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Assay for Transposase Accessible Chromatin (ATAC-Seq)
to Chart the Open Chromatin Landscape of Human
Pancreatic Islets

Helena Raurell-Vila, Mireia Ramos-Rodrı́guez, and Lorenzo Pasquali

Abstract

The regulatory mechanisms that ensure an accurate control of gene transcription are central to cellular
function, development and disease. Such mechanisms rely largely on noncoding regulatory sequences that
allow the establishment and maintenance of cell identity and tissue-specific cellular functions.
The study of chromatin structure and nucleosome positioning allowed revealing transcription factor

accessible genomic sites with regulatory potential, facilitating the comprehension of tissue-specific cis-re-
gulatory networks. Recently a new technique coupled with high-throughput sequencing named Assay for
Transposase Accessible Chromatin (ATAC-seq) emerged as an efficient method to chart open chromatin
genome wide. The application of such technique to different cell types allowed unmasking tissue-specific
regulatory elements and characterizing cis-regulatory networks. Herein we describe the implementation of
the ATAC-seq method to human pancreatic islets, a tissue playing a central role in the control of glucose
metabolism.
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1 Introduction

Transcription regulation is central to cellular function, develop-
ment, and disease. Thus, the regulatory landscape controlling
gene expression is highly dynamic, cell type-specific, and varies by
individual genomes. Much of the transcriptional regulation of a cell
is orchestrated by transcription factors that, by binding the DNA at
proximal and distal regulatory sites, fine tune the amount of RNA
produced.

In eukaryotic cells, DNA is packed within a nucleus through a
hierarchical folding of 147 bp of DNA around a histone octamer to
form nucleosomes, and their further compaction into chromatin.
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Major insights into the epigenetic information encoded within the
nucleoprotein structure of chromatin have come from high-
throughput, genome-wide methods for assaying the accessibility
of DNA to the machinery of gene expression also referred as
chromatin “openness” [1, 2]. In fact, regulatory DNA often coin-
cides with regions of remodeled chromatin, resulting in genomic
sites open or accessible to transcription factor binding.

The use of techniques such as FAIRE and DNase I hypersensi-
tive coupled with high-throughput sequencing, enabled the identi-
fication genome-wide of active transcription start sites, enhancers,
and insulators in a wide variety of cell lines and tissue samples
including the pancreatic islets [2–5]. Despite these successes, such
methods employ multiple biochemical steps and substantial
amounts of starting sample material. Recently, Buenrostro et al.
reported on a robust and sensitive technology for profiling open
chromatin by direct transposition of sequencing adapters into
native chromatin [6] termed Assay of transposase Accessible Chro-
matin or “ATAC-seq”. This novel assay takes advantage of a hyper-
active Tn5 transposase that can simultaneously fragment and tag
with sequencing adaptors genomic regions of accessible chromatin
allowing an open chromatin library construction in a single
enzymatic step.

Importantly ATAC-seq assay and library construction is
achieved with considerably less starting material than conventional
methods, thus being especially well-suited for the study of rare or
difficult to obtain cell types, such as human pancreatic islet.

In this chapter we describe the implementation of the ATAC-
seq protocol to chart open chromatin in isolated human pancreatic
islets. We also provide a short technical description of the compu-
tational procedure to analyze ATAC-seq data. The experiments and
analysis here described may be generally applicable to cell lines and
primary tissue cellular aggregates.

2 Materials

2.1 Tissue Culture 1. Dithizone (diphenylthiocarbazone) stock solution: add 10 mg
dithizone (Sigma) to 2 ml dimethylsulfoxide (DMSO)
(Sigma). Store at �20 �C.

2. Islet medium: Ham’s F10 medium supplemented with 10%
FBS, 2 mM GlutaMAX, 50 U/ml penicillin and 50 μg/ml
streptomycin (GIBCO), 6.1 mM glucose, 50 μM 3-isobutyl-
1-methylxanthine, 1% BSA (Sigma).

