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Male-specific lethal complex in Drosophila counteracts
histone acetylation and does not mediate

dosage compensation
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Dosage compensation is achieved in male Drosophila by a twofold
up-regulation of the single X chromosome to reach the level of the
two X chromosomes in females. A popular hypothesis to explain
this phenomenon is that the male-specific lethal (MSL) complex,
which is present at high levels on the male X, mediates this mod-
ulation of gene expression. One member of the complex, MOF,
a histone acetyltransferase, acetylates lysine 16 of histone H4
and another, MSL2, which is only expressed in males, triggers its
assembly. Here, we find that when a GAL4-MOF fusion protein is
targeted to an upstream-activating sequence linked to a miniwhite
reporter, up-regulation occurs in females but down-regulation in
males, even though in the latter the whole MSL complex is recruited
to the reporter genes and produces an increased histone acetyla-
tion. The expression of a GAL4-MSL2 fusion protein does not cause
dosage compensation of X and autosomal reporters in females,
although its expression causes the organization of the MSL complex
on the reporter genes, leading to increased histone acetylation.
RNAseq analysis of global endogenous gene expression in females
with ectopic expression of MSL2 to coat the X chromosomes shows
no evidence of increased expression compared with normal females.
These data from multiple approaches indicate that the MSL com-
plex does not mediate dosage compensation directly, but rather its
activity overrides the high level of histone acetylation and coun-
teracts the potential overexpression of X-linked genes to achieve
the proper twofold up-regulation in males.

Dosage compensation is achieved in male Drosophila by an
approximate twofold up-regulation of the X chromosome to
equal the two X chromosomes in females (1, 2). For several
decades, it has been proposed that the components of the male-
specific lethal (MSL) complex are present on the male X chro-
mosome and produce the twofold modulation (3, 4). One member
of the complex, MOF, a histone acetyltransferase, acetylates lysine
16 of histone H4 (5) and another, MSL2, which is male-specific,
triggers its X chromosome assembly (6). The MSL2 protein is
not expressed in females because it is blocked at translation by the
female-specific sex-lethal (SXL) protein (7). Gene-expression
data taken in support of the MSL hypothesis have normalized X
expression to autosomal expression and found a reduced X/A
ratio that was interpreted as a loss of compensation when the
MSL complex was dissociated (3, 8-10). However, when gene
expression is assayed phenotypically or in absolute terms, rather
than as a ratio of X to autosomal expression, data from ectopic
assembly of the complex in females failed to demonstrate up-
regulation of the X chromosomes (11, 12) and the dissolution of
the complex does not eliminate compensation (11-15). Many
assayed autosomal genes were increased in expression in the
maleless (mle) mutant males (11, 13, 14), providing an expla-
nation for the reduced ratios when X values were normalized to
the autosomes.

The retention of dosage compensation and elevated autoso-
mal expression conforms to the prediction that the X monosomic
state triggers an inverse dosage effect that is commonly found in
aneuploids (16-23). We hypothesize that this general reaction to
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genomic imbalance appears to have been modified and selected
for the process of dosage compensation, which could account for
the twofold up-regulation in males. However, because in normal
males the autosomes are similarly expressed to those of females,
it was hypothesized that the MSL complex present only in males
sequesters MOF from the autosomes to mute any autosomal
inverse effect, and counteracts the action of the resulting very
high levels of histone acetylation on the X to allow the proper
twofold modulation for compensation (11, 14). To examine
further the function of the MSL complex, MOF and MSL2 were
targeted to reporter genes to determine their impact on gene
expression and dosage compensation and a global study of gene
expression was conducted in females with ectopic MSL complex
on their X chromosomes.

