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 Dosage compensation is the phenomenon of equaliz-
ing gene expression from chromosomes of different copy 
numbers [Muller, 1932]. Sex chromosomal dosage com-
pensation between the single X chromosome in males 
and the two X chromosomes in females has been mostly 
studied in Drosophila, mammals and nematodes. It has 
recently been demonstrated that a common feature of 
dosage compensation occurs among these organisms, 
namely, that the single X chromosome is up-regulated 
about twofold [Birchler et al., 2006; Gupta et al., 2006; 
Nguyen and Disteche, 2006]. In Drosophila, the twofold 
up-regulation of the male X compared to one of the 2 X 
chromosomes in females has been postulated to rely on 
the Male Specific Lethal (MSL) complex [Belote and 
 Lucchesi, 1980; Kuroda et al., 1991]. This complex con-
sists of the protein products of 6 genes  (msl1, msl2, msl3 , 
 mle ,  mof  and  JIL1)  and 2 non-coding roX RNAs [Kuroda 
et al., 1991; Meller et al., 1997; Jin et al., 1999, 2000; Wang 
et al., 2001]. This explanation is based on the fact that the 
male X chromosome associates with the MSL complex, 
and the presence of the complex on the X chromosome 
brings a histone acetyltransferase (MOF) and kinase 
(JIL1) to the X, which causes elevated levels of H4 acetyla-
tion (H4LysAc16) and H3 phosphorylation [Turner et al., 
1992; Bone et al., 1994; Hilfiker et al., 1997; Jin et al., 1999, 
2000; Wang et al., 2001]. Because histone acetylation is 
usually associated with higher levels of gene expression 
[Brownell and Allis, 1996; Wolffe and Pruss, 1996; 
Grunstein, 1997], the MSL complex has been hypothe-
sized by others to be responsible for X chromosomal dos-
age compensation. However, gene expression studies on 
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 Abstract 

 The effect of ectopic expression of male specific lethal 2  
 (msl2)  on chromatin modification and gene expression was 

studied in Drosophila diploid females and metafemales 

(3X;2A). Results show that ectopic expression of MSL2 in 

transgenic  msl2  females and metafemales sequesters the 

MOF histone acetylase to the X, which occurs concordantly 

with an increase of histone acetylation. Gene expression 

studies indicate that the X-linked genes are not affected by 

direct targeting of the MSL complex and the resulting in-

creased H4Lys16 acetylation on the X chromosomes, sug-

gesting one function of the MSL complex is to nullify the 

effect of a high level of histone acetylation. These results are 

not consistent with the hypothesis that the presence of the 

MSL complex conditions a twofold upregulation. Autosomal 

gene expression is generally decreased in ectopically ex-

pressed MSL2 females, which correlates with the reduced 

autosomal histone acetylation. Metafemales show dosage 

compensation of X-linked genes with some autosomal re-

ductions in expression. Interestingly, in metafemales with 

ectopically expressed MSL2, the autosomal expression is re-

turned to a more normal level. There is a lower autosomal 

level of histone acetylation compared to the normal metafe-

males, suggesting a nullifying effect on the negative dosage 

effect of the X chromosome as previously hypothesized to 

occur in normal males.  Copyright © 2009 S. Karger AG, Basel 
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the  msl  mutants, including  mle   (maleless)  and  mof , and 
other circumstances in which the complex is destroyed, 
have demonstrated that most X-linked genes remain 
compensated and many autosomal genes are increased in 
expression [Hiebert and Birchler, 1994; Bhadra et al .,  
1999, 2000; Pal Bhadra et al .,  2005, 2006]. Moreover, dos-
age compensation occurs in metafemales with 3 X chro-
mosomes [Margolis, 1934; Stern, 1960; Lucchesi et al., 
1974; Birchler et al., 1989] as well as in the male germline 
[Gupta et al., 2006]. There is no MSL complex in metafe-
males (present study) or the male germline [Rastelli and 
Kuroda, 1998], suggesting that the MSL complex and as-
sociated histone acetylation might not fully explain dos-
age compensation. We have previously suggested that an 
inverse dosage effect produced by the X to autosomal ge-
nomic imbalance could account for the proper modula-
tion of X expression in various genotypes exhibiting 
compensation [Hiebert and Birchler, 1994; Birchler, 1996; 
Birchler et al., 2006]. 

  The inverse dosage effect is thought to result from stoi-
chiometric changes of members of multi-subunit molec-
ular regulatory complexes – a formulation referred to as 
the gene balance hypothesis [Birchler and Newton, 1981; 
Birchler et al., 2001, 2005; Birchler and Veitia, 2007; Veitia 
et al., 2008]. One major aspect of the evidence for this 
concept is that alterations of gene expression are more 
extensive in aneuploids than in ploidy series [Guo and 
Birchler, 1994; Guo et al., 1996]. Individual genes respon-
sible for these types of effects are primarily transcription 
factors and members of signal transduction cascades 
[Birchler et al., 2001]. As a result of the prevalence of an 
inverse dosage effect, dosage compensation occurs for 
many genes in any substantial aneuploid and genes else-
where in the genome are affected  in trans  including for 
human trisomies [Birchler, 1979, 1981; Devlin et al., 1982; 
1988; Birchler et al., 1990; Guo and Birchler, 1994; Ait 
Yahya-Graison et al., 2007; Altug-Teber et al., 2007]. Dos-
age compensation results from the simultaneous regula-
tory inverse dosage effect that cancels a structural gene 
dosage effect of target loci on the same chromosome 
[Birchler, 1981; Birchler et al., 1990]. The responsible 
mechanism has likely been co-opted and enhanced for 
sex chromosome dosage compensation.