3. Hanks’ balanced salt solution (Sigma).

4. Phosphate buffered saline (PBS).
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2.2 ATAC-Seq 1. Lysis buffer (10 mM Tris–HCl pH 7.4, 10 mM NaCl, 3 mM
MgCl2, 0.1% Igepal CA-630). Store up to 1 week at +4 �C.

2. Nuclear staining: Methyl Green-Pyronin Staining (#HT70116,
Sigma).

3. Insulin needle (29G�1/200).

4. Tn5 transposase and TD buffer (Nextera DNA Library Prep
Kit, #15028212, Illumina).

5. Clean up buffer (900 mM NaCl, 300 mM EDTA).

6. Sodium Dodecyl Sulfate (SDS) 20% Solution (Omnipur).

7. Proteinase K (Thermo Scientific).

8. SPRI beads cleanup (Agencourt AMPure XP—5ml, #A63880,
Beckman Coulter).

9. 25 μM PCR Primer 1 (sequences provided in Buenrostro
et al. [6]).

10. 25 μM Barcoded PCR Primer 2 (sequences provided in Buen-
rostro et al. [6]).

11. NEBNext High-Fidelity 2� PCR Master Mix (#M0541, New
England Biolabs).

12. SYBR Green (Roche).

13. MinElute PCR Purification Kit (Qiagen).

14. Qubit® dsDNA HS Assay (#Q32851, Invitrogen).

3 Methods

The ATAC-seq method here described is based on that developed
by Buenrostro et al. [6] and further modified by other authors
[7, 8]. These modifications are aimed to improve the technique
efficiency in purified primary human islets and may be used to
enhance this assay in other cell lines and primary tissue cellular
aggregates.

A successful ATAC-seq experiment relies on the preservation of
the native chromatin architecture and the original nucleosome
distribution patterns [7]. Thus, ATAC-seq is most efficient when
applied to freshly isolated nuclei, in this case freshly human pancre-
atic endocrine islets, while fixed or frozen cells may reduce the
sensitivity of the methodology [8]. Human pancreatic islets are
obtained from organ donors after a laborious isolation procedure
involving collagenase digestion and gradient purification to sepa-
rate endocrine pancreatic islets from the exocrine tissue
[9, 10]. Human pancreatic islets are then cultivated for 48 h to
recover from the stress and minimize the environment induced
variation. Freshly isolated pancreatic islets are tissue fragments of
typically ~500–2000 cells that can be cultured in suspension.

ATAC-Seq Assay in Pancreatic Islets 199



This protocol is optimized for 50,000 cells corresponding to
approximately 50 human pancreatic islets. The number of starting
cells to be processed is crucial, as the transposase-to-cell ratio
determines the distribution of DNA fragments generated [6]. A
correct proportion between the quantity of Tn5 transposase and
the number of cells is clue to a successful ATAC-seq experiment.

3.1 Tissue Culture Prior to culture, the ratio of islets to exocrine tissue is ascertained
by dithizone staining. Dithizone binds to zinc ions present in the
secretory granules of the β-cells allowing to differentiate them from
the acinar contaminants, thus to estimate islet size and purity.

Collect a representative volume of the sample, containing a
minimum of 50 islets, to a 1.5 ml eppendorf tube. Let the islet
sediment, remove the supernatant and resuspend with 100 μl of
culture medium. Add 900 μl of dithizone solution and incubate for
15 min at 37 �C. Dithizone solution is obtained by mixing 200 μl
dithizone stock solution (see Subheading 2) to 800 μl Hanks’
balanced salt solution and centrifuging at maximum speed at
room temperature for 5 min. After rinsing the islets with phosphate
buffered saline twice, stained islets can be counted under a micro-
scope. The sample purity is extrapolated by calculating the ratio of
stained islets to the total tissue aggregates.

In a primary tissue culture hood, transfer the islets to 50 ml
falcon tubes and to spin the sample for 1 min at 100 � g at room
temperature. Discard the supernatant and resuspend, in 75 ml
flasks, ~5 ml islet medium (see Subheading 2) every 1000 islets
and, place in an incubator at 37 �C for 48 h.

