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Abstract

Metazoa evolved regulatory networks to balance sex chromosome expression. In Drosophila, males have a single gene-rich X chromosome,
whereas females have two. Balanced X/autosome expression is essential for viability, and in male flies is achieved by activation of genes on
the X through the male-specific-lethal (MSL) dosage compensation complex (DCC). This ribonucleoprotein assembly contains long non-coding
roX RNAs. To dissect the functional requirements of roXin a cell-based system, we deleted the roX2 gene in male S2 cells and selected two
independent lines lacking detectable roX RNA. In the absence of roX, the remaining MSL protein complex was unable to associate with known
or newly identified binding sites and thus failed to activate transcription. Surprisingly, the X/autosome expression ratio appeared nevertheless
compensated. Cytogenetic and genomic analyses revealed that both roX-deficient cell populations had acquired additional X chromosomes. We
propose that uncompensated X expression compromises fitness and gives a selective growth advantage to cells that rebalance their genomes
through chromosome mis-segregation. Remarkably, ectopic expression of roX2 reversed this selection, restored DCC binding, and normalized
the karyotype. These findings illustrate that X chromosome dosage compensation is critical for viability even in cultured cells, and provide a

striking example of rapid evolution under stringent selection.
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Introduction

Maintaining balanced gene expression between sex chromo-
somes and autosomes is of vital importance. In Drosophila
melanogaster, the proteins encoded by male-specific-lethal
(MSL) genes form a ribonucleoprotein complex (the dosage
compensation complex, DCC) that transcriptionally compen-
sates the X chromosome monosomy in males flies. An epi-
genetic reader/writer module composed of MSL3 and MOF
(males absent on the first) is connected via the scaffold pro-
tein MSL1 to the DNA-binding subunit, MSL2, which en-

sures the selective targeting of the DCC to the X chromo-
some. MSL3 binds to actively transcribed chromatin marked
by methylated histone H3 at lysine 36 (H3K36me). The
acetyltransferase MOF then acetylates histone H4 lysine 16
(H4K16ac), which prevents chromatin compaction. This ac-
tivity contributes to an approximate doubling of transcription
from the male X chromosome, thus matching the combined
output of the two female X chromosomes [1, 2]. In the absence
of a functional DCC-mediated dosage compensation system,
male Drosophila die in the late larval stage [3]. Whether this is
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caused by haploinsufficient genes that are critical for further
development or because of a generally compromised fitness
due to unbalanced genome-wide expression is not known.

The functions of the protein components of the DCC are,
in principle, well characterized, but the role of the long non-
coding 70X (RNA on X) RNAs that associate with the MSL
complex i1 vivo remains poorly understood. The realization
that the long r0X1 and the much shorter r0X2 RNAs tightly
co-localized with the MSL proteins on the X chromosome sug-
gested an involvement in dosage compensation, which was
then confirmed [4-8]. The r0X1 and roX2 genes are located
on the X chromosome. The discovery of X-linked non-coding
RNAs involved in dosage compensation in Drosophila res-
onated with the critical involvement of Xist RNA in mam-
malian X inactivation, suggesting a common principle under-
lying diverse dosage compensation strategies [9]. In contrast
to Xist, Drosophila roX RNAs can trigger X chromosome ac-
tivation even if transcribed ectopically from an autosome [3,
10]. roX RNA genes evolved fast in Drosophilids, suggesting
that they may have driven the evolution of the dosage com-
pensation system as we know it today [10, 11].

The two roX genes serve distinct functions during devel-
opment, but each RNA alone can sustain male life, if put
to the test. roX1 is transcribed in both sexes up to stage
12, from which point onwards it is male-specific. The male-
specific transcription of roX2 RNA begins at stage 10 and
its expression mirrors the profile of gradual X chromosome
activation [6, 12]. Deletion of either 70X gene does not com-
promise male viability, but impairment of both causes male
lethality, with 5% of males emerging as developmentally de-
layed escapers [13, 14]. Strangely, in these organismic studies,
male larvae lacking both roX genes appear healthy. Overex-
pression of MSL proteins can partially overcome a roX defi-
ciency, pointing to a role for roX RNA in targeting the DCC to
the X chromosome, rather than being required for activation
of its histone acetyltransferase activity [10, 15]. The associa-
tion of either 70X RNA with the MSL proteins is mediated by
the DexH helicase MLE (maleless) [16]. The helicase unwinds
conserved stem—loop structures at the 3’ end of 70X RNAs,
exposing linear motifs to which MSL2 can bind [17-20]. This
interaction has been proposed to “trap” the DCC specifically
on the X chromosome, potentially explaining the exclusive
X chromosome binding despite genome-wide distribution of
the DNA sequences that resemble MSL recognition elements
(MREs) [10, 21, 22].

Currently, the highly selective association of the DCC with
the X is explained by two non-exclusive models. The first
model assumes that the DCC associates with the X chromo-
some in a two-step process. Accordingly, the initial recogni-
tion of a limited number of DNA elements exclusive to the X,
such as ’high affinity sites’ (HASs), >chromosome entry sites’
(CESs), and ’Pioneering on the X’ (PionX) sites, is independent
of RNA. From these sites, the complex “spreads” to neighbor-
ing genes in a roX-dependent manner [1, 2]. An alternative
model poses that the X chromosome evolved numerous DCC-
binding sites with varying affinities, where higher-affinity sites
are less dependent on roX RNA for DCC recruitment [12,
23-25]. Traditional methods such as polytene chromosome
immunostaining and standard chromatin immunoprecipita-
tion sequencing (ChIP-seq) primarily detect only the highest
occupancy sites and cannot easily quantify 70X dependency
at sites of varying affinity, making it difficult to distinguish
between the models.

The complex developmental phenotypes of 70X gene muta-
tions motivated us to explore the role of roX RNA in a sim-
ple proliferative cell culture model. Immortalized hematopoi-
etic Drosophila S2 cells [26] previously served as a useful tool
to study dosage compensation mechanisms [10, 27-29]. De-
spite significant aneuploidy, S2 cells compensate for the re-
duced dose of the X chromosome (relative to autosomes) by
two additive mechanisms: approximately half of the required
transcription boost is achieved through a generic, mechanis-
tically unclear feedback response to chromosomal imbalance,
while the remaining activation depends on the DCC [28]. Cu-
riously, RNA interference (RNAi)-mediated depletion of MSL
proteins disrupts localization of the DCC but does not impair
cell proliferation over the course of the experiment, typically
6-10 days [27-29]. It is possible that dosage compensation is
critical for Drosophila development but dispensable for pro-
liferation of these cells in culture.

We used CRISPR/Cas9 [clustered regularly interspaced
palindromic repeats /CRISPR-associated protein 9] genome
editing to generate S2 cell lines lacking all 70X expression,
in order to investigate the structural and functional require-
ments of this long non-coding RNA (IncRNA) for dosage
compensation. In the absence of roX RNAs, the MSL pro-
teins form a complex, yet fail to localize to the X chromosome
[20]. The roX-deficient single-cell model enables quantitative
evaluation of roX function through phenotypic rescue. While
full-length r0X2 complements all deficiencies, shorter deriva-
tives do not, establishing a tractable system for comprehensive
structure—function dissection of this highly evolved IncRNA.

Using CUT&RUN with improved informatic csaw-based
analysis, we expanded the MSL2-binding site catalog to
>1800 sites, the vast majority X-chromosomal, including
most known MREs and many novel sites, half of which are
promoter-proximal. Contrary to the two-step model, which
posits roX-independent DCC binding at PionX sites and
HASs, we found that roX is required for DCC occupancy at
all site classes. This supports a quantitative affinity hierarchy
model, in which DCC spreading is achieved by successive fill-
ing of progressively lower-affinity sites rather than through
qualitatively distinct classes of sites that differ in their roX-
dependency.

Surprisingly, X-chromosomal gene expression in these roX-
deficient cells matched wild-type (WT) levels. We discovered
that up to 50% of the cells in two independent knockout
cell populations had gained extra X chromosomes, effectively
compensating for the loss of DCC function through kary-
otypic adjustment. We assume that the lack of dosage com-
pensation leads to reduced fitness and a strong selection for
cells that rebalanced their X/autosome complement through
chromosome mis-segregation that happens frequently in cul-
tured cells. Remarkably, stable re-expression of a roX trans-
gene rescued dosage compensation and reversed the kary-
otypic changes. These observations strongly suggest that lack
of dosage compensation severely compromises the fitness of
aneuploid cells in culture and provide an instructive example
of rapid karyotypic evolution under stringent selection.

Materials and methods

Cell culture and manipulations

Drosophila melanogaster S2 cells were obtained from Ste-
fan Ameres (IMBA, Vienna). They were cultured at 26°C
in Schneider’s medium (Thermo-Fisher, Cat. No. 21 720 024)
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supplemented with 10% fetal bovine serum (FBS; PAN
Biotech, Cat. No. P30-3031 or Capricon Scientific, Cat. No.
FBS-12A) and 1% penicillin-streptomycin (Sigma-Aldrich,
Cat. No. P-4333). Cells were routinely counted with a CASY
cell counter (Roche Innovatis).

