Published online 10 December 2019

Nucleic Acids Research, 2020, Vol. 48, No. 3 el6
doi: 10.1093/narlgkz1150

Protect-seq: genome-wide profiling of nuclease
inaccessible domains reveals physical properties of

chromatin

George Spracklin “* and Sriharsa Pradhan’

Genome Biology Division, New England Biolabs, Inc, Ipswich, MA 01938, USA

Received September 20, 2019; Revised November 11, 2019; Editorial Decision November 23, 2019; Accepted December 05, 2019

ABSTRACT

In metazoan cell nuclei, heterochromatin con-
stitutes large chromatin domains that are in
close contact with the nuclear lamina. These
heterochromatin/lamina-associated domains (LADs)
domains are difficult to profile and warrants a simpler
and direct method. Here we report a new method,
Protect-seq, aimed at identifying regions of hete-
rochromatin via resistance to nuclease degradation
followed by next-generation sequencing (NGS). We
performed Protect-seq on the human colon cancer
cell line HCT-116 and observed overlap with previ-
ously curated LADs. We provide evidence that these
protected regions are enriched for and can distin-
guish between the repressive histone modification
H3K9me3, H3K9me2 and H3K27me3. Moreover, in hu-
man cells the loss of H3K9me3 leads to an increase in
chromatin accessibility and loss of Protect-seq sig-
nal. For further validation, we performed Protect-seq
in the fibrosarcoma cell line HT1080 and found a sim-
ilar correlation with previously curated LADs and re-
pressive histone modifications. In sum, Protect-seq
is an efficient technique that allows rapid identifica-
tion of nuclease resistant chromatin, which correlate
with heterochromatin and radial positioning.

INTRODUCTION

Heterochromatin domains are linked to a number of chro-
mosomal structures and behaviors including chromosomal
topology, replication timing, transcriptional repression,
and lamina-association (1). Histone H3 lysine 9 methyla-
tion (H3K9me) is a hallmark of heterochromatin and has
been shown to be necessary for chromatin to associate with
the nuclear periphery suggesting an interplay between hi-
stone modifications and nuclear localization/LAD forma-
tion (2-4). However, recent work suggests chromosome ar-
chitecture is maintained by heterochromatin attraction to

drive phase separation independent of LAD formation (5).
Although the function of LADs remains unclear, LADs are
conserved across cell types and species and constitute more
than one-third of the genome suggesting these domains play
an important role in genome organization (4,6,7). However,
detecting such changes using current NGS approaches has
proved challenging. We set out to design a direct technique
that measures heterochromatin on the periphery and can
contribute addition layers of information which will allow
for a greater understanding of chromosome organization.

Chromatin accessibility is often measured by enzyme
accessibility. DNase-seq (8), ATAC-seq (9), MNase-seq
(10) and NicE-seq (11) all require an enzyme to cleave DNA
in order to define accessible chromatin. DNase-seq, ATAC-
seq and NicE-seq have a strong preference towards nucle-
osome free chromatin (termed open chromatin). A similar
technique, DIVA, use viral integration to distinguish be-
tween accessible and inaccessible chromatin (12,13). ATAC-
seq and DIVA both directly insert exogenous sequences into
accessible chromatin. For unknown reasons, DIVA seems to
have less bias towards open chromatin compared to ATAC-
seq and therefore demarcates accessible chromatin. Alter-
natively, MNase-seq identifies both euchromatin and het-
erochromatin, suggesting the entire genome is accessible
to nucleases (14-16). However, the degree of bias towards
euchromatin remains less unclear. Sono-seq (17), FAIRE-
seq (18) and Gradient-seq (19) use sonication to detect
chromatin accessibility of crosslinked chromatin. Gradient-
seq fractionates sonicated chromatin using a sucrose gra-
dient. Fractions enriched for larger/heavier fragments are
enriched for heterochromatin suggesting that heterochro-
matin is compacted and more resistant to perturbation.
However, multiple fractions need to be assayed to find
the sonication resistant heterochromatin (stHC) fraction.
Taken together, chromatin accessibility is a spectrum with
open chromatin as the most accessible and sonication resis-
tant chromatin as the most inaccessible chromatin.

