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ABSTRACT

The pre-mRNA of the rat fibronectin gene is alternatively spliced in a cell-type-
specific fashion. The EIIIB exon in this gene is spliced into fibronectin mRNAs
expressed in early embryos but is excluded from those expressed in adult liver.
In these studies, the regulated inclusion of this exon was examined in detail.
Using minigenes derived from the EIIIB region of the fibronectin gene, a
number of sequence elements were found to alter the alternative splicing of
EMB. Initial results indicated that EIIIB is an inefficiently recognized exon and
that regulated inclusion requires a balance in 5' splice site strength between
EINIB and the exon upstream. In addition, intron sequences downstream of
EIIB were required for cell-type-specific EIIIB inclusion. Repeated copies of a
hexanucleotide sequence (TGCATG) were present in this EIlIB-activating
element. Further experiments established that repeated hexamers alone could
account for most if not all intron element activity; furthermore, these hexamers
exerted cell-type-dependent effects when placed in heterologous alternatively
spliced genes. Therefore this hexamer sequence represents a major
determinant of cell-type-specificity in the regulation of EIIIB alternative
splicing. Repeated copies of this hexamer sequence were capable of activating
usage of an upstream 5' splice site and could also suppress downstream 3'
splice site usage. This hexamer was also found within elements implicated in
the regulated splicing of the c-src and calcitonin/CGRP genes. In fact, repeated
hexamers were found to influence calcitonin/CGRP alternative RNA
processing in a manner consistent with a normal role of these repeats in the
regulation of that gene. Using a UV-crosslinking assay, a number of factors in
mammalian nuclear extracts were found to interact specifically with RNAs
containing repeated hexamers. Taken together, these findings may provide
insights regarding the regulation of mammalian alternative splicing in general.
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Title: Professor of Biology







CURRICULUM VITAE

GENE SIMON HUH

Birth date: July 27,1965

Place of Birth: Halifax, Nova Scotia, Canada
Education: Bachelor of Science, Biochemistry, first class honours,
Dalhousie University, Halifax, Canada, 1987.

Ph.D., Biology, Massachusetts Institute of Technology,
Cambridge, Massachusetts, May 1994.

Honors: Howard Hughes Medical Institute Predoctoral Fellowship,
June 1, 1988 to June 1, 1993.

Natural Sciences and Engineering Research Council of
Canada (NSERC) Undergraduate Research Awards,
summers of 1985 and 1986.

University Undergraduate Academic Scholarships:
Lockward Memorial Scholarship, 1983-1984
Sir William Young Scholarship, 1984-1985
Alan Pollock Scholarship, 1985-1986
Ross Stewart Smith Scholarship, 1986-1987

Employment:  Graduate student in the laboratory of Dr. Richard O. Hynes,
Massachusetts Institute of Technology, Cambridge,
Massachusetts, 1988- present. Research on the alternative
splicing of EIIIB in the rat fibronectin gene.

Exchange student/technician, Division of Technology for
Society, Netherlands Organization for Applied Scientific
Research (TNO), Zeist, The Netherlands, summer of 1987.
Biotechnological research.

NSERC Undergraduate Research, Department of
Biochemistry, Dalhousie University, summers of 1985, 1986.
Research on ribosomal RNA gene structure in plants.




Publications:

Computer programming and software
development/computer assisted instruction: Department
of Chemistry, Dalhousie University, summer, 1984.

Coulthart, M. B., Huh, G. S., and Gray, M. W. (1990). Physical
organization of the 185 and 5S ribosomal RNA genes in the
mitochondrial genome of rye (Secale cereale L.). Curr.
Genet. 17: 339-346.

Huh, G. S., and Hynes, R. O. (1993). Elements regulating an
alternatively spliced exon of the rat fibronectin gene. Mol.
Cell. Biol. 13: 5301-5314

Coulthart, M. B., Spencer, D. F., Huh, G. S,, and Gray, M. W.
(1994). Polymorphism for ribosomal RNA gene
arrangement in the mitochondrial genome of fall rye (Secale
cereale L.). Submitted.

Huh, G. S,, and Hynes, R. O. (1994). Regulation of alternative
splicing by a novel repeated hexanucleotide element.
Submitted.




DEDICATION

To my family,
Dad,
Mom,
Mia,
Rena,

and

Peggy.







ACKNOWLEDGEMENTS

I am truly amazed that grad school went by so quickly. I mean, Idon't
really FEEL like I learned anything new; I mean, I feel just as mentally
attenuated now as I did six years ago. Every now and then, however, I realize
that I think, feel, say and do things now that would have just NEVER occurred
to me as a first year. I guess it was mostly an osmotic thing.