CRISPR/Cas9 genome editing

Genome editing was done using the CRISPR/Cas9 technology
as described in [30] with some alterations. Candidate guide
RNAs (gRNAs) targeting the promoter region of r0X2 were
designed using Benchling [31]. For the 3’ end targeting of
roX2, single guide RNAs (sgRNAs) were initially designed us-
ing the GPP sgRNA designer (https://portals.broadinstitute.
org/gpp/public/analysis-tools/sgrna-design [32]). All gRNAs
were tested for off-target effects using the CRIPSRfly “Op-
timal target finder” (http://targetfinder.flycrispr.neuro.brown.
edu, guide length = 20, stringency = high, PAM = NGG only)
[33]. The 20 bp gRNAs were fused to a tracrRNA backbone
during synthesis and cloned downstream of the Drosophila
U6 promoter. These constructs were synthesized as gBlocks
(Integrated DNA Technologies) and PCR-amplified before
transfection using the Phusion polymerase (NEB, Cat. No.
MO0530L). Transfection of cells for genome editing was done
with XtremeGENE HP transfection reagent (Sigma-Aldrich,
Cat. No. 6366244 001). S2 cells (10°) were seeded in 500 ul
of medium per well of a 24-well plate and allowed to at-
tach for 3-4 h. Cells were transfected with a mixture con-
taining 190 ng of a plasmid expressing Cas9 and blasticidin
resistance (pIB_Cas9_Blast) [30] and 110 ng of total sgRNA
plasmids (36.6 ng each of sgRNAT1, sgRNA3, and sgRNAS)
in 100 ul of serum-free medium. XtremeGENE HP transfec-
tion reagent (1.5 ul) was added to the DNA mixture, vortexed
briefly, and incubated for 35 min at room temperature (RT)
before dropwise addition to cells. After 24 h, medium was
replaced with selection medium containing blasticidin (final
concentration 25 pg/ml, Gibco, Cat. No. A1113903). After
3 days in selection medium, cells were taken out of selection,
and polyclonal pools were screened by PCR for the 70X2 dele-
tion. Genomic DNA was isolated using a PCR clean-up kit
(Macherey-Nagel, REF 740609.50), and PCR amplification
was performed with Phusion polymerase (Thermo, Cat. No.
F-530XL) using the following conditions: 98°C for 1 min; 35
cycles of 98°C for 20 s, 65°C for 30 s, 72°C for 1.5 min; final
extension at 72°C for 10 min. PCR products were analyzed
on 2% agarose gels. For more information on the sequences
and primers used, see Supplementary Table S1. For clonal iso-
lation, edited polyclonal pools were seeded at low density of
1000, 2000, or 3000 cells per 6 cm plate and allowed to at-
tach for at least 1 h. Cells were overlaid with a 1:1 mixture
of freshly prepared 2x Schneider’s medium (Serva, Cat. No.
47521.04) and 0.8% low melting agarose (BioRad, Cat. No.
161-3111) equilibrated to 37°C (3.5 ml per plate). Plates were
sealed with parafilm, placed in a humidified chamber, and in-
cubated at 26°C for 2-3 weeks to allow clonal outgrowth.
Individual colonies were picked, expanded for ~2 weeks, and
genotyped by PCR with sequencing confirmation of deletion
junctions.

Generation of stable transgenic cell lines

Stable transgenic lines expressing roX variants were gener-
ated by transfection of roX2 knockout S2 cells (KO-B) using
Effectene transfection reagent (Qiagen, Cat. No. 301425) ac-
cording to the manufacturer. Briefly, § x 103 cells were seeded

Rescue of dosage compensation defects 3

in 350 ul of medium per well of a 24-well plate and allowed
to adhere for 3—4 h. Transfection complexes were prepared
by mixing 200 ng of roX expression plasmid (roX being ex-
pressed under the HSP70 promoter) and 10 ng of blasticidin
resistance plasmid in 60 pl of Buffer EC, followed by addition
of 1.6 ul of Enhancer, vortexing, and incubation at RT for
2-5 min. Effectene reagent (5 ul) was then added, vortexed
for 10 s, and incubated at RT for 5-10 min. The transfection
mixture was diluted with 350 pul of medium and added drop-
wise to cells. After 3 days, medium was replaced with selection
medium containing 10 ug ml~! blasticidin (Gibco, Cat. No.
A1113903). Cells were maintained under blasticidin selection
and monitored for transgene expression for 3—4 weeks, then
taken out of selection and passaged several times before use
in experiments.

Biochemical methods
Immunoblotting

Cells (1.5 x 10°) were harvested, washed once with
phosphate-buffered saline (PBS), and resuspended in 60 ul of
Laemmli sample buffer. Extracts were boiled at 95°C for 10
min and stored at —20°C until use. Proteins were separated
by sodium dodecylsulfate-polyacrylamide gel electrophiore-
sis (SDS-PAGE) on either 8% acrylamide gels (Serva, Cat.
Nos 43260.01, 43262.01) for larger proteins or 14% gels for
histones and histone marks, loading ~2.5 x 10° cell equiv-
alents per lane. Electrophoresis was carried out in Running
Buffer (25 mM Tris, 192 mM glycine, 0.1% SDS), and pro-
teins were transferred to nitrocellulose membranes (Cytiva,
Cat. No. GE10600002) by wet transfer at 350 mA on ice for
~90 min. Transfer Buffer (25 mM Tris, 192 mM glycine) was
supplemented with 20% methanol. Membranes were blocked
in 5% bovine serum albumin (BSA) in Tris-buffered saline
(TBS) for 1 h at room temperature, then incubated with pri-
mary antibodies diluted in TBS overnight at 4°C. Primary an-
tibodies were used to blot for MSL2 (guinea pig a-MSL2),
MOEF, MLE, H4K16ac, Lamin, and histone H3. Following
three 10 min washes in TBS-T (0.1% Tween-20, Sigma, Cat.
No. P9416), membranes were incubated with LI-COR IRDye
secondary antibodies in TBS for 1 h at room temperature.
For a detailed list of antibodies and their dilutions used, see
Supplementary Table S1. After three additional washes in
TBS-T, signals were detected using the LI-COR Odyssey CLx
Imaging System. Band intensities were quantified using the Im-
age Studio Lite Software (Version 5.2.5, LI-COR Biosciences)
and normalized to Lamin (for non-histone proteins) or H3 (for
histone modifications) and compared with WT levels. Western
blot protein ratios were quantified from biological replicates
(cells harvested on different days), with technical replicates
representing independent gel images of each biological sam-
ple. The data were processed using R (v4.5.1) [34] For nor-
malization, technical replicates were normalized to the mean
WT value within the same gel image, then averaged to yield
a single fold change (FC) value per biological replicate. Out-
liers among biological replicates were identified using the me-
dian absolute deviation (MAD) method, and excluded if at
least three replicates remained per genotype. Statistical com-
parisons between genotypes and the WT were performed us-
ing two-sided #-tests on log,-transformed FC values of bio-
logical replicates. Significance levels: *xP < 0.001, xP < 0.01,
P < 0.05, ns = not significant. Plots display individual bio-
logical replicates (larger points), technical replicates (smaller
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faint points), means, and standard deviation (SD) error
bars.

RNA isolation, cDNA synthesis, and real-time quantitative
PCR

Total RNA from 4.5 x 10° cells was isolated using the RNeasy
kit (Qiagen, Cat. No. 74 104) according to the manufacturer’s
instructions. RNA concentrations were measured, and sam-
ples were stored at —80°C. For DNase treatment, 2 ug ofRNA
was incubated with 1 ul of recombinant DNase (Roche, Ref.
04716728 001) in 1x DNase buffer with 1 ul of recombi-
nant RNase inhibitors (RNasin, Promega, Cat. No. N2511)
in a final volume of 20 ul for 1 h at 37°C. ¢cDNA from 1 ug
of DNase-treated RNA was synthesized using the SuperScript
III reverse transcriptase kit and random hexamers (Invitro-
gen, Cat. No. 18080051). The cDNA samples were treated
with 0.5 pl of RNase H (NEB, Cat. No. M0297L) at 37°C
for 20 min, and finally cDNA was stored at —20°C. Quan-
titative PCR (qPCR) was performed in 384-well plates using
Fast SYBR Green Master Mix (Thermo, Cat. No. 4385610)
on a LightCycler 480 instrument (Roche). Each reaction con-
tained 1x SYBR Green Master Mix, 1 uM final concentra-
tion for each of the forward and reverse primers, and 1:10 di-
luted cDNA for all primers used. For a detailed list with oligos
used in this study, see Supplementary Table S1. Reactions were
performed in technical triplicates, with biological replicates
representing cells harvested and processed on different days.
Data were analyzed in R (v4.5.1) using the AACp method,
with glyceraldehyde phosphate dehydrogenase (GAPDH) as
the reference gene after averaging the technical replicates, and
relative expression was calculated as 2744 and expressed
as the mean FC over the WT of #n = 4 biological replicates.
Error bars represent the SD of the biological replicates.

CUT&RUN and chromatin immunoprecipitation after mi-
crococcal nuclease treatment sequencing

CUT&RUN was performed as described previously [25, 35].
For normalizing MSL2, pre-immune serum (PPI) was used
as a negative control. For H4K16ac, rabbit IgG was used
as negative control for normalization. Chromatin immuno-
precipation sequencing (ChIP-seq) on micrococcal nuclease
(MNase)-digested chromatin and sonicated chromatin was
performed as previously described in [36] and [37]. DNA
yielded by both ChIP-MNase and CUT&RUN was quantified
using the Qubit dsDNA HS Assay Kit (Invitrogen, Cat. No.
Q32851). Libraries were prepared with the NEBNext Ultra
II DNA Library Prep Kit for Illumina (NEB, E7645) accord-
ing to the manufacturer for ChIP and with subtle modifica-
tions for CUT&RUN (https://doi.org/10.17504/protocols.io.
bagaibse [38]). Quality control and analysis of all libraries was
done with the TapeStation system (Agilent). Libraries were se-
quenced on the NextSeq2000 (Illumina) instrument, yielding
typically 20-25 million paired-end reads per sample for ChIP-
MNase or ~5 million for CUT&RUN. All sequencing was
performed at the Laboratory of Functional Genomic Analysis
(LAFUGA, Gene Center Munich, LMU).

Microscopy
Immunofluorescence microscopy

Immunofluorescence microscopy (IFM) analysis of S2 cells
was performed as described in [10, 37] with slight alter-
ations. Briefly, coverslips were placed in 12-well plates and

UV-sterilized for 10 min. After sterilization, coverslips were
coated with poly-L-lysine (Sigma #P8920, 0.01% w/v final
concentration) and air-dried under sterile conditions. Cells
(0.8-1 x 10°) were seeded on the dried coverslips and al-
lowed to attach for at least 1 h. After adhering to the cover-
slips, the cells were washed briefly with PBS at room temper-
ature, fixed in ice-cold 2% formaldehyde (FA; Polysciences,
Cat. No. 04018-1) in PBS for 7.5 min, and permeabilized in
1% FA and 0.25% Triton X-100 (Sigma, Cat. No. T8787) in
PBS for 7.5 min on ice. Following two washes with ice-cold
PBS, cells were blocked in 3% BSA (Serva, Cat. No. 11930.03)
in PBS for 1 h at room temperature. Primary antibodies were
diluted in 0.1% Triton X-100 and 1.2% normal donkey serum
(NDS; Johnson Immuno, Cat. No. 017-000-121) in PBS and
incubated overnight at 4°C. After two PBS washes at room
temperature, cells were incubated with secondary antibodies
diluted in 0.1% Triton X-100 and 1.2% NDS in PBS for 1 h
at room temperature. For more information on the antibodies
and fluorophores used, see Supplementary Table S1. Follow-
ing two PBS washes, nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI; Sigma, D-9542) in PBS for 2 min. Cov-
erslips were washed once with PBS and once with water, then
mounted using Vectashield antifade mounting medium for flu-
orescence (Vector Labs, Cat. No. H-1000) and sealed with nail
polish.

