CHAPTER 10

Regulation of Alternative Splicing
by Signal Transduction Pathways

Kristen W. Lynch*

Abstract

Iternative splicing is now recognized as a ubiquitous mechanism for controlling gene
Aexpression in a tissue-specific manner. A growing body of work from the past few years

has begun to also highlight the existence of networks of signal-responsive alternative
splicing in a variety of cell types. While the mechanisms by which signal transduction pathways
influence the splicing machinery are relatively poorly understood, a few themes have begun to
emerge for how extracellular stimuli can be communicated to specific RNA-binding proteins that
control splice site selection by the spliceosome. This chapter describes our current understanding
of signal-induced alternative splicing with an emphasis on these emerging themes and the likely
directions for future research.

Introduction

To maintain viability, most, if not all, cells within an organism must be capable of responding
to a changing environment. For example, neuronal and muscle cells must respond to activation
to promote behaviors and movement; cells in the liver, kidney and intestines must regulate their
metabolic pathways in response to changing nutrient and hormonal environments and lymphoid
cells must respond to any immune challenge to prevent or control infection. Such flexibility re-
quires that individual cells have the ability to change function rapidly and precisely in response to
agiven stimulus. In general, cellular responsiveness is accomplished through the activity of signal
transduction cascades that transmit signals from the cell surface to the relevant cellular machinery,
often involving alterations in the protein composition of the cells.

Changes in protein expression occur through many different mechanisms and much work has
focused on signal-induced regulation of transcription and translation. However, in the past few years
there has been a growing recognition of the importance of signal-induced changes in alternative
splicing as a mechanism for mediating biologically relevant cellular responses. Thus, the interface of
the splicing and signaling fields is an emerging area of study. This chapter focuses on this interface,
with a particular emphasis on the mechanisms by which signal transduction pathways affect the
activity of splicing regulatory proteins. While much remains to be discovered about this process,
the recent clucidation of a few pathways and growing information on several others, has begun to
provide clear paradigms for how signaling pathways can impinge upon the splicing machinery and
the biologic implications of such regulation. These mechanistic paradigms, described below, are
grouped into categories for clarity, but it should be noted that in many cases one signal-induced
perturbation will trigger another (c.g., phosphorylation and localization), so the groupings below
are somewhat arbitrary and should not be viewed as “cither-or”, but rather as allied mechanisms
that can act together to ensure a particular functional effect on alternative splicing.
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Molecular “Hubs” Help Link the Extracellular World
to the Splicing Machinery

To a first approximation, signaling cascades are thought of primarily as cytoplasmic pathways
that respond directly to changing environments and stimuli at the cell surface. In contrast to this
cytoplasmic activity, pre-mRNA splicing occurs in the nucleus, well separated from cell surface
receptors. However, many members of the SR and hnRNP splicing regulatory protein families
(refer to chapter by Lin and Fu, and Martinez-Contreras et al) shuttle between the nucleus and
cytoplasm, as do other splicing factors, proteins that modify the splicing machinery and signaling
proteins.' Therefore, it is not surprising that a wide variety of interactions have been described
between components of the RNA processing machinery and traditional signaling molecules, many
of which are discussed below. In particular, a few proteins have gained attention as potential docking
“hubs” that integrate and transmit molecular information between a variety of signaling pathways
and the RNA processing machinery. These molecular hubs include hnRNP K and Sam68.