Oh yeah, and I learned some science too. No, really.

A great deal of thanks go to my advisor Richard Hynes. His reason,
succor, patience and subtle (yet effective) motivational techniques helped me
get over many a grad student hurdle. His decision to take on a student whose
primary interest was splicing (a field outside his own) has led to the
development of the story that you now hold in your hands and are only
beginning to read, a story that I feel was well worth the effort. I also thank
Richard for fostering a great lab atmosphere that has been really fun to work in
during these past years. Part of this has been due to his eye for superb lab
people, of which more later.

I also wish to thank the members of my thesis committee (Phillip Sharp,
David Housman, Uttam RajBhandary and Michael Green) for contributing
comments and insights to this project. In particular, I thank Phil Sharp for not
only providing valuably constructive criticism and advice but also for
supplying a lab of local splicing aficionados (Charles Query, Melissa Moore,
Anna Gil, John Crispino, Ben Blencowe, Patrick McCaw and Sandy Gilbert)
with whom I have had many enjoyable discussions. Occasionally, we even
talked about splicing, too. In addition, as a former TA for David Housman and
Richard Mulligan's project lab course, I have had the pleasure of experiencing
the Tao of the multipart ligation; some of the constructs in this thesis might
otherwise have been quite off-putting.

The lab has nearly completely turned over since I arrived; the only
person left from the old days is the lab manager Jane Trevithick, who runs the
lab with an efficiency that constantly amazes. I owe a lot to her patience, good
nature and seemingly infinite tolerance for guys like me (‘'nuff said). The same
can be said for the lab's administrative maven, Colleen Leslie, who always
seems to have the time to help you out without dropping anything else in her
massive workload. I am also thankful for the intellectual and social company
of past and present baymates Pamela Norton, Elisabeth Georges and Bernhard
Bader. In addition to these good souls, much of what has made the lab
enjoyable is due in part to lunchtime conversations, lab outings and seemingly
innumerable baby showers with the likes of past (Doug DeSimone, Charles
ffrench-Constant, Betsy George, Jun-Lin Guan, Mary Jalenak, Paul Johnson,




Tanya Mayadas-Norton, Ramila Patel-King, John Peters, Susan Zusman) and
present (Laird Bloom, Steve Cornwall, Mike DiPersio, Phil Gotwals, Steph
Paine-Saunders, Glenn Radice, Stephen Robinson, Karen Stark, Nabil Tawil,
Grant Wheeler, Joy Yang) lab dudes. Many of these people have had the
misfortune of reading my early attempts at scientific writing; to these people I
extend both my apologies and gratitude for their golden grace and constructive
comments. And for letting me sleep in the coffee room.

And, of course, there are those who toiled with me in the pursuit of
similar academic goals. Looking back, I will fondly remember the
companionship of (and occasional commiseration with) fellow grad students
Gene Yee, whose nighttime/early morning lifestyle I often shared, and Mark
Borowsky, whose flair for the practical (and the joke) has both lightened and
enlightened many a moment. I will also miss the company of floormates from
the Solomon and Robbins labs. In addition, I have drawn considerable support
from (and hope to sustain) friendships developed over the years with Keith
Ireton, Richard Josephson, Catherine and David Kirkpatrick, John LeDeaux,
Scott Lowe, Ken Mungan, Chris Siebel, Bettina Winckler, Jim Yeadon and Tau-
Mu Yi. Moreover, I owe a certain measure of sanity to the Charlie's Tap Beer
Club, the Acid Blobs and the Big Sticks (y'all know who you are). I will always
treasure the friendship of my high school buddy Stefan Jiirgens (with whom
much time was spent while convalescing in Halifax).

The computer on which the lion's share of this thesis was written is a
Macintosh LC575; it belongs to a certain Peggy Kolm, whose noble
contributions I can't even begin to describe. Her love, patience, understanding
and immeasurable support, in addition to keeping me humble these past few
years, has by some miracle persisted throughout the writing of this document.
I think it's safe to say that this task would have been exceedingly more arduous
without her. I can only hope that I can return this favor in kind when her turn
comes.

It can be extraordinarily comforting to know that one has a haven to
which one can occasionally retreat from the rigors of the scientific method. For
me, this takes the form of a certain white house (with black shutters) in Halifax,
Nova Scotia. Mom and Dad put up with a fair amount from me during my
upbringing. To dedicate this thesis to them can only begin to repay their
unconditional devotion, concern and love.