Results

Targeting MOF to a Reporter Increases Gene Expression. For the tar-
geting experiments, we used transgenic flies with the GAL4-DBD
(DNA binding domain) (24) fused with the protein of interest
from the MSL complex (Fig. 14). As a reporter gene, miniwhite
was used with the upstream activating sequence (UAS) of GAL4
inserted 5’. Multiple insertions were recovered from trans-
formation on the X chromosome (designated M30, M4, M54, and
M76) and the autosomes (M9, M1, M5, M7, and M14). The
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Fig. 1. GAL4-MOF fusion protein combined with reporter genes. (A) Constructs used in this study. GAL4-DBD fused with the MOF gene inserted in the
expression plasmid pHT4 with the Hsp70 promoter; the 5x UAS sequences are followed by the miniwhite reporter. (B and C) Expression levels of the X-linked
reporter gene, M30, with GAL4-MOF fusion protein. Samples: 1, M30 female (n = 6); 2, M30 male (n = 6); 3, M30+GAL4-MOF(2 copies) female (n = 4);
4, M30+GAL4-MOF(2) male (n = 4). Two copies of GAL4A-MOF are present. n, number of replicates for each sample. Error: SD of the independent replicates.
A ttest is applied to each comparison and P values are shown. Normal female levels are set at 1.0. (B) Target gene (miniwhite), the upper bands are from
P32-labeled white probe and endogenous control gene (rRNA) from Northern blot. (C) Comparisons of eye colors (miniwhite) from the individual reporter
stocks (M30) and the combined stocks including GAL4-MOF fusion protein and M30. (D and E) The expression levels of the autosomal reporter gene, M9,
with GAL4-MOF fusion protein. Samples: 1, M9 female (n = 5); 2, M9 male (n = 5); 3, M9+GAL4-MOF(2 copies) female (n = 4); 4, M9+GAL4-MOF(2) male (n =
4). Two copies of GAL4-MOF are present. n, number of replicates. Error: SD of independent replicates. A t test is applied to each comparison and P value is
shown. (D) Target gene (miniwhite), upper bands are from P>2%-labeled white probe and endogenous control gene (rRNA) from Northern blot. (E) Com-
parisons of eye colors (miniwhite reporter) from the individual reporter stocks (M9) and the combined stocks with GAL4-MOF fusion protein and M9. (F-K)
Immunolocalization and FISH of polytene chromosomes from third instar larvae of females (F~H) and males (/-K) in the M9 reporter. The red channel
(arrowhead) is the signal from FISH; the green channel (arrowhead) is the signal from antibody. (F and /) Signals of miniwhite (red) from FISH and protein
MOF (green) from immunolocalization. (G-J) Signals of miniwhite (red) from FISH and protein H4K16Ac (green) from antibody. Females have H4K16Ac on
all chromosomes. (H-K) Signals of miniwhite (red) from FISH and protein MSL2 (green) from antibody. (L and M) Cytological RNA FISH signals of the roX RNA
(red signals) and miniwhite (green signals) in females (L) and males (M). Heterozygous reporters (half bands) were used to distinguish them from potential
endogenous signals. (Scale bars, 10 pm.)
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activities of the fusion proteins were tested and confirmed to rescue
loss-of-function mutations in the respective genes (Fig. S1).

First, GAL4A-MOF was combined with the reporters as MOF is
a histone acetyltransferase that specifically acetylates histone H4
at lysine 16 (5). We assumed that targeting GAL4-MOF to the
reporters would cause an up-regulation in transgenic flies be-
cause H4Lys16Ac is typically a mark of activated chromatin (25).
By analyzing the RNA level via Northern blot (Fig. 1B), we
found the transcripts of the reporter were significantly increased
in females ~3.5-fold with two copies of the GAL4-MOF transgene
compared with normal females. However, a reduced expression
of the reporter gene was observed in males. Because we used
miniwhite as our reporter gene in a background of a white de-
letion, the phenotypic differences of eye pigments confirmed this
effect (Fig. 1C). The use of a phenotypic validation confirms the
molecular results on an absolute level rather than relative mea-
surement, which has obscured previous studies, as noted above.
To test the generality of this response, we combined all of the
other heterozygous X-linked reporters with one copy of the
GALA4-MOF transgene (Fig. S2) and with additional GAL4-MOF
copy numbers (Fig. S3). Collectively, the results confirm that the
GALA4-MOF construct induces a higher expression of X-linked
reporters in females, and a decrease in males. Furthermore,
these phenotypic changes become stronger with the increase of
the dose of GALA-MOF (Fig. S3). Using two copies of the
transgene, GAL4-MOF was also targeted to an autosomal re-
porter, M9 (Fig. 1 D and E, and Fig. S4) and others (Fig. S4).
Based on the Northern blot analysis (Fig. 1D) and the compar-
ison of eye colors (Fig. 1E), these transgenes also exhibited an
up-regulation in females, in this case almost sixfold, and a re-
duction in males. Because females and males differ by the absence
or presence of the MSL complex, respectively (6), we presumed
that the presence of the complete complex in males produced
the repressive response. To test this hypothesis, we performed
immunolocalizations for various MSL complex components on
the lines with GAL4-MOF constructs combined with M9 (Fig. 1
F-K). The protein MOF (Fig. 1F) was cytologically detected on
the reporter genes, as well as enriched histone 4 lysine 16
acetylation in both sexes (Fig. 1 G and J), confirming the activity
of MOF on the reporters. Indeed, the MSL2 protein was colo-
calized at the reporter in males (Fig. 1K) and not in females (Fig.
1H). The FISH signals from the noncoding roX RNAs also
colocalized with MSL2 in males (Fig. 1M). These results indicate
that targeting MOF brings the whole MSL complex to reporters
in males. Targeting a GALA4-mofI fusion, which contains a MOF
mutant protein with only 10% activity as normal (26), produces
less increase in females but still a reduction of expression in
males (Fig. S5).

