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Unproductive splicing of SR genes associated with
highly conserved and ultraconserved

DNA elements

Liana F. Lareau'*, Maki Inada®*, Richard E. Greenl’r, Jordan C. Wengrod' & Steven E. Brenner"?

The human and mouse genomes share a number of long, perfectly
conserved nucleotide sequences, termed ultraconserved elements'.
Whereas these regions can act as transcriptional enhancers when
upstream of genes, those within genes are less well understood. In
particular, the function of ultraconserved elements that overlap
alternatively spliced exons of genes encoding RNA-binding pro-
teins is unknown"’. Here we report that in every member of the
human SR family of splicing regulators, highly or ultraconserved
elements are alternatively spliced, either as alternative ‘poison
cassette exons’ containing early in-frame stop codons, or as alter-
native introns in the 3’ untranslated region. These alternative
splicing events target the resulting messenger RNAs for degrada-
tion by means of an RNA surveillance pathway called nonsense-
mediated mRNA decay. Mouse orthologues of the human SR
proteins exhibit the same unproductive splicing patterns. Three
SR proteins have been previously shown to direct splicing of their
own transcripts, and one of these is known to autoregulate its ex-
pression by coupling alternative splicing with decay®™; our results
suggest that unproductive splicing is important for regulation of
the entire SR family. We find that unproductive splicing assoc-
iated with conserved regions has arisen independently in different
SR genes, suggesting that splicing factors may readily acquire this
form of regulation.

The 11 human SR proteins comprise a homologous family of
splicing factors (Supplementary Fig. 1) with diverse roles in RNA
processing including control of export, translation, stability, and
constitutive and alternative splicing’. To determine the extent of
alternative splicing of SR genes themselves, we mined expressed
sequence tag (EST) libraries for SR transcripts, aligned these ESTs
to the human genome to infer splice junctions, and identified alterna-
tive junctions by comparison with a full-length reference mRNA of
each gene. We found that all SR splicing regulators are alternatively
spliced (Fig. 1, panel 2).

Notably, we found that all human SR genes had alternative splice
forms that are expected to be degraded by nonsense-mediated mRNA
decay (NMD) (Fig. 1, panel 2). The alternative splice forms contain
stop codons that are thought to be recognized as premature by the
NMD machinery because they are located more than 50 nucleotides
upstream of the final exon—exon junction’. In some cases, ESTs with
premature termination codons (PTCs) comprised a sizeable fraction
of the total ESTs for that gene (Supplementary Table 3 and Sup-
plementary Fig. 2). Seven of the SR genes exhibited a distinctive
splicing pattern: an alternative, or cassette, exon was skipped in
the reference isoform and included in an alternative isoform. SRp20
(also called SFRS3), SRP40 (SFRS5), p54 (SFRS11), SRP55 (SFRS6),

SRP75 (SFRS4) and 9G8 (SFRS7) contained poison cassette exons
that introduced in-frame PTCs. SRp38 (FUSIPI) had two linked
alternative splicing events: an alternative 5’ splice site followed by a
cassette exon, with a PTC in the extended upstream exon (Fig. 1,
panel 2). For most of these genes, we also observed EST's in which the
introns flanking the poison cassette exons were retained and intro-
duced PTCs. SRp30c (SFRS9) had similar intron-retention ESTs, but
no ESTs supporting the cassette exon (discussed below). The remain-
ing genes, ASF/SF2 (also called SFRSI1), SC35 (SFRS2) and SRP46
(SFRS2B), had alternative splicing in their 3’ untranslated regions
(UTRs) (Fig. 1, panel 2). Although splicing in the 3" UTR has no
effect on the protein-coding sequence, the introduction of a new
exon—exon junction more than 50 nucleotides downstream of the
original stop codon marks that stop codon as premature and targets
the transcript for NMD.

