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ABSTRACT
Dosage compensation refers to the equal expression of X-linked genes despite the difference in copy

number between the two sexes. The male-specific lethal (MSL) complex is concentrated on the X chromo-
some in males. A gene expression assay for embryos was developed to examine the function of this complex.
In mutant male embryos without either the MSL complex or MOF histone acetylase, dosage compensation
is retained but autosomal expression is increased. Dosage compensation is lost in the double-mutant
embryos. In embryos in which the MSL complex and MOF are targeted to the X chromosomes in females,
the results are consistent with previous surveys showing that in general the X expression remains unchanged,
but autosomal expression is reduced. Mutations in the ISWI chromatin-remodeling component cause
increases specifically of X-linked genes in males. Thus, the function of the MSL complex in conjunction
with ISWI is postulated to override the effect on gene expression of high histone acetylation on the male
X. The basic determinant of dosage compensation is suggested to be an inverse dosage effect produced
by an imbalance of transcription factors on the X vs. the autosomes. The sequestration of the MSL complex
to the male X may have evolved to counteract a similar effect on the autosomes and to prevent an
overexpression of the X chromosome in males that would otherwise occur due to the high levels of histone
acetylation.

DOSAGE compensation mechanisms equalize the tions are directly responsible for X chromosomal dosage
expression of genes between the sexes despite the compensation (Belote and Lucchesi 1980; Kuroda et

difference in sex chromosomal dosage. In Drosophila, al. 1991; Bone et al. 1994; Jin et al. 1999).
the transcription of most X-linked genes in males with However, several gene expression studies have now
only one X chromosome is doubled to achieve an activity indicated that the mutational effect of the msl mutants,
equal to that of the two X’s in females (Muller 1932; in which the MSL complex is destroyed, is that the
Arkhipova et al. 1997). majority of X-linked genes remain compensated and

Changes in X chromosome chromatin organization many autosomal genes are increased in expression, as
between the sexes have occurred in Drosophila as evi- the most common effect (Hiebert and Birchler 1994;
denced by the high accumulation of the male-specific Bhadra et al. 1999, 2000). A similar result was found in
lethal (MSL) chromatin remodeling complex on the X microarray analysis of germline expression (Parisi et al.
chromosome in males. The protein products of at least 2003), where the MSL complex is not present (Rastelli
six genes (mle, msl1, msl2, msl3, mof, and JIL-1) and two and Kuroda 1998), but dosage compensation of the X
noncoding RNAs (roX1 and roX2) have been identified still occurs and many autosomal genes exhibit male-
in this complex (Kelley and Kuroda 2000). At least two biased expression. These gene expression results sug-
histone modifiers (MOF, JIL-1 kinase) are sequestered gest a function for the MSL complex different from
from the autosomes (Hilfiker et al. 1997; Bhadra et mediating dosage compensation directly.
al. 1999; Jin et al. 2000; this study) by the complex. The MSL proteins (minus MSL-2) are associated with
Because the MSL complex binds the male X at high all female chromosomes at a low uniform level but are
concentration, the argument has been put forth that sequestered to the X chromosome in males (plus MSL-2)
the MSL complex and the associated histone modifica- (Bhadra et al. 1999). The histone modifiers follow a

similar pattern and therefore are higher on the X and
lower on the autosomes in males compared to females.
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gene expression in the msl males parallels the increase
of histone acetylation.

In contrast, most X-linked genes do not respond to
the high levels of histone acetylation present on the
normal male X (Hiebert and Birchler 1994; Bhadra
et al. 1999, 2000). Thus, the co-localization of the MSL
complex and the histone modifiers under normal cir-
cumstances suggests that some components of the MSL
complex have the unique activity of overriding the re-
sponse of genes to histone acetylation. Indeed, when
the MSL complex is targeted to the X chromosomes in
females, there is no overall increase of X chromosomal
gene expression, but there is a reduction in expression
of autosomal genes (Bhadra et al. 1999, 2000).

Given these initial studies of gene expression in msl
mutants, we conducted experiments to understand the
function of the MSL complex. In this study, we report
evidence that the MSL complex insulates X-linked genes
from the effects of histone acetylation. This property pre-
vents an overexpression of X-linked genes in normal males
but still allows a twofold upregulation to achieve the
proper level of dosage compensation. We postulate that
this upregulation results from a twofold imbalance of tran-

Figure 1.—Genetic cross and resulting progeny to generatescription factors on the X relative to the autosomes, which
a segregating population for mle and mof. The cross �/Y;causes a twofold negative dosage effect on target gene
mle[pml8]/SM6a � y[1] mof[1]/FM7(GFP); mle[pml8]/mle[pml8]expression. Such trans-acting dosage effects have been ob- produces male progeny that are segregating for both mle and

served in a wide range of aneuploids in different species mof. The four types of males are normal [FM7(GFP)], mutant
(Birchler 1979; Devlin et al. 1988; Guo and Birchler for mle alone (mle[pml8]/mle[pml8]), mutant for mof alone

(mof[1]), and mutant for both mof and mle (mof[1] ; mle[pml8]/1994; Birchler et al. 2001; Phillips et al. 2001; Bahn et
mle[pml8]). The presence or absence of GFP, SXL, and MLEal. 2002; FitzPatrick et al. 2002; Veitia 2002; Kaushal
can be used to distinguish all four classes of males.et al. 2003; Matzke et al. 2003; Saran et al. 2003; Lyle et al.

2004) and specifically with the Drosophila X chromosome
(Birchler 1992).

