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Abstract

Genome-wide analyses of metazoan transcriptomes have revealed an unexpected level of mRNA

diversity that is generated by alternative splicing. Recently, regulatory networks have been

identified through which splicing promotes dynamic remodeling of the transcriptome to promote

physiological changes, which involve robust and coordinated alternative splicing transitions. The

regulation of splicing in yeast, worms, flies and vertebrates affects a variety of biological

processes. The functional classes of genes that are regulated by alternative splicing include both

those with widespread homeostatic activities and genes with cell-type-specific functions.

Alternative splicing can drive determinative physiological change or can have a permissive role by

providing mRNA variability that is utilized by other regulatory mechanisms.
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INTRODUCTION

One of several recent advances toward understanding regulated gene expression is the

discovery of the high level of mRNA complexity that is generated by alternative splicing

within metazoan transcriptomes. Recent estimates based on RNA-Seq are that 90%, 60%,

and 25% of genes in humans, Drosophila melanogaster, and C. elegans, respectively,

undergo alternative splicing1-5. Alternative splicing is the most prominent of several

mechanisms generating mRNA structural complexity that also include alternative

transcription initiation, editing, and alternative polyA site selection6-7. The predicted

outcomes of this complexity are: extensive proteome diversity; introduction of premature

termination codons (PTCs), which causes mRNA down-regulation due to nonsense mediated

decay (NMD); and variability in mRNA untranslated regions (UTRs), which affects cis-

acting elements that mediate regulation of mRNA translation efficiency, stability and

localization6,8-9.
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The prevalence of alternative splicing raises questions about its biological significance.

What fraction of the multiple mRNA isoforms expressed from each of ~19,000 alternatively

spliced human genes has a functional impact? Much of the mRNA diversity that is observed

includes low abundance transcripts that arise from alternative splicing events that are not

conserved, suggesting a high level of stochastic noise10-11. While splicing events that

undergo transitions during a physiological change are suggestive of functional

consequences, most splicing transitions do not completely switch mRNA isoforms but rather

produce a change in the ratios of the isoforms expressed. Often, the changes are rather small

and it is difficult to discern whether there are functional consequences. Even for robust

transitions, detailed experimental analysis of individual isoforms is required to ascertain

whether the transition is a determinative event or a “fine tuning” event. On the other hand, it

is clear that alternative splicing produces determinative biological effects exemplified by

longstanding examples such as sex determination in D. melanogaster12-13, production of

functionally distinct peptide hormones in mammals14, and the meiotic developmental

program in budding yeast15. The fraction of alternative splicing that has a biological impact

is currently difficult to estimate. It is likely that a large fraction of mRNA diversity has no

detectable function within an organism, although some of it provides fodder for the

derivation of functional splice variants on an evolutionary time scale16-17. However, the new

awareness of alternative splicing prevalence has resulted in increased investigation and

identification of a rapidly growing number of physiologically important splicing events.

Here we review networks of regulated alternative splicing that are operative during

development, differentiation, or in response to cell stress in a variety of organisms. The

mechanisms of splicing regulation have been covered in several excellent reviews6,8,18-22.

Our focus is on the physiological outcomes of alternative splicing transitions. We also

address broad questions relating to alternative splicing regulation: what are the critical

splicing transitions that are relevant to a developmental program or physiological response?

Which RNA binding proteins are determinative for splicing transitions? How are the

activities of the regulators modulated to mediate the transition (e.g., change in protein

abundance, intrinsic activity, or intracellular localization)? What are the “upstream”

signaling pathways that control the activities of these splicing regulators? How are the

networks integrated with parallel transcriptional and post-transcriptional regulatory

programs? And what are the most critical “downstream” functions performed by the

regulated splicing transitions? We discuss specific examples that illustrate the range of

scenarios in which splicing transitions have a potential impact and the principles of the

regulatory systems that control these transitions.

Global control of alternative splicing

Alternative splicing is primarily regulated by RNA binding proteins that bind premRNAs

near variably used splice sites and modulate the efficiency of their recognition by the basal

splicing machinery (spliceosome). Large scale quantification of alternative splicing

combined with genome-wide identification of in vivo binding sites of splicing regulators

provides an unprecedented global view of splicing regulatory networks (Box 1)23. The

large-scale analysis of alternative splicing has recently progressed from comparisons of

relatively static cell populations to transitions in mRNA complexity that are associated with

physiological change. The results reveal that mRNA structural complexity is not only

extensive but is also highly dynamic. For example, recently generated transcriptome datasets

for 27 stages of D. melanogaster development1 and 17 growth stages and conditions in C.

elegans4-5 revealed that a large fraction of alternative splicing (>60% and 30%, respectively)

undergo developmental changes, often in coordinated sets that are suggestive of co-

regulated networks. Studies using transgenes expressing fluorescent proteins to indicate

different splicing outcomes in C. elegans have revealed developmental transitions in real
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time and provide a genetic approach to identify the regulators24-25 Large-scale analyses of

alternative splicing in mammals have identified coordinated splicing within genes enriched

for specific functions in different tissues (Table 1).

There are several emerging themes regarding large-scale alternative splicing transitions

during periods of physiological change. First, any given physiological change associated

with an transcriptional transition is likely to have a co-integrated post-transcriptional

response, including coordinated alternative splicing transitions. Second, as noted above,

subsets of splicing transitions undergo distinct temporally coordinated transitions that are

suggestive of co-regulation by different sets of splicing factors. Third, a large fraction of the

splicing transitions associated with a physiological change are conserved. For example,

more than 40% of splicing transitions observed during mouse heart development or skeletal

muscle differentiation were conserved in birds, not only in terms of the alternatively spliced

region but also with regard to splicing pattern, the direction of the changes, and timing of the

transitions26-27. For most of these events the coding potential is also conserved such that the

homologous protein isoforms undergo transitions with the same timing relative to birth or

hatching, strongly suggesting functional significance. These results are in stark contrast to

genome-wide comparisons in which fewer than 20% of alternative splicing events were

conserved between human and mouse28-29, emphasizing the role for splicing in

physiological transitions. Fourth, genome-wide studies in which transitions in both

alternative splicing and mRNA expression levels were analyzed simultaneously identified

two separate gene sets26-27,30-31. One gene set showed changes in mRNA levels without a

difference in the mRNA splice variants expressed. The second set showed a change in the

mRNA splice variants without a change in total expression. While splicing and

transcriptional regulation are linked18, the results indicate that different genes can be

regulated primarily either at the level of splicing or at the level of expression. This has

expanded the view of regulated gene expression to include transitions in the complexity of

the mRNA and protein isoforms that are expressed from individual genes, as well as changes

in overall gene output.

Alternative splicing in cell division

Meiotic splicing-regulatory programs—Meiosis in the budding yeast Saccharomyces

cerevisiae is driven by a well-characterized transcriptional program recently found to be

intricately linked with multiple splicing-regulatory programs. Only 5% of genes in budding

yeast contain introns (290 of 6000 genes). However, introns are enriched in highly expressed

genes and more than one quarter of the ~38,000 RNAs transcribed per hour during

vegetative growth are spliced 32. With a few exceptions33, alternative splicing in yeast is

limited to ‘splice versus don’t splice’ decisions that relate to intron retention in single intron

genes. Large-scale analyses using tiling and splicing sensitive microarrays have determined

that 45 intron-containing genes are inefficiently spliced during vegetative growth34-35.

These include 13 of the 20 intron-containing meiotic genes that undergo efficient splicing

specifically during the meiotic cycle34-35. Meiosis-specific alternative splicing in budding

yeast has been known for two decades15 but recent investigations have revealed at least

three separate but overlapping meiotic splicing regulatory programs35-36. The best-

characterized is regulated by MER1 which encodes an RNA binding protein that is

transcriptionally induced during the initiation of the meiotic cycle37. The primary function

of Mer1p is to activate splicing of four single-intron genes and induce their expression

during meiosis35 (Figure 1). The Mer1p target genes perform diverse functions including

chromosome pairing, recombination, and cell cycle control. Inefficient splicing of each gene

during vegetative growth is due to suboptimal splice sites at the intron-exon boundaries.

Mer1p binds to an enhancer element within the intron of each of the four genes and

promotes spliceosome assembly by direct interactions with Nam8p, a spliceosomal
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component38-39. The MER1 splicing network serves a critical role in the transition from

early meiotic genes, transcriptionally regulated by UME6, to the middle meiotic genes,

which are regulated by NDT8035 (Figure 1).

Analysis of NAM8 null strains identified intron retention of the four MER1-dependent genes,

consistent with the mechanism of Mer1p activation, as well as two genes not dependent on

MER1 for meiosis-specific splicing35,40. Another study found two genes for which meiosis-

specific splicing requires TGS1 which synthesizes the specialized 2,2,7-trimethylguanosine

cap at the 5′ end of small nuclear RNAs (snRNAs), essential components of the

spliceosome41. Splicing for one TGS1-dependent gene is also NAM8-dependent, indicative

of multiple overlapping networks (Figure 1). Unlike MER1, NAM8 and TGS1 expression

levels do not substantially change during meiosis, suggesting that while required, these

genes are not the primary determinants of meiosis-specific splicing. It is also unclear what

regulates meiosis-specific splicing of the six remaining genes that are not dependent on

MER1, NAM8, or TGS1. Even the relatively straightforward MER1 splicing regulatory

network contains multiple splicing sub-networks and is interlinked to the meiotic

transcriptional program. As such, it is an instructive paradigm for metazoan splicing

regulatory programs.

Cell cycle control and apoptosis—A high fraction of mammalian apoptotic regulators,

including death receptors, adapters, caspases and caspase targets, are alternatively spliced to

produce dramatic different biological outcomes 42. In particular, splicing of the Bcl2 family

of apoptosis regulators (Bcl2, Bcl-x, and Mcl1) yields long (L) and short (S) isoforms to

provide anti-apoptotic versus pro-apoptotic functions, respectively42. A recent genome-wide

RNAi screen using Bcl-x and Mcl1 splicing reporters established coordinated alternative

splicing as an integral component of cell cycle control. The study found that knockdown of

52 genes induced pro-apoptotic splicing of both reporters. The list of genes included a

network of factors linked to the cell cycle regulator, aurora kinase A, a central regulator of

mitosis43. Loss of aurora kinase A promoted posttranslational degradation of (serine-

arginine splicing factor 1) SRSF1, a member of the SR protein family of splicing

regulators44. Results from CLIP analysis (Box 1) showed that SRSF1 directly binds Bcl-x

and Mcl1 RNAs, as well as revealing additional endogenous apoptotic splicing events that

shifted toward pro-apoptotic splicing upon cell cycle inhibition. Cell cycle inhibitors were

previously known to induce pro-apoptotic splicing; however, a critical new finding from this

study was that the splicing response preceded mitotic arrest, indicating that the splicing

change is induced in parallel with, rather than as a secondary response to, mitotic arrest. The

indications are that SRSF1, which promotes anti-apoptotic splicing patterns, is integrated in

decisions of whether to continue through the cell cycle or undergo apoptosis. SR proteins

have an established relevance to cell cycle control and oncogenesis45-47, including the recent

demonstration that an SR-related protein (SON) is required for efficient splicing of cell

cycle regulated genes48. Furthermore, the expression of all SR protein genes is maintained

under strict homeostatic control by an ancient mechanism involving alternative splicing

coupled with NMD (AS-NMD) (Box 2).