HnRNP K contains three KH-type RNA binding domains and typically binds to C-rich
sequences in RNA (for a review see ref. 4). Interspersed between the KH domains are pro-
line-rich regions and sites of tyrosine phosphorylation which, respectively, bind SH3 and SH2
domains-protein-protein interaction motifs that are ubiquitous amongst signaling molecules. Not
surprisingly, hnRNP K has been shown to bind to a wide variety of signaling proteins including
Vav, Src-family kinases and various PKC isoforms. In addition, the Src-kinases, PKCs, Erk1/2
and JNK can all directly phosphorylate specific residues within hnRNP K and thereby regulate
the various protein-protein and protein-RNA interactions involving this hnRNP protein.* The
majority of studies related to the function of hnRNP K focus on its role in controlling mRNA
stability and translation in the cytoplasm. However, this protein is present in nuclear extract
preparations and has been found to interact with other hnRNPs and SR proteins that are involved
in the regulation of splicing.>* HnRNP K has also been shown to bind splicing enhancers and
silencers within regulated pre-mRNAs.” While a conclusive mechanistic link has not yet been
made between signaling pathways and regulated splicing via hnRNP K, it is likely that such alink
exists. Indeed, phorbol esters, cytokines and hormones can all induce phosphorylation of hnRNP
K and alter its ability to interact with RNAs*? and at least one of the RNAs to which hnRNP K
binds is CD45, which undergoes stimulus-regulated alternative splicing (A.A. Melton, J. Jackson
and KW.L. in preparation; see below).

Sam68 is not a classical A(nRNP protein, but rather a member of the STAR (Signal-Transduction
and RNA) family of proteins which contain a single RNA binding KH domain as well as multiple
potential binding sites for SH2, SH3 and WW domains.'” Sam68 was first identified as a protein
that is tyrosine phosphorylated by Src during mitosis and as a protein that promotes cell cycle
progression.' 3 Further studies have demonstrated that Sam68 is also a target of serine/threonine
phosphorylation, methylation and acetylation.! Within the cytoplasm, Sam68 is thought to
function as an adaptor protein that nucleates signaling complexes proximal to several cell surface
receptors. Sam68 is tyrosine phosphorylated in an inducible manner upon activation of the T-cell
receptor, insulin receptor, or by stimulation of cells with leptin, leading to increased association
with molecules such as PI3K, JAKs, Ras-GAP, Grb-2 and PLC-1 and the activation of downstream
effector pathways.!*'4

Samé68 also interacts with a variety of splicing factors, including several hnRNPs and other
STAR proteins, as well as with proteins involved in transcription.!*'*!> Within the nucleus, the
adaptor function of Sam68 likely contributes to its ability to promote signal-induced splicing, as
indicated by recent studies linking Sam68 to the signal-responsive inclusion of the CD44 variable
exon 5.7 CD44 encodes a cell surface glycoprotein that is involved in cell migration, invasion
and proliferation.' The extracellular domain of CD44 is encoded, in part, by ten variable exons
that are inducibly included upon antigen stimulation of T-cells through a pathway involving the
activation of the MAP kinase pathway (Ras-Raf-MEK-Erk)."** Work from several groups studying
the induced inclusion of CD44 variable exon 5 (CD44v5) has led to the formulation of a model
in which, upon stimulation, Sam68 binds to an ESE within CD44v5 together with the SR-related
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Figure 1. Model of the activity of the adaptor proteins Sam68 in the signal-induced regulation
of CD44. Activation of the Ras-Raf-MEK-Erk pathway by various stimuli leads to phosphoryla-
tion of Sam68 by Erk. This phosphorylation of Sam68 and/or other Erk-dependent modifica-
tions (indicated by “?”) leads to Sam68 binding to CD44 variable exons (grey boxes) along
with SRm160 (“m160”) which promotes assembly of spliceosomal components (blue ovals)
on these exons. Sam68 also interacts with the Swi/SNF chromosome remodeling complex
which causes slowing of RNA polymerase Il (Pol 1l) elongation, thus further promoting use
of weak exons.

protein SRm160 (see Fig. 1).!¢17 Sam68 then also interacts with the Brm subunit of the Swi/SNF
chromatin remodeling complex, thus stalling RNA polymerase II and promoting the inclusion
of weak exons (see ref. 15 and discussion of transcription-coupled splicing below, and chapter by
Kornblihtt). How activation of the MAP kinase pathway induces this Sam68-dependent regula-
tion is not yet fully understood. Erk is known to phosphorylate Sam68, however mutation of the
putative phosphorylation sites on Sam68 only marginally decreases its ability to enhance CD440S
inclusion,'® suggesting that there must be other molecular links between Ras activation and the
Sam68/SRm160/Brm complex. Finally, the Sam68-related proteins SLM-1 and SLM-2 have been
shown to have activities similar to that of Sam68, both in terms of protein-protein interactions and
CD44 splicing. This suggests that many or all members of the STAR family may serve as molecular
links to alter splicing in response to extracellular stimuli.'®!

