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FOREWORD

Francis Crick formulated part of the central dogma as “information never flows
from protein to nucleic acids.” In fact, I am not aware of an exception to this proposal.
However, the process of transferring information from DNA to protein became more
biologically interesting with the discovery of alternative splicing. In this case, the
gene sequence can be processed at the RNA stage to generate nmltiple proteins with
different functions. An example is the alternative splicing of exons from the gene
encoding CD44, a cell surface protein that influences cell migration and homing
1o specific sites. In resting cells, the CD44 gene primarily expresses a single splice
isoform that reinforces the stationary state. In cells activated by growth factors, the
gene is also expressed in a variety of other isoforms which promote cell migration
and proliferation. Hence the interpretation of the DNA sequence of an organism
frequently depends upon the environment and/or the stages of development of cells
within an organism. In other words, the nature of information transferred from the
gene sequence depends upon the cellular state, i.e., a gene is only defined in the
context of the state of the cell.

The human genome sequence has been interpreted to encode some 20,000
genes, which is very similar to the number of genes encoded in the genome of &
minute worm, C. elegans. However, because of the ambiguity in the definition of
a gene caused by alternative splicing, this comparison ignores the differences in
the genetic complexity of the two organisms. Over half of all genes in humans are
alternatively spliced while this phenomenon is quite rare in C. elegans. Furthermore,
many human genes produce tens and hundreds of different protein isoforms, more
than current technology can easily monitor or catalogue, Thus, at the protein level,
the complexity of human cells is much larger than that of the worm, allowing the
cbvious increase in biological functions.

This line of reasoning suggests that the increase in genetic complexity in bumans
is encoded in the factors which control processes such as alternative splicing and
not in the pumber of genes with varying functions. In e fashion, this situation
seems reasanable from an evolutionary perspective as changes in regulatory factors
controlling alternative splicing could generate wide ranging variation in functional
possibilities, thus providing a substrate for incremental evolution. Alternatively, it
can be argued that this configuration would restrict evolutionary changes, as altera-
tions in a regulatory factor controlling alternative aplicing might disrupt the critical
activities of many genes.



Humans, in an almost religious need, have sought to understand the biologi-
cal basis of their higher order in the world. Myths have clevated humans to direct
decedents of gods, and, on a physical level, scientists have long searched for the
unigque biological features which account for our singular abilities. Cur most singular
and unique feature is our brain, which has evolved very rapidly over the course of
several million years, This evoelution might not solely be the result of incremental
selection acting on mutations in many different genes. Although not entirely clear,
much of this complexity could be the consequence of mutations affecting the al-
ternative splicing of many genes expressed in the brain. Several laboratories are
currently investigating the factors controlling alternative splicing in neural cells.
Recent progress in this area described in this book provides a basis for future work
on this daunting problem,

The 30th anniversary of the discovery of RNA splicing will be celebrated in
2007. The past three decades have produced an exciting picture of the composition
and functions of spliceosomal complexes. However, much remains to be determined
about the specific roles of individual splicing factors, and the integration of informa-
tion from atomic structures with functional studies is at an early stage. The control
of alternative splicing culminates in the formation of spliceosome complexes on a
specific set of splice sites, and thus understanding the nature of steps in this process
is critical. It is anticipated that proteins that bind RNA in a sequence-specific fashion
will be the major components in regulation of alternative splicing. A subset of these
proteins share domains with repeats of altemating serine and arginine residues,
and the state of phosphorylation of these domains is thought to be critical for their
activities in splicing. Inteprating the steps in formation of the spliceosomal com-
plexes with the activities of sequence-specific RNA binding factors and their state
of phosphorylation is necessary in order to understand the regulation of alternative
splicing. Cur current knowledge of the function of RN A binding proteins with roles
m alternative splicing i8 presented in this book.

The integration of major steps in the synthesis of an mRNA is a new and profound
theme in the study of gene expression, Of particular relevance to this book, RNA
splicing has been shown to be coupled to the processes of transcription, cleavage
and polyadenylation, transport to the cytoplasm and the efficiency of initiation of
translation. This raises the possibility that factors influencing the nature of initiation
and elongation of transcription by RNA polymerase II could influence the nature of
alternative splicing. In turn, factors deposited on nuclear RNA through the action
of the spliceosome signal the rapid decay of some mRNAs containing stop codons
upstream of introns and can stimulaie the rate of translation of MRNAs as they emerge
into the cytoplasm. Cell biologists have Llong suspected that the spatial organization
of the nucleus is related to the nature of penes expressed in different regions. It is
possible that events controlling alternative splicing will someday be integrated into
this holistic view of the cells.



The fisture of the study of altemative splicing lies in the integration of results from
“gystems-level” approaches with the current picture provided by biochemical studies.
One objective of this integration is to elucidate the “splicing code™ and “alternative
splicing code.” The former can be loosely defined as a set of parameters embodied
in a computer program which aceurately predicts the exon/intron structures of genes
given the DNA sequence. Parameters such as splice site sequences and exon/intron
enthancer and silencer sequences have already been proposed as the basis of the
“splicing code.” These paramsters will also be important in the “alternative splicing
code,” together with additional variables and sequences that are important for the
regulation of altemative splicing. These bioinformatic developments will be preatly
aided by systems-level studies of alternative splicing. Using high throughput methods
to measure the patterns of alternative splicing for many genes at a cellular level
across 4 range of conditions or states should provide the necessary number of data
points for the computational modeling of the regulation of RNA splicing governed
by specific sequences and ultimately by changes in the activities of specific factors.
A technical breakthrough that will permit further development of the two “codes,”
the availability of rapid and inexpensive DNA sequencing, is about to emerge. The
ability to determine the sequences of 10 million DNA segments at modest cost in
time and money will rapidly advance our understanding of alternative splicing. The
resulting advances will probably stimulate the next book on this subject. Until then,
enjoy the chapters in this exeiting current volume.

Phillip A. Sharp
Massachusetts linstitute of Techmelogy
Cambridge, Massachusetts, USA



PREFACE

Alternative splicing created a thajor stir when it was first discovered in transcripts
from the immunoglobulin focus by the laboratories of David Baltimore and Leroy
Hood in the early 1980s. The differential selection of splice sites to preduce transcripts
encoding the membrane bound and soluble forms of immunoglobulin revealed an
elegant mechanism by which the siructure and function of proteins can be diversified
from a limited repertoire of genes. The increased employment of DNA sequencing
methods yielded additional examples of alternative splicing in the ensuing years.
In parallel, several laboratories began to explore the mechanisms by which the core
splicing machinery can be regulated. In these formative years of the field, the extent
of alternative splicing in cellular transcripts was entirely unknown.

Fast forward to the present. In the wake of major international efforts culminating
in the complete sequences of many genomes, as well as the sequencing of large popu-
lations of transcripts for several species, it is now apparent that in some metazoan
organisms, inclnding ourselves, alternative splicing is the rule, not the exception. In
particular, the finding that the number of protein coding genes in species from yeast
to humans cannot account for the complexity of an organism brought alternative
splicing into the limelight as a major mechanism underlying diversification of the
genetie repertoire.

The combination of sequencing efforts and microarray profiling experiments
have revealed that at least two thirds of human genes contain one or more alternative
exons, yet the full extent of alternative splicing that occurs in the human genome,
or any other genome, is not known. Databases have been assembled {o catalog the
multitude of splice isoforms that have already been detected in sequenced transcripts,
Despite the prevalence of alternative splicing, the stark reality is that we understand
the functional significance of only a minute fraction of the known splice variants.
Moreover, although the mechanisms responsible for the regulation of alternative
splicing have been studied in some depth for several genes, only a amall number of
factors that function to regulate alternative splicing in a cell type- or developmental
stage-specific manner are known. Moreover, it is still unclear how most of the known
factors regulate alternative splicing. Superimposed on these issues pertaining to the
normal functions and regulation of alternative splicing is the knowledge that altera-
tions in the splicing process are common in human diseases. This fact has prompted
increased efforts towards understanding the relationship between mis-regulated
alternative splicing and disease.



Given the considerable challenges ahead, we felt that it would be timely and
appropriate to assemble the first book focused on the topic of alternative splicing.
This book is intended to not only provide a broad perspective of recent progress inthe
field, but also to draw attention to some of the major questions that are currently under
investigation, and also what we can anticipate learning from continued developments
in the next several years of research. We are very pleased that many internationally-
renowned researchers in the splicing community agreed to contribute to the book.
The result is 2 compilation of complementary chapters that review a broad spectrum
of important topics. The content of these chapters 18 summmarized below.

An important goal in splicing research is to understand the role of nuclear orga-
nization in the control of alternative splicing. The nucleus is divided into several
subnuclear compartments and splicing occurs in only a subset of these locations.
Moreover, nuclear organization can change in response to the activity of factors
that are required to transcribe and splice a particular pre-mRNAs. These and other
topics relevant to the cell biology of alternative splicing are discussed in Chapter 1
by Carmo-Fonseca and Carvalho.

In Chapter 2, Matlin and Moore take ns from the cellular perspective into the
realm of molecular approaches used to characterize the spliceosome, the macro-
molecular machine that catalyzes intron removal. The spliceosome is a remarkably
complex machine consisting of in excess of 200 proteins and five small nyclear RNA
components. Chapter 2 initially provides the major “parts list” of the spliceosome and
therefore serves as a useful reference for the chapters that follow. However, Matlin
and Moore also describe in detail the remarkably dynarmnic transitions involved in
the formation of active splicensomes and also their subsequent disagsembly. Knowl-
edge of spliceosome assembly intermediates is of course critical for understanding
aiternative splicing, since many of the steps in the spliceosome assembly pathway
are targets for regulation,

The availability of the genome sequences of multiple organisms has facilitated
tremendous growth in the use of bicinformatics and genome-wide techniques to
study alternative splicing. In Chapter 3, Xing and Lee discuss several bioinformatic
and microarray approaches that have been used to elucidate the extent of alterna-
tive splicing, and the role of alternative splicing in modulating protein function,
proteome complexity, and in shaping genome evolution. With regard to the later
topic, comparative genomics has facilitated the identification of several previously
unrecognized sequence elements that are under positive selection pressure and
participate in alternative splicing.

Many of the genes that encode altematively spliced pre-mRNAs prodnce a
relatively small number of splice variants. In Chapter 4, Park and Graveley describe
a few genes that encode pre-mRN As that are alternatively spliced to an extraordinary
extent. The most striking example is the Drosphiia Dscam gene, which can generate
over 38,000 alternatively spliced mRNA isoforms. The authors review the current
state of knowledge regarding the mechanisms involved in the regulstion of Dscam
alternative splicing and also the complex alternative splicing of other genes.



In Chapter 5, Calarco et al review recent techmologies, including microarray and
sequenced-based approaches, that have enabled alternative splicing to be studied on
a global scale. Their chapler also reviews some of the important insights that have
been gained from these global approaches. Also provided in this chapter is n as-
sessment of emerging sequencing and other non-microarray-based technologies and
how these have the potential to further transform our knowledge of global regulatory
features of alternative splicing.

In Chapter 6, Chasin critically reviews the various bioinformatic and experi-
mental approaches that have been used to identify sequence motifs involved in the
regulation of alternative splicing. The issues of how to assess and interpret the
“embarrassment of riches”, as periaining to the extensive coverage of exon space
by the recently discovered motifs, are also discussed in this chapfer.

Proteins that bind to positive and negative-acting cis- regulatory motifs introduced
in Chapter 6 are reviewed in Chapters 7 and 8. Among the most heavily studied
proteins that function to control alternative splicing are members of the SR family
and SR-related proteins. These proteins all contain one or more RS domains rich
in alternating arginine and serine residues. Lin and Fu review this intriguing family
of proteins in Chapter 7, focusing on the current state of knowledge regarding the
mechanisms by which they act, as well as their biological roles based on recent
studies using knockout mice.

Another major class of splicing regulators are the heterogeneous nuclear ribonu-
eleoproteins (hnRNPs). Proteins belonging to this ubiquitous family were originalty
identified based on their association with heteronuclear RNA and were initialy
thought to function passively as RNA packaging proteins. However, many studies
have shown clearly that lnRNPs have interesting, specific, and diverse functions in
RNA metabolism, including alternative splicing, In Chapter 8, Martinez-Contreras
et al review current knowledge of these proteins and how they are known to func-
tion in alternative splicing.

Alternative splicing is a tremendous mechanism for increasing protein diver-
sity and is used extensively in the nervous and immune systems, In Chapter 9, Ule
and Darnell discuss the neural-specific mammalian splicing regulators Nova-1 and
Nova-2. These two proteins, which have been extensively studied in the Darnell
lab, play a critical role in controlling the altemative splicing of a large repertoire of
transcripts from genes that comprise a regulatory network that shapes neural activity.
Ule and Darnell further review their recent work uncovering the rules by which
clusters of binding sites for Nova proteins in exons and infrons can dictate whether
a target exon is skipped or included.

Over the past several years, it has become clear that alternative splicing does not
occur separately from other steps in gene expression. Rather, it is closely coupled with
several other cellular processes that can influence each other. Several chapters are
devoted 1o this topic. First, in Chapter 10, Lynch describes how signal transduction
pathways triggered at the surfaces of cells modulate the altemative splicing of specific
pre-mBNAs. In Chapter 11, Komblihtt describes several ways in which transcription
can influence alternative splicing, This includes the composition of the promoter

-
xi



driving transcription and the rate of transcription ¢longation. Finally, in Chapter
12, Lareau et al describe how alternative splicing is coupled 1o nonsense-mediated
decay (NMD). There are numerous examples of pre-mRNAs that are alteenatively
spliced such that one isoform is subject to degradation by the NMD pathway, while
other isoforms are not, and regulated alternative splicing coupled to NMD is known
to play an important role in the autoregulation of specific RNA binding proteins.
While there are additional cellular processes that are coupled to alternative splicing,
these last three chapters provide an excellent overview of how specific steps of gene
regulation can be coordinated to achieve an important biological outcome,

The book is rounded off by a chapter from Orengo and Cooper that describes the
role of alternative splicing in human disease. These authors highlight tauopathies,
myotonic dystrophy, cencer, and Prader-Willi Syndrome as examples of diseases
that are caused by disruptions in elternative splicing. Such splicing changes can
arise by either cis-acting mutations or, more interestingly, by changes in the activi-
ties of trans-acting factors that modulate the splicing of a variety of pre-mRNAs.
Future research will no doubt provide numerous additional examples in which bu-
man diseases can be caused by mutations that affect the alternative splicing of one
or more pre-mRNAs.

In summary, we hope that this first book dedicated to alternative splicing will
serve as a valuable resource for both experts and non-experts alike. Clearly, research
in the burgeoning field of altemative splicing in the postgenomic era is poised to
uncover new and important aspecis of gene regulation, as well as functions of the
proteome. We envision that we are on the verge of entering an era of exon-resohution
biology, or “exonomics”, in which every major biological study involving multi-exon
genes will take into account the functions and properties of different splice variants
produced from a gene. However, much work lies ahead in order 1o realize such a
goal. For example, tools and approaches are desperately needed that will afford an
understanding of the functions and regulation of the multitude of splice variants that
are being identified by high-throughput methods at an ever increasing rate. Such an
advance will be necessary before programs of gene regulation underlying fimdamental
hiological processes associated with higher eukaryotes can be fully understood. In
the meantime, we hope that the chapters in this volume will help stimulate further
interest and appreciation of the major questions concerning the field of alternative
gplicing and how we might tackle these important questions in the years ahead.

We would like to thank Sidrah Ahmad for assistance with editing, as well as
Cynthia Conomos and Celeste Carlton at Landes Bioscience for all of their time and
effort in the production of this book.

Benjamin J. Blencowe
Brenton R. Graveley
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CHAPTER 1

Nuclear Otganization
and Splicing Control

Maria Carmo-Fonseca*and Célia Carvalho

Abstract

Ithough major splicing regularory mechanisms rely on the presence of cis-acting sequence
A clements in the precursor messenger RNA (pre-mRNA) to which specific protein and
A factors bind, splice choices are also influenced by transcription kinetics, promoter-
dependent loading of RNA-hinding protcins and nocieo-cytoplasmic distribution of splicing
regulators. Within the highly crowded eukaryotic nucleus, molecular machines required for gene
expression create specialized microenvironments that favor some interactions while repressing
others. Genes located far apart in a chromosome or even in different chromosames come together
in the nuclens for coordinated cranscription and splicing, Emerging tools to dissect gene expression
pathways in living cells promise 1o provide more detailed insight as vo how spatial confinement

contributes to splicing contral.

S plicinﬁnd the Nuclens

Much Like the nucleus, splicing of precursor messenger RNA (pre-mRNA) by the spliceo-
some is a defining feature of eukaryotes. The origins of the nucleus and spliceosomal introns are
interwoven, possibly because the spatial confinement provided by the nuclear envelope enabled
the splicing mechanism to evolve.

Cellsare compartments in which chemical reactions take plave. Without mechanisms to restrain
the building blocks of life from free diffusion in the primitive ocean, the biomolecules would never
have reached sufficient concentrations to react with one another. Moleeular caging provided by an
outer membrane was thus one of the crucial cvents leading to the formation of the first cell, The
nced for further coneainment fulfilled by the development of intracellular membranes represents
the hallimark of eukaryotes. The origin of cells containing a nucleus, the membrane-bounded
atganelle that defines eukaryotes, is considered one of the most snocessful curcomes of evolurion.
The nucleus has unique structural features, such as the nuclear envelope, the nuclear pore complex
and lincar chromosomes that enabled major functional innovations: nucleo-cytoplasmic transport,
novel cell-cycle controls and mitosis, sexual recombination and novel patterns of RNA processing

including pre-mRMNA splicing.
The Origin of Eukaryotic Cells

In parallel with the advent of the nucleus, the eukaryotic cell acquired endomembranes (ie., the
endoplasmic reticulum, endosomal/lysosomal and secretory systems), mitochondria, chloroplasts,

peroxisomes and a cytoskeleton. Whereas there is general agreement on the endosymbiotic origin of
organelles such as mitochondriaand chloraplasts, the origin of the nucleus and the endomembrane
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systems remain mysterious. ' Classically, endomembranes are thought to have evolved by invagina-
tion and inward separation of vesicles from the plasma membrane, Subsequent differentation of
primitiveendomembranes into endoplasmic reticuhim, Golgi and lysosomes must have depended
on the evolucion of valves 1o isolate different membrane compartments and this was achieved by
selective coated vesicle budding. According to 2 prevailing theory, plasma membrane invaginations
budded off forming vesicles thar then fused, giving rise to the endoplastic reticulum and nuclear
envelope, which are continuous with each other.? An alternarive model posrulates thar the nuclens
is the result of symbiosis between an archaeon and a cubacrerinm, so that in a eukaryotic cell che
nucleus is of archael origin but the cyroplasm is of bacterial origin 4

Importantly, the auclear envelope is not composed of two distinct separate metmbranes, as in
mitochondria, Instead, it is topalogically a single membranc that folds forming sharp curves at
sites where nuclear pore complexes (NPCs) are embedded. Examining the structire of the proteins
that form the yeast NPC Nup84 subcomplex, Devos et al® discovered that these proteins share a
common architecture with vesicle coat components. It was therefore proposed that akin to vesicle
coats, which bend the plasma- and endo-membranes for budding, NPC proteins could bend the
nuclear membrane, thereby forming the highly curved regions at the pore periphery.® Consistent
with this model, murational and deletion analysis showed that in the ahsence of the homelogue
complex in vertebrates mclei formed with a closed nuclear envelape lacking NPCs 57

A possible selective advantage of the assembly of a nuclear envelope on the chromatin surface
of early eukaryotes was to protect the DNA from shearing damage caused by the novel molecular
motors associated with the cptoskeleton, In turn (or in parallel), formation of the nuclear envelope
allowed for slower splicing in trans by the spliceosome ro evolve from group I introns in genes
that were transferred from the protomitachendrion to the nucleus.*® Assembly of the nuclear
envelope plugged with nuclear pore complexes thar segregated the RNA and protein-synthesis
machinery was instrumental in preventing ribosames from translating suclear messenger RNA
before splicing. Shine-Dalgamo sequences may alse have been lost to prevent nuclear messengers
from binding directly to nascent ribosomes, while capping evolved instead. The nuclear envelope
¢a-evolved with a novel meehanochemical division machiniery {the mitotic apparatus) and novel
temporal controls of the cell eycle that allowed the multiplication of origins of replication and
ather unique features of enkaryoric chromatin and chromosomes. Indirectly, this co-evolution
allowed for massive increases in eukaryotic genome and nuclear size. The larger muclei and the
origin of sexual recombination together are thought to have favored the rapid intragenomic spread
of the spliceosomal introns® Supporting the view that spliceosomal introns were present in the
last common ancestor of extant eukaryotes, both introns and spliceosomal components have been
discovered in many species thar conld have diverged from other sukaryotes very carly in evolution
{for a review, see ref. 11).

In higher eakaryotes, the nuclens breaks down and reforms at each micosis. Inspired by Stephen
Jay Gould’sidea that the development of an organism is a progression throngh ancestral life forms,?
we propose that the assembly of a postmitotic nuclens in metazoan cells recapitulates some of the
events that lead to the birth of the first nuclei approximately I billion years ago. Nuclear break
down involves chromatin condensarion with a global shut down of gene expression, disassembly of
the nuelear lamina by phosphorylation and solubilization of the nuclear lamins and absorption of
the nuclear membranes into the endoplasmic reticulom (for a review, see ref, 13), During anaphase
or telophase, depending on the cell type, membrane vesicles start to associate with decondensing
chromosomes. Progressive membrane fusion coordinated with de nove NPC assembly leads to
a complete enclosure of chromosomes by a functional nuclear envelope.™!5 ‘This is followed by
nuclear growth induced by complete chromosome decondensation and import of nuclear proteins
via the pores. The gene expression machinery thar became distribured throughous the cytoplasm
during mitosis is recycled back into the nuclens, with transcription factors being imported prior to
pre-mRNA splicing facrors.!® This succession of events leading to nuclear formation after mitosis
strongly sugpests that the nucleus shares a common evolutionary origin with the cyvoplasmic
endomembrane systems.
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Compartmentalization of Splicing and Splicing Factors

Active Genes Are Nonrandomly Pasitioned in the Nuclens

Pre-mRNA is cotranscriptionally spliced, as firsc demonstrated by direct electron mico-
scopic visualization of nascent transcripts on spread chromatin'™*® and later further shown by
biochemical analysis of nascent pre-mRNAs.*2! At the light microscopy level, methods were
developed to simultaneously dercet DNA, introniic RNA and spliced RNA by fluorescence in
sitn hybridization.Z** Using these tools, several studies showed colacalizarion of spliced mRNA
and DNA from the corresponding gene, thereby firmly establishing thar splicing ocours at the
sites of transcription. %

Having demonstrared that active pre-mRNA splicing sites coincide with actively transcribed
inrron-ontaining genes, it becomes possible to identify where splicing takes place in the nucleus
by mapping the localization of active genes. Inside the nucleus genes are nonrandomly positioned,
exposing individual leci to distinct micre ts. For exarnple, several genes have been shown
to relocalize to distinct sub-nuclear domains depending on their cranscriptional status. (For recent
reviews see refs, 26,27.) For cxample, in developing B and T-cells, genes destined for silencing
are recruited to heterochromatic pericentromeric domains where transcription is repressed. %
Similarly, coating one of the two X chromesomes in female embryos by Xist RNA induces the
formation of a silencing domain that excludes RNA polymerase 1T and transcription factors.”
The nuclear periphery is also generally regarded as a transcriptionally repressive compartment
thac preferentially harbors gene-poor chromosomes; specific genes wete found te be associated
with the periphery when inactive and located away from the periphery when active.#** Despire
being predominantdy occupied by silenced hererochromarin, the nuclear periphery is infiltrated
by channels of actively transcribed euchromatin that communicate with nuclear pore complc:xf.s.
At Jeast in yeast, transcription at the auclear periphery apparently requires association of the gen
wxr.h the nuclear pore complex,?>* thereby facilitating mRNA exportas predlcned in Blobel’s gene

gating hypothesis™* Indeed, recent genetic studies in Saccharomeyces cerevisias reveal that proteins
required for mBNA export are involved in anchoring active genes to nuclear pore complexes 4
Thiss, relocation of genes within the nucleus may be a result of, rather than requirement for, ran-
scriptional activity, mRINA processing and transport.

Using electron microscopy and pulse-labeling of nascent RNA, Cook and colleagues found
approximately 2400 sites of RINA polymerase IL activity scattered throughout the nuelesplasm of
mammalian cultured cells.®# As the number of active genes and other transcription units vastly
exceeds the number of foci detected, each site or “transcription factory” was suggested to contain
several {up to 30) active polymerases and associated transcripts. In good agreetent with this
prediction, genes as far as 40 Mb apart in the chromosome were shown te colocalize to a shared
factory when wanseribed,® and even genes located on different chromosomes were found to have
the ability to congregate.*¥” This physical grouping of genomically distant loci in the nucleus is
apparently mediated by proteins that bind to common regulatory sequence elements present in
physiclogically relared genes. (For recent reviews see refs. 48,49.) Spatial proximiry may therefore
contribute to coordinating the expression of functionally related genes, but how do distant genetic
elements find each other in the nucleus? We propose that pre-mRNA synthems and processing
contributes to cthe establishment and maintenance of an epigenetic state, in a manner similar o
that of DINA replication, In face of the growing evidence for a right coupling between the differ-
ent steps of gene expression in the nucleus, we specnlate that during mRNA biogenesis multi-role
protein factors may impinge a persistent mark on the chromatin, I chromosome decondensation
at the end of mitosis would follow a temporal arder controlled by specific marks, then subsets of
chromatin loops could form simultaneously and scparately from other genomic regions zllowinga
rapid and preferential interaction with cach other. Futute smdics analyzing the dynamic pasitioning
of multiple loci in living cells combined with genetic and RNAi-mediated knock-ont/knock-down
approachesare likely to shed new light into the pootly understoad link berween nuclear organiza-
tion and control of gene expression at the level of transcriprion and splicing,
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The Spiiceasame Cycle and Splicing Factor Compartments

‘The spliceasome is the multi-megadalton machine thar catalyses pre-mRNA splicing (refer
to chapter by Matlin and Moore). The building blocks of the spliccosome are uridine-rich small
nuclear RNAs {U snRNAs) packaged as 1 snRINPs (small nuclear ribonucleoprotein particles)
that function in concert with numerous nonsnRNP proteins. Spliceosomes form anew on na-
scent pre-mRINAs and disassemble after introns are excised and exons ligated. Thus, spliceosomal
components int the noclens can be either actively engaged in splicing or waiting for the nexr call ro
assemble a spliccosome. Recruitment of splicing suRNPs and nonsnRMNP proteins ta nascent tran-
sctipts has been visualized in several systems, including insect polytene chramosomes %2 amphibian
germinal vesicles® and mammalian cells. 2543 In the salivary gland polytene cells from Chironomeus
tentans, 10-15% of the spliceosomal companents were estimared to be bound to pre-mRNA at
active gene lodi at a given moment, while the vast majority was present in the nucleoplasm and
apparently not engaged with pre-mRNA.* In amphibian germinal vesicles, the splicing snRNPs
thar did nor associare with loops of the lampbrush chromosomes were devected concentrated in
nurmerous nucleoplasmic granudes called “nurposomes™’* Mammalian cells also contain a surplus of
spliceosome components (HeLa cells are thought to coneain more than a million extremely stable
U1 saRNP particles) and at any given time the majority of these molecules are not associated with
nascent transcripts, When the mammalian cell nuclens is viewed with the electron microscope,
spliceasomal components are detected in morphologically distince structures termed  inverchro-
matin grannle chusters (IGCs) and perichromatin fibrils (for a comprehensive review, see ref. 58).
The petichromasin fibrils cumpond to nascent transcripts and appear scattered throughout the
nucleoplasm, excluding regions of condensed chromatin.? Perichromatin fibrils are often closely
associated with the periphery of interchromarin granule clusters, making it impossible to distingrish
the two sunctures within the speckled pattern thar characrerizes the diseribuion of splicing factors
ohserved by fluorescence microscopy (Fig. ). Consistent with the presence of nascent transeripts
{ie., perichromarin fibrils) being in close vicinity to IGCs, asdetected in studics emplovingelecuon
microscopy, pulse-labeled nascent RNA from numerous actively transcribed genes has been visual-
fzed by funrescence microscopy to overlap the periphery of nuclear speckles. 4

While snRINPs and splicing proteins detected on perichromatin fibrils most likely correspond
to active spliceosomes, a large body of evidence indicates that the spliceotomal components local-
ized in interchromatin granule clasters are primarily not involved in splicing {for a recent review,
see ref. 63.) Indeed, interchromatin granule clusters do not contain detecrable levels of either
DNA or nascent RNA ; morcover, spliceosomal components move away from the interchromatin
granule clusters to sites of active transcription in the nucleus and accumulate in the clusters when
transeription is inhibited (Fig. 2).

Tn the living cell, splicing factors are constantly roaming the nuclens®* so that upon activa-
tion of a gente the spliceosotme rapidly assembles on the nascent pre-mRNA %7 Conversely, gene
inactivation increases the pool of “reserve” splicing factars that accumulare within enlarged inter-
chromatin granole clusters. Consequently, the organization of the speclded pattern is a reflection
of the transcriptional and splicing activity of the cell &

Proteome analysis of nuclear fractions highly enriched in IGCs revealed 2 63% overlap with
the camposition of the spliceosome, 7 and the vast majority of identified splicing proteins were
shown to localize in IGCs. But why are spliceosome components attracted to IGCs? The 1GCs
contain & metabolically stable, nuclear-restricted population of poly{A) RNA that has been sug-
gested to play a structural scaffolding role.* However, this view is difficult to reconcile with the
recent finding that nuclear poly(A) RNA is cornpletely mobile, diffusing constantdy between
the speckles and the nucleoplasm,” An impotrant clue to understand the biology of IGCs was
the discovery that over-expression of Clk/STY, a protein kinase that phosphorylates SR splicing
proteins, abolished the typical speckled immunolocalization of spliceosome components.”™ Later
electron microscopy studies revealed that over-expression of Clk/STY led to a complere disas-
sembly of IGCs concomitant with inhibition of splicing activity.™ These results argue that IGCs
lack a stable scaffold that is maintained when splicing factors are released. It is more likely that
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Figure 1, Transcribed genes localize in close proximity to nuclear speckles, A,B) Murine eryth-
roteukemnia {MEL) cells containing multiple copies of the human p-globin gene tntegrated in
the geneme as a tandem array were double-labeled for Sm proteins (red staining} and human
B-globin RNA (green staining). The cell depicted in (A) expresses wild- type human p-globin
RNA, while the cell shown in (B} expresses a mutant variant that is not spliced,” Inboth cells
the nascent RNA is visualized as a green focus localized in the vicinity of a nuclear speckle. The
schemes below the micrographs represent splicing factars in interchromatin granule clusters
and in association with nascent transcripts. In the case of wild type transcripts (A}, which are
normally spliced, splicing factors assemhble on the nascent transcripts; this results in concen-
tration of Sm labeling at the RNA focus (the focus appears yeliow due to superimposition of
red and green staining). Note that at the light microscopic level, the concentration of splicing
factors at the B-globin site of transcription is indistinguishable from a nuclear speckle. In the
case of the mutant transcripts (B), which are not spliced,’™ splicing factors are not recruited
to the site of transcription. C,C',C"") Human (HeLa) cells were double-labeled for splicing fac-
tor SC35 {red staining) and subtelomeric region 19p (green staining), a chromosomal region
enriched in transcribed genes.'™ The panels depict three consecutive optical sections through
the same cell; note that bath alleles are in tlose proximity to nuclear speckles.

IGCs are formed by direct protein-protein interactions between splicing proteins; moreover, the
data reported by Sacco-Bubulyz and Spector 20027 strongly suggest that the assembly of IGCs is
Einked tothe phosphorylation state of SR proteins. As phosphorylation of SR proteins also playsa
critical rolc in splicing activiry (refer to chapter by Lin and Fu), the question emerges as to whether
similar protein-protein interactions are involved in IGC formation and spliceosome assembly.

Finally, what are che functions of IGCs? Do these strucrures represent simple aggregates of
“reserve” spliceosome components waiting for & splicing opportunity, or are splicing proteins
wirgeted to IGCs in order to become competent for splicing? Although pro and con arguments
for each view have been extensively debated, a definitive answer to the question awaits further
experimentation {(for a review, see ref. 63).
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Figure 2. The distribution of splicing factors in the nucleus is a reflection of the transcriptional
and splicing activity of the cell. Live Hela cells expressing splicing factor U2AF® tagged with
GFP were imaged. In control cells (A), which contain nascent transcripts scattered throughout
the nucleoplasm, GFP-U2AF® accumulates in nuclear speckles. After infection with adenovirus
(B), the nucleus is overloaded with viral transcripts and GFP-U2AF* no longer accumulates
in speckles; the ring-like structures observed in these cells correspond to recruitment of the
splicing factor to nascent viral transcripts. In the absence of viral transcripts (induced by
treatment with a transcription inhibitor), GFP-U2AF® dissociates from the ring structures and
accumulates predominantly in nuclear speckles ().

Compartmentalization of suRNP Biogenesis

The major spliceosamal small nuclear ribonucleoprotein particles are the U1, U2, U5 and
U4/U6 snRNPs, Each snRNP consists of one or two uriding-rich small nudear RNAs (U1, U2,
U5 and U4/U6 snRNAs) bound by a protein complex that comprises seven common Sm proteins
and one or more proteins specific to cach snRNP.™ The Sm proteins B/B, D1, D2, D3, E, Fand G
are common ta all spliccosomal snRNPs, except U6 and are arranged into aring strucenre around a
short (7 nt) highly conserved single-stranded uridine-tich sequence of the suRNA .7 Biogenesis
of splicing snRNPs in metazoa invalves a complex scquence of reactions ocerring at different
locations within the cell. The snRNAs (except U6) are mranscribed by RNA polymerase Iand the
inicial precursors conrain a §' monomethylated m” G cap and a short 3" extension. In the nucleus
the nascent rranscripts associare with a number of proteins and the resulting complex is rapidly
exported to the cyroplasm, Export is dependent on interaction of the U snRNA cap structure
with the nuclear cap-binding complex (CBC).™? CBC is a hererodimetic complex composed
of two subunity, CBP80 and CBP20, but heither subunit alone can interact with capped RNA;
they must first hererodimetize. Phospharylated adapter for RNA export (PHAX) then interacts
with CBC boutd to capped RINA, establishing 2 bridge between CBC on the one hand and
RanGTP together with the export recepror CRM1/Xpol on the other.® Phosphorylated PHAX
can bind to RanGTP/Xpol but does so more strongly in the presence of CBC-bound UsnRNA.
As a consequence of this cooperative assembly of the complex neither PHAX nor CBC detect-
ably leave the nucleus in the absence of RNA substrates.® In the cyroplasm, dissociation of the
export complex is triggered by GTP hydrolysis mediared by RanBP1/2 and RanGAP® binding
of the Importin «/B heterodimer vo CBC® and dephosphorylation of PHAX.® Once detached
from exporr proteins, the snRNA is free to inreract with Sm proteins. Although. in vitro Sm cores
assemble readily on uridine-rich RNAs, in cells this process involves the sarvival of motor nen-
rons (SMN} complex® Assembly of the Sm core is 3 prerequisite for removal of the snRNA 3'
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extension and hypermethylation of the 5' m” G cap to m™ G (m,G or TMG),7*# The assembled
Stn core and the modified cap then function as independent nuclear localization signals (NLS)
for subsequent re-import into the nucleus. The m,G cap is recognized by Snurportinl, an impore
adaptor that interacts with Importin A% while the Sm-core mediated mransport is linked o the
nuclear import of SMN %

After import to the nucleus the newly assembled snRNPs acenmulate preferentially in Cajal
Bodies (CBs) (Fig. 3)7#® and several lincs of evidence indicae that st RNP maturation is completed
at this location (for a recent review, see ref. 89). First, site-specific synthesis of 2-CO-methylated
nucleotides and pseudouridines in the U1, U2, U4 and US snRNAs acenrs in CBs™ and isdirecred
by guide RNAs that specifically localize to CBa.*'*? Second, the association of the heterotrimeric

Figure 3. Compartmentalization of snRNP biogenesis. 1) The U1, U2, U4 and U5 snRNAs
are synthesized as precursors in the nucleus; they contain a 5' monomethylated m” G cap
that binds CBC and export factors PHAX and CRM1/Xpol associated with RanGTP. 2) After
translocation through the nuclear pore, the export complex dissociates and the Sm/SMN
complex assembles. 3) The cap is hypermethylated and binds Snurpaortinl (SPN1); together
with the Sm/SMN complex, SPN1 drives nuclear import. 4) In the nucleus, snRNPs accumu-
fate in Cajal bodies (CBs) to complete their maturation; later, snRNPs participate in spliceo-
some assembly and cycle through nuclear speckles. At steady state, SPN1 is predominantly
detected in the cytoplasm, indicating that this protein dissociates rapidly from snRNPs after
their nuclear import. SMN is also detected in the cytoplasm, but additionally concentrates in
CBs, suggesting that its association with maturing snRNPs persists in the CBs. Sm proteins are
predominantly detected throughout the nucleoplasm, excluding nucleoli and with additional
cancertration in CBs and nuclear speckles.
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splicing facror $F3a with premature 158 U2 snRNP to form a functional 178 U2 snRNP par-
ticle ocours in CBs.* Additionally, CBs are likely to be sites where snRNPs are recycled. The U4,
U5 and Us snRNPs enter the spliceosome as a pre-assembled U4/USLIS tri-snRNP and after
sphcmg the released individual particles must reassemble into a new U4/U6 di-soRNP and then
into a U4/USUS tri-snRNP, before entering the next splicing cycle. Consistent with the view
that CBs may be the site where dismantled snRNPs are recycled into functional particles, it was
shown that the U4/U§ di-snRNP recycling factor p110 is enviched in Cajal bodies and plays a
role in targeting U& snRNPs to CBs.”* Furthermore, RNAi-mediated depletion of hPrp31 and

bPrp6 (rwo proteins expected to be required for ti-snRNP assembly) cansed an accumulation
of U4/U6 di-snRNPs in Cajal bodies, sugcmng that the formation of U4/U6.US5 tri-snRNPs
occurs in these subnoclear structures.™

Direct visnalization of newly imparted snRNPs in Hving cells shows thar the particles ac-
cumulate ficst in CBs and are later detected in the speckles, suggesting that the CB phaseis a
rate-limiting svep in the funcrional maturation of spliceosomal snRNPs.”% More recent studies
furcher reported the disappearance of CBs upon depletion of either: SMN, which disrupred
Stn core assembly,® PHAX, which blocked specifically the nuclear export of newly synthesized
U snRNAs, or KT'GS1, which impaired m’G cap methylation. '™ In further agreement with the
view that CBs are not predefined eompartments into which stRNPs have to be targeted in
order to complete maturation, cells from knock-out mice [acking the CB marker protein coilin
are devoid of CBs yet viable.!™ In coilin knockout cells, $m snRNAs and their modification
guide RNAs colocalize in nucleoplasmic foci thar are distinet from CBs.* Taken together, these
results suggest that ongoing snRNP biogenesis and recycling is sufficient to create 2 dedicated
micraenvironment in the nucleus.

Why do spliceasomal nRINPs, which function in the nucleus, require 2 cytoplasmic phase
for biogenesis? Because Sm proteins can form stable heptameric rings on their own with minimal
RNA sequence specificity, it was propesed that the assembly of Sm cores on snRNAs in the cy-
toplasm has the advantage of preventing the Sm proteins from entering the nuclens and forming
illicit complexes on nascent RNAs® Interestingly, in contrast to the vast majority of nonsnRNP
splicing proteins that are unique to cukaryotes, Sm proteins have homologs in bacteria and archea
{reviewed in ref. 2}. Could the cyroplasmic phase of snRNP assembly therefore be a divect descent
from the primordial ecndosymbiont ¢

Compartmentalization of Splicing Factors and Splicing Regulation

The regularion of splicing involves both cis-acting sequence elements in the pre-mRNA and
trans-acting splicing factors that associate with the pre-mRNA {refer to other chaprers in this
valume for detailed revicws). Many alternative splicing events involve a complex inverplay berween
positive and negative regalators and it is often not possible to make a clear distinction between
constitutive and alternative splicing clements and factors. Alternative splicing involves changes in
the choice of sites for spliceasome asserbly. Besides pre-mRNA binding proteins, such chotces
are influenced by a number of determinants including transcription rate and RNA szcondary
seracture, In addition o tissue-specific splicing decisions, there is increasing evidence for splic-
ing patterns being affected by both extra- and intracellular signaling to the splicing machinery
(for a review, see ref, 102). One example is the control of splicing regulators by phosphorylation
and sub-cellular localization, as first demonstrated by van der Houven et al ' Several splicing
factors shottle between the nncleus and the cytoplasm and some were shown to change their
nucleo-cytoplasmic distribution in response to specific signals. For cxample, afier stimulation
of cells with osmotic shock or ultraviolet-C irradiation the hnRNP Al protein was reporred to
become hyperphasphorylated and accumulated in the cytoplasm with a parallel change in alerna-
tive splicing of a reporter construee.'® Similacly, an uleravioler-C stress stimulus also reduced che
nuclear concentrarion of splicing factor hSlu7 with a concomitant change in alternative splicing
patterns of cellular genes.'* Phosphorylation by signal transducers was further shown to canse
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cytoplasmic accumulation of hnRNP K, Tra2p1'% and PTB.™ ‘There is evidence suggesting
that phosphorylation of a cargo protein madulates its bmdmg affinity to importins/cxportins
and thar che shurding szgnais of several RNA-bmdmg proteins contain potential consensus sires
for protein kinases. Thus, it is likely that many proteins involved in RNA metabolism redistribute
between the nucleus and the cytoplasm in response o signaling pathways (see ref. 107 and refer-
entcts therein), Clearly, relocalization of splicing factors from the nucleus to the cytoplasm can be
concurrent with changes in aleerative splicing, bur the functional consequences of such changes
in alternative splicing are not known.

Interestingly, the SRPK family of kinases specific for SR splicing factors localizes predomi-
nantly in the cytoplasm dusing interphase but translocates to the nudens in late G2 oclls.)*® As
SR proteins are regulated by reversible phosphorylation and ar feast in virro dephosphorylation
is essential for splicing to take place, we propose thar accumniation of SRPKs in the nucleus juse
before mivosis may contribute to the inhibition of splicing prior to nuclear break down. Converscly,
at the end of mitosis, when the nuclear envelope reforms and transcriptional activity reswmes, a
precise temporal order for accumulation of splicing factors in the newly formed nuclens has been
observed. The hnRNP C1/C2 proteins were detected first, followed by snRNPs and SR. proteins
and later on hnRNP A1, This implies that nascent transcripts in a newly formed nuclens are
transiently exposed to different relative concencrations of splicing activarors {SR. proteins) and
repressors (hnRNPs). We speculate that this sequential order of splicing factor import creates a
spatial-temporal gradient for regulated alternadive splicing choices.

Perspectives

Recent advances in live cell imaging are dramanca.[ly changing our vision of the nuclens. For
many years, beautiful clectron- and light-microscopic pictures collected from fixed specimens fos-
tered a view of a static and rigidly structured sub-nuclear organization.® Some of these traditional
concepts are now being questioned by data supporting the dynamic movement of factors within
the nucleus, Several independent studies confirm chat most RINAs diffuse in the nuclens at rates
of ~0.03-0.1 square um per second, which is sufficient to translocate a fully mature messenger
RNA to the cytoplasm within a few minutes after its generation anywhere inside the nucleus. !
Because diffusion cannot be controlled, regulation of RNA trafficking is achieved by retention.
Fot cxample, a quality control mechanism operatesat the site of transcription that prevents release
of incorrectly processed precursors (sce ref. 110 and scferences therein). Retention at a nuclear
microenvironment distinct from the site of transeription can alse oceur, ensuring the availability
of a pool of mRINA that can be readily transported to the cytoplasm and translated into protein
in respanse vo an extracellular signal M

Protein splicing factors are also thought ro diffuse throughout the nncleus and associare sto-
chastically with nascent transcripts.®>* Nevertheless, individual splicing proteins associace differ-
enially with alternarively spliced transcripts. "' According to the currently popular combinarorial
model for alternative splicing regulation, which protein is recriited vo cach spliceosome depends
on both the concentration of the protein in the cell and the regulatory elements present in the
pre-mRMNA, Whether retention/sequestration of splicing factors at specific nuclear microenviron-
ments contributes to adjuse their free pool in the nucleus, thereby restricting their availability at
the sites of action and hence control alternative splicing is an appealing hypothesis that remains
to be demonstrated.*? In order to tackle this question it will be important to follow the dynamic
behavior of 4 lacge number of splicing proteins and transcripes systemartically. Such an endeavonr
will be greatly facilitated by emerging methodologies such as SILAC (stable-isotope labeling by
aming acids in cell culture), a mass-spectroscopy-based rechnique that allows the monitoring of
the fate of cellular proteine over tme ot 3 global seale!" In paraltel, however, it is essential to
be aware that gene cxpression is not synchronous in a population but rather varies stochastically
fram cell ta cell {for a recent review, set ref. 114). Thus, a vory important area of future work is
the development of time-resolved global approaches performed on single cells.
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CHAPTER 2

Spliceosome Assembly and Composition
Arianne J. Matlin and Melissa J. Moore*

Abstract
ells control alternative splicing by modulating assembly of the pre-mRINA splicingmachinery
at competing splice sites. Therefore, a warking knawledge of splicensome assembly is essential
for understanding how alternative splice site choices are achieved. In this chapter, we review
spliceosome assembly with particular emphasis on the known stepeand factors subject to regulation
during alternative splice site selection in mammalian cells. We also review recent advances regarding
similaritics and differences berween the in vivo and in vitro assembly pathways, as well as proofread-
ing mechanisms contributing to the fidelivy of splice site selection.

Introduction

Pre-mRNA splicing occurs within the context of a large macromolecnlar assemblage known
as the spliceosome. Within this enormous {ca. 3 MDa) machine, intron excision occurs in two
chemical steps: (1) cleavage at the §' splice site {donor site), coupled to formation of a lariat
structure in which the first nucleotide of the intron is linked via a 2'-3’ phosphediester bond to
an intronic adenosine (the branch poine) in the vicinicy of the 3 splice site {acceptor site); and
{2) joining (ligarion] of the two exnns, coupled ro deavage at the 3 splice site. The spliceosome is
a highly dynamic complex containing five stable RNAs (small nuclear or suRNAs) and a host of
stably bound and transiendy interacting proteins (see below),

Assernbly of the spliceosome on a nascens transcripe requites recognition of several cis-acting
RNA clements located within the intron: the 5 splice site GU, branch point A, polypyrimidine
tract and 3’ splice site AG. Whereas these elements are strounded by highly invariant consensus
sequences in yeast, in mammals they are generally sicuared within a more loosely conserved con-
text.'? This creates the potential for greaver regulatory flexibility and combinatorial contrel in
mammalian cells, where transcripts can be aleernavively spliced. The degree to which splice sices
conform to the consensus determines their intrinsic strength and consequently can impace the
rare of spliceosome assembly. Correspondingly, the relative strengths of competing splice sites
establish a default pathway for each potential splicing event. This defanlt pathway can be over-
come in respanse to physiological or developmental signals.? Combinatorial control by mulriple
trans-acting splicing regulators permits specific and differential recognition of short, degenerate
signals and creates a situation in which variations in the concentration of a single facror can elicic
a marked change in the splicing patrern.*

Composition and Structure

Recent estimares suggest that more than 300 different proteins are involved in mammakian
pre-mRNA splicing.* Among these are core scaffolding proteins, RNA binding factors and proteins
with domains rich in arginine/serine (R5) repeats subject to dynamic phosphorylation. Enzymaric
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activities inclnde numerous kinases and RINA-dependent ATPases, onc GTPasc and cis-trans
prolyl isomerases. Structurally, the splicing machinery is organized as several more or less stable
subunits (akin to ribosomal subunirs) that come together during splicecsome assembly, aided by
a plethora of additional transiently interacting factors, Key subunits are the U1, U2, U4/U6 and
US snRNPs (small nuclear ribonucleoprotein complexes), each named for the U snRNA(s) they
contain, Another stable subunit, the PRP 19 complex, is entirely protein-based. In addition vo ivs
snRNA(s), each snRNP carries a set of common core factors {the Sm and Lsm ring proteins) plus
3 o 15 snRNP-specific proteins. Successive base pairing interactions among the snBNAs and
between snRNAs and the intronic splice site consensus sequenoes are critical for the progression
of spliceosome assembly and intron excision.

Rematkably, in addition to the major U2-dependent spliccosome, metazoan cells contain
a minor spliceosome responsible for the removal of ca. 0.25% of all introns, This so-called
U12-dependent spliceasome contains an overlapping ser of snRINAs {U11, U12, Udarac, Ubatac
and U5) and proteins, but 2lso numerous unique facrors, When U2 and Ul2-dependent introns
reside in the same wanscript, the two spliceosomes are able to coordinate exon definition (see
below) and intron excision via their shared components, though introns containing a mizrure of
U2- and Ul2-dependent splice sites cannot be excised by either spliceosome.

Many of the individual factors involved in spliceosome assembly wili be introduced where
relevant in the sections below. However, two classes merit specific attention dus to their numer-
ous members. One class compriscs members of the SR protein family (refer to chaprer by Lin and
Fn), which typically contain an N-terminal RRM (RNA recognition motif) and 3 C-terminal
domain rich in &S dipeprides. This RS region is subject to extensive post-translational modifica-
tion by phosphorylarion? and can form specific interactions with either proteins or RNA. Varions
SR proteins function cither as general splicing facrors or as specific modulators of alternarively
spliced exons.? The second family comprises the DExH/D box proteins,” These ATP-dependent
RNA binding proteins can disrupt both RNA-RNA dupleses and RNA-protein interactions, or
can act as sequence-independent RINA clamps to secure a section of RNA. Nearly every step in
spliccosore assembly and disasserably requires the action of at least one DExH/D box protein,
although for the most part, the exact roles of these proteins have yet to be determined.

Although the spliccosome is of similar size and complexity to the ribosome, our structural
nnderstandingof the splicing machinery is still in its infancy compared to current knowledge of the
translation machinery. Whereas numerous X-ray structures of the individual ribosomal subunits
and fully assembled ribosomes exist, otily a limited set of low resolution eryo-EM structures have
been determined for individual splicing complexes to date.”” Aswill become clear below; the highly
dynamic nature of spliceosome assembly, with numerous factors coming and going coupled to an
extremely intricate choreagraphy of structural contortions, will likely continue to challenge the
Limits of structural biology for years to come.

In Vitro Spliceosome Assembly

Swdies of spliceosome assembly over many years haveled to a prevailing view thar the pathway
proceeds in vitro through a series of distinct complexes and conformations leading to the catalyti-
cally active species. According to this model, cach successive stage in the transcript-dependent
assaciarion of snRINPs and other protein factors is a necessary precursor to the next.!! Native gel
electraphoresis, gel filtration and glycerol gradient centrifugation have all heen sueccsshully urilized
to isolate discrete complexes (H, E, A, B and C) during spliceosome assembly.'*!? These studies
have been carried out most extensively in mammalian and 8, cerevisiae exvracts and more recently
in extracts from S. pombe. The following discussion will focus mainly on mammalian systems in
the context of alternative splicing, althongh some evidence from yeast will also be mentioned.
"Therefore, complexes wilt be described using mammalian nomenclature conventions.

In cutline, spliceosome assembly (Fig. 1) begins with the ATP-independent formation of E
{early) complex, in which U1 snRNP recognizes the 5 splice site while the protein factors SF1/
mBBP and U2AF (Table 1) bind to the branch point and polypyrimidine tract/3’ splice sire AG,
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Figure 1. The spliceosome cycle. U1, U2 and U4/UBeUS snRNPs are ilustrated, in addition
to selected proteins involved in E complex formation; other factors are also required (Table
1) but have Eeen omitted for simplicity. The pre-mRNA substrate shown contains two exons
{gray and white boxes) separated by an intron {black ling). Abbreviations: Py, polypyrimidine
tract; U1-U6, snRNPs; SF1, splicing factor 1/mBBP; 65, UZAF: 35, U2AFY; FBP, formin binding
protein (Modified from Moore et al 1893).

respectively. All subsequent steps are ATP-dependent. The prespliceosome, or A complex. forms
upen stable interaction of U2 snRNP with the branch point region. This is followed by binding
of the U4/Ue US tri-snBNP particl to the 5 splice site to produce B complex. Subsequent con-
formational changes destabilize U1 and U4 snRINP interactions to produce B* complex, which
is poised 1o catalyze the first chemical step of splicing. A further set of rearrangements generates
C complex, in which the second step of splicing eccurs. Upon completion of the sccond step, ad-
ditional structural reorganizations are required to release the spliced exons and disassemble the
splicing machinery so that it can engage the next substrate.

‘The following sections provide more detailed discussions of each stage in the in vitro splicec-
some assembly pathway, with particular focus on control points imporeant for the regulation of
alternative splicing,

H Complex

Another species relevant to the splicing process is H complex. Although not a necessary precur-
sor to spliceosome assembly, H complex is important becanse it can compete with and regulace
the canonical pathway. H complex formation requires neither ATP nor the presence of splice
sites in the transcript. It is named affer its heterogeneous nuclear ribomideoprotcin (hnRNF)
constituents,’ which comprise a diverse group of chromarin-associared factors containing a
range of RNA binding domain types but no RS domains (tefer to chapter by Martinez-Contreras
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Table 1. Key factors involved in spliceosome assembly

Factor Function

U1 snRNP Mediates initial recognition of the 5 splice site in £ complex via base
pairing with snRNA and contacts with U1C protein. Can be involved
in exon definition interactions with SR proteins, Interaction with
spliceosome weakened/displaced upon B complex assembly

U2 snRNP Farms stable contact with branch point during A complex assembly.

U4/U)Ge U5 tri-snRNP

hnRNPs

SR proteins

SF1/mBBP
UZAF

Formin binding
proteins
UAPS6

Prp5

Prpg

Prp19

Includes SF3a and 5F3b protein complexes that mediate additional
contacts with pre-mRNA branch point region. U2 snRNA contributes to
catalytic site of spliceosome along with UG snRNA

Tri-snRNP interacts stably with spliceosome during B complex
formation

U4: assaciates transiently with spliceosome; packages U6 ina
catalytically inactive state

U5: snRNA and protein companents contact transcript and aligns exons
for splicing reactions. Proteins contribute to active site as cofactors {see
individual proteins)

U6: snRNA contributes to catalytic site of spliceosome along with U2
snRNA

Diverse RNA binding proteins with no RS domain that coat nascent
transcripts and modulate (positively or negatively} nucleation of
spliceosome assembly

invelved in constitutive and enhancer-dependent splicing. Mediate exan
definition interactions via association with Ut snRNP and U2AF, RS
domains farm sequential contacts with branch point and 5 splice site
during splicensome assembly

Mediates initial recognition of the branch point in E complex

Small subunit {(U2ZAF*) recognises the 37 splice site and large subunit
(U2AF%) recognises the polypyrimidine tract in E complex, facilitating
subsequent U2 snRMP recruitment, RS domain of U2AF* can participate
in exon definition interactions, while RS domain of UZAF* contacts
branch paint directly

Form a bridge between U1 snRNP and SF1/mBBP in E complex

DExH/D box protein. Promotes stable U2 snRNP-branchpoint
interaction via ATP-dependent weakening of U2AF and/or SF1/mBBP
interacticns

DExH/D box protein. Forms a bridge betwaen U1 snRNP and Li2 spRNP
in A complex

Integral component of U5 soRNF, involved in formation of contacts
between the tri-snRNP and transcript. Also controls timing of &’ splice
site swilch to activate B compex. Acts as a cofactor in RNA-catalysed
splicing reactions and mediates proofreading of splice sites and branch
point

Component of a protein complex required for catalytic step |;

enhances interactions of U5 and U6 snRNPs with spliceasome. syl
component may act together with Ug snRNA to stabilize a spliceosomal
conformation that favours step |

continaed on next page
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Table 1. Continued

Factor Function

U5-100K (Prp28) DExH/D box protein, U5 snRNP component. ATPase activity required
for displacement of U1 snRNP during 5° splice site switch

U5-200K {Brr2) DExH/D box protein, U5 snRNP companent. ATPase activity required
for destabilization of U4:U6 snRINA duplex during 5" splice site switch

US-116K (Snul14) (GTPase, U5 snRNP component. GTPase required for activation of Prp23
and Brr2 during 5’ splice site switch

Prpl6 DExH/D box protein. Mediates ATP-dependent proofreading and
conformational rearrangement between steps | and Il of splicing

Prpi7 Participates in ATP-dependent conformational rearrangements
mediated by Prp16, following step | of splicing. Involved in 3 splice site
proofreading by Prp8

Slu? Participates in ATP-independent interactions involving the U5 snRNA
and PrpB during step I of splicing. Potertial cofactor for Prp22-mediated
proofreading

PrpiB Participates in ATP-independent interactions involving the U5 snRNA
and Prp8 during step [ of splicing

Prp22 DExH/D box protein. Proofreads step Il of splicing and catalyses
ATP-dependent release of ligated mRNA product by discupting contacts
with Prp8

Prp43 Hydrolyzes ATP 1o release intron lariat following catalytic step I

etal). Many of these proteins act as sequence- and splice site-independent RNA packaging factors,”
which are displaced as active splicing coraplexes form. Other hnRNPs exhibit sequence specificity
and associate with pre-mRINAs in unique combinations and stoichiometries™ This larter set can
affect early splice site recognition, both helping to ensure correct selection of constitutive splice
sites over cryptic elements and modulating alternative splicing decisions.

Specific hnRNPs interact, often cooperatively, with enhancer or silencer elements to promote
or inhibit subsequent recruitment of the splicing machinery to a particular splice site (refer to
chapter by Chasin}.® For cxample, haRNP Al and the polypyrimidine tract binding protein
{(PTB or hnRINP I can repress certain alternative splicing events cither by directly blocking bind-
ing of the core splicing machinery to a transeript or by antagonizing positively-acting regulatory
factors, % Well-characterized instances of repression by hnRNP Al involve comperition with
SR family proteins that promote splicensome assembly at particalar sites.” In contrast, bnRNP
H and the CELF family of haRINPs can function as activators or repressors of different alterna-
tive splicing pathways depending on the context of their binding sites and, in the case of CELF
proteins, on competition with PTB. 2%

E Complex

In competition with H complex is the mammalian E complex (Fig. 2). This comperition rep-
resents a prime rarget for the tegulation of alternative splicing.* Formation of E complex ot the
equivalent yeast commitiment complex (CC) irreversibly commits a transcript to undergo splicing.
Commitment is defined as the ability of the complex to be chased into a functional spliccosome
cven when challenged with exoess competitor RNA. In S, cerevisiae, two distinct commitment
complexes have been resolved by native gel electrophoresis:**** CC1, which requires only the 5
splice site, and CC2, which additionally involves branch site interactions,

In mammals, E complex assembly is iniriated by U snRNP binding to the 5' splice sive.** This
interaction is in part mediared by RN A base paitingbetween U1 snRNA and pre-mRNA sequenocs
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Figure 2. E complex assembled in its cotranscriptional context. The direction of Pol [l-mediated
transcription of the gene (hatched box) is indicated and SR proteins associated with the Pol
1 C-terminal domain {thick black line) are shown. Exon definition interactions between an
upstream 3’ splice site and downstream 5 splice site are illustrated by gray shading and the
gray arrow. Abbreviations; U1, U1 snRNP; SRp, SR protein; ESE, exonic splicing enbancer; RS,
arginine/serine-rich domain; 65, U2ZAF%; 35, U2AFS; 5F1, splicing factor 1/mBBP; FBF, formin
binding protein.

encompassing the conscrved GU element. Recent studies have identified a set of low abundance hn-
man U1 snRNA variants that lack complementasity to the canonical GU dinucleotide, but could
potentially interact with other previously idenrified narural 5' splice site variants. " In experiments us-
ingcanonical §' splice sites, extension of the complementarity between Ul snBINA and the transcript
promotes E.complex assembly in vitro and enhances the potency of an alternative splice site (although,
conversely, ivalso inhibits laver stages of spliceasome assernbly by hindering 11 dissociation),™* On
the other hand, in S, cerewisiae at least, disruption of the base pairing neither shrogates Ul-5' splice
site association hor diminishes its specificity;® protein components of UL snRNDP, including the Sm
proteins, also contribute to the recoghition processand stabilize the complex. 242 The U1C protein
in particular mediates sequence-specific contacts with the 5' splice site prior to the formation of
RNA base pairing interactions.®*4% Recent data support a modedl whereby the initial interaction of
U1C with the ' splice site prevants basc paiting with U1 snRNA, but 4 snbsequent U1 C-mediated
conformational change then promotes the canonical, stably base-paired arrangement.® Indeed,
it has been suggested chat the relative stability of RNA duplexes makes them undesirable for the
eatliest contacts berween a transcripr and the splicing machinery, buat racher enables them ro play a
procfreading and stabilizing role following initial protcin-mediated recognition.®

At the opposite end of the intron, initial 3" splice site recognition in mammals is accomplished
by U2AFand SF1/mBBP*# These factors bind cooperatively to the RNA and their direct interaetion
with one anather is regulated by SF1/mBBP phosphorylation. ® They subsequently cullabomtc o
promote stable association of U2 snRNP during A complex assembly.
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The 65 and 35 kDa subunits of U2ZAF recognize the polypyrimidine tract and 3' splice site AG,
respectively.®5 U2AF is a modular protein comprising an RS domain and three RRM domains,
RRMs 1 and 2 display high affiniry for pyrimidine-/uridine-rich sequences; recent aryseallographic
data indicate that their abilicy vo recognize degenerare mammalian polypyrimidine tract clements
derives from flexible side chains and bonnd water molecules,® The RS domain has been shown to
form direct contacts with the branch point in E complex. 2% RN A structure probing data indicate
thar UZAF® bends the transcript to bring the 5’ and 3' splice sites into juxtaposition.* The impor-
tance of UZAF® in the commitment to spliceosome assembly ar a 3" splice sive is emphasized by
observations thar its pre-mRNA interactions and/or function are prime targets for interference
by alternative splicing regulators such as Sxl and PTB.2% The smaller subunit, UZAF, contains
two protein-protein interaction domains; one contacts UZAF® and the other (an RS domain) may
function in enhancer-depencdent splicing.*** Under certain conditions, it is required to stabilize
the binding of U2AF® to the sub-optimal polypyrimidine tract of AG-dependent introns, #4525

SF1/mBEP contains a zinc knuckle and & KH-QUAZ2 domain, In addition to contacting the
branch point region via the KH-QUA2 domain, & SFllmBBP may also form a bridge to U1C
bound at the 5 splice site, through the formin binding proteins. & Recently, a mammalian precursor
to E complex was resolved under conditions of U2AF dcplctmn“ 'This E' complex contains Ul
snRNP bmmd at the 5 splice site and SF1/mBBP at the branch point. Structure probing revealed
that the 5’ splice site and branch point regions were in close proximity in E' complex, but the branch
point A was not itself required. This complex defines the minimal requirements for commirment
to splicing ie maminials and appears to be funcrionally equivalent to yeast CC1.

In addition to U1 snRNP, several lines of evidence suggest a weak, ATP-independent associa-
tion of U2 snRNP with E complex. This is reminiscent of the concurrent binding of /11 and U12
shRNPs to transcriptsin the minor splicecsome, 8 The U2 interaction isdetectable only ander mild
conditions, by immunopredipitation or MS2/MBP-mediated purification and does not require
an intact branch point sequence. %% Both 12 snRNA and same of its associated proteins have
been shown to be necessary for E complex formation.*** Nonetheless, a functional requiremen
for UZ snRNP in the commitment to splicing has not been demonstraved.

SR Proteins in E Complex

In mammals, the canonical splicing signals are highly degenerate and do not contain sufficient
information to specify authentic splice sites. The affinity and specificity of the above recognition
events for these degencrave sequences is greatly enhanced by an extensive network of cooperative
interactions among the compenents of these complexes. However, the cotranscriptional nature
of spliceosome assembly,® coupled with the fact that mammalian introns are long, suggests that
introns ate not the primary unit of recognition. Rather, in mammals, it is the exons that are ini-
tially recognized by the splicing machinery. This concept of exon definition involves cross-exon
intetactions between an upstream 3' splice site and a downstream §' splice site”® Mutual stabilization
of U2AF-¥ splice sitc and downstream U1-3 splice site contacts can be mediated by members of
the SR protein family that bind to exonic splicing enhancer sequences (ESEs). Excess SR proteins
can even compensate for the absence of funcricnal Ul saRNP in the commitment w splicing in
Hela extracts, althongh the accuracy of §' splice site selection is compromised.”” The involvement
of SR proteins in commiredng transeripts to splicing provides opportunities for the regulation of
alternative splice site selection, particularly through competition with linRNPs,

Originally, the RS domains of SR proteins were thought to mediarc only protein-protein in-
teractions.* Their capacity to interact with the RS domains of U2AF* and the 70 kDa protein
of Ul snRNP (U1-70K) can enhance the recognition of weak splice sites.”” More recently,
however, scveral RS domains were shown to contact the pre-mRNA directly during spliceosoms:
assembly. 7 Phosphorylation of RS domains regulates their activity® and may be required to reduce
their non-specific affinity for RNA, hence enhancing RNA binding specificiry.” Ir is important
to note thar the RNA- and protein-binding capacitics of RS domains are not necessarily mumally
exclusive and both could be targers for regulatory events involved in alternative splicing.
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A Complex

The prespliceosome (A complex) is formed upon stable, ATP-dependent interaction of 1J2
snRNF with the pre-mRNA branchpoint (Fig. 3).”** Formation of the short pre-mRNA-U2
snRINA intermolecular helix causes the branch point adenosine w protrude, facilicating subsequent
nucleophilic attack on the ' splice site ® ‘The tight association of U2 snRINF with the pre-mRNA
eoineides with displacement of SF1/mBBP from the branch site5% Ul snRNP also becomes
Iess tightly associated with the transcript than in E complex;® indeed, the presence of Ul is not
absolutely required for U2 recruitment to the branch sive.*

Base pairing of UZ snRNA to the branch point region is facilitated by U2AF bound to the

idine tract. The U2AF® RS domain is thonght to promote base pairing between U2

mRNAmdthcbmn&lpmmbymntmmgthcbranch pointand neutralizing the negatively charged
phosphate backbone.™ Subsequently, the RS domain of an ESE-bound SR protein appears to
contact the branch site/U2 snRNA duplex, replacing the U2AF®-branch point interaction and
stabilizing the prespliceosome. ‘This RNA-binding function of RS domains may compensare
for the degeneracy of mammalian splicing signals relative to those of §, cerevisige.”