Splicing in cell fate decisions

Stem cell self-renewal and differentiation—Embryonic stem cells (ESCs) are

pluripotent cells that can proliferate indefinitely while retaining the capacity to differentiate

into the three germ layers. A number of genome-wide studies have found specific

transcriptome changes during differentiation of ESCs into distinct lineages, including the

contributions of alternative splicing to cell-fate decisions and pluripotency49-54. Splice

isoform diversity is high in undifferentiated ESCs, decreases upon their differentiation49-50
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and is enriched in cell-cycle, pluripotency, signaling and general metabolic

pathways49,51-52,55-56 (Table 1).

Alternative splicing has a central impact in stem cell biology by affecting the core

pluripotency factors, which produce functionally diverse splice isoforms that have

determinative roles on cell state. The pluripotent state of ESCs is maintained by a core set of

transcription factors — Oct4, Nanog, Sox2, and Tcf3 — that induce and cross-regulate a

network of target genes involved in self-renewal and pluripotency57. The Oct4 gene encodes

a POU domain transcription factor and produces functionally distinct protein isoforms at

specific stages of ESC differentiation 5859. Three Oct4 isoforms have been identified,

Oct4A, Oct4B and Oct4B158. Oct4A contains N- and C-terminal transcription

transactivation domains and a POU domain; Oct4B has a different N-terminal

transactivation domain from that of Oct4A and a shortened POU domain. While Oct4A

target genes are responsible for stemness57,59, Oct4B cannot sustain ESC self-renewal and

instead targets genes responsive to cell stress58,60. The expression and function of Oct4B1

remains to be determined58. The Oct4 paralogue, Oct2, is also alternatively spliced to

generate isoforms that can either activate or repress neuronal differentiation. The Oct2.4

isoform lacks the C-terminal transcription transactivation domain and suppresses neuronal

differentiation61. During differentiation, multiple splice variants containing the C-terminal

transactivation domain are expressed and, one of these isoforms in particular, Oct2.2 induces

neuronal differentiation61.

Alternative splicing of several other genes in addition to the core pluripotency factors is

linked to stem cell self-renewal and lineage specification62-66 yet little is known about the

regulatory factors that dictate these splicing outcomes. A group of recent studies provide

important insights into how splicing factors may influence neural differentiation from ESCs

or neural progenitors. Exons that are alternatively spliced in human ESCs52 are associated

with conserved binding sites of the RNA binding protein Fox1 homologue (Rbfox) family of

splicing regulators. This result is consistent with findings that Rbfox2 is highly expressed,

regulates a large splicing network, and is essential for viability of human ESCs but not

differentiated stem cells or transformed cell lines64. Another splicing factor, polypyrimidine

track binding protein (PTB), prevents differentiation of a proliferative neural cell line by

repressing expression of its neuronal homologue nPTB67-68. It does this by directly

promoting skipping of neuronal PTB (nPTB) exon 10 in non-neuronal cells, which

introduces a PTC resulting in nPTB mRNA degradation by NMD. Neural-specific

expression of nPTB is due to silencing of PTB by a neuronal-enriched miRNA, miR-12469,

establishing a first example of a regulatory hierarchy from miRNAs to splicing networks. A

neuron-specific SR protein, nSR100, participates in this network by promoting the inclusion

of nPTB exon 10 to increase nPTB expression, as well as functioning as a co-regulator with

nPTB, in a complex regulatory relationship21,70-71.

The identification of lineage-specific splice variants, their cis-acting elements and their

trans-acting regulators will refine our understanding of how alternative splicing integrates

with the transcriptional and post-transcriptional networks of ESCs. It will be particularly

interesting to determine whether in addition to transcription72, alternative splicing is also re-

set when somatic cells are reprogrammed to pluripotency.

Epithelial to Mesenchymal Transitions—Phenotypic conversions of cells between

epithelial and mesenchymal states, known as epithelial-mesenchymal (EMT) and

mesenchymalepithelial (MET) transitions, are fundamental to organ morphogenesis and

tissue remodeling during embryonic development73. These trans-differentiation events are

required for physiological responses to injury and wound healing in adult tissues and play

roles in pathological responses such as fibrosis and metastasis74. At a cellular level, EMT is
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characterized by a loss of epithelial features, including cell adhesion and polarity, and

acquisition of mesenchymal features, such as motility and invasiveness75.

Alternative splicing plays a determinative role in EMT through regulation of multiple

splicing events and utilizing several regulatory proteins76-79. In a high fraction of breast

cancer cell lines, SRSF1 up-regulation triggers EMT through alternative splicing of the Ron

tyrosine kinase receptor proto-oncogene to produce a constitutively active, pro-invasive

isoform, RonΔ76. Induction of EMT via ERK1/2 activation80 proceeds in part through

phosphorylation of its substrate SAM68, which then upregulates SRSF1 by inhibiting AS-

NMD-mediated downregulation (Figure 2a).

Downregulation of the RNA binding proteins, Epithelial Splicing Regulatory Proteins 1 and

2 (ESRP1 and ESRP2), is also determinative for physiological EMT splicing changes.

Splicing-sensitive microarrays were used to identify nearly 100 splicing events that

displayed reciprocal changes in epithelial cells depleted of ESRP1/ESRP2 or mesenchymal

cells expressing ectopic ESRP177. A large fraction of these contained an ESRP-binding

motif that defined a position-dependent effect on splicing. The ESRP target genes were

enriched in functions that support EMT, such as actin cytoskeleton, cell adhesion, cell

migration, and cell polarity (Table 1). Importantly, sustained ESRP1/ESRP2 knockdown

resulted in global epithelial to mesenchymal splicing transitions and EMT-like phenotypic

changes. Among ESRP targets, the splice isoforms of the CD44 cell adhesion molecule, in

particular, participate in multiple EMT-relevant functions including proliferation, adhesion,

and migration (Figure 2b)81.

The fibroblast growth factor plasma membrane receptor 2 (FGFR2) contains two mutually

exclusive alternative exons, IIIb and IIIc, which produce distinct ligand binding specificities

in epithelial and mesenchymal cells82 to ensure appropriate signaling for different

mesenchymal-epithelial interactions during organogenesis83. The studies of FGFR2 in EMT

identified critical interplay between the histone code, adapter proteins, and alternative

splicing regulators to generate cell-type specific splice isoforms (Figure 2c)82-84.

Alternative splicing in tissue maturation

Alternative splicing in heart development—The vertebrate heart is the first organ to

both form and function in the embryo. Cardiac morphogenesis is complete by embryonic

day 14.5 (E14.5) in mice, after which growth occurs primarily via hypertrophic (cell growth)

rather than hyperplastic (cell proliferation) pathways (Figure 3a)85-86. The first four weeks

after birth are characterized by extensive remodeling of the heart in response to the

physiological demands of rapid growth and increased activity of the animal.

A large scale transcriptome analysis using splicing sensitive microarrays identified

alternative splicing transitions during late embryonic and postnatal mouse heart

development26. A timecourse revealed three sets of temporally coordinated splicing

transitions26 (Figure 3b). Remarkably, greater than 40% of the splicing transitions are

conserved between mammalian and avian species in terms of the pattern, direction, timing,

and coding potential of splicing changes, indicative of functionally important embryonic to

adult protein isoform transitions. The genes exhibiting conserved splicing transitions were

enriched for functions consistent with heart remodeling (Table 1). Interestingly, different

gene sets were found to be regulated by two distinct mechanisms: changes in mRNA

expression levels, or isoform switching without changes in mRNA expression levels26.

Computational analysis identified significantly enriched and conserved pentamer motifs near

the developmentally regulated exons. A subset of motifs matched binding sites for known

families of splicing regulators, such as CELF, MBNL, Rbfox and PTB. Consistent with roles
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in regulating postnatal splicing transitions, levels of the two CELF paralogues expressed in

heart, CELF1 and CELF2, decrease more than 10-fold during postnatal development while

MBNL increases 4-fold26,87-88. Importantly, CELF gain-of-function and MBNL loss of

function in adult mouse heart caused over half of the postnatal splicing transitions to revert

to the embryonic pattern, consistent with a determinative role for these protein families in

driving the postnatal splicing transitions. CLIP analysis will be required to identify the direct

targets of these splicing regulators.

MiRNA-mediated regulation of multiple splicing regulators was revealed by deletion of

Dicer in adult cardiomyocytes in mice, which resulted in rapid induction of a subset of

splicing regulators (CELF, PTB and Rbfox) and re-expression of large numbers of fetal

mRNA splice variants89. These findings identify a regulatory hierarchy in which miRNAs

and alternative splicing act to coordinate the switch from fetal-to-adult gene expression

programs (Figure 3c).

Transgenic overexpression (CELF1), genetic knockout (SRSF1, SRSF2, SRSF10) or

overexpression of a dominant negative mutant (CELFΔ) of splicing regulators in heart has a

severe impact on heart physiology26,90-94. Interestingly, heart-specific deletion of either

SRSF1 or SRSF2 beginning around E8.5, had a delayed effect on mouse postnatal heart

development with most animals exhibiting splicing abnormalities by two weeks of age and

developing dilated cardiomyopathy within eight weeks (Figure 3)92-93. SRSF1 is essential

for cell viability in culture95 and a constitutive SRSF1 or SRSF2 knockout is embryonic

lethal92-93. The finding that an early embryonic knockout in cardiomyocytes has no obvious

phenotype until the postnatal period presents a paradox with regard to temporal and cell-

specific requirements. This result illustrates the functional versatility of individual SR

proteins as well as the dynamic nature of the postnatal period. Constitutive knockout of a

third SR protein, SRSF10, resulted in lethality from mid-gestation until birth due to several

cardiac defects implicating the protein in multiple critical splicing events (Figure 3)94. Loss

of each of the three individual SR proteins resulted in misregulation of only a few transcripts

that were unique to each protein, demonstrating an unexpected level of target specificity.

Permissive roles of splicing in brain development—In addition to directly

controlling biological outcomes, alternative splicing can also provide “biological options”

for a determinative biological response by other mechanisms. Two examples, one from D.

melanogaster and the other from mammals, illustrate how the production of multiple protein

isoforms can be used by subsequent mechanisms to produce a biological outcome.

The neuronal circuitry of the brain is bewilderingly complex. Each neuron connects with

thousands of other neurons to establish a functioning network. Two features of neuronal

architecture that ensure broad coverage of a receptive field are widely separated neurites

(axons and dendrites) (arborization) and non-overlapping arrangements of adjacent neurons.