Posttranslational Modifications of Splicing Machinery

Signaling molecules can directly interact with and influence many other components of the
splicing machinery. As discussed in the chapters by Lin and Fu, and Martinez-Contreras et al, the
regulation of splicing is often achieved by the action of SR and hnRNP proteins. These proteins
bind to sequences within and flanking alternative exons (i.e., ESEs, ESSs, ISEs, ISSs) and promote
or inhibit spliceosome assembly at the nearby splice sites (refer to chapter by Chasin). It follows
then that changing the activity of these splicing factors by posttranslational modifications is likely
a major mechanism for altering splicing pathways.
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The activity of the SR family of splicing factors is strongly influenced by the phosphorylation
state of these proteins, which cycles during the splicing reaction and in response to a variety of
stimuli and cell cycle conditions.??** At least four different kinase families have been shown to
phosphorylate SR proteins. The most specific of these is the SRPK family, which includes two
closely related SR protein kinases, SRPK1 and SRPK2. These proteins bind to a unique “docking
site” within SR proteins that both confers substrate specificity and restricts the catalytic activity
to the N-terminal half of the RS domain, thereby resulting in a partially or hypophosphorylated
protein.” The Clk family of dual-specificity kinases also phosphorylate members of the SR protein
family, but with significantly reduced substrate specificity compared to the SRPKs.?* Importantly,
in contrast to the limited range of SRPK phosphorylation sites on SR proteins, the Clk family
of kinases are able to phosphorylate the entire RS domain to yield a hyperphosphorylated form
of SR proteins.*>*' Thus, the SRPK and Clk families of kinases have differential effects on SR
protein function (see below). Finally, both Topoisomerase I and Akt have also been shown to
phosphorylate SR proteins. These enzymes phosphorylate overlapping sites that are likely to be
distinct from the optimal phosphorylation sites of the SRPKs and Clks.?*? The activity of all of
these SR kinases is presumably countered by phosphatases, with at least PP1 and PP2A having
been shown to function on SR proteins and/or be required for splicing. >

HnRNP proteins, as well as other non-SR splicing factors, can also be modified by phosphory-
lation, methylation, SUMOylation and acetylation, although the enzymes responsible for such
alterations have only been described for the first two of these modifications.# PKA, Casein
Kinase Il and Mnk1/2 have been shown to phosphorylate hnRNP I/PTB, hnRNP C and hnRNP
Al, respectively,®“ while the PRMT family of methyltransferases modify many of the RGG
box-containing hnRNPs.”* While much remains to be learned with respect to the mechanisms
by which these posttranslational modifications of SR, hnRNP and other splicing proteins change
in response to extracellular stimuli and influence specific alternative splicing patterns, many
groups have now correlated changes in the phosphorylation of SR and hnRNP proteins with the
signal-induced regulation of several alternative splicing events.

A well described system in which phosphorylation of an SR protein mediates signal-induced
changes in splicing is the insulin-induced inclusion of the variable BII exon within the PKCB
gene.”” This induced change in the alternative splicing of PKCp results in the expression of a
PKCp isozyme that is necessary for glucose uptake and is thus a critical aspect of the cellular
response to insulin.”* Inclusion of the BII exon is dependent on the activity of SRp40, an SR
family protein, which binds to an intronic sequence downstream of the regulated exon.*** Upon
insulin treatment the PI-3 kinase (PI3K) pathway activates Akt which in turn phosphorylates
SRp40 on a specific serine residue (Ser86) (see Fig. 2). Blocking of PI3K, Akt, SRp40, Ser86,
or the binding site for SRp40 within the PKCpB gene all abolish the ability of insulin treatment
to induce PKCBII expression.>*** However, it has yet to be determined how phosphoryla-
tion of SRp40 leads to increased exon inclusion; namely, whether phosphorylation of Ser86
increases the association of SRp40 with the PKCf pre-mRNA, or rather increases the ability
of SRp40 to activate exon inclusion via interactions with other splicing factors once it is bound
to the pre-mRNA.

