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To gain insight into splicing regulation, we developed a microarray to assay all annotated alternative splicing
events in Drosophila melanogaster and identified the alternative splice events controlled by four splicing
regulators: dASF/SF2, B52/SRp55, hrp48, and PSI. The number of events controlled by each of these factors
was found to be highly variable: dASF/SF2 strongly affects >300 splicing events, whereas PSI strongly affects
only 43 events. Pairwise analysis also revealed many instances of splice site usage affected by multiple factors
and provides the framework to understand the network controlling the alternatively spliced mRNA isoforms
that compose the Drosophila transcriptome.
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Higher eukaryotes exploit alternative pre-mRNA splic-
ing to diversify their proteome and to regulate gene ex-
pression with developmental stage-and tissue-specificity
(Maniatis and Tasic 2002). Therefore, a comprehensive
understanding of an organism’s gene expression program
must include an understanding of alternative splicing
(Black 2003). Toward this end, a well-conserved core of
pre-mRNA splicing regulatory factors has been identi-
fied in all metazoan organisms (Moore et al. 1993; Jurica
and Moore 2003). However, the majority of the inter-
actions between these regulators and their target pre-
mRNAs remain unknown.

Historically, it has been challenging to identify genes
specifically regulated by individual splicing factors. De-
spite tremendous effort, several years separated the ini-
tial identification of the hnRNP proteins PSI and hrp48
as regulators of the P-transposase pre-mRNA (Siebel et
al. 1994) and the identification of a single additional tar-
geted cellular gene (Burnette et al. 1999; Labourier et al.
2002). Recent advances in microarray technology now
permit monitoring of various aspect of RNA processing
and maturation (Lee and Roy 2004). In particular, high-
density microarrays have been successfully used to
monitor pre-mRNA processing events in yeast (Clark et
al. 2002; Burckin et al. 2005), to identify new instances of

alternative splicing in human and Drosophila (Hu et al.
2001; Johnson et al. 2003; Wang et al. 2003; Stolc et al.
2004) and to monitor alternative splicing levels of cas-
sette exons in different mouse and human tissues (Pan et
al. 2004; Relogio et al. 2005). Here we describe the de-
velopment of a new Drosophila microarray platform and
its use to monitor all the annotated pre-mRNA splicing
junctions specifically controlled by four canonical splic-
ing regulators, the hnRNPs PSI and hrp48 as well as the
argine/serine-rich (SR) proteins dASF/SF2 and dSRp55/
B52. This study identified tens to hundreds of distinct
splice events modulated by each of these splicing factors
and reveals the amount of coregulation and antagonism
between each.

Results

A microarray for monitoring alternative splicing
in Drosophila melanogaster

In order to rapidly and efficiently identify target genes
and specific splicing events regulated by specific splicing
factors, we have developed a microarray for moni-
toring changes of all the known alternatively spliced
transcripts in Drosophila melanogaster. From the
13,472 genes in the GadFly 3.2 Drosophila genome an-
notation (http://flybase.bio.indiana.edu/annot/download_
sequences.html), 2931 were found to have cDNA (EST)
evidence of alternative splicing and generate 8315 differ-
ent alternatively spliced mRNAs (Celniker and Rubin
2003). In order to monitor the complete set of annotated
alternatively spliced transcripts, the single custom mi-
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croarray contains probes spanning all the Drosophila an-
notated alternative splice junctions regardless of the spe-
cific alternative splicing pattern (probes labeled “a” in
Fig. 1A; 9868 probes), and, up to two probes for consti-
tutive splice junctions (probes labeled “c” in Fig. 1A;
4377 probes) for each of the alternatively spliced genes.
Since it is known that there are many alternative mRNA
isoforms yet to be annotated as such (Stolc et al. 2004),
some of the junctions labeled constitutive may actually
be alternative. Two common exon probes spanning seg-
ments present in all isoforms of each gene (probes la-
beled “e” in Fig. 1A; 5650 probes) were also selected for
monitoring overall expression levels of the alternatively
spliced mRNAs. This feature of the design allows poten-
tial changes in transcription level, or secondary effects,
to be separated from effects on splicing patterns for a
given gene.

