Tissue-regulated alternative exons identified by splicing microarrays are enriched for adjacent blocks of extreme intron sequence conservation
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Summary:

Alternative splicing contributes to both gene regulation and protein diversity.  To understand broad relationships between regulation of alternative splicing and sequence conservation in genomes, we examined adult mouse tissues using oligonucleotide microarrays designed to capture splicing information.  In a set of 22 tissues, we observe at least two mutually exclusive spliced isoforms for about a third of the 3200 alternative events we could detect.  Statistical comparisons identify 171 cassette exons whose inclusion appears regulated in brain, and another 28 exons regulated in muscle, relative to other tissues.  A subset of these exons is associated with unusual blocks of intron sequence whose conservation in vertebrates rivals that of protein-coding exons.  By focusing on sets of exons with similar regulatory patterns we identify significant enrichment of Nova-1 and Fox-1 consensus sites downstream of exons preferentially included in brain and we have identified new sequence motifs implicated in brain and muscle splicing regulation.  Analysis of three paralogous membrane-associated guanylate kinase (MAGUK) genes reveals that each contains a paralogous tissue regulated exon with a similar but not identical tissue inclusion pattern. While the intron sequences flanking these exons remain highly conserved among vertebrate orthologs, the paralogous flanking intron sequences and the exons themselves have diverged considerably between the three exons.

Introduction

Splicing is an essential process that constructs protein coding messenger RNA (mRNA) sequences using tiny segments of information buried in the much larger primary transcript of the eukaryotic gene.  Regulated alternative splicing can create different protein coding sequences under different biological circumstances, allowing the production of functionally related but distinct proteins {Black, 2003, black:mechanisms:2003}.  In addition, alternative splicing can mediate the repression of gene expression by stimulating the formation of transcripts subject to nonsense-mediated decay {Green, 2003, green:widespread:2003}(ref Roth, Maquat, Moore, Brenner).  Alternative splicing seems prevalent in the vertebrate nervous system {Grabowski, 2001, grabowski:alternative:2001; Black, 2003, black:alternative:2003} and it is tempting to hypothesize that alternative splicing helps to explain the rapid evolution of the vertebrate brain without large increases in gene number.

Biochemical analysis of alternative splicing has shown that numerous RNA binding proteins influence the use of specific splice sites to stimulate splicing events that lead to particular mRNA isoforms.  These RNA binding proteins may activate or repress the use of splice sites by binding to nearby sequences in the exon (exonic splicing enhancers, ESEs or exonic splicing silencers, ESSs) or in the intron (intronic splicing enhancers, ISEs, and silencers, ISSs).  In many cases, multiple RNA binding proteins combine to create a combination of repressing and activating influences that create the pattern of control{Modafferi, 1997, modafferi:complex:1997}. Some proteins, such as SR proteins and the CELF proteins have mostly activating roles, whereas others such as hnRNP-A1, PTB and nPTB have mostly repressing roles.  Certain proteins can either activate or repress splicing in different contexts, depending on the expression of other RNA binding proteins.
A complete catalog of the RNA sequences corresponding to the enhancers and silencers bound by splicing regulators would greatly aid the understanding of splicing regulatory networks.  Thus far, there are only a handful of splicing regulators and their corresponding RNA binding motifs have been identified (ref Cooper), whereas there may be many splicing regulators among the 451 RNA binding proteins encoded by the vertebrate genome (ref GO), and many potential splicing regulatory sequences whose binding proteins are not known.  Adding to the complexity is the tendency for RNA binding proteins mRNAs to be alternatively spliced themselves, leading to multiple isoforms with potentially different functions.  Currently the methods available for expanding the list of known regulators and their target sequences is limited, and the development of this catalog is in the early stages (ref Cooper).

Much of the available information on alternative splicing is derived by the alignment of large numbers of expressed sequence tags (ESTs) and messenger RNAs (high quality cDNA sequences) to genome sequences. The analysis of exons that appear to be constitutive (i. e. present in every example of a transcript from that locus) or alternative (exons or parts of exons that are sometimes skipped) has led to successful identification of many distinguishing features of alternatively spliced regions (refs), even allowing their accurate prediction without cDNA evidence {Sorek, 2004, sorek:non-est-based:2004}.  While cDNA libraries have been invaluable for discovering alternatively spliced forms, it is difficult to connect them to specific biological conditions due to the source materials and methods of cDNA library construction.  The relatively low number of transcripts present from any one gene also makes it difficult to estimate differences in expression levels using libraries.  Thus, other methods are needed to detect, measure and connect alternative splicing events with biological conditions that may reveal regulatory events in vivo.
The recent application of microarray technology to questions of splicing and splicing regulation promises to reveal parallel connections between many splicing events and specific biological or experimental conditions.  Analysis of experimental changes in splicing for many genes at once should reveal biological conditions necessary for proper splicing regulation in a way that analysis of cDNA libraries cannot, and with breadth that cannot be achieved by analysis of a reporter or a few endogenous target genes.  To demonstrate this, we have constructed an oligonucleotide microarray designed to capture splicing information for about 6,200 alternative events in the mouse transcriptome, using a combination of splice junction and exon probes.  In a set of 22 tissues from the adult mouse, we can detect expression of at least one isoform for about 2,400 of the 6200 events.  For about 27% of these 2,400, we can detect at least one additional alternative splicing isoform.  We have analyzed the intron sequences associated with exon skipping events that are differentially regulated in brain or muscle relative to other tissues and find unusual patterns of sequence conservation that provide new information about tissue regulation of alternative splicing and its evolution.
Results
Broad detection of tissue regulated alternative splicing in mouse using microarrays