  That the X-linked genes in male  msl  mutants are pri-
marily compensated implies that these genes do not re-
spond to the increased level of histone acetylation on the 
X chromosome in normal males. Previous evidence from 
our laboratory suggested that the MSL complex involves 
a counteraction of histone acetylation [Bhadra et al., 1999; 
Pal Bhadra et al., 2005]. Indeed, in ISWI mutant embryos, 

this counteraction appears to be eliminated, allowing X-
linked genes to respond to the high level of histone acety-
lation [Pal Bhadra et al., 2005]. In contrast, the autosomal 
gene expression in  msl  mutants is increased, which paral-
lels the increase of histone acetylation on the autosomes 
caused by redistribution of MOF and JIL1 kinase [Bhadra 
et al., 1999, 2000; Pal Bhadra et al., 2005]. Furthermore, 
in circumstances in which SXL is eliminated in females, 
thus allowing MSL association with the X chromosomes, 
we find no generalized change in gene expression for the 
X chromosomes, but a reduction for the autosomes 
[Bhadra et al., 2000; Pal Bhadra et al., 2005, 2006]. This 
reduced gene expression is consistent with the depletion 
of histone acetylation on the autosomes in the presence 
of abnormally expressed MSL2, a critical component re-
quired for the localization of the MSL complex to the X. 
The failure of the X chromosomes to increase in expres-
sion is consistent with a counteraction effect of the MSL 
complex or associated activities. From these studies, it is 
postulated that the MSL complex in normal males over-
rides the impact of histone acetylation on gene expression 
but allows a twofold up-regulation resulting from ge-
nomic imbalance to achieve the proper level of dosage 
compensation. In addition, it also mutes the global in-
verse effect on the autosomes by sequestering MOF to the 
X chromosome to equalize the autosomal gene expres-
sion between the sexes [Hiebert and Birchler, 1994; 
Bhadra et al., 1999, 2000; Pal Bhadra et al., 2005]. 

  As mentioned above, dosage compensation has been 
observed in metafemales (3X; 2A). The expression of each 
gene copy present must be reduced to two thirds so that 
the total amount from the 3 Xs is equivalent to a normal 
female. Autosomal expression in these flies is also reduced 
to approximately two thirds of normal, presumably as a 
negative dosage effect of the X chromosomal copy num-
ber [Birchler et al., 1989; Birchler, 1992]. In order to more 
extensively study the interactions of the MSL complex 
with genomic imbalance, and to examine their influence 
on gene expression, the present study explored histone 
acetylation and gene expression in diploid males, females 
and metafemales with ectopically expressed MSL2. 

  Our results demonstrate that the expression of X-linked 
genes is not affected by the targeting of the MSL complex. 
Autosomal gene expression is generally decreased in ec-
topically expressing MSL2 females and nontransgenic 
metafemales. In ectopically expressing MSL2 metafemales 
autosomal gene expression is returned to more normal 
levels, suggesting that the negative dosage effect of the X 
chromosome is apparently ameliorated in metafemales as 
previously suggested to occur in normal males.
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  Materials and Methods 

 Drosophila Stocks and Crosses 
 Mutations, genes and chromosomal balancers are described in 

Flybase (http://flybase.bio.indiana.edu). Flies were cultured on 
cornmeal dextrose medium at 25   °   C. To produce ectopically 
 expressing MSL2 females and metafemales, the transgene 
[ (w  +  )H83M2-6I ], a P-element  msl2  construct with a  mini-white  
reporter gene [Kelley et al., 1995], was introduced by the following 
crosses. The genetic markers  Sb , GFP and  w+  were used to clas-
sify the different types of progeny. In brief, the  w–/Y; msl1/CyO; 
(w+)H83M2-6I  males were crossed with  w–/w– ; +/+;  Sb / TM3 ,  GFP  
females. The male progeny  w–/Y; +/CyO; (w+)H83M2-6I/TM3 , 
 GFP  were selected for backcross to  w–/w–;  +/+;  Sb / TM3, GFP  fe-

males. Male  w–/Y; +/+; (w+)H83M2-6I/TM3 ,  GFP  progeny from 
the backcross were selected and crossed to  C(1)RM, y f/Y    females 
(with attached X chromosomes). From this type of cross, 6 classes 
of progeny are generated ( fig. 1 ). Each genotype of larvae was sep-
arated by sex, the presence or absence of GFP and mouth hook 
color to score for the  y  mutation. The males, females and metafe-
males without  (w+) H83M2-6I  were used as controls for Northern 
analysis and chromatin staining. 

  RNA Preparation 
 Total RNA was extracted using TRIZOL�     Reagent (Invitro-

gen). Briefly, 6 genotypes of 3 rd  instar larvae were sorted in Ring-
er’s solution (3.6 m M  NaCl, 54.3 m M  KCl, 8.0 m M  CaCl 2 , and 28.3 
m M  MgCl 2 ), collected into 1.5 ml microcentrifuge tubes and fro-
zen at –80   °   C. Larvae were homogenized in 1 ml of TRIZOL per 
40–50 larvae using a powered tissue homogenizer (Tekmar). Af-
ter homogenization, the homogenate was centrifuged at 12,000 g 
for 10 min at –4   °   C to remove debris. The supernatant was col-
lected into a new centrifuge tube and then shaken vigorously for 
15 s after the addition of 0.2 ml chloroform. The mixture was cen-
trifuged for 15 min at 12,000 g at 4   °   C and separated into 3 layers. 
The upper aqueous phase where RNA remained was collected. 
RNA was precipitated in 0.5 ml of isopropyl alcohol and the pellet 
was washed once in 75% ethanol (in DEPC-treated water). The 
RNA pellet was dissolved in 100% formamide (deionized) and the 
RNA concentration was determined using a Nano-Drop hND-
1000 spectrophotometer. The isolated RNA was stored at –80   °   C 
for Northern analysis. 

  Northern Analysis 
 Total RNA was separated on formaldehyde-agarose gels (1.5%) 

[Sambrook and Russell, 2001] at 10  � g per lane. Gels were run at 
approximately 50 V for 16 h. The RNA was transferred onto Hy-
bond-N nylon membrane (Amersham Bioscience) by the Turbo-
Blotter� downward transfer system (Schleicher & Schuell) using 
20 !  SSC, and then UV cross-linked to the filter. Hybridizations 
were performed as described previously [Birchler et al., 1989]. Hy-
bridized filters were washed 3 times at 75   °   C in washing buffer 
consisting of 0.2 !  SSC and 0.05% SDS. Filters were dried and 
subjected either to autoradiography with Kodak XAR film or to a 
Fujifilm Fluorescent Image Analyzer FLA-2000 (Fuji, Tokyo, Ja-
pan) to detect mRNA signals. The band intensity was measured 
using the Fujifilm Image Gauge V 3.3 program.

