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Abstract

In addition to its known roles in protein synthesis and en-
zyme catalysis, RNA has been proposed to stabilize high-
er-order chromatin structure. To distinguish presumed ar-
chitectural roles of RNA from other functions, we applied 
a ribonuclease digestion strategy to our CUT&RUN in situ 
chromatin profiling method (CUT&RUN.RNase). We find 
that depletion of RNA compromises association of the 
murine nucleolar protein Nucleophosmin with pericentric 
heterochromatin and alters the chromatin environment of 
CCCTC-binding factor (CTCF) bound regions. Strikingly, we 
find that RNA maintains the integrity of both constitutive 
(H3K9me3 marked) and facultative (H3K27me3 marked) 
heterochromatic regions as compact domains, but only 
moderately stabilizes euchromatin. To establish the specific-
ity of heterochromatin stabilization by RNA, we performed 
CUT&RUN on cells deleted for the Firre long non-coding 
RNA and observed disruption of H3K27me3 domains on 
several chromosomes. We conclude that RNA maintains lo-
cal and global chromatin organization by acting as a struc-
tural scaffold for heterochromatic domains.  

Introduction

Eukaryotic genomic DNA is packaged with histone proteins 
into nucleosomes, which serve as the repeating structural 
unit of chromatin (Zhou et al., 2019). Two forms of chroma-
tin, heterochromatin and euchromatin, were originally de-
fined respectively as condensed (strongly staining) and de-
condensed (weakly staining) chromatin states (Heitz 1928). 
Euchromatin assembles on relatively gene-rich DNA and lo-
calizes preferentially to the interior of the nucleus (Bártová 
et al., 2008; Burke and Stewart, 2014). Euchromatin is en-
riched for RNA Polymerase II and is marked by active histone 
modifications such as trimethylation of lysine 4 in histone 
H3 (H3K4me3), whereas heterochromatin assembles on 

gene-poor DNA and is marked by repressive histone modifi-
cations. Constitutive heterochromatin is marked by trimeth-
ylation of H3 lysine 9 (H3K9me3) and assembles mostly on 
repetitive DNA, whereas facultative heterochromatin is 
marked by trimethylation of H3 lysine 27 (H3K27me3) and 
assembles mostly on developmentally regulated loci (Cheu-
tin and Cavalli, 2012; Pinheiro and Heard, 2017; Politz et al., 
2013). H3K27me3 and H3K9me3 modifications are recog-
nized by the chromodomains of the Polycomb repressive 
complex and heterochromatin protein 1 (HP1) respectively, 
which then recruit other chromatin modifiers to propagate 
the heterochromatic state (Bannister et al., 2001; Lachner 
et al., 2001). 

 In addition to DNA-binding chromatin modifiers, 
RNA has emerged as an important regulator of heteroch-
romatin formation. In fission yeast, small RNA transcribed 
from pericentric DNA repeats are critical for RNAi-mediat-
ed H3K9me3 heterochromatin formation (Grewal, 2010). 
In mammals, long non-coding RNAs (lncRNAs) are essential 
for the onset of silent heterochromatin during X-chromo-
some inactivation (Xist and Tsix lncRNAs) and genome im-
printing (Kcnq1ot1 and Air lncRNAs) (Nagano et al., 2008; 
Pandey et al., 2008; Pinheiro and Heard, 2017; Verdel et al., 
2004; Zhao et al., 2008). Chromatin modifiers physically in-
teract with several RNAs (Engreitz et al., 2016; Pandey et 
al., 2008; Prensner et al., 2013; Rinn et al., 2007; Yang et 
al., 2015; Yap et al., 2010), suggesting a widespread role of 
RNA in chromatin organization. In addition to the indirect 
regulatory role in which RNA contributes to chromatin or-
ganization by recruiting chromatin modifiers, a direct ar-
chitectural role of RNA in chromatin organization has been 
proposed (Nickerson et al., 1989). Cytological visualization 
of Ribonuclease A (RNase A) treated cells has shown loss of 
a specific H3K9me3 branched epitope (which comprises a 
small fraction of pericentric heterochromatin), leaving the 
rest of the heterochromatin intact (Maison et al., 2002). Ge-
nome-wide chromatin conformation capture (Hi-C) assays 
in RNase A treated cells suggests that although the overall 
genome organization and the higher-order chromatin orga-
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Figure 1. CUT&RUN.RNase identifies RNA-chromatin interac-
tions. A) Schematic of the CUT&RUN.RNase method B) Average 
profiles of normalized NPM1 and IgG CUT&RUN on a concate-
nated major satellite consensus sequence (234 bp repeat unit) re-
vealed a clear enrichment of Nucleophosmin (NPM1) on pericen-
tric heterochromatin relative to IgG. C) The loss of NPM1 signals 
on pericentric major satellites in NPM1 CUT&RNA.RNase (Left). 
Cross-linking retains NPM1 on the pericentric heterochromatin in 
CUT&RNA.RNase (Right). D) Cytological visualization of NPM1 
under indicated conditions.