The essential U2 snRINP-associated protein complexes SF3a and SF3b also contact RNA. in
A complex, interacting primarily upstream of the branch site 3% The ATP dependence of U2
snRINP binding to the transcript detives from confortuations] changes required to accommodate
SF3-RNA interactions.™ In addition, the p14 subunit of SF3b directly contacts the branch point

Figure 3. The prespliceosome (A complex) assembled initscotranscriptional context. The direction
of Pol ll-mediated transcription of the gene (hatched box) is indicated and SR proteins associ-
ated with the Pol I C-terminal domain (thick black line) are shown. Exon definition interactions
between an upstream 3 splice site and downstrearn 5 splice site are Hlustrated by gray shading
and the gray arrow. Abbreviations: Ut, U1 snRNP; U2, U2 snRNP; SRp, SR protein; ESE, exonic
splicing enhancer; RS, arginine/serine-rich domain; 65, UZAF®; 35, U2ZAF®,
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adenosine,” an interaction that persists throngh subsequent spliceosomal complexes. pl4 also
contacts SF3b135, which forms a bridge e U2AF® during U2 snRNP recruitment, replacing the
interaction of U2AF® with SF1/mBBPS#

Assembly of A complex requires the activity of two DExD/H-box ATPases: UAP56 and Prp5.
UAPS6 was identified as a U2 AF®-interacting procein required for splicing and stable association.of
U2 snRNP with the branch pointin vitro® Studiesof the §. cerevisias ortholog Sub2 have suggested
an essential funceion in ATP-dependent weakening of UZAF® and/or SF1/mBBP interactions to
accommodate UZ binding to the transcript.” Prp5, in contrast, associates directly with both the U1
and UZ snRNPs and thus has been proposed to form a cross-intron or cross-czon bridge between
the 5 spliccsite and the branch sitein A compler.” Communication between U1 and U2 had previ-
ouslybeen inferred from the observed stimulation of U2 bindingby 2 §' splice site or U1 snRNE7
Furthermore, the equivalent (11 and (12 components of the minor spliccosome are stably associared
a8 a di-snRNP particle.®” To promote A complex formation, Prp5 mediates an AFP-dependent
conformational change in UZ that exposes the branch point-interacting region of the snRNA.#

B Complex

Initial in vitro analyses defined the progression from A to B complex as the ATP-dependent
addition of U4, U3 and U6 snBNPs. ' Multiple lines of evidence indicate that these factors
exist as 2 preformed U4/U6eUS ti-snRNP particle, in which the U4 and U6 snNAs are exten-
sively base paired'®-% to prevent premature formation of the catalytic core of the spliceosome.'®
Subsequent studies have demonstrated a pre-B complex association of the tri-snRNP with the 5
splicc site, mediated by US snRNA and the US ssRNP protein Prp8, 1% This interaction, which
is ATP-dependent, could enable the U4/U6eUS tri-snRNP, along with U1, to participate in §'
splice site definition prior to conracting the 3" splice site and U2 snRNP. Subsequently, interactions
between US and U6 snRNAs and exonic and intronic sequences around the §° splice site replace
carlier contacts with U1 snRINA, 10628

Consistent with reports of commitment to splice site pairing in A complex (see below), the
transition to Bcomplexis the first stage at which the presence of both the §' splice site and branch
point/polypyrimidine tract is absolutely required. ' The 3' splice site AG, however, can be
dispensable until the second catalytic step of splicing.!!"!

Affinicy-purified human B complex conrains the full set of U snRNAs and over 110 proteins,
including approximately 50 that have not been identified in A complex.” Whereas many of these
components bind stably enough to resist heparin treacment, others can only be detecved under
milder purification conditions.""™"* Included in the latter set are U2A¥ and the Prpl9 complex
{sec below), as well as a number of SR family and relared proteins. SR proteins have been shown to
be required to chase presplicecsomes into active spliceosomes in vitro, suggesting that they conld
asgist in escorting the wi-snRNP to the assembling machinery. " Consistent with this, it was recently
shown that the RS domain of an SR protein contacts the 5 splice site during enhancer-dependent
formation of the mature spliceosome. This interaction is thought to promote base pairing berween
the §' splice sive and Ug snRNA ™

B* Complex

Although B complex contains all of the snRNP components required for splicing, it lacks an
active site. Substantial conformational rearrangements are required to activate the spliceosome.
These include disruption of the interaction of UL snRNP at the 5 splice site, unwinding of the
U4/U6 snRNA duplex, formation ofbase pairinginteractions between U and U2 and interactions
berween U6 snRINA and the 5' splice site to form B® complex, ' These rearrangements contribure
to the fidelity of 5" splice site recognition and reinforce contact with the branch point.

The 5' splice site switch requires the N'TPascacrivities of three U5 snRNP components: Prp28,
Brr2 and Snull4. -8 8 cerepisiae Prp28 {or its human ortholog US-100K) displaces U1
snBNP, cither by unwinding the U1 snRNA:5' splice site duplex or, mote likely, by destabilizing
the interaction berween U1C and the pre-mRNA."#'¥ In contrast, the ATPase domain of yeast
Brr2 (US-200K in humans) is required to disrupt the U4:U6 snRNA duplex and destabilize the
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association of U4 snBNP with the spliccosome. "' The activitics of Prp28 and Brr2 appear tobe
inhibited by Prp® until splicensome assembly has occurred. ™ Snn114 (human U5-116K) further
modulates ATPase activities of these proteins. It has been proposed that the association of the
tri-snENP with A complex triggers GTP hydrolysis by Snul14, altering ivs imteraction with Prp8
in a manncr that activates Prp28 and Brr2.214% The conformational rearrangements resulting from
this N'T'Pase cascade are essential for the generation of the activated B* complex, which is poised
to carry out the first chemical step of splicing.

B*complex formation also requires the Prpl9 oomplzx. stableintegration of these proteinsinto the
spliceosome isassociated with remodelling of the U3 snRNP structure.’*'** Depletion of Prp9 from
HeLanuclear exeract hlocks splicing after tri-snRINP addition bur prior to the first transesterification
reaction.' In yeast, the equivalent Prp19 complex {NTC) acts subsequent to U4 destabilization,
enhancingthe interaction of US and U with theaceivared spliceosome. 12 Also actingat thisstage
is Prp2, an essential yeast DExH/D box protein that dissociates from the spliceosome upon ATP
hydrolysis.' '3 Whereas the precise fimction of Prp2 in spliceosome activation is poorly understood,
recent data suggest that fes binding to B complex is specified by the associated factor Spp2.'

The activated B* complex catalyzes the first cransesterification reaction to generate the free 5 exon
and lariat-3' exon intermediates. Theactive site of the spliceosome is most likely composed of the U2
and U6 snRNASZ1% and the US snRNP protein Prp8 %% P8 is believed to act primarily as a
cofactor o pasition the U2 and U6 snRINAs in a conformation that forms an RNA-based caralytic
core,' %440 J§snRIN A is the most highly conserved RNA component of thespliccosome and cointains
two invariane motifs, ACAGAG and AGC; murations in these sequences can block transesterifica-
rion, ' @4 The ACAGAG element engages in base pairinginteractions with the 5 splice site positioning
it for the first catalytic step. Parallels can be drawn between the proposed active site structure of the
spliceosotne and the divalent cation-dependent ribozyme acrivities of the Group IT self-splicing introns
of eubacteria and eukaryotic organelles.'* Indeed, in the presence of magnesinm jons, isoleted U2
and U snRNAs can catalyze a reaction resembling the first step of splicing, s

C Complex

Completion of the first catalytic step of splicing leads to formation of C complex, in which
the second catalytic step eakes place. Although the 3’ splice site AG is hot essential for C complex
formation, it is required for cfficient exon ligation. S Within the active site, the products of the
first step of splicing ranst be realigned to displace the lariat and position the 5’ exon for nucleophilie
attack on the phosphodiester bond at the 3' splice site.""!#

Numerous contacts berween the pre-mRNA, the U snRINAs and Prp8 are critical at this stage. "%
Within C complex, the 5" and 3" splice sitesare held in close proximity by bridging interactions involv-
ing U2 and U6 snRINAs and also stem koop Lof US snRNA, which interares with both the 3 and §'
exons. %45 At chis point, Prp8 contacts the branch point, 3" splice site, §' splice site and the US and
U6 snRNAs. /3252 |t has been proposed that Prp8 and U2 snRNA juxtapose US snRNA loop I
with the catalytic core to position the 5 and 3" splice sites correctly.*>'* Finally, the two terminal
nucleotide residues of the intron engage in a critical non-Watson-Crick base pairing interaction, '

It has recently been proposed that a competitive equilibrium exists between the first and sec-
ond step conformations of the spliceosome. % Changes in the stabiliry of interactions between
U6 snRNA and the 5' splice site are thought to modulate this equilibrium;™* the duplex must
be disrupted so that the branch seructnre can be removed from the firse step catalytic centre in
preparation for the second step.

The activities of several second step-specific proteins are required in C complex to mediate
the related functions of remodeling and proofrcading, ensuring correct 3 splice site secognition
{see below). Conformational rearrangements leading to the second catalytic step are facilitated
by the essential DExD/H box protein Prpl8, which interacts transiently with the spliceosome
and can unwind RNA duy in vitro. %1€ Subsequent to ATP hydrolysis by Prplé, acting
in concert with Prpl7, the Slu7 and Prp18 proteins cooperate with U5 snRNA and Prp8 in an
ATP-independent stage of the second step.!1%-% Also required at this stage is the DExH/D box
protein Prp22, which isrecruited to the ' splice site, possibly via direct interaction with Slu7./%%
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Additionally, recent data indicate an essential role for dephosphorylation of U2 and U5 proteins
by spli e-assoclated phosphatases (PP'1 and PP2A) in the transition ro the second step
conformation '™ The second transestersification reaction then takes place, ligating the exons and
liberating the intron.

Product Release and snRNP Recycling

Upon completion of the second step of splicing, the multi-protein exon junction complex
{EJC) 15 deposited at the boundary between the ligated exons, the RNA products are actively
dis from the spliceosome and the snRNPs and recycled for further rounds of catalysis.' &
Base pairing of U6 snRNA with the 5" splice site, U2 with the branch point and U with the
cxons is disrupted and the associations of U2, U4-and US are ultimately restored to their original
configurations. '

Releasc of the ligated mRNA product requires the ATPase activity of Prp22, which disrupts
mRNA contacts with Prp8./7+'™ Following dissociation of Slu7, Prp18 and Prp22, the excised
intron lariat is liberated from the residual spliceosome by the AT Pase Prp43, aided by Nerl and
Ner2./747 The lariat is subsequently debranched and degraded. /™

SnRNP recyclinginvolves the re-association of Ué and U4 and then US, Annealingof U4 and.
U6 snRNAsis catalyzed by the mammalian protein p1 10 (Pep24 in 5, cerevisiae), which dissociaves
from U6 upon interaction of the U4/U6 di-snRNP with U5.1*17181 p110 is enriched in Cajal
bodies which are thought to be the site of U4/U6 assembly.'® In ycast, the NTC is also tequired
for efficient recycling of U4/U6,.'%

Interactions at the Ends of Transcripts That Promote

Spliccosome Assembly

Many alrernative splicing pachways involve the selection of different promorters or ployadenyl-
ation siguals ar the 5' or 3 ends of a gene. The terminal exons of a transcripe represent a special
case of exon definition. Experiments involving uncapped transcripts, eap analog competivors and
depletion of the cap-binding proteins indicate that inreraction of U1 snBNP with the 5 splicesite
of the first exon is promoted by the 7-methyl-guanesine nuclear cap binding complex (CBC)."®
Similarly, polyadenylation signals stimulate recognition of the final 3’ splice site: the C-terminal
portion of poly{A) polymerase interacts specifically wich U2 AF® and enhances its interaction with
the upstream intron, increasing the efficiency of splicing and coupling it ro 3' end formation.'®

'The Holospliceosome Hypothesis

Some recent studics, combined with re-evaluation of longer-established observations, have
challenged the traditional sequential view of spliceosome assembly. A 458 particle containing
all five snRINPs, the Prpl9 complex and additional associated splicing facrors can be sedimented
from yeast extracts,"*'¥ raising the controversial possibility of concerted RNA binding by 2
pre-assembled complex. This penta-snRNP was prepared at low salr concentrations comparible
with splicing and comparable to conditions under which the five snRNAs can be co-immuno-
precipitated.®™% When supplemented with soluble splicing factors, the penta-snRNP could
partially complement snRNA depleted extracts. Base pairing between the U4 and U6 snRNAs
provided cvidence thar the penta-suRNP did not represent 2 fully mature splicensame but rather
a precursor. These findings are reconcilable with the previonsly-determined assembly pathway
if the B, A and B complexes represent successive stabilizations, as opposed to recruitments, of
factors bound to the RNA substrate. Incerestingly, while free U2 snRNP was unable to
with U2 in the penta-snRNP, 11 exchange could occur. This supgests that a U2/U4/U6/U5
retra-snRINP particle could porentially interact with a commitment/E complex coneaining Ul
sBNFP.* Similar tetra-snRNFs have been observed in HeLa nuclear extract,”' althongh they
have not been shown 1o be functional.

Further suggestions of penta-snRNP pre-assembly have atisen from additional data that ap-
parently contradict the established chronology of cvents in spliceatome assembly. For example,
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mamnalian Ecomplexes purified using MBP-MS2 were found to contain funcrional U2 snRNP; %
this stoichiometric association was not dependent on an intace branch site sequence and was
proposed to represent a precursor to ATP-dependent stabilization to form A complex. Assembly
of E complex was also shewn to require specific modifications of U2 snRNA,* and U1-U2
snRNP interactions had previously been detected in HeLa nuclear extrace.”™ Furthermore, an
eatly ATP-dependent collzaboration betwoen U1 and US snRNPs in §' splice site definition was
observed in both HeLa and nematode cell extracts: ™ this was independent of U2 binding to the
branch point and was found to involve Prp8 as a component of the U4/1J6«US5 tri-snRNP.

Proponents of the holospliceosome hypothesis argue thar the sequenctial spliceasome assembly
miodel is based on the isolation or detection of distinet complexesin vitre under axcessively stiingent
conditions that do not support splicing'¥ While the low ionic strength conditions used to detect
the penta-snRINF might mimic the high protein concentrations in the nuclear environmen, it
has been countered that complex agsembly on pre-transeribed RNA in nuclear extracts is a poor
reflection of the cotranscriptional splicing process that ocours in vive. ™ Furthermore, the relevance
of the penta-snRNP to the more complex network of weak interactions that characterize mam-
malian splicing is unknown and it may be incompatible with exon definition and the processing of
transcripts containing multiple exons and introns, T has also been suggested that the large excess
of UL and U2 over the other snRNPs in HeLa cells is likely ro favor A complex assembly without
obligate association of U4/U6eUS5; indeed, prespliceosomes assembled in cri-snRNP-depleted
extracts can be chased into spliced products by the addition of extract lacking U2

Insights from In Vivo Analysis of Spliceosome Assembly

In contrast t the studies described above, which have attempted to recapitulate spliceosome
assembly in nuclear extracts, experiments have recently been carried out In 8, cerevisize to ad-
dress the pathway by which spliceosomes form in vivo. These seudies aze critical because in vivo,
the pre-mRNA substrate is intimately assaciated with both RNA polymerase and chromatin,
and the appearance of the various splicing signals is temporally separated.””* Thus, the in vive
situation js radically different from in vitro experiments using pre-transcribed naked pre-mRNA
substrates. ¢

‘The in vivo studies utilized chromatin immunoprecipitation (ChIP) to analyse the interactans
of sclecred proteins with nascent RN As, which in turn are associated with genomic DNA. In sum-
mary, the results of these assays do not suppost the penta-snRNP model. Rather, the spatial patrern
of U1 snRNP cross-linking to various genes is reproducibly distinct from that of U2 and U5. The
peak of U1 binding occurs shortly after the §' splice site is transcribed, while the peak in U2 and
175 snRNP binding does not occar until much later! Depletion of 11 snRNA results in failure
to recruit U2 and US to transcripts.'™ In combinarion with the inverse correlation berween their
cross-linking profiles, this suggests that successful recruitment of U2 and U requires U1 snRNF,
although these snRNPs subsequently promote Ul snRNP dissociation. U5 suRNP association, in
turn, is dependent on the presence of U2, and U2 depledion also leads to accumulation of sealled
Ul-contaihing commitment complexes. A Jagin the cross-linking of U3 with respect to U2 could
be resolved by ChiP only when a transcript containing a long second ¢xon was analyzed @

A nurber of caveats should be considered when interpretating ChIP data *® Importantly, the
absence of a cross-link does not necessarily imply the absence of a particular interaction, since not
all components or conformations of 2 complex are equally suscepeible to detection by thismethod.
Moreover, the relationship between time of association and distarice along the gene is not neces-
sarily straightforward. Additionally, the snRNP depletion experitnents create an artificial sivua-
tion; the observation that a U1/U2 snRNP-containing pre-spliccosome is able to assemble in the
absence of 1S does not hecessarily indicate that it does so under normal conditions. Wonctheless,
the results of these ChIP assays are more consistent with the step-wise assembly pathway than the
penta-snRNP model. In addition, these ChIP experiments have confirmed the cotranseriptional
nature of splicing'™% and indicate that spliceosame assembly proceeds to completion before the
entire gene has been rranseribed.
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Commitment to Particular Splice Sites

Ultimately, the key to alternative splicing decisions lies in understanding the splice site commit-
ment process. This process oocurs in two separable steps: (1) initial commitment of the transcript
to the splicing pathway, followed by (2) committed pairing of a particnlar set of §' and 3 splice
sites. Commitment of a rranseript o splicing in vitro occurs upon formation of E complex. In
w¥ivo, this event almost certainly occurs cotranseriptionally as splice sites emerge from the clon-
gating polymerase. However, this catly stage of commitment appears to be independent of splice
site pairing, which occurs later in spliceosome assembly. In this section we discuss facvors that
influence this decision.

Trans-splieing is 2 process whereby one pre-mRNA substrate containing only a 5" splice can
be spliced in trans to a second pre-mRNA substrate containing a 3' splice site. This reaction
can proceed efficiently provided that the molecale containing the 3" splice site conrains an SR
protein binding site or a downstream 5' splice site.*®2 Moreover, the 3' substrate in this reac-
tion can be pre-assembled into A complex prior to exon ligation.® Thass, pairing of splice sites
can be uncoupled from and occurs subsequent to, their initial recognition.

It appears that for pre-mRNAs that can be alernatively spliced, the splice sites become ir-
seversibly paired in A complex?™ This was demonstrated by an elegant kinetic trap assay using
an RNA substrate containing a single §' splice site upstream of a pair of competing 3' splice sites
that could be selected alternatively depending on the activity of a syathetic splicing enhancer.
Splice site pairing could be svmdlcd after stalling of spliccosome assembly at E complex, bt nat
A complex, by adding a splicing activator that binds to the enhancer. These experiments suggest
that splice site pairing is weak or dynamic prior to the ATP-dependent irreversible selection of a
particalar 3’ element in A complex. ®?

Interestingly, for some introns, the 3’ splice sive AG dinudeotide that is used for ezon ligation
is not the same AG that isdirectly contacted by UZAF® early in spliceosome assembly Rather,
the AG dinucleotide used for exon ligation is specified in an ATP-dependent step that follows
lariat formation,*° A linear search model has been proposed whereby the first AG downstream of
the branch point is identified via a 5'-+3' scanning mechanism.®® Alternative models include
selection according to optimal distance from the branch point or a combinarion of distance con-
straints and intrinsic splice site strengrh 209210

An example from Drosophila neatly illustrates that commitment to the splicing reaction and splice
site pairing can be uncoupled and demonstrates that alternative splicing can be regulated even at the
latest stages of the splicing reaction. Autoregulation of Sex-Jezhel (SxF) splicing requires an unusual
3" splice site arrangement containing two AG dinuclcotides.™ The distal AG and its associared

¢ tract are essential for splicing and are initially recopnized by both suburits of U2AE
However, after the first step of the splicing reaction, the proximal AG is preferendally selecred for
cxon ligation. This splice site switch requires the spliceosomal protein SPF45, which commits and
activates the proximal dinueleotide for splicing, SPF45 is antagonized by SXL protein after the first
step of splicing, resulting in exon skipping. Incctestingly, a similar mechanism was found to activate
a cryptic 3' splice site in 2 human f-globin mutant associated with B-thalassacmia,

Proofreading

Particularly in the context of alternative splicing, questions arise regarding the mechanisms
that allow the splicensome to accommodate flexibility and degeneracy in pre-mRNA scquence
elements while maintaining the ability to recognize authentic splice sites accuraely. The multiple
sequential recognition events that occur at cach of the pre-mRNA clements during spliceosome
assembly help to ensure their correct identification, Furthermor, the spliceosomal DEzD/H box
AT Pases can act as mediarors of proofreading functions thar ensure the fidelity of pre-mBNA splic-
ing.!®*! As discussed above, these proteins are required to facilitate rearrangements throughout
spliccosome assembly and disassembly. The proofreading and conformational transitions are not
scparable functions, but represent two outcomes of the same activiry, coupled to the irreversible
step of ATF hydrolysis.*** It is currently thonght that the two catalytic states of the spliceosome
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arein a kineric equilibrium, in which the balance berween alternative comformations that promote
substrate rejection or catalysis forens the basis of kinetic proofreading, 57

Prpl6 (Fig. 4A) wasinitially identified in a screen in 8. corevisiae cells displaying reduced fidefiry
of splicing.'® A correlation was observed berween impaired Prp16 ATPase activity and enhanced
splicing efficiency of branch point mutant transcripts: an increased rate of transition from the
first to the second catalytic step conformation was able to out compete the discard pathway for
mytant Jariat intermediates from the active site.®2* Similarly, U6 snRNA and Prp8 contribute
to the accuracy of splice site selection by mediating opposite effects on the efficiencies of the two
transescerification reactions.” 2126 J§ snRINA is involved in branch point and 3’ splice site
recognition, while Prp8 is additionally required for the fidelity of 5' splice site recognition. It has
been proposed that Prp8 stabilizes an RINA rertiary strucrure that juxtaposes U6 snRNA with the
two ends of the intron.272!% Genetic evidence from yeast studies suggests that phosphorylation of
an anknown substrate by Skyl, a member of the SR protein kinase family, coneribres to aceurare
AG recognition by Prp8 and Prpl7.2 The Isyl component of the yeast Prpl9 complex was re-
cently found to suppress a Prp16 mutant that exhibits reduced fidelity of branch point selection.?
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Figure 4. Spliceosomal proofreading mechanisms. A} Prpl6-mediated procofreading. In concert
withlsyl, Prp8and LI6 snRNA, Prpl& modulatesthe equilibrium between distinctfirstand second
catalytic step conformations of the spliceasomne. Mutant lariat intermediates are discarded from
the active site, but mechanistic details are poorly understood at present. B) Prp22-mediated
proofreading. {Adapted from Mayas et at 2006.) Competition is proposed to occur between
exon ligation and ATP-dependent rejection of defective step | splicing products. For a wild type
substrate, exon ligation is followed Ly Prp22-mediated mRNA dissociation e sgase>Keejection’s
for a mutant substrate with slower step |l kinetics, ATP hydrolysis by Prp22 results in rejection of
the aberrant intermediate (Kpowigrion<Kejection)> Substrate rejection may be followed by irreversible
discard of the intermediates or by teturn to a previous conformation
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Deletion of Isyl in a Prp16é wild type backgronnd cansed a decreass in the accuracy of 3' splice
site selection; these dara suggest that Prp16 is released prematurely from the spliccosome in the
absence of Isyl, allowing the second step of splicing ro proceed on murant substrates, Mirations
in Isyl and Ué snRNA display synthetic lethality, providing further evidence thar Isyl and Us
snRNA collaborate to enhance the fidelity of 3' splice site selection. The normal function of Isyl
could therefore be to act in concert with 16 snRINA to stabilize 2 spliceosomal conformation chat
favors the first step of splicing.

Subsequent to Prplé action, yeast Prp22 mediates proofreading during the second step of
splicing, further enhancing fidelity (Fig. 4B).*! Prp22 apprars to increasc the accuracy of splice
site selection either by rejecting defective first step splicing products or by promoting exon ligation
in an ATP-dependent manner.'” The mechanism of substrate rejection remains unclear, but Sln7,
which interacts with Pep22'® and is required for correct positional selection of 3' splice sites, '
iy act as a cofactor for Prp22,

Finally, the chromatin-associated protein DEK appears to promote correct 3 splice site se-
lection by U2AF12# In the absence of DEK, U2AF cannot distingnish between AG and CG
dinucleotides at the ' splice site. It appears that phosphorylated DEK interacts with U2AT
and enhances its interaceion with the 3’ splice sive AG, thereby preventing the binding of UZAF®
to polypyrimidine acts lacking a downstream AG dinucleotide. It will be of great interest vo
investigate the idea that DEK is involved in kinetic proofreading by medulating the activity of
a spliccosomal ATPase.”” This work also raises the possibility of a phesphorylation-dependent
switch in the association of IJEK with chromatin or splicing factors.?

Final Comments

2007 marks the 30th anniversary of the discovery of introns, and it has also been abont two
decades since the splicensome was first identified. In that time, remarkable progress has been made
in ourunderstanding of the components and inner workings of this amazing machine. Nonetheless,
particularly in relation to alternative splicing, the devil is in the details. Much still remains to be
learned about the intricacies of the spliccosome and the carefully controlled pathovays chat deter-
mine the function of its components. With so many potential points of combinatorial regulation
in splicensome assembly, it may emerge thar each alternative splicing event is determined by ity
own unique set of interactions.
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CHAPTER 3

Relating Alternative Splicing
to Protecome Complexity

and Genome Evolution
Yi Xing and Christopher Lec*

Abstract

rior to genomics, studies of alternative splicing primarily focused on the fonction and

mechanist of alternative splicing in individual genes and exons. This has changed dramari-

cally since thelate 1990s. High-throughput genomics technologies, such as EST sequencing
and microarrays designed to detect changes in splicing, led to genome-wide discoveries and quanti-
ficarion of alrernarive splicing in a wide range of species from human to Arabidopsis."? Consensus
cstimates of AS frequency in the human genome grew from less than 5% in mid-1990s to as high
as 60-74% now.* The rapid growth in sequence and microarray data for alrernative splicing has
made it possible to look into the global impact of alternative splicing on protein function and
cvolurion of genomes, In this chaprer, we review recent research on alvernative splicing’s impact
on proteomic complexity and its role in genome evalution.

Alternative Splicing and Proteomic Comy[cxitfy

Alternative splicing is a ubiquitous regulavory mechanism of protein function.* In the central
dogma of molecnlar biology, one gene makes one protein, which carries out a specific fancion. In
1978, Walter Gilbert hypothesized that variations in splicing, i.e., alternative splicing, can generate
functionally distinct protein products from a single gene® Nowadays, it is widely accepted that
this new paradigm of "one gene, many proteins™ is how we should think about gene function and
regulation in higher eukaryotes.

When an alternative splicing event occurs within the protein-coding region of 2 gene, it can
modify the protein produoct in a variety of ways. If the length of the alternatively spliced region is
an exact mukeiple of three mucleotides, alternative splicing will insert of remove a peptide segment
without affecting the rest of the protein. Such alternative splicing events are often referred to as
“frame-preserving” alternative splicing events (see Fig. 1). By contrast, if the length of the altemuarively
spliced region is not a muldple of theee nucleotides, alternative splicing will shift the downsream
readingframe Such alternative splicingeventsare referred to as “frame-switching” alternative splicing
events (Fig, 1), Genome-wide analyses of alvernative splicing in human and other enkaryotes show
that 40% of alternative splicing events are frame-preserving, similar to the percentage expected by
random chance (~40%}.5 Interestingly, this percentage is much higher in evolutionarily consesved
alternative exons.™* For exons observed to be alternatively spliced in multiple specics, 50-70%
are frame-preserving, A recent analysis of moise splicing microarray data indicates that 53% of
rissue-specific exons in mouse are frame-preserving!” (also see'®), Taken together, these data suggest
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Alternatively spliced exon is frame-preserving if exon length is an exact multiple of
three nucleotides: does not modify downstream protein sequence
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Alternatively spliced exon is frame-switching if exon length is not an exact multiple
of three nucleotides: changes downstream protein sequence
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Figure 1. Exon length determines whetheranalternatively spliced single-exon skip isframe-preserving
or frame-switching. We define an alternatively spliced exon as frame-preserving if its length
is an exact multiple of three nucleotides, as its alternative splicing will not alter the profein
reading frame of subsequent exons (top). Reproduced from: Resch A et al. Nucleic Acids Res
2004; 32:1261-1269;® with permission of Oxford University Press,

thar evolutionarily ancient “funcrional” alrernative splicing events tend to add or delete a modular
protein-coding unic while keeping the rest of the protein intact, It is worth noting thar 2 large num-
ber of frame-switching alternative splicing events introduce premature termination codons (PTCs)
into the transcript isoforms,'* The mRNA nonsense-mediated decay (NMD) pathway is activated,
leading to the degradation of the premature transcripes’* {refer to chapter by Lareau et al).

Alternative splicing can canse large insertions or dederions within the protein produce, or
subtle changes as small as a few amino acids. Wang and colleagues show that the length of al-
ternatively spliced regions follows an approximate power-law distribution.' Statistical analyses
of alternative cassette exons show that they are significantly shorter than constitutive exons, '
and the occurrence of afternative splicing is much more frequent in micro-exons (ie., exons
less than 30bp).!” It an extreme situation, alternative splicing at NAGNAG 3" splice sites shifts
the site of cxon ligation by 3ut, causing the incerrion or deletion of a single amino acid to the
resulting protein isoforms.'® However, it is not clear whether such a single amino acid indel
event is functionally relevant, or simply reflects the inherent noise and stochasticity in splice
site recognidon.'?

Alecrnative Sgllmng of Protein Domains and Functional Sites

In many cases, bioinformatic analyses of full-length protein isoforin sequences can suggest the
functional consequence of a specific alternative splice form. Figure 2 shows one such example.
Xu and colleagnes identified a novel alternative splice form in the serine/threonine kinase gene
WNK1.* WNKI and its kidney-specific homolog WNK4 cxpress proteins that localize to the
distal renal tubules of the kidney and play an important role in maintaining salt balance of the
body?" Interestingly, WNKI expressesa novel splice form specifically in the kidney that contains
a novel exon upstreant of exon 5. This novel kidney-specific splice form disrupts the N-terminal
kinase domain encoded by the non-kindey FWWNKZ isoform. Based on such bioinformatics
evidence, Xu and colleagues hypothesized that alternative splicing of WINK! down-regulates
WNK]1 kinase activity in the kidney, allowing che WNK1 activiry to be replaced by WNK4
Misregulation of this splicing event can lead to elevated kinase activity and might be responsible
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Figure 2. Kidney-specific alternative splicing of WNK?. A} Gene structure for exon IV-VIH of
the WNKT gene. Exons are shown as boxes and colors show alternative exons. Splice a is
specific to kidney. The putative in-frame stop codon TGA and start codon ATG are indicated.
B) The two alternative farms of WANKT mRNA inferred from the expressed sequence data and
the schernatic representation of WNKT protein sequences. The conserved kinase domain, two
coiled-coil (CC) domains and the corresponding protein regions of mRNA forms are indicated.-
Three amino acids (K233, C250, D368) that are required for the kinase activity of WNKT are
marked by flags on the WNKT protein, Xu Q et al. Nucleic Acids Res 2002; 30:3754-3766;2
with permission of Oxford University Press.

for pseudohypoaldosteronism type [T {PHATI) hypertension.? These bioinformatics predictions
were followed by a serics of experimental investigations, which established the existence and
functional importance of FFNKT alternative splicing. >

A number of studies have performed sequence-analyses of full-length protein isoforms to in-
vestigate the global impact of alternative splicing on protein domains, Kriventseva and colleagues
extracted 4084 protein isoforms of 1780 genes from the SWISS-PROT database and mapped the
alternatively spliced regions onto protein doain annotations in Pfam, SMART and PROSITE.
Their analysis indicates that altemative splicing tends to remove or insert a protein domain in its
entirety (33% of alternatively spliced regions, compared to 16% expected by 2 random model).”
Simnilarly, shortalternative splicingevents within protein domains tend to target functional residues
mone frequently than expected by random chance. These data suggest that natural selection favars
the use of alternative splicing in creating functional diversity of the proteome. Liu and
collecred 932 human genes with multiple RefSeq transcripts in the NCBI Locuslink database
Twenty-four CDDH{Conserved Domain Database) domains had a strong bias towards altemamvely
spliced regions. Thesedomains are involved in diverse biological processes such as apoptosis, calcium

signaling, transcriptional regulation, etc. Resch and colleagues constructed a full-ength protein

isoform database from EST sequences, consisting of 13384 full-dength isoforms of 4422 human

genes.5 They identified fifty CDD domains as being preferentially targeted by alternative splic-
ing. including many well-known. protein interaction domains such as KRAB domain and ankyrin
repeats, In the Kruppel family of cranscription factors, alternative splicing has a strikingly strong
tendency toward disrupting its protein interaction domain (KRAB repressor domain), while leav-
ing the DNA binding domain intact. Alrernarive splicing of these transcription factors acts like 2
“swritch’, converting a transcriptional repressor into an activator by turning off key protein-protein
interactions. Preferential domain targeting by alternative splicing was also observed in monse tran-
scription factors.® Although exon skipping commonly leads to the disruption of protein domains,
Hiller and colleagues show that it can akso create new domains by joining two nenconsecitive
exons together™
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Another subject of extensive studies is the slternative splicing of transmembrane segments,
'The release of functional fragments from membrane anchorage via proteolysis is a wellknown
regulatory mechanism of transmembrane proteins.® Interestingly, alrernarive splicing can produce
a similar effect, by remaving the exon coding for the transmembrane segment. For example, aleer-
native splicing of IL-6R can creare # soluble isoform that activates IZ-6R signaling in cells with
no endogenous /-8R expression.® Genome-wide analyses of alternative splicing in human and
mouse genes indicate that alternative splicing-mediated removal of transmembrane segments is
prevalent in genesencoding single-pass membrane proteins. ¥ Many membrane-bound receptors
generate soluble isoforms by alternative splicing, The soluble isoform can acx asa diffuse signal for
activating signaling in other cells (such as IL-6R), or as an antagonist to the signaling pathway in
the original cells by competing for ligand., Davis and colleagues used a membrane organization an-
notation pipeline to analyze 8032 mouse genes with mulriple protein isoformsin the FPANTOM3
database.*® They classified protein isoforms into sohuble intracellular proteins, soluble secreted
proteins, type I membrane proteins, type II membrane proteins and multi-spanning membrane
proteins. The conversion between soluble proteins and membrane proteins was found to be the
most frequent type of conversion berween different protein isoforms of the same gene.*

'These large-scale analyses of protein isoforms (also see refs. 37,38) shed light on the role of
alternative splicingin regulating protein finction. Other mechanisms of gene regulation, such as
transcriptional regulation and micoRNA-mediated translational repression, change the quarntity
of the final protein product. In contrasr, alrernarive splicing can create a new protein with very
different functions by altering its key functional regions such as globular domains and subeellufar
localization signals, From an evolutionary point of view, alternative splicing is like narure’s protein
engineering experiment to test the funcrionality of novel protein forms (sec details below).

Alternative Splicing and Protein Structure

In contrast to the large amonnt of sequence data available for alternatively spliced proteins,
there is very limited structural information for alternatively spliced proteins. 8o far 3I¥ structures
for only a handful of protein isoforn pairs have been solved (see a summaryin ref. 39). Intwo cases
(EDA-A and A4GST-1), alternative splicinginserts less than ten amino acids into folded regions,
causing a slight stmgtural rearrangement. In three other cases, aliernative splicing alters protein
segments thatarc intrinsically disordered and the structured regions of these three proteins remain
unaleered. Romero and colleagues collected 46 alternatively spliced proteins having experimentally
characterized disordered regions.” 34% of total residues on thess proteins are Jocated in disordered
regions. The percentage is significantly higher for alrernarively spliced regions, with 57% of the
residues being disordered. The same trend was observed in a larger dataser conraining proteing
with compusationally predicted disordered regions. Disordered regions tend to be enriched for
protein functional sites such as binding sites for SH3 domain or substrate sitcs for posteranslarional
modification. Therefore the high preference of alternative splicingin disordered regions provides
a means to expand the functional diversity of proteins withour disrupting the protein structure.
In fact, since the frequencies of alternative splicing and protein intrinsic disorders both increase
dramatically in higher eukaryotes, Romero and collcagnes suggest that expansions of these two
phenomenons might be evolutionarily linked*

A fewstudies have used structure prediction rools to investigate the impact of alternative splic-
ing on protein structure. Wang and colleagues collected structures of 1209 alternatively spliced
proteins, including 351 from PDB and 858 from computaticnal structure predicdons. They show
that alrernative splicing events tend to occur in coiled regions and are usually located at the surface
of proteins.’* Wien and collcagues focused on 57 cases of very-short alternative splicing (VSAS)
events with less than 172a insertions or deletions and computationally predicted the secondary
structures of these protein isoforms, In 2/3 of the cases, alternative splicing inserrs a fragment
with a predicted secondary structure different from those of its flanking sequences. This result
smggests that short alternative splicing events might have an unexpectedly significant impact on
the protein products.® This is indeed the case in the alternative splicing of the Piccalo gene®!



40 Alternasive Splicing in the Posegenomic Eya

Alternative splicing of Piccolo inserts nine amino acids into ies C2A domain, Strucrural modeling
predicted this protein segment to elongate a surface loop witheur affecting rhe Calcium binding
site of Piccolo, However, NMR strucrure determination of the longer isoform indicated a very
sugprising 3D structure. The nine-amine-acid insertion. displaced a beta-strand in the core of the
protein, triggering o large conformational change and alvering the Calcium binding activicy of
Piccolo. This example undetscores the importance of using experimental approaches to study the
impact of alternative splicing on protein serucrure.

Alternative Splicing and Genome Evolution

Over the last few years, anather major theme has emerged: the effect of alternative splicing
on various processes of genome evolution, ranging from the small scale (individual nucleotide
mutations) to the large scale (e.g. exon creation and loss). In this connection, it is significant thar
Gilbert's early proposal of the alternative splicing hypothesis explicitly suggested that it could male
important contribitions vagenome and prateome evolution.’ Shortly afver alternative splicing en-
tered its “genomiccra” (via large-scale EST analyses), bioinformarics researchers began ro examine
this intrigning hypothesis using genome-wide alwernative splicing databases.

Several paraliel lines of evidence suggest thax alternative splicing is associated with reduced
selection pressure {and thus more rapid evolutionary change} than isobserved in constivutively
spliced regions. For example, Sorck and coworkers showed that Aln sequences, which normally
are considered distuptive of protein coding regions, are in fact found in protein-coding exons,
but only in alternatively spliced exons.” They argued char Alu clements would not be toerated
in constitutive exons due to negative selection pressure against discupting the protein product,
but evidently arc tolerated in alternative exons (which are only included in a fraction of the
transcripts synthesized from the genc). Similarly, a comparative genomics study of exon con-
servation found that alternatively spliced exons show much more rapid rates of turnaver during
mammalian evoletion {exon creation and loss) than do constitutive exons.* Specifically, the exon
inclusion level (the fraction of transcripts of a gene which conrain a given exon, estimated from
EST data) made a crucial difference: constitutive and major-form exons {those included in the
majority of transcripts) were strongly conserved (e.g., 98% are conserved between mouse and
human)}, but minor-form exons {those included in only a minotity of eranscripts) were highly
divergent {about three-quarters are expressed as exons in mouse but not in human, or vice-versa
and indeed have poor homology to the orthologous gene in human}. These results suggested
that minor-form alternatively spliced exons undergo much more rapid creation and loss during
mammaljan genome evolution.

A number of studics have analyzed such “genome-specific” exons. Pan et al designed 2 DNA
microarray to detect alternative splicing and to measure exon inclusion levels quantitatively
Comparing the microarray-measured inclusion levels vs. exon conservation patterns between
mouse and human, they found that anly 2 small fraction (about 1 quarter) of major-form exons weee
“genome-specific’ but that a large fraction {over 70%) of minor-form exons were “genome-specific”
Studies of conservation of constitutive exons vs. alterhative exons in insects™ obtained similar
results, indicating that this pattern may be a general feature of alternative splicing in genome
evolution. Pan and coworkers aliso showed that alternative splicing intreduces another new form
of plasticity in genome evolution, which they referred o as “species-specific alternative splicing”,
Whereas constiturive exans display lirtle evolurionary change berween human and mouse {e.g.,
98% arc evolutionarily conserved between the two species), a substantial fraction {11%) of exons
that are alternatively spliced in one species are found to be constitutive in the other species. It is
notable that such 2 major change (skipping of an entire exon) has evolved at such a high frequency
{119 of cases} during mammalian evolution; for purposes of comparison, this is sbout the same
rate as is observed at the opposite extreme, for very minor changes—single nucleotide murations,
most of them silent—in human vs. mouse exons. Again, theimplication is that alternative splicing
is associated with rpid evolution of large-scale changes in gene structure, which conld have large
effects on gene products and functions,
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Recent studies have sought o distinguish exon creation vs, exon loss events during genome
evolution.”* When an exon is present in one modern genotmne but absent from another, this
can be explained cither by creation of a novel exon in the branch leading to the first genome,
or by loss of an ancestral exon in the branch leading to the second genome. This corresponds to
inferring whether the exon was absent or present in the most recent common ancestor (MRCA)
of the two genomes, which can be evaluated by comparing wirh more distantly relared genomes
{so-called “outgroup” analysis). Wang and cowotkers analyzed novel exons in rodents, by com-
parison of mause vs. buman, using pig as an outgronp,” and measured a substantial exon creation
rate (2.71 x 107 per gene per million years). They concluded chat most new cxons were created
as minor-form alternatively spliced exons, via “cxonization” of intronic sequences (e.g,, creation
of splice sites by mutation). Alekseyenko and coworkers have performed a large-scale analysis
of exon creation and loss in 17 complete genomes, spanning 350 million years of vertebrate
evolution,” combining independent analyses of alternative splicing in each of 15 species and
analysis of exon creation and loss of both constitutive and akternatively spliced exons in mam-
mals, fish and birds. They used outgroup analysis and genome-wide multiple alignment of the 17
genomes by UCSC*% These data showed that the crucial importance of exon-inclusion level
for determining the exon-creation rate was observed in all species and ar all timescales {Fig, 3).
In general, major-form exons behaved like constiturive exons, both with very low exan creation
rates, By contrast, medium-form and minor-form AS exons displayed dramatically higher exon
creation rates. Indeed during che course of vertebrate evolution, these two categories represent
almost opposite evolutionary histories: whereas >90% of major-form and constitutive exons
are older than 350 my, it appears that approximately 9%0% of existing minor-form exons were
created in the last 350 my.

Taken together, these studies show the potential power of comparative genomics for eluci-
daring the role of specific mechanisms like alternative splicing in genome evolution, bur only
scratch the sutface relative to what's possible. An intriguing example of an inventive mechod for
mining evolutionary history from modern genomes is provided by the recent study of Shemesh
and coworkers, who analyzed processed pseudogenes as “genomic fossils” to reconstruct ancient
transcript isoforms.* They took advantage of the face that spliced transcripts are occasionally
reverse-transcribed and randomly inserted into the genome as “processed psendogenes™ Such
pseudogenes are commonly thoughe of as “junk IXN A, but like repetitive sequencss they record
potentially interesting information abour genome history and evolution, Shemesh and coworkers
mined this information by comparing human processed pseudogene sequences against modern
gene structures and were able both to discover novel transcript isoforms that are still *in use”
{detectable in human mRNA by RT-PCR) and to discover ancient transcript isoforms that
reveal important events in gene structure cvolution (c.g., creation of novel splice sites). With
such inventive analyses, the “bock of evolution” is open for reading and the rapid accemulation
of many genome sequences should make for “interesting reading”.

Al of these specific results make sense within Gilbert's original model and can be sum-
marized by a simple picture of alternarive splicing as a mechanism for opening up nentral (or
near-neutral) pathways of evolution, by reducing negacive selection pressure against large-scale
changes in genome evolution. If 2 novel exon is inserred as a constieutive exon into a funcrional
gene, it is likely co disrupt cither the protein reading-frame, or at lcast one important structural
or funcrional element in the protein product. Thus, there is significant negative sefection pressure
against random exon creation events in funcrional genes. By contrast, if the same exon creation
was introduced as 2 minor-form alternatively spliced exon, the original transcript isoform would
still be produced in approximately the same amount as before and thus there should be little
impace on reproductive ficness. This “neutralization” of negative selection pressure frees the new
exon to evolve rapidly (i.e., acaumulate mutations, since there is little negative selection pressure
against them) and in this way possibly evolve a useful new function. Any useful new function
could be fixed by positive selection.
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Alternative Splicing and Amino Acid Mutation Selection Pressurc

This model predicts that altcrnatively spliced exons should be associated with a relaxation of
negative selection pressure against not only exon creation, but 2 wide varicty of mutational processes.
One area that has received much study is the accumnlation of amino acid mutations. Many groups
have compared amina acid mutation selection pressure metrics {dn/ds, or Ka/Ks) for aleernarively
spliced exons vs. constitutive cxons and all of them have found marked increases, implying reduced
negative selection pressure in alternatively spliced exons,®¥*! Again, as for exon creation, this
effect appears to be strongly linked to exon inclusion level: major-form exons show Ka/Ks levels
sismilar to constitutive exons, whereas minor-form exons show the largest change.™* This pattern
may be general. For example, negative selection pressure against another type of evelutionary
change (introduction of premature rermination codons) also appears to be relased in minor-form
alternative transcripts as compared with major-forn alternative transctipes.®

‘These results suggest the intrigningidea of evolutionary “hotspots” within a protein sequence:
one portion of the coding region, provided by an alternatively spliced exon, apparently can have
2 much higher rate of amino acid mutations than the rest of the protein, A classic example is
BRCAL* Hurse and Pal first reported the finding that BRCAT has 2 Ka/Ks “hotspot” (in the
region between codons 200-300, Ka/Ks riscs to peak values of 2.0-8.0, indicating positive selec-
tion}. Ordinarily, Ksis assumed to represent the neutral background muation rate and thus shonld
be approximately constant within a gene, while the Ka value is expected to reflect varying levels
of amino acid sclection pressure in different regions of the prorein. Surprisingly, in this segion of
BRCA1, the opposite pattern was observed: Ka remained relatively constant, while Ks plunged
several-fold, resulting in the abserved increase in the Ka/Ks ratio. Subsequently, Orban and Olah
poinred our thar this region is alternarively spliced (exon skipping of exons 9 and 10 and alterna-
tive 3' splicing of exon 11) and thar the region of lowest Ks overlaps twe putative exonic splice
enhancers (ESE) etements.® They proposed that this result might reflect purifying selection on
regularion of altcrnative splicing in this region,

Alternative Splicing and RNA Selection Pressure

This surprising result, aleng with clues from genome-wide comparative genomics studies, sug-
gested that relaxation of selection pressure was not the complete story. Alternative splicing implies
regulation: whereas constirutive exons can be spliced in an unregulated manner (e, alwaysspliced),
alternative exons may require regulatory elements either to activate or suppress their splicing in
specific tissucs or citcumstances. The functional importance of such regularory elements in tum
would creare a new level of selection pressure, this time on the RNA sequence {as opposed to
the amino acid sequence). We will refer to this as “RINA selection pressure”. The elucidation of
cvidence for RNA selection pressure and analysis of its relationship with alternative splicing have
been an important focos of recent research. Two rather different types of studics have converged:
compararive genomics analysis of highly conserved genomic regions; and studies of alternatively
spliced exons and their flanking introns,

Initial comparisons of the mouse and human genomes uncovered one major surprise: the
existence of “ultraconserved” regions of complete scquence identity, extending over hundreds of
nucleotidesin length* and shown by further analysis to bealmost completely conserved in chicken
and dog as well. Intriguingly, most of these regions were not in protein-coding exons (which are
cominonly thoughe of as the mast conserved regions of sequence in the genome), but rather in
inerons. The finding of a statistical association of these regions with genes involved in RNA bind-
ing and splicing regulation and their proximity to alternatively spliced cxons, led Haussler and
coworkers to suggest that such regions corld be involved in regulation of alternative splicing, The
authors also found much larger numbers of smaller nltraconserved regions: over 5000 of length
100 nt or greater and tens of thousands at lower cutoffs. Thus ultraconserved regions could play
an imporrant part in the regulation of a significant fraction of genes.

Sironi and coworkers analyzed the distribution of multispecies canserved sequences (MCS)
across annotated introns.®4 They found that MCS density was inversely correlated with intron
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size and correlated with proximity to conserved aleernative splicing events. Farthermore, mapping
of experimentallyvalidaved intronic splice regulatory clements found that about haif correspond to
MCS regions identified by comparative genomics. Thus these MCS not only appear to be strongly
linked wich alternative splicing regnlation, but may actually identify the majority of functional
regularory sites.

Approaching the problem from the opposite direction, stadies of alternatively spliced exons
reached similar conclusions *#5587 7 Eor example, Sugner et al'? reported that exon skipping was
associated with substantially higher conservation in the flanking introns (approximatcly 70-85%
identity for alternative exons, va. 60-65% for constitutive exons), for at least 100 nr on either side
of the alternarive exon. They also observed a slight increase in percent identity within the exon
itself (approximately 90% identity for alternative exons, vs, 80-85% identity for constitutive exons}.
They also examined alternative-5' and alternative-3' splicing patterns and again found increased
intronic conservation, but only on one side, in the intron immediately adjacent to the alternative
splice site. Similar results have been reporved by others 355870 r has proved useful to disentangle
the effects of amino acid selection pressure {¢.g., as measured by Ka/Ks) from pure “RINA selec-
ton pressure” {e.g. as measured ax synonymous sites by Ks)***# (for a review considering
the possible coupling of Ks effects and Ka/Ks measurements see ref. 71). Analyzed this way, the
strength of RNA sclection pressure associated with alternative splicing is surpmmgly high, rang-
ing from two- to six-fold reductions in Ks for minor-form exons,”® compared with constitutive
exons {even within the same gene). These differences could not be explained by codon usage bias
or GC composition. ‘The fact thar the strength of this selection pressure correlates directly with
the srrengrh of the splicing reaction (as measured by the exon inclusion level), suggests that it is
associaved with regulation of alternative splicing,

Tt is striking that a very different selection pressure metric, protein frame-preservation, is also
strongly anti-correlated with exon inclusion [evels: itishighest for minor-form exons and decreases
ta near-random for major-form and constitutive exons ® Furthermore, frame-preservation also takes
a similar amount of time to evolve: in human vs. chimp comparisons (3 my), frame-preservation
is only slightly higher for minor-form exons compared with major-form or constitutive exons;
for mouse vs. rac (40 my), che frame-preservation ratio is four-fold higher for minor-form exons
and somewhat higher in human vs. mouse comparisons (90 my).* Thus the time course of evolu-
tion of frame-preservation selection pressure roughly parallels that of Xs sclection pressure. A
common-sense interpretation is that whereas relaxation of negative selection pressure occurs im-
mediately upon the creation of an alternatively spliced exon, fixation of 2 new, positive function
for the exon (as indicated by selection for protein modularity and RWNA selection pressure on splice
rcgu]atory motifs) takes significant time,

Connecting RNA Sclection Pressure to Real Splicing Regulation

While evidence of RNA selection pressure associared speaﬁcallythhaltcmmclysphoxlcmns
is suggestive, the questions of idenrifying the acnual splice regulatory dlements and proving that they
are fimctional are nontrivial. A number of groups have atvacked this research problem. For example,
Fairbrother eral performed statistical analyses vo find motifs that were specifically enriched in exons
with weak splice sites, compared with exons with strong splice sites.™ They identified ren distinct
motifs from this analysis as putative ESEs and tested them in a splicing reporter construce based on
resene of splicing of SXN exon 2. Afl ten showed some enhancement of exon inclusion thae in all
but one case was significantly diminished bya poieit mutation predicted to disrupt the ESE motif.
Recently, Fairbrother and coworkers have further validared these ESE morifs using hnman SNP
dara.™ They showed thar their ESE predictions have a slight rendency to clusrer near splice sites
(a maximum of 0.13 ESEs/nt in the region 10-20 nt from the splice site, vs. a background density
of 0.12 more than 70 nt from a splice sitc) and that within this region there is also a significant
decrease in SNP density (5-6 x 10-* SNP/ne within the region 10-20 ntfrom the splice site, ve. 7
= 10~ SNP/nt more than 30 nt from a splice site). By using the chimp genottie to identify which
SNP allcle was ancestral at cach site, they were also able to show evidence of negative selection
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against SNPs that averlap the purative ESEs: about 20% fewer SNPs were observed to overlap the
predicted ESEs than expected under a nentral model; thiswas true regardless of whether the SNP
weas predicted to disrupt the putative ESE, or not. This cffect was strongest in the 20 nt zround a
splice site, where there was an approximately 409% odds-ratio reduction for SNPs thar disrupted
predicted ESEs. Gverall a subset of 57 ESE hezamers were identified as conserved based on the
SINP analysis. Another study of the same predicred ESEs showed that SNPs overlapping these
motifs were least common at exon synomymous sites (6.69% of SNPs overlapped ESEs), relative
to nonexomnic regions (where the ESE hexamers are presumably not functional; 7.20-7.68%).7 The
authors calculared that approximarely 13% fewer SNPs predicted to disrupt ESEs were observed
at synonymous sites than eapected under a neutral model. Intriguingly, the authors observed no
evidenceof negative sclection against SNPs overlapping ESEsat nonsynonymous sites; this matches
the observation from comparative genomics studies that Ka in alternative exons shows no decrease
in alternative exons {relative to constitutive exons), whereas Ks was markedly reduced %5

Parmley et al have evaluated these ESE motifs using comparisons of the haman, chimp and
mouse genomes.” They found again that within the predicted ESEs. Kswas 5- 35% lower than in
non-ESE exonic sequence {with the strongest effect near splice sites) and thar this effect does not
appear to be due to skewed CpG or skewed nucleoride distribution. However, the anthors found
that evidence of a link between purative ESE conservation and alternative splicing was less clear,
First, the pntative ESEs do not appear to explain the reduced Ks in alternative exons; non-ESE
tegions in alternative exons aleo showed a more than two-fold reduction in Ks. Second, altermative
exons show no increase in predicred ESE density compared with constitutive exons. Of course, it
is possible that there genninely is an increase in functional ESEs in alernative exons, but thae this
is obscured by a large fraction of false positives (random matches to the ESE hexamer sequences
that are not functional). Parmley et al's alternative ezon data suggest that Ks is slightly lower in
predicted ESEs than in non-ESE regions of the same alternarive exons, bur this does not fully
resolve the question.

Kabat and coworkers hiave also nsed comparative genomics approaches to identify candidate
splice regulatory motfs in introns fanking alrernatively spliced exons, in nematode worms,™ By
finding regions afhigh nocleotide conservation between C. elogns and C. briggsae, they located 147
alternative exons with apparently conserved regulatory sites and identified short sequence morifi
in these sites by statistical scoring. They were able to validate several of these via an in vivo splicing
reporter assay. As additional anitmal and plant genome sequences become available, large-scale
comparative genomics analyses such as this should he able to reveal many new splicing regulatory
elements, bur experiments will often be required to ascertain their functional significance.

Future Challenges

Currently, alternative splicing research is only ar the early stages of connecting genome-wide
evidence of RNA selection vo elucidating the detailed regularory mechanisms that control “pro-
grams” of alternarive splicing, Some basic questions need to be answered. How many different
regulatory elements control each alternative exon? If anything, comparative genormics data (such
as Ks meastrements) indicate “too much” conservation, implying that a large fraction of altezna-
tive cxon sequence is under RNA selection pressute, For cxample, a sie-fold reducdon in Ks for
minor-form exons (compared with constitutive exons) implies that 5/6 of the synonymous sites
in the exon are constrained. Thiss virrually the whole exon would be considered a “reqnired splice
regulatory element” for its own splicing, a somewhat puzeling scenario. Of course, these regions of
strong conservation are almast always considerably larger than the altermative exon itsclf, extending
100 at or more into the flanking introns on both sides,'**4"# Indeed, many of these alternarive
exons are part of ultraconserved regions of 200 nt or more of absolute conservation between hu-
man, mouse and rat,¥ One possible interpretation is that such large regions of strong conservation
are due to the overlap of many, many ESE/ESS/ISE/ISS sites required for each alternative exon.
‘This raises the challenge of how to decipher thecombinatorial “program” of multiple binding sites
controlling each splicing event.
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Another possibility is that entirely different mechanisms, such as RNA secondary struerure
formation, play an important role in regulating splicing. RNA secondary structures are typically
much larger (in sequence length) than splicing factor binding sites. Recently, some very suriking
examples of RINA secondary structare involvemenc in splicing regularion have been reported for
the DSCAM gene (refer to chapter by Park and Graveley}.””™ Sccondary stracture can be impartant
for splicing regulation in mammalisn genesas well. For example, in FGFR2 two intronic elements
(LASZ and ISAR] are required for activation of exon I splicing and not only forem a ster-loop
structure, but can be replaced by other stem-loop sequences without loss of activity™* Alternative
splicing of rype I procollagen is developmentally regulated, with exon 2 (encodinga cysteine-rich
von Willebrand factor C-like domain) included only in chondrocyte precursors, McAlinden et al
identified a 13 bp stem + 12 nt loop structure immediately adjacent to exon 2’ §' splice site, thatis
essential for this switching event.3! They confirmed the existence of the stem-loop structure using
RNase digestion experiments. The stem sequence is ahsolutely conserved fram mammals to fish
and appears to work in conjuncrion with a weak 5' splice site, which is also strongly conserved
through evolution. Another stem structure involved in splicing regulation has been reperted in
CFTR® Applying secondary seructure analysis to large-scale comparative genomics data is an
important goal rowards assessing how common such mechanisms are in regulating alternative
splicing rthroughout the genome,
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CHAPTER 4

Complex Alternative Splicing

Jung Woo Park and Brenton R, Graveley*

Abstract

[ternarive splicingis a powerful means of contrelling gene expression and increasing protein
A diversity. Most genes express a limited number of mRNA isoforms, but there are several
ples of genes that use alternative splicing ro generate hundreds, thousands and even
tens of thousands of isoforms. Collectively such genes are considered to undergo complex alternarive
splicing. The best example is the Drasophila Doum syndrome cell adhesion molecude (Dscam) gene,
which car generate 38,016 isoforms by the altemative splicing of 95 variable exons. In this review,
we will describe several genes that use complex alternative splicing to generate Jarge repertoires of

mRENAs and what is known about the mechanisms by which they do se.

Introduction

Alwernative splicing affords eukaryotes with the opportunity to produce muldple proteins
from a single gene.** This allows organisms to maximize the coding capacity of their genomes. Ta
illustrate this, let us consider two different ways in which evolution can produce two highly eclared
proteins starting from a single gene. Take, for instance, a representative human gene that contains
~10 exons, produces 2 single mRINA isoform and encompasses ~28,000 bp.43 At least two diffes-
ent scenarios can give rise to a new variant of the encoded protein thar contains an additional 10
amino acids. First, the gene could be duplicated and diverge such that cither a pre-existing exon
is exrended by 30 nucleotides or 2 new 30 nt exon is created. Alrernatively, a single 30 nucleotide
cassette cxon could be inserted into, or arise within an intron in rhe original gene allowing for
two nRNA isoforms chat either contain or lack the exon to now be produced. While these two
scenarios have a similar onrcome—the production of a new protein 10 amino acids longer than
the original protein—they can have drastically different consequences on the sizs of the genome,
Gene duplicarion requires expanding the genome by at least 28,000 bp. In contsast, creating the
same protein by simply adding an altcenative exon to the original gene would only increase the size
of the genome by ~30 nt. The difference in efficiency berween gene duplication or the evalution
of new alternative exons becomes more pronounced as the number of new iscformsincreases, For
example, in the same amount of genome space required te generare a single new isoform of our
hypothetical gene by gene duplication, hundreds of new isoforms could be created by evolving
new alternative exons. Thus, alternative splicing is an extremely economical means of increasing
provein diversiey, :

Alrernative splicing is prevalent in metazoan genomes. For example, current estimates suggest
that at least 42% of Drasophils genes® and over two thirds of mouse and human genes” encode
alternatively spliced pre-mRNAs. These numbess have been increasing at a brisk pace over the
past several years and are likely to still be underestimares as many low abundance, dssue-specific or
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developmentaily regnlated isoforms almost certainly remain to'be characterized. Thus, it is now fair
to say that the majority of metazoan genes encode alternatively spliced pre-mRNAs. Alternative
splicing is clearly the rule, nor the exception.

An igsue thar js quire distinct from the number of gencs thax encode alternatively spliced
pre-mRMAs s the number of isoforms generated per gene. Figure 1 depicts the number of mRNA
isoforms per gene in D, melanagaster, which is perhaps the best annotaved metazcan genome. There
are several conclusions that can be drawn from this graph. First, many genes encode only a single
mBNA isoform. Second, very few genes encode a large number of mRNA isoforms—the greatest
number of mRINA isoforms encoded by a gene in this dataset is 26 for the bngivudinals lacking
(fsis) and madifier of mdg4 (mod (mdg4)) genes. Thus, the number of genes enceding multiple
mRNA isoforms decreases as the number of isoforms increases, yet it would appear that alternative
splicing is rarely used to create a tremendously diverse set of mRNA. isoforms from a single gene.

There are, however, many cavears thar should be kept in mind when interpreting this dataser
as it significantly underestimates both the number of mRNA isoforms expressed per gene and
the number of genes encoding multiple mRNAs. The current annotation of the D. melsnggaster
genome (version 4.1) lists only 21.7% of the genes as encoding more than onc mRNA isoform.
‘This is because this daraset inchides only annotated mRNA isoforms most of which bave been
manually curated. Despite the overall high quality of the annotation, many mRNA isoforms that
arc well-documented in the literatare are not present in this annotation of the genome. Moreover,
recent microarray analyses suggests that at least 42% of genes encode multiple mRNA isoforms and
few, if any of the isoforms detected by this method are present in this dataser.’ As the annotation
and our understanding of the endre repertoire of mRNAs expressed by the Drecophils genome
improves, the slope of this graph will change such thar both the number of genes char express
multiple isoforms and the number of isoforms per gene will increase.
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Figure 1. Number of distinct mRNA isoforms per gene in Drasophila melanogaster. The num-
ber of distinct mRNA isoforms annotated for each gene in version 4.1 of the D, melancgaster
genome was determined. The number of genes is plotied as a function of the number of
annotated mRNA iscforms derived from each gene. Note that the Y axis is represented using
the logarithmic scale.
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In this review we will consider in detail a few genes that express a arge tepertoite of mRNA
isofarmsand represent the outliers of this graph. These genes represent what we refer toas complex
alternative splicing events. Genes in this elass typically have both a complex genomic organization
and appear o use unique mechanisms in the cxpression of their mMRNA repertoire. Throughont
this review, we will focus on Drosephila genes as they represent some of the most unusual and best
characterized complex alternative splicing events,

An Overview of Alternative Splicing—From Simogle to Complex

As revealed in the plot shown in Figure 1, there are chousands of Dresephile genes thar encode
pre-nBNAs tha are alternatively spliced to generate only rwo mRNA isaforms. A classic example
of thisis desblesex (dsx) which functions as a key regudatory gene in the sex-determination pathway
{Fig. 2).* In males, the 4ix pre-mRNA is spliced to include exons 1-3, 5 and 6 and to skip exon
4. In contrast, in females, the same pre-mRNA is spliced to include cxons 1-4 and a poly{A) site
within exon 4 is nsed, The male and femate-specific mRINAs encode male- and female-specific DSX
proteins that function as rranscription facrors to regulate the expression of genes that control the
sexual differentiation pathway? This is an excellent example where alternative splicing is used to
create two mRNA isoforms that encode proteins that function as a binary switch to control an
extremely imporrant aspect of biology. While many genes that encode only two mRNA isoforms
arc of obvious interest and biological importance, for the remainder of this review, we will describe
genes and regulatory mechanisms that generate truly phenomenal numbers of mRNA isoforms
by virtue of alternarive splicing.

