:'?ace CUT&Flow CUT&Flow CUT&Tag with FACS for cell [22]
Multi-modal  antigen g .1:
CUT&Tag pro cycle-dependent profiling
Paired-Tag Joint single-cell CUT&Tag and [23,24]
FIGURE 2 Schematic of the in situ chromatin profiling RNA-seq
methods described in this survey. Methods are indicated in green, Epi-DamID Joint single-cell DamID and RNA-  [25]
with their characteristic reagents or features in black. POI, protein seq
of 1nteresF. Chroma'tln 'featur?s within a permeabilized nucleus CUT&Tag.pro Joint single-cell CUT&Tag and [26]
(dashed circle) are indicated in yellow, red, and blue. Platforms that cell-surface antigen profiling
have been used for single-cell scCUT&Tag and multifactorial o .
methods are shown in gray boxes CUT&Tag2forl  Joint single-cell deconvolution [19]
. CUT&Tag
Multi- Multifactorial single-cell [27,28]
coli Dam methyltransferase fused to the protein of inter- CUT&Tag SO
est (POI) for in vivo DNA methylation of chromatin tar- Nano- Multifactorial single-chain [29,30]
gets, termed DamID.** Similarly, MNase can be tethered CUT&Tag antibodies fused to Tn5
to a POI for chromatin profiling: In a pioneering study, Spatial- Tissue single-cell CUT&Tag [31]
Laemmli and colleagues used MNase for in situ chroma- o DIl
tin mapping.43 Their Chromatin Endogenous Cleavage RT&Tag Proximity labeling of chromatin- [32]

(ChEC) method took advantage of the fact that MNase
requires Ca™ " ions for activity and there is relatively little
Ca™*™ in the eukaryotic nucleus. By expressing a chimeric
protein that fused a POI to MNase, they could target
MNase cleavages to the sites of protein-DNA binding by
adding Ca*" to digitonin-permeabilized cells. Using
Southern blots with indirect end-labeling to detect frag-
ments cleaved from the genomic region being probed, the
authors were able to demonstrate that the resolution was
much higher than that obtained by ChIP or DamID chro-
matin profiling methods. Only much later was ChEC
developed into a genome-wide sequencing based method,
ChEC-seq.’ Given the simplicity of ChEC-seq and the rel-
ative ease of producing MNase fusion proteins in yeast,

associated RNAs

the method has been applied to study diverse problems
in yeast chromatin biology.***°

2.2 | Antibody-targeted MNase-based in
situ chromatin mapping

In the same landmark publication that introduced ChEC,
the Laemmli group introduced antibody-directed target-
ing of MNase, a method termed Chromatin Immunoclea-
vage (ChIC).* Crude fixed yeast nuclei were incubated
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with an antibody to an epitope-tagged chromatin POL.
After collecting the nuclei by centrifugation and subject-
ing them to washing and centrifugation steps, a protein
fusion between Protein A and MNase (pA-MN) was
added. Protein A binds avidly to many Immunoglobulin
Gs, such as those from rabbit, although for others a com-
patible secondary antibody binding step was included.
Addition of Ca™ activated the pA-MN for cleavage, after
which DNA was extracted and used for Southern blot
analysis. The use of antibodies with ChIC as opposed to
MNase fusion proteins with ChEC extended the utility of
in situ chromatin profiling by making it potentially
adaptable for use with untransformed cells and tissues
and for profiling histone modifications.

Thirteen years later, several modifications were
applied to the ChIC strategy to adapt it for genome-wide
profiling and extend its applicability beyond yeast.'>!!
Native nuclei or digitonin-permeabilized mammalian
cells were immobilized on paramagnetic Concanavalin A
beads to streamline the protocol and allow for stringent
but gentle washes. Importantly, fragments released fol-
lowing pA-MN cleavage were allowed to diffuse out of
the intact nuclei or cells into the supernatant, leaving
behind the untargeted DNA with the beads. DNA
sequencing libraries were prepared by end-polishing of
fragments purified from the supernatant and ligation to
adapters following protocols used for preparing ChIP-seq
libraries. This Cleavage Under Targets and Release Using
Nuclease (CUT&RUN) method provided much lower
background levels than ChIP-seq, because the pA-MN
cleaves DNA only in the immediate vicinity of the anti-
body, releasing fragments into the supernatant, whereas
in ChIP-seq, the entire genome is fragmented, which
results in a general untargeted background. A similar
strategy has been applied to genome-wide chromatin pro-
filing of lamin-associated chromatin in vivo using a
fusion between Protein A and Dam methyltransferase
(pA-DamID)."?