nization such as topologically associated domains (TADs) re-
main unaffected, a subtle change in long-range interactions 
within heterochromatic, gene-poor, and silent genomic 
compartments is observed upon RNA depletion (Barutcu et 
al., 2019). However, the low resolution of both cytology and 
Hi-C methods limits their use in deciphering the involve-
ment of RNA in chromatin structure. 

 Here, we ask whether the physical presence of RNA 
affects chromatin organization by combining our high-res-
olution in situ genomic profiling method, Cleavage Under 

Targets and Release Using Nuclease (CUT&RUN) (Skene 
and Henikoff, 2017), with RNase A treatment. We show 
that the presence of architectural RNA is necessary for 
the maintenance of the local chromatin environment and 
for the structural integrity of heterochromatic regions. 
We demonstrate the specificity of RNA-heterochromatin 
interactions by showing that the Firre lncRNA stabilizes 
facultative heterochromatin on multiple chromosomes. 

Results

CUT&RUN.RNase probes the requirement of architectur-
al RNA in perinucleolar chromatin structure

Chromatin profiling methods such as Chromatin Immu-
noprecipitation (ChIP) (Park, 2009), require chromatin to 
be fragmented before the antibody binding step and thus 
lose native 3-D conformation across the targeted epitope. 
In contrast, CUT&RUN is performed using intact perme-
abilized cells, thereby preserving the structure of chro-
matin and other macromolecular ensembles around the 
chromatin feature of interest. In CUT&RUN, a fusion of 
Micrococcal Nuclease and protein-A (pA-MN) is targeted 
to chromatin via an antibody. Subsequently, pA-MN is ac-
tivated in the presence of Ca++ ions to catalyze digestion 
at targeted loci. We modified CUT&RUN to CUT&RUN.
RNase by digesting total RNA of permeabilized cells by 
adding RNase A before the antibody binding step, to rap-
idly digest total RNA of permeabilized cells and observe its 
effect upon chromatin structure (Schematic in Figure 1A). 
If the physical presence of RNA is essential for the native 
chromatin conformation, then removal of RNA from cells 
should alter CUT&RUN signals. Because RNA is removed 
in situ from intact cells, CUT&RUN.RNase detects direct 
structural interactions of RNA with chromatin, whether or 
not the RNAs also have indirect structural roles. 

 To determine whether CUT&RUN.RNase can be 
used to detect the dependence of chromatin integrity 
on its direct contacts with RNA, we applied CUT&RUN.
RNase to the chromatin surrounding the nucleolus, a 
major hub of nuclear RNA, in Patski murine embryonic 
kidney fibroblast cells. The outer part of the nucleolus, 
called the granular component (GC), is in direct contact 
with nucleoplasm and is occupied by several proteins 
including Nucleophosmin (NPM1) (Boisvert et al., 2007; 
Lindström, 2011). Integration of NPM1 into the nucleolus 
is dependent on its multivalent interactions with RNA and 
proteins containing arginine-rich linear motifs (Mitrea 
et al., 2016). Furthermore, loss of NPM1 triggers rear-
rangement of perinucleolar heterochromatin (Holmberg 
Olausson et al., 2014; Murano et al., 2008), suggesting 
direct interactions between NPM1 and heterochromatin. 
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Perinucleolar heterochromatin in mouse cells is mostly peri-
centric and consists of major satellite DNA (Almouzni and 
Probst, 2011). We profiled NPM1 using CUT&RUN and de-
tected a clear enrichment of NPM1 on major satellite DNA 
in Patski cells (Figure 1B, Supplementary Figure 1). Next, to 
determine if NPM1 interactions with heterochromatin are 
dependent on the physical presence of RNA, we performed 
NPM1 CUT&RUN.RNase profiling. To compare RNase-treat-
ed to untreated cells, we calibrated datasets using an IgG 
negative control performed on the same RNase-treated 
cells.  We observed dramatic loss of NPM1 signals on ma-
jor satellites upon RNase A treatment (Figure 1C), which re-
veals that NPM1 interactions with pericentric chromatin are 
dependent on the physical presence of RNA. 