The use of oligonucleotide microarrays for detecting isoform-specific splice junctions and exons was pioneered in yeast {ref clark 2002} has subsequently been used for a number higher eukaryotes.  The design used for this study includes collections of oligonucleotide probes (probe sets) designed to detect overall gene expression, as well as to distinguish mRNA isoforms from expressed genes (Fig 1).  To detect alternative splicing from a particular gene, we first determine that the gene is expressed using the common probe set designed to accurately measure expression of gene regions contained in every transcript from the gene.  Among expressed genes, we then determine whether at least two alternative mRNA forms from each gene are detectable using the isoform-specific probe sets.  An isoform-specific probe set was considered to detect an isoform if the combined intensity ranks of the individual probes in a probe set were significantly (p-value < .05) above a background model  (see Methods).

In the set of adult mouse tissues we studied, a large number and variety of alternative splicing events were detected (Table 1).  Among the class of expressed genes for which we could detect at least one isoform of an event, we could observe a second, alternative event in 18-30% of cases, depending on the type of splicing event. Alternatively skipped (cassette) exons were the largest class with 376 exons. For the purposes of this study we defined a cassette exon to be any exon that can be included or skipped in its entirety, regardless of other alternative splicing events it may be involved in. As the junction probe sets are more robust detectors of a particular splicing event, where a portion of the exon may be affected by an alternative 5’, 3’ or other event,  only junction probes were used for estimating expression. 
RT-PCR validation experiments indicate that the true positive rate for a given splice junction call is about 85% in 217 PCR reactions, and the false negative rate is about 47%, due to the relatively greater ability of RT-PCR to detect low levels of expression (Supplemental data).  This is consistent with other studies using microarrays to detect alternative splicing {ref Pan 2004} During validation, evidence for new isoforms not identified in the EST/mRNA data was obtained in about 20% of cases [Manny what is the evidence for this?], indicating that much alternative splicing remains undiscovered, as other studies have also noted (ref Jason).  We conclude that the data is reasonably representative of splicing events across the adult mouse transcriptome and that different classes of alternative splicing events can be detected.  In addition, the detection of spliced forms is not particularly sensitive but is likely to be specific, such that we may miss situations of alternative splicing where one spliced form is below our limit of detection.

Detection of regulated alternative splicing in brain and muscle tissues

A critical challenge is to distinguish differences in alternative splicing from changes in transcriptions rates as the overall transcription of the gene varies greatly or is absent from different tissues.  When a gene is not expressed in a tissue it is impossible to measure the rate of splicing that would occur without expressing the gene artificially. To focus on brain- and muscle-regulated alternative splicing independently of changes in transcript level, we devised a simple method to identify pairs of mutually exclusive spliced forms whose expression relative to each other differs greatly between two subsets of tissues in our dataset.  We group tissues into two sets (e. g. brain and non-brain) and obtain the ratio of normalized intensities for pairs of probe sets in which one probe set measures "skipping" and one measures "inclusion", for each tissue in which the gene is expressed.
  We then use a statistical test (see Methods) to determine the significance of differences in the rate of exon inclusion, as measured by the regression slopes, between the two groups of tissues. As these data are not normally distributed a bootstrapping approach was applied using multiple rounds of robust regressions for each group of tissues  and comparing the slopes of the regression lines for the two groups of tissues (Figure 1B). The difference between these slopes is a natural measure of the relative difference in exon inclusion given varying transcription levels. 
Applying this test to all cassette exons within expressed genes, we identified 171 exons that appear differentially regulated in brain compared to non-brain tissues.  Of these, 91 are preferentially skipped, whereas 80 are preferentially included in brain.  For the conservation and novel motif generation we focus our studies on exons that differ the most between the two groups of tissues, we further examined the set where the log2 difference between regression slopes was greater than 2.  This criterion resulted in a set of 36 brain-included and 36 brain-skipped cassette exons whose skip/include rates were more than 4 fold different in brain relative to non-brain tissues.  Details concerning the genes associated with these exons, as well as a set of muscle specific exons are in Supplementary Table 1 (See Supplementary Materials).

