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A long-standing model postulates that X-chromosome
dosage compensation in Drosophila occurs by twofold
up-regulation of the single male X, but previous data
cannot exclude an alternative model, in which male au-
tosomes are down-regulated to balance gene expression.
To distinguish between the two models, we used RNA
interference to deplete Male-Specific Lethal (MSL) com-
plexes from male-like tissue culture cells. We found that
expression of many genes from the X chromosome de-
creased, while expression from the autosomes was
largely unchanged. We conclude that the primary role of
the MSL complex is to up-regulate the male X chromo-
some.
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X-chromosome dosage compensation was first postu-
lated by H.J. Muller in 1932 to explain the difference in
phenotype between male and female Drosophila carry-
ing a single copy of a partially defective X-linked white
gene (Muller 1932). Since that time, it has become clear
that dosage compensation is an essential, sex-specific
process that has evolved to equalize X-linked gene ex-
pression in male and female (or hermaphrodite) flies,
nematodes, and mammals. Specific modes of regulation
differ among these model systems. However, in each or-
ganism, dosage compensation is controlled by genes
with sex-specific lethal phenotypes that encode proteins
and RNAs localized along the length of the regulated X
chromosome (for review, see Cline and Meyer 1996;
Meller and Kuroda 2002; Nusinow and Panning 2005). In
flies, the MSL (Male-Specific Lethal) complex is postu-
lated to up-regulate X-linked gene expression in males to
equal that in females, and is composed of at least five
proteins (collectively called the MSL proteins) and two
noncoding roX (RNA on X) RNAs. MSL1 and MSL2 are
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thought to form the essential core of the complex, and
MSL3 (a chromodomain protein), MOF (a MYST histone
acetyltransferase), MLE (a helicase), and either roX1 or
roX2 noncoding RNAs are all required for normal target-
ing of the male X chromosome.

The model for dosage compensation in Drosophila by
hypertranscription of the male X predates the discovery
of the MSL complex and was based on incorporation of
3H-uridine into nascent RNA over the polytene X and
autosomes in male and female nuclei (Mukherjee and
Beermann 1965). Consistent with the hypertranscription
model, the male polytene X exhibits a diffuse morphol-
ogy generally associated with increased gene expression
that is lost in dosage compensation mutants (Belote and
Lucchesi 1980a). However, analyses of selected genes in
msl males have revealed a lack of consensus regarding
how gene expression changes in these mutants (Breen
and Lucchesi 1986; Hiebert and Birchler 1994; Bhadra et
al. 1999; Chiang and Kurnit 2003; Pal Bhadra et al. 2005).
Notably, the conclusion of Birchler and colleagues is
that individual autosomal genes increase more often
than X-linked genes decrease expression in msl mutants
(Hiebert and Birchler 1994; Bhadra et al. 1999; Pal Bhadra
et al. 2005). One explanation might be that msl mutants
exhibit both direct and indirect effects from failure to
establish compensation of a large segment (~16%) of
their genome over many days of development (Chiang
and Kurnit 2003). Alternatively, the action of the MSL
complex may be more complicated than proposed based
on its X chromosomal localization. The alternative, in-
verse dosage model is that all chromosomes tend to be
up-regulated in male nuclei, so that autosomal gene ex-
pression in males must be down-regulated to provide bal-
anced gene expression (Birchler et al. 2003). In this
model, the primary role of the MSL complex is to seques-
ter positive factors away from the autosomes.

The hypertranscription and inverse models make very
different predictions regarding the effect on X and auto-
somal gene expression when the MSL complex is re-
moved from male cells. However, previous studies have
faced significant technical challenges. First, the expres-
sion changes to be measured are quite small (twofold or
less). Second, analysis of msl mutant males is compli-
cated by the fact that they are developmentally delayed
and dying. Third, a limited set of individual genes was
monitored, so global trends could not be thoroughly as-
sessed. Here, we have directed our efforts to eliminating,
as much as possible, indirect or cumulative effects of
defective dosage compensation by utilizing RNA inter-
ference (RNAI) in male tissue culture cells to uncouple
loss of MSL function from perturbations in development.
Furthermore, we assay global gene expression changes
on microarrays, in which overall trends of even small
changes in X and autosomal gene expression, if they ex-
ist, should be readily apparent.