  In this study, rRNA is used as a loading control for compari-
sons of gene transcripts between transgenic genotypes and their 
normal control. This is based on the assumption that equivalent 
amounts of total RNA from these compared genotypes are con-
tributed from equal amounts of DNA. In order to test this as-
sumption, we isolated total nucleic acid of each genotype and de-
termined the total DNA/rRNA ratios according to the method 
described [Hiebert and Birchler, 1994]. Triplicate isolations of the 
different genotypes were subjected to electrophoresis at 1.5  � g/
lane in 1% agarose gel (as shown in  fig. 2 ). In the same gel, a dilu-
tion series of nucleic acid was included to ensure that the amount 
in the 1.5  � g per lane falls within the linear range. Separate
DNaseI and RNase A digestions confirmed the respective rRNA 
and genomic DNA positions on the ethidium-stained gel (not 
shown). The results reveal that there were no significant differ-
ences on DNA/28S rRNA ratios between the transgenic  msl2  gen-
otypes with their respective normal genotypes or between meta-
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  Fig. 1.  Genetic cross to generate transgenic  msl2  females and 
metafemales. 6 genotypes of progeny are produced from the cross 
of  w–/Y; +/+; (w+)H83M2-6I/TM3,GFP  males with  C(1)RM,
y f/Y  (with attached X chromosomes) females. These genotypes 
include: 1)  w–/Y ; +/+; (w+)H83M2-6I/+  (males with transgene), 
2)  w–/Y; +/+; TM3,GFP/+  (males without transgene),   3)    C(1)RM,
y f/Y; +/+; (w+)H83M2-6I/+  (females with transgene), 4)  C(1)RM, 
y f/Y; +/+; TM3,GFP/+  (females without transgene),   5)  C(1)RM,
y f/w–; +/+; (w+)H83M2-6I/+  (metafemales with transgene),
6)  C(1)RM, y f/w–; +/+; TM3,GFP/+  (metafemales without trans-
gene). They are referred to as H83M2-males, normal males, 
H83M2-females, normal females, H83M2-metafemales and nor-
mal metafemales, respectively. 
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females and normal females, indicating that it is valid to use rRNA 
as a loading control for comparisons and that the Northern com-
parisons are equivalent to ‘per DNA’ comparisons.

  Probe Preparation 
 Northern blots were probed with  32 P-labeled antisense RNA 

probes. The probes were prepared with T3, T7 or SP6 RNA poly-
merase from the linearized cDNAs using MAXIscript P   In vitro  
 transcription kit (Ambion). cDNAs described below were linear-
ized with the proper restriction endonucleases (from Promega or 
NEB) and purified with a DNA purification kit (Promega). Syn-
thesized probes were purified by size exclusion RNase-free Seph-
adex G-50 spin columns described in the MAXIscript kit to re-
move the unincorporated nucleotides.

  Gene expression measured in this study included 6 X-linked 
genes:  yellow  (3),  vermilion  (6),  Sgs4  (3),  G6pdh  (5),  6Pgdh  (6) and 
 rudimentary  (3), and 7 autosomal genes:  �  -Gpdh  (5),  Adh  (7),  Su-
var(2–5)  (3),  �  -tubulin  (3),  SevenUp  (3),  Rp49  (5) and  Ddc  (7). The 
number of replicate Northern blots for each gene is given in paren-
theses. All cDNA clones were from laboratory permanent stocks 
and have been described in previous publications [Hiebert and 
Birchler, 1994; Bhadra et al., 2000], except  Suvar(2–5)  cDNA, which 
encodes the HP1 protein and which was provided by Drs. Nicole 
Riddle and Sarah Elgin from Washington University (St. Louis). 
The choice of genes was guided by those used previously in studies 
of dosage compensation. The number of genes analyzed was lim-
ited by the ectopically expressing MSL2 metafemales of which only 
36 were recovered over a 10 month collection period. The endo g-
enous  white  gene could not be included because it was deleted in 
some genotypes and present on the H83M2-6I transgene.

  Data Analysis 
 All statistical analyses were conducted using SAS (SAS Insti-

tute, 1988). Northern data (as a ratio of transcript/rRNA) were 
subjected to an analysis of variance using PROC GLM (SAS Insti-
tute, 1988). Differences between means were considered statisti-
cally significant at the level of p  ̂   0.05 based on paired t tests.

  Immunostaining of Chromosomes 
 Polytene chromosomes from the third instar larvae were dis-

sected, fixed, and processed for antibody staining according to 
the protocols as described by others [Kuroda et al., 1991; Hilfiker 
et al., 1994; Pal Bhadra et al., 1997]. In brief, salivary glands were 
dissected in 0.7% NaCl and fixed in PBS solution containing 0.1% 
Triton X-100, 3.7% formaldehyde on a siliconized coverslip for 
1 min, then in 50% acetic acid, 3.7% formaldehyde for 2–5 min. 
The coverslip was picked up with the slide and inverted. The 
glands were squashed and the slides were placed in liquid nitrogen 
or on dry ice for the separation of the coverslip from the slide. 
After the removal of all coverslips, the slides were washed in PBS 
and blocked with PBT (PBS, 1% BSA, 0.2% Triton X-100, 0.02% 
azide) for 30 min. The primary antibody binding was performed 
at an appropriate dilution in PBT at 4   °   C overnight. The second 
antibody conjugated with fluorophore (diluted 1:   100 to 1:   200 in 
PBT) was performed at room temperature for 30 min to 3 h. The 
slides were mounted with Vectashield mounting medium con-
taining 4 � ,6-diamidino-2-phenylindole (DAPI) (Vector Labora-
tory, Inc. Burlingame, CA) and examined with a Zeiss fluores-
cence microscope (Carl Zeiss, Inc, Oberkochen, Germany). The 
images were prepared using Adobe Photoshop 7.0 software.

