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H3K9 trimethylation in active chromatin
restricts the usage of ftunctional CTCF sites
in SINE B2 repeats

Francesco Gualdrini,? Sara Polletti,> Marta Simonatto,' Elena Prosperini, Francesco Pileri,
and Gioacchino Natoli

European Institute of Oncology (IEO), Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS), Milan 20139, Italy

Six methyltransferases divide labor in establishing genomic profiles of histone H3 lysine 9 methylation (H3K9me),
an epigenomic modification controlling constitutive heterochromatin, gene repression, and silencing of retroele-
ments. Among them, SETDBI is recruited to active chromatin domains to silence the expression of endogenous
retroviruses. In the context of experiments aimed at determining the impact of SETDB1 on stimulus-inducible gene
expression in macrophages, we found that loss of H3K9me3 caused by SETDB1 depletion was associated with in-
creased recruitment of CTCF to >1600 DNA binding motifs contained within SINE B2 repeats, a previously un-
identified target of SETDB1-mediated repression. CTCF is an essential regulator of chromatin folding that restrains
DNA looping by cohesin, thus creating boundaries among adjacent topological domains. Increased CTCF binding to
SINE B2 repeats enhanced insulation at hundreds of sites and increased loop formation within topological domains
containing lipopolysaccharide-inducible genes, which correlated with their impaired regulation in response to
stimulation. These data indicate a role of H3K9me3 in restraining genomic distribution and activity of CTCF, with
an impact on chromatin organization and gene regulation.
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By altering the physical properties of chromatin and pro-
viding platforms for the recruitment of effector proteins,
histone modifications control accessibility and usage of
the underlying genome (Strahl and Allis 2000; Bannister
and Kouzarides 2011; Allis and Jenuwein 2016). Among
them, histone H3 lysine 9 methylation (H3K9me) (Rea
et al. 2000) is a repressive modification with well-defined
roles in the control of heterochromatin formation and par-
titioning (Peters et al. 2003), as well as in gene repression
and silencing of retrotransposons (Tachibana et al. 2002,
2005; Matsui et al. 2010; Rowe et al. 2010; for review,
see Jambhekar et al. 2019).

In mammals, H3K9me is deposited by three dis-
tinct families of enzymes. SUV39H1 and SUV39H2 (Rea
et al. 2000) work in a redundant manner to establish
H3K9me3 at constitutive heterochromatin, thus account-
ing for the bulk of H3K9me3 (Montavon et al. 2021). G9a
and GLP instead deposit H3K9mel and H3K9me2 in eu-
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chromatin to control gene repression (Tachibana et al.
2002, 2005). Finally, SETDB1 (ESET1 or KMTIE) and
SETDB2 (Schultz et al. 2002; Yang et al. 2002; Falandry
et al. 2010) deposit H3K9me3 mainly outside of constitu-
tive heterochromatin, both to repress gene expression and
to silence long terminal repeat (LTR)-containing retroele-
ments, and specifically endogenous retroviruses (ERVs) in
embryonic stem cells (Matsui et al. 2010; Rowe et al. 2010;
Karimi et al. 2011), germ cells (Liu et al. 2014), and
somatic cells (Collins et al. 2015; Koide et al. 2016; Kato
et al. 2018; Adoue et al. 2019).

Recruitment of SETDBI to genomic target sites re-
quires a platform composed of DNA sequence-specific
KRAB domain-containing zinc finger proteins (Wolf and
Goff 2009; Jacobs et al. 2014; Imbeault et al. 2017) together
with their associated corepressor KAP1 (TRIM28) (Matsui
etal.2010; Rowe et al. 2010). In the absence of any of these
components, expression of ERVs is reactivated, with the
identity of the affected ERV family being different in dif-
ferent tissues, likely due to the specific repertoire of tran-
scription factors expressed in individual cell types (Kato
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et al. 2018). H3K9 methyltransferases other than SETDB1
also contribute to the repression of transposable elements,
as indicated by the massive derepression of multiple re-
peat families in compound knockout fibroblasts lacking
all H3K9 methyltransferases (Montavon et al. 2021).

The role of these enzymes and H3K9me3 deposition in
the control of rapidly inducible and stimulus-regulated
gene expression is less studied, one exception being repre-
sented by SETDB2, which is negligibly expressed in basal
conditions, strongly induced by interferon (IFN) stimula-
tion of macrophages during acute viral infection, and
able to repress many antimicrobial genes, thus contribut-
ing to virus-induced susceptibility to bacterial infection
(Kroetz et al. 2015; Schliehe et al. 2015).

Here, our initial objective was to investigate the role of
SETDBI in a classical model of rapid, stimulus-inducible
gene expression: macrophage stimulation by lipopolysac-
charide (LPS) (Glass and Natoli 2016). The results we ob-
tained unveiled an unexpected and hitherto overlooked
role of H3K9me3 in the restriction of the accessibility of
a subset of CTCF sites specifically contained in compart-
ment A, which is enriched for open chromatin (Lieber-
man-Aiden et al. 2009; Rao et al. 2014). Previous work
showed that SINE B2 retroelements, a rodent-specific sub-
family of SINEs (short interspersed nuclear elements) re-
peats, contain thousands of DNA binding motifs bound
by CTCEF (Bourque et al. 2008). CTCF (the CCCTC-bind-
ing factor) is a sequence-specific DNA binding protein
that recognizes extended DNA motifs with its 11 zinc fin-
gers and acts as a critical regulator of interphase genome
folding (Splinter et al. 2006), which underlies the forma-
tion of physical contacts among distant cis-regulatory el-
ements, thus contributing to selectivity of enhancer—
promoter communication. CTCF binding to DNA exten-
sively overlaps with cohesin localization in interphase
chromatin (Parelho et al. 2008; Wendt et al. 2008). This
is a consequence of CTCF blocking the loop extrusion ac-
tivity of the cohesin complex (Sanborn et al. 2015; Fuden-
berg et al. 2016; Wutz et al. 2017), which eventually
determines the boundaries of topologically associating do-
mains (TADs) (Dixon et al. 2012; Nora et al. 2012; for re-
views, see Merkenschlager and Nora 2016; Davidson
and Peters 2021).

Overall, 40% of CTCF binding sites in the mouse ge-
nome derive from transposable elements (Sundaram
et al. 2014). On the one hand, embedding CTCF motifs
into retroelements such as SINE B2 repeats allowed the
rapid expansion of the CTCF regulatory repertoire in
mammals through multiple waves of retrotransposon ex-
pansion, thus critically contributing to shaping mamma-
lian genome folding (Schmidt et al. 2012); on the other
hand, it imposed the requirement for mechanisms enforc-
ing the usage of such a large amount of DNA binding sites
contained in repeats.

In this study, we found that H3K9me3 deposited by
SETDBI specifically restrained the accessibility of >1600
CTCF sites contained in SINE B2 repeats in active
TADs. The increased CTCF recruitment to such sites
upon SETDBI depletion was associated both with a gain
in insulation at hundreds of sites and with the formation
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of novel loops within TADs, which correlated with only
modest changes in basal gene expression but a pervasive
impairment of rapidly inducible gene expression in LPS-
stimulated macrophages.

Results

SETDBI1 depletion and selective H3K9me3 loss
in compartment A

After terminal differentiation, mouse bone marrow-de-
rived macrophages were infected with purified lentivirus-
es expressing two nontargeting (NT) shRNAs or two
distinct shRNAs specific for SETDBI, causing a depletion
of RNA and protein >90% (Supplemental Fig. S1A).
H3K9me3 genomic distribution in control and SETDBI1-
depleted macrophages was analyzed by ChIP-seq (Supple-
mental Table S1; Supplemental Fig. SIB). Multimapping
reads associated with this chromatin mark (17%-19% of
total reads) were assigned to different genomic locations
based on the relative abundance of uniquely mapping reads
in the regions that contained the multimaps (Johnson et al.
2016). The same strategy was applied to all the ChIP-seq
and ATAC-seq samples used in this study. In cells trans-
duced with nontargeting shRNAs, we identified 86,119
H3K9me3 blocks (Fig. 1A; Supplemental Fig. S1B) with
an obvious trend of comparatively higher H3K9me3 read
counts in compartment B than in A (Fig. 1B). Based on
length-normalized H3K9me3 read counts, SETDBI deple-
tion selectively affected H3K9me3 in compartment A (Fig.
1C), which is enriched for open chromatin (Lieberman-
Aiden et al. 2009; Rao et al. 2014). Overall, 7543
H3K9me3 blocks (8.8% of the total) were significantly
down-regulated in SETDBI-depleted cells (FDR <0.01,
log,FC > +1) (Fig. 1D; Supplemental Fig. S1C,D; Supple-
mental Table S2). The average magnitude of H3K9me3
down-regulation in these blocks was severe (2.7-fold), indi-
cating limited, if any, redundancy provided by other H3K9
methyltransferases. Depending on the statistical thresh-
old used, between ~30 Mb (FDR <0.01, log,FC > +1) and
~80 Mb (FDR <0.05) of genome space showed reduced
H3K9me3 upon SETDBI1 depletion, corresponding to
~2.6% and ~7% of compartment A, respectively (Fig. 1E).

LPS stimulation caused only minimal changes, if any,
to the H3K9me3 genomic profiles, when considering
both the entire complement of H3K9me3 blocks (Fig.
1F) and the 7543 blocks affected by SETDBI depletion
(Fig. 1G). Moreover, the observed reduction in H3K9me3
caused by SETDBI depletion in untreated macrophages
occurred in a substantially similar manner in LPS-stimu-
lated conditions (Fig. 1H).