Results and Discussion

msl2 RNAi reduces msl2 RNA and protein expression,
removing MSL complexes and histone H4K16ac
modification from the X

We chose MSL2 as our target for RNAi because it is the
key limiting factor in the MSL complex. MSL2 protein is
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expressed in males but is normally repressed in females
by the female-specific factor Sex Lethal (SXL) (Bashaw
and Baker 1995; Kelley et al. 1995; Zhou et al. 1995).
Since females lack MSL2, they do not form MSL com-
plexes. However, when MSL2 is ectopically expressed in
females, full complexes form on both X chromosomes,
leading to delayed development and substantial lethality
(Kelley et al. 1995). Therefore, the absence of MSL2 is
normally sufficient to completely block dosage compen-
sation by the MSL complex.

We performed our assays in SL2 tissue culture cells,
which display potent RNAi activity (Clemens et al.
2000; Kiger et al. 2003). SXL is absent in SL2 cells (Ryner
and Baker 1991), while all of the known MSL protein
components are expressed, form complexes, and are lo-
calized to the X chromosome, strongly suggesting a male
identity (Copps et al. 1998; A. Alekseyenko and M.I.
Kuroda, unpubl.).

RNAI for msI2 was previously demonstrated in SL2
cells by Buscaino et al. (2003). Using a similar approach,
we first assayed the effect of msI2 RNAi, or RNAI for an
irrelevant gene (GFP) on the localization of MSL com-
plexes to a nuclear subdomain presumed to be the X
chromosome. After 4 d we found that RNAi against msI2
largely eliminated the localization of MSL complexes
(Fig. 1). More than 90% of treated cells lacked MSL2
staining on the X chromosome and showed diminished
overall signal within 4 d of double-stranded RNA
(dsRNA) treatment. Treatment with msI2 dsRNA also
resulted in a similar loss of MSL1 and MSL3 from the X
chromosome. Immunostaining varied from cell to cell,
but in general MLE and MOF appeared to be released
from the X and redistributed throughout the nucleo-
plasm.

One of the known consequences of MSL action on the
X chromosome is the site-specific acetylation of histone
H4 at Lys 16 by the MOF acetyltransferase (Turner et al.
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Figure 1. Delocalization of MSL complexes from the X chromo-
some following RNAi for msI2 in Drosophila SL2 cells. SL2 cells
were treated with GFP-dsRNA or msI2-dsRNA, grown 4 d, fixed,
and immunostained with affinity purified rabbit anti-MSL1, anti-
MSL2, anti-MSL3, anti-MOF, anti-MLE, or anti-histone H4K16ac
followed by anti-rabbit secondary antibodies labeled with Texas
Red. DNA was counterstained with DAPI (blue).
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Figure 2. Changes in MSL protein abundance following RNAi for
msl2. (A) Real-time RT-PCR quantification of msl2 mRNA. Total
cellular RNA was isolated from parallel cultures of cells 4 d after
treatment with GFP-dsRNA or msI2-dsRNA. For each sample, tran-
script levels were normalized to the internal control mRNA pka.
The standard deviation was calculated based on three independent
experiments. (B) Western analysis of MSL proteins. Crude lysates
were prepared from cells 4 d after treatment with GFP-dsRNA or
msI2-dsRNA and separated by SDS-PAGE. Western blots were in-
cubated with anti-MSL1, anti-MSL2, anti-MSL3, anti-MOF, anti-
MLE, or a-tubulin. Protein extracts were diluted twofold as indi-
cated. Detection was as described in Materials and Methods.

1992; Bone et al. 1994; Hilfiker et al. 1997; Akhtar and
Becker 2000; Smith et al. 2000). Therefore, we immuno-
stained SL2 cells after RNAI treatment with antibodies
that specifically recognize histone H4K16ac (Fig. 1). In
control cells, H4K16ac is concentrated on the X chromo-
some and also is variably detected throughout the
nucleus, presumably on all chromosomes at a lower
level (Turner et al. 1992). After msl2 RNAi treatment,
tight foci of H4K16ac disappeared. H4K16ac staining was
no longer detectable in ~25% of cells, while ~75% re-
tained weak staining throughout the nucleus. In both
control and experimental samples, a fraction of nuclei
(~8%-13%) were very brightly staining, with no evident
subnuclear localization (data not shown). The signifi-
cance of these brightly staining nuclei is not known, but
since they were present in both control and experimental
samples, they have not been considered further in this
analysis.