As a chromatin profiling method, CUT&RUN has
multiple advantages over standard ChIP-seq: (a) The low
backgrounds obtained with CUT&RUN relative to ChIP-
seq translate into fewer cells and less sequencing
required with the in situ method. Whereas ChIP-seq is
typically done with >1 million mammalian cells,
CUT&RUN can be performed with as few as 100 cells,
making it more appropriate where sample size is limit-
ing."" (b) Sequencing depths are much lower for
CUT&RUN, typically 3-5 million paired-end reads versus
>20 million for ChIP-seq,”® which reduces sequencing
and data handling and storage costs. (c) Whereas the res-
olution of standard ChIP-seq is a few hundred base pairs,
CUT&RUN achieves near base-pair resolution allowing
TF mapping with high precision,”’ and nucleosome-

bound (“pioneer”) TF binding to be distinguished from
direct binding to accessible DNA.>* (d) Full automation
starting with samples of intact unfixed cells or tissues is
possible with CUT&RUN,> whereas sonication makes
full automation unfeasible for ChIP-seq. (¢) CUT&RUN
supernatant can be used as input for efficient native ChIP
to identify epitopes bound to the same DNA,"® whereas
sequential ChIP-seq requires large amounts of starting
material®* and cross-linking may complicate interpreta-
tion of co-immunoprecipitated proteins. (f) CUT&RUN
spike-in calibration options include using carry-over
E. coli DNA left behind during pA-Tn5 purification.>
(g) CUT&RUN profiles epitopes on chromatin surfaces
exposed in the nucleus, whereas ChIP-seq profiles pro-
teins that are cross-linked to chromatin and survive soni-
cation, so that specificity is often reduced.

Some of the problems with ChIP-seq that in situ
methods overcome have also been addressed by improve-
ments to the traditional ChIP-seq protocol. Among them
is the use of MNase for genome-wide fragmentation,
which avoids cross-linking and achieves high resolution
for histone marks and TFs,* and the use of microfluidic
devices for low cell numbers®® and single cells.”” Anti-
body availability is a serious limiting factor for all
antibody-directed methods, and there is currently a very
large selection of ChIP-seq grade antibodies, although as
the popularity of CUT&RUN increases, antibody pro-
ducers are testing their antibodies for use with this proto-
col. Other problems with CUT&RUN are similar to
problems with MNase-seq, which include high back-
grounds due to over-digestion, although the use of mag-
netic bead immobilization and stringent washes
minimizes overdigestion.

2.3 | Tagmentation-based in situ
chromatin mapping

The cut-and-paste transposase Tn5 has been used to cre-
ate DNA sequencing libraries™ and later adapted for
accessibility mapping by ATAC-seq.® These methods
employ tagmentation, in which Tn5 is loaded with DNA
sequencing adapters,"* Mg*" is added to activate the
Tn5, whereupon it performs a cut-and-paste integration
reaction to produce DNA ends capped by barcoded
adapters for Illumina sequencing.”® The simplicity of
ATAC-seq for chromatin accessibility mapping led to its
rapid acceptance by the broad epigenomics community
and encouraged the adoption of tagmentation for in situ
antibody-targeted chromatin profiling. Cleavage Under
Targets and Tagmentation (CUT&Tag) follows the
CUT&RUN workflow, replacing pA-MN with Protein A-
Tn5 (pA-Tn5).'* After incubation and binding of Tn5 to
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the primary and secondary antibodies and washes to
remove unbound pA-Tn5, Mg*™" is added to activate the
cut-and-paste reaction, resulting in tagmentation of tar-
geted chromatin. Unlike ChEC-seq and CUT&RUN,
where controlling the time and temperature of MNase is
critical, tagmentation is “one-and-done,” so that CUT&-
Tag integrations may proceed to completion at 37°C with
little if any increase in background tagmentation.