  Results 

 The MSL complex is comprised of 6 protein subunits, 
MSL1, MSL2, MSL3, MLE, MOF and JIL1, and at least 2 
noncoding RNAs, roX1 and roX2 [Kuroda et al., 1991; 
Hilfiker et al., 1997; Meller et al., 1997; Jin et al., 1999, 
2000; Wang et al., 2001]. Studies have shown that MSL2 is 
a critical component for the localization of the complex 
on the male X, and also is required together with the oth-
er MSL proteins for the presence of the Lys16Ac isoform 
of histone H4 [Bone et al., 1994]. The  msl2  gene has been 
reported to encode a ring finger protein. The  msl2  gene is 
transcribed in both sexes but can not be translated in fe-
males [Kelley et al., 1995]. By circumventing the transla-
tional block, ectopic expression of MSL2 protein in  females 
has been documented to target the 2 X chromosomes and 
results in the appearance of the complex proteins (MSL2, 
MSL1, MLE) on the female Xs with a parallel enrichment 
of H4Ac16 [Kelley et al., 1995; Bhadra et al., 1999]. In this 

Female H83M2-Female Metafemale

DNA

DNA

28S rDNA

28S rDNA

Male H83M2-Male 0.5 1.0 2.0 4.0 6.0

  Fig. 2.  Examination of DNA/rRNA ratios in males, females, 
H83M2-females and metafemales. Ethidium bromide-stained 
agarose gel images show the comparisons of DNA/rRNA ratios in 
the noted genotypes. Three replicates of total nucleic acid extrac-
tion are shown for each genotype. Each replicate is loaded with 
1.5  � g/lane. Gel bands labeled with DNA and 28S rRNA were 
confirmed by DNaseI and RNase A digestion. A dilution series 
shown to the right of the bottom image is from 0.5 to 6.0  � g. The 
samples in both top and bottom images were electrophoresed in 
the same gel. 



 Sun/Birchler

 

Cytogenet Genome Res 2009;124:298–311 302

study, we introduced transgenic  msl2  into females and 
metafemales to focus on the effect of MSL2 on MSL se-
questration, histone acetylation and gene expression to 
understand further the function of the complex.

  Ectopically Expressed MSL2 Protein Is Present on 
the X Chromosomes of Transgenic Females and 
Metafemales 
 The expression of MSL2 protein is inhibited in normal 

females by  Sex lethal  [Kelley et al., 1995; Zhou et al., 1995; 
Bashaw and Baker, 1997]. We introduced the  msl2  gene, 
 (w+)H83M2-6I  (referred to subsequently as H83M2), in a 
P-element construct to normal females and metafemales. 
To confirm the presence of MSL2 in these transgenic 
flies, immunostaining of polytene chromosomes with 
MSL2 antibody was carried out among males, females 
and metafemales with or without the H83M2 transgene 
(the 6 genotypes are described in Materials and Meth-
ods). The results show that MSL2 is present on the X chro-
mosomes of transgenic  msl2  females and metafemales 
(referred to as H83M2-females and H83M2-metafemales, 
respectively), similarly to normal or overexpressing MSL2 
males (referred to as H83M2-males) ( fig. 3 ), while on nor-
mal female or metafemale chromosomes, no MSL2 bind-
ing was detected (data not shown).

  MOF antigen was detected along the X chromosomes 
of the H83M2-females and H83M2-metafemales (online 
supplementary fig. 1; for supplementary materials, see 
www.karger.com/doi000218134), which was similar to 
normal and H83M2-males. In order to compare the dis-
tribution in normal males, normal females and metafe-
males, the salivary glands of normal males plus normal 
females or metafemales were mixed on the same slide, 

Male H83M2-male

H83M2-female H83M2-metafemale

  Fig. 3.  Ectopic expression of MSL2 in fe-
males and metafemales. Immunofluores-
ence staining of polytene chromosomes 
with anti-MSL2 (green) from third instar 
male, female and metafemale larvae carry-
ing the ( w+)H83M2-6I  transgene. Nuclei 
were stained with DAPI in blue. The left 
upper image represents normal males and 
upper right the overexpressing MSL2 
males. The lower left is ectopically ex-
pressing MSL2 females and lower right ec-
topically expressing MSL2 metafemales. 
The staining from normal males without 
( w+)H83M2-6I  was used as a comparison. 
The scale bar represents 15  � m.   

  Fig. 4.  Enrichment of H4Ac16 on the X chromosomes of ectopi-
cally expressing MSL2 females and metafemales. Immunofluo-
resence staining of larval polytene chromosomes with anti-
H4Ac16 (green) from 6 larval genotypes of males, females and 
metafemales with and without the transgene ( w+)H83M2-6I . Blue 
is DAPI stain for DNA. The left most column shows merged im-
ages from the DAPI and anti-H4Ac16 staining. Arrowheads indi-
cate that H4Ac16 is enriched on the X chromosomes. The labels 
on the left side indicate the 6 different genotypes: ( U ) for normal 
females and (H83M2- U ) for ectopically expressed MSL2 females; 
(  -  ) for normal males and (H83M2- - ) for overexpressing MSL2 
males; (m U ) for normal metafemales and (H83M2-m U ) for ectop-
ically expressing MSL2 metafemales. Normal males, females
and metafemales were used as controls. The scale bar represents 
15  � m.    
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squashed, then double-probed with SXL and MOF anti-
bodies. SXL antibody was used to identify females from 
males because SXL is female specific [Cline, 1993; Bopp 
et al., 1996]. The mixture allows direct comparisons
of genotypes under identical conditions of fixation and 
 image capture. The results are shown in online suppl. 
 figure 2. Double labeling with MSL2 and MOF antibodies 
reveals that MOF co-localizes with MSL2 in H83M2 fe-
males (online suppl. fig. 3), as previously reported [Gu et 
al., 1998]. These results confirm that ectopic expression 
of MSL2 in females and metafemales recruits MOF to the 
X chromosome in these experiments.

  The distribution of H4Ac16 in polytene chromosomes 
of normal male, female and metafemales with and with-
out ectopically expressed MSL2 was also examined. The 
results reveal that the increase of MOF on the X parallels 
H4LysAc16 enrichment in H83M2-females and H83M2-
metafemales ( fig. 4 ) although it is important to note that 
modified H4 is never completely depleted on the auto-
somes including in normal males. In the normal females 
and metafemales, the H4Ac16 is detected at a low level 
and is evenly distributed over the genome compared to 
autosomal levels in males ( fig. 4 ; online suppl. fig. 4). 

These studies establish the chromatin parameters for in-
terpretation of gene expression analyses.