Epigenomic consequences of SETDB1 depletion
in macrophages

Having determined the selective effects of SETDBI deple-
tion on H3K9me3 in compartment A, we set out to mea-
sure the effects of H3K9me3 loss on the macrophage
epigenome. We first analyzed the impact of SETDBI
depletion on the genomic distribution of the ETS family
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Figure 1. Effect of SETDBI depletion on H3K9me3 profiles in untreated and LPS-stimulated macrophages. (A) Snapshot showing
H3K9me3 profiles in control and SETDB1-depleted untreated mouse bone marrow-derived macrophages in a 7-Mb genomic region. Com-
partments A (red) and B (blue) are indicated. Normalized H3K9me3 counts are reported. Data obtained with one of two distinct nontarget-
ing (NT) or SETDBI targeting shRNAs are shown. (B) H3K9me3 signal as a function of Hi-C compartment eigenvalue score. Shown are the
H3K9me3 read counts per kilobase per compartment on the Y-axes compared with the compartment score on the X-axes in either com-
partment A (red) or compartment B (blue). Compartments were identified using Hi-C contact data at 40-kb resolution. (C) Mean read
counts per kilobase in inactive (left) and active (right) compartments in control (NT sh; gray) and SETDB1-depleted (SETDBI sh; orange)
macrophages. Two-way ANOVA with Tukey multiple comparison test. (**) Adjusted P-value <0.01. (D) H3K9me3 metaprofiles at geno-
mic regions (n=7543) showing reduced H3K9me3 in SETDBI-depleted untreated macrophages. Shown is the metaplot of the replicate
average of H3K9me3 signal per base pair in control (gray) and SETDB1-depleted (orange) conditions. (E) Cumulative megabases of genomic
regions showing loss of H3K9me3 in SETDBI1-depleted and untreated macrophages using different thresholds (adjusted P-value and fold
change computed via DESeq2) for differential peak calling. (F) Effects of 2 h of LPS stimulation on the genomic profiles of H3K9me3 in
untreated macrophages transduced with a nontargeting (NT) shRNA. (G) Effects of 2 h of LPS stimulation on the 7543 H3K9me3 blocks
methylated by SETDBI. (H) H3K9me3 signal intensities at the 7543 H3K9me3 blocks methylated by SETDBI in LPS-stimulated macro-
phages transduced with either a nontargeting (NT, X-axis) or a SETDBI targeting (Y-axis) shRNA.

transcription factor PU.1, which pervasively associates
with the repertoire of cis-regulatory elements active or
poised for activation in macrophages (Ghisletti et al.
2010; Heinz et al. 2010), where it acts to displace nucleo-
somes and to maintain the accessibility of the underlying
DNA (Barozzi et al. 2014; Comoglio et al. 2019). We gen-
erated PU.1 ChIP-seq data in cells depleted of SETDBI1
or transduced with nontargeting shRNAs. We identified
>38,000 high-confidence PU.1 peaks that were largely un-
affected by the depletion of SETDBI, with only 78 peaks
up-regulated and one down-regulated (FDR <0.05) in
SETDBI1-depleted and untreated macrophages (Fig. 2A).
Therefore, the overall distribution of PU.1 was unaffected
by SETDBI deficiency.

We next analyzed whether the loss of H3K9me3 caused
by SETDBI1 depletion could determine widespread
increase in accessibility and histone acetylation of cis-reg-
ulatory elements, including lineage-inappropriate enhanc-
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ers; namely, enhancers selectively active in other cell
types. We first analyzed the overlap between reduced
H3K9me3 and a comprehensive catalog of mouse enhanc-
ers (Yue et al. 2014; Cusanovich et al. 2018) and found that
55% of the hypomethylated blocks matched enhancers ac-
tive in other cell types (Fig. 2B). Next, we used ChIP-seq to
analyze the genomic distribution of histone H3 lysine 27
acetylation (H3K27ac), a marker of active enhancers and
promoters, and ATAC-seq to determine changes in chro-
matin accessibility. The effects of SETDBI loss on geno-
mic H3K27ac profiles were of remarkably limited
amplitude, with only 579 out of 61,755 H3K27ac peaks
showing a significant gain in signal intensity (FDR <
0.01, logoFC > + 1) (Fig. 2C; Supplemental Table S3). Only
29 H3K27ac peaks underwent significant, albeit minimal,
reduction in intensity (Fig. 2C). Of the 579 peaks of in-
creased H3K27ac, 308 were contained within 257 blocks
of reduced H3K9me3 (Fig. 2D). Therefore, only 3.4% (257
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Figure 2. Impact of SETDBI depletion on the macrophage epigenome. (A) Genomic occupancy of PU.1 in control (NT sh; X-axis) and

SETDB1-depleted (SETDBI sh; Y-axis) untreated macrophages. PU.1 peaks were called using MACS2 with an FDR <107%° and retaining
only peaks with overlap >50% in the two replicates (n=38,580). (B) Overlap between sites showing H3K9me3 signal loss in SETDBI1-de-
pleted macrophages and enhancers active in other cell types or tissues. (C) H3K27ac genomic distribution in control and SETDB1-depleted
macrophages. ChIP-seq data sets were generated using cells transduced with two nontargeting (N'T) or two SETDBI targeting shRNAs. (D)
Overlap of H3K27ac gain with genomic regions showing H3K9me3 reduction in SETDB1-depleted macrophages. (E) Overlap of genomic
regions characterized by reduced H3K9me3 and gained H3K27ac in SETDBI1-depleted macrophages with enhancers active in other line-
ages (left) or PU.1 peaks (right). (F) Genomic regions showing a gain in H3K27ac were divided based on the overlap with reduced H3K9me3
and analyzed for chromatin accessibility by ATAC-seq and PU.1 genomic occupancy. Shown is the metaplot of the replicate average of
H3K27ac signal per base pair for the conditions reported. (G) Effects of LPS stimulation on H3K27ac at regions showing H3K27ac gain
upon SETDBI depletion. Shown are the box plots for the normalized reads per kilobase per individual replicates. Two-way ANOVA
with Tukey multiple comparison test. (****) P<0.0001. (H) Overrepresentation of transcription factor motifs at genomic sites showing
increased H3K27ac in SETDBI1-depleted macrophages, divided based on the overlap with H3K9me3 loss. Enrichment was calculated using
all accessible sites as background sequences.

tive in other lineages (Fig. 2E), and 62% of them were
bound by PU.1 (Fig. 2E) like the remaining repertoire of ac-
tive regulatory regions in these cells.

out of 7453) of the chromatin blocks showing reduced
H3K9me3 upon SETDBI depletion gained acetylation. Re-
markably, 77 % of these 257 sites overlapped enhancers ac-
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At genomic regions showing concomitant H3K9me3 re-
duction and H3K27ac gain, both ATAC-seq and PU.1
signals were also enhanced, indicating increased accessi-
bility and occupancy (Fig. 2F; Supplemental Table S2).

Interestingly, although H3K9me3 genomic profiles
were unaffected by LPS stimulation (Fig. 1F,G), H3K27ac
signal gains observed in cells depleted of SETDB1 were re-
duced by LPS treatment, albeit only moderately (Fig. 2G).

Finally, a motif enrichment analysis at accessible sites
showed that hyperacetylated peaks occurring within re-
gions with reduced H3K9me3 were characterized by the
overrepresentation of ETS sites that differed from canoni-
cal PU.1 sites (Fig. 2H; Supplemental Table S4; Curina
et al. 2017). Therefore, increased PU.1 recruitment to
these regions may be mediated by relatively low-affinity
DNA binding sites rather than by the canonical motif
that accounts for its pervasive recruitment to myeloid-
specific cis-regulatory elements. Hyperacetylated peaks
occurring outside of regions of H3K9me3 loss were char-
acterized by the overrepresentation of AP-1 sites and E-
boxes, likely indicating a distinct mechanism of activa-
tion (Fig. 2H; Supplemental Table S4).

Overall, these data indicate that the extensive loss of
H3K9me3 in compartment A was not associated with a
widespread increase in acetylation or accessibility of si-
lent euchromatic regions, possibly due to the lack of ex-
pression of transcription factors acting on them.
Moreover, it indicates a limited impact of H3K9me3 on
the recruitment of PU.1, the critical TF required for main-
tenance of the macrophage epigenome.

SETDBI1 controls the accessibility of CTCF sites in SINE
B2 repeats

It has been reported that in cells lacking SETDBI, repeats
of multiple ERV families are activated, as indicated by the
increased abundance of the corresponding RNAs, while
the expression of non-LTR retrotransposons such as
SINEs and LINEs is not affected (Matsui et al. 2010;
Rowe et al. 2010; Karimi et al. 2011, Liu et al. 2014, Col-
lins et al. 2015; Koide et al. 2016; Kato et al. 2018; Adoue
etal.2019; Montavon et al. 2021). We analyzed the enrich-
ment of different repeat families at genomic sites charac-
terized by loss of H3K9me3 in cells depleted of SETDBI.
Enrichment of repeat families was evaluated by perform-
ing hypergeometrical testing considering the Repeat-
Masker-annotated repeats contained within H3K9me3
blocks in compartment A. This analysis revealed the ex-
pected enrichment of LTR-containing retrotransposons
at regions characterized by H3K9me3 loss, which was
mainly accounted for by class III ERVs of the ERVL/
MaLR group (Fig. 3A; Supplemental Table S5; Stocking
and Kozak 2008). When restricting the enrichment analy-
sis to repeat elements contained within sites hyperacety-
lated in SETDBI1 KD cells (Fig. 2C), only class III ERVs
were found to be overrepresented (Supplemental Table
S5). Unexpectedly, the retroelements with the strongest
overall enrichment in regions that showed reduced
H3K9me3 upon SETDBI1 depletion were SINE repeats,
and in particular those belonging to the B2 subfamily
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(Fig. 3A; Supplemental Table S5). SINE B2 are rodent-spe-
cific non-LTR retrotransposons that account for ~0.7% of
the mouse genome and contain thousands of CTCF bind-
ing sites that are functional and bound in vivo (Bourque
et al. 2008).