To confirm that the RNAIi effects correlated with a
loss of msl2 mRNA, we performed quantitative real-
time RT-PCR analysis (Fig. 2A). Four days after RNAi
treatment, we found that msI2 RNA levels were reduced
~92% in the experimental cells compared with control
cells. To determine the consequence of decreased msI2
RNA levels on protein levels of MSL2 and the other MSL
proteins, we performed Western analyses (Fig. 2B). We
found that lack of MSL2 protein resulted in lower levels
of MSL1 and MSL3, similar to what is seen in wild-type
females or msI2 mutants (Palmer et al. 1994; Gorman et
al. 1995). In contrast, MOF and MLE levels appeared un-
changed in the absence of MSL2. Therefore, our RNAi
conditions appear to mimic the female state, in which
MSL2 is absent, MSL1 and MSL3 are present only in low
levels, and MOF and MLE have similar abundance to
males but are delocalized.

msI2 mutant cells appear to have a severe growth dis-
advantage during Drosophila development, based on the
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failure to recover homozygous msI2 mutant clones in
most adult tissues of males following induction of mi-
totic recombination in heterozygous individuals (Belote
and Lucchesi 1980b). msI2 mutant males do survive to
the larval stages, but they are severely delayed in devel-
opment. Therefore, we asked whether depletion of MSL2
from cells in culture would lead to changes in their dou-
bling time. We found that cell doubling was indistin-
guishable comparing mock-treated cells with cells
treated with msI2 dsRNA through the 4-d course of this
experiment (data not shown). We propose that the lack of
a requirement to execute sensitive developmental path-
ways allows cells without dosage compensation to re-
main healthy, at least within this limited time frame,
and thus has allowed us to separate the direct from the
majority of indirect effects caused by depletion of MSL2.

Differential effects of MSL2 RNAI treatment
on X-linked genes and autosomal genes

Total RNA was extracted after msI2 or GFP RNAI treat-
ment of cells, and fluorescently labeled cDNA was pro-
duced and hybridized in parallel to Affymetrix Dro-
sophila Genome 2.0 microarrays. Experiments were per-
formed three times, with RNAi and GFP control in each
case, for a total of six arrays.

A key step in microarray analysis is to identify the
genes that have a sufficiently consistent signal to be
measured accurately. Genes with undetectable or low
expression are removed from the analysis. The 18,000
genes on the array were filtered using Affymetrix Pres-
ent/Absent calls, resulting in 7923 genes counted as pres-
ent. A second filter was employed to ensure the consis-
tency of fold ratios in the three experiments (see Sta-
tistical Analysis for details). After the second filter,
~5400 genes with reliable fold ratios were divided into
those on the X chromosome (897) and those on the au-
tosomes (4484), and the distribution of the ratios were
plotted for each case in the log 2 scale. The two distri-
butions were estimated using the median ratio among
the triplicates by a smoothing technique. In Figure 3A,
the log fold ratios are centered roughly on zero and are
symmetric for the autosomes (black line, peak at
x = 0.08 or 299 = 1.06-fold), and they are clearly shifted
to the left for the X chromosome (red line, peak at
x = -0.36 or 27936 = 0.78-fold). This indicates that genes
on the X chromosome are down-regulated compared
with autosomal genes. The microarray data were pro-
cessed in many different ways but the results remained
the same (see Supplemental Material).

To determine whether such a large difference in the
distributions could have arisen by chance, we calculated
the p-value for the null hypothesis that the underlying
distributions are the same. Using either the t-test or Kol-
mogorov-Smirnov test, the p-value is <107'°. This is the
probability of observing the difference in distribution as
shown in Figure 3A if they were in fact the same.

Overall, using a threshold change of 1.4-fold, we found
that many X chromosomal genes (~29%) exhibited a de-
crease in transcript levels (261 out of 897), while only a
small number of autosomal transcripts (~1.2%) de-
creased (56 out of 4484). Both X and autosomes had some
transcripts that increased slightly under these conditions
(~0.2% and 1.6%, respectively). Another way to examine
the changes in expression is to locate the genes with
differential expression by their chromosomal location. In

Up-regulation of the Drosophila male X
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Figure 3. Microarray gene expression analysis after RNAi for msI2.
(A) Distribution of fold change ratios from the X chromosome (red
line) and the autosomes (black line). The log fold ratios are centered
roughly on zero and are symmetric (black line) for the autosomes,
and they are clearly shifted to the left for the X chromosome (red
line). In either the t-test or Kolmogorov-Smirnov test, the p-value is
<107'%. (B) Changes in the number of genes reliably detected on
microarrays after RNAi removal of MSL2. The black, dark-gray, and
light-gray bars indicate the percentage of change in transcripts
present for the whole genome, the X chromosome, and the auto-
somes, respectively. In each case, the decrease is either mostly or
entirely from the X chromosome.

