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Long noncoding RNAs known as roX (RNA on the X) are crucial for male
development in Drosophila, as their loss leads to male lethality from the late
larval stages. While roX RNAs are recognized for their role in sex-chromosome
dosage compensation, ensuring balanced expression of X-linked genes in both
sexes, their potential influence on autosomal gene regulation remains unex-
plored. Here, using an integrative multi-omics approach, we show that roX
RNAs not only govern the X chromosome but also target genes on autosomes
that lack male-specific lethal (MSL) complex occupancy, together with Poly-
comb repressive complexes (PRCs). We observed that roX RNAs colocalize
with MSL proteins on the X chromosome and PRC components on autosomes.
Intriguingly, loss of roX function reduces X-chromosomal H4K16ac levels and
autosomal H3K27me3 levels. Correspondingly, X-linked genes display reduced
expression, whereas many autosomal genes exhibit elevated expression upon
roX loss. Our findings propose a dual role for roX RNAs: activators of
X-linked genes and repressors of autosomal genes, achieved through inter-
actions with MSL and PRC complexes, respectively. This study uncovers the
unconventional epigenetic repressive function of roX RNAs with PRC
interaction.

The maintenance of correct chromosome numbers is vital for the
normal development of organisms. Chromosomal aneuploidy, char-
acterized by the gain or loss of individual chromosomes, can lead to
gene overdosage or haploinsufficiency, often resulting in diseases that
pose threats to human health. An intriguing exception to this rule is
found in sex chromosomes, which can tolerate unequal chromosome
numbers through a phenomenon known as dosage compensation. In
many animals, including humans, mice, and flies, sex is determined
by dimorphic sex chromosomes; males possess heterogametic

(XY) chromosomes, while females possess homogametic (XX) chro-
mosomes. Across these species, multiple dosage compensation
mechanisms have evolved to equalize the expression of genes on the X
chromosome between males and females'. In eutherian mammals, X
chromosome inactivation (XCI) serves as a dosage compensation
mechanism. This process is regulated by a long noncoding RNA
(IncRNA) named XIST, which initiates XCI. XIST is expressed exclusively
from one of the two X chromosomes in females and functions in cis to
recruit repressive protein complexes®™, including Polycomb
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Repressive Complexes (PRCs). These complexes trigger the deposition
of repressive chromatin marks such as DNA methylation and histone
modification H3K27me3, ultimately leading to the condensation and
inactivation of the entire X chromosome®®. Notably, the strategy of
XIST-mediated chromosome-wide gene repression has been success-
fully applied to silence the extra chromosome 21 in pluripotent stem
cells from patients with Down syndrome’. For monosomy-related
diseases, gene expression on a single chromosome needs to be gained.
However, chromosome-wide gene activation mechanisms in mammals
have not been uncovered till now. In contrast to mammals, Drosophila
flies lack the XIST gene in their genomes and have evolved a distinct
class of IncRNAs called RNA on the X (roX). These roX RNAs function
redundantly to achieve dosage compensation on the male X
chromosome®. Specifically, they are expressed from and pre-
dominantly localize to the single male X chromosome, exclusively in
male flies. This localization is facilitated by the assembly of the male-
specific lethal (MSL) complex’, which deposits the histone modifica-
tion H4K16ac and triggers an approximately twofold hyperactivation
of gene expression on the male X chromosome. Despite the funda-
mental differences in the epigenetic mechanisms of dosage compen-
sation between mammals and flies, both have developed IncRNAs to
regulate gene expression on the entire X chromosome. Interestingly, a
recent study has suggested that a roX-mediated dosage compensation
mechanism could be transplanted into mammalian cells when repla-
cing the specific protein domain of mammalian MSL2", thus poten-
tially offering an alternative approach for treating monosomy-related
diseases.

Notably, roX RNAs in Drosophila exhibit a versatile function
beyond regulating X chromosome dosage compensation. They have
been shown to bind to autosomal sites in a trans-regulatory
manner’ ™, and some of these binding sites are evolutionarily con-
served across Drosophilid species™. Additionally, the relocalization of
roX RNAs from the X chromosome to autosomes has been observed
under certain conditions”. However, the functional implications of roX
RNA binding to autosomal sites remain largely unexplored. Transgenic
expression of roX RNA on autosomes rescues the male larval lethality
phenotype of roX1 roX2 double knockout mutants® and triggers the
assembly of MSL complex on both the transgene-located autosome as
well as the X chromosome'®™", suggesting that roX RNAs possess both
cis- and trans-regulatory capabilities.

In this study, we adopt an integrative multi-omics approach to
comprehensively investigate the genome-wide function of roX RNAs.
Through ChIRP-seq analysis, we characterize the genomic occupancy
of roX RNAs and identify significant enrichment of Polycomb-related
DNA motifs at roX binding sites, in addition to the canonical MSL
recognition element (MRE). Despite the pronounced colocalization of
roX RNAs and MSL proteins on the X chromosome, our findings reveal
that roX RNA occupancy on autosomes is independent of dosage
compensation. Instead, we observe a strong colocalization between
roX RNAs and several PRC subunits, as well as the repressive histone
mark H3K27me3. Furthermore, we identify the PRC2 subunit Cafl-55
(also known as NURFS55) as a roX2-interacting protein through ChIRP-
MS. Our ChIP-seq analysis further demonstrates that the loss of roX
genes compromises H3K27me3 deposition in the vicinity of autosomal
roX binding sites, particularly those marked by high levels of
H3K27me3. Transcriptome analysis reveals a distinct pattern of gene
expression changes upon roX loss, with upregulated expression of
autosomal genes in male larvae, in contrast to the decrease observed in
X-linked genes. Interestingly, the roX-regulated autosomal genes are
implicated in critical developmental processes such as anatomical
structure morphogenesis and nervous system development. Taken
together, our results suggest that roX RNAs possess dual roles in epi-
genetic regulation, influencing both autosomal and X chromosome
gene expression. These findings reveal the unconventional epigenetic
repressive function of roX RNAs via PRC, and shed light on the intricate

mechanisms underlying dosage compensation and gene regulation,
providing insights into the roles of IncRNAs in shaping the epigenomic
landscape.