The D. melanogaster Down syndrome cell adhesion molecule 1 (Dscam1) gene encodes a

cell adhesion molecule that plays a critical role in both features using, splicing to generate

unique cell surface codes. The Dscam1 gene is an immunoglobulin (Ig) superfamily member

that produces >19,000 extracellular domain variants through alternative splicing, unlike the

vertebrate gene which is not alternatively spliced. Initially the Dscam1 code was thought to

direct circuitry assembly, providing a specific identity to individual neurons to establish

specific connections. In fact, the role of Dscam1 is quite different. Individual neurons

express 14-50 Dscam1 splice variants that are generated stochastically rather than by an

invariant signature for specific neurons96-97. Homophilic binding of identical Dscam1

isoforms is highly specific and produces intracellular signaling that results in neurite

repulsion. This response prevents intraneural connections, promotes broad arborization and

produces extensive non-overlapping receptive fields. Loss of Dscam1 results in bundling
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and overlapping of neurites, due in part to repulsion failure. Elegant studies using

homologous recombination replaced the wild type Dscam1 allele with modified genes able

to produce from 1 to 4752 randomly generated Dscam1 isoforms. These sets of experiments

provided several conclusions including that: (i) a single Dscam1 isoform is sufficient for

homophilic repulsion, (ii) the specific isoform expressed is not important since multiple

isoforms tested had the same effect, and (iii) more than 1000 isoforms are required within a

neuronal population to produce normal neuronal patterning98-99. In contrast to a model in

which neuron-specific expression of individual Dscam1 isoforms directs neuronal

connections, the critical feature is that a population of neurons expresses sufficient Dscam1

diversity to prevent inappropriate interactions.

Another example in which expression of different isoforms is not determinative but is

critical for the biological outcome is the mouse Roundabout 3 (Robo3) gene100. Two Robo3

protein isoforms generated by alternative splicing act as a binary switch to control targeting

of growing commissural neurons to ensure that that they cross the mid-line of the spinal cord

only once. While the two isoforms are restricted to different sides of the mid-line, the

mRNAs are not. Therefore splicing produces the two mRNA isoforms bilaterally but a

different regulatory mechanism, presumably translation or protein stability, produces

spatially restricted expression of the two protein isoforms.

Determinative roles of splicing in brain development—One of the best

characterized alternative splicing regulatory networks is controlled by the two RNA binding

protein paralogues, Nova1 and Nova2. Expression of both genes is neuron-specific although

Nova1 and Nova2 are reciprocally expressed in different subregions of the brain101.

Network analysis that integrated multiple types of data identified approximately 700 splicing

events regulated by Nova in mouse brain102. Interestingly, Nova utilizes an activity code

that is conserved with its D. melanogaster orthologue, Pasilla, with regard to the binding

motif (YCAY), and its positive or negative effect on splicing based on the location of the

binding site relative to the exon103. The biological function, however, has diverged over

evolutionary time acquiring different tissue-specific expression in different metazoan

lineages. For example, while Nova’s regulatory function is neuron-specific in chordates, its

function is gut-specific in star fish and sea urchins104. These analyses suggest that once

established, an RNA binding code is extremely stable and can be applied to different

functional outputs through evolutionary time103.

Results from Nova null mice indicate that Nova proteins control multiple aspects of brain

development and it is likely that each paralogue controls multiple splicing sub-networks in

different neuron subtypes. Another factor likely to affect the range of Nova targets is

expression of co-regulators. For example, 15% of Nova targets also contain binding sites for

the Rbfox family102 and functional connections that have recently been found to exist

between Rbfox and the SR protein family105 could also influence Nova activity. Analysis of

the genes containing Nova-regulated splicing events defined functions related to synapse

development and activity106. Additional roles for Nova have been teased out through

detailed analysis of the complex phenotype of Nova null mice. For example, abnormal

cellular layering within the neocortex of Nova2 knockout mice revealed a defect in post

mitotic neural migration due to a failed developmental splicing transition of Disabled1

(Dab1), a component of the reelin pathway107. Nova is also required in developing motor

neurons for neuron-specific splicing of agrin which assembles the proper postsynaptic

architecture on the skeletal muscle membrane108. These studies demonstrate that splicing

regulatory networks of individual RNA binding proteins regulate diverse functions and that,

despite the prediction of large numbers of targets (~700 in the case of Nova), detailed

analyses can link specific splicing events with individual components of a complex

knockout phenotype.
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A splicing regulatory network has been recently associated with neuronal electrical

homeostasis in the brain by a knockout of Rbfox1109. Rbfox1 mutations have been linked

with epilepsy, mental retardation, and autism110-111 and Rbfox1 expression was found to be

altered in brain samples from individuals with autistic spectrum disorder (ASD)112. Mis-

regulated splicing of Rbfox targets, many of which are important to synaptic function, was

observed in ASD brain samples, consistent with altered expression of Rbfox1112.

Alternative splicing response to extracellular stimuli—Alternative splicing is

dynamically regulated in response to naturally occurring external stimuli, such as immune

cell activation (reviewed in113) and neuronal depolarization. Depolarization of excitable

cells in culture by exposure to elevated potassium chloride causes multiple plasma

membrane proteins to undergo rapid changes in splicing31,114-115. Because blocking L-type

calcium channel activity restores these splicing changes, a direct role of calcium signaling

has been proposed. For example, inclusion of the stress-axis-regulated (STREX) exon in the

SLO transcript, which encodes a subunit of calcium and voltage-gated potassium channels,

is repressed after depolarization116. The presence of the STREX exon confers higher

calcium sensitivity, slowing the channel deactivation. Repression of the STREX exon upon

depolarization is mediated by calcium/calmodulin-dependent protein kinase (CaMK)IV

through intronic CaMKIV-responsive RNA elements (CaRREs)116. Two types of CaRRE

motifs, CaRRE1 and CaRRE2, have been identified close to the SLO and many other

depolarization-responsive exons117-118. HnRNP L can regulate splicing via CaRRE1

elements119 while the proteins that bind to CaRRE2 elements are unknown. HnRNPA1 also

mediates depolarization-dependent splicing repression by binding to a different motif

located close to regulated exons120. Remarkably, depolarization inhibits inclusion of a

cassette exon in Rbfox1 to produce an isoform with enhanced nuclear localization, which in

turn leads to enhanced splicing activity that promotes the inclusion of Rbfox1 target exons

that were repressed due to depolarization121. Thus, separate mechanisms may execute

splicing changes as an adaptive feedback response to hyperstimulation.

Stress–responsive splicing programs

In addition to the relatively slow transitions in alternative splicing described above, splicing

is also utilized as a component of acute responses to stresses such as DNA damage and

hypoxia, as well as oxidative, osmotic, thermal or nutrient stress. In yeast, for example,

splicing of ribosomal protein-encoding genes is inhibited within minutes of amino acid

starvation122. The best characterized examples are during heat shock or genotoxic stress due

to ultraviolet irradiation.

Thermal stress—Heat shock in mammalian cells results in splicing inhibition, which can

be recapitulated in cell free splicing reactions using nuclear extracts prepared from heat

shocked cells123. The majority of heat shock protein (HSP) genes lack introns; HSP genes

that contain introns escape the splicing inhibition of thermal shock by an unknown

mechanism124. For HSP47, alternative splicing is activated by heat shock to include an

additional 169 nucleotides within the untranslated region, producing an mRNA isoform that

is more efficiently translated125.

There are two proposed mechanisms for splicing inhibition in response to thermal stress.

First, SRSF10, a splicing factor that regulates both constitutive and alternative splicing, is

rapidly dephosphorylated by heat shock. Dephosphorylation increases SRSF10 interaction

with U1 snRNP, which prevents association with other SR proteins126, producing splicing

inhibition. SRSF10 is re-phosphorylated within an hour of recovery that parallels splicing

restoration of a model pre-mRNA substrate (ß-globin). Whether SRSF10 de-

phosphorylation affects splicing of select substrates or produces a general splicing defect is
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presently unclear. However, poor heat shock recovery of SRSF10-deficient cells suggests

that it affects critical genes126. SR protein-specific kinase, SRPK1, dynamically interacts

with heat shock proteins Hsp70 and Hsp90 in mammalian cells127. Stress signals such as

osmotic shock disrupt these interactions and promote cytoplasmic-to-nuclear translocation

of SRPK1 which results in differential phosphorylation of SR proteins and splicing

alterations127.

In a second mechanism, heat shock as well as chemical and osmotic stress lead to formation

of nuclear stress bodies that sequester a subset of alternative splicing factors affecting their

splicing functions (reviewed in113,128). The kinetics of these two mechanisms are quite

different. While SRSF10 dephosphorylation occurs rapidly and is completely reversed

within an hour of recovery126, recruitment of splicing factors to nuclear stress bodies peaks

at three-hours and is reversed over ten-to-twelve hours128. How the different mechanisms

are integrated on different time scales to promote recovery remains to be determined. Large

scale studies could be used to identify genes that are splicing inhibited versus spared in

response to thermal stress, determine whether spared genes are enriched for recovery

functions, and define commonalities among inhibited versus spared genes to investigate the

different regulatory mechanisms.

Genotoxic stress—Rapid, reversible and coordinated skipping of multiple exons from

the MDM2 and MDM4 transcripts following ultraviolet (UV) irradiation provided the first

indication that alternative splicing synchronizes a rapid response to genotoxic stress129.

MDM2 is an E3 ligase responsible for targeting the tumor suppressor protein p53 for

ubiquitin-dependent degradation130. Skipping of MDM2 exons deletes the p53 binding

region in MDM2 protein129, which allows p53 activation during stress and its rapid shut-off

upon stress removal. Furthermore, MDM2 is a transcriptional target of p53 which creates a

negative feedback loop to control p53 activity in response to stress.

In addition to UV irradiation, DNA damage induced by common anti-cancer agents such as

inhibitors of topoisomerase I and cyclin dependent kinase can alter splicing patterns of a

large number of genes131-132. Intriguingly, these splicing changes are not dependent on

general DNA damage response signals such as p53 or signaling kinases ATM and ATR.

Two different cotranscriptional mechanisms provoke splicing changes in response to

genotoxicity. One set of exons undergoes increased skipping after DNA damage, largely due

to impaired communication between the transcription and splicing machineries that is

normally mediated by EWS, a RNA Polymerase II (RNAPII)-associated factor, and YB-1, a

spliceosome-associated factor131. Normally, EWS binds co-transcriptionally to its target

RNAs, but UV irradiation reduces this association due to a transient relocation of EWS to

the nucleoli133. Reduced association of EWS with its target RNA affects splicing among

genes preferentially involved in DNA repair and genotoxic stress signaling133 linking EWS

mediated splicing regulation and DNA damage response. Conversely, another set of exons

exhibit increased inclusion in response to genotoxicity due to slowing of RNAPII elongation

rate132. In particular, UV irradiation increases the phosphorylation of the carboxy-terminal

repeat domain of RNAPII, which slows RNAPII elongation. Alternative exons are typically

flanked by inefficiently recognized splice sites and slowing of RNAPII allows time for

alternative exons to commitment to splicing18. Future work will provide a broad

understanding of the functional consequences associated with both observations.

CONCLUSIONS AND PERSPECTIVES

RNA binding proteins are at the center of regulatory networks in which hundreds of splicing

events are associated with binding sites. It is possible that most binding sites serve to

dampen the effects of the RNA binding protein and only a minority of binding sites are
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associated with physiological splicing events (Box 3). However, as highlighted in this

review, loss-of-function analyses have been successfully used in yeast, flies, and mice to

identify individual splicing targets of RNA binding proteins and specific functions of

individual splicing events. To understand the full biological context of the splicing network,

a next step is to determine whether a natural change in the activity of the RNA binding

protein is utilized to modulate the network in response to physiological need.

