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ABSTRACT

The majority of biopsies in both basic research and
translational cancer studies are preserved in the
format of archived formalin-fixed paraffin-embedded
(FFPE) samples. Profiling histone modifications in
archived FFPE tissues is critically important to un-
derstand gene regulation in human disease. The re-
quired input for current genome-wide histone mod-
ification profiling studies from FFPE samples is ei-
ther 10-20 tissue sections or whole tissue blocks,
which prevents better resolved analyses. But it is
desirable to consume a minimal amount of FFPE
tissue sections in the analysis as clinical tissues
of interest are limited. Here, we present FFPE tis-
sue with antibody-guided chromatin tagmentation
with sequencing (FACT-seq), the first highly sensi-
tive method to efficiently profile histone modifica-
tions in FFPE tissues by combining a novel fusion
protein of hyperactive Tn5 transposase and protein A
(T7—pA—-Tn5) transposition and T7 in vitro transcrip-
tion. FACT-seq generates high-quality chromatin pro-
files from different histone modifications with low
number of FFPE nuclei. We proved a very small
piece of FFPE tissue section containing ~4000 nu-
clei is sufficient to decode H3K27ac modifications
with FACT-seq. H3K27ac FACT-seq revealed disease-
specific super enhancers in the archived FFPE hu-
man colorectal and human glioblastoma cancer tis-
sue. In summary, FACT-seq allows decoding the his-
tone modifications in archival FFPE tissues with high

sensitivity and help researchers to better understand
epigenetic regulation in cancer and human disease.

INTRODUCTION

Epigenetic profiling is critically important for improving
our understanding of the molecular mechanisms of hu-
man disease and cancer (1-5). In recent decades, the tech-
nologies of chromatin immunoprecipitation with sequenc-
ing (ChIP-seq) and its variations have helped us to gen-
erate large-scale epigenetic profiles in both basic research,
epigenetic cancer biomarker discovery and preclinical stud-
ies (6-8). The majority of biopsies in both basic research
and translational cancer studies are preserved in the for-
mat of archived formalin-fixed paraffin-embedded (FFPE)
samples (9-11); it was reported that large amounts of
FFPE specimens are newly archived every year world-
wide (12,13). Accordingly, profiling epigenetic regulation
in archived FFPE tissue can be invaluable for translational
cancer research and potential epigenetic cancer biomarker
discovery. The successful application of ChIP-seq to FFPE
tissues, pathology tissue chromatin immunoprecipitation
(PAT-ChIP) (14,15), fixed-tissue chromatin immunoprecip-
itation sequencing (FiT-seq) (7), fixed-tissue ChIP-seq for
H3K27 acetylation (H3K27ac) profiling (FiTAc-seq) (16)
and similar technologies (17), makes it possible to map his-
tone modifications in clinically archived FFPE tissue; how-
ever, the required input for these technologies from FFPE
samples is either 10-20 tissue sections or whole tissue blocks
(7,14-16,18), which prevents better resolved analyses and
their applications. However, it is desirable to consume a
minimal amount of clinical FFPE tissue samples in the
analysis, as clinical materials are very limited and difficult to
collect. In addition, sonication is applied in these available
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technologies and can potentially introduce sequence bias
(19). To overcome the sensitivity limitation of ChIP-seq
technology, a series of high-sensitivity technologies (20-40),
including ULI-NChIP (41), STAR-ChIP (40), MOWChIP
(31), Drop-ChIP (33), ChlL-seq (23), CUT&RUN (26),
scChIC-seq (28) and many others, have been developed
and widely used to map the epigenetic profiles and tran-
scription factor binding sites. Among these highly sensitive
technologies, strategies based on the fusion of hyperactive-
Tn5 transposase and protein A (pA-Tn5), Cleavage Under
Targets and Tagmentation (CUT&Tag) (20,42), combinato-
rial barcoding and targeted chromatin release (CoBATCH)
(22), and the other technologies (21-26,43), have been well
adopted for different fresh or mild fixed cells, and fresh or
frozen tissues due to its high efficiency (34-37). Because of
the extensive fixation and paraffin embedding in the FFPE
tissues, the DNA breaks and nicks are dominant in the ex-
tracted DNA from the FFPE tissue (44,45), which makes
it impossible to directly apply currently available, highly
sensitive epigenetic profiling technologies in the FFPE tis-
sue blocks. To this end, we developed FFPE tissue with
antibody-guided chromatin tagmentation with sequencing
(FACT-seq), the first highly sensitive method to efficiently
profile the histone modifications of FFPE samples with low
cell numbers by combining a novel fusion protein of hyper-
active Tn5 transposase and protein A (T7—pA—Tn5) trans-
position and T7 in vitro transcription.

MATERIALS AND METHODS
Cell culture

GM 12878 cells were grown in RPMI 1640 (Gibco, 31870-
025), 2 mM L-glutamine (Gibco, 25030-024), 15% fe-
tal bovine serum (Gibco, 10270-106) and 1% Pen/Strep
(Gibco, 15140-122).

Animals

The mouse tissues were from the 8-week-old FVBN mice,
housed in individually ventilated cages (3—5 animals per
cage) in accordance with Uppsala University regulations on
mice with appropriate organic bedding, paper house enrich-
ments, food and water ad libitum and 12/12-h  light/dark
cycle. All experiments were performed in accordance with
national guidelines and regulations, and with the approval
of the animal care and use committees at Uppsala Univer-
sity.

Mouse tissue collection

8-Week-old mice were sacrificed via inhalation euthana-
sia, and mouse organs (livers and kidneys) were collected.
For frozen samples, mouse organs were snap-frozen on dry
ice and stored at —80°C. For FFPE sample, mouse organs
were fixed with formalin overnight, and then washed with
phosphate-buffered saline (PBS) and kept in 70% ethanol
for paraffin embedding. Fixed mouse organs were routinely
processed, and paraffin embedded.
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Transposase adaptor sequences

The oligonucleotides for Tn5, pA-TnS5 and T7—pA—Tn5S
transposase adaptors were synthesized at INTERGATED
DNA TECHNOLOGIES (IDT), and sequences of oligonu-
cleotide used in pA-Tn5 and Tn5 are as follows:

Tn5MErev, 5-[phos] CTGTCTCTTATACACATCT-3,

TnSME-A, STCGTCGGCAGCGTCAGATGTGTAT
AAGAGACAG-3,
TnSME-B, 5-GTCTCGTGGGCTCGGAGATGTGTA

TAAGAGACAG-3'.

Sequences of oligonucleotide used in T7—pA—Tn5 are as
follows:

TnSMErev, 5'-[phos] CTGTCTCTTATACACATCT-3,

T7-TnSME, 5-CATGAGATT AATACGACTCACTATA
GGGAGAAGATGTGTATAAGAGACAG-3'.

PCR primers for sequencing library preparation

The PCR primers were synthesized at INTERGATED
DNA TECHNOLOGIES (IDT), and sequences of primers
were used by referring to the previous report (46).

Hyperactive pA—Tn5 and Tn5 production

Hyperactive pA-Tn5 and Tn5 were produced as previ-
ously described (20,47). In brief, psfpATnS and pTXBI-
Tn5 plasmid (Addgene, 60240) were introduced into T7 Ex-
press LysY/1q Escherichia coli strain (New England Bio-
labs, C3013) separately. 10 ml of overnight cultured E. coli
was inoculated to 500 ml LB medium. After incubation for
1.5 h at 37°C, bacteria were incubated about 2.5 h at RT.
When the OD600 = 0.9, pA-Tn5 and Tn5 protein were in-
duced by adding 0.25 mM IPTG for 4 h. E. coli pellet was
resuspended in lysis buffer (20 mM HEPES-KOH (HEPES:
Sigma-Aldrich, H3375; KOH: Sigma-Aldrich, 484016) pH
7.2,0.8 M NaCl (Invitrogen, AM9759), ImM EDTA (Invit-
rogen, AM9260G), 10% glycerol (Sigma-Aldrich, G9012),
0.2% Triton X-100 (Sigma-Aldrich, T8787), complete pro-
teinase inhibitor (11697498001, Roche)) and lysed by soni-
cation. 10% PEI was added to supernatant of lysate to re-
move bacterial genomic DNA. 10 ml chitin resin (New Eng-
land Biolabs, S6651L) was added to the supernatant and
incubated with rotating for 1 h at 4°C. The resin washed by
lysis buffer extensively. In order to cleave Tn5 or pA-Tn5
protein from intein, lysis buffer containing 100 mM DTT
was added to the resin and stored in 4°C. After 48 h, pro-
tein was eluted by gravity flow and collected in 1 ml frac-
tions. 1 ul of each fraction was added to detergent compat-
ible Bradford assay (Thermo Fisher Scientific, 23246) and
peaked fractions were pooled and dialyzed against 2x dialy-
sis buffer (100 mM HEPES-KOH (HEPES: Sigma-Aldrich,
H3375; KOH: Sigma-Aldrich, 484016) at pH 7.2, 0.2 M
NaCl (Invitrogen, AM9759), 0.2 mM EDTA (Invitrogen,
AM9260G), 2 mM DTT (Thermo Fisher scientific, 20291),
0.2% Triton X-100 (Sigma-Aldrich, T8787), 20% glycerol
(Sigma-Aldrich, G9012)). Dialyzed Tn5 or pA-Tn5 pro-
tein were concentrated by using ultracel 30-K column (Mil-
lipore, UFC903024) and the quantity of Tn5 and pA-
Tn5 were measured by Bradford assay and visualized on
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NuPAGE Novex 4-12% Bis—Tris gel (Thermo Fisher Sci-
entific, NP0321) followed by Coomassie blue staining.

PA-TnS transposase assembly

Oligonucleotides (TnSME-A, TnSME-B, Tn5SMErev) were
resuspended in oligo annealing buffer (10 mM Tris—HCl
pH 8.0 (Invitrogen, 15568-025), 50 mM NacCl (Invitrogen,
AMI759), 1 mM EDTA (Invitrogen, AM9260G)) to a fi-
nal concentration of 100 uM each. Equimolar amounts
of TnSMErev/TnSME-A and TnSMErev/Tn5SME-B were
mixed in separate 200 pl PCR tubes. Then, the adap-
tors were annealed on the PCR machine with the fol-
lowing PCR program (95°C for 5 min first, then the
temperature was slowly ramped down to 25°C with the
rate of —0.1°C/s, 25°C for 5 min). The pA-Tn5 trans-
posase was assembled with the following components: 0.04
vol. TnSMErev/TnSME-A, 0.04 vol TnSMErev/TnSME-
B, 0.4 vol. 100% glycerol (Sigma-Aldrich, G9012), 0.3116
vol. 2x dialysis buffer (100 mM HEPES—KOH (HEPES:
Sigma-Aldrich, H3375; KOH: Sigma-Aldrich, 484016) at
pH 7.2, 0.2 M NaCl (Invitrogen, AM9759), 0.2 mM EDTA
(Invitrogen, AM9260G), 2 mM DTT (Thermo Fisher sci-
entific, 20291), 0.2% Triton X-100 (Sigma-Aldrich, T8787),
20% glycerol (Sigma-Aldrich, G9012)), 0.0362 vol pure pA-—
Tn5 (55.55 pM), 0.1722 vol water (Invitrogen, AM9932).
The reagents were mixed thoroughly but gently, and the
mixture was left on the bench at RT for 1 h to allow an-
nealing of oligos to pA-Tn5.

TnS transposase assembly

Oligonucleotides (TnSME-A, TnSME-B, Tn5SMErev) were
resuspended in oligo annealing buffer (10 mM Tris—HCI
pH 8.0 (Invitrogen, 15568-025), 50 mM NaCl (Invitro-
gen, AM9759), 1 mM EDTA (Invitrogen, AM9260QG)) to
a final concentration of 100wM each. Equimolar amounts
of TnSMErev/TnSME-A and Tn5SMErev/Tn5SME-B were
mixed in separate 200 pl PCR tubes. Then, the adap-
tors were annealed on the PCR machine with the fol-
lowing PCR program (95°C for 5 min first, then the
temperature was slowly ramped down to 25°C with the
rate of —0.1°C/s, 25°C for 5 min). The Tn5 transposase
was assembled with the following components: 0.04 vol.
TnSMErev/TnSME-A, 0.04 vol TnSMErev/TnSME-B, 0.4
vol. 100% glycerol (Sigma-Aldrich, G9012), 0.3048 vol
2x dialysis buffer (100 mM HEPES—KOH (HEPES:
Sigma-Aldrich, H3375; KOH: Sigma-Aldrich, 484016) at
pH 7.2, 0.2 M NaCl (Invitrogen, AM9759), 0.2 mM EDTA
(Invitrogen, AM9260G), 2 mM DTT (Thermo Fisher Sci-
entific, 20291), 0.2% Triton X-100 (Sigma-Aldrich, T8787),
20% glycerol (Sigma-Aldrich, G9012)), 0.043 vol. pure Tn5
(46.55 pM), 0.1722 vol. water (Invitrogen, AM9932). The
reagents were mixed thoroughly but gently, and the mixture
was left on the bench at RT for 1 h to allow annealing of
oligos to TnS5.

T7—pA—TnS transposase assembly

Oligonucleotides (T7-TnSME, Tn5MErev) were resus-
pended in oligo annealing buffer (10 mM Tris—HCI pH
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8.0 (Invitrogen, 15568-025), 50 mM NaCl (Invitrogen,
AMOI759), 1 mM EDTA (Invitrogen, AM9260QG)) to a fi-
nal concentration of 100 pM each. Equimolar amounts of
Tn5MErev/T7-Tn5SME were mixed in separate 200 wl PCR
tubes. Then, the adaptors were annealed on the PCR ma-
chine with the following PCR program (95°C for 5 min first,
then the temperature was slowly ramped down to 25°C
with the rate of —0.1°C/s, finally 25°C for 5 min). The
T7—pA—Tn5 transposase was assembled with the follow-
ing components: 0.08 vol. Tn5MErev/T7-Tn5ME, 0.4 vol.
glycerol (Sigma-Aldrich, G9012), 0.3116 vol. 2x dialysis
buffer (100 mM HEPES—KOH (HEPES: Sigma-Aldrich,
H3375; KOH: Sigma-Aldrich, 484016) at pH 7.2, 0.2 M
NaCl (Invitrogen, AM9759), 0.2 mM EDTA (Invitrogen,
AM9260G), 2 mM DTT (Thermo Fisher scientific, 20291),
0.2% Triton X-100 (Sigma-Aldrich, T8787), 20% glycerol
(Sigma-Aldrich, G9012)), 0.0362 vol. pure pA-Tn5 (55.55
pM), 0.1722 vol. water (Invitrogen, AM9932). The reagents
were mixed thoroughly but gently, and the mixture was left
on the bench at RT for 1 h to allow annealing of oligos to
pA-Tn5.

Activity assay of Tn5, pA—Tn5 and T7—pA—Tn5 transposase

The activity of the assembled Tn5, pA-Tn5 and
T7—pA—Tn5 were checked as described below. The
mixture of 10 pl of 2x TD Buffer (20 mM Tris—HCI pH
7.6 (Invitrogen, 15567-027), 10 mM MgCl, (Invitrogen,
AMOI530G), 20% dimethyl formamide (Sigma-Aldrich,
D4551)), 50 ng human genomic DNA (Promega, G3041), 1
pl of 2 WM assembled Tn5 or pA-Tn5 and 6.5 pl of water
(Invitrogen, AM9932) was incubated at 55°C for 7 min.
After the incubation, the mixture was purified by Qiagen
MiniElute PCR Purification kit (Qiagen, 28004) and eluted
in 10 pl of elution buffer. Then purified DNA was mixed
with 2 pl 6 x loading dye (Thermo Fisher scientific, R0O611)
and run on a 1% agarose gel (Lonza, 50004) to check the
length distribution of DNA fragment.