We next analyzed TF motifs overrepresented in SINE or
LTR repeats either at all regions showing H3K9me3 reduc-
tion in SETDBI1-depleted cells (n = 7543) or at those regions
where H3K9me3 reduction was associated with H3K27ac
gain (n=257) (Fig. 3B; Supplemental Table S4). Cognate
motifs for PU.1 and C/EBPB, another TF with a pervasive
association with the myeloid enhancer repertoire (Glass
and Natoli 2016), were selectively overrepresented in the
LTR retrotransposons that gained acetylation. Conversely,
the most overrepresented motif when considering all re-
peats that showed reduced H3K9me3 was the CTCF
DNA binding site, which was specifically associated
with SINE repeats (Fig. 3B; Supplemental Table S4).

These data suggested the possibility that loss of
H3K9me3 may bring about the selective exposure of
CTCF motifs contained within SINE B2 repeats. To deter-
mine whether such sites were functional, we analyzed the
genomic distribution of CTCF by ChIP-seq. We detected a
total of 40,893 CTCF peaks in wild-type and SETDBI1-de-
pleted macrophages, with 78% of them in compartment
A, and a clear trend toward increased occupancy in
SETDBI1-depleted macrophages (Fig. 3C; Supplemental
Table S6). When considering the CTCF peaks that over-
lapped regions characterized by H3K9me3 loss, they
were nearly all strongly up-regulated in SETDB1-depleted
cells (Fig. 3D). Overall, SETDBI depletion induced a broad
enhancement of CTCF occupancy that was of particularly
high magnitude at regions showing H3K9me3 loss (Fig.
3E). CTCFsignal gains observed at other regions may be as-
sociated with levels of H3K9me3 reductions in SETDBI1-
depleted cells that were just below the thresholds used
for differential peak calling.

Differential peak calling analysis showed that 1644
CTCEF peaks (4% of total) were significantly up-regulated
in cells depleted of SETDBI1 while only a handful of them
(0.1%) were down-regulated (Fig. 3F). Approximately 94%
of the gained CTCF peaks occurred within compartment
A (P<0.0001, Wilcoxon signed rank test). To determine
whether gained CTCF peaks represented de novo binding
events or enhancement of pre-existing events, we first an-
alyzed the frequency distribution of the CTCF ChIP-seq
signal per base pair in wild-type macrophages and found
that it was comparable at gained and not-gained peaks
(Supplemental Fig. S2A). SETBDI1 depletion resulted in
the selective increase in read density at inducible peaks
(Supplemental Fig. S2A). Importantly, the majority of
the inducible CTCF peaks were also identified in wild-
type macrophages (Supplemental Fig. S2B). Moreover,
the CTCF motifs at gained and not-gained peaks were of
comparable quality (Supplemental Fig. S2C). Altogether,
these observations suggest that gained CTCF peaks in
SETDBI-depleted cells arise from increased binding to op-
timal CTCF DNA binding motifs. Compared with all
CTCEF peaks, the gained ones showed almost a threefold
higher density of SINE B2 elements and instead the
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Figure 3. SETDBI deposited H3K9me3 and control of CTCF recruitment to SINE B2 repeats. (A) Enrichment of different repeat families
at genomic regions showing H3K9me3 loss in SETDBI1-depleted macrophages. Reported is the Bonferroni adjusted P-value and the log,
scaled ratio between expected and observed frequencies. (B) Motif overrepresentation analysis at repeats contained in genomic regions
showing H3K9me3 reduction (left) or H3K9me3 loss and concurrent H3K27ac gain (right) upon SETDBI1 depletion. Data are separately
shown for LTR and SINE retrotransposons. Enrichment was computed using HOMER (Heinz et al. 2010), providing distinct custom
sets of background sequences: sequences of all LTRs and SINEs in the mm10 genome for the 7543 H3K9me3 set and sequences of
LTRs and SINEs within the 7543 H3K9me3 sites for the 257 H3K9me3 sites with concurrent hyperacetylation. (C) CTCF genomic dis-
tribution in control and SETDBI1-depleted macrophages. CTCF ChIP-seq was carried out using cells transduced with either two nontar-
geting (NT) shRNAs or two SETDBI targeting shRNAs. (D) CTCF binding at genomic regions showing reduced H3K9me3 in SETDBI1-
depleted macrophages. (E) Quantitation of the effects shown in D reporting the normalized read counts per kilobase of CTCF in the various
conditions. Two-way ANOVA with Tukey multiple comparison test. (****) P<0.0001. (F) CTCF peaks called as up-regulated (red), unaf-
fected (gray), or down-regulated (blue) upon SETDBI1 depletion. (G) Association of constitutive CTCF peaks and peaks induced upon
SETDBI depletion with different families of repeat elements. Shown is the repeat density per base pair. (H) Distance between CTCF peaks
and H3K27ac peaks induced upon SETDBI depletion. (Left) Distance between gained H3K27ac peaks (n=579) and constitutive (gray) or
induced (red) CTCF peaks. (****) P <0.0001, Mann-Whitney test. (Right) Bootstrap resampling test assessing the mean distance between
randomly selected CTCF peaks and gained H3K27ac (P <0.0001, Wilcoxon signed rank test). Mean distance between induced CTCF peaks
and up-regulated H3K27ac sites is shown with a dashed green line. (I) Cumulative distribution of the H3K9me3 signal centered on the
summits of the CTCF peaks induced upon SETDBI depletion. (/) Heat maps displaying CTCF and H3K9me3 ChIP-seq signals for consti-
tutive and induced CTCF peaks in both control (NT sh) and SETDB1-depleted (SETDBI sh) cells. Enlarged view for the 1644 induced
CTCF peaks is shown at the right of each heat map. (K) Inverse relationship between CTCF binding intensity (400 bp surrounding
CTCF peak summit) and H3K9me3. CTCF peaks were divided into quintiles based on increasing H3K9me3 signal. Two-way ANOVA
with Tukey multiple comparison test. (****) P<0.0001. (L) CpG DNA methylation at both CTCF-induced and not induced peaks. In
case multiple CTCF motifs were associated with a single peak, only methylation data at the best motif were reported.
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underrepresentation of other repeat elements, thus con-
firming the close relationship between gained CTCF bind-
ing and this family of repeats (Fig. 3G). Moreover, as
compared with constitutive CTCF peaks, those gained
upon SETDBI depletion were significantly closer to sites
of gained acetylation, both by directly comparing the over-
all distance distribution and by performing a CTCF peak
resampling test (Fig. 3H).

While only ~60% of such gained CTCF peaks over-
lapped with the identified blocks of reduced H3K9me3,
the H3K9me3 signal under all of the 1644 peaks showed
clearly reduced intensity in SETDBI1-depleted cells as
compared with control cells (Supplemental Fig. S2D).
Therefore, the overlap of gained CTCF peaks with regions
of H3K9me3 loss is in fact underestimated because of the
stringent thresholds applied to call differential H3K9me3
blocks. Importantly, increased CTCF peaks occurred at re-
gions of pointed H3K9me3 signal (Fig. 31}, a characteristic
of compartment A. Moreover, consistent with the limited
impact of LPS on H3K9me3 profiles (Fig. 1G,H), CTCF
binding was left substantially unaffected by LPS stimula-
tion in both the presence and absence of SETDBI1 (Supple-
mental Fig. S2E,F).

We further explored the relationship between H3K9me3
and CTCF binding. When comparing the signal distribu-
tion of CTCF versus H3K9me3, we noticed a clear inverse
relationship between their intensities (Fig. 3]). Moreover,
the gained CTCF peaks showed the highest H3K9me3
signal in wild-type macrophages (Fig. 3]). When dividing
CTCF peaks into quintiles based on increasing
H3K9me3 signal, CTCF binding intensity was lower in
the highest H3K9me3 quintile, and SETDBI1 depletion spe-
cifically led to a significant increase in CTCF signal at sites
in this group (Fig. 3K), indirectly suggesting a direct role of
H3K9me3 in control of CTCF binding.

Control of CTCF binding to its cognate motifs was pre-
viously reported to be mediated by two main mecha-
nisms: CpG methylation of the CTCF DNA binding
motif (Wang et al. 2012) and competition with the tran-
scription factor ADNP for the consensus CTCF motif
(Ostapcuk et al. 2018; Kaaij et al. 2019). To determine
the possible involvement of these two mechanisms in
the CTCF binding gain caused by SETDBI depletion,
we first analyzed DNA cytosine methylation profiles us-
ing published whole-genome bisulfite sequencing data
sets in mouse macrophages (Link et al. 2018). CpG meth-
ylation of motifs associated with both constitutive and
gained CTCF peaks was uniformly very low (Fig. 3L;
Supplemental Fig. S2G), indicating that at least in the
vast majority of cases changes in DNA methylation can-
not account for gained CTCF binding in SETDBI1-deplet-
ed cells.