In addition to auxiliary RNA binding proteins, which are the focus of this review, the basal

splicing machinery makes critical contributions to cell type-specific splicing (for example,

see 134-135). Splicing regulation can be independent from the activity of auxiliary splicing

factors136. Knockdown of spliceosomal components results in gene-specific splicing effects

in yeast, flies, and mammals indicating a large potential for regulation through modulation

of spliceosomal components135,137-139. Furthermore, specific cell types, such as neurons, are

exquisitely sensitive to hypomorphic mutations within core spliceosomal components140

revealing dramatic cell specificity of what was once considered a ubiquitous basal

machinery constant among cell types. It is likely that cell type-specific differences in the

basal splicing machinery not only produce cell-specific splicing patterns but also impact the

function of auxiliary splicing regulators.

Identification of splicing transitions that function during a physiological change requires

knowledge of the cell population sampled. As one example, less than 20% of the cells in

heart are cardiomyocytes, the majority being cardiac fibroblasts, vascular smooth muscle

cells and endothelial cells141. Therefore, it is often unclear which cell type undergoes the

splicing transitions that are measured in whole tissue. Another consideration is whether the

detected splicing transitions represent regulation within a constant cell population or a

change of cell populations. This is relevant to developmental changes that involve cell

migrations as well as pathological samples, in which there can be substantial loss and

replacement of parenchymal cells by fibroblasts or cell gain by inflammatory infiltration. In

the not too distant future, the complication of cell heterogeneity will be circumvented by

transcriptome analysis in single cells142 that will reveal the variability among cells of the

same type and analysis of different cell types within a population.

The remarkable complexity of gene regulation becomes increasing apparent in proportion to

the improving resolution of the available assays. Splicing is one component of an interacting

continuum of epigenetic, transcriptional and posttranscriptional control18,143. Regulation of

individual alternative splicing events has multiple inputs into the decision of whether or not

to use splice site(s), with different factors acting antagonistically or as negative or positive

co-regulators. Splicing factors autoregulate themselves and cross-regulate each other,

thusgenerating network-wide influences on splicing. Rapidly developing high throughput

approaches are leading to the delineation of regulatory networks for large numbers of RNA

binding proteins. The combined datasets will aid in identifying how splicing regulatory

networks are integrated in different cell types and, ultimately, how they produce diverse

physiological responses.
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GLOSSARY DEFINITIONS

Transcriptome technically refers to all of the RNA in a cell; however, often the

term is used to describe the polyadenylated RNAs transcribed by

RNA polymerase II, which are selected for analysis by oligo dT.

RNA-Seq high throughput shot gun sequencing of cDNA to obtain the

sequence of the transcriptome

mRNA structural

diversity

the number and ratio of different transcripts produced from each

gene. It is one component of mRNA complexity, along with the

number of genes that produce transcripts and the abundance of the

transcripts from each gene.

Spliceosome the complex and conserved nuclear machinery that removes introns.

The spliceosome contains 5 small uridylate-rich small nuclear RNAs

(U snRNAs) and ~150 proteins.

SR proteins a highly conserved family of RNA binding proteins that contain

arginine-serine rich domains. They function in constitutive as well

as alternative splicing and are primarily splicing activators.

HnRNP proteins a conserved family of RNA binding proteins, many of which are

highly abundant, that tend to repress splicing.

Nonsense

mediated decay

mRNA surveillance mechanism that degrades mRNAs containing

nonsense mutations to prevent the expression of truncated or

erroneous proteins.

CLIP a biochemical technique that utilizes UV crosslinking of protein and

RNA in vivo followed by immunoprecipitation to identify direct

protein-RNA interaction sites in living cells.

Core

Pluripotency

factors

A set of transcription factors (Oct4, Nanog, Sox2 and Tcf3) that

form a core transcriptional circuit to maintain the pluripotent state of

embryonic stem cells.
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EMT Phenotypic conversion that disrupts the polarity of epithelial cells to

establish invasive mesenchymal features through alterations in

cytoskeletal organization, cell adhesion and the extracellular matrix.

Micro (mi)RNAs evolutionarily conserved small noncoding RNAs (~ 22 nucleotides

long) that silence gene expression by degrading or inhibiting

translation of mRNA transcripts in a sequence-specific manner.

Histone code Post-translational modifications of histone proteins that regulate the

accessibility of chromatin-bound DNA to the general transcription

machinery to provide an instructive code for cell- and tissue-specific

gene expression.

Dicer An endoribonuclease that cleaves double-stranded RNAs to produce

small interfering RNAs (siRNAs) and microRNAs with a two-

nucleotide overhang at the 3′ end.

Dendritic

arborization

a tree-like branching process through which a neuron expands its

dendritic coverage in three dimensional space to integrate multiple

synaptic or sensory inputs.

Commissural

neurons

Neurons that cross the midline of the brain to connect the right and

left brain hemispheres.

REFERENCES

1. Graveley BR, et al. The developmental transcriptome of Drosophila melanogaster. Nature. 2011;

471:473–479. [PubMed: 21179090]

2. Wang ET, et al. Alternative isoform regulation in human tissue transcriptomes. Nature. 2008;

456:470–476. [PubMed: 18978772]

3. Pan Q, Shai O, Lee LJ, Frey BJ, Blencowe BJ. Deep surveying of alternative splicing complexity in

the human transcriptome by high-throughput sequencing. Nat Genet. 2008; 40:1413–1415.

[PubMed: 18978789]

4. Ramani AK, et al. Genome-wide analysis of alternative splicing in Caenorhabditis elegans. Genome

Res. 2011; 21:342–348. [PubMed: 21177968]

5. Gerstein MB, et al. Integrative analysis of the Caenorhabditis elegans genome by the modENCODE

project. Science. 2010; 330:1775–1787. [PubMed: 21177976]

6. Licatalosi DD, Darnell RB. RNA processing and its regulation: global insights into biological

networks. Nat Rev Genet. 2010; 11:75–87. [PubMed: 20019688]

7. Komili S, Silver PA. Coupling and coordination in gene expression processes: a systems biology

view. Nat Rev Genet. 2008; 9:38–48. [PubMed: 18071322]

8. Nilsen TW, Graveley BR. Expansion of the eukaryotic proteome by alternative splicing. Nature.

2010; 463:457–463. [PubMed: 20110989]

9. Isken O, Maquat LE. The multiple lives of NMD factors: balancing roles in gene and genome

regulation. Nat Rev Genet. 2008; 9:699–712. [PubMed: 18679436]

10. Pickrell JK, Pai AA, Gilad Y, Pritchard JK. Noisy splicing drives mRNA isoform diversity in

human cells. PLoS Genet. 2010; 6:e1001236. [PubMed: 21151575]

11. Melamud E, Moult J. Stochastic noise in splicing machinery. Nucleic Acids Res. 2009; 37:4873–

4886. [PubMed: 19546110]

12. Lopez AJ. Alternative splicing of pre-mRNA: developmental consequences and mechanisms of

regulation. Annu Rev Genet. 1998; 32:279–305. [PubMed: 9928482]

13. Salz HK. Sex determination in insects: a binary decision based on alternative splicing. Curr Opin

Genet Dev. 2011

Kalsotra and Cooper Page 13

Nat Rev Genet. Author manuscript; available in PMC 2012 April 7.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



14. Amara SG, Jonas V, Rosenfeld MG, Ong ES, Evans RM. Alternative RNA processing in

calcitonin gene expression generates mRNAs encoding different polypeptide products. Nature.

1982; 298:240–244. [PubMed: 6283379]

15. Engebrecht JA, Voelkel-Meiman K, Roeder GS. Meiosis-specific RNA splicing in yeast. Cell.

1991; 66:1257–1268. [PubMed: 1840507]

16. Xing Y, Lee C. Alternative splicing and RNA selection pressure--evolutionary consequences for

eukaryotic genomes. Nat Rev Genet. 2006; 7:499–509. [PubMed: 16770337]

17. Keren H, Lev-Maor G, Ast G. Alternative splicing and evolution: diversification, exon definition

and function. Nat Rev Genet. 2010; 11:345–355. [PubMed: 20376054]

18. Luco RF, Allo M, Schor IE, Kornblihtt AR, Misteli T. Epigenetics in alternative pre-mRNA

splicing. Cell. 2011; 144:16–26. [PubMed: 21215366]

19. Maniatis T, Reed R. An extensive network of coupling among gene expression machines. Nature.

2002; 416:499–506. [PubMed: 11932736]

20. Chen M, Manley JL. Mechanisms of alternative splicing regulation: insights from molecular and

genomics approaches. Nat Rev Mol Cell Biol. 2009; 10:741–754. [PubMed: 19773805]

21. Calarco JA, Zhen M, Blencowe BJ. Networking in a global world: Establishing functional

connections between neural splicing regulators and their target transcripts. RNA. 2011; 17:775–

791. [PubMed: 21415141]

22. Lipscombe D. Neuronal proteins custom designed by alternative splicing. Curr Opin Neurobiol.

2005; 15:358–363. [PubMed: 15961039]

23. Witten JT, Ule J. Understanding splicing regulation through RNA splicing maps. Trends Genet.

2011; 27:89–97. [PubMed: 21232811]

24. Kuroyanagi H, Ohno G, Mitani S, Hagiwara M. The Fox-1 family and SUP-12 coordinately

regulate tissue-specific alternative splicing in vivo. Mol Cell Biol. 2007; 27:8612–8621. [PubMed:

17923701]

25. Ohno G, Hagiwara M, Kuroyanagi H. STAR family RNA-binding protein ASD-2 regulates

developmental switching of mutually exclusive alternative splicing in vivo. Genes Dev. 2008;

22:360–374. [PubMed: 18230701]

26. Kalsotra A, et al. A postnatal switch of CELF and MBNL proteins reprograms alternative splicing

in the developing heart. Proc Natl Acad Sci U S A. 2008; 105:20333–20338. [PubMed: 19075228]

27. Bland CS, et al. Global regulation of alternative splicing during myogenic differentiation. Nucleic

Acids Res. 2010; 38:7651–7664. [PubMed: 20634200]

28. Modrek B, Lee CJ. Alternative splicing in the human, mouse and rat genomes is associated with an

increased frequency of exon creation and/or loss. Nat Genet. 2003; 34:177–180. [PubMed:

12730695]

29. Yeo GW, Van Nostrand E, Holste D, Poggio T, Burge CB. Identification and analysis of

alternative splicing events conserved in human and mouse. Proc Natl Acad Sci U S A. 2005;

102:2850–2855. [PubMed: 15708978]

30. Ip JY, et al. Global analysis of alternative splicing during T-cell activation. Rna. 2007; 13:563–

572. [PubMed: 17307815]

31. McKee AE, et al. Exon expression profiling reveals stimulus-mediated exon use in neural cells.

Genome Biol. 2007; 8:R159. [PubMed: 17683528]

32. Ares M Jr. Grate L, Pauling MH. A handful of intron-containing genes produces the lion’s share of

yeast mRNA. RNA. 1999; 5:1138–1139. [PubMed: 10496214]

33. Davis CA, Grate L, Spingola M, Ares M Jr. Test of intron predictions reveals novel splice sites,

alternatively spliced mRNAs and new introns in meiotically regulated genes of yeast. Nucleic

Acids Res. 2000; 28:1700–1706. [PubMed: 10734188]

34. Juneau K, Palm C, Miranda M, Davis RW. High-density yeast-tiling array reveals previously

undiscovered introns and extensive regulation of meiotic splicing. Proc Natl Acad Sci U S A.

