High-resolution ChIP-chip analysis
reveals that the Drosophila MSL
complex selectively identifies active
genes on the male X chromosome
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X-chromosome dosage compensation in Drosophila requires the male-specific lethal (MSL) complex, which
up-regulates gene expression from the single male X chromosome. Here, we define X-chromosome-specific
MSL binding at high resolution in two male cell lines and in late-stage embryos. We find that the MSL
complex is highly enriched over most expressed genes, with binding biased toward the 3’ end of transcription
units. The binding patterns are largely similar in the distinct cell types, with ~600 genes clearly bound in all
three cases. Genes identified as clearly bound in one cell type and not in another indicate that attraction of
MSL complex correlates with expression state. Thus, sequence alone is not sufficient to explain MSL
targeting. We propose that the MSL complex recognizes most X-linked genes, but only in the context of
chromatin factors or modifications indicative of active transcription. Distinguishing expressed genes from the
bulk of the genome is likely to be an important function common to many chromatin organizing and

modifying activities.
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Organization of the genome into chromatin is crucial for
proper cellular function and organismal development.
Histone modifications mark chromatin domains for ex-
pression or silencing, but how the enzymes that catalyze
these changes are initially targeted is poorly understood.
Dosage compensation in Drosophila serves as an impor-
tant model for the targeting and regulation of active
chromatin domains (Gilfillan et al. 2004; Lucchesi et al.
2005).

Dosage compensation makes X-linked gene expression
equivalent in males (XY) and females (XX]). In Dro-
sophila, this occurs primarily by increasing transcription
of X-linked genes in males (Hamada et al. 2005; Straub et
al. 2005). Five MSL (male-specific lethal) proteins and
two noncoding roX (RNA on X) RNAs are known to as-
sociate specifically with the male X chromosome in a
finely banded pattern along its length. The MSL complex
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is required for site-specific acetylation of histone H4 on
Lys 16 (H4K16ac) on the X (Turner et al. 1992; Bone et al.
1994), which is likely to play a key role in up-regulation
of transcription (Hilfiker et al. 1997). A complex with
similar protein composition and H4K16 acetyltransferase
activity is found in humans and plays an important role in
the DNA damage response and cell cycle progression
(Gupta et al. 2005; Smith et al. 2005; Taipale et al. 2005).

Understanding how chromatin modifying factors are
specifically targeted to their sites of action is a key step
toward understanding genome organization and func-
tion. Signature DNA sequences that could be responsible
for the X-chromosome specificity of MSL complex bind-
ing have not been identified. There is evidence for
spreading from roX genes in cis (Kelley et al. 1999; Park
et al. 2002; Oh et al. 2003) and recognition of X segments
in trans (Demakova et al. 2003; Fagegaltier and Baker
2004; Oh et al. 2004), but the rules for target recognition
are not known. Insertion of a strong enhancer into some
ectopic positions on the X chromosome can create new
cytological sites of MSL binding, suggesting that tran-
scription can activate MSL recognition (Sass et al. 2003).
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However, the actual identities of direct MSL targets and
their key features are largely unknown. As a first step to
defining the targeting mechanism, we have determined
the genome-wide MSL-binding pattern in Drosophila
SL2 cells (of embryonic origin), in Clone 8 cells (from
larval wing imaginal disc), and in late embryos. We find
that the MSL complex recognizes and binds to expressed
genes and largely ignores intergenic regions. Our results
support a model in which the MSL complex selectively
identifies target genes in the context of active transcrip-
tion.

Results

Establishment of a functional TAP-tagged MSL
complex in transgenic flies and male tissue culture
lines

MSL complex was known to bind the X chromosome in
a banded pattern along its length, but whether it associ-
ates with regulatory regions, genes, or elsewhere was not
known. To precisely map MSL binding along the X chro-
mosome at high resolution, we created a TAP-tagged
MSL complex that could be isolated with high affinity
(Puig et al. 2001). We TAP-tagged the MSL3 chromodo-
main protein at its C terminus, expressed from its native
promoter without any loss of protein-coding information
(Fig. 1A). To test our construct for MSL3 function, we
created transgenic flies that contain a single copy of
MSL3-TAP and found that this construct fully rescued
msI3 mutant males (see Materials and Methods). Fur-
thermore, the MSL3-TAP protein was detected along the
length of the polytene male X chromosome in the nor-
mal MSL pattern (Fig. 1B). MSL3-TAP immunostaining
of the X was not diminished in a wild-type background
by the presence of endogenous MSL3 protein, suggesting
that the epitope-tagged protein competes well with the
native protein (Fig. 1C).

Given the full function of the MSL3-TAP fusion pro-
tein and its ability to compete with wild-type MSL3, we
proceeded to create stably transfected cell lines to pro-
duce homogeneous tagged cell populations for analysis
of MSL binding. We performed our initial studies in SL2
male tissue culture cells, originally derived from em-
bryos. SL2 cells are male in character as demonstrated by
subnuclear localization of the MSL complex (Copps et al.
1998) and specific decrease in X-linked transcription af-
ter RNA interference (RNAi) depletion of MSL2 (Ha-
mada et al. 2005). We transfected SL2 cells and isolated
several stable lines in which MSL3-TAP was expressed
at levels comparable to native MSL3 (i.e., not overex-
pressed). We selected one line to utilize for subsequent
experiments and demonstrated that MSL3-TAP copuri-
fied with other MSL proteins and displayed subnuclear
localization consistent with X-chromosome association
(Fig. 1D; data not shown).

