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Abstract. Chromatin Transposase Accessibility Sequencing is a new high-throughput
sequencing technique developed by Professor William Greenleaf in 2013 which uses DNA
transposase to probe chromatin accessibility with Tn5 transposase. This technique, which is
simpler and more sensitive than DNase-seq, MNase-seq and FAIRE-seq and requires fewer
cells, has been used to study chromatin accessibility using Tn5 transposase. ATAC-seq is
important for the study of epigenetic molecular mechanisms because it can map chromatin
accessibility on a genome-wide scale, compare open chromatin regions in different tumour
samples, compare differences in transcription factor binding between treatments, reveal
nucleosome localisation information and transcription factor binding sites, and can be used to
locate specific unknown transcription factors, which can be used in combination with other
methods to screen for specific transcription factors of interest. It is possible to combine this
approach with others to investigate specific regulatory factors. Herein, ATAC-seq is
systemically profiled to present that ATAC-seq has enormous potential to drive future
discoveries in the field of genomics and beyond.
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1. Introduction

Eukaryotic chromosomes are made up of bead-like nucleosomes that are folded and coiled in a helical
pattern [1], with the DNA and histones wrapped around the nucleosomes[2,3]. Within chromosomes,
most of the highly ordered packaging of DNA is not open, and only open DNA can undergo
replication, transcription and translation for gene expression [4]. During transcription, some of the
higher-order structure of the DNA is unwound, leaving the region accessible to transcription factors
and other regulatory elements that can bind to it and facilitate transcription [5]. Accessibility of
chromatin is associated with spatial and temporal conditions, i.e. the state of chromatin varies from
site to site [6]. This may be due to gene silencing regions where chromatin is tightly packed or active
transcriptional regions where genes are loosely packed [7].

In the 1940s, the American geneticist Barbara Mc Clintock discovered that transposons, which
occur in large numbers in the genomes of eukaryotic organisms and represent a DNA sequence that
can alter its position in the genome, can be divided into type | transposons, i.e. RNA transposons,
which can be copied and pasted, and type Il transposons, i.e. DNA transposons, which can be directly
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"cut" [8]. The type Il cut-and-paste transposon, also known as a DNA transposon [9], cuts out its own
DNA sequence and inserts it into a new position without increasing the number of copies. ATAC-seq
[10], on the other hand, uses a DNA transposase, the Tn5 transposase [11], which, when combined
with open chromatin regions, enables the transfer of specific DNA sequences across regions of the
chromosome where the higher spatial structure of the DNA would otherwise prevent the process. The
Tn5 transposase, a specific transposable complex carrying a known DNA sequence tag, is added to the
nucleus and the Tn5 transposase inserts the sequencing junction directly into the open chromatin
region, fragments the DNA, end-repairs the broken product and uses the sequence-specific tag to build
a library for second-generation, high-throughput sequencing to obtain genome-wide chromatin
accessibility information. The genome is interrogated in exposed active transcribed DNA regions and
tightly bound heterochromatin regions.

Compared to traditional methods such as DNase-seq [12] and FAIRE-seq [13], ATAC-seq has
several advantages. Firstly, ATAC-seq eliminates the need to precisely control the amount of enzyme
required for DNase-seq and the need to determine the duration of formaldehyde crosslinking for
FAIRE-seq [14]. Second, ATAC-seq requires only a small sample size of 500 to 50,000 cells for
library preparation and takes only three hours, as opposed to the two techniques that require two to
three days, making it much simpler and faster [15]. Thirdly, ATAC-seq provides higher resolution and
sensitivity for the detection of open chromatin regions, allowing the identification of smaller
regulatory elements such as enhancers and transcri ption factor binding sites [16]. Fourth, ATAC-seq
is more suitable for studying rare or low abundance cell populations because it is less susceptible to
background noise and non-specific signals [17]. Together, these advantages make ATAC-seq a highly
valuable tool for the study of gene regulation [18], chromatin accessibility [19] and epigenetic
modifications [20] in a wide range of biological systems.