 If the decrease in NPM1 signals on pericentric het-
erochromatin is due to RNA-dependent anchoring, and is 
not an artifact of RNase A treatment, cross-linking prior to in 
situ removal of RNA should prevent the loss of NPM1 from 
pericentric heterochromatin at the nucleolar periphery. In-
deed, when we cross-linked the cells prior to CUT&RUN.
RNase, we observed complete rescue of NPM1 signals in 
RNase A treated cells, strongly suggesting that the reduc-
tion in CUT&RUN signals results from structural disintegra-
tion (Figure 1B). Cytological visualization of NPM1 in control 
cells revealed a bright NPM1 ring around each nucleolus. 
When RNase A treatment was performed before formal-
dehyde cross-linking, the NPM1 ring completely collapsed, 
whereas when RNase A treatment was performed after 
cross-linking the cells, NPM1 rings stayed intact and resem-
bled those in untreated cells (Figure 1D). Together these re-
sults suggest that the RNA is necessary for NPM1-pericen-
tric heterochromatin interactions at the nucleolar periphery 
and that CUT&RUN can be used to probe the requirement 
of the physical presence of RNA in chromatin integrity/orga-
nization.

RNA depletion disrupts the local chromatin environment 
around CTCF binding sites 

CTCF using CUT&RUN.RNase. This revealed a 2.8-fold 
decrease in CTCF signal (Figure 2A-B). Mapping of CTCF 
CUT&RUN sequencing reads results in two fragment size 
classes - smaller fragments peaking at ~100 bp correspond-
ing to direct CTCF footprints and larger fragments peak-
ing at ~150 bp resulting from the action of pA-MN within 
linker regions of flanking nucleosomes (Skene and Henikoff, 
2017). Fragment length analysis revealed a reduction in 
CTCF signals upon RNA depletion in both small and large 
CTCF fragments (Figure  2A-B). We observed that the frac-
tion of large CUT&RUN fragments mapped to CTCF sites 
decreased significantly upon RNA depletion, reflecting a 
greater decrease in cleavages within the linker regions of 
nucleosomes flanking CTCF as compared to those adjacent 
to direct CTCF binding sites in mouse embryonic kidney 
cells (Figure 2C). Similarly, CTCF CUT&RUN.RNase in HeLa 
cells resulted in decreased CTCF signals on both direct (con-
taining a CTCF-specific binding DNA motif) and indirect 3-D 
contact sites (lacking a CTCF motif) (Supplementary Figure 
2). These results reveal that RNA depletion reduces the di-
gestion and release of flanking chromatin during CUT&RUN, 
suggesting that the presence of RNA helps to maintain chro-
matin compaction around CTCF sites.

RNA depletion disrupts the structural integrity of heter-
ochromatin

Next, to determine if the presence of RNA maintains the 
structural integrity of euchromatin and heterochromatin, 
we profiled various chromatin modification marks using 
CUT&RUN.RNase. We observed that histone protein levels 
do not change upon RNase A treatment, suggesting that the 
individual nucleosomes remained stable upon RNA deple-
tion (Supplementary figure 3A). Because histone methyla-
tion is a stable covalent modification, we reasoned that if 
RNA is indeed involved in maintaining chromatin conforma-
tions, the disintegration of chromatin domains upon RNA 
depletion will lead to a decrease in CUT&RUN signals reflect-
ing reduction in the availability of targeted epitopes for an-
tibody binding and/or reduced ability of antibody-tethered 
pA-MN to access DNA. We performed CUT&RUN.RNase pro-
filing for repressive (H3K27me3 and H3K9me3) and active 
(H3K4me3) chromatin marks. Surprisingly, genome-wide 
CUT&RUN signals for the H3K27me3 and H3K9me3 repres-
sive marks decreased dramatically (15 and 8-fold respec-
tively in 5 U RNase A/million cells) upon RNase A treatment 
(Figure 3A). In contrast, the active H3K4me3 mark showed 
only a slight decrease (2-fold in 5 U RNase A/million cells) in 
CUT&RUN signals (Figure 3A). We observed similar effects 
of RNase A treatment on H3K27me3 and H3K4me3 marks in 
HeLa cells (Supplementary Figure 3B). These results suggest 
that the physical presence of RNA is crucial for the structur-