CUT&Tag for GM12878 cells

CUT&Tag was performed by following the previous re-
port (42). In brief, cells were harvested, counted, and cen-
trifuged for 5 min at 500 x g at RT. Aliquots of cells (100
000 cells/1.5 ml Lo-Bind tube (Sarstedt, 72.706.600)) were
washed twice in washing buffer (20 mM HEPES(K+) pH
7.5 (HEPES: Sigma-Aldrich, H3375; KOH: Sigma-Aldrich,
484016); 150 mM NaCl (Invitrogen, AM9759); 0.5 mM
Spermidine (Sigma-Aldrich, S2626); 1x Protease inhibitor
cocktail (Sigma-Aldrich, 11873580001)) and finally resus-
pended with 50 wl washing buffer and kept on ice. Con-
canavalin A coated magnetic beads (Bangs Laboratories,
BP531) were prepared as described (20) and 10 pl of pre-
pared beads were added per tube. 50 wl of cell suspension
with 10 pl activated beads were mixed thoroughly but gen-
tly, and the mixture was left on the bench at RT for 10
min to allow binding of cells to the Concanavalin A beads.
The tubes were put on a magnetic stand for 5 min to allow
the mixtures to clear and the liquid was discarded. Appro-
priate primary antibody (H3K27ac Monoclonal Antibody
(Thermo Fisher scientific, MA5-23516) and Tri-Methyl-
Histone H3 (Lys27) (Cell Signaling Technology, 9733S))
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was diluted 1:100 in Antibody buffer (20 mM HEPES(K+)
pH 7.5 (HEPES: Sigma-Aldrich, H3375; KOH: Sigma-
Aldrich, 484016); 150 mM NaCl (Invitrogen, AM9759);
0.5 mM Spermidine (Sigma-Aldrich, S2626); 1x Protease
inhibitor cocktail (Sigma-Aldrich, 11873580001); 0.05%
Digitonin (Millipore, 300410); 2 mM EDTA (Invitrogen,
AM9260G), 0.1% BSA (Miltenyi Biotech MACS, 130-
091-376)). Bead-bound cells were resuspended in 50 pl
antibody buffer (20 mM HEPES(K+) pH 7.5 (HEPES:
Sigma-Aldrich, H3375; KOH: Sigma-Aldrich, 484016);
150 mM NacCl (Invitrogen, AM9759); 0.5 mM spermi-
dine (Sigma-Aldrich, S2626); 1x Protease inhibitor cock-
tail (Sigma-Aldrich, 11873580001); 0.05% Digitonin (Mil-
lipore, 300410); 2 mM EDTA (Invitrogen, AM9260G),
0.1% BSA (Miltenyi Biotech MACS, 130-091-376)) pre-
mixed with primary antibody (1:100) with gentle pipet-
ting. Then the tubes were placed on a nutator and in-
cubated at 4°C overnight. The primary antibody was re-
moved by placing the tube on the magnet stand to clear
and discard all of the liquid. An appropriate secondary an-
tibody (Guinea Pig anti-Rabbit IgG antibody (Antibodies-
Online, ABIN101961) for a rabbit primary antibody or
Rabbit anti-Mouse antibody (Abcam, ab46540) for a mouse
primary antibody) was diluted 1:100 in 100 pl of Dig-
washing buffer and bead-bound cells were resuspended
in 100 wl Dig-washing buffer (20 mM HEPES(K+) pH
7.5 (HEPES: Sigma-Aldrich, H3375; KOH: Sigma-Aldrich,
484016); 150 mM NaCl (Invitrogen, AM9759); 0.5 mM
Spermidine (Sigma-Aldrich, S2626); 1 x protease inhibitor
cocktail (Sigma-Aldrich, 11873580001); 0.05% digitonin
(Millipore, 300410)) pre-mixed with secondary antibody
(1:100) and incubated at RT on the nutator for 1 h. Bead-
bound cells were washed using the magnet stand 3 times
in 0.8-1 ml Dig-washing buffer to remove unbound anti-
bodies. 1:100 dilution of pA-Tn5 adapter complex (~20
nM) was prepared in Dig-300 buffer (20 mM HEPES(K+)
pH 7.5 (HEPES: Sigma-Aldrich, H3375; KOH: Sigma-
Aldrich, 484016); 300 mM NacCl (Invitrogen, AM9759); 0.5
mM Spermidine (Sigma-Aldrich, S2626); 1x protease in-
hibitor cocktail (Sigma-Aldrich, 11873580001); 0.01% digi-
tonin (Millipore, 300410)). After removing the liquid on
the magnet stand, 100 wl of diluted pA-Tn5 adapter com-
plex was added to the bead-bound cells with gentle mix-
ing. The tubes were incubated at RT for 1 h on the nutator.
Bead-bound cells were washed 3 times with 1 mL Dig-300
buffer to remove unbound pA-Tn5 protein. After washing,
the liquid was removed on the magnetic stand, bead-bound
cells were resuspended in 100 pl tagmentation buffer (20
mM HEPES(K+) pH 7.5 (HEPES: Sigma-Aldrich, H3375;
KOH: Sigma-Aldrich, 484016); 300 mM NacCl (Invitrogen,
AMOI759); 0.5 mM spermidine (Sigma-Aldrich, S2626); 1x
protease inhibitor cocktail (Sigma-Aldrich, 11873580001);
0.01% digitonin (Millipore, 300410); 10 mM MgCl, (In-
vitrogen, AM9530G)). The mixture was incubated at 37°C
for 1 h. To stop tagmentation, 3.3 pl 0.5M EDTA (Invit-
rogen, AM9260G), 1 pl 10% SDS (Invitrogen, 1553-035)
and 0.84 1 20 mg/ml Proteinase K (Thermo Fisher scien-
tific, EO0491) were added to each tube. Then the tubes were
mixed by full speed vortex ~2 s, and incubated for 1 h at
50°C to release DNA. The incubation mixture was purified
with MiniElute PCR Purification kit (Qiagen, 28004) and
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DNA was eluted in 21 ul of elution buffer. To amplify li-
braries, 21 .l DNA was mixed with 2 w1 of a universal i5 and
17 primer (10 wM), using a different barcode for each sam-
ple. 25 wl of NEB Next HiFi 2 x PCR master mix (New Eng-
land Biolabs, M0541S) was added to the tubes and mixed
well. The samples were placed in a Thermocycler with a
heated lid using the following cycling conditions: 72°C for
5 min (gap filling); 98°C for 30 s; 13 cycles of 98°C for 10
s, 63°C for 10 s; final extension at 72°C for 1 min and hold
at 4°C. Post-PCR clean-up was performed by adding 1.3 x
volume of SPRI select beads (Beckman Coulter, B23317),
and libraries were incubated with beads for 15 min at RT,
washed twice gently in 80% ethanol, and eluted in 25 pl of
elution buffer from Qiagen MiniElute PCR Purification kit
(Qiagen, 28004). The concentration of the library was mea-
sured by high sensitivity DNA Bioanalyzer (Agilent, 5067-
4626). The CUT&Tag libraries were sequenced on Illumina
NovaSeq 6000 sequencer or MiniSeq sequencer with paired
end sequencing.

FACT-seq for GM12878 cells

Cells were harvested, counted, and centrifuged for 5 min
at 500 x g at RT. Aliquots of cells (100 000cells/1.5 ml
Lo-Bind tube (Sarstedt, 72.706.600)) were washed twice
in washing buffer (20 mM HEPES(K+) PH 7.5 (HEPES:
Sigma-Aldrich, H3375; KOH: Sigma-Aldrich, 484016) pH
7.5; 150 mM NaCl (Invitrogen, AM9759); 0.5 mM spermi-
dine (Sigma-Aldrich, S2626); 1x protease inhibitor cock-
tail (Sigma-Aldrich, 11873580001)) and finally resuspended
with 50 pl washing buffer and kept on ice. Concanavalin A
coated magnetic beads (Bangs Laboratories, BP531) were
prepared as described (20) and 10 pl of prepared beads
were added per tube. 50 pl of cell suspension with 10 pl
activated beads were mixed thoroughly but gently, and the
mixture was left on the bench at RT for 10 min to al-
low binding of cells to the Concanavalin A beads. The
tubes were put on a magnetic stand for 5 min to allow
the mixtures to clear and the liquid was discarded. Appro-
priate primary antibody (H3K27ac Monoclonal Antibody
(Thermo Fisher Scientific, MA5-23516) and tri-methyl-
histone H3 (Lys27) (Cell Signaling Technology, 9733S)) was
diluted 1:100 in antibody buffer (20 mM HEPES(K+) pH
7.5 (HEPES: Sigma-Aldrich, H3375; KOH: Sigma-Aldrich,
484016); 150 mM NaCl (Invitrogen, AM9759); 0.5 mM
spermidine (Sigma-Aldrich, S2626); 1x protease inhibitor
cocktail (Sigma-Aldrich, 11873580001); 0.05% digitonin
(Millipore, 300410); 2 mM EDTA (Invitrogen, AM9260G),
0.1% BSA (Miltenyi Biotech MACS, 130-091-376)). Bead-
bound cells were resuspended in 50 pl Antibody buffer
pre-mixed with primary antibody (1:100) with gentle pipet-
ting. Then the tubes were placed on a nutator and in-
cubated at 4°C overnight. The primary antibody was re-
moved by placing the tube on the magnet stand to clear
and discard all the liquid. An appropriate secondary anti-
body (Guinea Pig anti-Rabbit IgG antibody (Antibodies-
online, ABIN101961) for a rabbit primary antibody or Rab-
bit anti-Mouse antibody (Abcam, ab46540) for a mouse
primary antibody) was diluted 1:100 in 100 pl of Dig-
washing buffer and bead-bound cells were resuspended
in 100 wl Dig-washing buffer (20 mM HEPES(K+) pH
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7.5 (HEPES: Sigma-Aldrich, H3375; KOH: Sigma-Aldrich,
484016); 150 mM NaCl (Invitrogen, AM9759); 0.5 mM
Spermidine (Sigma-Aldrich, S2626); 1 x protease inhibitor
cocktail (Sigma-Aldrich, 11873580001); 0.05% Digitonin
(Millipore, 300410)) pre-mixed with secondary antibody
(1:100) and incubated at RT on the nutator for 1 h. Bead-
bound cells were washed using the magnet stand 3 times in
0.8-1 ml Dig-washing buffer to remove unbound antibod-
ies. 1:100 dilution of T7—pA—Tn5 adapter complex (~20
nM) was prepared in Dig-300 buffer (20 mM HEPES(K+)
pH 7.5 (HEPES: Sigma-Aldrich, H3375; KOH: Sigma-
Aldrich, 484016); 300 mM NaCl (Invitrogen, AM9759); 0.5
mM spermidine (Sigma-Aldrich, S2626); 1x protease in-
hibitor cocktail (Sigma-Aldrich, 11873580001); 0.01% digi-
tonin (Millipore, 300410)). After removing the liquid on the
magnet stand, 100 pl of diluted T7—pA—Tn5 adapter com-
plex was added to the bead-bound cells with gentle mixing.
The tubes were incubated at RT for 1 h on the nutator. Bead-
bound cells were washed 3 times in 0.8—1 mL Dig-300 buffer
to remove unbound T7—pA—Tn5 protein. After washing,
the liquid was removed on the magnetic stand, bead-bound
cells were resuspended in 100 pl tagmentation buffer (20
mM HEPES(K+) pH 7.5 (HEPES: Sigma-Aldrich, H3375;
KOH: Sigma-Aldrich, 484016); 300 mM NaCl (Invitrogen,
AMOI759); 0.5 mM spermidine (Sigma-Aldrich, S2626); 1 x
protease inhibitor cocktail (Sigma-Aldrich, 11873580001);
0.01% digitonin (Millipore, 300410); 10 mM MgCl, (In-
vitrogen, AM9530G)). The mixture was incubated at 37°C
for 1 h. To stop tagmentation, 3.3 pnl 0.5M EDTA (Invit-
rogen, AM9260G), 1 nl 10% SDS (Invitrogen, 1553-035)
and 0.84 wl 20 mg/ml Proteinase K (Thermo Fisher scien-
tific, EO0491) were added to each tube. Then the tubes were
mixed by full speed vortexing ~2 s, and incubated for 1 h
at 50°C to release DNA. The incubation mixture was pu-
rified with MiniElute PCR Purification kit (Qiagen, 28004)
and DNA was eluted in 20 pl of elution buffer. Then 20 .l
of 2x PCR master mix (New England Biolabs, M0541S)
was added to the samples. The mixture was in a thermo cy-
cler at 72°C for 8§ mins. The samples were purified with Qi-
agen MiniElute PCR Purification kit (Qiagen, 28004) first
and eluted in 50 1 of water. Then SPRI select beads (Beck-
man Coulter, B23317) with 1:1 ratio was added into each
tube. Libraries were incubated with beads for 15 min at RT,
washed twice gently in 80% ethanol, and eluted in 26 pl of
water.

Next, the in vitro transcription (IVT) was performed with
T7 high yield RNA synthesis kit (New England Biolabs,
E2040S) overnight. After the in vitro transcription, 5 pl
DNase 1 (from Zymo, R1013) and 5 pl of DNA diges-
tion buffer (from Zymo, R1013) were added to the tubes
and the tubes were incubated at RT for 15 min to di-
gest the remaining DNA. Then the reactions were puri-
fied using ZYMO RNA Clean & Concentration kit (Zymo,
R1013) and eluted in 15 pl of nuclease-free water (Invit-
rogen, AM9932). 100 ng IVT RNA was used for each li-
brary preparation. The IVT RNA was reverse transcribed
into cDNA with random primers (Thermo Fisher scientific,
SO142) and SMART MMLYV kit by following the manufac-
tory protocol (TaKaRa, 639524). In brief, the mixture was
incubated at 42°C for 60 min and 70°C for 15 min, then 2 .l
of RNase H buffer and 0.2 pl RNase H enzyme (Thermo
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Fisher scientific, EN0201) were added and incubated at
37°C for 20 min. The cDNA was purified using RNA XP
beads purification with 1:1.8 ratio of sample to beads (Beck-
man Coulter, A63987) and eluted in 24.2 .l water. Next, the
single-stranded cDNA was converted to double-stranded
c¢DNA through pre-PCR (98°C for 10's, 63°C for 30 s, 72°C
for 1 min, 10°C hold in one cycle) which was performed by
adding 25 pl of 2x PCR master mix (New England Bio-
labs, M0541S) and 0.8 w1 of reverse primer. Then samples
were purified using MiniElute PCR Purification kit (Qia-
gen, 28004) and eluted in 20 wl water. The sequencing li-
brary was prepared with Tn5 tagmentation. In short, the
double strand DNA samples were subjected to the tagmen-
tation by adding 25 pl of 2x TD-buffer (20 mM Tris—HCI
pH 7.6 (Invitrogen, 15567-027), 10 mM MgCl, (Invitro-
gen, AM9530G), 20% dimethyl formamide (Sigma-Aldrich,
D4551)), 0.5 pl 2 wM normal Tn$, 4.5 pl nuclease-free wa-
ter (Invitrogen, AM9932) and incubated at 55°C for 7 min,
then samples were purified using Qiagen MiniElute PCR
Purification kit (Qiagen, 28004) and eluted in 20 wl of elu-
tion buffer. The library amplification PCR was performed
by adding 25 wl of 2x PCR master mix (New England Bi-
olabs, M0541S), 0.4 ul of barcodes forward primer i5 (25
pM), 0.4 pl of barcodes i7 reverse primer (25 uM), 4.2 pl
of nuclease-free water (Invitrogen, AM9932) to the sample,
with the following PCR protocol (72°C 5 min first, 20 cycles
of 98°C for 10's, 63°C for 30 s, 72°C for 1 min), then samples
were purified using Qiagen MiniElute kit (Qiagen, 28004)
and eluted in 20 pl of water. The DNA library was purified
with 8% PAGE gel (40% acrylamide:bis-acrylamide (Invit-
rogen, HC2040), 10x TBE buffer, 10% ammonium persul-
fate (Invitrogen, HC2005), TEMED (Invitrogen, HC2006))
purification and the DNA from 220-1000 bp was selected
by gel cutting. The concentration of the library was mea-
sured by high sensitivity DNA Bioanalyzer (Agilent, 5067-
4626). The FACT-seq libraries were sequenced on Illumina
NovaSeq 6000 sequencer with paired end sequencing.