Results

roX IncRNAs bind autosomal loci independently of MSL proteins
To unravel the intricate chromatin regulatory networks orchestrated
by roX IncRNAs (roXI and roX2), we meticulously analyzed roX ChIRP-
seq data obtained from male Drosophila larvae'. Consistent with their
functional redundancy®, the genomic binding profiles of both roX1 and
roX2 exhibited high concordance on both the X chromosome and
autosomes (Supplementary Fig. 1a). Employing a stringent approach
(see Methods), we identified a total of 942 distinct roX binding sites,
with a majority located on the X chromosome (Fig. 1a and b, Supple-
mentary Fig. 1b, Supplementary Data 1), aligning with the established
role in male X chromosome dosage compensation®™. Intriguingly,
albeit less frequent, roX occupancy extended to autosomal regions and
these binding sites are not evenly dispersed on autosomes (Fig. 1b,
Supplementary Fig. 1b). The authenticity of these autosomal peaks as
roX binding sites was confirmed by several lines of evidence: (1) robust
reproducibility of the autosomal peaks (Supplementary Fig. 1c), (2)
consistent genomic distribution patterns shared between X and
autosomal roX peaks, favoring promoter regions (Supplementary
Fig. 1d), (3) comparable binding intensity of roX to both the X chro-
mosome and autosomes (Supplementary Fig. 1e), coupled with high
accessibility (Supplementary Fig. 1f)*, and (4) conservation of certain
autosomal roX peaks across diverse Drosophilid species™.

Given that roX RNAs and MSL proteins exhibit binding to auto-
somal regions (Fig. 1, a and b)"***?*, we sought to investigate the
potential interplay between autosomal roX occupancy and MSL func-
tion. To this end, we generated X and autosomal binding profiles of
MSL proteins and the H4Kl6ac histone modification in wild-type and
roX1 roX2 double knockout (referred to as roX knockout or roX-KO)
male larvae, leveraging publicly available chromatin immunoprecipi-
tation sequencing (ChIP-seq) data®®*. The majority of
X-chromosomal roX peaks displayed substantial enrichment of MSL
proteins, including MSL2, MOF, and MLE, as well as H4Kl6ac mod-
ification (Fig. 1c-e), consistent with their established canonical func-
tion in dosage compensation. Strikingly, loss of roX genes resulted in
the abolition of MSL binding around these X-chromosomal roX peaks
in male larvae (Fig. 1c, and Supplementary Fig. 2a). Concurrently,
H4Kl6ac enrichment in these regions declined to levels akin to those
observed in females, where dosage compensation is absent (Fig. 1, ¢
and e, and Supplementary Fig. 2a). Notably, autosomal roX peaks
exhibited minimal colocalization with MSL proteins or H4Klé6ac
modification (Fig. 1, c-e, Supplementary Fig. 2, a-c). Furthermore, MSL
signals around autosomal roX peaks remained unaffected by roX loss
while the relatively weak H4K16ac signals on these autosomal regions
showed a slight average increase (Fig. 1, ¢ and d, and Supplementary
Fig. 2a). These suggest that roX occupancy on autosomes does not
reflect recruitment of a functional MSL complex. In S2 cells, we
also observed MSL enrichment specifically on the identified
X-chromosomal roX binding sites (Fig. 1d, Supplementary Fig. 2d)*.
Conversely, we examined roX2 RNA ChIRP-seq signals on MSL binding
sites in S2 cells, and no roX2 enrichment on autosomal MSL binding
sites was observed (Supplementary Fig. 3)*, further indicating that roX
binding on autosomal sites is independent of MSL dosage
compensation.

Autosomal roX occupancy is linked to the repressive histone
mark H3K27me3

In order to elucidate the functional role of roX occupancy on auto-
somes, we analyzed the epigenomic landscape surrounding roX bind-
ing sites'®*%. Remarkably, the autosomal peaks exhibited a marked
enrichment of the repressive histone mark H3K27me3, with a near
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Fig. 1| Genomic binding patterns of Drosophila roX RNAs: autosomal binding
independent of MSL proteins. a Genomic distribution of roX RNAs across the
Drosophila genome. The upper panel presents an overview of roX ChIRP-seq data,
revealing robust roX occupancy on both autosomal and X-chromosomal regions.
The lower panels provide magnified views of roX ChIRP-seq data, highlighting the
presence of roX RNAs on both chromosome types. b Identification of a subset of roX
ChIRP-seq peaks on autosomes, indicating that roX RNAs can bind to non-sex
chromosomes. ¢ Comparison of roX RNA binding patterns between
X-chromosomal and autosomal regions. X-chromosomal roX peaks exhibit notable

Actn CG4281 Unc-76 chinmo

enrichment of Male-Specific Lethal (MSL) proteins and H4K16ac histone mod-
ification, while autosomal roX peaks lack such enrichment. Wild-type (WT) and roX1
roX2 double knockout mutant (roX-KO) larval samples were analyzed. d MSL pro-
teins show no binding signals in S2 cells on autosomal roX binding sites. Autosomal
regions bound by roX RNAs are occupied by CLAMP but not MSL proteins in S2
cells. e Genome browser view illustrating representative examples of colocalization
between MSL proteins and roX RNAs on the X-chromosome, contrasting with the
absence of such colocalization on autosomes. Source data are provided as a Source
Data file.
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Fig. 2 | Interactions and impact of roX RNAs on H3K27me3 chromatin deposi-
tion. a Association of roX RNAs with histone marks on the X chromosome and
autosomes. Binding intensities of specific histone marks, including the active marks
H4K16ac and H3K36me3 on the X chromosome, and the repressive H3K27me3 on
autosomes, are depicted within +3 kb genomic regions surrounding roX peaks. (b)
Reduction in H3K27me3 enrichment at autosomal roX binding sites following roX
RNA loss. Binding intensities of H3K27me3 are compared between wild type (WT)
and roX double knockout (roX-KO) male larvae within +3 kb genomic regions sur-
rounding roX peaks. Evidence of physical interactions between roX RNAs and
H3K27me3, as demonstrated by PIRCh-seq (c) and RT&Tag (d) data. Mean + SEM
values are shown (n=>5 independent experiments), and significance levels are

H3K27me3 peak distance to nearest roX peak (kb)

determined using the two-sided Wilcoxon test (d). (e) Genome track view dis-
playing representative examples of diminished H3K27me3 enrichment near auto-
somal roX binding sites upon roX RNA depletion. In male larvae, the enrichment of
H3K27me3 (f) and its alterations upon roX loss (g) exhibit a notably stronger cor-
relation with the proximity to the nearest roX peaks on autosomes in comparison to
the X chromosome. As the distance between H3K27me3 peaks and roX peaks
increases, both H3K27me3 signals (f) and the fold change in signal upon roXloss (g)
demonstrate a diminishing trend on autosomes. Pearson’s correlation coefficients
(R) are employed to assess these associations. Source data are provided as a Source
Data file.

absence of active histone marks such as H4K16ac and H3K36me3, in
contrast to the highly enriched active histone marks observed on the X
chromosome (Fig. 2a). This intriguing observation suggests an addi-
tional role for roX beyond its canonical involvement in epigenetic
activation. To validate the potential association of roX with H3K27me3,
we conducted PIRCh-seq—a technique designed to capture histone
modification-associated RNAs**—to capture H4Kl6ac- and H3K27me3-
associated RNAs in Drosophila. Consistent with our hypothesis, robust
enrichment of roX transcripts, particularly roX2, was observed in both
H4Kl6ac- and H3K27me3-associated RNAs (Fig. 2c). A recently pub-
lished H3K27me3 RT&Tag dataset in S2 cells also corroborated this
finding, indicating enrichment of roX RNAs in H3K27me3 immuno-
precipitants (Fig. 2d)*.