A second system in which phosphorylation of SR proteins is linked to changes in splicing
is in the growth factor-induced alternative splicing of the fibronectin EDA exon.> In this case,
phosphorylation of the SR proteins SF2/ASF and 9G8, again through the PI3K/Akt pathway,
induces inclusion of EDA (see Fig. 2).* Importantly, phosphorylation of SF2/ASF or 9G8 by the
Clk or SRPK family members have opposite effects on EDA splicing, thus providing evidence that
the various SR kinases target different residues within SR proteins to achieve distinct functional
consequences.”> A second interesting aspect of the effect of Akt on SR proteins noted in this
study is that this phosphorylation not only alters the activity of SR proteins in mediating splicing,
but also influences the activity of SR proteins in translation.” This dual effect of Akt-dependent
phosphorylation implies that alternative splicing is only one of several possible steps in RNA
metabolism that can be affected by signal-induced phosphorylation of SR proteins.
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Figure 2. Model for signal-induced regulation of alternative splicing via direct phosphorylation
of SR proteins. Activation of PI3K-Akt pathway by insulin or growth factors results respectively
in phosphorylation of at least SRp40 or SF2/ASF and 9G8. Phosphorylation of these SR proteins
is necessary for their ability to promote inclusion of weak exons in the PKCg and fibronectin
(FN) genes respectively. In addition, growth factor-dependent phosphorylation of SF2/ASF
and 9G8 has been link to an increase in SR-stimulated translation of cytoplasmic mRNA. Grey
shapes represent ribosomes, U1/U2 represent spliceosomal components.

Signal-Induced Changes in Localization of Splicing Factors

While posttranslational modifications may directly alter the activity of a splicing factor, the
phosphorylation state of SR and hnRNP proteins can also influence their subcellular localization
(see also chapters by Lin and Fu, and Martinez-Contreras et al). Since changes in the availability
of splicing regulatory proteins can dramatically influence splicing patterns of specific genes,
changing the localization of an SR or hnRNP protein is another potential means for achiev-
ing signal-induced alterations in splicing. Many, if not all, splicing factors localize at least to
some extent in sub-nuclear foci known as “speckles”. These speckles are thought to function as
storage sites for proteins not actively engaged with pre-mRNA,**> although speckles may be
important to facilitate efficient splicing in cells.’*>® Under normal growth conditions, splicing
factors traffic between the speckles and nascent transcripts in a phosphorylation-dependent man-
ner.””> Furthermore, recent studies have shown that particular SR proteins are only recruited
from the speckles to a nascent transcript when they are specifically engaged in the splicing of
that transcript.”” Interestingly, differential phosphorylation of SR proteins by overexpression
of some kinases has been shown to influence their localization to speckles.?**>* However, a
change in speckle association is unlikely to explain all of the signal-induced changes in SR pro-
tein function since phosphorylation of SF2/ASF by Akt does not cause an apparent alteration
in speckle pattern, yet can promote growth-factor induced inclusion of the fibronectin EDA
exon as described above.?