The above results demonstrate that the MSL complex is or-
ganized at the positions of the reporter genes in males by the
targeting of the GAL4-MOF fusion protein. Together with
the reporter expression studies, the data suggest that the effect of
the accumulated MOF and enriched H4Lys16Ac is counteracted
by other components of the MSL complex.

Targeting of MSL2. The key question for different explanations of
dosage compensation is whether the MSL complex mediates dos-
age compensation directly. To explore this function of the MSL
complex, we combined a GAL4-MSL2 construct with the same
reporters (Fig. 24). This construct is engineered to allow expres-
sion in females and, therefore, when this transgene is present, the
MSL complex is organized on the female X chromosomes. If the
MSL complex were the direct inducer of dosage compensation,
the reporter in females with ectopically expressed GAL4-MSL2
protein should be up-regulated to the level of normal males.
However, the transcript levels of the reporters M30 (Fig. 2B) and
M9 (Fig. 2D), were not increased in GAL4-MSL2 females com-
pared with normal females, and in fact for M9 the levels were
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significantly reduced. To fulfill the criterion of dosage compen-
sation, one copy of the targeted reporter in females should be
equivalent to the normal males, which was not the case (Fig. 2 C
and E). These results were generalized to other X (Fig. S2) and
autosomal reporters (Fig. S4). The immunolocalizations of var-
ious MSL complex components were compared between females
and males (Fig. 2 F and K). We found MSL2 (Fig. 2 F and I),
MOF (Fig. 2 G and J), histone modification H4K16Ac (Fig. 2 H
and K), and the roX RNAs (Fig. 2 [ and M) were all colocalized
at the loci of the reporters in females and males, illustrating that
the targeting brings the whole complex to the reporters and is
functional. These results demonstrate that despite the fact that the
complete functional MSL complex was organized on the reporters,
no dosage compensation was induced.

To confirm further the binding pattern of the MSL complex on
the reporter genes, we used ChIP on the combined GALA4-fusion
reporter lines. The presence of H4K16Ac and MSL2 was mea-
sured on different target sequences (Fig. 34) of the reporter
genes by ChIP followed by relative quantitative-PCR. When the
GALA4-MOF fusion protein was present, the levels of H4K16Ac
(Fig. 3 B and D) were elevated on both assayed sequences with
M9 (autosomal) and M30 (X chromosomal), illustrating its ability
to catalyze histone acetylation across the length of the gene.
With GAL4-MOF targeting, the MSL2 protein (Fig. 3 C and E)
was only significantly increased in males, the sex in which it
is expressed.

With the GAL4-MSL2 construct, H4K16Ac acetylation was
increased on all target sequences with both reporters in females
(Fig. 3 F and H). The MSL2 protein was significantly elevated on
the 5’ target sequence (mw-left) of the reporter gene (Fig. 3 G
and /). The MSL complex is targeted outside the assayed se-
quences; however, local spreading of the complex (27) explains
the presence of the complex on the target and the increase of
acetylation across both targets (Fig. 3 F and H). Consistent with
the cytological results, the whole MSL complex was organized on
these reporters in males when GAL4-MOF was targeted and in
females and males when GAL4-MSL2 was targeted.

Prestel et al. (28) have reported results of targeting a GAL4-
MOF fusion protein to single inserts of two different reporters
that are organized similarly to each other but distinctly from the
nine inserts described above. The authors report related results
in that there is a greater expression in females than in males with
targeting. However, in contrast to the results reported above,
there is some increase in the targeted male compared with the
control male, which we have confirmed phenotypically for the
miniwhite gene present in their two constructs. The difference in
behavior of constructs when targeted by GAL4-MOF in males is
unknown, but how the quantities of GAL4-MOF present in the
nonspecific lethal (NSL) complex (29) or other contexts versus
those assembled with the MSL2 complex behave on the reporters
might be considered. We examined these two published inser-
tions when targeted with GAL4-MSL2. For these autosomal
inserts there is no twofold increase of gene expression pheno-
typically and on the RNA level, and indeed there is a reduction
in expression in males despite the fact that histone acetylation is
increased across the reporter (Fig. S6). In this test, all three types
of miniwhite reporters fail to exhibit dosage compensation in
association with the MSL complex despite the confirmation of its
enzymatic function.