CUT&Tag for frozen tissue

The single nuclei were isolated from the frozen 8 weeks’
mouse kidney with dounce homogenization by following
the standard isolation protocol from Omni-ATAC (48).
Frozen tissue was taken in the ice-cold 1 ml of 1x unstable
Homogenization Buffer (5 mM CaCl, (Alfa Aesar, J63122),
3 mM Mg(Ac), (Sigma-Aldrich, M5661), 10 mM Tris pH
7.8 (Invitrogen, 15568-025), 0.01667 mM PMSF (Sigma-
Aldrich, P7626), 0.1667 mM B-mercaptoethanol (Sigma-
Aldrich, M-6250), 320 mM Sucrose (Sigma-Aldrich,
84097-250), 0.1 mM EDTA (Invitrogen, AM9290G),
0.1% IGEPAL® CA-630 (Sigma-Aldrich, 13021-50)) and
incubated for 5 min on ice. The tissue was homogenized
10 times with loose pestle and 20 times with tight pestle.
Then, the homogenized tissue was split and transferred
to two new 1.5 ml Lo-Bind tube (Sarstedt, 72.706.600).
The homogenized tissue was centrifuged for 1 min at 100
x g at 4°C. Then 400 wl of the homogenized sample was
transferred and mixed with 400 w1 of 50% OptiPrep Density
Gradient Solution (5 mM CaCl, (Alfa Aesar, J63122), 3
mM Mg(Ac), (Sigma-Aldrich, M5661), 10 mM Tris pH 7.8
(Invitrogen, 15568-025), 0.01667 mM PMSF (Sigma-
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Aldrich, P7626), 0.1667 mM B-mercaptocthanol (Sigma-
Aldrich, M-6250), 50% OptiPrep Density Gradient
Medium (Sigma-Aldrich, D1556-250)), to make a final
concentration of 25% of OptiPrep Density Gradient
Solution with homogenized tissue. After preparation
of tissue mixture, a fresh 2 ml Lo-Bind vial (Sarstedt,
72.695.400) was taken and 25% of OptiPrep Density
Gradient Solution mixed with the tissue, 29% of Op-
tiPrep Density Gradient Solution (5 mM CaCl, (Alfa
Aesar, J63122), 3 mM Mg(Ac), (Sigma-Aldrich, M5661),
10 mM Tris pH 7.8 (Invitrogen, 15568-025), 0.01667
mM PMSF (SIGMA-ALDRICH, P7626), 0.1667 mM
B-mercaptoethanol (Sigma-Aldrich, M-6250), 160 mM
sucrose (Sigma-Aldrich, 84097-250), 29% OptiPrep Den-
sity Gradient Medium (Sigma-Aldrich, D1556-250)) and
35% of OptiPrep Density Gradient Solution (5 mM CaCl,
(Alfa Aesar, J63122), 3 mM Mg(Ac), (Sigma-Aldrich,
M5661), 10 mM Tris pH 7.8 (Invitrogen, 15568-025),
0.01667 mM PMSF (Sigma-Aldrich, P7626), 0.1667 mM
B-mercaptoethanol (Sigma-Aldrich, M-6250), 160mM
sucrose (Sigma-Aldrich, 84097-250), 35% OptiPrep Den-
sity Gradient Medium (Sigma-Aldrich, D1556-250)) were
layered on the top of each other. The layered vial was
centrifuged at 3000 x g for 20 min at 4°C. After gradient
centrifugation, the top 1000 wl was discarded and the 200
wl of the nuclei region was carefully collected to a fresh
1.5 ml Lo-Bind tube (Sarstedt, 72.706.600). Then 1 ml of
CUT&Tag washing buffer (20 mM HEPES(K+) PH 7.5
(HEPES: Sigma-Aldrich, H3375; KOH: Sigma-Aldrich,
484016) pH 7.5; 150 mM NaCl (Invitrogen, AM9759);
0.5 mM Spermidine (Sigma-Aldrich, S2626); 1x protease
inhibitor cocktail (Sigma-Aldrich, 11873580001)) was
added to each tube, mixed well and centrifuged at 4°C 600
x g for 10 min. After discarding the supernatant, the nuclei
pellets were resuspended with 500 pl of washing buffer and
counted by the cell counter. Aliquots of nuclei (100 000
nuclei/1.5 ml Lo-Bind tube (Sarstedt, 72.706.600)) were
washed once in washing buffer and finally resuspended with
50 pl of washing buffer and kept on ice. The CUT&Tag
libraries were prepared with same protocol of CUT&Tag
in GM12878 cells. Antibodies were used for CUT&Tag
libraries preparation are listed as follows: anti-H3K27ac
antibody (abcam, ab4729), anti-H3K27me3 antibody (Cell
Signaling Technology, 9733S), anti-H3K36me3 antibody
(abcam, ab9050) and anti-H3K4mel antibody (abcam,
ab176877)). The CUT&Tag libraries were sequenced
on Illumina NovaSeq 6000 sequencer with paired end
sequencing.

Human CRC, GBM sample collections and FFPE block
preparation

The regional ethical research committee at the Upp-
sala University approved the study of human CRC (Dnr
2015/419 and 2018/490) and human GBM (2007/353). The
FFPE tissue blocks of human colorectal cancer (CRC) and
glioblastoma multiforme (GBM) were prepared at the De-
partment of Clinical Pathology, Uppsala University Hos-
pital, Uppsala, Sweden, according to standard procedures.
Briefly, tissue from surgical specimens of samples were fixed
in buffered formalin for 24-72 hs. The pieces were then ex-
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amined by a pathologist, excised and placed in plastic cas-
settes. The fixed tissue was then dehydrated in an auto-
mated system (Tissue-Tek@® VIP®)) where the tissue was
immersed in ethanol of varying concentrations (70%, 95%,
99.5%) followed by xylene and finally paraffin (Histowax®,
Histolab) over a period of ~12 h. Finally, the paraffin em-
bedded tissue piece was oriented in a cassette, liquid paraf-
fin was poured over it and allowed to set, forming the FFPE
block. The FFPE block was then sectioned on a microtome
at a thickness of 10 wm for CRC and 20 wm for GBM.

Nuclei isolation from FFPE tissue sections

One curved tissue section (mouse FFPE kidney and liver
tissue sections (20-pm thick sections), human GBM tissue
section (20-pwm thick section), human CRC tissue section
(10-pm thick section)) was deparaffined with 1 ml of xy-
lene (HistoLab, 02070) 5 min, thrice. Rehydration was done
by sequential ethanol washing, started with 100% ethanol 5
min twice, 95%, 70%, 50%, 30% ethanol, 5 min each. After
deparaffinization and rehydration, tissue was washed with
1 ml water, then 1 ml PBS containing 0.5 mM CacCl, (Alfa
Aesar, J63122). Then the tissue was subjected to microdis-
section under a stereo microscope. 1 ml enzymatic cock-
tail (3 mg/ml of Collagenase (Sigma-Aldrich, C9263) and
300 U/ml of hyaluronidase (Merk Millipore, HX0154-1))
in PBS contains 0.5 mM CaCl, (Alfa Aesar, J63122)) was
added to the dissected tissue. Then the mixture was incu-
bated at 37°C for 16 h by adding 100 pg of Ampicillin
(Serva, 69-52-3) and 50 pg of sodium azide (Merck Milli-
pore, 26628-22-8). After the enzyme digestion, 400 wl NST
buffer (146 mM NaCl (Invitrogen, AM9759) (Invitrogen,
00648496), 10 mM Tris pH 7.8 (Invitrogen, 15568-025), 1
mM CaCl, (Alfa Aesar, J63122), 21 mM of MgCl, (Invit-
rogen, AM9530G), 0.05% BSA (Miltenyi Biotech MACS,
130-091-376), 0.2% IGEPAL® CA-630 (Sigma-Aldrich,
13021-50)) was added to the mixture, and the tube was
centrifuged at 3000 x g for 10 min. After the centrifu-
gation, the supernatant was aspirated and discarded, then
the pellet was resuspended in NST buffer containing 0.1%
DNase free RNase A (Thermo Fisher scientific, EN0531),
and 10% fetal bovine serum (Life Technologies, 10108-105).
The mixture was passed through the 27 G needle syringe
30 times and filtered with a 30 wM filter (Miltenyi Biotech
MACS,130-098-458). Then the passthrough nuclei suspen-
sion were centrifuged at 3000 x g for 10 min, and the nuclei
were resuspended in 1x PBS, checked and counted.

Nuclei microdissection from small pieces of FFPE tissue on
glass slide

A mouse kidney FFPE tissue block was sectioned into 20-
pm slides using microtome. Then two adjacent sections
were taken and made identical cuts using a razor blade
under stereo microscope. Both the sections were deparaf-
finized with xylene (HistoLab, 02070) for 5 min three times,
followed by sequential rehydration. Rehydration was done
by sequential ethanol washing, started with 100% ethanol
5 mins twice, 95%, 70%, 50%, 30% ethanol, 5 min each.
After deparaffinization and rehydration, tissue was washed
with water, then PBS containing 0.5 mM CaCl, (Alfa Aesar,
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J63122). Then one of the sections was treated with 200 .l
of Hoechst 33342 solution (with 1:100, H3570, Thermo
Fisher Scientific) for 5 min and washed twice using PBS for
5 min each. After washing the slide, 10 wl mounting media
was added and coved with coverslip. Then the slide’s top tis-
sue area was visualized and counted under microscope. An-
other tissue slide’s top area was carefully separated, scraped
from the slide in small pieces using 19 G needle and trans-
ferred to a vial containing PBS for nuclei isolation by fol-
lowing nuclei isolation steps stated as above. After collecting
the nuclei, H3K27ac FACT-seq was performed as described
below.

Nuclei microdissection from 5-, 7- and 10-pm-thick mouse
FFPE kidney tissue section

A small area of mouse kidney (~3 x 5 mm?) FFPE tissue
block was sectioned into 5-, 7- and 10-pm-thick curls using
microtome. Nuclei isolation and FACTs-seq sequencing li-
braries preparation were performed by following same steps
stated for 20-pm-thick mouse FFPE kidney tissue sections.

Epitope retrieval

After nuclei isolation, a proper amount of FFPE nuclei (100
000-1 500 000) were transferred to a new 1.5 ml Lo-Bind
tube (Sarstedt, 72.706.600). The nuclei were centrifuged at
3000 x gfor Smin at RT and the supernatant was discarded.
To profile histone modification H3K27ac, the FFPE nuclei
(either from mouse FFPE tissue blocks or from human clin-
ical samples) were resuspended with 50 wl of Epitope Re-
trieval Buffer-1 (10 mM EDTA (Invitrogen, AM9260G) pH
8,50 mM Tris—HCI pH 8§, 0.1% SDS (Invitrogen, 1553-035))
and transferred to a PCR tube. The nuclei suspension was
incubated on a PCR machine at 50°C for 1 h. After incu-
bation, 10 pl 10% Triton X-100 (or 30 wl 10% Triton X-
100 for higher concentration (0.3%) of SDS) was added to
the tube and the mixture was transferred to a 1.5 ml Lo-
Bind tube. And the tube was placed on a shaker and incu-
bated at 37°C for 30 min with 500 rpm to quench SDS. Af-
ter quenching, the mixture was centrifuged at 3000 x g for 5
min under RT and the pellet was washed once by the FACT-
seq Antibody buffer (20 mM HEPES(K+) pH 7.6 (HEPES:
Sigma-Aldrich, H3375; KOH: Sigma-Aldrich, 484016), 150
mM NaCl (Invitrogen, AM9759), 2 mM EDTA (Invitrogen,
AM9260G), 0.5 mM Spermidine (Sigma-Aldrich, S2626),
0.05% digitonin (Millipore, 300410), 0.01% IGEPAL
CA-630 (Sigma-Aldrich, 13021-50), 1 x protease inhibitors
(Sigma-Aldrich, 11873580001), 1% BSA (Miltenyi Biotech
MACS, 130-091-376)). After washing, the nuclei pellet was
resuspended with 200 .l of FACT-seq Antibody buffer (20
mM HEPES(K+) pH 7.6 (HEPES: Sigma-Aldrich, H3375;
KOH: Sigma-Aldrich, 484016), 150 mM NaCl (Invitro-
gen, AM9759), 2mM EDTA (Invitrogen, AM9260G), 0.5
mM spermidine (Sigma-Aldrich, S2626), 0.05% Digitonin
(Millipore, 300410), 0.01% IGEPAL® CA-630 (Sigma-
Aldrich, 13021-50), 1 x protease inhibitors (Sigma-Aldrich,
11873580001), 1% BSA (Miltenyi Biotech MACS, 130-091-
376)) and the nuclei number was counted by the cell counter.
To profile histone modification of H3K27me3, different
epitope retrieval buffers and temperatures were tested. Fol-
lowing conditions were used: 65°C for 1 h incubation with

Nucleic Acids Research, 2021, Vol. 49, No. 21 el25

10 mM EDTA, pH 8, 50 mM Tris—HCI pH 8, 0.1% SDS,
0.1% sodium deoxycholate; 65°C for 1 h incubation with
10 mM EDTA, pH 8, 50 mM Tris—-HCI pH 8§, 0.1% SDS;
50°C for 1 h incubation with 10 mM EDTA, pH 8§, 50
mM Tris—HCI pH 8, 0.1% SDS; 50°C for 1 h incubation
with 10 mM EDTA, pH 8, 50 mM Tris—-HCI pH 8, 0.3%
SDS. In brief, the FFPE nuclei (from mouse FFPE tis-
sue blocks) were first resuspended with 50 w1 Epitope Re-
trieval Buffer stated as above, then 10 pl 10% Triton X-
100 was added to the tube and the mixture was transferred
to a 1.5 ml Lo-Bind tube. And the tube was placed on a
shaker and incubated at 37°C for 30 min with 500 rpm shak-
ing to quench SDS. After quenching, the mixture was cen-
trifuged at 3000 x g for 5 min under RT and the pellet
was washed once with the FACT-seq Antibody buffer (20
mM HEPES(K+) pH 7.6 (HEPES: Sigma-Aldrich, H3375;
KOH: Sigma-Aldrich, 484016), 150 mM NaCl (Invitro-
gen, AM9759), 2 mM EDTA (Invitrogen, AM9260G), 0.5
mM spermidine (Sigma-Aldrich, S2626), 0.05% digitonin
(Millipore, 300410), 0.01% IGEPAL® CA-630 (Sigma-
Aldrich, 13021-50), 1 x protease inhibitors (Sigma-Aldrich,
11873580001), 1% BSA (Miltenyi Biotech MACS, 130-091-
376)). After washing, the nuclei pellet was resuspended with
200 wl of FACT-seq Antibody buffer (20 mM HEPES(K+)
pH 7.6 (HEPES: Sigma-Aldrich, H3375; KOH: Sigma-
Aldrich, 484016), 150 mM NaCl (Invitrogen, AM9759),
2 mM EDTA (Invitrogen, AM9260G), 0.5 mM spermi-
dine (Sigma-Aldrich, S2626), 0.05% digitonin (Millipore,
300410),0.01% IGEPAL® CA-630 (Sigma-Aldrich, 13021-
50), 1x protease inhibitors (Sigma-Aldrich, 11873580001),
1% BSA (Miltenyi Biotech MACS, 130-091-376)) and the
nuclei number was counted by the cell counter. To check
the nuclei integrity, 30 000-50 000 nuclei after epitope re-
trieval were stained with 1:2000 DAPI (Invitrogen, H3570)
in 1 x PBS for 15 min at RT. Then nuclei were transferred to
the glass slides using Cytospin (Double Cellfunnel (THAR-
MAC, 306-12), Filter cards (THARMAC, 307-500)) with
600 x g for 6 min. Finally, the slides were mounted using
SlowFade Gold antifade reagent (Invitrogen, S36940) and
imaged with Zeiss Axio Imager Z2.

For histone modifications of H3K27ac, H3K36me3 and
H3K4mel, both mild epitope retrieval (50°C for 1 h incu-
bation with 10 mM EDTA, pH 8, 50 mM Tris—HCI pH 8,
0.1% SDS) and harsh epitope retrieval conditions (65°C for
1 h incubation with 10 mM EDTA, pH 8§, 50 mM Tris-HCl
pH 8, 0.1% SDS, 0.1% sodium deoxycholate) were applied
to perform FACT-seq.