Mbc

An excellent example of 3 gene tharundergoes complex alternative splicing in Drosophila is the
Myosin beavy chain [ Mbc) gene which encades a protein that plays a critical role in the function
of musde cells'” The M gene contains 30 exons, 17 of which are alternavively spliced (Fig. 2).
With the exception of exon 18, which is represenred at the genomic level by a single alternative
exon, the other alternavively spliced exons ate organized into 5 separate clusters which contain
from 2 tn 5 exons ¢ach, The alternative exons within each eluster are incloded in the mRNA ina
mutually exclusive manner—only one exon from each cluster is included in the final mRNA. The
consequence of this gene organization is that 480 different mRINAs can by generated from chis
gene by alternartive splicing,

A few RNA sequence elements have been identified that play roles in controlling the splicing
of the exon 11 cluster of M, which contains five exons (exons 11a to 11e)." The regulatory ele-
ments werc all initially identificd based on their evolutionary conservation and are called conserved
intronic elements (CIEs). Onc of these clements, CIE3, islocated in the the last intron of the exon
11 cluster. Deletion of CTE3 results in skipping of exon 1le in the indirect flight muscle of the fly
and exon 10 is spliced directly to exon 12. However, the splicing of the other 4 exon 11 variants
is unaffected. Though the mechanism by which this element functions is entirely unknown, it is
clear that the CIE3 plays an important role in regulating splicing of the exon 11 cluster.

Para

Even greater numbers of distince proteins can be synthesized from other Drosophila genes when
other RNA processing events, such as RNA editing, are combirned with alternative splicing. One
type of RNA editingis the posttranscriptional conversion of adenosine to inasine—a modification
that can alter the identity of a singlc amine acid in the encoded protein. The Drosaphila paralytic
{para) gene, which encodes the major voltage-gated action potential sodium channel, produces a
pre-mRNA that is processed by both alternative splicingand RNA editing.'*'3 The pavs gene con-
tains 13 aleernative exons.and can potentially synthesize 1,536 different mRNAs utilizing alternative
splicing alone (Fig. Z). However, at least 11 adenosines are edited to inosine in pars transeripts,
Considering both RNA editing and alicmative splicing, 1,032,192 different pare transcripts can
theorctically be synthesized from thissingle gene, These examples serve to illustrate how alternative
splicing and in some cases RNA editing, can significantly expand protein diversity.
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Figure 2, Variation in the complexity of alternative splicing in Drosophila. A) The doubiesex
pre-mRNA generates two distinct isoforms in a sex-specific manner. B) The Mhc gene can
produce 480 different mRNAs. C) The para gene undergoes both altemative splicing and
RNA editing (the sites and number of RNA editing events are indicated by the arrows). As a
result, 1,032,192 different para mRNAs can potentially be synthesized. D) The Dscam gene
can generate 38,016 different mRNAs by virtue of alternative splicing alone.

Dscam

"The Dscarmz gene is by far the most extreme case in which alternative splicing alone can gener-
ate an extraordinarily diverse repertoire of mRNAx and proteins. This gene, which is esscntial in
Drosophila, containg 115 exons, 95 of which are alternatively spliced. The alternative exons are
organized inco four distiner clusters—the exon 4, 6, ¢ and 17 clusters—that contain 12, 48, 33
and 2 variable exons cach (Fig. 2).""* Imporrantly, the exons within each cluster are alternatively
spliced in a mutually exclusive manner. As a result, Dseam potentially encodes 38,016 different
isoforms. The Dyosaphila DSCAM protein is most similar to the human Down syndrome Cell
Adhesion Molecule Prowein. However, the human gene does not appear to undergo any of the
alternative splicing that occurs in Drasaphila.

The Dresophila DSCAM protein containg an extracellnlar domain, compased of 10 im-
munoglobulin demains and four fibronectin type III domains, connected to a transmembrane
domain and an intracelhilar domain **'* Alternative splicing of the exon 4, 6 and 2 clusters alvers
the sequence of three of the Ig domains, while alvernacive splicing of the exon 17 cluster abers the
transmembrane demain, These splicing events have important consequences on the fanction of the
protein, Dscam is conserved in all inseces'®'® and has recently been identified in Digpbnix pulex, a
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crustaccan {B.K.G. unpublished data), indicaring that the gene first evolved in its current form at
Jeast 450 million years ago. In each of these organisms, Dscam expresses thonsands of forms. Thus
a diverse repertoire of Dsczrm isoforms must be important for its function.

‘The funcrians and biochemical properties of Dscam are as remarkable as its organization. One
important function of Dscans, is in specifying the wiring of the nervous system. For example, Dscarms
is required for the proper wiring of Bolwigs nerve,'* olfactory receptor neurons,”? projection neurons
of the olfactory system,” mushroom body nenrons®* and mechanosensory neurons. Essentially,
in every case that has baen examined, murations in Dscam resule in neural wiring defeces.

More recently, Dszarn has been shown ro play an imporrane role in the insecr immune syscem.
In bath Drosaphila™ and the mosquito Arnapheles gambiae,” the malaria vector, Dscam is required
for the animal ro mounnt an effective immune response. Moreover, loss of Dscem function impairs
the ability of hemocytes to phagocytose pathogens.

One attractive hypothesis is that each Discam isoform would interact with different axon guid-
ance cues in the nervous system or pathogens/antigens in the immune system, ' In an elegant series
of experiments, the Zipursky Iab reported thar the extracellular portion of DSCAM (including the
region encoded by the exon 4, § and 9 clusters) is capable of homodimerization. ” These homophilic
interactions are strikingly specific as isoforms that differ by a single alternative exon fail to interact
with one another, but strongly bind to themselves.” Even altering as few as three amino acids in
onc of the variable domains can significantly reduce binding. Thus, it appears as thongh 19,008
DSCAM extracellular domains exist that interact in an isoform-specific manner. In the immune
system, it has also been shown that some DSCAM isoforms can interact wich £, o/ while oth-
ers do not.’® This suggests chat DSCAM may function as the insect equivalent of antibodies. In
support of this, infecting 4. gambiae with different pathogens results in the expression of specific
repertoires of Dscam isoforms.®

The striking inceraction properties of DSCAM raise the possibility thar in the nervous system,
individual neurons would express different repertoires of Dscam isoforms and that these would
dictare the wiring parcern of that nearon. In support of this idea, there is clear evidence that the
splicing of at least some of the alternative exons are regulated in a developmental and tissue-specific
mannet ¥ However, these results most likely vastly underestimate the degree of regulation as
they were performed on either entire animals or large, complex tissues. Ik will be necessary o
analyze Dscarm expression at single cell resolution to adequately address this issue, Some atremprs
have been made to determine the number of isoforms expressed in individuat cells by combining
single-cell RT-PCR with microarray analysis.***® These studics suggest that individual neurons
cxpress alimited collection of isoforms (less than 50}, However, this issue again could benefit from
a detailed analysis at the single cell level in the fly. Nonetheless, it is clear that individual neurons
express different collections of isoforms.

Recentevidence also suggests that the precise collection of isoforms expressed in an individual
cell js critical to specify the wiring pattern of the neuron.® To address this, two Dscams alleles were
generared that each lacked 5 of the exon 4 variants—one lacked exons 4.2 through 4.6 while the
other lacked exon 4.4 through 4.8, This reduces the Dseam repertoire from 38,016 o 22,176
potential isoforms. They found that axonal targeting of mechanosensory neurons was dismpted
in flies homozygous for bath of these alleles. More importantly, however, the partern of axon
branchingvas differeut for these two alleles, yer highly consistene in multiple individuals carrying
cach altele. Becanse the repertoire of potential isoforms that can be cxpressed from the two alleles is
different, yet the overall number of isoforms is identical, these results provide strong evidence that
the sequences encoded by the exon 4 vatiants have nonredundant functions. In other words, the
identity of the isoforms expressed in an individual neuron is critical to specify the corsect wiring
pactern, The implication of this is that the splicing of Dscam must be precisely regulated.

Mechanisms Used for Mutually Exclusive Splicing in Dscam
One of the most intriguing aspects of Dscerm is the fact thar the exons within cach variable
eluster are spliced in a swictly mutwally exclasive manner, Work on other genes has revealed several
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mechanisms that are used vo ensure that the splicing of pairs of alternative exons is strictly mutually
exclusive. First, the splice sites in the intron separating the twa alternative exons can be spatially ar-
ranged such that-when splicing factors recognize one splice site, they prevent the bindingof splicing
facrors to the other splice site through steric hinderance. This mechanism has been shown to oconr
in the mammalian a-traperzyesin® and o-actings™ genes. Alternatively, splicing of the two cxons
would be mutnally exclusive if the intron separating the exonsis tao small to be efaciently spliced. For
example, in Dresophila, introns smaller than 59 nucleotides cannotbe remaved by the spliceosome >
Second, mumally exclusive splicing can also be ensured if a gene has 2 unigue arrangement of splice
sites thar are recognized by the major {(which consists of U1, U2, U4, U6 and US suRNPs) and
minor (which consists of the U11, U12, Udarac, Uéatac and US snRNPs) spliceosomes > Because,
neither spliceosome can remove an intron containinga mixmre of major and minor splice sites,” the
splicing of such genes is by definirion, murually exclusive. The hnman seress-activated protein kinase
{INK 1) gene contains an alvernatively spliced region with this type of organization.” Finally, the
splicing of twa cassette exons may not be truly matoally exclusive, but rather may simply appear to
be so. This could eccur if the two alternative ezons are nota multiple of three nucleotides. If neither
ot both exons are included, prematare termination codons will be introduced into the mRNA and
those isoforms will be subject to degradation by the honsense mediated decay pathway™® Asaresult,
mRMNAs containing one and only one exon will be stable and the splicing of such pre-mRNAs will
appear to be murnally exclusive, though in realiry it is not.

Importantly, none of these mechanisms can explain how the cxon 4, 6 and 9 clusters of Dscam
are spliced in a murually exclusive manner. First, even if steric hinderance could prevent adjacent
exons from being spliced together, it would be unable to prevent non-adjacent exons from being
spliced. Second, none of the introns separating the variable exons are below the size limit for
Drasephila introns and again, this size limit would not effect non-adjacent exons, Third, none of
the splice sitesin Dscam conform to the minor splicensome consensus sequence. Finally, the NMD
mechanism cannot operate, The exons within the exon 4 chuster areall myleiples of 3 such that the
reading frame would not change regardless of how many exons are included. For the exon 6and 9
clusters, while the inclusion of more than one exon would resnlt in a frameshift, the inclusion of
maulriples of theee exons {i.c., 4 ezons, 7 exons, erc.} would not. However, such products have not
been observed. Thus, it would appear that a novel mechanism{s) must exist to ensure that the splic-
ingof the cxon 4, 6 and 9 chusters of Dscerm oceurs in a mumally exclusive manner, Surprisingly, in
each cluster that has been studied, it has been shown that RNA secondary stractures play a critical

tole in the mutyally exclusive splicing,

Mutually Exclysive Spliving of the Exon 4 Cluster

Our laborarory recently identified sequences located in the intron between exon 3 and the first
exon 4variant that plays an important role in the splicing of the ezon 4 cluster. These sequences were
shown to form an RINA secondary structure we call the inclusion stem, or iStem, that is required
for the efficient inclusion of all 12 variable exons in the exon 4 cluster.’ The iStem is formed by
basepairing interactions between a 20 nt sequence located immediately downstream of the §” splice
site of exon 3 with a second 20 nt sequence located 300 nt downstream (Fig. 3A). The structural
aspects of the iStem are supported by experiments showing that mutations in either half of the
iStem that disrupt basepairing resuls in skipping of all 12 exon 4 variants and thar compensarory
mutations that restore the stracrure, but not the sequence, also restore the funceion of the iStem.
The iStem is conserved in all 12 Drosaphila specics that have been sequenced, though the precise
sequence varies considerably and there are several examples of compensatory changes. Finally,
several observations suggest that only the base-paired portion of the iStem is eritical for it’s func-
tion, First, delering large portions of the intervening sequence have litde effect on the function
of the iSrem. More importantly, however, is the facr thar the sequence and the distance between
the regions that engage in basepairing interactions is highly variable amongall Drasaphila species.
Thus, the iStem is 2 structural rather than a sequence-specific element that governs inclusion of all
of the exons within a single claster.
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‘The fact thar the stracure, but not the sequence of the iStem is required for its funcrion raises
some interesting issues regarding the mechanisms by which it may act. One possibilicy is that the
RNA struczure of the iStem somehow promotes exon inclusion in 2 manner that does not require
additional protein factors. Alrernarively, a protein, or protein complex interacts with the iStem in
a sequence nonspecific manner—perhaps a double-stranded RNA binding protein, or an RNA
helicase-—and this complex somehow prometes exon inclusion. Anintriguing property of the iStem
isthat despite the fact that it controls the inclusion of all of the exons within the exon 4 cluster, ir
does not play a significant role in determining which variable exon is selected. Thus, alchough the
mechanism by which the iStcm functions is not known, itis clear that the iStem is 2 novel type of
regularory element thar simultaneously controls the splicing of multiple alternative exons.

" In addition to the iStem, a second RNA secondary structure exists in the exon 4 cluster and
is locared within the intron between exon 4.12 and exon 5, Like the iStem, chis RNA strucrure
promates the inclusion of all 12 exon 4 variants and is therefore called the iStem?2 (Kreahling and
Graveley, unpublished). The iStem2 is also evolutionarily conserved, consists of two distantly
located sequences thae basepair with one another and murations in either half of the iStem?2
resnlts in skipping of the exon 4 vartants, Incerestingly, the iStem and iStem?2 appear to function
together, as simultanecusly disrapting both sructures more strongly affects exon inclusion than
daes either structure alone.

"These resules clearly show that RNA secondary seructures play an important role in the mutu-
ally exclusive splicing of the exon 4 cluster of the Dscars pre-mRNA. As we shall sce, this will bea
recurring theme as we consider the other alwernatively spliced clusters in Dscass.

Mutually Exclusive Splicing of the Exon 6 Cluster

BNA secondary structures also play an importane function in the murually exclusive splicing
of the Dscam exon 6 cluster. While searching the entire Dscam gene for sequence elements that
were conserved in all Drosophila species and could therefore potentially funcrion as binding sives
for splicing regulatory proteins, two classes of sequence elements in the exon 6 clnster were identi-
fied-—the docking site, which is located in the intron downstream of constiturive exon 5 and the
selector sequences, which are locared upstream of each of the 48 exon 6 varianes.’** The most
seriking aspect of these elements is that each selector sequence is complementary vo 2 portion of
the docking site (Fig. 3B). Asa result, the interaction between a selector sequence and the docking
site juxtaposes one and only one, alternative exon to the upstream constitutive exon. Moreover,
becanse cach selector sequence interacts with the docking site, only one selector sequence at a time
can bind to the docking site. The mutually exclusive nature of the docking site-selecror sequence
interactions immediatcly suggests that the formation of these competing RNA structures is a
central component of the mechanisms guarantecing that only one exon 6 variant is included in
vach Dscarn mRINA 1537

Though the formartion of these structures remain to be experimentally proven, the evidence
that they do is extremely compelling. Firse, these sequence elements are highly conserved—both
the docking site and the selector sequences are cotiserved in all 20 of the sequenced arthropod
genomes and therefore first evolved at least 450 million years. Second, each exon 6 variant in all
of the sequenced insect genomes contains an upstream selector sequence. Third, each selector
sequence has the potential to basepair with the docking site. Fourth, several double compensarory
mutations have been identified in the honeybee (Apés melfifens) Dscam gene.™ The docking site in
A mellifera coneains two nucleotides thar are different from the docking sites of all other insects.
However, several of the 4, malfifera selector sequence have the potential to form base pairing
interactions with the variable docking site nucleotides. Finally, the high degree of conservation of
the docking site is expected of an ekement that interacts with a large number of elements as muta-
tions in the docking site would affect the splicing of all of the exon 6 variants. Thus, all evidence
to date strongly suggests that these RN A secondary structures form and thae they play 2 key role
in the mumually exclusive splicing mechanism of the exon 6 cluster,
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The exact mechanism by which the docking size-selector sequenice interacrion promorves the
splicing of the adjacent exon is unknown. Morcover, it is not known whether these interactions
serve ro simply ensure that only one exon & variant is included or whether they play a direcr role
in selecting which of the 48 exons are included. For example, it is possible that selector sequences
that have a high affinity for the docking site will be included more cfficiently than exons having
selector sequences with weaker binding affinicies, Current dara argues againse this idea as there
is no correlation between the AG of the interaction of cach selector sequence with the docking
site and the frequency of inclusion observed in microarray™ and sequencing'*#'%% experiments.
However, this could be complicared by factors such as distance, varying elongation rares of RNA
polymerase along the gene and the potential existence of other RNA structures that would alter
the actual kength or possibly the accessibility of regions within the exon 6 cluster pre-mBNA.
Nonetheless, the exon & cluster clearly employs a novel and elegant mechanism to ensure chat
only ane exon is included.

Mutually Exclusive Splicing of the Exon 17 Cluster

Although nothing is known about how splicing of the cxon 9 cluster of Dscass occurs in a
mutually exclusive manner, there are indications that RNA secondary structures again play a key
role in this process in the exon 17 cluster. Anastassion and colleaguey™ identified four conserved
sequence clements {designated A, A, B and B'in Fig, 3C) in the intron berween exons 16and 17,1
thar have the potential to form intrigning RMA sccondary structures. These four sequences form
twa sets of complementary sequences—A can basepair with A’ and B can basepair with B Though
not as obvicusly important as the docking site-selector sequence interaction, these sequences po-
tentiaily function to cnsure that only one of the two exon 17 variants is included. On one hand,
when the A-A' stem forms, exon 17.1 would be prcfcrcmiaﬂy included. In contrast, when the B-B’
stem forms, the 3" splice site of exon 17.1 wonld be occluded and as a result, exon 17.2 would be
inchided. These interactions are not mutually exclusive as both could potentially form at the same
time. As a result, it will be important to functionally analyze the role of these sequence elements
in the splicing of the exon 17 cluster. Nonetheless, the conservation, location and struceures of
these elements do suggest that they play some role in this process,

Lessons from Dscam

‘There are two striking aspects of the mechanisms of mutnally exclusive splicing that have been
uncovered by studying Dscam, First, in each cluster that has been studied, RNA secondary structures
have been identified that play key roles in mutually exclusive splicing. Second, the mechanisms by
which each of these structures functions appears to be distinct. This is particularly surprising as it
suggests that there are mmuliple solations to the common problem of how only one exon is selected
for inclusion when three or more exons can be chosen from., Altheugh Dscam is the most extreme
case of such 2 genomic organization, it is not the sole member of this class of genes—there are at
least 9 other Drasophila genes (Mhe, ATPalpha, GlieClalpba, o, beph, Tepll, conp A, 14-3-3zeta
and P#k) that contain at least one cluster of three or more mutually exclusive exons. The fact thar
there are multiple mechanisms by which pre-mRNAs with three or more alternative exons can be
spliced in a mutually exclusive manner suggests that it is relatively easy to evolve a way to negotiate
this problem. Moreover, the fact that several Drosophila genes have such an organization, combined
with the genomic economy of exon duplication events suggests chat this is a robust evolutionary
straregy for generaring multiple relared proteins, It is therefore striking thar there are no known
genes in homans, or any other vertebrates for thar macter, that concain more than two exons that
are spliced in 2 mutually exclusive manner. Why is this? Have altemative mechanisms for generat-
ing protein diversity such as VDJ recombination become so successful as to phunge multiple exon
munally exclusive splicing into extinction in the vertebrate lineage? Is the vertebrare splicessome
incapable of negotiating pre-mRINAs with such a configuration? Answers to these questions will
likely provide insight inta the mechanism of genome evolution.
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Figure 3. RNA secondary structures important for mutually exclusive splicing in the Drasophila
Dscam pre-mRNA. A) The iStem functions to promote the inclusion of any one of the 12
exon 4 variants. [n the absence of the iStem, the exon 4 variants are excluded. B) The dock-
ing site-selector sequence interactions function to prevent the inclusion of multiple exon &
variants, Due to the fact that only one selector sequence can interact with the docking site
at a time, only one exon 6 variant can be included. C) Four conserved sequence elements
{represented by the boxes [abeled A, A', B and B') have the potential to form RMA structures
that may prevent the inclusion of both exon 17 variants in the same mRNA.
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The sccond take home message from these findings is that each of these structares were identi-
fied by comparative genomics which was made possible by the availability of muleiple genomes
from closely related species, The only exception is the iStem. In this case, the 3’ half of the iStem
was initially identified by mutagenesis srudies. However, the discovery that it was part of an RNA
secondary structure rather than a protein binding site cluded detection until the sequences of
several Drasephila genomes wete available. As the ability to perform comparative genomics scudies
across multiple genomes has only recently become possible, it is likely that many RNA secondary
structures that play an important roke in alternative splicing will be discovered over the next several
year and we anticipate that such elements will turn out to be quite ubiquitous.

Trans-Splicing

"Two genes in the Dresphila genome mentioned earlier, ofs and modfmdg4), take the concepr
of complexity to a whole new level. These two genes ntilize trans-splicing to generare mRNAs.
Trans-splicingis a mechanism by which two different RNA molecules are spliced together to gener-
ateasingle mRINA. Trans-splicing occurs frequently in organisms such as nematodes, trypanasomes
and planarians ¥ In these cases noncoding spliced leader RNAs (SL RNAs) are spliced to the
5' end of the majority of the mRNAs in these organisms. This serves to both add 2 5 cap to the
mBNAs and to process polycistronic pre-mRNAs inte monocistronic mRNAs, However, as the
trans-splicing that has been characterized in Drasophila involves the joining of RNAs containing
coding sequence, these two processes are quite distiner.

‘The firse clear example of a biologically relevant trans-spliced coding gene was modfmdgt)
{modifier of mdg4), which encodes 2 BTB-domain containing transcription factor.” This was
realized immediately npon sequencing the sod (7mdp4) penomic locus and analyzing its organi-
zation. Mod (mdg4) encodes 28 distinct mRNA isoforms that are generated by the splicing of
four common exons (1-4) located at the 5' end of the gene to a collection of alternative exons at
the 3 end of the gene (Fig. 4). The striking observarion was that seven of the isoforms contained
alternative exons rranscribed from the opposite strand than the strand used to transcribe the
common exons! % Thus, the splicing of these transcripts must occur via trans-splicing. This was
rigorously proven by placing one of the trans-spliced exons on a separate chromosome from the
common exons and showing that functional mRNAs were generated containingboth sequences.
Importantly, smod(mdg4) is also trans-spliced in other Dipters and Lepidoptera species though
the number and location of the variable exons differs berween species S

The second gene shown to be trans-spliced is lols (Lengitudinals lacking ), which also encodes
2 BTB domain-containing eranscription factor essential for axon guidance. ™% The Jola gene is 60
kb in length and contains four alternative promoters and 32 exons that are alternatively spliced
to generate 80 mRNAs* (Fig. 4). Fach transcript conrains one of the first four exons generaved
by alternative promoter use, the constant exons 5-8 and one set of the variable exons at the ¥ end.
Unlike rzod{3ndg4), the fact char falz undergoes trans-splicing was not obvious from the organiza-
tion of the gene. Rather, this insight came from interallelic complementation studics.® Horinchi
and colleagues found fefz alleles with murations in the common exens are homozygous lethal, asare
alleles with mutations in the variable exons. However, what was most striking was the obscrvation
that an allele with a common exon mutation can be complemented by alleles with variable cxon
mutations. Moreovet, the idea that this occurred via trans-splicing was verified by showing that
chimeric mRNAs were gencrated in the complemnented animals that contained SNPs specific to
each allele® As with mod(madg4), at least some of the variable exons are known to be transcribed
from their own promoters,

The identification of genes that use trans-splicing as their mechanism of mRNA synthesis
raises numerous inreresting issues. The Arst is why is rrans-splicing used instead of cis-splicing?
Perhaps this represents yet another means of ensuring mutually exclusive splicing—as the region
of the pre-mRNA that is trans-spliced is consumed during the reaction, it is not possible to include
multiple variable exons between two constant exons. Another important question is how does
this type of trans-splicing occur? How are the two pre-mRNAs joined together and what specifies
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which transcriprs arc to be joined together? Why are the oz common exons not spliced to the
mod (mdg#)varisble exons and vice-versa? The observation that amod (mdg4) variable exon placed
on a different chromosome than the common exons suggests thar this is not due ro confining the
transctipts to 4 specific nuclear location. What prevents the trans-spliced precursors from being
spliced to other pre-mRNAsin the cell? Finally, as the genomic organization of lls does not obvi-
ously suggest trans-splicing as the dominant synthetic mechanism, one must wender bow many
other genes are trans-spliced? Does this phenomenon occur outside of insects? There are several
examples of mammalian genes that undergo trans-splicing.*** However, in most cases, this occurs
in only a small subset of mRNAs thar are synthesized and may therefore represent noise rather than
being bialogically significant 3! Nonetheless, mad (mdp4}and fofa add another intrigningexample
of complex alternative splicing mechanisms that raise more questions than answers.

Conclusions

‘The examples thar have been described in this chaprer serve to llustrate the fact chat alternative
splicing can be extraordinarily complex and is used to generate a vast repertoire of izoforms, For
example, the Drasaphila proteome porentially contains at feast 1,084,500 members saking invo ac-
count the diversity generated by the Mbr, Dscaris, para, tolzand sod (rdgd) genesalone, Clearlya
widevatiety of regulatory mechanisms ave used to precisely control che expression of these mRNAs
in space and time and the fidelity of their synthesis. As our exploration of the transcripromes of
varigus organisms expands, additional examples of complex alrernative splicing evenes will most
certainly be unveiled. Understanding how these remarkable events are controlled and their fime-
tional roles in biology will be an exciting and consiming endeavor for yeats to come.
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CHAPTER S

Technologies for the Global Discovery
and Analysis of Alternative Splicing

John A. Calarco,' Arneet L. Saltzman,! Joanna Y. Ip
and Benjamin J. Blencowe*

Abstract

uring the past ~20 years, studies on alternative splicing (AS) have largely been directed
Datthcidmuﬁcano‘ ion and characterizarion of factors and mechanisms responsible for the

control of splice site selection, nsing model substrates and an 2 case by case basis. These
studies have provided a wealth of information on the factors and interactions that control forma-
tion of the spliccosome. However, relatively little is known abour the global regulatory propertics
of AS, Important questions that need to be addressed are: which exons are alternatively spliced
and nader which cellular contexts, what are the functional roles of AS events in different cellular
contexts, and how are AS events controlled and coordinated with each other and with other levels
of gene regulation to achieve cell- and development- specific functions. During the past several
years, new rechnologies and experimental strategics have provided insight into these questions, For
example, custom microarrays and dara analysis tools are playinga prominent role in the discovery
and analysis of splicing regulation. Moreover, several non-microarray-based technologies are
emerging thar will likely further firel progress in this area. This review focuses on recent advances
made in the development and application of high-throughput methods to study AS.

Introduction

Recent studies employing custom microarrays and associaved data analysis tools have shed lighe
upon the possible extent of AS regulation associated with specific cell and rissue types, both under
physiologically normal and discase-assoclated contexts, Related stadies have alse yiclded novel
insights into the global contributions of individual factors to splicing regulation, As a result, par-
ticular genes and cellular functions that are likely regulared in a coordinated fashion by individual
or combinations of specific splicing factors, as well as fearures of the sequence “code” underlying
regulared splicing events, have been identified. The enormous amount of data generated by such
high-throughput approaches hasled to a wealth of opportunities for follow-up studies directed at
exploring not only addidonal global aspects of AS, but also the functions of 2 myriad of individual
exons in gene regulation and the mechanisms involved.

In this review, we will survey the development and application of different high-throughput
approaches that have been employed to study AS on a large-scale. We will asscss what has been
learned from these technological advanees as well as how we envisage their further dewelopment
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contributing to our knowledge of AS. We will also survey some of the emerging cechnologies for
their potential to address questions that cannot currentdy be addressed by microarray-based systems.
We are clearly at an exciting juncmre in the field, where the merging of the new technologies with
mare canventional approaches in splicing rescarch promiscs to facilitate new insight into the nature
of the complexity and regulation of AS in multicellular organisms.

Microarray-Based Methods for the Large-Scale Discovery
and Characterization of Alternative Splicing Events

Tiling and Splice Junction Micrearrays .

One of the first indications that DNA microarrays could be used 1o detect AS in mRNA
transcripts came from studies applying ‘tiling’ probe arrays, Le, microarrays with closely spaced
or overlapping probes that span entire chromosomes or genomes (Fig. 1A)."* Initially employed
were tiling microarrays fabricared using the ink-jet technology developed at Rosetta Inpharmatics.*
These microarsays contained 60mer oligonueleotide probes with sequences overlapping by 10
mucleotides corresponding to the nonrepetitive portians of chromosome 22. The microarrays
were hybridized with cDNA corresponding to 69 different cell or tissue types.! In the same
study, microarrays containing single probes for all annotated exons in the human genome were
also employed (Fig, 1B]. The initial aim of these strategies was to identify transcribed regions of
the genome and to confirm and extend knowledge of the exon/intron archirecture of annorared
genies. In addition to providing such insights, evidence fot the differential usage of certain exons
in transcripts was apparent from comparisons of the hybridization efficiencies of probes to specific
exons relative to neighboring exon prabes.

Figure 1. Microatray formats for monitoring AS. The diagram shows various microarray formats
employing oligonucleotide probes {thick lines), which are typically anchored to glass slides,
The probe arrangements are shown in relation to a single cassette-type alternative exon (gray
rectangle} flanked by intron sequences and constitutive exons (white rectangles). The following
probe configurations are illustrated: (A) genomic tiling; (B} single probe per exon; (C) multiple
probes per exon; (D) junction-specific probes for included exons; (E) combinations of exon
and junction specific probes for included and skipped exons.
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Another tiling-based approach employed 25mer oligonucleotide microarrays fabricared usinga
phoralithography-based process developed by Affymetrix.? In this study, the oligonucleotides were
spaced at 35 nucleotide intervals spanning human chromosomes 21 2nd 22 and the data generared
from hyhridizing <DNA from 11 different tumor and fetal cell lines alse provided evidence of
possible differential exon inclusion levels in transcripts.® Subsequent re-analysis of the dara from
this seudy nsing tailored statistical approaches provided evidence for a higher degree of exon skip-
ping events than previously predicted using the same array platform.® A more direct analysis of
microarray data for the purpose of AS derection subsequently emerged from profiling 1600 rar
genes in ten different tissues nsing a costom-designed Affymerrix array contatning probes largely
concentrated in the 3-UTR regions of genes (Fig. 1C).2 In this study, the authors concluded that
approximately 17% of the UTR regions displayed cvidence of AS.

In more recent studies, exon-specificand tiling microarrays have been used for the analysis of AS
in various organisms and in different developmental contexts.* For example, Stolc and colleagues
nsed a microarray thar incorporated prebes to all exons and approzimately 40% of the predicred
splice junctions in Drosophila melanogaster® The results from profiling different Drasephils devel-
opmental stages predicted the existence of 5440 previousy unidentificd splice isoforms and icwas
estimated that approximately 409 of genes in the fruit fly contain one or more AS events.

Many of the seudies cited above utilized ¢<DNA labeling procedures that depended on
oligo-dT primingand therefore 3'-end detection bias was an issue, To address thisjssue, Johnson
and colleagues developed a full-length RNA amplification and labeling protocol and used this
in conjuncrion with ink-jer fabricated microarrays containing 38 mer splice juncrion-specific
oligonucleotide probes.” Careful cantrols by this gronp and others indicared that probes of 36
to 40 nucleotides in length, under the appropriate hybridization conditions, afford the com-
bined optimal benefits of signal strength and specificiy for splice junction detection.'® Johnson
and colleagues subsequently used microarrays designed according to these probe parameters,
containing splice junction probes representing cvery consecutive (end-ta-end) joining of all
RefSeq-annorated exons in approximately 10,000 multi-exon human genes (Fig, 1D} These
arrays were hybridized with cDNA from 52 diverse human cell and tissuc types and AS was
predicted using a seoring approach that weights simultancous signal “drops” for two adjacent
junction probes. This approach afforded the detection of exon skipping events in gene regions
not covered by ESTs/¢DNAs, as well as the discovery of new cell- and tissue-specihc AS events.
By combining information from the microartay and EST/¢DNA sequence data, these authors
estimated that 74% of human multi-exon genes contain ar least one alternative exon.

Although riling, exon-specific and the aforementioned splice junction microarrays provided a
potential means of detecting AS in transcripts, these array formars did not afford specific derec-
ton of isoforms formed by skipping of exons and the false-positive rate for detection of AS was
relatively high (>50%)."! In other studies, largely performed in parallel, microarmays were designed
that utilize combinations of exon body and splice junction probes {Fig, 1E). These formats have
yiclded quantitative estinates for AS, as well as improved false-positive rates for detection of AS.
Clark and colleagues were among the first to report microarrays combining probes specific to
splice junctions and exons {(and alsoan intron-specific probe), These authorsinitially used in-house
robot-spotted oligomucleotide arrays with probes representing all known splicing events in bud-
ding yeast to study the differential effects of various splicing faceor ntants an intron remoyal 1
Since budding yeast contains few AS events, the primary aim of this study was to asscss whether
the ~200 single intron-containing genes arc spliced with different efficiencies in different splicing
factor murant strains,

Fiber Optic-Based Detection Microarrays and DASL

A different microarray system was developed by Fu and colleagnes working in collaboration
with lumina.”* The method described by these anthars involves a series of steps including RNA/
cDNA-mediated annealing, selection, extension and ligation {RASL or DASL) followed by hybrid-
ization to arrays and monitering using a fiber optic-based detection system (Fig. 2}.'* Specifically,
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/m RNA or cDNA
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Figure 2. Monitoring of AS using RASL or DASL (RNA/cDNA-mediated annealing, selection,
extension and ligation), followed by hybridization to fiber optic-based detection microzrrays.
Ligation products are generated when a common oligonucleotide (black line) anneals to an
exon sequence directly flanking a splice junction shared by two mRNA isoforms and splice
isoform-specific oligonucleatides (red and yellow lines) anneal on the other side of the junc-
tion. Following annealing and ligation (yellow explosion) of the oligonucleotides {common
and isoform-specific) the ligation products are amplified by PCR using universal T7 and T3
primer sites, included on the ends of the annealing oligos. Biotin (black star} is incorporated
during the amplification process thraugh one of the PCR primers and the amplified products
are then hybridized through unique bar-code sequences (pink and orange lines) that are
complementary to sequences located on the fiber-optic detection microarray.

this technique makes tse of a comemon oligonucleoride designed to anneal 1o the exon sequence
fankinga splice junction shared by rwo mRNA or cDNA isoforms and rwoe specific oligonucleotides
{each flanked by a specific bar-code sequence thar will hybridize to the fiber-optic-coupled detection
array) designed to anneal to alternative cson sequences unique to each splice isoform that flank the
eommon exon, Hence, only one of the two specific oligonucleotides should anneal to each isoform.
‘The annealed oligonucleotides {common and isoform-specific) are ligated together and amplified by
PCR wsinig universal primier sites at the ends of the oligos. Biotin is incorporated during the 2mpli-
fication process through one of the PCR primers and the amplified prodiscrs are then hybridized to
the fibex optic array through the unique bar-code sequence and detected through the use of labeled
streptavidin. The RASL/DASL technique has been multiplexed for menitoring thousands of AS
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events simultaneously and was recently applied to profile splicing changes associated with prostare
cancer."® This method circumvents the issue of cross-hybridization potential presented by microarray
formats employing splice-junction probes. Another advantage is that very small amounts of starting
RINA can be used because of the PCR step to amplify the products prior o hybridization. However,
a limitation of the method is that it relies on anncalingoligonucleotides that are restricted to splice
junction fanks, which may not always be optimal for specificicy and possible differences in ligation
or amplification efficiencies could affect the quantitative accuracy of the method,

Alternative Splicing Microarrays Combining Sets of Exon
and Splice Junction Probes

Microarray formats currently used by most investigators to profile AS in metazoan organisms
employ combinations of eligonucleoride probes that are complementary to exon body sequences
and splice junction scquences representing both “inclnded” and “excluded” or skipped isoforms. 1425
As with the initial tiling, exon or splice-junction microarrays mentioned above, these formats typi-
cally employ sets of aligonucleotides anchored at one end on glass slides. Although some strategies
employing chis type of design have incorporated muhiple overlapping 25 mer probes targeted to
splice junctions to improve measurement sensitivity,* several groups have found that single splice
junction probes of ~38 nucleotides in length, in combination: with the exon-specific probes, are
sufficient to reliably deteer AS differences when combined with the appropriate data analysis
tools.!>1£2123 For example, a simple six-probe microarray design in conjunction with GenASAP
{(Generative model for the AS array platform} algorithm affords the simultaneons quantitative
profiling of thousands of cassetve type AS events in mammalian cellsand tissues and between differ-
ent conditions #2'%% Various other data analysis strategies have been used for specific microareay
platforms in recenit years and this is currently a very active area of research.>>7# Some of these
methods have been described in detail in a recent review by Cuperdovic-Culf and colleagnes.™

Applications of Alternative Splicing Microarrays

Profiling of AS in Normal Cells and Tissues

A number of gronps have profiled A in human and mouse cells and tissues in order to identify
and characrerize tissue- and developmental stage-specific splicing evenys,! 1472102524283 Regyles
from these studies indicate that many AS events occur in a tissue-regulated manner, analogous
to the regulation of gene expression at the transcriprional level. Johnson and colleagues identi-
fied numerous splicing differences between human tissues and cell lines' and work from our
group and the groups of Ares and Lee have uncovered numerous new tissue-specific AS events
in mouse tissues,'*'** Huang and colleagnes profiled AS in various developmental stages of the
testes and mature spermatozoa using <DNA microarrays and validared by sequencing 74 of these
developmentally-regulated AS events.” Approximately 83-85% of these AS events are predicred to
alter the reading frames of the resnlting rranscripes, Recently, our group rogether with the group of
Lynch hasprofiled AS changes that accur upon activation of the Jurkat T-cell line.* Approximately
10% of the aleernative exons represented on the microatray undergo significant changes in inclu-
sion level and many of these differences oceurred in transcripts of genes known to have important
roles in T-eell function. These recent studies have demonstrated the utility of AS microarrays for
the identification of novel tissue- and development stage-specific AS events as well as quantita-
tive informarion on the inclusion levels of the corresponding exons. As such, they have provided
substantial amounts of new information about AS that is prime for futnre characterization.

Splicing-sensitive microarrays have also been employed to address biological questions in other
model systems. Ner-Gaon and Fluhr used whole genome arrays to assess the extent to which ineron
retention, the most common class of AS eventin Arabidopsis shaliana, occurs in this species.? These
investigators estimare thar approximately 8% of all cranscriprs undergo intron retention and that
the vast majority of these AS eventy alter the reading frame of the affected wanscriprs. This resule
implies that intron retention evolved as an important mechanism to regulate the function and
activity of cerrain genes in Arebidopsis.
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Another study by McIntyre and colleagues profiled sex-specific splicing differences in various
laboratory linesof Dyesaphila melanogaster” Begulation of specific AS events in anscripts such as
those from the dozblesex and sex-lerhal genes have been shown to be imporeant in the sex derermina-
tion pathway in Drasephila.**** However, it was not known prior to this study what proportion of
transcripts undergo AS in a scx-specific manner. Surprisingly, the work of Mclntyre and colleagues
indicated that berween 11% and 24% of transeripts known to have mmltiple varianes are predicted
to show sex-biased splicing pattecns. This study also found that a large proportion of previously
identified splicing regulators™ are differemtially expressed between male and female flies, suggesting
that these differences conld be responsible, at least in part, for the large number of AS differences
observed. Future experiments should help establish whether a causal connection exists between
the differential regulation of these splicing factors and sex-related splicing changes.

Int addition to surveying large numbers of AS events, some groups have designed focused
microartays for profiling single pre-mBINA transcripts with complex patterns of AS. In one such
study, Nagao and colleagues designed microarrays with exon, intron and exon-junction probes
to study previously identified and potentially cryptic splice variants of the PTCH genc, the
human homolog of the Drasaphila gene patched.” Protein products from the PTCH locus are
important components of the hedgehog signaling pathway and mutations in this gene have been
linked to patients with autosomal dominant nevoid basal cell carcinoma syndrome (INBCCS). In
the study by Nagao and colleagues it was found that transcript variants containing exon 12B are
more abundant in the brain and heart than in the other tissues surveyed. Inclusion of this exon
introduces a premature termination codon that is predicred to result in a either a nonfunctional
or dominant-negative acting protein, potentially impacting brain and heare developmente. In addi-
tion, microarray experiments using RNA from cell lines derived from NBCCS patients identified
novel isoforms generated by the usage of cryptic splice sites. Another recent study employing a
facused array profiled documented AS events in transcripts of genes encoding all of the known
human phosphodiesterases,' Tissue-specific AS was devected in the transeripts of specific phos-
phodiesterase genes, thus providing a mare detailed picture of die expression landscape for this
important class of enzymes. Together, the results of the studies summarized abave demonstrate the
utility of focused AS arrays for monitoring known splice varfants and for the detecion of sberrant

variants associated with diseases.

Alternative Splicing Patterns Associated with Cancer

Transcript level profiles derived from microarray data have been used to establish molecular
‘signatures’ thar facilirate distinguishing normal from cancerous tissues, the subtyping of different
breast cancers and leukemic cell types and the prediction of whether vamours respond to specific
drngs, as well as prognostic outcomes.?* Since discase-associzted mutations very often targee the
splicing process and given increasing evidence for links between alterations in splicing parternsand
disease, ™% it has been suggested that information from splicing-sensitive microarrays may further
improve the accaracy of identifying disease-relared signatures.”” Fvidence bas been provided in
one AS profiling study that this may indeed be the case (see below), It has also been proposed
that the idensification of disease-assaciated splice isoform changes will lead to the development
of aberrant isoform-specific drugs that do not interfere with isoforms from the same gene that
encode normal gene functions,®

A number of groups have microarray-profiled various tumonr tissues and tumour-derived cell
lines in recent years.*#22 Relogio and colleagues profiled approximately 100 AS events implicated
in cancers in normal lymphocytes and Hodgkin’s lymphoma cell lines from paticnts with differ-
ing severities of the disease® In parallel, the expression patrerns of 86 splicing r TS were
also monitored te assess the extent to which trans-acting factors might be deregulated in cancer.
Alternative splicing differences were detected between the normal lymphocytes and Hodghin's lines
and 2 correlation was observed betwesn AS differences and tumot severity. This study also revealed
transcript abundance differences and ecropic expression of various splicing factors, inclnding the
neuronal Nova proteins, which were associated with increased inclusion of exon 64 in transcripts
of JNK2, an important kinase implicated in Hodgkin's lymphomas.
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In another recent study, prostate tumour samples and cell lines were profiled for AS and tran-
script kevel differences.? Li, Fu and colleagues used the DASL-PCR/fiber-optic array pladform Je-
scribed above to profile changes in transcriprs from approximately 1500 genes implicated in prostate
cancer. These investigators also developed a data analysis method ro assign similariry scores based
both on splicing and transcripe levels and performed hierarchical clustering nsing these similarivy
criteria. This ‘two-dimensional’ clustering technique was used to distinguish between cancerous
and noncancerous samples and also between the severity and grade of individual prostate tamors.
Thie results indicared thar profiling splicing differences together with transcript level differences
can afford a refined method to characterize tumors and porentially also to discover examples of
transcription-coupled splicing changes linked to prostate caneer progression. Subsequent analysis
of the data from this study indicated that the splice variant profiling dara was more predictive of
prostate cancer origin than was the transcription profiling data,” thus supporting the idea that splice
isoform “signatures” have considerable potential for detection and discase characrerization.

Li, Lin and colleagnes have also recently used exon and splice junction microarrays to profile
AS in transcripts from 64 genes in human breast cancer cell lines and normal mammary epithclial
cells.'® To investigate the influence of cell ulturing environments an tumer formation and progres-
sion invive, the authors compared profiles from cultured cells grown in two dimensional and three
dimensional environments and also from zenografted tnmours grown in nude mice. Changes in AS
were observed in transcripts from specific genes such as MYL4, DDRY and CD44 when compar-
ing breast cancer lines with normal lines. It was also found that the different culturing conditions
affected AS pacterns, with three-dimensional culturing of breast cancer cells in matrigel substrate
showing stronger similarities to the AS patterns in zenografted rumors, than to the AS patterns
obtained from the cell lines grown in ewo-dimensional colrure,

Cancer-associated splice isoforms identified in the studics summarized above may help shed
light on important molecular changes underlying the development and progression of cancers,
in addition to serving as potentially nseful cancer biomarkers. All three of the studies mentioned
above indicate that alterations in trans-acting splicing factors likely underlie many of the splice
isaform changes associated with cancers and that the elucidation of the nature and relevance of
these changes may also lead to the identification of valuable cancer biomarkers,

Global Regulation by Trans-Acting Splicing Factors and AS Networks

Several groups have used microarrays to investigare the global activities of trans-acting splicing
factors. > I the study by Clark et al various strains of Saccharamyces cerevisiae with tempera-
ture-sensitive mutarions in pre-mRINA processing factors were surveyed for effects on differential
splicing efficiency, nsingthe microarrays desceibed above.'* The use of different indices for monitor-
ing intron accumunlation and splicing efficiency allowed these investigators to scparate mutants that
differentially affect pre-mRNA levels and splicing efficiency. Interestingly, it was found that many
mutants affecting intron accummlation did not affect splicing efficiency and vice versa, indicating
that the two processes are controlled in many cases by different sers of factors.

Blanchette et al investigated the targets of Drosaphila melanogaster splicing regulators using
custom-designed AS microarrays combining exon body and junction probes.” These anthors used
doublc-stranded RNA interference in enltured Drosgphila SL2 cells to knockdown cxpression of
dASF/SF2, B52/dSRp55, hrp48 and PSL Labeled cDNA prepared from RNA isolated from the
cells was hybridized to an AS array with probes representing 2,931 unique cranscripts. Each splic-
ing facvor was found to affect the AS of different numbers and subsets of exons, with dASE/SF2
affecting the most ezons (~300) and PSIaffecting the least { ~48 exons), Subsequent analysisof the
intronic regions flanking the d ASF/SF2- and B52/dSRp55-regulated exons identified overrepre-
sented sequences that resemble the SELEX-defined motifs of these factors. A relatively small degree
of overlap was observed between the exon targets of these splicing facters and few exons displayed
opposite splicing patterns when dASF/SF2 and hep48 (the Drasgphile homolog of hnRNP A1)
were knocked down, Mammalian ASF/SF2 and hnRNP-A] proteins were previously shown 1o
have opposing activities in the regulation of ASin the contest of several analyzed teanseripes (refer
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to chapters by Lin and Fu, and Marinez-Contreras et al) and these antagonistic funcrions were
thought to occur on a more general level. However, the results of Blanchette et al suggest that the
conrrol of AS events conld require the combinatorial action of numerous different splicing regula-
tors, including as yet unknown combinations of both identificd and unidentified factors.

Recent work from Ule er al made use of an Affymetrix microarray combining exon and splice
juncrion probes to survey splicing differences berween wild-type mice and mice carrying dele-
tions in the genes encoding the neural-specific splicing factors Noval and Nova2.” These authors
identified in their microarray data a set of AS events differentially regulated between neocortex
and thymns tissues that change in level in the absence of Nova2. All of the Nova2-dependent AS
vents in neocortex were validated by RT-PCR assays, allowing the authors to estimate that Nova2
regulates approximately 7% of AS events thar are differentially spliced in brain versus thymus tis-
sues. Importantly, it was found that a significant fraction of the NovaZ-regulated alternative exons
belong ro genes that have funcrions associated with the synapse. Purthermore, it was found that
~74% of the proteins corresponding o the Nova-regulated list of genes were previously reported
to interact with onc another. These data strongly supgested that Nova proteins function to regulate
the splicing of 2 nerwork of genes that function at the synapse {Fig. 3A). Recent work from our
Iab involving AS microarray profiling of diverse mouse tissues has provided additional evidence
supporting the concept of regulated splicing networks that operate to control specific functions
in the central nervous system (CINS).* A set of ~150 alternative exons displaying differential
inclusion levels in CNS tissues relative to the other profiled tissues wasidentified and it was found
that the genes containing these exons are sighificantly enriched in annotations associated with
functions incinding GTP-regulated signalling, vesicle-mediared transport, cytoskeletal organization
and biogenesis, as well as in nervous system-specific functions. In another recent study we nsed
a human-specific AS microarray to identify a set of AS cvents that display differential regulacion
upon activation of the Jurkat T-cell line. Of the AS events that were analyzed further, >50% were
also detecred in activated, normal CD4+ and CD8+ T-cell lymphocytes. Interestingly, genes
containing the differentially-regulated alternative exons were significantly enriched in annotations
associated with cell cycle control”

These results resemble those from earlier studies from microarray profiling of transcript levels
using conventional microarrays, in which subsers of genes with cell and tissue coregulated rranscripr
levels are often functionally related and operate in the same processes and pathways.*** However,
importantly, the scts of genes that display cell/tissue coregulation at the level of AS do not overlap
cxtensively with the sets of genes coregulated at the level of transcription and in general ovetlap-
ping yet distince functional categories are enriched in each sct. These studics extended previous
observations from microarray profiling indicating thar different subsets of genes are regulated ina
sissue-specific manner ac the levels of AS and transcriprion {Fig, 3B).""* Taken together with the
results of Ule and colleagues, as well as recent microarray-based evidence for gene function coordi-
nation at the levels of mRINA stability {e.g-, by miRNAs) and export,®% it isincreasingly apparent
that AS represents one of several layers of regulation acting on different subscts of genes to confer
cell- and tissuc-specific functions in mammals (Fig. 3C). Future research in gene expression will
undoubtedly explore the mechanisms by which the splicing machinery controls fncrionally-related
sets of genes and how these networks operare in the contexr of nerworks concrolled ar other levels
of gene expression to define cell- and dssue-specific acrivities.

General Global Regulatory Features of AS

Alrernative splicing microarray data has afforded new opporrunities to discover and analyze
global regudatory properties of splicing that operate in a cell- and tissue-type independent manner.
One area of investigation has been to derermine the impace of the evalutionary origin of exons on
their inclusion levels. The results of our initial profiling experitnents using ten diverse adult mowse
tissues showed thar weakly included exons are overrepresented by genome-specific AS events (ic.,
exous present in the mouse genome but not in the human genome). This observation confirmed
eatlier predicrions based entirely on the analysis of aligned cIDNA and EST sequences by Modrek
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Figure 3. Global regulatory features of AS revealed by microarray profiling. A} Darnell and
colleagues compared splicing patterns between neocortex from wild type and mutant mice
lacking Nova-2. Genes with Nova-2 dependent AS differences are predominantly associated
with functions linked to synapse activity.® The diagram illustrates different types of Nova-2
regulated AS events monitored on the microarray (which include alternative 573" splice site
selection events as well as cassette alternative exens) and a subset of the Biological Process
annotation categories (assigned using the Gene Ontology system) associated with genes
containing alternative exons that display a significant change in inclusion level between the
neocortex of wild type and Nova-2* mice. B) Different subsets of mouse genes are regulated
at the AS and transcriptional levels. Genes are shown clustered based on AS levels {left-most
panel), as determined by AS profiling using a mouse-specific microarray,” and the same set of
genes is shown in the same order in the adjacent panel. Genes are also shown clustered based
on transcript levels (third panel from left), as measured using probes specific for constitutive
exons flanking each profiled alternative exon and the same set of genes is shown in the same
order in the adjacent panel. (Adapted from: Blencowe BJ. Cell 126(1):37-47;¥ ©2006 with
permission of Elsevier) C) Data from microarray AS profiling experiments, including those
described above, suggest that different subsets of genes may comprise “layers” of networks
that coordinate specific cellular functions. The dotted lines indicate interconnections that
serve o integrate these and the other layers of gene regulation shown. {Adapted from: Pan
Q et al. Mol Cell 16(6):929-941;2' €©2004 with permission from Elsevier.)

and coworkers.” The AS microarray data also revealed thar the majority of alternative exons ar
steady state are highly included in monse tissues and that highly included alternative exons are
often represented by conserved exons thar undergo species-specific AS (i.e., in this case conserved
exons thatare constitutively spliced in human but alternatively spliced in mouse). Jt was also found
that more highly included exons, such as those involving conserved exons that are spliced in a
species-specific manner, more often have the potential 1o alter conserved and functionally-defined
protein domains*'#47 Inrerestingly, alternative exons thar are conserved berween human and
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monse were found to have more variable inclusion levels in different tissues and also to less often
have the porential o disrupt conserved protein domains. In agreement with these findings, further
analysis of our dataset by Xing et al®® revealed that casserze alternative exons conserved between
mouse and hnman, which represent less than 20% of the total number of cassette alternative ex-
ons, more often undergo differential regulation or “switching” between tissues. Taken together, a
conclusion from these studies is that overall selection pressure has acted to avoid major alterations
ta conserved domain-encoding regions of transcripts, although there are clear exceptions to this
trend in which AS can trigger major strnerural and functional alrerations by delering or including
conserved protein domains. An important goal of futrre studies will be to elucidate the functions
of specificregulated AS events that affect regions of transeripts that do not ovetlap defined or well
conserved protein domain coding sequences.

Assessing the Functional Relevance of AS Events

An important general question is the extent to which splice isoforms detected in transeript
sequence and microarray data have important biological functions. In particular, how often are
detected splice isoforms the products of infrequent splicing events that are present at alow steady
state levels and do not confer a function that is under significant sclection pressure? Relevant to
this question is the interesting observarion thar ~40% of AS evencs detected in alignments of
<DINA and EST data have the potential to introduce ene or more premarure termination codans
(PTCs). The resulting splice variants are therefore potential substrates for mRINA turnover by the
nonsense mediated mRNA decay (NMD) pathway (refer to chapter by Larean et al).®* Based
on this finding it was proposed that AS coupled ro NMD may act on a frequent basis to control
gene expression.® Indesd, experimental evidenee supports an important role for this regulatory
mechanisin, rermed “RUST” (regulatory unproductive splicing and translation). For example, it
has been shown in several cases 1o operate in the anto-regulation of expression of RNA binding
proteins, In these cases the RNA binding proteins, which include members of the SR and haRNP
families of splicing factors, can bind to their own pre-mRNAs resulting in the activation of an
AS event that introduces a PTC. The PTC can be inserred by inclusion or skipping of the exon
(i.e., the exon itself may contain a PTC ot the PTC is introduced via a frame-shift), resulting in
subsequent degradation of the PTC-containing isoferm by NMD (refer to chaprer by Larcau
et al for specific examples).

Using AS microarray profiling, we have assessed the extent to which AS coupled NMD
may funcrion as a regulatory mechanism.” The microarray data revealed that PTC-containing
isoforms are generally present a¢ low steady state abundance in diverse mammalian cells and
tissues, Knockdown af the essential NMD factor Upfl by RNAi in HeLa cells showed thar only
a small fraction (~10%}) of PTC-containingisoforms significantly increase in level when NMD
is blocked. This result therefore indicated that most PTC-containing isoforms are present at
low levels independently of NMD, wheteas a small fraction of these isoforms may be invalved
in Upfl-depedent regulation. It was also observed that PTC-containing splice isoforms are
more often species-specific than conserved between human and mouse. This observation was
consistent with the results of previous analyses of transcript sequences showing that conserved
AS cvents are more likely to preserve reading frames than are species-specific AS ovents. ¥
Taken together, 2 conchusion that can be deawn from these studies is that most PTC -containing
isoforms may not be functionafly significant or under significant selection pressure. However,
as mentioned above, a small snbset of AS events function to regulate transcript levels via NMD.
Interestingly, many of the PTC-introducing AS events that display pronounced Upfl-dependent
regulation are conserved between humans and mouse and a subser of these evenes are found
in genes associared with splicing and other steps in pre-mRNA processing (A.L.S. and BJ.B.,
unpublished results}. Thus, in agreement with previous studies performed on a gene-by-gene
basis, AS-coupled NMD events detected by microarray profiling experiments appear ro often
function in the regulation of dhie levels of factors involved in the post-trapseriptional control
of gene expression,
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Elucidating Features of the Splicing Regulatory “Code™
via Micrearray Profiling

Recent microarray profiling experiments have been performed on larger numbers of AS events
and in a wider specorum of tissues™® In these studics clustering of tissue-specific microarray
profiled AS events coupled with sequence analyses of the exons and flanking introns has resulted
in the identification of morifs that are significantly over-represented in groups of tissue-regulated
AS events.

Recent work from Sughetand colleagues™ tsed this approach on data generated from profiling
22 mouse tissues using an Affymetrix microarray and identified two new motifs, one associated
with muscle-specific AS that resembles a branchpoint-like sequence and the other associated
with brain-specific AS. Recent work from our group has resnlted in the identification of a set of
morifs thar are highly correlared with regulation of AS in central nervous system (CNS$) tissues.
Inreresringly, many of the morifs that correlare scrongly with inclusion of altenarive exons in CNS
tissues relative to the other profiled tissies are pyrimidine-rich and are primarily located in the
intron regions flanking the alternative exons, These motifs represent potential binding sites for
neural/brain-specific PTB {nPTB/brP'TB), which has been documented to promote increased
inclusion of alternative exons in transfected reporters in cells of neuronal erigin. Additional mo-
tifs that do not rescmble- the binding sites of characterized splicing facrors were also identified;
different subscts of these mortifs correlate strongly with increased inclusion and/or exclusion of
exons in CNS tissucs. These studies thus have the potential to identify important elements of the
splicing code underlying the control of tissue-regulated AS. An important direction for ﬁamrc
studies will be to expand this approach to define groups of AS cvents that are col
other tissues and cell-types, such thar additional morifs and sequence features thar may underht:
regulation {c.g. RNA folding} can be identified on a more systemaric basis. Obviously, paraliel
studies will be required to experimentally validate these sequence elements and also to identify
the factors that bind to them.

Comparing Global Patterns of AS Between Species

Asmentioned above, less than 20% of cassette AS events appear to be conserved between human
and mouse. The face that most splice variants are difftrent berween these two mammalian species
suggests an important role for AS in the evolution of species-specific characteristics. However,
experiments directed at assessing the extent to which AS levels of orthologous exons diverge over
time and how splicing levels compare berween species thar are separated by a shorter window of
evolutionary time, have not been reported. We have recently investigated these questions by com-
paring AS patrerns berween corresponding rissues in hnman, chimpanzee and mouse, Using our
human AS microarray we have profiled A5 in human and chimpanzee frontal cortex and heart.”?
The majority of the AS cvents showed similar cxon indusion levels. Howcver, 6-8% of AS events
displayed pronounced differences in inchusion levels, These AS events were detected in transeripts
from genes associated with diverse functions, including regularion of gene expression, signalling
and predisposition to human lineage-specific diseases. These events could cherefore represent
splicing changes that could underlic 2 range of important functonal and phenotypic differences
between humans and chimpanzees.

AS Microarray Technolagy: The Way Forward?

Since their inixial use a few years ago, it is evident that AS microarrays will become widespread
tools for researchers studying global aspeces of gene regulation. Clearly, if microarray designs and
associated data analysis tools afford the offective surveying of transcriptional and splicing regula-
tion in a single experiment, it makes little sense to focus on transcriptional regulation alone, given
the likely importance of AS in virtually every aspect of metazoan biology. Widespread usc of AS
microarray technology in the neit fow years seems highly probable given that rapid progress is
being made in generating new microarray formats with ever-increasing probe density. Moreover,
there is continual progress in the development of software tools that maximize the power of data



Technologies for the Glebal Discovery and Analysis of dlternasive Spliving 75

amalysis such that reliable predictions for splicing changes or levels can be extracted from the raw
data. The rechnology dearly has room for improvemnent, as is the case for any carly stage technol-
ogy. Mevertheless, the value of AS mictoarrays as both a discovery and analysis tool has been
demonstrated and the cnrrent systems will continue ro allow new and interesting insights to be
generated concerning the rol of AS regulation in different biological contexts,

A limitarion of current AS microarray systems is that they do not provide information abour
the connectivity of exons in transcripts that contain multiple alternatively spliced regions. For
example, if a gene containing rwo separate alternative exons is transcribed and cach of the exons is
detected by microarray profiling 1o be included 50%of the time, it is not possible to know whether
the two exons are incladed together in $0% of the transcripts or whether, for example, 50% of
the transcripts contain one exon and the other $0% of the transcripts contains the other exon.
This problem becomes more acute in cases where a series of alternative exans belonging to a single
gene may be spliced in different combinations in different cell types. Another limitation of most
microarray systemsis their sensitivity and accuracy in detection of splice changes in low abundance
transcripts. Emerging technalogies that may resolve some of these issues are discussed below.

Non Microarray-Based Methods for the Discovery
and Characterization of Alternative Splicing Events

App{ymgl’olames to % uantify Splice Variants

polymerase colony {polony) technology is a recently described approach affording the
deconvolurlon of combinations of splicing events in mixtures of isoforms.>* Polonies allow the
amplification of an array of individual DNA molecules immaobilized in a thin polyacrylamide
gel coating a glass slide (sce Fig. 4).°*% For AS profiling, the DNA is immobilized in the gel
by covalent linkage of one PCR primer that is specific for a sequence fanking the aleernarively
spliced region of interest. ™ Different isoforms are then amplified and detected by the use of
cither flucrescently-labeled exon-specific prabes, or single base extension (SBE) incorporating
Huorescently-labeled nucleotides (Fig, 4).%+%5% Several exon probes can be used sequentially by
denaturing, washing and rehybridizing the gel. The design is also amenable to ‘multiplexing), since
different fluorophore-dabeled probes can be rargered to differcnt exons and hybridized simultanc-
onsly.*® Using this approach, single molecules are amplified into “polonies” and the combination
of Anorescent signals in a polony can be used to infer the exon composition of the individual,
amplified cDNAs.

‘Theutility of the polony assay was initially demonstrated in applications in which different com-
binations of exon inclusion were detected in transcripts from the MAPT (Microtubule-Associared
Protein Tau), SMN (Survival of Motor Neuron) and G4 genes. Similar to some of the AS mi-
croarray profiling systems described above, the polony technique depends on prior knowledge of
rranscript sequences for primer design, However, in addition to the main advantage that specific
combinarions of alternarive expns/regions that occur within a single transcript can be discerned,
the polony method is also highly sensitive and capable of detecting rare splice isoforms. Moreaver,
the method is quantitative, since the ralative amounts of different isoforms can be measured by
mmmngthe number of arrayed polonies. However, a limitation toits uscat present is its through-
put, in part due to the relatively high cost of fabricating large numbers of exon-specific probes for
multi-exon genes, as well as the limit, to the number of denaturation cycles that can be performed
on each polony gel.®

Qther Primer Extension-Based Strategies

In addition to the palouy methods, differential primer extension has been employed in other
straregies to profile AS. A ‘tag-microarray’ minisequencing system originally developed for SNP
genotyping was used for the multiplexed detection of 61 alternatively spliced transctipts from 19
genes i leukemia cell lines¥ The approach used was somewhat similar ro cortain applications
of the polony strategy described above, except that the primers were immobilized directly on
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Figure 4. AS profiling on polonies. Individual cDNA molecules, reverse-transeribed from poly(A)
+RNA, are immobilized in a thin polyacrylamide gel and then amplified into polonies by PCR.
Three methods for interrogation of the transcript sequence are shown. A) {n exon profiling,
fluorophore-labeled exon probes are hybridized to the polonies to determine the combina-
tions of exons in each polony. Different fluorophores can be used to examine several exons
simultaneously. Following scanning te detect fluorescent signal, probes are denatured from
the anchored DNA strands and washed away so that other probes may be hybridized.* B} Te
identify a particular nuclectide within a transcript, a primer complementary to the sequence
immediately upstream is annealed to the polonies. Single base extension is then performed
with fluorescently-labeled nucleotides to identify the base.®>% C) In FISSEQ, Fluorescence In
Situ Sequencing, cycles of single base extension are performed with each nucleotide, allowing
sequencing of up to B bases.* Figure adapted from references herein.

a glass slide rather than in a polyacrylamide matrix. The arrayed minisequencing primers were
designed to anncal immediately adjacent to the splice junction and extended with fluorescent
nudeeudes 7 This methad, which has the potential to profile 200 wranscripts in 80 samiples on
one slide*” requires PCR amplification, which makes it relatively sensitive to the detection of low
abundance transcripts, although it is only semi-quantitative in detecting the relative abundance
of splice variants, A related amayed primer extension {APEX) approach was used for detecring
transcipts from variable exons of CD44 in 2 human breast tumour sample.™® While this design
also used primer extension on immobilized primers for derection of splice variants, it employed
different primers for each splice junction sequence.