The existence of PTC™ isoforms for all of the SR genes led us to ask
whether this alternative splicing is truly unproductive, leading to
downregulation of the spliced mRNA. We therefore measured the
effect of NMD inhibition on mRNA isoform levels in HeLa cells using
quantitative polymerase chain reaction with reverse transcription
(quantitative RT-PCR). We disrupted NMD using short interfering
(si)RNAs against UPFI (ref. 8), a key effector of the NMD pathway. If
the PTCs trigger NMD as expected, the PTC™ isoforms would be
relatively stabilized upon UPF1 depletion. In all nine cases where the
reference isoform could be detected, UPF1 depletion resulted in a 4-
to 40-fold increase in the relative abundance of PTC-containing
mRNAs (Fig. 2). We estimate that PTC™ isoforms comprised about
2-14% of the spliced mRNA population from each gene in control
conditions and 40-70% when NMD was inhibited (Supplementary
Table 5), suggesting that a substantial fraction of SR transcripts is
spliced into a form that is degraded by NMD. Time course experi-
ments using cycloheximide rather than RNA interference to inhibit
NMD showed similar effects on PTC* isoforms, supporting the
expectation that the stabilization is a direct effect of NMD (Sup-
plementary Fig. 4). Overall, our results indicate that alternative splice
forms of the human SR protein family are produced at appreciable
levels and are subsequently downregulated by NMD.

The 11 human SR genes correspond to 10 mouse SR genes (Sup-
plementary Fig. 1; human SRP46 is an expressed retropseudogene of
SC35). We used ESTs to identify alternative splicing of the mouse SR
genes. All of the genes except SRp30c had ESTs supporting the same
unproductive splicing patterns in mouse as in human (Fig. 1, panel
3); the PTCs were in identical positions except in SRP75 (called Sfrs4
in mouse). Mouse SRp30c (also called Sfrs9) had a poison cassette
exon, but there was no EST evidence of an equivalent cassette exon in
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the human orthologue (Fig. 1, panels 2 and 3). We identified a
sequence within the human intron that was homologous to the
mouse cassette exon and experimentally detected the predicted
PTC" splice form in HeLa cells (Fig. 2). Because alternative splice
forms are not generally shared between human and mouse, those that
are conserved may be functionally important’.

We next aligned the full genomic locus of each human SR protein
with its mouse counterpart. Remarkably, all but one SR gene with
conserved unproductive splice patterns had long regions of 100%
nucleotide conservation between the human and mouse ortho-
logues, ranging from 118 to 618 nucleotides in length (Fig. 1, panel
1). The conserved regions corresponded closely to the alternatively
spliced poison cassette exons or to sequences flanking the 3" UTR

LETTERS

introns. The remaining gene, SRp30c, had shorter conserved stre-
tches of 42 and 44 nucleotides at the ends of its poison cassette
exon. The conserved sequences found in 9G8 (also called Sfrs7 in
mouse), ASF/SF2 (Sfrsl), SRp20 (Sfrs3), p54 (Sfrsl1) and SRP55
(Sfrs6) were previously identified as ultraconserved genomic ele-
ments, defined as regions of at least 200 nucleotides of perfect identity
between the human, mouse and rat genomes'; the conserved
sequences in the other SR genes were shorter than that threshold,
although still striking.

We compared the highly conserved regions among the human
paralogues in order to investigate whether these regions arose from
a common source. The most parsimonious scenario would be that
the highly conserved sequences and their unproductive splicing
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Figure 1| SR gene alternative splice forms with PTCs are conserved
between human and mouse and are associated with highly conserved and
ultraconserved DNA elements. For each human/mouse SR gene pair,
nucleotide conservation between human and mouse SR genomic loci is
shown (panel 1). Per cent identity is shown in 50-nucleotide windows (p54
in 100-nucleotide windows). DNA sequences with 100% conservation that
are associated with alternatively spliced regions are marked (red bars). EST-
inferred alternative splicing of human (panel 2) and mouse (panel 3) SR
genes is shown with reference splice events (drawn above exon structure),