Confocal microscopy

Confocal microscopy was performed at the Core Facility
Bioimaging of the Biomedical Center with an inverted Le-
ica SP8X WLL microscope, equipped with a 405 nm laser, a
WLL2 laser (470-670 nm), and an acusto-optical beam split-
ter. Images were recorded with a x100/1.4 NA STED white
objective with zoom factor of 4.5, yielding a field of view of
25.8 x 25.8 um. The image format was set to 512 x 512
pixels, resulting in a pixel size of 50.4 nm. Z-stacks were
acquired in xyz scan mode using galvo-based z-scanning (z-
galvo) with a constant step size of 0.24 pm and unidirec-
tional x-scanning at a speed of 200 Hz (pixel dwell time: 7.7
us). The confocal pinhole was set to 1.0 Airy units using 580
nm as the reference wavelength. Fluorescence signals of DAPI,
MSL2 (Cy2), MSL3 (Cy3), and H4K16ac (Alexa Fluor 647)
were recorded frame sequentially to avoid channel cross-talk,
with the following excitation and detection settings (excita-
tion wavelength; detector: detection window): DAPI (405 nm;
PMT1: 415-480 nm), Cy2 (488 nm; HyD2: 498-535 nm),
Cy3 (551 nm; HyD4: 561-620 nm), andAlexa Fluor 647 (650
nm; HyDS5: 660-710 nm). Detector gain was set to 700 V
(PMT1) and 50% (HyDs in standard mode). Images were ac-
quired at 8-bit depth and subsequently deconvolved using the
Huygens Software (v17.04) and stored at 16-bit depth (512
x 512 x 20 z-planes; z-step ~0.24 pm). Maximum intensity
projections and scaling of image intensity were performed us-
ing Fiji (Image], 2.16.0) [39].

Widefield microscopy

Widefield microscopy was performed at the Core Fa-
cility Bioimaging of the Biomedical Center with an in-
verted Leica THUNDER Imager 3D Live Cell TIRF with
DMi8 stand equipped with LEDS multi-LED illumination
(390/475/560/635 nm) and a fast filter wheel with emission
filters centered at 460, 535, 590, and 642 nm. Images were
recorded with an HC PL APO x100/1.47 oil CORR TIRF
objective, yielding a field of view of 133 x 133 pum per tile
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(2048 x 2048 pixels at ~65 nm pixel~! sampling, Leica K8
sCMOS camera, 16-bit depth). Z-stacks were acquired se-
quentially across four channels using ~0.3 um z-steps and a
region spanning 3 x 4 fields of view. Images were acquired
with the following settings: DAPI for DNA (Ex 391/32 nm,
Em 435/30, 8% LED, 100 ms), Cy2 for MSL2 (Ex 479/33
nm, Em 519/25 nm, 12% LED, 100 ms), Cy3 for MSL3 (Ex
554/24 nm, Em 594/32 nm, 15% LED, 300 ms), and Alexa
Fluor 647 for H4K16ac (Ex 638/31 nm, Em 695/58 nm, 20%
LED, 200 ms). Gain was set to 1 (HDR Combined Gain-16 bit
mode) and aperture diaphragm to 8 for all channels. Further
processing of the images was performed using Fiji and macro
scripts.

Image processing

Images were processed (maximum intensity projections and
scaling) uniformly across conditions for display purposes. Im-
age analysis was performed in R (v4.5.1) with the following
packages: EBImage (v4.50.0, for image processing and fea-
ture extraction) [40], tidyverse suite of tools (v2.0.0, for pre-
processing, statistical analysis, and visualization) [41], corrr
(v0.4.5, correlation analysis), cluster (v2.1.8.1, clustering val-
idation), and umap (v0.2.10.0, dimensionality reduction) [42].
Briefly, single-cell images were read as multi-channel TIFF
files, and the MSL2 channel (channel 2) was extracted for
analysis. Images were normalized to a 0-1 intensity range
prior to feature extraction. For image-based profiling, MSL2
immunofluorescence intensity distributions and Haralick tex-
ture features were extracted from single cells [43]. For each
cell, 46 quantitative features were extracted. For segmenta-
tion, images were Gaussian-blurred and thresholded at 0.85
to identify high-intensity regions corresponding to MSL2-
enriched foci. Prior to dimensionality reduction, highly corre-
lated variables were removed. Uniform Manifold Approxima-
tion and Projection (UMAP) was performed using the umap
R package with parameters n_neighbors = 100 and min_dist
= 0.1. Statistical differences in feature values between clusters
were assessed using Kruskal-Wallis tests with effect size filter-
ing [e? > 0.1, false discovery rate (FDR)-adjusted P < 0.05],
followed by pairwise Wilcoxon rank-sum tests with FDR cor-
rection to identify cluster-specific features. The proportion of
cells assigned to each cluster was quantified for each geno-
type and rescue condition. For interpretability, we describe
the UMAP clusters by their enriched genotypes and domi-
nant image characteristics: the WT/roX2-FL-enriched cluster
corresponds to nuclei with a more spatially defined (chro-
mosome territory-like) MSL2 signal and stronger local tex-
ture/contrast, consistent with the presence of high-intensity
MSL2-enriched regions detected after Gaussian blurring and
thresholding. In contrast, KO and partially or non-rescuing
roX derivatives map predominantly to clusters characterized
by more diffused nuclear MSL2 patterns. These terms refer to
quantified image intensities and texture properties. Data for
one out of four independent replicates are shown, a cumula-
tive UMAP colored by genotype for each other replicate can
be found in Supplementary Fig. STA.

Chromosome spreads and karyotype analysis

Chromosome spreads were prepared from Schneider S2 cells
as described in [44], except that cells were fixed for 10 min
using 3.7% formalin (Merck, 8 187081 000) in PBST (PBS +
0.1% Triton X-100) solution and only stained with 1 g ml~!
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DAPI in PBST. Slides were imaged using a x100 oil immer-
sion objective on a Nikon-CREST widefield microscope. Im-
age deconvolution was performed with the Huygens Essential
Software from SVI (version 24.10.0p7 64b). Individual chro-
mosome identification was done using the Drosophila S2 cell
karyotype in supplementary fig. S3a of Olszak et al. (2011)
[44]. For a comprehensive summary of the mitotic spreads an-
alyzed in this study, see Supplementary Table S2.

Data analysis
Sequencing data pre-processing

Paired-end CUT&RUN and ChIP-MNase sequencing reads
were aligned to the D. melanogaster dmé6 reference genome
(UCSC) using Bowtie2 (v2.2.9, —local —very-sensitive-local
-no-unal —no-mixed -no-discordant) [45]. Maximum frag-
ment sizes were set to 700 bp for CUT&RUN and 1000
bp for ChIP-MNase to accommodate the distinct fragment
size distributions of each method. SAM files were converted
to BAM format retaining high-quality alignments (samtools
v1.22.1, samtools view -q 2) [46], name-sorted, and con-
verted to BED format using BEDtools (v2.31.1) [47] bam-
ToBed to extract fragment coordinates. CUT&RUN data were
normalized to total read counts. Scaling factors were calcu-
lated as 10° divided by the total number of filtered reads per
sample (excluding secondary, supplementary, and unmapped
reads, and reads with mapping quality < 30). Normalized
coverage tracks were generated using deepTools2 (v3.5.0)
[48] bamCoverage at 10 bp resolution with target-specific
smoothing (20 bp for MSL2/PPIL; 80 bp for H4K16ac/IgG).
Pairwise target-to-control comparisons were computed using
bamCompare to generate ratio tracks with a pseudocount of
1. Pre-immune serum (PPI) and rabbit IgG were used as nega-
tive controls for the targets MSL2 and H4K16ac, respectively.
For ChIP-MNase data, spike-in normalization was performed
using reads aligned to the Drosophila virilis droVir3 genome.
Scaling factors were calculated as 10 divided by the spike-
in read count for each sample. Normalized to Input coverage
tracks were generated using BEDtools (v2.31.1) genomecov
and converted to bigWig format using bedGraphToBigWig
(UCSC utilities, 3.4.1) [49]. Biological replicates were merged
(n =3 or n =2 for stable lines) using Wiggletools (1.2.2) [50]
and visualized using the IGV genome browser (v2.19.4) [51]
and the dmé6 D. melanogaster genome release. For correlation
analysis between the CUT&RUN biological replicates across
targets and genotypes, after total reads and negative control
normalization, see Supplementary Fig. S2A.

Window-based binding site identification using csaw

DCC-binding sites were identified from CUT&RUN data de-
rived from WT cells using a window-based differential bind-
ing approach implemented in the csaw R/Bioconductor pack-
age (v1.42.0 [52]). Analysis parameters were optimized sepa-
rately for the transcription factor MSL2 and the histone mod-
ification H4K16ac. For MSL2, reads were counted in 20 bp
sliding windows with fragment extension of 100 bp and max-
imum fragment length of 250 bp. For H4K16ac, reads were
counted in 120 bp sliding windows with fragment extension
of 150 bp and maximum fragment length of 500 bp; windows
were retained if signal was present in at least three replicates.
Read counts were TMM-normalized (edgeR, v4.6.3) [53],
and dispersions were estimated robustly. Differential bind-
ing between the target and negative control was assessed us-
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ing quasi-likelihood F-tests. Significance thresholds were FDR
< 0.01 and |log2FC| > 2 for MSL2, and FDR < 0.05 and
[log2FC| > 1 for H4K16ac. Thresholds were chosen to re-
flect the biology of each target: stringent parameters for MSL2
to identify discrete, high-confidence binding sites, and more
permissive parameters for H4K16ac to capture the broader
landscape of histone acetylation across MSL-bound domains,
while maintaining optimal signal-to-noise ratios for each
dataset. Significant windows were merged within 50 bp to
define MSL2 CUT&RUN csaw sites (MCCSs) and H4K16ac
CUT&RUN csaw sites (HCCS). Significant windows passing
all filters were merged into contiguous binding regions using
the GenomicRanges package (v1.60.0) [54] with a maximum
gap of 50 bp. Merged regions were annotated to genomic
features using the ChIPseeker package (v1.44.0) [55] with
TxDb.Dmelanogaster. UCSC.dmé6.ensGene (v3.12.0), defining
promoters as 1 kb upstream from the transcription start site

(TSS).