CUT&Tag can be performed in single PCR tubes from
live cells to amplified sequencing-ready libraries in a sin-
gle day™ and has been adapted for full automation.®® To
prevent accessible site tagmentation by pA-Tn5, CUT&-
Tag includes 300 mM NaCl during incubation, washes
and tagmentation, where the elevated salt competes for
binding of Tn5 to DNA but also limits its use for TFs,
which are partially destabilized under such conditions.
Three other methods using the same general strategy
were introduced at about the same time.””™” Although
some of the protocols were found to suffer from accessi-
ble site tagmentation,” it was later shown that leaving
out the NaCl during tagmentation for the promoter and
enhancer mark H3K4me2 resulted in high-resolution
chromatin accessibility mapping, identifying the same
spectrum of promoters and enhancers as ATAC-seq and
DNAsel-seq."® This Cleavage Under Targeted Accessible
Chromatin (CUTAC) variation of CUT&Tag was shown
to also provide sensitive high-quality chromatin accessi-
bility mapping using an antibody to paused RNA Poly-
merase II marked by Serine-5 phosphate (RNAPIIS5p)."’
This correspondence between accessible sites and adja-
cent paused RNAPII at regulatory elements confirmed
inferences based global run-on sequencing that pro-
moters and enhancers share the same chromatin archi-
tecture.”’ This finding also provided for the first time
ground-truth biological validation of accessibility map-
ping first introduced for mapping regulatory elements
>40 years ago,’>® but previously defined only on the
basis of hyper-sensitivity to DNA cleavage, DNA modifi-
cation enzymes or physical breakage by sonication.

CUT&Tag has also been adapted for 3-dimensional
contact mapping: Hi-C Coupled chromatin cleavage and
Tagmentation (HiCuT).?' HiCuT adopts the efficient
and sensitive Hi-C 3.0 protocol, using short- and long-
range crosslinking, optimized restriction endonuclease
digestion and proximity ligation to capture contact sites.
This is followed by a standard CUT&Tag workflow
using antibodies to the boundary TF CTCF. The advan-
tages of HiCuT over second-generation Hi-C
immunoprecipitation-based methods such as HiChIP and
PLAC-seq parallel those of CUT&Tag over ChlP-seq in
requiring 1-2 orders of magnitude fewer cells (100,000)
and an order of magnitude fewer reads (10-12 million),
and can be accomplished in less time (1.5 days).
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3 | SINGLE-CELL CHROMATIN
PROFILING

3.1 | Scalable single-cell CUT&Tag
Performing in situ chromatin profiling on tissues presents
challenges, but methods for cell-type separation, includ-
ing fluorescence activated cell sorting (FACS)** and Isola-
tion of Nuclei Tagged in Specific Cell Types (INTACT)®
may often suffice. CUT&Tag followed by FACS
(CUT&Flow) has been used to follow chromatin dynam-
ics over the cell cycle.”> However, cell separation methods
are limited as to the number and types of cellular mate-
rial that can be obtained, and single-cell approaches are
increasingly becoming standard, where pseudotime anal-
ysis can define developmental trajectories.®® Although
ChIP-seq and CUT&RUN have been successfully adapted
for single-cell chromatin profiling,””*’"% scalability is
limited, because the targeted chromatin fragment is in
solution. In contrast, the tight binding of Tn5 to both
DNA ends of an antibody-targeted fragment retains the
fragment within chromatin, so that all steps in the pro-
cess from intact cells or nuclei through to tagmentation
can be performed in bulk. Indeed, all four 2019 publica-
tions describing versions of CUT&Tag included applica-
tion to single cells.'**”

Scalability is critical for single-cell epigenomics,
because single-cell read-out technologies are advancing at
an exponential rate such that thousands to hundreds of
thousands of single cells can profiled by RNA-seq.”” The
same technologies have been applied to ATAC-seq and
CUT&Tag, where nanowell and droplet-based CUT&Tag
use the same barcoding strategies, implementations and
analysis software that had been developed previously for
ATAC-seq.”>** Combinatorial barcoding, where popula-
tions of cells are arrayed and barcoded in 96-well plates,
pooled, then rearrayed in plates and a second barcode is
added, and so on,”"”* has also been applied to single-cell
CUT&Tag, increasing the number of cells in a single exper-
iment and allowing for multiple experiments to be per-
formed in parallel to minimize batch effects.*®

Although dramatic scaling up of single-cell technolo-
gies has been achieved by increasing the number of cells
in an experiment, this only partially overcomes the limi-
tations owing to the low information content per cell
inherent to single-cell epigenomics relative to bulk chro-
matin profiling. Whereas single-cell RNA-seq takes
advantage of abundant transcripts expressed from highly
and moderately expressed genes, epigenomic profiling is
limited to at most two copies of a chromatin feature in
each diploid cell. This disadvantage relative to RNA-seq
is in part offset by the regulatory functions and the much
larger number of features potentially detectable by both
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ATAC-seq and CUT&Tag than by RNA-seq. However,
the inherent sparseness of regulatory information puts a
premium on overall efficiency to squeeze out more cell-
type discriminatory information per cell. One method
that has been shown to increase efficiency is linear
amplification, for example where a T7 promoter is placed
upstream of the barcode and single adapter sequence for
in vitro transcription.’” In the Targeted Insertion of Pro-
moters method the T7 transcripts are reverse transcribed
and cDNA is used for sequencing, a procedure that pro-
vides abundant sequencing templates while requiring
only a single Tn5-mediated integration event, increasing
the number of fragments per cell 10-fold relative to PCR-
based CUT&Tag.*