Over the past few years, ATAC-seq has emerged as a powerful technique for the study of
chromatin accessibility and gene regulation, providing insights into the mechanisms that underlie these
processes. Through identification of open chromatin regions and regulatory elements, ATAC-seq can
have numerous applications in basic and translational research, as well as potentially in clinics.
However, as with any technique, it is limited in how far it goes. Here, ATAC-seq is reviewed,
including its basic workflow, limitations and applications. We also discuss its potential to drive future
discoveries in genomics and beyond, as well as its limitations and future developments.

2. Basic workflow of ATAC-seq

The first step in the performance of ATAC-seq is the preparation of cells and the extraction of nuclei
[21]. This is done by centrifuging or scraping the cell to the appropriate density. Cells are then
resuspended in hypotonic cold lysis buffer to lyse, swell and release nuclei for the subsequent Tn5
transposase reaction and DNA fragmentation. In summary, this step is essential for the generation of
high-quality ATAC-seq data.

Having obtained the nuclei, the next step in ATAC-seq is to transpose and purify the nuclei
immediately after extraction by resuspending the precipitate in a Tn5 transposase reaction system,
followed by purifying the sample using the Qiagen MinElute PCR Purification Kit [22]. The Tn5
transposase cleaves the DNA, resulting in short, fragment-sized DNA fragments, which can be used
for high throughput sequencing [23]. The Tn5 transposase reaction is a key step in ATAC-seq, which
fragments and labels accessible chromatin regions of the genome through the identification and
cleavage of chromatin in open regions of the chromatin structure. A transposase reaction buffer
containing Tn5 transposase and reaction components is used to resuspend nuclei or chromatin. The
reaction is stopped by adding EDTA or a similar chelating agent after a period of incubation at 37<C,
usually between 30 minutes and 1 hour. To remove any residual reaction components or contaminants,
the resulting DNA fragment is then purified using an adsorbent column or magnetic beads.

After purification, the DNA fragments are PCR amplified with primers targeting the sequencing
aptamer. The resulting sequence can be compared with a reference genome and analysed to identify
regions of open chromatin structure and regulatory elements. To reduce the effects of fragment size
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and GC bias in PCR, gPCR is used to determine the number of subsequent PCR cycles and to
terminate amplification before saturation, ensuring that the post-transposition fragment size is in the
range of 40 bp to 1 kb without size selection and maintaining high library complexity.As the
transposition process creates a 9bp gap, the first step of PCR requires a 5 min reaction at 72<C to fill
the gap, and the PCR enzyme used is a non-hotstart, strand-switching enzyme.

High-throughput sequencing of the library using an appropriate sequencing platform and read
length is the final step in ATAC-seq. To identify regions of open chromatin structure and regulatory
elements, the resulting sequencing reads are analysed against a reference genome. Post-sequencing
quality control and pre-processing of the resulting reads to remove low-quality reads and sequencing
artefacts must be considered. The remaining reads are then aligned to the reference genome using an
appropriate alignment algorithm. The resulting alignment file is then subjected to peak calling and
downstream analysis. Peakcalling identifies open chromatin regions and regulatory elements based on
the read distribution across the genomic space. After peak call, annotation is performed against
genome databases and functional annotation tools to determine putative target genes and regulatory
elements associated with accessible chromatin regions. The resulting data is then visualised to help
understand how the genome gets regulated.