Comparison of antibodies used for CUT&Tag, FACT-seq and
ENCODE ChIP-seq in mouse tissue

Antibodies used

Histone Antibodies used in FACT-seq and in ENCODE
marker CUT&Tag ChIP-seq

H3K27ac ab4729, abcam ab4729, abcam
H3K27me3 97338, Cell Signaling technology 07-449, abcam
H3K4mel ab176877, abcam ab8895, abcam
H3K36me3 ab9050, abcam ab9050, abcam
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FACT-seq for mouse FFPE nuclei

Aliquots of nuclei either with or without epitope retrieval
(100,000 cells/0.5 mL Qubit tube (Invitrogen, Q32856))
were washed once with FACT-seq Antibody buffer (20
mM HEPES(K+) pH 7.6 (HEPES: Sigma-Aldrich, H3375;
KOH: Sigma-Aldrich, 484016), 150 mM NaCl (Invitro-
gen, AM9759), 2 mM EDTA (Invitrogen, AM9260G), 0.5
mM spermidine (Sigma-Aldrich, S2626), 0.05% digitonin
(Millipore, 300410), 0.01% IGEPAL® CA-630 (Sigma-
Aldrich, 13021-50), 1 x protease inhibitors (Sigma-Aldrich,
11873580001), 1% BSA (Miltenyi Biotech MACS, 130-091-
376)). After washing, the nuclei were resuspended in 200 .1
antibody buffer with 1:100 diluted primary antibodies (anti-
H3K27ac antibody (abcam, ab4729), anti-H3K27me3 anti-
body (Cell Signaling Technology, 9733S), anti-H3K36me3
antibody (abcam, ab9050) and anti-H3K4mel antibody
(abcam, ab176877)) and incubated overnight at 4°C with
slow rotation. Next day the nuclei were centrifuged 5 min at
2000 x g, washed once with 200 wl of FACT-seq Dig-
washing buffer (20 mM HEPES(K+) pH 7.6 (HEPES:
Sigma-Aldrich, H3375; KOH: Sigma-Aldrich, 484016),
150 mM NaCl (Invitrogen, AM9759), 0.5 mM Spermi-
dine (Sigma-Aldrich, S2626), 0.05% digitonin (Millipore,
300410), 0.01% IGEPAL® CA-630 (Sigma-Aldrich, 13021-
50), 1 x protease inhibitors (Sigma-Aldrich, 11873580001),
1% BSA (Miltenyi Biotech MACS, 130-091-376)), and fi-
nally resuspended in 200 pl of Dig-washing buffer with
1:100 diluted secondary antibody (Guinea Pig anti-Rabbit
IgG antibody (Antibodies-Online, ABIN101961) for a rab-
bit primary antibody or Rabbit anti-Mouse antibody (Ab-
cam, ab46540) for a mouse primary antibody) and incu-
bated for 1h at RT with slow rotation. Then, nuclei were
centrifuged 5 mins at 2000 x g, washed three times with
200 wl of Dig-washing buffer and resuspended in 200 wl
of Dig-300 buffer (20 mM HEPES(K+) pH 7.6 (HEPES:
Sigma-Aldrich, H3375; KOH: Sigma-Aldrich, 484016),
300 mM NaCl (Invitrogen, AM9759), 0.5 mM spermi-
dine (Sigma-Aldrich, S2626), 0.05% Digitonin (Millipore,
300410),0.01% IGEPAL® CA-630 (Sigma-Aldrich, 13021-
50), 1 x protease inhibitors (Sigma-Aldrich, 11873580001),
1% BSA (Miltenyi Biotech MACS, 130-091-376)) with
1:100 diluted T7—pA—Tn5 and incubated for 1 h with
slow rotation at RT. After T7—pA—Tn5 binding, the nu-
clei were centrifuged 5 mins at 600 x g, washed three times
with 200 pl of Dig-300 buffer and resuspended in 200 pl
of FACT-seq tagmentation buffer (20 mM HEPES(K+)
pH 7.6 (HEPES: Sigma-Aldrich, H3375; KOH: Sigma-
Aldrich, 484016), 300 mM NacCl (Invitrogen, AM9759), 0.5
mM spermidine (Sigma-Aldrich, S2626), 0.05% digitonin
(Millipore, 300410), 0.01% IGEPAL® CA-630 (Sigma-
Aldrich, 13021-50), 1 x protease inhibitors (Sigma-Aldrich,
11873580001), 10 mM MgCl, (Invitrogen, AM9530QG)),
and incubated for 1 h at 37°C. After that, tagmentation
was stopped by addition of 6.7 ul 0.5M EDTA (Invitro-
gen, AM9260G), 22 pl 10% SDS (Invitrogen, 1553-035)
and 2.2 pl 20 mg/ml Proteinase K (Thermo Fisher scien-
tific, EO0491) to each tube, and the mixture was mixed
by full speed vortexing for ~2 s. Then the first Proteinase
K (Thermo Fisher scientific, EO0491) digestion was per-
formed by incubating the mixture on a shaker at 65°C with
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1200 rpm shaking for 2 hs. After digestion, the reverse-
crosslinking was performed overnight under 72°C (for
H3K27ac) or 80°C (H3K27me3) with 1200 rpm shaking.
Next day, 2.2 wl 20 mg/ml Proteinase K (Thermo Fisher
scientific, EO0491) was added to each tube after the mix-
ture was cooled down to RT and the secondary Proteinase
K (Thermo Fisher scientific, EO0491) digestion was per-
formed by incubating the mixture on a shaker at 65°C with
1200 rpm shaking for 1 h. After digestion, 67 pl of water and
300 wl of phenol were added to each tube and the solution
was mixed by full speed vortexing for ~2 s. Then the mixture
was centrifuged for 15 min at 4°C with 16 000 x g. After cen-
trifugation, the liquid from aqueous layer was transferred
to new 1.5 ml Lo-Bind tube (Sarstedt, 72.706.600) and the
equal amount of chloroform was added to each tube and
mixed by gentle pipetting. The mixture was centrifuged for
15 mins at 4°C with 16 000 x g. After centrifugation, the
liquid from aqueous layer was transferred to a new 1.5 ml
Lo-Bind tube (Sarstedt, 72.706.600) and 2.5x-3x volume
of absolute ethanol and proper amount of 5 M NaCl (In-
vitrogen, AM9759) were added to each tube to make the
final NaCl concentration 200 mM. After mixing, the DNA
was precipitated at —80°C for 2-3 h. After precipitation, the
DNA was centrifuged for 20 min at 4°C with 16 000 x g.
Then, the supernatant was discarded, and the DNA was
washed once with 700 pl 70% ethanol. After washing and
drying up, the DNA was eluted in 20 .1 of water. Then 20 pl
of 2x PCR master mix (New England Biolabs, New Eng-
land Biolabs, M0541S) was added to the samples. The mix-
ture was in a thermo cycler at 72°C for 8 min. The sam-
ples were purified with Qiagen MiniElute PCR Purification
kit (Qiagen, 28004) first and eluted in 50 w1 of water. Then
SPRI select beads (Beckman Coulter, B23317) with 1:1 ra-
tio was added into each tube. Libraries were incubated with
beads for 15 min at RT, washed twice gently in 80% ethanol,
and eluted in 26 wl of water.

Next, the IVT was performed with T7 high yield RNA
synthesis kit (New England Biolabs, E2040S) overnight. Af-
ter the IVT, 5 nl DNase 1 (from Zymo, R1013) and 5 pl of
DNA digestion buffer (from Zymo, R1013) were added to
the tubes and the tubes were incubated at RT for 15 min to
digest the remaining DNA. Then the reactions were puri-
fied using ZYMO RNA Clean & Concentration kit (Zymo,
R1013) and eluted in 15 pl of nuclease-free water (Invit-
rogen, AM9932). 100 ng IVT RNA was used for each li-
brary preparation. The IVT RNA was reverse transcribed
into cDNA with random primers (Thermo Fisher scientific,
SO142) and SMART MMLYV kit by following the manu-
factory protocol (TaKaRa, 639524). In brief, the mixture
was incubated at 42°C for 60 min and 70°C for 15 min,
then 2 pl of RNase H buffer and 0.2 pl RNase H enzyme
(Thermo Fisher scientific, EN0201) were added and incu-
bated at 37°C for 20 min. The cDNA was purified using
RNA XP beads purification with 1:1.8 ratio of sample to
beads (Beckman Coulter, A63987) and eluted in 24.2 nl
water. Next, the single-stranded cDNA was converted to
double-stranded cDNA through pre-PCR (98°C for 10 s,
63°C for 30s, 72°C for 1 min, 10°C hold in one cycle) which
was performed by adding 25 wl of 2x PCR master mix (New
England Biolabs, M0541S) and 0.8 pl of reverse primer.
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Then samples were purified using MiniElute PCR Purifi-
cation kit (Qiagen, 28004) and eluted in 20 .l water.

The sequencing library was prepared with Tn5 tagmen-
tation. In short, the double strand DNA samples were sub-
jected to the tagmentation by adding 25 pl of 2x TD-Buffer
(20 mM Tris—HCI pH 7.6 (Invitrogen, 15567-027), 10mM
MgCI2 (Invitrogen, AM9530G), 20% Dimethyl Formamide
(Sigma-Aldrich, D4551)), 0.5 wl 2 wM normal Tn5, 4.5
wl nuclease-free water (Invitrogen, AM9932) and incubated
at 55°C for 7 min, then samples were purified using Qia-
gen MiniElute PCR Purification kit (Qiagen, 28004) and
eluted in 20 pl of elution buffer. The library amplification
PCR was performed by adding 25 pl of 2x PCR master
mix (New England Biolabs, M0541S), 0.4 ul of barcodes
forward primer i5 (25 wM), 0.4 pl of barcodes i7 reverse
primer (25 uM), 4.2 .l of nuclease-free water (Invitrogen,
AM9932) to the samples, with the following PCR proto-
col (72°C 5 min first, 20 cycles of 98°C for 10 s, 63°C for
30 s, 72°C for 1 min), then samples were purified using
Qiagen MiniElute kit (Qiagen, 28004) and eluted in 20 wl
of water. The DNA library was purified with 8% PAGE
gel (40% Acrylamide:bis-acrylamide (Invitrogen, HC2040),
10x TBE buffer, 10% Ammonium persulfate (Invitrogen,
HC2005), TEMED (Invitrogen, HC2006)) purification and
the DNA from 220-1000 bp was selected by gel cutting. The
concentration of the library was measured by high sensi-
tivity DNA Bioanalyzer (Agilent, 5067-4626). At last, the
FACT-seq libraries were sequenced on the Illumina No-
vaSeq 6000 sequencer.

FACT-seq for FFPE nuclei from clinical samples

Aliquots of nuclei with epitope retrieval from human GBM
or human CRC samples (100 000 cells/0.5 ml Qubit tube
(Invitrogen, Q32856)) were washed once with FACT-seq
Antibody buffer (20 mM HEPES(K+) pH 7.6 (HEPES:
Sigma-Aldrich, H3375; KOH: Sigma-Aldrich, 484016), 150
mM NaCl (Invitrogen, AM9759), 2mM EDTA (Invitrogen,
AM9260G), 0.5 mM spermidine (Sigma-Aldrich, S2626),
0.05% digitonin (Millipore, 300410), 0.01% IGEPAL
CA-630 (Sigma-Aldrich, 13021-50), 1 x protease inhibitors
(Sigma-Aldrich, 11873580001), 1% BSA (Miltenyi Biotech
MACS, 130-091-376)). H3K27ac FACT-seq sequencing li-
braries were prepared with same methods as in the mouse
samples.

FACT-seq sensitivity assay

1000, 10k and 100k purified mouse kidney FFPE mouse nu-
clei were split into different 0.5 ml Qubit tube (Invitrogen,
Q32856)s with duplicate after epitope retrieval and all of
them were washed once with FACT-seq Antibody buffer (20
mM HEPES(K+) pH 7.6 (HEPES: Sigma-Aldrich, H3375;
KOH: Sigma-Aldrich, 484016), 150 mM NaCl (Invitrogen,
AMOI759), 2 mM EDTA (INVITROGEN, AM9260G), 0.5
mM Spermidine (Sigma-Aldrich, S2626), 0.05% Digitonin
(Millipore, 300410), 0.01% IGEPAL® CA-630 (Sigma-
Aldrich, 13021-50), 1 x protease inhibitors (Sigma-Aldrich,
11873580001), 1% BSA (Miltenyi Biotech MACS, 130-091-
376)). The H3K27ac FACT-seq sequencing libraries were
prepared with same methods in the section of FACT-seq for
mouse FFPE nuclei.
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Recovery rate of FFPE nuclei isolation and epitope retrieval

The mouse kidney sections was stained with DAPI (Invit-
rogen, H3570) and scanned by the Zeiss Axio Imager Z2.
The nuclei number was counted by the Fiji plugin (49): the
Trainable Weka Segmentation (50). After scanning, the tis-
sue section was proceeded with FFPE nuclei isolation. After
the nuclei isolation, the total nuclei number was calculated
accordingly. If it’s the case that single nuclei suspension was
originated from a small area of the tissue section, then the
nuclei were transferred to the glass slides using Cytospin
(Double Cellfunnel (THARMAC, 306-12), stained with
DAPI (Invitrogen, H3570), imaged by the Zeiss Axio Im-
ager Z2 and finally counted manually by the Fiji software.
In summary, the recovery rates of FFPE nuclei isolation
were 42.04% (from small-cropped mouse kidney region)
and 53.49% (from a whole mouse kidney section). During
epitope retrieval, a proper number of nuclei (100 000-1 500
000) were transferred out and resuspended with the epitope
retrieval buffer. After the epitope retrieval, quenching and
washing, the nuclei number was counted again by the cell
counter. The recovery rates of epitope retrieval were calcu-
lated.

Count nuclei in tissue sections

The scanned FFPE whole kidney section was imported into
ImageJ (Fiji) (49). One hundred twenty-six grids were added
in the picture to separate the entire image into 126 small
regions. Image thresholding was performed by using the
Trainable Weka Segmentation (50) plugin. Fifty nuclei and
75 parts of the background were picked up randomly to
train the classifier. After training, the classifier model was
used to identify the nuclei in 27 small grids. Then, the iden-
tified nuclei regions were proceeded with the default “Water-
shed’ and ‘Analyze Particles’ function in Fiji to count the
nuclei number in individual pictures. Eventually, the total
number of nuclei was estimated based on the nuclei counted
from the 27 grids.