Analysis of CUT&RUN data

High-resolution merged MCCSs were compared with previ-
ously characterized HASs [29] and PionX sites [56]. Overlap
analysis was performed by creating a union of all peak sets
using GenomicRanges, then determining membership of each
unified region in the original sets using countOverlaps. Over-
laps were visualized using UpSetR (v1.4.0) [57]. Signal inten-
sity at binding sites was quantified by extracting mean enrich-
ment values from merged bigWig files (ratio of target/control)
using rtracklayer (v1.68.0) [58].

Heatmap and metaplot visualization

Signal profiles at binding sites were visualized using deep-
Tools2 (v3.5.0). For site-centered analysis, computeMatrix
reference-point was used with flanking 2 kb windows centered
on binding site midpoints. For gene body analysis, computeM-
atrix scale-regions was applied to MSL2-bound genes with 2
kb upstream/downstream flanks and 5 kb scaled gene body
regions. Matrices were sorted by mean signal in descending
order using the WT sample. Heatmaps were generated with
plotHeatmap using color maps with z-score ranges of 0—4 and
0-8.

Motif analysis

Genomic sequences underlying DCC-binding sites were ex-
tracted from the D. melanogaster genome (dmé) using
the BSgenome.Dmelanogaster. UCSC.dmé6 R package (v1.4.1).
Binding site regions (MCCSs, HASs, and PionX sites) were re-
sized to 200 bp centered on the summit, and sequences were
extracted using the Biostrings package (v2.76.0) [59]. Control
background sequences were generated by randomly sampling
genomic regions matched for chromosome composition and
sequence length. For each binding site, a corresponding back-
ground region was selected from the same chromosome with
matching width. Background regions overlapping true bind-
ing sites were excluded to ensure specificity. Random sam-
pling was performed with a fixed seed [42] for reproducibility.
STREME (Sensitive, Thorough, Rapid, Enriched Motif Elic-
itation; MEME Suite v5.5.8) [60] was used for discrimina-
tive motif discovery comparing target sequences against the
matched background set. Parameters: —dna —nmotifs 5 -minw
6 —maxw 20 —thresh 0.05. STREME was applied to all binding
site categories. Discovered motifs were compared with known
Drosophila transcription factor-binding motifs using Tomtom

(MEME Suite v5.5.8) [61] against multiple databases: FlyReg
v2, Fly Factor Survey, OnTheFly 2014, and dmmpmm2009.
Parameters: -min-overlap 5 -dist pearson -evalue -thresh 10.0.
Motif occurrences across MCCSs were subsequently quanti-
fied using FIMO (MEME Suite v5.5.8) with default parame-
ters. Overlap between MCCSs and motif occurrences or gene
set promoter regions was assessed using countOverlaps from
the GenomicRanges package (v1.60.0). Gene categories were
defined as follows: active genes [counts per million (CPM)
> 5 in S2 RNA-seq across all WT replicates], housekeeping
genes [37], and active-regulated genes (active genes exclud-
ing housekeeping genes). Promoter regions (1 kb upstream of
the TSS) were constructed for each gene set, and overlap with
MCCSs was assessed independently, such that categories are
non-exclusive. All analyses were performed in R (v4.5.1).

DNA copy number estimation from ChIP-MNase input sam-
ples

Chromosome copy number was estimated from ChIP-MNase-
seq input samples, which represent chromatin that has been
mildly sonicated, MNase digested, and pre-cleared (see ChIP-
MNase sequencing above), and thus serves as a proxy for
genomic DNA content. Replicate input BAM files were
processed to generate read coverage across 50 kb non-
overlapping genomic bins. For each bin, read counts were con-
verted to an RPKM-like metric (reads per kilobase per million
mapped reads) to normalize for bin length and library size dif-
ferences. Spike-in normalization was applied to account for
technical variation between samples: each sample was aligned
to both the D. melanogaster dmé reference genome and the D.
virilis spike-in genome (droVir3). The ratio of D. melanogaster
to spike-in reads was used to derive per-sample scaling factors,
enabling quantitative comparison of absolute DNA content
across conditions. Downstream processing, statistical analy-
ses, and visualizations were performed in R (v4.5.1) using
the GenomicRanges (v1.60.0), Rsamtools (v2.24.1) [62], and
tidyverse (v2.0.0) packages.

Chromosome-level copy number analysis

Per-chromosome copy numbers were calculated by comput-
ing the median of bin-level copy number values for each chro-
mosome arm (chr2L, chr2R, chr3L, chr3R, chr4, and chrX)
within each biological replicate. To convert relative coverage
values to absolute copy numbers, values were scaled to the
WT autosomal baseline: the median of per-chromosome me-
dians across autosomes (chr2L, chr2R, chr3L, and chr3R) in
WT samples was set to the expected copy number of 4, reflect-
ing the tetraploid nature of S2 cells. All chromosome values
were then scaled proportionally using this baseline. For each
condition (WT, KO-A, KO-B, and rescue), the mean and SD of
scaled copy numbers were calculated across biological repli-
cates (n = 3 per condition). Error bars in figures represent the
SD of replicate-level medians converted to the absolute copy
number scale. A comprehensive comparison of the scaled copy
number per bin for the X chromosome, for all conditions (in-
cluding replicates), can be found in Supplementary Fig. SS5.

RNA sequencing and analysis
RNA isolation and library preparation

Total RNA was isolated from S2 cells using the RNeasy Mini
Kit (Qiagen, Cat. No. 74106) according to the manufacturer’s
instructions. Cells were counted, and ~3-6 x 10° cells were
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harvested per sample. RNA concentration was measured, and
samples were stored at —80°C. RNA was treated with DNase
as described earlier. DNase-treated RNA was cleaned-up us-
ing the RNeasy Mini Kit and quality-assessed by Qubit RNA
quantification and TapeStation analysis to verify RNA in-
tegrity. Strand-specific RNA-seq libraries were prepared from
100 ng of DNase-treated total RNA using the QIAseq Fast-
Select RNA Library Kit (Qiagen, Cat. No. 334302) accord-
ing to the manufacturer’s protocol with the following modi-
fications: RNA fragmentation was performed at 95°C for 10
min and rRNA depletion was performed using 0.1x FastSe-
lect reagent. Libraries were amplified for a total of 20 PCR
cycles, and concentrations were measured by Qubit HS DNA
assay. Library size distribution was assessed by TapeStation,
and a size selection step was performed using QIAseq beads
(Qiagen, Cat. No. QC13.3) (0.6 x ratio for removal of larger
fragments, followed by 1x for cleanup) to remove fragments
with aberrant size distributions. Final libraries were eluted in
10 ul of nuclease-free water and submitted for sequencing.
RNA-seq was performed in two batches. Batch 1 included WT
S2 cells (n = 4 biological replicates) and r0X2 knockout clone
KO-B (n = 4 biological replicates). Batch 2 included additional
WT replicates (7 = 2), roX2 knockout clone KO-A (7 = 4 bio-
logical replicates), and rescue cells expressing full-length 70 X2
(res; 7 = 2 biological replicates). Biological replicates were de-
rived from independently passaged cell populations.

RNA-seq data processing and analysis

Raw paired-end sequencing reads were processed us-
ing the snakePipes (v3.2.0) non-coding RNA-seq work-
flow [63]. Adapter sequences were trimmed using cu-
tadapt via Trim Galore (v4.6/0.6.10). Quality control
was performed using FastQC (v0.12.1) [64] and sum-
marized with MultiQC (1.25) [65]. Trimmed reads were
aligned to the D. melanogaster dmé reference genome
using STAR (v2.7.10b) [66] with parameters optimized
for multi-mapping reads (—outFilterMultimapNmax 1000
—outFilterMismatchNoverLmax 0.1 —outSAMstrandField in-
tronMotif). Gene-level read counts were quantified using the
Ensembl gene annotation (release 96). Gene expression was
quantified as transcripts per million (TPM) for visualization
and as raw counts for normalization. RNA-seq differential ex-
pression analysis was performed using DESeq2 (v1.48.2) [67]
on all annotated genes. Raw read counts were filtered to retain
genes with at least 10 counts in a minimum number of sam-
ples equal to the smallest experimental group size. Differen-
tial expression was assessed using a batch-aware design with
the Wald test in a single DESeq2 model including all samples.
Genes were considered differentially expressed (DE) if they
met the following criteria: adjusted P-value (padj) < 0.01 and
[log2FC| > 1. Pairwise comparisons were performed between
each KO condition, rescue, and WT (all replicates). Volcano
plots were generated to visualize DE genes, with the top 20
genes by significance and top 20 by absolute log2FC anno-
tated (Supplementary Fig. S4C).

Gene expression and dosage compensation analysis

For visualization of individual gene expression (e.g. r0X1
and r0X2), TPM values were log10-transformed [log10(TPM
+ 1)] and plotted per condition with individual replicates
shown. Error bars represent the SD of log10-transformed val-
ues across replicates. To assess dosage compensation status,
analysis was restricted to protein-coding genes located on ma-
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jor chromosome arms (chr2L, chr2R, chr3L, chr3R, chr4, and
chrX). Genes with <10 counts in at least three samples (or two
when not available) were excluded. Raw counts were normal-
ized using DESeq2 median-of-ratios normalization. For each
KO condition, mean normalized counts were calculated across
replicates, and log2 FCs relative to the WT were computed per
gene as log2[(KO + 1)/(WT + 1)]. Log2FC distributions were
compared between X-chromosomal and autosomal genes for
each genotype to evaluate whether X-linked gene expression
was selectively affected by r0X2 loss.

Copy number-corrected expression analysis

To assess the relative contributions of DNA copy number and
transcriptional regulation to X chromosome expression, copy
number-corrected expression values were calculated using R
with DESeq2 (v1.48.2), tidyverse (v2.0.0), and patchwork
(v1.3.2) [68] packages. For each condition, per-gene RNA-
seq expression values (DESeq2-normalized counts) were di-
vided by the corresponding chromosome copy number es-
timated from ChIP-MNase sequencing input samples. X:A
(X/autosome) expression ratios were calculated both with
and without copy number correction to distinguish canonical
DCC-mediated dosage compensation from other mechanisms.
This method enables the decomposition of dosage compensa-
tion into copy number and transcriptional contributions. The
buffering effect of elevated X chromosome copy number was
quantified as the ratio of observed X:A expression to the ex-
pected ratio based on copy number alone.

Results

Generation and validation of roX2 knockout S2 cell
lines

We sought to investigate the functional requirements of
the long non-coding roX RNA for dosage compensation in
Drosophila in a simple, proliferative cell model. Descendants
of the S2 cell line have proven very useful for studying dosage
compensation. These aneuploid cells are mainly tetraploid,
having two X chromosomes, but four copies of each au-
tosome. They compensate the 2-fold reduced number of X
chromosomes relative to autosomes transcriptionally through
about equal contributions of a generic feedback mechanism
that works on all chromosomes and a fixed 1.4-fold transcrip-
tion boost due to the action of the MSL DCC [28]. The role
of roX RNAs had not been analyzed in this well-controlled
system.