Our results suggest that at least one required function eny at all developmental stages. Females from this stock (y 1

for the override of histone acetylation is provided by ISWI, mof 1/FM7 GFP; mle pml8/mle pml8 ) were mated with mle heterozy-
gous males (�/Y; mle pml8/CyO). Eight different F1 classes ofan ATP-dependent chromatin remodeling component
embryos can be identified (Figure 1). The sex and genotype(Corona et al. 2002). Mutations in this gene result in
were determined by immunostaining for Sex lethal (SXL),overexpression of the male X, indicating a novel involve-
MLE, and the presence of GFP.

ment in the override of histone acetylation in conjunc- The cross to examine the effect of ISWI on X and autosomal
tion with the MSL complex. This overexpression lends gene expression was w�/Y; CyO GFP/ISWI 1 � w�/w� ; CyO

GFP/ISWI 2. Each individual allele was also examined sepa-further support to the concept that the MSL complex
rately. This cross produces a segregating progeny of malescounteracts the impact of histone acetylation on gene
and females of normal and mutant ISWI. The white gene wasexpression. The data suggest that MSL sequestration
not examined in this case because the X chromosome carriesand action equalizes both X and autosomal gene expres- a mutant allele.

sion between the sexes despite the chromosomal imbal- The cross to examine the effect of the Sxl mutation on X
ance in Drosophila males. and autosomal gene expression was Sxl fhv/Y � Sxl f1/FM7 GFP.

This cross produces four types of progeny: Sxl f1/Sxl f hv, Sxl f hv/
FM7 GFP, Sxl f1/Y, and FM7 GFP/Y. The genes examined in
this case could not include yellow and white because mutantMATERIALS AND METHODS
alleles were present in some genotypes.

A quantitative fluorescent RNA in situ assay: The gene ex-Drosophila strains and crosses: All stocks mentioned in the
pression assay in embryos is based on fluorescent RNA intext are described in FlyBase (http://flybase.bio.indiana.edu).
situ hybridization. The MSL complex is sequestered to the XTo determine the effect of the males absent on the first (mof 1) and
chromosome at the blastoderm stage (Franke et al. 1996). Wemaleless (mle pml8 ) mutations on gene expression, we generated a
examined gene expression of X and autosomal genes shortlydouble-mutant stock using multiple balancer chromosomes.
thereafter, but well before the msl mutant lethal phase at theThe stock contains balancer chromosomes with dominant and
larval/pupal transition. Embryos at approximately stage 13green fluorescent protein (GFP) markers to distinguish each
(Campos-Ortega and Hartenstein 1985) were selected forgenotype in a segregating population at different develop-

mental stages. The GFP marker facilitates genotyping of prog- analysis. In a confocal microscopic field, embryos can be iden-
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tified at a particular developmental stage on the basis of their lected X and autosomal genes were prepared as noted above.
The subsequent steps for detection of labeled probe weremorphology. By using a combination of balancer chromo-

somes carrying GFP, SXL antibody staining to determine sex, performed according to the Genius kit (Roche). Gene-specific
antisense and sense RNA probes were prepared using templateand MLE antibody labeling to classify mutants, one can distin-

guish the different genotypes. These determinations were ac- plasmids as previously described (Bhadra et al. 1999, 2000).
The embryos were processed for hybridization with RNAcomplished using UV and multiple channels of laser excitation

probes as noted (Pal Bhadra et al. 1999). For fluorescencein confocal microscopy as described below. SXL and MSL
color detection, we used AMCA-conjugated goat anti-mouseantibodies are detected with fluorescent-tagged secondary an-
antibodies for SXL and rhodamine-conjugated goat anti-rab-tibodies. With digoxygenin-tagged UTP incorporated into anti-
bit antibodies for MLE. To measure the gene-specific tran-sense RNA probes followed by fluorescent-tagged antibody
scripts, the hybridized embryos were probed with Cy-5-conju-detection, one can identify the messenger RNA of specific
gated anti-digoxygenin antibodies at a dilution of 1:200. Thegenes using otherwise standard techniques for RNA in situ
embryos were examined under epifluorescence excitationhybridization (Tautz and Pfeifle 1989).
channels using a Bio-Rad (Richmond, CA) 600 confocal micro-The ability of this assay to detect twofold differences in
scope with three different laser excitation filters together withgene expression was determined by producing segregating
a UV filter. The detection of SXL antibodies was performedpopulations of embryos heterozygous and homozygous for
with the UV filter and the images were captured for later sexingwhite� and Adh� (Alcohol dehydrogenase) (Figure 2). The white
of the embryos. The HQ 515/30 confocal channel was usedgene is present on the X chromosome and has been used
for the detection of GFP, MLE was detected in the HQ600/40extensively in studies of dosage compensation. Adh resides
channel, and individual transcripts were detected in the HQ 660on chromosome 2. After adjustment of the raw values for
long pass channel. Cy5-conjugated antibodies for quantifica-background in the white deficiency embryos, females heterozy-
tion of specific transcripts were used because Cy5 excitationgous for a deficiency of white (w67c23 ) have 47% of the measured
exhibits negligible bleed through with the other channels.expression as do homozygous normal females. An equal dos-
Approximately 15 Z sections were taken in each field andage of autosomal �-Glycerophosphate dehydrogenase (�-Gpdh) in
stacked into a single image. The various images were obtainedeach genotype acts as an internal control. Heterozygotes for
using a �5, �10, or �20 lens. The figures were preparedAdh (Adh fn6/�) contribute 54% of the homozygous normal
using Adobe Photoshop 7.0 software.level (Figure 2). Background levels were determined by prob-

Quantification of transcript amounts in embryos: Once sex-ing the null for white and Adh fn6, which contributes only 5–10%
ing and genotyping were completed, the embryo images fromof the normal transcript level. The measurement of transcripts
the Cy5 excitation channel were analyzed for estimation offrom 21 embryos at approximately stage 13 for each genotype
the quantity of each transcript. The amount of gene-specificexhibits standard errors that are typically only a small percent-
transcripts per embryo was estimated by determining the grayage of the mean. These data indicate that a twofold difference
scale level using Metamorph version 4.6 (Universal Imaging,can be robustly detected by this technique. We also note that
Westchester, PA) software. Gray scale, which is defined as thewhile the expressions of white and Adh in adults are at oppo-
brightness of pixels in a digitized image, is an eight-bit digitalsite ends of the spectrum for Drosophila genes, they are more
signal with 256 possible values ranging from 255 (white) to 0similar in embryos and span the range of expression of the
(black). The mean gray scale values equal the � gray scalegenes examined.
values per number of pixels. For estimating the mean grayBecause an RNA null allele is not available as a background
scale value, we calculated the total gray scale values of wholecontrol for most genes, we tested whether probing for anti-
embryos divided by the total pixel area for each embryo image.sense RNA could serve this purpose. The white and Adh genes The probe for antisense RNA served as a background deter-were chosen to calibrate the method because RNA level loss- mination for each gene examined. The mean value of theof-function alleles were available for these loci. The antisense background images was calculated for each genotype and thenbackground level of hybridization was similar to the white and individually subtracted from each embryo sense RNA determi-