2007; 104:1522–1527. [PubMed: 17244705]

35. Munding EM, et al. Integration of a splicing regulatory network within the meiotic gene expression

program of Saccharomyces cerevisiae. Genes Dev. 2010; 24:2693–2704. [PubMed: 21123654]

Kalsotra and Cooper Page 14

Nat Rev Genet. Author manuscript; available in PMC 2012 April 7.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



36. Qiu ZR, Shuman S, Schwer B. An essential role for trimethylguanosine RNA caps in

Saccharomyces cerevisiae meiosis and their requirement for splicing of SAE3 and PCH2 meiotic

pre-mRNAs. Nucleic Acids Res. 2011; 39:5633–5646. [PubMed: 21398639]

37. Engebrecht J, Roeder GS. MER1, a yeast gene required for chromosome pairing and genetic

recombination, is induced in meiosis. Mol Cell Biol. 1990; 10:2379–2389. [PubMed: 2183032]

38. Scherrer FW Jr. Spingola M. A subset of Mer1p-dependent introns requires Bud13p for splicing

activation and nuclear retention. RNA. 2006; 12:1361–1372. [PubMed: 16738408]

39. Spingola M, Armisen J, Ares M Jr. Mer1p is a modular splicing factor whose function depends on

the conserved U2 snRNP protein Snu17p. Nucleic Acids Res. 2004; 32:1242–1250. [PubMed:

14973223]

40. Qiu ZR, Schwer B, Shuman S. Determinants of Nam8-dependent splicing of meiotic pre-mRNAs.

Nucleic Acids Res. 2011; 39:3427–3445. [PubMed: 21208980]

41. Schwer B, Erdjument-Bromage H, Shuman S. Composition of yeast snRNPs and snoRNPs in the

absence of trimethylguanosine caps reveals nuclear cap binding protein as a gained U1 component

implicated in the cold-sensitivity of tgs1{Delta} cells. Nucleic Acids Res. 2011

42. Schwerk C, Schulze-Osthoff K. Regulation of apoptosis by alternative pre-mRNA splicing. Mol

Cell. 2005; 19:1–13. [PubMed: 15989960]

43. Moore MJ, Wang Q, Kennedy CJ, Silver PA. An alternative splicing network links cell-cycle

control to apoptosis. Cell. 2010; 142:625–636. [PubMed: 20705336]

44. Long JC, Caceres JF. The SR protein family of splicing factors: master regulators of gene

expression. Biochem J. 2009; 417:15–27. [PubMed: 19061484]

45. Karni R, et al. The gene encoding the splicing factor SF2/ASF is a proto-oncogene. Nat Struct Mol

Biol. 2007; 14:185–193. [PubMed: 17310252]

46. Li X, Manley JL. Inactivation of the SR protein splicing factor ASF/SF2 results in genomic

instability. Cell. 2005; 122:365–378. [PubMed: 16096057]

47. Shin C, Manley JL. The SR protein SRp38 represses splicing in M phase cells. Cell. 2002;

111:407–417. [PubMed: 12419250]

48. Ahn EY, et al. SON Controls Cell-Cycle Progression by Coordinated Regulation of RNA Splicing.

Mol Cell. 2011; 42:185–198. [PubMed: 21504830]

49. Pritsker M, Doniger TT, Kramer LC, Westcot SE, Lemischka IR. Diversification of stem cell

molecular repertoire by alternative splicing. Proc Natl Acad Sci U S A. 2005; 102:14290–14295.

[PubMed: 16183747]

50. Wu JQ, et al. Dynamic transcriptomes during neural differentiation of human embryonic stem cells

revealed by short, long, and paired-end sequencing. Proc Natl Acad Sci U S A. 2010; 107:5254–

5259. [PubMed: 20194744]

51. Salomonis N, et al. Alternative splicing regulates mouse embryonic stem cell pluripotency and

differentiation. Proc Natl Acad Sci U S A. 2010; 107:10514–10519. [PubMed: 20498046]

52. Yeo GW, et al. Alternative splicing events identified in human embryonic stem cells and neural

progenitors. PLoS Comput Biol. 2007; 3:1951–1967. [PubMed: 17967047]

53. Brandenberger R, et al. Transcriptome characterization elucidates signaling networks that control

human ES cell growth and differentiation. Nat Biotechnol. 2004; 22:707–716. [PubMed:

15146197]

54. Cloonan N, et al. Stem cell transcriptome profiling via massive-scale mRNA sequencing. Nat

Methods. 2008; 5:613–619. [PubMed: 18516046]

55. Salomonis N, et al. Alternative splicing in the differentiation of human embryonic stem cells into

cardiac precursors. PLoS Comput Biol. 2009; 5:e1000553. [PubMed: 19893621]

56. Tang F, et al. Tracing the derivation of embryonic stem cells from the inner cell mass by single-

cell RNA-Seq analysis. Cell Stem Cell. 2010; 6:468–478. [PubMed: 20452321]

57. Boyer LA, et al. Core transcriptional regulatory circuitry in human embryonic stem cells. Cell.

2005; 122:947–956. [PubMed: 16153702]

58. Wang X, Dai J. Concise review: isoforms of OCT4 contribute to the confusing diversity in stem

cell biology. Stem Cells. 2010; 28:885–893. [PubMed: 20333750]

Kalsotra and Cooper Page 15

Nat Rev Genet. Author manuscript; available in PMC 2012 April 7.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



59. Nichols J, et al. Formation of pluripotent stem cells in the mammalian embryo depends on the POU

transcription factor Oct4. Cell. 1998; 95:379–391. [PubMed: 9814708]

60. Wang X, et al. Alternative translation of OCT4 by an internal ribosome entry site and its novel

function in stress response. Stem Cells. 2009; 27:1265–1275. [PubMed: 19489092]

61. Theodorou E, et al. A high throughput embryonic stem cell screen identifies Oct-2 as a

bifunctional regulator of neuronal differentiation. Genes Dev. 2009; 23:575–588. [PubMed:

19270158]

62. Mayshar Y, et al. Fibroblast growth factor 4 and its novel splice isoform have opposing effects on

the maintenance of human embryonic stem cell self-renewal. Stem Cells. 2008; 26:767–774.

[PubMed: 18192227]

63. Lin H, et al. Adenoviral expression of vascular endothelial growth factor splice variants

differentially regulate bone marrow-derived mesenchymal stem cells. J Cell Physiol. 2008;

216:458–468. [PubMed: 18288639]

64. Yeo GW, et al. An RNA code for the FOX2 splicing regulator revealed by mapping RNA-protein

interactions in stem cells. Nat Struct Mol Biol. 2009; 16:130–137. [PubMed: 19136955]

65. Rao S, et al. Differential roles of Sall4 isoforms in embryonic stem cell pluripotency. Mol Cell

Biol. 2010; 30:5364–5380. [PubMed: 20837710]

66. Rosa A, Brivanlou AH. A regulatory circuitry comprised of miR-302 and the transcription factors

OCT4 and NR2F2 regulates human embryonic stem cell differentiation. EMBO J. 2011; 30:237–

248. [PubMed: 21151097]

67. Boutz PL, et al. A post-transcriptional regulatory switch in polypyrimidine tract-binding proteins

reprograms alternative splicing in developing neurons. Genes Dev. 2007; 21:1636–1652.

[PubMed: 17606642]

68. Spellman R, Llorian M, Smith CW. Crossregulation and functional redundancy between the

splicing regulator PTB and its paralogs nPTB and ROD1. Mol Cell. 2007; 27:420–434. [PubMed:

17679092]

69. Makeyev EV, Zhang J, Carrasco MA, Maniatis T. The MicroRNA miR-124 promotes neuronal

differentiation by triggering brain-specific alternative pre-mRNA splicing. Mol Cell. 2007;

27:435–448. [PubMed: 17679093]

70. Grabowski P. Alternative splicing takes shape during neuronal development. Curr Opin Genet

Dev. 2011

71. Calarco JA, et al. Regulation of vertebrate nervous system alternative splicing and development by

an SR-related protein. Cell. 2009; 138:898–910. [PubMed: 19737518]

72. Stadtfeld M, Nagaya M, Utikal J, Weir G, Hochedlinger K. Induced pluripotent stem cells

generated without viral integration. Science. 2008; 322:945–949. [PubMed: 18818365]

73. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal transitions in development

and disease. Cell. 2009; 139:871–890. [PubMed: 19945376]

74. Polyak K, Weinberg RA. Transitions between epithelial and mesenchymal states: acquisition of

malignant and stem cell traits. Nat Rev Cancer. 2009; 9:265–273. [PubMed: 19262571]

75. Yang J, Weinberg RA. Epithelial-mesenchymal transition: at the crossroads of development and

tumor metastasis. Dev Cell. 2008; 14:818–829. [PubMed: 18539112]

76. Ghigna C, et al. Cell motility is controlled by SF2/ASF through alternative splicing of the Ron

protooncogene. Mol Cell. 2005; 20:881–890. [PubMed: 16364913] This paper demonstrates a

direct correlation between overexpression of SF2/ASF (SRSF1), aberrant splicing of the Ron

tyrosine kinase receptor to a constitutively active form, and aberrant migratory activity of cells

consistent with activated Ron.

77. Warzecha CC, et al. An ESRP-regulated splicing programme is abrogated during the epithelial-

mesenchymal transition. EMBO J. 2010; 29:3286–3300. [PubMed: 20711167]

78. Valacca C, et al. Sam68 regulates EMT through alternative splicing-activated nonsense-mediated

mRNA decay of the SF2/ASF proto-oncogene. J Cell Biol. 2010; 191:87–99. [PubMed:

20876280]

79. Brown RL, et al. CD44 splice isoform switching in human and mouse epithelium is essential for

epithelial-mesenchymal transition and breast cancer progression. J Clin Invest. 2011; 121:1064–

1074. [PubMed: 21393860]

Kalsotra and Cooper Page 16

Nat Rev Genet. Author manuscript; available in PMC 2012 April 7.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



80. Thiery JP, Sleeman JP. Complex networks orchestrate epithelial-mesenchymal transitions. Nat Rev

Mol Cell Biol. 2006; 7:131–142. [PubMed: 16493418]

81. Ponta H, Sherman L, Herrlich PA. CD44: from adhesion molecules to signalling regulators. Nat

Rev Mol Cell Biol. 2003; 4:33–45. [PubMed: 12511867]

82. Wagner EJ, Garcia-Blanco MA. RNAi-mediated PTB depletion leads to enhanced exon definition.

Mol Cell. 2002; 10:943–949. [PubMed: 12419237]

83. De Moerlooze L, et al. An important role for the IIIb isoform of fibroblast growth factor receptor 2

(FGFR2) in mesenchymal-epithelial signalling during mouse organogenesis. Development. 2000;

127:483–492. [PubMed: 10631169]

84. Luco RF, et al. Regulation of alternative splicing by histone modifications. Science. 2010;

327:996–1000. [PubMed: 20133523] This paper demonstrated a direct connection between histone

modification and regulated alternative splicing via the RNA binding protein and an adaptor protein

that recognizes the histone modification code.