Figure 4, we marked the genes up-regulated by 1.4-fold or
more in red; we marked those that are down-regulated by
1.4-fold or more in blue. The strongly down-regulated
genes are concentrated on the X chromosome. We used
the 1.4 threshold for this figure but other threshold val-
ues result in a similar picture (see Supplemental Mate-
rial).

We compared our data for individual genes with the
results of Straub et. al. (2005), who performed a similar
msl2 RNAI analysis in SL2 cells but assayed specific
MSL targets for expression changes by real-time
RT-PCR analysis. Each individual X-linked gene,
CG14804, mRpL16, and Arm, showed a 1.3- to 1.5-fold
decrease in our experiments, in agreement with their
results. In addition, the autosomal RpIl140 gene showed
no change in either study. We further validated the Af-
fymetrix values for five X and one autosomal gene by
quantitative real-time RT-PCR (see Supplementary Fig.
H). Our complete data set for individual genes is avail-
able at http://chip.tch.harvard.edu/~ppark/KurodaLab.

Validation that X-linked gene expression decreases
by normalization-independent analysis

When microarrays are processed, there is a natural fluc-
tuation in the overall signal intensity among different
arrays, due to variations both in the samples and in the
experimental procedures. Even if the samples are the
same, the labeling and scanning steps can introduce
enough variability so that some type of normalization
must be performed. There are a number of different
methods to adjust for variability among arrays, but a
common method implemented in most software as the
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solute increase in the number of autoso-
mal transcripts detected, as marginal
genes would now be counted as present.
Conversely, if X gene expression de-
creased globally after msl2 RNAi, we
would expect that the primary effect
would be an absolute decrease in the
number of X chromosomal transcripts
detected.

In Figure 3B, the first bar (black) for
each experiment represents the change
in the number of genes thought to be
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present in the RNAi sample compared
with the GFP sample, at a threshold p-
value of 0.01. The second bar (dark gray)
and the third bar (light gray) in Figure 3B
represent the changes for the X chromo-
somal genes and the autosomal genes,
respectively. For the first experiment, for
example, there is an ~0.8% decrease in
the number of transcripts reliably de-
tected overall, but this number is ~5%
for the genes on the X chromosome, ac-
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Figure 4. Chromosomal location of genes affected by RNAIi for msI2. Genes up-regulated
>1.4-fold are indicated in red, and genes down-regulated >1.4-fold are indicated in dark
blue. The strongly down-regulated genes are concentrated on the X chromosome.

default is to set the average of the signal intensities
across all genes to be the same, after outlier data points
are eliminated. An assumption required in this step,
however, is that most genes are not differentially ex-
pressed. While this assumption holds in the vast major-
ity of expression profiling studies, it would be violated if
the autosomal genes are up-regulated and the X-linked
genes remain unchanged in the current experiment.
Therefore, to unambiguously determine whether X-chro-
mosome gene expression decreased or autosomal gene
expression increased after msI2 RNAi, we sought a
method that did not require normalization.

We based our normalization-independent analysis on
the raw intensities of signals within individual arrays. In
Affymetrix arrays, a “probe” for a gene is in fact a set of
probes, consisting of 14 distinct “probe pairs” for the
Drosophila array, and an expression value is in fact a
summary measure based on these multiple probes
(http://www.affymetrix.com). Each probe pair consists of
a 25-mer probe (PM for “perfect match”) and the same
probe with a base pair flip in the middle oligonucleotide
to control for cross-hybridization (MM for “mismatch”).
By examining the pattern across these multiple probes
for a single transcript, it becomes possible to estimate
the probability that the transcript is reliably detected.
This is the basis for the Present/Marginal/Absent calls
and their associated p-values in the Affymetrix software
for data processing (see Supplemental Material). Consis-
tently higher PM probe values compared with their
counterpart MM probe values leads to a low p-value,
which means that the transcript is likely to be present.
Therefore, we examined these p-values to determine
whether the number of transcripts detected reliably in-
creased or decreased in each RNAi experiment. If auto-
somal gene expression increased globally after msI2
RNAIi, we would expect the primary effect to be an ab-
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256407 counting for nearly all of the overall de-
crease. The changes in the autosomes
are negligible. The second experiment
actually showed a small increase in the
number of detected genes in the auto-
somes, but the dominant feature is that
fewer X-chromosome genes are detected
reliably in the RNAi sample compared with the GFP
control. The p-value threshold used in Figure 3B is 0.01
but the pattern persists for lower thresholds, even
though the absolute magnitude of the percentages in-
creases (see Supplemental Material). Therefore, results
shown in Figure 3B strongly support our initial conclu-
sion that X transcripts specifically decrease in the ab-
sence of MSL complexes. Using independent methodolo-
gies, Straub et al. (2005) have reached the identical con-
clusion.

