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Abstract

The male-specific lethal complex (MSL), which consists of five proteins and two non-coding
roX RNAs, is involved in the transcriptional enhancement of X-linked genes to compensate for
the sex chromosome monosomy in Drosophila XY males compared with XX females. The
MSL1 and MSL2 proteins form the heterotetrameric core of MSL complex and are critical for
the specific recruitment of the complex to the high-affinity “entry” sites (HAS) on the X
chromosome. In this study, we demonstrated that the N-terminal region of MSL1 is critical for
stability and functions of MSL1. Amino acid deletions and substitutions in the N-terminal
region of MSL1 strongly affect both the interaction with roX2 RNA and the MSL complex
binding to HAS on the X chromosome. In particular, substitution of the conserved N-terminal
amino-acids 3-7 in MSL1 (MSL1GS) affects male viability similar to the inactivation of genes
encoding roX RNAs. In addition, MSL1GS binds to promoters such as MSL1WT but does not co-
bind with MSL2 and MSL3 to X chromosomal HAS. However, overexpression of MSL2
partially restores the dosage compensation. Thus, the interaction of MSL1 with roX RNA is
critical for the efficient assembly of the MSL complex on HAS of the male X chromosome.

eLife assessment

This is a potentially valuable contribution, reporting a deletion analysis of the MSL1
gene to assess how different parts of the protein product interact with the MSL2
protein and roX RNA to affect the association of the MSL complex with the male X
chromosome of Drosophila. However, the framework that the MSL complex mediates
dosage compensation is outdated and has flaws, and the evidence is currently
considered inadequate to support the claims. Because there are many ways to alter
viability, sex-specific viability is insufficient to make claims regarding dosage
compensation.
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Introduction

At present, it is unknown how transcription-regulating complexes bind only to certain chromatin
regions that do not have a pronounced sequence specificity relative to other genome sites. Dosage
compensation in Drosophila is a striking example of the specific recruitment of transcription
complexes (Lucchesi, 2018     ). Dosage compensation equalizes the expression of different doses of
X chromosomes in females (X/X) and males (X/Y), which is achieved by doubling the expression of
genes on one X chromosome in males to match the level of gene expression on two chromosomes
in females (Ferrari et al., 2014     ; Kuroda et al., 2016     ; Lucchesi, 2018     ; Samata and Akhtar,
2018     ). Currently, there is no consensus on the mechanisms that determine dosage compensation
(Birchler and Veitia, 2021     ; Vensko and Stone, 2015     ). It is most likely that dosage compensation
in males is the result of the simultaneous effect of activation of gene transcription on the X
chromosome and the inverse dosage effect, which consists of a decrease in the expression of
autosomal genes (Birchler, 2016     ; Ferrari et al., 2014     ; Kuroda et al., 2016     ; Lucchesi, 2018     ;
Samata and Akhtar, 2018     ; Zhang et al., 2021     ).

A multisubunit complex that binds only to the X chromosome of males was discovered (Ferrari et
al., 2014     ; Kuroda et al., 2016     ; Lucchesi, 2018     ; Samata and Akhtar, 2018     ), and it was
proposed that this complex is involved in equalizing the expression of genes on the X
chromosomes of males and females. The complex, named male-specific lethal, consists of five
proteins, male-specific lethal (MSL)1, MSL2, MSL3, males-absent on the first protein (MOF), and
maleless (MLE). Two non-coding RNAs are included, namely roX1 (3.7 kb) and roX2 (0.6 kb), which
perform partially redundant functions (Kim et al., 2018     ; Kuroda et al., 2016     ; Meller and
Rattner, 2002     ; Samata and Akhtar, 2018     ). The proteins MSL1, MSL3, MOF, and MLE are also
expressed in females. These proteins and are involved in the regulation of gene expression
processes that are unrelated to X chromosome dosage compensation (Samata and Akhtar, 2018     ).
The MSL2 protein is male-specific, and the expression of the msl-2 gene is controlled by the sex
lethal (SXL) protein, which binds to msl-2 mRNA in females and blocks protein translation
(Beckmann et al., 2005     ). Therefore, MSL2 protein is thought to play a key role in the specific
binding of the MSL complex to the X chromosome in males.

The N-terminus of MSL2 contains a really interesting new gene (RING) domain, which functions as
a ubiquitin E3 ligase (Villa et al., 2012     ; Wu et al., 2011     ). MSL2 has been shown to induce the
ubiquitination of itself as well as other subunits of the MSL complex. The MSL1 protein functions
as a scaffold for the assembly of the MSL complex (Gorman et al., 1993     ; Kadlec et al., 2011     ;
Palmer et al., 1993     ; Scott et al., 2000     ), as the N-terminal coiled-coil domain (Hallacli et al.,
2012     ) of MSL1 facilitates homodimerization and interacts with the N-terminal RING domain of
MSL2. The PEHE domain located in the C-terminal region of MSL1 is responsible for interactions
with MSL3 and MOF (Kadlec et al., 2011     ; Scott et al., 2000     ). MSL1 and MSL2 form the
structural core of the complex, whereas MLE—an ATP-dependent RNA/DNA helicase belonging to
the DEAD box family—interacts with the roX1 and roX2 RNAs to induce their unwinding (Ilik et al.,
2017     ; Maenner et al., 2013     ; Meller et al., 2000     ). This interaction allows both RNAs to bind
MSL2 and possibly MSL1 (Muller et al., 2020     ), combining MLE, MSL2, and other MSL proteins
into a single complex.

In addition to the MSL complex, lysine acetyltransferase MOF forms the catalytic core of the
nonspecific lethal complex (NSL), which is recruited to promoters located on all chromo-somes of
both sexes and is responsible for strong transcriptional activation (Sheikh et al., 2019     ). Unlike
the MSL complex, in which MOF moderately stimulates transcription during RNA polymerase II
elongation (Ferrari et al., 2014     ; Kuroda et al., 2016     ), the NSL complex strongly increases the
transcription at initiation step (Sheikh et al., 2019     ). In males, formation of the MSL complex
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titrates MOF from the NSL complex, resulting in a decrease of its activity at all promoters (Prestel
et al., 2010     ; Sun et al., 2013     ). This may be one of the reasons for the inverse dose effect, which
consists of a decrease in the expression of autosomal genes (Birchler and Veitia, 2021     ).

An incomplete MSL1-MSL2 subcomplex can bind to a reproducible set of several hundreds of sites
on the X chromosome, referred to as the primary chromatin entry sites (CESs) (Alekseyenko et al.,
2008     ) or high-affinity sites (HAS) (Straub et al., 2008     ). A GA-rich motif within the HAS/CES,
which serves as an MSL recognition element (MRE), is important for the MSL complex targeting
(Alekseyenko et al., 2008     ; Straub et al., 2008     ). Structural analysis and an in vitro genome-wide
DNA binding assay showed that MSL2, through its CXC and proline/basic-residue-rich domains,
specifically recognizes and binds to a subclass of HAS-named pioneering sites on the X (PionX)
(Fauth et al., 2010     ; Villa et al., 2016     ; Zheng et al., 2014     ).

The zinc-finger protein chromatin-linked adaptor for MSL proteins (CLAMP) was found to be
significant for the specific recruitment of the MSL complex to the male X chromosome (Eggers et
al., 2023     ; Larschan et al., 2012     ; Soruco et al., 2013     ). CLAMP is an essential protein in
Drosophila that binds thousands of GA-rich sequences genome-wide in both sexes (Kuzu et al.,
2016     ; Soruco et al., 2013     ; Urban et al., 2017     ). In particular, CLAMP binds to GA repeats in
HAS and is involved in the organization of open chromatin in these genome regions (Albig et al.,
2019     ; Urban et al., 2017     ). CLAMP has an N-terminal unstructured dimerization domain
(Tikhonova et al., 2022a     ) and promotes long-range chromatin interactions that mediate the
dosage compensation of the male X chromosome (Jordan and Larschan, 2021     ). CLAMP also
directly interacts with the MSL2 (Albig et al., 2019     ; Eggers et al., 2023     ; Tikhonova et al.,
2022b     , 2019     ) and MLE (Quinn et al., 2014     ; Tikhonova et al., 2024     ) proteins.

The CLAMP interaction and CXC domains of MSL2 have partially redundant functions for the
recruitment of the MSL complex to the X chromosome (Tikhonova et al., 2019     ). A previous study
(Li et al., 2005     ) showed that the N-terminal 265 amino acids region of MSL1 could bind to
approximately 30 sites on polytene X chromosomes in females that exogenously express MSL2,
and the first 26 aa are essential for such binding. The authors suggested that the N-terminal
sequences of MSL1 can bind to DNA and facilitate the specific recruitment of MSL to the male X
chromosome. However, further studies examining the mechanisms of the MSL complex
recruitment to the male X chromosome have concentrated on MSL2 as this is the only dosage
compensation protein that is exclusively expressed in males [see review (Kuroda et al., 2016     ;
Lucchesi, 2018     ; Samata and Akhtar, 2018     )]. Although MSL1 represents a core protein of the
MSL complex (Gorman et al., 1993     ; Palmer et al., 1993     ; Scott et al., 2000     ), MSL1 can also
independently interact with gene promoters (Chlamydas et al., 2016     , p. 2; Straub et al., 2013     ).

Here, we tested the functional role of different regions in the N-terminal 1-85 aa region of MSL1.
Deletion of the 1-15 aa results in the instability of MSL1. Unexpectedly, we found that the
simultaneous replacement from 3 to 7 aa from the N-terminus or deletion from 41 to 65 aa of
MSL1 strongly influences the binding of the MSL complex on the male X chromosome. These
mutations also affect the interaction of MSL1 with roX2 RNA. Thus, the N-terminal region of MSL1
performs key functions in the recruitment of the MSL complex to the X chromosome.

Results

The N-terminal 85 amino acids of MSL1 are
critical for the activity of the MSL complex
The principal goal of the work is to study the functional role of the N-terminal 85 aa MSL1
followed by the coiled-coil domain involved in homodimerization and interaction with MSL2. With
the exception of the coiled-coil domain, the first 15 amino acids represent the most conserved
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region within the N-terminus of MSL1 among Drosophilidae (Figure 1A     ). However, among
different families of Diptera (Figure 1 – figure supplement 1), a high level of homology was only
observed for the coiled-coil region, which is required for interactions with MSL2 (Hallacli et al.,
2012     ). The N-terminal amino acids are also conserved among representatives within each of the
Diptera families (Figure 1 – figure supplement 1), but not across families. For example, the MSL1
of Anopheles mosquitoes, which are closely related to Drosophila melanogaster, features a
completely different N-terminal domain.

To evaluate the functional effects of N-terminal domain deletions in the MSL1 protein in vivo, we
created transgenic flies expressing wild-type (MSL1WT) and mutant variants of MSL1 (MSL1Δ1-85,
MSL1Δ1-15, MSL1Δ8-20, MSL1Δ24-39, MSL1Δ41-85, MSL1Δ41-65, and MSL1Δ66-85) (Figure 1A     ). The
MSL1 variants were expressed under the control of a strong Ubi-p63E (Ubi) promoter (Figure 1 –
figure supplement 2). To avoid the influence of position effects on the expression of the MSL1
variants, all transgenes were inserted into the same genomic location (86F8) on the third
chromosome using a φC31-based integration system (Bischof et al., 2007     ).

