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Archived formalin-fixed paraffin-embedded (FFPE) samples are the global standard format for preservation of the majority
of biopsies in both basic research and translational cancer studies, and profiling chromatin accessibility in the archived FFPE
tissues is fundamental to understanding gene regulation. Accurate mapping of chromatin accessibility from FFPE specimens
is challenging because of the high degree of DNA damage. Here, we first showed that standard ATAC-seq can be applied to
purified FFPE nuclei but yields lower library complexity and a smaller proportion of long DNA fragments. We then present
FFPE-ATAGC, the first highly sensitive method for decoding chromatin accessibility in FFPE tissues that combines Tn5-me-
diated transposition and T7 in vitro transcription. The FFPE-ATAC generates high-quality chromatin accessibility profiles
with 500 nuclei from a single FFPE tissue section, enables the dissection of chromatin profiles from the regions of interest
with the aid of hematoxylin and eosin (H&E) staining, and reveals disease-associated chromatin regulation from the human
colorectal cancer FFPE tissue archived for >10 yr. In summary, the approach allows decoding of the chromatin states that
regulate gene expression in archival FFPE tissues, thereby permitting investigators to better understand epigenetic regula-

tion in cancer and precision medicine.
[Supplemental material is available for this article.]

Decoding the landscapes of chromatin regulatory elements in hu-
man disease, specifically cancer, is of critical importance in pre-
clinical diagnosis and treatment (Qu et al. 2017). Recently
developed technologies, such as the assay for transposase-accessi-
ble chromatin by sequencing (ATAC-seq) (Buenrostro et al. 2013)
and DNase I hypersensitivity sequencing (DNase-seq) (Jin et al.
2015), allow profiling of chromatin accessibility in cells and frozen
tissues. Archived formalin-fixed paraffin-embedded (FFPE) tissues
are the global standard format for preservation of the majority of
biopsies in basic research and translational cancer studies (Fox
1985), and it has been reported that more than 20 million FFPE
specimens are newly archived every year in the United States alone
(Waldron et al. 2012). Accordingly, profiling gene regulation in
the archived FFPE tissue can be invaluable for translational cancer
research. Chromatin structure is still preserved during FFPE sample
preparation and long-term storage (Fanelli et al. 2010; Jin et al.
2015; Cejas et al. 2016). However, it has proven difficult to apply
the currently available highly sensitive chromatin accessibility de-
coding technologies to FFPE tissue samples because of the high de-
gree of DNA damage that occurs during sequencing library
preparation of these samples (Chin et al. 2020). Moreover, it is de-
sirable that a minimum number of FFPE tissue sections be used in
the analysis, as the tissues of interest are limited. The currently re-
quired input for chromatin structure studies from FFPE samples is
either couples of tissue sections or whole-tissue blocks (Fanelli
et al. 2010; Jin et al. 2015; Cejas et al. 2016), and this precludes
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conducting analyses at high resolution. To this end, we developed
FFPE-ATAC, the first highly sensitive method for decoding the
chromatin accessibility in FFPE tissues, by combining the Tn5-me-
diated transposition and T7 in vitro transcription.

Results
Standard ATAC-seq on FFPE samples

During formalin fixation, the formaldehyde in the formalin reacts
with primary amines to form Schiff bases and reacts with the am-
ides to form hydroxymethyl compounds, resulting in the forma-
tion of large chromatin complexes (Fox 1985). To decode the
chromatin states in the FFPE samples, it is essential to disrupt these
chromatin complexes using reverse cross-linking (Fanelli et al.
2010; Cejas et al. 2016). In standard ATAC-seq for live cells or fro-
zen tissues, accessible genomic sites are amplified and enriched
through the polymerase chain reaction (PCR) by using primers
that hybridize with the universal TnS adaptors (Buenrostro et al.
2013). In our previously established ATAC-see (Chen et al. 2016)
and Pi-ATAC (Chen et al. 2018) technologies, we used a reverse
cross-linking step to remove mild formaldehyde cross-linking
and performed ATAC-seq in the mildly fixed cells at the bulk
and single-cell levels. However, we learned that the reverse cross-
linking step can cause a high degree of DNA damage and can intro-
duce DNA breaks in extensively fixed cells and the FFPE tissues
(Fig. 1A; Martelotto et al. 2017). Furthermore, we assumed that if
such DNA breaks occur at accessible chromatin sites in FFPE tis-
sues, this might hamper PCR amplification of those accessible
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Figure 1.