The major genome architectural protein CCCTC-binding 
factor (CTCF) binds either directly to its target CTCF motif 
or indirectly via long range interactions with sites that are 
in physical proximity (Phillips and Corces, 2009; Skene and 
Henikoff, 2017). CTCF also shapes local chromatin by posi-
tioning multiple nucleosomes flanking its binding site (Fu 
et al., 2008). These CTCF interactions are dependent on its 
RNA binding domain, suggesting a critical role for RNA in 
CTCF-mediated chromatin organization (Anders et al., 2019, 
Saldana-Meyer et al., 2019). It remains unclear whether the 
contribution of RNA in maintaining CTCF-chromatin interac-
tions is due to direct RNA binding or to an indirect regula-
tolatory role. To distinguish these possibilities, we profiled
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Figure 2 CUT&RUN.RNase reveals an altered local chromatin environment at CTCF sites upon RNA depletion. A) CTCF 
CUT&RUN.RNAse signals for all, small (< 120 bp) and large (> 150 bp) fragments in control cells and cells treated with RNase A treated 
cells (0.5 and 5 U RNase A per million cells). Genome-wide average profiles (Left) and heatmaps (Right) were generated on a 5 kb region 
across annotated CTCF sites. B)  CTCF CUT&RUN.RNase tracks across two representative 5-kb genomic regions. C) Fraction of small 
and large CTCF fragments in control and RNase A treated cells (Left). V-plot of CTCF on 600-bp region spanning CTCF sites (Right). 
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Figure 3. CUT&RUN.RNase detects genome-wide loss of heterochromatin accessibility in RNA-depleted cells. A) Genome-wide 
H3K27me3, H3K9me3 and H3K4me3 average CUT&RUN signals in control cells and cells treated with two different RNase A concentrations 
(0.5 and 5 U per million cells) (Right panels). Genome-wide profiles (Left panels) and heatmaps (Center) were generated on a 10 kb region 
across peak center. B) CUT&RUN.RNase tracks across genomic regions of 5 Mb (H3K27me3 and H3K9me3) or 50 kb (H3K4me3) lengths.
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al integrity of both constitutive (H3K9me3) and facultative 
(H3K27me3) heterochromatic domains. 

 RNA-DNA hybrids including R-loops occupy up to 
5% of mammalian genomes and are linked to chromatin 
compaction at various genomic locations including pericen-
tromeric chromatin (Castellano-Pozo et al., 2013; Sanz et al., 
2016; Skourti-Stathaki et al., 2014). Ribonuclease H (RNase 
H) specifically removes the RNA strand of RNA-DNA hybrids, 
unlike RNase A, which cleaves single and double-stranded 
RNA as well the RNA strand of RNA-DNA hybrids. We per-
formed CUT&RUN.RNase by treating cells with RNase H and 
found that removing RNA-DNA hybrids leads to a slight de-
crease (~1-3 fold in 5 U RNase H/million cells) in CUT&RUN 
signals from heterochromatic domains (Supplementary Fig-
ure 4). The much higher sensitivity of heterochromatic do-
mains to RNase A than to RNase H implies that R-loops are 
at most a minor determinant of heterochromatin conforma-
tion.

