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Abstract Dosage compensation refers to the equal expression between the sexes despite the fact that the dosage of the
X chromosome is different in males and females. In Drosophila there is a twofold upregulation of the single male X. In
triple X metafemales, there is also dosage compensation, which occurs by a two-thirds downregulation. There is a
concomitant reduction in expression of many autosomal genes in metafemales. The male specific lethal (MSL) complex
is present on the male X chromosome. Evidence is discussed showing that the MSL complex sequesters a histone
acetyltransferase to the X chromosome to mute an otherwise increased expression by diminishing the histone acetylation
on the autosomes. Several lines of evidence indicate that a constraining activity occurs from the MSL complex to prevent
overcompensation on the X that might otherwise occur from the high level of acetylation present. Together, the evidence
suggests that dosage compensation is a modification of a regulatory inverse dosage effect that is a reflection of intrinsic
gene regulatory mechanisms and that the MSL complex has evolved in reaction in order to equalize the expression on

both the X and autosomes of males and females.

Keywords

Introduction

The Gene Balance Hypothesis posits that genes encoding
components of multisubunit complexes exhibit a dosage
effect because the stoichiometric change in the quantities of
subunits affects the kinetics and mode of assembly of the
whole complex (e.g. Birchler and Newton, 1981; Birchler
et al., 2001; Birchler et al., 2005; Birchler and Veitia, 2007;
Veitia et al., 2008; Birchler and Veitia, 2010). This principle
applies to any type of macromolecular complex but aspects of
gene regulation have some of the most wide ranging
implications. The process of gene regulation relies in general
on multi-subunit complexes during signal transduction as
well as the mechanism of transcription itself.

The types of dosage effects that are produced fall into two
main categories (Birchler, 1979; Birchler and Newton, 1981;
Devlin et al.,, 1988; Sabl and Birchler, 1993; Guo and
Birchler, 1994; Birchler, 2010) (Fig. 1). In the first, there is a
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positive correlation of target gene expression with the dosage
of the transcriptional regulator. In the second, more prevalent
type, there is a negative or inverse correlation (Birchler, 1979;
Birchler and Newton, 1981; Sabl and Birchler, 1993; Guo and
Birchler, 1994; Birchler et al., 2001; Birchler et al., 2005;
Birchler, 2010), with the regulator dosage. Target genes,
when varied alone, tend to exhibit a gene dosage effect. Thus,
when they are combined in a chromosomal dosage series with
a regulator operating upon it that acts inversely, the two
effects cancel each other to bring about dosage compensation
in aneuploids (Birchler, 1979; 1981; 1992; Birchler et al.,
1990; Birchler and Veitia, 2007) (Fig. 1). The proposition
discussed in this article is that this effect has been capitalized
upon for sex chromosome dosage compensation in Droso-
phila.

The effects found with aneuploidy can be reduced to the
action of single genes. Using a leaky allele of the white eye
color locus as a reporter, second site modifiers were sought
that would increase or decrease the amount of pigment
present. Over the course of two decades, 47 modifiers were
found that could be assigned to different genes (Birchler et al.,
2001). Clearly, these operate on other genes as well and likely
operate in a hierarchy. Such a large number of modifiers of
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Figure 1 The relationship of gene dosage effects, the inverse
regulatory effect and dosage compensation. The X axis reflects the
relative amount of gene expression from a target gene. The Y axis
reflects the gene or chromosomal dosage. Top: When a target gene
is varied alone in dosage, its total expression is proportional to
gene dosage. Middle: When the dosage of large chromosomal
regions is varied in 1-3 doses, an inverse dosage effect operates on
many target loci distributed in the genome. Bottom: When a target
gene and a region that inversely affects it are varied at the same
time, dosage compensation results. Thus, despite differential copy
numbers of the chromosome, the total output is similar to the
normal two dose diploid.