Standard ATAC-seq on FFPE samples and design of FFPE-ATAC. (A) DNA damage on accessible chromatin sites in FFPE samples hampers PCR

amplification in standard ATAC-seq on FFPE samples. (B-E) Comparison of DNA fragment size distribution (B,C) and library complexity (D, E) from standard
ATAC-seq on frozen mouse liver and kidney and from standard ATAC-seq on FFPE mouse liver and kidney. (f, G) Quality-control metrics of standard ATAC-
seq on frozen mouse liver (F) and kidney (G), and standard ATAC-seq on FFPE mouse liver (F) and kidney (G). (Lib size) Total sequencing reads of sequenc-
ing library (million); (%Mito) percentage of mitochondria; (TSS) enrichment score at transcription start sites (TSSs); (FRiP) fraction of reads in peaks. (H,/)
Comparison of chromatin accessibility between standard ATAC-seq on frozen samples and FFPE samples. (Left) Genome-wide comparison of accessible
chromatin regions. (R) Pearson’s correlation. (Middle) Differential peak analysis between standard ATAC-seq on frozen samples and FFPE samples. (FDR)
False-discovery rate. (Right) Distribution of the more accessible regions from frozen and FFPE mouse samples across TSSs. (/) Design of FFPE-ATAC by com-

bining T7-Tn5 transposase tagmentation and T7 in vitro transcription.

chromatin sites with the standard ATAC library preparation strat-
egy (Fig. 1A). To test our hypothesis, we developed an optimized
protocol for the isolation of high-quality nuclei from mouse liver
and kidney FFPE tissue sections with 20 ym in thickness (see
Methods) (Supplemental Fig. S1A,B). Following the reverse cross-
linking strategy, we indeed observed many DNA breaks in the ge-
nomic DNA purified from isolated FFPE nuclei (Supplemental Fig.
S1C). In addition, only short fragments were obtained when the
standard ATAC-seq procedure was used on 50,000 nuclei isolated
from mouse FFPE liver and kidney tissues (see Methods)
(Supplemental Fig. S1D,E), suggesting that DNA breaks indeed oc-
cur at accessible chromatin sites with long DNA lengths and that
this further hampers PCR amplification of those regions (Fig.
1A). We then sequenced the libraries obtained through standard

