














in identical cells, we next assayed whether TAF-ChIP can give
comparable results with similar resolution, when variable numbers
of cells are used as the starting material. Towards this goal, we
resorted to use wild-type NSCs from Drosophila brains. We sorted
two samples containing 1,000 and 5,000 NSCs, respectively. The TAF-
ChIP generated datasets from 1,000 and 5,000 NSCs resulting in
nearly identical profiles, as visualized through genome browser
tracks (Fig S4A). The distributions of reads at genomic locations
generated from 1,000 NSCs and 5,000 NSCs also showed compa-
rable profiles (Fig S4B). The read distribution in the peaks for
samples with 1,000 NSCs and 5,000 NSCs were also comparable with
each other (Fig S4C). Altogether, these results suggest that TAF-ChIP
is amenable to conditions when starting material is variable to few
folds and would produce similar results.

Discussion

Here, we present an easy, TAF-ChIP and sequencing method to
generate high-quality datasets from samples with low cell num-
bers. The workflow of TAF-ChIP contains fewer steps than con-
ventional ChIP-Seq with minimum hands-on time during library
preparation, preventing loss of material and potential user in-
troduced variability. Because of tagmentation during immuno-
precipitation, the cells can be directly sorted into the IP/lysis buffer.
This eliminates the centrifugation step to collect the cells, which
can also lead to potential loss of material. Also, unlike ATAC-Seq
where intact nuclei are tagmented and partial tagmentation is used
to study chromatin accessibility, our approach tagments after
nuclear lysis (21). The metagene profile of H3 TAF-ChIP dataset did
not show any enrichment for TSS, suggesting our method resulted
in tagmentation without any visible biases for open chromatin
regions (Fig S4D and E). Furthermore, we also showed the appli-
cation of TAF-ChIP for both open chromatin marks such as H3K4Me3
as well as for repressive marks such as H3K9Me3 and H3K27Me3.
TAF-ChIP is easier to implement than MNase-based approaches
that leads to overdigestion of chromatin, and results in one-step
generation of Illumina-compatible libraries. The TAF-ChIP approach
is suitable for assaying factors for which the chromatin association
might be dependent on RNA, as Tn5 does not perturb the RNA
intermediate. Also, the tagmentation does not show any sequence-
dependent biases, in contrast to other restriction-based protocols
(6, 13). Furthermore, the approach does not need any specialized
equipment and, thus, can be implemented in a standard molecular
biology laboratory.

We have used here the Tn5 transposase from Nextera XT DNA
library kit; however, TAF-ChIP could be easily implemented with Tn5
loaded with different unique molecular indices (13). This could be
easily implemented in massively parallel TAF-ChIP-Seq applica-
tions andmay even further decrease the required starting material.

Moreover, as this approach can be used for various cell types, it
could be also combined with a nontarget cell type used as “spike-
in” and DNA carrier.

We showed that TAF-ChIP datasets have signal-to-noise ratios
that are comparable with conventional ChIP-Seq datasets and,
thus, are amenable to standard bioinformatics pipelines for ChIP-
Seq analysis. Our evaluation of TAF-ChIP datasets showed results
comparable with conventional ChIP-Seq and better than CUT&RUN,
a comparable low amount method. For histone marks, we dem-
onstrated the use of H3 TAF-ChIP as an input control for better
background estimation. However, in some conditions and pertur-
bation experiments, the distribution of H3 might have weak to
strong biases. An alternative control for TAF-ChIP could be also
immunoprecipitation with IgG from similar species (Fig 4C). Al-
though the genome browser profiles obtained from a sample of 100
K562 cells showed slightly inferior signal-to-noise ratio compared
with the conventional datasets from the ENCODE project (Fig 2A),
the peaks identified were mostly overlapping, especially at lower
FDRs. The peaks that were unique to either TAF-ChIP or to the
conventional method still showed higher read coverage compared
with randomly selected regions of comparable size (Fig S5A–D). This
suggests that thresholding (based on FDR) implemented by the
peak caller software might have hindered their identification in one
of the datasets. Furthermore, we suspect that the signal-to-noise
ratio can be improved by pooling the samples tagmented with
different indices before washes, and using the demultiplexing
strategy to obtain the data.