S2 cells do not express the r0X1 RNA to significant lev-
els, and dosage compensation in these cells thus is effectively
mediated by r0X2 [14]. To generate roX-deficient cell lines,
we deleted the r0X2 gene using CRISPR/Cas9 genome edit-
ing (Fig. 1). We transfected S2 cells with plasmids expressing
Cas9 and encoding three sgRNAs targeting the r0oX2 locus.
Single clones harboring the plasmids were selected with blas-
ticidin, isolated, and expanded in a time course of 6 weeks
(Fig. 1A). Only two independent KO clones were recovered,
designated KO-A and KO-B, and validated by PCR and se-
quencing of deletion junctions. Genome browser visualization
of DNA sequencing reads from our ChIP input samples (see
below) across the 70X2 locus verified the deletion of the roX2
region in both alleles (Fig. 1B).

RNA-seq and gqPCR analysis confirmed the absence of
roX2 transcripts in both KO-A and KO-B (Figs 1C and 2B;
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Figure 1. Generation and characterization of roX2 KO S2 cell lines. (A) CRISPR/Cas9 strategy and workflow used to isolate roX2 KO clones. Created in
BioRender. Jayakrishnan, M. (2026) https://BioRender.com/dwiajdp. (B) Deletion of the roX2 gene. Top, schematic illustration of the positions of three
sgRNAs relative to the roX2 gene (black line). Bottom, genome browser view of ChIP-MNase input coverage tracks across the roX2 locus (coordinates
below) for the WT (gray) and the two roX2 KO clones (KO-A and KO-B, blue). Loss of coverage reveals the deletion of the roX2 region in both clones. (C)
Quantification of roX RNAs in WT, KO, and rescue (res) lines. Total RNA-seq reads [log10(TPM) + 1 values] for roX7 (blue) and roX2 (red) are plotted for
the indicated lines. Data points denote biological replicates. roX2 expression is undetectable in KO-A and KO-B and restored in the rescue line; roX1
expression remains very low across conditions. (D) Representative immunoblot probing DCC proteins and H4K16 acetylation (H4K16ac). Whole-cell
extracts from WT, KO-A, KO-B, and rescue cells were probed for MSL2, MLE, MOF, and H4K16ac. Lamin and histone H3 serve as loading controls.
Positions of size markers (kDa) are indicated. (E) Quantification of immunoblot signals from immunoblots as in (D). Signals are shown as FC relative to
the WT after normalization to Lamin (non-histone proteins) or histone H3 (H4K16ac). Each data point represents an independent biological replicate;
technical replicates are shown as smaller points, when applicable. The dashed line indicates WT protein expression (FC = 1). Statistical significance is
annotated as indicated (ns, not significant). (F) Confocal microscopy to visualize DCC enrichment on the X chromosome. Galleries of six representative
confocal images of nuclei of the indicated cell lines, stained for MSL2 (green), MSL3 (red), H4K16ac (gray), and DAPI (blue) marking nuclei. The images
are deconvolved Z-maximum projections of multiples stacks; channels are merged and auto-scaled for display purposes. WT cells show the
characteristic enrichment of MSL2/MSL3 and H4K16ac at the X-chromosome territory. In KO cells, the complex is delocalized. The rescue line restores X
association. Scale bar, 2 um.
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Figure 2. An experimental system to study roX requirements for X chromosome targeting. (A) Schematic depiction of roX constructs used for rescue
experiments. Conserved stem-loop elements are indicated. RNA lengths are shown in parentheses. For details, see text. (B) Expression of roX
transgenes. Quantitative reverse transcription—PCR (RT—qPCR) quantification of roX variant expression in stable cell populations using specific primer
sets for roX2 (circles), miniroX (squares), and roX7-D3 (triangles). Values are normalized to GAPDH RNA and expressed relative to the WT using the
AACp method. The mean + SD of four biological replicates is shown. The dashed line indicates WT expression. (C) MSL2 protein levels in cells
expressing roX variants. Top, representative immunoblot of MSL2 across WT, KO clones, and rescue lines expressing the indicated constructs. Lamin
serves as loading control. Bottom, quantification of MSL2 normalized to the internal control and relative to WT expression (dashed line). The mean signal
of four biological replicates (data points) & SD is shown. Statistical significance is indicated as annotated (ns, not significant). (D) Widefield microscopy
images of representative cells illustrating DCC localization and H4K16ac upon roX RNA expression. Cells were stained for MSL2 (green), MSL3 (red),
H4K16ac (gray), and DAPI (blue) marking nuclei. Individual channels are displayed in grayscale. All images were scaled uniformly for display. Scale bar, 2
um. (E) Classification of MSL2 localization states in single cells by image-based profiling. UMAP projection of single cells derived from widefield
microscopy and quantified using MSL2 immunofluorescence intensity distributions and Haralick texture features. Each point represents one cell, colored
by genotype/condition, as indicated. The WT/roX2-FL-enriched region corresponds to chromosome territory-like MSL2 enrichment, whereas KO and
non-rescuing constructs map predominantly to diffuse/delocalized nuclear MSL2 patterns (Fig. 2D). One representative replicate of this experiment is
shown; for UMAP projections of the other replicates, see Supplementary Fig. STA).

Supplementary Fig. S4C). roX1 expression remained negligi-
ble as in WT cells, indicating that 70X1 is not increased to
compensate for the loss of 70X2. In a functional rescue ex-
periment, we generated a stable line expressing a full-length
roX2 transgene in the KO-B background (res), which restored
roX2 transcripts to levels comparable with the WT (Fig. 1C;
Supplementary Fig. 4C).

The MSL proteins and roX RNA are stable as components
of the DCC complex, but unstable if the integrity of the DCC
is disrupted by depletion of a protein subunit [21, 69]. To
explore whether r0X2 loss affected the MSL protein abun-
dance, we monitored MSL protein levels in the KO lines by im-
munoblotting. We found that MSL2 was moderately reduced

in both KO clones, but more prominently in KO-B, while MLE
and MOF levels remained largely unchanged (Fig. 1D, E).
Re-expression of 70X2 in the rescue line partly restored WT
MSL2 levels. The levels of H4K16ac, the epigenetic readout
of DCC action, showed modest variation but overall were not
substantially altered.

The hallmark of functional dosage compensation in male
Drosopbhila cells is the selective binding of DCC to the X chro-
mosome. Immunostaining of the MSL proteins visualizes their
binding to a compact chromosomal territory. Depletion of any
MSL protein abolishes the X chromosome “territory” stain-
ing of the complex [21, 27, 70]. Confocal microscopy of WT
cells demonstrated the characteristic co-localization of MSL2,
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MSL3, and H4K16ac at the dosage-compensated X chromo-
some (Fig. 1F). Strikingly, this subnuclear enrichment was lost
in both 70X2 KO clones, where the complex was delocalized
throughout the nucleus in speckles that may correspond to
constitutive heterochromatin repeats [71, 72]. Expression of
the 70X2 transgene in the rescue line restored X-chromosome
association of the DCC, demonstrating that 70X2 is required
for faithful targeting.

An experimental system for roX structure—function
analyses

The successful rescue of DCC function by expression of roX2
in the KO-B cell population suggested a strategy through
which features of roX RNA function could be evaluated.
As a proof of principle, we tested several r0X2 derivatives
that in the systematic analyses of Akhtar and colleagues had
been shown to support a certain level of viability during male
fly development. Their AOBO construct ([17], Fig. 2A) repre-
sents “exon 3” of r0X2 with a total length of 512 bp, which
contains all known binding sites for the helicase MLE. A
derivative of this sequence, designated A3B0, has the three
5’ stem-loop structures mutated that attract MLE in an ATP-
independent manner, but maintains critical 3’ stem-loops that
are the target for MLE remodeling [17, 19, 20]. Ilik et al.
also generated a “miniroX” variant, in which central r0X2
sequences were deleted, leaving the 5’ and 3’ stem-loops in-
tact [18]. Their data suggest that this might be the short-
est roX derivative that can sustain male life. We selected the
A0BO, A3B0, and miniroX constructs to explore their abil-
ity to complement the roX deficiency in KO-B cells. Finally,
we tested the hypothesis that the long “roX1” RNA con-
tains a roX2-like module at its 3’ end. The 3’ 70X1-D3 region
resembles 70X2 structurally (stem-loop structures occluding
“roX boxes” [17]). Since roX1 is functionally redundant with
roX2 for male viability, it is possible that the 3’ portion of
roX1 represented in r0X1-D3 can substitute for r0X2 in our
system.

We generated stable cell populations expressing r0X2 se-
quences corresponding to AOBO, A3B0, miniroX, and roX1-
D3. RT-qPCR analysis confirmed expression of all transgenes
at 3- to 5-fold elevated levels compared with endogenous
roX2 in WT cells (Fig. 2B). Inmunoblot analyses revealed that
expression of full-length (FL) roX2 partially restored MSL2
levels, whereas none of the test constructs improved MSL2
levels (Fig. 2C). We assessed DCC localization by widefield mi-
croscopy, staining for MSL2, MSL3, and H4K16ac (Fig. 2D).
roX2FL restored the characteristic X-chromosome territory
enrichment pattern observed in WT cells. In contrast, expres-
sion of the truncated roX variants resulted in diffuse staining
patterns lacking clear territory enrichment.

To assess the rescue capacity in an unbiased manner, we
employed image-based profiling of single cells using MSL2
immunofluorescence intensity distributions and textural prop-
erties, followed by UMAP dimensionality reduction (Fig. 2E;
Supplementary Fig. 1A). Unsupervised clustering identified
two broadly distinct populations of cells. The WT cells (dark
green) occupied a discrete region at the lower left of the UMAP
space, whereas KO-A and KO-B cells were assigned to clearly
separable areas within a larger cluster. Consistent with their
restored territory staining, cells expressing r0X2-FL predom-
inantly co-localized with the WT cluster. In contrast, cells
expressing AOBO, A3B0, minirox, or roX1-D3 failed to co-

localize with the WT population. Minor fractions of cells ex-
pressing roX derivatives AOBO and A3B0 were mapped to the
“territory” area of the UMAP, predominantly occupied by WT
and FL roX2.