Chromatin immunoprecipitation (ChIP) analysis of MSL
complex on high-resolution genomic tiling arrays

To determine the precise locations of the MSL complex
along the X chromosome, we designed genomic tiling
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Figure 1. MSL3-TAP protein targets the male X chromosome.
(A) Genomic MSL3-TAP fusion construct. (B-E) Immunofluo-
rescence in which the TAP epitope is recognized by the PAP
antibody (red) and DNA is stained with DAPI (blue). (B) Immu-
nostaining of male polytene chromosomes in the absence of
endogenous MSL3 protein. (C) Immnostaining of male polytene
chromosomes when both MSL3-TAP and wild-type MSL3 are
present. (D) Immunostaining of MSL3-TAP SL2 cells, in which
the fusion protein can be seen localized to a subnuclear region.
(E) The MSL3-TAP signal is absent in untagged wild-type SL2
cells.

arrays (NimbleGen Systems, Inc.) composed of 388,000x
50mers, spaced with 50-base-pair (bp) gaps along the en-
tire nonrepetitive X chromosome (~22 Mb), and most of
chromosome 2L (~19.6 Mb). We performed ChIPs with
modifications designed to optimize our specificity. The
inclusion of the TAP tag allowed us to use the same
antibody for ChIP of both untagged control and tagged
experimental samples (see Materials and Methods). This
differs from ChIP procedures that rely on specific anti-
bodies to endogenous proteins, in which the same ex-
tract is utilized for both control and experiment, but the
antibody differs in each case (specific vs. nonspecific).
In an additional variation from typical ChIP proto-
cols, rather than removing all bound proteins and
DNA from affinity beads by chemical methods, we
cleaved off the tagged protein and cross-linked DNA
with TEV protease that has a specific site engineered
into the TAP tag.

After ligation-mediated PCR amplification and ran-
dom priming, DNA samples recovered from input and
control IP, and input and experimental IP were hybrid-
ized to the genomic tiling arrays. Because cross-linked
chromatin is sonicated into fragments of ~250-800 bp in
length, positive binding should always result in clusters
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Figure 2. High-resolution ChIP—chip analysis of MSL3-TAP binding to chromosomes X and 2L. (Top) X chromosome. (Bottom)
Chromosome 2L. A 180-Kb section is shown for each, representing the hybridization to ~1800 50mers, or ~0.5% of the total data set.
For each chromosome, results from one experiment, a corresponding dye-swap, and a second independent experiment are aligned above
the gene annotation for each segment. Genes expressed from left to right are shown above genes expressed from right to left.
Rectangles represent exons, connected by lines that represent introns. Red genes are expressed while black genes are not expressed as
determined by Affymetrix analysis of SL2 cells. MSL binding is enriched on the X chromosome over expressed genes.

of positive signals from sequential 50mers. We compared
binding clusters identified on the X chromosome versus
2L and found strong enrichment for the X chromosome
(Fig. 2). Biological replicates identified a strongly repro-
ducible set of binding clusters. All subsequent analyses
identifying genes as positive or negative for binding were
dependent on a precise definition for a binding site,
which can vary depending on the efficacy of specific ex-
periments. Therefore, for each individual experiment we
determined a threshold log, signal and number of se-
quentially positive probes based on statistical analysis
that minimizes the expected incidence of false positives
(see Materials and Methods). It is important to note that
even with perfect data, a statistical analysis cannot be
expected to yield perfect correlations in large part due to
the biology of the system. For example, overlapping
genes or small genes embedded in gene clusters are rela-
tively common in Drosophila, but clearly add ambiguity
to precise correlations between specific binding clusters
and the identification of specific targets. In multiple
analyses of SL2 cells, 739 binding clusters were identi-
fied over X, while 11 were seen on chromosome 2L, con-
firming the chromosomal specificity of MSL binding.
Representative data are shown in Figure 2, and the entire
data set is available at http://www.chip.org/~ppark/
Supplements/GD06.html.
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Comparison with expression microarrays reveals that
MSL complex prefers expressed genes, with stronger
binding toward the 3’ end