3. The limitations and recent developments of ATAC-seq

The Tnb5 transposase is used to insert a cut DNA fragment and to join the sequencing junction at the
ends of the two cut DNA fragments [24], so that for a given DNA fragment the junction is random,
resulting in a 50% probability that the junctions at the ends of the same fragment will be the same.
Since the enrichment amplification and sequencing are performed on fragments with different
cleavage sites, half of the fragments cannot be used; a large number of cut DNA fragments are too
large for PCR enrichment; the activity of the Tn5 transposase is affected by the reaction conditions
and the composition of the solution, which still need to be optimized to improve the cutting effect;
difficulties encountered with ATAC-seq include the difficulty of obtaining nuclei, especially in plant
cells due to the presence of cell walls. Cell walls in plant cells and contamination from organelles like
mitochondria and chloroplasts in plant cells may result in high levels of invalid sequencing data,
increasing experimental costs and time. Due to differences between tissues of different species, there
is no universal lysis cell system. For example, the FANS-ATAC-seq (fluorescence-activated nucleus
sorting, FANS) system developed by Lu et al. [25], the INTACT system developed by Roger et al. [26]
and sucrose precipitation with similar results to INTACT ensure that high quality intact nuclei are used
in assays with minimal contamination of organelle DNA. The general availability of ATAC-seq for
difficult cell lines, rare primary cells and clinically relevant frozen tissues was improved with the
invention of Omni-ATAC by Corces et al. [27] In addition, Sos et al. developed the THS-seq
technique using a new Tn5 hypermutant (Tn5059) with higher activity than the conventional Tn5
transposase and optimized reaction solutions and conditions to overcome the problems of random
junctions and oversized fragments after shearing. The T7 promoter plus transcription primers,
designed to replace adapters 1 and 2 in the original Tn5 transposon complex, are transcribed to
produce single-stranded RNA, which is sequenced using the same principles as RNA sequencing to
obtain cDNA and adapter for library construction. This technique greatly improves the efficiency of
the transposon and results in more complete sequencing data by avoiding the need for random ligation
of junctions. ATAC-seq has become the mainstay of chromatin accessibility analysis as the technology
continues to improve.

4. Wide applications of ATAC-seq

Since its introduction in 2013, ATAC technology has been the subject of much research into its
potential and applications. Due to its high sensitivity and ease of use, it has been widely used in
epigenomic research. It has been used in RNA-seq, ChlP-seq (chromatin immunoprecipitation
followed by high-throughput sequencing) and Hi-Seq to identify open chromatin regions, locate
organising genes, predict trans-acting factors, search for potential key cis-regulatory elements and
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transcription factors, and analyse complex regulatory networks in vivo. In addition to RNA-seq, ChlP-
seq (chromatin immunoprecipitation followed by high-throughput sequence analysis) and Hi-C (high-
throughput chromosomal conformation capture) were developed for in vivo chromosomal analysis,
and ATAC-seq to investigate chromatin accessibility at the level of individual cells. ATAC-seq
(single-cell assay for transposase-accessible chromatin, SCATAC-seq) can be used to detect
heterogeneity within and between cells.

4.1. Annotate functional DNA regulatory elements

ATAC-seq was used to study the open state of the binding regions of various regulators such as
promoters, enhancers and silencers and to localize nucleosomes. Using ATAC-seq, Tan investigated
the inverse relationship between longevity and cancer frequency in the genetic machinery of the naked
mole-rat [28], indicating that the promoter regions of the reprogrammed genes in the naked mole-rat
are mostly closed. Treatment with SV40 LT (large tantigen) antigen opened the promoter region and
showed that the promoter region was more accessible, thereby repressing the Rb oncogene and
increasing the efficiency of reprogramming; revealing a more stable epigenome in naked mole rat cells
will provide new ideas for cancer prevention and treatment. In addition, transcription binds DNA
sequences where transcription factors compete with nucleosomes, so transcription factor levels at the
nucleosome-binding site will be lower. Quillien et al. performed ATAC-seq analysis of nuclei from
To(flila: egfp)yl transgenic embryonic endothelial cells and then used the FANS technique to label
the nuclei with green fluorescent protein in order to identify specific enhancers in the entire zebrafish
genome [29]. Nuclei were isolated from endothelial cells using the FANS technique to obtain high-
quality ATAC-seq data, and long DNA fragments, i.e. nucleosome-binding regions, and short DNA
fragments without nucleosomes were analysed for nucleosome localisation. The study reveals patterns
of nucleosome localisation at transcription start sites across the genome and provides information on
the dynamics of the transcription regulatory network formed by genes controlling gene expression
during embryogenesis.