Are most genes on the X-chromosome regulated
by the MSL complex!?

In each replicate of our experiment, we detected changes
in mRNA levels from many but not all X-linked genes,
dependent on the threshold value that we set. For ex-
ample, ~19% of the expressed genes on the X changed
expression <l1.1-fold, suggesting that not all X-linked
genes are controlled by the MSL complex. However, the
partial dosage compensation seen here may also be an
inevitable result of our methodologies combined with
the difficulties in measuring small changes in gene ex-
pression. For example, RNAI often results in partial loss-
of-function phenotypes, and in our experiments, msi2
RNA was reduced but not completely eliminated (on av-
erage to 8% of wild type). Therefore, the technology
implemented does not currently allow us to define the
precise number of genes affected by the MSL complex.
We previously proposed that a significant subset of
X-linked genes, carrying at least three SXL-binding sites
in their 3’ UTRs, might be regulated by a distinct dosage
compensation pathway (Kelley et al. 1995). This SXL-
dependent, MSL-independent pathway was proposed to
operate by down-regulation of target transcript stability
or translation in females, rather than by up-regulation in
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males. We found that nine of the previously identified
X-linked genes with SXL-binding sites were expressed in
SL2 cells. Surprisingly, four of the nine showed a 1.4-fold
or greater reduction in expression after RNAi for msi2,
suggesting that they are normally up-regulated by the
MSL complex. This was substantiated by analysis of a
more comprehensive list of genes with SXL-binding sites
generated from the annotated Drosophila genomic se-
quence (C. Stuckenholz and M.I. Kuroda, unpubl.).
Therefore, if MSL-independent regulation of this subset
of genes does occur, it may be at a specific time or place
during development not represented by SL2 cells grown
in culture.

In conclusion, we have tested current models for the
mechanism of dosage compensation in Drosophila by
performing the first global analysis of gene expression
after removal of the MSL complex in male cells. Our
results demonstrate that X-linked genes are widely af-
fected as a group when MSL2 levels are reduced, consis-
tent with the striking localization of the MSL complex
to sites along the length of the male polytene X chromo-
some (Kuroda et al. 1991; Palmer et al. 1993; Bashaw and
Baker 1995; Gorman et al. 1995; Kelley et al. 1995; Zhou
et al. 1995; Gu et al. 1998) and the morphological
changes to that chromosome when MSL proteins are de-
pleted or overexpressed (Belote and Lucchesi 1980a; Oh
et al. 2003). Our results clearly support a role for the MSL
complex in up-regulation of X-linked genes in Dro-
sophila males. The specific decrease in X-linked gene
expression that we see following msI2 RNAI is incom-
patible with the inverse dosage model.

Materials and methods

Preparation of dsRNA

Target sequences were scanned to exclude any complete 21-mer homol-
ogy with other genes. Primer sequences for generation of a GFP dsRNA
template by PCR from pEGFP-N1(Clontech) (Boutros et al. 2004) were
forward, 5-TAATACGACTCACTATAGGGAGAGGTGAGCAAGGGC
GAGGAGCT-3/, and reverse, 5'-TAATACGACTCACTATAGGGAGAT
CTTGAAGTTCACCTTGATGCCG-3'. An msI2 segment (-230 to +90
base pair [bp] relative to the ATG start codon) was inserted into pBlue-
script to enable generation of an msI2-dsRNA template by PCR using
M13 forward and reverse primers. The GFP-dsRNAs and msI2-dsRNAs
were generated using an Ambion MEGAscript T7/T3 Kit. The final size
of the msI2 and GFP dsRNAs was 500 bp, including flanking Bluescript
sequences included in the msI2 construct. Transcription reactions were
treated with DNase I for 15 minutes at 37°C to remove the template.
After purification, equimolar amounts of sense and antisense msI2
RNAs were mixed, heated for 5 min to 85°C, and annealed by slowly
cooling to room temperature.