Here, we describe a novel in situ sequencing technique
(termed Protect-seq) in which a cocktail of nucleases de-
grades chromatin that is accessible to nucleases while either
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failing to degrade inaccessible chromatin or sequestration
through tight association with the nuclear lamina. Our ap-
proach finds that chromatin near the nuclear periphery is
enriched for nuclease resistant chromatin. To validate our
approach, we applied Protect-seq to human HCT116 and
HT1080 cells and demonstrated that our approach identi-
fied known heterochromatin domains. Protect-seq is a sim-
ple, reliable, and cost-and-time effective method to quan-
tify heterochromatin domains using NGS. Importantly,
Protect-seq is a direct readout of chromatin accessibility,
which does not require multiple rounds of cell division or
ectopic transgene expression.

MATERIALS AND METHODS
Cell culture

HCT116 and DKO cells were cultured in McCoySA me-
dia. DKO cells were grown in the presence of G418, ge-
neticin. HT1080 cells were cultured in DMEM media plus
L-glutamine. All media was supplemented with 10% fetal
bovine serum (FBS) at 37°C and 5% CO,.

Crosslinking and Nuclei Preparation

Cells were grown to ~75% confluency, harvested with
trypsin, washed in 1x PBS, and frozen/stored at —80°C.
Thawed cells were fixed in 1% formaldehyde and quenched
in 0.125 M glycine, then washed twice in 1 x PBS. Fixed cells
were then resuspended in 500 pl lysis buffer (50 mM Tris—
HCI pH 8.0, 10 mM NacCl, 0.2% NP40, 1x PITC) for 30
min on ice with periodic resuspension. Lysed cells were spun
3500 RPM for 3 min and resuspended in 300 pl 1x NEB
buffer 2, spun and resuspended in 198 pl 1 x NEB buffer 2.
2l of 10% SDS was added and incubated at 65°C for 10
min. After, 400 pl 1 x NEB buffer 2 and 60 pl 10% Triton
X-100 were added to quench the SDS. Samples were incu-
bated at 37°C for 15 min. Nuclei were spun 3500 RPM for
3 min and resuspended in 300 pl 1 x NEB buffer 2, repeat
wash step.

Protect-seq protocol

Pelleted nuclei were resuspended in 183 w1 DNasel Buffer
then 2 wl 100 mM Ca®* (1 mM final), 5 wl DNase I (10 U),
5 pl MNase (10 000 U) and 5 wl RNase A (20 mg/ml)
were added (200 ul final volume). Cells plus enzyme cock-
tail were incubated at room temperature (RT) (also works
at 37°C) for 30 min. Digested cells were spun 3500 RPM
for 3 min and resuspended in 400 wl of 1x NEB buffer 2,
then rotated at RT for 15 min. Digested/Wash#1 cells were
spun 5000 RPM for 3 min and resuspended in same 200 .1
cocktail mix and incubated again at RT (or 37°C) for 30
min. Digested cells#2 were spun 10 000 RPM for 3 min and
resuspended in 400 pl of 1x NEB buffer 2, then rotate at
RT for 15 min (save aliquot for microscopy). Spin digested
cells#2 10 000 RPM for 3 min and resuspended in 200 pl of
1x NEB buffer 2, 20 pl Proteinase K (SDS optional). Di-
gest overnight at 65°C then purify using phenol/chloroform
and ethanol precipitation (compatible with silica-bead pu-
rification). Note: Nuclei clumping prevents nuclease diges-
tion. Lower temperatures helped prevent clumping.
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Illumina library preparation

DNA was quantified with Qubit (high-sensitivity) and soni-
cated using Covaris 50 p.1 300 bp protocol. [llumina libraries
were prepared using NEB Ultra IT DNA library kit using
the manufacturer’s protocol. 4-5 PCR cycles were used to
amplify NGS libraries and index samples. Note: overcycling
can introduce GC-bias and other unwanted artifacts.

Oxford nanopore library prep

Libraries were prepared using manufacturer’s protocol with
slight modifications. Protect-seq purified DNA (not frag-
mented) was treated using NEB FFPE-repair mix. Samples
were purified using (0.9x) SPRI beads, washed twice with
70% ethanol, resuspended in 25 pl water. End Prep: 25 pl
DNA, 3.5 pl Ultrall End-prep Buffer, 1.5 pl Ultrall End-
prep enzyme mix; incubate RT for 20 min then 65°C for 20
min. Adaptor Ligation: 30 wl DNA from end-prep, 20 wl
AMX adaptor, 24 w1 Ultrall ligation master mix, 1 pl Ul-
trall ligation enhancer; incubate RT 20 min.