10




TABLE OF CONTENTS

Title Page ... ..o e 1
Abstract ................... e e e 3
Curriculum Vitae. . ..., e ... 5
Dedication. ................ooiiiiiiiiiinan.. e 7
Acknowledgements. . ... i e 9
Table Of COMtENtS . . cvo v e 11
Listof Figuresand Tables. . . . ....... ..., 13
Chapter One: General Introduction. ..., 17

The mechanism of nuclear preemRNA splicing . ....................... 19

Patterns of alternative splicing . ................ ... . ... . o oL 23

Sequences that affect splice site selection...................... ... ... 29

Regulated splicing in Drosophila melanogaster and other genetic systems . . . 39

Regulators of alternative RNA processing in mammaliangenes .......... 47
The rat fibronectin gene as a model for splicing regulation . .............. 49
Chapter Two: Elements Regulating
an Alternatively Spliced Exon in the Rat Fibronectin Gene ........... 63
AbStract. .. ... 64
Introduction. . ....... ... 65
Results. . ... 68
DISCUSSION. . . .ot e 141
Materialsand Methods. .. ... i i 152
Acknowledgements. ....... .. ... 159
Chapter Three: Cell-Type-Specific Regulation of Alternative Splicing
By a Novel Repeated Hexanucleotide Element.................... 161
ADbStract. .. ... 162
Infroduction. . ......... ... 163
Results. ... o 166
DISCUSSION. . . ..o e 213
Materialsand Methods. . .............o o i i 225
Acknowledgements. ......... ... ...l 228

11




Chapter Four: Regulation of Alternative Calcitonin/CGRP
pre-mRNA Processing By Repeated TGCATG Elements...........
Abstract............ e e e e
Introduction. . ................... PP

Materials and Methods. ................ e
Acknowledgements. . .......... ... .o ool

Chapter Five: Biochemical Detection
of UGCAUG-Specific RNA-Binding Factors. . ....................
Abstract. ...

Chapter Six: General Discussion ...........coovviiiiiineiiinnee...
The role of the splice sitesequences.................................
Maintenance versus regulatory elements.............................
Repeated hexamer elements positively control EIIIB splicing . ..........
The hexamer element can regulate

calcitonin/CGRP alternative processing . . .......................
The hexamer element may be multifunctional . .......................
Identification of hexamer-specificfactors .................. ... ... ...
Alternative splicing regulation by repeated short sequences: a model . . . .
Short repeats and the evolution of RNA recognition...................

RefOIeNCeS . . . . . e

12




LIST OF FIGURES AND TABLES

Figure 1-1: Patterns of alternative splicing.............................. 26
Figure 1-2: Examples of alternative splicing in Drosophila melanogaster . . . . . . 40
Figure 1-3: Alternative splicing in the rat fibronectingene................ 52
Figure 2-1: Construction of a three-exon rat fibronectin EIIIB minigene. . . .. 70
Figure 2-2: A minigene containing EIIIB exhibits alternative splicing. . . .. .. 74
Figure 2-3: Endogenous alternative splicing is cell-type-specific........... 78
Figure 2-4: Minigene alternative splicing is cell-type-specific.............. 82
Figure 2-5: Chimera analysis of EIIIB splicing:

contructs, probesand summary . ...........o i, 88
Figure 2-6: Chimera analysis of EIIIB splicing, Part A.................... 92
Figure 2-7: Chimera analysis of EIIIB splicing, Part B.................... 96
Figure 2-8: Mutations made at the EIIIB splice sites

and withinexonsequences................ .. ... ... ..., 100
Figure 2-9: Cell-specific EIIIB inclusion

requires balanced splice site competition, Part A .................. 106
Figure 2-10: Cell-specific EIIIB inclusion

requires balanced splice site competition, PartB.................. 110
Figure 2-11: Cell-specific EIIIB inclusion

requires balanced splice site competition, PartC.................. 114
Figure 2-12: Diagrams of 7iBi89 minigene deletions and summary . ....... 122
Figure 2-13: Deletion analysis of 7iBi89: HeLaand 293 cells............. 126
Figure 2-14: Deletion analysis of 7iBi89: F9cells........................ 130
Figure 2-15: Deletion analysis of the M2 minigene:

constructsand summary . ...........o il it e 134
Figure 2-16: Deletion analysis of the M2 minigene: S1 analysis........... 138
Figure 2-17: EIIIB regulation: splicingmodels.......................... 148