To determine the role played by the N-terminal sequence during the specific recruitment of the
MSL complex in males, we crossed obtained transgenes into the null msl-1− background (the msl-
1− background corresponds to the msl-1γ269/msl-1L60 heterozygote) (Palmer et al., 1993     ). As
shown previously, the main band detected in immunoblot analysis corresponds to a 170-kD
protein that is considerably larger than the predicted 1039 aa protein (Palmer et al., 1994     ).
Anomalous electrophoretic migration was explained by specific clusters of proline, acidic, or basic
residues as well as potential post-translational modifications in particular ubiquitination. MSL1 is
expressed 2.5–3 times stronger under the control of the Ubi promoter in the transgenic line than in
wild-type males (y1w1118 line) (Figure 1B     , Figure 1 – figure supplement 3A). Increased
expression of MSL1 leads to the appearance of more MSL2, which is stabilized in a complex with
MSL1. Similar results were obtained in females. In the absence of MSL2, the expression of MSL1
was lower in females compared to males (Figure 1B     ).

To compare the expression of the MSL1 variants in transgenic lines, we examined the levels of
MSL1 expression in 2–3-day-old msl-1− females, which are homozygous for the transgenes
expressing MSL1 variants. Immunoblot analysis showed that all MSL1 variants, with the exception
of MSL1Δ1-85 and MSL1Δ1-15, were expressed in transgenic females at nearly equivalent levels
(Figure 1C     ). Surprisingly, MSL1Δ1-85 and MSL1Δ1-15 could not be detected by immunoblotting,
suggesting the instability of these MSL1 variants.

Homozygous msl-1− females remained viable, whereas males died during the late larva and early
pupa stages (Gorman et al., 1993     ; Palmer et al., 1993     ). The transgenes, expressed MSL1WT and
MSL1Δ66-85, compensated for the viability of msl-1− males, indicating that these MSL1 variants are
functional (Figure 1D     , Figure 1 – source data 1). In MSL1Δ24-39 and MSL1Δ8-20 lines, male
viability was reduced suggesting that dosage compensation is partially affected. At the end, all
other tested mutant MSL1 proteins (MSL1Δ1-15, MSL1Δ1-85, MSL1Δ41-65 and MSL1Δ41-85) failed to
compensate for the msl-1− mutation in males (Figure 1D     ). Taken together, these results
suggested that at least two regions (1-15 aa and 41-65 aa) in the N-terminus of MSL1 are critical for
the functional activity of the MSL complex.

We then asked how MSL2 expression might affect the stability of MSL1 variants. To answer this
question, we measured MSL1, and MSL2 proteins in msl-1−; Ubi:msl-2WT-FLAG/ Ubi:msl-1* (Figure
1E     ). Again, immunoblotting showed that amount of MSL1 was almost completely eliminated in
females expressed either MSL1Δ1-15 and MSL2, or MSL1Δ1-85 and MSL2 (Figure 1E     ). All other
MSL1 variants were present at the same level. Interestingly, there is no noticeable difference in the
amount of MSL2 in all samples. Thus, the N-terminal 1-15 aa are essential for stability of MSL1
independently of MSL2 presence.

https://doi.org/10.7554/eLife.93241.2
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Figure 1.

Testing the functional activity of MSL1 mutants.

(A) Schematic presentation of the MSL1 deletion proteins expressed in flies. Alignment of the N-terminal domain (1-207 aa) of
MSL1 among Drosophilidae. (B) Immunoblot analysis of protein extracts prepared from adult males y1w1118 (control) and
msl-1−; Ubi:msl-1WT/ Ubi:msl-1WT(M1[WT]), and from adult females y1w1118 (control), − msl-1− ( msl-1L60/ msl-1γ269), M1[WT] (msl-
1−; Ubi:msl-1WT/Ubi:msl-1WT) and M1[WT]+MSL2 (msl-1−; Ubi:msl-2WT-FLAG / Ubi:msl-1WT). Immunoblot analysis was performed
using anti-MSL1, anti-MSL2 and anti-lamin Dm0 (internal control) antibodies. (С) Immunoblot analysis of protein extracts
prepared from adult females expressing different MSL1 protein variants (MSL1WT, MSL1Δ1-85 MSL1Δ1-15, MSL1Δ8-20 MSL1Δ24-

39, MSL1Δ41-85, MSL1Δ41-65, MSL1Δ66-85) and y1w1118 females (control). Immunoblot analysis was performed using anti-MSL1,
and anti-lamin Dm0 (internal control) antibodies. (D) Viability of males expressing MSL1 variants in the msl-1-null background
(marked as M1[*]). Viability (as a relative percentage) of msl-1−(msl-1L60/ msl-1γ269); Ubi:msl-1*/ Ubi:msl-1* males to msl-1−;
Ubi:msl-1*/Ubi:msl-1* females obtained in the progeny of crosses between females and males with the msl-1−/ CyO, GFP;
Ubi:msl-1*/Ubi:msl-1* genotype. Ubi:msl-1* is any transgene expressing one of the tested MSL1 variants. The results are
expressed as the mean of three independent crosses, with error bars showing standard deviations. (E) Immunoblot analysis
of protein extracts prepared from adult female flies expressing MSL2-FLAG in combination with different MSL1 protein
variants (MSL1WT, MSL1Δ1-85 MSL1Δ1-15, MSL1Δ8-20 MSL1Δ24-39, MSL1Δ41-85, MSL1Δ41-65, MSL1Δ66-85) and y1w1118 females
(control). Immunoblot analysis was performed using anti-MSL1, anti-MSL2, and anti-lamin Dm0 (internal control) antibodies.

https://doi.org/10.7554/eLife.93241.2
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The N-terminus of MSL1 regulates the binding of the MSL
complex to the X chromosome in females expressing MSL2
We next examined the extent to which deletions in the N-terminal region of MSL1 would affect the
recruitment efficiency of the MSL complex to the male X chromosome. Immunostaining of
polytene chromosomes from the salivary glands of Drosophila larvae allows the visualization of
proteins on interphase chromatin and has been used extensively to study dosage compensation
(Dahlsveen et al., 2006     ; Demakova et al., 2003     ; Li et al., 2005     ; Lyman et al., 1997     ; Meller
and Rattner, 2002     ; Palmer et al., 1994     ). In the MSL1Δ1-15, MSL1Δ41-85, MSL1Δ41-65 and MSL1Δ1-

85 mutant males, rare larvae surviving to 2-3 stages had the polytene chromosomes with poor
morphology. For this reason, we used a previously described sensitive model system to study the
factors required for the recruitment of the MSL complex to the X chromosome in females (Chang
and Kuroda, 1998     ; Li et al., 2008     ; Morra et al., 2011     ; Palmer et al., 1994     ; Zhou et al.,
1995     ). It was shown (Tikhonova et al., 2019     ), that MSL1 and MSL2 were specifically recruited
to the X chromosome in transgenic females expressing MSL2WT-FLAG under the control of the Ubi
promoter inserted into attP-line 86Fb (Ubi:msl-2WT-FLAG).

When the MSL2WT-FLAG was expressed in the msl-1− background, we did not observe the binding
of the MSL complex to the female X chromosome (data not shown). However, the binding of MSL1
and MSL2 to the X chromosome was detected in msl-1− females when MSL2WT-FLAG was
expressed simultaneously with either MSL1WT or MSL1Δ66-85 (Figure 2     , figure 2 – figure
supplement 1). These results further supported that the 66–85-aa region is not essential for MSL1
function in dosage compensation.

The expression of all MSL1 variants with deletions of the first 15-aa region (MSL1Δ1-15 and
MSL1Δ1-85) resulted in the near-complete loss of the MSL complex binding to the X chromosome in
females (Figure 2     , figure 2 – figure supplement 1). This result is expected as immunoblotting
showed a strong decrease of MSL1 level in MSL1Δ1-15/MSL2WT and MSL1Δ1- 85/MSL2WT females
(Figure 1E     ). Previous studies (Dahlsveen et al., 2006     ; Demakova et al., 2003     ; Lyman et al.,
1997     ; Meller and Rattner, 2002     ; Palmer et al., 1994     ) showed that the inactivation of MSL3,
MLE, or roX RNAs resulted in the recruitment of the MSL complex to a small proportion of bands
that correspond to the main HAS, including regions of the roX1 (3F) and roX2 (10C) genes. In
polytene chromosomes in the MSL1Δ1-15 and MSL1Δ1-85 lines, we found only two intense and
several faint MSL1/MSL2 bands (figure 2 – figure supplement 2). Interestingly, additional
MSL1/MSL2 bands were identified on the polytene autosomes, suggesting that the MSL proteins
began to bind to lower affinity sites on autosomes (figure 2 – figure supplement 1). Thus, the
deletion of the N terminal 15 aa affects not only stability of MSL1 but also specificity of MSL
binding to the X chromosome.

The deletion of the 41–85 aa or 41-65 aa regions did not affect the stability of MSL1, but at the same
time significantly reduced the binding of MSL proteins to the X chromosome. MSL1Δ41-85 and
MSL2 bind to several bands on the X chromosome, many of which can also be identified as weak
bands in the MSL1Δ1-15 and MSL1Δ1-85 lines (Figure 2     , figure 2 – figure supplement 1,2). In
comparison with MSL1Δ1-15 and MSL1Δ1-85, MSL proteins bind more efficiently with the MSL1Δ41-

85 and MSL1Δ41-65 polytene chromosomes. However, the binding of the MSL complex to the X
chromosome in MSL1 mutants was much weaker than previously suggested for a minimal MSL
complex lacking either MSL3 or MLE (Dahlsveen et al., 2006     ). As the 66–85-aa deletion did not
affect activity of MSL1, we concluded that the 41-65-aa region is critical for MSL1 function.

Deletion of 24-39 aa, which separates the 1–15 aa and 41–65 aa regions in MSL1, only moderately
affects binding of the MSL2 and MSL1Δ24-39 proteins on polytene chromosomes (Figure 2     ,
figure 2 – figure supplement 1). This observation indicates that the 1–15 aa and 41– 65 aa regions
have at least partially independent functions in recruiting of the MSL complex to the X

https://doi.org/10.7554/eLife.93241.2
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Figure 2.

Testing the role of MSL1 mutants in recruiting the MSL
complex on the X chromosome in a female model system.

Distribution of the MSL complex on the polytene chromosomes from 3rd-day female larvae expressing both MSL1* variants
and the MSL2WT-FLAG protein. Panels show the immunostaining of proteins using rabbit anti-MSL1 antibody (green) and
mouse anti-FLAG antibody (red). DNA was stained with DAPI (blue). M1[WT](♀ msl-1−; Ubi:msl-2WT-FLAG/ Ubi:msl-1WT); M1[Δ1-
85] (♀ msl-1−; Ubi:msl-2WT-FLAG/ Ubi:msl-1Δ1-85); M1[Δ1-15] (♀ msl-1−; Ubi:msl-2WT-FLAG/ Ubi:msl-1Δ1-15); M1[Δ8-20] (♀ msl-1−;
Ubi:msl-2WT-FLAG/ Ubi:msl-1Δ8-20); M1[Δ24-39] (♀ msl-1−; Ubi:msl-2WT-FLAG/ Ubi:msl-1Δ24-39); M1[Δ41-85] (♀ msl-1−; Ubi:msl-2WT-
FLAG/ Ubi:msl-1Δ41-85); M1[Δ41-65] (♀ msl-1−; Ubi:msl-2WT-FLAG/ Ubi:msl-1Δ66-85); M1[Δ66-85] (♀ msl-1−; Ubi:msl-2WT-FLAG/
Ubi:msl-1Δ66-85).

https://doi.org/10.7554/eLife.93241.2
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chromosome in males. In MSL1Δ8-20 female larvae patterns of MSL1 and MSL2 binding to polytene
chromosome are the same as in larvae expressed MSL1Δ24-39 (Figure 2     , figure 2 – figure
supplement 1,2). Thus, a deletion from 8 aa up to 20 aa only partially affects the functions of
MSL1, in contrast to the complete inactivation of this protein by deleting the terminal 15 aa
(MSL1Δ1-15).