85. Olson EN, Schneider MD. Sizing up the heart: development redux in disease. Genes Dev. 2003;

17:1937–1956. [PubMed: 12893779]

86. Srivastava D. Making or breaking the heart: from lineage determination to morphogenesis. Cell.

2006; 126:1037–1048. [PubMed: 16990131]

87. Ladd AN, Stenberg MG, Swanson MS, Cooper TA. Dynamic balance between activation and

repression regulates pre-mRNA alternative splicing during heart development. Dev Dyn. 2005;

233:783–793. [PubMed: 15830352]

88. Ladd AN, Charlet N, Cooper TA. The CELF family of RNA binding proteins is implicated in cell-

specific and developmentally regulated alternative splicing. Mol Cell Biol. 2001; 21:1285–1296.

[PubMed: 11158314]

89. Kalsotra A, Wang K, Li PF, Cooper TA. MicroRNAs coordinate an alternative splicing network

during mouse postnatal heart development. Genes Dev. 2010; 24:653–658. [PubMed: 20299448]

This paper identifies a regulatory hierarchy during postnatal heart development in which miRNA-

regulated expression of splicing regulators coordinates developmental alternative splicing

transitions.

90. Koshelev M, Sarma S, Price RE, Wehrens XH, Cooper TA. Heart-specific overexpression of

CUGBP1 reproduces functional and molecular abnormalities of myotonic dystrophy type 1. Hum

Mol Genet. 2010; 19:1066–1075. [PubMed: 20051426]

91. Ladd AN, Taffet G, Hartley C, Kearney DL, Cooper TA. Cardiac tissue-specific repression of

CELF activity disrupts alternative splicing and causes cardiomyopathy. Mol Cell Biol. 2005;

25:6267–6278. [PubMed: 15988035]

92. Ding JH, et al. Dilated cardiomyopathy caused by tissue-specific ablation of SC35 in the heart.

EMBO J. 2004; 23:885–896. [PubMed: 14963485]

93. Xu X, et al. ASF/SF2-regulated CaMKIIdelta alternative splicing temporally reprograms

excitation-contraction coupling in cardiac muscle. Cell. 2005; 120:59–72. [PubMed: 15652482]

This paper demonstrates that a phenotypic feature of ASF/SF2 (SRSF1) heart-specific knock out is

due to altered splicing of a specific target gene.

94. Feng Y, et al. SRp38 regulates alternative splicing and is required for Ca(2+) handling in the

embryonic heart. Dev Cell. 2009; 16:528–538. [PubMed: 19386262]

95. Wang J, Takagaki Y, Manley JL. Targeted disruption of an essential vertebrate gene: ASF/SF2 is

required for cell viability. Genes Dev. 1996; 10:2588–2599. [PubMed: 8895660]

96. Neves G, Zucker J, Daly M, Chess A. Stochastic yet biased expression of multiple Dscam splice

variants by individual cells. Nat Genet. 2004; 36:240–246. [PubMed: 14758360]

97. Zhan XL, et al. Analysis of Dscam diversity in regulating axon guidance in Drosophila mushroom

bodies. Neuron. 2004; 43:673–686. [PubMed: 15339649]

98. Hattori D, et al. Dscam diversity is essential for neuronal wiring and self-recognition. Nature.

2007; 449:223–227. [PubMed: 17851526]

99. Hattori D, et al. Robust discrimination between self and non-self neurites requires thousands of

Dscam1 isoforms. Nature. 2009; 461:644–648. [PubMed: 19794492] Using homologous

recombination to express a limited number of Dscam1 isoforms in Drosophila melanogaster, this

Kalsotra and Cooper Page 17

Nat Rev Genet. Author manuscript; available in PMC 2012 April 7.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



paper shows that thousands of Dscam1 isoforms are required to fully discriminate self and non-self

neurons.

100. Chen Z, Gore BB, Long H, Ma L, Tessier-Lavigne M. Alternative splicing of the Robo3 axon

guidance receptor governs the midline switch from attraction to repulsion. Neuron. 2008;

58:325–332. [PubMed: 18466743]

101. Yang YY, Yin GL, Darnell RB. The neuronal RNA-binding protein Nova-2 is implicated as the

autoantigen targeted in POMA patients with dementia. Proc Natl Acad Sci U S A. 1998;

95:13254–13259. [PubMed: 9789075]

102. Zhang C, et al. Integrative modeling defines the Nova splicing-regulatory network and its

combinatorial controls. Science. 2010; 329:439–443. [PubMed: 20558669]

103. Brooks AN, et al. Conservation of an RNA regulatory map between Drosophila and mammals.

Genome Res. 2011; 21:193–202. [PubMed: 20921232]

104. Irimia M, et al. Stepwise assembly of the Nova-regulated alternative splicing network in the

vertebrate brain. Proc Natl Acad Sci U S A. 2011; 108:5319–5324. [PubMed: 21389270]

105. Han J, et al. SR proteins induce alternative exon skipping through their activities on the flanking

constitutive exons. Mol Cell Biol. 2011; 31:793–802. [PubMed: 21135118]

106. Ule J, et al. Nova regulates brain-specific splicing to shape the synapse. Nat Genet. 2005; 37:844–

852. [PubMed: 16041372]

107. Yano M, Hayakawa-Yano Y, Mele A, Darnell RB. Nova2 regulates neuronal migration through

an RNA switch in disabled-1 signaling. Neuron. 2010; 66:848–858. [PubMed: 20620871] This

paper demonstrates that the splicing regulator Nova2 regulates a developmental isoform

transition in the reelin pathway that is required for proper cell migration and layering of cortical

neurons.

108. Ruggiu M, et al. Rescuing Z+ agrin splicing in Nova null mice restores synapse formation and

unmasks a physiologic defect in motor neuron firing. Proc Natl Acad Sci U S A. 2009;

106:3513–3518. [PubMed: 19221030]

109. Gehman LT, et al. The splicing regulator Rbfox1 (A2BP1) controls neuronal excitation in the

mammalian brain. Nat Genet. 2011; 43:706–711. [PubMed: 21623373]

110. Bhalla K, et al. The de novo chromosome 16 translocations of two patients with abnormal

phenotypes (mental retardation and epilepsy) disrupt the A2BP1 gene. J Hum Genet. 2004;

49:308–311. [PubMed: 15148587]

111. Sebat J, et al. Strong association of de novo copy number mutations with autism. Science. 2007;

316:445–449. [PubMed: 17363630]

112. Voineagu I, et al. Transcriptomic analysis of autistic brain reveals convergent molecular

pathology. Nature. 2011; 474:380–384. [PubMed: 21614001]

113. Heyd F, Lynch KW. DEGRADE, MOVE, REGROUP: signaling control of splicing proteins.

Trends Biochem Sci. 2011; 36:397–404. [PubMed: 21596569]

114. Zacharias DA, Strehler EE. Change in plasma membrane Ca2(+)-ATPase splice-variant

expression in response to a rise in intracellular Ca2+ Curr Biol. 1996; 6:1642–1652. [PubMed:

8994829]

115. Li Q, Lee JA, Black DL. Neuronal regulation of alternative pre-mRNA splicing. Nat Rev

Neurosci. 2007; 8:819–831. [PubMed: 17895907]

116. Xie J, Black DL. A CaMK IV responsive RNA element mediates depolarization-induced

alternative splicing of ion channels. Nature. 2001; 410:936–939. [PubMed: 11309619]

117. Xie J, Jan C, Stoilov P, Park J, Black DL. A consensus CaMK IV-responsive RNA sequence

mediates regulation of alternative exons in neurons. RNA. 2005; 11:1825–1834. [PubMed:

16314456]

118. Lee JA, et al. Depolarization and CaM kinase IV modulate NMDA receptor splicing through two

essential RNA elements. PLoS Biol. 2007; 5:e40. [PubMed: 17298178]

119. Yu J, et al. The heterogeneous nuclear ribonucleoprotein L is an essential component in the Ca2+/

calmodulin-dependent protein kinase IV-regulated alternative splicing through cytidine-

adenosine repeats. J Biol Chem. 2009; 284:1505–1513. [PubMed: 19017650]

120. An P, Grabowski PJ. Exon silencing by UAGG motifs in response to neuronal excitation. PLoS

Biol. 2007; 5:e36. [PubMed: 17298175]

Kalsotra and Cooper Page 18

Nat Rev Genet. Author manuscript; available in PMC 2012 April 7.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



121. Lee JA, Tang ZZ, Black DL. An inducible change in Fox-1/A2BP1 splicing modulates the

alternative splicing of downstream neuronal target exons. Genes Dev. 2009; 23:2284–2293.

[PubMed: 19762510]

122. Pleiss JA, Whitworth GB, Bergkessel M, Guthrie C. Rapid, transcript-specific changes in splicing

in response to environmental stress. Mol Cell. 2007; 27:928–937. [PubMed: 17889666]

123. Yost HJ, Lindquist S. RNA splicing is interrupted by heat shock and is rescued by heat shock

protein synthesis. Cell. 1986; 45:185–193. [PubMed: 2421918]

124. Jolly C, Vourc’h C, Robert-Nicoud M, Morimoto RI. Intron-independent association of splicing

factors with active genes. J Cell Biol. 1999; 145:1133–1143. [PubMed: 10366587]

125. Takechi H, Hosokawa N, Hirayoshi K, Nagata K. Alternative 5′ splice site selection induced by

heat shock. Mol Cell Biol. 1994; 14:567–575. [PubMed: 8264624]

126. Shin C, Feng Y, Manley JL. Dephosphorylated SRp38 acts as a splicing repressor in response to

heat shock. Nature. 2004; 427:553–558. [PubMed: 14765198]

127. Zhong XY, Ding JH, Adams JA, Ghosh G, Fu XD. Regulation of SR protein phosphorylation and

alternative splicing by modulating kinetic interactions of SRPK1 with molecular chaperones.