Evolutionary conservation of intron sequences adjacent to tissue regulated exons

A number of studies have noted high conservation of intron sequences including ISE and ISS elements adjacent to regulated exons (eg nPTB, FGFR1, FGFR2, etc).  In addition, EST/mRNA-based studies have noted that alternative exons and their nearby intron regions are conserved in different organisms possibly indicating the presence of cis-acting regulatory elements {Sorek, 2003, sorek:intronic:2003; Sugnet, 2004, sugnet:transcriptome:2004}(yeo?).  To examine the conservation rates of our tissue-regulated alternative exons and their nearby introns we used the program phyloHMM {Siepel, 2005, siepel:combining:2004} to estimate the probability of conservation given whole genome alignments of the mouse {Waterston, 2002, waterson:initial:2002}, rat {Gibbs, 2004 #103}, human {Lander, 2001 #15}, dog, and chicken {Hillier, 2004 #102} genomes (cite). PhyloHMM takes into account the phylogentic tree and a multiple sequence alignment to predict the posterior probability that a particular column of the alignment was derived from a conserved model rather than a neutral model of evolution. The probability at each position across the genome can be compared to the positions of exons found in cDNA clones using the UCSC genome browser (Fig 2A).  In the example shown, a brain-included exon of the membrane-associated guanylate kinase (MAGUK) gene Baiap1 is shown.  In addition to conservation of the exon, it is clear that intron sequences adjacent to the exon are also highly conserved.

The class of brain-included exons contains many members that exhibit extreme levels of conservation in the upstream (Fig 2B, C, left panels) and downstream (Figs 2B, C right panels) intronic regions adjacent to the exon, as compared to constitutively spliced exons.  Intron nucleotides near exons preferentially included in the brain are even more conserved than those that are preferentially skipped (Fig 2B, left and right panels), and the level of conservation generally decreases with distance from the exon.  Apparent exceptions to the general decrease appears as a "bumps" centered about 50 nucleotides downstream of the 3’ splice site and 75 nucleotides upstream from the 5’ splice site, suggesting that many brain-included exons have more conserved nucleotides in these regions (Fig 2B, right and left panels). In general, the 3' splice site region upstream of the regulated exon is more extensively conserved for a longer distance than the region downstream of the exon adjacent to the 5' splice site (Fig 2B).
In addition to examining the conservation as a function of position relative to the alternative exon, it is informative to see if some alternative exons have more surrounding conservation than others.  For both the upstream and downstream 100 intronic nucleotides the median level of conservation was determined for each alternative exon. Histograms for the upstream (Fig 2C left panel) and downstream (Fig 2C, right panel) intronic regions again show that most of the exons identified as brain-included in our data have highly conserved intron sequences associated with them compared to constitutive exons.  In many cases these regions are as conserved among vertebrates as coding region sequences from the same vertebrates, and in some cases the conservation of the intronic regions exceeds that of the exon.  Other studies have noted that the intronic sequences flanking alternative splicing events are more conserved in general{Sorek, 2003, sorek:intronic:2003; Sugnet, 2004, sugnet:transcriptome:2004} using data derived from cDNA libraries. Our results using microarrays now allow extraction of tissue regulation-associated intron conservation for further analysis. 
We were concerned that conservation levels similar to protein coding sequence might indicate that many exons in our set had nearby splice sites that could be used to create larger alternative versions of the exon through splicing.  If true, the high level of conservation could be explained by protein coding rather than a splicing-related function, despite the absence of evidence for such splicing in the EST/mRNA data.  To test this, we used the program QRNA {Rivas, 2001, rivas:noncoding:2001} to analyze the sequences.  QRNA examines pairwise alignments of orthologous sequences from different organisms, notes the pattern of sequence divergence, and evaluates three models of evolutionary constraint: protein coding, RNA structure, and "other". Using the conserved regions that overlap the brain-included exon as chosen by phyloHMM (ref siepel 2005),  which often include the exons themselves, QRNA predicts that its RNA structure evolution model fits the data best in 43% of the regions and the coding model 19% of the regions.  In contrast, for 500 conserved regions that overlap constitutive exons QRNA predicts the RNA structure model only 16% of the regions and coding model 69% of the regions
. Although the ability of QRNA to discriminate the RNA structure model from the "other" category is unclear given gaps in our knowledge about how RNA can function and how conserved the sequences in the “other” category can be, elimination of the protein-coding model by QRNA is a robust indication that the conserved sequences are unlikely to represent cryptic exonic sequence.  We conclude that the conservation of intronic sequence is likely due to its function in splicing regulation.
Searching for regulatory motifs in the conserved regions near the tissue-regulated alternative exons