Effect of the Addition of the MSL Complex on MOF Targeting. It was
previously shown that in the mle mutant, in which the MSL
complex is unable to assemble, most of the assayed X chromo-
somal genes retain dosage compensation when the expression is
determined phenotypically or as an absolute measurement rather
than an X-to-autosomal ratio (11-15). In addition, dosage com-
pensation also occurs in the male germ line (30), partially in early
embryos before sequestration of the MSL complex on the male X
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Fig. 2. GAL4-MSL2 fusion protein combined with reporter genes. (A) Constructs used in GAL4-UAS system. GAL4-DBD fused with MSL2 protein is inserted in
the expression plasmid pHT4 with the Hsp70 promoter; the 5x UAS sequences is followed by the miniwhite reporter gene. (B and C) Expression levels of the
X-linked reporter gene, M30, with GAL4-MSL2 fusion protein. Samples: 1, M30 female (n = 6); 2, M30 male (n = 6); 3, M30+GAL4-MSL2(1 copy) female (n = 4);
4, M30+GAL4-MSL2(1) male (n = 4). One copy of GAL4-MSL2 is present. n, number of replicates for each sample. Error: SD of independent replicates. A t test is
applied to each comparison and P value is shown. Normal female levels are set at 1.0. (B) Target gene (miniwhite), the upper bands are from P32-labeled white
probe and endogenous control gene (rRNA) from Northern blot. (C) Comparisons of eye colors (miniwhite) from the individual reporter stocks (M30) and the
combined stocks including GAL4-MSL2 fusion protein and M30. (D and E) Expression levels of the autosomal reporter gene, M9, with GAL4-MSL2 fusion protein.
Samples: 1, M9 female (n = 5); 2, M9 male (n = 5); 3, M9+GAL4-MSL2(1 copy) female (n = 4); 4, M9+GAL4-MSL2(1) male (n = 4). One copy of GAL4-MSL2 is present.
n, number of replicates for each sample. Error: the SD of the independent replicates. A t test is applied to each comparison and P value is shown. Normal female
levels are set at 1.0. (D) Target gene (miniwhite), the upper bands are from the P**-labeled white probe and endogenous control gene (rRNA) from Northern blot.
(E) Comparisons of eye colors (miniwhite) from the individual reporter stocks (M9) and the combined stocks with GAL4-MSL2 fusion protein and M9. (F-K)
Immunolocalization and FISH of polytene chromosomes from third instar larvae of females (F-H) and males (/-K) with M9 reporter. The red channel (arrowhead) is
the signal from FISH; the green channel (arrowhead) is the signal from antibody. (F and /) The signals of miniwhite (red) from FISH and protein MSL2 (green) from
antibody. (G-J) The signals of miniwhite (red) from FISH and protein MOF (green) from antibody. (H-K) The signals of miniwhite (red) from FISH and protein
H4K16Ac (green) from antibody. (L and M) The cytological RNA FISH signals of the roX RNA (red signals) and miniwhite (green signals) in females (L) and males
(M). Heterozygous reporters were used to distinguish them from potential endogenous signals. (Scale bars, 10 pm.)
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Fig. 3. ChlIP analysis of GAL4 fusion proteins with the X-linked (M30) and autosomal reporter (M9). (A) Three different amplicons along the miniwhite reporter were
tested by the primers (arrows) in these ChIP experiments: mw-left, mw-middle and mw-right. TSS, transcription start site. Two copies of the targeting construct are
present in each case. (B-E) GAL4-MOF fusion protein. (B and D) The levels of H4K16 acetylation on the autosomal M9 (B) and the X linked M30 (D). (C and E) The levels
of MSL2 protein on M9 (C) and M30 (E). GAL4-MOF fusion protein causes an increased H4K16Ac in females and males and an elevated level of MSL2 protein in males.
Normal female levels are set at 1.0. (F-/) GAL4-MSL2 fusion protein. (F and H) The levels of H4K16 acetylation on the autosomal M9 (F) and the X-linked M30 (H).
(G and /) The levels of MSL2 protein on M9 (G) and M30 (/). The results indicate that targeting GAL4-MSL2 protein induces a higher level of H4K16Ac despite no impact
on expression (Fig. 2). The real-time data were analyzed with Applied Biosystems 7300 system SDS software with calculation of the 95% confidence interval. Errors
shown: positive represents the maximum relative quantification (RQ); negative represents the minimal RQ.
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Fig. 4. Counteracting function of the MSL complex on histone acetylation.
Ectopically expressed MSL2 protein in combination with GAL4-MOF fusion
construct and the X-linked reporter M30. (A) Expression levels of the X-
linked reporter gene, M30 in each sample. Samples: 1, M30+GAL4-MOF(2
copies) female (n = 4); 2, M30+GAL4-MOF(2) male (n = 4); 3, M30+GAL4-MOF
(2)+MSL2(2) female (n = 3); 4, M30+GAL4-MOF(2)+MSL2(2) male (n = 3).
When present, two copies of GAL4-MOF and MSL2 are represented, re-
spectively. n, number of replicates for each sample. Error: SD of independent
replicates. A t test is applied to each comparison and P value is shown.
Normal females levels are set at 1.0 (not in histogram). (B) Comparisons of
eye colors (miniwhite reporter) of M30+GAL4-MOF(2) stock with the com-
bined stock M30+GAL4-MOF(2)+MSL2(2). (C) FISH of the polytene chromo-
somes from the combined [M30+GAL4-MOF(2)+MSL2(2)] female larvae. The
red channel is from the signal of ms/2 genes (arrow); the green channel is
from signal of mof genes (arrowhead). (D) Immunolocalization on the
polytene chromosomes from the combined [M30+GAL4-MOF(2)+MSL2(2)]
female larvae. Red channel (Upper Right) is the signal of protein SXL
confirming a female nucleus; green channel (Lower Right) is the signal of
protein MSL2. (Scale bars, 10 um.)
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(31) and in triple X metafemales (22), even though there is no
MSL complex present in these circumstances, illustrating that
compensation occurs without the MSL complex. Moreover, when
the SXL protein, which is normally expressed only in females to
repress the translation of the MSL2 protein (7), is removed, the
accumulated MSL complex on the X chromosomes did not pro-
duce any difference in X-linked gene expression (12, 14, 15). To
compare these results to the targeting experiments, the effect of
GALA-MOF on the reporters was assayed by addition of ectopi-
cally expressed MSL complex.