In parallel with our ChIPs, we purified RNA from MSL3-
TAP tagged SL2 cells and performed expression analyses
using Affymetrix Drosophila 2.0 microarrays. When the
annotated genome was aligned with our expression and
binding data, we saw a clear correlation of binding with
expressed genes (e.g., red genes in Fig. 2) and not with
nonexpressed genes (black in Fig. 2) or intergenic regions.
When quantified, ~90% of binding clusters were within
expressed genes, while only 7% were within nonex-
pressed genes and <3% were in intergenic regions. Fur-
thermore, binding was clearly not centered at 5’ regula-
tory regions, but often appeared to cover a large portion
of each transcription unit. To analyze this objectively,
we scaled all bound genes to the same relative length,
and found that binding on average was enriched over the
middle and 3’ end, and away from the 5’ end (Fig. 3A).
This was seen in genes of all lengths, and was most evi-
dent in long genes (Supplementary Fig. S1). This pattern
is clearly distinct from typical sequence-specific tran-
scription factors, which bind to discrete target sequences
generally in 5’ regulatory regions (Ren et al. 2000). The
pattern is also distinct from general transcription factors
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Figure 3. Analysis of the link between MSL binding and tran-
scription. (A) The average MSL-binding profile over bound and
unbound genes. Genes of differing lengths were scaled to align
5" and 3’ ends. The average bound profile covers the gene body,
with stronger binding toward the 3’ end. (B) Relative fractions of
bound, intermediate, and unbound genes that were transcribed
(blue) or were not transcribed (pink) by Affymetrix analysis. (C)
Relative fractions of transcribed genes and nontranscribed genes
that were clearly bound (dark green), intermediate (light green),
and clearly unbound (yellow) by MSL3-TAP ChIP-chip analysis.
(D) Comparison of expression state and MSL binding. Genes
were divided into quantiles by increasing Affymetrix expression
values, and graphed to show the percent of genes in each quan-
tile that were clearly bound by MSL complex in ChIP-chip
analysis. Quantiles containing nonexpressed genes are labeled
in pink, and quantiles with expressed genes are labeled in blue.
Once genes reach a threshold expression level, the probability of
robust MSL binding does not increase with increased expres-
sion. (E) Comparison of the effect of RNAi depletion for MSL2
(Hamada et al. 2005) on expression level of transcribed genes
that are bound by MSL complex (red) versus transcribed genes
that are clearly unbound (green). Genes on chromosome 2L
show no effect of MSL2 depletion (gray).

thought to increase accessibility of promoter regions
to RNA polymerase (Kim et al. 2005). The association
of MSL complex to bodies of genes, with stronger
binding toward the 3’ end is instead reminiscent of bind-
ing patterns for factors that regulate transcription elon-
gation or termination (Simic et al. 2003; Carrozza et al.
2005; Keogh et al. 2005; Kizer et al. 2005; Rao et al.
2005).

To examine the potential link between transcription
and MSL targeting, we divided all genes into three cat-
egories: bound, intermediate, and unbound. The bound
category was identified as above a statistically deter-
mined threshold defined for each experiment, as dis-
cussed above. A second, lower threshold was used as an
upper boundary for the unbound class, indicative of a
strong lack of enrichment for MSL complex (see Materi-
als and Methods). Lack of binding can be a difficult dis-
tinction to make in typical ChIP experiments, but here

MSL complex targets active genes on X

genes on autosomes such as chromosome 2L constituted
a very useful control class. The remaining genes that did
not fall into either of these defined groups were classified
as intermediate. This distribution of genes into three cat-
egories allowed us to focus on characteristics of the two
unambiguous classes (bound and unbound) while recog-
nizing the ambiguous classification of genes that fell be-
tween the two groups.

We next asked what percentage of bound, intermedi-
ate, and unbound genes were transcribed versus nonex-
pressed as defined by microarray expression analysis of
SL2 mRNA. (Fig. 3B). We found a clear enrichment for
transcribed genes in the bound class (87%) as compared
with the unbound group (13%). Conversely, we asked
what percentage of transcribed genes fell into each of the
three categories (Fig. 3C). Among transcribed genes, 50%
were bound, 42% were intermediate, and 8% fell into
the unbound category. Among nontranscribed genes,
~8% were bound, 33% were intermediate, and 59 % were
unbound. These results suggest a correlation between
transcription state and MSL binding.

We next asked whether the probability of being clearly
bound by the MSL complex increased with absolute ex-
pression level (Fig. 3D). While MSL complex clearly pre-
fers expressed genes, we found that beyond the threshold
discriminating nonexpressed from expressed genes, there
was not a direct correlation between expression level and
probability of MSL binding. The probability of robust
binding levels off at ~60% regardless of expression level.
Therefore, whether a gene is expressed or not is impor-
tant, but the absolute expression level of a gene is not a
key contributory factor for MSL binding.

Is there a direct consequence of MSL association with
expressed genes on the X chromosome? We asked
whether or not MSL binding correlates with up-regula-
tion of transcription by comparing the consequence of
RNAI depletion of MSL complexes in SL2 cells (Hamada
et al. 2005) on expressed genes that are clearly bound by
the complex versus genes that are expressed but devoid
of complex (Fig. 3E). We found that bound genes signifi-
cantly decreased expression after msI2 RNAI treatment
(Fig. 3E, red curve), while unbound genes on average
were less affected (Fig. 3E, green curve). However, the
unbound genes on X showed more decrease on average
than genes on chromosome 2L (Fig. 3E, gray curve) sug-
gesting the interesting possibility that MSL action could
affect at least some X-linked genes at a distance.