To further study the potential regulatory function of roX RNAs in
H3K27me3 deposition, we performed H3K27me3 ChIP-seq in roX-KO
male larvae and their wild-type counterparts®. Strikingly, in male lar-
vae, the average H3K27me3 signals on autosomal roX peaks surpassed
those on X-chromosomal peaks (Fig. 2b, e), reinforcing earlier

observations. In males, X-chromosomal roX peaks is known to exhibit
pronounced H4K16ac signals (Fig. 1c)'>*. These regions, as expected,
showed minimal average H3K27me3 enrichment (Fig. 2b). Importantly,
a substantial reduction in average H3K27me3 levels was observed in
proximity to autosomal roX peaks upon roX loss, such as at the reg-
ulatory regions of cad and lab, while no such reduction was observed
in the vicinity of X-chromosomal peaks (Fig. 2b, e). Notably, autosomal
H3K27me3 peaks tended to have stronger H3K27me3 signals when
they are closer to roX binding sites, and these regions demonstrated a
more pronounced decrease upon roX gene deletion (Fig. 2f, g). This
trend was, however, absent on the X chromosome. Collectively, these
findings suggest a role for roX in sustaining genomic H3K27me3
deposition, especially on autosomes.

roX RNAs modulate gene expression on X and autosomes

To gain a comprehensive understanding of the regulatory network
governed by roX RNAs and their impact on autosomal gene expression,
we conducted RNA sequencing (RNA-seq) experiments in male roX-KO
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Fig. 3 | roX RNAs promote gene expression on X but repress gene expression on
autosomes. a Cumulative curves illustrating the fold change (roX-KO/WT) in gene
expression on autosomes and the X chromosome following roX loss in male larvae.
Significance levels are determined using the two-sided Kolmogorov-Smirnov test.
b roX-bound autosomal genes (n =203) show upregulated expression of in roX-KO
larvae while X-chromosomal targets (n =1346) exhibit decreased expression. The
center lines represent the median, the box limits represent the first and third
quartiles, and the whiskers indicate 1.5 x the interquartile range (IQR). Significance
levels are assessed using the two-sided Wilcoxon test. ¢ The top 10 significantly
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d Examples of genes located on autosomes and X chromosomes that exhibit
increased and decreased expression, respectively, upon roX loss. Mean + SD FPKM
values from RNA-seq analyses for each gene are plotted (n =3 independent
experiments) and the adjusted P values using Benjamini and Hochberg method are
indicated. Source data are provided as a Source Data file.

larvae and their wild-type counterparts. The most significantly enri-
ched Gene Ontology (GO) terms in differentially expressed genes
between roX-KO and wild type males are related to cuticle develop-
ment and morphogenesis (Supplementary Fig. 4, Supplementary
Data 2). Strikingly, we observed an imbalance in transcriptional out-
puts between the X chromosome and autosomes upon roX loss (P<2.2
x107%, Kolmogorov-Smirnov test, Fig. 3a). As anticipated, the majority
of roX-bound genes on the X chromosome displayed decreased
expression levels (Fig. 3b), consistent with their established role in
dosage compensation. Interestingly, autosomal genes bound by roX
were notably enriched in GO terms associated with morphogenesis
and organ development (Fig. 3c). Notably, a substantial portion of
these genes exhibited elevated transcription (Fig. 3b, d), coinciding
with the diminished H3K27me3 levels observed on autosomes
(Fig. 2b, e). Since roX RNAs exhibit a sex-specific expression pattern
and function in males from late embryonic stages onward®, we won-
dered whether roX binding on autosomes was associated with sex-
biased gene expression. For the identified roX-bound autosomal
genes, we found that their expression changes after roX loss (roX-KO
versus wild type) were indeed correlated with the sex bias index
(female versus male gene expression ratio, Fig. 4a, Supplementary
Data 3). Specifically, roX-repressed genes predominantly exhibited
female-biased expression in wild-type larvae (Fig. 4a, b). Additionally,
these roX-repressed, female-biased genes were associated with roX-
mediated H3K27me3 deposition in males (Fig. 4c) and were enriched in
GO terms related to female development (Fig. 4d). Consequently, it is
plausible that roX plays a repressive role in autosomal gene expression
to prevent inappropriate female differentiation and development in
male organs.

We also examined expression of roX-bound genes in msl knock-
down S2 cells and found that X-linked genes bound by roX displayed
significantly decreased expression when MSL protein members were
depleted, while those autosomal genes did not showed significant

variation (Supplementary Fig. 5a)***, supporting that roX RNAs are
assembled into MSL complex only on the X chromosome. To exclude
the possibility that upregulation of autosomal genes resulted from the
overfitting artifact of the linear modeling of DESeq2, we also per-
formed differential gene expression for only the autosomal genes.
Only roX-bound autosomal genes displayed a significant upregulation
in the roX-KO larvae (Supplementary Fig. 5b), further indicating that
roX RNAs possess a repressive role in autosomal gene expression.

roX RNAs on autosomes co-localize with Polycomb repressive
complexes

The seemingly contrasting roles of roX RNAs, activating gene expres-
sion on the X chromosome and repressing gene expression on auto-
somes, led us to delve into the underlying chromatin features of roX
binding sites. De novo motif discovery analysis unveiled DNA motifs
similar to the MSL recognition element (MRE), notably enriched on
both X and autosomal roX binding sites, although X peaks exhibited
higher significance (Fig. 5a)**. Since CLAMP protein can directly bind
this GA-rich DNA motif**°, we also examined its occupancy on roX
binding sites. Consistent with the enriched DNA motif, CLAMP protein
exhibited strong signals on both X-chromosomal and autosomal roX
binding sites (Fig. 1d)*. Although it has been reported that CLAMP can
directly interact with MSL2 and MLE in vitro**" and recruit MSL pro-
teins to the X chromosome®, minimal colocalization of MSL proteins
on these autosomal roX-bound regions could be observed (Fig. 1c-e,
Supplementary Fig. 2d). This concurs with the suggestion that the MRE
alone may not be sufficient to discriminate between X and autosomal
regions*”. Further motif enrichment analysis for known DNA motifs in
roX peaks revealed the binding motifs for Polycomb-group protein
Pleiohomeotic (Pho) and Trithorax group Zeste, both of which are
critical for the function of certain Polycomb/Trithorax response ele-
ments (PREs/TREs)****, were more significantly enriched on autosomal
than X-chromosomal roX peaks (Fig. 5b). This intriguing observation