Another recently described method that permits high-throughput and antomated profiling of AS
invalves primer extension nsing gene-specific KT-PCR and primer extension coupled todetection by
MALDI-TOF MS$ {matrix-assisted laser desorption/ionization time of flight mass spectrometry).®
Different products generated by primer extension that differ byone toa fewbases atasite of AS are
resolved and quantified by MALDL-TOF M3.® This method was applied to several genes in human
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tissue samples and was useful in detecting complex splicing patverns in VEGF { Vascular Endothelial
Growth Factor) transcripts. Similar to other primer extension-based AS profiling methods, prior
knowledge of the sequences involved is required for primer design. However, with the use of 2 384
well-plate format, a throughput of a few thousand reactions per day could be achieved ™

Sequence-Based Detection of AS Events

‘While certain microarray designs incorporating tiling and splice junction oligonucleotides
{discussed above) can be used for the de novo identification of AS events, many previons analyses
have relied on the alignment of EST and ¢<DNA sequences to genome sequence, Several databases of
AS events have been constructed in this way. Lists of such darabases for mammalian sequences have
been published in several recent reviews, 4 and new resources ase continuously being developed &
However, a recent analysis of sequences in the Mammalian Genome Collection (MGC) indicated
thar randem ¢DNA sequencing s approaching saturation for the addition of new full-length cDNA
clones ro the MGC.% Thercfore, the identification of navel transcripts and AS events that have been
missed by systemaric cDNA and EST sequencing will require the development of more efficient
and dirceted srravegies.’ For example, several methods for generating cDNA libraries entiched
for AS and for directed screening of exisring libraries for novel transcripts have been described.
In addition, combining new computational prediction approaches with large-scale experimental
validation and the use of new high-throughput sequencing technologics will be discussed.

Generating “AS Libraries”

Several metheds have been proposed to selectively clone alternatively spliced eranscripts to pro-
duce “AS libraries” In the ASEtrap strategy,” adaptor scquences are ligated vo the ends of fragmented
double-stranded cDNA that has been denatured and renatured. The €DINA is then incubared
with His-tagged E. coli SSBP (ssDNA-binding protcin), which will bind ta single-scranded loop
regions’ generated by renaturing of differentially alternatively spliced <DNAs. Affinity-purified
SSBP-cDNA complexes are then sither subjected to further cycles of enrichment or the cDNA is
PCR amplified using the adaptor sequences and cloned into an AS library.¥ An ASEwap library
generated from placental cONA had 10-fold enrichment for internal casserte-exon events when
compared to a conerol library.®” In a similar strategy called ASSET (AS sequence enriched tags),®
instead of using SSBP, annealing of randomized biotinylated oligonucleotides was used to "rap’
the single-stranded loop regions® ASSET led to the identification of previously unidentified
splicing events in 436 gencs.®

Another strategy called DATAS (Differential Analysis of Transcripts with Alternative
Splicing 1?47 has been propased. In this approach, biotinylated cDNA generated from one condi-
tion or population of transcripts is hybridized with mRNA from a second condition or population
to form RNA:DNA heteroduplexes. Single-stranded loop regions of mRNA will occur in regions
where there are sequences inserted by AS. These RNA loops are isolated by RNaseH digestion of
RNA in the RNA:DNA hybridized region and the biotinylated <DNA strand is then removed
by magnetic capture on streptavidin beads, The isolated single-stranded RNA regions are then
reverse transcribed and cloned ineo 3 library.®# A disadvantage of this approach is that only the
alternative region is cloned, whereas in previously mentioned techniques, the sequences flanking
the alternative region are also included.

Directed Screening of Existing Libraries

Efficient and directed methods for screening cDINA libraries represents another approach for
detecton of alternatively spliced transcripts that are not present in EST collections,™ For cxample,
when 384 well-characterized genes not present in the MGC were targeted for full-length cDNA
cloning, unexpected PCR products representing novel splice variants of five of these genes were
uncovered, as well 4s potential splice varianes for many more of the 5

A method for direcred screening of plasmid cDNA libraries, SLIP (self-ligation of inverse PCR
products), was used to produce full-length clones for 153 transcriprion facrors not represented in
the Drasophila Gene Collection (DGC).™ In SLIP, a transcript is amplified from a pool of cDNA
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library plasmids, usinga primer pair thar target adjacent sequences in a known exon in the transeripe
and which direct extension in opposite directions.™ The amplified sequence is then circularized and
the library portion of the sequence is selectively digested with a merhylation-sensitive reseriction
enzyme. The remaining cDNA product is cloned and sequenced. SLIP was successful for 68%
of targets and able to recover full-length cDNA for rare and alternatively-spliced genes.™ Unlike
RT-PCR, which depends on accurate prediction of transcript ends for primer design, SLIP has
the advantage of being able to recover sequences at the §' and ¥ ends of genes that are not present
inannotated gene models.™

Another stravegy for the screening of existing cDNA libraries is RecA-mediated exon profiling.”!
In thistechnique, target plasmids are probed using the homologous recombinase RecA, carryinga
radicisotope-labeled oligonuclectide probe to the putative novel altcrnative exon, (i.e., identified
by another method, such as asiling array), The formarion of a ‘triplex” between the RecA carrying
the oligonucleoride probe and a cNA carrying the exon sequence is detected by elecrrophoretic
meobility differenice and autoradiography”* This strategy can be more cost-efrctive than library
sequencing and was able to identify novel splice variants in four genes.”

Compuiational Prediction and Experimental Validation
of Novel Alternative Exons

In addition to the identification of AS events by alignment of cDNA and EST sequences to
genomes, sequence comparisons between genomes have been used vo develop computational
predictions of novel AS events, For example, using sequence features of human and mouse genes,
two exon classification algorithms, ACESCAN¥ {ACE: alternative conserved exons) and a
Non-EST-Based Method for Exon-Skipping Prediction” predicted marry novel alternative exons
conserved between human and mouse, a subset of which were verified by RT-PCR assays. Another
probabilisdc method, UNCOVER™ {Unknown COnserved Vasiable Fxon Recognition) also
used sequence features to predict both skipped exons and retained introns in human and monse.
Orher computational approaches combine comparative genomics and EST sequences, such as
the cross-species EST-to-genome comparison algorithm ENACE,™ which uses huroan, monse
and rat sequences to predict novel alternative exons and retained introns with no previons EST
evidence in the same species.

In model organisms without sufficient EST coverage, alternative methods to aligning ESTe
to the genome must be developed for AS prediction. For example, by examining conservation
berween D, smefanogaster and D. psesdoshscura, pavative alternarive exons were identified, at least
40% of which were found to be alternatively spliced.” For the predicrion of AS in C, elegans,
a new gene-finding algorithm, LOCUS™ (Length Optimized Characterization of Unknown
Spliceforms), uses transcript length information to predict the form of alternatively spliced
transcripts. The length information is derived from the C. elegans Orfeome project, in which
transcripts were amplified and cloned using primers targeted to predicted first and last exons. ™7
LOCUS could accurately predict the correct form of most alternatively spliced produces on a
test set of 151 altermatively spliced internal exons, including both cassette exons and alternative
splice site usage.” However, the accuracy of LOCUS was decreased when used on the fiy and
human genomes, suggesting that the algorithm parameters need to be retrained and improved for
applications in other species, perhaps by incorporating more complex scoring schemes, splicing
enbancer/silencer sequences, or conservarion information.”

High-Throughput Sequencing Technology

‘Thedemand in the academic and commercial secrors for cost-effective and high-throughpun se-
quencing technology hasled to several new sequencing strategies which have tremendous potential
for the detection and menitoting of AS. These new technologies have been reviewed in depth in
terms of their relative cost, throughpur, accuracy and applications ™ Most of these technologies
currently yield considerably shorter sequence readdengths per run compared to the read-lengths
thar can be achieved by conventional Sanger sequencing. However, they do offer advantages in
terms of increased throughput and scositivity.
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‘The use of new, single molecule-based sequencing technologies for the sensitive detection of
transcript diversivy will allow the detection of novel transcript variants and the poteatial to cxamine
the combinatorial patterns of splice sire nsage within transcripts. Several single molecule vechniques
have been described inwhich clonally amplified single DNA molecules are armayed on a surface or
in wells and sequenced in a highly paraflel manner (Fig. SA-C). For example, palonices (described
above) can be used for amplifying single DNA molecules. A minisequencing technique, FISSEQ
(Fluorescence In Siru SEQuencing),* can then be used to sequence up to 8 bases on cach polony,
using reversibly luorophore-labeled nucleotide analogues (Fig, 4C).* In another polony-based
approach, 2 combination of emnlsion PCR amplification and sequencing on polonies using
fluorophore-labeled probes allowed the resequencing of an £. soli genome (Fig, 5A).® Specific
applications of polony technology to the profiling of AS have been discussed above.

In another technology referred to as “Massively Parallel Signature Sequencing {MPSS), se-
quences from the 3end of transcriprs are generared and caprured on paramagnetic beads (Fig.
5B).* Sequencing is performed by cycles of restriction digestion and ligation using Auorescendy
labeled probes. This method has been applied to the quantitative analysis of gene expression,
since it allows the counting of mRINA molecules in a cell or tissue sample.® While the sequenc-
ing of short. tags from the 3' end of transcripts would not be directly applicable to the profiling of
AS, modifications to the sequence capture approach can be envisaged that would allow directed
sequencing and quantification of ahernatively spliced transcripts.
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Figure 5. Overview of several high-throughput single-molecule-based sequencing techniques
that can be applied to the profiling of AS. In multiplex polony sequencing®™ (A), MPSS%
(Massively Parallel Signature Sequencing, Lynx/lllumina; B) and high throughput pyrosequenc-
ing® (454 Life Sciences™; C), various techniques are employed to clonally amplify single DNA
molecules {top). In contrast, the single molecule array® (Solexa/lllumina; D) does not require
clonal amplification. Separation of sequencing substrates using polony slides, microfluidics,
welled fibre-optic slides, or high density arrays (A-D, respectively; middle) allows highly-parallel
sequencing. Rounds of sequencing are then performed using metheds based on the detection
of specifically designed fluorescently-labelled (explosion) oligonuclectides (A,B) or single
nucleotide triphosphates (D), or the detection of emitted light (lightning balt, C).
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A rechnelogy for high- throughput prrosequencing of clonally amplified DNA (Fig, 5C) has
recently been applied to the sequencing of the Mycoplesma gesisalium genome.® In this approach,
aclaprern are ligated to sheared genomic DNA, which is then singly coupled to beads and ampli-
ﬁcd by emulsion PCR.* Pyrosequencing of the amplified DNA on a single bead is then carried
out in picolitre-size wells on a fiber-optic slide.® The release of pyrophosphate thar accompanies
successive nucleotide incorporations is then detected as light through enzymatic reactions.”” This
massively paratlel pyrosequencing merhod can achieve a read lengrh of 100 bases, the longest of
the aforementioned technologies, When applied ro transcripromse profiling of the LN CaP prostace
cancer cell line treated with synthetic androgen,™ this technique enabled quantitative measure-
ment of transcript abundance, as well as identification of novel splice variants. 181,279 expressed
sequence tags {ESTs) were generated from a small amount of fragmented ¢DNA and allowed the
identification of 25 novel AS events,™ In addition, 10,000 ES Ts were mapped to genomic locations
with no prior predicred transcription. However, there was some sequencingbias towards the ends
of transcripts, which may be the result of incomplete cDNA fragmentation.®

The technologies described above involve the sequencing of clonally amplified single DNA
molecules. However, new technologies that allow the sequencing of single molecules without
amplification are emerging, offering advantages in terms of reduced amounts of starting material
and a lack of possible amplification bias. Development of truc single molecule sequencing technalo-
gies has been advanced by continning progress in areas such as nanofluidic devices and sensitive
optical detection systems, as well as the chemistry of luorophore-labeled reversible terminator
nucleorides that can be dﬁmmtlymonrpomd by DNA polymerase. Developments in these areas
have been described in recent reviews.

In the single molecule acray “Solexa” platform from the company Ilumina (ref. 82 and refer-
ences therein), the artachment of an anchor and sequencing primer to fragmented, single stranded
genomic DNA allows each molecule to be attached to a different site on a solid sabstrare (Fig.
5D}, Sequencing of up to 30 bases is cartied out by rounds of incorporation of uniquely-fluo-
rophore-labeled reversible terminator nucleotides, The fAuorophore and reversible terminator
group are removed to allow muftiple rounds of incorporation. The use of total internal reflection
fuorescence allows sufficiently high signal-ro-noise ratio for single molecule detection. While
this technology has only been applied to genomic DNA sequencing, it conld be modified for
transcriptome sequencing in an analogous way to the massively parallel pyrosequencing technol-
ogy described above.

A disadvantage of performing transcriptome profiling nsing the short-read sequencing
technologies described above is thar, in cheir current form, they preclude investigation of the
combinatorial nse of AS within single eranscripts. However, some of these technologies allow
the high-thronghput and quantitative detection of junction regions associated with AS and this
information eould significantly cornplement data yielded by AS micoarray profiling and fulllength
transcript sequencing procedures.

Conclusions

During the past several years, the development of custom microarrays and data analysis tools
has facilitated the large-scale analysis of alternative splicing in metazoan organisms. Among the
important insights gained from chis first wave of studies is the observarion that sets of genes
regulated at the level of alternative splicing in a cell or tissue type-specific manner are primarily
different from the sets of genes regulared in the same contexrs at the level of transcription. 72147
Moreaver, the rargets of a small nmmber of alternaxive splicing facrors have already been identified
using alternative splicing profiting technology.!** These studies have revealed that individual
splicing factors such as the nenral-specific protein Nova can regulate the alternative splicing of
genics that are significantly associated with specific functions. The emerging picture from these
and other recent studies is dhat alternative splicing, like transcription and other layers of gene
regulation, is capable of corrdinating the activities of genes that function in common processes
and pachways. Such “necworks” of alternative splicing-regulaved genes await further delineation
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and characterization. For example, the expansion of datasets by profiling additional cell and
tissuie sources, as well as stages of differentiation and development, should facilitate the further
identification of groups of genes that are regulated in a coordinared manner by alvernative
splicing. Such an expansion of data will provide a powerful basis from which to identify new
features of the “regulatory rode” underlying cell/tissue and differentiation stage-specific splicing
decisions.” The knowledge of new morifs identified in this manner will in turn facilicate the
identification of new trans-acting factors that regulate alternative splicing. As discussed in this
chapter, these advances will undoubtedly benefit from ongoing improvements to the profiling
capacity and accuracy of systems thart can be used to monitor alternative splicing,

While this chapter has primarily focused on the developments and applications of systems for
the large-scale analysis of alternative splicing, it does not discuss a major challenge that the field
must face in the years ahead-namely the srark absence of information on the specific fanctions of
alternatively spliced protein variants, As the data allowing the charting of new and existing splice
varianrs rapidly expands, high throughpur screens for assessing the functions of the splice varants
will be required. Jr seemms quite likely char RNAi and antisense technologies will be employed for
the systematic targeting of splice variants associated with specific functions and pachways, for
which there is an assayable readout. Similarly, given increasing evidence thar the translaved regions
corresponding to many alternative exons occur on the surfaces of proteins,” an important goal will
be to establish other high-throughpur systems that permit protein-protein interactions involving
collecrions of expressed splice variants to be assayed. Finally, as suggested previously,” we appear
to be entering an era of “exonomics”, in which exon-level resolution functional data will become
increasingly important in onder to obtain 2 more camplete pictare of the regulation and function
of complex bivlogical systems, such as the nervous system. The increased use of exon targeting
strategies ina whale organism context will therefore also be critical in order to dissect the biological
roles of individual exons, especially those that display conserved regulatory patterns,

Acknowledgements

We thank Brent Graveley for helpful comments on the manuscript. Our rescarch funding is
provided by the Canadian Institutes of Health Rescarch, National Cancer Institute of Canada,
and by Genome Canada through the Ontario Genomics Institute.

References

1. Shoemaker DB, Schade EE, Armour CI) ex al. Experimental annotation of the human genome wsing
microarray technelogy. Nature 2001; 409(6822):922-927.

2. Hu GI, Madore 8], Moldaver B er al. Prediceing splice variant from DNA chip sxpression data. Genome
Res 2001; 11(7):1237-1245,

3, Kapranov P, Cawley SE, Drenkow J et al. Large-scale transcriptional activity In chromosomes 21 and
22, Science 2002; 296(5569):916-919.

4, Hughes TR, Mao M, Jones AR et al. Expression profiling using microarrays fabricated by an ink-jet
oligonucleotide synthesizer, Nav Biotechnel 2001; 19(4):342-347.

$. Kampa D, Cheng J, Kapranov P et al. Novel RNAs identificd from an in-depth analysis of the tran-
scriptome of buman chromosomics 21 and 22, Genome Res 2004; 14(3):331-342.

6. Stole V, Gauhar Z, Mason C et al. A gene expression map for the euchromaric genome of Drosophilz
melanogaster. Science 2004; 306{5696):655-660.

7. McIntyre LM, Bono LM, Genissel A et al. Sex-specific expression of alternative rranscripts in Drosophika.
Genome Biol 2006; 7(8):R79.

8. Ner-Gaon H, Fluhr R, Whole-genome mictoartay in Arabidopsis facilitates global analysis of rerained
introns, DNA Res 2006; 13(3):111-121.

9, Castle J, Garrete-Engele B, Armour CD et al. Optimization of oligonucleotide areays and ENA am-
plification protocols for analysls of wanseripr strucrure and ahemative splicing, Genome Biol 2003
4(10):R66,

1¢. Clack TA, Sugnet CW, Ares Jr M, Genomewide analysis of mRNA processing in yeast using splicing-spe-
cific microarrays. Science 2002; 296(5569):907-910.

11. Johnson JM, Castle J, Gatrett-Engele P et al. Genome-wide survey of human aleemnative premRNA
splicing with exon funcrion microarrays. Science 2003; 302(5653):2141-2144.



&2 Alternative Splicing in the Pastgenomic Era

12. Yeakiey TM, Fan JB, Doucet I ot al. Profiling alteenative splicing on fibee-optic atrays, Mat Bigrechnol
2002; 20(4):353-358.

13. Li HR, Wang-Radriguez ], Nair TM et al. Two-dimensional wranseriprome profiling: idenrificarion of
messenger RINA isoform signaturcs in prostate cancer from archived paraffin-cmbedded cancer specimens.
Cancer Res 2006; 66{8):4079-4088.

14. Bingham [, Sudarsanam 8, Stinivasar S. Profiling human. phosphodicsterase genes and splice isoforms,
Biochem Biophys Res Commun 2006; 350{1):25-32,

15. Blanchetve M, Green RE, Brenner SE et al. Global analysis of positive and negative pre-mRNA splicing
regulators in Drosophila, Genes Dev 2005; 19{11):1306-1314,

16, Pehlbaum P, Guihal C, Bracco L et al. A microarray configuration to quantify cxpression levels and
relative abundance of splice variants. Nucleic Acids Res 2005; 33(5):e47.

17. Le K, Mitsouras K, Roy M et al. Devecting tissue-specific regularion of alternative splicing 45 a qualita-
tive change in microarray dats. Nucleic Acids Res 2004; 32{22}:<186.

18. Li C, Kato M, Shine L ¢t al, Cell type and culture condirion-dependent aleernative splicing in human
breast cancer cells revealed by splicing-sensitive microarrays. Cancer Res 2006; 66(4):1990-1999.

19. Nagao K, Togawa N, Fujii K et al. Detecting tissuc-specific alrernative splicing and discase-associ-
ated aberrant splicing of the PTCH gene with cxon juncrion microaseays. Hum Mol Gener 2005;
14(22):3379-3388.

20, Pan Q, Saltzman AL, Kim YK et al. Qllntamnve m:cmnray profiling provides evidence against wide-
spread coupling of a ive splicing with disted mRNA decay to contro] gene cxpression,
Genes Dev 2006; 20(2):153-158.

21, Pan Q, Shai O, Misquitta G ct al. Revealing global regulatory feamures of mammalian alicrnative splicing
using 2 quantitative microarray platform. Mol Cell 2004; 16(6):929-24L.

22. Relogio A, Ben-Dov C, Baum M er ol. Alrernavive splicing microatrays reveal functional expression of
neuren-specific regulators in Hodgkin lymphoma cells. ] Biol Chem 2005; 280(6):4779-4784.

23. Sugner CW, Srinivasan K, Clark TA er al. Unusual Entron Conservadarn tear Tissue-Regulated Exons
Found by Splicing Microurrays. PLoS Comput Biol 2006; 2(1):e4.

24, Ule J. Uk A, Spencer ] ct al. Nova regulates brain-specific splicing eo shape the synapse. Nat Gener
2008; 37{8):844-852,

25, Wang H, Hubbell E, Hu J$ ot al. Gene sttuctate-based splice variant deconvolntion ysing a microarmy

. Bioinformatcs 2003; 19 {Suppl 1:i315-322,

26. Shai O, Morris QD, Blencowe BJ ¢t al, Inferring global levels of alternative splicing isoforms nsing a
generative model of microarray dars. Bicinformatics 2006; 22(5):606-613.

27, Ip JY, Tong A, Pan Q ct al. Glabal analysis of alternative splicing during T-cell activation. RNA 2007;
13:563-572.

28, Fagnani M, Barash Y, Ip JY v al Fancrional coordinacion of alternative splicing in the mammalian
central nervous system. Genome Biol 2007; 8:R108..

29. Calarce JA, Xing Y, Caceres M ct al, Global analysis of alternative splicing differences between humans
and chimpanzces, Genes Dev 2007; in press,

30. Cupertovic-Culf M, Belacel N, Culf AS et al. Dara analysis of alterative splicing microarrays, Drug
Discov ‘Today 2006; 11{21-22):983-990,

31, Haang X, Li J, Lu L et al Novel development-related aleernative splices in human testis identified by
c2NA microarrays. J Androl 2005; 26{2):189-194.

32, MacDrougall C, Harbison D, Bownes M. The develapmental consequences of alternate splicing in sex
derermination and differentiation in Drosophila, Dev Biol 1995; 172(2):353-376.

33. Forch P, Valcarcel ]. Splicing regulation in Drosophila scx determination. Prog Mal Subcell Binl 2003;
31:127-151.

34, Park JW, Parisky K, Cclotta AM et al. Identification of alternative splicing regulators by RNA interfer-
ence in Drosophils, Proc Natl Acad Sei USA 2004; 101(45):15974-15979.

35. Cattegni L, Chew SL, Kruiner AR, Listening to silence and und ding nor czonic mutations
that affect splicing. Mar Rev Genet 2002; 3(4):285-298,

36. Caceres JE Komblihte AR. Aktemative splicing: multiple control mechanisms and involvement in hnman
disease, Trends Gener 2002; 18(4):186-193.

37. Blencowe BJ. Alrernative splicing: new insights from global analyses. Cell 2006; 126(1):37-47.

38. Braceo L, Kearsey J. The relevance of alternative RNA splicing ta phatmacagenomics. Trends Biotechnel
2003; 21(8):346-353.

39. Zhang C, Li HR, Fan JB ¢t al, Profiling alternatively spliced mRNA isoforms for prostate cancer clas-
sificarion. BMC Bioinformarics 2008; 7:202.

40. Eisenn MB, Spellman FT, Brown PO et al. Cluster analysis and display of genome-wide czpression pat-
terns. Proc Natl Acad Sci USA 1998; 95(25):14863-14868.




Tachnologies for vhe Global Discovery and Analysis of Alternative Splicing 83

41, Su Al, Wileshirc T, Batalov § et al. A genc atlas of the mousc and human protéin-encoding rranscrip-
vomes. Proc Natf Acad Sci USA 2004; 101{16):6062-6057.

42, Zhang W, Morris QUY, Chang R et al. The functional landscape of mouse gene expression. J Biol 2004;

3(5):21,

. Keene ID, Lager PJ. Postteanscriprional operons and regalons co-ordinating gene expression. Chromo-

some Res 2005; 13(3):327-337.

44, Lim LP, Lau NC, Gartetr-Engele P et al. Microarriy amalysis shows that some mictoRNAs downregulate
large numbers of target mRINAs. Nature 2005; 433(7027):769-773.

45, Modrck B, Lee CJ. Alternative splicing in che human, monsc and rat genomes is associated with an
increased frequency of cxon crearion and/or loss. Nat Genet 2003; 34(2):177-180.

46, Pan Q, Bakowski MA, Morris Q et al. Alternative splicing of conserved cxons is frequently specics-specific
in human and monse. Trends Genet 2005; 21(2}:73-77.

47, Yeo GW, Van Nostrand E, Holsee D er al. Idensificarion and analysis of alternative splicing events
conserved in human and mouse. Proc Natl Acad Sci USA 2005; 102(8):2850-2855.

48. Xing Y, Lee CJ. Protein modularity of alternatively spliced exons is assaciared with tissue-specific regula-
tion of akernarive splicing, PLoS Genee 2005; 1{3)e34.

49, Green RE, Lewis BP, Hillman RT er al. Widespread predieted nonsense-mediated mRNA decay of
aleernagively-spliced transctipts of human normal and disease genes, Bivinformarics 2003; 19 (Suppl 1):
il18-121.

50. Lewis BP, Green RE, Brenner SE. Evidence for the widespread coupling of alternative splicing and
nensense-mediated mRNA decay in humans. Proc Natl Acad Sci USA 2003; 100(1):189-192.

51, Lejeune F, Maquat LE, Mechanistic links between nonsense-mediared mRNA decay and pre-mRNA
splicing in mammalian cells. Curr Opin Cell Biol 2005; 17(3):309-315.

52. Zhu J, Shendure ], Mitra R et al. Single tholecule profiling of alrernative pre-mRNA splicing, Science
2003; 301(5634):836-838.

53. Butz JA, Roberes KG, Edwards J5. Detecting changes in the relative expression of KRAS2 splice variants
using pulymerase colenies, Biotechnol Prog 2004: 20(6):1836-1839.

54. Mitra RD, Church GM. In situ localized amplification and contact replication of many individual DNA
molecules. Nucleic Acids Res 1999; 27(24) 1234,

§5. Mitra RD, Burey VL, Shendure J et al. Digiral genotyping and haploryping with polymerase colonies.
Proc Natl Acad Sci USA 2003; 100{10):5926-5931.

$6. Mitra RD, Shendure J, Olejnik J ex al. Fluorescent in situ sequencing on polymerase colonics, Anal
Biochem 2003; 320(1):55-65. )

$7. Milani L, Fredriksson M, Syvanen AC. Detection of alternatively spliced transcripts in leukemia ccll
lines by minisequéncing on microartays. Clin Chem 2006; 52(2):202-211.

58. Kim H, Pirrung MC. Arrayed primer extension computing with variant mRMA splice forms. Maltiple
isoforms of CIM44 in & human breast tumer. J Am Chem Soc 2002; 124{18):4934-4935.

59. McCullough RM, Cantor CR, Ding C. High-throughpur alternative splicing quantification by primer
extension and matrixassisted laser desorption/ionization tme-of-flight mass speetromecry. Nucleic Acids
Res 2005; 33(11):99.

60, Modrek B, Lee C. A genomic view of alternative splicing, Nat Gener 2002; 30(1):£3-19.

61. Lareau LF, Green RE, Bhatnagar RS <t al. The cvolving roles of altctnative splicing, Curr Opin Stouct
Biol 2004; 14(3):273-282.

62, Samm S, Ben-Axi 5, Rafalska I et ab Function of alrernacive splicing, Geune 2005; 344:1-20.

63. Zavolan M, van Nimwegen E. The types and prevalence of alternative splice forms. Curr Opin Stct
Biol 2006; 16(3):362-367.

64. Holste D, Huo G, Tung V ¢t al. HOLLYWOQOD: a comparative relational database of aleernative
splicing, Nucleic Acids Res 2008; 34(Database issuc}:D56-62.

65. Gerhard DS, Wagner L, Feingold EA et al. ‘The status, quality and expansion of the NIH full-length
¢DNA project: the Mamumalian Gene Collection (MGC). Genoine Res 20045 14{10B):2121-2127,

66. Baross A, Bunterfield YS, Coughlin SM cr al. Systemaric recovery and analysis of full-ORF human <DNA
clones, Genome Res 2004; 14{108):2083-2092.

&7. Thill G, Castelli V, Pallud S er al. ASEcrap: a biological method for speeding up the exploration of
spliceomes. Genome Res 2006; 16(6):776-785.

68, Watahiki A, Waki K, Hayatsu N et al. Libraries enriched for wlternarively spliced exons reveal splicing

in melanocytes and melanomas. Nat Mcthods 2004; 1(3):233-239.

69, Schweighoffer F, Aie-Tkhlef A, Resink AL et al. Qualitative gene profiling: a novel ool in genomics
and in pharmacogenomics thar deciphers messenger RNA isoforms diversiry. Pharmacogenomics 2000;
1{2):187-197.

&



8¢

AMlternative Splicing in the Postgenomic Era

70.
7L
72
73.
74.

75.
76.
77

78.
79
80.
81
82,
83,
84.

85.

86,

87.
88.
82

20.
o1,

Huskins RA, Seapleron M, George RA et al. Rapid and efficient cDNA library screening by self ligadion
of inverse PCR products (SLIP). Nucleic Acids Res 2005; 33(21):¢185.

Hasegawa Y, Fukuda §, Shimokawa K er al. A RecA-mediated exon profiling method. Nucleie Acids
Res 2006; 34(13):c97.

Sorek R, Shemesh R, Cohen Y et al. A non-EST-based method for exon-skipping prediction. Genome
Res 2004; 14(8):1617-1623.

Ohler U, Shoaron N, Burge CB, Recognition of unknown conserved alternatively spliced exons, PLoS
Compur Biol 2005; 1(2):113-122.

Chen FC, Chen CJ, Ho JY ct al. Identification and evolutionary analysis of novel exons and altcena-
tive splicing events using cross-species FST-to-genome comparisons in human, mouse and rar. BMC
Bioinformatics 2006; 7:136,

Philipps DL, Park JW, Graveley BR. A compntational and experimental approach toward a priori
identification of alternatively spliced cxons, RNA 2004; 10(12}:1838-1844.

Agrawal R, Stormo GD. Using mRNAs lengths to accurately predict the alrernatively spliced gene
products in Cacnorhabdiis clegans, Bioinformatics 2006; 22(10):1238-1244,

Rebaul J, Vaglio P, Rual JF ¢t al. C. clegans ORFeame version 1.1: experimental verification of the ge-
nome anneration and resource for protcome-seale protein expression. Nat Gener 2003; 34{(1):35-41.
Lamesch P, Milscein S, Hao T et al. C. elegans ORFeome version 3.1: increasing the coverage of OR-
Feoms resonrces with improved genc predictions, Genome Res 2004; 14{10B):2064-2069.

. Chan EY. Advances in sequencing technology. Misrat Res 2005; 573(1-2):13-40,

Metzker ML. Emerging technologies in DNA sequencing. Genome Res 2005; 15(12):1767-1776.

. Shendure J, Mitra RD, Varma C ct al. Advanced sequencing technalogies: methods and goals. Nar Rev

Gener 2004; 5(5):335-344. _

DB. Whels-genome resequencing. Curt Opin Genet Doy 2006,
Shendure J, Porreea GJ, Reppas NB et al. Accurare muliiplex polony sequencing of an evolved bacterial
gettome. Scignce 2005; 309{5741):1728-1732,
Brenger §, Johnson M, Bridgham J et al. Gene cxpression analysis by massively parallel signature se-
quencing (MPSS) on microbead arrays, Nat Biotechnol 2000; 18(6):630-634.
Margulics M, Egholm M, Altman WE et al. Genome sequencing in microfsbricated high-densicy picolitre
reactors. Narure 200%; 437(7057):376-380.
Dressman I, Yan H, Traverso G et al. Teansforming single DNA molecules into Huorescent mag-
netic particles for detecrion and enumeration of genetic variations. Proc Natl Acad Sci USA 2003;
100(15):8817-8822.
Ronaghi M, Karamohamed §, Petterssen B et al, Real-time DNA sequencing using detection of pyro-
phosphate release. Anal Biochem 1996; 242(1):84-89.
Bainbridge MN, Warren RL, Hirst M et al. Analysis of the prostate cancer cell line LNCaP rraoscriptome
using a sequehcing-by-synthesis approach, AMC Genomiss 2008; 7:246,
Dear PH. One¢ by one: Single molecule ools for genomics, Brief Funct Genomic Proteomic 2003;
1(4):397-416.
Greulich KO, Single-molecule stadics on DNA and RNA. Chemphyschem 2005; 6(12):2458-2471,
Wang P, Yan B, Guo JT et al. Structnrsl genomics analysis of alternative splicing and application to
isoform sttuctute modeling. Proc Mad Acad Sci USA 2005; 102(52):18920-18925,



CHAPTER 6

Searching for Splicing Motifs

Lawrence A. Chasin*

Abstract

ntron remaoval during pre-mRNA splicing in higher eukaryotes requires the accurate
Iidmtiﬁmﬁnn of the cwo splice sites at the ends of the exons, or exon definition, The sequences

constitaring the splice sites provide insufficient information to distinguish rrue splice sites from
the greater number of false splice sices that populate transeripts, Additional information used for
€xon recognition resides in 4 large number of positively or negarively acting elements that lie both
within exons and in the adjacent introns. The identification of such sequence motifs has progressed
rapidly in recent years, such thar extensive lists are now available for exonic splicing enhancers and
exonic splicing silencers. These motifs have been identified both by empirieal experiments and by
computational predictions, the validity of the Iatter being confirmed by expetitental verification.
Molecular searches have been carried out cither by the selection of sequences thar bind ro splicing
factors, or enhance or silence splicing in vitro or in vivo. Computational methods have focused on
sequences of 6 or 8 nucleotides that are over- or under-represented in exons, compared to introns
or transcripts that do not undergo splicing. These various methods have sought to provide global
definitions of motifs, yet the motifs are distincrive ro the method used for identification and dis-
play litele overlap. Astonishingly, at least three-quarters of a typical mRNA would be comprised
of these motifs. A present challenge lies in undetstanding how the cell integrates this surfeit of
information to generate what is nsaally 2 binary splicing decision.

Splice Site Sequences Are Necessary but Not Sufficient

In the process of converting a pre-mRNA molecule to 2 mature mRINA, introns arc removed
by the spliceosome, a very large protein-RNA complex that contains five small nuclear RNA mal-
ceules and scores of proteins (refer to chapter by Matlin and Moore). During this reaction, the two
bordering exons must be brought close together, much as two substrates in a syntheric reaction
of intermediary metabolism. But in the latter case, each of the two substrates usually consists of a
population of identical molecules, whereas the two ends of the intron have a varicd composition.
‘The enzyme that is the spliceosome must bring together the GU and AG {which are almost always
identical) in the midst of some variety among the adjacent nucleotides.

The Splice Sites

The adjacent nucleotides at each splice site are far from random; they comprise two casily
distinguished consensus sequences of nine bases for the 5' splice site and about 15 bascs for the 3°
splice site. Position specific scoring matrices {PSSM) compiled from thousands of introns reflect
the relative contributions of cach base ar each position and allow any given sequence to be quan-
titatively evaluated for its degree of agreement to a consensas. One widely used such index is the
consensus valee (CV), which ranges from 100 (perfect consensus) to 0 {the worst consensus).?
The median CVs of human 5 and 3’ splice sites are 82 and 80, respectively, and the distribution of
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scores is wide: curoffs of 78 for 5 splice sires and 75 for 3' splice sites capture only three-quarters
of the sites. Interestingly, the consensus sequences themselves do not represent a majority among
splice sites. For instance, in a set of 5000 randomly chosen constitutive exons, less than 5% con-
tain 5' splice sites that perfectly match the consensus { {C or AJAG/GT{A or G)AGT) and the
consensus sequences do not represent the four most common ' splice site sequences (Fig, 1A).
%' Splice sites that conrain only three of the seven variable bases are nor incommon; the data in
Figure 1B suggest that about 20,000 such mismatched 5° splice site sequences are present in the
human transeriptome.

The protein factors thar recognize the 5' and 3 splice sires need o bind ro many distince
sequences, As an cxample, UZAE® which binds v the polypyrimidine tract of 3' splice sites, can
accommodate a wide variety of pyrimidine rich sequences in its binding site. Thus, this degree of
diversity might be tolerable if introns and ezons had evolved to lack sequences that resemble che
splice site consensuses, so thar the splice sives would be easily recognizable despite their degeneracy.
But just the opposite is the case: peendo splice site sequences (false splice site scquences that are not
used) are about an order of magnitude more abundant than the real splice sites in large transcripts
and aze present at a frequency similar to or greater than that expected by chance (see Fig. 1ICD
for the human HPRT gene). Moreover, many pseudo §' splice sites exist that perfectly match che
sequence of real splice sites; in these cases factors other than intrinsic strength* must play a role in
distinguishing berween the real and pseudo sites.

Different splice sice sequences have different strengths and this strength generally corselates with
the CV score, Thus the words “serong” and “weak” usually refer ro the CV and not to 1 splicing
measurement. Indeed, splicing regulation takes advamtage of this strength—on average, alvernarive
splice sites are slightly weaker than constirutive splice sites.’” However, the correlation berween
splice site stwength and splicing is far from perfect. For instance, Eperon and colleagues placed
different §' splice sites in comperition with a constant globin §' splice site and measured the propor-
tion of splicing at the tese site ! Correlation cocfficients between splicing efficiency and agreement
to the consensas were respectable (0.68 to 0.76) but far from perfect. Strength experiments have
usually been set up as competitions between two nearby splice sites.’ a situation that is not always
the case for endogenous splice sites. Thar is, a weak splice site may be recognized efficiently if no
neathy competitor ig present. Inefficient splicing of a splice site in 2 hererologous context implies
that in the natural context a splicesite communicates with other nearby sequence elements. Splice
site sequences may even have to be tailored to their context. For examples, mutation of a DHER 5’
splice site from AGA/GTAAGT (CV'79.6) to AGG/GTCAGT {CV B0.9) preserved the CV and
the predicted abiliey vo form a duplex with U1 snRNA, yet reduced splicing efficiency from 100%
1o 3%.? More sophisdcared methods, such as treating the PSSM as probabilities,'® using maximal
dependence decompositon (MDD),M or a support vector machine (SVM),” may marginally
improve splice sire predictions. However, such enbancements do not change the conclusion that
many real weak splice sites must be efficiently recognized, while many strong pseudo splice sites
must be ignored in the course of splicing a typical pre-mRNA.

The Branch Point

A third element that plays a central role in pre-mRNA splicing is the branch poine. The human
branchpoint consensus is YNYCRAY, aithough this sequence was detived from the biochemical
characterization of 2small number of branchpoints."* The conserved adenosine attacks the 5" splice
site and is usually located 18 vo 40 nt upstream of the 3 splice site, althongh it can be more diseant.™
The variable distance and poor conservation of the branchpoint makes it a poor predictor of real
3' splice sites. For instence, including the branchpoint in » computational search for real 3 splice
sites in the HPRT gene did not increase the accuracy of 3' splice site predictions.'

Exon Definition
The excision of an intron requires the paiting of splice sites at the ends of the intron, which can be
considered “intron definition” However, the initial recognition of most splice sites probably involves
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Figure 1. A} Histogram of the nurnber of occurrences of each unique splice denor site sequence
found among a set of 5000. The arrows show the points representing the four consensus
sequences. For instance, there are 2 sequences that each appear 61 times in this set of 5000,
one of which is a consensus sequence. B) Distribution of the number of mismatches to the
4 donor site consensus sequences among 5000 human donor sites. ) Frequency of pseudo
doner splice site sequences in the 40,000 nt human HPRT transcript having the indicated
minimum CV score. Also shown is the same analysis of randomized versions of the HPRT
transcript (average of 10 randomizations), The symbaols along the abscissa indicate the values
for the eight real splice sites. The vertical line indicates the third quartile score for donor sites
of real exons {i.e., one-gquarter of real donor sites have CV scores below that value). D) As
C, but for acceptor sites,

“exon definition”, the identification of the two splice sites across the exon. There is plentifil genetic
evidence supporting this idea, in that the usual consequence of mutating one splice sice is skipping of
the exon—the remaining wild type splice site on the other end of the ezon is not used. Similarly, a
downstream 5’ splice site greatly enhancessplicing to-anupstream 3' splice site in vitro.”™® Terminal
exons are defined by interactions between factors that recognize the §' cap and Ul saRNP fot the
first exon'®® and polyadenylation factors and splicing factors that recognize the 3' splice size for
the last exon.?! Despite the widespread acecptance of cxon definition, the malecular basis for the
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implied communication has been seldom studied,” with experimental designs favoring 2-exon
RNA molecules and interpretaticns emphasizing spliceosomal interactions across introns.

Internal human exons havean average size of about 120 nt and less than 5% of exons are greater
than 250 nt in length.® If one adds the constraine thar a potential 3" splice site mnust be followed
by a §' splice site within 250 nt, then the number of false 3' splice sites is substantially reduced,
but the number of false §' splice sites is not, as they become the limiring factor. The pseudo exons
that are defined by these false 3" and §' splice sives which are assumed to be never used, outnumber
the real exons by more than an order of magnitude.'® If we accept exon definition as the usual case,
then the problem becomes thar of distingnishing real exans from these pseudo exons.

Additional Sequence Information Lies within Exons and Introns

Eatly experiments implicated exans as a senrce of information necessary for alternative splic-
ing.#5 In 1993, Shimura and colleagucs defined an exonic enhancer sequence as a short purine
rich sequence. Since that discovery there has been a steady stream of descriptions of analogous
regulatary sequences. These splicing regularory sequences fall into four categories based on their
location and their mode of action: exonic splicingenhancers and silencers {exonic splicing enhanc-
ers [ESEs] and exonic splicing silencers [ESSs]) and their intronic counterparts {intronic splicing
enhancers [ISEs] and intronic splicing silencers [1855]). There are myriad examples of ESEs and
the great majority of these have been identified from smdies of alternatively spliced exons. More
recently, it hasbecome evident that constitutively spliced exons require ESEs 28 well ™ In general,
ESEs bind members of the SR protein family (refer to chaptee by Lin and Fu).?* All SR proteins
have an arginine-serine (RS)-rich domain thar can interact with other proteins® and with the
RNA iself They also contain one or more RNA recognition motifs (RRMs). Most of the SR
proteint RRM: bind to a highly degenetate set of RINA sequences, yet display enough specificity
st a5 to be distinguishable from one another.®

Although less broadly studied., a number of ESSs have been identified in alternative exons.®
ESSsaretypicallybound by heteropeneous nuclear ribonuclear prateins (hnRNPs) (refer to chapter
by Martinez-Contreras et al), such ashnRNPA1 and hnRNPI (polypyrimidine binding protein,
PTB). Like SR proteins, hnRNPs show preferences for particular sequence motifs while binding
many other sequences with less, yet notable, affinity.* Fewer ISEs and IS8s have been described, but
somc of these have been catensively characrerized.?* Compreheusive lists of mammalian alremnative
exons subject to both enhancement and silencing (both by ESSs and I85s} rogether with many of
their mediators have recently been compiled. %

Global Approaches for Defining Sequence Motifs for Splicin,

A powerful approach to understanding how splice sites are recognized and ed is to use
bicinformatics or experimental approaches to define all the cis-clements that are implicated in
splice site recognition. The hope here is that general rules will become evident as one uncovers the
“splicing code”” The global approaches have been principally two: {1) statistical analysis of genomic
sequences to find motifs associated with enhancement or silencing; and (2) molecular selection to
define all the sequence motifs that will enhance or silence splicingin 2 particular contexvand/orin
response to a particular splicing factor, or to find the sequences thar bind best to a purified splicing
factor. The remainder of this chapter will focus on such global approaches. Understanding the
splicing code will allow for a more exhaustive identification of exons and therefore of genes and
proteins, with wids implications for genomics and medicine. In addirion, it will help us predict the
parterns of alternative splicing and understand the mechanism and regulation of splicing.

Exonic Splicing Enhancers (ESEs) Predicted by Computation

ESEs lic by definition within cxons and most exons differ from the rest of the genome in con-
taining sequences that must code for proteins. Thus a search for motifs that are abundair in exons
vs. other regions would be confounded by the inevitable emergence of common codon sequences.
This problem has been deale with in several different ways.
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Fedorov et al®® compared the frequencies of tetramers and pentamers in cxons to those in
intronless genes, reasoning that while both code for proteins, the former require splicing signals bur
the latter do not, Twenty-three sequences were identified thas were significantly more abundant
in exons, ranging from 17% to 42% overrepresentacion. The number of intronless genes used in
this scdy was relatively small,® perhaps limiting significance scores; and the biological activity of
the sequences found was not rested.

Fairbrother et al*® got around the protein coding problem by comparing exons to exans, thus
neutralizing the effect of protein coding, They reasoned that ESEs should be more abundant in
exons with weak splice sites than in exons with strong splice sites. Using all 4096 possible hex-
amers, they identified motifs for which this frequency difference was high, treating donor sites
and acceptor sites separately, 'To sharpen che selection, they added another criterion: the motifs
must also be more abundant in exons compared to flanking intronic regions. Using a cutoff of
>2.5 standard deviations for both criteria yielded a combined set of 238 hexamers, or 5.8% of all
possibilities. About a quarter of these were common to 5’ and 3' splice sites Many of these motifs
were shown to be active in functional assays demonstrating the validity of chis approach. Thus
mostof these hexamers are capable of acting as ESEs and are kivown as “RESCUE-ESEs”, Since the
sticcess rate of the validity tests was high, one must conclude that this selection was stringent and
that additional hexamers falling below the cupoffs may also act as ESEs, Fven at a selection rate of
5.8%, abour 23% of randomized exon sequences would correspond to RESCUE-ESEs {Table 1).
‘Thus this study suggested that ESEs arc abundant morifs, RESCUE-ESE sequences can be found
at heep://genes mitedu/burgelab/rescue-ese/ESE.txt.

In all morif selecrion experiments (computational or moleenlar) there arg caveats due to biases
inherent in each selection strategy. For example, in the RESCUE-ESE approach, by focusing on
exons with weak splice sites, there may have been a biased selection for ESEs associated with alter-
natively spliced exons, since as a whole they exhibit wealer splice site sequences than constitutive
exons.>” A more subtle bias arises from the faer thar the anscriprome has an intrinsically high
A + T content of 57%.% When that content is reasonably used as a background to calculare splice
site PSSM scores, G + C-rich splice site sequences will tend to stand out in information content
as “strong” (more distinct) whereas A + T-rich sequences will appear “weaker” (fess distinct
from background). A search for weak splice sites nsing PSSM values will thus favor A + T-rich
sequences for this reason alone and these sites will be associated with A + Trich genes (in A+ T
rich isochores) and consequentdy A + T-rich ESE candidates. This argument could explain why
RECUE-ESEs have a relatively high (61%) A + T content {Table 2).

The validity of RESCUE-ESEs was subsequently tested by examining evolutionary conserva-
tion. SNP densityat synonymaus sites within these morifs is lower than expected, especially when
located nearer vo splice sites, supporting the idea thar these motifs have been subject to purifying
selection and ehus are functional #®

A second study used the same general approach, bur different criteria to search for ESE
candidates. Our Iaboravory” circumvented the protein coding problem by limiting the analysis
to nonprotein-coding exons. Forty percent of human genes contain noncoding first exons® and
there are alto a substantial number of genes with cranslarion initiation sives located in che 3rd
exon, of an exon that is further downstream. The latrer represent a poal of abour 2000 internal
nancoding exons, of which about 500 were chosen that were less likely to have originated from
scquencing exrors. We searched for all possible acramers in this exon set, allowing a single mismatch
per octamer in order to obtain a sufficient number of hits. Octamers were identified that were
present at a much higher frequency in the noncoding exons compared to the sequences of twe
different negative control sets: (1) psendo exons from the same genes; and {2) the 5" untranslated
regions (U'TRs) of intronless genes, Neither of these sequences code for proteins and the intron-
less UTR sequences may contain information for stability, transport and translarion thac should
also be present in the noncoding exons and so would be filtered out. Motifs that fell above 2.8
standard deviations from the mean were considercd putarive ESEs (PESEs) and numbered 2069
of 65536 possibilities, or 3.2%. ‘This comparison also allowed the identification of motifs that are
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rare in real exons compared to pseudo exons and the 5' UTRs of intronless genes and these were
considered putative ESSs (PESSs}. Eight of eight PESEs enhanced splicing in a functional assay
and single base murations thar reduced the PESE scores to near neurraliry reduced this activicy. Of
58 examples of murations reporred in the licerarure to rednee splicing, 33% could be explained by
the disruption of a PESE {and 28% could be explained be the creation of a PESS), Again, because
the success rate of the validation tests was high, it is likely that additional PESEs would be found
among octammers with somewhat lower scores than thase chosen. Ar the conservative threshold of
3.2%, about 17% of « randomized exon sequence would be represented by PESEs {Table 1) so
like RESCUE-ESFs, these motifs are abundant. The average internal (coding) canstitutive exon
of 120 nt contains nine PESEs, often in overlapping clisters. PESEs are 2-fold more abundant in
exons compared to intrans, A full st of PESE sequences can be fonnd ac hetp:/ /wwwicolumbia,
edu/ecu/biology/faculey/chasin/xz3/pese262 rxr. A list of the scares for each of the two criveria
for all £5,536 octamers can be found at http://www.columbia.edi/cn/biology/faculty/chasin/
x23/Dctamers, txt.

Again, biases could have influenced the rypes of morifs that were selected. The 5° UTRs of
intronless genes that were used as an ESE-under-represented data set are often situated within
regions that are rich in CpG sequences, since the CpG islands that lic upstream of numerous
genes often extend as much as 2 kb into the gene.** Moreover, noncoding exons nsed as the
positive cxamples are low in CpG content relative to coding exons.* For both of these reasons,
CpG-containing ESE motifs may have been under represented in this sclection, since they
may not be enriched over the relatively high background of CpG-containing octamers in the
5' UTR of intronless genes. In the carlier comparison of exons to intronless genes mentioned
above,® most of the candidate ESS pentamers identified as being relarively scarce in exons
contained CpG dinucleotides. Although they have 2 CpG content similar ro that of exons asa
whole (Table 2, compare columns 2 and 12), PESEs do not include many ESEs predicted from
molecular selections and these tend to have very high CpG contents {Table 2, columns 5 to 8).
Another possible weakness in the sclection method described above stems from the assumption
that noncoding genes do not contain protein coding information. In fact, such exons may have
coded for proteins in the evolutionary past and mainraincd 2 vestige of this nonrandomness,
In this case, PESE candidates that merely overlap with highly used dicodons could have been
isolated as false positives. However, such sequences may tend o be ESEs nonetheless and the
high validation rates of PESEs argnes against this possibility.

PESEs were subsequently tested in a more rigorous fashion.™ Six real mammalian cxons (five
constitutive and one alternative) were computationally scanned for PESEs. About four PESE
clusters per 100 nt were found. By knocking out each individual PESE cluster with single base
substiturions and assaying splicing in vivo, 18 of the 22 predicted PESEs wete shown to be fune-
tional. In addition to fanctionaliry, this result showed that each exon required nearly all of its ESEs
to work in concert to promote efficient splicing; i.e., most were not redundant. A similar vest has
been carried our vsing a minigene containing an alternarively spliced alpha-tropemyosin exon.*
Eleven PESE:s or PESSs were mutated ro reduce their absoliute scores and in 10 of the 11 trials the
splicing levels responded accordingly (J. Coles and CW. Smith, personal communication). As
well as providing additional validation of PESEs, this study provides the fiest such experimental
test of PESSs.

Although entirely different criteria were used to sclect RESCUE-ESEs and PESEs, they show
considerable overlap, a fact that further supports the validity of both sets ( Table 3). At the same
time, the two sets contain distinct ESEs, As can be seen in Table 1 (column 4), each motifset covers
about 30% of the nucleotides in a collection of 5000 human exons, but together they cover 47%,
only slightly less than would be expected if they were randomly associared (~52%). Thus these
two conservatively derived sets of ESEs already cover half of an average cxon and there are several
additional motif sets yet to be discussed,
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Table 3. Overlaps hetween motif sets’

Moftif Set Expected by Expected by  Motif
Size PESEs®  Chance® PESSs?  Chance? Reference
RESCLUE-ESE*® 238 74% 36% 11% 23% 45
FAS-hex 3 103 10% 37% 54% 23% 87
Goren ESRY 285 53% 44%, 1%% 21% 54

¥ Percentage of the indicated hexamer set members that can be found within PESE or PESS octamers.
2 PESE, PESS; ref. 44, as amended at hitp:/www.columbia.eduicw/biologwfaculty/chasin/xz3/octamers.ixt

¥ calculated by simulation. Goren ESRs based on 3721 allowed hexamers.

Exonic Splicing Silencers (ESSs) Predicted by Computation

Global computational searches for ESS motifs have also been cacried out, Sironi et al® callected
a subset of pseudo cxons that was rich in predicted ESEs and then searched for averrepresented
hexamers as candidates for ESSs. A sccond criterion, overabundance in psendo exons compared
o sequences flanking the pseudo exons, was applied to normalize for possible base compositional
differences between ‘pseudo exon and cxon regions. This sccond criterion also sharpened the
search to make it test the hypothesis that ESSs function to prevent the splicing of pseudo exons,
as opposed to simply being avoided in real exons. The winning motifs were clustered into families
to generate three consensus sequences. One of the three {({T/G)YG{T/A)GGGG ) reduced exon
inclusion aboue five-fold in a functional assay, This G-rich motif was overrepresented in a test sex
of pseudo exons compared to real exons.

A large set of putative ESSs emerged from our statistical analysis described above for PESEs !
By searching for octamers that were underrepresented in real exons compared to both pseudo
exons and the §' UTRs of introndess genes, the influence of codons was avoided and the influence
of other nonsplicing signals residing in mRNA was minimized. A set of 974 PESSs was identified,
grouped into familics and z sampling tested in functional assays. Eleven of 12 PESSs increased
cxon skipping and single base mutations reversed this skipping, Sixteen of 58 exonic splicing
mutations in the literature could be explained by PESS formation, a number comparable to those
that could be explained by PESE dizruption. The PESS set represents about 1.5% of all octamers.
‘These sequences are very T-rich (47%) and C-poor (Table 2, colnmn 9}, PESSs are 3.5-fold more
abundant in introns compared to exons overall and show an additional increase just downsuearn
of real 5" splice sites, snggesting that they may function ro facilitate accurate recognition of the real
sites, They are also found at 2 higher frequency in the vicinity of pseudo exons, suggesting a usc
in repressing false splice sites. The combination of PESEs and PESSs increascs the discrimination
between real and pseudo exons: the ratio of PESEs to PESSs in real exons is 5.5 as opposed 10 0.6
for pseudo exans. This difference has been used as 2 guide to suggest whether a given sequence is
a exon or a pseudo exon (e.g. sce Fig. 6 in reference 45). Howevet, the frequency dismibution of
ESEs and ESSs in exons and psendo exons avetlap considerably, making them less than a reliable
predictor of real exons. A list of PESSs is located at htp: //werw.columbia.edn/en/biology/faculcy/
chasin/xz3/pess262.1xt .

Exonic Splicing Regulators (ESRs) Predicted by Computation

Yet another computational strategy to search for splicing regulatory motifs was devised by
Goren et al.” Reasoning that splicing signals would be both conserved and abundant in exons, they
ranked hexamers thar stood out in these rwo respects. To get around the protein coding problem
conservation was scored only at synonymous sites. Overabundant hexamers were chosen as dico-
dons that appeared more frequendy than expected if codons were paired randomly; here again
only codons differing at synonymous sites were compared so as to avoid the influence of protein
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coding, Hexamers with high scores for both criteria were collected, resultingin a set of 285 (7.7%
of all hexamers considered} that represented the best combination of scores. Ten of these sequences
were tested in funerional assays and most of these were shown o cither increase or decrease exon
inclusion while none of nine control hexamers with low abundance and conservation scores
significantly affected splicing. One might have thought that a seleetion based on abundance and
conservation would favor ESEs, but both enhancer and silencer effects were observed, depending
on the hexamer and on the host exon. The authors followed up on this dichotomy by placing each
of two winning hexamers ar 26 different positions within an 81 nt test exon. Here again, both
enhancing and silencing results were obtained, this time dependent on position. Finally, when
four winning hexamers resident in real exons were mutated so asto lose their high score, a mixture
of positive and negative cffects was obscrved while mutation of nonwinners had no effect. The
authors thus called these motifs ESRs, for exonic splicing regulators, since their effects could be
cither positive or negative depending on the context. They further suggested thar purative ESEs
and ESSs identified by others but untested for a position effect should be similarly regarded. A list
of all hexamers surveyed and their scores in terms of p-values for the significance of their deviation
from mean frequencies can be found ar htep:/ ferwwranacil/~gilast/sup_mat7.hem,

‘The hexamers selected here will be biased roward sequences that harbor synonymous codons.
Extreme examples are hexamers that coneain a stop codon as cither the first or last three posidions;
these 375 hexamers are removed from consideration. A second limitation is that the criteria used
do not specifically rarger splicing motifs bur apply o any function implicit in mRNA (transport,
stabiliry, etc.). However, the fact remains thae greater splicing effects were seen with many of these
sequences compared to controls, Some of the substitutions made to test for splicing phenotypes
also caused sequence changes in overlapping endogenous PESE or RESCUE-ESE motifs {not
shown), an ontcome that is not surprising given the coverage fignres shown in Table 1 and since
any hexamer substitation changes 10 overlapping hexamers (ot 13 octamers). Nevertheless, there
were so many ESRs tested here at so many diffcrent positions, that it is Hlkely that the ESR set does
contain many novel motifs that affect splicing,

An interesting idea that this work gives rise to is the possibility that che same motif can act as
an enhancer in one context and a silencer in another. The efficacy of some enhancers is known to
be dependent on the distance from a carger splice site. For example, the enhancement of splicing
at the dex 3 splice site has been shown to drop off when ESEs are placed more than 150 10 200 nt
downstream.® On a chemical level, the ability ofan RS dommin o crosslink to a splice site also falls
off ar distances greater than 100 nt.® However, while decreasing efficiency, these far positionings
do not reverse the effect of an enhancer. Individual natural ESEs have also beent shown to be able
to ace negatively when placed within an intron™ and there are cxamples in which a splicing factor
acts positively at one splice site and negatively at another (¢.g.. hnRNP H/F and SRrp86%), ora
single sequence element is a target for both positive and negative factors.’** One could argue that
there is a need for ES8s in exons in order to silence internal pseudo splice sites. But there are few
of these in constitutive exons: summed pscudo 5 and 3’ splice sitcs numbered less than 0.2 per
120 nt of exon in a set of 3000 examined {with a sizc limit of 250 nt} and over 80% of exons had
ncither such site. {Exons that contain altermative 5 or 3' splice sites obviously have more than one
splice site per exon, but these should be considered real sites, nor pseudo sites.)

The cautionary note sounded by Goren et al* presents a serious challenge, as there have been
few systematic studies of the effect of position on motifs isolated by global searches. For the most
part, however, experiments have not shown a context-dependent effect on activity. For example,
cight PESSs that werc originally found to be effective when inserted just downstream of a ¥ splice
site in a first test exon were equally effective when inseroed just upstream of a §' splice in a second
test exon. ! ESSs isolaved by molecolar seleetion similarly acted consistently as silencers in several
different contests ¥ Still, in these srudies position was not systemarically varied within a single
context. Analysis of natural ocenrrences of splicing motifs may be more relevant and here too, the
results have so far been consistent with prediction. For example, when we knocked out predicted
ESEs in a beta-globin exon 2, five of the six disruptions decreased splicing and the exception did
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not significantly increasc splicing, If seme of the predicted ESEs were really ESSs, as predicted by
the ESR idea, some of the knockeuts should have increased splicing, Finally, almost all of a panel
of hurnan mutations affecting splicing can be cxplained by the disruption of predicted ESEs or the
creation of predicted ESSs,* in accord with che expected behavior of the motif. It is possible that
these motifs funcrion as predicted when in their natural contexts bur that their normal activity
can be subwerted when experimentally placed in ectopic positions. An analogous resule, known as
transcriptional interference, has been seen with cxperimentally manipulated promoters.”

Molecular Selections

Most molecular selections have targered ESEs. Almost all of these types of experiments are
hased on the Systematic Evolution of Ligands by Exponential Entichment (SELEX), originally
designed to select for nucleic acid scquences that bind to a given protein or small molecule.™
SELEX has been applied in two ways: {1) determining the sequences that can be recognized by
a given RNA binding protein {binding SELEX); and (2} isolating sequences that functionally
enhance splicing (Finctional SELEX]).

Protein Binding SELEX

In protein-binding SELEX, a complex pool of ENA molecules containing a randomized region
8 to 20 nt Jong is incubated with a purificd RNA-binding protein or domain, The RINAs that are
bound by the protein are isclated, converted to cDNA, amplified by PCR and then transcribed
into RMA for a subsequent round of selection, This process is repeated several times to enrich for
RNA molecules with high affinity for the RNA binding protein. In this way, the binding specifici-
ties of several SR proteins, hnRNPs and other splicing factors have been determined 3% The
sequences are then analyzed to determine a consensus binding site(s).

The consensus motifs that have emerged from these binding SELEX experiments® (refer
to chapters by Lin and Fu, Martincz-Contreras et 4l, and Ule and Darnell} illustrate that cach
protein binds to a distinet set of sequences but at the same time can recognize a diverse repertoite
of sequences.® For instance, Cavaloc et al®® sequenced over 90 oligonucleatides bound by the SR
prowein $C35 and found five distinct consensuses. However, such degeneracy is not always the
case. Only a single Iong consensus was found by Tacke and Manley in binding SELEX experiments
performed with SRp40 (ref. 66). Why more than one consensus sequenceappears in many of these
experiments s not clear. In cases of proteins with more than one RRM, it is possible chat cach
binds a distinct sequence. Yet, when SELEX was applied to a single RRM derivative of ASF/SF2,
the one resulting consensus sequence differed from the rwo consensus sequences yielded by the
intact, wild type protein.’” Alternatively, a single binding site may be endowed with some flexibilivy
to accommodate a specific set of different sequences.™ A certain dichotomy in binding behavior
might also be related to the multiple roles SR proteins play in the splicing process:™ initial recogni-
tion, exon definition,” spliceosome assembly”™ and perhaps the cavalytic steps themselves #7375
(refer to chapter by Lin and Fu for a more derailed description of the functions of SR proteins in
splicing.} Ir is also likely that the diversity of sequences recognized is related to the fact that many
RNA binding proteins must bind to protein coding exons. Thus, the range of sequenee motifs that
can exist in a given exon is confined by the protein sequence encoded in that exon.

The advantage of binding SELEX experiments is that they probe and define the binding speci-
fcity of a purified protein, in the absence of possible interference by other factors. As such they
provide a valuable starting point in the interpretation of the roles of SR proteins and the motifs
dictating their action. On the other hand, SELEX may identify RNA sequences that bind 1o any
surface of 2 purified protein, not necessarily the natural RNA binding site and could thercfore
include sequences that are net functionally rel:vant in a biological context.

Functional SELEX

In this strategy motifs that are able to influence splicing activity are sclected. The iterative
isolation and amplification steps of SELEX are used here to seleer for shorr sequences that,
when inscrted inco an cxon, enhance pre-mRINA splicing. In these studies, a pre-mBNA pool is
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first synthesized that contains a weak rest exon containing a localized randomized region, This
pre-mRNA pool is used in in vitro or in vive splicing assays and the successfully spliced mRNAs
are isolated and amplified by RT-PCR.. As with the binding SELEX experiments, the winning
RNA sequences from the first round are recycled throngh several additional rounds, eariching for
RINA sequences that best enhance sphicing,

“The first experiments of this kind were carried out in vitro by Tian and Kole.™ They found that
the winning scquences were quite heterogeneous and could be divided into two classes: a majoricy
that were purine-rich, typically consisting of short runs of 5-6 purine mudeotides and a significant
minority (15% to 30%) that werenot rich in parines. Almost all of the retested sequences produced
efficient splicing, whereas only 1 in 10 of the unselected sequences promoted splicing, In a subse-
quent refinemenc of this procedure, shormer vetsions of the winning sequences were produced and
these yielded a less heterogeneous gronp with a consensus GACGAC...CAGCAG (the core being
of variable length) that was shown to bind SRp30.7

Two larger studics nsed random sequencesinserted into the second exon af a 2-exan transcripe
spliced in vitra, Liu er al™®™ gelecred sequences thar responded £o one of four different SR proteing
by using §100 extracts for splicing, These extracts lack all SR proteins, but splicing activity can be
restored upon supplementation with individual SR proteins.

Usingrhis approach, the authors selected 20-mer sequences that promoted splicing in response
to SRp40, ASF/SF2, SC35 and SRp55. Each of these selections yielded 2 consensus sequence thac
wasdistiner from the others. However, there was considerable hererogeneity within each group, the
consensuses were often short (3 to 8 nucleotides) and contained many ambiguous positions. Some
of the degeneracy might be explained by assigning a role to the sequences fanking each test motif,
as not all the motifs could promote splicing when tested on their own. Nevertheless, it was possible
to assemble a PSSM for cach class of motifs and this information has been incorporated into an
ESE searching program “ESEfinder” (heep://rulai cshledu/toals/ESE/) that scores sequences
for their ability to match each of the SR protein-specific consensuses.* High-scoring motifs are
found at a significantly higher frequency within exons as opposed to introns, ™ although the dif-
ferenceis modest {109%-20%), These matifs are also more strongly associated with weak compared
to strong 3' splice sites®

‘This experimental approach was refined in a later study that focused on motifs that mediate the
activity of ASF/SF2.% Here, the random oligomer pools were restricted to either 7 or 14 nucleotides
and were used to replace a 7-nncleotide natnral ESE in BRCAT exon 18. In this constmct, exon
18 was present as the central exon of a 3-exon transcript, an internal exoh situation that is more
commonly found in nature. Once again a degenerate though obvious sequence preference was
evident from these experiments. Most of these sequences not only enhanced inclusion of BRCA1
exon 18, but also funcrioned in the heterologous context of exon 7 of the SMNJ gene. A PSSM
was derived using not only the relarive prevalence of bases at each positon, bu also, in a novel
approach, taking into account the degree to which each sequence enhanced splicing, The PSSM
derived from the 7 nt oligomers {(consensus of CCCCGCA) proved o be the better prediceor of
enhancement than rhe PSSM derived from the 14 nt oligomers. This consensus differed from that
of the carlier derived ASF/SF2 consensus sequences (CACACGA) from the functional SELEX
experiment employing a 2-exon pre-mRNA and both of these consensus sequences differ from
the consensus sequences (AGGACAGAGC and RGAAGAAC) derived from binding SELEX,
experiments.® The authors combined the matrices from the two functional selections and showed
that the resulting PSSM (with the consensus CGCACGA) was able to predicr, with astatistically
significant frequency, the ontcome of a set of exonic mutations known to affect splicing.