We have also been able to generate the profile of a RNA-
modifying enzyme, recently shown in vertebrates to associate
with chromatin, by performing TAF-ChIP using 1,000 cells from
transgenically tagged Drosophila and antibody directed against the
tag (unpublished results). We conclude that the only limiting factors
defining the low cell number sample providing biologically mean-
ingful TAF-ChIP results are the availability of a good antibody and a
reasonable number of binding sites in the genome. We have shown
that TAF-ChIP provides reliable datasets from samples of as low as
100 isolated cells without requiring prior isolation of nuclei and with
an extremely easy and straightforwardworkflow; therefore, we expect
that TAF-ChIP will be very useful when access to higher numbers of
cells is limited.

Materials and Methods

Antibodies

The following antibodies were used in this study. For H3K4Me3 ChIP,
antibody from Abcam (Cat. no. ab8580) was used. H3K9Me3 ChIP was
performed using an antibody from Active Motif (Cat. no. 39161),
H3K27Me3 with Active Motif (Cat. no. 39155), and H3 (ab1791; Abcam).

parameters (see the Materials and Methods section for details) was used to identify the peaks against the respective input controls, and those present in both
replicates were considered for the comparison. (G) Average profile of TAF-ChIP and conventional ChIP-Seq centered at the peaks for the indicated histone modifications.
The y-axis depicts average per base value into the peaks, whereas the x-axis depicts genomic coordinates centered at the peaks. (H) Distributions of reads at gene
locations of indicated histone modifications from conventional ChIP-Seq and TAF-ChIP. Rows indicate all the peaks and are sorted by decreasing affinities in the
conventional ChIP-Seq datasets. The color labels to the right indicate the level of enrichment.
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Fixation and cell sorting from Drosophila larval brain

Briefly, required number of larval brains after 48 h of larval hatching
were dissected in PBS. After dissection, larval brains were fixed with
1% formaldehyde in PBS for 10 min at room temperature, followed
by quenching of the fix with 125 mM glycine. The larval brains were
dissociated and resuspended according to the previously estab-
lished method (16). The cells were then sorted on BD FACSAria
according to the strength of GFP and size of the NSCs, resulting in a
pure population of type II NSCs.

Fixation and cell sorting of K562 cells

K562 cells cultured in RPMI medium (supplemented with 10% Fetal
Bovine Serum), at 37°C and 5% CO2, were fixed for 10 min at room
temperature with 1% formaldehyde. The crosslink was quenched
with 125 mM glycine, and sorted on BD FACSAria cell sorter using
Hoechst stain. A total of 100 K562 cells were directly sorted in RIPA
140 mM (10 mM Tris-Cl, pH 8.0, 140 mM NaCl, 0.5 mM EDTA, pH 8.0, 1%
Triton X-100, and 0.1% SDS).