  Direct Targeting of MSL2 and MOF on the
X Chromosomes Does Not Change the X-linked Gene 
Expression in Transgenic Females and Metafemales 
 As shown in the previous sections, the ectopic expres-

sion of MSL2 in both females and metafemales sequesters 
the MSL complex protein MOF to the X from the auto-
somes, leading to the increase of histone acetylation on 
the X chromosomes. In order to investigate the effect of 
this ectopic MSL2 on gene expression, transcript levels 
were examined in females and metafemales with and 
without ectopically expressed MSL2, as well as in normal 
and over-expressing MSL2 males. A Northern analysis 
was performed to detect mRNA of each gene with ribo-
somal RNA serving as a gel-loading control. The results 
show that for diverse selected X-linked genes, including 
 yellow ,  vermilion ,  Sgs4  and  G6pdh , expression remains 
unchanged (at the 95% confidence level) in H83M2-fe-
males and -metafemales ( fig. 5 ), relative to respective 
normal females and metafemales in the same segregating 
population. Using RNA from the more abundant geno-
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  Fig. 5.  Effects of ectopically expressing 
MSL2 on the expression of the X chromo-
some genes in larvae. The top panel image 
represents gene transcripts detected by 
Northern analysis from 6 genotypes of 
males, females and metafemales with and 
without ( w+)H83M2-6I . The bottom panel 
is rRNA as a loading control. Each lane was 
loaded with 10                � g of total RNA. The inten-
sity of bands was measured by a Fujifilm 
Fluorescent Image Analyzer FLA-2000 and 
analyzed by Fujifilm Image Gauge V 3.3 
program (Fuji, Tokyo, Japan). The relative 
transcript (transcripts/rRNA) levels in the 
6 genotypes are presented in the bar graph. 
The labels of H83M2-male, H83M2-female 
and H83M2-metafemales indicate the 
transgenic MSL2 males, females, and meta-
female, respectively. No significant differ-
ences between the normal and transgenic 
genotypes are observed in males, females, 
or metafemales. The metafemale value de-
noted with a triangle is significantly less 
than the normal female.   
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types, the X-linked genes,  6Pgdh  and  rudimentary , were 
also examined with the result of no increase in ectopi-
cally expressing genotypes (online suppl. fig. 5).

  Dosage Compensation of X-linked Genes in 
Metafemales 
 When examining gene expression in metafemales 

( fig. 5 ; online suppl. fig. 5), we found all examined X-
linked genes are compensated compared to normal fe-
males although Sgs4 is significantly below the female lev-
el possibly representing a case of overcompensation. This 
finding agrees with the results reported by others [Stern, 
1960; Lucchesi et al., 1974; Birchler et al., 1989; Birchler, 
1992], suggesting that the 3 X chromosomes in metafe-

males exhibit dosage compensation having similar total 
expression to the 2 Xs in normal females. In contrast, sev-
eral autosomal genes had reduced expression in metafe-
males compared to normal females ( fig. 6 ).

  Direct Targeting of MSL2 and MOF to the
X Chromosomes Affects Autosomal Gene Expression 
in Transgenic Females 
 We examined the expression of diverse selected auto-

somal genes, including  �  -Gpdh ,  Adh ,  Suvar(2–5) ,  �  -Tu-
bulin ,  SevenUp ,  Rp49  and  Ddc  for the same genotypes of 
larvae that were noted above. The only autosomal gene 
that remains unchanged in expression for all genotypes 
is  rp49  ( fig. 6 ).
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  Fig. 6.  Effects of ectopically expressing 
MSL2 on expression of autosomal genes in 
larvae. Six genotypes of males, females and 
metafemales with and without transgene 
( w+)H83M2-6I  were examined for mRNA 
expression of autosomal genes by North-
ern analysis. Detailed descriptions are in 
figure 5. The asterisk denotes a value that 
is significantly different for each compari-
son of genotypes with and without H83M2 
in males, females or metafemales at the 
95% ( * ) or 99% ( *  * ) confidence level. The 
metafemale values denoted with a triangle 
are significantly different from those of 
the normal female.                   
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  Phenotypic Effect of Ectopic MSL2 
 To examine the impact of ectopically expressed MSL2 

on the phenotypic level, males carrying the  H83M2  trans-
gene heterozygous with  TM3, Ser  were crossed to  Basc  
females. The  Basc  X chromosome carries the  B  eye muta-
tion, which is dominant and which exhibits dosage com-
pensation. If the targeting of the MSL complex were to 
cause Bar to be doubled in expression in response to ec-
topic dosage compensation, the eye shape would be con-
verted to the narrow Bar phenotype typical of males rath-
er than the kidney shape typical of a  B/+  female .  The lat-
ter phenotype was found ( fig. 7 ). Moreover, because  Basc  
carries  white-apricot , the expression of the  mini-white  
marker on the autosomal insertion could be monitored. 
Its expression is reduced in parallel with other autosomal 
genes.

  Moreover, when  C(1)DX, y  1  w  1  f   1  attached X females are 
crossed by  w– ;  TM3/H83M2 , the resulting progeny have 
the  mini-white  on the autosomal transgene and can be 
scored in males and females. The eye color of females in 
this case is lighter than the males as is usually the case 
and thus shows no evidence of acquisition of dosage com-
pensation, which would be indicated by equivalent male 
and female expression. Furthermore, in a  w– ;  msl1 / CyO ; 
H83M2-6I/ TM3  stock, the  msl1 / msl1  females have a dark-
er eye color than do the  msl1 / CyO  females, which have the 
MSL complex sequestered from the autosomes. Thus, 
elimination of the sequestration of MOF to the X chro-
mosome in the  msl1 / msl1  genotype also eliminates the 
effect on  mini-white . These phenotypic data are consis-
tent with the molecular findings.

  Another dominant mutation on the X chromosome 
that exhibits dosage compensation is  Beadex  of which al-
leles  Bx  1    or  Bx  2  show a nicked wing phenotype in hemi-
zygous males that is equivalent to homozygous females. 

Heterozygous females show no wing nicking. Females 
heterozygous for  Bx  1 /+ and  Bx  2 /+ on the X together with 
the  H83M2  transgene show no evidence of acquiring dos-
age compensation giving a normal wild type wing phe-
notype in both cases (data not shown). Acquisition of 
dosage compensation should produce heterozygous  Bx /+ 
females with nicked wings.

  Expression of MSL2 in Metafemales Reverses the
X Dosage Effect 
 In H83M2-metafemales, interestingly, the autosomal 

gene expression is significantly increased compared to 
regular metafemales for 5 out of 7 genes investigated 
( fig. 6 ). In other words, in this case the negative dosage 
effect of the 3 X chromosomes is ameliorated with a re-
turn of expression levels to those similar to normal fe-
males. We also examined the autosomal genes in H83M2-
males. For some genes, such as  Adh ,  �  -Tubulin ,  SevenUp  
and  Su(var2–5) , the expression was significantly increased 
compared to the normal males ( fig. 6 ).