The N terminal 3-7 amino acids of MSL1
are critical for dosage compensation
Our results showed that MSL1Δ1-15 is unstable, while MSL1Δ8-20 only partially affects the specific
recruitment of MSL to the X chromosome suggesting that the most terminal amino-acids are
essential for functions. To test the role of the N-terminal amino acids (3-7) in the stability and
functions of MSL1, we made several amino acids substitution in this region. The N-terminal region
contains well-conserved basic and aromatic amino acid residues (Figure 1A     ). We used data
about the previously characterized MSL1 mutants (Li et al., 2005     ) in those three conserved basic
amino acids, lysine 3, arginine 4, and lysine 6, or two conserved aromatic amino acids,
phenylalanine 5 and tryptophan 7, were replaced by alanine. In our work we replaced basic
amino acids by serine, aromatic amino acids – by alanine or glycine (Figure 3A     ). In result we
obtained three different transgenes: MSL13S (K3S R4S K6S), MSL12A (F5A W7A), and MSL1GS(K3S
R4S F5G K6S W7G).

To evaluate the functional effects of N-terminal amino acids of the MSL1 protein in vivo, we
created transgenic flies expressing mutants MSL12A, MSL13S and MSL1GS under control of the Ubi
promoter. All MSL1 variants were targeted by HAx3 epitope at the C-termini (Figure 3A     ).
MSL12A and MSL13S variants were expressed at levels comparable to MSL1WT in 2–3-day-old msl-
1− females that are homozygous for the MSL1 transgenes (Figure 3B, C     ). At the same time, there
was an approximately 1.5–2-fold decrease in the MSL1GS protein compared to MSL1WT.

The transgenes, expressed MSL12A and MSL13S, almost completely compensated for the viability
of msl-1− males, indicating that these MSL1 variants are functional (Figure 3D     , Figure 3 –
source data 1). In the msl-1− line expressing MSL1GS, the viability of males was strongly reduced.
At the same time, increasing in MSL2 and a simultaneous decreasing in MSL1GS expression
partially restore viability of MSL1GS/MSL2 males (Figure 3E     , Figure 3 – source data 2). In
similar way, viability of MSL1Δ8-20/MSL2 males also is close to wild-type, but MSL1Δ41-65/MSL2 and
MSL1Δ1-15/ MSL2 males are still lethal.

According to the results obtained on male, MSL12A and MSL13S showed binding patterns like
MSL1WT on the larva polytene chromosome, while the MSL1GS protein failed to effectively bind on
the X chromosome in complex with MSL2 (Figure 3F     , figure 3 – figure supplement 1,2). There
are also binding sites for only MSL2 or MSL1GS on the autosomes and the X chromosome. Taken
the obtained results suggest that the N-terminal amino acids 3-7 additively contribute to specific
recruitment of MSL on the X chromosome.

Next, we asked whether MSL1Δ1-15, MSL1Δ8-20, MSL1Δ24-39, MSL1Δ41-65, MSL1GS, MSL1Δ1-85,
MSL1Δ41-85 variants exhibit similar stability when expressed in Drosophila male-like S2 cells. All
MSL1 variants targeted by HAx3 were co-expressed with MSL2-FLAG in S2 cells (Figure 4A     ).
MSL1WT was stable and effectively immunoprecipitated with MSL2 (Figure 4B     ). Similar results
were obtained with MSL1Δ8-20, MSL1Δ24-39, MSL1Δ41-85, MSL12A, MSL13S and MSL1GS (Figure
4B     ). Like in Drosophila, MSL1Δ1-15 and MSL1Δ1-85 were unstable and expressed at very low
level. These results confirm that the specific combinations of amino-acids at the N-terminus are
required for stability of the MSL1 protein.

https://doi.org/10.7554/eLife.93241.2


Valentin Babosha et al., 2024 eLife. https://doi.org/10.7554/eLife.93241.2 9 of 40Valentin Babosha et al., 2024 eLife. https://doi.org/10.7554/eLife.93241.2 9 of 40

Figure 3.

Testing the functional role of N-terminal amino acids 3-7 of MSL1.

(A) Schematic presentation of the mutations at the N-terminus of MSL1. (B) Immunoblot analysis of protein extracts
prepared from adult female flies expressing different MSL1* variants in the msl-1− (msl-1L60/ msl-1γ269) background (M1[WT]:
MSL1WT; M1[2A]: MSL1F5A W7A, M1[3S]: MSL1K3S R4S K6S; M1[GS]: MSL1K3S R4S F5G K6S W7G). (C) Immunoblot analysis of
protein extracts prepared from adult female flies expressing MSL2-FLAG in combination with different MSL1* variants.
Immunoblot analysis performed using anti-MSL1, anti-MSL2, anti-MSL3 and anti-lamin Dm0 (internal control) antibodies. (D)
Viability of males expressing MSL1 variants (marked as M1[*]) in the msl-1− (msl-1L60/ msl-1γ269) background. Viability (as a
relative percentage) of msl-1−; Ubi:msl-1*/ Ubi:msl-1* males to msl-1−; Ubi:msl-1*/Ubi:msl-1* females obtained in the progeny
of cross between females and males with msl-1−/ CyO, GFP; Ubi:msl-1*/Ubi:msl-1* genotype. Ubi:msl-1* is any transgene
expressing one of the tested MSL1* variants. (E) Viability of males expressing MSL2WT and MSL1* variants (marked as M1[*])
in the msl-1− background. Viability (as a relative percentage) of msl-1−; Ubi:msl-2WT-FLAG /Ubi:msl-1* males to msl-1−; Ubi:msl-
2WT-FLAG /Ubi:msl-1* females obtained in the progeny of cross between males msl-1−/ CyO, GFP; Ubi:msl-1*/Ubi:msl-1* and
females msl-1−; Ubi:msl-2/Ubi:msl-2. The results are expressed as the mean of three independent crosses, with error bars
showing standard deviations. (F) Distribution of the MSL complex on the polytene chromosomes from 3rd-day female larvae
expressing both MSL1* variants and the MSL2-FLAG protein. Panels show the merged results of immunostaining of MSL1
(green, rabbit anti-MSL1 antibody) and MSL2 (red, mouse anti-FLAG antibody). DNA was stained with DAPI (blue).

https://doi.org/10.7554/eLife.93241.2
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Figure 4.

Testing the functional activity of mutant variants of the MSL1 protein.

(A) Immunoblot analysis of protein extracts prepared from S2 cells expressing MSL2-FLAG and different MSL1-HAx3 protein
variants (M1[WT]: MSL1WT; M1[Δ*]: MSL1Δ*; M1[2A]: MSL12A, M1[3S]: MSL13S; M1[GS]: MSL1GS). Immunoblot analysis
performed using anti-HA (MSL1-HAx3 variants), anti-FLAG (MSL2-FLAG) and anti-lamin Dm0 (internal control) antibodies. (B)
Protein extracts from Drosophila S2 cells co-transfected with different MSL1-HAx3 variants and MSL2-FLAG were
immunoprecipitated with antibodies against FLAG or HA or nonspecific mouse IgG as a negative control. The
immunoprecipitates were analyzed by immunoblotting for the presence of FLAG-tagged proteins in immunoprecipitated
samples. (C) Distribution of the MSL1*-HA and MSL2-FLAG on the polytene chromosomes from 3rd-day female or male larvae
expressing one of MSL1*-HA variants and MSL2-FLAG at the wild-type background (msl-1+; Ubi:msl-2WT-FLAG /Ubi:msl-1*).
Panels show the merged results of immunostaining of MSL1*-HA (green, mouse anti-HA antibody) and MSL2 (red, rabbit
anti-MSL2 antibody). DNA was stained with DAPI (blue).

https://doi.org/10.7554/eLife.93241.2
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The results in S2 cells showed that MSL1Δ41-85 and MSL1GS can co-immunoprecipitate with MSL2,
as does MSL1WT (Figure 4B     ). These results suggest that mutant MSL1Δ41-65 and MSL1GS may be
part of the MSL complex. Since S2 cells contain an endogenous MSL1 protein, it seems likely that
the mutated MSL1 variants form heterodimers with wild-type one. We then asked if these mutant
protein variants could interact with endogenous MSL1 for specific recruitment to the X
chromosome. To distinguish between WT and MSL1 mutants, we generated transgenic lines
expressing MSL1Δ41-85-HA or MSL1GS-HA tagged with the HAx3 epitope at the msl-1+ background.
In transgenic males and females expressed MSL2 and MSL1 variants in heterozygous state, we
observed complete co-localization between MSL2 and MSL1 variants marked by HAx3 epitope
(Figure 4C     ). Thus, in the presence of wild-type MSL1, MSL1GS and MSL1Δ41-85 variants enter the
MSL complex, in which they specifically bind to the male X chromosome. These results suggest
that MSL1GS and MSL1Δ41-85 effectively dimerize with the wild-type MSL1 via the coiled-coil
domain.

The mutants MSL1GS and MSL1Δ41-85 disrupt
recruitment of the MSL complex to HAS
For a more complete understanding of the role played by the N-terminal region of MSL1 in the
recruitment of the MSL complex to the X chromosome, we tested the binding of the MSL1, MSL2,
and MSL3 proteins by chromatin immunoprecipitation followed by next-generation sequencing
(ChIP-seq) with a standard protocol for chromatin fragmentation based on sonication. We
obtained MSL protein profiles from two biological replicates of 3-day-old adult males and females.

As the binding profiles of the MSL complex have been well-studied in cell lines, we compared
MSL1, MSL2, and MSL3 binding efficiency at the HAS (Figure 5 – figure supplement 1) with
previously published data from S2 cells (Schauer et al., 2017     ; Straub et al., 2013     ). The ChIP-seq
data from adult y1w1118 (WT) males showed MSL binding to approximately 90% of the previously
identified HAS from three different studies (Alekseyenko et al., 2008     ; Ramirez et al., 2015     ;
Straub et al., 2008     ) (Figure 5 – source data 1). As a control, the MSL1 and MSL3 proteins bind to
autosomal sites but not to HAS in females (Figure 5 – figure supplement 1A). These results
indicate that most HAS are common between S2 cells and adult males.

Next, we compared the binding profiles of MSL1, MSL2, and MSL3 proteins obtained in msl-1−;
Ubi:msl-2WT-FLAG/Ubi:msl-1WT females (M1[WT]+MSL2) and msl-1−; Ubi:msl-1WT/Ubi:msl-1WT

males (M1[WT]) (Figure 5 – figure supplement 2A). We found a good correlation between the
obtained profiles, demonstrating that MSL2 expressed in females induces the binding of the MSL
complex to the same HAS regions. We observed stronger binding of the MSL1, MSL2, and MSL3
proteins in M1[WT] (msl-1−; Ubi:msl-1WT/Ubi:msl-1WT) males compared with those in control
y1w1118 males (Figure 5 – figure supplement 1B, Figure 5 – figure supplement 2A), which might
be a consequence of the higher concentrations of MSL proteins in the transgenic line due to being
expressed under the control of the Ubi promoter (Figure 1 – figure supplement 3). In
M1[WT]+MSL2 females, the MSL proteins also bind to most HAS, but with lower efficiency (Figure
5 – figure supplement 2ABC). These results are consistent with previous studies demonstrating
that the ectopic expression of MSL2 in females is sufficient to trigger the correct targeting of MSL
proteins to the X chromosome (Valsecchi et al., 2018     ).