A second mechanism by which phosphorylation can alter cellular localization is by altering
the affinity of a protein for a nuclear transport factor. HnRNP A1, a well characterized cargo
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of the nucleocytoplasmic transport protein Transportin, has a serine-rich region (referred to as
the F-peptide) immediately neighboring its nuclear localization signal (NLS). Extensive stud-
ies by Caceres and colleagues have demonstrated that a signaling cascade involving the kinases
p38 and MNK1/2 phosphorylates hnRNP A1 within the F-peptide in response to osmotic
stress (see Fig. 3).4¢0¢! This phosphorylation prevents binding of hnRNP A1 to Transportin
and results in retention of hnRNP Al in the cytoplasm, where it ultimately localizes to stress
granules.®® The resulting decrease in nuclear concentration of hnRNP Al reduces its ability
to compete with the SR protein SF2/ASF in 5' splice site selection,® thereby leading to the
predicted shift towards use of proximal 5' splice sites in E14 transcripts from a transfected
reporter pre-mRNA.! Interestingly, the majority of the confirmed or predicted substrates for
Transportin (aka Karyopherin p2) are RNA binding proteins and a recent determination of
the structure of Transportin in complex with the NLS of hnRNP A1 demonstrates that an
overall basic character in the vicinity of the NLS is an important determinant for the binding
of cargo to Transportin.®*** This analysis of the general binding requirements of Transportin,
together with studies demonstrating a phosphorylation-dependent increase in the cytoplasmic
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Figure 3. Model for signal-induced regulation of nuclear import. Under normal conditions
Transportin (or Karyopherinf2, Kapp2) mediates nuclear import of hnRNP A1, which promotes
use of distal 5' splice sites in the E1A pre-mRNA. Upon activation of the p38 stress response
pathway, MNK1/2 phosphorylates hnRNP A1, thereby inhibiting binding of A1 to Transportin
and preventing nuclear import of Al. Inhibition of nuclear import of A1 results in a reduc-
tion in the nuclear concentration of this proteins and allows for competing proteins, such as
SF2/ASF, to preferentially bind target genes. In the case of the ETA pre-mRNA this results in
increased utilization of proximal 5' splice sites.
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localization of a few other RNA binding proteins,* suggests that regulation of nucleocyto-

plasmic transport may be a common mechanism for changing the nuclear concentration of
RNA binding proteins, thus resulting in altered splicing patterns in response to extracellular

cues (Fig. 3).

Other Mechanisms: Altered Protein-Protein Interactions

and Protein Expression

As discussed above, both the change in nucleocytoplasmic localization of splicing proteins
and the dispersion of speckles are due to a widespread disruption of protein-protein interactions
viaincreased phosphorylation. However, posttranslational modifications can also cause specific
changes in protein-protein interactions, such as those described above for the adaptor proteins
hnRNP K and Sam68. While there is little direct confirmation of specific signal-induced al-
terations of protein-protein interactions leading to changes in splicing regulation, some recent
data suggest evidence for such mechanisms. For instance, in the Sam68-dependent regulation
of CD44, described above, signal-induced modifications to Sam68, SRm160 and Brm might
influence the ability of these proteins to complex with one another. Analysis of the alternative
splicing of another gene regulated in response to T-cell activation, namely CD45, also suggests
arole of signal-regulated protein-protein interactions.

The CD4S5 gene encodes a transmembrane protein tyrosine phosphatase that is involved
in the regulation of signal transduction pathways in lymphocytes. In T-cells, three variable
exons within CD45 are skipped upon antigen stimulation. Recent work has shown that this
signal-induced exon repression is due to the recruitment of the splicing factor PSF to an
ESS within the CD4S variable exons (Melton A, Jackson J and Lynch KW, in preparation).
Interestingly, there is no difference in the nuclear concentration of PSF between resting and
activated cells, nor any detectable change in the posttranslational modification of this protein.
However, PSF only binds to the CD45 ESS in response to cellular activation. PSF is known
to interact with a wide spectrum of splicing factors, transcription factors and nuclear matrix
proteins.®*® Moreover, PSF interacts with activated PKC isoforms within the cell nucleus,”
and specific epitopes within PSF have been shown to be masked upon changing cellular
conditions.” Therefore, a reasonable hypothesis for the signal-induced repression of CD4S
exons by PSF is that upon activation of T-cells binding partners of PSF are modified so as to
either recruit PSF to the CD45 pre-mRNA or, alternatively, to release PSF from an otherwise
sequestered conformation.