Cytological decompaction of heterochromatin under 
CUT&RUN.RNase conditions

To further confirm the disintegration of heterochromatic 
domains upon RNA depletion, we visualized the cytologi-
cal appearance of H3K27me3 and H3K9me3 chromatin do-
mains. Patski female murine embryonic kidney fibroblasts 
are characterized by skewed X-chromosome inactivation 
and carry an inactive X chromosome (Xi) (Lingenfelter et 
al., 1998; Yang et al., 2015). The Xi in Patski cells is evident 
as the brightest H3K27me3 cluster and is associated with 
the NPM1-stained nucleolus as expected (Yang et al., 2015). 
The rest of the H3K27me3 puncta were uniformly distribut-
ed throughout the nucleus as expected (Figure 4A). The ma-
jority of H3K9me3 marked heterochromatin is observed as 
bright spots at the pericentric regions localized to either the 
perinucleolar space (co-localized with NPM1 ring) or the nu-
clear periphery in control cells (Figure 4A). In addition, rel-
atively low levels of H3K9me3 are also present throughout 
the rest of the nucleus. RNase A treatment led to disappear-
ance or fading of most of the H3K27me3 puncta including 
that of the Xi (Figure 4A). RNase A treatment also changed 
perinuclear and perinucleolar H3K9me3 bright distinct spots 
to uniformly dispersed signals (Figure 4A). Cross-linking the 
cells prior to RNase A treatment resulted in a complete res-
cue of both H3K9me3 and H3K27me3 signals (Figure 4B). 
These results clearly suggest that architectural RNA helps 
organize H3K27me3 and H3K9me3 marked heterochroma-
tin into highly compact domains at specific locations in the 
nucleus. In the absence of RNA, these domains become de-
compacted, lose their native conformation and redistribute 
into irregular structures.

Firre lncRNA deletion disrupts a subset of H3K27me3 do-
mains

CUT&RUN.RNase suggests that global depletion of RNA 
results in genome-wide loss of heterochromatin integri-
ty. To establish the specificity and biological relevance of 
heterochromatin stabilization by RNA, we investigated the 
effect on heterochromatin organization of deleting a sin-
gle lncRNA. Firre, a widely distributed lncRNA in the nucle-
us, is transcribed from a macrosatellite repeat locus on X 
chromosome and establishes contacts with multiple auto-
somes (Hacisuleyman et al., 2016; Yang et al., 2015). Firre 
depletion leads to a decrease in H3K27me3 levels on the 
Xi as well as change in the expression of several autosomal 
genes (Bergmann et al., 2015; Rinn et al., 2007; Yang et al., 
2015). Therefore, we wondered whether the genome-wide 
loss of heterochromatin integrity that we observed using 
RNase A would be locally recapitulated on the Xi and specif-
ic autosomal sites with loss of the Firre lncRNA. We utilized 
H3K27me3 chromatin on the Xi as a positive control for de-
tecting the effect of Firre depletion on heterochromatin do-
mains. The Firre locus has been deleted using allele-specific 
CRISPR/Cas9 editing in ΔFirreXa, a derivative of Patski-WT 
(He et al., 2019). Deletion of the Firre locus from the active 
X-chromosome (Xa) results in undetectable levels of Firre 
transcripts and loss of H3K27me3 from the inactive X-chro-
mosome (He et al., 2019). We performed H3K27me3 and 
H3K4me3 CUT&RUN in both WT and ΔFirreXa cells. A com-
parison of CUT&RUN signals between the WT and ΔFirreXa 
revealed a 20 percent decrease in H3K27me3 signals in Firre 
deleted cells. The reduction in H3K27me3 signals in ΔFirreXa 
was ~10 times lower than what was observed upon RNase 
A treatment (5 U/million cells) suggesting that Firre contrib-
utes to a small subset of all RNA-H3K27me3 chromatin in-
teractions. Global H3K4me3 CUT&RUN signals showed no 
significant differences between the WT and ΔFirreXa (Figure 
5A). 

 To identify the regions affected by Firre deletion, we 
plotted Log2 ratios of WT and ΔFirreXa H3K27me3 CUT&RUN 
signals on individual chromosomes. On Chromosome X, we 
identified three large regions spanning tens of megabases 
that showed loss of H3K27me3 signal in ΔFirreXa (Figure 5B). 
Two out of three regions flank the Firre locus while the third 
region is located adjacent to the Xist locus. Interestingly, we 
also noticed loss of CUT&RUN signals at megabase-sized 
H3K27me3 domains on several autosomes (Figure 5B and 
5C). We asked if affected regions include five Firre interact-
ing autosomal loci that were previously identified using RNA 
antisense purification (Hacisuleymanet al., 2014). We found 
that indeed each of these five Firre interacting loci were 
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Figure 4. Decompaction of heterochromatin under CUT&RUN.RNase conditions. A) Patski cells treated with RNase A, cross-linked and 
stained with NPM1, DAPI and H3K27me3 or H3K9me3. The intensity profiles shown in the right panels were plotted across the white lines 
drawn on the images shown in the left panels. B) Patski cells cross-linked, RNase A treated and stained with NPM1, DAPI and H3K27me3 
or H3K9me3 C) The intensity of H3K27me3 or H3K9me3 signals normalized to the DAPI intensity for the indicated experimental conditions. 
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located near regions that showed the loss of H3K27me3 
CUT&RUN signals in ΔFirreXa. Our results with ΔFirreXa con-
firm the biological significance of our CUT&RUN.RNase ap-
proach and suggest that the global effect of RNA depletion 
that we observed in CUT&RUN.RNase result primarily from 
disruption of specific interactions between various lncRNAs 
and heterochromatin. Moreover, the similar effects of Firre 
deletion in vivo and RNase A treatment on heterochromatin 
domains in situ further suggests that the mechanism of ac-
tion of lncRNAs on X-chromosome inactivation is applicable 
to the entire genome. 