Nature Communications | (2025)16:155


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55711-y

male

roX-KO female

J"\/"VW\

I avall v

a -~ . C
E 34 R=04,P=16e08 |
= 1 € 200 -
8 2 . 1 GE)
1 I %
3 o1 ! S 150 -
~ (5}
[} (50}
2 07 £ 100
5 S
8 11 X
S 5. £ 50 ‘
S -5kb
o
sex bias index in gene expression
(log, Female/Male)
b d

Autosomal targets
ES repressed by roX (n = 63)
E= not repressed by roX (n = 138)

T _I.

sex bias index in gene expression
(log, Female/Male)

-2 -

S B

Fig. 4 | roX RNAs directly repress autosomal genes involved in female devel-
opment. a Scatter plot showing expression changes of roX-bound autosomal genes
after roX loss and sex ratio in their expression (female versus male). Pearson’s
correlation coefficients (R) were used to assess these associations. The linear
regression line is depicted in black, with the 95% confidence interval represented as
alightgrey shadow. b A majority of autosomal genes directly repressed by roX show
female-biased expression. The center lines represent the median, the box limits
represent the first and third quartiles, and the whiskers indicate 1.5 x the

T
center

genital disc sexually dimorphic development

follicle cell of egg chamber development

T T T T T T T
5kb-5kb center 5kb-5kb center 5kb
roX-repressed autosomal targets

with female-biased expression (n = 41)
— without female-biased expression (n = 22)

=logso P

cell fate specification |

imaginal disc development -

regulation of developmental process
female gamete generation |
wing disc development

germ cell development

instar larval or pupal development - [ ENRNREBDRDEIEGEGEE

interquartile range (IQR). c roX directly repressed autosomal genes showing female-
biased expression are associated with higher H3K27me3 levels in males on roX-
binding sites, which declined after roX loss. d Enriched GO terms of roX directly
repressed, female-biased autosomal genes as shown in (c). The terms related to
female development are highlighted in red. Significance levels are determined
using the one-sided hypergeometric test. Source data are provided as a Source
Data file.

suggests a potential connection between Polycomb repressive com-
plexes (PRCs) and roX occupancy on autosomes.

Given the ability of Pho and Zeste to recruit PRCs in Drosophila,
we investigated whether roX occupancy on autosomes is associated
with PRC function. Drosophila possesses two major PRCs with enzy-
matic activity, namely PRC1 and PRC2, which catalyze H2AK118ubl
(H2AK119ubl in vertebrates) and H3K27me3 histone modifications,
respectively, to repress gene expression®. Our analysis revealed higher
binding signals of PRC1 (Ph, Pc, and Psc) and PRC2 (E(z) and Su(z)12)
subunits, as well as some known PRC recruiters (Pho and Spps), on
autosomal roX binding sites compared to X-chromosomal ones (Fig. 5¢
and Supplementary Fig. 6a)**°. In stark contrast, MSL proteins
exhibited minimal binding on autosomal roX peaks (Fig. 1c-e, Supple-
mentary Fig. 2a—c)” . Importantly, PRC proteins displayed a stronger
correlation with roX on autosomes than MSL proteins (Supplementary
Fig. 6a, b). Notably, Ph binding on autosomal roX binding sites was
markedly diminished in ovaries where roX RNAs are absent, as com-
pared to larval samples (Supplementary Fig. 6¢)***". These collective
findings suggest that roX RNAs might exert an influence on PRC
complex function in Drosophila.

roX RNAs interact with PRCs to modulate H3K27me3 deposition
on autosomes

Since autosomal roX occupancy was found to be unrelated to dosage
compensation (Fig. 1c), we hypothesized the involvement of other roX-

associated nuclear protein complexes. To explore this, we conducted
roX2 ChIRP-MS in Drosophila S2 cells, revealing 562 proteins interact-
ing with roX2 (Fig. 6a, Supplementary Data 4). These interactions
included all known MSL proteins (MSL1, MSL2, MSL3, MLE, and MOF)
associated with roX RNAs?®, and CLAMP protein essential for MSL
recruitment®(Fig. 6b). Importantly, roX2-interacting proteins exhib-
ited enrichment not only for dosage compensation but also for path-
ways associated with gene silencing, such as repressor pathways and
SUMOylation of transcription cofactors (Fig. 6b). Intriguingly, an
interaction between roX2 and PRC2 subunit Cafl-55 (also known as
NURFS55) was also observed (Fig. 6a, b), aligning with the enriched DNA
motifs linked to Polycomb recruitment on autosomal roX binding sites
(Fig. 5b). We also employed the PRIdictor web tool*® to predict
RNA-protein interactions, revealing roX2’s potential interactions with
several PRC subunits, with comparable or even higher probabilities
than interactions with MSL proteins (Supplementary Fig. 7). To verify
the interaction of roXI with PRCs, we performed Trimolecular Fluor-
escence Complementation (TriFC) assays in H293T cells, ectopically
expressing roXI and PRC subunit NURF55 or Esc (or MSL2 protein as a
positive control). The results demonstrated robust physical interac-
tions between roX1 and both NURF55 and Esc, akin to interactions with
MSL2 protein (Fig. 6d, e). While both MSL and PRC proteins have been
observed to interact with roX RNAs, PRC components were absent in
mass spectrometry data obtained from MSL3 immunoprecipitants**°.
In addition, poor colocalization of MSL and PRC complexes on
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¢ Enhanced enrichment of PRC-related proteins on autosomal compared to
X-chromosomal roX peaks. Metaplots depict the average binding signals for PRC-
related proteins near roX peaks. d Genome browser view illustrating representative
examples of colocalization between PRC proteins and roX RNAs on autosomes.

chromatin was observed (Supplementary Fig. 6b). These observations
strongly suggest that the integration of roX RNAs into MSL and PRC
complexes is mutually exclusive. To examine whether PRC proteins
can directly interact with roX RNAs, we conducted an in vitro roX2 RNA
pull-down assay. Our results revealed a physical association between
in vitro transcribed roX2 RNA and certain PRC2 subunits, such as E(z)
and NURF55, although these proteins can also bind other RNAs
(Fig. 6f). These results indicate that PRC subunits can interact directly
with roX but might also has nonspecific RNA-binding properties,
similar to mammalian EZH2 and SUZ12°"**, These findings underscore
the potential involvement of roX RNAs in modulating H3K27me3
deposition on autosomes through interactions with PRCs.