Schaal and Maniatis™ took 2 slightly different approach to defining consensus seqnences that
mediare SR protein function. As in the smdy by Liu ct al describod above, they inserted random
sligomers into the second exon of a 2-exon transeript but assayed for splicing in vitro using
nuclear extracts instead of §100 extracts. Sequences that enhanced splicing were identified afier
tmubtiple rounds of selection using the same procedure as in Lin et al. The winningsequences were
subsequently screened for their ability to respond to specific SR proteins in $100 extracts and the
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sequenices were grouped according to their response. Here again hererogeneity and distinctness
characterized the sequences identificd. Most SR, proteins displayed some sequence preferences bur
in general these sequences do not march the Lin et al consensnses mentioned above, nor do chey
march well with the results of binding SELEX experiments. That different motifs emerge from
the functional SELEX experiments could be due to the effect of context, including the position
of the insert or substitution, or related to the another aspect of the test ¢xon used, e, small size,
murational weakening of splice sices, natural weakness of an alrernarive splice sire, etc.

Functional SELEX for splicing was performed in vivo by Coulter et al,* who inserted random
14-mers into a poorly spliced second exon in a 2-exon construct. After several rounds of selection
based on transient rransfection, the winning clones were sequenced. These fell into three categories,
purine-rich, adenine- plus cytosine-rich (ACE) and neither. Within the first two categories, the
identifiable morifs were quite degenerate. An ACE motifin the buman D44 gene was subsequently
shown to actas an ESE and to be bdund by the nonSR protein YB-1.% This last resule representsa
cautionary tale: by testing only for responsiveness ot binding to SR proteins, other, possibly more
significant, mediarors margeting the isolated motifs may be overlooked,

In an interesting variation on the functional SELEX scheme, Woerful et al tested che activity
of ~50 bp fragments of the CD44 mRNA in an enhancer-dependent exon in vitro.® Abour half
of the active sequences tested enhanced splicing and many of these mapped to a specific region
within the CD4:¢ mRNA, Most of the sequences contained 2 short AC-rich motif whereas others
contained purine-rich runs. This starting material was quite limited compared to random oligomers
and the fact that a restricted subsct of ESEs was overrepresented suggests that the test exon likely
has a preference for particular ESFs.

ESSs

Wang et al*” nsed an elegant genctic selection to isolate sequences that could cause exon skipping
invivo. When the central exon is included, i interrupts the reading frame of GFP; when skipped,
functional GFP is expressed, allowing the positive cells to be isalated by FACS. After insertion of
aset of random decamers, 133 unique sequences promoting GFP cxpression were isolated from
this screen. Many of the most common hexamers caused skipping in a heterologous exon, This
collection of 103 common ESS hexamers is known as FAS-hex3, By avoiding the iterarive enrich-
ment process of SELEX, any sequences thar inhibir splicing were isolated, rather than only chose
that have the strongest ESS activity. FAS-hex3 scquences are 2-fold overrepresented in introns vs,
exons and are especially overrepresented in exonic regions located between alternative 5 or 3’ splice
sites, Like the computationally selected PESSs, they show a peak just upstream and downstream
of 3’ and §' splice sites, perhaps to prevent neighboring pseudo sites from being used. Muration of
these sequences in natural exons increased the use of the proximal sites and resuleed in increased
exon inclasion, attesting to the silencing fimction of these sequences in narural alternative splicing,
Alternative intron rerendon events were also inhibited by FAS-hex3 sequences, often in favor of
skipping of the retained intron along with its flanking exons. Interestingly, FAS-hex sequences
that could inhibit intron retention by increased skipping tended to be different from those that
acted to decrease the use of an alternative splice site, sugpesting thar different ESSs act via differ-
ent mechanisms,

ISEs and ISSs

Whereas there hasbeen extensive investigation of the effect of intronic sequences on the alterna-
tive splicing of individnal genes (.., 35, 88-90), there has been relatively little global searching for
intronic splicing regulatory motifs. Farly studies by Nussinov® identified G-runs as
in introns near both the 3and 5' ends of exons. This work was extended by McCullough et al™™
to show that these sequences can enhance splicing at §' splice sites by enhancing the binding of
U1 snRINP. Staristical analyses and comparative genomics showed that intronic flanks of exons
barbor short runs of G, C or T Evidence for a role of intronic flanks in splicing regulation
comes from the finding that the flanks of alternatively spliced cxons are more conserved than
those of constitutive coons.5*%
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Subsets of the genome have been scarched for ISE motifs. Statistical analysis of sequences at
the ends of shott introns in several different otganisms produced pentamers that could be ysed to
enhance rhe accuracy of splice site prediction in such introns.® For humans, 8 of the 10 top pen-
tamerswere rich in G-triplets, Individual motifs have also been strongly associaved with alternarive
splicing in the brain, Brain-specific ISE and 1S5 candidate morifs were identified statiscically by
analyzing 25 brain-specific aleernatively spliced exons™; in contrast to introns overall, G-triplets
were underrepresented downsereamn of these exons, One of the ISE sequences, UGCAUG, was
subsequently shown to bind the Fox-1 and Fox-2 splicing factors and to be associated with regulated
alternative splicing in different tissues, including brain and muscle in 2 humber of species. 1% A
dowmstream intronic G-retramer motif was found to be associated with exon-skipping in alrerna-
tively spliced exons in the brain by Han et al and, interestingly, this element was shown to function
in canjonction with an exonic UAGG o effect silencing.'

Our own laboratory has uscd machine learning to assess whether inforimation for splice site
recognition is present in sequences flanking conssitutive cxons.'* A support vector machine (SVM)
found that sequences residing within ~50 bases of the splice sites can help distinguish real exons
from pseudo exons and identified overrepresented (ISE candidates) or nnderrepresented (IS5
candidates) peneameric motifs thar best aided the distinction. These included some novel motifs
as wells as G-triplets mentioned above and, despite its degeneracy, branchpoint-like sequences,
with z clear peak 24 nt upstream of the 3' splice sites. This work was followed up by a statistical
test for pentamers overrepresented in human exon flanks compared 1o psendo exons flanks.!™
A conservation filter was also applied here: only those pentamers that were also present within
4 50 nuccleotide region Hanking the orthologous mouse exons were retained. The resulting ISE
candidates fell into two distinct groups based on G + C content. A survey of 100,000 constitutive
exons shawed that their 50-nt flanks in general fell into distinct GC-rich or GC-poor categories;
remarkably, the extent of this dichotomy was much greater that that exhibited by the host genes
overall (i.c., duc ro residence in a particular isochore). Thus the factors that recognize these pura-
tive ISEs are probably diffevent for GC-rich genes and AT-rich genes, leaving open the poas:blhty
thar distinct mechanisms operate for these ewo gene classes. The GC-rich exons differed from
the AT-rich exons in other ways: the GC-rich ISEs tended o have a complementary ISE in the
upposite fank whereas the AT-rich ISEs tended to have the same ISE in the opposite flank and
predicted base pairing berween the flanks and the exon rended to be avoided for GC-rich exons
bu not for AT-rich exons.

Although our predicted ISE/S motifs were nor specifically tested, we did show that intronic
sequences are often important for efficient splicing.'™ Specifically, we found that splicing of an
cxon is often inefficient when it is not flanked by the 50 nt intronic sequence beyond its splice site
sequence (L., —63 ta —14and +7 ro +56). In addirion, two of three exons lacking their flanking
introny exhibited decreased oraberrant splicing when moved to ectopic positions within the same
intron, These studies show that intronic sequences proximal to exons contribute to splice site rec-
ogpition in an cxon-specific manner. The interplay between exonic elements and presumed ISEs
ocould also be seen in our test of narural PESEs. In weanscriprs (from the HBB-2 and THRS4-13)
tested for ESEs by mutational analysis, the wild type exons exhibited 50% to 80% inclusion when
their flanking intronic sequences were removed; in this sitnation, the removal of 2ny one of several
PESEs reduced inclusion scveral-fold, However, if the flanking intronic sequences were retained,
splicing was refractory to such single PESE knockouts.™ A similar interaction was seen with a
PESS knockout, the mutated exon in this case shedding its intron flank requirement (X. Zhang,
unpublished result).

Functional SELEX for Splice Site Sequences

Branchpoint sequences are active participants in caralysis rather than ISEs, but they do pres-
ent an analogous tension between specificity and degeneracy. Functional SELEX has also been
used for the selecrion of effective branchpoint sequences. After seven rounds of selection at a
fixed position the consensus that emerged was TACTAAC, " which can optimally pair with U2
shiRNA. However, when only 1 single round of selection was carried out, a wide varicty of effective
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sequences were found, many with only 3 to 5 bases capable of pairing with 12 snRNA %% [fthe
starting transcript had a weak polypyritniding tract, or i an ESE was removed, a better maich o
U2 snRNA was selected, another indication that a balance of compensatory factors determines
a splicing outcome,

Functional SELEX has also been used to define splice sive sequences, including the polypyrimi-
dine tract."'” Here again, multiple rounds of selection converged on the consensus sequences
and 5o no additional insight was provided into how exons with weak splice sites are recognized.
Incerestingly, the 5’ splice site consensus was also selecred in extracts lacking the Ul snRNA §'
end,"” suggesting that this sequence may be recognized by protein components as well as by
RNA-RNA hybridization.

Comparison of Computationally Predicted and Functional SELEX

Sclected Exonic Motifs

Asshown in Table 3, RESCUE-ESEs show considerable overlap with PESEs and avoid overlap
with PESSs. Similarly, fas3-hex3 silencers overlap with PESSs and avoid PESEs. Goren ESRs, which
exhibit either enhancer or silencer activities, overlap less with PESEs and not significandy with
PESSs {Table 3). Thus each set contains common and unique information. In contrast, ESEs defined
by functional SELEX*767% 3 gpear quite distinct from their computationally-derived ESEs, These
differences can be seen at the level of base composition and particularly in CpG content, which is
remarkably high in SELEX winners obtained in four different laboratories { Table 2, columns 5 to
9}, Binding SELEX motifs also usuaily differ from or show only weak similarities to those yielded
by functional SELEX, aithough certain of the former also display a high CpG content.”* Given
the methylated stavus of most CpGs in genornic DNA, one is tetpted to speculate on connections
to transcription: the slowingof transcriptional elongation at methylated CpGs'® may provide titme
for the reloading of splicing factors onto the C-terminal domain (CTD) of RNA polymerase,'™
as well as increased time for the association of factors with weak splicing signals independent of
any association with the CTD (refer to chapter by Kornblihtt},

One way to compare computationally derived morifs with those obrained from functional
SELEX is to use ESEfinder, a Web-based program® that scores sequences using a PSSM derived
from motifs selected for responsiveness to four different SR proteing.*™® About 40% of the PESE
octamers contain sequences that fall above the threshold for at least one of the four SR proteins,
a proportion that is not unreasonable given that PESEs presumably include binding sites for all
SR proteins whereas ESEfinder cavers only four, However, 28% of 2 random set of octamers also
achieves this rather undemanding benchmark. ASF/SF2 motifs were the most common among
PESEs ar 15%. Looking more directly for overlaps, Wang et al also concluded that there was no
significant overlap between ESEfinder motifs and RESCUE-ESES or PESEs, with the exception
of ASF/SF2 motifs with PESEs.*

An Embarrassment of Riches?

"The multi-pronged global attacks on defining splicing regulatory motifs summarized above
have promoted optimism that the “splicing code” may soon be solved.! 1! At this moment how-
ever, the number of effective motifs that have been experimentally defined or predicted may have
reached the point of diminishing returns. The use of four computationally sclected sets of ESEs
and one genetically sclecred ser of ESSs covers abour three-quarters of the nucleotides in a typical
exon { Table 1}. Moreover, there is no reason to think that all ESEs and ESSs have been identified.
While it is probably erue that some of the predicted but untested ESE candidates will turn our o
be inactive, it is even more certain that many more as yet unidentified motifs will have enhancer
activity. These motifs are to be found in the sequence space below the conservarive thresholds that
bhave been used in selecting predicted ESEs. Hard evidence for such new sequences can be found
in the tests of the predicred sequences. The specificity of both RESCUE-ESEs and PESEs was as-
sessed by mutating the predicted enhancer to a sequence that did not score highly. In almost every
case, the predicted decrease in splicing was indeed observed. But in half these tests the decrease
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was modest, with more than 50% of the enhancer activity remaining and a several fold splicing
enhancement was still in evidence. 4! Thus the percentage of sequence space assigned to ESEs in
these two studies must undoubtedly be increased by at least 50% and probably more. Stadler et
al'* have now formalized a search for additional ESEs and ESSs by developing an algorichm, called
Neighborhood Inference, thar searches for new ESEs on the basis of sequence similarity to known
ESEs and dissimilarity from E58s and vice versa. A sample of high-scoring hexamers identified by
this alporithm proved to act as ESEs or ESSs as predicred. The aurhors conclude thar the list of
splicing regulavory motifs is much greater than previously thonght.

An unreported reservoir of ESEs is also evident in most SELEX experiments, For example
of the 28 ASE/SF2-responsive heptamer motifs isolated in a functional selection, no two were
identical,® A repeat of this experiment would therefore be expected to tum up many additional
unique heptamers.

The extensivencss of the ESE list results in a obiquity of these clements. Although present
at lowcr densitics in introns than in ¢xons, computationally defined ESEs nevertheless heavily
populate psenda exons (Table 1, column 9), and ESEs predicted by funcional SELEX occur in
introns at about 80% to 90% of the level found in exons.® While from a strictly bicinformarics
point of view one can take solace in the high staristical significance of these differences, the fact
remains that the overall differences are modest. ‘Thus we are once again challenged with figuring
our how, in the face of chis richness of signals, the cell distinguishes real splice sites from psendo
sites and real exons from pseudo exons. This present situation has engendered the less oprimistic
view that we have indeed reached a point “right on the edge of chaos™!?

One consequence of the prevalence of splicing motifs is technical: one must be careful in draw-
ing conclnsions from mutational perturbations of pre-mRNA sequences. A single base change can
impinge en many possible resident motifs; and insertions, deletions and new junctions increase
the number of collaterally emergent sequences considerably. It may be necessary to turn to very
simple exons or to aim at easily characterized or isolated regions to minimize ambiguity in che
results. I will also be prudent to rake this accumulated list of ESEs into account when interpreting
the result of any selection experiment (compurational or SELEX based). An examination of the
results of three rypes of ESEs (sequences underlying ESEfinder, binding SR proteins or discoy-
ered in individual genes) showed three-quarters 1o be populated by at least one RESCUE-ESE
or PESE (data not shown). The second consequence is conceprzal. How can we explain how so
many sequences can act together to produce the binary decision that is made for the great majority
of exonst How can the perceived modest yet real differences in ESE and ESS densides berween
exons and psendo exons be leveraged to produce thac binary decision? To say that it involves a
*balance of combinatorial factors” is not much better than saying that it depends on “conzext’, in
that it describes the sitmation we see withour really explaining it

Cine casy way out is to invoke sccondary structure acting to “present” somne of these motifs but
ot others (e.g. asloops; see ref. 1 14) or to mask some motifs and not others (e.g, see ref, 115). One
technical problem in evaluating the role of secondary seructure on the splicing of narural exons is that
we do not really know how transcripts fold in vivo, In particular, many conformations that would
be considered too unstable to contribute to predicred equilibrium structures could be kinetically
trapped during transcription and last long enough to influence splicing outcomes. I is clear that
secondary structures do play role in many spliding decisions (reviewed in ref. 116) (refer to chapter
by Park and Graveley) but whether this inflnence is pervasive is not yet clear. If secondary structure
is not invoked then we need models that seek to explain why so tmany ESEs are present.

It is reasonable to think that the majority of these splicing motifs are playing a role in exon
definition.’¥ The main featore of this model is that both cnds of an exon must be recognized
before splicing at either end can ocenr. The implied commumication berween the rwo ends of the
exon conid be realized via a bridge of proteins, each a necessary link in 2 flow of information me-
diated by a series of allosteric transitions. This is a rather complicated model but does explain the
necessity of multiple ESEs to construct this bridge. Moreover, a fitting combinarion of proteins
may be needed toensure proper signal propagation, although this need not be a unique assemblage
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{Fig. 2A). Consistent with this model is the finding chat different pre-mRNA molecules associ-
ate with different sets of nuclear proteins.”'” Arguments against such a model are that random
sequences can be inserted into exons often without dire consequences. Thus insertion of bacterial
sequences from 16042 1o 1000 nuclpotides long into the central exon of a 3-exon consteuet did
not impair splicing despite the probabiliry that they do not have high densities of ESEs. Alchough
we found that one-third of a randomly chosen set of human genomic sequences of about 100 nt
decreased splicing when inserted into an exon, the other two-thirds had lietle effect.” An argument
against a requirement for specific proteins lies in the face that insertion of any of a wide variety of
predicted ESE sequences can enhance the splicing of a crippled exon. 412 Indeed it should not
be necessary to invoke a continuous bridge for the two ends of an exon to communicate in exon
definition: an ESE at cach end could suffice to recruit splicing factors that could then inveract by
simply forming a loop {Fig. 2B).

An alternative model that neecssitates large numbers of ESEs puts the cmphasis on ESSs. If
ESSs are fairly common and if the binding of an inhibitory factor to a single ESS is sufficient to
inhibit splicing'®'% chen it may be necessary to have enough ESEs per exon to prevent even asingle
silencing protein from binding (Fig. 2C-E). If there are no ESSs this is not a problem as may be
the case of the bacterial inserrs mentioned above. But the protein coding requirements of theexon
may not allow the complere exclusion of ESSs, and these sequence elements may have additional
downstream roles even in constitutively spliced exons, such as in translation.’**'® Furthermore,
splicing inhibitors such as haRINF Al can undergo multimerization leading to cooperative bind-
ing'® with the consequent displacement of many more distant ESE binding factors (Fig. 2F-H).
Extensive coverage of the cxon with ESEs and their binding factors may prevent proteins kike
hnRNP Al from paining a foothold. The ESE in the immunoglobalin M2 exon acts in this way
by disrupring the association of PTB with an ES5.1 Of course neither of these anti-ESS models
excludes a positive role for other ESEs in promoting splicing at the same time,

It is possible that ESSs provide mote of the information for discriminating real exons from
pseudo exons than ESEs (for a review see ref. 46). As can be seen in Table 1, RESCUE-ESEs plus
PESEs are about 60% more abundant in real exons than pseuda exons, bur PESSs and FAS-hex3
silencers ate 2-fold more abundant in pseudo exons than real exons, There are now several examples
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Figure 2. Maodels incorporating a role for extensive exon coverage in exon definition. Thick
lines, exans; thin fines, introns; E, enhancer binding proteins; S, silencer binding proteins,
rectangle and oval, spliceosomal or prespliceasomal complexes. A) A bridge of proteins is
required in order to sense that both ends of the exon have been recognizes as splice sites,
Camplete exon coverage is required for efficient transrission of this information via alloste-
ric transitions. B} The opposite case, in which enhancers help recruit splicing factars to the
splice sites and then interact with each other directly to convey the information that both
sites have been recognized. C) A single silencer disrupting the interaction in B, so that splic-
ing does not occur and the exon is skipped. D) Even if many splicing activators are bound to
many enhancers, the binding of a single inhibitory protein to an available silencer can still
inhibit splicing. E) Coverage of the exon is extensive enough for steric hindrance to prevent
the binding of even a single silencer protein. F-H) Despite many enhancers, leaving a single
silencer unobstructed allows binding by an inhibitory protein {e.g., inRNP A1). Once bound,
the inhibitory protein multimerizes, leading to the displacement of splicing factors,
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of intronic murations that create new exonsapparently by the inactivation of silencers elerments {
sec ref. 125). Such events have led to the exonization of Alu sequences'® and could underheet'ﬁe
cvolution of new genes in general.'?” There is lirtle doubr thar ESSs can play a role in the silencing
of pseudo exons, but whether this mechanism represents a giobal rale has not been established.

The Future

Struetuse determines fanction in biclogy and the structure of RNA within an RNP isultimately
dictated by its sequence, What proteins bind to what RN As, ™ how the position and onder of motifs
influence factor binding and splicing and how positive and negative intron sequences factor into
the equation are all questions that are approachable experimentally. Answers to these questions
will help move us from lists to mechanisms. From bioinformarics we can expect yer more global
information defining ISEs and ISSs as well as refining ESEs and ESSs, Relationships between
motifs (e.g. see ref. 103) and between motifs and expressed splicing factors'®™ are beginning
1o be revealed using combined compurational and molecnlar appraaches. The problem of how
the cell integrates information from a large set of overlapping signals is not wnique to splicing. In
transcriptional regnlation the choice of trug promoters from among psendo signals has parallels in
the identification of true splice sites, and even the cellular decisions that are made during embryonic
development are somewhat analogons in that slight differences in 2 morphogenetic gradient are
amplified ro producea binary response. For splicing we now know many of the players, a necessary
step in order to decipher the rules of the game.
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CHAPTER 7

SR Proteins and Related Factors

in Alternative Splicing
Shengrong Lin and Xiang-Dong Fu*

Abstract

R proteins are family of RN A binding proteins that contain a signarure RS domain enriched
Swithseﬁnc/argininercpm. ‘The RS dornain is also found in many other proteins, which are

collectively referred to as SR-related proteins. Several protorypical SR proteins are essential
splicing factors, but the majority of RS domain-coneaining facrors are characterized by their abiliry
to alter gplice site selection in vitro or in transfected cells. SR proteins and SR-related proteins are
generally believed to modulate splice site sclection via RNA recognition motif-mediated bind-
ing to exonic splicing enhancers and RS domain-mediated protein-protein and protein-RNA
interactions during spliccosome assembly. However, the bialogical function of individual RS
domain-contzining splicing regulators is complex because of redundant as weli as competitive
functions, context-dependent effects and regulation by cotranscriptional and post-granslational
events. This chaprer will focus on our current mechanistic understanding of alternarive splicing
tegudation by SR proteins and SR-related proveins and will discuss some of the quesrions thar
remain to be addressed in future research.

Introduction

SR proteins were discovered in the early 1990s by the identification of factors associated with
putified spliceosotnes,* by the purification of critical non-snRNP splicing activities in constitu-
tive and alternative splicing,*€ and by the analysis of components of a nuclear body that could be
selectively precipitated with Mg**.7 By virtue of iits ability to complement splicing-deficient §100
cytoplasmic extracts from HeLa cells and ro stimulate splice site switching in Hela nuclear extracrs,
SF2/ASF was the first SR protein shown to have dual roles in constitative and alternative splic-
ing *68 This obscrvation was quickly extended to ather SR proteins*! The 5100 comnplementation
and splice site switch assays have since becons standard functional tests for SR proteing isolated
from higher eukaryotic organisms.

Sequence analysis has revealed that SR protein family members consist of one or two RNA
recognition motifs and a signature RS domain enriched with serine/arginine repeats.'>? These
structural features have been commonly used ro classify SR proteins, Clearly, not all SR proteins
behave like prototypical SR proteins. For example, a subset have different fractionation proper-
ties and/or are not sufficient to complement $100 extracts. In addirion, several new SR, protein
family members exhibit activities in both constitutive and alternative splicing that are opposite
to those possessed by prototypical SR proteins. Because of the functional diversity among SR
protcins, we propose to define SR proteins based on their commen structiral features includ-
ing at least one RNA recognition motif and an RS domain. Using this classification, several RS
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domain-containing RNA binding proteins, including human TRA28 and RNPSL, can now be
classificd as SR proteins { Table 1).

In addition to SK proteins, many other splicing factors contain an RS domain. These proteins
are collectively referred to as SRerelaved proteins. In mammalian cells, SR-relared proteins
include other RNA binding proteins, such as both subunits of the UZAF heterodimer, the Ul
suRNP specific protein UL-70K and various enzymes, including several ATPases involved in
RNA rearrangement within the spliceosome’>'# (Table 1). Tt is generally thoughr thar the RS
dosnaing in SR proteins and SR-related splicing factors facilitate spliceosome assembly by mediar-
ing protein-protein interactions.'” However, recent studies have revealed direct binding of the RS
domain to critical splicing signals in pre-mRINA transcripes 2!

Interestingly, budding yeast express a few RINA binding proteins that structurally resembie
SR proteins.” However, there is no direct evidence that these proteins are essential pre-mRNA
processing factors in this organism and it is interesting to note in this contexr that ~5% of the
genes in budding yeast contain a single intron and alvernarive splicing is rare. Therefore, splicing
can take place in the absence of SR. proteins, which begs the question as to why SR proteins are
essential splicing factors in higher eukaryotic cells, The differential requirement for SR proteins
in yeast and higher eukaryotic cells probably reflects the fact that the splicing signals in yeast
pre-mRNAs are essentially invariant, whereas those in mammals are diversc. Thus, the RS domain
in S8R proteins may firnction to strengthen the recognition of weak splicing signals, as has been

Table 1. SR proteins and SR-related splicing regulators

Classification Factors Key Domains Functions
Classic SR SRp20,! SF2/ASF?2 5C35, 968, Orne or two Constitutive and
Proteins SRp40,° SRp55/B52,° SRp7 5 RRMs plus an alternative splicing
RS domain
Additionat hTRAZa,® hTRA2$,® RNPS1,0 One or two Positive and
SR proteins SRp38, SRp30c,”2 p54.12 RRMs plus an negative regulation
SRrp35," SRyp53,"s SRpse™ RS domain of alternative
splicing
RMA binding UZAF65,7 LIZAF35,' Urp,® RRM, PWi Splicing factors or
SR related HCC1/CAPER, 2 UT-70K, M domain, Zn co-activators
factors hSWAPR? Pinin,® Sipl,#* finger plus an
SR-A1,25 ZNF265,% SRm1 60,2 RS domain
SRm300,%*
Enzymes and hPRP5,* hPRP16,* DEAH box, Splicensome
regulators Prp22/HRH1,* U5-100K/ kinase domains, rearrangement and
carrying an hPRP28,2 ClkSty-1,% 2,34 3,5 peptidyl-prolyl modification of
RS domain CLASP* Prp4K,” isomerase splicing factors
CrikRS/CRK7/CDIK12,2 domain
£DC2L5,39 CONLL* CCNLZY
SR-cyp,?

Key literature information and protein sequence for each gene can be found by individual NCBI ac-
cession number: "NP_G03008 NP_008855 ¥NP_003007 *NP_001026854 *NP_00B856 8NP_006266
NP_Q05617 "NP_037425 SNP_004584 '"NP_542161 "MNP_473357 BNP_003760 “NP_004759
MNP_542781 “NP_05770% NP 631907 “NP_009210 "*NP 006749 "*NP_005080 *NP_309122
MNP_DO3080 ¥NP_0(8987 »NP_002678 #NP_004710 *NP_067051 *NP_976225 ¥NP_D05830
BNP_057417 BNP_055644 PNP_(54722 FNP_O04932 2NP_004809 3NP_004062 *#NP_003984
*NP_003983 *NP_008987 NP 003904 “NP_057591 ®NP_003709 *NP_D64703 YNP_112199
“NP_G04783
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recently documented  In addition, SR proteins are critical for pairing complexes assembled on
the §' and 3 splice sites. This functional requirement may not be critical for splicing in yeast,
where introns are relatively shorr and the communication berween splice sites may not require
RS domain-mediated interactions during splicing assembly.

The Role of SR Proteins in Splice Site Selection

Prototypical SR proteins, such as $C35, SF2/ASF and 9G8, are required to initiate spli-
ceosome assembly in nuclear excracts, This early function of SR proteins is mediated by their
sequence-specific bindingto cis-acting elements, which are mostly located in exons and function-
ally characrerized as exonic splicing enhancers (ESEs). The binding specificity of individual SR.
proteins has been experimentally defined using a technique called SELEX, based cither on in
vitro binding?*®* or on the functional consequence of in vitro splicing % The ESEs characrer-
ized to date have been used to develop an ESE-finder program® to assist with the identification
of potential cis-acting regulatory clements in pre-mRNAs. While the program is a useful guide
for searching for cis-acting regulatory clements in various pre-mRNAs, the information derived
is preliminary for several reasons. First, similar analyses have not been exvended o other SR
proteins. Second, many ESEs may be recognized by non-SR proteins, Third, some complex ESEs

may require the action of more than one RS domain-containing splicing factot, as observed in
the Drosopbzla dosblesex pre-mRNA.* Consequently, the vast majority of computationally de-
duced and/or experimentally verified ESEs remain to be characterized with regards ta the specific
trans-acting factors involved. % Furthermore, it is unclear as to why SR proteins generally do not
bind to intronic sequences that resemble ESEs. An inreresting possibiliry is chat SR proteins may
bind to all potential sites in an initial scanning mode before stabilization at specific functional
ESEs via their interactions with other splicing factors chat promate spliceosome assembly.

Two non-exclusive models have been proposed to explain the fanctional consequence of initial
SR protein binding to an ESE {Fig. 1). One model emphasizes the effect of ESE-bound SR proteins
on the recruirment and stabilization of additional splicing factors, such as Ul ar the 3' splice sitce™*
and the UZAF complex at the 3' splice site.®** Both SR proteins and RS domain-containing splic-
ing co-activators have been implicated in promoting communication between the 5' and 3’ splice
sites.** The second model stresses the role of ESE-bound SR proteins in preventing or displac-
ing other RNA binding proteins, such as hnRNP A1, from binding ar exonic splicing silencers
(ESSs).3%5! These ewo mechanisms are likely operating in a synergistic fashion to favor spliceosome
assembly on funcrional splice sites.

The eady function of SR proteins in splice site recognition is probably similar in both constituive
and alternative splicing. Based on in vitro analysis of several prototypical SR. proteins in alternative
splicing, binding of SR proteins promotes the selection of proximal sites over distal ones in alrerna-
tive §' or 3" splice site choices.®%% In such processes, splice site selection may be dictated by che
intrinsic strength of the competing splice sites and/or the frequency of competing exonic splicing
silencer (ESS) sequences, SR protein binding may enhance complex assembly on both strong and
weak splice sites to make them equally competitive.* The proximal site is then selected becanse of
the insulating funetion of SR proteins, allowing the closest pair of splice sires to be linked in later
splicecsome assembly events™ (Fig. 1), Thisinsulating function may playa critical role in preventing
cxon skipping during the removal of mmltiple introns in 2 pre-mRMNA. transcript,

The ability of SR proteins to bind RNA is essential for the activiry of SR proteins in both con-
stitntive and alternative splicing ¥** In contrast, the RS domain seems to be imporrant for consti-
tutive splicing, but dispensable in alternative splicing, at least for the small number of pre-mRNA
substrates analyzed % The reason why the RS domain is not required for alternative splicing is not
completely understood. It is possible that SR proteins lacking the RS dotmain may be sufficiencto
compete with the binding of negative splicing factors to adjacent splicing silencer sequences 35!
Given the fact that the dispensability of the RS domain in aliemnative splicinghas only been tested
with a limired numbser of alternative splicing substrates, it remains possible that certain alternative
splicing events maty require the domain to promote the selection of weak splice sites,
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Figure 1. Role of 5R proteins in splice site selection. A} An ESE-bound SR protein may stimulate
complex assembly at a nearby functional splice site and/or antagonize the negative effect of an
hnRNP protein on spliceosome assembly. B) An insulating function of SR proteins may promote
the selection of the proximal splice site and prevent the use of the distal splice site.

SR Proteins Modulate Alternative Splicing in Both Ways

As described above, SR proteins seem ta promote exon inclusion and the selection of
intron-proximal splice sites aver distal ones. However, further studies indicate char different SR
proteins may influence splice site selection in both positive and negativc fashions, Three distinct
mechanisms by which SR proteins negatively modulare splice site selection have been reported
in the licerature (Fig. 2). SR proteins may recognize some intronic sequences thar mscmbk ESEs,
therefore resulting in the activation of an intronic cryptic splice site at the expense of a native
splice site® (Fig. 2A). Mechanistically, this mode of negative regulation is similar 1o the activiry
of 3R proteins in promaoting the sclection of a prozimal, weak splice site in competition with a
strong, distal one,

SR proteins may be actively involved in suppressing splice sites in a substrate-dependent manner.
"This was observed in SR knockout cardiomyocyves, where loss of SF2/ASF induced exon inclusion
in the alvernatively spliced CaMKII8 gene.” While che direce effect of SR proteins in CaMKIIS
exon skipping event remains to be confirmed by in vitro analysis, a more recent sendy demonstrated
that 5F2/ASF acted on an ESE to promote exon skipping in the Ren proto-ancogene.® Similarly,
SRp30c was found to suppress splice site sclection of an altertiative exon in the hnRNP Al gene 5
While the thechanism for these SR protein-dependent cxon skipping events remains elusive, the
phenomenon may be related to a number of carlier observations that different SR proteins appear
to have opposite effects on regulated splicing.%#° In these cases, different SR proteins may act on
their respective cis-acting elements to antagonize each other, thereby influencing the final choice
of aleernative splice sites. The opposite effects observed with different SR protcing may be due to
the possibilicy char some SR proteins are more productive in promoring splice site selection than
others, such that less preductive SR proteins may interfere with productive ones in a competitive
manner (Fig. 2B). Furthermore, it was recently shown that the positive and negative effects may
be also related to the location of SR protein binding site with respect to splice sites.™
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A. Inhibition of downstream 3’ splice site recognition
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Figure 2. Positive and negative effects of SR proteins on splice site selection. A} An SR protein
may bind to an intronic sequence resembling an ESE, thereby activating an upstream cryptic
3' splice site and inhibiting the use of the normal, downstream 3° splice site. B) The function
of an ESE-bound 3R protein (SR2) may be blocked by another ESE-bound SR protein with a
weaker activity in splicing activation. C) The same cis-acting ESE may be recognized by both
positive and negative SR proteins.

Aside from the substrate-dependent effects of typical SR proteins, some SR proteing appear
to only function in splicing in 2 negative fashion (Fig. 2C). The best characterized example is
SRp886, which appears to antagonize typical SR proteins in splice sive selection,” ™ Likewise, the
SR protein p54, which was initially identified as a U2AF65-interacting protein, promotes the
selection of an intron-distal splice site in the E1A pre-mRNA.™ In a recent functional screen using
a tau-based altemative splicing reporter, pS4 was found to compere with KIRAZ2B for binding to
an ESE and to promote exon skipping.™ Joining this list of “negative” SR proteins are two new
SR-related RNA binding proteins, SRep35 and SRip40 {also known as NSSR, TASR or SRp38),
which should be dlassified as SR proteins.”® SRp38 was isolated as an alternative splicing regula-
ror in several independent studics.”*™ Interestingly, SRp38 normally scems to have little activity
in splicing, However, following heat shock and during cell mitosis, dephosphorylation of the RS
domain of SRp38 results in a strong inhibitory effect on splicing.**' However, when the RS do-
main of $Rp38 was linked to an M52 binding site or to the RNA recognition motif (RRM) of 2
typical SR protein, the hybrid protein appeared ro act as a rypical splicing activator, like other SR
proteins.™® Thus, both the RNA binding activity and the phosphorylation state ofits RS domain
contribute to the inhibitory effect of SRp38 on splicing.



112 Alternative Splicing in the Posigenomic Era

How Do SR-Related Splicing Factors Regulate Alternative Splicing?

In the past, SR-related alternative splicing regnlators wers often referred to as mammalian ho-
maologues of splicing regulators identified in Drosopbila, such as HTRA2a and HTRA26™ Becanse
these splicing factors can be classified as SR, proteins, we will focus our discussion on the other
RS domain-containing splicing factors listed in Table 1. One example is the U2AF heterodimer,
which is comprised of U2AFS5 and U2AF35, These proteins are structurally relared ro SR pro-
teins, but have distinet features: U2AF65 contains an N-terminal RS and three RRMs, whereas
U2AF35 carrits 2 C-terminal RS domain, but ne RRM. The U2AF heterodimer is believed to
play a critical role in the definition of 3' splice site selection in both constitutive and alternative
splicing, Indeed, recent RNAi knockdown studies showed that the UZAF heterodimer is directly
involved in regulating splicing in both Drasophila and human cells.**** Unlike SR proteins, how-
ever, U2AF does not seem to affect 3' splice site choice in 2 dosage dependent manner, Instead,
the UZAF heterodimer appears to be the target for replacernent by other polypyrimidine trace
binding proteins, such as Sx in Drosaphils® or PTB in vertebrares 74

Besides UZAE a growing number of RS domain-containing proteins have been implicated in al-
ternative splicing, including the mammalian homologue of suppressor-of-white-apricot™ and a large
Zn-finger protein ZNF265" ( Table 1), Interestingly, several kinases, such as Clk/Sty, ™ CrkRS,*
Prp4K.® and CDC2L5,% and the regulator subunits cyclin L1 and L2, also contain an RS
domain. While these kinases have exhibited effecrs on alternative splicing in transfected cells, anly
Clk/Sty is known to target and directly phosphorylate SR proteins, These kinase systerns have the
potential to link signal transduction pachways to regulated splicing in mammalian cells.

A recent large-scale RNAI screen found, surprisingly, thar constitarive splicing facrors arealso
capable of alvering the splice site choice. Among these unexpected alternative splicing regulavors
are the ATPase Prp5 and Prp22,% the mammalian homologues of which carry an extra RS do-
main.'*"® This finding is surprising becanse regulation of alternative splicing has been generally
thoughr to take place in eatly stages of spliceosorne assembly and chese ATPases arc known to act
during the splicing reacrion after the spliceosome is fully assembled, However, 2 more recent kinetic
study demonserated that, despite the fact that splice sites are paired in the absence of ATT, they
are flexible and exchangeable within the E complex until they are locked in the A complex in the
presence of ATP'%! Thus, many factors that act after spliccosome assembly may still be capable of
functioning as regulators in aleernative splicing, This finding is consisrent with the role of Prp$,
Prp22 and other “late” splice factors in regulared splicing. The recent recognition of the dynamie
nature of the spliccosome provides a conceproal framework for undersranding how many known
facrors for constitutive splicing show an ability to modulate alternarive splicing. '

Functional Requirement of SR Proteins In Vivo

While regulared splicing was initiafly recognized and extensively studied by genetics in the
Dirasgphila system, most cenceprs and mechanistic insighes into the regulation of alternative splic-
ing by SR proteins and SR-related proteing have been based on biochemical analysis in vitro or
in transfected cells. It is therefore important £o test and extend the biochemical studies to in vivo
systemns. To this end, the RNAi approach has been used to determine the role of SR proteins in €.
elegans. ™ Surikingly, most SR protein knockdowns resulted in no detectable phenotype, except
for a late cmbryonic lethal phenotype induced by RINAi against SF2/ASE These findings suggest
an extensive functional overlap among the SR family of splicing factors in this model organism,
A more extensive RNA{ screen performed in Drosophila 52 cells revealed the tole of several SR
proteing and SRerelated splicing factors in alrernative splicing ™ Although the RNAi approach has
been applied to mammalian cells to demonstrate specific requirements of SR proteins in alternative
splicing, '™ a similar systematic undereaking remains to be extended to the mammalian system
where regulated splicing may be more dyramic and thus more complex.

Complementary to the RNAi approach, gene targering in chicken DT40 cells and in mice has
permitted the analysis of SR proteins in vivo, A study performed on SF2/ASF knockout DT40 cells
revealed that SF2/ASF is required for cellviabilicy, ' has an unexpected rale in maineaining genomic
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stability.""” and has a regulatory function in DINA fragmentation during apoptosis. '™ At least one
of these in vivofimetions (DNA fragmentation) was linked to SF2/ASF-regulated alternative splic-
ing."® "These studies have significantly extended our understanding of SR proteing in vivo.

Sa far, all SR protein knockout mice studied to date have shown an early embryonic lethal phe-
notype, thus demonstrating the fundamental function of SR proteins in vivo, 210 Surprisingly
however, 3C33 seems to be dispensable in nondividing mamre cardiomyocytes, indicaring that SR
proteins are not universally required for cell viability in vivo.!!! This observation is in agreement
with an RNAi resule in €. elegems.'™ Imporrantly, specific alrernative splicing events have been
directly linked to some defined phenorypes in SC35 and SF2/ASF knockout mice, showing that
SR proteins are indeed regulavors of alrernarive splicing in mammalian cells.

Interestingly, an SF2/ASF murane lacking the RS domain could resene cell viabiliey in SF2/
ASF-depleted mouse embryonic fibroblasts.'** Because the RS domain in SF2/ASF is required
for canstitutive splicing but dispensable in alternative splicing in most cases, this observation
suiggests that most ccllular malfunctions might result from defects in alrernarive splicing. This
possibility is consistent with the studies of the SF2/ASF orthologuc in Dresaphila, in which JASFE
appeared 1o lack any activity in constitutive splicing, but functioned as a regulator in alrernative
splicing,'"? Furthermore, the global pattern of gene expression was not dramatically altered in
SR protein-depleted cells, indicating that inactivation of individual SR proteins may not cause
widespread defects in constitutive splicing, !4

SR Proteins as Splicing Regulators In Vivo: Why So Few Targets?
Members of the SR family of splicing factors are among the bestcharacterized splicing regula-
tors and have been extensively studied by biochemical analysis. One surprising finding from the
stady of SR protein knockout oclls was that most splicing events (both constitutive and alterna-
tive) remained unaltered in response to depletion of individual SR proteins in vivo. This result has
been assumed to be due to functional redundancy among SR protcins, which may be explained
by two potential mechanisms (Fig, 3). First, more than one SR protein may be able to recognize

A. Multiple SR proteins recognize a similar ESE
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B. Multiple SR proteins recognize distinct ESEs
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Figure 3. Potential funetional redundancy of SR proteins. A) Multiple SR proteins may recog-
nize the same ESE in a pre-mRNA. B} Multiple SR proteins may interact with several distinct
ESEs in a pre-mRMA. As a result, deficiency of a single SR protein may have little effect on
mast constitutive splicing events.
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a similar set of ESEs present in most exons; chis has been observed in vitra with SF2/ASF and.
HTRA2B, which are both are capable of recognizing purine-rich ESEs 548215 Second, most
exonic sequences appear to harbor mnltiple ESEs that are responsive to distinct SR proteins,'*®
which may act independently or in a synergistic manner,**"” As a result, many splicing events
may be responsive to SR protein overexpression, but relatively insensitive to down regulation or
depletion of a single SR protein, Overexpression of SR proteins may exert a dominane effect on
exons containing related ESEs. Therefore, cantion must be taken in interpreting overexpression
resules in mansfected cells, in which an affected splicing event may not be the natural substrate
for the SR protein under study. This problem can be addressed by comparing results from both
overexpression and RNAi knockdawn stadies.

According to the theory of functional redundancy, one might expect 2 more prevalent effect
of SR protein depletion on alternative splicing versus constitutive splicing in vivo, since alterna-
tive splicing is often coupled with weak splice sites in. conjunction with specific ESEs.® In this
regard, alternative splicing would be more dependent on individual ESEsand thus more sensitive
to vatiations in SR protein expression. As a result, SR proteins may be collectively essential, but
individually dispensable for constiturive splicing in most cases. On the other hand, individual SR
proteins may each conttol 4 defined spectrutn of substrates via weak splice sites coupled with ESEs
and these substrates tnay be limited in type or in number. Therefore, SR proteins may function as
alternarive splicing regulators in vive more extensively than previously appreciated. The challenge
is in identifying key alternative splicing events involving specific SR proteins and to link these
molecular alterations to defined biological phenotypes.

Regulation of SR Splicing Regulators

SR prateins and SR- rclztcd splicing factors are direct effectors in alternative splicing and are
likely subject to regulation at the transcriptional and post-translational levels, Additional regula-
tion likely takes place in response to cell signaling events, Regulation of SR proteins and other
splicing regulators by signaling is reviewed in: the chapter by Uynch in this book. Accordingly, we
will focus cur discussion on how alternative splicing may be achieved by regulating che SR family
of splicing factors. While SR and SR-related proteins are ubiquitously expressed in most tissues
and cell cypes, differencial expression of SR proteins has been reported in certain tissucs and cell
types in response to signaling ' *'2 In general, howeves, little is known about how SR proteins are
regulated at the transcriptional level and about the fanctional consequences of sach regulation
on specific alternarive splicing events in specific biological pathways. SR proteins have also been
found to be auto-regulated or regulated in trans by other SR proreins at the level of alternative
splicing.'?*1% These regulatory mechanisms may help maintain homeostasisof SR protein expres-
sion in most cell types.

SR proteins are extensively modified by phosphorylation in their RS domains. Several eacly
studies indicated chat phosphorylarion was essential for SR proteins to function in spliceosome
assembly and that dephosphorylation was critical for RNA catalysis within the spliceosome. 172
Phospherylation and dephosphorylation are both required,”®” because it was found thar experi-
mental induction of SR protein hyper- and hypo-phosphorylation impaired splicing.** However,
mutations that mimic hyper-and hypo-phosphorylation of 3 single SR protein, such as substitution
of RS repeats by RE or RG dipeprides in the RS domain, siill supporeed splicing in vitro and comple-
mented SR protein-depleted cells for viability.!'>**! Thisis likely because 2 full phosphorylation/de-
phosphorylation cycle does not have to occur in a single SR protein for each round of the splicing
reaction,'® For ingtance, a splicing reaction can be acoomplished by using a chio-phosphorylated
{phospharase-resistant) SR protein to stimulate initial spliceosome assembly and using another
dephosphorylatable SR protein to complete later steps in the splicing reaction,

Because the activity of SR proteins in constitutive splicing is clearly modulated by phos-
phorylation, it is conceivable that regulated phosphorylation may have a profound influence
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on alrernative splicing, Indeed, overexpression or inhibition of an SR protein-specific kinase has
been shown to modulate splice site selection, ™% The activation of various signal transduc-
tion pathways has also been shown to affect alternarive splicing via, ar least in pary, differential
phosphorylation of SR proteins.”*5'” However, we are far from understanding how SR protein
phosphorylation might affect the activity of SR proteins in constitutive and regulated splic-
ing, While phosphorylation of the RS domain is generally believed to prevent SR proteins
from non-specific binding ro RNA, the impact varies with respect to RS domain-medisted
protein-protein interactions that enhance the interaction in certain cases and suppress the
interaction in others."*'3® Importantly, it is essentially unknown as to which proteins are acru-
ally engaging in the interaction with the RS domain of an SR protein within the spliceosome
and how such interactions might be influenced by phosphorylation. Moreover, SR proteins
are phosphorylated ax multiple sites in their RS domains,™ It is currently unclear whether the
activity of SK proteins might be affecred by phosphorylation in a contexr or sire-specific manner.
Finally, phosphorylation has been shown to regulate the localization of SR proteins™#-143 and
their recruitment to the transcriptional machinery has been shown to facilitate cotranscriptional
splicing in the nucleus,**"*%5 Because SR proteins are known to affect alternative splicing in
a dosage-dependent manner, the impact of phosphorylation on the availability (localization)
and targesing efficiency (recruitment) of SR proteins may contribute to the complex pattern of
alternarive splicing in mammalian cells.

One approach to investigare the regulation of splicing by phosphorylation is to identify and
characterize specific kinases and phosphatases invalved in the process. To date, several protein
kinases have been implicated as SR protein kinases, including SRPKs, 414 Clk/Sty, %41 and
Ake. %1 The family of SRPK and Clk/Sty kinases catalyzed phosphorylation of SR proteins in
multiple sites in the RS domain, but with different substrate specificicy."**!% L is important to
emphasize the fact chat these kinases were mostly identified by in vitro kinase assays and their
effect on splicing, if any, was only tested in transfeceed cells. Genetic evidence will be required 1o
firmnly establish the enzyme-substrate relationship for all of the reported SR protein kinases. In
Droasaphils, a Clk/Sty-related kinase has been shown to phosphorylate endogenous SR proteins
and more importantly, mutations in the kinase altered the sex determination pathway ! ‘The
SRPK family of kinases was initfally identified based an their abiliry to alter the localization of
SR proteins in inrerphase cells as well as during cefl mitosis. ¥114414% A recent RNAi study showed
amajort itnpact of SRPK1 depletion on SR protein phospherylation in vivo,'® These abservations
provide genetic evidenee for the involvement of thesc kinases in SR protein phosphorylation in
vivo; how these kinases are involved in the regulation of alternative splicing is an important subject
for furare scudies.

The action of kinases is often counteracted by phosphatases. Unfortunately, phosphatases
specifically involved in SR protein dephosphorylation are largely unknown, In vitro, bath
PP1 and PP2A were able to act on SR proteins and activated splicing.[12819015! Several PP2A
family members have been copurified with splicecsomal components.' Intriguingly, a recenc
study demonstrates the essential role of both PP1 and PP2A phosphatases in the second step of
splicing, but their main substrates are U2 and US snRNP components, instead of SR proteins,
indicating that multiple phosphatases are involved in the splicing regulators and chose specific
for SR proteins remain to be identified and funceionally characterized.’” In particular, because
SRp38 is particularly sensitive to dephosphorylation in response to mitotic transitions and heat
shock,M it will be of great interest to identify the phospharase(s) responsible and the potential
role of these enzymes in regulared splicing. Interestingly, although aleernarive splicing is nor
common in buddingyeast, 2 member of the SRPK family of kinases is conserved in the organ-
ism and is responsible for phosphorylation of the SR-related RNA binding protein Npl3p.'%
This action is counteracted by the yeast PP1 family phosphatase Glc7p, suggesting that the
mammalian counterpart of Glc7c may function as an SR protein-specific phosphatase.'



116 Alternative Splicing in the Possgenomic Era

SR Protein-Regulated Splicing in Development and Disease

As splicing is an essential component of gene expression and a key point in expression
regulation, splicing defects have been linked to various diseases in humans. "' Given the role
of SR proteins and relared splicing factors in alternarive splicing and cell growth control, they
are primary candidates for cansing specific disease phenotypes. Available evidence indicates
that SR proteins may be involved in development and disease in several ways. First, they may
function as critical regulators of disease-causing genes, such as oncogenes or tumor suppressor
genes B89 Congistent with this possibility, a recent study showed that the alvernative splic-
ing of the Rom proto-oncogene was subject to regulation by SF2/ASF and the protein product
from an alternatively spliced isoform appeared to contribute directly te the invasive behavior of
tumor cells. In knockout mice, SF2/ASF was found to play a critical role in the developmental
control of CaMKIEb alternative splicing in the heart, resulting in differential cellnlar targeting
of the kinase and malfunction in Ca** signaling in cardiomyocytes.® Because SR proteins affect
alvernative splicing in a dosage-dependent manner, it is conceivable that altered expression of
SR proteins may manifest the effect by changing the alternative splicing pattern of their targer
genes, thereby causing specific defects in the tegulation of cell proliferation and differentiation.
Indsed, altered expression of SR proteins and SR protein-specific kinases has been detected in
multiple types of canger, 16165

‘The second way for SR proteing to act in disease pachways lies in their ability to recognize
specific point mmrtations and small deletions directly in discase-cansing genes, thereby manifest-
ing the disease phenotype via the mutadon-triggered alternative splicing events.!” One of the
best such examples is the disease gene SMAN in spinal musenlar acrophy (SMA). The SMN gene
is duplicated in the human genome, bur the disease phenotype is only associated with molecnlar
defects in the SMNT gene.' The reason why SA/N2 is insufficient to complement the defective
SMN1 gene in SMA is becanse of a point mutation in exon 7 in the SMN2 gene which converts
an ESE to an ESS, thereby causing exon skipping to result in 2 partly defective gene product. /6618
These findings illustrate how some silent mutations may be linked to specific diseases becanse of
their itnpact on the regulatory information embedded in the sequence. Therefore, although SR
proteing and SR-related splicing factors have not yet been directly mapped as disease genes, they
may play alarger role in the expression of specific disease phenotypes than previously anticipated.
“This may be one of the major tumor selection mechanisms resulting from an nnstable genome due
to defects, for exmample, in the DNA repair pathway.

Concloding Remarks

Despite the significant progress that has improved our understanding of alternative splicing
mechanisms and the functional consequences of regulated splicing in development and disease,
we are still confronted with a large array of challenges, which may be expressed in the following
questions: (1) Why do SR proteins generally recognize exonic splicing enbarcers, bur not similar
sequences in introns? (2} Which protein(s} interact with the RS domains of SR proteins during
spliceosome assembly? (3) Why is the RS domain differentially required for constitutive and al-
ternative splicing? (4) What is the molecular basis by which some SR proteins act positively and
others act negatively on splicing? (5) To whar extent do SR proteins share redundant functions in
splicing? (6) Howdo SR proteins cooperare with other splicing RNA binding proteins to regulate
alternative splicing? (7) How are SR proteins regulated in vivo and in response to signals? (8) To
what extent does the activity of SR proteins in abiernative splicing contribute to their functional
requirement in development and cell prolfiferation control? In this chapter, we have speculated on
some of thesc questions based on the available evidence. Addirional experiments that address these
biological and mechanistic questions are clearly needed tounderstand the function and regulation
of this itnportant class of splicing regulators in development and disease.
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CHAPTER 8

hnRNP Proteins and Splicing Control
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Abstract

roteins of the heterogeneons nuclear ribonucleoparticles (hnRNP) family form a spucturally

diverse group of RNA binding proteins implicated in varfous functions in merazoans, Here

we discuss recene advances supporting a role for these proteins in precursor-messenger RNA
{pre-mRINA) splicing, Heterogeneous muclear RN proteins can repress splicing by directly antago-
nizing the recognition of splice sites, or can interfere with the binding of proteins bound to enhanc-
ers. Recently, raRNP proteins have been shown to hinder communication berween factors bound
to different splice sites. Conversely, several reports have described a positive role for some hnRNP
proteins in pre-mRNA splicing. Moreover, cooperarive interactions berween bound hnRNP proteins
may encourage splicing between specific pairs of splice sites while simultaneously hampering other
combinations. Thus, hnRNP proteins utilize a varicty of strategies to control splice site selection in
a manner that is important for both alternative and constitntive pre-mRNA splicing.

Introduction

Pre-RNA splicing is the process by which introns are removed to produce finctional mRNAs.
Alternative splicing occurs when exons, introns, or portions thereof, are differentially indluded ro
produce distinet mRNAs from an identical pre-mRNA. Alrernative splicing is part of the expres-
sion program of more than 70% of all human genes,' and is a major source of protein diversity in
plants and metazoans. The extraordinary contribution that alternative splicing makesto the biology
of complex organs like the mammalian brain is only beginning wo be appreciated (reviewed in ref.
2). A full description of the impace of alternative splicing on hiology will require characterizing the
fanction of 2 huge collection of splice isoforms produced in different tissues. Moreover, splicing
mutations often cause human discases and alternative splicing profiles are frequentlyaltered in cancer
and other pathological conditions (revicwed in ref. 3,4 refer to chapter by Orengo and Cooper).
Consequently, there is much hope thar monitoring global splicing profiles can provide rich and
informative signatures for disease identity, progression and prognosis.*

An equallyimportant task is vo undersrand how authentic splice sires are selecred and how these
decisions ate modulated in different cell eypes under avariery of environmencal cues. Considerable
progress has been accomplished towards understanding the basic principles of the general splicing
reaction (reviewed in ref. 7; refer vochapter by Matlin and Moore). The removal of introns requires
the recognition of fonr splicing signals: the 5" splice site, the branch site, the polypyrimidine tract
(PPT) and the AG at the 3' splice sitc. The Ul snRNP uses RNA complementarity to interact
with the 5’ splice site. The U2AF heterodimer binds to the downstream 3' splice site: UZAF65
binds to the PPT and U2AF35 recognizes the AG. UZAF binding can be stimulared by Ul
snRINP bound to 2 downstream 3 splice site, a process termed exon definition (Fig. 1A). U2AF
stabilizes the interaction of factorsbound at the branch site (i.e., initially the protein SF1 and later
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U2 snRNP). Once the initial recognition of splicing signals has occurred, the ends of the intron
are broughs in close proximiry to achicve intron definition (Fig. 1B}, an event that will lead to
complete spliceosome assembly and, ultimately, intron removal.

Many splicing signals are not strong enough to insure their efficient recognition by the basal
splicing machinery. Moreover, alternative splicing often requires the activation of specific splice sives
by enbancer elements (for a review see ref. 8). These clements are generally located in the vicinity
of the splicing signals and their activity has been associated mostly with a group of RNA binding
proteins named the SR proteins (refer to chapter by Lin and Fu). The binding of SR proteins to
exonic enhancer elements can stimulare the binding of UZAFE, U2 snRNP or Ul snRNP???

The control af alternative splicing also entails the specific repression of splice sites, Thisinvolves
silencer clements that are typically bound by hnRNP proteins, but can also be recognized by other
factors including SR proteins (for a review see ref. 8).

In the following sections, we will ezamine the contributions that the major hbnRNP proteins
make to both general and alternative splicing, with an emphasis on their mechanisms of action,
‘This compilation may underscore commen strategics used by different groups of hnRNP proteins
to control splicing decisions,

A U1 snRNP

B u1snRNP

U2AF

Py-tract=—AG

Figure 1. Exon and intron definition. A) Exon definition. The binding of U1 snRNP to a 5'
splice site can stimulate the binding of U2AF at the 3' splice site in a process that requires SR
prateins to interact with the U1 snRNP protein 70 kDa and the U2AF35-U2AF65 heterodimer.
B} Intron definition. When the 5' splice site and the 3* splice site have been recognized by
the U1 snBNP and U2AF, respectively, SR proteins are presumed to mediate communication
between both splice sites to define the intron 222
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A Brief History of hnRNP Proteins

Nascent pre-mRNAs emergingfrom RNA polymerase IT transcription clongation complexes
interact with a variety of proteins and snRNPs, The term hnRNP proteins was initially coined
to indicarc the group of proteins associated with high molecular weight muclear RNA {hetero-
geneous nuclear RNA or pre-mENA}. haRNP proteins were then operationally defined as the
most abundant proteins associated with 405 particles that are generated from mild ribonuelease
digestion of hnRNA-containing material scdimenring between 408 and 2505 (reviewed in ref.
14}, In rapidly dividing cells, the major core haRNP proteins are present at high incranuclear
concentrations (low millimolar levels, nearly as abundant as histones).!® This definirion later
evolved ro specify proreins thac could be crosslinked by ultraviolet (UV) irradiation to hnRNA
in vivo, The subsequent use of monoclonal antibodies and two-dimensional gel electrophoresis
established our current definition of mammalian hnRNP proteins as a set of approximately 24
distinet polypeptides that stably associate with bnRNA. The fruit fly Drosophila melanogaster
contains ten to fifteen major hnRNP proteins,'”'? Because the definition of an hnRNP protein
does not reflect a precise biochemical activiry or function other than being associated with
newly synthesized precursor mRNAs, it may not be too surprising that haRINP proteins display
considerable structural diversity (for a detailed description, see Fig. 2). Antibodies specific toany
one hnRNP protein recover the complete set of major hnRNP proteins,® an observation which,
could be interpreted as evidence that hbaRNP proteins bind RNA nonspecifically. However,
more recent experiments have revealed a nonrandom deposition of hnRNPs proteins on nascent
pre-mRNAs, 2 suggesting sequence-specific binding.

Early on, it became clear that some hnRINP proteins associate with specific components of
the splicing machinery. However, a functional role for haRNP proteins in the general splicing
reaction has remained controversial because che incubarion of model pre-mRNAs in nuclear
extracts Jeads to the formation of H complexes that are not substrates for the assembly of 2
functional spliceosome (refer to chapter by Matlin and Moore).** These complexes contain
the same set of hoRNP proteins that bind to hnRNA in vivo, although their protein composi-
tion varies depending on the identiry of the pre-mRNA. These reports were followed by the
landmark demonstration of the capacity of hnRNP Al to modulate 5’ splice site selection in
vitro,”* As we will see below, many hnRNP proteins have now been shown to modulate splice
site selecrion.

Although haRNP and hnRNP-like protcins have been described in yeast and plancs, this
chapter will focus on metazoan haRINP proteins. Moreover, although several of the major hnRNP
proteins have been implicated in a variety of biological processes including telomere biogenesis,
polyadenylation, translarion, RN A editing and mRINA stability (reviewed in ref. 26), we will limit
our discussion to their role in splicing,

hnRNP Proteins, Splicing and Alternative Splicing

A function. in splicing has been documented or proposed for more than half of the major
hnRNP proteins. Other honRINP proteins like N, § and T remain poorly characterized and there
is no evidence that the haRNP proteins A0, A3, A/B, D, DL and U play a role in splicing,

bnRNP Al and A2—bnRNPFE, H, H and 2H9

Although the A and H groups of hnRNP proteins display distinctive stroctural fearures (see Fig,
2), we have combined them here because they can bind to RNA sequences with GGG-containing
matifs (sce Table 1) and can control splicing through similar mechanisms (seebelow). The hnRNP
Al and A2 proteins contain two RNA recognition motifs (RRMs) followed by a glycine-rich do-
main {GRD) characterized by repeats of an arginine-glycine-glycine motif termed the RGG box
{Fig. 2). The hnRNP proteins E H, H' and 2H? contain RRM-telated domains that arc looscly
similar to the consensus RRM (quasi-RRMs or qRRMs) and regions rich in glycine, tyrosine and
arginine (GYR) or glycine- and syrosinc-rich (GY) (Fig. 2).
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Figure 2. Structure of the major hnRNP proteins and splice isoforms. The molecular weights
of each protein are indicaled below the name. The type of RNA Recognition Motifs (RRM,
guasi {)RRM or KH) is indicated as well as the presence of auxiliary domains, such as the
glycine-rich domain {G) and RGG motifs, The hnRNP proteins are grouped (dashed rectangies)
according to global protein identity. hnRNP Al, A2, A3, AC, A/B and D proteins have been
grouped according ta the similarity between RRMs.?* hnRNP Al and A2 share 68% amina
acid identity (80% for the RRMs). lsoforms of hnRINP Al and A2 proteins are generated by
alternative splicing to produce the A1B and B1 isoforms. AlB (initially designated B2) contains
an additional 52 aa (53 aa in mouse) in the C-terminal glycine-rich region).?%57% B1 contains
an additional 12 aa near the amino terminus.?” The AT and A2 proteins contain a nucleo-
cytoplasmic export signal (M9).2* The hnRNP D group is composed of four main isoforms,
Figure legend continued on next page.
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Figure 2, continued. DO {also known as AUFT or p37) is the shortest while D02 (p40)
and D1 (p42) result from the inclusion of exon 2 and exon 7, respectively. D2 (p45) is not
shown, but is produced from the inclusion of both exons. hnRNP C1 and C2 are generated
by alternative splicing and the C2 isoform contains an additional 13 aa.#2® The C1 and C2
proteins contain an N-terminal RRM,%2%.233 and a basic leucine zipper (bZ1P}-like motif
{bZLM).232234 The RRM plays a minimal role in the overall affinity of hnRNP C for RNA. A
highly basic 40 aa domain preceding the leucine zipper motif provides the high-affinity for
RNA. 7223 hnRNP C does not shuttle between the nucleus and cytoplasm due to a nuclear
retention signal (NRS),*® The family of hnRNP E proteins (also called CPs or PCBPs for poly
rC binding proteins) includes at least two principal proteins (E1 and E2} that contain, along
with hnRNP K, three KH domains, 252323 The hnRNP E1 gene is believed to have arisen from
the retrotransposition of a fully processed E2 mRNA. a-CP3 (PCBP3) and -CP4 (PCBP4) are
paralogs derived from gene duplication events.2® There are four known alternatively spliced
isoforms of hnRNP K,>! and hnRNP | is believed to represent another isoform created by the
exclusion of a central exon.?® hnRNP K possesses a nuclear shuitling domain (KNS} and a K1
{K Interactive) domain that is responsible for interactions with various proteins,® hnRNP F,
H, H' and 2H9 are encoded by different genes. An amino acid afignment reveals 96% simi-
larity between H and H', 78% hetween H and F and 75% between H' and F, hnRNP H, H'
and F contain three quasi RNA recognitien motifs {[gRRMs). A region rich in glycine, tyrosine
and arginine {GYR) is located between qRRM2 and qRRM3. These proteins also contain a
C-terminal glycine- and tyrosine-rich (GY) domain.?** The hnRNP 2H2 gene is altemnatively
spliced to produce & different isoforms {(2HS, 2H9A, 2HSB, 2H9C, 2HID and 2HIE) that all
contain QRRM3 but varying flanking domains.?** 2H9A, 2H9B and 2H9C are truncated as
shown, 2H9D and 2H9E lack a 70 aa region at the C-terminus but differ in their N-termini.
2H9D is truncated like 2H9C, but 2H9E is further shortened by 6 aa. GRSF-1 is a GGG bind-
ing protein that has extensive sirnilarity to members of the hnRNP H family of proteins.?¢ The
hnRNP G group includes three closely related proteins: hnRNP G (RBMX), RBMY and hnRNP
G-T. hnRNP G contains a single N-terminal RRM domain.®” The human genome contains
several additional retrotransposed copies of RBMX derived from processed cDNAs, 2829 Twg
of these human RBMX retrogenes are almost full length and their conceptual proteins display
42-96% identity to RBMX and are expressed in testis (RBMXL1}) and brain (RBMXL9).2* The
human RBMY proteirt has four tandemly repeated copies of a 37 aa motif enriched in serine,
arginine, glycine and tyrosine (SRGY), which is also found in some SR proteins and that furic-
tions as a protein interaction domain.’s The SRGY motif is present only once in hnRNP G and
G-T and is less well conserved.?*2*" Although the HNRNPG-T gene is retroposon-derived
and does not contain any introns, it is highly conserved (73% identity with hnRNP ()52
RBMY and hnRNF G share 76% similarity and 50% identity.?”*>* hnRNP | is also known as
PTB or PTBP1. It is composed of four RRMs that diverge from the canorical motif but that
are similar to the RRMs of hnRNP L= PTB is alternatively spliced to praduce a variety of
isoforms that can affect the length of the interdomain linker. PTBP2 and PTBP4 differ from the
muost studied isoform PTBP1 by the insertion of 19 and 26 aa, respectively, between RRM2
and RRM3. These isoforms induce varying levels of repression on a-TM exon 3, with PTBP4
being the strongest repressar, followed by PTBP2 and PTBP1.1 Neural-specific (n)PTB is a
paralogue of PTB displaying 73% identity with PTB (80% for the RRM domains).® hnRNP
L displays 55% similarity to hnRNP /PTB {and 32% identity between the RRMs of the two
proteins).?**2% There are four isoforms of hnRNP M (M1-M4) and possibly two more that are
present in L H-hnRNP complexes.?727 The exact splicing events that are responsible for these
differences are unknown. hnRNP P2, alse named TLS/FUS, possesses one RRM and several
RGG motifs. However, RNA binding seems to be mediated by the zinc finger domain (Zn).25®
Three isoforms of hnRNP Q have been identified,’ with Q3 displaying 83% identity to hnRNP
R. Q3 is compased of three RRMs, two NLSs and an RGG box. Q1 lacks part of the RGG box
and the second NLS. Q2 lacks 34 aa from the second RRM. The shorter isoforms of hnRNP
Q lack the glutamine- and asparagine-rich (N} C-terminus present in full-length hnRNP R
and hnRNP Q. The two knawn splice isoforms for hnRNP R are shown. hnRINP U2 alse
known as Scaffold Attachment Factor A {SAF-A) can bind to RNA through an RGG domain
located at the C-terminus. [t also possesses an 5P1a and ryancdine receptor (SPRY) homolagy
domain of unknown function and a scaffold-associated region (SAR}-specific bipartite DNA
binding domain (SAF) capable of binding specific DNA sequences.?s®
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Table 1. Binding specificity of lnRNP proteins

hnRNP Pratein RNA Binding Site References

Al/AZ UAGRGH,, 438,207
UAGG 208

C U-rich 209,210
AGUAUUUUUGUGGA n

o Al-ich 212
AUUUA 213
UVAG 214

E paly C 215

FHMHY2H9 GGGA 72
GGG (H and HY)

G AAGU 103

I or PTB UCUUC) 114
cuCucy 121
Y CUUCUCUCUY, 120

K poly C 218
AU ()

L CA-rich 142

M poly G & poly L 217
purine-rich (Hrp59) 152

P2 GGUG 218

Q U- and AlU-rich 219

R poly U 220

u poly G 221
poly A 222

R, purine; Y, pyrimidine.

haRINP Al and H Proteins Are Splicing Repressots

hnRNP Al can alter §' splice site choice,?* and promote exon skipping %% hnRNP A2
displays a similar function in alrernative splicing?5*4*% Members of the haRNP H group
also promote alternative 5' splice site selection, splicing inhibition and exon skipping.**5 A
high-throughput search for exon motifs that repress exon inclusion has uncovered groups of
sequences that likely represent binding sites for haRNP Al and H proteins.™ G-tracts, potential
binding sites for knRNT A1, A2 and H, ate enriched in pseudo-czons and may be responsible
for their repression.’