3.2 | Multimodal in situ chromatin
profiling

Another way to gain more useful cell-type information
from each single cell is multimodal single-cell CUT&Tag,
which borrows technologies developed initially for RNA-
seq and ATAC-seq. For example, Paired-Tag is a combi-
natorial barcoding strategy for CUT&Tag and RNA-seq
in the same cell.”>’* In Paired-Tag, successive antibody,
PA-Tn5 binding and tagmentation steps are followed by
reverse transcription (RT) in wells of a microtiter plate
using a well-specific barcode for both the CUT&Tag
adapter and the RT primer. Cells are then pooled and dis-
pensed with two rounds of ligation-based split-pooling in
96-well plates.”” When applied to ~10,000 single cells per
mouse brain sample, all of five different histone modifi-
cations showed much improved resolution and separa-
tion of cell-types when RNA-seq data were jointly
clustered. A similar strategy has been applied to in vivo
chromatin profiling, where histone reader domains are
fused to Dam methyltransferase and both methylated
DNA and mRNAs are profiled (single-cell EpiDamID>?).
Another multimodal strategy, scCUT&Tag-pro,”® is a
droplet-based strategy modeled on the Cellular Indexing
of Transcriptomes and Epitopes by sequencing (CITE-
seq) method, which combines cell surface antibody mul-
tiplexing with RNA-seq.”® In scCUT&Tag-pro a mixture
of oligonucleotide-conjugated antibodies to cell surface
markers bound to cells, then blocked followed by per-
meabilization for CUT&Tag. After tagmentation, cells are
subjected to 10X Genomics single-cell indexing and DNA
sequencing so that the oligonucleotides for the cell-
surface markers and the integrated adapters for the chro-
matin epitope have the same index. scCUT&Tag-pro
facilitates data integration of multiple histone modifica-
tions and data from CITE-seq and ASAC-seq (ATAC with
Select Antigen Profiling by sequencing’’) by clustering
and annotating cell types based on their cell surface

markers. In this way, single-cell CUT&Tag data from
multiple experiments with multiple epitopes can be inte-
grated with one another and with experiments using
other modalities, with definitive annotation of cell types.

3.3 | Multifactorial CUT&Tag
Integration of multiple histone modifications and poten-
tially other chromatin epitopes can also be accomplished
using Multifactorial single-cell CUT&Tag approaches.
CUT&Tag2for1 follows exactly the same workflow as ordi-
nary CUT&Tag for bulk and single-cell profiling, except
that two antibodies are mixed before being added to per-
meabilized cells."® One antibody is to RNAPIIS5p and the
other is to histone H3K27me3, which marks silenced Poly-
comb domains. Under CUTAC tagmentation conditions
Tn5s anchored via RNAPIIS5p tagment active enhancers
and promoters, releasing subnucleosome-sized fragments
whereas Tn5s anchored via H3K27me3 tagment Polycomb
domains release nucleosomal fragments. Fragment size dif-
ferences taken together with differences in the breadth of
the feature (narrow peaks for RNAPIIS5p and broad
domains for H3K27me3) are used to computationally
deconvolve the two signals, resulting in simultaneous pro-
filing of the active and silenced regulomes in single cells.
Other multifactorial methods based on CUT&Tag
involve loading differentially barcoded adapters into pA-
Tn5.>”*® Multifactorial CUT&Tag has been used to pro-
file up to three different epitopes in single cells, with no
fixed upper limit. An important recent advance in in situ
chromatin profiling has been the use of nanobodies,
single-chain camelid antibodies, fused to MNase”® or
Tn5,°>*° where higher efficiencies are achieved by
leaving out the Protein A “middleman.” Multifactorial
single-cell CUT&Tag results from the addition of two dif-
ferentially barcoded nanobody-Tn5 fusions, one specific
for rabbit primary antibodies and the other for mouse. In
one study, multifactorial nanobody CUT&Tag was pre-
ceded by ATAC-seq with pA-Tn5 loaded with different
barcoded adapters.** We expect that nanobody-based
single-cell CUT&Tag will in the near future be combined
with other modalities to take even fuller advantage of the
possibilities of capturing diverse features and increasing
the cell-type discriminatory information that can be
obtained from each single cell.