Adh null level in the sense probings (Figure 2). Thus a probe nation before calculating the mean sense value for a particular
for antisense can be used to determine background in the genotype. The use of segregating populations of embryos with
absence of a genetic null. This technique appears to be useful comparison of genotypes from the same progeny allows a
for any gene whose expression is present in most tissues and determination of gene expression in each case using a single
for which there is minimal or no maternal RNA contribution. probe preparation applied under identical conditions for all
Such was the case for the genes analyzed in this study. genotypes.

Probe preparation: One to three micrograms of linearized Immunostaining of chromosomes: Third instar salivary glands
plasmid DNA of a selected gene was incubated with 20 �l of were dissected and fixed temporarily. The polytene chromo-
digoxygenin labeling mixture (containing 10 mm ATP, 10 mm somes were immunostained with antibodies as described by Pal
GTP, 10 mm CTP, 6.5 mm UTP, and 3.5 mm digoxygenin-conju- Bhadra et al. (1997). Chromosomes were probed with anti-
gated UTP), including10� transcription buffer and 2 �l of pro- JIL-1 antibodies at a dilution of 1:50. Cy5-conjugated goat anti-
moter-specific enzyme (T7, SP6, or T3 RNA polymerase; Roche, chicken secondary antibodies were used for JIL-1 at a standard
Indianapolis) at 37� for at least 4 hr (Bhadra et al. 1999). After 1:200 dilution. In other experiments, the chromosomes were
incubation, the reaction was terminated with 0.2 m EDTA, pH probed with anti-MSL1 antibodies at a dilution of 1:100 and
8.0. The labeled RNA was precipitated with 2.5 �l 4 m LiCl and subsequently with Cy5-conjugated anti-rabbit antibodies at a
75 �l prechilled ethanol at �20�. The RNA was pelleted via 1:200 dilution. The chromosomes were mounted in a mixture
centrifugation at 12,000 rpm, washed in 70% ethanol, and dis- of Vectashield mounting media with propidium iodide and
solved in 25 �l double-distilled water. Probes prepared in this examined with a Bio-Rad 600 confocal microscope using a
way could be stored for several months before use. In the case �60 water immersion lens.
of the white dosage series analysis, Cy3-conjugated UTP and Cy5-
conjugated UTP were used to generate directly labeled fluores-
cent probes for w and �-Gpdh, respectively. RESULTS

Immunostaining of embryos : Embryos were collected on
To address the question of whether the MSL complexagar plates at 25� (Wieschaus and Nusslein-Volhard 1986).

The digoxygenin-labeled antisense RNA probes for the se- overrides the effect of histone acetylation, we examined
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Figure 2.—Development of a quantitative fluorescent gene expression assay. (A) Embryos stained with SXL antibodies and
probed with antisense white and �-Gpdh RNAs. The anti-SXL labeling (blue) distinguishes the sex of the embryos. Females express
SXL while males do not. The w mRNA hybridization was visualized using Cy3-conjugated UTP incorporated into the antisense
probe. �-Gpdh mRNA was hybridized with an antisense probe labeled with Cy5-conjugated UTP. The pattern of Canton-S males
and females is shown at the top. A segregating progeny of normal males and w 67c23/� heterozygous females, generated by crossing
Canton-S females by males of a white deficiency strain (w 67c23), are in the middle. A population of w�/� female and w�/Y male
embryos, which result from the reciprocal cross, are shown at the bottom. The genotype of each embryo is (a) Canton-S female,
(b) Canton-S male, (c) w�/� female, and (d) w� male. Bars, 50 �m. (B) A quantitative measurement of w, Adh, and �-Gpdh
mRNA in embryos segregating for normal or null alleles of white or Adh, respectively. The white genotypes are described above.
The heterozygous Adh normal/null genotype was produced by crossing Adh fn6 by Canton-S wild type, whereas the null homozygotes
were obtained from an Adh fn6/ Adh fn6 stock. Normal males and females were obtained from the Canton-S stock. The Adh mRNA
was detected with a digoxygenin-labeled antisense probe followed by incubation with Cy5-conjugated anti-dioxygenin antibodies.
The same specific probe preparation for each of the three genes analyzed was used on all genotypes. Twenty-one embryos at
approximately stage 13 were analyzed for each genotype. The amount of white, Adh, and �-Gpdh mRNA in each respective embryo
was estimated by measuring the gray values per pixel using Metamorph software. The results indicate that the amount of mRNA
detected by this technique is proportional to functional allele dosage and that a twofold difference in expression can be robustly
distinguished. The results also illustrate that the quantitation of different genes (w vs. �-Gpdh) is independent of each other.
(C) Comparison of null and antisense determinations of background. Normal embryos were probed for sense and antisense
RNAs of white and Adh. In parallel, embryos homozygous for the respective null alleles were probed for mRNA. Embryos from three
developmental stages are shown. The results illustrate that probing for antisense RNA is an effective background measurement. (D)
Histograms of the comparison of background determinations via antisense probing or a null allele. The same digoxygenin-
labeled probe preparation was used for analysis of normal and null genotypes for the respective genes. Twenty-one embryos
were used to determine each mean. The results illustrate that the background determination by the two methods is comparable
at the three developmental stages examined.

gene expression in a population of individuals with or mosome would be without consequence in the presence
of the MSL complex and (2) whether gene expressionwithout the MSL complex as well as the MOF histone

acetylase. This analysis allowed a test of (1) whether would change in parallel to the acetylation level in the
absence of the MSL complex. If the MSL complex doesreduction of the histone acetylation level on the X chro-
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was formulated by modifying standard protocols for
RNA detection in situ (see materials and methods).
The method relies on the quantification of fluorescently
labeled antisense RNA probes using confocal micros-
copy and the Metamorph software. When this proce-
dure is applied to a segregating population of genotypes
in the same hybridization reaction, the randomization
of genotypes minimizes any skewed variation in hybrid-
ization efficiency on any particular genotype. The proce-
dure was demonstrated to detect twofold differences
with very low variance and can be applied to the expres-
sion of any gene provided there is little or no maternal
RNA contribution (Figure 2).