Next, to measure ADNP occupancy, we generated
ChIP-seq data sets in control and SETDBI1-depleted mac-
rophages. The ~90,000 ADNP peaks identified were over-
all unaffected by SETDBI depletion (Supplemental Fig.
S2H). In particular, no change in ADNP occupancy was
detected at sites where SETDBI1 depletion led to
H3K9me3 loss as well as at sites corresponding to the
1644 gained CTCF peaks (Supplemental Fig. S2H-K).
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Therefore, relief from ADNP-mediated competition for
CTCEF sites was not involved in gained CTCF binding.

Overall, these data hint at a direct role of H3K9me3 in
the control of CTCF recruitment to cognate motifs in
SINE B2 repeats. This interpretation is in keeping with ex-
periments showing loss of CTCF binding upon focused
delivery of H3K9me3 to constitutively bound CTCF mo-
tifs using the dCas9-KRAB epigenome editor (Tarjan
et al. 2019).

Altered chromatin organization in SETDB1-depleted
macrophages

We next analyzed the impact of SETDBI1 depletion and
concurrent increased CTCF binding on chromatin organi-
zation. TADs are generated by cohesin-mediated loop ex-
trusion, which is limited by boundary elements generated
by CTCEF recruitment to cognate sites or clusters of sites
(Sanborn et al. 2015; Fudenberg et al. 2016; Nora et al.
2017). Binding of CTCF to motifs that are usually not ac-
cessible may in principle generate novel insulation bound-
aries, thus disrupting pre-existing TADs and altering
overall chromatin organization. To address this possibili-
ty, we generated Hi-C data in wild-type and SETDBI1-de-
pleted macrophages (quality controls are reported in
Supplemental Fig. S3A,B). The overall chromosome inter-
action landscapes were very similar in wild-type and
SETDBI-depleted macrophages when comparing the rela-
tive contact probability (RCP), the genome-wide compart-
ment score, and the genome-wide insulation score
(Supplemental Fig. S3C,D). High similarity between
wild-type and SETDBI1-depleted macrophages was also
observed when comparing TAD number and structure
(Supplemental Fig. S3E,F). Only a mild increase in intra-
TAD contacts was detected, consistent with a higher con-
tact probability at shorter distances, as also shown by as-
sessing the RCP (Supplemental Fig. S3C).

To assess the impact of SETDBI depletion and the asso-
ciated increase in CTCF binding on local chromatin archi-
tecture, we assessed whether insulation sites, defined as
point of local minima in the genome-wide insulation
score, displayed significant changes upon SETDBI deple-
tion. A general trend toward a gain in insulation (namely,
a reduction in the insulation score) in SETDBI1-depleted
macrophages was observed across all identified insulation
sites, with 368 of them being statistically significant (Fig.
4A). Sites that gained insulation were significantly closer
to inducible CTCF peaks than the unaffected ones (Fig.
4B). To further evaluate how inducible CTCF peaks affect-
ed nearby insulation sites, we assessed the insulation
score profiles upstream of and downstream from inducible
CTCEF peaks and found a consistent increase in insulation
at pre-existing insulation sites in the vicinity of CTCF
peaks induced upon SETDBI depletion (Fig. 4C). These ef-
fects are likely to arise mainly indirectly given that only
~20% of induced CTCF peaks were found at insulation
sites (Fig. 4D).

To obtain an additional description of the global trends
of contact probabilities in wild-type and SETDBI1-deplet-
ed macrophages, we generated aggregate plots displaying
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Figure 4. Effect of SETDBI depletion on chromatin organization in macrophages. (A) Insulation scores were measured at insulation sites
in control (NT sh) and SETDBI1-depleted (SETDBI sh) macrophages, and differences were calculated. Insulation sites were identified ge-
nome-wide as point of local minima in the insulation score at 10-kb resolution. (B) CTCF peaks enhanced in SETDB1-depleted macrophag-
es are associated with increased insulation capacity at pre-existing insulation sites. (**) P<0.01, Mann-Whitney test. (C) Heat maps
showing insulation scores in control macrophages (white/blue color palette) and the log, fold change (white/red color palette) between
control and SETDB1-depleted macrophages (log, of the ratios between minimum-maximum normalized SETDB1 sh and NT sh bins)
for genomic areas upstream of and downstream from the strand-oriented CTCF motifs. (D) Proportion of constitutive (top) and induced
(bottom) CTCF peaks found at insulation sites. (E) Aggregate region analysis (ARA) showing Hi-C contact probabilities (i.e., average ob-
served over expected contacts) in control (NT sh) and SETDB1-depleted (SETDBI sh) macrophages. Plots are centered on either constitu-
tive (top) or inducible (bottom) CTCF peaks matching insulation sites. Observed versus expected interaction ratios are shown together
with the difference between control and SETDB1-depleted conditions. (F) Aggregate plots as in E centered on CTCF peaks elsewhere with-
in TADs. (G) Frequency distribution (top panel) of the differences in loop intensities normalized to local background (bottom panel) in
SETDBI1-depleted versus control macrophages. (H) Aggregate plots (left) centered on down-regulated (top), invariant (middle), and up-reg-
ulated (bottom) loops in SETDB1-depleted versus control macrophages. (I) Box plots of the distribution of the fold changes of contact in-
tensities per loop over the surrounding local background in control and SETDB1-depleted macrophages. Two-way ANOVA with Tukey
multiple comparison test. (****) P<0.0001, (**) P<0.01, (*) P<0.05. (]) Distance between induced CTCF peaks and induced loops. (Left)
Distance between induced CTCF and invariant (gray), down-regulated (cyan), or induced (red) loop anchors. One-way ANOVA with Tukey
multiple comparison test. (****) P<0.0001. (Right) Bootstrap randomization test assessing the mean distance between randomly placed
anchors and induced CTCF peaks (P <0.0001, Wilcoxon signed rank test). Mean distance between induced CTCF peaks and up-regulated
loops is shown with a dashed green line.
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Hi-C contact probabilities (Flyamer et al. 2017; van der
Weide et al. 2021). Plots were centered on the summit of
induced or not-induced CTCF peaks that were either at in-
sulation sites (Fig. 4E) or elsewhere inside TADs (Fig. 4F).
While only small changes could be observed at insulation
sites, a clear directional increase in contact probability
was associated with inducible CTCF peaks outside of in-
sulation sites (Fig. 4E,F).

These data prompted us to analyze whether gained
CTCF binding events caused by SETDBI1 depletion were
associated with the formation of new loops and/or the en-
hancement of previously existing ones. We defined a high-
confidence set of loops identified in both replicates of each
experimental condition (Supplemental Table S7). More
than 85% of the identified loops overlapped with those
previously identified by others in macrophages (Mum-
bach et al. 2019), confirming the high quality and repro-
ducibility of these data sets. To assess changes in loop
intensities, we analyzed the frequency distribution of
the differences in mean intensity between control and
SETDBI1 knockdown conditions (Fig. 4G; Supplemental
Table S7). We considered as differential loops those with
a difference in mean intensity between control and
SETDBI1 knockdown macrophages greater than one stan-
dard deviation above or below the observed mean differ-
ence (Materials and Methods; Supplemental Table S7).
Overall, depletion of SETDBI increased signal intensity
at 1291 loops, while causing no changes or low-magnitude
reductions at all others (Fig. 4H,I; Supplemental Table S7).
Importantly, induced CTCF peaks were significantly clos-
er to the up-regulated loops than to the invariant and the
down-regulated ones (Fig. 4], left). Moreover, the distance
between up-regulated loops and induced CTCF peaks was
significantly smaller than that with randomly resampled
CTCEF peaks (Fig. 4], right).

Taken together, these data show that SETDBI depletion
augmented the accessibility of CTCF motifs embedded in
SINE B2 repeats, thus leading to increased binding of
CTCEF and eventually to enhanced loop formation.

Basal and LPS-inducible gene expression
in SETDB1-depleted macrophages

The results shown above highlight a potential link be-
tween induced CTCF binding, induced acetylation, and
increased loop formation following SETDBI1 depletion.
Analysis of the H3K27ac associated with loop anchors
showed that loops induced upon SETDBI depletion
brought loci with low H3K27ac in proximity to loci
with high H3K27ac signal (Fig. 5A). Examination of the
bulk H3K27ac signal associated with these loop anchors
showed a significant increase in acetylation associated
with the depletion of SETDBI (Fig. 5B). To determine
the functional impact of the observed increases in loop
formation and in acetylation associated with induced
CTCEF peaks, we generated RNA-seq data sets in control
and SETDBI-depleted macrophages. SETDBI1 depletion
caused overall limited effects that were compatible with
its repressive role; namely, increased expression of 118
genes (logyFC >+ 1 and FDR <0.05) and reduced expres-
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sion of only 33 genes, with the magnitude of gene expres-
sion changes being higher for up-regulated than for down-
regulated genes (Fig. 5C; Supplemental Table S8). Genes
that were up-regulated in SETDB1-depleted macrophages
were significantly closer than the down-regulated ones to
induced CTCEF peaks (Fig. 5D). Furthermore, ~76% of the
up-regulated genes were found within active contact do-
mains containing enhanced CTCF peaks, an association
significantly higher than expected by chance (P <0.0001,
Wilcoxon signed rank test, expected mean proportion
20%). In addition, induced loops and up-regulated genes
were closer to each other than randomly expected (Fig.
5E), suggesting a possible cause-effect relationship be-
tween increased loop formation, increased acetylation,
and gene induction. Indeed, only those loops associated
with up-regulated genes (78 loops linked to 48 up-regulat-
ed genes) showed a significant increase in SETDBI1-deplet-
ed cells, while loops associated with down-regulated
genes showed no significant change (Fig. 5F).