To examine the inhibitory function of the MSL complex, we
tested the effect of ectopically expressing the MSL2 protein
without the GAL4-DBD in the X-linked M30;GAL4-MOF line.
We found that the expression changes caused by GAL4-MOF
were reversed both on the RNA level (Fig. 44) and phenotypi-
cally (Fig. 4B), confirming that the RNA level determinations
reflect the absolute expression. Immunolocalization and FISH
were applied to confirm the genotype of this combination stock,
which showed two signals of msl2 and mof (Fig. 4C) from FISH:
one is endogenous and the other is the transgenic signal. The ec-
topic expression of MSL2 in females was also confirmed, as illus-
trated by association of the MSL complex with the X chromosomes
(Fig. 4D).

The addition of MSL2 to females produces a situation in some
sense analogous to males in that GAL4-MOF is capable of
attracting the whole MSL complex to the reporter. In terms of its
impact on gene expression, a similar result is obtained as in males,
namely that it reverses the overexpression seen with GAL4-MOF
alone. In contrast, the expression in males is increased. In this
case, there is preexisting MSL complex on the X chromosome. A
similar result in males occurs on the reporter alone with ectopic
MSL2 expression (see below) but there is no effect in females.
The basis for the increased expression of the X-linked reporter in
males is unknown but a possible explanation, among others, is
that overexpression of MSL2 subunits has a dominant-negative
effect on the counter activity of the complex on histone acetylation.
On the other hand, with the hypothesis that the MSL complex
mediates dosage compensation, it might be hypothesized that
overexpression of MSL2 alone fosters enhanced expression; this
interpretation, however, is in contrast to the effects found in this
study with all or none association of the MSL complex.