Our sets of exons are defined by similar regulatory patterns obtained from splicing-specific microarray data.  In contrast to the unselected sets of alternative exons culled from EST collections in which all regulatory signals are superimposed, the sequence composition of our brain- or muscle-specific exons is likely enriched for ISE and ISS sequences particular to the regulatory events that mediate alternative splicing in these tissues. To test the hypothesis that the conserved regions contain cis-acting elements important for the regulation, we examined the frequency of several known splicing regulator RNA-binding motifs in those intronic sequences. We compared the frequencies of sequences implicated in the regulation of neural splicing in our brain-included exon to that of a control set of over 47,000 mouse exons that appeared constitutively spliced in cDNA data.  To estimate these frequencies we used the consensus motifs that represent the core element of more complex recognition sequences.  For the regulators PTB and nPTB, we used CTCTCT{Chou, 2000, chou:multisite:2000}.  For hnRNP H/F we used GGGG {Markovtsov, 2000, markovtsov:cooperative:2000}.  The consensus sequence used for Fox-1 family of proteins was GCATG {Jin, 2003, jin:vertebrate:2003} and the consensus sequence we used for Nova was TCATY{Buckanovich, 1997 #6}.  For hnRNP-A1 the consensus motif of TAGGG was used {ref Burd 1994}. We determined the frequency of these consensus sequences in the 150 bp of intron upstream and downstream from different sets of exons (Fig 3), recognizing that this estimation method may miss related sequence examples of the motif that nonetheless are functional.

Both the Nova and the Fox-1 consensus motifs were enriched significantly in the 150 nucleotides of intron sequence downstream of brain-included exons, whereas no such enrichment was observed downstream of the brain-skipped exons, or upstream of any exons (Fig 3).  Since both Nova (ref) and Fox-1 (A2bp1 in mammalian cells, ref) are expressed in brain, it seems likely these two splicing factors contribute to the inclusion of nearby exons in the brain from positions downstream of the regulated exon.  In contrast, the PTB/nPTB consensus sequence is depleted from the region downstream of the brain-included exons (Fig 3).  HnRNP F/H binding sites are significantly depleted from the region upstream of the brain-included exons (Fig 3). This suggests that for this set of exons, the absence of PTB/nPTB binding to the region downstream of the exon, or HnRNP F/H binding to of the region upstream of the exon may be important for proper regulation.  Although we have restricted our search to the 150 nucleotides proximal to the upstream and downstream side of the regulated exons, we find significant enrichment and depletion of sequence motifs known to influence alternative splicing.  We conclude that selection of alternative splicing events on the basis of tissue regulation using microarray data results in the identification of new target candidates for genes regulated by RNA binding proteins with Nova and Fox-1 type specificities.

To identify new motifs in the sets of tissue regulated exons, we used the Improbizer motif finding program {Kent, 2000, kent:intronerator:2000}, which identifies sequence motifs present in a set of sequences as compared to a background sequence set. As a background sequence set we used as appropriate the upstream or downstream region of the constitutive set of exons showing no alternative splicing in mouse.  Two interesting motifs were found.  A motif with consensus sequence TGYTTTC (Y=C or T) was identified in the upstream 150 nucleotides of brain-included exons (Fig 3).  This sequence may be recognized by proteins known to bind pyrimidine rich sequences such as PSF, PTB/nPTB, or U2AF (ref).  However, this motif is found significantly more frequently upstream of brain-included exons (p-value < .001),
 and thus is not a typical intron feature (Fig ?).
In the set of muscle-included exons, a motif with striking similarity to the branchpoint consensus sequence TACTAAC is specifically enriched in the region downstream of the 5' splice site (Fig 4).  Several proteins are known to bind sequences related to this motif including SF1 (ref) and quaking protein QK-I5 (ref). We tested the statistical significance of the appearance of these motifs by repeatedly randomizing the input sequences and running Improbizer on the randomized sequences to search for motifs with similar scores. In 100 randomizations no motif was found with a better score than the TGYTTTC motif from the original sequence set, indicating its relative strength as a potential motif. 
The TACTAAC score was not significant compared to the randomized samples, possibly due to the small sample size of muscle specific exons, but is known to be biologically significant.
Paralogous brain-included exons in three members of the membrane associated guanylate kinase family

Four of the 22 members of the membrane-associated guanylate kinase family present in the mouse genome have exons that appear to be differentially included in brain tissues. The guanylate kinases are important in the transport, anchoring and signaling of synaptic receptors and ion channels (for review see Montgomery and Zamorano {Montgomery, 2004, montgomery:maguks:2004}).  The kinase domain no longer functions, and it appears the MAGUK family has evolved to act as a scaffold to bind other proteins.  The four MAGUK family members found in our data to have brain-included exons are called Cask, Dlgh1, Baiap1, and 4732496O19Rik (human paralog Magi3).  The latter two are paralogs apparently resulting from a gene duplication event and their regulated alternative exons are also paralogous.  Another family member called Acvrinp1 is another paralog resulting from gene duplication as did Baiap1 and 4732496O19Rik and contains another paralogous exon that is alternatively spliced in humans although there isn’t a mouse cDNA representing the skipping event. RT-PCR analysis confirmed that the Acvrinp1 exon is also alternative and included in the brain tissues tested similar to the other paralogs. In all three genes, the alternative exon is just downstream of a C-terminal PDZ domain, which presumably mediates protein-protein interactions (for review see  Ponting et. al. {Ponting, 1997, ponting:pdz:1997}).  Thus, it seems possible that the extra protein segment encoded by the alternative exon could influence the PDZ domain and alter the function of the brain-specific protein.