Chromatin immunoprecipitation (ChIP) experiments

SimpleChIP® Plus Enzymatic Chromatin IP Kit (Magnetic
Beads) #9005 from Cell Signaling Technologies was used
for all ChIP-seq experiments using manufacturer’s recom-
mended protocol. Four million cells per IP. Digested chro-
matin was pooled into single tube for brief sonication to lyse
nuclei. Supernatant was then split evenly between IPs (mi-
nus 2% input). Antibodies and chromatin were incubated
overnight at 4°C, rotating. DNA was purified using spin
columns and prepared using NEB Ultra IT DNA library kit.

Repli-seq

Repli-seq experiments were conducted as previously de-
scribed (20). Cells were sorted on a SONY SH800 FACS
machine.

Data analysis

FASTQ files were trimmed and assessed for quality with
fastp (21). Trimmed reads were mapped to hg38 (UCSC)
using bwa mem (22). Alignment files (BAM format) were fil-
tered using encode_filter.py (https://github.com/ENCODE-
DCCl/chip-seq-pipeline2). Replicate filtered BAM files were
merged using sambamba (23). Signal tracks were generated
using 100 bp bins and normalized to reads per genomic
content (RPGC) using deeptools bamCoverage (24-26) with
the following parameters: -of bigwig -effectiveGenomeSize
2913022398 -normalizeUsing RPGC -e. Differential signal
tracks (logyratio) were generated using deeptools bamCom-
pare. Published data (Fastq files) were downloaded from
GEO and processed as described above. Pearson and spear-
man correlation were performed using deeptools.

HMM domain calls and analysis

A 25 kb binned pandas dataframe was generated using
cooler (27). Logpratio signal tracks were imported into the
binned dataframe using pybbi (https://github.com/nvictus/
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pybbi). Missing values were represented as NaN. Enriched
Protect-seq domains were identified with HMMs using
Pomegranate (28). Viterbi state calls were made on a per
bin bases and used for downstream analysis. Neighboring
states were merged to create domains then converted to bed
files (https://github.com/gspracklin/hmm_bigwigs).

chromHMM

Single-end (or readl if paired-end) ChIP-seq data was
merged for replicates from ENCODE, this study, and
PolIl data (29). Merged and sorted bam files (via sam-
bamba) were used as input for the binarization step
with default parameters. LearnModel was used with 15-
states (default parameters) and genome version hg38,
in addition LaminB1 DamlID-seq domains and Protect-
seq domains were included with the precompiled refSeq
TSS/TES/Exons/Genes and CpG islands.

RESULTS
Protect-seq assay and design

We hypothesized that heterochromatic DNA, which lo-
calizes near the nuclear periphery, might be resistant to
nuclease digestion (30) and that this nuclease resistance
might allow such chromatin to be identified quickly using
next-generation sequencing. We performed our initial ex-
periments in the human colon cancer cell line HCT-116.
HCT-116 cells are near-diploid, easy to culture, and ex-
tensively characterized by the ENCODE and 4DN con-
sortium. Protect-seq relies on the degradation of accessible
chromatin by a combination of DNase I and micrococcal
nuclease (MNase) via two sequential digestion steps (Fig-
ure 1A). The addition of a second nuclease increased di-
gestion efficiency (data not shown). First, HCT-116 cells
are crosslinked with formaldehyde, nuclei are extracted with
mild detergent, then incubated twice with a cocktail of nu-
cleases and washes (see Materials and Methods, Supple-
mental File 1). The remaining DNA can be purified (via
phenol/chloroform or silica-bead genomic isolation Kkits)
and prepared for NGS.

Next, we wanted to confirm accessible/euchromatin was
being degraded during the nuclease digestion steps. To ad-
dress this issue, we imaged nuclei using DAPI staining be-
fore and after performing Protect-seq (Figure 1B). As ex-
pected, the DAPI signal in the untreated cells is evenly
distributed throughout the nucleus whereas, in the treated
cells the DAPI signal is predominantly around the periph-
ery with dense punctate occasionally in the center (Fig-
ure 1B, C), consistent with published heterochromatin and
lamin immunofluorescence (3,4). These data suggest that af-
ter Protect-seq digestion the remaining chromatin may be
protected via sequestration through tight association with
the nuclear lamina and other bodies and surfaces, or by be-
ing in a compacted state or phase which prevents nuclease
accessibility.