Minirox and roX1-D3 remained clearly distinct. Interest-
ingly, AOBO and A3B0 occupied partially overlapping but dis-
tinguishable patterns in the UMAP, indicating that the texture-
based analysis could potentially distinguish subtle differences
in DCC localization patterns. Independent repetitions of this
experiment with distinct biological replicates showed simi-
lar results (Supplementary Fig. S1A). CUT&RUN in the sta-
ble transgenic cell lines confirmed the widefield microscopy
results, i.e. constructs that partially rescue DCC targeting
(roX2-FL and AOBO) show some degree of X-chromosome en-
richment, whereas non-rescuing constructs (A3B0, miniroX,
and r0X1-D3) do not support X-chromosome targeting
(Supplementary Fig. S1B).

Genome-wide mapping of dosage compensation
complex occupancy by CUT&RUN

The confocal images showed that the DCC was delocalized
from the X chromosome in the absence of roX. To charac-
terize DCC binding at a higher resolution genome-wide, we
performed CUT&RUN for MSL2 and H4K16ac in WT and
roX2 KO cell lines (Supplementary Fig. S2A). We had shown
earlier that CUT&RUN allows identification of a larger num-
ber of X-chromosomal binding sites compared with ChIP [25].
For a direct comparison, we mapped MSL2 by CUT&RUN
and ChIP in WT, KO, and rescue lines. Representative genome
browser views of sites of MSL2 and H4K16ac localization
on the X chromosome are shown in Figure 3A. The com-
parison with matched ChIP data reveals that CUT&RUN in-
deed identifies more MSL2 binding sites. The ChIP peaks are
much broader, presumably because of variable cross-linking of
MSL2 to neighboring chromatin [12]. For the H4K16 acety-
lation, the correspondence between the two methods is ex-
cellent. This is also evident when we compare the signal of
MSL2 and H4K16ac over gene bodies at MSL2-bound genes
(Supplementary Fig. S2B, C).

To capture the unique characteristics of CUT&RUN more
accurately than traditional peak-calling algorithms, we ap-
plied a window-based differential binding analysis (csaw)
[73]. Our approach counts reads in sliding windows across
the genome and identifies regions with statistically signif-
icant enrichment over background. Using stringent thresh-
olds and optimized parameters for each target (see the Ma-
terials and methods), we identified statistically enriched re-
gions and merged proximal windows to define MCCSs and
HCCSs.

This analysis identified 1882 MCCSs, with ~90% map-
ping to the X chromosome (Fig. 3B). As expected, MCCSs
encompassed many previously ChIP-derived HASs (309 sites)
and PionX (56 sites) signature sites (Fig. 3A). However, Up-
Set plot analysis revealed that 1623 MSL2-binding sites, 86%
of all MCCSs, had not been described previously (Fig. 3C),
indicating that ChIP predominantly detects only the most
highly occupied sites. Consistent with this, the HAS and PionX
signature sites within MCCSs displayed significantly higher
MSL2 and H4K16ac signals compared with novel MCCSs
(Wilcoxon rank-sum test, P < 0.001; Fig. 3D), confirming a
hierarchical binding landscape where previously known sites
represent the most robustly occupied DCC targets (Fig. 3D).
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Figure 3. Genome-wide mapping of DCC occupancy by CUT&RUN and csaw. (A) Representative genome browser views of merged MSL2 and H4K16ac
CUT&RUN profiles (n = 3, Supplementary Fig. S2A) across an ~180 kb region of the X chromosome, along with matched ChIP-MNase sequencing
tracks (n = 3). Annotations of canonical DCC binding sites identified by ChIP (HAS and PionX) and newly identified CUT&RUN peak sets computed by
csaw are indicated. Track scales are shown; gene names are displayed below. (B) Chromosomal distribution of ChIP-derived (HAS, PionX) and novel
(MCCS) DCC-binding sites. Bars indicate the number of sites assigned to each chromosomal arm and the distribution of peaks among the chromosomes
in a color code. The number of peaks in each category is provided in parentheses. (C) UpSet plot showing the overlap between MCCS and ChlIP-derived
HAS and PionX signature MSL2 binding sites. (D) CUT&RUN signal intensities at MCCSs that overlap (HAS/PionX, red) or not (Other, gray) with
HAS/PionX signature sites. Aggregate MSL2 and H4K16ac coverages at classified MCCSs are shown. The numbers of sites in each group are indicated
in parentheses. P-values: Wilcoxon rank-sum tests. (E) Genomic feature annotation of MSL2-binding sites. The bar graph shows the fraction of HASSs,
PionX sites, and MCCSs assigned to genomic features indicated by the color code. Approximately half of MCCSs map to promoter regions (red). (F)
Proximity of MCCSs to the TSSs and HASs. Density distributions showing distances from the MCCS to the nearest TSS and to the nearest HAS, as
indicated. (G) Sequence logos of motifs enriched at MCCS-associated regions. The top scoring logo corresponds to the extended MRE. The bottom
motif resembles DREF- (TATCGATA) or BEAF-32-binding sites (ATCGAT). Letter height denotes information content.

Genomic feature annotation revealed that approximately
half of MCCSs mapped to promoter regions (within 1 kb up-
stream of the TSS). In contrast, most of the ChIP-derived HASs
and PionX sites (~73% and 80%, respectively) are localized
to gene bodies (Fig. 3E). Most of the newly identified MSL2
binding sites map to promoter regions, as visualized by plot-
ting the distances of MCCSs to TSSs as compared with HASs
(Fig. 3F). Motif discovery analysis at MCCS peaks found the
extended MRE as the top-scoring motif that had been iden-
tified in previous studies [25, 56, 74, 75, 76] (Fig. 3G). In-
terestingly, a palindromic motif with the consensus sequence
YTATCGATAR (E-value = 4.8 x 10~%) scored as second best.
A search in the Tomtom database revealed highly significant
matches to BEAF-32 (Boundary Element-Associated Factor;

P-value = 3.47 x 1077, E-value = 4.93 x 10~*) and DREF
(DNA replication-related element factor; P-value = 2.25 x
107%). Both proteins recognize the same core consensus se-
quence (TATCGATA). BEAF-32 binding sites have previously
been shown to be enriched at MSL-bound genes [77]. We ex-
amined the prevalence of the MRE and the BEAF-32 bind-
ing motif across successive subsets of MCCSs (Supplementary
Fig. S3). Analysis of motif content across MCCS subsets re-
vealed that BEAF-32-like motif prevalence was specifically ele-
vated at chrX promoter-proximal MCCSs (16.8 %) compared
with chrX MCCSs overall (9.6%) or all MCCSs genome-
wide (8.7%), while MRE prevalence remained stable across
these subsets (~30%; Supplementary Fig. S3). The majority
of chrX promoter-proximal MCCSs overlapped housekeep-
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ing gene promoters (60.7%), and motif occupancy was com-
parable across all active gene categories (~22% MRE, ~21%
BEAF-32). In contrast, sites with no overlap with active gene
promoters showed the highest MRE prevalence (35.7%) but
minimal BEAF-32 occupancy (5.0%), pointing to a distinct
sequence composition at these sites.

In summary, CUT&RUN combined with csaw analysis
identified 1882 MCCSs, of which 1623 (86%) had not been
previously characterized by ChIP. These newly identified sites
are predominantly promoter-proximal, in contrast to the in-
tragenic localization of HASs and PionX sites. CUT&RUN
generated sharp, focal MSL2 peaks compared with the broad
peaks observed by ChIP. The native chromatin conditions of
CUT&RUN, which omits cross-linking, indicates that many
of these sites correspond to direct MSL2-DNA contacts,
rather than indirect associations stabilized by cross-linking to
neighboring bound factors.

roX2 is essential for chromosome binding of the
dosage compensation complex

Previous organismic studies suggested that in the absence of
roX or the helicase MLE) the binding of MSL2 to the X
chromosome is much reduced, but that a core complex of
MSL2-MSL1 can bind to a small number of loci on the X
chromosome [13, 24, 78]. Furthermore, recombinant MSL2
is able to bind MRE motifs including PionX signature sites
in vitro in the absence of RNA [56, 76]. These observations
suggested that 70X RNA somehow modulates the intrinsic in-
teractions of MSL2 with MREs in vivo. The availability of cell
lines lacking roX RNA provides an opportunity to explore the
roX dependence of MSL2 binding.

We displayed the CUT&RUN signals for MSL2 and
H4K16ac at 56 PionX sites, 309 HASs, and all 1882 MCCSs
as separate heatmaps, ordered according to their intensities in
WT cells (Fig. 4A). The cumulative signals are displayed above
the columns. In both 70X2 KO clones, MSL2 and H4K16ac
signals were dramatically reduced at all site classes, and this
reduction was evident across the entire X chromosome in
genome browser views (Fig. 4B). The compromised MSL2
binding and H4K16ac signals in KO-B cells were restored to
WT levels upon expression of roX2-FL. Analysis of signal dis-
tributions across MSL2 target genes revealed the promoter-
proximal enrichment of MCCS signals and the characteris-
tic 3’ enrichment pattern of H4K16ac accumulation in WT
cells, which was lost in KO clones and restored upon rescue
(Fig. 4C).

To further validate the global redistribution of the DCC
upon roX2 loss, we computed log2FCs in MSL2 and
H4K16ac signals relative to the WT, separately for autoso-
mal and X chromosome sites (Fig. 4D). All chromosomal in-
teractions of MSL2, whether on autosomes or the X chro-
mosome, were diminished in both KO clones. H4K16ac was
selectively lost from the X chromosome, as expected from
loss of dosage compensation, but autosomes did not gain cor-
responding signals. As before, r0X2 expression in the KO-
B line fully restored X chromosome enrichment, confirming
that r0X2 is essential for proper genomic targeting of the
DCC.

In summary, the analysis revealed a surprising require-
ment of roX RNA for all MSL2 chromosomal interactions
in cells, independent of their sequence, shape, affinity, or even
chromosomal location. Evidently, the intrinsic DNA sequence

readout of MSL2 does not suffice for stable chromosome
interactions but requires additional input from non-coding
RNA.

Dosage compensation is maintained in roX2
knockout cells

In view of the global loss of DCC binding to the X chromo-
some in 70X2 KO cells, we wished to confirm that dosage
compensation was impaired at the level of gene expression
and identify roX-dependent gene expression changes. To-
wards this end, we established the transcriptomes of WT, KO,
and rescue cells through RNA-seq analyses. Principal com-
ponent analysis (PCA) of all independent biological repli-
cates confirmed the clear separation of the datasets accord-
ing to genotype, and the absence of r0X2 in the KO clones
(Supplementary Fig. S4A).