CUT&Tag in FFPE samples with concanavalin A beads

Aliquots of purified mouse kidney FFPE mouse nuclei
(100 000 nuclei/1.5 ml Lo-Bind tube (Sarstedt, 72.706.600))
were centrifuged for 5 min at 2500 x g at RT and washed
once in CUT&Tag washing buffer (20 mM HEPES(K+)
pH 7.5 (HEPES: Sigma-Aldrich, H3375; KOH: Sigma-
Aldrich, 484016); 150 mM NaCl (Invitrogen, AM9759);
0.5 mM Spermidine (Sigma-Aldrich, S2626); 1x protease
inhibitor cocktail (Sigma-Aldrich, 11873580001)) and fi-
nally resuspended with 50 wl of washing buffer and kept
on ice. Concanavalin A coated magnetic beads (Bangs Lab-
oratories, BP531) were prepared as described (20) and 10
wl of prepared beads were added per tube. 50 pl of nu-
clei suspension with 10 pl activated beads were mixed thor-
oughly but gently, and the mixture was left on the bench
at RT for 10 min to allow binding of nuclei to the Con-
canavalin A beads. The tubes were put on a magnetic
stand for 5 min to allow the mixtures to clear and the
liquid was discarded. Appropriate primary antibody (anti-
H3K27me3 antibody (Cell Signaling Technology, 9733S))
or anti-H3K27ac antibody (abcam, ab4729)) was diluted
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1:100 in Antibody buffer (20 mM HEPES(K+) pH 7.5
(HEPES: Sigma-Aldrich, H3375; KOH: Sigma-Aldrich,
484016); 150 mM NaCl (Invitrogen, AM9759); 0.5 mM
Spermidine (Sigma-Aldrich, S2626); 1 x Protease inhibitor
cocktail (Sigma-Aldrich, 11873580001); 0.05% Digitonin
(Millipore, 300410); 2 mM EDTA (Invitrogen, AM9260G),
0.1% BSA (Miltenyi Biotech MACS, 130-091-376)). Bead-
bound nuclei were resuspended in 50 wl Antibody buffer
pre-mixed with primary antibody (1:100) with gentle pipet-
ting. Then the tubes were placed on a nutator and in-
cubated at 4°C overnight. The primary antibody was re-
moved by placing the tube on the magnet stand to clear and
discard all the liquid. An appropriate secondary antibody
(Guinea Pig anti-Rabbit IgG antibody (Antibodies-online,
ABIN101961)) was diluted 1:100 in 100 plof CUT&Tag
Dig-washing buffer (20 mM HEPES(K+) pH 7.5 (HEPES:
Sigma-Aldrich, H3375; KOH: Sigma-Aldrich, 484016); 150
mM NaCl (Invitrogen, AM9759); 0.5 mM spermidine
(Sigma-Aldrich, S2626); 1x protease inhibitor cocktail
(Sigma-Aldrich, 11873580001); 0.05% digitonin (Millipore,
300410)) and bead-bound nuclei were resuspended in 100
wl Dig-washing buffer pre-mixed with secondary antibody
(1:100) and incubated at RT on the nutator for 1 h. Bead-
bound nuclei were washed using the magnet stand 3 times in
0.8-1 ml Dig-washing buffer to remove unbound antibod-
ies. The 1:100 dilution of pA-Tn5 adapter complex (~20
nM) was prepared in Dig-300 buffer (20 mM HEPES(K+)
pH 7.5 (HEPES: Sigma-Aldrich, H3375; KOH: Sigma-
Aldrich, 484016); 300 mM NaCl (Invitrogen, AM9759); 0.5
mM spermidine (Sigma-Aldrich, S2626); 1x protease in-
hibitor cocktail (Sigma-Aldrich, 11873580001); 0.01% digi-
tonin (Millipore, 300410)). After removing the liquid on
the magnet stand, 100 plof diluted pA-Tn5 adapter com-
plex was added to the bead-bound nuclei with gentle mix-
ing. The tubes were incubated at RT for 1 h on the nutator.
Bead-bound nuclei were washed 3 times in 0.8—1 ml Dig-300
buffer to remove unbound pA-Tn5 protein. After washing,
the liquid was removed on the magnetic stand, bead-bound
nuclei were resuspended in 100 pltagmentation buffer (20
mM HEPES(K+) pH 7.5 (HEPES: Sigma-Aldrich, H3375;
KOH: Sigma-Aldrich, 484016); 300 mM NacCl (Invitrogen,
AMOI759); 0.5 mM Spermidine (Sigma-Aldrich, S2626); 1 x
protease inhibitor cocktail (Sigma-Aldrich, 11873580001);
0.01% digitonin (Millipore, 300410); 10 mM MgCl, (Invit-
rogen, AM9530QG)). The mixture was incubated at 37°C for
1 h. To stop tagmentation and start the reverse-crosslinking,
10 pl0.5 M EDTA (Invitrogen, AM9260G), 33 pn110% SDS
(Invitrogen, 1553-035) and 3.3 pl 20 mg/ml Proteinase K
(Thermo Fisher scientific, EO0491) were added to each
tube. Then the tubes were mixed by full speed vortexing
~2 s, and incubated for 2 h at 65°C with 1200 rpm shak-
ing. Then, the reverse-crosslinking was performed overnight
under 72°C with 1200 rpm shaking. Next day, 3.3 pl 20
mg/ml Proteinase K (Thermo Fisher scientific, EO0491)
was added to each tube after the mixture was cooled down
to RT and the secondary Proteinase K (Thermo Fisher sci-
entific, EO0491) digestion was performed by incubating the
mixture on a shaker at 65°C with 1200 rpm shaking for 1
h. After digestion, equal volume of phenol (Thermo Fisher
scientific, 17914) is added to each tube and the solution was
mixed by full speed vortexing for ~2 s. Then the mixture was
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centrifuged for 15 min at 4°C with 16 000 x g. After cen-
trifugation, the liquid from aqueous layer was transferred
to new 1.5 ml Lo-Bind tubes (Sarstedt, 72.706.600) and
the equal amount of chloroform (Sigma-Aldrich, C2432)
was added to each tube and mixed by gentle pipetting. The
mixture was centrifuged for 15 min at 4°C with 16 000
x g. After centrifugation, the liquid from aqueous layer
was transferred to a new 1.5 ml Lo-Bind tube (Sarstedt,
72.706.600) and 2.5x-3x— volume of absolute ethanol and
proper amount of 5 M NaCl (Invitrogen, AM9759) were
added to each tube to make the final NaCl (Invitrogen,
AMO9759) concentration 200 mM. After mixing, the DNA
was precipitated at —80°C for 3-4 h. After precipitation, the
DNA was centrifuged for 20 min at 4°C with 16 000 x g.
Then, the supernatant was discarded, and the DNA was
washed once with 700 pl 70% ethanol. After washing and
drying up, the DNA was eluted in 21 pl of water. To am-
plify libraries, 21 pIDNA was mixed with 2 pl of a univer-
sal 15 and i7 primer (10 wM), using a different barcode for
each sample. 25 wl of NEB Next HiFi 2x PCR master mix
(New England Biolabs, M0541S) was added to the tubes
and mixed well. The samples were placed in a Thermocy-
cler with a heated lid using the following cycling conditions:
72°C for 5 min; 98°C for 30 s; 14 cycles of 98°C for 10 s,
63°C for 10 s; final extension at 72°C for 1 min and hold
at 8°C. Post-PCR clean-up was performed by adding 1.3x
volume of SPRI select beads (Beckman Coulter, B23317),
and libraries were incubated with beads for 15 min at RT,
washed twice gently in 80% ethanol, and eluted in 25 pl of
Elution buffer from Qiagen MiniElute PCR Purification kit
(Qiagen, 28004). The libraries were finally run on a 1.5%
agarose gel (Lonza, 50004) using 120 V for 40 min to check
the library pattern.

CUT&Tag in FFPE samples with centrifugation

Aliquots of purified mouse kidney FFPE mouse nuclei
with or without epitope retrieval (100 000 cells/0.5 ml
Qubit tube (Invitrogen, Q32856)) were washed once with
FACT-seq Antibody buffer (20 mM HEPES(K+) pH 7.6
(HEPES: Sigma-Aldrich, H3375; KOH: Sigma-Aldrich,
484016), 150 mM NaCl (Invitrogen, AM9759), 2 mM
EDTA (INVITROGEN, AM9260G), 0.5 mM Spermi-
dine (Sigma-Aldrich, S2626), 0.05% Digitonin (Millipore,
300410),0.01% IGEPAL® CA-630 (Sigma-Aldrich, 13021-
50), 1x Protease inhibitors (Sigma-Aldrich, 11873580001),
1% BSA (Miltenyi Biotech MACS, 130-091-376)). After
washing, the nuclei were resuspended in 200 pl Anti-
body buffer with 1:100 diluted primary antibody (anti-
H3K27ac antibody (Abcam, ab4729) and anti-H3K27me3
antibody (Cell Signaling Technology, 9733S)) and incu-
bated overnight at 4°C with slow rotation. Next day the
nuclei were centrifuged 5 mins at 2000 x g, washed
once with 200 pl of FACT-seq Dig-washing buffer (20
mM HEPES(K+) pH 7.6 (HEPES: Sigma-Aldrich, H3375;
KOH: Sigma-Aldrich, 484016), 150 mM NaCl (Invitrogen,
AMO9759), 0.5 mM spermidine (Sigma-Aldrich, S2626),
0.05% digitonin (Millipore, 300410), 0.01% IGEPAL

CA-630 (Sigma-Aldrich, 13021-50), 1 x protease inhibitors
(Sigma-Aldrich, 11873580001), 1% BSA (Miltenyi Biotech
MACS, 130-091-376)), and finally resuspended in 200 .l
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of Dig-washing buffer with 1:100 diluted secondary anti-
body (Guinea Pig anti-Rabbit IgG antibody (Antibodies-
onlineABIN101961)) and incubated for 1 h at RT with
slow rotation. Then, nuclei were centrifuged 5 min at
2000 x g, washed three times with 200 pl of Dig-washing
buffer and resuspended in 200 pl of Dig-300 buffer (20
mM HEPES(K+) pH 7.6 (HEPES: Sigma-Aldrich, H3375;
KOH: Sigma-Aldrich, 484016), 300 mM NaCl (Invitrogen,
AMI759), 0.5 mM spermidine (Sigma-Aldrich, S2626),
0.05% digitonin (Millipore, 300410), 0.01% IGEPAL

CA-630 (Sigma-Aldrich, 13021-50), 1 x protease inhibitors
(Sigma-Aldrich, 11873580001), 1% BSA (Miltenyi Biotech
MACS, 130-091-376)) with 1:100 diluted pA-Tn5 and in-
cubated for 1 h with slow rotation at RT. After pA-Tn5
binding, the nuclei were centrifuged 5 min at 600 x g,
washed three times with 200 wl of Dig-300 buffer and re-
suspended in 200 wl of FACT-seq tagmentation buffer (20
mM HEPES(K+) pH 7.6 (HEPES: Sigma-Aldrich, H3375;
KOH: Sigma-Aldrich, 484016), 300 mM NaCl (Invitrogen,
AMO9759), 0.5 mM Spermidine (Sigma-Aldrich, S2626),
0.05% Digitonin (Millipore, 300410), 0.01% IGEPAL

CA-630 (Sigma-Aldrich, 13021-50), 1 x protease inhibitors
(Sigma-Aldrich, 11873580001), 10 mM MgCl, (Invitrogen,
AM9530G)), and incubated for 1 h at 37°C. After that,
tagmentation was stopped by addition of 6.7 ul 0.5 M
EDTA (Invitrogen, AM9260G), 22 wl 10% SDS (Invitro-
gen, 1553-035) and 2.2 1 20 mg/ml Proteinase K (Thermo
Fisher scientific, EO0491) to each tube, and the mixture
was mixed by full speed vortexing for ~2 s. Then the first
Proteinase K (Thermo Fisher scientific, EO0491) digestion
was performed by incubating the mixture on a shaker at
65°C with 1200 rpm shaking for 2 h. After digestion, the
reverse-crosslinking was performed overnight under 72°C
with 1200 rpm shaking. Next day, 2.2 pl 20 mg/ml Pro-
teinase K (Thermo Fisher scientific, EO0491) was added to
each tube after the mixture was cooled down to RT and the
secondary Proteinase K (Thermo Fisher scientific, EO0491)
digestion was performed by incubating the mixture on a
shaker at 65°C with 1200 rpm shaking for 1 h. After di-
gestion, 67 wl of water and 300 wl of phenol were added
to each tube and the solution was mixed by full speed vor-
texing for ~2 s. Then the mixture was centrifuged for 15
min at 4°C with 16 000 x g. After centrifugation, the liquid
from aqueous layer was transferred to new 1.5 ml Lo-Bind
tube (Sarstedt, 72.706.600) and the equal amount of chlo-
roform was added to each tube and mixed by gentle pipet-
ting. The mixture was centrifuged for 15 min at 4°C with
16 000 x g. After centrifugation, the liquid from aqueous
layer was transferred to new 1.5 ml Lo-Bind tube (Sarst-
edt, 72.706.600) and 2.5x-3x volume of absolute ethanol
and proper amount of 5 M NaCl (Invitrogen, AM9759)
were added to each tube to make the final NaCl (Invitrogen,
AMI759) concentration 200 mM. After mixing, the DNA
was precipitated at —80°C for 2-3 h. After precipitation, the
DNA was centrifuged for 20 min at 4°C with 16 000 x g.
Then, the supernatant was discarded, and the DNA was
washed once with 700 pl 70% ethanol. After washing and
drying up, the DNA was eluted in 21 pl of water. To am-
plify libraries, 21 pl DNA was mixed with 2 .l of a uni-
versal 15 and 17 primer (10 wM), using a different barcode
for each sample. 25 pl of NEB Next HiFi 2x PCR mas-
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ter mix (New England Biolabs, M0541S) was added to the
tubes and mixed well. The samples were placed in a Ther-
mocycler with a heated lid using the following cycling con-
ditions: 72°C for 5 min; 98°C for 30 s; 13 cycles of 98°C
for 10 s and 63°C for 10 s; final extension at 72°C for 1
min and hold at 8°C. Post-PCR clean-up was performed by
adding 1.3x volume of SPRI select beads (Beckman Coul-
ter, B23317), and libraries were incubated with beads for 15
min at RT, washed twice gently in 80% ethanol, and eluted
in 25 pl of Elution buffer from Qiagen MiniElute PCR Pu-
rification kit (Qiagen, 28004). The libraries were finally run
on a 1.5% agarose gel using 120 V for 40 min to check the
library pattern. The positive control groups on the gel were
from the previously prepared corresponding CUT&Tag li-
braries from GM 12878 cell line.

Immunostaining

30 000-50 000 FFPE mouse nuclei either with or with-
out epitope retrieval were transferred to the glass slides
using Cytospin (Double Cellfunnel (THARMAC, 306-12),
Filter cards (THARMAC, 307-500)) with 600 x g for 6
min. Then the slides containing FFPE nuclei were rinsed
in 1 x PBS and permeabilized in PBS with 0.5% Triton-
X 100 (Sigma-Aldrich, T8787) for 10 min at RT. Then, the
slides were blocked with blocking buffer (1% BSA (Mil-
tenyi Biotech MACS, 130-091-376) and 0.1% Triton-X 100
(Sigma-Aldrich, T8787) in 1 x PBS) for 1 h at RT. Pri-
mary antibodies were diluted in blocking buffer 1:500 (anti-
H3K27ac antibody (abcam, ab4729) and anti-H3K27me3
antibody (Cell Signaling Technology, 9733S)). The nuclei
were covered by blocking buffer containing 1:500 primary
antibodies and were incubated overnight at 4°C. After
washing with 1x PBS containing 0.05% Tween-20 (Sigma-
Aldrich, P416) for 3 times 10 min each, slides were incu-
bated with 1:500 secondary antibodies in blocking buffer
(goat anti-rabbit-Atto-488 (Sigma-Aldrich, 18772-1ml-F)
or goat anti-rabbit-Atto-594 (Sigma-Aldrich, 77671-1ml-F)
for 1 h at RT. The slides were washed with 1x PBS contain-
ing 0.05% Tween-20 (Sigma-Aldrich, P416) for 3 times 10
mins each. Then the nuclei were stained with 1:2000 DAPI
(Invitrogen, H3570) in 1 x PBS for 15 min at RT. Finally, the
slides were mounted using SlowFade Gold antifade reagent
(Invitrogen, S36940) and imaged with Zeiss Axio Imager
72.

Timing for FACT-seq
Day 1 (1 h 40 min):

Step 1: Tissue sectioning (5 min);

Step 2: Deparaffinization and rehydration (1 h 5 min);
Step 3: Microdissection (30 min);

Step 4: Enzymatic digestion (16 h).

Day 2 (10 hs and 55 min):

Step 5: Nuclei isolation (1 h);

Step 6: Epitope retrieval + Quenching + Washing (1 h and
45 min);

Step 7: Nuclei Counting + Splitting (20 min);

Step 8: Primary antibody incubation (1 h and 30 min);
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Step 9: Washing + Secondary antibody incubation (1 h and
15 min);

Step 10: Washing + T7 pA-TnS5 incubation (1 h and 30
min);

Step 11: Washing + T7 pA-Tn5 tagmentation (1 h and 30
min);

Step 12: Stop T7 pA-Tn5 tagmentation + 1st Proteinase K
digestion (2 hs 5 min);

Step 13: Reverse crosslinking (8 hs or overnight).

Day 3 (2 hs and 45 min):

Step 14: 2nd Proteinase K digestion (1 h);

Step 15: DNA purification (15 min);

Step 16: Gap filling + DNA purification (25 min);

Step 17: Beads purification + adding in vitro transcription
(IVT) reagents (1 h 5 min);

Step 18: IVT (12 hs or overnight).

Day 4 (7 h):

Step 19: RNA purification (50 min);

Step 20: Reverse transcription + RNase H digestion (2 h);
Step 21: RNA clean XP beads purification (1 h);

Step 22: Pre-PCR + DNA purification (20 min);

Step 23: Tn5S tagmentation + DNA purification (25 min);
Step 24: PCR amplification (1 h);

Step 25: DNA purification (15 min);

Step 26: Gel purification (1 h and 10 min);

Step 27: DNA elution (8 hs or overnight).

Day 5 (1h and 50 min):

Step 28: DNA sequencing library purification (40 min);
Step 29: Sequencing library quantification (1 h and 10 min).

Sequencing data analysis

Only reads one (R1) was involved in our analysis. We
first adopted levenshtein distance algorithm to map T7
promoter sequence to each read in the adaptor trimming
procedure, then T7 promoter sequences were trimmed from
each read in the fastq file with in-house script custom script
(https://github.com/pengweixing/FACT). The trimmed
fastq file of human samples and mouse samples were
mapped to the hg38 reference genome or mm10 reference
genome respectively using bowtie2 v.2.3.5 (51) with the
parameters —end-to-end —very-sensitive -1 10 -X 700. The
aligned BAM files were sorted by samtools v.1.9 (52) and
were filtered with alignment quality of >q2. The bigwig
files were generated from BAM file using deeptools (53)
with the parameters bamCoverage —normalizeUsing CPM.
Transcription start sites (TSS) enrichments of sequencing li-
braries were calculated using deeptools (53) with the option
computeMatrix, and heatmaps were plotted by deeptools
(53) with the options plotHeatmap and plotProfile. The
reads count within peaks were calculated by bedtools (54)
with the option multicov. The peaks of sequencing libraries
were visualized by IGV software (55). The VennDigram
was plotted with R pacakge venn. Genomic annotation
of peaks was performed using the ChIPseeker R package
(56). For the peak calling, H3K27me3, H3K36me3 and
H3K4mel peaks were called using SICER (57) with
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following parameters gap size = 600bp and window
size = 200bp. H3K27ac peaks were called using SICER
with following parameters gap size = 400bp and win-
dow size = 200bp. The GM12878 ATAC-seq data set
was downloaded from GEO under accession number,
GSE76006 (58). The ENCODE ChIP-seq data sets (59)
used for comparison were downloaded from GEO under
accession numbers GSM733771 (GM12878, H3K27ac),
GSM945196 (GM12878, H3K27me3), GSM1000092
(adult 8 weeks Mouse kidney, H3K27ac), GSM1000077
(adult 8 weeks Mouse kidney, H3K27me3), GSM 1000063
(adult 8 week mouse kidney, H3K36me3), GSM769023
(adult 8 week mouse kidney, H3K4mel), GSM1000140
(adult 8 week mouse liver, H3K27ac). H3K27ac FiTAc-
seq data used for comparison was downloaded from
GEO under accession numbers GSM4186366 (H3K27ac
FiTAc-seq_65°C_5 mins_repl), GSM4186368 (H3K27ac
FiTAc-seq_65°C_5Smins_rep2). The RNA-seq data of hu-
man CRC and human GBM were downloaded from GEO
with the accession numbers GSE158559 (CRC tissue),
GSE119834 (GBM tissue). Super enhancer (SE) elements
were mapped and quantified by MACS version 2 (60) and
ROSE (61,62) software based on H2K27ac. A p-value
threshold of enrichment of 1 x 107> was used during the
peak calling with MACS. Genes were assigned to SEs by
proximity. Clustering analysis of human GBM H3K27ac
FACT-seq and human CRC H3K27ac FACT-seq was
performed with an unsupervised non-negative matrix
factorization algorithm which implemented on NMF
software package (63). Library complexity for each sample
was estimated with Preseq v3.1.2 (64). Ontological enrich-
ment of SE-associated genes was analiyzed by following
the protocle as described (65). GO analysis of SE target
genes was calculated by g:Profiler (66) with significance
threshold set to Benjamini-Hochberg false discovery rate
(FDR) (0.05) and the pathway enrichment was annotated
and visualized in Cytoscape (67) with Enrichment Map
(68) and AutoAnnotate (69) by taking GO analysis re-
sults as input. Transcriptor factor enrichment for histone
modifications peaks was performed with Homer v.4.11
software (70). The correlation matrix for each data set
was clustered using the R package pheatmap. Oncogenes
and tumor suppressor genes were downloaded from the
COSMIC Cancer Gene Census databse (71). All of the
scripts which involved in this study were deposited in
(https://github.com/pengweixing/FACT).