Previous analyses of X-chromosome specificity relied
largely on comparing the whole X chromosome to auto-
somes for sequences that might specify regulation by
dosage compensation. With our newly identified set of
precise binding sites, we focused our search for se-
quences that were enriched in these specific segments,
when compared with autosomes or X segments that
were not bound by MSL complex. These searches once
again failed to identify unique sequence signatures that
might specify MSL recognition. Specificity could instead
rely on combinations of degenerate sequences, a possi-
bility that can only be addressed by rigorous experimen-
tation on specific target sites.
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Comparison of MSL binding in two male cell lines
and in embryos reveals a large set of common MSL
targets

Whether or not MSL complex is attracted to its targets
by as yet unidentified DNA sequences or by some type of
chromatin mark that changes according to cell type or
transcription state is not known. To address this ques-
tion, we created a second MSL3-TAP cell line, using
Clone 8 cells (Currie et al. 1988). Clone 8 cells were origi-
nally derived from larval wing imaginal disc. Like SL2
cells, which are of embryonic origin, we found that Clone
8 cells are male in character as demonstrated by expres-
sion of MSL2 and subnuclear localization of the MSL
complex (data not shown). ChIP analyses of MSL binding
in Clone 8 cells showed strong parallels with SL2 cells;
for example, in the relationship of transcription to bind-
ing (Supplementary Fig. S2). To expand our repertoire of
cell types surveyed for MSL binding, we also grew staged
collections of MSL3-TAP transgenic embryos at 25°C
and collected 12- to 17-h embryos for analysis. Embryos
differed from the two cell lines in several important as-
pects. First, the embryos had no endogenous MSL3 pro-
tein, so all MSL complexes in the cells contained MSL3-
TAP. Second, the embryos were a mixture of males and
females, but MSL3-TAP was only stabilized and bound
to the X chromosome in the 50% of the population that
was male. Most significantly, embryos are mixtures of
many distinct cell types; therefore, if binding patterns
differed in distinct cell populations, the embryonic pat-
tern would be the average of those patterns rather than a
homogeneous sample.

When we compared the lists of genes clearly bound by
MSL complex in SL2 cells, Clone 8 cells, and embryos
we found ~600 genes that were common to all three data
sets (Fig. 4A). This is a conservative estimate, as genes of
the intermediate class are considered unbound in this
comparison. Since MSL binding correlated with ex-
pressed genes in both SL2 cells and Clone 8 cells and the
binding patterns were highly similar between experi-
ments, our results suggested that the expression patterns
in the different cell types might be largely common.
Therefore, we analyzed our expression data, omitting
analysis of embryonic transcription because the presence
of multiple cell types within late embryos complicates
the comparison of expression versus binding. We found
that 1067 genes were commonly transcribed in SL2 and
Clone 8 cells, while only 110 were differentially tran-
scribed. The commonly transcribed genes were much
more likely to be clearly bound in both cell types (50%)
than clearly unbound (1.2%), whereas differentially tran-
scribed genes were more likely to be unbound in both
cell types (11% bound vs. 22.% unbound) (Supplementary
Table 1). These results suggest that commonly expressed
genes account for the largely common MSL-binding pat-
tern seen in distinct cell types.

The MSL-binding pattern is not invariant

Since SL2 cells, Clone 8 cells, and embryos display very
similar patterns of MSL binding, it is possible that de-

852 GENES & DEVELOPMENT

A SL2
Clone8 Embryo
B m—
-136-0.68 0 0.68 1.36
Z—score
8 SL2 C8 SL2
fz4 827 (CG2904 -7.67
wgn 7.81 Sh —5.04
ovo 6.76
Fas2 6.02
Ca-alphalT 451 <«
CG9518 423 ST
br 392 22+
CG33070 168 2
CG11071 168 & ©7]
N 151 S
CG12311 130 o |
CG1673 1.25 © T T T T 1T
CG2982 0.94 —4-2 0 2 4
CG4040 -025

Figure 4. The MSL-binding pattern is largely common to late-
stage embryos and two cell lines, but is not invariant. (A) Venn
diagram showing the relationships between genes bound by SL2
cells (red), Clone 8 cells (blue), and embryos (green). This is a
conservative number, as only the clearly bound genes are con-
sidered, while intermediate genes are not included in the totals.
(B) Fourteen genes were identified as clearly bound in Clone 8
cells and clearly unbound in SL2 cells. Their normalized expres-
sion levels are shown on the left, ordered by the log fold ratios
between the cell types, listed on the right of the heat map. The
expression levels are higher in Clone 8 cells in all cases, except
CG4040, which had low transcription resulting in an unreliable
fold ratio (see Supplementary Table 2). For the two genes
identified as clearly bound in SL2 and unbound in Clone 8,
expression levels are much higher in SL2. The density plot
shows that the distribution of log fold ratios for all genes is
centered at zero and that the ratios observed here are not due to
an overall shift.