Discussion

Mature RNA is abundant in the nucleus and is often associ-
ated with chromatin (Bell et al., 2018; Pandey et al., 2008; 
Rodríguez-Campos and Azorín, 2007; West et al., 2014). 
However, understanding the contribution of RNA to chro-
matin organization resulting from direct RNA-chromatin 
contacts has remained a challenge using current genomic 
technologies. The CUT&RUN chromatin profiling method 
is performed in situ, which allows for probing the chroma-
tin environment around a given epitope at high resolution 
(Skene and Henikoff, 2017). The use of RNase A digestion 
under gentle in situ conditions has allowed us to dissect the 
contribution of RNA due to its physical presence on chro-
matin from its indirect regulatory role in chromatin, for ex-
ample via recruitment of chromatin modifiers. Combining 
CUT&RUN with RNase digestion provides a unique oppor-
tunity to decipher the contribution of the presence of RNA 
in chromatin organization at high resolution. As a proof of 
principle, using CUT&RUN.RNase we demonstrated that in-
teractions of nucleolar protein NPM1 with pericentric het-
erochromatin at the nucleolar periphery are dependent on 
the presence of RNA. 

The architectural protein CTCF insulates adjacent active 
and repressed chromatin domains and also mediates 3-D 
contacts at several developmentally regulated genomic 
loci (Cuddapah et al., 2009; Fu et al., 2008; Narendra et al., 
2015; Phillips and Corces, 2009) Owens  et al., 2019, Clark-
son et al., 2019 ). In addition to precisely mapping direct 
transcription factor footprints, CUT&RUN also probes the 
local and 3-D chromatin environments around CTCF bind-
ing sites (Skene and Henikoff, 2017). CTCF CUT&RUN.RNase 
revealed that the intact RNA is required for maintaining the 
chromatin environment around CTCF likely by facilitating lo-
cal chromatin compaction, such that loss of RNA reduces 
CTCF-tethered MNase cleavage of the linker DNA around 
the adjacent nucleosomes. 

The majority of heterochromatin is spread across large 
regions that are condensed to form spatially compact do-
mains. In case of X inactivation, H3K27me3 heterochromatin 
is spread across the length of entire X-chromosome, which 
then forms a highly compact structure called the Barr body 
near the nucleolus (Engreitz et al., 2013; Lee, 2003; Pinheiro 
and Heard, 2017). Pericentric H3K9me3 heterochromatin is 
formed across a several megabase long highly repetitive 
satellite DNA array on every chromosome. In mouse, peri-
centric heterochromatin is mostly organized around nucleo-
li (Guenatri et al., 2004). Based on in vitro studies, a specific 
hierarchical higher order structure was believed to be the 
basis of heterochromatin compaction (Tremethick, 2007). 
However visualization of chromatin at nucleosome resolu-
tion has revealed chromatin to be a disordered chain of nu-
cleosomes where euchromatin and heterochromatin differ 
from each other in terms of their local density (Ou et al., 
2017). Our results reveal that the presence of RNA is essen-
tial for the integrity and compactness of both constitutive 
and facultative heterochromatic domains. The architectural 
role of RNA that CUT&RUN.RNase revealed may be a gen-
eral property of chromatin-associated RNA, may represent 
multiple specific RNA-chromatin interactions or a combina-
tion of both. 