3.4 | Single-cell spatial CUT&Tag

Perhaps the most exciting advance in single-cell chroma-
tin profiling is the adaptation of CUT&Tag for in situ spa-
tial profiling.” Spatial RNA-seq performed on thin tissue
slices on microscope slides is becoming increasing
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standard for research and clinical diagnosis thanks to
commercial platforms such as Visium (10X Genomics)
and GeoMx (Nanostring). These platforms are not yet
capable of achieving single-cell resolution,”” however,
new spatial barcoding platforms have achieved higher
resolution for RNA-seq.**>*! One of these platforms has
been adapted for single-cell Spatial-CUT&Tag,*' whereby
a fixed thin tissue section on a glass microscope slide is
successively incubated with a primary antibody, a sec-
ondary antibody and pA-Tn5, and then a 20 pm resolu-
tion grid of DNA barcodes is printed onto the slice by
microchannel-guided delivery. Although it remains to be
seen which platform(s) will become commercially avail-
able for routine spatial single-cell chromatin profiling, we
expect that the advances in multifactorial, multimodal
and nanobody-based CUT&Tag technologies will soon be
adaptable for the spatial single-cell realm.

4 | ANALYTICS
New genomic technologies fuel the development of new
analytical tools. The long lag in development of
CUT&RUN from its origin in ChIC meant that sophisti-
cated analytical tools developed for ChIP-seq could be
immediately adapted to in situ chromatin profiling. How-
ever, the near base-pair resolution and the ability to dis-
tinguish TFs from nucleosomes by fragment length not
possible with standard ChIP-seq motivated the develop-
ment of CUT&RUN-specific analytical tools for inferring
TF and chromatin dynamics.52 Likewise, the low back-
grounds inherent to in situ chromatin profiling motivated
the development of the Sparse Enrichment Analysis for
CUT&RUN (SEACR)* and GoPeaks® peak callers to
complement peak callers such as MACS2,** which were
developed for ChIP-seq. The growing popularity of in situ
chromatin profiling has also motivated the development
of custom analytical pipelines®>*® and the CUT&Tag Data
Processing and Analysis Tutorial,”” where users can get
questions answered and provide feedback to developers.
Single-cell analytical tools first developed for single-
cell RNA-seq and ATAC-seq require relatively little adap-
tation to be applied to single-cell CUT&Tag.** > For
example, gene activity scores calculated for RNA-seq can
be repurposed for single-cell chromatin profiling even
though features such as silencing histone modifications
do not typically correspond to genes, and when they do
may be interpreted as gene silencing scores. Alterna-
tively, the recently introduced Version 2.0 of CUT&RUN-
Tools now provides seamless analytical capabilities that
include single-cell in situ chromatin profiling. Other ana-
lytical concepts that have been applied to RNA-seq, such
as RNA velocity, show promise for adaptation to in situ
chromatin proﬁling.93 As multifactorial, multimodal, and
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spatial in situ chromatin profiling methods proliferate,
they create challenges and opportunities for new
approaches to data integration.

5 | CONCLUSIONS

This is an exciting time for the emerging field of epige-
nomics, where the cost of short-read sequencing con-
tinues to drop and single-cell profiling is becoming
increasingly routine. The tools of the trade are rapidly
becoming more accessible to the broad community of cell
and developmental biologists, including commercial
availability of pA-MN and pA-Tn5 and kits for
CUT&RUN and CUT&Tag that have helped accelerate
the adoption of in situ chromatin profiling methods
(Figure 1). While we have focused on protein-based in
situ chromatin profiling tools in this review, these tools
are readily adaptable to non-protein features of the chro-
matin landscape. For example, multiple groups have
adapted CUT&RUN or CUT&Tag for profiling RNA-
DNA hybrids (R-loops) and/or DNA G-quadruplexes,”**°
including in single cells.’® In addition, a proximity depen-
dent RNA profiling method based on CUT&Tag
(RT&Tag) has recently been applied to the genome-wide
mapping of chromatin-associated RNAs and adenine-
methylated RNAs.>?

In situ chromatin profiling technologies also have the
potential of providing gene regulatory information that
complements RNA-seq and ATAC-seq, and in the case of
Paired-Tag and nano-CUT&Tag, combines them into a
single workflow. Such multimodal, multifactorial varia-
tions of CUT&Tag are potentially suitable for adaptation
to spatial single-cell platforms and integration with
imaging-based technologies. These recently developed
tools only await commercialization to be applied to large-
scale infrastructural projects such as the Human Devel-
opmental Cell Atlas’’ and made available to the large
community of biologists and clinicians.
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