3.2 Islet Preparation Preheat a thermo-block to +37 �C, prepare 5 ml of cold PBS and a
table-top centrifuge at +4 �C.

Carefully hand pick 50 healthy and acinar-free islets
corresponding approximately to 50,000 cells and transfer them to
a 1.5ml eppendorf tube and keep on ice (see Subheading 5,Note 1).

All steps are to be done swiftly, to prevent cell stress and
disturbance of chromatin.

Centrifuge the islets aliquot for 1 min at 100 � g, +4 �C,
remove the medium and rinse with 500 μl of ice-cold PBS (1 min,
100 � g, +4 �C), remove all supernatant.

3.3 Nuclei

Preparation

Add to the islets pellet 300 μl cold lysis buffer (see Subheading 2),
resuspend, by gentle pipetting, and incubate 25 min on ice. In
order to optimize the nuclei isolation, while incubating on ice,
resuspend after 5 and 15 min the lysed islets using a syringe with
a 29G needle.

During the lysis reaction, check the number and integrity of the
nuclei obtained by instant nucleus staining (see Subheading 2) 5% of
the sample aliquot.
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Spin down the nuclei for 15 min at 500 � g, +4 �C using a
swing rotor with low acceleration and brake settings. Carefully
discard the supernatant (the pellet should be translucent).

Gently wash the pellet in 100 μl of lysis buffer and centrifuge
15 min at 500 � g, +4 �C using a swing rotor with low acceleration
and brake settings and carefully to remove the supernatant.

While washing, prepare the transposase reaction mix described
in the next step and keep at room temperature.

3.4 Transposition

DNA Purification

Resuspend nuclei pellet in a 25 μl transposase reaction mix contain-
ing 2 μl of Tn5 transposase, 12.5 μl of TD buffer (see Subheading 2)
and 10.5 μl DEPC treated water, per reaction and incubate at 37 �C
for 1 h. Gentle mixing may increase fragment yield.

Add 5 μl of clean up buffer (see Subheading 2), 2 μl of 5% SDS
and 2 μl of Proteinase K and incubate for 30 min at 40 �C.

3.5 DNA Purification Right after the transposition reaction, place the sample on ice and
proceed immediately with the isolation of the tagmented DNA
using 2� SPRI beads cleanup (see Subheading 2), following kit
instructions. Elute in 20 μl DEPC treated water. The isolated
DNA samples can be stored at �20 �C before library amplification
or used immediately for the next steps.

3.6 Library

Amplification

and Purification

Two sequential 9-cycle PCR are performed in order to enrich for
small tagmented DNA fragments.

Prepare the PCR mix consisting of 2 μl of PCR Primer
1 (25 μM working stock), 2 μl of Barcoded PCR Primer
2 (25 μM working stock), 25 μl of NeBNext High-Fidelity
2� PCR Master Mix, 1μl of DEPC treated water and 20 μl of the
eluted sample (add DEPC water to compensate in case the volume
of eluted DNA is less than 20 μl).

Amplify the library in a thermocycler using the following pro-
gram (leave preheated to 72 �C): 72 �C for 5 min; 98 �C for 30 s;
9 cycles of 98 �C for 10 s, 63 �C for 30 s; and 72 �C for 1 min; and
at 4 �C hold. After the first PCR round, select for fragments smaller
than 600 bp using SPRI cleanup beads (see Subheading 2).

Perform a second PCR applying the same conditions in order
to obtain the final library.

Finally purify the DNA library using the MinElute PCR Purifi-
cation Kit, following kit instructions and eluting 2 � 10μl with the
elution buffer. The purified libraries can then be stored at �20 �C.