Conventional ChIP-Seq and library preparation

Fixed cells (1.2 million FACS sorted NSCs per replicate) were
resuspended in 140 mM RIPA (10 mM Tris-Cl pH 8.0, 140 mM NaCl, 0.1
mM EDTA pH 8.0, 1% Triton X-100, and 0.1% SDS) and subjected to 14
cycles of sonication on a bioruptor (Diagnode), with 30 secs “ON”/
“OFF” at high settings. After sonication, the samples were centri-
fuged at 14,000 g for 10 min at 4°C and the supernatant was
transferred to a fresh tube. The extracts were incubated overnight
with 2 μg of specific antibody at 4°C with head-over-tail rotations.
After overnight incubations, 20 μl of blocked Protein A and G
Dynabeads were added to the tubes and further incubated for 3 h to
capture the antibodies. The beads were separated with a magnetic
rack and were washed as following: once with 140 mM RIPA (10 mM
Tris-Cl, pH 8.0, 140 mM NaCl, 0.1 mM EDTA, pH 8.0, 1% Triton X-100,
and 0.1% SDS), four times with 250 mM RIPA (10 mM Tris-Cl, pH 8.0,
250 mM NaCl, 0.1 mM EDTA, pH 8.0, 1% Triton X-100, and 0.1% SDS)
and twice with TE buffer, pH 8.0 (10 mM Tris-Cl, pH 8.0 and 0.1 mM
EDTA pH 8.0). After the immunoprecipitation, samples were RNase-
treated (NEB) and subjected to Proteinase K treatment for reversal
of cross-links, 12 h at 37°C and at least 6 h at 65°C. The samples after
proteinase K treatment were subjected to phenol–chloroform ex-
traction. After precipitating and pelleting, the DNA was dissolved in
30 μl of TE buffer, pH 8.0. The recovered DNA was converted into
libraries using NebNext Ultra II DNA library preparation kit, fol-
lowing the manufacturer’s protocol.

TAF-ChIP and library preparation

Cells were fixed for 10 min at room temperature with 1% formal-
dehyde in PBS. The formaldehyde was quenched with 125 mM
glycine, for 5 min at room temperature. The cells were washed once
with ice-cold PBS and directly sorted in 240 μl of 140 mM RIPA (10
mM Tris-Cl, pH 8.0, 140 mM NaCl, 0.1 mM EDTA, pH 8.0, 1% Triton
X-100, and 0.1% SDS) and sonicated with three cycles at low power
settings for breaking the nuclei. Sorting small number of cells (100
cells normally elute in <2 μl) will have no effect on buffer

composition owing to small volume. In the meantime, 15 μl of
Protein A and G Dynabeads were coupled to 1 μg of specific an-
tibody in the blocking buffer (RIPA 140 mM supplemented with 0.2
mg/ml BSA, 0.05 mg/ml of glycogen, and 0.2 mg/ml of yeast tRNA)
for 2-3 h at 4°C. The partially fragmented chromatin was centrifuged
at 2,000 g for 10 min at 4°C, and the supernatant was transferred to
the tube with blocked and antibody-coupled beads. The centri-
fugation step is optional and the samples can be also directly
added to the coupled beads. The samples were incubated at 4°C
overnight with head-over-tail rotations. The samples were then
washed twice briefly with 300 μl of homemade tagmentation buffer
(20 mM Tris(hydroxymethyl) aminomethane, pH 7.6; 10 mM MgCl2;
and 20% [vol/vol] dimethylformamide) using magnetic rack for
beads separation. The washed beads were resupended in 20 μl of 1×
tagmentation DNA buffer (Nextera XT Kit) containing 1 μl of Nextera
DNA tagmentation enzyme and incubated at 37°C for 40 min with
constant shaking in a thermoblock at 500 rpm (Eppendorf ther-
momixer compact). After the tagmentation, the beads were washed
as following: once with 140 mM RIPA (10 mM Tris-Cl, pH 8.0, 140 mM
NaCl, 0.1 mM EDTA, pH 8.0, 1% Triton X-100, and 0.1% SDS), four times
with 250 mM RIPA (10 mM Tris-Cl, pH 8.0, 250 mM NaCl, 0.1 mM EDTA,
pH 8.0, 1% Triton X-100, and 0.1% SDS), and twice with TE buffer, pH
8.0 (10 mM Tris-Cl, pH 8.0 and 0.1 mM EDTA, pH 8.0). The samples
were subjected to proteinase K treatment in 50 μl of TE buffer, pH
8.0, with 5 μl of 20 mg/ml of proteinase K for overnight at 60°C in
thermoblock with shaking at 500 rpm (Eppendorf thermomixer
compact). The samples can be then either phenol–chloroform
extracted (A) or can be directly PCR-amplified after deactivating
proteinase K (B). Phenol–chloroform extraction (A): The volume of
the aqueous phase was brought to 100–200 μl by adding TE buffer,
and 300 μl of phenol:chloroform (pH 7.7–8.3) was added to the tube.
After vortexing, the tubes were spun at 20,000 g for 5 min at room
temperature, and the aqueous phase was transferred to a fresh
tube. The DNA was precipitated by adding 1/10th volume of 3 M
sodium acetate (pH 5.2), 5 μl of glycogen (20 mg/ml), and 700 μl of
100% ethanol. The precipitation mix was incubated overnight at
−80°C followed by centrifugation at 18,800 g for 30 min at 4°C. The
pellet was washed once with 75% ethanol and resuspended in 30 μl
of TE buffer. The DNA was amplified in 100 μl reaction with 1X
NEBNext High-Fidelity PCR Mix with 0.4 μM of primers containing
molecular indices (listed in Table 1) with the following program:
72°C for 3 min (98°C for 10 s, 63°C for 30 s, and 72°C for 30 s) for 12
cycles, 72°C for 5 min, and hold at 4°C. Deactivating proteinase K (B):
the proteinase K was heat-inactivated for 95°C for 5 min and directly
amplified in a 100-μl reaction with 1× NEBNext High-Fidelity PCR Mix
with 0.4 μM primers containing molecular indices (listed in Table 1)
with the following program: 72°C for 3min {98°C for 10 s, 63°C for 30 s,
and 72°C for 30 s} for 12 cycles, 72°C for 5 min, and hold at 4°C.