Previous thCHART experiments have revealed the relocalization
of roX2 RNA from the X chromosome to autosomal sites upon heat
shock in S2 cells”. We found that these autosomal regions also showed
roX enrichment in ChIRP-seq signals in male larvae (Supplementary
Fig. 8a). PRC but not MSL proteins or H4K16ac were strongly enriched
in these regions (Supplementary Fig. 8, a, b). Consistent with the
reduced spreading of roX2 RNA on the X chromosome® and its relo-
calization to Polycomb-targeted autosomal regions after heat stress
(Supplementary Fig. 8b), genes associated with both types of roX2
peaks displayed decreased expression (Supplementary Fig. 8c).

In summary, our comprehensive analyses have unveiled a pre-
viously unrecognized dimension of roX RNA function, revealing their
dual roles in transcriptional activation and repression. On the X
chromosome, roX RNAs are assembled into MSL complex to trigger the
H4Kl6ac deposition and gene hyperactivation (Fig. 6g). Whereas on
autosomes, roX RNAs act in concert with PRCs to modulate repressive
H3K27me3 deposition, thereby repressing gene transcription (Fig. 6g).
Therefore, roX RNAs emerge as key players in chromatin regulatory
networks, influencing gene expression through interactions with both
MSL complex and PRCs. Our findings shed light on the intricate

interplay between roX RNAs, histone modifications, and protein com-
plexes, contributing to a deeper understanding of the multifaceted
mechanisms underlying epigenetic regulation in Drosophila.

Discussion

Investigating the functions and mechanisms of IncRNAs can be chal-
lenging due to their low conservation and expression levels. However,
advancements in technology have enabled us to better detect and
understand these molecules. It has been found that many IncRNAs
have both cis- and trans-regulatory activities, impacting gene expres-
sion in multiple ways. For instance, lincRNA-Cox2 serves as an enhancer
RNA to regulate the expression of the neighboring gene Ptgs2 in cis,
while it also plays a trans-regulatory role in controlling many innate
immune genes™*°. Originally known to function only in cis to repress
nearby coding genes for genomic imprinting, KCNQ10T]1, a long non-
coding RNA, has recently been found to possess the capability to
suppress transposons on a genome-wide scale by facilitating RNA-DNA
triplex formation, and HP1 binding®”. Similarly, XIST/Xist RNA was
initially believed to act exclusively in cis to regulate the X chromosome
in mammals. However, recent reports show that it can also spread to
autosomal regions and regulate autosomal genes in trans in embryonic
or pluripotent stem cells in humans and mice’®**, possibly via the
spatial contacts of these genomic regions with XIST/Xist locus. The
trans-regulatory capacities of roX IncRNAs have been reported long
ago'®™ and their autosomal binding has also been observed"™, but
only their cis-regulatory role has been extensively investigated, largely
due to their crucial involvement in X chromosome dosage compen-
sation, which is indispensable for animal development and survival.
This study unveils an unexpected facet of roX function: its role
in gene repression through interaction with PRC2, particularly on
autosomes. This challenges the conventional understanding
that roX IncRNAs solely promote gene expression via MSL complex
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assembly on the X chromosome. MSL proteins and their autosomal
binding sites unrelated to dosage compensation, are also known to
undergo rapid positive evolution®**’, Hence, it is possible that all MSL
complex members are under selection for unique functions. Since
roX RNAs possess both cis- and trans-acting capacities and PRC func-
tion is conserved from flies to mammals, potential roX-PRC interac-
tion in mammalian cells should also be considered when applying

roX-mediated chromosome-wide activation mechanism to treat
monosomy-related diseases.

In a previous study, MSL2 targets were identified using ChIP-seq
with FLAG-tagged MSL2 in male larvae. Only a very small portion of
MSL2-FLAG ChIP-seq peaks colocalized with roX RNA on autosomes®.
Notably, these colocalized peaks identified by MSL2-FLAG were not
observed with endogenous MSL2 ChIP-seq in S2 cells. These suggest
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Fig. 6 | roX RNAs physically interact with PRC proteins to modulate H3K27me3
deposition on autosomes. ChIRP-MS analysis reveals that both MSL proteins and
some repressive proteins can interact with roX2 RNA. Relative protein enrichment
in ChIRP-MS roX2 versus control (a) and the enriched pathways among roX2-
interacting proteins (b) are presented. (c) Schematic representation of the trimo-
lecular fluorescence complementation (TriFC) assay. Three plasmids are co-
transfected and expressed in H293T cells. A functional iRFP is formed when a
physical interaction occurs between the tested RNA and protein, leading to
observable red fluorescence. d TriFC assay results demonstrate strong interactions
between roXI RNA and both NURF55 and ESC proteins. (e) PRC proteins display
similar interaction intensities with roXI RNA compared to MSL2. To evaluate the
interactions between RNA and the tested proteins, the ratios of number of cells
with iRFP or ECFP signals were quantified. For the roX1-MSL2 pair, n = 6 micro-
scopic fields were quantified, whereas for other RNA-protein pairs, n =4

microscopic fields were analyzed. Mean + SD values are shown, and significance
levels are determined using the two-sided Student’s t-test. f Detection of PRC
proteins in roX2 RNA pull-down products. In vitro transcribed and biotinynated
roX2 RNA was incubated with purified recombinant His-tagged protein from E.coli.
After pull-down with streptavidin beads, the elutants were resolved by western blot
using an anti-His antibody. MSL2, which can interact with roX2, serves as a positive
control. Poly(A),s RNA is used as a control (n=3 independent experiments). g A
proposed framework elucidating the multifaceted functions of roX RNAs in epi-
genetic regulation. roX RNAs participate in the MSL complex and target the X
chromosome, leading to the deposition of H4K16ac and the subsequent hyper-
activation of genes on the X chromosome. On the other hand, roXRNAs can also act
in concert with PRCs to target autosomal regions lacking MSL occupancy, enabling
elevated levels of H3K27me3, thereby achieving transcriptional repression.

minimal, if any, colocalization of MSL2 and roX on autosomes, unlike
the situation on the X chromosome. Our analysis consistently found
that less than 10% of autosomal roX peaks overlapped with MSL2
binding sites in S2 cells, and no overlap was observed in larvae MSL2
ChIP-seq (Supplementary Fig. 2b, c). Additionally, there is no clear
enrichment of roX RNA on autosomal MSL binding sites in S2 cells
(Supplementary Fig. 3). These findings indicate that the colocalization
of roX and MSL2 on autosomes is limited, if it occurs at all.