Arguably, the simplest mechanism through which alternative splicing could be regulated in
response to environmental cues would be through the increased or decreased expression of criti-
cal regulatory factors. Signaling pathways are known to stimulate many ubiquitous transcription
factors such as NFkB, NFAT and nuclear receptors, as well as factors involved in mRNA stabil-
ity/translation and proteosome-mediated degradation.””* These various mechanisms typically
induce broad changes in proteome expression. Not surprisingly, many SR proteins and other
splicing factors have been found to be differentially expressed in a signal-dependent manner in
a variety of cell types.”*7¢ However, it remains to be determined whether such changes in the
overall expression of splicing factors truly lead to altered splicing patterns, or whether splicing
proteins are already in such excess that increased expression does not significantly alter these
patterns. One example in which changes in protein expression have been shown to directly
influence splicing patterns occurs during the development of erythrocytes. At a specific stage
during erythropoesis there is a marked decrease in the expression of the hnRNP A/B proteins.
This decrease in hnRNP A/B expression correlates temporally with the increased inclusion of
exon 16 in the gene encoding the cytoskeletal protein 4.1R.” Since biochemical studies have
shown that hnRNP A1 binds to an ESS within the 4. /R exon 16 and causes exon skipping, the
decreased expression of the hnRNP A/B proteins almost certainly is the cause of 4. /R exon
16 inclusion in mature erythroblasts.””
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Regulation Via Cross-Talk with Signal-Responsive

Changes in Transcription

All of the paradigms for altering splicing regulation described above involve the direct manipu-
lation of the activity or accessibility of a splicing factor. However, in the cell pre-mRNA splicing
does not occur in isolation, but rather it is linked temporally, spatially and mechanistically with
other mRNA production events. In particular, many recent studies have demonstrated extensive
cross-talk between the transcription and splicing machineries (refer to chapter by Kornblihtt).
Given the substantial effects of signaling pathways on transcription, it would not be surprising if
at least some of the signal-induced regulation of transcription factors have secondary effects on
alternative splicing (Fig. 4).

The primary ways in which transcription has been shown to effect splicing are summarized by
two models: the “kinetic model” and the “recruitment model” (refer to chapter by Kornblihtt).
The mechanism that has gained the most experimental support thus far is the kinetic model, also
known colloquially as the “first come, first serve” model.”*”? This model is based on the premise
that, given the length of a typical mammalian intron, the time lag between the transcription of
one exon and the transcription of the next exon is often sufficiently long that the first exon can be
bound by the spliceosome before the next exon is present. This time lag potentially allows a “weak
exon” (i.e., an exon with suboptimal splice sites, the absence of splicing enhancer elements and/or
the presence of splicing silencer elements) to be recognized by the spliceosome without having to
compete with a subsequent “strong” exon. It follows then that a reduced rate of transcriptional
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Figure 4. Model for hormone-induced alternative splicing via transcription. Binding of pro-
gesterone (green diamond) to the progesterone receptor (PR) recruits the CAPER proteins.
CAPER then activates transcription by RNA polymerase Il (Pol 11) and promotes use of weak
exons (grey box) in pre-mRNAs transcribed from the PR-dependent promoter, presumably by
binding to 3' splice sites and recruiting spliceosomal components (U1/U2).
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elongation favors the recognition and inclusion of weak exons, whereas an increased rate of tran-
scription favors exon skipping.