  Discussion 

 In this study, the effects of ectopic expression of MSL2 
on histone acetylation and gene expression were exam-
ined to investigate the function of the MSL complex. The 
results show that the presence of MSL2 in ectopically ex-
pressing MSL2 females and MSL2 metafemales seques-
ters the MSL proteins to the Xs, which consequently ac-
cumulate histone acetylation ( fig. 4 ; online suppl. fig. 1). 
However, the increased histone acetylation does not 
change the dosage compensation behavior of X-linked 
gene transcripts or phenotypes in H83M2-females and 
H83M2-metafemales ( fig. 5 ). Thus, the sampled X-linked 
genes show little response in gene expression to the intro-
duction of the transgene  H83M2 . The function of the 
MSL complex on the X chromosome(s) appears to inhib-
it the response of genes to high levels of histone acetyla-
tion brought about by the complex. The mechanism of 
compensation must differ from one in which the MSL 
complex directly mediates dosage compensation of the X 
via histone acetylation levels [Belote and Lucchesi, 1980; 
Kuroda et al., 1991; Bone et al., 1994; Jin et al., 1999]. Our 
results are consistent with the hypothesis that some com-
ponent of the MSL complex or associated activities coun-
teracts the impact of the observed high levels of histone 
acetylation. Some potential candidates that might act to 
produce this effect include the ISWI chromatin remodel-
ing factor and the HP1 complex [Bhadra et al., 1999; de 

  Fig. 7.  Phenotypic effect of H83M2 on  Bar  
and  mini-white . The top image shows a 
 Basc/w–  female with the  H83M2  trans-
gene, showing the kidney shaped eye typ-
ical of a  B/+  female with no dosage com-
pensation .  The bottom shows the typical 
dosage compensated  B /Y male.                         



 Dosage Compensation Cytogenet Genome Res 2009;124:298–311 307

Wit et al., 2005; Pal Bhadra et al., 2005; Spierer et al., 
2005].

  Previous results on ISWI mutants indicate that it is 
required for the override of the histone acetylation [Pal 
Bhadra et al., 2005]. This proposal is suggested because 
the ISWI mutant shows a ‘bloated’ X chromosome and an 
increase of X-linked gene expression in males. This chro-
mosomal phenotype is modulated by the amount of 
H4Ac16 [Corona et al., 2002]. Recent studies show that 
the repressive Heterochromatin Protein 1 (HP1) complex 
is localized on the male X and might also act to counter-
act the effect of histone acetylation [de Wit et al., 2005; 
Spierer et al., 2005], although this proposition has not 
been directly tested. 

  Our previous results studying gene expression in em-
bryos [Pal Bhadra et al., 2005] indicated that mutation
of  mle  did not eliminate dosage compensation of most
X-linked genes but did result in expression increases for 
autosomal loci. Gene expression analyses of  Sex leth-
al   (Sxl)  mutations found no increase in expression for
X-linked genes but reductions for the autosomes [Pal-
Bhadra et al., 2005]. This genotype would allow expres-
sion of MSL2 and cause MSL complex formation on the 
X chromosomes [Bhadra et al., 2000]. The results with 
ISWI mutant embryos are noted above. The double mu-
tant  mof  1 ;  mle  embryos showed a loss of dosage compen-
sation. This genotype shows lethality in embryonic stag-
es in contrast to the other genotypes, which do not affect 
dosage compensation and which survive to larval stages. 
When comparing the results at the embryonic and larval 
stages, the generalized trends of X and autosomal gene 
expression in any one mutation are quite similar [Bhadra 
et al., 2000; Pal Bhadra et al., 2005], suggesting attrition 
during development accounts for the reduced survival of 
the  msl  and  Sxl  mutants rather than a fundamental dif-
ference in gene expression between embryos and larvae. 
The current study was conducted using larvae in order to 
classify metafemales using the  y+  gene marker. The dif-
ferential survival of the various mutant genotypes com-
pared to normal is likely contributed to by the modula-
tions of autosomal expression, none of which are of the 
magnitude found with loss of compensation and thus is 
consistent with their survival into the larval stages. Our 
results demonstrate that metafemales that survive to lar-
val stages do not acquire the MSL complex on their Xs as 
the mechanism of dosage compensation and indeed a 
down regulation is needed to explain compensation in 
this genotype.

  Our results with dosage compensation in metafemales 
are consistent with previous findings of little to no change 

of total X-linked gene expression compared to normal fe-
males [Margolis, 1934; Stern, 1960; Lucchesi et al., 1974; 
Birchler et al., 1989; Birchler, 1992]. The immunolocal-
ization studies demonstrate that no MSL complex is pres-
ent on the 3 X chromosomes in metafemales, thus indi-
cating that compensation in this genotype can not be me-
diated by the MSL complex. Also, our current results 
extend the finding that many autosomal genes have re-
duced expression in metafemales [Birchler et al., 1989, 
1992]. Previous results have suggested a mechanistic re-
lationship between male and metafemale compensation 
[Birchler, 1992]. We note that compensation of linked 
genes on the trisomic chromosome and reductions in ex-
pression of numerous unlinked genes is analogous to the 
situation with large autosomal trisomies in which auto-
somal dosage compensation occurs as well as an inverse 
down-regulation effect on many genes encoded elsewhere 
in the genome [Devlin et al., 1982, 1988; Birchler et al., 
1990].

  In H83M2-females and H83M2-metafemales, the  
 H4Ac16 on the autosomes is strongly depleted due to the 
sequestration of MSL complex to the Xs ( fig. 4 ; online 
suppl. fig. 1). The reduced H4Ac16 on the autosomes ac-
companies lower autosomal gene expression in H83M2-
females, but higher expression in metafemales, compared 
to their respective control ( fig. 6 ). In general, gene expres-
sion on the autosomes responds positively to the level of 
histone acetylation, which was found in the present and 
previous studies of H83M2-females [Bhadra et al., 1999, 
2000; Pal Bhadra et al., 2005]. However, in contrast to the 
H83M2-females, the H83M2-metafemales have increased 
autosomal expression relative to the unmodified meta-
female genotype. This effect seems unlikely to be attrib-
uted to increased autosomal H4Ac16 because MOF has 
been sequestered to the X and removed from the auto-
somes. One possible interpretation is that histone acety-
lation depletion eliminates the inverse dosage effect of 
the 3 Xs in metafemales as has been postulated to occur 
in normal males [Bhadra et al., 1999]. In that case, it is 
hypothesized that depletion of H4Ac16 on the autosomes 
reduces an otherwise generalized up-regulation as sug-
gested by the observation that there is an up-regulation 
of autosomal genes when the MSL complex is disrupted, 
thus freeing MOF to a uniform genome-wide distribu-
tion and concomitant H4Lys16Ac modification [Bhadra 
et al., 1999]. However, other possible explanations might 
account for the modulation of autosomal gene expression 
in MSL2 expressing metafemales.