In order to identify the DNA remaining after nuclease
digestion, Illumina libraries were prepared and sequenced.
The resulting reads were mapped to the human genome
(hg38), normalized to reads per genomic coverage and rep-
resented as log2(signal/input) (Figure 1D and E and Sup-
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plemental Figure S1) (see Materials and Methods). Protect-
seq replicates displayed a high degree of similarity via Pear-
son correlation suggesting the technique is reproducible
(Figure 1F and Supplemental Figure S1). In addition to
short-read sequencing, Protect-seq has the potential to de-
termine the exact size of the protected region using long-
read sequencing approaches. We took purified DNA and
ligated adaptors without fragmentation and sequenced us-
ing Oxford nanopore. We obtained ~2 million reads with an
average read length of 488 bp and a median length of 399
bp (2-3 nucleosomes) (Supplemental Figure S2). We infer
from these data that DNasel and M Nase are able to access
both euchromatin and heterochromatin. This observation is
consistent with MNase-seq experiments in both human and
drosophila cell lines (15,16). As expected, the enriched re-
gions were similar between Illumina libraries and nanopore
libraries (r = 0.76). Taken together, prolonged nuclease di-
gestion is an easy and effective method to identify protected
regions of the genome and is compatible with both long and
short-read platforms.

Protect-seq reveals inaccessible chromatin domains

Next, we aimed to identify and assess the reproducibility
of Protect-seq enriched domains (hereafter referred to as
protected domains). Hidden Markov Models (HMMs) have
been used to identify LADs (31,32). Using a similar ap-
proach, we identified 390, 375, 284 domains in each Protect-
seq replicate, respectively (Supplemental Figures S1 and
S3). To compare our domain calls between replicates, we
first quantified the number of overlapping domains in all
three samples (n = 249). To calculate the degree of over-
lap we used the Jaccard similarity coefficient (J) (or inter-
section over union) which ranges from 0 (no overlap) to
1 (perfect overlap). For this, we observed a Jaccard sim-
ilarity coefficient of 0.80, 0.76, 0.75 for pairwise interac-
tions (Rep1-Rep2, Repl-Rep3, Rep2-Rep3) suggesting our
replicate domains have a high degree of overlap (Supple-
mental Figure S1). Another tool for comparisons is the frac-
tion of the genome covered by the domains. Consistent with
domain overlap, protected domains covered a similar frac-
tion of the genome in each replicate (30%, 22%, 26%, re-
spectively) (Supplemental Figure S1). Moving forward, we
pooled our biological replicates and recalled domains (n =
456). In sum, these data suggest that our method and HMM
domain calls are robust and reproducible.

DNase-seq and ATAC-seq identify open chromatin
(8,9,33). Open chromatin regions, defined as DNasel Hy-
persensitive Sites (DHS), are on average 2-3 nucleosomes
wide and have been reported to occupy ~2% of the genome
(8). An alternative approach, DIVA, leverages viral inte-
gration to map accessible chromatin (13). In HeLa cells,
DIVA-enriched accessible chromatin constitutes ~50% of
the genome (12). If Protect-seq indeed identities inaccessible
chromatin then Protect-seq and DNase-seq/DIVA should
identify mutually exclusive chromatin. To compare the tech-
niques, we visualized signal tracks on a genome browser
(Figure 1D and Supplemental Figure S5). Indeed, Protect-
seq enriched regions are very broad and depleted of DNase-
seq and DIVA enriched regions. In support of this, DNase-
seq and DIVA do not share a high degree of similarity with
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Figure 1. Protect-seq principle and assay. (A) Schematic of Protect-seq. DNase I and MNase (scissors) degrade accessible chromatin. The remaining
‘protected’ chromatin is isolated for sequencing. (B) DAPI stain of HCT-116 nuclei with and without nuclease treatment, white boxes represent zoomed
image (on right) (C) Spatial quantification of DAPI signal with and without nuclease treatment (D) Next-generation sequencing coverage track of DNase-
seq (ENCSRO00ENM) (46) (black; accessible chromatin), Protect-seq (red; inaccessible chromatin), and LaminB1 DamID-seq (4DNFIFKMR1J8) (47)
(black; LADs). Representative chromosome used (chrll). LaminBl DamID-seq and Protect-seq data are normalized using Reads Per Genome Content
(RPGC) and displayed as log2ratio (signal/input). (E) Kernel density estimation plot (KDE) of Protect-seq signal. (F) Pearson correlation of Protect-seq

replicates and DNase-seq in HCT116.