Analysis of gene expression in msl mutant and normal
embryos: Using this assay, embryos from the cross �/Y;
mle[pml8]/CyO � y[1] mof[1]/FM7(GFP); mle[pml8]/mle
[pml8] were analyzed. The four types of males are nor-
mal, mutant for mle alone, mutant for mof alone, and
mutant for both mof and mle (Figure 1). The presence
or absence of GFP, SXL, and MLE proteins was used
to identify all four classes of male embryos and then
individual genes were assayed for their level of expres-
sion. The different genotypes in a field of embryos of
various developmental stages are shown in Figure 3.
The X-linked white and the second chromosomal �-Gpdh
genes are shown.

For comparisons of genotypes at the same develop-
Figure 3.—Gene expression analysis of embryos in the same mental stage, the experimental time-point chosen was ap-microscopic field. (A) Effect of the mle and/or mof mutation

proximately stage 13 (Campos-Ortega and Hartensteinon X-linked white transcripts in developing embryos. A collec-
1985). This developmental time-point is sufficiently latetion of embryos segregating for the mle and mof mutations was

probed with anti-SXL and anti-MLE antibodies followed by that substantial zygotic expression has occurred; yet, it is
hybridization with an antisense white RNA probe. Each embryo beyond the time of the sequestration of the MSL com-
was classified on the basis of GFP, SXL, and MLE. The geno- plex to the X chromosome at blastoderm (Franke ettypes are (a) mof/Y ; mle/mle male, (b) GFP/�; mle/mle female,

al. 1996). Finally, it is well before the lethal phase of(c) y mof/�; mle/mle female, (d) GFP/Y; mle/mle male, and
the mof ; mle double mutants.(e) y mof/Y ; mle/� male. Bars, 50 �m. (B) Effect of the mle

and/or mof mutation on autosomal Gpdh RNA levels. Embryos Images of representative embryos of each male geno-
were probed with two antibodies, SXL for sexing and MLE for type for the six genes studied are assembled in Figure
genotyping, and also were hybridized with an antisense Gpdh 4. The genes analyzed were yellow, white, vermilion, andRNA probe. The genotypes of each type of embryo are (a) GFP/

6Pgdh on the X chromosome vs. Adh and �-Gpdh onY; mle/mle male, (b) GFP/Y; mle/SM6a male, (c) mof/Y; mle/mle
chromosome 2. This group was selected on the basis ofmale, and (d) GFP/�; mle/mle female. Bars, 50 �m.
their representative behavior from a larger collection
of genes examined in previous studies (Hiebert and
Birchler 1994; Bhadra et al. 1999, 2000). Note thataffect the action of histone acetylation, there should be

no overall change in dosage compensation in the former there is no substantial RNA from these six genes in
early embryos. The average expression of each gene incase, but a change should occur in the latter. This com-

parison was accomplished by producing a segregating embryos of the four genotypes is given in Figure 4B. In
the mof �; mle/mle male embryos, the X-linked genes retainpopulation for mle and mof. No detectable MSL complex

is bound to the X chromosome in the mle mutant males dosage compensation while the autosomal genes are in-
creased in expression in parallel to previous Northern(Bhadra et al. 1999, 2000) and the mof 1 mutation is

depleted for histone acetylase activity (Hilfiker et al. results of many genes in larvae (Hiebert and Birchler
1994; Bhadra et al. 1999, 2000). [Note: the yellow[1]1997). The two genes are on different chromosomes;

therefore, the double-mutant stock will generate a popu- mutation produces normal amounts of RNA (Bhadra
et al. 1999).] Thus, the two methods provide consistentlation of progeny with the four genotypes needed to

perform the tests. The double-mutant individuals were results for the generalized profile of expression of vari-
ous genes in the mutant individuals. The mof[1] ; mle/�not viable to the third larval instar, so it was necessary

to develop a gene expression assay for embryos. males, which lack acetylase activity but retain substantial
MSL complex on the X (Hilfiker et al. 1997; see below),A fluorescent in situ hybridization expression assay
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Figure 4.—Embryo expression of the six se-
lected genes analyzed. (A) A representative em-
bryo at approximately stage 13 from each of the
four male genotypes for each gene analyzed is
shown. In addition, an early stage embryo is pre-
sented to illustrate the absence of maternal RNA.
The sense mRNA determination represents the
relative expression in each genotype. Probings
for antisense RNA established the background
hybridization. Bars, 50 �m. (B) Histogram of the
gene expression in a population of embryos from
Canton-S wild-type males and females as well as
the mof/mle segregating population. Fifteen to 23
embryos were analyzed per genotype. Probing for
antisense RNA served as the background for each
gene, which was subtracted from the determina-
tion of each embryo. Those average values that
differ from the normal male genotype at the 95%
confidence level are marked by an asterisk.

also exhibit dosage compensation of the X-linked genes, alone allows transcription factors to produce dosage
effects on their target loci. If this is the case, it is possiblebut Adh is not elevated in expression to the same degree

as in the mle mutant males. The level of RNA from �-Gpdh that some X-linked target genes might increase in ex-
pression in mle mutant males because they change fromis reduced in the mof mutants. In the double-mutant

mof[1]; mle/mle males, the X-linked genes are reduced being unresponsive to histone acetylation to being capa-
ble of responding to it. Such a response in fact occursin expression to about half the normal level, but the

autosomal genes are only slightly changed in expression, for vermilion (Figure 4) and for other genes assayed in
a previous survey (e.g., vermilion, rudimentary, Bar, andfalling slightly below the normal male values. A separate

comparison of the six genes in males and females of a Notch) (Hiebert and Birchler 1994). It is also possible
that some few X-linked genes may have increased H4Ly-Canton-S wild strain showed similar expression between

the sexes for all genes (Figure 4B), illustrating the com- s16Ac, as is more generally true of autosomal loci, be-
cause they may have low acetylation in normal malespensation of the X and equal autosomal expression

under normal conditions. compared to the uniform redistribution in the mle/mle
mutant males.These results suggest that the acetylation level on the