To test the role played by the N-terminal region of MSL1, we compared the binding of MSL
proteins in females expressing MSL2 combined with MSL1WT, MSL1Δ1-15, MSL1Δ41-85, and MSL1GS

(Figure 5A     ). As shown above, MSL2 and MSL1WT effectively bind to most HAS in females. MSL3
was associated with extended regions surrounding the HAS, consistent with previously reported
data (Larschan et al., 2007     ; Sural et al., 2008     ). In MSL1Δ1-15, MSL1Δ41-85 and MSL1GS flies
binding of MSL1, MSL2 and MSL3 to X chromosomal HAS is strongly reduced (Figure 5A-E     ,

https://doi.org/10.7554/eLife.93241.2
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Figure 5 – figure supplement 3A). At the same time, we noticed that there are HAS in which MSL2
continues to bind effectively when MSL1 in MSL1Δ1-15, MSL1Δ41-85 and MSL1GS flies is strongly
reduced (Figure 5 – figure supplement 3B).

To investigate observed differences in localization of the MSL proteins at various genomic sites in
female fly lines, we calculated the average logFC between normalized (RPKM) test signals and
nonspecific IgG signals in regions where MSL1 and MSL2 colocalized in MSL1WT line on X
chromosome (see Methods). Resulting list of peaks is mostly associated with HAS (217 out of 220 in
total) and are highly enriched by the MSL1, MSL2, and MSL3 proteins in MSL1WT flies, suggesting
the binding of the complete MSL complex. As a result of hierarchical clustering, these regions were
divided into 2 groups based on the protein binding profiles of MSL1, MSL2 and MSL3. Cluster 1
(“MSL2 Sensitive”, N=133) contains sites to which proteins do not bind during expression of MSL1
mutants. Cluster 2 (“MSL2 stable”, N=87) includes sites to which MSL2 continues to bind even in
the presence of MSL1 mutations (see Methods, Figure 6A     , Figure 6 – figure supplement 1,
Figure 6 – source data 1). In cluster 2 regions, in addition to MSL2, the mutant form of MSL1GS

also enriched. We decided to test whether the stability of MSL2 in the cluster 2 is associated with
the presence of PionX sites, to which the MSL2 protein binds most effectively in vitro (Villa et al.,
2016     ). Indeed, PionX sites made up a larger percentage of the peaks of the cluster 2 (17 out of
87), in contrast to cluster 1 (7 out of 133). Additionally, we tested the strength of MSL1 and MSL2
signals from female fly lines in peaks associated with PionX sites in comparison with all other
regions from the cluster 2 (Figure 6B     ). As expected, we found that the MSL2 signal was
significantly higher in the group of PionX sites in fly lines with the mutation (MSL1Δ1-15, MSL1Δ41-

85, MSL1GS; Wilcoxon signed-rank test, p-value: 0.034, 7.3e-5, 2.2e-5 respectively), which was not
noted for the MSL1WT (Wilcoxon signed-rank test, p-value: 0.71). Similar situation was observed
for MSL1, whose signal at PionX sites was significantly greater for the MSL1GS females (Wilcoxon
signed-rank test, p-value: 0.053) than for the MSL1WT females (Wilcoxon signed-rank test, p-value:
0.35). These results suggest that some of PionX sites may be bound independently by the MSL2
protein.

Also we analyzed regions with MSL1 alone peaks (no colocalization with MSL2) on all
chromosomes (Figure 6 – figure supplement 2). Previously, it was shown that MSL1 binds to
promoters independently of the MSL complex (Chlamydas et al., 2016     ; Hallacli et al., 2012     ;
Straub et al., 2013     ). Accordingly, MSL2 binding was weak or absent at all such sites. These sites
are predominantly located in the promoter regions and MSL1GS binds to all sites with the same
efficiency as MSL1WT, confirming that this mutant protein retains its functionality at the sites
outside of HAS. The MSL1Δ1-15 and MSL1Δ41-85 are not associated with these sites. The absence of
MSL1Δ1-15 can be explained by the low stability of this mutant protein. As MSL1Δ41-85 is expressed
more strongly than MSL1GS, it seems likely that the 41-85 aa region facilitates the interaction of
MSL1 with transcription factors associated with these promoters.

Two regions in the N-terminal domain are
required for interaction with roX2 RNA
Our results suggest that MSL1GS and MSL1Δ41-85 can interact with wild-type MSL1 and form the
complex. Previously it was suggested that the N-terminal part of MSL1 (191 aa) contributes for
interaction with roX RNAs (Muller et al., 2020     ). It can be assumed that the ineffectiveness of
MSL1 variants in dosage compensation is associated with their inability to interact with roX RNAs.
To test this hypothesis, we obtained transgenic msl-1− (msl-1L60/ msl-1γ269) females expressed
either of MSL1 variants (MSL1WT-HA, MSL1GS-HA and MSL1Δ41-85-HA) and roX2 RNA. To express
roX2, we used previously obtained roX2 gene under the control of the Ubi promoter in the 86Fb
site (Tikhonova et al., 2022b     ). The roX2 transgene was expressed at the same level in all females
expressed different MSL1 variants (Figure 7A     ).

https://doi.org/10.7554/eLife.93241.2
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Figure 5.

Role of the N-terminal regions in the recruitment
of the dosage compensation complex to the HAS.

To study the functional role of the N-terminal region of MSL1 for the recruitment of the dosage compensation complex, we
compared the profiles of MSL1, MSL2, and MSL3 binding in 2-3-day females expressing MSL2 and one of four MSL1 variants
(MSL1WT, MSL1GS, MSL1Δ1-15, MSL1Δ41-85). y1w1118 (wild-type males and females), ♀M1[WT]+MSL2 (msl-1−; Ubi:msl-2WT-
FLAG/Ubi:msl-1WT females), ♀M1[Δ41-85]+MSL2 (msl-1−; Ubi:msl-2WT-FLAG/Ubi:msl-1Δ41-85 females), ♀M1[Δ1-15]+MSL2 (msl-1−;
Ubi:msl-2WT-FLAG/Ubi:msl-1Δ1-15 females), ♀M1[GS]+MSL2 (msl-1−; Ubi:msl-2WT-FLAG/Ubi:msl-1GS females). (A) Average log fold-
change between normalized (RPKM) test signals and nonspecific IgG signals in HAS (see Materials and Methods). Average log
fold-change was calculated after smoothing signals using the Daniell kernel with kernel size 50 and the addition of a
pseudocount. Next, the tracks were aggregated using 100-bp bins. (B) Heatmap showing average log fold-change between
normalized (RPKM) test signals and nonspecific IgG signals in region ± 500 bps from HAS centers. (C and D) Average signal
(RPKM) for (C) MSL1 protein and (D) MSL2 protein in different fly lines at HAS (see Methods). (E) Enrichment of MSL1, MSL2,
and MSL3 signals associated with the X-linked genes encoding Pp2C1 and the non-coding RNAs roX1 and roX2 in females
expressing MSL2 and one of four MSL1 variants (MSL1WT, MSL1GS, MSL1Δ1-15, MSL1Δ41-85).

https://doi.org/10.7554/eLife.93241.2
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Figure 6.

MSL1 shows different scenarios of binding upon N-terminal region modification.

Regions clusterization with MSL1∩MSL2 overlapping peaks according to MSLs binding in different female fly lines expressing
MSL2 and one of four MSL1 variants (MSL1WT, MSL1GS, MSL1Δ41-85, MSL1Δ1-15) (see Materials and Methods). M1[WT] (msl-1−;
Ubi:msl-2WT-FLAG/Ubi:msl-1WT females), M1[Δ41-85] (msl-1−; Ubi:msl-2WT-FLAG/Ubi:msl-1Δ41-85 females), M1[GS] (msl-1−; Ubi:msl-
2WT-FLAG/Ubi:msl-1GS females), M1[Δ1-15] (msl-1−; Ubi:msl-2WT-FLAG/Ubi:msl-1Δ1-15 females). (A) Left - Heatmap of average
logFC between MSL and nonspecific IgG signal in female fly lines, hierarchical clusterization and cluster subdivision is drawn
on the left corner. Right - Average logFC profiles of MSL signal in different clusters for female fly lines. Average log fold-
change was calculated after smoothing signals using the Daniell kernel with kernel size 100 and the addition of a
pseudocount. (B) Boxplot of average LogFC signal of MSL1 and MSL2 in cluster 2. All sites in cluster 2 were subdivided on
PionX sites and other HAS, and the strength of MSL1 and MSL2 signals was tested.

https://doi.org/10.7554/eLife.93241.2
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Figure 7.

Testing role of the N-terminal region in recruiting of roX2 by MSL1.

Extraction of RNA and RNP from adult flies, immunoprecipitation followed by RNA extraction were prepared as described in
the Materials and Methods section and briefly schematically explained in the drawing. (A) Expression levels of the roX2 RNA
in females of the y1w1118, M1[WT] (msl-1−; Ubi:msl-1WT-HA/ Ubi:roX2), M1[GS] (msl-1−; Ubi:msl-1GS-HA/ Ubi:roX2), M1[Δ41-85]
(msl-1−; Ubi:msl-1Δ41-85-HA/ Ubi:roX2) and msl1 −(msl-1−;Ubi:roX2/TM6,Tb). Individual transcript levels were determined by RT-
qPCR with primers for roX2 gene normalized relative to RpL32 for the amount of input cDNA. The error bars show standard
deviations of triplicate measurements. (B) RNP extracts from adult females were immunoprecipitated with antibodies against
MSL1 (IP-MSL1) or nonspecific rabbit IgG (IP-IgG) as a negative control. The efficiency of immunoprecipitation was tested by
immunoblot analysis for the presence of HA-tagged MSL1 protein in immunoprecipitate samples. (С) Total RNA was extracted
from immunoprecipitates (α-MSL1 or IgG) and analyzed for the presence of roX2 RNA by RT-PCR. RpL32 was used as negative
control. The results of immunoprecipitations are presented as the percentage of input cDNA. ‘output’ – supernatant after
immunoprecipitation; ‘IP’ – immunoprecipitated sample. The error bars indicate SDs from three independent biological
samples.
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The total extracts obtained from the 2-3-days old adult females (Figure 7     ) were used for
immunoprecipitation with MSL1 antibodies. In all cases antibodies efficiently precipitate the
tested MSL1 variants (Figure 7B     ). roX2 RNA was detected (Figure 7C     ) in precipitate obtained
from MSL1WT extract (positive control) and was not found in precipitate obtained from msl-1−

extract (negative control). In the case of MSL1GS and MSL1Δ41-85 precipitates, roX2 RNA was not
detected as in the negative control. The obtained results suggest that MSL1WT interacts with roX2
in contrast to the MSL1GS and MSL1Δ41-85 mutants. These results are consistent with the
hypothesis that failure to interact with roX RNAs is the primary cause of functional inactivation of
MSL1GS and MSL1Δ41-85.

Discussion

This study focused on examining the role played by the MSL1 protein in recruiting the MSL
complex in Drosophila to HAS. By UV-XL assay, it was shown that the N-terminal 191 aa of MSL1
and MSL2 are direct roX2 interactors (Muller et al., 2020     ). Here, we found that the 15 N-terminal
aa are critical for stability of the MSL1 protein. The substitution of the N-terminal amino-acids 3–7
(KRFKW) on the SSGSG in MSL1GS slightly reduces the stability of the mutant protein and strongly
affects the interaction of MSL1GS with roX2. The 41-85 aa are also critical for MSL1 function and
interaction with roX2 RNA in vivo. Both regions are separated by a linker that is less essential for
MSL1 activity.

As functions of roX1 and roX2 are redundant (Meller and Rattner, 2002     ; Stuckenholz et al.,
2003     ), it seems likely that roX1 interacts with the same N-terminal regions of MSL1 as roX2.
Further study is required to understand the mechanisms for how N-terminal sequences of MSL1
determine the highly specific interaction with roX RNAs. In accordance with the key role played in
the recruitment of the MSL complex to the male X chromosome, the N-terminal 15 amino acids of
MSL1 are highly conserved among Drosophilidae. However, MSL1 orthologs in other families of
Diptera have completely different N-terminal sequences despite the presence of high homology in
the dimeric coiled-coil region. Even between Anopheles gambiae and Drosophila melanogaster, the
X chromosome is thought to have formed independently from the same ancestral chromosome
(Jiang et al., 2015     ; Pease and Hahn, 2012     ; Toups and Hahn, 2010     ).