Table 2-1: Endogenous and minigene alternative splicing of EIIIB:
@ COMPATISON . . ..ottt ettt i i e i 85

13




Figure 3-1: The EIIIB region in the rat fibronectingene.................. 170
Figure 3-2: TGCATG repeats

can substitute for the EIlIB-activatingregion ..................... 174
Figure 3-3: Sl analyses of transfected 7iBi89 minigenes .................. 178
Figure 3-4: Sl analyses of 7iBi89 minigenes

containing variant TGCATGinserts ..., 182
Figure 3-5: Transient expression of TGCATG-containing 7iBi89 minigenes

in 293 cells: comparison of expressionlevels..................... 186
Figure 3-6: TGCATG repeats regulate

cell-type-specific exon recognition . .. .............. ... oo oo 192
Figure 3-7: Splicing patterns in M2 minigenes with IVS2 deletions . . . ... .. 196
Figure 3-8: TGCATG repeats promote EIIIB 5' splice siteusage . .......... 200
Figure 3-9: Splicing of M2 minigene derivatives inCOScells............. 204
Figure 3-10: TGCATG repeats function in a heterologous gene ........... 210
Figure 3-11: Repeats in other alternatively processed genes? . ............. 222

Figure 4-1: GCATG repeats
in the human and rat calcitonin/CGRP genes . ................... 234
Figure 4-2: Experimental test of hexamer repeats

in mutant rat calcitonin/CGRPgenes ........................... 240
Figure 4-3: The effects of hexamer elements

on calcitonin/CGRP processing: F9 teratocarcinomacells......... 246
Figure 4-4: The effects of hexamer elements

on calcitonin/CGRP processing: HeLacells...................... 250
Figure 4-5: The effects of hexamer elements

on calcitonin/CGRP processing: NIH3T3 cells . ................... 254
Figure 4-6: The effects of hexamer elements

on calcitonin/CGRP processing: COScells....................... 258

Figure 4-7: Effects of synthetic inserts on calcitonin /CGRP processing . ... 262

14




Figure 5-1: UV-crosslinking RNA probes and competitors............... 286
Figure 5-2: UV crosslinking assays of RNA probes

in F9att5.51 nuclearextracts ............... .. ... il 290
Figure 5-3: 63 kDa, 52 kDa and 55kDa factors are sequence-specific. . . . . .. 294
Figure 5-4: 63 kDa and 52 kDa factors

are specific for UGCAUG-containingRNAs . ..................... 298
Figure 5-5: Kinetics of factor binding: stable interactions................ 306
Figure 5-6: Kinetics of 63 kDa and 52 kDa (UGCAUG-specific) binding . . . . 310
Figure 5-7: Kinetics of 55 kDa (UGACUG-specific) binding .............. 314
Figure 5-8: UGCAUG- and UGACUG-binding factors

inHeLaand F9extracts........... ... i, 318

Figure 6-1: Potential biochemical models
for repeat-mediated EITIB recognition........................... 346

15




16




Chapter One

General Introduction

17



GENERAL INTRODUCTION

A metazoan organism generates an amazing diversity of cell types
during its development and lifetime. Generation and maintenance of these
distinct cell types requires the selective expression of a common genetic
repertoire. Cell-type-specific gene expression is controlled at several levels; of
these, regulation at the post-transcriptional level via alternative mRNA splicing
is particularly potent. Differential splicing represents a powerful means of
augmenting a single gene's coding capacity, since it permits the manufacture of
several related yet distinct proteins from a single pre-mRNA transcript via
excision of different intervening sequence combinations. In higher eukaryotes,
the catalogue of known alternatively spliced genes approaches encyclopedic
proportions; splicing in many of these genes is regulated in a cell-type-specific
or developmentally-dependent manner. The regulation of alternative splicing
is therefore a fundamental process in the biology of the eukaryotic nucleus.

This phenomenon suggests that under appropriate circumstances the
splicing mechanism exhibits a pliancy that can be manipulated in order to vary
a gene's output. The ways in which this is accomplished are varied, plentiful
and relatively unclear despite recent advances in the understanding of nuclear
pre-mRNA splicing. The first section of this introduction briefly outlines
current knowledge regarding the general mechanism of nuclear pre-mRNA
splicing. The second part addresses the nature of alternative splicing
mechanisms with a consideration of how cis- and trans-acting parameters can
influence splice site selection. These two sections will by nature overlap, since
studies of splicing mechanisms can provide insights into alternative splicing

and vice versa. The third section focuses upon the fibronectin gene, which is

18




alternatively spliced in a cell-type-specific fashion and is the primary gene of

focus in this thesis.