Despite the loss of r0X2, all samples correlate highly, with
near perfect correlation for replicates of the same genotype
(Supplementary Fig. S4B). Regardless, when comparing the
KO and rescue conditions with the WT, most statistically sig-
nificant gene expression changes differ according to cell line
and not perturbation of the DCC per se (Supplementary Fig.
S4C).To our surprise, we found only minor global changes of
transcription relative to the WT, with log2FC distributions for
autosomal and X-linked genes centered around zero in KO-A,
KO-B, and rescue cells (Fig. 5A). Apparently, dosage compen-
sation was largely maintained despite loss of a functional DCC
from the X chromosome.

To understand this unexpected finding, we performed a
small-scale karyotype analysis of ~20 individual cells from
each condition (see Supplementary Table S2 for a compre-
hensive summary of karyotypes). S2 cells are known to be
male and mostly tetraploid, with a chromosome complement
of four of each autosome and two X chromosomes (typical
WT =2 x X, 4 x second, 4 x third, 2 x fourth, and 1 x
2L = 13 chromosomes). We found the expected karyotype in
all WT cells. Strikingly, about half of KO-A nuclei and about
a quarter of KO-B nuclei contained a third X chromosome,
which is clearly identified because of its acrocentric nature
(representative images in Fig. 5B). We also found many cases
in which an autosome appeared to be missing, but these pre-
sumed aneuploidies were obscured by the presence of broken
chromosomes in our karyotypes (Supplementary Table S2).
The variability of karyotype between individual cells across all
lines was best illustrated by the variable number of the fourth
chromosome, ranging from two to seven copies. Remarkably,
the WT karyotype with exactly two X chromosomes was re-
covered in all rescue cells (Fig. 5B). Despite the low sample
numbers and some uncertainty about the identification of all
autosomes, the results of this qualitative analysis provided an
important clue to explain dosage compensation in the absence
of DCC interactions with the X chromosome.

To substantiate these findings quantitatively, we determined
the chromosome copy numbers at the population level by
counting DNA reads in input samples of our ChIP analy-
sis. Consistent with the single-cell karyotype data, both r0X2
KO clones showed an average X-chromosome copy number
of ~2.7 when scaled to the WT expected autosomal base-
line, while the rescue line value was similar to that of the
WT (Fig. 5C). The inferred increase in copy number of the
X chromosome in the two independent KO clones and across
biological replicates is chromosome wide rather than segmen-
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Figure 4. roX-dependent chromosome binding of MSL2. (A) MSL2 and H4K16ac localization across site classes and genotypes. Heatmaps and
metaplots depicting MSL2 (blue) and H4K16ac (purple) CUT&RUN signals normalized as the ratio over the negative control, centered on PionX sites (n =
56, blue), HASs (n = 309, cyan), and MCCSs (n = 1882, red) in WT, KO, and rescue (res) cells. Sites are ordered by WT signal intensity. Signal is shown
+ 2 kb from peak centers. Scales are indicated at the bottom. (B) Representative genome browser coverage tracks for merged (n = 3) MSL2 and
H4K16ac CUT&RUN signals across the X-chromosome region of Fig. 3A in the indicated cell lines. (C) MSL2 and H4K16ac distribution at MSL2-bound
genes. Heatmaps and metaplots showing MCCS and HCCS signals aligned to scaled genes classified as MSL2 bound. Gene bodies are scaled to equal
length (5 kb) and flanked by 2 kb upstream and downstream regions. The TSS and transcription end site (TES) are indicated. Genes are ordered by
decreasing MSL2 signal in the WT. Zero-signal regions were excluded and missing data were treated as zero. (D) Changes in X/autosome partitioning of
MSL2 and H4K16ac signals. Density distributions of signal intensity differences (log2FC relative to the WT) for MSL2 and H4K16ac in KO-A, KO-B, and
rescue cells, as indicated. Differences were computed separately for autosomes (blue) and the X chromosome (red) at MCCSs and HCCSs, for MSL2
and H4K16ac, respectively. The dashed line denotes no change. All signal intensities are mean CUT&RUN enrichments (target/control) extracted from
merged biological replicates. In both KO clones, X-chromosomal MSL2 and H4K16ac signals shift toward negative delta values, indicating reduced
occupancy relative to the WT, while autosomal signals remain centered near zero.
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tal (Supplementary Fig. S5). This observation, in combination
with karyotyping that directly identified cells with an addi-
tional X chromosome (Fig. 5B; Supplementary Table S2), sup-
ports the conclusion that the elevated X/autosome ratios re-
flect a robust and genuine gain of X chromosome rather than
regional MNase sampling bias. This suggests that KO clones
maintained balanced expression by altering the X/autosome
copy number ratios upon impairment of DCC-mediated regu-
lation of transcription (Fig. 5C). When expression ratios were
corrected for DNA copy number (per-copy up-regulation), the
KO clones showed reduced per-copy expression from the X
chromosome, consistent with impaired DCC function. How-
ever, the overall X:A (X:autosome) expression ratio remained
near 1.0 (Fig. 5D), due to a combination of increases in X
chromosome sequences and the generic feedback mechanism
described by Zhang and Oliver [28]. The sequencing also con-
firmed the amplification of chromosome 4 in KO-B and its
derived rescue line. Evidently, chromosome segregation in S2
cells is error prone to an extent that allows reversible adjust-
ment of chromosome content under selective pressure.

These findings demonstrate that lack of dosage compensa-
tion leads to a severely reduced fitness of aneuploid S2 cells in
culture. The recovery of cells with additional X chromosomes
in both KO clones, and the subsequent loss of the extra X
upon roX restoration, strongly suggest that balanced genome
expression provides a selective advantage during cell line es-
tablishment.

The error-prone chromosome segregation inherent to S2
cells, evidenced also by variable chromosome 4 copy numbers
across all genotypes, apparently allows adjustment of chromo-
some content when cells experience prolonged selection pres-
sure from impaired dosage compensation.

Together, these results establish 70X2 as essential for DCC
function in cultured cells and demonstrate that the strong se-
lective pressure to maintain dosage balance can drive rapid, re-
versible karyotypic changes, providing a sensitive experimen-
tal system for quantitative evaluation of roX RNA variants in
chromosome targeting.

Discussion

Non-coding roX RNA is required for all
chromosomal interactions of the dosage
compensation complex

Our CUT&RUN/csaw analysis identified >1800 MCCSs,
vastly expanding the catalog of DCC occupancy compared
with previous studies that identified only a few hundred of
the strongest binding sites [25, 29, 56]. This improved detec-
tion is due to refinement of mapping by CUT&RUN and the
implementation of csaw. CUT&RUN yields better signal-to-
noise ratios and reduced background at active promoter re-
gions, and avoids fixation artifacts inherent to ChIP [79], with
some degree of accessibility bias remaining [35, 80, 81]. Com-
pared with conventional peak callers, csaw’s window-based
approach is more flexible and sensitive, allowing it to detect
a broader range of enrichment events while delivering robust,
statistical inference suitable for complex and replicated exper-
imental designs [52, 73].

The expanded MCCS catalog includes most of the previ-
ously characterized HASs and PionX sites, but in addition
numerous MREs of presumed lower affinity. The enrichment
of MCCSs on the X chromosome demonstrates the robust-
ness and specificity of our methodology in delineating the
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DCC binding landscape. Approximately half of these sites
map within 1 kb of TSSs, while a significant fraction local-
ize to introns and 3’-untranslated regions (UTRs) of genes.
This resonates with earlier lower-resolution ChIP studies that
reported some of the HASs mapping to promoter-proximal re-
gions, but a more substantial fraction at introns and 3'UTRs
[29, 56]. The gene body binding on the X, which is mirrored
by the H4K16ac distribution, is in line with a proposed mech-
anism of dosage compensation through enhanced processiv-
ity of transcription elongation [1]. The observation that most
MCCSs are located within genes implies that the presumed
“spreading” of DCC activity from primary DNA elements
to active chromatin marks (H3K36me2/3) does not require
bridging vast distances, but can occur rather locally. Tian et al.
proposed that 70X dynamically regulates DCC distribution by
forming TES-TSS loops that facilitate local RNA polymerase
II (Pol II) access rather than long-range spreading [82]. These
observations are compatible with facilitated reinitiation of the
RNA Pol II machinery that may contribute to the transcrip-
tion boost.

The binding of the DCC close to TSSs may reflect inter-
actions of MSL2 with CLAMP, a ubiquitous transcription
factor that directly interacts and cooperates with MSL2 to
bind to MREs iz vivo [36, 83, 84] and in vitro [25, 76]. In-
terestingly, sequence motif searches among the expanded set
of MCCSs not only identified the known MRE motif, but
also found the motif (YTATCGATAR) significantly enriched
at MCCSs, which matches consensus binding sites for BEAF-
32 and DREE BEAF-32 [77, 85, 86] and DREF [87-90, 91]
are known to bind many promoters and insulators, and act
as boundary elements. BEAF-32 has previously been shown
to be enriched close to TSSs of MSL-bound genes [77]. Con-
sistent with this, BEAF-32-like motif prevalence was specifi-
cally elevated at promoter-proximal X-chromosomal MCCSs,
while MRE prevalence remained stable, and MCCSs lacking
active gene promoter overlap showed high MRE but minimal
BEAF-32 occupancy, suggesting that these two motifs mark
compositionally distinct binding site subsets. Whether BEAF-
32 and/or DREF contribute directly to DCC recruitment or
are confounding factors associated with accessible chromatin
remains to be determined.

Implications for X-chromosome targeting by the
dosage compensation complex

Our findings challenge “two-step” models for DCC targeting
on the X chromosome, which propose that initial binding oc-
curs independently of 70X RNA, followed by roX-dependent
spreading over considerable distances [1]. Key to these models
is that binding sites differ qualitatively in that they are either
roX dependent or roX independent. In contrast, the “affin-
ity hierarchy” model argues for a continuum of DCC bind-
ing sites with varying affinities. Spreading may then involve
the local enrichment of DCC around sites of higher affinity,
followed by the dynamic association with MREs or H3K36-
methylated nucleosomes along the concentration gradient [12,
23, 24]. It has been suggested that the dynamic association of
roX RNA, mediated by the helicase MLE, may define cycles
of chromatin release and “reloading”, which would facilitate
the “spreading” of the DCC to all potential binding sites in
the neighborhood [18, 92].