3.7 Library Quality

Control

and Quantification

Accurate assessment of library quality and concentration is critical
to successful sequencing and data analysis. A sample aliquot of
1.2 μl is used to check, by TapeStation or Bioanalyzer, the library
quality and the distribution of the fragment size. The library
obtained from a successfully tagmented sample will display a
nucleosomal pattern (Fig. 1) (see Subheading 5, Note 1).
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Fragments lower than 100 bp may represent mitochondrial frag-
ments not properly tagged for sequencing, thus should not be
included in the calculation of the molar concentration of the library.
The library concentration can be measured by QuBit dsDNA HS
Assay Kit following the instructions provided with the kit. As in
chromatin immunoprecipitation experiments, semiquantitative
PCR assays that target specific genomic sites may be carried on to
estimate the efficiency of the ATAC-seq experiment in enriching for
open chromatin regions. To this end we designed oligonucleotides
targeting presumably open chromatin sites as well as negative con-
trol sites not expected to harbor open chromatin.

3.8 Sequencing A minimum DNA concentration of 3.25 ng/μl in a minimum
volume of 15 μl is preferred for next generation sequencing. Typi-
cally 100 million 50 bp long single or paired-end reads per library
are sufficient to chart open chromatin regions genome-wide with a
good enrichment over background resolution. Data yield is
impacted by a fraction of mitochondrial reads that we report, for
this protocol in human pancreatic islets, varying between 20% and
40%.
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Fig. 1 Agilent TapeStation profiles showing the laddering pattern of ATAC-seq
libraries. The band sizes correspond to the expected nucleosomal pattern
obtained by chromatin tagmentation of human islets samples (lanes 1–8)
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4 ATAC-Seq Data Analysis

The sequencing data generated is subsequently analyzed using a
variety of analytical tools that allow resolving the ATAC-seq
genome wide open chromatin profile. Data analysis may be carried
out by applying computational procedures analogous to those
applied for chromatin immunoprecipation sequencing experiments
(ChIP-seq). While data analysis may require computational exper-
tise and progressive increase of computing power and storage
capacity, several ATAC-seq and ChIP-seq pipeline have been devel-
oped for researchers with limited computational experience
(https://usegalaxy.org or http://cistrome.org/ap/root).

We here briefly describe the basic steps of a computational
analysis addressed to resolve the ATAC-seq chromatin accessibility
genome wide.

4.1 Data Quality

Control and Alignment

Quality examination of the raw sequencing data is essential prior to
data analysis in order to rule out sources of error and sequencing
biases.

FASTQC [11] is a quality control tool which uses the raw
FASTQ files to perform several simple quality control analyses.
This program returns an HTML file comprehensive of a detailed
analysis of the raw sequenced reads including the Phread score (per
base sequencing error probability) GC content and overrepre-
sented sequences or kmer content. Notice that for ATAC-seq
experiments a “per base sequence content” warning may be due
to a preference for the transposase binding [12, 13] that does not
affect the quality of the experiment.

After data quality assessment sequenced reads are aligned to a
reference genome. There are several mapping programs available
including Maq [14], RMAP [15], Cloudburst [16], GEM [17],
SHRiMP [18], BWA [19], and Bowtie [20].

Bowtie2 [21] is optimized to work with large reference gen-
omes, such as mammalian, and reads from 50 bp up to 1 kb. This
aligner software characterizes the degree of confidence of each
alignment as nonnegative integer Q ¼ �10 log10 p, where p is an
estimate of the probability that the alignment does not correspond
to the read’s true point of origin. The “Q” value can be used,
postalignment, to filter out reads with a poor mapping quality.
While some reads might be mapping to several genomic locations
at the same time, with default settings, bowtie2 searches for distinct
valid alignments for each read and will report only the best
alignment.

In order to align ATAC-seq single end raw reads bowtie2 may
be run via command line. Default options can be used and the
following useful flags can be specified: “-t” for printing to the
“stderr”, the time taken to load the indexes and align the reads
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(“2>” can be used to keep the statistics of the alignment for
posterior usage); “-S” to return a SAM format file output; “-p” to
use a specified number of cores.

4.2 Postalignment

Processing

Prior to downstream data analysis several steps are needed to con-
vert file formats and reduce the impact of potential artifact reads.

The typical output of an alignment software is a SAM or a BAM
format file, the latter being a binary compressed format for storing
sequence data. Conversion between these two file formats and
sorting by genomic coordinates, necessary for downstream ana-
lyses, can be easily performed by using the SAMtools [22] pro-
grams suite.