The mechanism of nuclear pre-mRNA splicing

An understanding of the basic splicing reaction has been achieved
through a combination of biochemical and genetic analyses. These topics have
been extensively reviewed (Moore et al., 1993; Green, 1991; Guthrie, 1991).
Nuclear pre-mRNA splicing occurs in two chemical transesterification steps.
In the first step, the 2' hydroxyl of a nucleotide some tens of bases upstream
from the 3' splice site (the "branch" nucleotide, often an adenosine) attacks the
phosphate group at the 5' splice site, generating a free 5' exon and a "lariat"
intermediate. This lariat, in which the 5’ end of the intron is covalently linked
to the branch residue via a 2'-5' bond, contains the intron and 3' exon. The 3'
hydroxyl of the 5' exon intermediate then attacks the phosphate group at the 3'
splice site in the second step, generating the ligated exons and a lariat intron as
products.

The importance of sequences at the intron boundaries for splicing has
been demonstrated both by surveys of intron sequences and by analyses of
directed and natural mutations. The metazoan consensus at the 5' end of the
intron (the 5' splice site or 5'SS) is MAG/GURAGU (slash denotes the exon-
intron junction); the GU at the intron junction is conserved in nearly all introns.
The 3' end of the intron (the 3' splice site or 3'SS) contains at least three ordered
elements: a very highly conserved 3' terminal dinucleotide (AG), the branch
site (loose consensus YNYURAY; the underlined A is the branch) and a
pyrimidine-rich sequence between the branchpoint and 3' AG. In yeast (and to
some extent in Drosophila), a pyrimidine tract is dispensable; in addition the

5'SS and branchpoint sequences in yeast are more stringently conserved than in
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vertebrates (G/GUAUGU and UACUAAC respectively). It is clear that these
sequences are important determinants for splicing; however, they are not
sufficient to ensure accurate splice site identification in metazoans.

The development of cell extracts that accurately splice exogenous pre-
mRNA substrates have permitted a detailed scrutiny of splicing biochemistry.
Such studies have revealed that splicing takes place in a large, multicomponent
complex termed the "spliceosome”, which is formed by the ordered association
of the pre-mRNA with small nuclear ribonucleoprotein particles (snRNPs) U1,
U2, U4, U5 and U6, as well as with many non-snRNP proteins. Spliceosome
assembly in vitro (and probably in vivo) occurs on an RNA coated by RNA-
binding proteins, many of which normally comprise heterogeneous nuclear
ribonucleoprotein particles (hnRNPs; for review see Dreyfuss et al., 1993).
Prior to the first step in splicing, U1 associates with both the 5'SS and
branchpoint sequences in an ATP-independent fashion. An ATP-dependent
U2-branchpoint interaction then occurs, followed by ATP-dependent
association of U4/U6 and U5. Spliceosome assembly involves a complex
network of pre-mRNA-snRNP and snRNP-snRNP interactions; many of these
have been established via genetic suppression studies in yeast coupled with
chemical crosslinking experiments carried out in vitro. These interactions
probably reflect dynamic RNA structural rearrangements that are crucial for
catalysis, an event which may in fact be RNA-mediated (for reviews, see Moore
et al., 1993; Guthrie, 1991; Steitz, 1992; Wise, 1993).

In addition to the snRNPs, numerous non-snRNP proteins participate at
various stages in spliceosome assembly. A number of splicing factors have
been identified based on their ability to activate splicing in an extract rendered
incompetent via immunodepletion or biochemical fractionation. These include

U2 auxiliary factor (U2AF; Ruskin et al., 1988; Zamore and Green, 1991), SC35
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(Fu and Maniatis, 1992a), SF2/ASF (Krainer et al., 1990) and a number of other
factors that remain to be characterized (Krainer and Maniatis, 1985; Krimer
and Utans, 1991). U2AF is required for the U2-branchpoint interaction and
binds to the pyrimidine tract at the 3'SS (Ruskin et al., 1988); it exists as a 65
kDa/35 kDa heterodimer, the 65kDa subunit being sufficient for splicing in
vitro (Zamore et al., 1991). The U2AF65 protein contains three copies of an
RN A-recognition motif (RRM), a domain common to a large number of RNA-
binding proteins (Kenan et al., 1991), as well as an N-terminal domain that is
rich in arginine and serine residues. The RRMs were found to be required for
RNA-binding; the RS domain was found to be dispensable for binding RNA
but required for splicing in vitro (Zamore et al., 1992).