X can influence gene expression only in the absence Binding of the MSL complex in the mof mutants: Pre-
vious studies have found no detectable MSL complexof the MSL complex. In the presence of the MSL com-

plex, the reduction of acetylation in the mof mutant remaining on the chromosomes in mle/mle mutant
males, although the MOF acetylase and H4 Lys16 ace-has little effect on X-linked gene expression. Because

compensation is present in the mof mutants, but not tylation become distributed throughout the genome
(Bhadra et al. 1999). In female genotypes that allowin the double-mutant mof ; mle genotype, these results

suggest that histone acetylation or the MSL complex expression of MSL2 and thus sequestration of the com-
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et al. 2000; Gu et al. 2000; Kageyama et al. 2001). It was
previously determined that such binding is not detect-
able in the mle/mle male genotype (Bhadra et al. 2000).

To examine the binding of the MSL complex in the
mof mutant in order to understand the changes in gene
expression in this mutant, two sets of experiments were
performed. In the first, a mixture of salivary gland chro-
mosomes from mof males and mle/mle females was
prepared and probed with antibodies against MSL1.
Previous work has shown that MSL1 is present on all
female chromosomes, but was removed in the mle mu-
tant (Bhadra et al. 1999). The mle females serve as a
negative control on the same slides with the mof males.
The second comparison was of mof and normal males,
again in mixed preparations on the same slides.

The results (Figure 5) illustrate that the MSL complex
on the X chromosome is destabilized to some degree
in the mof mutant males (see also Hilfiker et al. 1997).
While the presence of MSL1 remains high on the X
chromosome, some degree of labeling is also detected
on the autosomes compared to the mutant female chro-
mosomes or the normal male autosomes. The mixed
analysis with a null control is critical to establish that
this labeling is above background. The low level of bind-
ing on the autosomes indicates the presence of at least
a partial MSL complex, given that autosomal binding
is removed in females when any one member of the
complex is mutant (Bhadra et al. 1999; Figure 5). A
higher magnification of a confocal image of the X chro-
mosome from normal males, normal females, mof males,Figure 5.—Distribution of the MSL complex in the mof

mutant as revealed by MSL-1 labeling. (A) (a) A mixture of and mle/mle females illustrates the changes in X bind-
polytene chromosomes from mof males and mle/mle females ing of the MSL complex under the various circum-
stained with propidium iodide (PI). (b) The same nuclei stances (Figure 5C). The normal male X has the highestprobed for MSL-1. The females have no detectable MSL label-

concentration compared to the level of MSL1 presenting on their chromosomes (Bhadra et al. 1999) and serve as
in females. The mof males have strong labeling of thea background control. The mof males show a destabilization

of the MSL complex such that a low level of binding is now typical set of high-affinity sites along the X chromosome
present on the autosomes, although a stronger labeling still as previously noted (Gu et al. 2000), but substantial label-
occurs on the X. (c) A mixture of polytene chromosomes ing remains throughout the length of the X.from mof and normal males stained with PI. (d) The same

Sequestration of JIL-1 kinase: The expression of thenuclei probed for MSL-1. The normal males show the usual
autosomes is likely elevated in mle/mle males because ofstrong labeling on the X chromosome and no detectable au-

tosomal labeling. In contrast, the mof males exhibit some de- the release of MOF from the X, resulting in uniform
gree of MSL labeling on the autosomes. (B) Magnified views genome-wide histone modification (Bhadra et al. 1999;
for comparison of single nuclei from the two mixtures in A. Birchler et al. 2001), but with no MSL complex to(C) Magnified views of the X chromosome from four geno-

override an effect on gene expression. However, in thetypes. The normal male (�/Y) has strong labeling on the X.
case of the mof mutant males, a lesser, but neverthelessThe normal female (�/�) (from a labeling not shown above)

has a lower level of labeling, which is similar to the autosomes significant, increase in expression of some autosomal
in the same nucleus (Hiebert and Birchler 1994). The mof genes was observed (Bhadra et al. 1999), but MOF activ-
male (mof/Y) retains strong binding at the high-affinity sites ity is depleted in this case. One possible explanation isand weaker binding between them. The mle/mle female (mle/

that the low amount of MSL complex that returns tomle) shows no detectable labeling and illustrates that the signal
the autosomes in the mof mutant allows a response ofbetween the strongly bound sites in the mof male is above

background. some autosomal genes to the negative dosage effect of
the X chromosome. Alternatively, this effect could be
explained by the return of the JIL-1 histone kinase (Jin
et al. 1999) to all chromosomes due to the partial destabi-plex to the two X chromosomes, the further introduc-

tion of homozygous mle to the genotype results in a lization of the MSL complex. To address this question,
we examined mixtures of normal and mof mutant sali-partial complex remaining at high-affinity sites along

the X (Palmer et al. 1994; Lyman et al. 1997; Bhadra vary gland chromosomes probed with antibodies against
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ence autosomal expression. However, in the mof ; mle
double mutant, JIL-1 kinase would be expected to still
be uniformly present, but autosomal gene expression
is less affected compared to normal males, as described
above. Thus, the most likely explanation for the changes
in gene expression in the mof mutant is the autosomal
localization of the MSL complex.