generate sequences have evolved on commonly ex-
pressed genes to identify them as MSL targets. To test
whether sequence alone is sufficient for MSL recogni-
tion, we asked whether there were any genes that were
bound in one cell type but unbound in the other cell
type. Using our strict bound/unbound criteria, we iden-
tified 14 genes that were bound in Clone 8 cells and not
in SL2 cells, and two genes that showed the opposite
pattern (Fig. 4B). We then asked whether or not differen-
tial binding correlated with differential expression in the
two cell types. By comparing the relative expression val-
ues for these genes in two microarray experiments for
each cell type, we found that all of these genes are dif-
ferentially expressed, with the exception of one ambigu-
ous case in which expression levels were too low to ob-
tain a meaningful fold change (CG4040). The absolute
expression levels are listed in Supplementary Table 2,
and the differences in gene expression level between the
two cell lines are shown to the right of each row in Fig-
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Figure 5. Sequence alone is not sufficient
to specify MSL binding. Examples of
ChIP-chip tiling along four genes that

were bound in Clone 8 cells but clearly
unbound in SL2 cells. (Top profiles) SL2
cells. (Bottom profiles) Clone 8 cells. Gene
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ure 4B. These differences are expressed as log, ratios,
which in most cases exceeded the amount of up-regula-
tion (log, ratio between 0 and 1) that would be indicative
solely of MSL-mediated up-regulation. Overall, a clear
correlation between differential expression of this set of
genes and MSL binding is evident.

Figure 5 shows four examples of genes that are not
bound by MSL complex in SL2 cells (top profiles) but are
bound in Clone 8 cells (bottom profiles). In each case, the
gene of interest is centered below the profiles. We vali-
dated the binding and transcription levels of these can-
didates by real time PCR analyses for differential MSL3-
TAP binding (Fig. 6A), MSL1 binding (Fig. 6B), histone
H4K16 acetylation (Fig. 6C), and transcript level (Fig.
6D). The enrichment of MSL1 and site-specific acetyla-
tion of histone H4 at Lys 16 both correlated well with

complex detected over 5’ regions.

differential binding of TAP-tagged MSL3 at these genes.
Furthermore, real time PCR analysis of RNA levels vali-
dated the expression microarray differences seen in the
two cell types. Our results strongly suggest that se-
quence alone is not sufficient for MSL binding because
the same gene sequences can be clearly bound or clearly
unbound depending on the cell type. Instead, our results
suggest a model in which a majority of X-linked genes
has evolved a mechanism to attract MSL complexes that
is linked to gene activity or to the chromatin context of
transcribed genes.

Discussion

The MSL complex performs a specialized function in

Figure 6. Differentially bound genes are
differentially acetylated at H4Acl6 and
differentially transcribed. (A) ChIP of
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plications regarding the mechanism by which chromatin
modification factors search for and identify active genes.
We have identified the X-chromosome-specific binding
pattern of MSL complex by ChIP microarray analysis in
several distinct cell types. In all cases, we see strong
enrichment for the X chromosome and not chromosome
2L, and strong enrichment over most active genes. When
the profiles of all bound genes are scaled to align at the 5’
and 3’ ends, we see a marked preference for the middle
and 3’ ends of genes rather than the 5’ end.

The MSL-binding profile correlates well with that of
its targeted modification, H4K16ac, on selected X-linked
genes (Smith et al. 2001). The skew toward the 3’ end of
genes is unlike the profile of transcription initiation fac-
tors and instead reminiscent of factors that function in
transcription elongation or termination. Together our re-
sults suggest that the MSL complex is unlikely to func-
tion directly at the promoter like a typical transcription
factor. An appealing idea is that an improvement of tran-
scription elongation might improve ultimate mRNA
production, perhaps by local recycling of RNA polymer-
ase or other components of the general transcriptional
machinery (Smith et al. 2001). Recently, the genomic
distribution of histone H3.3, a histone variant associated
with transcription, showed increased enrichment on X-
linked genes in Drosophila SL2 cells when compared
with autosomal genes (Mito et al. 2005). This enrich-
ment favors the 5’ ends of transcription units and so
might reflect a stimulation of transcription initiation or
elongation due to MSL action.

Our results suggest that the MSL complex targets
genes predominantly in the context of active transcrip-
tion. This is consistent with the predominance of MSL
complex in interband regions of polytene chromosomes
(Bone et al. 1994; Demakova et al. 2003), and with ex-
periments in which enhancer sequences responsive to
the Gal4 activator protein were able to create new MSL-
binding sites that required the expression of Gal4 (Sass
et al. 2003). At the same time, our results are also con-
sistent with recent cytological comparisons of the elon-
gating form of RNA polymerase II with the MSL pattern
on the polytene X chromosome, in which colocalization
was observed but was clearly incomplete (Kotlikova et
al. 2006). For example, many genes that we identified as
differentially transcribed between SL2 cells and Clone 8
cells were unbound in both (22% vs. 1.2% of commonly
transcribed genes). This type of gene would show a lack
of colocalization of RNA polymerase and MSL complex
when transcribed. Consistent with the largely invariant
pattern of MSL binding seen on polytene chromosomes
by Kotlikova et al. (2006), we found that the majority of
MSL targets are commonly expressed genes. Differen-
tially regulated genes may have been less likely to evolve
the ability to attract MSL complex and perhaps may have
other mechanisms to compensate for dosage differences.
Our results suggest intrinsic recognition of many, but
not all, X-linked genes, within the context of transcrip-
tion.