No Increased Expression of X-Linked Reporters from Ectopic Expression
of MSL2 in Females. To test this conclusion in another way, the
ectopically expressed MSL2 without the GAL4 BD was combined
with the X and autosomal reporters. In this case, the MSL com-
plex is present along the length of the X chromosomes (Fig. 5) and
the reporters are not specifically targeted. Northern analysis and
eye color determinations showed that there is no increase in ex-
pression of the X-linked reporter in females that now have the X
chromosome associated with the MSL complex (Fig. 5). Males
that already have MSL complex association did show a slight
increase in agreement with the results described above. The
autosomal reporter exhibits a significant reduction of expression in
both males and females, particularly in the latter, which is con-
sistent with previous results (11). This result might reflect the
depletion of MOF from the autosomes, as previously noted (11),
although MOF is also involved in the NSL complex (29), specifi-
cally with MBD-R2 (28). There is still little known concerning how
the sequestration of the MSL complex impacts the NSL complex
function or how global these autosomal effects might be. The
molecular effects were validated phenotypically (Fig. 5). Similar
results were obtained with other X and autosomal reporters
(Fig. S7), including the fact that no single-copy X-linked reporter
in females was converted by ectopic MSL2 expression to the eye
color intensity of a single copy in males, which is the result that
would have been indicative of inducing dosage compensation.
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Fig. 5. Expression levels of the reporter genes with ectopic expression of MSL2. (A) Constructs used in UAS system. The MSL2 protein without GAL4 is inserted
in the expression plasmid pHT4 with the Hsp70 promoter; the miniwhite reporter gene is also shown. (B and C) Expression levels of the X-linked reporter
gene, M30, with ectopically expressed MSL2. Samples: 1, M30 female (n = 6); 2, M30 male (n = 6); 3, M30+MSL2(1 copy) female (n = 3); 4, M30+MSL2(1) male
(n = 3). When present, one copy of MSL2 is represented. n, number of replicates for each sample. Error: SD of independent replicates. A t test is applied to each
comparison and P value is shown. Normal female levels are set at 1.0. (B) Target gene (miniwhite), the upper bands are from P*2-labeled white probe and the
lower is rRNA control from Northern blots. (C) Comparisons of eye colors (miniwhite) from the individual reporter stocks (M30) and the combined stocks of
MSL2 and M30. (D and E) Expression levels of the autosomal reporter gene, M9, with ectopically expressed MSL2. Samples: 1, M9 female (n = 5); 2, M9 male
(n = 5); 3, M9+MSL2(1 copy) female (n = 3); 4, M9+MSL2(1) male (n = 3). When present, one copy of MSL2 is represented. n, number of replicates for each
sample. Error: the SD of the independent replicates. A t test is applied to each comparison and P value is shown. Normal female levels are set at 1.0. (D) Target
gene (miniwhite), the upper bands are from P32-labeled white probe and lower is rRNA control from Northern blots. (E) Comparisons of eye colors (miniwhite)
from the individual reporter stocks (M9) and the combined stocks of MSL2 and M9. (F) Detection of ectopically expressed MSL2 protein in females. The
cytological location of normal MSL2 protein in females (negative), males (positive), and MSL2-expressing females. The blue channel represents the signals
from DAPI and the green from MSL2 immunolocalization. (Scale bars, 10 pm.)

No Effect on Global Endogenous X-Linked Gene Expression by Ectopic
MSL Complex Association. To determine if the targeted reporters
and ectopic MSL2 expression studies on the reporters were
representative of endogenous genes, an RNAseq experiment was
conducted using a line that expresses MSL2 strongly (H83M2)
(6). Adult females with this ectopic expression were compared
with normal adult females. Normal adult males and females from
the same progeny were also analyzed. Gene reads from three
biological replicates were averaged and a ratio-distribution anal-
ysis conducted. The ratios of ectopic MSL2 female to normal fe-
male average number of reads for each X-linked and autosomally
expressed gene isoform were plotted in bins with 0.05 increments
(Fig. 6). This type of analysis does not normalize X-linked genes
to autosomal expression but provides strong power to reveal
trends because hundreds of datapoints (all expressed isoforms)
per bin contribute to the distribution. The results reveal that the
X chromosome distribution is sharply centered around a ratio of
1.0, although a minor shoulder of reduced expression is present.
The prediction from the hypothesis that the MSL complex medi-
ates dosage compensation would be a distribution surrounding 2.0.
There is no evidence that a substantial subset of X-linked genes
exhibits or approaches this behavior. The distribution of male/fe-
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male X-chromosome ratios is more broadly centered around 1.0,
as would be expected from a comparison of different sexes. There
is a range of ratios from overcompensation to near 0.5, the value of
no compensation. This result confirmed that endogenous genes on
the X chromosome are not increased in expression twofold by
association with the MSL complex.