Targeting the MSL complex and MOF to the X chro-
mosomes in females lowers autosomal gene expression:
The SXL protein, which is present only in females,
blocks the translation of the MSL2 gene product, which
prevents the formation of the MSL complex (Kelley et
al. 1995). In females mutant for Sxl, MSL2 is translated
and the complex is organized and targeted to the two
X chromosomes (Kelley et al. 1995). We examined gene
expression in embryos mutant for Sxl to determine the
effect of this ectopic MSL sequestration. Representative
X-linked genes were changed very little in expression,
but the trend for autosomal genes showed reductions
(with one gene showing increased expression) (Figure
7). Thus, the spectrum of gene expression in embryos
of this genotype is consistent with that of a larger sample
of genes assayed at the larval stage (Bhadra et al. 2000).
In the genotype examined, the MSL complex and his-
tone acetylation is increased on the two X chromosomes
at the expense of the autosomes (Bhadra et al. 2000),
in some but not all cells (Kelley et al. 1995). Thus, any
observed effect on gene expression will appear to be of a
lesser magnitude than that which occurs in the affected
cells. The combined data (Bhadra et al. 2000; see re-
sults) suggest that on the autosomes, the reduction of

Figure 6.—Distribution of JIL-1 kinase in the mof and nor- histone acetylation causes lowered gene expression, but
mal males. (A) A mixture of polytene chromosomes from the increase of acetylation on the X’s, in the presence
normal males and females was probed with antibody against

of the MSL complex, is without major consequence inJIL-1 kinase. (a) PI stained chromosomes. (b) Probings for
terms of gene expression. Experiments described aboveJIL-1 kinase. Bottom, enlargement of a male and a female

nucleus illustrating the enrichment of JIL-1 kinase on the X demonstrate that a reduction of histone acetylation on
chromosome in males and the uniform distribution in females. the X chromosome in the presence of the MSL complex
(B) A mixture of polytene chromosomes from normal and is also without major effect on gene expression.
mof mutant males stained with PI (a) and probed for JIL-1

ISWI is required for the override of histone acetyla-kinase (b). Bottom, enlargements of single nuclei illustrating
tion: Mutations in several chromatin protein genes re-that the kinase is sequestered to the X in normal males, but

released in the mof mutants to a uniform distribution on all sult in a chromosomal phenotype in which the male X
chromosomes. is much wider than normal, although other cytological

defects have been noted. These genes include JIL1 kinase
(Wang et al. 2001), ISWI (Corona et al. 2002), nurf301

JIL-1 kinase. As a control we also examined the distribu- (Badenhorst et al. 2002), l(3)tl (Zhimulev et al. 1976),
tion of JIL-1 kinase in mixtures of normal male and and In(1)BM2(rv) (Bose and Duttaroy 1986). These
female polytene chromosome spreads. The kinase is gene products may be required for the override process,
distributed on all chromosomes in females (Figure 6), directly or indirectly, thus producing a similar bloated
as is MOF (Bhadra et al. 1999). In normal males, the X chromosome phenotype when mutant. Their mutant
kinase is preferentially sequestered to the X, but in the form would allow the X chromosome to respond to the
mof 1 mutant, it is redistributed to all chromosomes. This high level of histone acetylation. In particular, the ISWI
lack of sequestration is analogous to the distribution of protein is an ATPase subunit of several chromatin re-
MOF in the mle mutant males (Bhadra et al. 1999). The modeling complexes and the X chromosomal pheno-
dispersal of JIL-1 kinase in the mof mutant males ap- type is modulated by the amount of histone acetylation
pears more uniform in contrast to the pattern of MSL1, present on the X chromosome (Corona et al. 2002).
suggesting that the kinase is not associated with the MSL This mutant effect is likely to be partial, given a maternal
complex under these circumstances. Thus, in the mof contribution of ISWI to the embryo. The expression of

selected genes was determined in embryos segregatingmutant, the kinase also becomes a candidate to influ-



2069Dosage Compensation in Drosophila

Figure 7.—Gene expression analysis in Sxl � embryos. From a cross of Sxl f1/FM7 GFP � Sxl f hv/Y, embryos were subjected to
the fluorescent gene expression assay. This cross produces a segregating population in which mutant females are represented
with greatly reduced SXL protein. This mutant combination was chosen to be in parallel with previous Northern analyses at the
third instar larval stage (Bhadra et al. 2000). In the Sxl mutant cells, the MSL complex is formed and sequestered to the two
X chromosomes, where the H4Lys16 acetylation is increased concomitant with a reduction of acetylation on the autosomes
(Bhadra et al. 2000). Some genotypes in the progeny carry mutations for yellow and white, so they were not included in the
analysis. A representative embryo (at approximately stage 13) for each gene in each genotype is shown. On the right, two fields
of mixed stages probed for the X-linked 6Pgdh and the autosomal Rp49 genes are shown. a, FM7 GFP male; b, Sxl f1/Sxl f hv female;
c, Sxl f hv/FM7 GFP female. A histogram of the seven genes analyzed is shown at the bottom right. A range of 10 to 36 embryos
were analyzed for each value. The expression patterns of these representative genes are quite similar to a previous survey at the
third instar larval stage (Bhadra et al. 2000). Generally, the X-linked genes are similar in expression to normal females, whereas
autosomal gene expression is reduced. An asterisk denotes those means that are significantly different from the respective FM7-
bearing genotype of the same sex.

for two different ISWI alleles and their heteroallelic believe that this twofold increase in expression is caused
combination. The results showed that X-linked genes by an imbalance of transcription factors that occurs due
in males are increased in expression in the ISWI mutant to the reduced dosage of the X chromosome relative
individuals (Figure 8), but autosomal genes are un- to the autosomes in males, in much the same manner as
changed. Five of six genes, regardless of X or autosomal the control of sex determination (Erickson and Cline
location, are increased in expression to a slight degree 1993), except that the latter is converted to an all or
in mutant females. This pattern parallels the level and none mechanism. Changing the stoichiometry of mem-
distribution of H4 acetylation present in the two sexes bers of transcription factor complexes causes modula-
and suggests the possibility that in normal genotypes, tions of target gene expression and haplo-insufficiency
the ISWI gene product is required for the MSL-medi- (Birchler et al. 2001; Veitia 2002; Papp et al. 2003).
ated override of the effect of H4 Lys16 acetylation on This process is commonly manifested in chromosomal
gene expression. monosomics in which the most common effect is an

approximate twofold increase of target gene expression
throughout the genome (Birchler 1979; Birchler