Protect-seq via Pearson’s correlation (DNase-seq r < 0.14,
DIVA r = —0.39) (Figure 1D and F). Taken together, we
have developed a novel technique to sequence inaccessible
chromatin which provides orthogonal information to acces-
sible chromatin techniques.

If Protect-seq identifies inaccessible chromatin then we
predict that Protect-seq will identify similar chromatin as
Lamin DamID-seq and Repli-seq, which are known to
identify inaccessible chromatin. LADs (via Lamin DamID-
seq) and late-replicating domains (V1a Reph seq) are largely
overlapping, very broad-ranging in size from ~80 kb to
30 Mb and invariant across cell types suggesting little
plasticity in chromosome organization (6,32,34,35). For
comparative analysis between LADs, late-replicating do-
mains, and protected domains, we examined the distribu-
tion of domain sizes, domain overlap between techniques,
and Pearson’s correlation of signal tracks represented as
log,(signal/input) in 25-kb genomic windows. As expected,
LADs and late-replicating domains are strongly correlated
using Pearson’s correlation (r = 0.85) and their domains are
highly overlapping (/ = 0.71). However, late replicating do-
mains are larger than LADs (median: DamID = 445 kb,
Repli-seq = 1 MDb). Taken together, LADs and late replicat-
ing domains are the same genomic regions (Figure 2A-C,

Supplemental Table S2 and Figure S3). When compared to
protected domains, LADs and late-replicating domains are
also highly correlated via Pearson’s correlation (r: LADs =
0.63, late-replicating domains = 0.72) and contained a high
degree of overlapping domains (93% overlap) (Figure 2B
and E). However, protected domains cover a lower percent-
age of the genome (23%) when compared to LADs (56%)
and the two sets of domains have a low Jaccard similarity
coefficient (J = 0.45) (Figure 2C and D). These data sug-
gest that protected domains, although overlapping, do not
fully encompass or are a subdomain within LADs. Upon
visual examination, we noticed that protected domains can
be classified as having a weak or strong signal intensity. To
capture weak and strong protected domains based on signal
intensity we used a three-state HMM (Supplemental Figure
S3). When weak and strong protected domains were joined,
the degree of overlap with LADs increased (Jaccard simi-
larity coefficient: two-state = 0.45 versus three-state = 0.84)
and genomic coverage of protected domains (58%) was now
proportional to LADs (56%) (Figure 2C and D and Supple-
mental Figure S3). Taken together, these data suggest pro-
tected domains are identifying similar genomic regions as
LADs and late replicating DNA, which is known to be lo-
calized to the nuclear periphery.
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Figure 2. Comparison of Protect-seq domains with LADs, late-replicating domains, and heterochromatin domains in HCT116 cells (A) Kernel density
estimation plot (KDE) of domain size in Protect-seq, LaminB1 DamID-seq, and Repli-seq (B) Venn diagram of domain overlap between Protect-seq (two-
state HMM), LaminB1 DamID-seq and Repli-seq (C) Jaccard similarity coefficient comparing LADs with Protect-seq domains called using a two-state
and three-state HMM and Repli-seq. (D) Fraction of genome covered by histone modifications (H3K9me2, H3K9me3, H3K27me3), Protect-seq domains
(strong and weak) and LaminB1 DamID-seq. (E) Pearson correlation of Hi-C eigenvectors, Repli-seq, Protect-seq, LaminB1 DamID-seq, H3K9me3, and
H3K9me?2 log,ratio bigwigs (25 kb bins) in HCT116. (F) Scatter Plot of Protect-seq signal and LaminB1 DamID-seq, shading in red indicates the strength
of H3K9me3 ChIP-seq signal. (G) KDE plots of various genomic features separated by HMM state (three-state)