The generally accepted model has suggested that most MSL complexes initially bind with
numerous HAS on the male X chromosome (Kageyama et al., 2001     ; Kelley et al., 1997     ; Meller
et al., 2000     ; Park et al., 2003     ; Park and Kuroda, 2001     ). Most HAS contain low-complexity
GAGA motifs, referred to as the MRE (Alekseyenko et al., 2008     ; Straub et al., 2008     ). The CLAMP
protein binds to MREs and is responsible for chromatin opening (Albig et al., 2019     ; Rieder et al.,
2019     ). MSL2 contributes to the specific recognition of HAS through the direct binding of GAGA
motifs (Villa et al., 2016     ) and interactions with CLAMP (Albig et al., 2019     ; Eggers et al., 2023     ;
Tikhonova et al., 2019     ). Subsequently, the MSL complexes spread from the HAS to active X
chromosomal genes through distance chromatin contacts, which are formed by preexisting
chromosome architecture (Prayitno et al., 2019     ; Schauer et al., 2017     ). roX RNAs guide the MSL
complex assembly and its spread from HAS into flanking chromatin (Ankush Jagtap et al., 2019     ;
Ilik et al., 2017     ; Lv et al., 2019     ; Muller et al., 2020     ; Park et al., 2002     ; Valsecchi et al., 2021     ;
Villa et al., 2021     ). It was shown that expression of roX RNA on autosome in presence of MSL
proteins excess can induce the local spreading of MSL complex from the site of the transgene
localization (Kelley et al., 2008     ; Oh et al., 2003     ; Park et al., 2002     ).

Recent study has shown that low-complexity C-terminal domains of MSL2 and roX RNAs form a
stably condensed state that induces local “trapping” of the MSL complex (Valsecchi et al., 2021     ).
Experimental evidence shows that roX2 RNA plays an instructive role by modulating the MSL
complex binding specificity (Villa et al., 2021     ). For example, Rieder et al. (Rieder et al., 2019     )
showed that at the initiation of embryogenesis, the MSL complex first binds to all chromosomes
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before becoming concentrated on the X chromosome. Weak interactions with chromatin sites on
autosomes likely lead to the rapid dissociation of the MSL complex, resulting in the gradual
concentration of the components of complex on HAS. It was shown that complete MSL complexes
preferentially interact with the sites on the X chromosome, while the MSL1 and MSL2 proteins can
independently bind to many promoters located at all chromosomes (Chlamydas et al., 2016     ;
Hallacli et al., 2012     ; Straub et al., 2013     ; Valsecchi et al., 2018     ).

The MSL1GS is the best for testing the functional role of the MSL1-roX interaction because MSL1Δ1-

15 is unstable and MSL1Δ41-85 loses its ability to interact effectively with autosomal promoters.
Thus, the N-terminal region between 41 and 85 aa is significant not only for interaction with RNA
but also because plays an additional role in attracting MSL1 to active promoters independently
from the MSL complex. Previous studies have shown that MSL1 alone or in combination with
MSL3 or MOF also associates with many autosomal promoters independent of MSL2 (Chlamydas et
al., 2016     ; Straub et al., 2013     ). Our ChIP seq data suggest that MSL1 and MSL3 are recruited to
the promoters mainly independent of each other. In contrast with the recruitment of the MSL
complex to HAS on the X chromosome, the binding of MSL2 to autosomal promoters does not
require the MSL1 protein (Valsecchi et al., 2018     ). Thus, MSL proteins can function autonomously
or as a part of alternative transcription complexes.

Our results with the MSL1GS mutant agree with the model that the interaction of MSL1 with roX
RNAs is critical for the assembly of the MSL complex and its specific recruitment on the X
chromosome. MSL1GS effectively binds to autosomal promoters like MSL1WT but disrupts
recruitment of the MSL complex on the X chromosomal HAS. As a result, males expressing MSL1GS

have very low viability, as shown earlier for males that have both roX genes inactivated (roX-). In
roX- males, MSL1 and MSL2 bind only to the strongest regions of the X chromosome and begin to
bind to autosomal regions (Meller and Rattner, 2002     ; Park et al., 2003     ; Stuckenholz et al.,
2003     ). However, overexpression of MSL1 and MSL2 can overcome a lack of roX RNAs (Oh et al.,
2003     ). Consequently, the co-binding of MSL1 and MSL2 to the X chromosome is partially
restored, and the viability of males is increased. We also found that the overexpression of MSL2
partially restores the viability of males expressed MSL1GS. Probably, a high concentration of MSL2
increases the likelihood of interaction with MSL1GS without the help of roX RNAs.

The MSL1GS and MSL1Δ41-85 variants can efficiently heterodimerize with MSL1WT, suggesting that
efficient MSL1 dimerization does not requires roX RNAs. Thus, the interaction of MSL2 with the
MSL1 dimer is a critical step in the organization of the MSL complex, which is accelerated in the
presence of roX RNA.

The structure of the complex has only been determined for human MSL1 and MSL2 (Hallacli et al.,
2012     ), for which the interaction does not require an RNA mediator (Wu et al., 2011     ). In
contrast, mutagenic analysis showed that in Drosophila, MSL2 preferentially interacts with the
MSL1 coiled-coil domain via its RING finger (Copps et al., 1998     ). Thus, it is possible that
interaction between MSL1 and MSL2 in Drosophila is weaker and requires roX RNAs for efficient
association. Similar to the MSL1GS mutant, it has also been shown (Hallacli et al., 2012     ) that a
mutant MSL1 dimer that has lost the ability to interact with MSL2 cannot effectively bind to the X
chromosome.

Generally, our results are consistent with the model (Valsecchi et al., 2021     ; Villa et al., 2021     )
according to which roX RNAs provide efficient assembly of the MSL complex, which has a high
affinity for HAS on the X chromosome. This process occurs through specific interactions of roX
RNAs with MSL1, MSL2, MLE, and possibly MSL3 and MOF. The inability of MSL1GS to interact
with roX RNA disrupts the formation of the MSL complex. Consequently, individual MSL proteins
independently bind to regulatory elements (mainly promoters) or integrate into alternative
transcription complexes. In general, the functions of roX RNA resemble the activity of the X
inactive-specific transcript (Xist) in mammals, which specifically interacts with repression
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complexes involved in X chromosome inactivation (Brockdorff et al., 2020     ; Jacobson et al.,
2022     ). In addition, Xist specifically targets repression complexes to the inactive X chromosome.
However, for Drosophila, the significance of roX RNAs in specific MSL recruitment to the X
chromosome remains an open question requiring further examination.

Materials and methods

Key resources table
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Plasmid construction
PCR directed mutagenesis was used to make constructs with deletion variants of MSL1
(corresponding primers are given in Supplement table 1). Different full-sized variants of MSL1
were cloned into an expression vector containing attB site for φC31-mediated recombination, Ubi-
p63E promoter with its 5’UTR, 3’UTR with SV40 polyadenylation signal, intronless yellow gene as a
reporter for detection of transformants (Figure 1 – figure supplement 2).

Fly crosses and transgenic lines
Drosophila strains were grown at 25°C and 75% humidity under standard culture conditions. The
transgenic constructs were injected into preblastoderm embryos using the φC31-mediated site-
specific integration system at locus 86Fb (Bischof et al., 2007     ). The emerging adults were crossed
with the y ac w1118 flies, and the progeny carrying the transgene in the 86Fb region were
identified by y+ pigmented cuticle.

The msl-1- background corresponds to msl-1γ269/msl-1L60 heterozygote. The msl-1L60 /CyO (Chang
and Kuroda, 1998     ) and msl-1γ269 cn1bw1/CyO (Palmer et al., 1993     ) stocks with the null msl-1
mutations were kindly donated by M. Kuroda and J. Lucchesi. The w[1118]; sna[Sco]/CyO,
P[ActGFP.w-]CC2 stock no. 9325 was obtained from the Bloomington stock center. To access the
viability of males carrying MSL1 variants (MSL1*, MSL1Δ1-15, MSL1Δ41- 85, and MSL1Δ1-85), 2-3 days
old virgin msl-1L60 /CyO, GFP; Ubi-msl-1*/ Ubi-msl-1* females were crossed with 2-3 days old msl-
1γ269/CyO, GFP; Ubi-msl-1*/Ubi-msl-1* males. Ubi-msl-1* is any transgene expressing one of the
tested MSL1 variants. msl-1L60/msl-1γ269; Ubi-msl-1*/Ubi-msl-1* males and msl-1L60/msl-1γ269; Ubi-
msl-1*/Ubi-msl-1* females were counted after hatching. The percentage of male viability with
different Ubi-msl-1* transgenes was estimated by taking the viability of females as 100%. The
viability of males carrying MSL1 variants (MSL1*, MSL1WT, MSL1Δ66-85 and MSL1Δ24-39) was tested
in msl-1L60/ msl-1γ269; Ubi-msl-1*/Ubi-msl-1* lines.

To assess viability of females expressed MSL2 and one of MSL1 variants (MSL*), 2-3 days old virgin
Ubi-msl-1*/Ubi-msl-1* females were crossed with 2-3 days old Ubi:msl-2WT-FLAG/TM6,T viability
was estimated by taking the viability of Ubi-msl-1*/TM6,Tb females as 100%.

To assess role of MSL1 variants in binding of MSL complex to polytene chromosomes, 2-3 days old
virgin msl-1L60/msl-1γ269; Ubi-msl-1*/Ubi-msl-1* females were crossed with 2-3 days old msl-
1L60/CyO, GFP; Ubi:msl-2WT-FLAG/ TM6,Tb males. msl-1L60/msl-1γ269; Ubi-msl-1*/ Ubi:msl-2WT-FLAG
larvae were selected for further study.

b males. Ubi:msl-2WT-FLAG is transgene (86Fb) expressing the MSL2 cDNA under the control of the
Ubi-p63E promoter at the 86Fb site (Tikhonova et al., 2019     ). The percentage of Ubi:msl-2WT-FLAG
/Ubi-msl-1* female

Protein extract preparation
Twenty adult flies were cooled in liquid nitrogen, homogenized for 30 sec with a pestle in 200 μL
of extraction buffer (20 mM HEPES, pH 7.5, 100 mM KCl, 5% glycerol, 10 mM EDTA, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS, 1 mM DTT, 5 mM PMSF, and 1:100 Calbiochem Complete Protease
Inhibitor Cocktails VII and V) and incubated on ice for 10 min. The suspension was sonicated in a
Bioruptor (Diagenode, USA) for 3 min on setting H, 15 sec ON/45 sec OFF. Then 4x SDS-PAGE
sample buffer was added to the homogenate. Extracts were incubated for 10 min at 100°C,
centrifuged at 16000 x g for 5 min, and loaded on a 6% SDS-PAGE gel.
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Immunostaining of polytene chromosomes
Drosophila 3rd instar larvae were cultured at 18°C under standard conditions. Western blotting
showed that the expression of MSL1 and MSL2 under control of the Ubi-p63E promoter is
significantly increased at 18°C compared to 25°C (Figure S2B). Polytene chromosome staining was
performed as described (Murawska and Brehm, 2012     ). The following primary antibodies were
used: rabbit anti-MSL1 at 1:500 dilution, rabbit anti-MSL2 at 1:500 dilution, mouse anti-HA at 1:50
dilution, mouse anti-FLAG at 1:100 dilution. The secondary antibodies were Alexa Fluor 488 or 555
goat anti-rabbit and anti-mouse, at 1:2,000 dilution (Invitrogen). The polytene chromosomes were
co-stained with DAPI (AppliChem). Images were acquired on the Nikon Eclipse Ti fluorescent
microscope using Nikon DS-Qi2 digital camera, processed with ImageJ 1.54f and Fiji bundle 2.14.0.
3-4 independent staining and 4-5 samples of polytene chromosomes were performed with each
MSL1-expressing transgenic line. Images of stretched chromosomes are obtained as follows: based
on the DAPI channel, a chromosome trace is created using the “Segmented line” tool, the thickness
is selected (‘Edit-Selection-Properties’), saved as ‘Selection’ in .roi format. This file is opened on top
of the desired channel image, and the ‘Edit-Selection-Straighten’ commands are applied.