DISCUSSION and Newton 1981; Guo and Birchler 1994). The sin-
gle X chromosome in male flies is similar to this situa-In normal males, the majority of genes on the X
tion and is thought to capitalize on this “inverse dosagechromosome are hyperactivated approximately twofold
effect” of transcription factors to bring about the properto achieve the same level of expression as the two X

chromosomes in females (Arkhipova et al. 1997). We level of X chromosomal dosage compensation (Birchler
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Figure 8.—Gene expression in the ISWI segregating population of embryos. Embryos were collected from a cross of w�/Y;
CyO, GFP/ISWI 1 � w�/w�; CyO GFP/ISWI 2. Genotypes were classified on the basis of antibody labeling against SXL to determine
sex and GFP excitation to determine the ISWI constitution. (A) Mixed stage embryos in the same field probed for the expression
of the X-linked yellow gene. a, male ISWI mutant homozygote; b, female mutant homozygote; c, normal male. (B) Mixed stage
embryos in the same field probed for the autosomal gene, �-Gpdh. a, male mutant homozygote; b, normal female; c, normal
male. (C) Representative embryos at approximately stage 13 for four X-linked genes (y, G6pdh, 6Pgdh, and v) and two autosomal
genes (Adh and �-Gpdh). The white gene expression was not tested because the X chromosome in these stocks carries a mutant
allele. (D) Histogram of the mean gray values of embryos at approximately stage 13 from the segregating ISWI population. A
range of 10 to 20 embryos were analyzed for each mean. An asterisk denotes those means that are significantly different from
the normal genotype of the same sex.

et al. 2001, 2003). The dosage of the X chromosome has 1990). Because the balance of regulatory factors is postu-
lated to cause the dosage effect on the target loci, thebeen shown to produce an inverse dosage effect on white

transgenes inserted into the autosomes (Birchler 1992). modulation of the latter is usually within the inverse limits
regardless of the level of individual expression.The twofold reduction in copy number of the target struc-

tural genes on the X appears to be counteracted by the The MSL complex accumulates on the X in males at
high levels at the expense of its presence on the autosomes.twofold increase in gene expression; acting simultane-

ously, these effects result in dosage compensation The consequence of this sequestration is a higher histone
modification, i.e., H4 Lys16 acetylation and H3 phos-(Birchler 1981, 1992; Devlin et al. 1982; Birchler et al.
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Figure 9.—Summary of gene expression. The
evolutionary progenitor situation to the hetero-
morphic sex chromosomes in Drosophila is as-
sumed to involve a pair of homologous chromo-
somes with similar gene expression between the
sexes. The current karyotype shows dosage com-
pensation of the single X chromosome in males
compared to two in females and nearly equal au-
tosomal expression. Because the gene expression
in the msl mutants shows hyperactivation of both
the X and the autosomes, it is postulated that a
global inverse dosage effect, typical of monosomic
situations, is operating and that the MSL seques-
tration evolved to counteract this dosage effect
on the autosomes. Retention of dosage compensa-
tion in the mof mutant males, but not in the dou-
ble mutant, indicates that the MSL complex over-
rides the impact of histone acetylation, in this case
when acetylation on the X is reduced. The loss of
dosage compensation in the double-mutant mof ;
mle indicates that the MSL chromatin remodeling
complex is necessary for the inverse dosage effect
to operate. The failure to increase X expression

when the MSL complex and increased H4 acetylation is targeted to the X’s in females indicates the override also operates with
increased acetylation. The overcompensation of the male X in the ISWI mutants suggests that this chromatin remodeling subunit
is required for the override process.

phorylation, on the X and lowered amounts on the sation and autosomal expression is not altered. The as-
sumption at the time was that this relative change wouldautosomes compared to females (Turner et al. 1992; see

results). This phenomenon appears to have evolved to be an indication of a loss of dosage compensation, but
no determination of absolute levels of gene expressionmodify the dosage effects of the X-linked haplo-insuffi-

cient transcription factors, which themselves must be was made. Alternatively, the altered ratio could result
if the X basically retains dosage compensation and theamong the uncompensated X-linked genes of the sexu-

ally dimorphically expressed loci in the genome (Jin et autosomes are generally increased in expression. In-
spection of the grain count data for the X and autosomesal. 2001). The depletion of histone modifications on the

autosomes is postulated to mitigate the approximately (Belote and Lucchesi 1980; Okuno et al. 1984) favors
the latter interpretation. This result matches the typetwofold increase of the target genes there that would

otherwise occur (Figure 9). On the X chromosome in of gene expression profile typical of an inverse dosage
effect of the X chromosome operating on many loci innormal males, there are increased histone modifica-

tions, but the MSL complex is thought to counteract the genome. A survey of 39 X and autosomal genes in
mle and normal males, assayed at the larval stage, withthe expected response of target genes (Figure 9). This

process allows the proper twofold hyperactivation rather absolute determinations of expression relative to DNA,
demonstrated that the latter situation was the casethan any greatly elevated levels of X-linked gene expres-

sion that would otherwise occur, for example, in the (Hiebert and Birchler 1994). The results reported
here confirm this relationship in embryos in which theISWI mutants (Figure 9).