Recognition of expressed genes makes excellent bio-
logical sense for the MSL complex in two ways. The
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most obvious is that only expressed genes need to be
up-regulated. In this regard, it is notable that binding is
independent of the absolute transcription level of indi-
vidual genes, as dosage compensation must be able to
operate on genes with a wide range of intrinsic expres-
sion levels. Another important reason to link binding to
transcription may be to prevent MSL complex from ec-
topically influencing genes that should not be expressed.
When roX genes are inserted into P transposons and mis-
localized at random positions in the genome, they attract
MSL complexes that can spread from the site of insertion
into flanking chromatin (Kelley et al. 1999). In several
instances, such insertions have occurred in regions
where the mini-white reporter gene is silenced in fe-
males, but activated in males through action of the MSL
complex (Kelley and Kuroda 2003). MSL action appeared
to have the capacity to overcome Polycomb, HP1, and
unidentified modes of silencing. Clearly MSL complex
must normally be limited in its targeting to avoid poten-
tially catastrophic male-specific activation of silent
genes.

How does MSL complex locate its target genes? Stud-
ies of roX genes suggest that spreading in cis can occur
from high local concentrations of MSL complex. An in-
teresting extension of this idea is that the covering of
large segments of transcription units may occur by a very
local spreading mechanism related to the much longer
range spreading that can be seen from roX transgenes
inserted on autosomes. Both long-range and local spread-
ing could be the consequence of attraction of the MSL
complex to chromatin modifications that mark RNA
polymerase II transcription units, such as histone H3
methylated at Lys 36 (Carrozza et al. 2005; Keogh et al.
2005; Rao et al. 2005). Distinguishing expressed genes
from the bulk of the genome is likely to be an important
function common to many chromatin organizing and
modifying activities.

Materials and methods

MSL3-TAP-pCaSpeR3 construct and cell transfection

A 5.5-kb BamHI genomic fragment containing the promoter and
open reading frame of the msI3 gene (Gorman et al. 1995) was
subcloned from cosmid msl3-5-1 (AE003560.1 position 60298—
92793) into the pBluescript II SK(-) vector. A blunted Ncol/
EcoRV fragment containing C-terminal TAP tag from the
pBS1479 vector (Puig et al. 2001) was subcloned into the Espl
blunted msI3 construct. The resulting MSL3-TAP BamHI frag-
ment was subcloned into pCaSpeR3 to make the final MSL3-
TAP-pCaSpeR3 construct, which was cotransfected with a hy-
gromyecin resistant vector (10:1 ratio) into SL2 and Clone 8 cells
using a calcium phosphate transfection kit (Invitrogen). Stable
transformants were selected by adding hygromycin B (final 0.33
mg/mL) into the medium.

Fly stocks and genetic crosses

For the MSL3-TAP-pCaSpeR3 construct, several independent
lines were made by P-element-mediated transformation (Sprad-
ling and Rubin 1982). For the mutant rescue, the MSL3-TAP-
pCaSpeR3-14 (2L insertion at 28D) stock was used. Males of the



genotype yw; P{w+ MSL3-TAP-pCaSpeR3-14}/+; msI3/TM3 Sb
were crossed to homozygous msI3 mutant females of the geno-
type yw; +/+; msl3/msl3. The resulting rescued males were
identified by the absence of Sb and the presence of w*.

Immunostaining

Polytene chromosome immunostaining was performed as de-
scribed in Kelley et al. (1999). Slides were treated with PAP
antibody (1:100 dilution, Sigma), and then incubated with anti-
rabbit Texas Red secondary antibody (Jackson Laboratories). Im-
munolocalization of MSL proteins for SL2 and Clone 8 cells was
performed as described in Copps et al. (1998) with minor modi-
fications. The cells were centrifuged onto slides at 2000 rpm for
5 min in a Shandon Cytospin 3 cytocentrifuge, fixed by incu-
bation 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. For MSL3-TAP trans-
fected cells slides were treated with PAP antibody (Sigma,
1:500), washed two times in PBST (0.1% Tween20) and then
incubated for 1 h with an appropriate Alexa Fluor 555 secondary
antibody (Invitrogen). The stained samples were washed two
times in PBST and mounted in Prolong Gold (Invitrogen).

Embryo chromatin preparation

For a single experiment, 0.5 g of 12- to 17-h-old mixed sex em-
bryos from MSL3-TAP and wild-type stocks were collected. Em-
bryos were dechorionated and dounced on ice in 40 mL of NE-
EM buffer (10 mM Hepes at pH 7.6, 1.5 mM MgCl,, 0.1 mM
EGTA, 10 mM KCl, 0.3 M sucrose, protease inhibitors). Imme-
diately, formaldehyde was added to a final concentration of 1%
and the extract was incubated for 15 min at room temperature.
Glycine was added to a final concentration of 0.25 M. Cells were
collected and washed one time in ice-cold PBS, 0.5 mM EDTA
and resuspended in 5 mL of RIPA buffer (50 mM Tris-HCI at pH
8.0, 2 mM EDTA, 150 mM NaCl, 0.5% sodium deoxycholate,
0.1% SDS, 1% NP-40, protease inhibitors).