alternative splicing (drawn below) and intron retention (dotted horizontal
lines). Reference stop codons (above) and PTCs (below) are marked (red
octagons). Gene regions are annotated as coding (blue), UTR (light blue)
and alternatively spliced (orange). EST counts for alternative splice events
and corresponding reference splice events are noted for human genes. The
cassette exon in human SRp30c is shown by comparison to mouse. Sequence
similarity between poison cassette exons of SRP55 and SRP75 is indicated
with a connecting bar. nt, nucleotides.
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originated in a common ancestor. Although some ultraconserved
elements are known to have originated from a short interspersed
element (SINE) retroposon?, we found no evidence that the alterna-
tive regions of the SR genes contain known or novel repetitive ele-
ments (Supplementary Information). We also investigated whether a
cassette exon was present in the ancestor of the SR paralogues. We
found that the poison cassette exons were in non-homologous posi-
tions in different SR genes (Fig. 1, panel 2), implying independent
rather than common origins. Moreover, local sequence alignments
showed no significant nucleotide identity between the alternative
regions of most human SR genes (Supplementary Information).
The only significant relationship among alternative regions was
found between the poison cassette exons in reference intron 2 of
the most closely related human SR genes, SRP55 and SRP75; this
exon may therefore have been present in their common ancestor
(Fig. 1, panel 2). This exon was ultraconserved between human
and mouse in SRP55 but not in SRP75, and it was observed rarely
in SRP75 ESTs, indicating that the exon may be under less selective
pressure in SRP75. SRP75 had additional, highly conserved poison
cassette exons in its first reference intron that were not found in
SRP55. Further study of the evolutionary dynamics of these ultra-
conserved regions may offer an insight into their origin and function.
It is remarkable that similar splicing associated with highly conserved
sequences seems to have arisen independently in different SR genes
within this family.

Commonly measured constraints on sequence evolution do not
explain the extreme conservation in these genes. Although a fraction
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Figure 2 | SR gene alternative isoforms containing PTCs are degraded by
NMD. Quantitative RT-PCR was used to assay levels of mRNAs in HeLa
cells treated with control or UPF1 siRNAs. The ratio of NMD-inhibited to
control transcript levels was measured for constitutive (green), reference
(blue; a, €) and PTC" (orange; b—d, f) regions. The data are log, means of
transcript ratios (*s.d.; three PCR replicates of four independent
transfections). Asterisk, SRp30c PTC" isoform levels in control cells were at
the lower limit of detection. Double asterisk, junction probes for SRp30c are
predicted by homology to mouse ESTs and may not detect the actual
junction used in human.
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of the PTC" isoforms might escape NMD and be translated into
truncated protein, selective pressure on the conserved regions is
unlikely to arise from protein-coding constraints™'’. The stop codons
are generally near the beginning of the conserved regions, or entirely
upstream of the conserved region in the case of UTR splicing, leaving
up to 422 nucleotides of non-coding, 100% conserved sequence
downstream of the stop codon. A more probable explanation for the
conservation is the presence of regulatory sequences that might con-
trol the use of the alternative splice sites. We found no consistent over-
representation of binding sites for four well-characterized SR proteins
in or near the alternative regions, and known exonic splicing enhan-
cers were under-represented in the cassette exons (Supplementary
Information); nonetheless, other binding sites may be present'"'.
Similarly, trans-acting RNAs such as microRNAs might bind to the
alternative regions. We identified putative microRNA-binding sites in
the SR mRNAs™, but the sites are not over-represented within the
conserved alternative regions (Supplementary Information). The
highly conserved sequences might also contribute to regulation
through RNA structure, but most of the ultraconserved elements prev-
iously examined lack significantly low-energy secondary structure'.
Extending the conservation analysis to other vertebrate genomes
may help to pinpoint the functionally essential sequence elements'’.
We suspect that intertwined and as yet unknown constraints from
RNA structure, RNA binding and protein binding may be at play.

The frequency of alternative splicing, the similar splice patterns
and the exceptional sequence conservation of the SR genes strongly
suggest that their unproductive splicing is functionally important.
The human SR protein SC35 provides one model for this function.
SC35 pre-mRNAs can be spliced into either a reference isoform or
PTC™ isoforms. When SC35 protein is overproduced, it affects the
splicing of its own pre-mRNAs, increasing the proportion of NMD-
target isoforms’. This creates a negative feedback loop: high levels of
SC35 protein cause a greater fraction of SC35 transcripts to be spliced
into the unproductive isoform and then degraded, thereby down-
regulating SC35 protein production. Our data show that the entire
SR family might couple alternative splicing and NMD to regulate
protein production, a mechanism termed regulated unproductive
splicing and translation (RUST)'. Consistent with this model, two
other human SR proteins, 9G8 and SRp20, are known to affect
splicing of their own transcripts™*. Our data also lend support to this
model: after NMD inhibition, some reference splice forms decrease
in abundance (Fig. 2). Because inhibiting NMD should not directly
affect the abundance of productive mRNAs, this decrease indicates
a change in the underlying splicing ratio of productive to unproduc-
tive isoforms, consistent with negative feedback regulation. Other
modes of regulation, such as cross-regulation, may also be involved.
Notably, SR proteins are also regulated by Clk kinases, which them-
selves have PTC™ splice forms. Modulation of SR proteins with a
network of unproductive splicing might affect a wide range of down-
stream splicing targets'>"’.