It is intriguing that both eutherian mammals and Drosophila
employ IncRNAs to achieve X chromosome dosage compensation,
although their mechanisms significantly diverge. One possible expla-
nation for the use of IncRNAs in regulating X chromosome dosage
compensation across various organisms is the unique combination of
specificity and versatility they provide. LncRNAs have the ability to
interact with numerous biomolecules®?, such as proteins and chro-
matin, allowing for precise regulatory control. Moreover, IncRNAs can
act as scaffolds and decoys, enabling fine-tuning of their interactions
and exerting specific regulatory effects. The IncRNAs involved in X
chromosome dosage compensation in both Drosophila and the
mammals exhibit sex-biased expression patterns, which may be linked
to sex-biased diseases. For instance, the female-specific expression of
Xist could play a role in female-biased autoimmune diseases, through
the formation of Xist ribonucleoproteins®® or XCI escape’. In our ana-
lysis, roX RNAs directly repress the expression of a subset of autosomal
genes in male Drosophila, some of which are involved in female
development and differentiation. This repression likely prevents
inappropriate female differentiation and development in male organs.
Understanding the role of sex-specific IncRNAs like roX and Xist pro-
vides valuable insights into their crucial functions in sexual develop-
ment and disease.

PRC function is critical for normal development, and even a
temporary loss of PRC can lead to an irreversible transition to a can-
cerous state®’. Many IncRNAs such as XIST and HOTAIR, are known to
modulate gene expression via their interaction with PRC2°. How-
ever, the specificity of PRC2’s interaction with RNAs has been debated.
Many nascent active transcripts can also be enriched in immunopre-
cipitants of PRC2 subunits®*?, and some techniques failed to identify
PRC2-associated RNAs®®, raising questions about the role of RNAs in
PRC2-mediated chromatin regulation®®’%, The interaction between
PRC2 and many IncRNAs may be relatively weak and highly dynamic,
making it challenging to detect PRC2 subunits in RNA-centric mass
spectrometry technologies, as seen with HOTAIR and XIST/Xist ChIRP-
MS>”>75, Nevertheless, our ChIRP-MS successfully identified
PRC2 subunit NURF55 as a protein that interacts with roX2. In addition,
we found that certain PRC2 components have a direct physical inter-
action with roX2 in vitro, although these proteins also bind non-
specifically to other RNAs, similar to mammalian PRC2 component
EZH2 and SUZ12°"*, Regardless of whether the interaction is specific
or nonspecific, direct or indirect, understanding its function remains a
challenging but intriguing future direction.

We observed the identification of several proteins predicted to
localize outside the nucleus in our roX ChIRP-MS results. It is not
uncommon to enrich some cytoplasmic proteins in nucleus-localized
IncRNA ChIRP studies, as demonstrated by Xist/XIST ChIRP-MS data
enriching translation-related or mitochondria-localized proteins™”.
Moreover, data from the Human Protein Atlas indicate that many
cytoplasm-localized proteins can also exhibit localization in other
organelles, including the nucleus’®. We also re-evaluated the localiza-
tion of roX RNAs using published roX2 FISH results in S2 cells®. The
results revealed distinct nuclear speckles consistent with roX’s pre-
dominant localization on the X chromosome. Intriguingly, some sig-
nals were observed outside the nucleus, suggesting potential
cytoplasmic localization of roXs. A similar cytoplasmic localization of
roX RNA is also observed in testes”. This raises interesting questions
about the cytoplasmic functions of roX1/2, which warrant additional
investigation.

It is also noteworthy that CLAMP protein exhibits strong binding
signals at roX binding sites, particularly in autosomal regions where
MSL proteins are absent, while PRC proteins are enriched. In addition,
CLAMP has been shown to co-immunoprecipitate with the PRC
recruiter Psq’®”°. This suggests that CLAMP may play a role in facil-
itating the genomic occupancy or the repressive function of the
roX-PRC complex in autosomal regions.

Earlier studies have documented the localization of MSL proteins
and roX RNAs on autosomes, and the relocalization of roX to autosomal
regions following heat shock™>****, However, these prior studies did
not systematically analyze the autosomal co-localization with MSL,
PRC proteins, or histone modifications, nor did they investigate the
functional consequences of roX binding on gene expression at these
sites. In contrast, our study reveals that while roX localizes to auto-
somes, its binding sites do not overlap with MSL proteins in these
regions. Instead, we observed that roX primarily co-localizes with PRC
proteins, where it plays a gene repression role on autosomes—a func-
tion distinct from its well-established role in gene activation on the X
chromosome.

Additionally, while Deng et al.”’ reported changes in hetero-
chromatin gene expression upon the loss of roX, we extended this
analysis by systematically examining the chromosomal distribution of
roX binding sites. We assessed whether roX is enriched at hetero-
chromatin regions and found that roX peaks are predominantly loca-
ted outside heterochromatin domains (Supplementary Fig. 1b). Since
roX RNAs do not directly bind to heterochromatin and roX has been
shown to bind MSL proteins to prevent their localization to pericen-
tromeric heterochromatin regions on autosomes”, we hypothesize
that the observed regulation of genes in these regions may be an
indirect effect, potentially mediated through roX target genes or MSL
relocalization.

From flies to mammals, IncRNA expression can reshape the
genomic localization patterns of interacting chromatin complexes™*,
and environmental signals or developmental cues can modulate
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RNA-chromatin interaction, thereby triggering the cellular response
or developmental transition**". In male Drosophila, we found that roX
RNAs can interact with PRC2 and influence H3K27me3 deposition on
autosomes, whereas in female ovaries where roX expression is absent,
the binding of Ph on roX binding sites is disrupted (Supplementary
Fig. 6¢). Itis likely that roX RNAs play a role in shaping proper genomic
occupancy of PRC2.

In conclusion, our findings contribute to the understanding of the
complex roles of roX IncRNAs in chromatin regulation and dosage
compensation. The interactions between roX RNAs and PRC2 compo-
nents highlight the intricate regulatory mechanisms that ensure
proper gene expression and development. Future research exploring
the dynamics of these interactions will be crucial in unraveling the full
spectrum of IncRNA functions and their implications in development
and disease.

Methods

Fly stocks and cultures

Fly stocks were raised at 25°C on standard molasses/yeast medium.
The wild-type strain used for D. melanogaster is Oregon R. The D.
melanogaster roXI roX2 double mutant males were selected as non-GFP
males from a y' w'™® v’ roX1 roX2°*/FM7i, Plw*™ =ActGFP] JMR3 stock
(from Jan Larsson lab, Umea University, Umed, Sweden)*°. GFP-positive
males and females were used as negative controls.