RESULTS

DNA damage in FFPE samples hampers the application of
CUT&Tag in FFPE samples

To profile chromatin structure in the FFPE samples, we es-
tablished a protocol to isolate high-quality intact single nu-
clei from 20-pwm-thick mouse FFPE kidney tissue sections
(Supplementary Figure S1A, see Materials and Methods).
When we performed H3K27me3 CUT&Tag and H3K27ac
CUT&Tag with 100 000 isolated FFPE nuclei following
the standard CUT&Tag protocol for fixed cells (see Meth-
ods), we did not obtain PCR amplicons (Figure 1A and
B) potentially because (i) extensive fixation during FFPE
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Figure 1. DNA damage in genomic DNA purified from FFPE samples hampers the application of CUT&Tag in FFPE samples. (A) No PCR amplicons
are observed with a standard H3K27me3 CUT&Tag protocol in purified mouse FFPE kidney nuclei. (B) No PCR amplicons are observed with a standard
H3K27ac CUT&Tag protocol in purified mouse FFPE kidney nuclei. (C) No PCR amplicons are observed with a modified H3K27ac CUT&Tag protocol
using centrifugation instead of ConA beads, with and without epitope retrieval in purified mouse FFPE kidney nuclei. (D) No PCR amplicons are observed
with a modified H3K27me3 CUT&Tag protocol using centrifugation instead of ConA beads, with and without epitope retrieval in purified mouse FFPE
kidney nuclei. (E) Immunostaining of H3K27ac from purified mouse FFPE kidney nuclei with and without epitope retrieval conditions, Scale bar = 10
pm. (F) Immunostaining of H3K27me3 from purified mouse FFPE kidney nuclei with and without epitope retrieval conditions, Scale bar = 10 pm. (G)
Comparison of genome DNA fragments purified from frozen mouse kidney nuclei and mouse FFPE kidney nuclei. (H) DNA damage in FFPE tissues

hampers PCR amplification with the standard CUT&Tag protocol.

sample preparation changes the conformation of glycosy-
lated proteins in the nucleus membranes and further in-
terferes with the binding of lectin concanavalin A (ConA)
magnetic beads and isolated FFPE nuclei in the CUT&Tag
(i1) the epitope of H3K27me3 and H3K27ac in the iso-
lated FFPE nuclei is masked during FFPE tissue prepa-
ration and (iii) there is a high degree of DNA damage to
the extracted DNA from the FFPE isolated nuclei. To solve
these potential issues, we first used a centrifugation strat-
egy instead of ConA beads to enrich isolated FFPE nu-
clei and performed H3K27ac and H3K27me3 CUT&Tag

with FFPE nuclei; however, we still did not obtain PCR
amplicons (Figure 1C and D). Next, we established an epi-
tope retrieval protocol for the isolated FFPE nuclei (see
Materials and Methods). Even though the signal inten-
sity of H3K27ac and H3K27me3 immunostaining from
these nuclei was significantly improved with epitope re-
trieval (Figure 1E and F), no PCR product was gener-
ated from H3K27ac and H3K27me3 CUT&Tag with cen-
trifugation and epitope retrieval steps (Figure 1C and D).
During FFPE tissue preparation, the formaldehyde in for-
malin reacts with primary amines in chromatin to form
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Schiff bases, and with amides to form hydroxymethyl com-
pounds, resulting in large chromatin complexes (9). To de-
code histone modifications in FFPE samples, it is essen-
tial to break such chromatin complexes with reverse cross-
linking (7,58), which is also applied to the CUT&Tag proto-
col for fixed cells that we used. However, DNA damage can
be introduced during reverse cross-linking in FFPE sam-
ples. Indeed, we observed that many DNA breaks were gen-
erated during reverse crosslinking in the extracted DNA
from the isolated FFPE nuclei (Figure 1G). In antibody-
guided hyperactive Tn5 transposase-protein A (pA—Tn5)
tagmentation based technologies (20-23,25-26,42), includ-
ing CUT&Tag, the amplification of transposase insertion
sites from target regions with polymerase chain reaction
(PCR) is the key step (20). However, PCR amplification
does not work efficiently for FFPE samples if there is the
high degree of DNA damage present in these samples (Fig-
ure 1H). Thus, we conclude that standard CUT&Tag does
not work well in the FFPE samples probably because of the
high degree of DNA damage present in the FFPE sample
after reverse crosslinking (Figure 1H).

Design of FACT-seq

The strategy in transposed-based chromatin profiling tech-
nologies is to use the inserted antibody-guided pA-Tn5
adaptors to mark the location of the histone modifica-
tions or transcription factors (TFs) binding (20,21). Since
the adaptors of pA-Tn5 transposase are inserted into the
genome after formalin fixation in CUT&Tag, breakpoints
generated during reverse crosslinking are unlikely to oc-
cur at the adaptors of pA-Tn5 transposase. Thus, we as-
sumed that the adaptors of pA-Tn5 transposase are still
at the end of broken targeting chromatin sites after re-
verse crosslinking. We reasoned that if the T7 promoter se-
quence is added to the adaptors of pA-T5 transposase, even
if there are DNA breaks in the middle of DNA fragment
we could still decode the insertion sites of pA-Tn5 trans-
posase by transferring broken DNA fragments into RNA
molecules with in vitro transcription (IVT) and making
DNA sequencing libraries from the IVT RNA molecules
(Figure 2A). Recently, we had used such a strategy to suc-
cessfully profile the chromatin accessibility in FFPE sam-
ples with high sensitivity (45), and we assumed the same
principle could be applied in profiling histone modifications
in FFPE samples. The activity of the Tn5 transposase is very
robust with different sequence modifications on the adap-
tors (24,43,58,72-73), and the combination of linear am-
plification with the T7 promoter and Tn5 tagmentation for
enriching target sequences is widely used in a series of high
sensitivity technologies, including chromatin integration la-
belling with sequencing (ChIL-seq) (23,24), Linear Ampli-
fication via Transposon Insertion (LIANTI) (73), trans-
posome hypersensitive sites sequencing (THS-seq) (72,74),
multiplexed, indexed T7 ChIP-seq (Mint-ChIP) (32) and
many others. Thus, we hypothesized that modifications to
the adaptors of pA-Tn5 transposase with the T7 promoter
would also be feasible. Therefore, we designed, produced
and optimized a novel pA—Tn5 transposase with the T7 pro-
moter sequence on the adaptor, termed T7—pA—Tn5 (Fig-
ure 2B, see Materials and Methods). T7—pA—Tn5 retains
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the activity of the standard pA-Tn5 (Supplementary Fig-
ure S1B, see Materials and Methods). While our work is
ongoing, a new high-throughput and highly sensitive pro-
tein: DNA binding site mapping technology, Targeted Inser-
tion of Promoters (TIP-seq) (43), was established, where a
similar strategy of adding the T7 promoter sequence into
the pA-Tn5 adaptor was also used and proved that the ac-
tivity of pA-TnS5 is not affected by adding the T7 promoter
sequence (43). To test that T7—pA—TnS5 adaptors are still at
the end of broken DNA fragments after reverse crosslink-
ing from the isolated FFPE nuclei, we performed IVT on
the DNA extracted from mouse kidney FFPE nuclei af-
ter H3K27ac-guided T7—pA—Tn5 tagmentation, and we
found that RNA molecules from the IVT contain both
short- and long- range fragments (Supplementary Figure
S1C). These results convinced us that T7—pA—Tn5 adap-
tors were still at the ends of broken DNA fragments, and
those inserted sites of the T7—pA—Tn5 adaptor in histone
modification sites could be read out by making a DNA se-
quencing library from IVT RNA molecules (Figure 2C). In
the CUT&Tag or similar technologies (20,21), one insertion
event or unpaired pA-Tn5 adaptor insertions from pA-
TnS5 transposition could not be amplified with PCR (75).
Since the IVT depends on only one insertion of the T7 pro-
moter, one insertion event and unpaired adaptor insertions
on targeting sites from T7—pA—Tn5 can be detected with
FACT-seq during IVT (Figure 2A). Thus, we expect the li-
brary complexity of FACT-seq to be is higher than that of
CUT&Tag or similar technologies.

FACT-seq accurately decodes both repressive and active his-
tone modifications with low cell numbers

To prove the combination of T7—pA—TnS5 transposition
and T7 IVT is feasible to decode histone modifications,
we first performed H3K27me3 FACT-seq with human B-
cell (GM 12878 cells) and sequenced the H3K27me3 FACT-
seq sequencing library with ~50 million sequencing reads
for each technical replicate (see Materials and Methods).
The two technical replicates of H3K27me3 FACT-seq had
high similarity (Supplementary Figure S2A and B, R =
0.99). We found that 20 million sequencing reads were
needed for H3K27me3 FACT-seq to obtain peak number
saturation by downsampling the total reads with differ-
ent ranges (Supplementary Figure S2C), and H3K27me3
FACT-seq peaks with 20 million sequencing reads could
reach over 63.17% overlap with peaks from Encyclope-
dia of DNA Elements (ENCODE) GM 12878 H3K27me3
ChIP-seq (Supplementary Figure S2D). In the following
steps, we used H3K27me3 FACT-seq with a 20 million-read
sequencing depth to perform a detailed comparison with
ENCODE H3K27me3 ChIP-seq and standard H3K27me3
CUT&Tag (Supplementary Figure S2E-J, see Materials
and MethodsMethods). FACT-seq clearly revealed that se-
quencing read coverage of H3K27me3 is highly correlated
with standard H3K27me3 CUT&Tag (Figure 3A-C, R =
0.85). The genome-wide correlation of H3K27me3 FACT-
seq and ENCODE H3K27me3 ChIP-seq (Supplementary
Figure S2G, R = 0.83) and the correlation of H3K27me3
CUT&Tag and ENCODE H3K27me3 ChIP-seq (Supple-
mentary Figure S2H, R = 0.82) were in the similar ranges.
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Figure 2. The design of FACT-seq. (A) Workflow of FACT-seq. (B) Design of T7—pA—TnS5 transposase. (C) FACT-seq maps of histone modifications in
FFPE samples by combining pA—Tn5-mediated transposition and T7 in vitro transcription.

The distributions of peak sizes from H3K27me3 FACT-seq,
H3K27me3 CUT&Tag, and ENCODE H3K27me3 ChIP-
seq were also within similar ranges (Supplementary Fig-
ure S2I). Moreover, we used the peak centers of ENCODE
H3K27me3 ChIP-seq for GM12878 cells as the reference
points to calculate the sequencing signal enrichments from
H3K27me3 FACT-seq and H3K27me3 CUT&Tag, and we
observed clear enrichment of the H3K27me3 FACT-seq
signal at ENCODE H3K27me3 ChIP-seq sites, which was
very similar to the enrichment of H3K27me3 CUT&Tag at
ENCODE H3K27me3 ChIP-seq sites (Supplementary Fig-
ure S2J). We also found that 71% of peaks from standard
H3K27me3 CUT&Tag overlapped with H3K27me3 FACT-

seq peaks (Supplementary Figure S3A), and the fractions
of overlapping peaks between H3K27me3 FACT-seq and
ENCODE H3K27me3 ChIP-seq were similar to those of
overlapping peaks between H3K27me3 CUT&Tag and EN-
CODE H3K27me3 ChIP-seq (Supplementary Figure S3B
and C). The genomic annotation of the overlapping peaks
and unique peaks from H3K27me3 FACT-seq, H3K27me3
CUT&Tag and ENCODE H3K27me3 ChIP-seq showed
that both overlapping peaks and exclusive peaks from dif-
ferent types of libraries were distributed in a similar pat-
tern relative to the transcription start sites (TSS) (Supple-
mentary Figure S3A-C). At the same time, we found that
different transcription factors (TFs) were enriched at exclu-
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Figure 3. FACT-seq decodes genome-wide repressive and active histone modifications in human B-cells (GM 12878 cells). (A) Genome browser tracks for
H3K27me3 sequencing libraries in GM 12878 cells: Results from FACT-seq, CUT&Tag, ENCODE ChIP-seq and CUT&Tag IgG control. The gene names
are shown at the bottom. Chr. = Chromosome. (B) Pearson correlation heat map showing sample-by-sample unsupervised clustering on all peaks identified
across different types of libraries. (C) Genome-wide correlation of H3K27me3 FACT-seq sequencing reads and H3K27me3 CUT&Tag sequencing reads
from GM12878 cells. Each dot represents an individual peak. R = Pearson correlation. (D) Metaplots showing the distribution of sequencing reads
across transcription start sites (TSSs) and transcription end sites (TESs) from H3K27me3 FACT-seq, H3K27me3 CUT&Tag, ENCODE H3K27me3
ChIP-seq, and H3K27me3 CUT&Tag IgG control in GM 12878 cells. (E) Quantification of the fraction of reads in peaks (FRiP) for each sequencing
library. (F) Library complexity for different sequencing libraries. (G) Genome browser tracks for H3K27ac sequencing libraries in GM 12878 cells: Results
from FACT-seq, CUT&Tag, ENCODE ChIP-seq, and CUT&Tag IgG control. The gene names are shown at the bottom. Chr. = Chromosome. (H)
Pearson correlation heat map showing sample-by-sample unsupervised clustering on all peaks identified across different types of libraries. (I) Genome-wide
correlation of H3K27ac FACT-seq sequencing reads and H3K27ac CUT&Tag sequencing reads from GM 12878 cells. Each dot represents an individual
peak. R = Pearson correlation. (J) Metaplots showing the distribution of sequencing reads across transcription start sites (TSS) and transcription end
sites (TES) from H3K27ac FACT-seq, H3K27ac CUT&Tag, ENCODE H3K27ac ChIP-seq and H3K27ac CUT&Tag IgG control in GM 12878 cells.
(K) Quantification of the fraction of reads in peaks (FRiP) for different sequencing libraries. (L), Estimation of sequencing library complexity for each
sequencing libraries.
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sive peaks (Supplementary Figure S3A-C), e.g., FOXP and
FOXA TFs were enriched at unique peaks from CUT&Tag
sequencing libraries, MEF2 and STAT TFs were found
at unique peaks of FACT-seq sequencing libraries, TEAD
family TFs were identified in unique peaks of ENCODE
ChIP-seq sequencing libraries. Since the same antibod-
ies were used for H3K27me3 CUT&Tag and H3K27me3
FACT-seq, the enrichments of different TFs in the unique
peaks of H3K27me3 CUT&Tag and H3K27me3 FACT-
seq indicate that there is potential technical bias between
CUT&Tag and FACT-seq. The different TFs enrichments
in the unique peaks of ENCODE H3K27me3 ChIP-seq
may be because of the different antibodies used and the
technical bias between the ChIP-seq and transposase-based
methods.