While the mechanisms accounting for the transcription-
al effects of SETDBI depletion are likely complex, the
possible direct links between altered chromatin organiza-
tion and changes in gene expression were exemplified by
Tmem154, one of the two most up-regulated genes in
unstimulated SETDBI1-depleted macrophages. Increased
CTCEF binding upstream of the Tmem154 gene promoter
was associated with increased contacts in its close proxim-
ity as well as in the surrounding regions, which may repre-
sent indirect consequences of the previous ones (Fig. 5G).
In particular, increased contacts were generated between
Tmem154 and a downstream region overlapping the
Fbxw?7 gene, which contained an extended set of highly
acetylated putative regulatory regions (Fig. 5G). The two
newly generated CTCF peaks observed in SETDB1-deplet-
ed cells were associated with two distinct SINE B2 ele-
ments, both containing canonical CTCF motifs (Fig. 5H).
To assess the cause-effect relationship between CTCF in-
duction and Tmem154 up-regulation in SETDBI1-depleted
cells, we used CRISPR/Cas9 to delete the CTCF binding
sites associated with the inducible CTCF peak upstream
of Tmem154 (Supplemental Fig. S4A). A total of 15 sgRNA
pairs was screened, leading on average to ~20% deletion ef-
ficiency in primary wild-type or SETDBI1-depleted macro-
phages (Supplemental Fig. S4B,C). Consistent with a direct
involvement of the identified inducible CTCF peak up-
stream of the Tmem154 promoter, the increase in
Tmem154 expression induced by SETDBI1 depletion was
reduced upon deletion of the CTCF binding sites (Supple-
mental Fig. S4D).

To assess whether the changes in chromatin architec-
ture detected in resting conditions affected stimulus-in-
duced macrophage activation, we evaluated both
H3K27ac and transcriptional changes following LPS stim-
ulation in control and SETDBI1-depleted cells. LPS stimu-
lation increased H3K27ac at 5967 genomic sites and
reduced it at 5626 (Fig. 6A; Supplemental Table S3).
SETDBI depletion pervasively attenuated both LPS-in-
duced and down-regulated H3K27ac peaks, irrespective
of the magnitude of the changes induced by stimulation
(Fig. 6B,C; Supplemental Fig. S6A,B). Both up-regulated
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Figure 5. Basal gene expression and its correlation with altered chromatin organization in SETDB1-depleted macrophages. (A) Heat map
showing H3K27ac ChIP-seq signal in control macrophages (NT sh) at anchors of induced loops centered on the strongest H3K2.7ac peak.
Each anchor pair was oriented in order to display the highest H3K27ac signal in the heat map at the right. The two heat maps were ranked
based on the mean signal in anchors 1 and 2. (B)H3K27ac at induced loops is enhanced upon deletion of SETDB1. Wilcoxon matched-pairs
signed rank test. (****) P<0.0001. (C) Differentially expressed genes in untreated control and SETDB1-depleted macrophages. Data are
from n =2 independent biological replicates, each one done in duplicate with both shRNAs (total n =4 samples per group). (D) Distance
between up-regulated and down-regulated genes in SETDB1-depleted macrophages and induced CTCF peaks. (****) P<0.0001, Mann—
Whitney test. (E) Bootstrap randomization test assessing the mean distance between randomly placed anchors and up-regulated genes.
The mean distance between induced loops and up-regulated genes is shown with a dashed green line. (F) Aggregate plots showing inten-
sities of loops associated with genes up-regulated or down-regulated in SETDBI1-depleted macrophages. (Right) Box plots showing the dis-
tribution of the fold changes of contact intensities per loop over the surrounding local background in control and SETDB1-depleted
macrophages. Wilcoxon matched-pairs signed rank test. (****) P<0.0001. (G) Genomic snapshot showing a genomic interval containing
the Tmem154 gene. Data shown from top to bottom include H3K27ac, RNA-seq, contact density plot generated using Tmem154 as view-
point (yellow highlight and red dashed square), loops identified via cLoop divided into up-regulated (red) and down-regulated (cyan), iden-
tified inducible CTCF peak upstream of Tmem154 (green), and normalized contact maps in control and SETDBI1-depleted macrophages.
(H) Zoomed-in view of the region surrounding Tmem154 showing H3K9me3 and CTCF peaks regulated by SETDBI1 depletion. The
M1-type and M2-type CTCF motifs contained in the SINE B2 elements are shown.
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Figure 6. Effects of SETDBI depletion on LPS-regulated gene expression and its correlation with chromatin folding. (A) H3K27ac peaks
significantly changed in LPS-stimulated macrophages (2 h). Up-regulated peaks are shown in red, and down-regulated peaks are shown in
blue. Data are from n =2 biological replicates. (B,C) Effects of SETDBI depletion on LPS-regulated H3K27ac are shown as metaplots (B) or
box plots of normalized and centered read counts per kilobase across all conditions (C). Two-way ANOVA with Tukey multiple compar-
ison test. (****) P<0.0001. (D) Distance between LPS-induced H3K27ac peaks and CTCF peaks induced upon SETDBI depletion (expected
distances were computed through 10,000 bootstrap resamplings of all CTCF peaks). One-way ANOVA with Tukey multiple comparison
test. (****) P<0.0001. (E) Gene expression changes induced by LPS stimulation (2 h) of mouse macrophages. (F) Effect of SETDBI depletion
on both LPS-induced (red) and down-regulated (blue) genes. (G) Quantification of the effects shown in F reporting the normalized and cen-
tered read counts per kilobase across all conditions. Two-way ANOVA with Tukey multiple comparison test. (****) P<0.0001. (H) Rep-
resentative snapshots of LPS-inducible and SETDBI1-regulated genes. (I) Distance between LPS-regulated genes and CTCF peaks
induced in SETDB1-depleted macrophages (expected distances were computed through bootstrap resampling of all CTCF peaks). One-
way ANOVA with Tukey multiple comparison test. (****) P<0.0001. (J) Genomic snapshot showing the LPS-inducible Egr2 gene. The
heat maps display normalized contact densities in control (top) and SETDB1-depleted (bottom) macrophages. The contact density plot
generated using Egr2 as the viewpoint is shown together with the position of induced (red) and constitutive (gray) CTCF peaks.

and down-regulated H3K27ac peaks were significantly
closer to the induced CTCF peaks than to the not-induced
ones (Fig. 6D). To evaluate the consequences on LPS-driv-
en gene expression changes (Fig. 6E), we generated RNA-
seq data sets in LPS-treated control and SETDBI1-depleted
macrophages. All genes regulated by LPS, including the
up-regulated and the down-regulated ones, displayed at-
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tenuated expression changes in SETDBI1-depleted macro-
phages (Fig. 6F,G). The observed changes were of overall
low magnitude (with a median difference of ~1.6-fold for
LPS-induced genes and 1.4-fold for LPS down-regulated
genes) but high amplitude. Representative snapshots are
shown in Figure 6H. We next sought evidence indirectly
supporting a possible role of gained CTCF binding in the
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observed transcriptional changes. To this aim, we mea-
sured the distance of LPS-induced and down-regulated
genes from the different groups of CTCF peaks and found
that both of them were significantly closer to the CTCF
peaks induced upon SETDBI depletion than to the invari-
ant ones (Fig. 61). In addition, between 72% and 75% of
LPS-regulated genes were found within active contact
domains containing enhanced CTCF peaks. Such asso-
ciation was significantly higher than expected by chance
(P <0.0001, Wilcoxon signed rank test, expected mean pro-
portion ~21.5%). Importantly, global perturbation in LPS-
regulated gene expression was not associated with detect-
able changes in the activation of the main signaling
pathways triggered by stimulation (Supplemental Fig. S5).
As a representative example, Figure 6] shows the geno-
mic region containing the LPS-inducible gene Egr2, which
encodes an early inducible transcription factor whose ex-
pression is attenuated in SETDBI1-depleted cells (Supple-
mental Table S8). This region contains three CTCF
peaks induced upon SETDBI1 depletion that were associat-
ed with an overall increase in contact density and the en-
hancement of several loops (Fig. 6], arrowheads).

Discussion

In this study, we report a critical role of the H3K9 methyl-
transferase SETDBI in restricting the accessibility of a
large repertoire of CTCF DNA binding motifs embedded
in SINE B2 retrotransposons. Current models posit that
the presence of CTCF motifs in repeats allowed species-
specific waves of expansion of the repertoire of genomic
CTCF DNA binding sites (Bourque et al. 2008; Schmidt
et al. 2012; Sundaram et al. 2014). Our results integrate
these findings with evidence demonstrating that the us-
age of a fraction of CTCF DNA binding sites contained
in SINE B2 repeats is restrained by the deposition of
H3K9me3 by SETDBI.