4.2. Combined multi-omics analysis of ATAC-seq with ChlP-seq, RNA-seq, etc.

It has been shown that the data generated by ATAC-seq can be cleverly combined with other
epigenetic information to provide a live picture of the enhancers and to explain their role. Ackermann
et al. first analysed open chromatin regions in human islets using ATAC-seq and RNA-seq data. The
screen identified binding sites for known islet cell transcription factors and a single nucleotide
polymorphism (SNP) for the identified susceptibility locus for type Il diabetes in both types of cells.
More importantly, the discovery that the 'group-specific protein’, vitamin D binding protein, is only
present in a-cells and that immunoreactivity for chondrolectin is only present in B-cells, is a novel
signature gene for both cell types. In 2018, the mechanism of action of the anti-inflammatory factor
IL-10 was revealed by Rajbhandari et al. using ATAC-seq, ChIP-seq and RNA-seq. Using ATAC-seq
and RNA-seq, they investigated the potential mechanisms by which IL-10 inhibited adipocyte
thermogenesis and energy output, and verified that 1L-10 altered the chromatin opening state of
adipocytes and reduced the expression of UCP1, a gene involved in thermogenesis. Finally, ChiP-seq
was used to elucidate the mechanism by which IL-10 inhibited the recruitment of ATF and C/EBPS to
the enhancer region of thermogenic transcription factors, resulting in anti-inflammatory activity.

4.3. Sc ATAC-seq sequencing technology

Sc ATAC-seq can be used for the study of cellular heterogeneity, for the analysis of gene regulatory
networks in subpopulations of cells, and for the epigenomics of single cells. Efficient access to the
whole genome of a single cell is now achieved by microfluidics and ATAC-seq (single-cell
combinatorial indexed ATAC-seq, sci ATAC-seq). Microfluidics is a low-cost, high-capacity, high-
capture technique based on the principle of wrapping transposase-treated nuclear DNA with oil
droplets containing specific barcode sequences to form GEMs (gel beads-in emulsion). sci ATAC-seq
allows individual cells to be uniquely labelled by double-dilution labelling mixing, thus providing
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chromatin opening information for a large number of single cells. The combination of sci ATAC-seq
and RNA-seq allows the identification of cis-acting elements and transcription factors in various cells,
the investigation of mechanisms and networks of gene expression regulation, and the analysis of
tumour and haematopoietic heterogeneities [30]. In conclusion, we believe that the combination of Sc-
seq with other techniques has a very promising future.

5. Conclusion

Identifying and pinpointing open chromatin regions is critical to epigenetic research. With the
development of high-throughput sequencing technologies, ATAC-seq, the chromatin-open-region
method, enables the systematic study of the binding sites of key regulatory elements, including
promoters, enhancers, insulators and transcription factors, across the entire genome. Beyond tissue-
specific gene discovery and nucleosome localisation, ATAC-seq chromatin opening information can
be used to further integrate genomic, transcriptomic and methylation data for a more three-
dimensional and intuitive understanding of complex gene interactions and phenotypic effects.
Currently, ATAC-seq has shown unparalleled advantages and potential for capturing open regions of
chromatin, and has become an important tool for the study of epigenetic regulation due to its simpler
procedure and easier-to-use materials. It is undeniably a breakthrough technique for epigenetic
research, although the tools for data analysis are not yet mature. With further improvements in
experimental methods, ATAC-seq can be expected to become one of the tools for the genetic analysis
of complex traits, thus contributing to the continuous development of life sciences in man, mouse and
other animals and plants. ATAC-seq also has the potential for clinical applications, such as the
identification of biomarkers for disease diagnosis or the prediction of therapeutic response.
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