In addition, we also compared the signal distribution
from H3K27me3 FACT-seq, H3K27me3 CUT&Tag and
H3K27me3 ENCODE ChlIP-seq in the genome by using
TSS as reference points (see Materials and Methods, Fig-
ure 3D, Supplementary Figure S4A). Strikingly, we found
that the signal distribution of H3K27me3 FACT-seq near
the TSSs was more similar to that of ENCODE H3K27me3
ChIP-seq than that of H3K27me3 CUT&Tag (Supplemen-
tary Figure S4A). There was strong enrichment at TSSs
sites from H3K27me3 CUT&Tag but not from H3K27me3
FACT-seq or H3K27me3 ENCODE ChIP-seq (Figure 3D,
Supplementary Figure S4A). It has been reported that
ATAC-seq signal contamination from standard CUT&Tag
was observed (20). Thus, we assumed that the signal en-
richment at TSSs sites from H3K27me3 CUT&Tag is po-
tentially from ATAC-seq signals. H3K27me3 is a repres-
sive chromatin marker that is usually located at distal reg-
ulatory elements in the genome but is also found at si-
lenced promoters and bivalent promoters (76-78). To test
our hypothesis, we first broke GM12878 cell ATAC-seq
peaks (58) into promoter (+1 kb from TSSs) and nonpro-
moter regions, then calculated sequencing signal enrich-
ments from H3K27me3 FACT-seq, H3K27me3 CUT&Tag
and ENCODE H3K27me3 ChIP-seq in promoter and non-
promoter regions of the GM 12878 ATAC-seq peaks (Sup-
plementary Figure S4B-E). We found that there was much
stronger signal enrichment around the ATAC-seq peaks
from H3K27me3 CUT&Tag than H3K27me3 FACT-seq,
and ENCODE H3K27me3 ChIP-seq at both the promoter
and non-promoter regions of the ATAC peaks (Supplemen-
tary Figure S4B). The quantification of the fraction of reads
within the ATAC-seq peaks from H3K27me3 CUT&Tag,
H3K27me3 FACT-seq, and ENCODE H3K27me3 ChIP-
seq showed that 20% of reads from H3K27me3 CUT&Tag
were from the promoter regions of the ATAC-seq peaks,
while only 13% of reads from H3K27me3 FACT-seq were
located in the promoter regions of the ATAC-seq peaks,
which was in the same range as ENCODE H3K27me3
ChIP-seq (9%) (Supplementary Figure S4C). A similar
tendency was also observed in nonpromoter regions of
the ATAC-seq peaks (Supplementary Figure S4D and
E), where 18% of sequencing reads from H3K27me3
CUT&Tag were in nonpromoter regions of the ATAC-
seq peaks, and 14% of sequencing reads from H3K27me3
FACT-seq are located in the non-promter regions of the
ATAC-seq peaks. The contamination of the ATAC-seq sig-
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nals in H3K27me3 FACT-seq and H3K27me3 CUT&Tag
was potentially due to the nonspecific binding and inser-
tion of pA-TnS and T7—pA—TnS5. Since insertion events
in H3K27me3 FACT-seq and H3K27me3 CUT&Tag are
controlled by antibody guidance and the presence of Mg2+
(20), the proportions of insertion events from pA-Tn5 and
T7—pA—Tn5 nonspecific binding and insertion should be
similar in FACT-seq and CUT&Tag. We suspected that
the exponential amplification PCR amplification (79) in
CUT&Tag could enlarge the proportion of DNA fragments
from the nonspecific binding of pA-Tn5, which does not
occur in FACT-seq because of the linear amplification that
occurs in T7 IVT (80). In the CUT&Tag protocol, one
insertion event or unpaired adaptor insertions from pA-—
Tn5 could not be amplified, and long fragments could not
be sequenced with short read sequencing (75). However,
one insertion event and unpaired adaptor insertions from
targeting sites could be captured with FACT-seq during
IVT (20). At the same time, long DNA fragments from
histone modification sites become shorter when transfer-
ring target DNA fragments to RNA molecules with IVT
and could be sequenced from IVT RNA sequencing li-
braries. Consequently, the proportion of DNA fragments in
the sequencing library from nonspecific binding and inser-
tion was lower in FACT-seq than in CUT&Tag. Thus, the
proportion of contamination of ATAC-seq in H3K27me3
FACT-seq was lower. We also compared the fraction of
reads in peaks (FRiP) from the sequencing libraries of
H3K27me3 CUT&Tag, H3K27me3 FACT-seq and EN-
CODE H3K27me3 ChIP-seq, and found that the FRiP was
in similar ranges for CUT&Tag (65.5% +/— 0.43%) and
FACT-seq (58.41% =+ 1.23%), but was much lower for EN-
CODE ChlIP-seq (25.25% =+ 4.26%) (Figure 3E). As we ex-
pected, the library complexity of H3K27me3 FACT-seq was
much higher than that of CUT&Tag (Figure 3F), and the
same conclusion was also proposed for TIP-seq (43). In
summary, we conclude that FACT-seq can efficiently map
H3K27me3 modifications with low cell numbers, and that
the H3K27me3 FACT-seq library has a lower proportion
of ATAC-seq signal contamination in both promoter and
nonpromoter regions than CUT&Tag.

Next, we performed FACT-seq by targeting active his-
tone modification H3K27ac from GM12878 (see Materi-
als and Methods). Technical replicates of H3K27ac FACT-
seq also had good reproducibility (Supplementary Figure
S5A and B, R = 0.97). H3K27ac FACT-seq had the high
similarity to standard H3K27ac CUT&Tag (Supplemen-
tary Figure S5C and D) in terms of the correlation of se-
quencing read coverage (Figure 3G-1, R = 0.79). In addi-
tion, the correlation between H3K27ac FACT-seq and EN-
CODE H3K27ac ChIP-seq was 0.61 (Supplementary Fig-
ure SS5E), and the correlation between H3K27ac CUT&Tag
and ENCODE H3K?27ac (Supplementary Figure S5F) was
0.75. There was a large proportion of overlapping peaks
among H3K27ac FACT-seq, H3K27ac CUT&Tag and EN-
CODE H3K27ac ChlIP-seq (Supplementary Figure S5G—
I). The genomic annotation of unique peaks from H3K27ac
FACT-seq, H3K27ac CUT&Tag and ENCODE H3K27ac
ChIP-seq showed that exclusive peaks from the different
types of libraries were distributed in a similar pattern rel-
ative to the TSSs (Supplementary Figure S5G-I). We also
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found that there are similar TFs, e.g. FRA1, FRA2, AP-1
and JUNB, were enriched in the unique peaks of H3K27ac
FACT-seq and H3K27ac CUT&Tag, but different TFs,
e.g., IRF family and ETV family TFs, were enriched at
unique in the unique peaks of ENCODE H3K27ac ChIP-
seq. Different TFs were identified in the unique peaks of
ENCODE H3K27ac ChIP-seq are most likely because of
technical bias or different antibodies used in the ENCODE
H3K27ac ChIP-seq. Additionally, the peak sizes from
H3K27ac FACT-seq, H3K27ac CUT&Tag, and ENCODE
H3K27ac ChIP-seq had similar distributions (Supplemen-
tary Figure S6A). The sequencing reads from H3K27ac
FACT-seq, H3K27ac CUT&Tag and ENCODE H3K27ac
ChIP-seq all had strong enrichments at the TSSs(Figure
3J, Supplementary Figure S6B). The distribution of peaks
from these three types of libraries using TSSs as reference
points was also similar (Supplementary Figure S6C), and
genomic annotation of peaks showed that the peaks from
these three types of libraries had similar features (Supple-
mentary Figure S6D). We noticed that the FACT-seq had
lower signal enrichment for H3K27ac relative to CUT&Tag
or ENCODE ChIP-seq at the TSSs (Figure 3J), and we as-
sumed that the relatively lower signal recovery of H3K27ac
from FACT-seq could be another reason that H3K27me3
FACT-seq resultied in a lower proportion of ATAC-seq sig-
nals at promoter and nonpromoter regions (Supplemen-
tary Figure S4B-E). Comparison of the FRiPs from the
three different types of libraries showed that the propor-
tion of signals within the peaks from H3K27ac FACT-
seq (44.03% =+ 4.94%) was lower than that from H3K27ac
CUT&Tag (62.99% =+ 1.12%) and ENCODE H3K27ac
ChIP-seq (60.91% =+ 1.06%) (Figure 3K). The sequencing
library complexity of H3K27ac FACT-seq was within a sim-
ilar range of as that of ChIP-seq and was much higher than
that of CUT&Tag (Figure 3L).

In summary, we conclude that design of FACT-seq by
combining the novel T7—pA—TnS5 transposition and T7
IVT, FACT-seq can feasibly map both active and silent his-
tone modifications with low cell numbers, and the sequenc-
ing library complexity from FACT-seq is higher than that
from CUT&Tag. Our results are also in agreement with the
recently developed TIP-seq (43), showing that linear am-
plification from IVT with T7 promoter modified pA-Tn5
helps to obtain more unique reads in sequencing libraries.

Proof-of-concept of FACT-seq in FFPE samples

Harsh chemical treatments during the preparation of FFPE
samples could mask protein epitopes in the tissue, and it
is essential to retrieve these protein epitopes for binding of
the antibody to their targets (81). We optimized a condi-
tion for epitope retrieval in the isolated FFPE nuclei (see
Materials and Methods), where the H3K27ac signal inten-
sity from the epitope retrieval condition was stronger than
that without epitope retrieval (Figure 1E). We cut the mouse
kidney into two parts, where one part was frozen down and
the other part was prepared as an FFPE block (Supplemen-
tary Figure S7, see Materials and Methods). We performed
H3K27ac CUT&Tag with 100 000 nuclei isolated from
frozen mouse kidneys, and H3K27ac FACT-Seq with 100
000 nuclei (under the conditions of 4 epitope retrieval) iso-
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lated from 20-pm thick FFPE mouse kidney tissue sections
(see Materials and Methods). Both H3K27ac CUT&Tag
and FACT-seq showed good reproducibility (Supplemen-
tary Figure S8A-C). The patterns of the H3K27ac sig-
nals were similar among H3K27ac CUT&Tag, H3K27ac
FACT-seq (+ epitope retrieval), H3K27ac FACT-seq (-
epitope retrieval) and ENCODE mouse kidney H3K27ac
ChIP-seq (Figure 4A). The genome-wide correlation of
H3K27ac CUT&Tag, H3K27ac FACT-seq (+ epitope re-
trieval), H3K27ac FACT-seq (- epitope retrieval) and EN-
CODE mouse kidney H3K27ac ChIP-seq clearly shows
that H3K27ac FACT-Seq (+ epitope retrieval) had a higher
correlation with ENCODE mouse kidney H3K27ac ChIP-
seq (Figure 4A-C, R =0.81) than with H3K27ac FACT-seq
(- epitope retrieval) (Figure 4C, R =0.67), and a similar ten-
dency was observed for the pair comparison of H3K27ac
FACT-seq (+ epitope retrieval) vs. H3K27ac CUT&Tag
(Figure 4C, R = 0.82) and H3K27ac FACT-seq (— epitope
retrieval) vs. H3K27ac CUT&Tag (Supplementary Figure
S8D, R =0.72). The quantification of the FRiP from differ-
ent types of sequencing libraries clearly demonstrated that
the FRiP of H3K27ac FACT-seq under epitope retrieval
conditions (45.18% =+ 0.88%)) was much higher FRiP than
that of without epitope retrieval (17.56% =+ 3.38%), but was
in a similar range as that of H3K27ac CUT&Tag (51.68% =+
2.09%) (Figure 4D). As we expected, the library complexity
from FACT-seq was also higher than that from CUT&Tag
(Figure 4E). We further compared the genomic features
from H3K27ac FACT-seq (+ epitope retrieval) of the FFPE
sample, H3K27ac CUT&Tag of the frozen sample and EN-
CODE mouse kidney H3K27ac ChIP-seq and found se-
quencing read enrichments at the TSSs (Figure 4F, Sup-
plementary Figure S8E), sequencing read enrichments at
the ENCODE mouse kidney H3K27ac ChIP-seq peak site
(Figure 4G) and genomic annotation of peaks with similar
patterns from the three different libraries (Supplementary
Figure S8F). At the peak level, we also found a large pro-
portion of overlap in the paired comparison of FACT-seq
(+ epitope retrieval) vs. H3K27ac CUT&Tag, and FACT-
seq (+ epitope retrieval) versus ENCODE mouse kidney
H3K27ac ChIP-seq (Supplementary Figure SOA-C). Fur-
ther genomic annotation and TF enrichment analysis of the
overlapping peaks and unique peaks showed that the exclu-
sive peaks from different types of libraries were distributed
in a similar pattern relative to TSSs (Supplementary Fig-
ure S9A-C). However, the different TF enrichments were
found at those exclusive peaks (Supplementary Figure SOA-
C). All of observations suggested that FACT-seq could de-
code H3K27ac profiles in FFPE samples with high sensitiv-
ity, but the epitope retrieval is essential there.

To further confirm that our FACT-seq worked effec-
tively in FFPE samples, we had performed H3K27ac
FACT-seq in mouse FFPE livers with 100 000 FFPE nu-
clei under the same epitope retrieval conditions in mouse
FFPE kidneys and compared it with H3K27ac FiTAc-seq
data from mouse FFPE liver sections and frozen mouse
liver ENCODE H3K27ac ChIP-seq data (Supplementary
Figure S10). Our comprehensive comparisons, including
genome-wide correlations in peak enrichment of sequenc-
ing reads (Supplementary Figure SI0A-C), FRiP (Supple-
mentary Figure S10D), library complexity (Supplementary
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Figure S10E), genomic annotation (Supplementary Figure
S10F and G) and proportion of overlapping peaks (Sup-
plementary Figure SIOH) among the sequencing libraries
of FACT-seq, FiTAc-seq and ENCODE ChIP-seq further
demonstrated that FACT-seq could profile H3K27ac in
FFPE samples with high sensitivity.

Next, we checked the sensitivity of H3K27ac FACT-Seq
by using different numbers (ranging from 1000 to 10 000) of
purified mouse FFPE kidney nuclei after the step of epitope
retrieval (see Materials and Methods, Figure SA-F, Supple-
mentary Figure S11). Our multiangle comparison proved
that FACT-seq resulted in similar H3K27ac profiles using
as few as 1000 purified mouse FFPE kidney nuclei (Figure
5A—F, Supplementary Figure S11). However, we learned
that a proportion of nuclei were lost during the nuclei isola-
tion step and epitope retrieval. Then, we aimed to assess
the lowest amounts of nuclei on the FFPE tissue section
needed for FACT-seq. To do so, we first calculated the nu-
cleus recovery rate during the nuclei isolation from FFPE
tissue sections and epitope retrieval steps by using both one
whole mouse FFPE kidney section (Figure 5G) and a small
piece of FFPE tissue (Figure SH). We concluded the nu-
cleus recovery rate was ~50% at the step of nuclei isola-
tion (53.49% for the big FFPE tissue section, and 42.04%
for the small FFPE tissue section) (Supplementary Figure
S11C). The average of nucleus recovery rate after epitope
retrieval was 55.95% (ranging from 34% to 98%) (Supple-
mentary Figure S11D). Thus, the nucleus recovery rate from
tissue sectioning to epitope retrieval was ~25-30%. Taken
together, we assumed that ~4000 nuclei on the FFPE tis-
sue section were needed for FACT-seq. To confirm our hy-
pothesis, we counted 4000 nuclei under the microscope, dis-
sected such small piece of FFPE tissue (Figure SH), isolated
nuclei and performed H3K27ac FACT-seq with all nuclei
from this small piece of FFPE tissue. The comprehensive
comparison (Figure SA—F, Supplementary Figure S11E-G)
of the H3K27ac FACT-seq data generated from different
amounts of FFPE nuclei clearly demonstrated that we could
accurately profile H3K27ac modifications in FFPE samples
from a very small FFPE tissue section containing ~4000
nuclei. We also performed H3K27ac FACT-seq on mouse
FFPE kidney tissue sections of different thickness (5-, 7-,
10-wm) with an area of ~3 x 5 mm?. Our results showed
that FACT-seq could be applied to a 10-pm-thick tissue
section (Supplementary Figure S12) but was not optimal
for 5- and 7-pm-thick FFPE tissue sections. We found that
the majority of sequencing reads (80.57-94.39%) from 5-
and 7-pm thick FFPE tissue sections could not be mapped
to the reference genome, where a large proportion of un-
mapped reads (>50%) were from primer dimers (Supple-
mentary Table S1). It has been reported that the diameter of
the mammalian nucleus is 6-10 pwm (82), and we suspected
that there are potentially plenty of nonintact nuclei in 5-
to 7- wm-thick FFPE tissue sections. The chromatin struc-
ture in those nonintact nuclei could be destroyed during the
nuclei isolation, epitope retrieval and long FACT-seq proce-
dures, resulting in low-quality histone modification profiles.
Thus, we proposed that FFPE tissue sections with thick-
nesses greater than the diameter of nucleus should be used
in FACT-seq. This observation is also in agreement with the
finding in our recently established FFPE-ATAC technology
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(45), where 5- and 7- wm-thick FFPE tissue sections were
not optimal for chromatin accessibility profiling in FFPE
samples.