Among the six H3K9 methyltransferases present in
mammals, SETDBI has a specific and nonredundant role
in the deposition of H3K9me3 in compartment A, where
it is tethered by hundreds of sequence-specific KRAB
domain-containing zinc finger transcription factors (Wolf
and Goff 2009; Jacobs et al. 2014; Imbeault et al. 2017)
mainly to repress endogenous retroviruses (Matsui et al.
2010; Rowe et al. 2010, Karimi et al. 2011; Collins et al.
2015; Koide et al. 2016). We hypothesize that the main rea-
son explaining the insofar overlooked role of SETDBI in
the control of the accessibility of SINE repeats is that pre-
vious analyses were mainly based on the use of RNA-seq
data to identify overexpressed repeats, while our starting
point in this study was the characterization of repeats over-
represented at euchromatic sites of H3K9me3 hypomethy-
lation in SETDBI1-depleted macrophages. Consistent with
this interpretation, data reported in a recent study (Monta-
von etal. 2021) showed that several repeat types, including
SINEs, displayed increased accessibility in cells lacking
various H3K9 methyltransferases without necessarily be-
ing derepressed at the transcriptional level. Therefore, the
scope of SETDBI1-mediated repression of repeat elements
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is likely broader than reported before. An important issue
to address in the future will be the identification of the
mechanism targeting SETDBI to SINE B2 repeats. It is rea-
sonable to hypothesize the involvement of specific KRAB
domain zinc finger proteins recognizing shared DNA se-
quence features of SINE B2 elements.

The presence of CTCF DNA binding sites in SINE B2 re-
peats may in principle generate a large excess of motifs
that, if pervasively bound, may greatly impact overall in-
terphase genome folding and usage, as indicated by the
analyses of 3D genome organization and gene expression
reported here. For most transcription factors, usage of the
repertoire of cognate DNA binding motifs in the genome,
which include bona fide functional sites on the one hand
and randomly occurring nonfunctional motifs on the oth-
er, is controlled by combinatorial binding with other tran-
scription factors recognizing adjacent motifs in the same
cis-regulatory element (Barozzi et al. 2014). However, the
DNA binding motif bound by CTCF, a protein with 11
zinc fingers, is long and complex, with an information con-
tent thatis unusually high for eukaryotic transcription fac-
tors (Wunderlich and Mirny 2009), which makes the
contribution of other transcription factors likely dispensa-
ble for efficient CTCF binding. Instead, control of the ac-
cess of CTCEF to its cognate DNA binding sites appears
to be regulated by two main types of chromatin modifica-
tions. First, CpG methylation prevents CTCF binding to
DNA (Wang et al. 2012), as exemplified by methylation-
controlled CTCF recruitment to the imprinted H19/Igf2
locus (Hark et al. 2000). Second, data shown here indicate
that H3K9me3 deposition by SETDBI prevents the usage
of a vast repertoire of CTCF motifs embedded in SINE B2
elements. In line with our data, deletion of SETDBI in neu-
rons was shown to increase CTCF binding to a 1.2-Mb
TAD including >70 protocadherin genes, eventually deter-
mining its disruption (Jiang et al. 2017). An additional
mechanism controlling CTCF recruitment to motifs con-
tained in SINE B2 elements is the competition for the same
motif with the homeobox protein ADNP (Ostapcuk et al.
2018; Kaaij et al. 2019). However, the genomic distribution
of ADNP was largely unaffected by SETDBI1 depletion,
which in principle rules out its involvement.

A well-known conundrum is the discrepancy between
the large effects of CTCF or cohesin subunit loss on inter-
phase genome folding on the one hand and the overall low-
magnitude effects on gene regulation on the other (Nora
etal. 2017). However, the overall impact of CTCF or cohe-
sin loss on transcription becomes more obvious in models
of highly regulated or rapidly induced gene expression. In-
deed, the results reported here are consistent with the pre-
viously reported role of cohesin in the widespread control
of stimulus-inducible gene expression in macrophages
(Cuartero et al. 2018). Overall, these results highlight
the notion that control of genome folding by CTCF and
cohesin may be particularly relevant in conditions of dy-
namic gene regulation that probably require optimal ge-
nome folding to enable fast and/or highly regulated
changes in transcriptional activity. Conversely, our data
do not support the notion that the stronger effects on
gene expression measured in LPS-stimulated as compared
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with unstimulated macrophages were accounted for by
the impact of LPS stimulation on CTCF genomic recruit-
ment. Indeed, LPS stimulation did not impact either
H3K9me3 distribution or CTCF binding to chromatin,
and the consequences of SETDB1 depletion on
H3K9me3 or CTCF genomic profiles were virtually iden-
tical in untreated and LPS-stimulated cells.

In conclusion, deposition of H3K9me3 by SETDBI pre-
vents the inappropriate recruitment of CTCEF to sites con-
tained within SINE B2 repeats, and by doing so it
maintains a genome organization that optimizes rapidly
inducible gene expression changes. It is clear, however,
that additional effects of SETDBI depletion that are not
related to 3D chromatin organization may directly or indi-
rectly contribute to the observed alterations of LPS-regu-
lated gene transcription.

Materials and methods

Cell culture and reagents

Bone marrow isolation from male mice (age 6-8 wk, C57/BL6
strain from Charles River or Rosa26Cas9 knock-in mice) was per-
formed in accordance with Italian law (D.Igs. 26/2014), which en-
forces Directive 2010/63/EU (Directive 2010/63/EU of the
European Parliament and of the Council of September 22, 2010,
on the protection of animals used for scientific purposes). All an-
imal procedures were approved by the Italian Ministry of Health
(346/2017-PR). Bone marrow-derived macrophage (BMDM) cul-
tures were generated as described (Curina et al. 2017). Cells
were treated with lipopolysaccharide from E. coli, serotype
EH100(Ra) from Alexis (ALX-581-010-L002) at 10 ng/mL. HEK
293 cells (from ATCC) were cultured in DMEM with 10% South
American serum, 1% pen/strep (Sigma P4333), and 1% L-Gluta-
max (Gibco 35050061). Cell lines were authenticated by the Tis-
sue Culture Facility of the European Institute of Oncology using
the GenePrintl0 system (Promega) and routinely screened for
mycoplasma contamination.

Lentiviral shRNA delivery in BMDMs

Infection conditions were optimized either in 48-well, six-well, or
10-cm plates for growth conditions, plate types, and viral dose.
PLKO.1 lentiviral shRNA vectors targeting Setdbl protein were
purchased from Merck (TRCN0000092975 and TRCNO000030
5600). PLKO.1 nontargeting shRNA1 (NT1: MISSION pLKO.1-
puro luciferase shRNA control) and shRNA2 (NT2: MISSION
pLKO.1-puro nonmammalian shRNA control) were also pur-
chased from Merck. Lentiviral infection was performed using
the Addgene plasmid 10878 protocol version 1.0, December
2006. Briefly, 293T cells were plated at 2.5 x 10° cells per 10-cm
plate the day before transfection. Transfer vector PLKO.1-
shSetdbl or PLKO.1-shNT, packaging plasmid psPAX2, and enve-
lope plasmid pMD2.G were cotransfected by using either Lipo-
fectamine 2000 transfection reagent (Thermo Fisher Scientific)
according to the manufacturer’s protocol or calcium phosphate.
Transfection medium was replaced by fresh growth medium 6-8
h after transfection. The virus-containing media were collected
at36and 48 h after transfection. Viruses were purified and concen-
trated by Lenti-X concentrator (Takara 631231). BMDM cells were
cultured in BMDM medium for 5 d and subjected to two rounds of
infection following puromycin (4 pg/mL) selection for 72 h. Setdb1
depletion was tested either by RT-qPCR or Western blot.
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RT-gPCR

For RT-qPCR experiments, 250 or 500 ng of total RNA was re-
verse-transcribed with ImProm-II reverse transcription system
(Promega A3800) following the manufacturer’s instructions. RT-
qPCR was assembled with Fast SYBR Green master mix (Applied
Biosystems 4385614) and run on a QuantStudio 5 or a ViiA 7 real-
time PCR machine (Applied Biosystems). Analysis was done on
the Thermo Fisher Cloud platform, and primers were either ob-
tained from the UPL (Universal Primer List, Roche) or designed
with Primer3.

Western blots

Total cellular lysates were obtained with lysis buffer (50 mM
Tris-HCI at pH 7.5, 300 mM NaCl, 1% NP-40, 1 mM EDTA)
with fresh addition of a cocktail of protease inhibitors (c-Com-
plete EDTA-free 3x20 tablets, Roche) and 1 mM PMSF, sonicated,
and clarified by centrifugation. Protein extracts were resolved on
SDS-polyacrylamide gel, blotted onto nitrocellulose membranes,
and probed with the antibodies listed in Supplemental Table S9.

ChIP-seq

ChIP-seq was carried out as previously described (Balestrieri et al.
2018). Briefly, 10° lentiviral-infected BMDM cells (H3K27ac,
H3K9me3, and PU.1) or 20 x 10° lentiviral-infected BMDM cells
(CTCF) were fixed with 1% formaldehyde (Merck 252549) for
10 min at room temperature and lysed to prepare nuclear extracts.
For the ADNP ChIP-seq, 40 x 10° BMDM cells (2% HCOH fixa-
tion) were used. After chromatin shearing by sonication with a
Branson Ultrasonics Sonifier, lysates were incubated overnight
at 4°C with protein G Dynabeads (Invitrogen 10009D) previously
coupled with 1 pg of antihistone antibody or 10 pg of anti-TF anti-
body (all the antibodies are listed in Supplemental Table S9). After
immunoprecipitation, beads were recovered using a magnetic
stand and washed with RIPA buffer (50 mM HEPES-KOH at pH
7.6, 500 mM LiCl, 1 mM EDTA, 1% NP-40, 0.7% Na-deoxycho-
late). Immunoprecipitated chromatin was eluted and cross-link-
reverted overnight at 65°C. DNA was purified with QIAquick
PCR purification kit (Qiagen) and then quantified with Quanti-
Fluor (Promega). DNA libraries were prepared for NextSeq500 se-
quencing as described (Austenaa et al. 2021). The purified DNA
libraries were quantified with the Quantifluor reagent (Promega
E2670) and the quality of the size was controlled with the Tapes-
tation instrument (Agilent) using the high-sensitivity assay
HD5000 (Agilent 5067-5592). Library DNA were diluted to a
working concentration of 4 nM and 76-bp single reads sequenced
on an Illumina NextSeq500 platform. Antibodies are listed in Sup-
plemental Table S9.