Trimolecular Fluorescence Complementation (TriFC)

DNA sequences for RNA of interest were inserted into pECFP-ms2-M
5’'UTR (control RNA plasmid)”® between ms2 loop and ECFP via Gibson
assembly. The coding sequences for protein to be tested were cloned
into NS1-iRN123 to replace the NSI coding regions. The primers used
for vector construction were listed in Supplementary Data 6. A third
piRC124-MCP plasmid was also used without modification. One day
before the transfection, 100,000 HEK293T cells were seeded into
glass-bottom dishes so that cells will grow to approximately 80%
confluent. For transfection, 1 g of each of the three plasmids were
added to 100 pL of optimal medium, and 7.5 uL FUGENE Transfection
Reagent (Promega). After an incubation for 10 min at room tempera-
ture, the cells were washed twice with PBS. Then, 1 mL of complete
medium (with or without antibiotics) was added to the cells and the
mixture was transferred into small dishes. After another incubation for
24 h, the cells were washed twice with PBS, and then 500 pL complete
medium was added. For imaging, 5L Hoechst 33342 solution was
added for nuclear staining and the cells were incubated for 10 min at
cell incubator. Then, the cells were washed twice with PBS, and incu-
bated with 500 L 4% paraformaldehyde fixation solution for 10 min.
After the final twice washes, 100 pL antifade mounting medium was
added to cover the cells.

A Confocal microscope was used for all cell imaging. Excitation
wavelengths for ECFP, iRFP, and Hoechst 33342 were 445, 640, and
405nm, respectively. The cell number ratios of iRFP/ECFP were
quantified to assess the interaction between RNA and proteins to be
tested.

RNA pull-down

RNA was synthesized by in vitro transcription from a T7-promoter
containing PCR product (primers were listed in Supplementary Data 6)
using the MEGAscript T7 Transcription Kit (AM1334, Thermo Fisher),
biotinylated using the Pierce RNA 3’ End Desthiobiotinylation Kit
(20163, Thermo Fisher), and incubated with purified recombinant His-
tagged protein from E.coli. Poly(A),s RNA was used as a control. RNA
pull-down was performed using the Pierce Magnetic RNA-Protein Pull-
Down Kit (20164, Thermo Fisher) with streptavidin beads. The elutants
from the pull-down were resolved by western blot using the Pro-
teinFind Anti-His Mouse Monoclonal Antibody (HT501-01, Trans-
gen, 1:5000).

ChIP-seq library preparation and data analysis

Around 100 wondering third-instar larvae of Drosophila roX1 roX2
double knockout males were collected, crosslinked in 1% for-
maldehyde for 20 min, and quenched with 0.25 mM glycine for 5 min.
The male and female siblings were collected as controls. Nuclei from
crosslinked Drosophila larvae were sonicated in SDS lysis buffer sup-
plemented with PMSF and protease inhibitor cocktails to achieve a
DNA size of 200-500 bp. The sonicated chromatin was incubated with
5 pg antibodies coupled with 25 pl dynabeads protein A and G each (1:1
mixed) at 4 °C overnight with rotation. After incubation, immune
complexes were washed successively with low salt wash buffer, high
salt wash buffer, LiCl wash buffer and TE buffer. Antibody-bound
chromatin was reverse-crosslinked, and the ChIPed DNA samples were
purified. ChIP library was prepared using DNA Library Prep Kit for
lllumina (Vazyme ND607). ChIP-seq experiments were performed in
duplicates.

Raw ChIP-seq reads were trimmed with Trimmomatic (v0.39)*? to
remove adapters and low-quality reads, and then aligned to Drosophila
reference genome dmé with Bowtie 2 (v2.4.5)*. Unmapped and low
mapping quality reads were filtered with SAMtools (v1.13)**. Duplicated
reads were removed with Picard tools (https://broadinstitute.github.
io/picard/). Bigwig tracks were generated with deepTools (v3.5.1)* and
visualized with IGV (v2.14.1)%.

ChIRP-seq data analysis

roXI and roX2 ChIRP-seq bedgraph and bw files were downloaded from
the Gene Expression Omnibus (GSE69208) and converted to dmé by
CrossMap (v0.6.4). Peaks were called using macs2 callpeak (no peak
model, 150-bp extension size, summit calling enabled, v2.2.7.1)*". Peak
summits were refined using macs2 refinepeak. Then roX binding sites
were determined in three steps. (1) Called peaks were filtered by fold
enrichment of peaks (fold enrichment > 6), pileup of peaks (pileup >
50), and significance of refined summits (-logyo g-score > 20). Peaks
passed through the three filters were retained. (2) Sometimes two or
more summits were called into one macs2 peak. To distinguish the
different summits in macs2 peaks, one macs2 peak was split into three
parts, the summit region (+250 bp around refined summits), and the
peak regions before or after summit region. Then macs2 refinepeak
were used to find the refined summit of each split peak region, and
significance were used as filter (-log;o g-score > 20). (3) RPKM values of
the regions +250 bp around the filtered refined summits were extrac-
ted from roXi/roX2 ChIRP bw files and input bw file using pyBig-
Wig (v0.3.18). Then the 500 bp regions were filtered by signal intensity
(RPKM >16) and fold enrichment (ChIRP/input > 2). The filtered
regions were determined as roX1 or roX2 binding sites. The distribution
of genomic features bound by roX was generated with R package
ChlIPseeker (v1.24.0)%,

Motif analysis

De novo motif discovery was performed with STREME in the MEME
Suite (v5.5.0)*, and enrichment analysis for known motifs was per-
formed using AME in the MEME Suite.

Gene Ontology enrichment analysis

Genes that overlapped with +5kb regions around roX peaks were
defined as roX-bound genes and used for Gene Ontology analysis using
PANTHER (https://geneontology.org/).