Genome-wide monitoring of alternative splicing

Using our array, we monitored splicing profile changes
in Drosophila SL2 cells following RNAi knockdown of
four splicing regulators: the SR proteins dASF/SF2 and
B52/SRp55, and the hnRNP proteins PSI and hrp48
(Supplementary Fig. 1). Each of these four well-charac-
terized splicing regulators is highly expressed in SL2
cells, and several of them have known pre-mRNA tar-

gets. Following treatment with double-stranded RNA
(dsRNA) against each splicing factor, efficient protein
reduction was confirmed by immunoblot analysis using
antibodies specific for each protein (Fig. 1B). RNAi
knockdown of each of these splicing factors generated no
obvious morphological or growth phenotype in SL2 cells,
despite the fact that in Drosophila PSI, hrp48, and B52/
SRp55 are essential and dASF/SF2 is likely to be essen-
tial (Wang et al. 1996, 1998; Longman et al. 2000). From
each RNAi-treated sample and from control cells treated
with nonspecific dsRNA, total RNA was extracted,
cDNA prepared, and labeled using a protocol developed
to give good coverage over the entire length of all
mRNAs (Castle et al. 2003; Johnson et al. 2003). Follow-
ing standard hybridization, scanning, and data extrac-
tion, each experiment and each probe signal were filtered
for consistency and RNAi target specificity (for a descrip-
tion of the filters, see Supplemental Material). Expres-
sion ratios (red/green ratios) of RNAi knockdown of each
splicing factor versus no knockdown control were com-
puted for each probe.

Biochemical experiments demonstrate that B52/
SRp55 and PSI associate with, and presumably modulate
splicing of, at least dozens and perhaps hundreds of dis-
tinct pre-mRNAs (Labourier et al. 2002; Kim et al. 2003).
This is also likely the case for dASF/SF2 and hrp48.
Therefore, reduction of any of these factors may impede
or deregulate pre-mRNA processing severely and incon-
sistently, rendering the array data undecipherable or ir-
reproducible. To address this possibility, we carried out
multiple RNAi knockdown experiments for each splic-
ing factor and compared the effect of experiments using
simple hierarchical clustering (Eisen et al. 1998). Clus-
tering experiments using data aggregated for each locus,
each isoform, or each splice junction (see Materials and
Methods) generated nodes specific for the dASF/SF2,
B52/SRp55, and hrp48 experiments (Fig. 1C; data not
shown). This indicates that the global expression pat-
terns and splicing responses assayed on this array are
largely distinct for the splicing factor that has been
knocked down. The results of this high-level analysis
support the notion that knockdown of each of these
splicing factors results in a characteristic, interpretable,
and reproducible splicing response. Interestingly, the PSI
replicates were more variable in this analysis. This is
likely due to the relatively small number of PSI-affected
splicing events (see below). Despite this variability, PSI
experimental replicates did identify several mRNAs that
were previously found to be associated with PSI in an
embryonic nuclear RNP fraction and whose expression
was deregulated in PSI-mutant flies (Supplementary
Table 1; Labourier et al. 2002).

RNAi knockdown of each splicing factor causes
a general decrease in processed mRNA

Five distinct, exogenous and heterologous, in vitro-tran-
scribed, positive control RNAs were amplified and la-
beled along with the SL2 total cellular RNA to provide
an independent assessment of any global changes in gene

Figure 1. Experimental design and clustering results. (A)
Thirty-six-mer probes were selected for all alternatively spliced
junctions from the GadFly 3.2 Drosophila genome annotation
(“a” probes). For each gene, two exonic probes were selected
from regions common to all isoforms to gauge total gene ex-
pression (“e” probes). Up to two constant constitutive junction
probes were also selected (“c” probes). (B) Immunoblot analysis
confirmed effective RNAi knockdown of the hnRNP proteins
PSI and hrp48 and of the SR proteins B52/SRp55 and dASF/SF2.
(C) Hierarchical clustering using average log expression ratios
from all splice junction probes was performed to assess the glob-
al affects of biological replicates of each splicing factor RNAi
knockdown and to compare between splicing factors. This
analysis indicates that the dASF/SF2, B52/SRp55, and hrp48 ex-
periments produce a characteristic splicing response. The PSI
results, however, were more variable (see text). The global splic-
ing response to dASF/SF2 or B52/SRp55 knockdown includes
more similarities than either does to hrp48 or PSI knockdown.
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