‘The mechanisms by which hnRINP A1 and H repress a splice site have been examined in a few
cases. In £47 exon 2 of HIV-, the binding of haRNP H near the 3’ splice site interferes with the
binding of U2AF35.%! Likewisc, the binding of hnRNP H to two intronic G-runs inactivates a
3" splice site in the cystathiorine B-synthase pre-mBINA® haRNP H binding sites located near or
overlapping a 5' splice site can also repress splicing by direcrly inhibiring U1 snRNP binding.®
Thus, the steric occlusion of splicing signals by haRNP H proteins can explain splicing inhibition
in these cases. In a relaved fashion, the Drasaphila hnRNP A1 ortholog brp48 associates with the
P-clement-specific inhibiror (PSI) and U1 snRNP to form a complex that hinders splicensome
assembly at the authentic downstream %' splice site.®

As shown for the HIV a# exon 2,°' the binding of hnRNP Al to exonic sequences can an-
tagonize the interaction of the SR protein SC35 to an overlapping site {Fig. 3A). The ability of
hnRNP Al to interfere with the binding of SR or SR-relared proteins has been described in many
pre-mRINAs 3541626 [ jkewise, the binding of haRNP F and H 1o a silencer element in exon 2
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Figure 3. Different mechanisms of splicing control used by the hnRNP Al protein. A) Occlusion.
hnRINP AT binds 1o a splicing silencer element in the HIV-1 tat exon 2 (ES52) that overlaps with
an enhancer element (ESE2) bound by SC35, The enhancer element stimulates U2AF binding.
Al antagonizes the binding of SC35 to inhibit the use of the 3' splice site.™ B) NMucleation.
hnRNP Al binds to a high-affinity site in HIV exon 3 (ESS3). Propagation of Al binding has
been proposed to ocelude 3' splice site usage. However, the binding of ASF/SF2 to ESE3 would
hlack the nucleation process.” C) Looping out. hnRNP A1 molecules bound in the introns
flanking alternative exon 7B in the HNRP Al pre-mRNA are interacting to [oop out exon 7B
and approximate exons 7 and 8.%% Black arrows indicate bnRNP Al binding sites, the white
arrow indicates the binding site for ASF/5F2,

of the rat a-tropomyosin antagonizes the positive effect of the SR protein 9G8.% When binding
sites for hnRNF Al and a SR protein arc overlapping, a single Al molecale may be sufficient to
abrogate SR protein binding, which in turn should prevent the efficient recruitment of facrors at
splicing signals. When these sices are not overlapping however, cooperative binding of hnRINF Al
molecules along the exon has been proposed as the mechanism that elicie splicing repression.” This
nucleation, or propagation, model (Fig. 3B) was suggested to explain how Al interferes with TJ2AF
binding at the 3' splice site of HIV-1 exons

Positive Roles for haRNP Al and H Proteins

"The haRNP F and H proteins play dual roles in the alternative splicing of c-se. On the one
hand, they are part of an intronic splicing enhancer complex with KSRP and nPTB (secbelow) that
promates the neuro-specific inclusion of exon N1 In nonneuronal cells, raRNP F and H assaci-
are with KSRP and PTB to form a complex thaz represses the inclusion of exon N1.%# In several
pre-mRNAs, the binding of haRINP F or H in an intron activates a nearby 5' splice site,™ The
binding of hnRNP H to an exon can stabilize the interaction of Ul suRNP at 1 5 splice site.™
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In the HNRPA] pre-mRNA, two sets of intronic binding sites for knRINP A1 have been identi-
fied: one downstream of constitutive exon 7, the other downstream of alternative cxon 7B.#774
These sites favor exon 7B skipping in vivo and the use of the 5 splice site of constitative exon 7 on
model pre.mRNAs in vitro. Notably, replacing hunRNP Al binding sites for hanRNP H binding
sites yields identical results** A mechanism of action involving an interaction between bound
Al or H molecules has been proposed to explain these resules (Fig. 3C). In this model, protein
interactions between the hnRNP proteins bound to the two sites would loop out exon 7B and
simultaneonsly juxtapose the splice sites of the distal pair of exons and stimulate their splicing.™
Caonsistent with the modsl, the A1 or H binding elements can be functionally seplaced by inverted
repeat sequences that can engage in RNA base-pairing interactions.” However, the mechanism by
which the fooped our splice site is repressed remains unclear.

The looping out madel is relevant to the general splicing reaction becanse an intcraction
between Al or H proteins bound at the ends of an intron (and possibly at other positions of the
inron) would contribute to intron definition by reducing the distance separating a pair of exons.
Consistent with this model, intronic A1 or H binding sites can stimulate the splicingof an enlarged
intron in vitro,’* The looping out model also fits with the overrepresentation of putative intronic
Al and H binding sites niear human splice juncrions,**” and may explain why placing G-wriplets
in introns stimulate splicing, ™

‘Thebindingof hnRNP H toa G-rich sequenice Jocated near the 5' splice sive of a U12-dependent
intron increases U11 snRNP binding to the 5 splice site and stimulates splicing,” suggesting
that this model may also apply to introns recognized by the minor spliccosome.

A role for haRNP F in general splicing is also supported by the observation that depleting
hnRINPF from a nuclear extract compromises splicing, while the addition of recombinant hnRNP
F partially rescued chis deficiency.™ The same study reported that nRNP F can interact specifically
with the nuclear cap binding proteins CBP20 and CPB30. Also consistent with a generic funcrion
in splicing is the obscrvation that antibodies against hnRNP ZH9 proteins inhibir in viero splicing
and that splicing-deficient nuclear extracts prepared from heat-shocked cells lack hnRNP 2H9
proteins,*! as seen previously for hlnRNP M.2

hnRNP proteins have also been studied in Drosophila. Overexpression of hep36, which is
similar to bnRINP A1, has limited effects on alternative splicing.® Likewise, RNAi depletion of
hrp36 affects the altcrnative splicing of Dsears exon 4 but not of exon 17, or of alternative exons
in the parz and d4dar pre-mRMAs.* Moreover, a recent microarray study indicates thar RNA#
depletion of hrp48, another inRINP protein related to hrnRNP Al, affects approximately 3% of
alternative splicing events.* In contrast to what might have been expected based on the described
antagonism between mammalian hnRNP A and SR proteins,® only 2 small fraction of the splic-
ing events regulated by hrp36 are also regulated by SR proteins JASF/SF2 and B32.% Alchough
these results cannot rule our indirect effects, they suggest thar the impact of the Drasaphila hnRNP
Al-relaved proteins on regnlated splicing is limited to a subser of pre-mRNAs,

InRNPC

The mammalian HNRPC gene produces the splice isoforms C1 and C2. Monoclonal antibod-
ies against haRNP C or immunodepletion of hnRNP C inhibit splicing in vitro.5* The exact
funcrion of lnRNP C in splicing is not yet clear. First, while hnRNP C binds to pre-mRNA in
early splicing complexzes, this interaction decreases at later steps of spliceosome assembly.® Second,
although haRNP C proteins bind to the U-rich PPT of pre-mRINAs,** mutations thae prevent
hnRNP C binding do not affect splicing® On the other hand, mutations in the fi-globin PPT
that improve hnRNP C binding also decreased splicing efficiency.”

Although hnRNP C proteins could play a role in aleernative splicing, the fact that these proteins
are not required for cell viability,” makes it unlikely that they play an essential, nonredundant

role in constittive splicing.
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The KH-Domain Containing hnRNP K and haRNP E Proteins

Although mammalian hnRNP K can interact with splicing factors such as hnRNP Al, A2,
G, L. D and U proteins, Sam68, TAF1S, SRp20, YB-1 and 9G8,%% only two studies have as-
sociated bnRNF K with splicing activity.*** In Dresephilz, the splicing regulatory protein PSI
can be considered an huRINP K-like protein because it contains KH domains. PSI is expressed
only in somatic tissues and funcrions ro repress splicing of the P-element srasspasase pre-mRNA,
restricting P-clement transposition to the germline.™ PSI functions by binding to a psendo-5'
splice site sequence and forming a complex with hrp48 and U1 snRNP that inhibits splicing at
the downstream authentic §' splice sive.™

For the hnRNP E protcins (E1 and E2), only hnRN P E2 has been shown to function in
pre-mBNA splicing, hnRNP E binds to an exonic splicing silencer element located in variable
exon 4 in the human transmembrane tyrosine phosphatase CD45 pre-mRNA {see hnRNP L).*
Although high levels of E2 repress splicing of this exon, this activiry was not strietly dependent on
the exonic splicing silencer and E2 continued to bind ro an inactive version of the clement. Thus,
the precise role of hbnRNP E2 in the splicing control of CD45 remains o be understood.

Members of the bnRNP G Group

'Three proteins make up the human hnRNP G group: haRNP G or RBMX, RBMY and
hnRNP G-T. RBMY and haRNP G-T are expressed in germ cells while hanRINP G is more broadly
distribuced in somatic cells. haRINP G and RBMY stimulate the in vivo inclusion of exon 7 of the
SMN2 gene.'™ This scimulation is most likely mediated by an interaction of the SRGY repeass in
these hnRNP proteins with the SR protein Tra2p bound o a splicing enhancer in exon 7,910
In contrast, Tra2P and hnRNP G can antagonize one another and this was fiest uncovered in the
SK exon of the human o -srepgmyesin pre-mRMA. Whereas Tra2 binds to a splicing enhancer in
the SK exon to stimulate its inclusion, haRNP G binds to a different sequence in the same exon
to antagonize the Tra2B interaction,'™ A similar antagonism between hnRNP G and Tra2 was
observed with a dystraphin pseudo-exon.™ hnRNP G can also antagonizc the activity of SRrp86,
a SRorelated protein that modulates the activity of other SR proteins.'®® While SRrpB6 stimu-
lazes the inclusion of CD44 exon v5, hnRNP G inhibits its inclusion and antagonizes the effect
of SRep86 in a dose-dependent manner,'®

BuRNP I or PTB

hnRNP I or PTB functions as a splicing repressor in essendally all syscems that have been
studied so far {revicwed in refs. 107-109). The only case of apparent positive regulation by PTB
concerns an alternative exon in the CGRP pre-mRINA, but this may be an indirect consequence
of PTB negatively regulating a nearby exon. /™10

In the a-trapomyesin {o-TM) premRNA, exons 2 and 3 are mumally exclusive due 1o the
extreme proximity of the branch point of exon 3 ro the §' splice site of exon 2.1 Stronger splice
sites and a longer PPT lead ca inclusion of exon 3 as the default pathway in most cells.’ However,
in smooth muscle cells, splicing of exon 3 is repressed by elements located both upstream (URE)
and downstream {DDRE) of this exon.''* As shown in Figure 4A, PTB represses exon 3 by bind-
ing to TJCUU sites present in the PPT at the 3' splice site and in two overlapping copies in the
DRE.* PTB appcars to prevent spliccosome assembly by interfering with U2AF binding ac the
PPT,* although this model does not take into account the importance of the additional down-
strearn PTB binding sitcs.”*® The need for multiple PTB binding sites has 2lso been observed in
other model pre-mRINAs, 7%

In the c-s7c pre-mRNA (Fig. 4B}, inclusion of the N 1 exon is repressed in all but neuronal cells
through the cooperative binding of PTB to CUCUCU elements upstream and downstream of
this exon.'+* Although the position of high-affinicy PTB binding sites flanking the alrernative
N1 exon resembles that of the a-7M exon 3, repression of N1 splicing by PTB goes beyond
the mere masking of splice sites. In e, PTB is an essential part of 2 multiprotein complex
comprising hnRNP F* huRNP H,” KSRP'® associating downstream of exon M1 in a cluser of
regulatory elements called the downstream conerol sequence (DGS).'*'% P'TB does not affect
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Figure 4. Repression of alternative splicing by hnRNP I/PTB. A) o-TM exon 3 is included in
most cells, except in smooth muscle cells where it is repressed in a PTB-dependent manner. 1t
is not yet known how tissue-specific repression is achieved. Repression is stronger when PTB
associates with the Raver| protein. B) Cooperative binding of PTB around the c-src alternative
exon N1 represses N1 inclusion in most cells by inhibiting definition of the downstream intron,
In neurons, a less repressive complex is formed when nPTB replaces PTB in the complex
comprising KSRP. knRINP F and hnRNP H. Arrows indicate PTB/nPTB binding sites.

Ul binding to the exon N1 §' splice site, bur instead hinders U2AF binding at the 3' splice site
of the downstreatn exon and interferes with the interactions that occur beeween Ul snRNTP and
U2AF, as part of the intron definition events,'*"'* In nenronal cells, a brain-specific paralog
of PTB, nPTB (also known as brPTB or PTBP2)'7 can replace PTB in the complex bound
to the DCS, thereby relieving the PTB-mediated repression. Consistent with this view, nPTB
displays enhanced binding to CUCUCU elements but is less repressive than FTB.'* Additional
tissue-specific PTB paralogs have been identified (RQID1'* and the rodent smPTR'®), but their
function remains unknown.

In the case of Fas recepror pre-mRNA, PTB binds to a single site in alternative exon 6. This
binding does not alter the initial binding of U1 snRNP and U2AF to the anking splicing
signals bue prevents the Ul-mediated stimulation of UZAF6S binding that normally occurs
during exon definition.'®
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To explain observations pointing to cooperation berween PTB molecnles bound in different
introns,'? models invoking propagative binding and looping out were proposed. " Propagative
binding now appears less likely given that in both c-s¢ and Fas, PTB does not prevent the basal
interaction of splicing factors but rather compromises subsequent steps in exon or intron definigion,
In the loaping cur model, FTB molecules bound vo distinct sites would interact with one another
in 2 manner similar to what has been proposed for hnRINP Al and F/H (Fig. 2}, Alternatively and
in accord with the possibility of a strictly monomeric narure of PTB,1#4% g single PTB molecule
could bind te each of these sites through jes mulriple RRMs.'* Although looping ont an alrerna-
tive exon may not affect the initial recognition of splice sites, the conformational changes that it
imposes on the pre-mRNA may explain why PTB antagonizes intron definition and stimulates
splicing berween the distal exons.

Notably, tissue or developmentally regulated proteins have been identified as modulators of
PTB activity. For example, changes in the ratio berween PTB and the antagonistic CELF proteins
(CUG-BF and ETR-3-like factors) are invobeed in the regulation of (T%T and o-actinin splic-
ing,"**1% The same can be said of PTB and TIA proteins in the splicing of the M¥PT1 pre-mRNA
doring smooth muscle diffierentiation.'™ Also intriguing is the contribution of the hnRNP-like
protein Raver] which interacts with PTB,'* and whose overezpression enhances the skipping of
a-TM exon 3 in 2 PTB-dependent manner.'* A recent study suggests that Raver] may promote
the looping of large portions of a pre-mRNA by interacting with distinct PTB molecules bound
at different sites.'” Raver2 is a novel member of this emerging family of PTB-associating proteins
bus it remains to be seen if Raver2 can act as a corepressor with PTB.

Interestingly, the PTB pre-mRINA is alrernarively spliced to produce a variety of isoforms, #44f
one of which is promoted by PTB itsclf to yicld a mRNA that is subject to NMD degradation.
This appears to be a vommen conseguence of alternative splicing and is the focus the of the chapter
by Larcan et al.

hnRNPL

The first link berween haRNP L and pre-mRNA splicing control was established when lnRNP
L was shown to function as a specific activator of human endothelial nitvic oxide synthase (eNOS)
splicing. ' Intron 13 of human eNOS contains a polymorphic CA-rich region of 14 to 44 repears
located 80 nt dowmstream from the 5* splice site. hnRNP L binds specifically to these CA-repeats
and activates the upstream 5' splice site. CA tepeats are prevalent thronghout the human getome
and hnRNP L stimulates the splicing of many other exons that contain these repeats in close
proximiry o their 5" splice site,'* CA repeats and presumably hnRNP L, can even activate cryptic
intrenic 5 splice sites when the repeats are posiioned appropriately downstream of this site*
A similar function for hnRINP L was uncovered in the polymorphic mouse Jige2 pre-mRINA '
In this case, the repeat is located approximately 250 nt downstreatn from the §' splice site. The
21 CA repeats characreristic of haplotype 1 are associated with more efficient splicing than the 6
CA repeats of haplotype 2. It is niow known that noncoding variations between individuals can
have important consequences on pre:mRNA splicing and contribute to human disease (refer vo
chapter by Orengo and Cooper).

hnBNP L also controls alernarive splicing of the human CD45 pre-mRNA by binding to
exonic elements in variable exons 4, 5 and 6 (refer o chapter by Lynch), Antigen activation
promotes exon skipping by activating the exonic splicing silencers. ™% While haRNP L, PTB
and hnRNP E2 assotiate with the splicing silencer of exon 4 in CD45, only hnRNP L binding is
decreased by mutations that inactivate the silencer element # The role of bnRNP L was confirmed
by showing that hnRINP L promotes exon skipping in 2 silencer-dependent manner and that its
depletion increases exon inclusion. hnRNP L also binds to the silencer dletnents found in exons
5 and & and conteibutes ro their activiry!¥

‘The molecular mechanisms by which haRNP L mediates the activity of the Inrronic CA repeats
in eNOS remain to be clarified, However, in the case of the exonic repressor elements in CD45,
a recent report indicates that repression does not occur by inhibiting the binding of splicing fac-
tors to exon 4. Rather, hnRNT L favors the formarion of an ATP-dependent complex containing
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U1 and 12 snRNPs. This complex forms across exon 4 and it inhibits the formation of splicing
complex B

hnRNP L has been shown to interace with PTB.'* Interestingly, this interaction may be me-
diated by 2 PTB-binding morif also present in Raver1.** Moreover, the PTB portion involved
in this interaction is part of the minimal repressor domain of PTB.'* Thus, haRNF L and FTB
cooperate to control the splicing of some pre-mRNAs.

bnRNPM

The first hint of a role for hnRNP M in splicing came from the observation that antibodies
specific for nRINP M could inhibic splicing in vitro.” Curiously, splicing-deficient nuclear extracts
prepared from heat-shocked cells contain no nRINP M, 4 situation that can be explained by not-
ing that heat shock promotes a strong association of hnRNP M with the insoluble nuclear miatrix
fraction.®* Normally however, isoforms of haRNP M associate with early spliceosome complexes. !5
'The orthologous protein in Chironomus tentans, HrpS9, is recruited cotranscriptionally to nascent
pre-mRNAs through specific purine-rich sequences that resemblz exenic splicing enhancers,'s

hsRNPP

At least three proteins with similar electrophotetic properties have been identified as haRNP
P.'$ However, only hnRNP P2 has been analyzed so far and it corresponds to the oncogenic TLS/
FUS protein. P2 can enhance distal 5' splice site selection on the adenovirus E14 pre-mRNA. ™
Although it can interact with hnRNP Al, 5F1 and SR proteins,'"* % the mechanism by which
hnRNP P2 madulates splice site selecrion is unknown.

haRNP Q and R

haRNP Q (also called GRY-REP, NSAP1 or SYNCRIP) has been found in purified functional
spliceosomes,'” and has been described as an SMN-interacting protein,'® hnRNP Q also inveracts
with pre-mRNAs, intron-containing splicing intermediates and mature mRNAs produced during
invitro splicing, Deplering haRNP Q and the structurally related hnRNP R from nuclear extracts
reduces splicing efficiency, while adding back purified proteins restores splicing activity.'® The
specific function of hnRNP ¢ in alrernative splicing has not yer been investigared.

Splicing Lessons from the Study of hanRNP Proteins

Different Strategies for Controlling Splicing

Although much remains to be known about the mechanism by which hnRNP proteins fiunc-
tion, some basic mechanistic principles arc emerging. The binding of an nRNP protein to.an exon
rarely improves the interaction of spliccosomal componerts to the adjacent splice sites, More often,
EnRNP binding blocks splicing by occluding the interaction of 4 spliccosomal componerit to an
overlapping or adjacent site:{Fig, SA). For example, nKNP A1, PTBand hnRNP H interfere with
the binding of SR. proteins, U2AF and U1 snRNP, respectively, to the pre-mRNA,

A modified veesion of the ovclusion mechanistn involves the propagation of hnRNP protein
along the pre-mRINA. This appears to oecar when one or several high-affinity sites are flanked
by adjacent sites of lower affinity (Fig. 5B). Cooperative interactions would then create a zone
of local repression that would prevent the interaction of spliceosomal components to splice sites
located far from the high affinity lnRINP protein binding site(s) though it remains unclear how
far propagation can extend from the site of high-affinity.* Howcver, it is noteworthy thet many
functionally relevant binding sites for bnRNP proteins exist at lcast in pairs. Cooperative binding
of an hnRNP protein o multiple sites would increase the affinity and specificity of these proteins
that have rather rclaxed binding preferences {reviewed in ref. 159).

A different way in which hnRNP protcins can alter splicing decisions is by m ing inter-
actions between splicing factors that occur after the initial events of spliceosome assembly. For
example, in some pre-mRNAs, PTB does not interfere with the inirial binding of spliceosomal
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Figure 5. Strategies used by hnRNP proteins to control splice site selection. A} Binding of
hnRNP proteins close to splicing signals can occlude the binding of factars to these signals.
Likewise, the binding of hnRINP proteins to exonic sequences can antagonize the inleractions
of SR proteins with exonic splicing enhancer sequences. B) The propagation of hnRNP bind-
ing from a site of high-affinity located in an exon (in the case of hnRNP A1} may occlude the
binding of splicing factors. A similar situation has been proposed to cceur when PTB binds
to an intron sequence. C) As documented for PTB (see text), an hnRNP can inhibit exon
definition when bound to an exon (left), or can inhibit intron definition when bound te an
intron (right). D} As propased for hnRNP Al, H and PTB, interactions between bound hnRNP
proteins may loop out portions of a pre-mRNA to promote exan skipping {left) oy stimulate
intron definition (right).
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components to the splice sites but prevents interactions that cccur during exon or intron definition
(Fig. 5C) (reviewed in ref. 160).

Another mechanism used by hnRNP proteins to control splice site selection involves an in-
teraction berween hnRNP molecules bound at distinct sites on 2 pre-mRNA {Fig. 5D, lefi). This
model was initially proposed to explain the role of knRNP A1 in alvernative splicing and has now
been extended to haRNP H and PTB #4749 The model is attractive becanse it helps explain not
anly the function of hanRNP Al and H in alrernative splicing bur alse their ability 1o enhance
constitutive splicing (Fig. 5D, right). The sheer number of human introns containing putative
Al or H binding sites at both ends is consistens with a general role for these proteins in intron
definition.” This mechanism may also be relevant ta the minor class of Ul2-dependent introns
given that 17% of these introns carry at lease two G-traces within 50 nt of the 5" splice site.”™ Thus,
these hnRNP proteins may play a role both in regulating alternative splice site selection and in
constiturive splicing.

One of the main challenges associated with. splice site selection is ro nnderstand how the cell
ignores the multirude of pseudo and crypric splicing signals that populate introns yet correctly
identifics authentic splice sites. Maty haRINP proteins can directly repress the use of flanking splice
sites. Morcover, the hnRNP protein-mediated looping of a splice site can also repress splicing.™
Thus, an additional function for hnRNP proteins may be to repress the recognition of intronic
crypric splice sires, To help define aurhentic splice sites, SR proteins and other facrors are delivered
to the pre-mRNA throngh transcriptional coupling {refer to chapter by Kombliher).'®* The change
in RNA conformation imposed by hnRNP proreins wauld justapose authentic splice site pairs.
The paucity of SR and hnRNP proteins in yeast may partially be explained by the fact thar yeast
introns are rarely alternatively spliced, are considerably smaller than metazoan introns and contain
inverted repeats to facilitate their definition, ™

Role of Posttvanslational Modifications

Links betwoen signal transduction and splice sire selection are just beginning to be uncovered
(reviewed in refs. 164,16%; refer to chapter by Lynch). While the impact of phosphorylation of
SR proteins on their activiry is well documented {reviewed in ref. 166; refer to chapter by Lin
and Fu), the role of phosphorylation in the activity of haRNP proteins has not been studied o a
similar extent. Activation of the MKK-; -p38 stress-signaling patioway can lead to the hyperphos-
phorylation of hnRNP Al and its cytoplasmic accummlation which indirectly impacts alternative
splicing '¥? Eleven phosphorylation sites have been identified on the hnRINP K protein '® haRNP
K acenmulates in the cytoplasm when phosphorylated by ERK, but an impact on splicing has not
been documented.'® Some stimuli can induce protein kinase A to phosphorylate PTB at Ser-16
and this event forces PTB out of the nuclens. ™ Because many haRNP proteins shurtle between
the nucleus and the cytaplasm, " we can anticipate that a variery of environmenzal enes and cel-
Iular alarms will use signal transduction 1o modify hnRNP proteins in a way that impaces splicing
decisions. One of the future challenges will be to uncover these intricate necworks of regulation,

Arginine methyladon eccurs on many RINA binding proteins including hnRNP Al, A2,
K and U proceins.'™ 7 Moreover, the transient overexpression of an isoform of the CARMI
methyltransferase can affect splice site selection of the adenovirus Elz pre-mBNA'™ Becanse
many hnRNP proteins contain arginine-rich domains that could potentially be methylated, chis
modification may be used to modulate the RNA binding and protein interaction properties of
hnRNP proteins. Also, haRNP A1, C, K, H and M can also be modified by SUMO, ™ ® b the
exact role of this modification on the activity of these proteins is unknown.

Potential Role of InRNP Proteins in Transcriptional Couplin

It is now becoming apparent thar splicing decisions occur cotranscriptiomﬁy {reviewed in refs,
181, 182; refer o chapter by Kornblihtt). The coupling between transcription and splicing implies
that many aspects of transcriprion could impacr splice site sefection. For example, complexes
formed at promoters may recruit specific splicing factors that determine the splicing pattern of the
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pre-mRNA to be eranscribed. Moreover, for splicing units containing multiple competing splice
sites, the intrinsic speed of the RNA polymerase, the presence of pausing sites and the extent of
chromarin packing may affece splice site selection. Many mRNP proteins have been associated with
transcription. hnRINP K can bind to the single-stranded and double-stranded pyrimidine-rich DNA
motifs at various prometers, associate with the transcription factors Spl and TBP and modulate
the transcription of several genes."™ Chromatin-immunoprecipitation assays have revealed a
preferential associadon of PTB with promoters,'® hnRNP P2 can function as a ranscriptional
activator#4% and hnRNP A1 has been implicated in transcriptional control¥#% hnRNP C pro-
teins are components of the chromatin remodeling complex of the B-globin locus control region.'**
hoBRNP F has been found to interact wish TBP, '™ hnRNP U (also known as SAF-A) can associate
with eranseription factors including the phosphorylated CTD of RNA pelymerase IL***and can
affect transcriprion.”?*'% These findings strongly indicate that an important function of hnRINP
proteins is to coordinate splicing decisions in a cotranscriptional manner.

Concluding Remarks

Metazoan hnRNP proveins were operationally defined as a limited group of abundant proteins
thar efficiently crosslink to pre-messenger RNAs, The number of hnRNP proteins is nowseeadily in-
creasing becanse splice variants and paralogs of the original members are beingidentified. However,
the rules that determine membership to the AnFRINP protein family are ambiguous; newly deseribed
proteins are regularly added to the group simply based on their structural similarity, whereas other
related proteins are not. For cxample, the hnRNP protein family conld be expanded to include
the KH-domain containing proteins Nava-1, Nova-2, KSRP, FMR1 and related proteins, as well
as the RRM-domain containing CELE, TIA and Raver proteins.*'®2" 1 ikewise, a more general
definidon would incorporate hnRNP-like proteins of the yeast Seccharsmyces cerevisize such as
Yralp, Yra2p, Hipl/Nab4, Nab2, Npl3 and Tho1.2*#% In the not too distant furure, it would be
nseful to lay down clear principles thar determine membership to the hnRNP family and other
classes of RNA binding proteins. Using structural attributes should facilitate this classification,
but would completely change our current definition of what is an lnRNP protein, Nonetheless,
it is clear chat the term “hnRNP protein” is not a functional definition.

The numerous studies char have examined the association of metazoan hnBNP proteins with
pre-messenger RN As have uncovered diverse and specific functions for these proteins in the control
of RNA splicing. Abundantly expressed haRINP proteins often contribure to alrernative pre-mRINA
splicing by inhibiting splice site utilization. This mode of action may also be important to repress
the use of pseudo and cryptic splice sives that are found in the introns of complex metazoan ge-
nomes. Although many hnRINP proteins can represe splice site usage, the number of examples of
a positive role for hnBINP proteins in constitutive and alternative splicing is increasing. In some
cases, hnRINP proteins may promote a change in pre-mRNA conformation that encourages the
use of specific splice sites while simultaneously repressing others.

Although alvernative splicing and different types of posttranslational medifications expand the
repertoire of hnRNP protein isoforms, the functional impact of this diversity remains largely unex-
plored. Likewise, onr understanding of the cellular strategics that use hnRNP proteins to control
splice site choice in normal tissues and in pathological conditions is still exrremely rudimentary.
Nonetheless, we expect that applying combinations of high-throughput methods (refer vo chaprer
by Calarca ex al) to these important questions will rapidly produce an insightful description of the
global contribution of knRNP proteins to biclogical mechanisms, This achievement, will likely
be accompanied by many surprises and by new opportunities for applying this knowledge to the
benefit of human health.
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CHAPTER 9

Functional and Mechanistic Insights
From Genome-Wide Studies of Splicing

Regulation in the Brain
Jernej Ule and Robert B, Darnell*

Abstract

e review here results arising from the systematic functional analysis of Nova, a

neuron-specific KNA binding protein targeted in an auroimmuneneuralogical disorder

associated with canoer. We have developed a combination of biochemical, genetic and
bioinformatic methods to generate a global understanding of Nova's role as a splicing regulator.
Genome-wide identification and validation of Nova target RNAs has vielded unexpected insights
into the protein’s mechanism of action and into the functionally coherent role of Nova in the biol-
ogy of the neuronal synapse. These smudies provide ns with a placform for understanding the role
of RNA binding proteins in tissue-specific splicing regulation and in disease.

Introduction

Since all cell types in our bady share the same DNA, differential function mainly depends on
cell type-specific gene expression. The roles of DNA-binding proteins in tissue-specific functions
are generally better characterized than those of RMA-binding proteins.* However, RNA offers
greater complexity of regaladion than DNA., Alterative splicing has the potential to produce large
numbers of protein isoforms from a single gene, more than generally found to be produced by
alternative promoter usage, as is exemplified by the case of menrexin genes In addition, regulation
of RNA lacalization and locafized transfation in the cytoplasm allows for precise regulation of
Protein expression in space and time.* Given the complexities of ticuronal function, it is natural
to wonder whether nearons might possess specific systems for RNA regulation.

At the Intersection between Cancer Cells and Neurons

‘The first clue that nenrons mighe have a unique system for regulating RNA metabolism came
from studies of the intersection between cancer cells and neurons. Ron Fvans and colleagues used
a medullary carcinoma of the thyroid tamer cell line as 2 model for compararive gene expression
studies, They found that a unique transcript of the celdizonin gene wasexpressed in the tumor cell
Hne and in further studies, thar this was an alcernarively spliced isoform normally expressed in the
brain. The protein product of this brain-and tumer-spedific isoform was named CGRP (calcitonin
gene related peptide).’ This study suggested for the first time that the brain possesses its own system
to regulate alternative splicing. In addition, it had been shown that analysis of cumor-specific gene
expression might paradoxically yield insight into neuron-specific gene expression.
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‘This second insight was extended in a more systematic fashion through smdies of a2 group
of neurological disorders termed the paraneoplastic neurological diserders {PNDs).5” PNI)
patients present specific neurodegencrative syndromes, which can vary widely between patienes
and include memory loss, blindness, cerebellar dysfunction and motor or sensory disorders. Each
sct of nenrological symptotns is asseciated with the occurrence of characteristic tumors, present
in the patient’s body, which express brain-specific proteins, Becanse of the blood-brain barrier,
brain-specific proteins are foreign to the immune system, which is thus able to mount an effective
immune response to newronal antigens expressed in peripheral rumors.? While the details of disease
pathogenesis remain under investigation,” the Damell laborarory established merhods vo nse the
high titer antibodies in PND parients to screen expression cDNA libraries and identify the genes
encoding 4 number of target PND antigens.*?

One sev of PN antigens that tumor cells consistently express are neuron-specific RNA binding
proteing, Twa families of such proteins were discovered by using PNL antisera to screen cDNA
libraries: the Nova proteins.'’ targeted in patients harboring lung or gynecologic cancers and

ifesting neurological symproms of exvess motor movements ("POMA™) and the Hu proteins.*
While the functions of the Hu proteing in the brain ate still incompletely understood,! we have
been able to establish that Nova is only expressed in central nervous system neurons, where it
regulates alternative splicing in an interesting subset of pre-mRNAs.* A combination of genetic,
biochemical and bioinformasic studies of Nova-regulated RNAs has now established a crude
template for atrempring to anderstand RNA binding protein funcrion on a genome-wide scale,
which we will discuss below:

The Three Main Benefits of Splicing Regulation in the Brain

Alernative splicing enables the limited number of existing genes to generate the proteomic
diversity required for neuronal structure and function. For example, each of the three neurexin
genes containg muleiple alternative exons and one alternative promoter, allowing for the gen-
cradon of over & thousand differenr isoforms.? Specific alternative mewrexin isoforms ar the
presynaptic neuron preferentially bind to a specific postsynaptic newroligin isoform and this
specificity of interaction contributes to the specificity of synaptic connections A receptor 1
(NR1) subunit mRNA, with the proximal 3 splice site (C2' variants) predominating upon
activity blockade and the distal 3' splice site (C2 variants) upon increased activity.'’ Splicing
of NR1 cxon 20 could contributc to the regulation of synaptic connections.®? With the use
of splicing microarrays {refer to chapter by Calarco et al) it became clear that brain-specific
regularion of alternative splicing is at least as precisely regulated as eranscription,'®® Analysis
of splicing changes in Neaw I~ and Nava2™~ mouse brains using a custom Affymerrix splicing
microarray revealed that most exons were unchanged, while a small set showed profound changes
{over 20% change in exon inclusion). Statistical analysis supperted the conclusion that Nova acts
on a small, nonrandom subset of genes.'* Most of these genes are ubiquitously expressed and in
nonneuronal cells mainly function in cell-cell communication. In nearons, almose all of these
genes encode proteins with synapse-relared functions, suggesting that by changing the splicing
patterns of these genes, Nova is able to reconfigure the ubiquitons cell-cell communication
fanctions for the purpose of synaptic communication,'

A second benefit of alternative splicing in the brain is the expansion of the spectrum of responses
to neural activiry. Splicing of numerous alternative exons has already been found to respond to
neuronal activity. One such example is the alternarive urilization of 3' splice sites of exon 20
{ previonsly referred to as exan 22) of the NM DA recepror 1 (NRI) subunit, with the proximal 3'
splice site {C2' variants) predominating upon activity blackade and the distal 3' splice site {C2
variants) upon increased activity.'® Splicing of N®{ exon 20 could contribute to the regulation of
synaptic plasticicy since it affects erafficking of the NMDA receptor from the ER to the synapse.’s
Interestingly. ezon 20 is preceded by an alrernatively spliced exon 19 (C1 domain), which also
regulates NMDA recepror localization when transfected into mouse fibroblasts.” Twe other exons
shown to be regulaced in response to activity are the stress axis-regnlared exon (STREX) in BK
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{previously referred to as ) potassium channel mRMNA, which changes the firing properties of
the channiel™ and an cxon in Apelipaprotein E receptor 2 RNA (Apoer2), which is required for
Reelin-dependent enhancement of Long Term Potentiarion (LTP)»

Arhird benefic of alternarive splicing in the brain is the contribution vo funcrional diversificarion
among neuronal sub-populations.® One such example is differential splicing of calcium channel
N-type Cap2 2 (Cacralb) in nociceptive sensory neurons. This type of sensory neuron expressesan
isoform Ca,2.2¢(37a), containing a uhigue sequence in its C-teeminus due o inchusion of exon 37a,
Ca,2.2¢(37a) channels remain open for longer and form a higher density of functional channels
than the isoform Cag2.2e{37b), which is predominantly expressed in other neuronal rypes.* The
best studied example of splicing-dependent generation of neuronal diversity is alternative splicing
of Dscam in Drosophila, which can potentally generate over 38,000 different isoforms {refer to
chapter by Patk and Graveley) %5 Different newronsexpress unique repertoires of Dscam isoforms™
and this diversity is required to ensure fidelity and precision of neuronal eonnectivity.”

Understanding the Nature of Protein-RNA Interactions

An essential foundation in approaching RNA regulation is a detailed understanding of the
natureof regulatory protein-RNA interactions (Fig. 1), Asa first step, we approached this
by undertakingin vitro RNA selection experiments, using protocols established by Jack Szostak and
calleagues ¥ An jdealized Nova target RINA was identified using long random RINA libraries and
full-length recombinant Mova protein. This led to identification of a stem-loop RNA harboring
three repeats of a core moif, (WCAU),* Muragenesis studies identified the CA dinucleotide asa
critical invariant component of binding, with some flexibilivy allowing the flanking U nucleotide
to be replaced by a C nucleotide, generating the consensus Nova binding motif, YCAY. These
stadies were complemented by the results from a collaboration with the erystallography labora-
tory of Stephen Burley, whose lab delimited a core protease-resistant region surrounding the KH
domains that successfully formed crystals suitable for strucrure determinarion. Repeating these
studies in the presence of RNAs demonstrated thar the Nova2 KH3 domain is pratease resistant
only when Nova is bound to RMA, suggesting a role for this domain in RNA binding** RNA
selection experiments were used again to optimize an RNA target for arystallography with the
Nova KH3 domain,® which led to 2 high resolution X-ray structure of the Nova KH3 domain
bound o a short hairpin containing the UCAC motif* This strucrure demonstrared that the
Nova KH domain folds to position side-chain amino acids to precisely contribute hydrogen bond
donar/acesptors in a manner that mimics a second nucleic acid strand.

Identification of a YCAY cluster as the in vitro Nova binding site encouraged us to search for
brain transcripts containing stch clusters. Cur firse very arade approach nsed Microsofe Word
as a search tool to examine by hand intronic and exonic sequences in a database of 350 nenronal
transcripts, which bad been established at CSHL by Stamm and Helfman.* 'We identified one
YCAY cluster in this database within an intronic sequence upstream of an alternatively spliced
exon (E3A) of the inhibitory gene glycine recepiar 2 {GlyR2). Generation of 3 minigens encoding
thisclement and the sarrounding cxons demonstrated that in transfected tissue culture cells, Nova
was zble to mediate an increase in inclusion of E3A, which required the intact YCAY cluster®
GlR2 splicing was later assessed in Nova I~ mice and a consistent 2-fold decrease in E3A utiliza-
tion was o 5

‘Toassay the specificicy of Nova action, splicing of'a small, tandomly chosen pool of alternatively
spliced transcripts was analyzed in the Nowa /-~ mouse brain. We found that splicing of the tested
exans were unaffected, with the exception of a second formitously identified Nova-regulated exon,
the alternatively spliced 2L exon. of the G.4BA, transcript.™ entification of the 2E exon was thus
independent of a scarch for YCAY clusters and this prompted 2 biochemical characterization of the
clement in the GABA, wranscript able to mediate the action of Nova. These stadies identified 2 24
nucleotide element within the intron downstream of the 2 L exon able to confer Nova-dependent
splicing on a heterologous transeript and sequencing of this element revealed thar it containg
four YCAY elements.” Biochemical studies of this and one additional Nova regulated exon (an
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Algorithm for genome-wide prediction of Nova’s action.

Definition of YCAY clusters (SELEX, crystallography, biochemistry, CLIP).
Systematic identification of 48 Nova-regtllated exons (splicing microarray, CLIP)
Define YCAY cluster scoring scheme (n:mber. inter-motif distance, conservation)
RNA map: relating cluster score to positit)n (Nova splicing silencer vs. enhancer)

The RNA map relates to the mechanisms of Nova’s action in vitro.

Nova regulates assembly of the early spliceosomal complex.

w1 ~
99— — 92 -0 — e

The RNA map predicts the location of Nova’s action in vivo.

Genome-wide prediction of Nova-dependent splicing regulation.
+
Validation (wt/ko brain): Nova action correctly predited in 30/30 exons.

¥
Asymmetric Nova action on splicing intermediates in 19/28 tested pre-mRNA targets.
¥
Position of YCAY clusters predicts asymmetric Nova action in 19/19 pre-mRNAs.
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Figure 1. General scheme to define and validate the RNA map and relate it to the mechanisms
of Nova-dependent splicing regulation. Prior work established YCAY clusters as legitimate
target sequences for analysis, based on RNA selection, biochemistry/X-Ray crystallography®
and new methads for identification and genetic validation of Nova splicing targets.'8#* These
targets were analyzed by a computational procedure to define the Nova RNA map of splic-
ing regulation {upper triangle). The RNA map was related to the mechanism of Nova action
through biochemical studies in a reconstituted splicing system in vitro (circle). Two examples
illustrate Nova inhibition of exon inclusion by binding NESS2 element and blocking UT snRNP
assembly on the pre-mRNA and Mova upregulation of exon inclusion by binding NISE2/3
element to enhance spliceosome assembly.”* The RNA map was able to predict the action
of Nova on new splicing targets {(bottom triangle). Furthermore, quantification of splicing
intermediates in Nova double knockout brain detected 19 cases of asymmetric Nova action
on removal of the two introns flanking the alternative exons. In all of these cases, the Nova
binding site predicted by the RNA map locates to the Nova-regulated intron ¥
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auto-regulated exon in the Nounal rranscript itself’®) suggested thar a core cluster of at least theee
YCAY motifs was critical in Nova-mediated regulation of splicing,

To systematically explore the characteristics of in vivo Nova-RNA interaction, we took advan-
tage of a well established biochemical approach, namely the nse of UV-B irradiation to indace
covalent bonds between protein and nucleic acids, but not between intcracting proteins, when
contact distances are within ~1 A, We applied UV-irradiation to acurely dissected mouse brains
and developed a method to purify the protein-RNA complex, termed CLIP (for cross-fink-
immunaprecipitation.®* Due to the covalent bond, the protein-RNA complexes ate extremely
stable, allowing for rigorous purification, including partial RNA hydrolysis (to a size of ~40-70
nueleotides), immunoprecipitation under stringent conditions, boiling in SDS$-sample buffer,
separation on SDS-PAGE gels and eransfer to nitrocellulose membrane, The procedure also in-
volved direcrional ligarion of KINA linkers and protein degradation by proteinase K, followed by
RT-PCR amplification and sequencing of the CLIP tags. CLIP gives a snapshot of in vive Nova
binding; bioinformatics analysis of CLIP tags confirmed that YCAY is the only over-represented
motif characterizing the in vivo Nova binding site. However, only ~10-20% of CLIF tags harbor
high density YCAY clusters (containing at least three YCAY meotifs in close praximity) and these
tags were able to predict Novas role in splicing regularion® {and unpublished data). The remaining
CLIP tags containing a less pronounced YCAY enrichment were less predictive of Nova splicing
function (unpublished data), suggesting that in vivo, Nova spends a considerable amount of its time
sampling RNAs for high affinity binding sites. Further studies will be required to assess whether
weaker binding of Nova to less pronounced YCAY clusters plays a significant biological role.

An RNA Map for Nova-Dependent Splicing Regulation

Definition of the YCAY cluster was the first step towards defining the relation berween the
pasition of Nova-RNA binding and the finctional outcome of this interaction. The second step
required identification of a large number of Nova-regulated exons, which would allow inde-
pendent analysis of YCAY cluster positions within their pre-mBNAs. Systematic identification
of Nova-regulated exons became possible through a collaboration with Affymerrix, which had
developed a new alternative splicing microarray that was itself in need of validation. This proto-
type microarray harbored 40,443 perfect march and mis-match probe sets spanning alternarive
and constitutive exons; importantly, these included probe sers for both exon-included isoforms
and the corresponding exon-skipped isoform. Such a microarray design proved to be cssential,
as statisrical analysis of differences in exon inclusion or exclusion alone yielded a low predictive
power of ~20%. Asa result, wedeveloped an algorithin termed ASPIRE, which exploited recipro-
cal changes in independent probe sets to measure exon inclusion and exon exclnsion for any one
putative Nova-regulated exon. This approach afforded a substantially improved rate of prediction
of differences in splicing levels from the microarray dara, as validated by independent RT-PCR
assays. In addition, rather than using the standard approach of talculating fold change, we found
that calenfation of the change in fraction of exon inclusion added to our predicrive power. Using
ASPIRE, we were able to validate 49/49 of our top predicted Nova regulated exons identified by
comparing Nowa2"~ and wildeype postnatal day 7 neocortex RINA ¥

Identification of 49 additional Nova-regulated exons allowed us to derermine genome-wide
rules that correlate the position of YCAY clusters with Nova action, which we termed an RNA
map (Fig. 1)."* We developed an algorithm to score transcripis as potential Nova targets on the
basis of YCAY cluster densicy and location within their RINA map and used it to search a library of
alrernative exons to predict 51 Nova-regulated exons based on high YCAY scores. When tested in
2 Nowal-'-{ Neva2 " brain, 30 of these exons showed splicing defects. In support of the RNA map
validity, the position of YCAY clusters correlated well with the action of Nova on alternative exon
inclusion or exclusion.'* Clusters upstream {MIS51, NISS2) or within alternate exons (NESS1,
NESS2) predicted Nova-dependent inhibition of exon inclusion, whereas clusters downstream
of alrernative exons (NISEZ, NISE3) predicred Nova-dependent enhancement of exon inclusion
(Figs. 1, 2). Thus, a well-defined RN A binding map was generated, in which both the density and
position of Nova binding elements predicred the functional outcome of Nova binding.
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NISS1 NISE1 NISS2 NESS1 NESS2 NISE2 NISE3

Figure 2. Mechanistic implications of the RNA map. The schematic RNA map indicates the
proposed mechanisms of Nova action when binding in the vicinity or at a distance from the
alternative exon. When Nova binds in vicinity of alternative exon, local enhancement of the
proximal splice site leads to exon inclusion (via MISE1 or NISE2) and local inhibition [eads
to exon skipping (via N1SS2, NESS1 or NESS2). However, Nova action via distant sites might
involve various mechanisms, as is suggested by the cases of NISE3 and N1S51 elements. Nova
action via NISE3 elements may require cooperatively with NISE2 to promote formation of
an RNA loop that brings the 5" splice site and the branch site in close proximity. Analysis
of the NISS1 elements suggests at least two possible mechanisms: Nova might locally act to
enhance joining of exons flanking the alternatéve exan, or promote formation of an RNA loop
that leads to skipping of the alternative exon.'* Further biochemical analysis will be required
to understand the potential mechanisms of Nova action via distant binding sites.

Relating the RNA Map to Mechanisms of Splicing Regulation

"The corzelation between the position of YCAY clusters and Nova's action to silence or enhance
alternative exon inclusion was shown ta relate to Nova’s mechanism of action (Figs. 1, 2). Analysis
of Nova’s action on a NESS2 splicing silencer demonstrated that Nova interferes specifically
with U1 snRNP, consistent with the location of the YCAY cluster in the vicinity of the 5' splice
site, while U2 snRINP is able to assemble on chese blocked transcripes.* A model whereby Nova
binding ro YCAY chusters blocks access to the constitutive splicing machinery is reminiscent of
the mechanisms by which Sxl,? hoRNPA1*4 and PTB%* displace U2AF® or U2 snRNF, a
mechanism Nova might also use when binding in the vicinity of the 3’ splice sitc (NISS2 and
NESS1 clements; Figs. 1, 2).

Nova-dependent splicing enhancer elements are most often located in introns, cither down-
stream of the 5' splice site (WISE2; Fig. 2) or upstream of the branch site (NISE1, NISE3; Fig. 2).
In vitro splicing assays demonstrate that Nova acts on an NISE element to promote spliceosome
assemnbly,* While splicing enhancers have most ofter: been associated with exonic sequences, ™
in some instances proteins such as TIAL* KSRP, huRNP F and H,*%* Fox1 and Fox2* promote
spliceosome assembly by binding to intronic sequences downstream of the exon. Interestingly,
Nova-regulated exnns flanked by NISE2 elements arc generally shorter than 50 nt," consistent with
previous suggestions™ that intronic enhancer clements are particalarly important for reguiating
short exons, which themselves have a lower chance of harbering exonic splicing enharcers,

"To further explore the rclation of the RNA map to the location of Nova action in vive, we
quantified splicing intermediates in Noval~"-/Nowa2~ brain. These experiments demonstrazed
that Nova acts on the intron hatboring or proximate to YCAY binding elements, while generally
havinglittle or no effect on splicing of the other intron flanking the aloernative exon (Fig, 1), These
results support the in vitro finding that Nova acts locally on spliceosome assembly, enhancing
splicing of the 3’ and §' intron via NISE1 and NISE2/NISE3, respectively and silencing splicing
of the 3 and §' intron via NIS52/INESS1 and NESS2, respectively (Fig, 2).%

Thus when: Nova binds in the immediate vicinity of an alternative exon, the mechanistic model
is straightforward: local enhancement of the proximal splice site leads to cxon inclusion and local
inhibition leads to exon skipping {Fig. 2). However, when Nova binds ar a distant site, its action
may be more complex, as suggested by the cases of NISE3 and NIS$1 clements (Fig, 2). Of the 13
Nova-target pre-mBRNAs with NISE3 elements, 10 also contained a NISE2 element, ' suggesting
thar Nova conld bind tweo sites and multimerize® to form an RNA loop, thereby bringing the $'
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splice sitc and the branch sitein close proximity. Models of splicing regularion by factors involved
in RNA looping or binding to multiple sites have been proposed for brain/neural-specific PTB
{brPTB/nPTB},* hnRNP A/B%% and hnRNPF/H* (refer to chapter by Martinez-Contreraset
al}. Analysis of the NISS1 clement suggests two additional possible mechanisms of Nova action.
Firstly, in case of CP1 10’ Nova might locally act to enhance joining of exons fanking the alrerna-
tive exon, which leads to skipping of the alternative exon (Fig. 2).* Secondly, in case of Rap!
Nova might bind NIS§1 and another intronic YCAY cluster and thereby promote an RNA loop
that causes skipping of the alternative exon.!* It seems likely that Nova action at a distance from
the alternative exon probably involves various mechanisms and that their full understanding will
require further biochemical analysis.

Pre-mRMNAs containing exons that are silenced in the presence of Nova most often display some
asymmetry of splicing intermediates even in the absence of Nova, In each such instance, YCAY
cluster location allows Nova toinhibit a predetermined rate-limiting step for exon inclusion. These
data support previous biochemical studies indicaring char pre-mRNAs often follow a preferential
splicing order™® and suggest that such a preferential splicing order may allow proteins such as
Nova to change a splicing outcome by regulating the excision of one of the two introns thar flank
an alternative exon. As a general approach, studics of Noava suggest that a detailed understanding
of the navure of the protein-RINA intcraction, together with identification of a large sct of RNA
targets validated in a generic system, can be combined with bininformatics and biochermistry to
identify the sites and mechanisms of action of altemative splicing factors.

Is Combinatorial Splicing Regulation Cooperative or Additive?

Regulation of newronal splicing often involvesa combination of several RNA-binding proteins,
including ubiquitous factors, acting in concert ro determine the inclusion level of an alternarive
exon.*% There are several well studied examples of combinatorial control of nenronal splicing,
including the identification of up to 6 factars that promote nearonal usage of the exon N1 in c-sre
proto-oncogene MRNA* and several factors involved in the regulation of gamma-arminebutyric
acid A receptor, gamma 2 (GABAR~2) or NMDAR! exon 19,1439556%8 T vivo studies have shown
that the brain-specific RNA-binding protein Neva2 is required for the inclusion of NRI exon 19,
as this exon is rarely included in the NR? mRNA detected in Nowe2' forebrain.'® Evidence from
minigene assays in cell cultures suggests that ubiquicons hererogeneons nuclear ribonucleoproteins
Al and H (hknRNP A1 and hnRNP H) and newroblastoma apoptosis-related RNA-binding pro-
tein (NAPOR, also called CUGBP2 or ETR-3%) also regulate NR! exon 19 inclusion ® Loss of
fareheain-specific splicing of NI exon 19 in Nowa2'~ brain thns suggests that the combinatorial
control of NR? exon. 19 acty in a cooperative, rather than addirive manner, allowing the activity
of a single factor to canse a major splicing change.” Another example of combinatorial control is
the ability of brPTB to antagonize the action of Nova on GiRa2 exon 3A by binding adjacent
to the Nova binding sive.® Even though the large splicing changesin Newal "/ Nova2” neocortex
tissue suggest that Nova might be the primary or sole regutatory factor for many of jxs target exons,
the case of NR1 exon 19 serves as an example for other exons which Nova might regulare in a
cooperative manner together with other splicing factors,

Modular Structure of Coregulated Transcripts

Cellular protein networks can be thought of as composed of functional units, or modules*
The modules encapsulate specific fancrions and contain the control cireuits, composed bath of
negative and positive feedback, whereby the output is monitored and regulated, Indications of
modular regulation of alternative splicing were initially offered by studies of sex determination in
Dyasaphila melanogaster.™" The early studies identifying GHR2 and GARA,, transcriprs as Nova
targets suggested the possibility char Nova acts on a biologically restriced set of RNAs and that
those RINAs might relare to the pathogenesis of the inhibitory motor dysfunction evident in pa-
tents with the parancoplastic POMA syndrome. ¥ Unbizased identification and validation of alarge
number of Nova-regulated alternative exons via CLIP* splicing microarray'® and bioinformatics®
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confirmed this prediction, demonstrating that alternative splicing in mammals can be regulated
in a functionally coherent, tnodular fashion. Analysis of splicing microarray data showed that all
of the proteins encoded by Nova targer RNAs with known functions in the brain act either in the
synapse (34 aut of 40) and/or in axor guidance (8 out of 40). Moteover, of the 35 proteins with
known interaction partners, 74% (26 out of 35) interact with at least one other protein from the
same group, suggesting that they form synaptic funcrional modules.'®

To explore the biological relevance of Nova target transcripts, we collaborated with L. Jan's
group who discovered a new rype of synaptic plasticicy: long-term potentiation of slow inhibitory
postsynaptic currents (SIPSC) mediated by GABA receptors and G protein-activated inward recti-
fier potassinm channel 2 (GIRK2) channels,™ two proteins encoded by RNAs that are Nova CLIP
targets.*! Moreover, LTP of sTPSC can be potentiated by activation of NMDA-Rs and CaMKIT™
and the RNAs encoding these proteins are Nova splicing rargers.'® Electrophysiological analysis of
CAl hippocampal nenrons showed that LTP of sSIPSC was specifically lost in Nowg-2-~ neurons,
while basal synaptic mransmission for excitation, inhibition and LTP of excitatory postsynaptic
currents was norinal. " Taken together, the study of Nows2 7~ brain shows that a splicing factor can
regulate a specific aspect of tissue-specific function via a set of functionally coherent RNAs?

Evolutionary Considerations

In the RNA world-view: RNA molecules were the first informatic and enzymatic dual-function
molecules to arise in evolution.” How then did proteins evolve to harness the power of RNA?
This question is directly approached when constdering how RNA-binding proteins evolved to
regulate alternative splicing. Our studies with Nova point cut some interesting issues in consid-
ering this problem, The Nova binding site is of rather low complexity; 2 cluster of three YCAY
motfs within 7 nucleotides of each other should occur on average approximately once every
5,000 nucleotides. Given that the affinity of Nova for RNA increases gradually with an increased
namber of YCAY muotifs and that varying the position of YCAY cluster within the RNA map can
change Nova's activity, Nova splicing silencer and enhancers could evolve by step-wise murarions.
This step-wise process would enable exons to gradually sample the consequences of evolving a
Nova binding site and achicve an optimum outcome by changing the position of the site and
the density of YCAY motifs.

Preliminary analysisof the evolutionary canservation of exons that were identified as Nova tar-
getsin the monse brain has shown that approximately one halfhas gained Novn-bmdmgsitcsduring
recent vertebrate evolution from fish to mammals.® Analysis of the splicing of Nova-
in different species suggests that cheintroduction of YCAY clusters into the pre-mRNAmxghl:eﬁm
be the primary mutation that enabled brain-specific splicing of these exons.* Alternative splicingof
Dabl exons 7b and 7c {rermed 555* in a previous smdy™) provides an example of the correfation
between evolution of YCAY clusters and the corresponding exons (Fig. 3). The peptide sequences
encoded by the two exons are highly related, suggesting a duplication event during evolution;™
interestingly, YCAY clusters were duplicated together with the two exons {Fig. 3). Exons 7band
7c are incduded in mRNA of proliferating neuronal precursors, but are absent from mRINA of dif-
ferentiated neurons, which correlates with the induction of Nova expression (Buckanovich, Park
and Darnell, unpublished observation). We observe that the YCAY motifs within NISS2 chusters
are morc conserved than the sequence of exons 7b and 7c themselves (Fig. 3), indicating the high
selective pressure for preserving ability of Nova to silence inclusion of these exons in brain, which
might be a prerequisite for the function of Dabl in nevronal outgrowth™

Flexibility in position and sequence of functional YCAY clusvers may have cnabled evolution
to refine the biologic coherence of transcriprs harboring Nova binding sites, On the other hand,
while individual YCAY clusters are flexible to evolve, the Nova RNA binding domain is under a
stricter evolutionary constraint. This constraint is essential, as smutations aleering the recognition
morif of Nova would simultancously destroy the regulation of an amay of crucial alternate exon
informarion. In fact, the Nova KH domains are 98% identical between Noval and Nova2 of all
vereebrate specics with sequenced genomes!! {and data not shown), suggesting that the ability ro
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bind a YCAY motif became a powerful and unalterabic facet of Nova-RNA regulation early in
evolution. This turns RNA regulation on its head in a way that is in harmony with the idea of the
RNA world: RNA remains the powerful emerging evolutionary force, while the protein regulators
take on roles as relatively inert drones to mediare che regulation that RNA demands,

An intetesting question for the firure will be to explore the extent to which Nova mighe also
contribute to twa ather benefits of alternative splicing in newrons discussed at the beginning of
this review, i.c., the response to neuronal activity and generation of neuronal complexicy. Analysis
of Nowal~"* and Nev2* brains showed thar Nova-regulated exons respond o the presence of
Nova in a dosc-dependent manner and thar different exons have a different threshold for Nova
acrion,” (Ruoggiu, Wang and Darnell, nnpublished observations). Thus, titration of Nova levels
within different neurons may generate varicty in synaptic function between different types of
nenrons, Correlation of sensitivity to Nova-dependent regulation with YCAY cluster scores may
provide a means of evaluaring chis notion, Furthermore, there are many thousands of synapses
within a single nenron and the question arises as to whether Nova regulation mighe contribute to
the activity-dependent plasticity of specific synapses. The exciting finding thar Nova regulates LTP
of sSIPSC,% togecher with the finding that Nova is present at neuronal synapses (Darnell, Triller
et al unpublished observations), mggests that there may remain yet undiscovered dimensions to
the ways in which Nova-dependent regulation of alternative splicing in combination with other
steps in RNA regnlation may regulate neuronal complexity.
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CHAPTER 10

Regulation of Alternative Splicing
by Signal Transduction Pathways

Kristen W, Lynch*

Abstract
g lternative splicing is now recognized as a ubiquitons mechanism for controlling gene
expression in a Hesne-specific manner. A growing body of work from the past few years
s begun 1o also highlight the existence of networks of signal-responsive alternative
splicing in 2 variety of cell types. While the mechanisms by which signal rransduction pathways
influence the splicing machinery are relatively poorly underscood, a few themes have begun to
emerge for how extracellnlar stimuli can be communicated to specific RNA-binding proteins thar
control splice sice selection by the spliceosome. This chapter describes our current pnderstanding
of signal-induced alternative splicing with an emphasis on these emerging themes and the hkcly
directions for fiture research,

Introduction

"Ity maintain viability, most, if not all, cells within an organisr must be capable of responding
to a changing environment, For example, neuronal and muscle cells must respond to activation
to promote behaviors and movement; cells in the liver, kidney and inrestines must regulate their
metabolic pathways in response to changing nurrient and hormonal environments and lymphoid
cells must respond o any immune challenge to prevent or control infection. Such flexibility re-
qutires that individual cells have the abiliry to change funcrion rapidly and precisely in response 1o
a given stirnnhus. In general, cellular responsivencss is accomplished through the activity of signal
transduction cascades that rransmit signals from the cell mrface to the relevant cellular machinery,
often invalving alterations in the protein composidon of the cells.

in protein expression ocenr throngh many different mechanisms and much work has

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

To a first approximation, signaling cascades are thoughs of primarily as cyroplasmic pathways
that respond directly to changing environments and stimuli at the cell surface. In contrast to this
cyroplasmic activity, pre-mRNA splicing occurs in the nucleus, well separated from cell surface
receptors. However, many members of the SR and hnRNP splicing regularory pretein families
(refer to chapter by Lin and Fu, and Martinez-Contreras et al) shuetle between the nucleus and
cytoplasm, as do ocher splicing factors, proteins thar modify the splicing machinery and signaling
proteins.!? Therefore, it is not surptising that a wide varicty of interactions have been deseribed
between components of the RNA processing machineryand traditional signaling molecules, many
of which arediscussed below. In particular, a few proteins have gained attention as potential docking
“hubs” thar integrate and transmit molecular information between a variety of signaling pathweays
and the BNA provessing machinery. These molecular hubs include haRNP K and Sam&8.