Discussion

In the multiprong approach taken here, we find no evidence that
the MSL complex will cause a twofold up-regulation of associ-
ated genes that would suggest that it mediates dosage compen-
sation directly. Instead, the overall evidence suggests that the
MSL complex has an activity that overrides the impact of histone
acetylation on gene expression. Typically, histone acetylation is
associated with increased expression, which led to the original
suggestion that the MSL complex was responsible for compen-
sation. Indeed, with targeting of MOF alone, there are elevated
levels of acetylation of H4Lys16 but under circumstances in
which the whole complex is present and brought to reporters or
the X chromosome as a whole, there is no evidence of an increase
of gene expression. Adding the necessary component for complex
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Fig. 6. Global endogenous gene expression ratios in ectopically expressed MSL2 females compared with normal females. The ectopically expressed MSL2
females were obtained using a P-element ms/2 construct with a miniwhite transformation marker, [(w*) H83M2-6l] (6). The global expression pattern of these
females [y w;(w*) H83M2-6//+;*'*], normal females (y w;*"*; TM3/+) and males (y w;*'*;TM3/+) were obtained by mRNA-sequencing and analyzed by comparing
the ratio distributions to each other. (A and B) Ratio distributions of expressed isoforms from the ectopically expressed MSL2 females were compared with
normal females, separated into the X-linked genes (A) and autosomal genes (B). The comparisons of normal males with females are shown separately with X
linked genes (C) and autosomal genes (D). The blue line represents the ratio “1.0” (no change); the black line marks the ratio “2.0"” (the ratio for acquisition of
dosage compensation in MSL2 females); the black dash line shows the ratio “0.5"” (no dosage compensation in males). The spike at the far right represents
genes with large differences of expression between the sexes. Three biological replicates were performed for each genotype.

assembly, namely MSL2, to the genotype with MOF targeting to
the reporters reverses the up-regulation.

It should be pointed out that the reporters on the X chro-
mosome are already dosage-compensated in males before tar-
geting. Thus, targeting them in an assay for induction of dosage
compensation might be considered uninformative. Indeed, a po-
tential interpretation of the reduced expression of the reporter
with GAL4-MOF targeting is that normal dosage compensation
is disrupted. However, autosomal reporters in males have no
preexisting MSL complex and behave in a similar manner. We do
not feel that the preexisting association of the MSL complex with
the X reporters complicates our interpretation that the complex
does not mediate dosage compensation. We conclude this be-
cause in all circumstances in which reporters or endogenous
genes transition from no association to MSL association [X and
autosomal reporters in females; autosomal reporters in males,
and X endogenous genes in females; previously in Sex lethal
mutants (12)], there is no evidence for an increased expression
despite the increase in histone acetylation.

A result that has been interpreted in support of the MSL
complex mediating dosage compensation is that silenced mini-
white transgenes become expressed when the MSL complex
spreads from roX transgenes (32, 33). This change in gene ex-
pression proceeds from a null state to nearly normal pigment
levels. Thus, the change in expression is infinity rather than the
approximately twofold change characteristic of dosage compen-
sation. This phenomenon is therefore likely to represent sup-
pression of gene silencing rather than dosage compensation.

In addition to the results presented here, there are other
aspects of dosage compensation that the MSL hypothesis fails to
accommodate. First of all, in addition to males, there is also
dosage compensation in triple X metafemales that possess three
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X chromosomes with diploid autosomes (34). In this case each
copy of X-linked genes must be reduced in expression to about
two-thirds of the level found in females rather than the twofold
increase for males. The MSL hypothesis does not address this
issue and, given that there is no MSL complex in metafemales
(22), it is inadequate to do so. Second, dosage compensation not
only occurs in diploid males but also in triploid flies that have
only two or one X chromosome compared with the three present
in triploid females (35-37). The level of change to account for
compensation per gene copy to equal the total triploid female
expression is different in each case, as well as distinct from that
of diploid males. The MSL hypothesis does not suggest a means
by which different degrees of modulation are achieved based on
chromosomal dosage.

Furthermore, in previous work we have failed to observe a loss
of compensation in a sampling of endogenous genes or trans-
genes in mle mutants in which there is no MSL complex asso-
ciated with the single X chromosome when the expression values
were calculated in absolute terms. We have found this result to
be the case not only in larvae (11, 13) but also in embryos (14). In
these cases, the dissolution of the MSL complex from the male X
chromosome does not cause a loss of compensation.