In its simplest form, the recruitment model proposes that binding of splicing factors to
the RNA polymerase II complex increases their local concentration proximal to the nascent
transcript, thereby enhancing otherwise weak interactions between the splicing factors and the
pre-mRNA.*# However, a further complexity of the recruitment model is that transcription
activators or co-activators bound at the promoters may differentially influence recruitment of
splicing factors. This promoter specificity was initially suggested by studies of the fibronectin gene,
in which the SR proteins 9G8 and SF2/ASF enhance the inclusion of the variable EDI exon by
binding to an ESE, but this only occurs when the EDI containing gene is transcribed from its
endogenous promoter.®

Sam68-dependent regulation of CD44 splicing is one example of signal-induced regulation that
relates to the kinetic model of cotranscriptional alternative splicing (see Fig. 1). In addition, the
signal-induced transcription factor NFkB has been shown to increase transcription elongation,®
suggesting that genes transcribed in an NFkB-dependent manner may also undergo signal-regulated
alternative splicing through changes in transcriptional kinetics.

Signaling pathways also appear to alter splicing patterns via the recruitment model, as re-
vealed in studies of nuclear hormone-dependent alternative splicing.** Work by the Berget and
O’Malley groups has demonstrated that both progesterone and estrodiol can cause changes in
alternative splicing profiles, but only when pre-mRNA transcription is driven by promoters that
are dependent on the corresponding nuclear hormone receptors for activity.*>*¢ At least in the
case of progesterone-responsive alternative splicing, it was further shown that, in the presence of
progesterone, the U2AF®-like co-activators CAPERa and B are recruited to the progesterone
receptor where they induce both transcription and alternative splicing.*” Therefore, as predicted
by the recruitment model for transcription-coupled splicing, signal-induced changes in promoter
occupancy can directly recruit splicing regulatory proteins that influence splicing of the transcribed
pre-mRNA.

Coordinated Regulation

The primary goal of signal transduction pathways within a cell is to evoke a specialized response
to any given environmental condition. Often an optimal response requires the coordinated activ-
ity of a broad spectrum of genes and proteins. For instance, neuronal depolarization induces ion
trafficking across the cell membrane as well as protein and vesicle transport, whereas a T-cell must
migrate, proliferate and secrete various proteins in response to antigen stimulation as part of an
effective immune response. In order to achieve such a robust and comprehensive response, signal-
ing pathways frequently activate a program of related events rather than just the expression of one
individual gene or protein. For instance, the activation of NF«B by antigen stimulation of a T-cell
leads to the induction of transcription of multiple genes involved in promoting cell division and
inhibiting apoptosis.” Similarly, regulation of multiple alternative splicing events by a given extracel-
lular stimulus could amplify potential physiological consequences. Not surprisingly, therefore, even
the few examples of signal-induced alternative splicing that have been characterized demonstrate
coordinated regulation. Analysis of the CD45 gene identified a motif within the signal-responsive
ESS that is present in other exons which are differentially spliced in response to T-cell activation.®
Similarly, two regulatory sequences (intronic and exonic) have been identified as a hallmark of
exons that are alternatively spliced in response to neuronal depolarization.®** The identification of
these signal-responsive regulatory motifs has allowed for the bioinformatic identification of novel
examples of signal-induced alternative splicing and strongly suggests that genes which contain such
sequences are regulated in a coordinated manner through common mechanisms.**' The recent
development of microarrays designed to monitor the levels of alternatively spliced isoforms has
further allowed for the systematic identification of genes that undergo alternative splicing in a
signal-dependent manner.'” Subsequent studies of these signal-regulated genes are likely to reveal
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additional signal-responsive splicing regulatory sequences and allow for the grouping of genes into
families of mechanistically-coordinated alternative splicing events.

Achieving Specificity in Signal-Responsiveness of Alternative Splicing

Despite the importance of coordinating regulation of splicing, one obvious question raised
by our understanding of the mechanisms underlying signal-induced alternative splicing discussed
above is regarding how specificity is achieved. That s, if Akt can phosphorylate several SR proteins
and these proteins are ubiquitous splicing factors, why are the effects of these posttranslational
modifications restricted from the splicing of other genes that are not regulated upon activation
of Akt? Even in the case of coordinated regulation of a family of genes it is clear that some level
of specificity still is at play in determining which splicing events are regulated by a particular cel-
lular stimulus.