one phenotype were foreshadowed by the multigenic control
of quantitative traits that exhibit additive (semi-dominant)
effects (Guo and Birchler, 1994; Birchler et al., 2001; Birchler
and Veitia, 2007; Veitia et al., 2008) and by the multigenic
dosage sensitive modifiers of position effect variegation
(Weiler and Wakimoto, 1995). Similar conclusions come
from the finding of trans-acting dosage effects in human
aneuploids (Bahn et al., 2002; Saran et al., 2003; Lyle et al.,
2004; Ait Yahya-Graison et al., 2007; Altug-Teber et al.,
2007) or aneuploid cancer cells (Phillips et al., 2001). Dosage
effects of regulatory genes also have a role in many human
diseases (Veitia and Birchler, 2010).

Dosage dependent regulatory genes and
compensation

As noted above, the major type of trans-acting dosage effect is
an inverse correlation of the target gene expression and the
dosage of the regulator (Birchler et al., 2001). On the other
hand, most target genes will exhibit a gene dosage effect
when their copy number is varied (Grell, 1962). With the fact
that many aneuploids will produce an inverse dosage effect
(Devlin et al.,, 1988), the consequence is that dosage
compensation occurs in many aneuploids (Devlin et al.,

1982) with the basis being the cancellation of a structural
gene dosage effect by the simultaneous inverse dosage effect
operating on the same gene product (Birchler, 1981; Birchler
et al., 1990). Previously, dosage compensation was found for
the X chromosome of Drosophila (Muller, 1932; Arkhipova
et al., 1997) and we propose that there is a relationship
between the autosomal type of compensation and that which
works for the X chromosome.

Dosage compensation

Dosage compensation refers to the equal expression from
chromosomes at different copy numbers. Of particular note is
the situation with sex chromosomes that have a dosage
difference between the two sexes (Lucchesi et al., 2005). This
phenomenon was first described in Drosophila by Herman
Muller in 1932. The white-apricot allele of the white locus
was varied in males and females and found to exhibit a gene
dosage effect in each sex but each copy was doubled in
expression in males relative to females. Thus, there is a
twofold upregulation of most genes on the X chromosome in
males.

The inverse dosage effect and X chromo-
some compensation

The twofold upregulation of the X chromosome implicates an
inverse dosage effect as part of the process. Indeed, not only
does compensation occur in males but it also operates in triple
X metafemales (Margolis, 1934; Stern, 1960; Birchler et al.,
1989; Birchler, 1992; Sun and Birchler, 2009). Thus, not only
is there an inverse upregulation of the single X in males but
there is an inverse two-thirds downregulation in metafemales
to bring about compensation. To test directly for an inverse
dosage effect of the X chromosome operating on the white
eye color gene, a transgene present in a single copy on the
autosomes was examined in flies that had the endogenous
copy deleted on the X chromosome. The transgene in males is
increased in expression relative to females and in turn reduced
in expression in metafemales (Birchler, 1992). This finding
illustrates that the dosage of the X chromosome produces an
inverse dosage effect.

Recently, dosage compensation in metafemales was
studied further by examining the expression of a number of
X and autosomal genes (Sun and Birchler, 2009). All of the
six X-linked genes (v, Sgs4, y, G6pdh, r, 6Pgdh) examined
exhibited dosage compensation and six of the seven
autosomal genes (Adh, Tubulin, Ddc, Su(var)205, SevenUp,
Rp49, Gpdh) were reduced in expression relative to the
segregating control females (Sun and Birchler, 2009). The
individual gene expression was standardized to rRNA which
in turn was shown not to vary in the two genotypes, thus
establishing these changes as absolute “per cell” determina-
tions rather than relative to each other. The autosomal
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reductions reflect the typical “inverse dosage” effect of
aneuploid states.