Chromatin preparation for cultured cells

MSL3-TAP and wild-type SL2 and Clone 8 (CL.8+) cell lines
were grown to a density of 2 x10° to 4 x 10° cells/mL. Cells (10%)
were fixed with 1% formaldehyde for 10 min at room tempera-
ture. Glycine was added to a final concentration of 0.25 M and
the incubation was continued for an additional 5 min. Cells
were collected and washed three times in ice-cold PBS, 0.5 mM
EDTA, two times in NE buffer (15 mM Hepes at pH 7.6, 5 mM
MgCl,, 0.2 mM EDTA, 0.5 mM EGTA, 10 mM KCI, 350 mM
sucrose, 0.1% Tween 20, protease inhibitors), and resuspended
in RIPA buffer.

The cells were disrupted by sonication on ice as follows: four
intervals of 15 sec (cultured cells) or four intervals of 20 sec
(embryo) (2-min pauses between intervals), on power setting
“60%" using a Fisher Scientific Sonic Dismembrator Model
500. Chromatin was sheared into lengths of 250-800 bp. The
chromatin solution was clarified by centrifugation at 15,000g at
4°C for 10 min. Clarified sample was incubated with 30 pL
Rabbit-IgG agarose beads (Sigma) for 10-14 h. The beads were
washed once with RIPA buffer, twice with 50 mM Tris-HCI (pH
8.0), 2 mM EDTA, 800 mM NaCl, 1% NP-40; four times with 50
mM Tris-HCI (pH 8.0J, 2 mM EDTA, 500 mM NaCl, 0.1% SDS,
1% NP-40; twice with 100 mM Tris-Cl (pH 8), 2 mM EDTA,
0.5M LiCl, 1% deoxycholate acid, 1% NP-40; and two times
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with TEV buffer (10 mM Tris-HCl at pH 8.0, 0.5 mM EDTA, 150
mM NaCl, 2 mM DTT, 0.1%, Tween 20).

DNA isolation, amplification, and hybridization

The immunoprecipitated material was eluted from the beads by
adding 10 puL (100 U) of AcTEV protease into 450 uL of TEV
buffer followed by incubation at 25°C for 1 h. To reverse the
cross-links, samples were brought to 0.3M NaCl and 1% SDS
and incubated at 65°C for 12 h. The samples were then ex-
tracted with phenol/chloroform/isoamyl alcohol followed by
chloroform, and precipitated by ethanol in the presence of gly-
cogen. The resulting precipitated DNA was amplified using a
DNA linker as described by Strutt et al. (1997). LM-PCR (21-24
cycles) was performed using Platinum HiF Tag (Invitrogen). The
resulting DNA was labeled and hybridized to arrays by Nimble-
Gen Systems, Inc.

Tiling array data analysis

Experimental design: Tiling arrays containing 388,000 probes
were designed based on FlyBase 3.2. Chromosome X and 19.6
Mb of chromosome 2L were tiled; chromosome 2L was useful as
a control to verify that the features identified on the X are spe-
cific to it. For SL2 cells, two independent experiments were
performed. Regions identified as bound in initial dye-swap rep-
licates for the two SL2 experiments were very similar, and no
further dye-swaps were performed. Two experiments and a dye-
swap for one of them were used in the SL2 analysis. For Clone
8 cells and embryos, two experiments were performed for each
cell type. Each experiment involved two arrays, one serving as a
mock control in which the same protocol was followed in the
absence of the TAP-tagged MSL complex. In total, seven log-
ratio signals derived from 14 arrays were used: three for SL2
cells, two for Clone 8 cells, and two for embryos. The reproduc-
ibility between independent experiments within a cell type was
excellent and care was taken to insure that the analysis is not
biased by the uneven number of samples. In the embryo data, for
instance, 776 and 766 clusters were identified in the two inde-
pendent experiments and 757 were shared between the two (also
see Fig. 2).

Normalization: Due to both experimental and technical vari-
ability, the signal must be standardized for proper comparison
among experiments. This can be done using the stochastic part
of log-ratio distributions corresponding to the regions in which
there is no binding. Because the distribution of log-ratios may be
asymmetric with a heavy tail on the right corresponding to
binding, the standard variance estimates are biased by the
amount of binding. In order to estimate the variance of only the
noise part, we employ a robust measure of deviation based only
on the difference between successive probes along the chromo-
some (o* = s x median |d; - median(d)|, where d,is x; , ; - x; and
x; is the value of the ith probe after smoothing, and the scaling
factor is s =1.4826\2) Because this difference should not be
affected by bound regions, we can estimate the standard devia-
tion in each experiment more accurately. It is possible to use
only the left side of the distribution to estimate the variance
(Gibbons et al. 2005) but we found that the distribution of the
noise may not be symmetrical. We have noticed that there is a
strong dye bias in our data at low intensities, but the effect is
the same in each pair of experimental and mock data. Because
our analysis is based on the difference between the two, nor-
malization for this effect was not necessary. We have verified
that a lowess-type correction gives essentially the same result.