Interestingly, even though the splicing of these alternative paralogous, exons are regulated similarly, and they are highly conserved with the orthologous regions in other organisms, they are quite divergent from each other at the primary sequence level. All three of the alternative exons have nearby intronic sequences that are highly conserved with the orthologous regions in other organisms (Figure 6). The 89bp exon of Baiap1 sits in a region of approximately 800bp that are highly conserved and there is EST evidence that it is alternatively spliced in species as distant as chicken.  All of these alternative exons are spliced similarly, being included in brain and heart tissues and skipped in most other tissues, as detected by the GeneChip data and confirmed by RT-PCR. Yet the exons themselves at both the nucleotide level and amino acid level are quite divergent, as are the nearby intronic sequences (Figure 6), which is in conflict with the parsimonious hypothesis that all of the exons inherited common RNA binding motifs that cause inclusion in brain and skipping in other tissues.  This implies that either the splicing is more refined than is distinguishable at the bulk tissue level, or that it is regulated at levels other than the primary sequence, such as secondary structure. 
Discussion

The ability to look at thousands of alternative splicing events in vivo provides insights in both the utilization of alternative splicing to create transcript diversity and the tissue specificity of those events. One of the challenges when studying alternative splicing is dealing with transcriptional effects as they can appear to be changes in splicing regulation. It is also important to note that there can be no splicing when there is no transcription, and thus there are missing values in our data that could only be filled in by expressing genes ectopically. These missing data points confound many of the usual distance metrics used, such as Pearson’s correlation coefficient, which do not tolerate missing data.  Numerous groups are now using microarrays to study the regulation of splicing and all have had to develop methods to account for transcriptional effects.  Examining the fold change of isoform specific probes, normalized by the change in probes common to all transcripts, has worked well in treatment and control experimental designs {ref clark 2002, burckin 2005, blanchette 2005}.  More sophisticated model-based methods which either directly estimate isoform concentration {ref hui 2003, ref pan 2004}, or find loci that don’t fit a constitutive gene model {ref Johnson 2003, ref cline 2005} have been applied to tissue panels to detect the occurrence of alternative splicing differences between the tissues.  Other methods have used anti-correlation to identify cases where a constitutive gene model is inappropriate {ref Le 2004}.  By focusing our study on brain specific alternative splicing in this study, we were able to employ a relatively simple regression-based statistical test to identify regulated alternative splicing.  This test isolates our parameter of interest, the rate of alternative junction formation, and looks for a significant change between two populations. Using this method we discover hundreds of alternative splicing events that are regulated differentially in brain than other tissues in these data. 
Nova-1 has previously been shown to regulate alternative splicing in the brain both in vitro and in vivo, and the enrichment of Nova-1 sites in the brain preferentially included exons is not unexpected. It is surprising that the downstream intronic 150bp of the brain-included exons have a significant increase in Nova-1 consensus motif sites and the upstream intronic 150bp does not. These results suggest that the position of Nova-1 relative to the alternative exon is important in the regulation of the exon. Similarly the consensus motif for Fox-1 is enriched in the intronic sequence downstream from the brain preferentially included exons, but not the upstream intronic region, again suggesting that the position of the motif relative to the exon is important to the regulation of the exon. Previous EST based studies {ref brudo 2001} have noted an enrichment of the Fox-1 motif in brain included alternative exons, but not the enrichment of the Nova-1 motif illustrating the utility of empirical data.  We have also identified a novel TGYTT motif that is enriched in upstream intron of the exons most strongly included in brain. It is interesting to note that the while the exons preferentially included in brain have statistically significant enrichments for known motifs the exons that are preferentially skipped in the brain do not. It is likely that many of exons that are preferentially skipped in brain are actually preferentially included in other tissues and the tissue specific signatures of those tissues are lost in the heterogeneous grouping of “not brain”.  
In addition to enrichments in RNA binding protein motifs these alternative events are characterized by large blocks of conserved sequence in the intronic sequences both upstream and downstream from the alternative exons, consistent with earlier computational studies {ref sorek, ref sugnet}. If the enriched RNA binding consensus motifs effect the alternative splicing of the exons, it is not surprising that they would be conserved across species. Yet the levels of conservation observed in the intronic sequences surrounding these exons is often much larger than would be needed for a few regulatory RNA binding protein motifs.  The high levels of conservation do not appear to be due to protein coding regions as QRNA determines that they are not evolving as coding, even though the conserved regions analyzed often included a portion of the coding exon.  It is possible that these highly conserved regions are the result of multiple RNA binding protein motifs that act in concert to regulate the splicing of the alternative exon. A selective pressure on the type, number, and order of these RNA binding proteins could explain the large blocks of alternative splicing seen in these exons. It is also possible that RNA secondary structure plays a role in the binding of proteins that influence alternative splicing. Nova-1 has been shown to bind preferentially to its consensus motif in the context of a 20bp hairpin loop in vitro {ref Jensen 2000} and it is possible that Nova-1 and other RNA binding proteins are influenced by RNA secondary structure in vivo as well. Much future work has to be done to determine the functional elements that regulate these alternative exons, but nature has provided an interesting case study with the paralogous alternative exons of the MAGUK proteins Baiap1, 4732496O19Rik, and Acvrinp1.