RNA-seq library preparation and data analysis

Total RNA was isolated from Drosophila 1** instar male larvae samples
with Trizol reagents (Invitrogen), treated with DNase I and purified
with a ZYMO RNA Clean & Concentrator-5 kit. PolyA mRNA library
preparation and sequencing were performed by Beijing Genomics
Institute (BGI, Shenzhen). All the experiments were repeated
three times.
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RNA-seq reads were mapped to Drosophila genome dmé with
HISAT2 (v2.2.1)°°. Unmapped and low mapping quality reads were fil-
tered with SAMtools (v1.13)**. Read counts were calculated with HTSeq
(v2.0.2)”". Differential gene expression was analyzed with R package
DESeq2 (v1.38.3)°%

PIRCh-seq library preparation and data analysis

Around 500 mg of wandering 3" instar larvae were collected and
pulverized with a mortar and pestle in liquid nitrogen. After being
filtered through 40 pum nylon filter (SteriFlip), the sample was fixed
with 1% formaldehyde and pelleted by centrifugation. The pellet was
resuspended in 3 mL cold Swelling Buffer with 1% NP-40, 1 mM PMSF,
protease inhibitors and 0.2 U/uL RiboLock RNase inhibitor, and incu-
bated on ice for 10 min, before it was dounced with a motorized
handled douncer for 2 sec. Then the sample was centrifuged, resus-
pended in PBS, and fixed with 3% formaldehyde for 30 min at room
temperature. The pellets were resuspended in 2 mL Nuclei Lysis Buffer
and sheared with Covaris E220 using the parameters “850 uL per tube,
4 °C, 5% duty cycle, 140 PIP, 35 min” until the DNA fragment size ran-
ging from 300 to 2000 bp (the time for sonication may vary). 200 uL
chromatin samples were diluted with 400 pL Dilution Buffer and 20 uL
chromatin was used as 10% input. 5 pg anti-H4K16ac or anti-H3K27me3
antibody was used per IP sample. The samples were washed 4 times
and eluted with elution buffer. The eluted samples were treated with
TURBO DNase. RNA was extracted with Trizol/chloroform and purified
with ZYMO RNA Clean & Concentrator-5. The purified RNA was used
for library preparation.

PIRCh-seq reads were mapped to Drosophila genome dmé with
HISAT2 (v2.2.1)°°. Unmapped and low mapping quality reads were fil-
tered with SAMtools (v1.13)**. Bigwig tracks were generated with
deepTools (v3.5.1)* and visualized with IGV (v2.14.1)%¢.

ChIRP-MS and data analysis
Around 500 million S2 cells were cross-linked and sonicated to
100-500 bp of chromatin size in Nuclear Lysis Buffer (50 mM Tris-HCI
7.0,10 mM EDTA, 1% SDS) containing proteinase inhibitor cocktail and
RNase Inhibitor’. The sonicated lysate was pre-cleared with washed
beads at 37°C for 45min and divided into two aliquots. For one
aliquot (RNase control), RNase A was added to a final concentration of
30 pg/mL. Both aliquots were incubated at 37 °C for 45 min. Then, two
volumes of Hybridization Buffer (50 mM Tris-HCI 7.0, 750 mM Nacl,
1mM EDTA, 1% SDS, 15% Formamide) and RNA probes** (100 pmol for
1mL lysate, Supplementary Data 6) were added and incubated at 37 °C
overnight with rotation. Fresh beads were added and incubated at
37 °C for 45 min with rotation to capture the probe-bound complex.
After 5 rounds of washes with pre-warmed ChIRP wash buffer (2 x SSC,
0.5% SDS), the samples were eluted in Biotin Elution Buffer (7.5 mM
HEPES pH 7.5, 75 mM NaCl, 1.5 mM EDTA, 12.5mM Biotin, 0.15% SDS,
0.075% Sarkosyl, 0.02% Na-Deoxycholate, 15% Formamide) at room
temperature for 20 min with rotation and then at 65 °C for 10 min. The
beads were eluted twice and pooled. 1/4 total volume of TCA was
added and incubated at 4 °C overnight. Then the samples were cen-
trifuged at 16,000 xg at 4°C for 30 min. The supernatants were
removed, and the pellets were washed three times with 1 mL ice-cold
acetone. After the pellets were air-dried, proteins are immediately
solubilized in desired volumes of MS buffer and boiled at 95°C for
30 min with occasional mixing for reverse crosslinking. Final protein
samples were size-separated in bis-tris SDS-PAGE gels for mass spec-
trometry. The ChIRP-MS experiments were performed for five times
using independent biological replicates. RNase-treated samples were
included as controls and processed in parallel to identify non-specific
interactions.

The MS/MS data were searched against a Swiss-Prot database
(Drosophila melanogaster proteome downloaded from UniProt) with
MaxQuant 1.5.3.30” or Proteome Discoverer 1.4. Data were searched

with a precursor mass tolerance of 20 ppm and a fragment mass
tolerance of 0.5 Da. Searches were performed with enzyme specifi-
city and only tryptic peptides were allowed to remain in the final data
sets, and up to two mis-cleavages allowed. Cysteine carbamido-
methylation was specified as a static modification; oxidation of
methionine residue and acetylation, (protein-N) were allowed as
variable modifications. Reverse decoy databases were included for all
searches to estimate false discovery rates. Peptide and protein
identifications were also quantified and filtered for less than 1% false-
discovery rate (FDR). Proteins identified in any of the replicates were
designated as potential roX interactors to maximize sensitivity.
Those exhibiting an average enrichment score (roX/Control) across
all replicates exceeding 10* were considered as high-confidence roX-
interacting proteins. Protein-protein interactions and functional
relations were explored using STRING (v11.5)°* and visualized with
Cytoscape (v3.9.0)%.

Data visualization

Bigwig files were visualized with IGV (v2.14.1)*¢. The matrix of binding
scores was extracted and the heat maps were generated with deep-
Tools (v3.5.1)*. The binding profiles were plotted with R package
ggplot2 (v3.4.4).

Statistics & reproducibility

Statistical analyses were performed using R (v4.2.3), and the statistical
tests used to calculate P-values are indicated in the figure legends. For
P-values that were too small to be expressed accurately within three
decimal places, scientific notation format was used. A significance level
of P<0.05 was considered significant unless otherwise specified.
Boxplots, bar plots, and scatter plots were generated using ggplot2
(v3.4.4) and ggpubr (v0.6.0). In the boxplots, the center lines represent
the median, the box limits represent the first and third quartiles, and
the whiskers indicate 1.5 x the interquartile range (IQR). The bar plots
display the mean + standard deviation (s.d.), unless otherwise speci-
fied. No statistical method was used to predetermine sample size, and
no data were excluded from the analyses. Investigators were not
blinded to group allocation during experiments and outcome
assessments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All raw and processed high-throughput sequencing data (ChIP-seq,
RNA-seq and PIRCh-seq) generated in this study have been depos-
ited in the NCBI Gene Expression Omnibus (GEO) database under
accession number GSE248701. The mass spectrometry proteomics
data have been deposited in the ProteomeXchange Consortium via
the PRIDE’® partner repository with the dataset identifier
PXD047183. Publicly available datasets used in this study were
listed in Supplementary Data 5. Source data are provided with
this paper.

Code availability
This paper does not report original code. All computational approa-
ches, including software and packages, are described in the Methods.
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