Protect-seq reveals two types of heterochromatin domains

The above data support a model in which Protect-seq is a
simple and robust way to identify inaccessible chromatin.
The histone modification H3K9me3 is linked to compacted
chromatin in many organisms. We predicted that Protect-
seq identified chromatin would therefore correspond to
H3K9me3 enriched chromatin. We performed Chromatin
immunoprecipitation followed by sequencing (ChIP-seq)
using antibodies against H3K9me2, H3K9me3, HP1 o/
(H3K9me3 binding proteins), and H3 (Supplemental Ta-
ble S1). Then, by combining our data and data available
from ENCODE for HCT116, we examined 20 histone and
chromatin factors in a combinatorial epigenomic map us-
ing chromHMM (36). This approach revealed an enrich-
ment for the repressive histone modifications H3K9me-
2/-3, HP1 proteins, and H3K27me3 (Supplemental Fig-
ure S4). These data are consistent with previous reports
on the histone modifications enriched within LADs (6). To
further refine the contribution of repressive histone mod-
ifications we used Pearson’s correlation. Protect-seq sig-
nal tracks have the strongest correlation with H3K9me3
(r = 0.87) and HPlee/B (r = 0.85/0.87) and to a lesser
extent H3K9me2 (r = 0.34) and H3K27me3 (r = 0.15),
whereas DamID-seq displayed the inverse (Figure 2E and
3A and Supplemental Figure S4). Moreover, Protect-seq is
able to quantitatively distinguish H3K9me3, unlike Lam-
inBl DamlID-seq (Figure 2F and G). Identifying an en-
richment with H3K9me3 is consistent with previous re-
ports that demonstrated heterochromatin domains are son-

ication resistant (stHC) and tightly compacted (19). More-
over, Protect-seq domains overlap and correlate with stHC
gradient-seq domains and chromatin domains refractory to
viral integration using DIVA, despite being from different
cell types (Supplemental Figure S5). Interestingly, a three-
state HMM is able to separate histone modifications and
other genomic features based on the strength of the Protect-
seq signal, consistent with the existence of weak and strong
domains (Figure 2G and Supplemental Figure S4). In sup-
port of these data, k-means clustering of histone modifica-
tions within protected domains suggests the existence of an
H3K9me3/HP1-enriched cluster and H3K27me3-enriched
cluster (Figure 3B). In sum, the data show that Protect-
seq identifies regions of chromatin containing high lev-
els of H3K9me3 and HPI1 proteins. Interestingly, the data
also show that, unlike Lamin DamID-seq, Protect-seq can
distinguish between H3K9me3-containing chromatin and
H3K9me2/H3K27me3-containing chromatin.

As further support that Protect-seq is identifying het-
erochromatin, we asked if Protect-seq correlates with in-
active chromosome compartments as measured by high-
throughput chromosome conformation capture techniques
(Hi-C) which are known to be enriched for repressive his-
tone modifications. A recent report found that heterochro-
matin, not LAD formation, is the driver behind chromo-
some compartmentalization (5). Therefore, we predict that
Protect-seq will have a higher correlation with inactive com-
partments than either Lamin DamID-seq or Repli-seq. To
address this question, we compared Protect-seq, Lamin
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Figure 3. Protect-seq domains are dependent on the histone modification H3K9me3 and HP1 proteins in colon cancer cells. (A) Genome browser of
HCT116 (blue), DKO (red), and HT1080 (green) cells displaying Protect-seq, H3K9me3 and HPlalpha ChIP-seq for cell line. Grey boxes denote domain
calls by HMM. Representative example of region that lost Protect-seq and H3K9me3/HP1a signal in DKO cells (top, red box) or gained Protect-seq and
H3K9me3/HP1a signal in DKO cells (bottom, red box). (B) Heatmap centered around Protect-seq domains clustered using k-means. Each row represents
one scaled Protect-seq domain that includes = 500 kb of flanking region. Each column is a different signal track with a profile plot above the heatmap
(Protect-seq signal, H3K9me3, HPla, H3K27me3 and H3K9me2 ChIP-seq signal). (C) Genome coverage of protected domains in HCT116 and DKO
cells (D) Scatter Plot of Protect-seq signal in HCT116 and DKO cells, shading in red indicates the strength of H3K9me3 ChIP-seq signal.

DamlID-seq, and Repli-seq signal tracks with publicly avail-
able Hi-C data in HCT-116 (Supplemental Table S1). Us-
ing Pearson’s correlation, we observed that Protect-seq has
a higher correlation with inactive/B-compartments (r =
0.91), as measured by Hi-C eigenvectors, than DamID-seq
(r = 0.62) or Repli-seq (r = 0.70) (Figure 2E and Supple-
mental Figure S4). Moreover, Protect-seq is able to quan-
titatively separate A/B-compartments based on signal in-
tensity using HMMs (Figure 2G and Supplemental Fig-
ure S4). Taken together, our results suggest that Protect-
seq is a simple and reliable tool to identify heterochromatin
domains.