ATAC-seq

Lentiviral-infected BMDM cells (5 x 10*) were pelleted by centri-
fugation and resuspended in 50 pL of lysis buffer (10 mM Tris-HC1
at pH 7.4, 10 mM MgCl,, 0.1% Igepal CA-630), gently pipetting
up and down 10 times. Nuclei were pelleted by centrifugation
at 500g for 10 min at 4°C and resuspended in 25 uL of reaction
buffer containing 1 pL of Tn5 transposase made in-house using
a described protocol (Picelli et al. 2014a), 5 pL of 5x transposase
buffer (50 mM Tris-HCI at pH 8.4, 25 mM MgCl,), and 19 pL of
milliQ water. The tagmentation mix was incubated for 60 min
at 37°C gently shaking in order to avoid precipitation of nuclei.
The reaction was stopped by the addition of 5 uL of cleanup buffer
(900 mM NaCl, 30 mM EDTA), 2 uL of 5% SDS, and 2 uL of 20 pg/
pL Proteinase K (Merck P2308) and incubation for 30 min at 40°C.


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349282.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349282.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349282.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349282.121/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on September 19, 2023 - Published by Cold Spring Harbor Laboratory Press

Tagmented DNA was isolated using 2x Agencourt Ampure Xp
beads (Beckman A63881) and amplified by PCR with the HotStart
Kapa HiFi enzyme (Roche 07958889001). Fragments <600 bp
were isolated by negative size selection (using 0.65x Agencourt
Ampure Xp beads) and then purified with 1.8x Agencourt
Ampure Xp beads. Libraries were single-end-sequenced (76 bp)
on an Illumina NextSeq500 platform.

RNA-seq

Total RNA was extracted from 10° cells using the Zymo Quick-
RNA kit (Zymo Research R1055). RN A-seq was carried out using
the SMART-seq2 protocol (Picelli et al. 2014b) with minor mod-
ifications. Briefly, 5 ng of total RNA was reverse-transcribed with
template switching using oligo(dT) primers and an LNA-con-
taining template-switching oligo (TSO). The resulting cDNA
was preamplified, purified, and tagmented with Tn5 transposase
produced in-house using a described protocol (Picelli et al. 2014a).
cDNA fragments generated after tagmentation were gap-repaired,
enriched by PCR, and purified to create the final cDNA library for
Tllumina NextSeq500 sequencing.

Hi-C

BMDM cells (5 x 10°) were detached from a 10-cm plate using Ver-
sene (0.02% EDTA; Lonza BE17-711E), washed twice with ice-
cold PBS, and fixed with 1% of methanol-free formaldehyde
(Thermo Fisher 28906) for 15 min at room temperature. For effi-
cient quenching of the formaldehyde, 0.125 M glycine was added
to the single-cell suspension for 5 min at room temperature. After
two washes with PBS, cells were lysed in 500 uL of freshly prepared
ice-cold lysis buffer supplemented with protease inhibitors
(10 mM Tris-HCl at pH 8.0, 10 mM NaCl, 0.2% NP40, 1x Protease
inhibitors [Roche 11873580001]) and incubated for 20 min on ice.
The integrity of the nuclei was checked under the microscope.

After centrifugation, nuclei were washed once with 1x NEBu-
ffer2 (NEB B7002S) and the pellet was resuspended with 200 uL
of 1x NEBuffer2 containing 10 uL of 10% SDS (final concentration
0.5%) and incubated for 60 min at 37°C, shaking at 900 rpm. The
nucleus membrane permeabilization was then quenched by adding
400 pL of 1x NEBuffer2 and then 120 uL of 10% Triton X-100. Nu-
clei were washed once and then gently resuspended in 300 pL of 1x
NEBuffer2. To digest the chromatin, 400 U of Mbol (NEB
BA0147M) was added and the incubation was left at 700 rpm over-
night at 37°C. A second round of digestion was performed, adding
200 U of Mbol for 120 min. Mbol inactivation was performed for 15
min at 65°C.

To biotinylate the free chromatin ends, a mix (1.5 uL of 10 mM
dCTP, 1.5pL of 10mM dGTP, 1.5 uLof 10mM dTTP,37.5uLof 0.4
mM Biotin-11-dATP, 1 uL of 50 U/uL DNA polymerase I large
[Klenow] fragment [NEB M0210M|) was added and incubated at
750 rpm for 45 min at 37°C. After enzyme inactivation at 65°C
and centrifugation at 3000 rpm, free chromatin ends were ligated
in a total volume of 1200 pL by adding T4 DNA ligase buffer (1x
final; NEB B0202S), 10% Triton (0.8% final), 120 ug of BSA, and
2000 U of ligase (NEB M0202S) overnight at 16°C. Following the
incubation, nuclei were pelleted at 3000 rpm for 5 min and resus-
pend in 200 pL of 1x NEBuffer2. RNA and proteins were digested
upon addition of first 5 pL of RNase A for 15 min at 37°C and then
400 pg of Proteinase K for 30 min at 55°C. The chromatin was then
reverse-cross-linked overnight at 65°C. The next day, DNA was
purified with phenol/chloroform/isoamyl alcohol and precipitat-
ed by adding 3 M NaAc (pH 5.2) and 100% EtOH. DNA was
sheared on the Diagenode Bioruptor Pico and size was controlled
on a Tapestation (Agilent). DNA fragments were in the range of
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200-300 bp. Ligated and biotinylated fragments were enriched
through biotin pull-down using magnetic streptavidin T1 beads
(Thermo Fisher 65601). End repair, A-tailing, and ligation of the
adapters were performed on beads, and streptavidin beads contain-
ing the biotinylated DNA fragments were used as a template for
the PCR amplification step, following the NEB Next Ultra proto-
col (NEB E7370S). The Hi-C library was then purified with 1.8x
Agencourt Ampure Xp beads and quality was controlled on a
Tapestation. The Hi-C library was sequenced on an Illumina
NovaSeq platform for 100 cycles with two 51-bp paired-end reads.

CRISPR/Cas9-mediated genomic deletion

BMDM cells obtained from Rosa26-Cas9 knock-in mice (Platt et al.
2014) were coinfected with two lentiGuide-Puro (Addgene plasmid
52963) plasmids, each one expressing one sgRNA of 15 pairs target-
ing the CTCF motif upstream of the Tmem154 locus (chromosome
3: 84,657,704-84,659,779) or two irrelevant target guides and the
PLKO.1 lentiviral ShRNA vectors targeting Setdbl or PLKO.1 non-
targeting. sgRNAs were designed using the CRISPR design tool
CHOPCHOP (https://chopchop.cbu.uib.no) and cloned into the
lentiGuide-Puro plasmid according to the manufacturer’s instruc-
tion. After infection and 72 h of puromycin selection (4 pg/mL),
RNA and genomic DNA were collected. Genomic DNA was ex-
tracted using the NucleoSpin tissue kit (Macherey-Nagel) follow-
ing the manufacturer’s instructions. To quantitatively assess the
efficiency of cutting, a qPCR reaction was performed as described
above. Primers amplifying an unaffected region of DNA were
used for normalization. Tmem154 expression was assessed by
RT-qPCR. Guides and primers are listed in Supplemental Table S9.

ChIP-seq data analysis

Single-end reads were mapped to the mouse mm10 genome (Illu-
mina’s iGenomes reference annotation downloaded from UCSC,
http://support.illumina.com/sequencing/sequencing_software/
igenome.html) by exploiting the mapping steps of ShortStack
(Axtell 2013; Johnson et al. 2016). Briefly, ShortStack exploits
Bowtie to identify all best-matched alignments for each read. It
computes a probability for each alignment to different loci in
the genome. To do so, the frequency of uniquely aligned reads
mapping within the vicinity of multimapping reads is used to re-
distribute multimapping reads accordingly. While this methodol-
ogy has little impact for some types of ChIP-seq samples such as
H2K27ac and PU.1 ChIP-seq, ~15% more reads were retrieved for
H3K9me3 ChIP-seq and ~8% more were retrieved for CTCF
ChIP-seq samples. Mapped reads were filtered in order to remove
randomly placed multimappers and unmapped reads using SAM-
tools standard procedure (version 1.9) (Li et al. 2009). In order to
identify high-confidence genome-wide sites of enrichment per
antibody, we implemented three strategies accordingly to the
type of signal distribution evaluated after visual inspection of Big-
wig tracks on IGV (Robinson et al. 2011):

First, for narrow TF-like peaks such as PU.1, CTCF, and ADNP,
we implemented MACS2 version 2.2.6 (Zhang et al. 2008)
with parameters “--keep-dup ‘all’ --call-summits --nomodel
--nolambda --extsize 300.” Each ChIP was compared with the in-
put DNA from bone marrow-derived macrophages. A reference
set of peaks per antibody was generated by selecting significant
peaks in each samples/replicate (g-value <107° for CTCF and
ADNP; g-value <107 for PU.1) and being consistent between
replicates (overlapping area of at least 50% between replicates).