There have been several reports of specific cis and trans 
RNA-chromatin interactions (Engreitz et al., 2013; Pandey et 
al., 2008; Pinheiro and Heard, 2017; Rego et al., 2008; Rinn 
et al., 2007). Firre lncRNA, apart from its role in maintaining 
H3K27me3 chromatin state on the inactive X, also makes 
contacts with several autosomes. Interestingly, mouse Firre 
contains 16 copies of a repeating domain (Hacisuleyman et 
al., 2014), which might facilitate establishment of anchor 
points within discrete 3-D proximal spaces. Thus, Firre is a 
suitable candidate lncRNA to investigate the possibility that 
a specific lncRNA might be involved in heterochromatin or-
ganization at multiple chromosomes. Our results show that 
in addition to maintaining heterochromatin on the X-chro-
mosome as previously reported, deletion of Firre leads to 
disruption of H3K27me3 domains on multiple autosomes in 
vivo. Loss of signals on H3K27me3 domains in Firre-delet-
ed cells spanned several megabase regions suggesting that, 
similar to their role in maintaining Xi heterochromatin, ln-
cRNAs might play a much broader role in heterochromatin 
organization. 
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Figure 5. Firre depletion reduces H3K27me3 CUT&RUN signal at a subset of domains. A) Genome-wide H3K27me3 and H3K4me3 av-
erage CUT&RUN signals in WT, ΔFirreXa and RNase A treated WT (5 U per million cells). Genome-wide profiles (Left) and heatmaps (Middle 
panels) were generated on a 10 kb region across peak center. Fold changes are shown relative to WT (Right) B) Log2 ratio of WT and ΔFirreXa 
H3K27me3 signals on ChrX, Chr11 and Chr17 H3K27me3 domains (Top panels). Autoscaled H3K27me3 signal tracks on ChrX, Chr11 and 
Chr17 (Bottom panels). NCBI RefSeq genes are displayed below H3K27me3 signal tracks for each ChrX, Chr11 and Chr17. C) Autoscaled 
H3K27me3 signal tracks on chromosomal regions of indicated lengths spanning Firre interacting sites.  
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Material and methods

Cell lines and antibodies

Mouse embryonic kidney fibroblast cell lines Patski wild-
type and ΔFirreXa (Fang H et al., 2019, (Lingenfelter et al., 
1998), were grown in DMEM media containing 13% fe-
tal bovine serum. Antibodies used for CUT&RUN.RNase, 
Western and immunofluorescence were H3K27me3 (Cat# 
9733, Cell Signalling Technology), H3K9me3 (Cat# ab8898, 
Abcam), H3K4me3 (Cat# 39060, Active Motif), CTCF (Cat # 
07-729, Millipore Sigma), NPM1, (Cat # ab10530, Abcam), 
Tubulin (Cat # T5168, Sigma Aldrich) and Histone H3 (Cat # 
1791, Abcam).

CUT&RUN.RNase 

Cells were bound to Concanavalin A beads as described pre-
viously, beads were resuspended in HCMD buffer (20 mM 
HEPES pH 7.5, 0.1 mM CaCl2, 3mM MgCl2, 100 mM KCl, 
0.05% digitonin, Protease inhibitor) and divided into two 
equal aliquots. To one aliquot, RNase A or RNase H was add-
ed at a concentration of 5 U per million cells (unless stated 
otherwise). The cells with or without RNase A were incu-
bated for 90 min at room temperature followed by 3 wash-
es with wash buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 
0.5 mM spermidine, 0.05% digitonin, Protease inhibitor). 
Equal amounts of antibodies were added to both control 
and RNase A treated cells. The remainder of the CUT&RUN 
protocol was performed as described previously (Skene and 
Henikoff, 2017).

For cross-linking CUT&RUN.RNAse, cells were cross-linked 
with 1% formaldehyde for 10 min at room temperature 
followed by CUT&RUN.RNase as described above. After 
adding the stop buffer (170 mM NaCl, 20 mM EGTA, 0.05% 
Digitonin, 20 µg/ml glycogen, 25 µg/ml RNase A, 5 pg/ml 
S. cerevisiae fragmented nucleosomal DNA), the samples 
were incubated on a nutator for 2 hrs at 40C.  The superna-
tant was separated from the beads and de-crosslinked over-
night at 650C. De-crosslinked samples were then subjected 
to DNA extraction as described previously.