The association between unproductive splicing and ultracon-
served regions extends beyond the SR family to other RNA-binding
proteins. Two SR-related genes and six heterogeneous nuclear
ribonucleoprotein (hnRNP) genes also contain ultraconserved ele-
ments, and one hnRNP, PTB (also called PTBP1), autoregulates its
expression by means of tissue-regulated unproductive splicing"'*".
Furthermore, this mode of regulation may be phylogenetically wide-
spread, as SR genes are alternatively spliced in other species including
nematodes, flies and plants®*>*. Some of these splice forms are homo-
logous to human splice forms, such as a poison cassette exon found
in the Ciona intestinalis orthologue of SRp20 (Supplementary Fig. 5).
Although the poison cassette splicing is conserved, the sequence
ultraconservation does not extend from human to Ciona, showing
that the regulatory phenomenon may be conserved but, if so, the
specific sequence constraints are flexible.

What benefit would regulation by unproductive splicing confer,
and why did this particular mechanism evolve in SR genes? The cell

©2007 Nature Publishing Group
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may use unproductive splicing to maintain homeostasis of splicing
factors. An SR-related splicing factor has been shown to have unusu-
ally low cell-to-cell variability in protein level”. Unproductive splic-
ing may also allow tissue-specific expression of SR proteins®. If
regulation would provide a selective advantage, alternative splicing
linked with NMD is an evolutionarily accessible means of regulation
for splicing factors, as they are inherently capable of binding mRNA.
Whereas unproductive splice forms of many genes may represent
cellular noise®, the splicing events we have identified demonstrate
how unproductive splicing can provide the capacity for regulation.
Our observations paint a picture of unproductive splicing associated
with highly conserved sequences as a regulatory process that has
evolved repeatedly, affecting expression throughout an entire family
of splicing factors.

METHODS

Detailed methods are supplied in Supplementary Information. To identify
alternative splice forms of the SR genes, we aligned ESTs from UniGene and
reference mRNAs to genomic loci using spidey v1.4, and compared the EST-
inferred and reference splice junctions”. Alternative splice events seen in only
one EST or occurring within ten nucleotides of a more prevalent splice event
were discarded. To test whether alternative splice forms are degraded by NMD,
we transfected HeLa cells with plasmids expressing siRNAs against UPFI (ref. 8)
and reduced the level of UPF1 protein to <5% of the control level (Sup-
plementary Fig. 3). For each SR gene, we measured relative mRNA levels using
quantitative RT-PCR with primers to detect splice junctions or exons found in
reference, PTC™ and constitutive splice forms. The fold change in levels between
control and experimental conditions for each primer pair was normalized to the
average of three control genes: B-actin, SDHA and TBP.

Genomic alignments were constructed by splitting the human and mouse SR
gene loci into individual exon and intron sequences and aligning each pair of
orthologous sequences using the global alignment program from FASTA v2.1
(ref. 28). We searched for known and novel repeat elements within the genes
using the RepeatMasker and chained self-assembly tracks of the UCSC human
genome browser”. We performed local alignments to compare the poison cas-
sette exons plus their flanking introns between the different human SR para-
logues. The ESEfinder web server was used to search each SR gene containing a
poison cassette exon for sites scoring higher than the default thresholds of
the ASF/SF2, SC35, SRP40 and SRP55 binding motifs, and the RESCUE-ESE
web server was used to search for known exonic splicing enhancer (ESE)
sequences'"'>. miRanda v1.0b was used to identify potential microRNA target
sites™.
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