Identification of bound regions: There are two parameters to
consider in determining whether a region is bound: the thresh-
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old for significant log-ratio value and the number of minimum
probes needed to define a cluster of probes. For log-ratio value,
we used >20* to define “bound” region and <o * unbound, simi-
lar to standard approaches (e.g., Kim et al. 2005). For cluster size,
we required a minimum of eight probes, corresponding to 750
bp. This was chosen based on the false discovery rate threshold
of 107° for SL2 cells, calculated by permuting the location of the
probes. Briefly, the steps in the analysis are the following: (1)
Smooth the data using median smoothing, with a window size
of 7; (2) identify clusters in each experiment separately using the
20* threshold, as this was more robust than using the averaged
profile; (3) compute the overlapping regions between replicate
experiments (minimum overlap of three probes); (4) for “bound”
genes, overlapping clusters must appear in at least two separate
biological replicates in SL2 cells or in both experiments for
Clone 8 cell and embryo data; (5) for “unbound” genes, no clus-
ter can be found using the lower threshold o* or, if an iso-
lated cluster is found, it must be very small (<10% of the gene
length); and (6) the rest are classified as “intermediate.” The
gene length requirement in step 5 was necessary because there
was a much greater chance of observing a cluster by chance for
long genes.

ChIP protocol for quantitative real-time PCR

Chromatin samples were prepared as described above. Three
independent chromatin samples were used that were distinct
from the original ChIP-chip samples. Antibodies against MSL1
(10 pL/IP), H4 acetylated at Lys 16, AHP417 (5 uL/IP) (Serotec)
and control rabbit IgG antibodies, SC2027 (5 uL/IP) (Santa Cruz
Biotechnology) were used for immunoprecipitation. Fifty mi-
croliters of protein A agarose beads (Upstate) were used for each
immunoprecipitation. Washing and cross-link reversing steps
were performed as previously described (Kageyama et al. 2001).
Real-time PCR was performed using the ABI PRISM 7000 Se-
quence Detection System (Applied Biosystems). The pka gene
was used as the internal reference for normalizing the variations
in the quality and the amount of Total and IP DNAs. The
primer sequences were as follows: for pka: forward, 5'-TTC
TCGGAGCCGCACTCGCGCTTCTAC-3, and reverse,
5'-CAATCAGCAGATTCTCCGGCT-3’; for Br-C (CG11491):
forward, 5'-AATAGACTCCTCCTGCCCCTGC-3’, and re-
verse, 5-TGCTGCTCCTTGTGGCGTTTCA-3'; for Ca-alT
(CG15899). forward, 5'-TCGCACCACCATCATAACAA-3,
and reverse, 5-AACAGCACGCATAGTCCTCC-3'; for fz4
(CG4626): forward, 5-AAATCTGGTGGGTAACGAAATG -3',
and reverse, 5'-GGAACAGCTTCAACTGGGAAC-3’; for ovo
(CG6824): forward, 5'-CCATCAGCACCACAGTAACAGC-3/,
and reverse, 5'- GCAGACGCGGCAGACGAACT-3; for roX1:
forward, 5-ATGCGAGCGAGACAATGATACT-3’, and re-
verse, 5-GACTTGCAGTCCGCCCTATG-3’; for roX2: for-
ward, 5'-AGCTCGGATGGCCATCGA-3’, and reverse, 5'-CGT
TACTCTTGCTTGATTTTGC-3’. PCR amplification was per-
formed in duplicate in a 25 pL final volume using Platinum
SYBR Green qPCR SuperMix UDG with ROX (Invitrogen). The
PCR protocol used an initial denaturing step at 94°C for 10 min
followed by 40 cycles of 94°C for 30 sec, 52°C for 30 sec, and
72°C for 1 min. Dissociation curve analysis was run at the end
of 40 cycles to verify PCR product identity. Relative quantifi-
cation for each probe was performed by comparative C+ method
based on manufacturer’s instruction (ABI Prism 7700 sequence
detection system User Bulletin #2, Applied Biosystems). Stan-
dard curves for each set of primers were constructed using serial
dilutions of total DNA to verify equal amplification efficiency
of all primer sets.
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Preparation of RNA for Affymetrix array and quantitative
real-time RT-PCR

Total RNA was isolated from 2 x 10° to 4 x 10° cells using the
RNeasy Mini Kit (Qiagen). cDNA preparation and hybridization
to Affymetrix Drosophila Genome 2.0 arrays were performed
using a protocol suggested by Affymetrix, Inc. The Affymetrix
Drosophila 2.0 array was designed based on FlyBase 3.1 and
contained probes for 18,500 transcripts. For each cell type, two
independent experiments were performed and data were pro-
cessed using the Affymetrix GeneChip Operating Software 1.1
(Affymetrix, Inc). Transcripts receiving the “Present” call by the
software in both samples in a cell type were deemed “tran-
scribed,” and those receiving the “Absent” calls in both were
deemed “nontranscribed.” Where multiple probes were present
for a single gene, the probe with the highest average expression
was used. Real time RT-PCR was performed as described in (Bai
et al. 2004) using the same sets of primers as for the ChIP pro-
tocol. To investigate the effect of MSL protein on transcription,
expression data were from a previous experiment utilizing
MSL2 RNAi (Hamada et al. 2005).
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