Second, for H2K27ac, we used peaks identified in ATAC-seq
samples (see below), expanding the ATAC peaks by 1.5 kb on
both sides.
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Third, for H3K9me3, we exploited SICER v1.1 (Zang et al. 2009)
with parameters “mm10 1 250 300 0.80 1000 .01” against the in-
put DNA from macrophages. To increase the signal to noise, giv-
en the lower and more dispersed signal of H3K9me3 in
euchromatic active compartments, we combined the samples
by conditions and selected significant blocks with an FDR <0.01.

Read counts per sample at the identified loci were retrieved us-
ing the R/Bioconductor packages GenomicRanges and GenomicA-
lignment (Lawrence et al. 2013). Sample normalization was
achieved by selecting invariant peaks across samples (Gualdrini
et al. 2016). Briefly, we modeled the frequency distribution of the
differences in read counts across samples with a log-normal distri-
bution. Peaks laying within 1o of the best-fitted mean difference
were considered as invariant and used to normalize the samples.
Differentially regulated peaks were selected using DESeq2 (R/Bio-
conductor package version 1.26.0; R version 3.6.2) (Love et al. 2014)
after turning off the default normalization that DESeq2 applies.

Repeat enrichment analysis was carried out by assessing the
overlap between groups of peaks and the mm10 RepeatMasker
track (RepeatMasker v. 4.0.7) downloaded from the UCSC table
browser. The hypergeometrical test was used to compute the
probability of systematically retrieved sets of repeats under
H3K9me3 down-regulated peaks considering the observed fre-
quency in all H3K9me3 found within active compartments. Bon-
ferroni correction for multiple testing was applied.

Motif enrichment analysis at either peaks or associated repeats
were conducted using HOMER (Heinz et al. 2010) with default
parameters. Dedicated backgrounds were used per comparison.
In particular, motif enrichments at SINE and LTRs contained in
H3K9me3 regions were calculated using as background sequenc-
es either all SINE repeats or all LTRs, respectively.

The RegionR Bioconductor library was used to perform itera-
tive resampling and randomization of genomic features in order
to estimate the expected mean distance between the elements
under analysis (see individual figures) (Gel et al. 2016).

ATAC-seq data analysis

Following adapter trimming, single-end reads were trimmed with
Trimmomatic (version 0.39 flags: EADING:3 TRAILING:3 SLI-
DINGWINDOW:4:15 MINLEN:38| (Bolger et al. 2014). Resulting
reads were mapped with ShortStack (Johnson et al. 2016). Bam fi-
les were then filtered using SAMtools (version 1.9) in order to re-
move unmapped reads, failing quality, or mapping to
mitochondrial chromosomes. Reads were then shifted 4 nt on
the positive strand and —5 nt on the negative strand using basic
awk operations (Buenrostro et al. 2013). Peak calling was per-
formed using MACS?2 (version 2.2.6; options --nomodel --extsize
146 --nolambda --keep-dup “all” --call-summits). A reference
set of peaks was created by selecting peaks called in each sam-
ple/replicate with g-value <0.01 and being consistent between
replicates (overlapping area of at least 50% between replicates).
The resulting set of peaks was used to count reads in each sample
using the R/Bioconductor packages GenomicRanges and
GenomicAlignment (Lawrence et al. 2013). Sample normaliza-
tion was achieved by selecting invariant ATAC peaks across sam-
ples as described in “ChIP-seq Data Analysis” (see above).
Differentially regulated peaks were selected using DESeq2 (R/
Bioconductor package version 1.26.0; R version 3.6.2) after turn-
ing off the default normalization that DESeq2 applies.

RNA-seq data analysis

Single-end reads were mapped after adapter trimming to the
mouse genome assembly mm10 ([llumina’s iGenomes reference
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annotation downloaded from UCSC, http://support.illumina
.com/sequencing/sequencing_software/igenome.html) and the
RefSeq transcript annotation (ncbiRefSeqCurated November 16,
2017) using topHat2 (TopHat v2.1.1) (Trapnell et al. 2012) with
parameters --max-multihits 1 --b2-very-sensitive. Reads mapping
to the ENCODE blacklist regions (https://github.com/Boyle-Lab/
Blacklist) (Amemiya et al. 2019) were removed using standard
Bedtools operations (Bedtools v2.29.2). Per-gene read counts
were retrieved using standard R/Bioconductor packages (e.g.,
GenomicRanges and GenomicAlignment together with the prop-
er GFF RefSeq annotation ncbiRefSeqCurated, November 16,
2017). Sample normalization was achieved by selecting invariant
genes across samples/conditions (Gualdrini et al. 2016) similarly
to the strategy applied to ChIP-seq and ATAC-seq. Differentially
regulated genes were selected using DESeq2 (R/Bioconductor
package version 1.26.0; R version 3.6.2) after turning off the de-
fault normalization that DESeq2 applies.

Hi-C data analysis

In situ Hi-C paired-end reads were analyzed using Hi-C-Pro (Serv-
ant et al. 2015) version 3.0.0 with parameters “--very-sensitive -L
25 --score-min L,-0.6,-0.2 --end-to-end --reorder” for both local
and global alignment. Unique and valid pairs were kept and con-
tact maps were generated at 10- and 40-kb resolutions. Individual
contact matrices were normalized using the iterative correction
normalization (ICE) method provided by Hi-C-Pro and previously
presented by Imakaev et al. (2012).

Relative contact probability (RCP), aggregate region analysis
(ARA), aggregate peak analysis (APA), and aggregate TAD analy-
sis (ATA) were performed using the R library GENOVA (van der
Weide et al. 2021) after importing individual iced normalized con-
tact matrices at different resolutions. As specified in each figure
legend, either individual samples or the average contact matrices
between replicates were used and displayed.

Compartment score was computed exploiting the “compart-
ment_score” function part of the GENOVA library at 40-kb reso-
lution. The score was determined by computing observed/
expected matrices per chromosomes followed by eigen decompo-
sition. Finally, the first eigenvector of the matrix was multiplied
by the square root of the corresponding eigenvalue (Lieberman-
Aiden et al. 2009). Compartment scores were correlated to
ATAC-seq signal to assign positive compartment score to acces-
sible active chromatin regions. Contiguous bins belonging to the
same compartment are referred to as “contact domains.” These
elements were considered when assessing the co-occurrence of
inducible CTCF peaks and differentially expressed genes.

Insulation scores were computed exploiting the “insulation_-
score” function part of the GENOVA library. Briefly, average signal
intensity per Hi-C bin was computed for a sliding window along
the diagonal. The calculated score was scaled to the genome-
wide average signal leading to the insulation score per Hi-C bin. In-
sulation profiles around viewpoints were produced using insula-
tion scores computed at 10-kb resolution with a sliding square
window of 25 bins. Local minima inflections in the insulation
scores were identified using a custom R function that identifies lo-
cal minima with a sliding window of 10 bins. The identified local
minima were further filtered considering bins with an insulation
score greater than —2. Changes in insulation score at the identified
potential insulation sites was evaluated by linear modeling fitting
using the R Bioconductor library limma. Insulation log, fold chan-
ge heat maps comparing SETDBI1-depleted and control cells was
carried out by first jointly scaling the two data sets (joint mini-
mum-maximum normalization leading to insulation scores rang-
ing between 0 and 1) and then computing the ratios per bin.
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Hi-C loops were identified per sample and replica using cLoops
(Cao et al. 2020) using default preset for Hi-C loop calling (option
-m 3). We then determined a high-confidence set of loops by se-
lecting per sample/replica significant loops with mild FDR cutoff
(<0.1). Anchors defined by the selected loops were reframed by
combining anchors within 5 kb. We then selected those loops
that appeared to be reproducible across replicates for the control
and SETDBI KD condition. The union of the selected loops per
condition was considered high confidence. Indeed ~85% of the
identified loops overlapped with loops previously identified in
macrophage in situ Hi-C samples (GSE115524) (Mumbach et al.
2019). To assess changes in loop intensities, we assessed the fre-
quency distribution of the differences in mean intensity (ex-
pressed as the 1log, FC of the loop signal compared with the local
background surrounding the loop spots) between control and
SETDBI knockdown conditions. Differentially controlled loops
were then defined as those with a difference in mean intensity be-
tween control and SETDB1 knockdown conditions greater than
one standard deviation above or below the observed mean
difference.

TADs were identified using CaTCH (Lee et al. 2013). Briefly re-
ciprocal insulation cutoff was selected in order to maximize
CTCF peak enrichment at TAD boundaries. TAD calling was per-
formed on each individual replicate. TADs showing at least 90%
reciprocal overlap between replicates were considered for further
analysis.

Bisulfate sequencing analysis

Bone marrow-derived macrophage (C57/BL6) bisulfate sequenc-
ing data were retrieved from GEO (GSM2974655) and analyzed
using Bismark (Krueger and Andrews 2011). Bismark (Bowtie2)-
aligned BAM files were deduplicated using the function “dedupli-
cate_bismark.” A full cytosine methylation report was extracted
using the “bismark_methylation_extractor” function with op-
tions “--cytosine_report --comprehensive --merge_non_CpG”
and used for downstream analysis.

Data and software availability

Raw and processed sequencing data were deposited in the Gene
Expression Omnibus (GEO) repository under accession number
GSE189975.
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