The PCR reaction was purified with bead-based size selection to
remove fragments larger than 1,000 bp. Ampure Xp beads were
added to the PCR reaction in a ratio of 0.2× ratio to bind larger
fragments. The magnetic beads were separated with the help of
magnetic rack and the supernatant was transferred to a fresh tube.
Ampure Xp beads were added to the PCR reaction in a ratio of 0.8×
to bind the target library. After PCR purification, the libraries were
analyzed on Agilent Bioanalyzer for size distribution and the
concentration wasmeasured using a Qubit fluorometer. The finished
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libraries were pooled in equimolar amounts and sequenced on
Illumina NextSeq 500. The step-by-step protocol is also provided as
Supplemental Data S1.

TAF-ChIP and conventional ChIP-qPCR

2 μl of TAF as well as conventional ChIP library was used for
checking enrichment with various primer pairs (listed in Table 1) on
Applied Biosystem ViiA 7 real-time machine using SYBR green re-
agent (Cat. No. 4367659; Life Technologies).

Demultiplexing and mapping

Demultiplexing and fastq file conversion were performed using
blc2fastq (v.1.8.4). Reads from ChIP-Seq libraries were mapped

using bowtie2 (v. 2.2.8) (23) and filtered for uniquely mapped reads.
The genome build and annotation used for all Drosophila samples
was BDGP6 (ENSEMBL release 84). The genome build and anno-
tation used for the K562 samples was hg38 (ENSEMBL release 84).

Normalization, peak calling, and overlaps

The mapped BAM files were normalized to RPKMs using deepTools,
and bigwig coverage files were generated. Peak calling was per-
formed using MACS2 (v 2.1.1-20160309) (24). The peaks were called
with the following settings: (i) for Drosophila H3K4Me3, macs2
callpeak -t ChIP.bam -c Control.bam -f BAMPE -g dm –q 0.05; (ii) for
Drosophila H3K9Me3, macs2 callpeak -t ChIP.bam -c Control.bam -f
BAMPE -g dm –broad –broad-cutoff 0.05; and (iii) for K562 H3K9Me3
and H3K27Me3, macs2 callpeak -t ChIP.bam -c Control.bam -f BAMPE

Table 1. Primers used in qPCR and TAF-ChIP library preparation.