HnRNP X contains three KH-type RNA binding domains and typically binds to C-rich
sequences in RNA (for a review see ref. 4). Interspersed between the KH domains are pro-
Line-rich regions and sites of tyrosine phosphorylation which, respectively, bind SH3 and SH2
domains-protein-protein interaction motifs that are ubiquivous amongst signaling molecules, Not
surprisingly, hnRNP K has been shown to bind to 2 wide variery of signaling proteins including
Yav, Src-family kinases and various PKC isoforms, In addition, the Src-kinases, PKCs, Erk1/2
and JNK can all directly phosphorylate specific residues within haRNP X and therehy regulate
the various protein-protein and protein-RNA interactions involving this haRNP provein.* The
majoriry of studics related to the function of hnRINP K focus on its role in controlling mRNA
stability and translation in the cytoplasm. However, this protein is present in nuclear extract
preparations and has been found to interact with other hnRINPs and SR proteins that are involved
in the regulation of splicing.** HnRNP K has also been shown to bind splicing enhancers and
silencers within regulated pre-mBRNAs” While a condusive mechanistic link has not yet been
made berween signaling pathways and regulated splicing via hnRNP K, it is likely that such a link
cxists. Indeed, phorbol esters, cytokines and hormones can all induce phosphorylation of knRNP
K and alter its ability to interact with RNAs®® and at least onc of the RNAs to which hoRNP K
binds is CID4S, which undergoes stimulus-regulated alternative splicing (A.A. Melton, J. Jackson
and KXW.L. in preparation; see belowr).

Samé8 is not 4 classical InRNP protein, but rather a member of the STAR (Signal-Transduction
and RNA) family of proteins which contain a single RNA binding KH dormain as well as multiple
potential binding sives for SH2, SH3 and WW domains.'® Sam68 was first identified as a protein
that is tyrosine phosphorylated by Src during mirosis and as a protein thar promotes cell cycle
progression."? Further studies have demonstraced that Sam68 is aleo a target of serine/threonine
phosphorylation, methylation and acecylation.”” Within the cyroplasm, Sam68 is chought to
function as an adaptor pratein that nucleates signaling complexes proximal to several cell surface
receprors. Sam68 is tyrosine phosphorylated in an inducible manner upon activation of the T-cell
recepror, insulin recepror, or by stimnlation of cells with leptin, leading to increased association
with molecules such as PI3K, JAKSs, Ras-GAP, Grb-2 and PLC-1 and the activation of downstream
effector pathays.

Sam68 also iteracts with a variety of splicing factors, including several hnRNPs and other
STAR protins, as well as with proteins involved in ranscription.'%%* Within the nudeus, the
adaptor function of Samé8 likely contributes to its ability to promote signal-induced splicing, as
indicated by recent studies linking Sam#68 to the signal-responsive inclusion of the CD44 variable
exon 5.1%17 CD44 encodies a cell surface glycoprotein that is involved in cell migration, invasion
and proliferation.'® The exrracellnlar domain of CD44 is encoded, in par, by ten varizble exons
that are inducibly included upon antigen stimulation of T-cells through a pathway involving the
activation of the MAP kinase pathway (Ras-Raf- MEK-Erk), " Work from several groups studyi
the induced inclusion of CD44 variable exon 5 (CD441:5) has led to the formulation of a model
in which, upon stimulation, Sam68 binds to an ESE within CD44¢5 together with the SR-related
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Figure 1. Model of the activity of the adaptor preteins $5amé8 in the signal-induced regulation
of CD44. Activation of the Ras-Raf-MEK-Erk pathway by various stimuli leads to phosphoryla-
tion of Samé8 by Erk. This phosphorylation of Samb68 and/or other Erk-dependent modifica-
tions (indicated by “2*) leads to Sam68 binding to CD44 variable exons (grey boxes) along
with SRm160 (“mi60") which promotes assembly of spliceosomal components (blue ovals)
an these exons. 53m648 also interacts with the Swi/SNF chromosome remedeling complex
which causes slowing of RNA polymerase [} (Pal 11) elongation, thus further promating use
of weak exons.

protein SRm160 (see Fig. 1)."*" 5amé8 then also interacts with the Brm subunit of the Swi/SNF
chromarin remodeling complex, thus stalling KNA polymerase I and promoting the inclnsion
of weak exons (sce rcf. 15 and discussion of transcription-coupled splicing below, and chapter by
Komblihtt). How activation of the MAP kinase pathway induces this Samé8-dependent regula-
tion is not yet fully understood. Erk is known to phosphorylate Sam68, however mutation of the
putative phosphorylation sites on Samé8 only marginally decreases its ability to enhance CD44v5
inclusion, ¢ suggesting thae there must be other molecular links between Ras activation and the
Sam68/5Rm160/Brm complex. Finally, the Sam68-related proteins SLM-1and SLM-2 have bezn
shown to have activities similar to that of Samé8, both in terms of protein-protein interactions and
CD44 splicing, This suggests that many or all members of the STAR family may serve as molecular
links to alrer splicing in response to exrracellular stimuli, !

Posttranslational Modifications of Splicil:E Machinery

Signaling molecnles can directly interact with and influence many other components of the
splicing machinery. As discassed in the chapters by Lin and Fu, and Martinez-Contreras et al, the
regulation of splicing is afich achieved by the action of SR and hnRNP proteins. These proteins
bind to sequences within and flanking alternative exons {i.e., ESEs, ESSs, ISEs, 155s) and promote
or inhibit spliceosome assembly at the nearby splice sites (refer ta chapter by Chasin), It follows
then that changing the activiry of these splicing factors by postrranslational modifications is likely
a major mechanism for alvering splicing pathways.
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The activity of the SR family of splicing factors is strongly influenced by the phosphorylation
state of these proteins, which cycles during the splicing reaction and in response to a variery of
stimuli and cell cycle conditions, 2™ At least four different kinase families have been shown o
phosphorylate SR proteins. The most specific of these is the SRPK family, which includes two
closely related SR protein kinases, SRPK1 and SRPK2. These proteins bind to a unique "docking
site” within SR protcins that both confers substrace specificicy and restricts the caralyric activity
to the N-terminal half of the RS dotmnain, thereby resulting in a parially or hypophosphorylated
protein.” The Cli family of dual-specificity kinases also phosphoryltate members of the SR protein
family, but with significantly teduced substrate specificity compared to the SRPKs.** Importantly,
in contrast to the limited range of SRPK phosphorylation sites on SR proteins, the Clk family
of kinases are able to phosphorylate the entire RS dotmain 1o vield a hyperphosphorylated form
of SR proteins.”*! Thus, the SRPK and Clk families of kinases have differential effects on SR
protein function (see below). Finally, both Topoisomerase I and Ak have also been shown to
phosphorylate SR proteins. These enzymes phosphorylave overlapping sites thar are likely to be
distinct from the optimal phosphorylation sites of the SRPKs and Clks.*** The activity of all of
these SR kinases is presumably countered by phosphatases, with at least PP1 and PP2A having
been shown to function on SR proteins and/or be reguired for splicing 5%

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

A-well described system in which phosphorylation of an SR protein mediates signal-induced
changes in splicing is the insnlin-induced inclusion of the variable BII exon within the PKCB
gene.” This induced change in the alternative splicing of PKCE results in the expression of a
PKCP isozyme that is necessary for glucose uptake and is thus a critical aspect of the cellular
response to insulin.”4* Inclusion of the BII exon is dependent on the activity of SRp40, an SR
family prorein, which binds to an intronic sequence downstream of the regulated exon.*** Upon
insnlin trearment the PI-3 kinase {PI3K) pathway activates Ake which in turn phosphorylates
SRp40 on a specific serine residuc (Ser86) (see Fig. 2). Blocking of PI3K, Akr, SRp40, Ser86,
or the binding site for SRp40 within the PKCf gene all abolish the ability of insulin treatment
to induce PKCPII expression >3 However, it has yet 1o be determined how phosphoryla-
tion of SRp40 leads to increased exon inclusion; namely, whether phosphorylation of Ser86
increases the association of SRp40 with the PRCE pre-mBNA, or rather increases the abilicy
of SRp40 to activate exon inclusion via interactions with other splicing factors once it is bound
to the pre-mRNA,

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

Signal-Induced Changes in Localization of Splicing Factors

‘While posteranslarional modificarions may directly alrer the activivy of a splicing facror, the
phosphorylation state of SR and hnRNP proteins can alse influence their subcellular localization
{seealso chaprers by Lin and Fu, and Martinez-Contreras et al). Since changes in the availabiliry
of splicing regulatory proteing can dramatically influence splicing patterns of specific genes,
changing the localization of an SR or hnRNP protein is another potential means for achiev-
ing signal-induced alverations in splicing, Many, if not all, splicing factors Jocalize ar least o
some extent in sub-nuclear foci known as “speckles”. These speckles are thought to function as
storage sites for proteins not actively engaged with pre-mRNA,>* although speckles may be
important to facilitate efficient splicing in cells,** Undet nortnal growth conditions, splicing
factors raffic between the speckles and nascent rranscripts in a phospherylation-dependene man-
ner™3 Furthermore, recent studies have shown thac particular SR proteins are only recroited
from the speckles to a nascent transcript when they are specifically engaged in the splicing of
that eranscript,” Interestingly, differential phosphorylarion of SR proteins by overexpression
of some kinases has been shown to influence their localization to speckles.™* However, a
change in speckle association is unlikely to explain all of the signal-induced changes in SR pro-
tein functien since phosphorylation of SF2/ASF by Ake does not cause an apparent alteration
in speckle pattern, yet can promote growth-factor induced inclusion of the fbronectin EDA
exon as described above, ¥

A second mechanism by which phosphorylation can alter cellular localization is by altering
the affinity of a protein for a nuclear transpory factor, HnRNP Al, a well characterized cargo



146 Alternative Splicing in the Posigenomic Era

of the nuclcocytoplasmic transport protcin Transportin, has a serine-rick region {referred to as
the F-peptide) immediately neighboring its nuclear localization signal (NLS). Extensive stud-
ies by Caceres and colleagues have demonstrared thar a signaling eascade involving the kinases
p38 and MNX1/2 phosphorylates hnRNP A1 within the F-peptide in response to osmotic
stress {scc Fig. 3).9%%! This phosphorylation prevents binding of haRNP Al to Transportin
and results in recention of hnRNP Al in the cyroplasm, where it ultimately localizes ro stress
granules.®** The resulting decrease in nuclear concentration of bnBNP Al reduces its 2bility
ta compete with the SR protein SF2/ASF in §' splice site selection,® thereby leading to the
predicred shift rowards use of proximal 5' splice sites in ELA cranscripes from a transfected
reporter pre-mRNA.# Interestingly, the majority of the confirmed or predicted substrates for
Transportin (aka Karyopherin p2) are RNA binding proteins and a recent determination of
the structure of Transportin in complex with the NLS of hraRNP Al demonstrates that an
overall basic character in the vicinity of the NLS is an important determinant for the binding
of cargo to Transportin,®#* This analysis of the general binding requirements of Transportin,
together with studies demonstraring a phosphorylasion-dependent increase in the cyroplasmic
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Figure 3. Model for signal-induced regulation of nuclear import. Under normal conditions
Transportin (or Karyophering2, Kapf2} mediates nuclear import of hnRNP A1, which promotes
use of distal 5' splice sites in the E7A pre-mRNA. Upon activation of the p38 stress response
pathway, MNK1/2 phosphorylates hnRNP A1, thereby inhibiting binding of A1 to Transportin
and preventing nuclear import of Al. Inhibition of nuclear import of Al results in a redyc-
tion in the nuclear concentration of this proteins and allows for competing proteing, such as
SF2/ASF, to preferentially bind target genes. In the case of the FTA pre-mRNA this results in
increased utilization of proximal 5' splice sites.
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Iocalization of a few other RNA binding proteins,® suggests that regulation of nucleacyto-
plasmic transport may be a common mechanism for changing the nuclear concentration of
RNA binding proteins, thus resulting in altered splicing patterns in response to extracellular
cues (Fig. 3).

Other Mechanisms: Alcered Protein-Protein Interactions

and Protein Expression

As discussed abave, both the change in nucleocytoplasmic localization of splicing proteiny
and the dispersion of speckles are due to a widespread disrupdion of protein-prorein interactions
via increased phosphorylation. However, posttranslational modifications can also cause specific
changes in protein-protein interactions, mch as those described above for the adaptor proteins
hoRNP X and Samé8. While there is little direct confirmation of specific signal-induced al-
terations of protein-protein inreractions leading to changes in splicing regulation, some recent
dara suggest evidence for such mechanisms, For instance, in the SBam&8-dependent regulation
of (D44, described above, signal-induced modifications to Sam68, $Rm 160 and Brm mighr
influence the ability of these proteins to complex with one another. Analysis of the alternative
splicing of another gene regulated in response to T-cell activation, namely CD45, also suggests
a role of signal-regulared prorein-protein interactions,

The CD45 gene encodes a transmembrane protein tyrosine phosphatase that is involved
in the regulation of signal rransduction pathways in lymphocytes. In T-cells, three variable
exons within CD45 are skipped upon antigen stimulation. Recent work has shown thar this
signal-induced exon repression is due to the recruirment of the splicing factor PSE to an
ESS within the CD45 variable exons {(Melton A, Jackson f and Lynch KW., in preparation).
Interestingly, there is no difference in the nuclear concentration of PSF between resting and
activated cells, nor any detectable change in the posttranslational medification of this protein.
However, PSF only binds to the CI45 ESS in response to cellular activation. PSF is known
to interact with a wide spectrum of splicing factors, transcription factors and nuclear matrix
proteins.®® Moreover, PSF interacts with activated PKC isoforms within the cell nucleus,*
and specific cpicopes within PSF have been shown to be masked upen changing cellular
conditions.™ Therefore, a reasonable hypothesis for the signal-induced repression of CD4S
exons by PSF is chat upon activation of 'I-cells binding partners of PSF are modified so as to
cither recruit PSF to the CD45 pre-mRNA o, alternatively, to release PSF from an otherwise
sequestered conformation.

Arguably, the simplest mechanism throngh which aleernative splicing could be regulated in
response to environmental cues wonld be through the increased or decreased expression of criti-
cal regulatory factors, Signaling pathways are known to stimnlate many ubiquitous transcription
facrors such as NFxB, NFAT and nuclear receptors, as well as facrors involved in mRNA stabil-
ity/translation and proteosome-mediated degradation.” 7 These various mechanisms typically
induce broad changes in proteome expression. Not surprisingly, many SR proteins and other
splicing factors have been found to be differentially exptessed in a signal-dependent manner in
a variety of cell types.”*” However, it remains to be determined whether such changes in the
overall expression af splicing factors traly lead to altered splicing patterns, or whether splicing
proteins are already in such excess thar increased cxpression does not significantly alver these
pacterns. One example in which changes in protein expression have been shown to directdy
influence splicing parterns occurs during the development of erythrocytes. At a specific stage
during erythropoesis there is a marked decrease in the expression of the hnRNP A/B proteins.
This decrease in haRNP A/B expression correlares remporally with the increased inclusion of
exon 16 in the gene encoding the cytoskeletal protein 4.1R.7 Since biochemical studies have
shown that hnRNP A binds to an ESS within the 4 /R exon 16 and canses exon skipping, the
decreased expression of the hnRNP A/B proteins almost cereainly is the cause of £.1R exon
16 inclusion in mature erythroblasts.”
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Rngulation Via Cross-Talk with Signal-Responsive
Chan es in Transcri]

the paradigms for altering splicing regulation described above invalve the direct manipu-
lation of the activity or acressibility of a splicing factor. However, in the cell pre-mRMA splicing
does not occur in isolation, but rather it is linked remporally, sparially and mechanistically with
other mRNA production events. In particular, many recent studies have demonstrated extensive
cross-talk between the transcription and splicing machineries (refer to chaprer by Kornblihrt).
Given the substantial effects of sighaling patfrways on transcription, it would not be surprising if
at least some of the signalinduced regulation of transcription factors have secondary effects on
alternative splicing (Fig, 4).

‘The primary ways in which transcription has been shown to effect splicing are summarized by
two models: the “kinetic model” and the “recruitment model” (refer to chapter by Kornblihet).
The mechanism that has gained the most experimental support thus far is the kinetic model, also
known colloquially as the “first come, first serve™ model ™7 This model is based on the premise
that, given the length of a rypical mammalian intron, the time lag between the transcription of
onc exon and the transcription of the next exon is often sufficiently long that the first exon can be
boundbythesp[iceosomebeﬁn‘c the next exon is present. This time lag potentially allows a “weak
exon” (i, an exon with suboptimal splice sites, the absence of splicing enhancer elements and/or
the presence of splicing sifencer clcmmts) to be recognized by the spliceosome withour having to
compete with a subsequent “strong” exon. I follows then char a reduced rate of ranscriptional
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Figure 4. Model for hormone-induced alternative splicing via transcription. Binding of pro-
gesterone (green diamond) to the progesterone receptor (PR) recruits the CAPER proteins.
CAPER then activates transcription by RNA polymerase [l {Pol Il) and promates use of weak
exons {grey box) in pre-mRNAs transcribed from the PR-dependent promoter, presumably by
binding ta 3' splice sites and recruiting spliceosomal components {U1/U2).
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elongation favors the recognition and inclusion of weak exons, whereas an inercased rate of tran-
scription favors exon skipping.

In its simplest form, the recruizment model proposes that binding of splicing facrors o
the KNA polymerase IT complex increases their Jocal concentration proximal to the nascent
transcript, theteby enhancing otherwise weak interactions between the splicing factors and the
pre-mRNA ¥ However, a further complexity of the recruitment medel is that transcription
activators or co-activators bound at the protioters may differentially influence recruitment of
splicing factors. This promoter specificity was initially suggested by studies of the fibromectin gene,
in which the SR proteins 2G8 and SF2/ASF enbance the inclusion of the variable EDI exon by
binding to an ESE, but this only ocours when the EDI conraining gene is transcribed from its
¢ndogenous promoter.®

Sam68-dependent regularion of CD44splicing is one example of sighal-induced regidation that
relates to the kinetic model of cotranscriptional alternative splicing (see Fig. 1), In addition, the
signal-indnced transcription factor NFxB has been shown to increase wanscription elongation,
suggesting that genes transeribed in an NFxB-dependent manner may also undergo signal-regulated
alternative splicing through changes in transcriptional kinetics.

Signaling pathways also appear to alver splicing patterns via the recruirment model, as re-
vealed in stodies of nudear hormone-dependent alternative splicing.™ Work by the Berger and
O'Malley groups has demonstrated that both progesterone and estrodiol can cause changes in
alternative splicing profiles, but only when pre-mRNA transcriptian is driven by prototers that
are dependent on the corresponding nuclear hormone receptors for activity.™** Ar least in the
case of progesterone-responsive alternative splicing, it was forther shown that, in the presence of
progesterone, the U2AF®-fike co-activators CAPER« and B are recruited to the progesterone
receptor where they induce both transeription and alrermative sphicing.’” Therefore, as predicted
by the recruitment model for transcription-coupled splicing, signal-induced changes in promoter
seczpancy can directly recruit splicing regulatory proteins that influence splicing of the transcribed
pre-mRNA,

Coordinated Regulation
The primary goal of signal transduction pathways within a cell is to evoke a specialized response
to any given environmental condition. Often an optimal response requires the coordinated activ-
ity of a broad spectrum of genes and proteins. For instance, neuranal depolarization induces ion
trafficking across the cell membrane as well as pratein and vesicle transport, whereas a Tcell must
migrate, proliferate and secrete various proteins in response to antigen stimulation as parr of an
effective immnne response. In order to achieve such a robust and comprehensive response, signal-
ing pathways frequently activate a program of related events rather than just the expression of one
individual genc or protein. For instance, the activation of NF«B by antigen stimulation of a T-cell
leads to the induction of transcription of multiple genes ittvolved in promoting cell division and
inhibitingapoptosis.” Similarly, regulation of multiple alternative splicing events by a given extracel-
lular stimulus could amplify potential physiological consequences. Not surprisingly, therefore, even
the fow examples of signal-induced alternative splicing that have been characterized demonstrate
coordinated regulation. Aualysis of the CD4S gene identified a motif within the signal-responsive
ESS that is present in other exons which are differentially spliced in response to T-vell acrivarion.™
Sirnilarly, two regulatory sequences (intronic and exonic) have been identified as a hallmark of
expns char are alternarively spliced in response to ncuronal depolarization. ™ The identification of
these signal-responsive regulatory motifs has allowed for the bicinformatic identificarion of novel
examples of signal-indnced alternative splicing and strongly suggests that genes which contain such
sequences are regulated in a coordinated manner throngh common mechanisms.® The recent
ment of microarrays designed to monior the levels of alternatively spliced isoforms has
further atlowed for the systematic identification of genes that undergo alternative splicing in a
signal-dependent manner.'”* Subsequent studies of these signal-regulated genes are likely to reveal
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addidional signal-responsive splicing regulatory sequences and allow for the grouping of genes into
families of mechanistically-coordinated alternative splicing events.

Achieving Specificity in Si al-Rcsponsmncss of Alternative Splicing

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

While we don't yet have a sufficiently clear understanding of regulated splicing in general and
gignal-responsive splicing in particular, to completely understand the question of specificity, cur:
rent data docs suggest that spcuﬁuty may be conferred at the level of signaling pathways, RNA
binding and/or differential scnsitivity to the activity of individual splicing factors. Within the
signaling field, specificity is largely understood to be conferred by location or co-association of
proteins.® In other words, while a protein such as Samé68 may be capable of interacting with a wide
range of proteins, under any given cellular condition Sam68 may only co-associate with a subset of
potential partners and thus will only be able to transmit signals to certain downstream effectors.
At the level of RNA binding, specificity of RNA-protein interactions is also often conferred by
co-association of proteins within cnhancer or silencer complexes. ™ Therefore, the signal-induced
regulation of a particular gene may require the combinatarial effect of multiple transduction
pathways, each altering the activity of one component of a larger complex. In such a scenario, a
stimnlus that only triggered one signaling pathway would not affect 2 more complex target gene.
Alternatively, loss of one protein from a particular regulatory complex may be compensated for
by other binding partners. A potentially related aspect of specificity is the recent discovery that a
decrease in che expression of even core spliceosomal proteins has differential effects on the splic-
ing of specific transcripts.?® While some of this differential activity may be duc to compensating
protein-protein interactions, this phenomenon is primarily understood to be due to differences
in the rate-limiting step of splicing for different transcripts. In other words, decreased activity of
a splicing factor involved in 3' splice site sclection will have the greatest effect on substrates which
have weak or variable 3" splice sites.* Together, the specificity inherent in signaling and splicing
mechanisms likely work in concert to achieve the necessary balance between strength and preci-
sion of signal-induced changes in alternative splicing.

Feed-Back and Feed-Forward

Interestingly, many of the genes that have been shown to undergo changes in splicing pattern
in response to excracellular seimuli are themselves receptors ot other sighaling molecules. These
include, among others, CD45, CD44, NMDARI and PKCIIP4*% Importantly, the differential
proteifs expressed by all of the above-mentioned genes have been shown to have distinct signal-
ing propertics, often affecting the very signaling pathway that lcads to their differential splicing
pattern. %1% This strongly suggests that there is a possibility of feedback or feed-forward in
which the initial activation of a signaling pathway is either promoted/maintained or tumed off
via signal-induced alternative splicing.

One example of such feedback is in CD4#4 alternative splicing.” As mentioned above, activa-
tion of the Ras signaling pathway enhances inclusion of ten variable exons that encode part of the
extracellular domain of CD44. Specifically, inclusion of variable exon 6 (CD44v6) promotes CD44
involvement in a corcceptor complex with hepatocyte growth factor and the tyrosine kinase Met
that in turn promotes Ras signaling,'”" Activation of quicscent cells with growth factors leads toan
initial burst of MAP kinase activation followed several hours later by a second, prolonged wave of
MAZP kinase activiry. The inclusion of CD44u6 that occurs in response to the initial burst of Ras
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activation is necessary for the subsequent wave of Ras signaling, as demonstrated by che loss of
the second pulse of Ras activity when CD44v6-containing transcripts are specifically repressed ®
Therefore, ar least with regards to Ras signaling, alrernarive splicing is an important feedback
mechanism to generate the sustained activation phenorype necessary o drive cells forward to
proliferation.

Summa

While signal-induced alrernative splicing is no doubt a prevalent phenomenon,?#1% e are
only just beginning to scratch the surface in rerms of identifying such regulated events and in un-
derstanding the mechanisms by which they eccut. The examples provided in this chaprer are in no
way meant to be an exhaustive list, but rather are presented as examples of how extracellular stimuli
might influence the splicing machinery so as to alter splicing parterns. At present there is still only
cursory data in support of many of the proposed mechanisms; however, what is clear is that there
are likely numerous pathways by which changes in growth conditions or in the environment can be
communicated to the splicingmachinery and many critical physiological processes areinfluenced by
signal-induced changes that impact on splicing. Clearly the quessions surrounding signal-induced
alternative sphicing represent an imoportant frontier that watrants major investigarion.
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CHAPTER 11

Coupling Transcription
and Alternative Splicing

Alberto R, Kornblihet*

Abstract
lternative splicing regulation not only depends on the interaction of splicing factors
A*:i:h splicing enhancers and silencers in the pre-mRNA, but also on the coupling
ctween transcription and splicing, This coupling is possible because splicing is often
cotranscriptional and promater identicy and occuparion may affect alternative splicing. We discuss
here the different mechanisms by which transcription regulates alternative splicing. These include
the recruitment of splicing factors to the transcribing polymerase and “kinetic coupling’, which
involves changes in the rate of transcriptional elongation that in turn affect the timing in which
splice sites are presented to the splicing machinery. The recruitment mechanism may depend on
the particular fearures of the carboxyl terminal domain of RNA polymerase I1, whereas kinetic
coupling seems to be linked to how changes in chromatin structure and other factors affece tran-

scription elongation.

Introduction

For decades RNA polymerase I {RNAPII) cranscription and pre-mRNA processing have
been thought to be independent steps in the pathway of evkaryoric gene expression until a series
of biochemical, cytological and functional experiments demonstrated that capping, splicing
and cleavage/polyadenylation are coupled to transcription.*” This requires that splicing occurs
cotransceiptionally. However, the existence of cotranscriptionality per se does not negessarily imply
a mechanistic coupling, Indeed, splicing often occurs comranscriptionally. Electron microscopy
visualizarion of Dyasophils embryo nascent transcripts (Fig. 1A} has clearly demonstrared thar
splicing ocenrs cotranscriptionally with a reasonable frequency and that splice site selection precedes
polyadenylation.? Cotranscriptional splicing was also demonstrated in the dystraphin gene.? Since
transcription of this 2.4 Mb-gene, the largest in the human genome, would take approximarely
16 hours to be completed, cotranscriptional splicing of its pre-mRINA appears as a very intuitive
concept. In fact, it would be very difficult to concetve that the splicing of the dozens of dystropbin
introns would “wait” until the entire dysivaphin pre-mRNA is synthesized. Nevertheless most biol-
ogy (and even molecular biology) texthooks continue to show figures in which a fully transcribed
ptimary transcript, with all its introns, appears as the substrate for splicing (Fig. 1B, left). A more
realistic view would depict splicing as taking place while the pre-mRNA is still attached to the
template DNA by RNAPH (Fig, 1B, right).

It is worth noting that cotranscriptional splicing is not obligatory. The time it takes RNAPII
to synthesize each intron defines the minimal time in which splicing factors can be recruited to
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Figure 1. Splicing accurs cotranscriptionally. A} Electron micrograph of an actively transcrib-
ing Drosophila embryo gene shows that pre-mRNA splicing occurs on the nascent transcript.
Asterisk: promoter region. Arrows: intron loops {lariats). Taken with permission from: Beyer
AL, Osheim YN, Genes Dev 1988; 2(6):754-765.2 B) Left: classical textbook picture where all
pre-RNA processing reactions are depicted as postranscriptional. Right: pre-mRNA process-
ing is cotranscriptional. in the depicted pre-mRNA molecule splicing of intron 1 has already
occurred, introns 2 and 3 are being processed and exon 4 has not been transcribed yet.

and spliceosotnes assembled upon an intron, whereas the time that it takes RNAPII to reach the
end of the transcription unit and release the nascent pre-mRNA defines the maximal time in
which splicing could accur cotranscriptionally.® For long genes, for example, some introns could
be cotranscriptionally spliced whereas athers could be processed well after transcription hasbeen
completed, This is indeed whar happensin the Balbiani ring 1 (BR1) gene where intron 3, located
3 kb from the 5" end of the 40 kb-pre-mRNA, is mostly excised cotranscriptionally, but intron 4,
locared 0.6 kb from the poly A site, is excised cotranseriptionally in only 10% of the molecules.'
For most genes, we do not know when each intron is spliced. We do not even know if a particolar
intron always follows the same pattern of processing. It is worth noting thar if splicing were strictly
cotranscriptional and that the splicing of one intron must be campleted before the following intron
is transcribed, alternative splicing would not exist.

Only recently has the cotranscriptional assembly of splicing factors been examined directly
by chromatin immunaprecipitation (ChIP). In the budding yeast Saccharomyces cerevisiae it was
observed chat the small nuclear ribonucleaprotein particles (snRINPs) accummnlate at positions
along intron-containing genes that coincide with the appearance of their rarger splicing sequences
in nascent pre-mRMNA.!'1 For instance, Ul snRNP becomes associated with the pre-mRNA
shortdy after the §" splice site is transcribed, while U2 snRNP becomes associated later, after the
3" splice site has been synthesized. Studies in mammalian cells have confirmed these conclusions
and have extended them by showing that in addition to general splicing factors, regulatory
facrors like mRNPA1 accurnulare cotranscriptionally on intron-containing genes but not on
intronless ones.'* The use of efficient in vitro transeription/splicing assays has corroborated
the resuits obtained in lving cells: nascent pre-mRNA synthesized by RNAPII is stabilized
and efficiently spliced'® apparently because it is immediately and quantitatively directed into
the spliccosome assembly pathway. In contrast, nascent pre-mRNA synthesized by T7 phage
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RNA polymerase is quantitatively assembled into the nonspecific bnRNP complexes which are
inhibitory to spliceosome assembly, indicating that RNAPII mediates the functional coupling
of transctiption and splicing by directing the nascent pre-mRNA into spliccosome assembly
Moreover, only genes transcribed by RNAPI encode pre-mRINAs and are efficiently recognized
by the spliceosome—pre-mBNAs transcribed by RNAPL RNAPIHI or T7 RNA polymerase are
poorly spliced or not at all.™# ‘

"This chapter will focus on the evidenee, gathered mainly during the fast decade, supporting
the cxistence of mechanisms that conple RNAPII ranscription to alternative splicing and this
evidence will be discussed in light of knowledge of the functional links between transcription
and splicing in general. Both transceiption and splicing are exttemely complex processes because
they involve thousands of protein factors, RNA malecnles and DNA sequences. This complexity
hinders any attempt at generalization and simplification. The reader should bear in mind chat
certain molecular interactions or kinetic conscraines might be relevant for a particular gene or set
of genes but not for others,

Promoters Affect Alternative Splicing

'The idea that promoter regulation affects only the quantity and not the quality of the gene
transcript has dominared our conception of gene expression in the past. However, the finding that
promoter identity and occupation by transeription factors modulates alternarive splicing®+2 not
only strengthened the concept of a physical and functional conpling between transcription and
splicing but directed onr ateention rowards how this coupling migh affece protein expression
patterns. The original observation of the promoter effect involved transient transfection of mam-
malian cells with reporter minigenes for the alternatively spliced extra domain I (EDI) cassette
exon of fibronectin (FN) under the control of diffecent RNAPII promoters. EDI is 270 bp long
and contains an exonic splicing enhancer (ESE) that is recognized by the SR proteins SF2/ASE
and 9GB. When transcription of the minigene is driven by the a-globin promoter EDI inclusion
levels in the mature mRNA are about 10 times lower than when transcription is driven by the
EN or cytamegalovirus (CMV}) promaters {Fig, 2). These effects are not the trivial consequence
of different mRNA levels produced by each promoter {promoter strength) but depend on some
qualitative properties conferred by promoters to the transeription/RNA processing machinery, This
observation is consistent with microarray studies indicaring char althongh, like global transcrip-
tion profiles, global alternative splicing profiles reflect tissue identity, transcription (evaluated as
promoter usage and strength) and alternative splicing act largely independently on different sets
of genes to define tissue-specific expression profiles

Promoter identity has been shown independently ro affect the alternarive splicing of
pre-mRNAs transctibed from several other genes. Reporter minigenes containing alternative
exons and Aanking intron regions from the CD44 and the celvitonin gene-related product genes,
were put under the contral of steroid-sensitive promoters or promoters that do not respond to
steroid hormanes. Steroid hotmones affected splice site selection only of pre-mRNAs produced
by the steroid-sensitive promoters. As in the case of the FIV EDI exon, promoter-dependent
hormonal effects on splicing were not a conscquence of an increase in transcription rate or of a
sarnration of the splicing machinery® Promoter-dependent alternative splicing patterns have
been also found in the cystic fibrasis transrmembrane regulator” and in the fibrablast growth factar
recepior 2 genes, ™

‘The finding that promoter stracture is important for alternative splicing predicts that facors
that regulate alternative splicing could be acting in parr throngh promoters and thar cefl-specific
alternative splicing may not only resalt from the differential abundance of various splicing fac-
tors, bur also from a more complex process involving cell-specific prometer occupation. However,
promoters are not swapped in narure and since most genes have a single promoter, the only con-
ceivable way by which promoter architecture could control alternative splicing in vivo, would be
the differential occupation of promoters by transeription or splicing factors of different natures
and/or mechanistic properties. Accordingly, it has been found that transcriptional acrivators and
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Figure 2. Promoters affect alternative splicing. A) a-globin (white)/fibranectin (gray} hybrid
minigenes under the control of three different promoters, used in transient transfections of
mammalian cells in culture to assess inclusion levels of the alternatively spliced EDI cassette
exon (dashed) Arrows mark the positions of the primers used for RT-PCR. B. RT-PCR (tap)
show that inclusion levels with the FN and CMV promoters are more than 10-fold higher
compared with inclusion levels with the a-globin pramoter. RNase protection assays (bottom)
show that expression levels are higher with the a-globin and FV promoters compared to the
CMV promoter, Based on Cramer et al. 22

coactivators with different actions on RNAPILinidation and clongation affect aleernacive splicing
differentially”? (see below). Altermative promoter usageis frequent in mammalian genes and could
impacr the usage of downstream altemnative splice sites. However, the the link bctwecn alternative
promoter usage and splice site selection might notbe the result of transcription/splicing coupling
buc the consequence of decp changes in pre-mRNA sccondary structure due to different first exon
sequences in the presmRNA.

Two non-exclusive mechanisma have been proposed to cxplain promoter effeces on alternarive
splicing. On the one hantd, the promoter might recrult splicing facvors or bifunctional facvors act-
ingon both transcription and splicing to the transcribing gene. On the other hand, the promoter
might aler the rare of RNAPII clongation, affecting in turn the timing of cotranscriptional splic-
ing, 1 will discuss these two modes in depth, but first will describe the featares and roles of what
is likely to be a central participant in these process, the carboxy terminal domain (CTD) of the
latge subunit of RNAPIL

RNAPII CTD and Coupling

The CTD plays a role in the nuclear distriburion of components of: the transcriprion and splic-
ing machineries. In fact, transcriptional acrivation of RNAPII genes increases the association of
splicing factors at sites of transcription, but this relocalization does nor occur ifRNAPII lacks che



Coupling Transcription and Alternative Spliving 175

CTD.® This is consistent with findings that overezpression of CTD-containing large subunits of
RNAPIH in mammalian cells induces selective nuclear reorganization of splicing factors.® Also
consistent with the above, srimulation of rranscription by strong acrivators is associated with
increased splicing cfficiency and this property of activators depends on the CTD.

The CTD is composed of 52 tandem heptapeptide repeats in mammals (26 in yeast), with
the consensns sequence YSPTSPS. The serines at positions 2 and 5 of this repeat are subject to
regulatory phosphorylation. Phosphorylation of Ser5 by TFHH is linked with transcriptional
initiation, whereas phosphorylation of Ser2 by P-TEFb is associated to transcriptional elonga-
tion.*** Coupling of transcription and pre-mRNA processing may in part be due to the ability
of RNAPII to bind and “piggyback” some of the processing factors in 2 complex referred to as
an “mRNA factory”? This concept arose from the observation by McCracken et al*that deletion
of the CTD causes defects in capping, cleavage/polyadenylation and splicing, These authors
showed that defetion of the CTD inhibits splicing of the B-globin gene, which is consistent with
thie findings that isolated CTD fragments* as well as purified phosphorylated RNAPII™ areable
to activate splicing in vitro. Nevertheless, isolated CTD fragments canniot duplicate the effect of
the RNAPII holoenzyme unless the pre-mRINA is recognized via exon definition, i.e. it contains
at least one complete internal exon with 3' and 5' splice sites. In other words, the CTD does
not appear to activate splicing of pairs of splice sites across an intron. These findings support a
direct role for the CTD in exon recognition and have led to speculation that the CTI functions
to bring consecutive exons in proximity, thereby facifitating spliceosome assembly. Consistent
with this modzl, Dye and Proudfoor® showed that exons flanking an intron that had been engi-
neered ta be cotranseriptionally cleaved by inserting a ribozyme in the middle are accurately and
cfficiently spliced together, These dara suggest that a conrinnous intron teanscripr is not required
for pre-mRNA splicing in vivo and provide evidence for a molecular tether connecting emergent
splice sites in the pre-mRNA to an clongating transeription complex.

Dynamic changes in the CTD structare and phosphorylation may play significant roles in RNA
processing. For instance, the peptidyl-prolyl isomerase Pin 1 stimulates C'TD phosphorylation by
cdc2/cyclin B and inhibits RNAPII-dependent splicingin vitro.*” Inhibivion of P-TEFh-mediated
CTD phesphorylation prevents cotranscriptional splicing and 3'-end formation in Xenopus
oocytes. In contrast, processing of injected pre-mRNA is unaffected by P-TEFb kinasc inhibi-
tion, which strongly indicates that KNAPII does not participate directly in postranscriptional
processing, but phosphorylation of its CTD is required for efficient cotranscriptional process-
ing.® New insights into the mechanism by which the CTD fanctions in splicing come from in
vitro experiments with a fusion protein consisting of the CTD firsed to the C-terminus of the
splicing facror SF2/ASF (ASF-CTD), Compared to SF2/ASF alone, ASF-CTD increased the
reaction rate during the carly stages of splicing and this required both RNA-binding activiry and
phosphorylation of CTD in the fusion protein.*

It is worth mentioning that the roles of CTD in splicing may be gene-specific. For example,
the absence of the CTD can affect alternative splicing of the FN EDI cassette exon® (sec below)
and mRNA editing of the ADAR2 gene® withour inhibiting general splicing,

Factor Recruitment

One model that could explain the promoter effect on alternarive splicing is thar the promorer
itself recruits splicing factors to the sitc of transcription, possibly through transcription factors that
bind ro the promoter or ro cranscriprional enhancers. Some proteins, such as the transcripticnal
activator of the human papilloms virus,® and the thermogenic coactivator PGC-1, naturally
function in both transcription and splicing, Interestingly, PGC-1 affects alternative splicing, but
only when itis recruited vo complexes assoclared with gene promoters® (Fig. 3), Another example
of a bifunctional factor is the transcription factor Spi-1, required for myeloid and B lymphoid
differentiation. Spi-1 is able to regulate alternative splicing of a pre-mBINA for a gene whose tran-
scription it regulates. Guillonf et al* demonstrated that, similar to PGC-1, Spi-1 must bind 20d
transactivate its cognate promoter to favor the use of a proximal 5 alternative site.
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Figure 3. Example of how promoters may affect alternative splicing through recruitment of
factars with dual function in transcription and splicing. A promoter with a DR-1 element binds
the transcription factor PPARy, which in turn recruits the transcriptional coactivator PGC-1.
PGC-1 interacts with RNAPII and other proteins of the pre-initiation complex as well as with
the splicing factor $Rpd0, which controls inclusion of the fibronectin EDI1 alternative exon.
PGC-1 inhibits inclusien of EDI into the mature mRMA, only when targeted to a promoter.
Based on Monsalve et al.®

Other mammalian proteins that appear to act as bifunctional factors include the product of the
WT-1 gene, which is essential for nonmal kidney development,® SAF-B, which mediates chromatin
arcachment to the nuclear matrix,® CA156, 2 human nuclear facror with characreristic WW and
FF domains implicated in transceiptional elongarion®*® and a group of proteins known as SCAFs
(SR-Jike CTT associated facrors) which interact with the CTD and, similarly to SR proteins,
contain an RS domain and an RNA binding domain.*” However there is no formal cvidence that
SCAFs function in splicing.

‘Transcriptional coregulators have also been implicared in the conmrol of alternative splicing,
Several coregulators of steroid hornone nudear receptors have shown to have differential effects
on alternative splicing in a promoter-dependent manner.® Some coregulators, such as CoAA
{coactivator activator), act by recruiting coactivators. CoAA interacts with the transcriprional
coregulator TRBP, which is in turn recruited to promoters throngh interactions with activared
nuclear receptors. CoAA regulates alrernativesplicing in a promoter-dependent manner. e similarty
enhances transcription of steroid-sensitive or -insensitive promoters, but oaly affects alternative
splicing of transcripts synthesized from the progesteronc-activated MM TV promoter® In addition,
transcriptional activators seem to not only modulste alternative but also constitutive splicingin a
RNAPII CTD-dependent manner!
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Figure 4, The carboxy terminal domain (CTD) of RNA polymerase || mediates the inhibitory
effect of the SR protein SRp20 on the inclusion of the alternatively spliced fibronectin EDI
exon. Transcription by a WT RNAPH {left) allows recruitment of SRp20 to the transcription
machinery which stimulates EDI skipping. Transcription by a mutated RNAPH lacking the
CTD (ACTD, right) causes higher EDI inclusion because SRp20 is not recruited. Based on de
la Mata et al.*

Recruitment of SRp20, the CTD and Alternative Splicing

‘Transcription by an RNAPII mutant lacking the CTT) provokes a dramatic enhancement in
the inclusion levels of the FIV ED1 alternative cassette ezon without affecting the efficiency of
general splicing, Interestingly, the CTD influences alternative splicing in a way that is indepen-
dent of capping and 3 end processing. Experiments using RNAPIL CTD variants with different
numbers of repeats revealed that the'length of the CTD correlates inversely with EDI inchision
levels, with 19 heptads being the minimum number of repeats necessary to sustain normal EDI
splicing. This finding is in agreement with reports showing that 22 tandem repears are sufficient
to support wild-rype levels of splicing of pre-mRINAs containing constitutively spliced introns or
enhancer-dependent introns 3 Using siRINA knockdown strategics we found that whencas activa-
tion of EDlinclusion by the SK protcin SF2/ASF is not affected by the absence of the CTD, inhibi-
tion of ED ittclusion by another SR protein, SRp20, is completely abolished when eranscription
is carried out by a ACTD RNAPII, suggesting that SRp20 requires the CTD o be recrnired to
the transcription/splicing machinery* (Fig. 4). We were not able to demonstrate direct physical
interactions berween SRp20 and any portion of the RINAPI [arge subunit. However, we believe
that such an interaction, perhaps weak or indirect, must exist becanse SRp20 has been found in
a transcription complex known as “mediator” together with the large subunit of RNAPII® and
becanse immunocytochemical studies have shown that SRp0 preferentially associates wich sites
of RNAPII transcription™ and is efficiently recruited to the £¢u gene when ane of its afrernative
exons is inchuded, bur not when it is excluded ®
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Figure 5, Kinetic coupling model for the regulation of alternative splicing by RNAPII elongation.
The 3' splice site (S5} by the alternative cassette exon {white) is weaker thart the 3' S5 of the
downstream intron (black). Low transcriptional elongation rates (right) favor exon inclusion,
whereas high elongation rates (left} favor skipping.

Transcription Elongation and Alternative Splicing
i n:guEting the rates of RNAPII transcrip-

Promoters car: also control alternative splicing by
tion elongation. Low elongation rates or transcriptional pausing would favor the inclusion of
alternative exons governed by an exon skipping mechanism, whereas rapid clongation rates or
the absence of transcriptional pausing would favor exclusion of these exons. The mechanism
by which elongation rates affect EDI splicing is a consequence of EDI pre-mRNA sequence.
EDI exon skipping occurs because the 3" splice site of the upstream intron is weaker than the
3' splice site of the downstream intron. If the polymerase pauses between these two splice
sites, the upstream inteon will be spliced. Once the transeription complex resumes elongation,
the downstream intron will be removed and the cxon will be included. In contrast, a rapidly
elongating transcription complex will transcribe both introns before the 5" splice site of the
upstream intron can be used. As a result, the 5' splice site will be preferentially spliced to the
strong downstream 3’ splice site, rather than the weak upstream 3' splice site, resulting in exon
skipping (Fig. 5). When a weak 3' splice site is followed by a strong one, 2s is the case in many
aleernative splicing events, the transcription elongation rate can affect the relative amounts of the
mRNA isoforms. However, when two consccutive strong 3 splice sites accur, as in constitutive
splicing, transeription elongarion rases are less relevant.

A kinetic role for transcription in alternative splicing was originally suggested by Eperon et al®
who found that the rate of RN A synthesis can affect the secondary structure of a nascent transeript
surrounding a 5 splice site, which affects splicing, A similar mechanism involving a kinetic link
was suggested from experiments in which transeription pause sites were found to affect alternarive
splicing by delaying the transcription of an essenial splicing inhibitory element {DRE) required
for regunlation of tropomyosin exon 3.7



Coupling Transcription and Alternative Splicing 183

Several additional experiments indirectly support a role for transcriptipon elongation in

alternative splicing:

» Transcription factors that primarily stimulare transcriptional iniviation, such as Spl and
CTE/NF], have little efect onalternative splicing, whereas factors that stimulate elongation,
such as VP16, promote skipping of the EDI exon 7%

» Phosphorylation of the RNAPIT CTD ax Ser2 by the elongation factor P-TEFb converts the
polymerase from a nonprocessive toa processive fort. Inhibiters of this kinasc such as DRB
{dichlororibofuranosylbenzimidazole) inhibit RNAPI elongation. Cells transfected with
EDI splicing reporters and treated with DRB displayed a 3-fold increasc in EDI inclusion
into mature mRINA compared to untreated cells.”

« Changes in chromatin strucrure also affect splicing. Trearment of cells with michostaxin A,
a potent inhibitor of histone deacetylation, favors EDI skipping,*” This finding supports the
hypothesis that acerylation of the core histones would facilitate the passage of the transeribing
polymerase, which isin turn consistent with the model of chromatin opening being mediated
by a RNAPII transcriprion elongation complex piggybacking a histone aceryltransferase
activity tracking along the DINA.”® Morcover, replication of transfected minigene reporters,
which compacts the chromatin structure and slows the passage of the polymerase, causes 2
10 to 30-fold increase in EDI exon inclusion levels in the transcripe®® Interestingly, it has
recently been shown that DNA methylation at internal regions of 2 gene provokes a closed
chromatin structure and reduces the efficiency of transcription elongation.® This suggests
that alternative splicing could be indirectly modulated by the DNA methylation status not
only at the promoter but also internally,

o Transcriptional regulatory elements that activate cranscription elongation, such as the $V40
enhancer, promote skipping of the FIM exon.5!

« Chromatin immunoprecipitation experiments have shown that stalled transeripdion elonga-
tion complexes exist more frequently upseream of the alternative EDI exon on minigenes
with promoters that favor EDI inclusion (i.e., the FN promoter) than on minigenes with
promoters that favor EDI skipping (i.c., the a-glpbin promoter).®

¢ Mutation analysis shows that the better the EDY alternative exon is recognized by the splicing
machinery, the less its degree of inclusion is affected by facrars thar modulate transeriptional
clongation ®

» Although dealing with general and not alternative splicing, ewo recent reports provide
strong evidence for a kinetic link between transeription, splicing factor recruirment and
splicing catalysis, Using chromatin-RNA immunoprecipitation (ChRIP}, Listerman et al™*
showed that while 55 pre-mRNA can be spliced in vive both co- and posttranscriprionally,
the topoisomerase inhibitor camptothecin, which stalls RNAPII elongation, increased co-
transcriptional splicing factor accumulation and splicing in parallel. The second report by the
Rosbash lab® elegantly shows that cleavage of an intron by 2 hammerhead ribozyme com-
petes with the splicing of that intron. If splicing of this pre-mRNA is prevented by mutating
the §' splice site, the ribozyme is able to cleave the intron, while for a wild-type pre-mRNA
cotranscriprional splicing occurs prior to ribozyme cleavage. These results serongly suggest
that introns are recognized cotranscriptiotially, Furthermore, the DSTT gene, which encodes
the transcription elongation factor TFIIS, was identified in a screen for gencs required to
prevent cleavage of the intronic ribozyme in a normal splicing reporter. This again provides
alink between transcription elongation and pre-mRNA splicing,

Slow Polymerases and Alternative Splicing

A more direct demonstration that transcription clongation affects alternative splicing in
human cells was provided by the use of 2 nntant form of RNAPII (called C4) rthat possesses a
reduced clongation rate.® The slow polymerase stimulates the inclusion of the fibromectin EDI
exon by 4-fold, confirmirig the inverse correlation beeween elongation rate and inclusion of this
alternative exon. 'The C4 mutation also affected the splicing of the adenovirus Ela pre-mRNA,



184 Alrernative Splicing in the Postgenomic Era

by favoring the use of the most upstream of the three alternative 5' splice sites that compete fora
common 3' splice site. Most importantly and of physiological relevance, Drosophila flies carrying -
the C4 murarion show changes in the alternative splicing profile of transcripts encoded by the
large wltrabithorax (Ubx) endogenous gene.” The observed changes are consistent with a kinetic
mechaniss which allows more time for early splicing events. Most interestingly, C4 heterozygous
flies display a phenotype, khown as the “Ubx cffect’, where the halteres present a morphology that
resembles the one of the Ulgrwbithornr mutacion.™

Similar effects of RINAPII elongation rates on splicing were found in yeast. Altcrnative splicing
is a very rare event in yeast. Mutating the branchpoine npstream of the constitutive internal exon
of the D¥N2 gene creates an artificial aleernatively spliced casserce exon., Skipping of this exon is
prevented when expressed in a yeast mutant carrying a slow RNAPII or in the presence elongation
inhibitors.® This sapports the hypothesis that what is important to the balance berween exon skip-
ping and exon inclusion are relative rates of spliceosome formation and RNAPII processivity.

Chromatin, El ion and Alternative SpllcmtEc

Batsché ex al® ev;?;l a new role in alternative splicing for the chromatin remodeling factor
SWI/SNF, whose mechanism of action involves the regularion of RNAPII elongation. SWI/
SNF is known to interact with RNAPIL splicing factors and spliceosome-associated proteins.
Overcxpression of Brahma, (Brm), the key subunit of SW1/ SNF favors inclusion of a block of
consecutive alternative exons in the CD44 gene, which is a target for SWI/SNF transcriptional
activation. As expecred for a splicing regulator, Brm interacts with complexes coneaining U and
US snRNAg, which are present in spliceosomes, but not with U3 snRNA, which is involved in
ribosomal RNA processing, Brm also interacts with Samé8, a nuclear RNA binding protein that in
tutn binds splicing regulatory clements present in the CD44 alrernative cxons and stimulates their
inclusion upen activation of the ERX. MAP kinases, How does Brm use these multiple interactions
to control alternative splicing? 1}44 contains a cluster of ten consecutive alternative exons (v1 to
v10) located berween constiturive exons 5 and 16, ChIP experiments have shown thar Brm is nort
only present at the gene promoter but appears to be distributed along the whole transcriptional unit
with levels that decrease gradually towardsthe 3’ end. Although also concentrated at the promorer
region, RNAPTI displays a different diseriburion inside the gene, with a clear accumulation within
the variable region peaking on exon v4. This peak disappears when Brm is knocked down by RNA;,
but is higher when cells are treated with phorbol esthers that activate ERKS.

These findings strongly suggest that activation of Sam68 by ERK triggers the formation of niac-
romolecular complexes containing Sam68, RNAPIT and Brm at the central block of variable exoris.
This results in the stalling of RMNAPII and the inclusion of the variable exons into mature mRNA,
in agreement with the kinetic coupling model (Fig. 5). Interestingly, there is a dramaric change
in the phosphorylation status of RNAPII at the panse site.* Successive ChIPs (ChIP-reChIPs)
using first anti-Brm and then anti-phospho-CTD antibodies specific for either phospho-Ser$ or
phospho-Ser2 revealed thar wirhin the €144 constant region Brm assoclares with phospho-Ser2
CTD RNAPIL However, Brin associates with phospho-Sers CTD RNAPI species at the CD44
alternative exons. The return of the RNAPIT phosphorylation status to that typical of promoters
at specific sites within genes could generate intemal *road blocks” to elongation (Fig. 6). In any
case it is now clear that internal road blocks exist in vivo, can be regulated by external signals and
are very important for alternative splicing,

Coordination Between and Polarity in Multiple Alternative
Splicing Events

Soon after the discovery of splicing it became evident that many gcnm contained more than
one region that is alternatively spliced, a feature that significantly expands the protein-encoding
potential of 2 genome, The fibronectin genc is a paradigmatic example,” as it conrains three re-
gions of alternative splicing that display cell type- and developmental stage-specific regulation.
This organization can give titc to up to 20 mRNA isoforms in homans, 12 in rodents and 8 in
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Figure 6. SWI/SNF stimulates inclusion of alternative exons in the CD44 gene by creating a

“road block” to RNAPII elongation at the variable region. The pause is the consequence of
multiple protein interactions involving SWI/SNF, RNAPII, the splicing regulator Samé8 and
spliceosomal components. The phosphorylation pattern of RNAPIL CTD associated to Brm is
changed from phospho-Ser2 to phospho-Ser5. This might cause the stalling of RNAPIl mol-
ecules coming behind, even if they are phosphorylated at the elongation-competent Ser2.
Based on Batsché et al.5®

chickens.® Although other genes with multiple regions of alternative splicing have been: character-
ized individually, the general prevalence of this phenomenon has been only recently examined by
bicinformatic approaches which indicate that a significant fraction (25%) of human genes have
such an organization.” This organization also raises the question of whether the different alver-
natively spliced regions of a gene are coordinately regulared. This has been studied by transfecting
humman cells wich minigenes carrying two alternative EDI regians in tandem, separated by 3,400
bp spanning three constitutive exons and the corresponding introns. Mutations at splice sites or
regulatory elemeqts of the proximal (with respect to the promoter) ED exon that either stimulate
or inhibit its inclusion cause parallel effects in the inchision levels of the distal EDL It contrast,
the same mutations introduced in the distal EDI have much smaller effects on the inclusion levels
of the proximal exon ® Although the molecular mechanism for the coordinating effect remains o
beclucidated, it is clear that coordination displays gene polarity. Most interestingly, coordination
persists but polarity disappesrs when the rate of transcriptional elongation is high (Fig. 7) but is
recstablished when elongation is inhibived by DRB. Thus, the rate of transcription elongation is
not only important for splice site selection ar a single alternative splicing event but also for long
distance effects in splicing regulation. Other examples of long distance regulation of splice sire
selection have been reported in the equine fraasein intron 1,7 and in the human shrombapoictin
gene.” However, coordination and polarity of multiple aleernative splicing events do not appear
to ocenr in every genc as splicing of the Drosaphile Dscam gene does not appear to be governed
by such rules™
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Figure 7. Model for the role of RNAPH elongation on alternative splicing polarity. Low elongation
rates or internal pauses (left) allow a temporal window of epportunity for splicing complexes
to assemble at the proximal alternative excn before the distal alternative exon is transcribed.
As RNAPII proceeds, the exon definition complexes at the proximal alternative exon stimulate
distal alternative exon inclusion in a polar way. High elongation rate or lack of internal pauses
atlows both proximal and distal alternative exons to be exposed simultaneously to the splicing
machinery which results in the absence of polarity. Based on Fededa et al.®

Conclusions and Perspectives

Transeriprion elongation and transeription factor recruitment may coneribute independently
or in a concerted way to the mechanisms by which transcriprion conerols alrernative splicing,
Sorneyears ago we proposed the idea that changes in the “pansing archirecrure” of a gene would
provoke changes in the alvernative splicing pattern of its cranseripe. In this context, perhaps
the contribution of different promoters or differential occupation of a single promoter is not
crucial in the cell, but experiments of promoter swapping were important to investigate the real
determinanes in kinetic and recruiement coupling, Several lines of evidence point to changes in
the chromatin structure in internal regions of genes a5 elicitors of changes in RNAPII clonga-
tion and stalling. The use of ChIF methodology has come of age vo depict the “orography” of
RNAPII, as'well as that of proteins involved in transeription, splicingand chromatin structure
along genes during cotranscriptional mRNA processing. The roles of posttranslational modifi-
carions, such as acetylation and methylation of core histones, shouid also be investigared. One
could imagine that, in the not so distant future, a detailed map will be available of the peaks
and valleys corresponding ro the distributions of regulatory proteins and modifications on
each gene in the genome and under different physiological or pathological conditions. Such
information will likely be extremely informative for predicring the corresponding patterns of
transcription and processing,
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The Coupling of Alternative Splicing
and Nonsense-Mediated mRNA Decay
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Abstract

ost human genes exhibit alrernative splicing, but not all aleernatively sphiced transcripts
M produce functional proteins. Computational and experimental results indicate that a

substantial fraction of alternarive splicing events in humans result in mRNA isoforms
that harbora premature termination codon (PTC). These transcripts are predicted to be degraded
by the nonsensc-mediated mRNA decay (NMD) pachway. One explanation for the abundance of
PTC-contining isoforms is that they represent splicing crrors that are identified and degraded
by the NMI} pathway. Another potential explanation for this startling observation is chat cells
may [ink aiternative splicing and NMD to regulate the abundance of mEMNA transcripts. This
mechanism, which we call “Regulated Unproductive Splicing and Translavien™ (RUST), has
been experimentally shown to regnlate expression of a wide variety of genes in many organisms
from yeast to human, It is frequently employed for antoregulation of proteins that affect the splic-
ing process itself Thus, alternative splicing and NMD act together to play an important role in
regulating gene expression,

Introduction

One major tesult of the large-scale sequencing projects of the last decade has been an apprecia-
tion of the extent of alternative splicing of mammalian genes, Fstimates vary, but most reports
agree that over balf of human gencs are alternatively spliced.™ What is the biological function of
this extensive alternative splicing? Many propose that it is a major mechanism underlying pro-
tedme expansion,® but alternative splicing can also modulate the finction or activity of a gene,
for instance by adding or removing exons encoding protein domains or by altering the smbi[ityuf
the transeript or resulting protein,**

In the last few years, it has become clear that many alternative splice forms prcncuslyl:lmught
to encode truncated proteins are actually targers of NMID (Fig. 1). In mamemals, a terminasion
codon lecated more than about 50 nucleotides upstream of the final exon junction is generally
recognized a5 premanre and elicits NMD.? Undevstanding of this rule allowed for the identifica-
tion of numerous transcripts that are predicted to be degraded rather than translated into protein.
The prevalence of these predicted NMD-targeted transcripts calls for a reconsideration of the roles
of alternarive splicing and NMD. Since the mechanism of recognition by the NMD pathway is
best understood in mammals and there are relatively few predicted or verified targets of NM [} in
other organisms, we will focas this review primarily on mammalian rargers of NMD.

*Corresponding Author: Steven E. Brenner—Department of Molecular and Cell Biology,
University of California, Berkeley, Email: brenner@compbio.berkeley.edu
Algernative Splicing in the Postgenomic Era, edited by Benjamin J. Blencowe
and Brenron R. Graveley. @2007 Landes Bioseience and Springer Science+Business Media,
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Figure 1. Some alternatively spliced transcripts are degraded by Nonsense Mediated mRNA
Decay {(NMD). The spliceasome deposits an Exon [unction Complex (EJC} an the mRNA
~20-24nt upstream of the splice junction, thereby marking the former [ocation of the excised
intron.” On the first, pioneering round of translation,?® any in-frame stop codon found more
than 30 nt upstream of the splice junction triggers NMD; such a codon is called a PTC.%®
Alterative splicing can lead to the inclusion of a PTC on an alternatively spliced region, or
may give rise to a downstream PTC due to a frameshift. Thus, alternative splicing can give rise
to unproductive transcripts. Splicing factors (labelled “SF*) can alter the ratio of productive
transcripts to transcripts that contain a PTC, targeting them for degradation. In this example,
the dark splicing factor shown induces the inclusion of an alternative exan with a PTC, thereby
decreasing the abundance of the productive isoform and downregulating protein expression.
Companents of the splicing machinery such as U2AF35 and PTB can similarly regulate isofarm
proportions. Reprinted from: Soergel D et al. ln: Maguat LE, ed. Nonsense-Mediated mRNA
Decay. Goergetown: Landes Bioscience 2006:175-196,'%

Transcripts containing a PTC can arise through various patterns of alternative splicing
(Fig. 2). For example, an exon inclusion event can introduce an in-frame PTC, thus cargering
the transcript for NMD. Most alternative splicing events that induce a frameshift are predicted
to give rise to a downstream PTC. Alrernative splicing in noncoding regions can also give rise
to NMD targets. For example, the splicingof a 3' UTR intron can create an exon-exon junction
more than 50 nucleotides downstream of the original stop codon, which will consequently be
recognized as premature.'®

NMD was origimlly considered to be a quality control mechanism, protecting the cell
from the potentially toxic effects of nonsense codons introduced by crrors in replication,
rranscription, or splicing.!!? We now kinow that there are many targets of NMD,"** including
transcripts with wORFs, products of alternative splicing, byproducts of V{ID)J recombination
and rranscripts arising from transposons and retroviroses.'” Indeed, it now seems that a major
effect of NMD is to downregulate specific transcripts, in addition to clearing the cell of aber-
AT TrANSCripts.
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Figure 2. Patterns of alternative splicing, Alternative selection of 5' and 3' splice sites can
lead to various patterns of included exons. Any excn that is induded in an alternative form
may harbor a PTC. Also, whenever an exon whose length is not a multiple of 3 is included or
removed, the concomitant frame shift may result in a downstream PTC. Finally, splicing cutan
intron in the 3' untranslated region {UTR} can cause the normal stop codon to be considered
premature. Reprinted from: Soergel D et al. in: Maquat LE, ed. Nonsense-Mediated mRENA
Decay. Goergetown: Landes Bioscience 2006:175-196.'%

Many Alvernative Splice Forms Are Targets of NMD

While it was long known that alternative splicing may praduce isoforms that are degraded by
NMD, this was not appreciated as 4 pervasive phenomenon until genome-wide studies indicared
that a substantial fraction of human genes arc spliced 1o produce isoforms that may be rargered
for NMD.
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The first study to predict widespread NMD of alternarive splice forms used human mRNA
and EST sequences fram public databases to infer altemative splice forms and identify PTCs.'
Lewis et al considered 16,780 human mRNA. sequences from the reviewed category of RefSeq,
a set of well-characterized, experimentally confirmed wanscripe sequences.”” Alignment of the
RefSeq mRNAs to their genomic Joci showed that 617 of these curated mRNA sequences, or
3.7%, contained PTCs. However, the alternative splice forms inferred by aligning EST sequences
from dbEST® to the RefSeq-defined genomic loci substantially increased the estimated fraction
of genes with PTC* isoforms (Fig, 3). Based on the EST data, over 3000 of the RefSeq genes had
alternative splice forms and of these alternatively spliced genes, 45% were predicted to encode ar
least one sphice isoform that is a target of NMD.' Therefore, the study found that at least 12% of
human genes have a PTC" isoform.

These tesults have been confinmed and strengthened by more recent seudies. An analysis of the
isoforms contained in SWISS-PROTY showed that even this reliable, curated database contained
presurned translation products of mRNA sequences that are likely o be degraded by NMD.
Alignment of the mRNA sequence of each protein isoform reported in SWISS-PROT to the
human genome identified reliable exon-intron structures for 2483 isoforms from 1363 genes. The
50-nucleotide rule predicred thar 144 isoforms (5.8% of 2483) from 107 genes (7.9% of 1343}
contain a PTC and are likely rargees of NMD2

An clegant srudy by Back and Green extended the analysis of PTCY altcrnative splicing to con-
sider conservation of splice forms berween human and monse. ‘This approach helps distinguish
aberrant splicing events from rare but functional variants. Starting from a large set of cONA and
EST sequences, Back and Green ideniified about 1500 pairs of exon inclusion/exclusion splice
forms found in both human and mouse. A quarter of the conserved alternative forms contain a
conserved PTC,* which is consistent with subscquent findings,™ suggesting thar these isoforms
play a functional role and that the PTC is important to their function.