Genes Dev. 2009; 23:482–495. [PubMed: 19240134]

128. Biamonti G, Caceres JF. Cellular stress and RNA splicing. Trends Biochem Sci. 2009; 34:146–

153. [PubMed: 19208481]

129. Chandler DS, Singh RK, Caldwell LC, Bitler JL, Lozano G. Genotoxic stress induces

coordinately regulated alternative splicing of the p53 modulators MDM2 and MDM4. Cancer

Res. 2006; 66:9502–9508. [PubMed: 17018606]

130. Haupt Y, Maya R, Kazaz A, Oren M. Mdm2 promotes the rapid degradation of p53. Nature.

1997; 387:296–299. [PubMed: 9153395]

131. Dutertre M, et al. Cotranscriptional exon skipping in the genotoxic stress response. Nat Struct

Mol Biol. 2010; 17:1358–1366. [PubMed: 20972445]

132. Munoz MJ, et al. DNA damage regulates alternative splicing through inhibition of RNA

polymerase II elongation. Cell. 2009; 137:708–720. [PubMed: 19450518]

133. Paronetto MP, Minana B, Valcarcel J. The ewing sarcoma protein regulates DNA damage-

induced alternative splicing. Mol Cell. 2011; 43:353–368. [PubMed: 21816343]

134. Saltzman AL, Pan Q, Blencowe BJ. Regulation of alternative splicing by the core spliceosomal

machinery. Genes Dev. 2011; 25:373–384. [PubMed: 21325135]

135. Corioni M, Antih N, Tanackovic G, Zavolan M, Kramer A. Analysis of in situ pre-mRNA targets

of human splicing factor SF1 reveals a function in alternative splicing. Nucleic Acids Res. 2011;

39:1868–1879. [PubMed: 21062807]

136. Yu Y, et al. Dynamic regulation of alternative splicing by silencers that modulate 5′ splice site

competition. Cell. 2008; 135:1224–1236. [PubMed: 19109894]

137. Pleiss JA, Whitworth GB, Bergkessel M, Guthrie C. Transcript specificity in yeast pre-mRNA

splicing revealed by mutations in core spliceosomal components. PLoS Biol. 5:e90. [PubMed:

17388687]

138. Park JW, Parisky K, Celotto AM, Reenan RA, Graveley BR. Identification of alternative splicing

regulators by RNA interference in Drosophila. Proc Natl Acad Sci U S A. 2004; 101:15974–

15979. [PubMed: 15492211]

139. Clark TA, Sugnet CW, Ares M Jr. Genomewide analysis of mRNA processing in yeast using

splicing-specific microarrays. Science. 2002; 296:907–910. [PubMed: 11988574]

140. Mordes D, et al. Pre-mRNA splicing and retinitis pigmentosa. Mol Vis. 2006; 12:1259–1271.

[PubMed: 17110909]

141. Soonpaa MH, Field LJ. Survey of studies examining mammalian cardiomyocyte DNA synthesis.

Circ Res. 1998; 83:15–26. [PubMed: 9670914]

142. Tang F, Lao K, Surani MA. Development and applications of single-cell transcriptome analysis.

Nat Methods. 2011; 8:S6–11. [PubMed: 21451510]

143. Moore MJ, Proudfoot NJ. Pre-mRNA processing reaches back to transcription and ahead to

translation. Cell. 2009; 136:688–700. [PubMed: 19239889]

Kalsotra and Cooper Page 19

Nat Rev Genet. Author manuscript; available in PMC 2012 April 7.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



144. Warzecha CC, Sato TK, Nabet B, Hogenesch JB, Carstens RP. ESRP1 and ESRP2 are epithelial

cell-type-specific regulators of FGFR2 splicing. Mol Cell. 2009; 33:591–601. [PubMed:

19285943]

145. Baraniak AP, Chen JR, Garcia-Blanco MA. Fox-2 mediates epithelial cell-specific fibroblast

growth factor receptor 2 exon choice. Mol Cell Biol. 2006; 26:1209–1222. [PubMed: 16449636]

146. Kanadia RN, et al. A muscleblind knockout model for myotonic dystrophy. Science. 2003;

302:1978–1980. [PubMed: 14671308]

147. Barash Y, et al. Deciphering the splicing code. Nature. 2010; 465:53–59. [PubMed: 20445623]

This paper used computational integration of hundreds of features to derive a splicing code of

sequence elements that are predictive of tissue specific splicing.

148. Gabut M, Chaudhry S, Blencowe BJ. SnapShot: The splicing regulatory machinery. Cell. 2008;

133:192, e191. [PubMed: 18394998]

149. Blencowe BJ. Alternative splicing: new insights from global analyses. Cell. 2006; 126:37–47.

[PubMed: 16839875]

150. Konig J, et al. iCLIP reveals the function of hnRNP particles in splicing at individual nucleotide

resolution. Nat Struct Mol Biol. 2010; 17:909–915. [PubMed: 20601959]

151. Darnell RB. HITS-CLIP: panoramic views of protein-RNA regulation in living cells. Wiley

Interdisciplinary Reviews: RNA. 2010; 1:266–286. [PubMed: 21935890]

152. Blencowe BJ, Ahmad S, Lee LJ. Current-generation high-throughput sequencing: deepening

insights into mammalian transcriptomes. Genes Dev. 2009; 23:1379–1386. [PubMed: 19528315]

153. Licatalosi DD, et al. HITS-CLIP yields genome-wide insights into brain alternative RNA

processing. Nature. 2008; 456:464–469. [PubMed: 18978773] This paper presents an in vivo

map for the neuron-specific RNA binding protein, Nova2, which was generated using high

throughput sequencing to reveal a network of directly regulated genes. Correlations between the

positions of binding sites and positive or negative effects on splicing were also identified.

154. McGlincy NJ, Smith CW. Alternative splicing resulting in nonsense-mediated mRNA decay:

what is the meaning of nonsense? Trends Biochem Sci. 2008; 33:385–393. [PubMed: 18621535]

155. Saltzman AL, et al. Regulation of multiple core spliceosomal proteins by alternative splicing-

coupled nonsense-mediated mRNA decay. Mol Cell Biol. 2008; 28:4320–4330. [PubMed:

18443041]

156. Lareau LF, Inada M, Green RE, Wengrod JC, Brenner SE. Unproductive splicing of SR genes

associated with highly conserved and ultraconserved DNA elements. Nature. 2007; 446:926–929.

[PubMed: 17361132]

157. Ni JZ, et al. Ultraconserved elements are associated with homeostatic control of splicing

regulators by alternative splicing and nonsense-mediated decay. Genes Dev. 2007; 21:708–718.

[PubMed: 17369403] Together with Lareau et al, this paper demonstrated a highly conserved

gene structure through which the expression of the SR and hnRNP families of splicing regulators

provide a link between alternative splicing and nonsense-mediated decay.

158. Maquat LE. Nonsense-mediated mRNA decay: splicing, translation and mRNP dynamics. Nat

Rev Mol Cell Biol. 2004; 5:89–99. [PubMed: 15040442]

159. Smith CW, Valcarcel J. Alternative pre-mRNA splicing: the logic of combinatorial control.

Trends Biochem Sci. 2000; 25:381–388. [PubMed: 10916158]

160. David CJ, Chen M, Assanah M, Canoll P, Manley JL. HnRNP proteins controlled by c-Myc

deregulate pyruvate kinase mRNA splicing in cancer. Nature. 2010; 463:364–368. [PubMed:

20010808]

161. Clower CV, et al. The alternative splicing repressors hnRNP A1/A2 and PTB influence pyruvate

kinase isoform expression and cell metabolism. Proc Natl Acad Sci U S A. 2010; 107:1894–

1899. [PubMed: 20133837]

162. Seitz H. Redefining microRNA targets. Curr Biol. 2009; 19:870–873. [PubMed: 19375315]

163. Fagnani M, et al. Functional coordination of alternative splicing in the mammalian central

nervous system. Genome Biol. 2007; 8:R108. [PubMed: 17565696]

164. Tomczak KK, et al. Expression profiling and identification of novel genes involved in myogenic

differentiation. FASEB J. 2004; 18:403–405. [PubMed: 14688207]

Kalsotra and Cooper Page 20

Nat Rev Genet. Author manuscript; available in PMC 2012 April 7.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



165. LaGamba D, Nawshad A, Hay ED. Microarray analysis of gene expression during epithelial-

mesenchymal transformation. Dev Dyn. 2005; 234:132–142. [PubMed: 16010672]

Kalsotra and Cooper Page 21

Nat Rev Genet. Author manuscript; available in PMC 2012 April 7.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



BOX 1: Identification of splicing regulatory networks

A splicing regulatory network can be defined as the set of alternative splicing events that

are directly regulated by an individual RNA binding protein. RNA binding proteins

recognize preferred 5-8 nucleotide sequence motifs located either in the regulated exon or

in the flanking introns, commonly within 300 nucleotides of the regulated exon or the

upstream or downstream constitutive exons147 (panel a). Approximately fifty

mammalian RNA binding proteins that act as auxiliary splicing regulators, separate from

the basal splicing machinery, have been characterized and shown to directly regulate

splicing by binding to pre-mRNAs8,148. Splicing events that are sensitive to the loss-or

gain-of-function of the splicing regulator (via RNAi, genetic knockout, or

overexpression) are identified using large scale analyses such as RNA-Seq (represented

in the diagram) or splicing sensitive microarrays149. Hundreds of splicing events can be

sensitive to changes in the level of a single splicing regulator. A portion of the responsive

events are directly regulated by protein-RNA binding and others change due to secondary

effects. To identify direct targets, bound protein is covalently linked to the RNA in vivo

by UV crosslinking followed by immunoprecipitation (CLIP) and identification of

specific binding sites by high throughput sequencing150. While CLIP produces false

negatives and positives151, it is a highly effective screen for target identification. The

massive data sets from these assays are managed and extensively analyzed

computationally for genome-wide identification of splicing events that are both sensitive

to the splicing regulator levels and are associated with local in vivo binding sites152.

High throughput splicing analyses applied to normal physiological transitions have

demonstrated roles for alternative splicing networks in a variety of cellular responses. In

mammals, the combined results from RNA-Seq/splicing microarrays, CLIP, genetic

knockouts, and computational analysis have identified networks of tissue specific as well

as developmental alternative splicing programs regulated by specific RNA binding

proteins (for example, 26,109,153). Despite the large number of splicing events dependent

on individual RNA binding proteins, careful analysis can reveal specific features of a

complex knockout phenotype that are due to loss of individual alternative splicing

events107-108 (panel b).

Individual splicing events are regulated by cooperative as well as antagonistic effects of

multiple RNA binding proteins. The multiple inputs integrate the effects from diverse

external cues to promote an appropriate splicing response (panel c). Combining

experimental data from multiple splicing regulators with computational analyses of large

numbers of features has been used to define splicing codes with predictive capabilities

for either cell-specific splicing or responsiveness to a specific splicing regulator102,147.
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BOX 2: Alternative splicing linked with nonsense mediated decay (AS-
NMD) produces homeostatic control of splicing regulators

Alternative splicing has a particularly broad physiological impact by maintaining

homeostatic levels of splicing regulators as well as spliceosome components through

coupling of alternative splicing with nonsense mediated decay (AS-NMD)154-157. NMD

is a conserved and multifunctional surveillance mechanism to degrade mRNAs

containing premature termination codons (PTCs)9. A general rule for mammalian cells is

that spliced mRNAs containing a termination codon located >50 nucleotides upstream of

the position of the last intron is degraded by NMD158. In AS-NMD, alternative splicing

controls an NMD signal by insertion or removal of an mRNA segment that contains

either a PTC or introduces a downstream PTC due to a frameshift. The majority of

splicing regulators affected by AS-NMD autoregulate homeostatic levels by promoting a

splicing pattern that results in NMD and down-regulation. Splicing regulators also use

AS-NMD for cross regulation such as the repression of neuron-specific nPTB in non-

neuronal cells by its paralogue, PTB68.