Protect-seq domains are dependent on the histone modifica-
tion H3K9me3 and HP1 proteins in colon cancer cells

If Protect-seq domains correspond to heterochromatin then
Protect-seq domains should be dependent on the histone
modification H3K9me3. To test this idea, we chose a mu-
tant cell line that has been previously found to have regional
defects in H3K9me3 (37). These cells are derived from
HCT-116 and contain deletions in DNMT1 and DNMT3b
(termed double-knockout or DKO) (38). We performed
Protect-seq in DKO cells in triplicate and observed a high
correlation amongst replicates (Supplemental Figure S1).
When compared to HCT-116, DKO cells have similar num-

bers of protected domain, similar size distribution, and
a high degree of domain overlap suggesting that the de-
fects are not global (Figure 3C and Supplemental Figure
S6). However, we observed 168 regions missing in DKO
when compared to HCT-116. To examine the chromatin
states in these regions, we performed ChIP-seq using an-
tibodies against H3K9me2, H3K9me3 and HPla/B in
HCT116 and DKO cells. We also observed regional defects
in H3K9me3 similar to previous reports (37) (Figure 3A
and Supplemental Figure S6). Not surprisingly, the regions
that lost H3K9me3 and HP1 had less Protect-seq signal sug-
gesting those loci are becoming more accessible (Figure 3A,
B and D and Supplemental Figure S6). Conversely, regions
that gained H3K9me3/HP1 became less accessible as mea-
sured by Protect-seq (Figure 3B and D and Supplemental
Figure S6). Interestingly, the domains that lost H3K9me3
were enriched for H3K9me?2 suggesting that the chromatin
defect in DKO cells is specific to the H3K9 dimethyl to
trimethyl conversion (Figure 3A and B and Supplemen-
tal Figure S6). These data support our previous observa-
tion in HCT116 cells that H3K9me2-containing chromatin
does not strongly contribute to Protect-seq enriched chro-
matin. These data also show that Protect-seq enriched chro-
matin is dependent on the repressive histone modification
H3K9me3 and HP1 proteins in colon cancer cells. Together,
from these experiments we conclude that Protect-seq is a
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new method that can be used to efficiently and quickly iden-
tify heterochromatin domains.

Protect-seq is adaptable to additional cell types

The above data show that Protect-seq is a simple and ro-
bust technique for identifying heterochromatin. To address
generality and to expand the usage of Protect-seq beyond
HCT-116 and DKO cells, we assayed Protect-seq domains
in HT1080 cells. HT1080 is a human cell line derived from a
fibrosarcoma and consists of immature fibroblasts (39). We
performed Protect-seq in HT1080 and observed consistency
among replicates, again demonstrating the reproducibility
of our technique (Supplemental Figure S1). Protected do-
mains in HT1080 (median = 350 kb) are much smaller
than HCT-116 (median = 1.1 Mb) suggesting that pro-
tected domains are dynamic and vary between cell types. To
characterize the chromatin landscape of protected domains
in HT1080 cells, we performed ChIP-seq using antibod-
ies against H3K9me2, H3K9me3, HPla and H3K27me3
(Supplemental Table S1). In HT1080 cells, protected do-
mains are strongly associated with H3K9me3/HPl«, as ex-
pected, but also strongly enriched for H3K27me3 (Figure
4A-C and Supplemental Figures S4 and S7). These data
are not surprising given H3K27me3 is known to play a sig-
nificant role in gene repression during differentiation (40).
K-means clustering identified discrete patterns of histone
modifications similar to those described above for HCT-116
cells (Figure 4C). The cluster analysis supports the existence
of an H3K9me3/HP1 cluster and H3K27me3 cluster, simi-
lar to HCT116, but also evidence for a third cluster enriched
in both H3K9me3/HP1 and H3K27me3 (Figure 4C). The
biological significance of these clusters remains unclear. To
ask if protected domains correlate with genomic features as-
sociated with the nuclear periphery, we again compared pro-
tected domains to LADs and replication timing domains.
For this analysis, we performed Repli-seq in duplicates (see
Materials and Methods) and used previously curated LADs
(31). Again, similar to HCT116, protected domains cover
similar percentages of the genome as LADs when weak and
strong HMM state are joined (Figure 4D and Supplemen-
tal Figure S7) and protected domains overlap with, but do
not fully encompass, late replicating domains and LADs
(Figure 4A and Supplemental Figure S7). Interestingly, the
H3K27me3 cluster is enriched for early replicating DNA
(Figure 4A and D). This observation is consistent with a
distinct subclass of nucleolar-associated heterochromatin in
mouse cells that also lacks lamin association, and tends to
be early replicating and associated with H3K27me3 (41).
From these data, we conclude that our Protect-seq protocol
is compatible with multiple cell types and that protected do-
mains are composed of high levels of H3K9me3-containing
and H3K27me3-containing chromatin in HT1080 cells.