A few studies have been conducted to examine gene expres-
sion when the MSL complex has been disrupted (3, 8-10). These
studies have all made the assumption that there would be no
change of autosomal gene expression and have used the autosomes
as the standard with which to normalize X-linked gene expres-
sion. We have previously noted (11, 13, 14, 38) that when the
data are examined for absolute expression, the values are con-
sistent with no generalized loss of compensation and increases of
autosomal expression. Such normalization will drive down the
ratio of X to autosomal expression, and thus was the basis for the
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conclusion that a loss of compensation occurred. When viewed in
this way, there is no conflict with our data, which can be visualized
(14) on the absolute level and which illustrate there is no gener-
alized loss of compensation in the absence of the MSL complex.
Similarly, there is no conflict with the results that targeting the
MSL complex produces no up-regulation.

If no evidence can be garnered in support of the hypothesis that
the MSL complex mediates a twofold increase in expression
when associated with genes, a different process must be sought to
explain the up-regulation of the male X chromosome. It has
previously been suggested that an inverse dosage effect (16, 17,
19, 21, 23, 39, 40), empirically observed as the negative corre-
lation between target gene expression and chromosomal dosage,
produced by the single dose of the X chromosome in males,
might be expected to increase the expression of both the X chro-
mosome and the autosomes. Modeling the inverse effect suggests
that it will result from how an altered stoichiometry of members
of multisubunit regulatory complexes affects the assembly of the
whole (41). The X chromosome might have evolved to use this
natural consequence of aneuploidy to achieve compensation.
Considering the gene expression trends in mle males with one X
chromosome and no MSL complex (11-15) compared with
normal females, and then also with metafemales with three X
chromosomes (22, 42, 43), there is a generalized inversely af-
fected autosomal expression as well as compensation of the X in
the three genotypes. We hypothesize that to mute the potential
autosomal overexpression in normal males, the formation of the
MSL complex has evolved to sequester MOF from the auto-
somes to the X chromosome (11, 12, 14). However, this se-
questration would tend to overexpress the X, as experimentally
verified in the present study by MOF targeting, so an additional
activity evolved to override the high level of histone acetylation
generated from the tethered MOF, as also verified in the present
work. This override would allow the appropriate twofold up-
regulation of the single X chromosome to achieve dosage com-
pensation. Although many parameters remain to be defined (39),
the results reported herein indicate that the MSL complex is not
the direct mediator of X chromosome dosage compensation.
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Materials and Methods

Northern Blot. Total RNA was isolated and separated on 1.5% (wt/vol)
formaldehyde-agarose gels. The transferred membranes were cross-linked
and hybridized with antisense RNA probes (white and rRNA) under the
conditions as previously described (11, 13, 22). Subsequently, three washes at
75 °C were applied to the membranes. The exposed signals were measured
using the Fujifilm Image Gauge V 3.3 program. Expression constructs are
shown in Fig. S8.

Immunolocalization and FISH. The salivary glands from third-instar larvae were
dissected, fixed, and processed (11, 14). FISH probes were labeled by nick
translation with Texas red (red) or Alexa Fluor 488-dUTP (green) and applied
to slides. The samples were stored at 55 °C overnight after hybridization,
washed using prewarmed 2x SSC and dried in the dark (44), and then
mounted with Vectashield mounting medium containing DAPI.

ChIP. Samples were homogenized with buffer A1 and formaldehyde using
a Potter homogenizer, then a Douncer (45). Glycine solution was added to the
cross-linked mixture solution. The samples were then centrifuged, washed
three times with buffer A1, and once with lysis buffer without SDS. The final
pellets were dissolved in lysis buffer with SDS and kept at 4 °C for 30 min on
a rotating wheel. The samples were then sheared with a sonicator. The su-
pernatants were washed in centricon YM-10 columns with ChIP dilution
buffer. The primary antibodies of interest were added into each ChlIP solu-
tion at 4 °C on a rotating wheel overnight. The antibodies were kept on the
wheel for another 4 h after adding 60 pL protein G or A agarose followed by
three washes. The immune complexes were eluted and reverse cross-linked.
The DNA was precipitated by phenol/chloroform and washed. One microliter
of the resuspended pellet was used in the real-time PCR reactions.

RNAseq. Procedures are described in S/ Materials and Methods. Sequencing
data are archived under GEO accession number GSE41570 and NCBI Se-
quence Read Archive number SRP016112.
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