The concept that the dosage of the X chromosome
produces an inverse dosage effect would predict that the
autosomes in males would be increased in expression relative
to females. We will discuss this concept in more detail below
but we do note that for most transgenes that produce
phenotypes that can be monitored quantitatively, there is
usually a slightly greater autosomal expression in males than
in females [e.g., Adh, w-Adh, Adh-w (Pal Bhadra et al., 1997,
1999; brown (Dreesen et al., 1991)]. Also, for leaky
endogenous autosomal mutations, the most common sexual
dimorphism is that the male expression is greater than the
female (Smith and Lucchesi, 1969; Birchler, 1984).

Sequestration of the MSL complex to the X
chromosome alters the genomic response
to dosage dependent regulators

Another aspect of dosage compensation in Drosophila that
must be accounted for involves the presence of the male
specific lethal (MSL) complex that accumulates on the male
X chromosome (Fig. 2). The consequence of this sequestra-
tion results from the fact that a member of the complex is a
histone acetyltransferase that causes an increase in H4 lysine
16 acetylation (Kuroda et al., 1991; Turner et al., 1992; Bone
et al., 1994; Hilfiker et al., 1997; Meller et al., 1997). Also,
the JIL1 kinase is enriched on the male X and causes an
increase in H3 phosphorylation (Jin et al., 1999; 2000; Wang
et al., 2001). Mutations in the members of the complex are
lethal to males but not females (Belote and Lucchesi, 1980).
This fact and the accumulation of the MSL complex on the
male X led to the idea that this complex and the histone
modifications alone cause the twofold upregulation (Lucchesi

Figure 2 The MSL complex associates with the X chromosome
in males. A polytene chromosome spread from a male is shown.
Chromosomes are stained in blue with 4',6-diamidino-2-pheny-
lindole (DAPI). The MSL2 protein is detected with immuno-
localization and is in green.

et al., 2005). However, evidence presented below suggests
that the MSL sequestration is a reaction to the genomic
imbalance.

Part of the argument that the MSL complex was
responsible for dosage compensation comes from studies of
gene expression in mutations in members of the complex.
Originally, this was studied by examining autoradiographic
grain counts over the X chromosome and portions of the
autosomes in larval polytene chromosomes in mutant and
normal genotypes (Belote and Lucchesi, 1980; Okuno et al.,
1984). It is now known that the mutant causes a dissociation
of the complex from the male X (Kuroda et al., 1991). The
typical mode of normalization was to correct the X values by
the autosomal values on the assumption that the autosomes
did not change. However, this type of normalization will
produce a change in ratio with either a change in expression
of the X chromosome or a change in expression of the
autosomes. The ratios did indeed show a lowered value
(Belote and Lucchesi, 1980; Okuno et al., 1984) and were
assumed to results from less X chromosome expression, i.e. a
loss of dosage compensation. However, when the absolute
values are examined, there is no change on the X but rather an
autosomal increase (Hiebert and Birchler, 1994). Indeed,
when many X and autosomal genes were assayed in the same
genotype and normalized on a “per cell” basis, the overall
effect was that most X-linked genes retained compensation in
the ms/ mutants and many autosomal genes were increased
(Hiebert and Birchler, 1994). This result suggested that the
sequestration of the MSL complex was acting to mute the
inverse effect on the autosomes that might be expected to
otherwise occur.

The MSL complex is targeted to the X chromosome by the
product of the msl2 gene. The translation of this protein is
blocked in females by the splicing factor Sex lethal (SxI)
(Kelley and Kuroda, 1995). All other members of the
complex are present in both sexes (Bhadra et al., 1999).
The histone acetylase that is part of the complex is encoded
by the locus, males absent on the first (mof) (Hilfiker et al.,
1997). It is capable of acetylating H4 on the male X and on all
chromosomes in females (Bhadra et al., 1999). Thus, the level
of acetylation is higher on the male X than the female Xs and
the level on the autosomes is lower in males than in females
(Bhadra et al., 1999). The JILI gene product phosphorylates
H3 and follows a similar mode of activity (Jin et al., 1999;
2000; Wang et al., 2001).