Mapk distal Fwd ATCGGGACCTTAAGCCAAGT

Mapk distal Rev AAACGCTTTTACTGCTGATGG

Dock Fwd GCTCCGGCAAAATCATTAAA

Dock Rev CGCGATTGAAAAACACACAA

Dab Fwd CCCCACAACGCCTTAAAGTA

Dab Rev TTTGCGTCTTCCGTCTCTTT

Rca1 Fwd GGTCACACTGATCCGTACCC

Rca1 Rev CTCCAACTCGAAGGATGACC

Primer-Neg Fwd CCATTAATCGAGGGCTGAAA

Primer-Neg Rev TTGGGGCATAAACAGAGGAC

fw ATAC-seq primer, general, no index AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGT*G

rev ATAC-seq primer, Truseq, index 34 CATGGC CAAGCAGAAGACGGCATACGAGATGCCATGGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 48 TCGGCA CAAGCAGAAGACGGCATACGAGATTGCCGAGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 22 CGTACG CAAGCAGAAGACGGCATACGAGATCGTACGGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 15 ATGTCA CAAGCAGAAGACGGCATACGAGATTGACATGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 46 TCCCGA CAAGCAGAAGACGGCATACGAGATTCGGGAGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 45 TCATTC CAAGCAGAAGACGGCATACGAGATGAATGAGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 40 CTCAGA CAAGCAGAAGACGGCATACGAGATTCTGAGGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 39 CTATAC CAAGCAGAAGACGGCATACGAGATGTATAGGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 38 CTAGCT CAAGCAGAAGACGGCATACGAGATAGCTAGGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 37 CGGAAT CAAGCAGAAGACGGCATACGAGATATTCCGGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 36 CCAACA CAAGCAGAAGACGGCATACGAGATTGTTGGGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 35 CATTTT CAAGCAGAAGACGGCATACGAGATAAAATGGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 25 ACTGAT CAAGCAGAAGACGGCATACGAGATATCAGTGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 26 ATGAGC CAAGCAGAAGACGGCATACGAGATGCTCATGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 27 ATTCCT CAAGCAGAAGACGGCATACGAGATAGGAATGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 28 CAAAAG CAAGCAGAAGACGGCATACGAGATCTTTTGGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 23 GAGTGG CAAGCAGAAGACGGCATACGAGATCCACTCGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 24 GGTAGC CAAGCAGAAGACGGCATACGAGATGCTACCGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 42 TAATCG CAAGCAGAAGACGGCATACGAGATCGATTAGTCTCGTGGGCTCGGAGATG*T

rev ATAC-seq primer, Truseq index, 41 GACGAC CAAGCAGAAGACGGCATACGAGATGTCGTCGTCTCGTGGGCTCGGAGATG*T
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-g hs –broad –broad-cutoff 0.05. The resulting peaks were anno-
tated with the ChIPseeker package from Bioconductor, using
nearest gene to peak summit as assignment criteria (25). The in-
dividual peaks of corresponding modification and approach were
merged using bedTools, except ENCODE peak files (26). For ENCODE,
owing to high variability between the replicates, we used replicated
peaks provided by ENCODE database. After merging, the overlaps
were calculated with ChIPpeakAnno package with following com-
mands: (i) for H3K4Me3 in Drosophila NSCs, overlap = find
OverlapsOfPeaks(ConvK4Me3, TAFK4Me3, maxgap = 100); (ii) for
H3K9Me3 in Drosophila, overlap = findOverlapsOfPeaks(ConvK9Me3,
TAFK9Me3, maxgap = 200); (iii) for H3K27Me3 in K562, overlap =
findOverlapsOfPeaks(ENCODEK27Me3, TAFK27Me3, maxgap = 4000);
and (iv) for H3K9Me3 in K562; overlap = findOverlap-
sOfPeaks(ENCODEK9Me3, TAFK9Me3, maxgap = 4000).

Computational scripts

All the parameters used for computational analysis and detailed
scripts are provided in a separate Supplemental Data S2. The heat
maps were generated using deepTools (v 3.5.1) (26).

Accession number

All the ChIP-Seq data generated in this study are submitted to the
GEO database (GSE112633).

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
201900318.
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