ATAC-seq on isolated FFPE nuclei (Supplemental Fig. S2A), and
prepared standard ATAC-seq libraries on frozen samples collected
from the same mouse liver and kidney samples as FFPE samples
(Supplemental Fig. S2B). Then, we compared the sequencing li-
braries obtained by standard ATAC-seq on FFPE samples with those
obtained by standard ATAC-seq on frozen samples (Fig. 1B-I; Sup-
plemental Figs. S2, S3; Supplemental Code). This resulted in sever-
al findings. First, the proportion of long DNA fragments (>146 bp)
obtained from standard ATAC-seq on FFPE samples (30.76% +
1.38% for liver and 43.15%+0.5% for kidney) was lower than
that obtained from standard ATAC-seq on frozen samples
(50.02% £ 4.7% for liver and 59.17%+ 2.57% for kidney) (Fig. 1B,
C). Furthermore, the proportion of mononucleosome fragments
enriched at transcription start sites (TSSs) was also lower from
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the standard ATAC-seq on FFPE samples (Supplemental Fig. S2C,
D). Second, the library complexity obtained from standard
ATAC-seq on FFPE samples was much lower than that obtained
through standard ATAC on frozen samples (Fig. 1D,E). Third, the
proportion of mitochondrial reads obtained from standard
ATAC-seq on FFPE samples (27%-42%) was much higher than
that obtained through standard ATAC-seq on frozen samples
(2%-6%) (Fig. 1F,G). Because all of the ATAC-seq libraries were pre-
pared from purified nuclei, the sequencing libraries should con-
tain very limited amounts of mitochondrial DNA. The high
proportion of mitochondrial reads obtained through standard
ATAC-seq on FFPE samples may be because the library complexity
from genomic DNA in FFPE samples is low, and PCR amplification
enriches a high percentage of mitochondria. Fourth, high TSS en-
richment scores (score number: 27-30) and the high number frac-
tion of reads in peaks (FRiP) (>40%) were obtained from standard
ATAC-seq on FFPE samples (Fig. 1F,G; Supplemental Fig. S2E, F).
Standard ATAC-seq on FFPE samples also showed good genome-
wide correlation with the results of standard ATAC-seq on frozen
tissue (mouse liver: R=0.87, mouse kidney: R=0.85) (Fig. 1H,]),
and the distribution of sequencing reads in the genome from stan-
dard ATAC-seq on FFPE samples was similar to the distribution ob-
tained by standard ATAC-seq on frozen tissue (Supplemental Fig.
S2G,H). In addition, a large proportion of the peaks obtained by
standard ATAC-seq by standard ATAC-seq on FFPE samples and
standard ATAC-seq on frozen tissue overlapped (Supplemental
Fig. S3A,B). Exclusive peaks from standard ATAC-seq on FFPE sam-
ples and standard ATAC-seq on frozen tissue are distributed ran-
domly in the genome and display similar enrichments of
transcription factors (TFs) (Supplemental Fig. S3A,B). Fifth, howev-
er, we noticed that a proportion of the accessible regions are much
more open in frozen samples than in FFPE samples (Fig. 1H,I). On
differential peak analysis (Log, [fold change] >3, P<0.01) (Supple-
mental Code; Love et al. 2014), many more accessible chromatin
regions were identified in the frozen samples (n=1598 in mouse
liver and n=495 in mouse kidney), but almost no more accessible
chromatin regions were identified in the FFPE samples (n=0 in
mouse liver and n=3 in mouse kidney) (Fig. 1H,I), suggesting
that standard ATAC-seq on FFPE samples failed to detect a propor-
tion of the accessible chromatin sites. To further investigate
whether the more accessible regions in standard ATAC-seq on fro-
zen samples represent sites at which DNA breaks occurred in the
FFPE samples, we calculated the number of sequencing reads ob-
tained for those regions in standard ATAC-seq on FFPE samples
and found that for 66.33% (1060/1598) of those regions in FFPE
mouse liver and 55.77% (256/459) of those regions in FFPE mouse
kidney, no sequencing reads were detected (Supplemental Tables
S1, S2). This strongly suggests that DNA breaks potentially occur
at those sites in FFPE samples and further hamper PCR amplifica-
tions of them. We also noticed that the more accessible regions
in standard ATAC-seq on frozen samples were mainly located at re-
gions distal (>10 kb) to the TSS (Fig. 1H,1).

Taken together, our results show that the transposase-mediat-
ed technology, ATAC-seq, can be applied to FFPE samples consist-
ing of nuclei isolated through an optimized procedure. However,
we learned that DNA breaks at accessible chromatin sites in FFPE
samples potentially hamper PCR amplification of these regions
when standard ATAC-seq is used. We concluded that standard
ATAC-seq libraries on FFPE samples have lower library complexity
and a lower proportion of long DNA fragments and lack a propor-
tion of the accessible chromatin sites compared with libraries pre-
pared by standard ATAC-seq on frozen samples.

The design of FFPE-ATAC

To increase the library complexity and rescue lost accessible re-
gions in standard ATAC-seq on FFPE samples, we developed
FFPE-ATAC to decode chromatin accessibility in FFPE tissues by
combining TnS-mediated transposition and T7 in vitro transcrip-
tion (IVT) (Fig. 1J). During TnS transposition in FFPE samples,
TnS5 adaptors are inserted into the genome after FFPE sample prep-
aration; they are therefore unlikely to undergo the DNA breakage
that occurs during reverse cross-linking of FFPE samples and
should therefore remain at the ends of broken accessible chroma-
tin sites after reverse cross-linking. We reasoned that by adding a
T7 promoter sequence to the TnS adaptor (Fig. 1; Supplemental
Fig. S4A), we could use IVT to convert the two ends of the broken
DNA fragments to RNA molecules before preparing sequencing li-
braries from the IVT RNAs, and further decode the TnS adaptors’
insertion sites in the genome (Fig. 1J). Through this strategy, we
could decode the flanking sequences of the accessible chromatin
despite the fact that there were breaks between adjacent pairs of
T7-TS adaptor insertion sites. It was found that TnS activity is
very robust, given the different sequence modifications on the
TnS adaptor (Chen et al. 2016, 2017; Sos et al. 2016; Xie et al.
2020; Payne et al. 2021). Thus, we designed, produced, and opti-
mized a TnS5 adaptor with an added T7 promoter sequence, termed
T7-TnS5 (see Methods) (Supplemental Fig. S4A). T7-TnS retains the
activity of the standard TnS (see Methods) (Supplemental Fig.
S$4B). To test our hypothesis that the T7-TnS adaptors remain at
the ends of the accessible chromatin DNA fragments despite the
DNA breaks that result from reverse cross-linking, we performed
IVT on single nuclei obtained from FFPE samples of mouse liver
and kidney after T7-Tn5 transposition. We found that RNA frac-
tions from these two FFPE tissues contained both short and long
RNA (Supplemental Fig. S4C). This result suggests that the T7 pro-
moter is still present at the ends of the broken accessible chromatin
sites in the long-term fixed FFPE samples after reverse cross-linking
and that the insertion sites of T7-Tn5 adaptors in the genome
could be decoded in RNA molecules from IVT even when only
oneT7-TnS adaptor was present at the end of the broken DNA mol-
ecules. Our results indicate that use of a combination of Tn5 trans-
position and T7 IVT could be of value for performing FFPE-ATAC
and that it potentially rescues broken DNA fragments in FFPE sam-
ples at accessible chromatin regions.