  The effect of over-expressing MSL2 on autosomal gene 
expression in transgenic H83M2-males was also ad-
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dressed. There was no change in expression of any X-
linked gene tested. The results reveal that overexpressing 
MSL2 significantly enhanced the autosomal gene expres-
sion for most genes tested ( fig. 6 ), although there was no 
obvious enhanced signal of histone acetylation in H83M2-
males compared to the normal males ( fig. 4 ). Whether 
there is an undetectable reversal of MOF localization, a 
redistribution of other chromatin modifiers implicated 
in X and autosomal differences, such as HP1 or JIL1 ki-
nase, or other changes is not known. The nature of the 
experiment requires comparison of segregating chromo-
somes. It seems unlikely that this effect is due to segregat-
ing general modifiers of gene expression because the ef-
fects are specific to the autosomes and to the male sex.

  The present data are consistent with the hypothesis 
that the MSL complex plays a role in overriding the effect 
of histone acetylation on the male X as well as in main-
taining the autosomal equivalence between the 2 sexes. It 
is hypothesized that in males (1X: 2A), the X is twofold 
upregulated by the genomic imbalance of regulatory 
genes to equal the 2 Xs in females [Birchler et al., 2001, 
2006]. In metafemales (3X: 2A), each of the 3 X chromo-
somes is down-regulated by two thirds by the genomic 
imbalance to equal the 2 Xs in normal females. When the 
data on triploid intersexes (2X; 3A) and triploid metama-
les (1X; 3A) [see Birchler et al., 2006] are also considered, 
the expression of the X is modulated in each case to the 
inverse ratio of the X to autosomal ratio (i.e., an inverse 
relationship between chromosomal dosage and gene ex-
pression). The inverse dosage effect of the X for a twofold 
up-regulation in normal males might be expected to also 
exert the same fold up-regulation on the autosomes. This 
potential up-regulation of the autosomes by chromosom-
al imbalance might be prevented by the removal of MOF 
from the autosomes to lower the histone acetylation level 
so as to maintain equal expression between the sexes.

  As noted above, a model prevalent in the literature hy-
pothesizes that the MSL complex and its coincident his-
tone modifications alone bring about the twofold increase 
in expression of the single X in males. While this model 
may be simple, there are several facts that are not consis-
tent with it. Foremost is the finding that dosage compen-
sation for many genes is still present when the MSL com-
plex is destroyed by a variety of means [Hiebert and 
Birchler, 1994; Bhadra et al., 1999, 2000; Pal Bhadra et al., 
2005, 2006] and the observation that dosage compensa-
tion occurs in the germline where there is no MSL com-
plex [Parisi et al., 2003; Gupta et al., 2006]. Secondly, it 
does not explain the autosomal increases that are found 
in various mutants that eliminate the MSL complex. 

Thirdly, it can not explain the various levels of modula-
tions of gene expression that are needed to account for 
dosage compensation in the different doses of the X chro-
mosome other than the normal male as described above, 
in particular the triple X metafemales as examined in this 
study. 

  A critical issue to determine the role of the male spe-
cific lethal genes is the mutant effect on gene expression. 
The original, now decades old, studies analyzed the au-
toradiographic grain counts from tritiated uridine incor-
porated into nascent RNA on polytene chromosomes, as 
a measure of the rate of transcription. The data were 
treated as a relative number from the X chromosome 
compared to the autosomes [Belote and Lucchesi, 1980; 
Okuno et al., 1984]. This ratio is diminished to nearly half 
in males mutant for the  maleless   (mle)  or  msl3  genes, 
whose mutation eliminates the MSL sequestration to the 
X [Kuroda et al., 1991]. There are 2 ways to achieve such 
a ratio change in the mutant males. The X could be re-
duced in expression due to a loss of dosage compensation 
and the autosomes are not changed in the mutant relative 
to normal males. The second way to reduce the ratio is if 
the X basically retains dosage compensation and the au-
tosomes are increased in expression. Inspection of the 
grain count data favors the latter [Belote and Lucchesi, 
1980; Okuno et al., 1984]. A survey of 39 X and autosomal 
genes in  mle  and normal males with absolute determina-
tions of expression relative to DNA demonstrated that the 
latter situation was indeed the case [Hiebert and Birchler, 
1994]. These results have been confirmed by fluorescent 
in situ hybridization studies of embryos [Pal Bhadra et al., 
2005], which also demonstrate phenotypically the abso-
lute gene expression of the X and the autosomes when the 
MSL complex is destroyed in vivo. The compensation of 
the X and an approximate doubling of the autosomes 
found in such mutant males is the predicted effect of the 
inversely acting dosage dependent regulatory hierarchy 
when the dosage of the X is reduced to one copy in 
males.

  In recent studies, Hamada et al. [2005] and Straub et 
al. [2005] purported to test models of dosage compensa-
tion in Drosophila by using RNA interference to elimi-
nate the male specific lethal 2 (MSL2) protein in Dro-
sophila tissue culture cells. These conditions were found 
to cause the dissociation of the MSL complex and to re-
duce drastically the levels of histone 4 lysine 16 (H4K16) 
acetylation in these cells. By various techniques, includ-
ing Affymetrix chip analysis, gene expression was exam-
ined. The authors sought to test an ‘activation’ model in 
which the MSL complex brings the MOF histone acety-
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lase to the male X to cause a twofold up-regulation to 
achieve dosage compensation. The other model was re-
ferred to as the ‘inverse’ model, which suggests that the 
genomic imbalance in the male genotype would tend to 
up-regulate the whole genome by approximately twofold 
including the autosomes. The MSL complex would se-
quester the MOF acetylase from the autosomes to miti-
gate this effect and then the high levels of histone acetyla-
tion on the X would be counteracted by the MSL complex 
and associated activities to prevent overcompensation. 
However, the MSL complex and associated activities 
would allow the twofold up-regulation to occur on the X 
to achieve the proper level of dosage compensation.