While we don’t yet have a sufficiently clear understanding of regulated splicing in general and
signal-responsive splicing in particular, to completely understand the question of specificity, cur-
rent data does suggest that specificity may be conferred at the level of signaling pathways, RNA
binding and/or differential sensitivity to the activity of individual splicing factors. Within the
signaling field, specificity is largely understood to be conferred by location or co-association of
proteins.” In other words, while a protein such as Sam68 may be capable of interacting with a wide
range of proteins, under any given cellular condition Sam68 may only co-associate with a subset of
potential partners and thus will only be able to transmit signals to certain downstream effectors.
At the level of RNA binding, specificity of RNA-protein interactions is also often conferred by
co-association of proteins within enhancer or silencer complexes.””* Therefore, the signal-induced
regulation of a particular gene may require the combinatorial effect of multiple transduction
pathways, each altering the activity of one component of a larger complex. In such a scenario, a
stimulus that only triggered one signaling pathway would not affect a more complex target gene.
Alternatively, loss of one protein from a particular regulatory complex may be compensated for
by other binding partners. A potentially related aspect of specificity is the recent discovery that a
decrease in the expression of even core spliceosomal proteins has differential effects on the splic-
ing of specific transcripts.”” While some of this differential activity may be due to compensating
protein-protein interactions, this phenomenon is primarily understood to be due to differences
in the rate-limiting step of splicing for different transcripts. In other words, decreased activity of
asplicing factor involved in 3' splice site selection will have the greatest effect on substrates which
have weak or variable 3 splice sites.” Together, the specificity inherent in signaling and splicing
mechanisms likely work in concert to achieve the necessary balance between strength and preci-
sion of signal-induced changes in alternative splicing.

Feed-Back and Feed-Forward

Interestingly, many of the genes that have been shown to undergo changes in splicing pattern
in response to extracellular stimuli are themselves receptors or other signaling molecules. These
include, among others, CD45, CD44, NMDARI and PKCIIB7**" Importantly, the differential
proteins expressed by all of the above-mentioned genes have been shown to have distinct signal-
ing properties, often affecting the very signaling pathway that leads to their differential splicing
pattern.®?51% This strongly suggests that there is a possibility of feedback or feed-forward in
which the initial activation of a signaling pathway is either promoted/maintained or turned off
via signal-induced alternative splicing.

One example of such feedback is in CD44 alternative splicing.”” As mentioned above, activa-
tion of the Ras signaling pathway enhances inclusion of ten variable exons that encode part of the
extracellular domain of CD44. Specifically, inclusion of variable exon 6 (CD44v6) promotes CD44
involvement in a coreceptor complex with hepatocyte growth factor and the tyrosine kinase Met
that in turn promotes Ras signaling.'! Activation of quiescent cells with growth factorsleads to an
initial burst of MAP kinase activation followed several hours later by a second, prolonged wave of
MARP kinase activity. The inclusion of CD44v6 that occurs in response to the initial burst of Ras
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activation is necessary for the subsequent wave of Ras signaling, as demonstrated by the loss of
the second pulse of Ras activity when CD44v6-containing transcripts are specifically repressed.”
Therefore, at least with regards to Ras signaling, alternative splicing is an important feedback
mechanism to generate the sustained activation phenotype necessary to drive cells forward to
proliferation.

Summary

While signal-induced alternative splicing is no doubt a prevalent phenomeno we are
only just beginning to scratch the surface in terms of identifying such regulated events and in un-
derstanding the mechanisms by which they occur. The examples provided in this chapter are in no
way meant to be an exhaustive list, but rather are presented as examples of how extracellular stimuli
might influence the splicing machinery so as to alter splicing patterns. At present there is still only
cursory data in support of many of the proposed mechanisms; however, what is clear is that there
are likely numerous pathways by which changes in growth conditions or in the environment can be
communicated to the splicing machinery and many critical physiological processes are influenced by
signal-induced changes that impact on splicing. Clearly the questions surrounding signal-induced
alternative splicing represent an important frontier that warrants major investigation.
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