Sequencing and Data processing 

Library preparation from CUT&RUN DNA and subsequent 
sequencing on the Illumina HiSeq 2500 platform were car-
ried out as described previously (Skene and Henikoff, 2017) 
to obtain  25X25 paired end reads. Paired-end fragments 
were mapped to the sacCer3/V64 and mouse mm10 ge-
nomes using Bowtie2 version 2.2.5 with options: --local 
--very-sensitive-local --no-unal --no-mixed --no-discordant 

to each mouse CUT&RUN reaction. We mapped the paired-
end reads to both mouse and yeast genomes and calibrated 
datasets by dividing the number of mapped mouse frag-
ments by the number of fragments mapped to the yeast 
genome. Average profiles of NPM1 on major satellites were 
generated by mapping NPM1 CUT&RUN-generated frag-
ments to a concatenated hexamer of a 234 bp major satel-
lite repeat unit. The CTCF profiles were generated across a 
5 kb region surrounding annotated CTCF sites (Encode Proj-
ect). CTCF V-plots were generated as described previously 
(Henikoff et al., 2011). Human direct and indirect CTCF sites 
used for mapping HeLa CTCF CUT&RUN.RNase data have 
been described previously (Skene and Henikoff, 2017).

Immunofluorescence

Cells were grown overnight in chambered slides (Cat# 
PEZGS0416, Millipore) at a final density of ~300,000 cells 
per well. A 400 µl volume of HCMD buffer (20 mM HEPES 
pH 7.5, 0.1 mM CaCl2, 3mM MgCl2, 100 mM KCl, 0.05% 
digitonin, Protease inhibitor) was added per well. A series 
of RNase A concentrations was tested on Patski cells to de-
termine the concentration at which clear effects of RNase 
A digestion on chromatin marks were observed without 
significantly damaging the overall nuclear structure (as de-
termined by DAPI staining). For the experiments present-
ed here, 12.5 U of RNase A was added per well (~300,000 
Patski cells). Both control and RNase A containing slides 
were incubated for 90 min and immediately fixed with 4% 
formaldehyde. Cells were incubated in phosphate-buffered 
saline + 0.05% Triton-X + 1% bovine serum albumin solution 
for 30 min. Cells were then incubated in primary antibodies 
overnight, washed 5 times with PBST, incubated in second-
ary antibodies for 45 min, washed 5 times with PBST and 
mounted using a glycerol-containing DAPI solution. Images 
were captured using a DeltaVision Elite microscope, and 
quantification was performed using Fiji (ImageJ) software.
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Supplementary Figure 1 

Major satellite repeat consensus sequence (234 bp). 

AAACTGAAAATCATGGAAAATGAGAAACATCCACTTGACGACTTGAAAAATGACGAAATCA
CTAAAAAACGTGAAAAATGAGAAATGCACACTGAAGGACCTGGAATATGGCGAGAAAACTG
AAAATCACGGAAAATGAGAAATACACACTTTAGGACGTGAAATATGGCGAGGAAAACTGAA
AAAGGTGGAAAATTTAGAAATGTCCACTGTAGGACGTGGAATATGGCAAGA

Supplementary Figure 1.  The consensus major satellite sequence
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Supplementary Figure 2 
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Supplementary Figure 2.  CTCF CUT&RUN.RNAse signals for all, small (< 120 bp) and large (> 150 bp) 
fragments in control and  RNase A treated HeLa cells (5 U RNase A/million cells). Genome-wide average 
profiles (Left) were generated on a 5 kb region across annotated CTCF sites.
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Supplementary Figure 3
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Supplementary Figure 3.  A) Western blot assays showing Tubulin, H3K27me3 and H3 protein levels. B) H3K27me3 
and H3K4me3 CUT&RUN.RNase in HeLa cells. Genome-wide average profiles were generated on a 10 kb region 
across the peak center.
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Supplementary Figure 4.   H3K27me3 and H3K9me3 CUT&RUN.RNase in control cells and cells treated with two different RNase 
H concentrations (0.5 and 5 U per million Patski cells). Genome-wide average profiles (Left) were generated on a 10 kb region across 
the peak center. Genome-wide H3K27me3, H3K9me3 and H3K4me3 average CUT&RUN signals in control and RNase H treated cells 
(Right).
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