Co-immunoprecipitation assay
Drosophila S2 cells grown in SFX medium (HyClone) at 25°C were co-transfected by plasmid
expressing MSL1*-3xHA and plasmid expressing MSL2-3xFLAG with MACSFectin (Miltenyi Biotec),
as recommended by the manufacturer. After transfection, the cells were incubated for 48 h,
washed once with cold 1×PBS, and resuspended in 20 packed cell volumes of hypotonic lysis buffer
(20 mM Tris-HCl, pH 7.4, with 10 mM KCl, 10 mM MgCl2, 2 mM EDTA, 10% glycerol, 1% Triton X-
100, 1 mM DTT, 0.5 mM PMSF and Halt Protease Inhibitor Cocktail). After incubation on ice for 10
min, the cells were sonicated in a Bioruptor (Diagenode, USA) for 2 min on setting L, 15 sec ON/45
sec OFF, NaCl was added to a final concentration of 420 mM, and incubation on ice continued for
60 min, with periodic mixing. Sonication was repeated as above to reduce viscosity, cell debris was
pelleted by centrifugation at 10,000 g for 30 min at 4°C, and the supernatant was collected for
immunoprecipitation with anti-FLAG, anti-HA and mouse IgG magnetic beads equilibrated in
incubation buffer-150 (20 mM Tris-HCl, pH 7.4, with 150 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 1
mM EGTA, 10% glycerol, and 0.1% NP-40). The protein extract (50 μg protein) was adjusted to a
volume of 200 µL with buffer-150, mixed with magnetic beads (15 μL), and incubated on a rotary
shaker overnight at 4°C. The beads were then washed with five portions of buffer-150,
resuspended in SDS-PAGE loading buffer, boiled, and analyzed by immunoblotting with anti-FLAG-
HRP antibodies (Sigma) antibodies. Proteins were detected using the Crescendo Western Blotting
substrate (Millipore).

RNA Immunoprecipitation assay
To prepare the samples, 100 mg of adult flies were ground in a mortar in liquid nitrogen and
resuspended in 0.5 mL of VNC-hypotonic lysis buffer (20 mM Tris-HCl, pH 7.4, with 10 mM KCl, 10
mM MgCl2, 10% glycerol, 1% Triton X-100, 1 mM DTT, 0.5 mM PMSF, 2 mM Ribonucleoside Vanadyl
Complex, and 1xHalt Protease Inhibitor Cocktail). The suspension was homogenized in a Dounce
(loose pestle, 20 strokes) homogenizers and filtered through 100 µm MACS SmartStrainers
(Miltenyi Biotec, United States). After incubation on ice for 10 min, the suspension was sonicated
in a Bioruptor (Diagenode, USA) for 3 min on setting L (15 sec ON/45 sec OFF). NaCl was added to a
final concentration of 420 mM, and the suspension was incubated on ice for an additional 60
minutes with periodic mixing. Sonication was repeated as above to reduce viscosity. Cell debris
was pelleted by centrifugation at 10,000 g for 30 min at 4°C, and the supernatant was collected for
subsequent immunoprecipitation. The RNA-protein extracts were diluted to 150 mM of NaCl with
VNC-incubation buffer-0 (20 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 10% glycerol, 0.1% NP-40, 0.5 mM
PMSF, 2 mM Ribonucleoside Vanadyl Complex, and 1xHalt Protease Inhibitor Cocktail). Rabbit
anti-MSL1 (1:200) and non-specific IgG were incubated for 1 hour at room temperature with 20 µL
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aliquots of Protein A Dynabeads (Thermo Fisher, USA) mixed with 200 µL of PBST. The antibody–
Dynabead complexes were then washed and equilibrated in VNC-incubation buffer-150 (20 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 10 mM MgCl2, 10% glycerol, 0.1% NP-40, 0.5 mM PMSF, 2 mM
Ribonucleoside Vanadyl Complex, and 1xHalt Protease Inhibitor Cocktail). The RNA-protein
extracts (10% aliquots were stored as input material for subsequent protein and RNA extractions)
were mixed with magnetic beads and incubated on a rotary shaker overnight at 4°C. The beads
were then washed with four portions of VNC-incubation buffer-150 (10% aliquots of supernatants
after immunoprecipitation were stored as output material for subsequent protein and RNA
extractions). Half of the beads were resuspended in SDS-PAGE loading buffer, boiled, and analysed
by immunoblotting with anti-HA-HRP antibodies (Thermo Fisher, USA). Proteins were detected
using the Crescendo Western Blotting substrate (Millipore). The other half of the beads were
resuspended in the TRI reagent for subsequent RNA extraction and cDNA synthesis.

RT-PCR
Total RNA was isolated using the TRI reagent (Molecular Research Center, United States) according
to the manufacturer’s instructions. RNA was treated with two units of Turbo DNase I (Ambion) for
30 min at 37°C to eliminate genomic DNA. The synthesis of cDNA was performed according to the
manufacturer’s instructions using 1 μg of RNA or entire sample volume after
immunoprecipitation, 100 U of EpiScript reverse transcriptase (LGC Biosearch Technologies, UK),
and 10 pM of random hexamers as a primer. The amounts of specific cDNA fragments were
quantified by real-time PCR. At least three independent measurements were made for each RNA
sample. Relative levels of mRNA expression were calculated in the linear amplification range by
calibration to a standard genomic DNA curve to account for differences in primer efficiencies.
Individual expression values were normalized with reference to RpL32 mRNA.

ChIP-seq
Chromatin was prepared from two- to three-day-old adult flies. Samples of 500 mg each of adult
flies were ground in a mortar in liquid nitrogen and resuspended in 10 mL of buffer A (15 mM
HEPES-KOH, pH 7.6, 60 mM KCl, 15 mM NaCl, 13 mM EDTA, 0.1 mM EGTA, 0.15 mM spermine, 0.5
mM spermidine, 0.5% NP-40, 0.5 mM DTT) supplemented with 0.5 mM PMSF and Calbiochem
Complete Protease Inhibitor Cocktail V. The suspension was then homogenized in a Potter (10
strokes) and subsequently in a Dounce (tight pestle, 15 strokes) homogenizers and filtered through
70 µm MACS SmartStrainers (Miltenyi Biotec, United States). The homogenate was cross-linked
with 1% formaldehyde for 15 min at room temperature. Cross-linking was stopped by adding
glycine to a final concentration of 125 mM. The nuclei were washed with three 10 mL portions of
wash buffer (15 mM HEPES-KOH, pH 7.6, 60 mM KCl, 15 mM NaCl, 1 mM EDTA, 0.1 mM EGTA, 0.1%
NP-40, protease inhibitors) and one 5-mL portion of nuclear lysis basic buffer (15 mM HEPES, pH
7.6, 140 mM NaCl, 1 mM EDTA, 0.1 mM EGTA, 1% Triton X-100, 0.5 mM DTT, 0.1% sodium
deoxycholate, and protease inhibitors), and resuspended in 1 mL of nuclear lysis buffer (15 mM
HEPES, pH 7.6, 140 mM NaCl, 1 mM EDTA, 0.1 mM EGTA, 1% Triton X-100, 0.1% sodium
deoxycholate, 0.5% SLS, 0.1% SDS, 0.5 mM PMSF, Calbiochem Complete Protease Inhibitor Cocktail
V). The suspension was incubated for 30 min at 4°C and then sonicated with Covaris ME220
focused-ultrasonicator (50 alternating 15-s ON and 45-s OFF intervals, at 6°C, peak power 75.0,
duty % factor 25, cycles/burst 1000), and 50 µL aliquots were used to test the extent of sonication
and to measure DNA concentration. Chromatin was then transferred to 1.5 ml-eppendorf tubes
and centrifuged at 14000 rpm for 10 min at 4 °C. Finally, supernatants were pooled, aliquoted and
frozen in liquid nitrogen.

For immunoprecipitation chromatin was pre-cleared with Protein A Dynabeads (Thermo Fisher,
USA), blocked with 0.5% BSA. Corresponding antibodies were incubated for 1 hour at room
temperature with 20 µL aliquots of Protein A (rabbit anti-MSL1, 1:200; anti-MSL2, 1:100; anti-MSL3,
1:200; rabbit non-specific IgG) mixed with 200 µL of PBST. Then antibody–Dynabead complexes
were washed and equilibrated in nuclear lysis buffer. Chromatin samples containing 10–20 µg of
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DNA equivalent in 200 µL nuclear lysis buffer (2 µL aliquots of pre-cleared chromatin as input
material) were incubated overnight at 4°C with antibody–Dynabead complexes. After 3 rounds of
washing with lysis buffer supplemented with 500 mM NaCl and TE buffer (10 mM Tris-HCl, pH 8; 1
mM EDTA), the DNA was eluted with elution buffer (50 mM Tris-HCl, pH 8.0; 1 mM EDTA, 1% SDS),
treated with RNase A for 30 min and proteinase K overnight, incubated at 65 °C for 6 hours and
extracted with ChIP DNA Clean&Concentrator kit (Zymo Research, USA).

The ChIP-seq libraries were prepared with NEBNext® Ultra™ II DNA Library Prep kit, as described
in the manufacturer’s instructions. In short, eluted DNA was end-repaired and terminal adenosine
residues were added using the NEBNext reagents. Indexed adapters were ligated, after which the
material was size selected at ∼200-600 bp with Ampure XP beads (Beckman Coulter). PCR
amplification was performed using NEB primers for 15-16 cycles using the Q5 Hot Start HiFi PCR
Master Mix (NEB). The PCR-amplified library was purified using Ampure XP beads and its quality
was assessed on a Bioanalyzer 2100 system (Agilent). Diluted libraries were clustered on a pair-
read flowcell and sequenced using a NovaSeq 6000 system (Illumina) (using «Genetiсo» facility).

ChIP-seq data processing and sequence analysis
All ChIP-seq raw data were presented as two biological replicates with paired-end reads (except
MSL1 M1[wt]♂), for which only one biological replicate was obtained). Trimming and mapping
were performed using cutadapt software (Martin, 2011     ) and Bowtie version 2 (Langmead and
Salzberg, 2012     ), as described previously (Sabirov et al., 2021     ). The dm6 version of the
Drosophila melanogaster genome was used as a reference genome. After merging replicates,
coverage tracks (BedGraph) were obtained using the deepTools (Ramirez et al., 2014     )
bamCoverage function, with bin widths of 10 bp and extendReads option and normalized by reads
per kilobase of transcript, per million mapped reads (RPKM). Raw and processed data were
deposited in the NCBI Gene Expression Omnibus (GEO) under accession number GSE243396.

Peak calling was performed for MSL proteins from flyes of ♂M1[wt] and ♀ M1[wt]+MSL2 lines, as
described previously (Sabirov et al., 2021     ). Briefly:

1. duplicates were removed with Picard (http://broadinstitute.github.io/picard/     );
2. blacklist filtration was performed;
3. peak calling was performed using MACS version 2 against nonspecific IgG (Zhang et al.,

2008     ), with a soft p-value threshold of 1 × 10−2 for further irreproducible discovery rate
(IDR) analysis.