Several microarray experiments have provided direct evidencs to support these computational
results.'?? In one example of these experiments, Mendell and coworkers depleted HeLa cells of
Upfl, an essential component of the NMI> pathway, and used microarrays to compare mRNA
abundances in chese cells to mRNA abundances in mock-treated cells,” They found that 4.9% of
the ~4000 transcripts tested showed significantly higher abundances in cells deficient in NMID,
suggesting that NMD normally downregulates those transcripts, Evidence that their observations
were largely due to the direct action of NMD, rather than being 2 downstream regulatory con-
sequence, was provided by showing that several of the putative NMD-targeted transcripts they
identified decayed faster in normal cells tha in cells depleted of Upfl, They also provided evidence
that the effect they observed was due co NMD by showing that the PTC* transcript abundances
responded similarly to depletion of Upf2, another protein that is essential for NMD. Finally,
Mendell et al also observed that 4.3% of the transcripts decreased in abundance in NMD-deficient
cells. The stability of those transcripts was not altered by NMD deficiency, showing that the change
in their abundance was an indirect effect. Because this microarray experiment derected changes in
total transeript levels across all isoforms of a particular gene, it may not have detected changes in
transeript levels of a specific PTC isoform. Therefore, many true NMD targets would not have
been identified.

To specificafly detect changes in specific isoform abundances due to NMD inhibition, Pan
et al used an alternative splicing microarray platform.® By distingnishing relative levels of PTC*
versus PTC' isoforms, they found that approximately 10% of the PTC-containing isoforms
increased in abundance by at least 15 percentage points upon inhibition of NMD. Although Pan
et al were able to detect relatively few targets of NMD, they reported that a majoriry of the PTC*
isoforms are present at relatively low abundances, evens when NMD is inhibited. They concluded
that many of these may represent nonfuncrional transcripts of transcripes that arc not under
strong sclection pressuce. This conclusion is consistent with the observation that the majority of
PTC-containing splice variants identified in sequenced transcripts are not conserved berween

human and mouse.”*
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The Coupling of Alternative Splicing and Nansense-Mediated mRNA Decay I9s

‘There is limited information about the prevalence of alternarive splicing coupled o NMD
in Drosophila. Rehwinkel ct al used a gene expression array and found that 3.4% of genes had a
significant increase in overall transcript abundances when NMD was inhibited; inerigningly, the
NMD protein SMG5 was among these.” More recently, an alrernative splicing array platform
capable of distinguishing distinct isoforms found an order of magnitude more isoforms that are
targets of NMD in fly (manuscript in preparatien). However, even this finding represents a mod-
est level of coupling relative to the amount predicted based on the analysis of EST and eDNA
transcripts from human and mouse tissues.

The striking number of predicted PTC* alternarive splice forms demands more derailed expla-
nation, Are some of these isoforms transtated at levels sufficient to impact physiology? Are they
an unavoidable side effece of productive alternative splicing? How many of the observed PTCY
isoforms are due to transcriptional or splicing nofse? To what extent do PTC? isoforms represent
the coupling of alternative splicing and NMD in order to regulate gene expression? We shall
consider each of these potential explanations in turn.

Do the Observed PTC* mRNA Isoforms Evade NMD

to Produce Functional Protein?

The existence of numerous FTC* iscforms was first inferred from EST data.'® One may won-
der why EST evidence exises at all for isoforms that are expecred to be degraded by NMD. As
observed in numerons examples {Table 1), NMD substantially reduces the abundance of FTC*
transeripts, but does not eliminate them entirely, One explanation for the presence of these ESTe
is that NMD surveillance may not be completely effective. Furthermore, PTC* isoforms are not
degraded instantly upon being spliced; rather, their degradation occurs only afier a pioneer round
of wanslarion,” which might occur near the nuclear pore duringor soon after export of the message
from the nucleus (reviewed in ref. 25). Thus, we expece there o be some steady-stare abundance of
PFTC* isoforms chat have not yet been degraded, especially inside the nucleus. A serics of elegant
experiments and computational modeling in yeast sugpest that the dominane reason for the pres-
ence of PTC* mRNAsin the cell is the temnporal lag between splicing and degradarion, rather than
incomplete surveillance.” Evidently, the resulting abundance of PTC? isoforms is in many cases
high enough for ES Tedetived from those isoforms to be observed and deposived in dbEST. Indeed,
many of the alternative splice junctions that generate a PTC are supported by multiple ESTs.

Nevertheless, less stable isoforms will be underrepresented in EST libraries, Using sequence
features such. as splice sive strength, Back and Green modeled the prediced inclusion rates of
alternative exons.? They showed that PTC* isoforms are probably produced ar a higher rare than
they are observed in EST dara and that many are degraded before they can be sequenced. Thus, che
EST data underesrimate the fraction of a given gene’s mRINA that is PTC* and alse underestimate
the number of genes with PTC? alternative splicing. For this reason and also becanse the quality
filters used in the above stadies excluded many genes and isoforms, EST-based reports offer a lower
bound on the number of PTC* isoforms; the true prevalence of alternative splicing and of PTC*
isoforms may be sabstantially higher.

Some PTC* transcripes may evade NMD, increasing their likelihood of being observed and
depasited in sequence databases. This evasion can happen in two ways—Dby the incomplete
action of NMD to degrade the PTC? mranscript, or by 2 specific mechanism thar aliows the
transceipt to evade WMD to ensure proteln production. There are a few known examples in
which a transcript which should be degraded according to the 50-nucleotide rule is in fact
stable and is translated to produce protein. These include polycistronie transcripts on which
translation is reinitiated downstream of a PTC™; apelipoprotein B, which is protected from
NMD by an RNA editing complex*; some cranscripts with a PTC near the initiation codon®;
cytokine thrombapoietin ( TPQ} mRINA with several tORFs*; and an aberrant B-globin transcript
which is protected from NMD by an unknown mechanism ¥ Although NMD does not pre-
vent protein production entirely in such cases, it may nonetheless limit expression fram P'TC*
transcripts subszantially, as was shown for an altesnative transcript of EAH® and for ARD-1.3
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Nanetheless, documented exceptions to the $0-nt ruleare rare and there are many more known
cases in which the 50-nt role is obeyed.

Even for PTCY transcripts that do not evade NMD, the possibility remains that che single
truncated protein product of the pioncer round of translation is functionally significant, since
some regulatory proteing can have an effect even at a very low copy number,* Also, to the extent
that NME is not completely effective at detecting and degrading typical PTC* wranscripts, the
rranseripts thar cscape this process may be rranslared to produce truncared proteins, However,
these proteins will frequently lack critical domains, rendering them inacrive or even barmfnl In
any case, it is hard to imagine that functional roles of truncated proteins could explain the high
prevalence of genes with PTC? Isoforins, especially given the wide functional diversity of these
genes, and no data exist to support such a view.

‘While there may be exceptions, it seems unlikely that many PTC* isoforms produce functional

protein, either during the pioneer round of transiation, due to incomplete surveillance, or by

cvadmg NMD altogether.

Are the Observed PTCH mRNA Isoforms a Side Effect

of Productive Alternative Splicing?

In the particular sitnation of muntnally-exclusive exon usage, NMD may be a mechanism for
removing transcripts that erroneously include both exons or neither exon. For isoforms of FGFRZ,
inchuding both exons or neither exon introduces a frameshift and PTC into the mRNA, targeting
it for degradation.® In this circumstance, an isoform including exon ITIb while skipping exon ITlc
is productive; similarly, the isoform including exon ITIc but exclnding exon Ib is productive,
However, the spliceosome may also pair the same splice sites differently such rhat both cxons are
i(ncludcd, or such that neither are included. Both of these latter possibilities introduce a PTC

Fig. 4).

Each splice site involved in the removal of exons 1Ib and I1lc is required for the production
of at least ane productive isoform; the unproductive isoforms arise simply from alternate pairings
of these otherwise productive splice sites. Given that the spliceosome is prone to such alternate
pairings, there ay be evolutionary pressure to ensure that the undesired isoforms include 2 PTC.
This resultsin an inevitable side effect of the mechanism for productive alternative splicing, NMD
can be used as a filter to remove these “side effect” isoforms, which may comprise a substantial
fraction of the transcripts produced {up to 50% in the case of FGFR2).Y

We examined the alternative isoforms inferred from human dbEST data (see above) and found
that PTC* isoforms could be explained s a side effect for 3496 of the genes that produce them, Thar
is, 66% of the genes with a PTC* isoform have a splice site that is specific ro PTC* isoforms and
that isresponsible for introducing the P'I'C {Soergel 2005, unpublished data). If these unproducrive
isoforms were on.the whole detrimental to the cell, then we would expect evolutionary pressure to
have selected against PTC specific splice sites, but in fact many of them are strikingly conserved,
as we discuss below. Thus, while the contribution of “side effect” isoforms may be significant, they
alone cannot cxplain the high prevalence of PTC? isoforms,

Do the Observed PTC* mRNA Isoforms Represent

Missplicing or Cellular Noise?

NMD was originally described as a means of clearing erroneous transcripts from the cell!12
In keeping with this role, some alternative splice forms that are degraded by NMD could repre-
sent splicing errors, Such errors conld arise from mutations disrupting splice sites or regulatory
sequences, including mustations in intronic regions thar are invisible afrer intron removal. Also,
the splicing machinery itself could recognize incorrect splice sites. The spliceosome distinguishes
true splice sites from nearby cryptic sives with impressive fidelity, but splice site recognition is a
complex process and errors occor ar some rate. Although there are at present no clear dara on the
extent of missplicing, EST [ibraries contain milliens of tanseript sequences and even extremely
rare events, such as those arising from missplicing, may be represented.
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Figuse 4. NMD can be employed to remove “side effect” isoforms in the case of mutually
exclusive exons, Alternative splicing may generate two productive isoforms including one or
the other of a pair of mutually exclusive exans. By choosing different pairings from the same
set of 5° and 3 splice sites, the splicessome may also generate isoforms including both exons,
or neither exon. Frameshifts can give rise to PTCs on these undesired isoforms so that they will
be degraded by NMD. Reprinted from: Soergel D etal. In: Maguat LE, ed. Nonsense-Mediated
mRNA Decay. Goergetown: Landes Bioscience 2006:175-196,10%

In EST-hased computational analyses, splicing errors can be identified to some extent by filter-
ing out splicing events that are seen only in a few ESTs, but this method cannot distinguish errors
from legirimate rare splice forms, With mulriple mammalian genomes available, recent work has
focused on evolutionaty corservation to suggest hegative selection and, perhaps, functional roles
for conserved alternative forms,? (also reviewed in refs. 39,40). Minor isoforms, those thae
occur anlya fraction of the time, are less often conserved than major isoforms* and may sometimes
represent recent mutations or splicing errors, The minor isoforms that are conserved, including
PTC -containing isoforms, are mare likely to be functional than minor isaforms rlm.t are seen anly
in one species, although species-specific isoforms may alse be functional

As described above, Back and Green identified PTC? isoforms thar were conserved between
human and mouse to filter out aberrant splicing. They note that the inclusion of the same “ac-
cidental™ alternarive exon is unlikely to happen by chance in both species, but that occasional
accidental skipping of the same exon could more readily happen by chance in both human and
mouse. To reduce the influence of these conserved but aberrant splicing events on their data
set, Baek and Green designed a sratistical method to discriminate berween splicing zrrors and
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functional alternative splicing. Using this method, they inferred that 80% of the conserved
PTC-producing splice events they considered were legitimate, compared to 20% that appeared
aberrane.? Thus, most of the conserved PTC-producing splice events they observed were not
likely die o missplicing.

Pan and coworkers used an experimental approach to understand whether the prevalence of
PTC* transcriptsisa result of funcrional gene regnlation or splicing noise.” As previously described,
they developed an alternative splicing microarray platform to detect the relative abundance of
PTC* versus PTC: isoforms for over a thousand cassette-exon type alternative splicing events in
mouse. Their study showed thar in 10 diverse unereated mouse tissues where NMID is active, most
PTC? isoforms represent less than 50% of the stcady state pool of transcripts from a given gene.
The low abundance is consistent ¢ither with a reduction in the levels of PTC* isoforms due to
the action of NMD, or with infrequent oceurrence of the alternative splice events that produces
the PTC* isoforms,

"To address these two possibilities in one cell type, Pan et al measured the changes in relative
abundance of PTC* isoforms upon NMD inhibition in HeLa cells, using 4 microatray profiling
3055 human cassette exons. A small percentage of PTC* isoforms were upregulated after NMD
inhibition, mggesting that their unproductive splicing conld affect gene expression. Nonetheless,
because the majotity of PTC+ isoforms are present at low abundance even when NMD isinhib-
ited, Pan et al inferred that most PTC* isoforms may not contribute important fanctional roles.
One cannaot exchrde the possibility thar subde changes in the abundance of some PTG isoforms
have functional consequences, perhaps in different tissues. Nevertheless, chis srudy suggests thar
the majority of PT'C* isoforms may simply be due to infrequent splicing events and represent
potential cellular noise cleared by the NMD machinery.®

If many PTC-containing transeripts are a resule of splicing noise, cheir prevalence in a wide
variety of genes coukd reflect a fimnctional role that allows for the evolution of new gene functions
via alternative splicing. # The existence of NMD could have led to an increase in alternative splic-
ing, because any splicing exrors that introduced PTCs would be removed by NMD, reducing the
harmful effects of missplicing, As a result, the pressure to recognize splice sites perfectly would be
lowered. Functional alternative splice forms vould arise through splicing errors and then become
established by sequence changes that strengthen their splice sites or add regnlatory elements,

Are PTC* mRNA Isoforms Important for the Regulation

of Gene Expression?

‘There arc many examples of specific transcripts that are regulated by the coupling of alternarive
splicing and NMD (Table 1). This process provides an additional level of regulatory ciscuitry to
help the cell achieve the proper level of expression for a given protein, The cell could change the
level of productive mRNA after transcription by shunting some fraction of the already-transcribed
pre-mRNA into an unprodaceive splice form and then to the decay pathway (Fig. 1). In the
simplest case, some constant fraction of a gene’s pre-mRNA is spliced into an unproductive,
NMD-targeted form, In other cases, the proportion of transcripts targeted for degradation is
regulated by an external input. Finally, autoregulatory loops can arise in which a protein affects
the splicing patrern of its own pre-mRNA. The process of gene regulation through the coupled
action of alternative splicing and NMID has been termed “Regulated Unproducrtive Splicing and
Translation,” oc RUST.

Constitutive Unproductive Splicing

"The simplest type of coupled alternative splicingand NMD is one in which the ratio of produc-
tive to unproductive splice forms is not significantly variable. In this case, the combined effect of
alternative splicing with WMD reduces message abundanee by a more or less constant facror. An
apparent example of this is the Cafpain-10 gene, which encodes a ubiguitonsly expressed protease
and is altcrnatively spliced to produce eight mRNA isofortns. ™ An analysis of these isoforms
nsing SWISS-PRCT and genomic sequences showed that four contained PTCs. An expression
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study by Horikawa et al showed that the four PTC*isoforins were “less abandane” int vivo than the
other four™ Further experitnents showed that the PTC? isoforms increased in abundance relarive
to the PTC isoforms when cells were treated with cyeloheximide, which blocks translation and
therchy inactivates the NMID pathway.® This resuft confirmed that all eight mRNA isoforms are
produced but chat the foar PTC* isoforms are degraded by NMD, Other cxperimentally confirmed
cxamples in the literature refect appatent constitutive unproductive splicing (Table 1a). Such cases
may not be regulation, but simply cellular noise, with the unproductive splicing providing lictle or
na selective advantage or function. Of course, in cach of these cases, there may be as yet imknown
regulatory inputs that impact the splicing process and alter the isoform proportions.

Regulated Unproductive Splicing

‘There are many examples of regulated alternative splicing, particulurly in tissue-specific alter-
native splicing events, ¢.g,, references 47-49. The role of regulated alternative splicing is emerging
as an important layer of gene regulation, much like gene regulation at the transcriptional and
transtational levels.” Twenty-three examples of regulaced alvernarive splicing leading vo NMD are
shown in Table 1. In addition to changing the relarive abundance of funcrional isoforms, changes
in the splicing environment may increase or decrease the production of rranslated isoforms relative
to PT'C* isoforms that are degraded by NMD (Fig. 1).

The5'and 3 splice sites recognized by the spliccosome have a range of “strengths” or binding
affinities for the core spliccosome components. Selection of splice sites is also under the control
of a host of regulatory splicing factors which bind to specific sequence signala in the pre-mRNA,
'These sequences may be exenic or intronic and may be associated with enhancement or suppres-
sion of splicing at nearby (and sometimes at distant) splice sites. Cis-regulatory sequences, such
as exonde splicing enhancers {(ESEs), are frequently found in clusters, suggesting a combinarorial
regulation of splicing by complexes of splicing factors®>* {refer to chapter by Chasin).

A change in the abundances of splicing factors can shift the balance of splicing patterns towards
the production of NMD-targeted isoforms, thereby reducing the abundance of productive tran-
scripts and hence the rate of protein production. In this way, splicing facrors can act as regularory
inputs to alter gene expression in 2 manner analogous to transcription factors. An example of this
intrigning mode of gene regulation is MIIJ, which encodes a microrubule-associated prorsin
irvolved in triggering the degradation of phosphatase 2A 32 MID1 is ubiquitously transcribed, but
itis spliced in a tissue- and development-specific mannet. Winter and coworkers observed numer-
ous alternatively spliced rranseripts which included novel alternative exons, in addition to nine
previously known constitutive exons. Most of the transcripts with novel exans conrained in-frame
stop codens and subsequent alternarive poly(A+) tails; the alternative polyadenylation meant thar
the stop codons were not premature, allowing for translation of a C-terminally truncated protein.
A second class of alternative transcripts contained stap codons closely followed by an in-frame
start codon, suggesting the possibility of translation reinitiation and production of N-terminally
truncared procein. A third class of alternative transcripts contained prematuse stop codons that
were associated neither with an alternate poly{A+) signal nor with an alternate start site. These
transcripts were predicted to be subject to NMD according to the $0-nudeotide rule. Consistent
with this predicrion, Winter et al found that the abundance of hutnan AMIDZ transcripts including
exan L (an alternative exon introducinga PTC) increased in the presence of the NMD inhibitor
cycloheximide” Finally, Winter et al used RT-PCR to observe that different MID isoforms are
produced in differeny tissues and at different developmental scages in both human and mouse, For
instance, the PTC-introducing exon 1a was observed in five distinet transcripts in human fetal
brain cells, two transcripts in fetal fiver cells and none in fetai fibroblasts, These results strongly
suggest that alternative splicing and NMD are being employed ro regulate the overall abundance
of praductive MIDJ transcripts.

The genc encoding spermidine/spermine N'-acetyleransferase (SSATY), an enzyme that regulates
the intracellular levels of the polyamines spermidine and spermine, provides an interesting example
of RUST.® SSAT acetylates spermidine and spermine, which are then excreted out of the cell
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Polyamines were known o regulate genc expression of $8.47 at the level of transcription and seabili-
zation of the MRNA® and Hyvénen et al present evidence that polyamines regulate gene expression
of S54T by promoring the exclusion of an exon containing three in-frame PTCs. Upregulation of
the PTC* isoform occurs when polyaming levels are low—a condirion where the enzyme is not
needed. Upon depletion of polyamines in mouse embryonic scem cells, Hyvonen et al observed
an increase in the relative abundance of the PTC* isoform of 547, termed SSATX. Conversely,
after mreating cells with DENSpm, a polyamine analog, they observed a decrease in the ameonnt
of $34TX mRNA relative to the normal, PTC™ 5547 mRNA ** To demonstrate that SSAT-X
mRNAs are degraded by NMD, Hyviinen et al inhibited NMD in fetal fibroblasts by treatment
with cycloheximide or an siRNA targeted to UPFI. Under both conditions, they observed an
increase in the relative amount of SSAT-X mRNA, thus providing evidence char SS4T-X is a target
of NMD. Furthermore, they observed a decrease in the relative amount of SSAT-X in cells ereated
with cycloheximide and DENSpm compared to cells treated with only cycloheximide, indicating
that the addition of polyamines does not enhance NMD activity, but does affect alternative splic-
ing.®* Polyamines also affected the splicing of a PTC* isoform of an unrelated gene, CZt1, but did
not affect the splicing of dhree other genes, indicating that polyamines may specifically regulate
other transcripts as well, Although the mechanism which enables polyamines to regulate changes
in alternaxive splicing of S54T is not known, the results of the above experiments show a clear
and novel example of RUST.

Defects in the regulation of unproductive splicing can lead to disease. Myotonic dystrophy
(DM), an autosomal dominant disease, is the most common form of adult-onset muscular dys-
trophy. DM has been shown to be caused by either of two repeat expansions whose presence in an
mBINA affect the function of several splicing factors™ such as CUG-BP1 and thus induce splicing
changes in several genes™* (refer to chapter by Orengo and Cooper). The mechanism by which
these repeat expansions affect the function of CUG-BP1 is not clear; however, the misregulation
of CUG-BP1 has downstream cffects that contribute to DM. Patients develop myotonia from
lack of muscle-specific chloride channet 1 {CIC-1). The misexpression of CUG-BP1in DM tissue
results in the mis-splicing of the CIC-1 pre-mRINA.%

The normal developmental splicing pattern for CIC-2 has a PTC* splice form in embryos
but a productive splice form in adule cells, In DM tissue, C/C-1 splicing reverts to its embryonic,
PTC-containing splicing partern—which is greatly reduced in abundance, likely as a consequence
of NMD.* Tissues from DM paticnts have increased steady-state levels of CUG-BP1 protein
and the overexpression of CUG-BP] in mouse skeletal muscle and heart tissues results in the
embryonic splicing pattern of CIC-1.5%% In addition, expression of the CUG-BP1 protein is
decreased in mouse skeletal muscle and heare tissues shorddy after birth,* providing evidence thac
the CUG-BP1 protein influences the splicing of the PTC* isoform. Thus, it appears that normal
CIC-1 expression is governed by RUST and that the DM disease is caused by undermining che
proper function of splicing factors with consequenc disruption of RUST.

Autoregulatory Unproductive Splicin,

‘There is abundant evidence that RUST is used for autoregulation, most prevalensly of proteins
that are part of the splidug or transladon machinery. In some fascinaring cases, proteins chac are
not generally involved in mRNA processing bind specifically to their own transcriprs ro affect
their splicing and elicic NMD. Onc example of this is found in yeast. Yeast genes are generally
unspliced, but in the few intron-containing gencs, intron inclusion can introduce an in-frame step
codon and target the transcript for NMD. The yeast ribosomal protein RPL30 binds o its own
pre-mRNA to prevent intron removal. This retained intvon contains a PTC that triggers NMD.#
'The mRNAs of other yeast ribosomal protein genes, including RPL28 (CYH2) and RPSI7E
(RPS1B), sometimes retain their introns and become natural NMD targets, leaving open the
possibility that their splicing is also mgulated to elicit NMD.®

Some ribosomal proteins in . elegans are similarly antoregulated. A screen for narural targers
of NMID identificd the genes for ribosomal proteins 1.3, L7a, L10a and L12. Each of these genes
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can be alternatively spliced to generate cither a productive isoform or an unproductive isoform
that contains a PTC and is therefore degraded by NMD. The ratio of productive to unproductive
alrernative splicing of rpl-12 is affected by levels of RPL-12 protein, indicating that unproductive
splicing of 7p/-1 2 is under feedback control.5 More recently, NMD-targer isoforms of the human
ribosomal protein genes rpL3 and rpL 12 were identified and the unproductive splicing of rpl. 3
was shown to be auroregulated by rpL3 protein in a negative feedback loop.” RUST thus seems
to play a similar role in the regulation of ribosomal proteins in species from yeast to human,

A striking number of splicing factors and elements of the splicing machinery are autoregulared
through RUST (Fig. 5 and Tables 1c and 1d). One such example is the polypyrimidine tract

| | Ll | }
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Figure 5. Autoregulatary unproductive splicing. Some splicing factors, such as PTB and SC35,
regulate the splicing of their own transcripts so as to alter the proportion of unproductive
isofarms.™# This creates a negative feedback loap, stabilizing the concentration of the splic-
ing factor over time. Autoregulated splicing factors are generally not specific to their own
transcripts, however; they impinge on the splicing of many ather pre-mRNAs as well.



The Conpling of Alternative Splicing and Nonsense-Mediated mRNA Decay 208

binding protein (PTH}, a protein whose function is to inhibir splicing by competing with U2AF
for the polypyrimidine tract and perhaps chrough other mechanisms as well {reviewed in refs.
50,65). PTE is alternatively spliced o produce two major productive isoforms (one of which
lacks exon 9),% one minor productive isoform lacking exons 3-9,% and rwo unproductive
isoforms lacking exon 11, Removing exen 11 causes a frameshift leading to a downstream PTC.
PTB protein has been found to promote the removal of exon 11 from its own transcripts.¥
Consequently, when PTE levels are high, PTB production isslowed by rargeting PTB cranscripts
for NMD and when PTB levels ase low, production is accelerated by reducing the proportion
of transcripts that are degraded 557

A similar antor ory process has been reported for members of a family of splicing facrors
known as SR proteins. Overexpression of the SR protein $C35 upregulates the splicing of its
own NMD-targeted isoform to reduce protein production.® Intrigningly, similar unproductive
splicing is found in all human SR genes and some hnRNPs,and the alternative splicing events
that create the PTC-containing isoforms are conserved in mouse orthologs. '™ '® Remarkably,
some of the most conserved regions of the human and mouse genomes are associated with this
unproductive splicing.

The CDC-like kinases {Clks}), which regulate SR proteins, seem to be affected by RUST as
well*® RUST appears to regulate the Clkl protein through an indirect feedback mechanism.
CIk1 has been shown to indirecdy modify splicing of its own transcript, most likely through
phosphorylation of SR protcins.” Thus, as a variation of the autoregulatory circnit described
above, increased Clk? activity may result in changes in the activicy of one or more SR, proteins.
‘These SR proteins in tarn affect the splicing of Cl&J pre-mRNA to favor a PTC* transcript that
is predicted to undergo NMD. This PTC* transeript is stabilized by ¢ycloheximide, providing
cvidence that it is indeed normally degraded by NMD.™ RUST regulation of SR proteins, Clks
and PTB may have downstream effects on many pre-mRNAs. Thus, RUST can regulate factors
that control alternative splicing of many other gene products.

Finally, splicing factors char are aucoregulated by RUST may also be subject to RUST thar is
triggered by heterologous factors rather than autoregularion. Thisis seen in the alternarive splicing
of PTB, which can be affected by the splicing regnlators raverl and CELF4, forming a nerwork
of regulatory factors contributing o RUST.¥

Conservation of Regulated Unproductive Splicing and Translation

(RUST)

The coordinared use of alternative splicing and NMD is scen not only in mammals but in
organisms as distant as yeast™ and planes.™ The mechanism of PTC recognition differs between
marnmals and other species, where it does not seem to depend on the location of the stop codon
relative to exon junctions. There have been significane advances recently in elucidating the
recognition mechanism in flies and yeast,”™7 but the rules are not clear enough to allow for com-
purarional identificarion of NMD targers. Nonetheless, NMD affects gene expression in a variery
of different organisms. 7

In several of the examples discussed above, analysis of orthologous and paralogous sequences
suggests that splicing to generate PTC* alternative isoforms and thus RUST regulation, is shared
across species and across provein families, In the case of PT8, the sequence and upstream regula-
tory elements of alternatively included PTC-containing exon 11 are very similar between the Figru
rubripes orthologand the analyzed haman gene, as well as in the human 2PTB paraleg.” Mouse and
monkey orthologs of the human multidrg resistance associated transporter 4BCC4 share highly
conserved PTC-containingexons that are orthologous to the alternatively included exons of human
ABCCY, another apparent RUST target.” Particulbarly strong evidence of conservation of RUST
is found in the Clks, Alternative splicing to exclude exon 4, introducing a frameshift and PTC, is
conserved among three human paralogs (CZR1, (2 and Clk3), the three orthologs of these genes
in mouse and even the sole copy of the gene in the sea squirt Ciona intrstinalis One SR protein in
Ciona also has unproductive splice patterns matching those seen in huraan and mounse 1™
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The action of NMD on a gene can be rerained even when the specific aliernarive splicing
events that clicict NMD are not conserved. As discussed above, MID! is 2 human RUST rarget.
Interestingly, while PTC* isoforms of MIIH were found in human, mouse and fugn, the respon-
sible stop eodons were introduced by alternative exons that showed no homology between these
species.® Thus, in this case, it appears that the RUST mode of regulation was maintained while
the specific sequence elements triggering it were not. This suggests that RUST has often and
readily evolved ro regulate specific classes of genes in organisms thar already have both alternarive
splicing and NMD.

‘Why Regulated Unproductive Splicing and Translation?

A substanrial portion of alternatively-spliced mRINAs scem to be targets of NMD. We have
discussed possible explanations for the prevalenc: of unproductive splicing: do these splice forms
represent biclogical noise or are they produced ro regulare provein expression? The relarively low
abundance and lack of conservation of many PTC? isoforms suggests that many of these isoforms
are nonfunctional or cellular noise, but the growing body of examples nevertheless suggeses that
RUST plays a significant regulatory role in the cell.

Many truncated proteins encoded by alternative transcripts would be nenfunctional even if
their rranscripts were not removed by NMD. Is the cambination of alternative splicing and NMD
inherendy different from alternative splicing that produces nonfinctional proteint Or does alterna-
tive splicing alone provide the important regulavory step, with NMD acting only as a convenient
but inessential cleanup mechanism? Some proven cases of RUST illustrate that the coordinated
action of bath pathways is required for regulation. Asdescribed above, expression of the SR protein
8C35 is antoregulated by RUST! its altcrnative splicing occurs in the 3' UTR to create an exon
junction downstream of the original stop codon without changing the open reading frame.” The
alternative splicing seerns to have no role other than causing the ariginal termination codon to be
recognized as premature. Withour NMD, the alternative mRNA would still encode the full-length
protein, so the alternative splice event alone could not be used to regulate protein levels. It seems,
then, that some genes have evolved to take advantage of the combination of alternarive splicing
and NMD in a role different from those filled by cither process alone.

RUST seems, at first, to be a wasteful process. A gene is transcribed and spliced, only to be
degraded before it can produce a protein. Yet we know that there are functional cases of RUSTT.
The cost to the cell of transcribing apparently-cxtrancous RNA is clearly not prohibitive. In
humans, roughly 85-95% of transcribed sequence is spliced out as introns and discarded.™
Evidently, rranscription of intron sequence is net a significant selective disadvantage and intron
splicing may even provide some general selective advantage. Similarly, the cost of transcribing a
pre-mRNA only ro splice it into an unproductive form must be balanced by the advantages of
an additional layer of regularion of gene expression or the flexibility to evolve new gene isoforms
without harmful effects.

How is a pracess like RUST beneficial to the ccll? It provides an additional level of regulation.
Transcriptional regulation is the most smdied means of controlling gene expression, but in some
cases additional control may be beneficial. Splicing regulation occurs after the decision to transcribe
2 region and RUST may provide a rapid way to change the levels of productive mRNA. In extreme
cascs such as the dystrophin gene, transcription can take many hours®™ and the requirements of the
cell might change after transcripdon begins but before a critical splicing decision thar determines
whether or not to introdnce a PTC. Even when temporal regulation is not necessary, an extra layer
of regnlation can help fine tune or amplify transcriptional and other regulation.

RUST could either increasc or decrease protein expression from steady-state levels. The splicing
factor P'TB illustrares this poin. At steady state, 20% of the transcribed pre-mRNAs of PTB are
spliced to an unproductive form. In general, we expect that a RUS T-regulated gene is transcribed
1o produce more pre-mRNA than is needed at steady state and that in normal conditions there isa
base level of downregulation by unproductive splicing. This fraction of “wasted” wanscripts consti-
tutes the headroom available to the regularory system ro increase levels of productive rranscript.
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In a system with prevalent alternative splicing, regulation by RUST may evolve easily. For any
particular gene, there are many possible altemnative splicingevents that could inwoduce aPTCand
elicie NMD (Flg 1), I the sequence of the gene changes slightly to promote one of these splicing
events in certain splicing environments and the resulting downregulation of the gene by NMD
is beneficial, then a basic sort of regulation has evolved. This has clearly occurred independently
many times. Indeed, RUST seermns to have evolved independently in every one of the SR genes.'
Without NMD, alternative splicing can still regulate gene expression by producing nonfuncrional
proteins. The additional advantages of coupling splicing with NMD may be that it prevents accu-
mulation of potentially harm{ul cruncated proteins and thar it reduces wasted rranslation, making
unproductive splicing less costly.

Splicing factors suchasPTB mmmbcovmtprcsmtcd among the known RUST vurgets, Is this
a coincidence or acquisition bias, or is RUST used most often to regulate a small ser of proteing that
arealready capable ofbinding pre-mRIN As? The latter may be the case for autoregulation by RUST.
A protein that has an existing role in splicing may evolve autoregnlation through splicing more
easily than a non-RINA-binding protein. Indeed, this is s simple and elegant means of regulation
for RNA binding proteins. Thereare only a handfil of known cases in which a protcin thar is not
a splicing factor is autoregulated by RUST and even these are predominantly ribosomal proteins
that do bind RNA in other, nonsplicing contexts, However, autoregulation is by no means the
only role of RUST and there is no reason for non-autorcgulatary RUST to affect splicing factors
preferentially, The examples listed in Table 1 indicate thar RUST is involved in the regulation of
a diverse set of proteins,

"Lhe potential for alternative splicing to regulate gene expression has been appreciated for many
years. Bingham et al proposed that “on/off regulation at the level of splicing might be unexpect-
edly common,’ in a 1988 review fearuring three cases of unproductive splicing in Dressphilze.® An
eatly paper about the splicing factor ASF discussed alvernative splicing as a quantitative control
of gene expression.® Nonsense-mediated decay adds an additional layer to the story®®; many of
the unproductive splice forms identified years ago ate now known to be degraded rather than
translated. Alternative splicing and NMD can be combined in an elegant way o regulate a wide
variety of penes.
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CHAPTER 13

Alternative Splicing in Disease
James P, Orengo and Thomas A. Cooper*

Abstract

lternative splicing is a major soutce of diversity in the human protcotne. The regulation of
A alternative splicing modulates the composition of this diversity to fulfill the physiological
uirements of a cell, When control of ahernative splicing is disrupted, the resulk can be
a failure 1o meet celbular and rissue requirements resulting in dysfunction and disease. There are
several well-characterized examples in which disruprion of aleernarive splicing is 2 caunse of disease.
Investigations into how the mis-regulation of alternarive splicing cavses disease complements inves-
tigations of normal regulatory processesand enhances our onderstanding of regulatory mechanisms
in general. Ultimately, an understanding of how altemative splicing is altered in disease will facilitate

strategies directed at reversing or circumventing mis-regulated splicing events.

Introduction

Mutations that cause disease by affecting splicing either disrupt cis-acting splicing signals or
the trans-acting components that are required for recogpition or modulation of splice site use.
Mutations that disrupt cis-acting elements or trans-acting factors have significantly different impli-
cations, Cis-acting splicing mutations slter expression of only the murated allele while mutations
that affect splicing factors required for constitutive or regulared splicing have the potential to affect
Iarge numbers of genes. Cis-acting murations most often result in aberrant splicing, which can be
defined as the expression of nonnatural mRNAs char are not expressed in norraal circomstances.
Two thirds of the time, aberrant splicing alters the reading frame of mRNAs such thar they are
often degraded by nonsense-mediated decay. Therefore, the mechanism by which most cis-acting
splicing mutations cause disease is by loss of function of the mutated allele.

Mutations in trans-acting factors that regulate alternative splicing result in expression of
natutal splice variatits, however, these mRINAs are expressed at inappropriate levels or contexts.
Suchaberrant regulation of splicing causes disease because the inappropriately expressed isoforms
cannot fulfill the funcrional requirements of the cell, or they have a function that is detrimental
to normal cell physiology.

Barly estimates were that 15% of point mutarions that cause disease did so by disrupting
splicing,’ This prediction was made prior to knowledge that exons contain a vast array of cis
clements that arc required for appropriate exon recognition. More recent estimates based on
extensive surveys of mutations within individual genes now suggest that the primary effect of up
to 50% of disease-cansing mutarions is to disrupe splicing.? The extent to which splicing muota-
tions cause disease is still under debate as some propose that most disease causing mutations
disrupt splicing?

‘There have been several recent reviews highlighting aberrant splicing. Here we describe several
examples in which alrerations in alrernarive splicing and ivs regulation result in disease,
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Tauopathies: Mutations in the MAPT Gene

A large number of discase-causing murations within the MAPT gene encoding tau cause
discase: by disrupting the balanced expression of mRINA isoforms thar contain or lack exon 10.
The known causes of MAPT-associated mis-splicing disorders described below are due to mura-
tions in cis-acting elements that devermine exon 10 inclusion, however, there is evidence thar
alterations in the functions of trans-acting factors that regulate splicing of cwn 10 also play a
rolc in tanopathics.

Tauisa microtubule binding protein that enhances microtubule assembly and controls micro-
tubule dynamics. Tau-mediated regulation of microtubules is particulardy important for neuronal
processes such as nenrive ousgrowth and axonal rranspore. Tau pathology has several components.
First, pathological ran accumulates in inchesions or neurofibrillary tangles in a mumber of diverse
neurodegenerativediseases such as Alzheimer's disease, progressive supranuclear palsy (PSP), corti-
cobasal degeneration, argyrophilic grain disease and frontotemporal lobar degeneration.’ Second,
tan is highly phospherylated at up to 38 sites. Phosphorylation is developmentally regudated with
increased phospherylation in embryonic compared to adult isoforme and pathological rau Jocated
in inclusions is the hyper-phosphorylated form.® Third, the essential roles of micretubules in
nenron function make these cells particularly susceptible to aberrant tau function. Therefore, the
mechanisms by which altered tau expression can tesult in disease include loss of 2 van-associared
MT function, gain of an aberrant function due to hyperphosphorylation and the accumulation
and resulting toxicity of neorofibrillary tangles.

It is still a marter of debate whether the neurofibrillary tangles found in Alzhcimer’s dis-
case, for example, are a cause or a consequence of pathology. However, the demanstration that
mutations in MAPT cause another neurodegenerative disorder, frontotemporal dementia with
parkinsonism linked with chromosome 17 (FTDP-17), esrablished a clear cause-eHect relation-
ship between mutations in the MAPT gene and neurodegenerative discaze.™ In FTDP-17 there
are two pathways to pathogenesis. Approximately half of the murations that canse discase are
missense mutations that directly alter tan function und discupt microrubule binding capabiliey
orincrease the propensicy for sclf aggregation. In the other pathway, which is the subject of this
section, mutations in alternative exon 10 or adjacent intronic regions disrupt the normal ratio
of isoforms generated by alternatively splicing, The total level of tau protzin isoforms remain
unchanged, only the ratio is altered.

MAPT exon 10 encodesa 31 amino acid segment chat encodes the fourth of four microtubule-
binding domains. The CNS normally expresses a 1:1 ratio of mRNAs including and excluding
exon 10 which encode the 4R and 3R protein isoforms, respectively. FTDP-17 mutations
primarily cause over expression of 4R isoforms at a 2-3 vo 1 ratio.’ It is unknown how changes in
the 4R/3R ratic result in neurodegenerarion. Potential mechanisms include reduced affinity of
tan for microtubules resulting in microrubule dysfimction and the aggregation of excess free tan
favored by alvered ratios of splice varians >

Alternative splicing of exon 10is regulated during CNS developrnent such that the 3R isoforms
are expressed in embryonic brain and the 4R isoforms gradually appear afier birth. Of the thiee
MAPT alternative splicing events only the 3R to 3R + 4R developmental transition is conserved
in human, mouse, rat and guinea pig.'® Exon 10 and its flanking introns contain a myriad of
cis-acting elements, reflecting the precise developmental regulation required to maineain the
appropriate 4R /3R balance in the adule CNS. In fact, MAPT exon 10 represents an excellent
example of the feavures thar establish a specific level of basal exon inclusion. Weak 3' and 5 splice
sites are balanced by the presence of purine and A/C-rich exonic splicing enhancers (ESEs) and
exonic splicing silencers (ESSs). A stem loop structore is proposed to sequester the 5 splice site
which promotes exon skipping.® All fificen FTDP-17 mutations thar affect exon 10 splicing are
Jocared from 10 nucleotides npstream to 29 nuclectides downstream of the exon.® Murations
cansing FITIP-17 either srrengthen the 3 or 5° splice sites, strengthen an ESE, weaken an ESS,
or alter the stability of the 3' splice sirestem loop. All of these mutations change the 4R/3R ratio
toward the 4R isoform."?
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Several proteins (such as p54, Tra2p, SF2/ASF, SRp30c, SRp35 and RBM4) have been shown
to affect MAPT cxon 10 splicing and binding sites for several of these proteins are disrupted by
disease-causing murations, ¥ Intriguingly, recent resules suggest that alverarions in the activities
of trans-acting facrors can also cause mis-expression of 4R/3R ravios. For cxample, alternarive
splicing of %2, which encodes a protein kinase that phosphorylates SR proteins, including Tra2,
is altered by overexpression of CLK2 and Tra2p. Differences in alternative splicing of MAPT,
Tra2B and clk2 in CNS regions most affected in Alzheimer's disease compared to age marched
controls could reflect a change in the activities of the splicing regulators and effects on their rae-
gets. Barring the possibility of general splicing changes secondary to CINS damage, these results
suggest the potential for crass regulation berween a MAPT splicing regulator and its kinase that
could be altered in pathological conditions.

MAPT exon 10 is actively used as a paradigm to develop therapeutic methods to correct
aberrant splicing. Two general approaches have been pursued ro correct the balance of isoforms
without affecting MAPT transcription. One approach, pioncered by R. Kole, has beeti to use
modified antisense oligonucleotides complementary to the splice sites flanking the alternative
exon.” Oligonucleotides complementary to the 3 or 5° splice sites inhibited inclusion of exons
containing FTDP-17 mutations in exogencusly expressed minigenes of MAPT exon 10, The
oligonudeotides were 2'-O-methyl modified to increase their half-life and to prevent RNase
H-mediated RNA digestion of the DNA-RINA hybrid. Anrisense oligonucleotides were shown
w induce exon skipping of endogenous ALAPT exon 10 in rac pheochromocytoma PC12 cells
and the effects were specific to exon 10 because splicing of alternative exons 2 and 3 were not
affected. Western blor analysis demonstrated a shift to 3R protein isofarms without a change in
total tau protein Jevels. Importantly, inducing the shift to 3R isoforms had a significant cffect on
microtubule fimction based en cell morphology and microtubule distribution, compared to cells
treated to control oligonudeorides. ™

Spliccosome-mediated RNA trans-splicing (SMaRT) is a different approach to correct aber-
rant splicing in which the desired wild type mRNA segment can replace a pathological mRNA
segment by trans-splicing2! In this strategy, an RNA Is exogenously expressed that contains a
sequence complementary to an intronic region upstream of the mutation in the pre-mRNA, fol-
lowed by a strong 3' splice site and an exon containing the wildtype sequence. The endogenons
murans pre-mRINA anneals to the exogenous RNA such that the two RINAs are spliced rogether
producingan mRNA encoding the wild type protein. Thisis 2 new applicarion for SMaRT, which
previously was wsed only to rarget constirutively spliced exons and opens the possibility of wsing
trans-splicing to decrease the pathological 4R/3R ratio in FTDP-17. The general challenge of
applying these approaches in patients is in delivering the therapentic agents efficiently and specifi-
cally to the appropriate tissues. A particular challenge for cotrecting aberrant splicing of MAPT
exon 10 is to restore and maintain the correct 4R/3R ratio.

Myotonic Dystro

yb?yvmnic ?y!uaph? (IBYM) Is an aorosomal deminant, multi-systemic disorder with an ind-
dence of approximately 1 in 8000. Individuals affected with DM develop debilitating progres-
sive muscular degeneration, myotonia, cardiac arthythmias, dilated cardiomyopathy, sleep and
neuropsychiatric disorders, dementia, a mild form of type 2 diabetes, defective smooth muscle
function leading to digestive motility abnormalities, infertility, vescicular atrophy, frontal bald-
ing and cataracts.™ There are two forms of myotonic dystrophy, DM1 and DM2, which exhibit
serikingly similar symproms but are cansed by microsatellite expansions in separate and unrclaed
genes. DML, which represents the majoricy of DM cases, is cansed by an expanded CTG repeat
in the 3' untranslated region (UTR) of the DMPK gene % The second form, DM2, iy caused by
an expanded CCTG repeat in intron 1 of the ZNF%genc.” The expanded alleles causing DM1 or
DM2 express rranscripts containing the expanded CUG and CCUG repeats, respectively. These
transcripts remain trapped in the nucleus were they form foci (Fig, 1), There is strong evidence
to indicate that the expanded repeat transcripts and not disruption of DMPK or ZNFY gene
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CAG-Cy3 a-MBNL1

Figure 1. CUG repeat-containing nuclear foci in DM1 fibroblasts. Cultured DM1 fibroblasts
statned for CUG repeat containing RNA using fluorescently labeled protein-nucleic acid (PNA)
probes and polyclonal antibody against MBNLI.

expression, is responsible for pathogenesis in TYM.* First, the fact that the expression of unrelated
genes containing expanded repeats cause similar symproms in DM 1 and DDM2 suggests a common
molecular mechanism that is independent of the function of the genes containing the expansion.
Second, a transgenic mouse model {HSA'™) expressing a human skeleral alpha actin mRNA
containing 250 CTG repeats, specifically in skeleral muscle, recapitulates many features of DM1
including histological abnormalities, foci formation and myotonia.® Third, DMPK knock-out
mice do not exhibit a significant DM1 phenotype.*®# Fourth, none of the large number of DM
casesthat have been characterized thus far are due ro mucations that result in DMPE or ZNF9loss
of function; the only known alterations in these genes are the expanded CTG or CCTG reprats.
Therefore, the repeat expansions rather than a loss of function of the mutated alleles appear to be
the cause of discase. In addition, the consequences of expression of a toxic rranseript from a single
expanded allele is consistent with the dominant inheritance of the disease.

A major feature of DM is disrapted regularion of alternative splicing. In contrast to diseases caused
by murations that disrupe splicing in cis, the expanded repear RNA alvers the activities of splicing
regulatory facrors causing a rransdominant misregulation of alternarive splicing, Twenty-one genes
have been found to undergo misregulated alternative splicing in DM heart, skeletal muscle, or CNS
{Table 1}. All of these altemarive splicing events are developmentally regulated in the absence of
disease, however in DM, the embryonic splicing pactem is aberrantly expressed in adult tissue,

While the functional consequences of the majority of misregulated splicing events in DM
are unknown, two splicing events have canse-effecr relationships with DM clinical fearures. Firsr,
in individuals with DM, the embryonic mRNA isoforms encoding the muscle-specific chlioride
thannel (CLCN1) arc aberrantly expressed. These isoforms contain premature tecmination
codons, which Jead to decreased CLCNI mRNA levels secondary to nonsense mediated mRNA
decay. 2% The resulting loss of chloride conductance causes the myotonia {inability to relax muscle
contractions) in individuals with DM Second, the embryonic isoform of the insulin receptor
{IR) that is mis-expressed in DM skeletal muscle has decreased signaling cfficiency consistent
with the insulin resistance frequently abserved in individuals with DM.*> It is likely that other
misregulated splicing events eontribute to different aspects of DM pathogenesis. Of particular
interest are splicing events that contribute to the major determinants of morbidity and moreality
in affected individuals such as muscle wasting, cardiac dysfunction and CNS abnormalities.

The expression of the CUG- and CCUG-repeat containing RINAs in DM disrupts the regula-
tory sctiviries of ar least two families of splicing factors, MBNL (Muscleblind-like) and CELF
(CUG-BP and ETR-3-like factors), which in turn resnlts in many of the splicing abnormalisies
observed in DM. MBNL and CELF proteins antagenistically regulate the splicing of at least three
of the pre-mRNAs that are affecred in DM rissues, Significantly, both are also involved in regulating
the normal developmental splicing transitions of the same pre-mRNAs, "

Miuscleblind was initially identified as a gene required in Drasophila for muscle and photore-
cepror cell development. %! Drasgphila MBNL and the three mammalian homologues (MBNLI,
MBNL2 and MBNL3)** all contain four Cys;His-type zinc inger domains and have been



215

Alternative Splicing in the Postgenomic Era

Table 1. Alternative splicing changes in DM

Gene Exon/Intron Pattern in DM Tissue Reference
ALP Exon 5a inclusion Skeletal muscle Heart 39
Exon 5b exclusion 89
APP Exon 7 exclusion Brain 47
CAPN3 Exon 16 exclusion Skeletal muscle 39
CLCNT Intron 2 retention Skeletal muscle 33
Exon 7a and Ba inclusion 32
FHOS Exon 11a exclusion Skeletal muscle 39
GFATT Exan 10 exclusion Skeletal muscle 39
IR Exon 11 exclusion Skeletal muscle 35
KCNABT Exan 2 exclusion Heart 89
MBNLT Exon 7 inclusion Skeletal muscle 39
MBNLZ Exon 7 inclusion Skeletal muscle 39
MTMRT Exon 2.1 and 2.3 exclusion Skeletal muscie Heart 90
38
NMDART [xon 5 inclusion Brain 47
NRAP Exon 12 exclusion Skeletal muscle 39
RYR1 Exon 70 exclusion Skeletal muscle 9
SERCAT Exon 22 exclusion Skeletal muscle 91
39
SERCAZ Intron 19 retention Skeletal muscle 9
TAL Exon 2 and 3 exclusion Brain a7
Exon 10 exclusion 92
z-Titin Exon Zrd, Zrh inclusion Skeletal muscle 39
m-Titin M-line exon 5 inciusion Skeletal muscle Heart 39
89
TNNTZ Exon 5 inclusion Heart b2
TNNT3 Exon F (fetal) inclusion Skeletal muscle 51
ZASP Exon 11 inclusion Skeletal muscle Heart 39
89

shown to bind CUG-repeat RINAs of greater than 20 repeats.® CUG repears of this lengeh (or
longer) fold into an interrupted, A-form-like double-stranded RNA. *# Additionally, the MBNL
proteins colacalize with CUG and CCUG repeat nuclear foci in DM cells** which depletes
the nucleoplasmic pool of MBNL.¥# In support of the hypothesis that splicing abnormalities in
DM are due to a loss of MBNL function, siRNA-mediated depletion of MBNL leads o altered
splicing patterns resembling those seen in DM for several target pre-mRNAs#3 In addition, mice
lacking the predominant isoforms of MBNLI1 (MBNL 14¥%) display a phenotype similar to DM
including cararacts, myotonia, histological changes in skeletal muscle and extensive miscegulation
of alternative splicing.”*’ Finally, expression of MBNLI1 in skeletal muscle of the HSA'®* DM1
mouse model reversed myotonia and several characteristic splicing changes 5

Althongh there is a substantial amount of evidence for the role of MBNL in the splicing abnor-
malities of DM, a few key chservations indicate thar loss of MBNL function may not be the only
component of DM pathogenesis. First, fluorcscence recovery after photobleaching (FRAP) studies
show comparable binding and nurclear dynamics of MBNL on foci of expanded CUG or CAGRMA,
while splicing sbnormalities are specific ro cells expressing CUG repeats.™ Second, both the HS.42%
and MBNZ. 1% monse models exhibit histological abnormalities in skeleral muscle but not overt
muscle degeneration and arrophy, the main cause of death in humans. Third, while the expression of
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MBNLI in HEA2 mice reversed splicingabnormalities, it did not reversethe histalogical abnormali-
ties of HSA® mice suggesting that there is another component to DM pathogenesis.™

It is clear thar the CELF family of proteins also contribute to DM pathogenesis. This family
inclides six genes which encade proteins that regulate many posttranscriptional RNA
ing steps including alternative splicing, mRNA stability, translation and RNA editing %
CUG-binding protein 1 (CUG-BP1) was initially identified based on its ability to bind single
stranded (CUG), repears and was the first CELF family protein o be identified.® In contrast to
MBNL, CUG-BP1 does notbind to expanded CUG repeats and does not colocalize to expanded
repeat RNA foci in vivo."! However, CUG-BP1 protrin lovels are abnormally elevated in DM
tissues and overexpression of CUG-BP1 in cultured cells or in transgenic mice alters the splicing
of several target pre-mRINAs in a way that mirrors the patterns seen in DM, 33355068 Mareaver,
CUG-BP1 was shown to be upregulaced in a DM mouse model in which a doxycycline-indncible
transgene expresses only § CUG repeats in the contex of the DMPR 3'UTR. These mice display
cardiac conduction defects, myotonia, histological sbnormalities and splicing changes similar to
DM parients, which are reversible upon doxycycline removal.* Intriguingly, there are no RNA
foci in tissues from these mice and presumably they are not affected by sequesteation of nuclear
MBNL.# These results suggest that CUG-BP1 and other members of the CELF family are likely
to play a critical role in DM pathogenesis,

Overall, there is evidence that both the loss of MBNL and gain of CELF activities affect
pathogenesis in individuals with DM as the disease can be partially phenocopied in different
mouse models by cither reducing MBNL or increasing CELF activity.®* It is likely thac the
mechanism of DM pathogenesis also involves alterations in other post rranscriptional processing
evens regulated by the CELF and MBNL proteins™® as well as through other, yee to be idenri-
fied factors. A great deal of mechanistic information has been learned since the discovery that
micro-satellite expansions within noncoding regions can cause disease; howerver, the connections
between the MBNL and CELF protein families and the major pathogenic features of the disease
remain to be firmly established.

Facioscapulohumeral Muscular Dystrophy (FSHD)

FSHD is the third most common form of inherited progressive muscular dystraphy exhibiting
dominantinheritance and affecting predominantly facial and shoukder girdle muscle by the second
decade of life. The mugation causing ~95% of cases was identified in 1992 but the mechanism
of pathogenesis has remaitied a mystery.® The majoriry of FSHD cases are cansed by deletion of
tandem 3.3 kb repeats, called D474, located on the subtelomeric region of chromosome 4q35.
‘The D424 region is proposed to contain elements that repress transcription and the loss of these
elements has been postulated to resnlt in oversxpression of ene or more of three closcly locaced
genes, FRGI, FRG2 and ANT1.% While still under debate, this model nicely explains dominant
inheritance as well as the obscrvations that larger deletions removing more of the tandem repears
correlates with higher expression levels of these genes and increased discase scverity. A recent
report found thar mice overexpressing FRGI, but not FRG2 or ANTY, induced a muscular
dystrophy that resembles FSHD.® FRG1 was previously identified as 2 component of purified
spliceosomes®® and is found in nuclear regions associated with splicing factors® suggesting a role in
some aspect of splicing, Interestingly, FRG 1 overexpressing mice exhibited defects in the alternative
splicing of two genes thar are also affected in myotonic dystrophy: Thame3 and Mimrl. Splicing
abnormalities in these two genes were also identified in muscle cultures from FSHI patients,”
however, results of splicing analysis using tissue samples from individuals with FSHD remain to
be described. Overexpression of FRG1 in C2C12 mouse muscle cell cultures induced splicing
changes in these genes, supporting the contention that the splicing changes were a direct effecr of
protein overexpression rather than a secondary cffect due to muscle degeneration.” In addition,
alvernative splicing of Trae3 and Mimsr! was unaffected in mmscle cultures from individual with
Duchenne’s and merosin deficient muscular dystrophies.” The relationship between splicing
changes induced by FRGI overexpression and specific features of the discase phenotype remain
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to be detcrmined. For example, are splicing changes in muscle responsible for muscular dystrophy
and, if so, which genes are most eritical? In addition, the splicing parterns in FSHD samples do
nor revert to the embryonic splicing patrerns as observed in M. Therefore, if the FRG1 mice
reproduce the mechanism as well as the phenocopy of FSHD, this is likely ro represent a disease
mechanism tha is distinct from DM.

Cancer and Mis-Regulated Splicing

Aliteratire search of alrerations amcmncdwlthcanccrpu]]s out thousands of cicadons
indicating jost howwidcsprmd such changes are. It is useful to consider three aspects in which
altered splicing is relevant to cancer. First is the question of the cause-effect relationships between
alvered splicing and cellular transformation or metastatic spread, Which splicing changes associated
with cancer contribute o the cause or progression of the disease? Second, splicing signatures, in
combination with histological and additional molecular markers, can contribure high-resolution
information ro diagnostic (what is it?) and prognostic (what is the cypical ontcome?) indications.™
The value of this approach requires the identification of a splicing signacire that consiscently cor-
relates with rumor type or grade, prognostic indicators or level of responsiveness to specific treat-
ment regimes. Finally, cell-specific alteenative splicing can be ueilized in gene therapy approaches
for cell-specific therapeuric delivery.

Known cause-effect relationships between specific splicing events and cancer are of particular
interest. In general, as for the other disease-associated splicing events described above, splicing
abnormalities that are cansative of cancer can be artribured to cis-acting smrarions within a single
gene, or due to a change in 4 gene encodinga rrans-aering splicing facror, which predisposes those
cells for progression to a malignane phenotype. Better understood are cis-acting mutations within
cancer relevant genes such as tumot suppressors, oncogenes, genes associated with cell adbesion or
tmigration and apoptosis. Such mutations result in altered gene expression and have been identified
either as somatic mutations associated with tumorigenesis or germ line murations associated with
syndromes that include a predisposition for tumor formation. Genes within chis category have
recently been described.”7 In addition, the potential roles of alternative splicing in regularing
apoptosis has also been reviewed 7

"There is growing evidence for abnormalities in rrans-acting facrors asa cause of splicing mis-reg-
ulation and for chese sbnormalities contributing to tumorigenicity or metastasis. Splicing faceors
mast cominotily associated with cancer belong te the SR protein family (refer to chapter by Lin and
Fu). One of the first connections between SR protein expression, alternative splicing and tumori-
genitity was established nsing an degant mouse model of marmmary gland mmerigenesis in which
preneoplastic cells were serially transplanted into matsumary fiat pads and characterized for progres-
sion to adenocarcinoma and merastatic spread”™ Analysis of SR protcin expression demonstrated a
correlation between neaplasia and induction of SK proteins detectable by the monoclonal antibody
mAb104, particularly those in the 30 kDa range, Alofaund were changes in the alternative splicing of
D44, which encodesa cell adhesion molecule and some of these changes have been corvelated with
aerastasts. Conclusions from these studies were that tumars ultmarely express a complex mixture
of SR proteins compared to preneoplasiasand that the major changes in SR protein expression and
CD44 splicing occurred in the transition between prencoplasias and adenocarcinoma rather than
between adenocarcinoma and metastasis. Even so, the connection between tumorigencsis and SR
protein expression in this model was not straightforward becanse the expression of SR, proteins in
pren:opla.sms was not predicrive of tumor development or invasive potential™ Thus, a cause-effect

between SR protein expression and changes in GD44 splicing was not established,

Tra2-p1, an SR-related protein, has recently been shown to regulate splicing of CD44 and has
been linked to invasive breast cancer.™ Overexpression of Tra2-B1 promoted inclusion of CD44
exons v and v5 and this regulation required a C/A-rich ESE within exon 4. Immunohistochemical
analysis revealed increased nuclear expression of Tra2-B1 in breast cancer tumors compared tosur-
ronnding normal tissie and this correlared with increased inclusion of the CD44 variable exons.
These results confirm the cadier correlations between CID44 splicing changes and invasive cancer
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and establish that expression of yetanother SR protein family member is increased in these tamors
and alters the splicing of CD4#4,

Strongcomelations have also been established between expression of the SR protein SE2/ASE,
alternative splicing of a target proto-oncogene, receptesr dorigine nantais (Ron) and cellular be-
havior that is consistent with metastatic potential”” Ron is a member of the MET-proto-oncogene
family, a tyrosine kinase receptor that binds the ligand macrophage-stimulating protein {MSP).”
Ron Is expressed in epithelinl cells and binding of MSP results in Ron autophosphorylation which
promotes protein:protein interactions thar result in cell proliferation, anti-apoptotic responses,
cell dissociation, increased celf mobility and a propensity to invade extracellular space.” Ron can
indncean epithelial-mesenchymal transition {(EMT) which is characteristic of normal embryonic
development as well as metastaric progression of tumors,”

ARon isa constimurtively active Ron isoform generated by skipping of exon 11 ehat is upregulared
in 75% of breast cancers and which increases metastaric properties of tumor cells,”” Using KATOIII
gastric carcinoma cells which predominantly cxpress ARon, as well as transformed cell lines that
predominantdy express full length Ron, Biamonti and colleagues demonstrated chat regulation of
ARon expression by the SR protein ASF/SF2 directly affected cell migratory behavior”” First, using
a minigene containing a portion of Res containing exon 11 and the fAanking exons the authors
identified an ESE within exon 12 that binds to SF2/ASF and which is required for exon 11 skip-
ping, specifically in KATOI cells. Interestingly, this ESE funcrions specifically with SF2/ASF
as other SR proteins, such as SRp20 and SRp40, did not stimudate exon skipping. The connection
between SF2/ASF expression, induction of the ARon isoform and cellular changes indicative of
EMT and merastasis was convincingly demonstrated in both SF2/ASF-overexpression and RNAi
knockdown. experiments (Fig. 2). For example, SF2/ASF overexpression in 293 cells induced
ARon expression a5 well as several features of EMT incloding increased cell motilicy. SF2/ASF is
expressed in higher levels in KATOIII cells compared ro 293, consistent with the observed dif-
ferences in Rom splicing. Importantly, siRNA knockdown of SF2/ASF in KATOIII cells caused a
switch to predominantly Ron rather than ARon and with a correspanding decrease in cell motility.
Similarly, siRNA knockdowns of Ron in 293 cells overexprossing SF2/ASF also decreased cell
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Figure 2. SF2/ASF regulation of Ron alternative splicing affects cell migratory behavior.
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motility indicating that increased motility in cells expressing SF2/ASF requires and is very likely
due to, a switch in splicing to the ARon isoform. These results suggest that SF2/ASF and factors
that affect SF2/ASF function (e.g., kinases, phosphatases) represent potential therapentic targers
and that cell migracory behavior in culoure conld serve as a potential assay ro screen compounds
for such therapeutic potential,

Prader-Willi Syndrome (PWS)

Prader-Willi syndrome is a congenital syndrome characrerized by mental retardation, short
stature, obesity and behavioral abnormalities.® PWS is caused by loss of the paternal copy of a
region of 15q11-13 that contains multiple genes incduding 47 copies of the HBIZ-52snoRNA genc.
SnoRNAs typically function as gnide RN As (ie., they base pair with target RNAs} to direct moddi-
fications such a3 2'-O-methylation and pseudouridylation in ribosomal RNA, small nuclear RNA
and tRNA.* No potential target sites were found for HBII-52 in the usual sncRNA targets, but it
was noticed that FHBIF-52 is complementary to an alternatively spliced exon within the §-HT5cR
gene, which encodes the serotonin recepror. HBIZ-52 binds berween rwo alternative 5 splice sives
of 5-HT ;R exon V and rransient overexpression of HBI-52 snoRNA resulred in enhanced use of
the downstream $-HT ;R § splice site.® This results in the expression of a funetional 5-HT,cR
receptor while use of the upstream §' splice site results in expression of 4 truncated protein. The
snoRNA binding site contains an ESS and it is thongh that binding of HBIL52 o the 5-HT ;R
pre-mBRNA blocks the activity of the ESS, thereby activating the downstream 5 splice site,

* The srory is complicated by the face that five adenosines within and upstream of the region in
5-HT iR that is complementary vo HBIF-52 undergo RNA editing evenrs that result in amino
arid changes that decrease serotonin responsiveness 10 ro 100 fold ** RNA editing is carried our
by adenosine deaminases that recognize double-stranded RNA seructures within the unspliced
pre-mRNA. Thus, one possibility was that the HBII-52 snoRNAs could direct the editing of the
5-HT 3R pre-mBNA. However, 5-HT,oR editing was found not to be affected by the HBIL-52
snoRNA. ™ While the ratios of total S-HT ;R splice variants was not changed in PWS hippo-
campus samples (which lack FIBII-52 sncRNA), there was decreased nsage of the downstrearn §°
splice site in the unedited pool of mRNAs, consistent with the absence of HBII-52 snoRNA®
The complete significance of the altered composition of 5-H TR isoforms to the diseasz is not
entirely clear, but it appears that even subtle changes in the ratios of isoforms could have profound
consequences and given the established roles of 5-HT ;R in behavior,® changes in subpopulations
of 5-HT R could affect the PWS clinical picture,

Conclusions

Murations that cause disease by disrupting splicing or the regulation of splicing have
complemented ifvestigations directed at understanding cis- and trans-acting features required
for both basal cxon recognition and cell-specific regulation. For examgple, the finding that silent
mutarions can cause disease initially cavsed great confusion. How can a mutation that docs not
affect protein coding potential canse discase? Ultimately these observations were clarified by the
discovery of ESEs and ESSs and their roles in exon recognition during splicing %% Mucations
in and arcund MAFT exon 10 illustrate how exon recognition can be finely balanced by adense
array of cis-elements within the environs of the exon, The observation that DM patients fail to
appropriately express the adult isoferms of specific genes indicates that the disease is cansed by
a subtle defect in a normal dewelopmentally-regulated genc expression program controlled by
the CELF and MBNL proteins. There is clearly a bidirectional flow of information between
studies of nortal molecnlar events and studies of the molecular mechanisms of disease. These
results are illuminating the complexity of exon recognition and the alternative splicing regula-
tory networks that are reguired for normal physiological processes.
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