Proof of concept of FFPE-ATAC with mouse FFPE liver
and kidney samples

Next, we proved the principle of FFPE-ATAC using sets of 500-
50,000 nuclei purified from individual FFPE tissue sections of
mouse liver or mouse kidney sectioned at various thicknesses
(Fig. 2A-M; Supplemental Figs. S5-S11).

First, we cut a mouse liver into two parts: One part was frozen,
and the other was prepared as an FFPE block (see Methods)
(Supplemental Fig. S5A). We performed FFPE-ATAC on nuclei pu-
rified from frozen mouse liver and FFPE mouse liver (see Methods)
(Supplemental Fig. S5A). Sequencing libraries obtained from fro-
zen mouse liver by FFPE-ATAC had good genome-wide reproduc-
ibility (Supplemental Fig. S5B). The sequencing reads of the
libraries were enriched at the TSS (Supplemental Fig. S5C), but
the TSS enrichment score was 1.5- to 2.5-fold lower than those
of libraries obtained by standard ATAC-seq on frozen samples
(Fig. 2B). However, the sequencing library complexity obtained
from FFPE-ATAC on frozen mouse liver is much higher than that
obtained from standard ATAC-seq on frozen mouse liver (Fig.
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Figure 2. FFPE-ATAC decodes chromatin accessibility with low cell numbers obtained from FFPE tissue sections. (A) Workflow of FFPE-ATAC. (B) Quality-
control metrics of FFPE-ATAC on frozen mouse liver and FFPE mouse liver, and standard ATAC-seq on frozen mouse liver and FFPE mouse liver. (Lib size) Total
sequencing reads of sequencing library (million); (%Mito) percentage of mitochondria; (TSS) enrichment score at transcription start sites (TSSs); (FRiP) frac-
tion of reads in peaks. (C,D) Comparison of sequencing library complexity (C) and genome browser tracks (D) from FFPE-ATAC on frozen mouse liver and
FFPE mouse liver, and standard ATAC-seq on frozen mouse liver and FFPE mouse liver. (Chr.) Chromosome. (E-G) Comparison of chromatin accessibility from
different conditions: standard ATAC-seq on frozen mouse liver versus FFPE-ATAC on frozen mouse liver (E), FFPE-ATAC on frozen mouse liver versus FFPE-
ATAC on FFPE mouse liver (F), and FFPE-ATAC on FFPE mouse liver versus standard ATAC-seq on FFPE mouse liver (G). (Top) Genome-wide comparison
of accessible chromatin regions. (R) Pearson’s correlation. (Middle) Differential peak analysis. (FDR) False-discovery rate. (Bottom) Distribution of the more
accessible regions from each condition across TSSs. (H) Quality-control metrics of FFPE-ATAC on frozen mouse kidney and FFPE mouse kidney and standard
ATAC-seq on frozen mouse kidney and FFPE mouse kidney. (Lib size) Total sequencing reads of sequencing library (million); (%Mito) percentage of mito-
chondria; (TSS) enrichment score at TSSs; (FRiP) fraction of reads in peaks. (/,/) Comparison of sequencing library complexity (/) and genome browser tracks
(J) from FFPE-ATAC on frozen mouse kidney and FFPE mouse kidney and standard ATAC-seq on frozen mouse kidney and FFPE mouse kidney. (Chr.)
Chromosome. (K-M) Comparison of chromatin accessibility from different conditions: standard ATAC-seq on frozen mouse kidney versus FFPE-ATAC on
frozen mouse kidney (K), FFPE-ATAC on frozen mouse kidney versus FFPE-ATAC on FFPE mouse kidney (L), and FFPE-ATAC on FFPE mouse kidney versus stan-
dard ATAC-seq on FFPE mouse kidney (M). (Top) Genome-wide comparison of accessible chromatin regions. (R) Pearson’s correlation. (Middle) Differential
peak analysis. (FDR) False-discovery rate. (Bottom) Distribution of the more accessible regions from each condition across TSSs.
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2C). The reason for the lower complexity of standard ATAC-seq li-