Our genome-wide mapping in r0X2 KO S2 cells demon-
strates that loss of roX RNA results in a dramatic reduction
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of MSL2 and H4K16ac occupancy not only at lower-affinity
MREs, but also at HASs and PionX sites, which are known
to be selectively bound by recombinant MSL2 in the absence
of roX in vitro [56]. Although H4K16ac enrichment from the
X chromosome is lost, the global levels of the mark remain
largely unchanged because MOF maintains global H4K16ac
levels on autosomes independently of roX RNA in the context
of the non-specific lethal (NSL) complex [90, 93].

In the absence of roX, MSL2 protein levels are moder-
ately reduced, which may contribute to the observed global
loss of binding. Under such limiting MSL2 conditions, one
might predict preferential occupancy of the highest-affinity
sites. Instead, we find that MSL2 binding is abrogated at all
sites, including those previously classified as high affinity. Ev-
idently, oX RNA is required for MSL2 association at all
genomic locations, independent of type and affinity, consis-
tent with direct MSL2—0X2 interactions that promote stable
chromosome association [10, 20, 22]. While we cannot ex-
clude that the intrinsic affinity of MSL2 for ideal MRE se-
quences leads to roX-independent binding under certain cir-
cumstances, our data support a model in which the DCC,
through MSL2-DNA recognition and cooperation with ac-
cessory factors such as CLAMP, engages its binding sites with
a range of intrinsic affinities, and 70X RNA stabilizes these in-
teractions on the X chromosome. We observed earlier through
fluorescence recovery after photobleaching (FRAP) studies
that 70X2 endows the X chromosome-bound DCC with “low-
diffusion” properties that effectively trap the DCC on the X
[10, 21]. In combination with the known homeostasis mecha-
nisms that ensure that the numbers of DCCs do not exceed the
binding capacity of sites on the X chromosome [1, 15, 69, 94],
such “trapping” could be the basis of X chromosome-selective
binding.

Taken together, our findings support models that posit that
all chromosomal binding sites for the DCC require 70X for
robust interaction, independent of their DNA sequence signa-
ture or composition.

A strategy for systematic structure—function
analysis of roX RNA requirements for dosage
compensation complex loading

CRISPR-engineered roX2 KO S2 cells can form the basis of an
experimental strategy to dissect the structural and functional
elements that allow roX RNA to interact with MSL proteins
and to target the complex to the X-chromosomal territory. S2
cells naturally depend on r0X2 for dosage compensation, al-
lowing us to avoid the tedious generation of roX1 roX2 dou-
ble mutants that are not straightforward in the organism [14].
Similar structure—function analyses in Drosophila commonly
score “male viability” as a readout for DCC functionality [11,
17, 18] and are complicated by developmental dynamics and
potential cell-specific effects [95]. We sought to test the cellu-
lar system by analyzing r0X2 derivaties which had previously
been shown to support some male viability in corresponding
rescue experiments in flies.

In our rescue experiments, the robust DCC localization to
the X chromosome, assessed by immunostaining and single-
cell imaging analyses, was only observed with full-length 70 X2
RNA. Despite overexpression, several truncated roX2 vari-
ants as well as r0X1-D3, constructs previously reported to
support organismal viability when overexpressed [17, 18],
failed to establish faithful DCC targeting in our cellular sys-

tem. This discrepancy and the karyotypic adaptation that oc-
curred during the selection of roX2-deleted cells highlight
a tight dosage sensitivity of cultured cells that could not
have been anticipated. It is possible that in flies even cryptic
DCC function may be compatible with some viability due to
compensatory buffering mechanisms, whereas the systematic
image-based profiling employed here detects more nuanced
deficiencies in DCC targeting. On the other hand, our res-
cue strategy involved a population of cells that derived from a
clonal event. The apparent discrepancy between our data and
the rescue of flies can only be resolved by more systematic
studies.

Nevertheless, the texture-based analysis of MSL protein
staining in individual cells revealed subtle differences in nu-
clear staining for the different 70X constructs, suggesting that
the approach may be useful to classify intermediate pheno-
types. The inability of certain roX derivatives to support DCC
targeting may reflect sequestration of MSL proteins to repeti-
tive, heterochromatic regions [71, 72] or other non-functional
nuclear foci, patterns that might distinctly contribute to the
classification texture-based image analysis.

Dosage compensation is essential even in
aneuploid cultured cells

Dosage compensation in Drosophila occurs throughout the
organism, though its extent varies across tissues and cell types
[95]. Male S2 cells, an immortalized hematopoietic line, have
served as a valuable model for studying dosage compensation
mechanisms [28,29]. These cells are predominantly tetraploid
but exhibit substantial aneuploidy [28, 44, 96]. While ane-
uploidy is typically detrimental at the organismal level due
to cumulative gene dosage effects and regulatory network
collapse [97, 98], cultured cells display greater tolerance to
chromosomal imbalances [28]. This resilience initially led us
to hypothesize that S2 cells might tolerate perturbation of
the DCC. Indeed, transient RNAi-mediated depletion of MSL
proteins does not impair S2 cell proliferation over experimen-
tal time scales of 6-10 days [27, 28, 29], raising the question
of whether dosage compensation is truly essential in this con-
text.

We therefore assumed that generating roX-deficient S2 cells
would not pose any problem. However, generating a stable
roX2 gene deletion line, the first of its kind, turned out to be
very challenging, in stark contrast to the ease of generating
equivalent KOs in female Kc cells (unpublished observations).
The fact that the two roX-deficient lines we finally obtained
during the lengthy selection process had increased X chromo-
some copy numbers demonstrates the critical requirement for
maintaining a balanced X/autosome expression ratio even in
aneuploid cultured cells. This is remarkable, given that the
DCC compensates the 2-fold reduced X chromosome copy
number by only a 1.4-fold boost in transcription [28]. This
dosage compensation is completely defective in the absence
of roX, since MSL2 levels are diminished and DCC binding
across all sites is dramatically lost.

Mechanisms of karyotypic adaptation in
roX-deficient cells

The gain of an additional X chromosome in r0X2 KO cells
represents a remarkable example of rapid evolution under se-
lection. S2 cells are known to exhibit high rates of chromo-
some segregation defects during mitosis and variable chromo-
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some copy numbers, particularly of chromosome 4 [28, 44,
96, 99]. Mitotic mistakes that lead to abnormal karyotypes
may be as frequent as 18% [98]. Such defects arise from mul-
tiple mechanisms, including weakened spindle checkpoints
and aberrant chromosome segregation [100]. Like many tu-
mor cells, S2 cells overexpress the protooncogene ras [96],
which is known to trigger chromosome segregation defects
and have multiple centromeres [101, 102]. Individual cells
from Drosophila Genomics Resource Center (DGRC) lines,
including S2 cells, display substantial karyotypic heterogene-
ity even within clonal populations [96]. Therefore, S2 cells are
constantly confronted with changes in chromosome number
through segregation defects. Aneuploidy leads to reduced fit-
ness and impairs proliferation [103]. Under normal growth
conditions, cells that deviate from the optimal tetraploid-
like genotype lack fitness and are outgrown quickly. We pro-
pose that the perturbation of the balanced genome expres-
sion by abrogating dosage compensation changes the selec-
tion paradigm. During the extended selection process fol-
lowing CRISPR/Cas9 editing (~6 weeks), cells that stochas-
tically acquired a third X chromosome or lost autosomal
DNA would have gained a selective growth advantage by
restoring X/autosome expression balance without requiring
a functional DCC. This hypothesis is strongly supported by
our single-cell karyotyping and DNA copy number analyses,
which showed an average of ~2.7 X chromosomes in both
independent KO populations, suggesting that this copy num-
ber represents an adaptive equilibrium that partially com-
pensates for impaired DCC function while avoiding exces-
sive aneuploidy-associated fitness costs. Heterogenous losses
of autosomal DNA probably also contribute to rebalancing
the X/autosome expression ratio [28]. We assume that, col-
lectively, these karyotypic changes compensate for the loss of
DCC-dependent dosage compensation.

The remaining compensation is likely to be achieved
through a combination of gene-specific feedback mechanisms
that operate whenever large parts of chromosomes are deleted
[28,104,105] and post-transcriptional buffering mechanisms,
including regulation of mRNA stability, translation, and pro-
teostasis [69, 106, 107]. The gains of X chromosome in combi-
nation with such buffering mechanisms probably enabled our
KO cells to stay competitive during selection despite complete
loss of DCC function.

An important observation made through karyotyping of
individual cells is that the established roX-depleted cells are
no longer clonal but represent a mixed population of cells
with either three X chromosomes or autosomal aneuploidies
that arose from stochastic mitotic mis-segregation events in
the wake of r0X2 gene deletion. This karyotypic heterogene-
ity also explains the reversibility of the phenotype upon re-
expression of 70X2 in our rescue experiment, when the levels
of MSL2 were partly restored and the binding of DCC to the
X chromosomal territory was re-established. Under these cir-
cumstances, an extra X chromosome is disadvantageous due
to overcompensation and is selected against during the estab-
lishment of the rescue lines, which again takes several weeks.
This has been demonstrated in CHO cell lines, where cells un-
der stringent phenotypic selection (e.g. expression of a trans-
gene) are part of a more homogeneous population with fewer
chromosome variations, while subcloning does not increase
said homogeneity or chromosomal stability [108].

The relevance of our findings for male flies is unclear at this
point. However, roX-deficient and msl-deficient male flies like-
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wise fail to up-regulate X chromosomal transcription leading
to male lethality, yet 5% of escapees are observed for r0X1
roX2 mutants [13, 14], whereas escapees are not found for
msl mutants. This shows that, in principle, a 70X deficiency
can be overcome in vivo. The overexpression of MSL proteins
is one documented mechanism [15], which clearly is not em-
ployed in our system.

In summary, our findings establish roX-deficient S2
cells as a versatile and tractable platform for future
structure—function studies of IncRNA-guided chromatin reg-
ulation in the context of dosage compensation. Reversible
switching of dosage compensation provides a unique exper-
imental opportunity for studying chromosomal evolution un-
der controlled selective pressure. The unexpected karyotypic
adaptation observed in these aneuploid cells upon roX2 gene
deletion underscores the existential importance of maintain-
ing a balanced genome expression and the vital contribution
of the DCC to this end. Our findings also reveal a surpris-
ing cellular plasticity in response to (epi)genetic perturbation
and selection, which could be subject to further studies. Re-
finement of the experimental strategy by rapid and reversible
switching of r0X2 expression may avoid adaptive effects that
obscure the true functions of roX RNAs and will pave the way
for high-resolution dissection of the elements and mechanisms
by which 70X RNA mediates DCC assembly, X-chromosome
targeting, and epigenetic regulation.
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