Reproducibility was assessed using the IDR pipeline, with p-value thresholds of 0.05 for true
replicates and 0.01 for pseudoreplicates. All samples showed ideal reproducibility [both the rescue
ratio (RR) and self-consistency ratio (SR) were less than 2; thus, an “optimal” set of highly-
reproduced peaks was chosen for each sample.

Further analysis was performed in R version 4.2.1 (http://www.r-project.org     ). Colocalization
analysis was performed using the ChIPpeakAnno package (Zhu et al., 2010     ). Average signal
calculation and heatmaps were constructed using the ChIPseeker package (Yu et al., 2015     ).

HAS regions for which ChIP-seq signal enrichment was calculated were obtained by combining
HAS variants from three different studies (Alekseyenko et al., 2008     ; Ramirez et al., 2015     ;
Straub et al., 2008     ). Only HAS regions located on the X chromosome were considered in this
analysis, resulting in 301 HAS regions (Figure 5 – source data 1). For Figure 5 – figure
supplement 1A, 2A visualization 10% autosomal regions from ♂M1[wt] with highest log p-value
were chosen for every MSL protein (MSL1 - 671, MSL2 - 288, MSL3 - 185 peaks).
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To investigate MSL binding for female fly lines at different genomic locations, a list of unique
MSL1, MSL2 peaks for ♀ M1[wt]+MSL2 fly line was generated using findOverlapsOfPeaks function
(maxgap = 500). This list was subdivided into two groups, according to the mean logFC between
protein signal and control at 500 bp region around the center of each peak: ‘MSL1 alone’ (MSL1 >
threshold, MSL2 < threshold, threshold=0.2) and ‘MSL1 and MSL2 overlapping’ (MSL1 > threshold,
MSL2 > threshold, threshold=0.4). For ‘MSL1 alone’ only peaks not overlapping with HAS were
chosen (AUT+X) and for ‘MSL1 MSL2 overlapping’ X-associated peaks were selected (HAS+X).
Regions were hierarchically clustered using hclust (method= ‘ward.D2’) and subdivided into a
chosen number of clusters (Figure 6 – source data 1) using cutree function from package stats.
Cluster visualization was made with the pheatmap package (https://github.com/raivokolde
/pheatmap     ). Gviz (Helaers et al., 2011     ) were used for genomic track visualization.
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Reviewer #2 (Public Review):

Summary:

A deletion analysis of the MSL1 gene to assess how different parts of the protein product
interact with the MSL2 protein and roX RNA to affect the association of the MSL complex with
the male X chromosome of Drosophila was performed.

Strengths:

The deletion analysis of the MSL1 protein and the tests of interaction with MSL2 are
adequate.

Weaknesses:

This reviewer does not adhere to the basic premise of the authors that the MSL complex is the
primary mediator of dosage compensation of the X chromosome of Drosophila. Several lines
of evidence from various laboratories indicate that it is involved in sequestering the MOF
histone acetyltransferase to the X chromosome but there is a constraint on its action there.
When the MSL complex is disrupted, there is no overall loss of compensation but there is an
increase in autosomal expression. Sun et al (2013, PNAS 110: E808-817) showed that ectopic
expression of MSL2 does not increase expression of the X and indeed inhibits the effect of
acetylation of H4Lys16 on gene expression. Aleman et al (2021, Cell Reports 35: 109236)
showed that dosage compensation of the X chromosome can be robust in the absence of the
MSL complex. Together, these results indicate that the MSL complex is not the primary
mediator of X chromosome dosage compensation. The authors state that an inverse dosage
effect results from a titration of the histone acetylase MOF between the NSL and MSL
complexes. This is a misunderstanding of the inverse effect, which is an imbalance of
regulatory molecules as described in the citation below. The inverse effect operates in triple X
metafemales to produce dosage compensation of the three X chromosomes and a reduced
expression of the autosomes (Sun et al 2913 PNAS 110: 7383-7388). There is no MSL complex
in metafemales.

A detailed explanation was provided by Birchler and Veitia (2021, One Hundred Years of
Gene Balance: How stoichiometric issues affect gene expression, genome evolution, and
quantitative traits. Cytogenetics and Genome Research 161: 529-550). The relevant portions of
that article that pertain to Drosophila are quoted below. The cited references can be found in
that publication.

"In Drosophila, the sex chromosomes consist of an X and a Y. The Y in this species contains
only a few genes required for male fertility (Zhang et al., 2020). The X consists of
approximately 20% of the genome. Thus, females have two X chromosomes and males have
one. Muller (1932) found that the expression of genes between the two sexes was similar but
when individual genes on the X were varied in dosage they exhibited a proportional dosage
effect. Each copy in a male was expressed at about twice the level as each copy in a female.
Females with three X chromosomes are highly inviable but when they do survive to the adult
stage, Stern (1960) found that they too exhibited dosage compensation in that the expression
in the triple X genotype was similar to normal females and males. Studies in triploid flies
found that dosage compensation also occurred among X; AAA, XX;AAA, and XXX; AAA
genotypes via upregulation of the Xs, where X indicates the dosage of the X and A indicates
the triploid nature of the autosomes (see Birchler, 2016 for further discussion). Diploid and
triploid females have a similar per gene expression but the other five genotypes each must
modulate gene expression by different amounts equivalent to an inverse relationship
between the X versus autosomal dosage to achieve a balanced expression between the X and
the A (Birchler, 1996).
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Some years ago, mutations were sought in Drosophila that were lethal to males but viable in
females. A number of such mutations were found and termed Male Specific Lethal (MSL) loci
(Belote and Lucchesi, 1980). Once the products of these genes were identified, they were
found to be at high concentrations on the male X chromosome (Kuroda et al., 1991). One of
these genes encodes a histone acetyl transferase that acetylates Lysine16 of Histone H4 (Bone
et al., 1994; Hilfiker et al., 1997). The recognition of the MSL complex and its association with
the male X was an important set of contributions to an understanding of sex chromosome
evolution in Drosophila (Kuroda et al., 2016). Thus, the hypothesis arose that the MSL
complex accumulated this chromatin modifier on the male X to activate the expression about
two-fold to bring about dosage compensation. Other data that contributed to this hypothesis
were that when autoradiography of nascent transcription on salivary gland polytene
chromosomes was examined in the MSL maleless mutation, the ratio of the number of grains
over the X versus an autosomal region was reduced compared to the normal ratio (Belote and
Lucchesi, 1980).

It has been pointed out (Hiebert and Birchler, 1994; Bhadra et al., 1999; Pal Bhadra et al.,
2005; Sun et al., 2013a; Birchler, 2016), however, that the grain counts over the X and the
autosomes when considered in absolute terms rather than as a ratio show that the X more or
less retained dosage compensation and the autosomal numbers are about doubled, i.e.
exhibit an inverse dosage effect. The same situation occurs with the msl3 mutation (Okuno et
al., 1984), another MSL gene, in that the autoradiographic grain numbers as an absolute
measure show retention of X dosage compensation and an autosomal increase. The data
treatment to produce an X to A ratio seemed reasonable in the context of the time when all
regulation in eukaryotes was considered positive. However, when studies were conducted in
such a manner as to assay the absolute effect on gene expression in the maleless mutation, in
adults (Hiebert and Birchler, 1994), larvae (Hiebert and Birchler, 1994; Bhadra et al., 1999;
2000; Pal Bhadra et al., 2005), and embryos (Pal Bhadra et al., 2005), the trend was for
retention of dosage compensation of X linked genes and an increase in expression of
autosomal genes.

In global studies, if the X to autosomal expression does not change between mutant and
normal, one can conclude that dosage compensation is operating. However, a lower X to A
ratio could be a loss of compensation or an increased transcriptome size from the increase of
the autosomes, as suggested by the absolute data of Belote and Lucchesi (1980) and Okuno et
al (1984) and that was visualized directly in embryos (Pal Bhadra et al., 2005). The
transcriptome size in aneuploids can change, which cannot be detected in RNA-seq analyses
alone (Yang et al., 2021), so it is an important consideration for studies of dosage
compensation. It was recently acknowledged that in MSL2 knockdowns the relative X
expression is decreased and a moderate autosomal increase is found (Valsecchi et al., 2021b).
A similar trend is evident in the microarray data on MSL2 knockdown in SL2 tissue culture
cells (Hamada et al., 2005) and in the roX RNA (noncoding RNAs essential for MSL localization
on the male X) mutants (Deng and Meller, 2006). This trend is in fact consistent with the
absolute data that suggest an increase in the transcriptome size (Figure 7). A global change in
transcriptome size can cause a generalized dosage compensation of a single chromosome to
appear as a proportional dosage effect (loss of compensation) to some degree (Figure 7).
Examination of expression in triple X metafemales, where there is no MSL complex, found
that X-linked genes generally show dosage compensation but there is a generalized inverse
effect on the autosomes, which could account for the detrimental effects of metafemales
(Birchler et al., 1989; Sun et al., 2013b). An examination in metafemales of alleles of the white
eye color gene that do or do not exhibit dosage compensation in males, showed the same
response, namely, increased expression if there was no dosage compensation in males and no
difference from normal females for the male dosage-compensated alleles (Birchler, 1992).
This experiment demonstrated a relationship between the mechanism of dosage
compensation in males and metafemales and implicated the inverse dosage effect in both. An
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involvement of the inverse effect in Drosophila dosage compensation provides an
explanation for how the five levels of gene expression can be explained (Birchler, 1996),
whereas an all-or-none presence of a complex on the X does not. The stoichiometric
relationship of regulatory gene products provides a means to read the relative dosage at
multiple doses to produce the appropriate inverse level.

What then is the function of the MSL complex? It was discovered that the MSL complex will
actually constrain the effect of H4 lysine16 acetylation to prevent it from causing an
overexpression of genes (Bhadra et al., 1999; 2000; Pal Bhadra et al., 2005; Sun and Birchler
2009; Sun et al., 2013a). Indeed, in the chromatin remodeling Imitation Switch (ISWI)
mutants, the male X chromosome was specifically overexpressed suggesting that its normal
function is needed for the constraint to occur (Pal Bhadra et al., 2005). Independently, the
Mtor nuclear pore component shows a similar specific male X upregulation when Mtor is
knocked down and this effect was shown to operate on the transcriptional level (Aleman et
al., 2021). Interestingly, the increased expression of the X in the Mtor knockdown is
accompanied by an inverse modulation of a substantial subset of autosomal genes,
illustrating why the constraining process evolved to counteract male X overexpression. The
constraining effect might involve a number of gene products (Birchler, 2016) and is an
interesting direction for further study.

Furthermore, when the H4Lys16 acetylase was individually targeted to reporter genes, there
was an increase in expression (Sun et al., 2013a). However, when other members of the MSL
complex were present in normal males or ectopically expressed, this increase did not occur
(Sun et al., 2013a). It thus appears that the function of the MSL complex is to sequester the
acetylase from the autosomes and constrain it on the X (Bhadra et al., 1999; 2000; Pal Bhadra
et al., 2005; Sun and Birchler, 2009; Sun et al., 2013a). Indeed, in the Mtor knockdowns, the X
linked genes with the greatest upregulation were those with the greatest association with the
acetylase and the H4K16ac histone mark (Aleman et al 2021), supporting the idea of a
constraining activity that becomes released in the Mtor knockdown. When the MSL complex
is disrupted, there is an inverse effect on the autosomes that occurs but in normal
circumstances the sequestration mutes this effect. The MSL complex disruption releases the
acetylase to be uniformly distributed across all chromosomes as determined cytologically
(Bhadra et al., 1999) or via ChIPseq for H4Lys16ac (Valsecchi et al., 2021a). Indeed, the
quantity of the H4Lys16ac mark only has a proportional effect on gene expression when the
constraining activity is disrupted (Aleman et al., 2021) or when the MSL complex is not
present (Sun et al., 2013a). Thus, in normal flies there is a more or less equalized expression
of the X and autosomes despite the monosomy for 20% of the genome.