The paralogous alternative exons in the MAGUK genes suggest that other levels of regulation besides primary RNA sequence exist. The striking difference in the primary sequence of the exons, and nearby intronic sequence, coupled with the apparent similarity in splicing profiles conflicts with the parsimonious hypothesis that alternative exons resulting from a gene duplication event should have similar RNA binding motif profiles regulating them.  It is possible that the regulation of the exon occurs at some distal as other studies have shown for both Nova-1 regulation {ref Dredge 2003} and Fox-1 {ref Lim 1998,  Jin 2003}.  Yet the high level of conservation in orthologous species suggests that the primary sequence of these exons, and nearby introns, is important for the function of the genes. It is also possible that there are subtle differences in the regulation of the exons that we cannot distinguish looking at the heterogeneous cell populations that make up a tissue extract. Even if there are differences within in regulation between sub-populations of cells in brain it seems plausible to expect that at least the mechanism of skipping in other tissues might be common among them. The large blocks of conserved intronic sequence, much larger than typical RNA binding motifs, the QRNA results that these conserved blocks are consistent with conserved RNA structures and these paralogous alternative exons with common regulation from different primary sequence all provide indirect evidence that there are other levels of regulation in addition to RNA binding motifs that influence alternative splicing.














Experimental Procedures

Design of microarray to monitor alternative splicing in the mouse.

Oligonucleotide microarrays to study mouse alternative splicing were designed as part of this collaboration and constructed by Affymetrix Inc. (Santa Clara, CA, USA).  All cDNA and EST information used for developing the mouse splicing sensitive chips were aligned to the Feb 2002 genome freeze of the mouse genome. Briefly, mouse cDNA sequences were aligned to the genome using psLayout, an early version of BLAT.  Orientation of cDNA was determined using EST read directions, coding sequence annotations, and poly(A) signals. Alignment discontinuities between cDNA and genome bordered in the genome by GT—AG, AT—AC, or GC—AG were interpreted as introns.  The programs AltMerge (cite: Wheeler)  and AltGenie (cite: kulp) were run on the aligned cDNAs to create a gene model that describes the different paths through the gene created by alternative splicing, for each gene.


Oligonucleotide probes are synthesized on the glass surface by a photolithographic method (ref). Probes are 25 nucleotides long and restricted to 711 x 711 adjacent positions approximately 18 microns apart. Each array has 5.05 x 106 probes.  Probes are grouped conceptually into "probe sets" of 6-10 probes designed to measure the same transcript feature.  Three types of probe sets were created for each gene model.  One set, the "gene probe set" consists of 8-10 probes placed in the regions of the gene found in all mRNA isoforms and is meant to measure the overall transcript level from the gene.  There are gene probe sets for 15,000 RefSeq genes in addition to those for alternative splicing events in genes not identified in RefSeq. A second kind of probe set is the "splice junction probe set" which consists of 6 probes that step across a splice junction, centered at positions -3, -2, -1, +1, +2, and +3 relative to the junction.  The third kind of probe set is the "exon probe set", which consists of variable number of probes for distinct alternative exon regions in the gene model.  After design and manufacture using the February 2002 assembly of the mouse genome, the probes were reanalyzed and remapped to the May 2004 assembly.  The array has probes sufficient for the detection of more than 6000 alternative splicing events.  All probes are "perfect match" probes and there are no "mismatch" probes.  Thus we used alternative data analyses strategies to subtract background non-specific hybridization signals from the true hybridization signals (described below).  A small set of known alternatively spliced genes was annotated by hand, and probe sets designed for these genes included mismatch as well as perfect match probes.

Animal care and maintenance

Male and Female 8-week old C57/BLJ6 were obtained when necessary from Simonsen Labs (Gilroy, CA).  Animals were provided with unlimited access to food and water and were housed on site for at least two weeks before use.

Tissue dissection

Tissues were dissected from age and weight matched individual mice.  Animals were deeply anesthetized with an overdose of Nembutal by intraperitoneal injection prior to any dissection. Brain tissues used were cerebellum, cortex, olfactory bulb, pineal gland, hind brain, median eminence, thalamus, and cerebellar hemispheres.  Non-brain tissues used were spinal cord, heart, lung, liver, spleen, kidney, testis, ovary, mammary gland, salivary gland, esophagus, stomach, small intestine, colon, skeletal muscle. Males were used for all tissues, except that estrus cycle matched females were used for mammary gland and ovary.  Tissues from different individuals were not pooled, with the exception of olfactory bulb, pineal gland, testis, and ovary.  Tissues were frozen in liquid nitrogen and RNA was extracted immediately or stored after freezing at -80°C until RNA extraction.