braries compared with FFPE-ATAC libraries is that standard ATAC-
seq is a PCR-based method, and it requires two correct pairs of Tn5
adaptor insertions (Buenrostro et al. 2013). One insertion event or
unpaired Tn5 adaptor insertions from TnS tagmentation could not
be amplified through PCR in standard ATAC-seq but could be cap-
tured with FFPE-ATAC. FFPE-ATAC on frozen mouse liver and stan-
dard ATAC-seq on frozen mouse liver showed high similarity at the
level of chromatin accessibility at individual gene loci (Fig. 2D)
and in the distribution of sequence reads across the genome
(Supplemental Fig. S5D,E). The two libraries also showed good ge-
nome-wide correlation (R=0.72) (Fig. 2E) and displayed a large
number of overlapping ATAC peaks (53,043 overlapping peaks)
(Supplemental Fig. S6A). Some differential peaks are detected be-
tween FFPE-ATAC on frozen mouse liver and standard ATAC-seq
on frozen mouse liver (Log,[fold change] >3, P<0.01; n=262 in
FFPE-ATAC and n=1789 in standard ATAC-seq) (Fig. 2E;
Supplemental Code), which indicates that there are potentially dif-
ferent technical biases between FFPE-ATAC and standard ATAC-
seq. Our results suggested that FFPE-ATAC could accurately profile
chromatin accessibility in frozen samples with higher library com-
plexity than standard ATAC-seq. Next, we compared the sequenc-
ing libraries obtained using FFPE-ATAC with FFPE mouse livers and
frozen mouse livers. We found high similarity at the level of library
complexity (Fig. 2B), TSS enrichment score (Fig. 2C), chromatin ac-
cessibility at individual gene loci (Fig. 2D), and sequence read dis-
tribution across the genome (Supplemental Fig. S5D,E). There was
also a good genome-wide correlation (R=0.735) (Fig. 2F) and a large
number of overlapping ATAC peaks (49,530 overlapping peaks)
(Supplemental Fig. S6B). At the same time, we found that the
TSS enrichment scores obtained by FFPE-ATAC on frozen mouse
liver and FFPE mouse liver were similar to each other but were
1.5- to 2.5-fold lower than the scores obtained by standard
ATAC-seq on frozen mouse liver. This could be because of the dif-
ferent designs of FFPE-ATAC and standard ATAC-seq. Differential
peak analysis showed that only 95 more accessible chromatin re-
gions were captured from FFPE-ATAC on frozen mouse liver, but
969 more accessible chromatin regions were detected from FFPE-
ATAC on FFPE mouse liver (Fig. 2F; Supplemental Table S3). The
similar levels of library complexity obtained through FFPE-ATAC
on FFPE mouse liver and FFPE-ATAC on frozen mouse liver and
the very limited number (n=935) of more accessible chromatin re-
gions detected from FFPE-ATAC on frozen mouse liver suggest that
FFPE-ATAC can potentially decode all accessible chromatin sites in
the genome by rescuing broken DNA fragments in FFPE mouse liv-
er. However, the FRiP from FFPE-ATAC on FFPE mouse liver
(~13%) was much lower than that from FFPE-ATAC on frozen
mouse liver (~29%) (Fig. 2B); this could be because of the harsh
chemical treatments used during the preparation of FFPE samples.
Finally, we compared the sequencing libraries obtained by FFPE-
ATAC on FFPE mouse liver and by standard ATAC-seq on FFPE
mouse liver and found that the library complexity obtained from
FFPE-ATAC was much higher than that obtained from standard
ATAC-seq (Fig. 2C). Even though there is high similarity between
FFPE-ATAC on FFPE mouse liver and standard ATAC-seq on FFPE
mouse liver based on multiple comparisons (Fig. 2C,D,G;
Supplemental Fig. S6C), we identified 15,062 more accessible chro-
matin regions in FFPE-ATAC on FFPE