SC35 and SF2/ ASF belong to a larger class of splicing factors termed SR
proteins. These proteins contain one RRM (and sometimes a second RRM-like
domain) and a C-terminal region rich in arginine-serine dipeptides (Fu and
Maniatis, 1992a; Zahler et al., 1992, 1993b). SR proteins are highly
phosphorylated as isolated from several sources; any of the SR proteins can
complement a splicing-defective S100 extract for splicing (Zahler et al., 1992,
1993b; Mayeda et al., 1992); several can promote proximal 5'SS selection in vitro
(Mayeda et al., 1992; Zahler et al., 1993a); in fact SF2/ ASF was independently
identified based on this latter activity (Ge et al., 1990). SR proteins can play a
role very early in splice site selection and commitment (Fu, 1993). SF2/ASF
can cooperate with Ul snRNP in binding to a 5'SS in vitro (Kohtz et al., 1994),
possibly via SR domain-dependent interactions with the Ul-specific 70K
protein (Wu and Maniatis, 1993). SC35 has also been shown to interact with
both the 5'SS and 3'SS (Fu and Maniatis, 1992b), probably by interacting with
both U1-70K and the 35 kDa subunit of U2AF (Wu and Maniatis, 1993),

21




suggesting that SC35 (and perhaps SR proteins in general) may participate in
early splice site pairing.

Other proteins have been identified as candidate splicing factors by
virtue of their affinity for splice site-like sequences. Notably, a number of
hnRNP proteins (A1, C, I and D) can bind to pyrimidine-rich or other 3'SS-
associated sequences (Swanson and Dreyfuss, 1988b; Garcia-Blanco et al., 1989;
Patton et al., 1991). Antibodies to hnRNPs can inhibit splicing in vitro (Choi et
al., 1986; Sierakowska et al., 1986); however, reconstitution of splicing by
readdition of pure hnRNP to depleted extracts has not been possible to date,
possibly because removal of these abundant proteins may co-deplete other
essential factors. In any event, the role of hnRNPs in splicing remain unclear.
Many hnRNPs can be stripped off preformed spliceosomes by high salt
(Bennett et al., 1992a); however, this does not preclude an early role for
hnRNPs in splicing. Two-dimensional electrophoretic analyses of purified
spliceosomes have identified an assortment of spliceosome-associated proteins
(SAPs; Bennett et al., 1992a). A number of these have been found to
correspond to PRP genes in yeast (Brosi et al., 1993; Bennett and Reed, 1993),
thus validating this type of biochemical approach in the identification of
splicing components.

Factors important for splicing have also been identified by genetic
approaches: a number of pre-RNA processing genes in S. cerevisiaze (PRP genes;
reviewed by Ruby and Abelson, 1991) have been characterized in detail. A
number of these genes, interestingly, encode proteins with motifs characteristic
of ATP-dependent RNA helicases (reviewed by Guthrie, 1991).

A number of splicing components have been localized to discrete
regions in the mammalian nucleus. Staining using snRNP or SC35 antisera

results in punctate nuclear staining, within a set of 30-50 "speckles" (by

22




immunofluorescence) or to regions containing interchromatin granules (by
electron microscopy; Spector, 1990; Spector et al., 1991). U2AF and snRNPs
have also been detected within "foci" or coiled bodies, of which only a few exist
per nucleus (Zamore and Green, 1991; Carmo-Fonseca et al., 1991a, 1991b).
These structures may represent sites in which splicing, splicing factor storage
or snRNP assembly occurs; this is not yet clear, although in certain cases
transcription and splicing have been observed to occur near speckled
structures (reviewed by Xing and Lawrence, 1993). Mammalian subnuclear
organization could play a role in events such as alternative splicing, since
splicing rates could potentially be a function of pre-mRNA nuclear location.
Given the multicomponent nature of the splicing process, it would not
be surprising if regulation in any given situation were to occur at any of a
number of steps in splicing. In principle, alterations in relative splicing factor
levels could provide the basis for cell-type-specific alternative splicing
(discussed later). Alterations in cis (e.g., mutations of pre-mRNA splice site
sequences) or in trans (e.g., differing levels of RNA-binding proteinsin vitro)
have been found to affect differential splice site usage. The following section

details some of the parameters affecting splice site choice.

Patterns of alternative splicing

Patterns of differential splice site selection are varied (reviewed by
Smith et al., 1989a; McKeown, 1992). Studies of alternative splicing in
numerous systems have provided diverse (and occasionally overlapping)
contributions to an understanding of how sequences within the pre-mRNA can
influence splice site selection.