RNA extraction

RNA from cortex, cerebellum, olfactory bulb, thalamus, hind brain, pineal gland, median eminence, cerebellar hemispheres, lung, liver, spleen, testis, colon, kidney, small intestine, ovaries, mammary gland, and salivary gland was extracted using the Invitrogen Micro-to-Midi Total RNA Purification System (Catalog # 12183-018).  RNA from skeletal muscle, heart, and esophagus was extracted using the Qiagen RNEasy kit for Fibrous Tissue (Catalog # 74704). All RNA samples were treated with DNAseI for 30 minutes at 37°C, extracted twice with phenol/chloroform, once with chlorofom and ethanol precipitated. RNA samples were run on an Agilent Bioanalyzer to determine RNA integrity. RNA concentration was measured using either a regular spectrophotometer or a Nanodrop short path length spectrophometer.

Labeling Protocol

Tissue RNA from at least three individual animals (or three separate groups of animals in the case where tissues needed to be pooled to obtain sufficient RNA) was used to make target for hybridization to triplicate oligonucleotide microarrays.  RNA was primed with random hexamers and reverse transcribed. After the reaction was completed, RNA was removed from the reaction by alkaline hydrolysis and the cDNA was purified using Qiagen PCR Quick Purification Kit.  A typical reaction started with 5-6ug of total RNA usually yielded ~3ug of cDNA. The cDNA was then fragmented using DNAseI in an empirically controlled reaction that yields DNA fragments of 50-200 bases. This fragmented cDNA was then end labeled using terminal deoxynucleotidyl transferase and "DNA-Labeling-Reagent-1a (DLR-1a)", which is a biotinylated dideoxynucleoside triphosphate. Labeled targets were mixed with Affymetrix Eukaryotic mix (biotin-labeled oligos for which control probes exist on the chip as internal controls), and heated at 99°C for 5 minutes before hybridizing to microarray.  Targets were hybridized to chips in 7% DMSO solution for 16 hrs overnight at 50°C. Microarrays were washed, processed with anti-biotin antibodies and streptavidin-phycoerythrin according to the standard Affymetrix protocol.  After scanning the chips and aligning the grids to the scanned image, intensity values were extracted using the software associated with the Affymetrix scanner.

Normalization and analysis of intensity data
GeneChips were normalized using a quantile normalization (ref bolstad 2003) and probe set summaries were derived using the Robust Multi-chip Analysis (RMA) procedure (ref Irizarry 2003) with two modifications. The first modification was to remove all probes with 17 or more continuous bases that match to any other mouse transcript in order to minimize cross-hybridization issues. The second modification was to use the mode of the probe intensity values of similar GC content probes for the background estimate of a particular probe.  For example, if a probe has a GC count of 16, then the mode of the intensity of all the probes with a GC count of 16 was used as a background estimate as opposed to RMA all the probes are used as a background estimate for all the probes.

Global detection and comparison of alternative splicing

The oligonucleotide microarrays lack mismatch probes, preventing use of the standard Affymetrix protocols for calling the absence or presence of a particular probe set.  We developed a modified test for significance where the rank of the signal from individual probes compared to probes with similar GC content. The probes within a particular GC bin were sorted and their rank was used as an empirical probability of expression.  For each probe set the median probability of the probes was used as an estimator for that probe set. The probe set estimators for biological replicates were combined using Fisher’s {ref Fisher 1970 pp 99-100} method to derive a probability of expression for a particular tissue. If two probe sets specific to two or more alternative isoforms are called "expressed", this is taken as evidence for alternative splicing. As the probe selection process is constrained at splice junctions and we are comparing against all perfect match probes, rather than mis-match probes, we don’t expect these estimates to be as robust as the usual absence/presence calls.
Tissue regulation of exon inclusion and skipping.