Furthermore, we performed FACT-seq by targeting the
repressive histone modification H3K27me3 in FFPE sam-
ples (Figure 6). We used the same epitope retrieval con-
ditions for active histone modification H3K27ac to per-
form epitope retrieval of the repressive histone modifi-
cation H3K27me3 and found that the signal intensity
of H3K27me3 also significantly increased with immunos-
taining (Figure 1F). However, the genome-wide correla-
tion of mouse FFPE kidney H3K27me3 FACT-seq under
this epitope retrieval condition and frozen mouse kidney
H3K27me3 CUT&Tag was very low (Supplementary Fig-
ure S13A, R = 0.65). In addition, the sequencing signal
enrichment of mouse FFPE kidney H3K27me3 FACT-seq
with this epitope retrieval condition at TSSs was completely
different from frozen mouse kidney H3K27me3 CUT&Tag
and ENCODE frozen mouse kidney H3K27me3 ChIP-seq
(Supplementary Figure S13B). Thus, we assumed that the
epitope retrieval condition for active histone markers was
not optimal for repressive histone markers. One possibility
is that the solubility of heterochromatin and euchromatin is
quite different in FFPE samples (83), and harsher chem-
ical treatment conditions for epitope retrieval are needed
for repressive histone modifications. Thus, we optimized
the epitope retrieval conditions for H3K27me3 with puri-
fied FFPE nuclei by increasing the detergent concentration
in the epitope retrieval solution and using higher temper-
atures during epitope retrieval (see Materials and Meth-
ods). We first chose conditions of epitope retrieval to check
the nuclei integrity by using microscopy imaging of nu-
clei staining (see Materials and Methods), and then pre-
pared mouse FFPE kidney H3K27me3 FACT-seq libraries
in conditions where the nuclei were still intact. The sequenc-
ing libraries of mouse FFPE kidney H3K27me3 FACT-seq
from different epitope retrieval conditions were compared
to ENCODE frozen mouse kidney H3K27me3 ChIP-seq
and frozen mouse kidney H3K27me3 CUT&Tag (Supple-
mentary Figure S13A, Figure 6). With a series of optimiza-
tions, we found that the Pearson correlation between mouse
FFPE kidney H3K27me3 FACT-seq and frozen mouse kid-
ney H3K27me3 CUT&Tag increased to 0.76 (Figure 6A—
C), while the correlation between mouse FFPE kidney
H3K27me3 FACT-seq and ENCODE frozen mouse kid-
ney H3K27me3 ChIP-seq reached 0.82 (Figure 6C) under
the epitope retrieval condition of 0.1% sodium dodecyl sul-
fate (SDS) plus 0.1% sodium deoxycholate with a 1-hour
incubation at 65°C. With such a harsher condition of epi-
tope retrieval, mouse FFPE kidney H3K27me3 FACT-seq
sequencing libraries have good reproducibility (Supplemen-
tary Figure S13D), and the signal enrichment at TSSs (Sup-
plementary Figure S13B) and the genomic features of the
mouse FFPE kidney H3K27me3 FACT-seq sequencing li-
brary (Supplementary Figure S13E, F) had high similarity
to the ENCODE frozen mouse kidney H3K27me3 ChIP-
seq and the frozen mouse kidney H3K27me3 CUT&Tag se-
quencing libraries. The FRiP from H3K27me3 FACT-seq
under harsh epitope conditions was 18.29 + 1.84% (Figure
6D), which was similar to that of ENCODE H3K27me3
ChIP-seq (15.32% = 0.70%), but 2-3-fold lower than that
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Figure 6. FACT-seq maps of genome-wide H3K27me3, H3K36me3 and H3K4mel modifications in FFPE mouse kidney nuclei with high sensitivity. (A)
Genome browser tracks for H3K27me3 sequencing libraries in mouse kidney nuclei: results from H3K27me3 FACT-seq of mouse FFPE kidney nuclei,
H3K27me3 CUT&Tag of frozen mouse kidney nuclei, ENCODE H3K27me3 ChIP-seq of frozen mouse kidney nuclei, and CUT&Tag IgG control of frozen
mouse kidney nuclei. The gene names are shown at the bottom. Chr. = Chromosome. SDS = Sodium dodecyl sulfate, SD = Sodium Deoxycholate. (B)
Pearson correlation heat map showing sample-by-sample unsupervised clustering of all peaks identified across different types of libraries for H3K27me3.
(C) Genome-wide correlation of H3K27me3 sequencing libraries in mouse kidney nuclei under different conditions: H3K27me3 FACT-seq of mouse
FFPE kidney nuclei, H3K27me3 CUT&Tag of frozen mouse kidney nuclei, and ENCODE H3K27me3 ChIP-seq of frozen mouse kidney nuclei. Each dot
represents one peak. R = Pearson correlation. (D) Quantification of the fraction of reads in peaks (FRiP) for different sequencing libraries of H3K27me3.
(E) Comparison of library complexity for H3K27me3 CUT&Tag from frozen mouse kidneys and H3K27me3 FACT-seq from FFPE mouse kidneys with
different epitope retrieval conditions. (F) Correlation of H3K4mel sequencing libraries generated from different methods: H3K4mel FACT-seq of mouse
FFPE kidney nuclei, H3K4mel CUT&Tag of frozen mouse kidney nuclei, and ENCODE H3K4mel ChIP-seq of frozen mouse kidney nuclei. Each
dot represents an individual peak. Peaks analyzed were derived from a union peak set using data from all different sequencing libraries. R = Pearson
correlation. (G) Pearson correlation heat map showing sample-by-sample unsupervised clustering of all peaks identified across different types of libraries
for H3K36me3 and H3K4mel. (H) Correlation of H3K36me3 sequencing libraries generated with different methods: H3K36me3 FACT-seq of mouse
FFPE kidney nuclei, H3K36me3 CUT&Tag of frozen mouse kidney nuclei, and ENCODE H3K36me3 ChIP-seq of frozen mouse kidney nuclei. Each
dot represents an individual peak. Peaks analyzed were derived from a union peak set using data from all different sequencing libraries. R = Pearson
correlation. (I) Quantification of the fraction of reads in peaks (FRiP) for different sequencing libraries of H3K36me3 and H3K4mel. (J) Comparison of

library complexity for different sequencing libraries of H3K36me3 and H3K4mel.
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of H3K27me3 CUT&Tag in frozen samples (45.45% =+
2.26%). The library complexity of FACT-seq for different
epitope retrieval conditions was similar (Figure 6E), and
much higher than that of the CUT&Tag sequencing li-
braires. There was also a large proportion of overlapping
peaks between mouse FFPE kidney H3K27me3 FACT-seq
and ENCODE frozen mouse kidney H3K27me3 ChIP-seq
and frozen mouse kidney H3K27me3 CUT&Tag (Supple-
mentary Figure SI4A—C). Thus, we concluded that FACT-
seq could be used to profile the repressive histone marker
H3K27me3 in FFPE samples but harsh epitope retrieval
conditions are needed.

Finally, we tested whether we could use the same epi-
tope retrieval conditions for different histone modifications.
We used harsh epitope retrieval condition (optimal epitope
retrieval condition for H3K27me3) for H3K27ac FACT-
seq in mouse FFPE kidneys, and we found that signal
enrichment around TSSs from H3K27ac FACT-seq with
harsh epitope retrieval conditions completely disappeared
(Supplementary Figure S15A). We also profiled the other
two histone modifications in mouse FFPE kidney sam-
ples, H3K36me3 and H3K4mel, with both mild (optimal
epitope retrieval condition for H3K27ac) and harsh (opti-
mal epitope retrieval condition for H3K27me3) epitope re-
trieval conditions. Our comprehensive characterization of
H3K36me3 FACT-seq and H3K4mel FACT-seq (Figure
6F-J, Supplementary Figure S15B-J) by comparison with
the sequencing libraries of CUT&Tag and ENCODE ChIP-
seq, clearly indicated that harsh epitope retrieval conditions
are needed for H3K36me3, and mild epitope retrieval con-
ditions are optimal for H3K4mel. Thus, we proposed that
epitope retrieval conditions for FACT-seq in FFPE samples
may be histone modification dependent but could be opti-
mized based on these mild and harsh conditions and judged
with sequencing results.

Taken together, accurate mapping of different histone
modifications, H3K27ac, H3K27me3, H3K36me3 and
H3K4mel, with low numbers of isolated FFPE nuclei from
FFPE tissue sections demonstrates that FACT-seq can serve
to profile histone modifications from FFPE samples with
high sensitivity.

FACT-seq reveals the disease-specific super enhancers in
archived FFPE human colorectal and human glioblastoma
cancer tissue

Finally, we applied the FACT-seq method to archived FFPE
human colorectal (CRC) and human glioblastoma multi-
forme (GBM) cancer tissue, where we performed H3K27ac
FACT-seq on one CRC and four GBM FFPE samples.
The sequencing libraries of H3K27ac FACT-seq from both
the CRC and GBM samples showed good technical repro-
ducibility in terms of the genome wide sequencing read
correlation (R values ranging from 0.89 to 0.94, Supple-
mentary Figure S16A) and in the proportion of overlap-
ping peaks (Supplementary Figure S16B). In addition, se-
quencing reads from all H3K27ac FACT-seq libraries were
strongly enriched at the TSS (Supplementary Figure S16C).
Furthermore, we downloaded published RNA-seq data of
CRC (84) and GBM (85), and correlated gene expression
levels with the H3K27ac signal intensity for CRC and GBM
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(Figure 7A, Supplementary Figure S16D, E). In brief, genes
were first categorized into four ranks (from high gene ex-
pression to low gene expression: top 25%, 25-50%, 50-75%
and 75-100%) (86) using the RNA-seq data of both hu-
man CRC (84) and human GBM (85), and the signal in-
tensity of H3K27ac at the TSSs (£3 kb) was compared
among these four categories (Figure 7A, Supplementary
Figure S16D, E). The results clearly showed that there was
higher H3K27ac signal enrichment at high ranks of gene
expression in both human CRC and human GBM, which
further suggests that our H3K27ac FACT-seq data from hu-
man CRC and human GBM are reliable. In addition, the ge-
nomic annotation of H3K27ac peaks (Supplementary Fig-
ure S16F and G), FRiP (from 15.45% to 31.88%) (Figure
7B) and library complexity (Figure 7C) from those clinical
archived FFPE samples were all in reasonable ranges. When
we clustered all H3K27ac FACT-seq peaks from the one
CRC and four GBM samples with the non-negative matrix
factorization (NMF) method, we found that two clusters
were the best to characterize all H3K27ac FACT-seq peaks
(Figure 7D, Supplementary Figure S16H), where samples
from CRC were in one cluster, and samples from GBM were
in the other (Figure 7D). Because H3K27ac has been used
for super enhancer identification (61), we used H3K27ac
FACT-seq to identify super enhancers using the published
algorithm (61,62). With this approach, we identified 1206
super enhancers in the CRC samples (Figure 7E, Supple-
mentary Table S2), and 492 super enhancers in the GBM
samples (Figure 7F, Supplementary Table S3). We also com-
pared the list of super enhancers in our study with the re-
ported list of super enhancers from other GBM clinical
samples (87), and we found that 310 of 482 super enhancers
identified in our samples overlapped with the reported super
enhancers in GBM clinical samples (Supplementary Figure
S161, Supplementary Table S4), which further proved the
accuracy of FACT-seq in profiling H3K27ac histone mod-
ifications from FFPE samples. Among the list of super en-
hance genes, Tumor suppressor genes and oncogenes (71)
were identified in GBM and CRC (Figure 7E, F, Supple-
mentary Table S2, S3). The tumor suppressor gene, ERBB
receptor feedback inhibitor (ERRFII), ranked in the top 10
for CRC (Figure 7E and G), but was not found in the super
enhancer list of GBM. ERRFII is reported to be a nega-
tive regulator of epidermal growth factor receptor (EGFR)
(88), and has been investigated with regard to drug resis-
tance in CRC (89). Interestingly, EGFR was ranked in the
top 4 for GBM (Figure 7F and H), and was also listed as a
super enhancer of CRC (Figure 7E), but with a rank of 120.
The high rank of EGFR in the super enhancer list of GBM
properly reflects the important function of EGFR in GBM
progression (90,91). In addition, we also found that another
CRC-relevant oncogene, MET (92), is listed in the top 10
CRC super enhancer list (Figure 7E, Supplementary Fig-
ure S16J, Supplementary Table S2). Furthermore, we per-
formed the ontological enrichment (65) of super enhancer
associated genes in GBM and CRC (Figure 71 and J). Inter-
estingly, tissue migration epithelial, regulation intracellular
stimulus and other ontological pathways (Figure 71) were
identified in the list of CRC super enhancers, but ontologi-
cal pathways from nervous system development (Figure 7J)
are enriched in the super enhancer list of GBM. Thus, we
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concluded that FACT-seq serves to identify disease-specific
super enhancers using low numbers of nuclei prepared from
a single clinically archived FFPE tissue section.

DISCUSSION

FFPE tissue samples represent a large source of material for
epigenetic analysis in both basic research and clinical trans-
lational studies (93). The successful application of ChIP-seq
in FFPE tissues, PAT-ChIP (14,15), (FiT-seq) (7), FiTAc-
seq) (16) and other similar technologies (17), makes it pos-
sible to map histone modifications in clinically archived
FFPE tissue; however, a large amount of input materials
from clinical samples are required for these technologies
(7,18). Thus far, the material has not been widely used in
epigenetic studies because of the lack of sufficiently sensi-
tive detection technologies (7,16). Combining a novel fu-
sion protein of hyperactive Tn5 transposase and protein A
(T7—pA—Tn5) transposition and T7 in vitro transcription,
we developed the first highly sensitive technology for profil-
ing histone modifications in clinically archived FFPE sam-
ples. We demonstrated that FACT-seq is a robust tool to de-
code genome-wide histone modifications using a tiny FFPE
tissue containing ~4000 nuclei. FACT-seq is a sonication-
free method, and could thus minimize potential sequence
bias introduced by sonication procedures. In CUT&Tag
and similar technologies, one insertion event or unpaired
pA-Tn5 adaptor insertions from pA-TnS transposition
could not be amplified with PCR (75). Since the IVT de-
pends on only one insertion of the T7 promoter, one inser-
tion event and unpaired adaptor insertions at the targeting
sites from T7—pA—Tn5 could be detected with FACT-seq
during IVT. Thus, the library complexity of FACT-seq is
higher than that of CUT&Tag or similar technologies. Re-
cently, a similar technology TIP-seq (43), was established by
an independent group, who also proved that the linear am-
plification feature of T7 in vitro transcription on pA-Tn5
could increase the sequencing library complexity of target-
ing protein:DNA binding sites.

In our currently established FACT-seq protocol, 5 work-
ing days are needed from cutting the FFPE tissue section
to sequencing library readiness, which is in the same time
scale of other histone modification profiling technologies
for FFPE samples (7,16), but is much longer than that of
high sensitivity technologies working with non-FFPE sam-
ples (20-39,75). There is a great need to reduce the timing
in the future by further optimizing the protocol. We also
learned that epitope retrieval is essential in FACT-seq but
histone marker dependent, thus, it will be very helpful to
further optimize a generic epitope retrieval condition for all
histone modifications. Furthermore, we noticed that some
proportion of nuclei was lost during nuclei isolation and
epitope retrieval, and a better nuclei isolation protocol for
FACT-seq is needed in the future.

The high sensitivity of FACT-seq, consuming minimal
amounts of clinical materials, makes it possible to combine
epigenetic profiling with other clinical-pathological param-
eters for clinical diagnosis. The successful profiling of the
disease specific super enhancer from the clinically archived
CRC and GBM FFPE samples makes FACT-seq a pow-
erful tool in preclinical studies and for precision medicine.
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In addition, FACT-seq has the potential to extend our cur-
rent understanding of the cancer epigenome by combining
it with other omics data from the same FFPE materials.
FACT-seq can have broad applications both in basic re-
search and clinical settings. Most of available high sensitiv-
ity technologies for profiling histone modifications involv-
ing non-FFPE biological materials are already at the single-
cell level (20-39), thus, it would be of great interest to push
the resolution of FACT-seq to the single cell level and to in-
vestigate epigenetic heterogeneity in clinical samples in the
near future.
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