An alternative proposal states that the MSL complex absolute expression is obvious visually. This conclusion
is further bolstered by our finding of conditions thatbrings the histone acetylase and kinase to the X to open

the chromatin in such a manner as to create a twofold do in fact result in a loss of X dosage compensation,
namely the mof ; mle double mutant. These results dem-increase in expression (Belote and Lucchesi 1980;

Kuroda et al. 1991; Bone et al. 1994; Jin et al. 1999). A onstrate that the phenotypic effect of a loss of X chro-
mosomal dosage compensation is lethality at the latecritical issue to determine the function of the MSL genes

is their mutant effect on gene expression. The original embryonic stage rather than the larval-pupal transition
at which the msl mutants die. The accumulated datastudies analyzed the autoradiographic grain counts

from tritiated uridine incorporated into nascent RNA suggest that the MSL complex does not directly mediate
dosage compensation of the X chromosome in maleson third larval instar polytene chromosomes, as a mea-

sure of the rate of transcription (Belote and Lucchesi and that the basis of compensation must reside in a
different mechanism.1980; Okuno et al. 1984). The data were treated as a

relative number from the X chromosome compared to An explanation for the increased autosomal expres-
sion in msl mutants came from studies of MSL andthe autosomes. This ratio was diminished to nearly one-

half in males mutant for the mle or msl3 genes. histone acetylase distribution in males, females, and mle
males (Bhadra et al. 1999). The MSL2 gene product,This ratio change in the msl males could occur if the

X is reduced in expression due to a loss of dosage compen- a key component of the MSL complex for X sequestra-
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tion, is expressed only in males, being suppressed in genes to respond to some degree to the dosage effect
of the X chromosome.females at translation by the Sxl gene product (Kelley

et al. 1995). Other members of the complex are present Alternatively, JIL-1 kinase redistribution may be re-
sponsible for this effect. Here we showed that its seques-in females and are located on all chromosomes at a

uniform low level (Bhadra et al. 1999). Mutations in tration to the X is eliminated in the mof mutant males
such that its distribution becomes uniform in the ge-the various msl genes disassociate all MSL proteins from

the chromosomes in females, indicating that a partial nome. However, because the double mutant shows a
slight reduction for autosomal gene expression, it seemscomplex is present uniformly throughout the genome

in normal females. The MOF acetylase associates with likely that the autosomal increases of gene expression
in the mof mutant are due to the newly distributed MSLall chromosomes in females whether or not the MSL

complex is present (Bhadra et al. 1999) and is capable complex and that the JIL-1 kinase alone may have a
slightly negative impact on gene expression. The X chro-of acetylating H4 in both situations. Thus, it is postulated

that there is little mutational effect in females because mosome morphology phenotype of the JIL1 kinase mu-
tants (Wang et al. 2001) is similar, although not identi-there is no obvious redistribution of acetylation levels

and there is no chromosomal imbalance present in this cal, to those of ISWI, which might suggest a role for
JIL1 kinase in the override of histone acetylation.sex as well. The JIL-1 kinase (Jin et al. 1999, 2000; Wang

et al. 2001) phosphorylates H3 and follows a similar, but On the X chromosome, dosage compensation is main-
tained for the genes examined without MOF activity ordistinct, type of sequestration.

In normal males, the complex is sequestered to the without the MSL complex. If dosage compensation is
caused by the twofold inverse dosage effect of the X, thenX chromosome, accumulating MOF and JIL-1 kinase

in the process. Thus, the X is increased for histone either histone acetylation or the MSL complex allows this
effect to occur. An alternative explanation, namely thatmodifications, as measured on the chromosomal level,

relative to females and the autosomes have reduced both histone acetylation and the MSL complex are re-
quired together for X hyperactivation, is not supportedlevels of these modifications. In the mle mutant males,

the complex is removed from the X and MOF is released by the observation that targeting the MSL complex with
an active MOF to the X chromosomes in females by ato be associated with all chromosomes, which produces

a more uniform genome-wide H4 acetylation (Bhadra variety of methods does not cause a generalized increase
in gene expression, but does lower overall autosomalet al. 1999). Therefore, the acetylation level drops, but

is not eliminated, on the X, whereas on the autosomes, expression by depleting MOF, the MSL complex, and
histone acetylation there (Bhadra et al. 1999, 2000;the acetylation changes from very low to a level similar

to that in females. Two other situations produce a re- Figure 7). The data suggest that the MSL complex alone
will permit the dosage effect of transcription factors tolated type of effect. An analysis of roX� flies, which

lack the RNA component of the complex, also demon- operate. When acetylation is not counteracted, the level
of gene expression is positively correlated with thestrated that when the MSL complex is disrupted, histone

acetylation becomes distributed to all chromosomes amount of acetylation rather than negatively correlated
with the chromosomal dosage.(Meller and Rattner 2002). Second, in the germline

there is no MSL complex and the histone acetylation This relationship helps explain the need for an over-
ride system of the high levels of acetylation on the nor-is distributed throughout the nucleus (Rastelli and

Kuroda 1998). Thus, male nuclei lacking the MSL com- mal male X. Indeed, targeting of MOF to a transgene
in yeast causes a 10-fold increase in expression (Akhtarplex have an increased level of H4 Lys16 acetylation on

the autosomes relative to the normal somatic situation, and Becker 2000), which is far greater than the 2-fold
effect required to explain dosage compensation. Theproviding a potential explanation for the autosomal

increased expression. In general, gene expression is increased expression of X-linked genes in males mutant
for ISWI shows a related type of overexpression andcorrelated with the level of histone acetylation (Jenu-

wein and Allis 2001), which is involved in enhancing suggests a role for this gene product in the override
process (Figure 8).transcription factor binding to DNA (Vettese-Dadey

et al. 1996). The ISWI chromatin remodeling component is pres-
ent throughout the nucleus, but primarily it is the XIn the mof mutant males, the Adh gene was signifi-

cantly increased in expression and �-Gpdh was reduced. chromosome in males that acquires a bloated appear-
ance in the mutants for this gene (Corona et al. 2002).A previous study found an increase in expression to be

the case for a few additional autosomal genes (Bhadra Modulation of the amount of histone acetylation on the
X chromosome in the ISWI mutant background causeset al. 1999). This effect cannot readily be attributed to

increased autosomal H4 Lys16 acetylation because MOF a positive correlation between the amount of acetylation
and the severity of this phenotype (Corona et al. 2002).activity is depleted in this genotype. In this study it was

found that the MSL complex is destabilized in the mof Thus, ISWI is implicated in interacting with the MSL
complex to override the effect of histone acetylation onmutant and becomes associated with the autosomes at

a low level. This redistribution may allow autosomal gene expression.
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