DISCUSSION

In summary, we developed Protect-seq to measure hete-
rochromatin near the nuclear periphery. Protect-seq en-
ables the identification of inaccessible chromatin domains
by incubating nuclei with nucleases. Protected domains cor-
relate with lamina-associated domains (LADs) and late-
replicating domains. Interestingly, the underlying histone
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modifications that constitute strong protected domains vary
between cell types. This observation suggests Protect-seq
could potentially be used to define heterochromatin do-
mains in an unbiased way.

Protect-seq has the potential to distinguish repressive
chromatin states. One potential mechanism is that repres-
sive histone modifications could have differential degrees
of accessibility and potentially different helical structures
(42). Strong protect-seq domains are enriched for the con-
served repressive histone modification H3K9me3. These
domains are also enriched for HP1 proteins which bind
H3K9me3 and condense chromatin (43,44). Perhaps, the
compaction of HPI-bound chromatin could lead to nu-
clease resistance. In support of this, Protect-seq is sen-
sitive to changes in repressive chromatin modifications
(i.e. H3K9me3) and HPI localization suggesting an inti-
mate link between histone modifications and chromatin
accessibility. Likewise, weak protect-seq domains correlate
with H3K9me2 and H3K27me3 chromatin domains. In
Drosophila melanogaster, H3K27me3 domains are densely
packed and occupy a smaller volume compared to tran-
scriptionally active regions (45). Then, what is the biolog-
ical meaning behind weak domains? One possibility is that
weak Protect-seq domains could represent heterogeneous
domains in the population. In other words, weak domains
could be fully accessible in some cells and fully inaccessi-
ble in others. Whereas strong Protect-seq domains would
be more consistently inaccessible in a population of cells.
Future studies using microscopy and single cell approaches
will be necessary to interrogate the biological significance
of weak protect-seq domains.

Alternatively, Protect-seq enriched regions could be the
result of sequestration on the nuclear periphery, not chro-
matin accessibility. In such a model, Protect-seq enriched
regions are tethered/crosslinked to the nuclear lamina and
thus insoluble during the wash steps. One way to test this
model would be to perform Protect-seq on inverted nu-
clei. Inverted nuclei contain heterochromatin concentrated
in the center of the nucleus, opposed to the typical posi-
tioning on the nuclear periphery. Cells with inverted nuclei
have normal heterochromatin and 3D structure (5). If het-
erochromatin, now located in the center, is susceptible to
nuclease degradation then radial positioning and seques-
tration would be favored over chromatin accessibility. In
support of this model, MNase can access to both euchro-
matin and heterochromatin suggesting all chromatin is ac-
cessible to nucleases (14-16). Moreover, this model is also
consistent with reports that H3K9 methylation is necessary
for positioning on the nuclear lamina (2-4). Thus, domains
that lose H3K9 methylation, could potentially lose lamina
positioning and thus sequestration during the wash steps in
Protect-seq. Taken together, we are proposing two potential
models (sequestration v chromatin accessibility) to explain
the mechanism(s) behind protected domains. Future stud-
ies will be necessary to determine the exact mechanism each
epigenetic mark contributes with respect to nuclear tether-
ing and chromatin accessibility.

Future development of Protect-seq should expand the
types of cells used (i.e. tissue sections, FFPE samples,
mouse, fly, worm nuclei). In addition, Protect-seq is per-
formed in nucleo so single-cell (sc)Protect-seq is feasible,
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Figure 4. Protect-seq domains are enriched for repressive histone modifications in HT1080 cells (A) Genome browser track showing Log2ratio
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given the ability to accurately sort nuclei and create high-
quality NGS libraries with adequate genome coverage from
low input DNA. And importantly, Protect-seq does not re-
quire actively dividing cells, unlike current approaches, thus
making the technique amenable to non-model organisms
and clinical samples. In sum, Protect-seq is a simple, easy-
to-use tool that can be readily adopted without the need for
specialized equipment and/or reagents to identify inacces-
sible chromatin, heterochromatin domains, and potentially
identify information about radial position.
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