An explanation for the increased expression in the ms/
mutants is suggested by the fact that MOF gets redistributed
in the mutant males to all chromosomes (Bhadra et al., 1999;
Kind et al., 2008). The same is true of the distribution of MOF
in mutations for the RNA components of the MSL complex
(the roX RNAs) (Meller and Rattner, 2002). Thus, there is an
increased amount of MOF on the autosomes of the mutants
and a corresponding increase in H4 acetylation (Bhadra et al.,
1999). Using white and yellow transgenes on the X and the
autosomes, indeed there is no loss of compensation of these
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transgenes in the ms/ mutants but there is an increased
expression of the autosomal insertions (Bhadra et al., 1999) in
concert with the effects observed on endogenous genes
(Hiebert and Birchler, 1994).

One can test the reciprocal effect by ectopically causing the
sequestration of the MSL complex in females. This can be
performed by using a transgene of MSL2 that escapes the
translational block of SXL. In this case, MSL2 is expressed
and organizes the complex on the X chromosomes of females.
When this occurs, the H4 acetylation that is usually uniform
in females is concentrated on the X chromosomes because
MOF to now localized there. When this circumstance is
combined with transgenes of the yellow locus on the X or the
autosomes, the X insertion is not increased and the autosomal
version is reduced relative to normal females (Bhadra et al.,
1999). We have extended this type of analysis to several X-
linked and autosomal endogenous loci and have found the
same result (Sun and Birchler, 2009). The MSL complex is
also expressed in Sx/ mutants in females and accumulates on
the X chromosomes but has no impact on X gene expression
(Bhadra et al., 2000).

Further evidence for a counter activity against histone
acetylation has come from targeting experiments to a reporter
(Prestel et al., 2010). The mof gene was fused with the GAL4
binding domain and targeted to lacZ and mini-white reporters.
The targeting causes a strong accumulation of histone
acetylation on the targets in both males and females.
However, an impact on gene expression is only found in
females. In males, in which the MSL complex is also brought
to the reporter because of its association with MOF, a counter
activity is present. This result provides further evidence that
the MSL complex counteracts the high level of acetylation
present on the male X.

A summary of these results can be stated that histone
acetylation is correlated with increased expression except in
the presence of the MSL complex, in which case it appears to
be counteracted. In an experiment that targeted the fly MOF
gene to a reporter in yeast, there was a dramatic increase in
expression but this was 10-fold rather than twofold (Akhtar
and Becker, 2000). It seems likely, therefore that the MSL
complex has a constraining activity that prevents the over-
expression of the male X, which might otherwise occur with
the increased acetylation present there.

Dosage compensation in the absence of the
MSL complex

As noted above, transgenes that are inserted into the
autosomes show higher expression in males than in females,
thus exhibiting partial dosage compensation (Roseman et al.,
1995; Qian and Pirrotta, 1995), even in the absence of the
MSL complex. This is consistent with the findings that loss of
the MSL complex from the X also does not eliminate dosage
compensation for the vast majority of X-linked genes

(Hiebert and Birchler, 1994; Bhadra et al., 1999; 2000;
Bhadra et al., 2005; Pal-Bhadra et al., 2006). Furthermore, in
the Dipteran relative of flies, Sciara, there is no MSL2 gene
and the MSL complex is present on all chromosomes in males
(Ruiz et al., 2000) as occurs with Drosophila females.
Clearly, it does not condition dosage compensation in this
species. Lastly, the MSL complex is not assembled in the
germline of flies (Rastelli and Kuroda, 1998) but there is
nevertheless dosage compensation of X-linked genes that are
expressed in the germline of both sexes (Parisi et al., 2003;
Gupta et al., 20006).