  However, to the extent that the MSL complex is dis-
sociated and the genome-wide level of H4K16 acetylation 
is virtually nil [as suggested by Hamada et al., 2005], 
both the ‘activation’ and ‘inverse’ models they sought to 
test would predict the same results. Indeed, in Pal Bhadra 
et al. [2005], it was reported that X linked genes lost com-
pensation and there were no autosomal increases in the 
 mof ;  maleless   (mof ;  mle)  double mutants. This genotype 
would disrupt the MSL complex and result in basically 
no genomic wide H4K16 acetylation in the same manner 
as claimed for the RNAi experiments. Previous data had 
led to the suggestion that the MOF histone acetylase was 
sequestered from the autosomes to prevent their up reg-
ulation [Bhadra et al., 1999]; thus, if there is no available 
acetylation, there could be no autosomal increase. In the 
segregating genotypes described previously [Hiebert 
and Birchler, 1994; Bhadra et al., 1999, 2000], the  mle  
mutants generally retained dosage compensation and 
had autosomal increases. This previous work had also 
found a genome-wide distribution of H4Lys16 Ac in the 
 mle   mutants compared to the chromosomes of normal 
males present in mixtures on the same slide [Bhadra et 
al., 1999]. The  mle  mutation causes a release of the MOF 
acetylase from the male X, which catalyzes a more uni-
form acetylation across the genome in vivo. The degree 
of genome-wide acetylation in the  mle  mutants appears 
to be greater than in the RNAi experiments using tissue 
culture cells reported by Hamada et al. [2005] and Straub 
et al. [2005].

  While having noted the above, it does appear from the 
data of Hamada et al. [2005] that there might be residual 
genome-wide acetylation. Indeed, the data indicate that 
there are autosomal increases. As Hamada et al. note, the 
data analysis was conducted by correcting the individual 
gene expression by the average genome-wide expression 
using Affymetrics software. They correctly note that if 
autosomal increases were occurring, the X reductions 

would appear to be enhanced and the autosomal increas-
es would be diminished in the treated data (because there 
are roughly 4 times as many autosomal genes as X-linked 
genes). Indeed, in their data that documented expression 
changes at a 1.2 cutoff, the up-regulated genes are pre-
dominantly skewed to the autosomes and the reductions 
are predominantly skewed to the X. A chi square analysis 
of the distribution of up-regulation on the autosomes ver-
sus the X (using a 4A:1X random expectation; 1 d.f.) 
shows that the probability that this partitioning into these 
classes is due to chance alone is so low as to be virtually 
impossible. Also, the log2 curves of autosomal gene ex-
pression shown are not normally distributed around zero, 
but are always shifted to higher expression. This is pre-
cisely the type of result that would be produced from the 
data analysis used. There was no attempt to validate the 
up-regulated autosomal genes, so it is difficult to deter-
mine the exact magnitude of these autosomal increases 
from the analysis. Nevertheless, it seems reasonable that 
there is a greater loss of dosage compensation in the RNAi 
knockdown experiment than occurs with  mle  in vivo (in 
which a few X-linked genes do show loss of compensation 
[Hiebert and Birchler, 1994; Bhadra et al., 1999]) perhaps 
because of differences in residual histone acetylation. 
Hamada et al. also note that there was a substantial frac-
tion of X linked genes that retained compensation, but 
these are likely underestimated by the analysis used; these 
might also result from residual genome-wide acetylation. 
The results fall between the extremes of no MSL complex 
and no genome-wide acetylation, which would result in 
no compensation and no autosomal changes in both 
models, versus the situation in which there is no MSL 
complex with a redistribution of acetylation as occurs in 
the  mle  mutants, which exhibits a greater number of com-
pensated genes and autosomal increases.

  More recently, in a study of gene expression in larvae 
mutant for the roX RNAs, Deng and Meller [2007] first 
treated their data by equating the median values of auto-
somal genes in mutant and wild type larvae, a situation 
more parallel to the  mle  studies, and then normalizing 
the X values to the respective autosomes. This analysis 
basically equates autosomal expression without indepen-
dent evidence to test the assumption of their equality but 
in their data, the log2 ratio plot shows an obvious greater 
expression of the autosomes. Thus, if an absolute measure 
were made for autosomal genes, even greater increases 
would be observed. For the X chromosome, Deng and 
Meller [2007] found a few genes in the mutants approach-
ing 50% of the normal level but others were less reduced. 
Because of the data treatment noted above, the X reduc-
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tions will be erroneously produced by the shifting down-
ward of a normal log2 ratio distribution around zero, 
which represents no change. Thus, these data also sup-
port the contention that most X linked genes retain com-
pensation when the MSL complex is disrupted in vivo 
and that many autosomal increases occur.

  Thus, there does not appear to be a significant conflict 
between our results that assayed individual genes by 
Northern quantification standardized to absolute DNA 
values or by phenotypic analysis in embryos and the glob-
al analyses discussed above. Therefore, the MSL complex 
alone can not be responsible for the twofold upregulation 
of the male X chromosome but requires an appropriate 
dosage dependent component in the magnitude of an in-
verse effect. The results presented in this paper showing 
that ectopic targeting of the MSL complex does not cause 
a twofold upregulation of the X chromosomes is consis-
tent with this view.

  An inverse dosage effect occurs in most aneuploids of 
substantial length in diverse multicellular eukatyotes as 
noted in the introduction. Thus, it likely provides the 
dosage component of both the dosage compensation of 
the male X and of the triple X genotype in metafemales. 

The apparent role of the MSL complex appears to be to 
ameliorate the inverse effect that might otherwise occur 
for the autosomes by sequestering MOF to the X chromo-
some in males and then to counteract the high level of 
histone acetylation that results to prevent over compen-
sation but at the same time allowing the proper twofold 
upregulation to occur to achieve dosage compensation 
[Bhadra et al., 1999; Pal Bhadra et al., 2005]. This model 
proposes a single mechanism that explains the multiple 
levels of gene expression in different genotypes exhibit-
ing dosage compensation, the MSL binding on the X in 
males, the expression patterns in the sex specific lethal 
mutations as well as dosage compensation in metafe-
males [Birchler, 1996]. 
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