Reads aligning to mitochondrial genome are discarded as unre-
lated to the scope of the experiment. Reads must also be filtered to
remove overrepresented areas of the genome due to technical bias.
A collection of signal artifact blacklist regions in the human genome
is provided by the ENCODE project (ENCODE blacklist: https://
personal.broadinstitute.org/anshul/projects/encode/rawdata/
blacklists/) and can be used for this purpose. Reads filtering can be
performed with SAMtools or Picard tools (http://broadinstitute.
github.io/picard). Additionally, tools such as Picard allow easily
tagging and eventually removing duplicates reads that may repre-
sent PCR amplification artifacts (see Subheading 5, Note 2 and 3).

A number of publicly available genome browser tools, can be
used to visualize ATAC-seq profiles relative to available annotation
tracks. Such tools include Artemis [23], EagleView [24], MapView
[25], Apollo [26], and the Islet Regulome Browser [27]. The
University of California Santa Cruz (UCSC) [28] and the Integra-
tive Genomics Viewer (IGV) [29] are the most widely used genome
browser tools. Density profile tracks can be loaded to the UCSC
browser (Fig. 2) in BigWig format, indexed binary files which
associate a genomic location with number of aligning reads. Bed-
tools utilities [30] and UCSC provide a series of tools to convert
different file formats to bedgraph and BigWig.

Finally, identification of those regions that are significantly
enriched of mapped reads compared to the background allows
charting genome wide the predicted open chromatin sites. Several
peak calling algorithms are available such as ZINBA [31], F-seq
[32], HOMER [33], or MACS [34]. Differently from ChIP-seq
experiments, ATAC-seq cannot rely on input DNA or mock-IP as
control background to identify the reads enriched regions. The
peak caller MACS2 [34] allows to fine tune the algorithm to the
ATAC-seq experiment, typical parameter added to the default argu-
ments are (�no model --shift� 100 --exsize-200) that allow to center
the peaks to the Tn5 cutting sites.
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5 Notes

1. Variations in the number of cells processed may result in
“under or over transposition” of the DNA. Such variations
will be reflected in the library fragment size distribution
measured by TapeStation or Bioalnalyzer. An overrepresenta-
tion of large fragments may mirror an “under tagmentation” of
the DNA due to an excess of cells relative to the transposase.
For this reason we recommend hand picking approximately

Fig. 2 Genome browser views of ATAC-seq signal in the proximity of the ATP-sensitive potassium ion channels
genes, ABCC8 and KCNJ11. (a) UCSC genome browser view of 3 human islets ATAC-seq libraries. ATAC-seq
tracks display high concordance and a strong resolution over background of the signal. Notice that each ATAC-
seq library was prepared by processing only ~50 human pancreatic islets. (b) Islet Regulome Browser [27]
integrative view (www.isletregulome.com) showing that ATAC-seq open chromatin enrichment are often found
to coincide with regulatory elements, promoters and transcription factor binding sites previously identified in
human pancreatic islets. The plot also depicts the signal of Type 2 Diabetes Genome Wide Association Studies
(GWAS), each red dot represents a genomic variant, being the color intensity of the dot proportional to -Log p-
value of association, as indicated on the side of the plot
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50 fragments of the islet prep, taking in account the purity of
the sample being processed.

2. Identical reads can arise from independent transposition events
or PCR amplification of a single fragment. In order to reduce
experimental noise we thus recommend removing identical
reads. Alternatively a solution proposed for ChIP-seq experi-
ments is that of retaining a fixed number of tags per genomic
location according to the sequencing depth [35].

3. In case of using ATAC-seq data to infer the transcription factor
binding by footprint analysis [36], we recommend to adjust the
read start sites to the center of the transposon’s binding event.
This can be done by offsetting the reads 4 bp on the + strand
and 5 bp on the – strand since Tn5 transposase was shown to
bind as a dimer inserting two adaptors separated by 9 bp [12].
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