Dosage compensation in melanogaster-simu-
lans hybrids

Further evidence for the maintenance of dosage compensation
in the absence of the MSL complex comes from the finding
that hybrids between Drosophila melanogaster mothers and
D. simulans fathers have a disruption of the sequestration of
the MSL complex to the male X chromosome (Pal Bhadra
et al.,, 2006). These males typically die before reaching
the adult stage but survive to the late larval instar similarly to
the mutants of components of the MSL complex. The basis of
this disruption is that the Sx/ lethal gene is aberrantly
expressed in these males and thus prevents the translation
of MSL2 (Pal Bhadra et al., 2006). A survey of gene
expression of X and autosomal genes indicates that those on
the X still have compensation and there is a generalized
increase in expression of the autosomal genes (Pal Bhadra
et al., 2000).

Interactions of chromatin components with
the male X chromosome

Mutations in several chromatin components produce a
bloated X chromosomal phenotype. These include the
chromatin remodeling components ISWI (Deuring et al.,
2000; Brehm et al., 2000), nurf (Badenhorst et al., 2002) as
well as JIL-1 kinase (Wang et al., 2001) and the hetero-
chromatin components, HP/ and Suvar3-7 (Delattre et al.,
2004; Spierer et al., 2005). With regard to ISWI, the
magnitude of this effect is dependent on the amount of H4
acetylation (Corona et al., 2002). It is possible that these gene
products play a role in some way with the counter activity
given that the mutant phenotype is enhanced by the level of
acetylation. Indeed, in embryos that are mutant for ISWI, X-
linked genes have an increased expression in males but not in
females (Pal Bhadra et al., 2005), which would be consistent
with a release of a counter activity against the acetylation
level. Because the MSL complex is still present on the male X
and still causing the sequestration of MOF, the high level of
acetylation would now be capable of causing an increased
expression.
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A model for dosage compensation

There are five levels of gene expression that need to be
explained by a valid model for dosage compensation
(Birchler, 1996). Of course, the equal expression between
males and females is the usual circumstance discussed with
regard to compensation. However, as noted above, dosage
compensation also occurs in metafemales (Stern, 1960;
Lucchesi et al., 1974; Birchler et al., 1989; Birchler, 1992;
Sun and Birchler, 2009). Compensation in metafemales is
concomitant with autosomal reductions in expression (Birch-
ler et al., 1989; Sun and Birchler, 2009).

In addition, dosage compensation has been documented in
triploid genotypes. In the balanced triploid females with three
sets of all chromosomes, the same per gene expression as
diploid females is found (Maroni and Plaut, 1973; Lucchesi
and Rawls, 1973a; Birchler et al., 1990). In comparison, when
the X chromosome dosage is reduced to two copies in so-
called triploid intersexes or even further to one copy in
triploid metamales, compensation is still operative (Lucchesi
and Rawls, 1973b; Lucchesi et al., 1977).

In all of these cases, the magnitude of change to
accomplish dosage compensation is the inverse level of the
X to autosomal imbalance. Gene expression in different
ploidy levels has indeed been found to track the chromosomal
imbalance (Rabinow et al., 1991; Guo and Birchler, 1994).
This realization, together with the evidence noted above that
an inverse effect has been directly observed with the dosage
change of the X chromosome, further implicates an inverse
dosage effect in the phenomenon of X chromosomal dosage
compensation in Drosophila.

The presence of the MSL complex on the male X
chromosome is therefore hypothesized to sequester chromatin
modifiers from the autosomes in males to mute an inverse
effect that would be expected to occur otherwise. However,
this causes an accumulation of histone modifications on the
male X chromosome and thus it is likely that the counter
activity evolved to prevent an over-compensation. This
concept can explain dosage compensation in all of the
genotypes that exhibit it including those that have no MSL
complex, such as metafemales. This concept can synthesize
all of the data about gene expression in ms/ mutants, the lack
of effect of ectopically expressed MSL2, the counter activity
against acetylation by the MSL complex displayed in
targeting experiments and the modulation of the magnitude
of effect in different ploidy levels. Lastly, because the inverse
effect is displayed by many aneuploids, an involvement in sex
chromosome dosage compensation would be the natural
progression from an intrinsic mechanism involved with
eukaryotic gene expression.
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