RNAi

One day prior to the addition of dsRNA, 3 mL of cells per well were
placed into six-well cell culture dishes at a final concentration of
1.0 x 10° per mL in Gibco Schneider Drosophila Incubation Media
(supplemented with 5% fetal bovine serum and 1% antibiotic/antimy-
cotic). Immediately prior to the addition of dSRNA, the old medium with
serum was replaced with 1 mL of Schneider Drosophila Medium without
fetal bovine serum. Thirty micrograms of either GFP-dsRNA or msI2-
dsRNA was added per well. Cells were incubated at room temperature for
30 min, before the addition of 3 mL of Schneider Cell Growth Media with
fetal bovine serum. Cells were incubated for 4 d prior to analysis of gene
expression (Kiger et al. 2003; Boutros et al. 2004).

Quantitive real-time RT-PCR

Real-time RT-PCR was performed as described in Bai et al. (2004). The
pka gene was used as the internal reference for normalization.
The primer sequences for msI2 were as follows: forward, 5'-GCAAGTT

Up-regulation of the Drosophila male X

GAGGAATCTGATG-3’, and reverse, 5'-GTTTGTGTAGGTGACTGT
GAAG-3'. Relative quantification of msI2-mRNA was determined by the
comparative Cr method based on the manufacture’s instruction (ABI
Prism 7700 Sequence Detection System Use Bulletin #2, Applied Biosys-
tems). Standard curves for pka- and msI2-primers were constructed using
a serial dilution of cDNA to verify equal amplification efficiency of the
two systems.

Western analysis

Crude lysates were prepared from cells 4 d after treatment with GFP-
dsRNA or msI2-dsRNA. Samples were separated by SDS-PAGE using a
4%-12% Tris-Glycine gel (Invitrogen). Western blots were incubated
with affinity-purified anti-MSL antibodies or anti-a tubulin antibody
(Sigma) and detected by ECL plus Western blotting detection system
(Amersham Biosciences) using HRP secondary antibodies.

Immunostaining

Immunolocalization of MSL proteins was performed as described in
Copps et al. (1998) with minor modifications. The cells were centrifuged
onto slides at 2000 rpm for 5 min in a Shandon Cytospin 3 cytocentri-
fuge, fixed by incubation in PBS plus 2% formaldehyde for 30 min. Fixed
cells were washed twice in PBS, then dehydrated in acetone for 3 min at
-20°C. After two more washes in PBS, slides were blocked by PBS plus
10% donkey serum for 30 min. Slides were treated with affinity-purified
anti-MSL antibodies or anti-histone H4K16ac antibody (1:500 dilution,
Serotec) overnight, washed two times in PBST (0.1% Tween20), and then
incubated with an appropriate Texas Red secondary antibody (Jackson
Laboratories) for 1 h. The stained samples were washed two times in
PBST and mounted in Vectashield containing DAPI (Vector laboratories,
Inc.).

Statistical analysis

The microarrays were processed using GeneChip Operating Software
(GCOS) 1.1 from Affymetrix, Inc. The ratios in each experiment were
computed from the probe level (rather than probe-set level) data using the
same software for increased accuracy. The probe design was based on
FlyBase version 3.1, and 18,369 probes were mapped to their locations on
the genome (Affymetrix alignment, November 2004). There were two
filtering criteria: (1) to eliminate the genes that are expressed in neither
control nor RNAj, those with more than three Affymetrix “Absent” calls
out of the six samples were removed; (2) the standard deviation of the log
ratios were calculated for each gene and those with inconsistent fold
ratios (mostly genes with low expression levels) in the triplicates were
eliminated. The threshold standard deviation of 0.25 was used, but other
values give qualitatively similar results. The estimated fold changes for
the remaining 5436 genes were deemed reasonably accurate, with a rela-
tively small number of false positives for high fold changes. The overall
results are robust to various parameters in data analysis, as described
further in Supplemental Material. This and the raw data are available
from http://chip.tch.harvard.edu/~ppark/KurodaLab.
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