To splice or not to splice an intron: perhaps this represents the simplest

form of alternative splicing (Figure 1-1A). Examples that have been studied in
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detail include the third intron in the Drosophila melanogaster P element
transposase gene; this intron is spliced in germline but not somatic cells (Laski
et al., 1986). The 3' terminal intron in the bovine growth hormone gene is
retained at a low level (Sun et al, 1993a, 1993b). In budding yeast, splicing in
the MER2 gene is dependent upon MER1 expression during meiosis
(Engebrecht et al., 1991). Splicing in the yeast rpL.32 ribosomal protein genes is
autoregulated in an apparent feedback loop (Eng and Warner, 1991).

In certain situations, a single splice site may have a number of potential
pairing partners. These are also relatively simple situations, since the identity
of one splice site is fixed (Figure 1-1B, C). One extensively studied system is
that of the SV40 early transcript, in which two donors compete for a shared
acceptor; splicing to the upstream 5'SS generates the large T antigen mRNA
whereas splicing to the downstream 5'SS generates an mRNA encoding the
small t antigen.

Certain "cassette" exons are either included into or excluded (skipped)
from the mature mRNA (Figure 1-1D); 5'SS and 3' SS selection thus occur
simultaneously. Cassette exons that have been studied include the exon 4 in
the rat preprotachykinin gene, the N1 exon in the murine c-src gene, exon 18 in
the murine N-CAM gene, exon 5 in the chicken cardiac troponin gene and the
male-specific exon in the Drosophila Sex-lethal gene. In more complex scenarios,
multiple exons in a row can exhibit cassette-type behavior (Figure 1-1E); this is
the case for the human leukocyte common antigen/murine Ly-5 (CD45) genes,
in which exons 4 through 6 can be coordinately included or skipped in Bor T
lymphocytes respectively (Streuli and Saito, 1989; Saga et al., 1990).

Sometimes only one of a pair of adjacent exons are included into mRNA,
a situation termed mutually exclusive splicing (Figure 11F). This type of

splicing has been studied primarily in the tropomyosin genes: examples
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include exon pairs 2/3 in the rat a-tropomyosin gene, 58NM /55K in the human
o-tropomyosin gene and also in the B-tropomyosin gene (pairs 6/7 and 6A /6B
in rat and chicken genes respectively). For mutually exclusive exons,
coincident exon skipping or inclusion is apparently forbidden; patterns of
splice site selection are evidently restricted, since the inclusion of one exon
must preclude inclusion of the other. Since translational frameshifts resulting
from incorrect splicing may generate aberrant products that interfere with
normal cell function, mechanisms must operate in order to allow the
cytoplasmic appearance of only correctly spliced mRNAs. Several
observations have suggested that upstream nonsense codons result in reduced
steady state mRINA levels (Urlaub et al., 1989; Barker and Beemon, 1991; Cheng
and Maquat, 1993; Pulak and Anderson, 1993); this phenomenon may in some
cases explain why only correctly spliced mutually exclusive mRNAs are
detected. For exons 2/3 in the a-tropomyosin gene, dual exon inclusion is
prevented by the prohibitively close juxtaposition of the 5'SS and branchpoint
between these two exons (Smith and Nadal-Ginard, 1989).

In cases where alternative splicing occurs at a gene's 5' terminus,
differential splicing can often occur in combination with differential promoter
usage. The basis for regulation in these situations is more complex, since
splicing may not necessarily represent the determining event. Alternative
splicing in the rat myosin alkali light chain gene (MLC1/3) results in inclusion
of either exon 4 (making MLC1) or 3 (making MLC3), depending upon
whether transcription begins in exons 1 or 2 respectively (Figure 1-1G). In this
instance, differential promoter usage (resulting in different pre-mRNA
sequences in cis) appears to be sufficient for determining exon choice (Gallego

and Nadal-Ginard, 1990).
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Figure 1-1.

Patterns of alternative splicing

Numbered horizontal rectangles and lines represent exon and intron
sequences, respectively. Dashed diagonal lines above and below each

exon/intron diagram show possible splicing combinations.