The genes encoding the SR and hnRNP protein families present a striking example of

homeostatic control by AS-NMD with pervasive biological and evolutionary

implications156-157. SR and hnRNP proteins are a long-standing paradigm for

antagonistic splicing regulators affecting multiple and diverse alternative splicing

events159. All SR protein genes and many hnRNP protein genes utilize AS-NMD for

negative autoregulatory feedback. Strikingly, the regions of the genes that are critical for

the AS-NMD “on-off” switch are within ultraconserved elements. Furthermore,

autoregulation of the genes within each family promotes negative feedback that is “polar”

with regard to the effects of each family on splicing pattern157 (Figure): in the genes for

SR proteins, which predominantly (though not exclusively) activate splicing, activation

of an alternative splicing event results in NMD-mediated down-regulation while in genes

of hnRNP proteins, which are most often splicing repressors, repression of a splicing

event results in NMD-mediated down-regulation. The full significance of this ancient

regulatory network remains to be elucidated; however, the implication is that maintaining

the appropriate levels of both protein families is a critical component of cellular

homeostasis for a broad spectrum of cell types and across metazoan phylogeny.

Consistent with this, alterations of each protein family have been associated with disease-

causing aberrant splicing45,160-161. The figure is reproduced from reference157.
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BOX 3: Binding of a splicing regulator to weakly regulated sites could
buffer functional splicing events

Computational and biochemical genome-wide analyses for individual RNA binding

proteins often identify hundreds of putative target exons associated with multiple binding

sites. Genetic loss-of-function analyses often identify a much smaller number of splicing

events exhibiting a robust response. There are several potential explanations for such

discrepancies. First, there may be redundancy with related splicing regulators, as the

multifactorial nature of splicing regulation means that individual factors contribute to

large numbers of events but are determinative for a limited number. Second, the specific

cell type exhibiting the robust response might not have been assayed. Third, under certain

circumstances splicing transitions do not have to be large to have physiological

consequences. Finally, it might be the case that a large fraction of binding sites do not

direct a splicing response that has functional consequences, but rather are utilized as

“sinks” that sequester the RNA binding protein and dampen its physiological impact.

The hypothesis of natural genome-wide sinks to regulate biological function has been

proposed to explain a similar set of paradoxes for miRNAs, for which there are large

numbers of predicted targets, but only a small fraction of these targets are conserved and

an even smaller fraction have a measurable physiological impact162. This regulatory

mechanism was recently proposed for RNA binding proteins that regulate alternative

splicing (H. Seitz, personal communication). In this hypothesis, most binding sites serve

to negatively regulate the activity of the protein by sequestration from the active pool

such that a large number of “molecular targets” titrate the levels of the regulator against a

few “physiological targets”. Criteria to distinguish physiological from molecular targets

could include: conserved binding sites associated with the regulated exon; a robust

change in response to genetic loss- and gain-of-function; and regulation during periods of

physiological change in which the RNA binding protein undergoes a change in activity

conserved in different species.
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Online at a glance summary

• A large fraction of genes in worms, flies and vertebrates express multiple

mRNAs via alternative splicing. This produces extensive mRNA structural

diversity that ultimately affects protein coding potential as well as mRNA cis-

acting elements that are determinative for translation, mRNA stability, and

mRNA intracellular localization.

• Global analyses of alternative splicing regulation during periods of biological

transition, such as during development, have revealed coordinated and

conserved networks of alternative splicing.

• Several splicing regulatory networks controlled by individual RNA binding

proteins have been identified by combining recent advances in genome wide

analyses of alternative splicing with the identification of RNA binding sites in

vivo.

• A high proportion of RNA binding proteins that regulate alternative splicing are

themselves regulated by alternative splicing and are subject to auto- and cross-

regulatory feedback. This type of regulation includes alternative splicing linked

with nonsense-mediated decay (NMD), which results in mRNA downregulation.

• Diverse physiological processes are regulated in a determinative fashion by

alternative splicing patterns, including meiosis in budding yeast, neuronal

arborization in the D. melanogaster brain, and stem cell determination in

vertebrates.

• The regulation of gene expression by alternative splicing is intricately linked

with transcription, the epigenetic state of chromatin, and subsequent RNA

processing events, such as 3′ end formation, mRNA export, and mRNA

translation efficiency.
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Figure 1. Role of splicing regulation during early meiosis in Saccharomyces cerevisiae

Starvation induces a switch in the Ume6p transcription factor from a repressor [UME6 (rep)]

in vegetative cells to an activator [UME6 (act)] to initiate meiosis during sporulation.

Ume6p activates multiple early meiotic genes including MER1 and 13 intron-containing

genes. MER1 encodes an RNA binding protein that binds a motif near the 5′ splice site

(orange box) and activates splicing of four intron-containing genes specifically during

meiosis (orange arrow). Two Mer1p targets, MER3 and SPO22, are required for activation

of NDT80, the transcriptional regulator of intermediate meiotic genes. Transcriptional

regulation of MER1 and three of its four targets by UME6 delays expression of Mer1p-

regulated genes compared to other UME6 targets creating a lag period prior to NDT80

activation35. Mutation analyses demonstrated separate but overlapping meiotic-dependent

splicing requiring MER1, NAM8 (blue shaded area), or TGS1 (grey shaded area)41.
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Figure 2. Integration of alternative splicing with epithelial-to-mesenchymal transitions

The scheme at the top represents epithelial and mesenchymal inter-conversion. Epithelial

(left) and mesenchymal (right) splicing that directly influence EMT are depicted in the three

panels below. (a) SRSF1 triggers EMT by promoting skipping of exon 11 of the Ron proto-

oncogene to produce a constitutively active isoform (ΔRon) that confers an invasive

phenotype76. SRSF1 levels are dynamically controlled during EMT through AS-NMD by

another splicing factor, Sam6878. Epithelial cell-derived soluble factors repress ERK

activity, thereby inhibiting Sam68 phosphorylation, which reduces SFRS1 levels through

increased AS-NMD78. (b) ESRP proteins are key regulators of the epithelial cell splicing

network77. ESRP1 downregulation leads to a switch from CD44(v)ariant to CD44(s)tandard

isoforms that is crucial for EMT79. Knockdown of all CD44 isoforms impaired EMT

progression and the phenotype could be rescued by re-expressing the mesenchymal CD44s

isoform, but not the epithelial CD44v isoform79. CD44s and not CD44v potentiates Akt

activation in TGFß-induced EMT assays, providing a functional link between alternative

splicing and a key signaling pathway that drives EMT79. (c) Mutually exclusive splicing of

fibroblast growth factor receptor 2 (FGFR2) exons IIIb and IIIc is regulated by multiple

splicing factors in communication with chromatin modifications. ESRP proteins inhibit exon

IIIC while Rbfox2 promotes exon IIIb inclusion in epithelial cells144-145. PTB is expressed

similarly in mesenchymal and epithelial cells but suppresses exon IIIb specifically in

mesenchymal cells82. The selective suppression is due to mesenchyme-specific enrichment

of the H3K36me3 histone modification on chromatin near the IIIb exon. Binding of the

adapter protein MRG15 to the H3K36me3 histone mark recruits PTB near exon IIIb

resulting in IIIb skipping84.
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Figure 3. Coordinated alternative splicing changes drive fetal-to-adult transitions during
postnatal heart development

(a) Two phases of mouse heart development. The morphogenesis phase occurs during early

embryonic development; distinct cell populations from the first and second heart field

migrate, divide, and proliferate to give rise to specific structures of the four-chambered

heart. The morphogenesis phase is regulated by complex epigenetic, transcriptional and

post-transcriptional networks including miRNAs86. Growth and maturation in the second

phase starts at E14.5 and is largely hypertrophic as cardiomyocytes exit the cell cycle and

become post-mitotic. The importance of splicing networks during the second growth phase

has become evident from mouse knockouts (MBNL1 and SRSF1, 2, 10)92-94,146 or

transgenic expression (TgCELFΔ)91 of several splicing regulators in heart, which display

late embryonic or a postnatal phenotypes, preceded by alternative splicing changes. The

bottom shows timing of individual splicing regulator knockouts/transgenic expression

indicated with colored lines and when splicing changes appear indicated by arrows. LV, left

ventricle; RV, right ventricle; LA, left atrium; RA, right atrium; OFT, outflow tract; AA,

aortic arch; PA, pulmonary artery. (b) Fetal-to-adult alternative splicing transitions are

temporally coordinated to occur at specific times during development26. (c) Members of

CELF, MBNL, and SR family of splicing factors are regulators of splicing transitions that

directly influence cardiac remodeling, EC coupling and cytoskeletal rearrangement.

Postnatal up regulation of miRNAs suppress expression of multiple alternative splicing

regulators which results in a physiological shift in fetal-to-adult splice patterns. In particular,

postnatal up-regulation of two miRNAs that bind to the same seed sequence (miR-23a/b)

causes the >10-fold down-regulation of CELF1 and CELF2 proteins89.
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Table 1

Functional enrichment in genes undergoing alternative splicing or transcriptional

changes during physiological transitions*

Tissue type, cell
type or process

GO terms enriched in genes
regulated through Alternative
splicing

GO terms enriched in genes
regulated through transcript
levels

Refs

Brain or Neural
Tissue

GTPase-based signaling, cell-
cell signaling, cytoskeletal
organization and biogenesis,
vesicular mediated transport,
transmission of nerve impulse,
and neurophysiologic process

Synaptic function, nerve impulse
and transmission, nervous system
development, cytoskeletal
organization and biogenesis, and
secretory pathways

163

Heart development

Cell structure and motility,
cytoskeletal remodeling, cell
signaling, RNA splicing, muscle
specification, excitation-
contraction coupling, and cell
cycle control

Signal transduction and oxidative
(lipid and steroid) metabolism,
cell adhesion, cytoskeletal
organization and biogenesis,
nucleic acid metabolism, and cell
signaling

26

Skeletal muscle
differentiation

Cytoskeletal organization, actin
binding, cell junction and
nucleotide kinase, integrin
signaling pathway, nucleic acid
metabolism, and RNA splicing

Muscle contraction, muscle
development, cytoskeletal
organization, cell signaling, cell
cycle, transcription, nucleic acid
and protein metabolism, cell
adhesion, and ion transport

27, 164

Epithelial to
mesenchymal
transition

Cytoskeleton structure, cell
adhesion, polarity, cell
migration, RNA splicing

Cell cycle inhibition, apoptotic
inhibition, cytoskeletal
organization and biogenesis, cell
structure and motility, and cell
adhesion

77, 165

T cell activation
Interphase of mitotic cell cycle
(affected early); cell division
(affected late)

Cell adhesion, immune defense
response, cytoskeletal protein
binding (affected early); cell
cycle (affected late)

30

Ca2+ induced cell
excitation

Cell signaling (affected early);
RNA splicing, transcription, cell
cycle, apoptosis, lipid and
carbohydrate metabolism

(affected late); Ca2+ ion-binding,
cell adhesion, plasma
membrane, and extracellular
matrix (affected throughout the
time course).

Lipid and carbohydrate
metabolism (affected late);

transcription, Ca2+ ion-binding
and retrograde vesicle-mediated
transport from the Golgi to the
ER (affected throughout the time
course).

31

*
Several studies probing alternative splicing and steady state mRNA level changes during physiological transitions have found that genes

undergoing alternative splicing and/or transcript level changes are enriched in an overlapping yet distinct set of Gene ontology (GO) annotation

terms.
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