Regression coefficients between the include and exclude probe set intensities for brain and non-brain tissues were compared to determine if the rate of inclusion or exclusion of the exon were different between the two populations of tissues. When comparing splicing profiles between two populations it is easy to mistake a change in the rate of transcription for a change in the rate of splicing. The regression-based statistic used was more robust to changes in transcription than other ratio based statistics examined.  The signficance level was determined using the method described by  Wilcox {ref Wilcox 2003 pp 527-529}. 10,000 bootstrap samples were taken from the two populations and a robust regression coefficient calculated each time using iterated re-weighted least squares as implemented by the rlm() function in R{ref R 2005}. The number of times that the regression coefficient for one population is greater than the other is tabulated for all of the bootstrap samples and is used to calculate the significance of the difference between the two populations.  Intuitively, if there is a true difference in the regression coefficient between the two populations one coefficient will tend to be larger over all the bootstrap samples. All regression calculations are required to go through the origin because if there is no transcription then there can be no include or exclude transcripts. Only tissues where the gene probe set was expressed with a significance of .25 were considered, and expression in a minimum of 8 hybridizations for both tissue groups were required for a splicing event to be considered for analysis. The difference between regression slopes can be used to estimate the magnitude of the fold difference in splicing between the two groups of tissues. Only events for which all bootstrap regression tests consistently called one slope greater than another (p-value = 0) were used in subsequent analysis.
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Table 1. Expression counts for different types of alternative splicing events.  "Count" indicates total number observed in transcripts probes selected from.  "With Probes" indicates events that contain probes on the array. "Expressed" indicates events with at least one isoform that is expressed at a significance level of 0.05.  "Alt" indicates events where at least two isoforms are expressed at a significance level of 0.05 each. "Percent" indicates the percentage of events with at least one isoform expressed that also had at least one other mutually exclusive isoform expressed.

Figure Legends


Figure 1. (A) Probe design and expression counts of alternative event specific probe sets. Probe sets were designed to both the skipping splice junctions and include splice junctions as well as the alternative exons when possible, ensuring that probe sets are specific to the exon skipped or included spliced isoforms. Probe sets for constitutive portions of the gene were used to measure overall expression of the locus. (B) Example intensity data for cassette exon contained in Baiap1 gene plotted with exon skipping intensity on y-axis and exon inclusion intensity on x-axis. The rate brain tissues (hollow squares) include this exon preferentially compared to the non-brain tissues (black circles). 

Figure 2. Conservation of cassette exons preferentially included in brain. (A) Extreme conservation in flanking intronic sequences of Baiap1 cassette exon seen in UC Santa Cruz genome browser. (B) Median conservation probability at each base 100bp upstream (left panel) and downstream (right panel) of the exon for brain-included exons (grey circles), brain-skipped exons (hollow grey squares), and constitutive exons (black circles). (C) Histograms of the median probability of conservation per 100bp upstream and downstream of the brain preferentially included (light gray), constitutive exons (black) and overlapping regions (dark gray).  Note that the distributions are quite different with the brain preferentially included exons being extremely conserved.


Figure 3. Counts of RNA binding motifs in intron sequences adjacent to brain-regulated exons.  The 150bp upstream and downstream regions for constitutive exons (control), preferentially brain-included (brain include), and preferentially brain-skipped exons (brain skip) were evaluated for the presence of sequences related to binding sites for known splicing regulators.  Sequences used as the consensus binding sites were: Nova-1 - TTCATT or TTCACT, Fox-1 - GCATG,  PTB/nPTB - CTCTCT, hnRNP-H/F: GGGG, hnRNP-A1 TAGGG. 
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Figure 4. A sequence similar to the recognition sites for SF1 and quaking proteins is enriched near the 5' splice site of the muscle-included exons. (A) Sequence logo of the motif found by Improbizer. (B) Location of sequences in a conserved "bump" downstream of a muscle-included exon in the Lrrfip1 gene.
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Figure 5.  Tissue-regulated splicing controls the C-terminal sequences of mouse MAGI proteins.  (A) Array intensity (top) and RT-PCR results (bottom) for the alternative exon in Baiap1. (B) Array intensity (top) and RT-PCR results (bottom) for the alternative exon in 653047C02Rik. (A) RT-PCR results (bottom) for the alternative exon in Avricp1 (this gene was not present on the array). (D) Diagram of the alternative splicing and coding patterns at the 3' end of the mouse MAGI genes.

Figure 6.  Multiple alignment of the alternative exons and flanking intronic sequences for Baiap1, Acvrinp1, and 653047C02Rik (here labeled: 4732496O19Rik) and the orthologous sequences from rat, human, dog and chicken. While the orthologous sequences have high conservation between them the paralogous sequences have diverged considerably.  The 3' (3'ss) and the 5' (5'ss) splice sites are marked by blue lines.  Sequences similar to TACTAAC are boxed in yellow.  In the upstream region these may act as branch sites.  In the region downstream of the 5' splice site they may act as regulatory binding sites for SF1, quaking or some other factor.  Fox-1 sites are boxed in red.





















� I think we need to be specific here--also the term "rate of inclusion or skipping" is going to alarm reviewers because we aren't measuring any rates--the more specific we are here about exactly what is being done the better…


�I am still concerned about this--it seems an ok general argument but is not reassuring for individual cases.  Perhaps the whole section could be deleted.  It seems a bit like a straw man that doesn't quite get knocked down.  Wouldn't it be more convincing to extract the non-exon sequences rigorously and do the same test--or to look for extended reading frame potential out of the exon into intron sequences?


�We say "specifically enriched" and "best scores" of 100 randomizations, but could we not figure the odds that the score received was due to chance?  If it has a score of 6.2 and 100 randomizations give a score range of 1-5 with a mean of 3 can you tell me how often a score of 6.2 is due to chance?