The component of the complex that is expressed in males and thought to organize the
complex to the male X, MSL2, was recently found to also be associated with autosomal dosage
sensitive regulatory genes (Valsecchi et al., 2018). MSL2 was found to modulate these
autosomal dosage sensitive genes in various directions, which illustrates that MSL2 has a role
in dosage balance that goes beyond the X chromosome. This finding is consistent with the
evolutionary scenario that the initial attraction of the complex to the X chromosome was to
upregulate dosage sensitive genes in hemizygous regions as the progenitor Y became deleted
for them, with the constraining activity evolving to prevent an overexpression as the amount
of acetylase on the male X increased with time (Birchler, 2016).

The MSL hypothesis takes an X-centric view that does not accommodate what is now known
about dosage effects across the whole genome. The idea that dissolution of the MSL complex
would cause reduction in expression of the male X linked genes without any consequences
for the autosomes is not consistent with current knowledge of gene regulatory networks and
their dosage sensitivity. Indeed, the finding of dosage compensation in large autosomal
aneuploids that operates on the transcriptional level (Devlin et al., 1982; 1984; Birchler et al.,
1990; Sun et al., 2013c) as well as a predominant inverse effect by the same (Devlin, et al.,
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1988; Birchler et al., 1990) argues that one must consider the inverse effect for an
understanding of the evolution of dosage compensation in Drosophila (and other species).
Further discussion of models of Drosophila compensation has been published (Birchler,
2016).

What is likely to be the most critical issue with sex chromosome evolution is the
consequences for dosage sensitive regulatory genes. This fact is nicely illustrated by the
retention of these types of genes in different independent vertebrate sex chromosome
evolutions (Bellott and Page, 2021). In Drosophila, by contrast, dosage compensation is more
of a blanket effect on most but not all X linked genes despite the fact that many genes on the X
are unlikely to have dosage detrimental effects, although dosage sensitive genes might have
played a role as noted above. The particularly large size of the X in Drosophila compared to
the whole genome is potentially a contributing factor because such large genomic imbalance
is likely to modulate most genes across the genome. Also, there is no evidence of a WGD in
Drosophila as there is in other species for which the inverse effect has been documented
(maize, Arabidopsis, yeast, mice, human). These other species have various numbers of
retained duplicate dosage sensitive regulatory genes from WGDs. Thus, the relative change of
regulatory genes in aneuploids in these species will not be as great compared to some of their
interactors in the remainder of the genome, which could result in lesser magnitudes of some
trans-acting effects, similarly to how aneuploids in ascending ploidies have fewer effects as
described above. The absence of duplicate regulatory genes in Drosophila would predict a
stronger inverse effect in general and that could have been capitalized upon to produce
dosage compensation of most genes on the X chromosome despite many of them not being
dosage critical. While sex chromosome evolution must accommodate dosage sensitive genes
for proper development and viability, it could also be capitalized upon to evolve sexual
dimorphisms in expression (Sun et al., 2013c)."

Comments on revised submission:

The authors did make an effort to address the issue previously raised.

The authors state that an inverse dosage effect results from a titration of the histone acetylase
MOF between the NSL and MSL complexes (lines 87-89). This is a misunderstanding of the
inverse effect, which is an imbalance of regulatory molecules. Single regulatory gene dosage
series can produce this effect. The inverse effect operates in triple X metafemales to produce
dosage compensation of the three X chromosomes and a reduced expression of the
autosomes (Sun et al 2913 PNAS 110: 7383-7388). There is no MSL complex in metafemales.

https://doi.org/10.7554/eLife.93241.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Thank you for taking the time to review our manuscript. We are grateful to reviewer #1 for
positive evaluation of our work and for providing valuable comments that will significantly
enhance the presentation of our results. We understand reviewer #2's negative assessment
because we did not discuss an alternative model of dosage compensation in Drosophila. We
will address this omission in the Introduction section of the revised manuscript and remove
any controversial statements from other parts of the text. However, it is important to clarify
that our study does not focus on the mechanisms of dosage compensation. The main goal of
the manuscript was to investigate the assembly of the MSL complex and its specific binding to
the Drosophila X chromosome. We utilized male survival data to demonstrate the efficacy of
MSL complex binding to the X chromosome, a relationship that has been supported by
numerous independent studies. We understand that Reviewer #2 agrees that disruption of
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the MSL complex binding results in male lethality. As far as we understand, Reviewer #2
suggests that the MSL complex does not activate transcription of X chromosome genes, but
instead facilitate the recruitment of MOF protein and potentially other general transcription
factors to the X chromosome. This could explain the decrease in autosomal gene expression
due to a reduction in activating factors like MOF at autosomal promoters. In the upcoming
revision, we aim to strike a balance between the two models that elucidate dosage
compensation in Drosophila. We appreciate your feedback and look forward to enhancing
the clarity and coherence of our manuscript based on your insightful comments.

Reviewer #2 (Public Review):

Summary:

A deletion analysis of the MSL1 gene to assess how different parts of the protein product
interact with the MSL2 protein and roX RNA to affect the association of the MSL complex
with the male X chromosome of Drosophila was performed.

Strengths:

The deletion analysis of the MSL1 protein and the tests of interaction with MSL2 are
adequate.

We thank the reviewer for the positive assessment of the experimental work done.

This reviewer does not adhere to the basic premise of the authors that the MSL complex
is the primary mediator of dosage compensation of the X chromosome of Drosophila.

We completely agree with this reviewer's claim. In the Introduction section we attempted to
make clear that there are two models for the functional role of specific recruitment of the
MSL complex to the X chromosome in males.

Several lines of evidence from various laboratories indicate that it is involved in
sequestering the MOF histone acetyltransferase to the X chromosome but there is a
constraint on its action there. When the MSL complex is disrupted, there is no overall loss
of compensation but there is an increase in autosomal expression. Sun et al (2013, PNAS
110: E808-817) showed that ectopic expression of MSL2 does not increase expression of
the X and indeed inhibits the effect of acetylation of H4Lys16 on gene expression. Aleman
et al (2021, Cell Reports 35: 109236) showed that dosage compensation of the X
chromosome can be robust in the absence of the MSL complex. Together, these results
indicate that the MSL complex is not the primary mediator of X chromosome dosage
compensation. The authors use sex-specific lethality as a measure of disruption of
dosage compensation, but other modulations of gene expression are the likely cause of
these viability effects.

Sun et al (2013, PNAS 110: E808-817) showed that recruitment of the MSL complex-specific
subunit MSL2 or the MOF protein to the UAS promoter resulted in recruitment of the entire
MSL complex in males but not transcriptional activation. This important result argues that
the MSL complex does not activate transcription. However, it must be taken into account that
the GAL4 DNA binding region used to recruit the chimeric MSL2 protein to the UAS promoter
was directly fused to the MSL2 RING domain, which is critical for interaction of MSL2 with
MSL1 and its ubiquitination activity (this activity could potentially be involved in
transcription activation). It also remains poorly understood what happens to the MSL
complex after recruitment to the promoters or HAS on the X chromosome. Subcomplex
MSL1/MSL3/MOF can acetylate TF and H4K16 during RNA polymerase II elongation, resulting
in increasing of transcription. The separate role of MSL2 and MSL1 in the activation of
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transcription of gene promoters is also shown. Sun et al. showed that in females, recruitment
of MOF to the UAS promoter leads to a strong increase in transcription, which is associated
with the inclusion of MOF in the non-specific lethal (NSL) complex, which is bound to
promoters and is required for strong transcription activation. In males, MOF is preferentially
recruited to the UAS promoter in the full MSL complex or perhaps in the MSL1/MSL3/MOF
subcomplex, which stimulates transcription during RNA polymerase II elongation much less
strongly than NSL complex. The same result was obtained in the Prestel et al. 2010 (Mol Cell
38:815-26). In this study the GAL4 binding sites were inserted upstream of the lacZ and mini-
white genes. Activation of transcription after recruitment of GAL4-MOF to the GAL4 sites was
studied in males and females. As in Sun et al. 2013, strong activation of the reporter was
observed in females. A weak transcriptional activation of the reporter gene in males was
shown, and the MOF protein was detected not only on the promoter, but also in the coding
and 3’ regions of the reporter.

We do not understand how the paper by Aleman et al (Cell Reports 35: 109236, 2021) is
consistent with the hypothesis that the MSL complex is not involved in the transcriptional
activation of X chromosomal genes. The main conclusions of this paper: 1) Inactivation of
Mtor leads to selective activation of the male X chromosome. 2) Mtor-driven attenuation of
male X occurs in broad domains linked by the MSL complex. 3) Mtor genetically interacts
with MSL components and reduces male mortality; 4) Mtor restrains dose-compensated
expression at the level of nascent transcription. Thus, the paper shows that the MSL complex
has an activator activity that is partially inhibited by Mtor. Accordingly, inactivation of Mtor
only partially restored the survival of males in which dosage compensation was not
completely inactivated.

A detailed explanation was provided by Birchler and Veitia (2021, One Hundred Years of
Gene Balance: How stoichiometric issues affect gene expression, genome evolution, and
quantitative traits. Cytogenetics and Genome Research 161: 529-550).

We agree that an alternative model of the dosage compensation mechanism is reasonable. We
can assume that both mechanisms can function jointly provide effective dosage
compensation in Drosophila males. At the suggestion of the reviewer to reconsider the entire
context of the article, we will make many small changes throughout the manuscript.

Reviewer #1 (Recommendations For The Authors):

Overall, I found the text well written and the figures logically organized (especially Figure
5, which had the potential to confuse). The authors especially excelled in bringing
together the decades of literature in the Discussion.

I offer several suggestions to improve the readability:

Consider presenting the coiled-coil domain homology in Figure 1A as a contrast for the
N-terminal region, which the authors claim is poorly conserved.

We added the coiled-coil domain homology in Figure 1A in new version of the manuscript.

It is difficult to visualize the red MSL2 in Figure 2; the green and red panels should be
presented separately in the main text, as they are in the Supplemental Figure 2.

We prepared Figure 2 with separate green and red panels.

The ChIP-seq experiments for MSL proteins are well presented, but in my opinion, add
little to the overall conclusions:
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Figure 6 mostly recapitulates what has already been published and utilized by several
groups, most recently the authors themselves (Tikhonova 2019): that MSL expressed in
females targets the X/HAS, similar to in males. While these are nice supporting data for
the female transgenic system, I do not believe this figure should be prominently featured
as if this is a novelty of the current study.

We fully agree with the reviewer's comment about the limitation of scientific novelty in
Figure 6. It has an auxiliary meaning. Therefore, we transferred this figure to Supplementary
material (as supplement for Figure 5).

The ChIP experiments in Figure 7 agree with the conclusions in Figures 2 and 3 (polytene
chromosome immunostaining) when it comes to X/autosome localization. I believe it
would help with the flow of the paper if these experiments were combined or at least
placed closer together in the narrative, rather than falling at the end.

We moved Figure 7 (in new version – Figure 5) closer to polytene chromosome
immunostaining. We agree with reviewer that this placement of the figure will make it easier
to perceive the meaning of the article as a whole.

I find Figure 8 difficult to understand, especially since the "clusters" are not annotated in
the figure, but are described in the text. I struggled to follow the authors' conclusions
based on these data. The authors could clarify the figure with annotations, although to
be honest I do not currently see the value of this analysis/figure.

In the new version of the article, we changed this part: we removed clusters for autosomes as
difficult for understanding and non-important for this manuscript. Also we tried to place
emphasis more clearly in the text of the article for clusters 1 and 2 that characterize HAS.
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