A. Intron retention. (5'ss, 5' splice site; 3'ss, 3' splice site)
B. 3' splice site selection.

C. 5’ splice site selection.

D. Optional "cassette" exons (exon skipping).

E. Multiple exon skipping.

F. Mutually exclusive exon pairs.

G. Alternative exon selection coupled with differential promoter selection
(arrows represent transcription start sites).
H. Differential 3' terminal exon usage coupled with 3' end formation and

polyadenylation (pA, polyadenylation site).
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Alternative splicing also occurs in association with alternative 3' end
formation in a number of genes (Figure 1-1H): systems that have been studied
in detail include the immunoglobulin IgM gene, the rat and human
calcitonin/CGRP genes and the Drosophila sex-determination gene doublesex.
To study RNA processing in these systems, it is often necessary to clarify
whether 3' end formation or splicing is the determining event. For example, in
the immunoglobulin p heavy chain (IgM) transcription unit, usage of a
polyadenylation site competes with usage of an upstream 5'SS. Whether
regulation occurs at the level of splicing or transcriptional termination/3' end
formation has been a matter of debate, since evidence has been presented for
both modes of regulation (Galli et al., 1987; Peterson and Perry, 1986;
Tsurushita and Korn, 1988). Similar questions have been considered regarding
the regulation of the calcitonin/CGRP transcription unit; these will be

discussed in more detail later (Chapter Four).

Sequences that affect splice site selection

Many questions remain regarding the fidelity of the splicing process.
Since 5' and 3'-splice site consenses are relatively degenerate in higher
eukaryotes, a long primary RNA transcript can contain many splice site-like
sequences, only a small fraction of which are actually used for splicing.
Therefore the cell must identify correct splice sites among the many potential
candidates; mechanisms for such discrimination remain unclear. This question
becomes particularly relevant when considering alternative splicing, since the
rules that govern splice site discrimination apparently can vary between cell
types or developmental stages.

Splice site proximity has been proposed as a simple way to avoid exon

skipping. Given two competing splice sites with sufficient exonic context, the
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more proximal of the two is often selected (Reed and Maniatis, 1986).
However, some unexplained exceptions to this proximity rule occur, where
distal selection is preferred regardless of 5'SS order (Kedes and Steitz, 1988). In
addition, proximity alone cannot account for accurate splicing in vivo, since
usage of cryptic sites within long introns must also be avoided.

The 5'SS is recognized primarily via base pairing with the 5' end of U1l
snRNA; this has been established by a number of elegant genetic suppression
studies in mammalian cells and yeast, where the effects of mutations at a 5'SS
could be reversed by the introduction of U1l snRNA genes containing
compensatory mutations (Zhuang and Weiner, 1986; Siliciano et al., 1988).
However, the 5'SS sequence alone is not sufficient to dictate its selection, since
even a site that binds U1 efficiently in vitro may not be used if present in an
inappropriate context (Eperon et al., 1986; Lear et al., 1990; Nelson and Green,
1988). In certain circumstances, the mutual inhibition of closely juxtaposed
donors has been observed in vitro , even though both sites appeared to bind Ul
snRNP (Nelson and Green, 1988); therefore additional steric requirements may
exist for efficient 5'SS usage. Mutual inhibition may in fact underlie the soma-
specific repression of the third intron (IVS3) in the Drosophila P element
transposase pre-mRNA. A number of 5'SS-like sequences occur closely
upstream of the authentic 5'SS of this intron; mutation of one of these "pseudo”
sites was found to activate IVS3 splicing, suggesting that this "pseudo” site
participated in the somatic repression of the authentic IVS3 5'SS (Siebel and
Rio, 1990; Siebel et al., 1992).

A number of additional snRNP-pre-mRNA interactions may also
influence 5'SS recognition. Genetic suppression studies in yeast and
crosslinking studies in mammalian extracts have suggested that US snRNA

participates in splice donor recognition by base pairing with exon sequences
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immediately upstream of the 5'SS (Newman and Norman, 1991; Wyatt et al.,
1992). Similar experiments have suggested an interaction between U6 snRNA
and sequences downstream of the 5'SS, an interaction which may deterimne
the 5'SS cleavage point (Sawa and Shimura, 1992; Lesser and Guthrie, 1993;
Sontheimer and Steitz, 1993; Kandels-Lewis and Seraphin, 1993). However,
since the yeast studies assayed the use of "aberrant" 5' cleavage events located
at a single region of Ul complementarity, it remains to be seen whether U5 and
U6 can contribute to selection between separate donors. In any event, the
precise nature of sequence context effects on 5'SS selection remains relatively
ill-defined.

The importance of a suboptimal 5’ splice site has been shown for a
number of natural systems; mutation of an alternative donor site toward the
consensus often elevates its usage, often to the complete exclusion of its
competitor (Nasim et al., 1991; Tacke and Goridis, 1991; Black, 1991; Dominski
and Kole, 1992). The 5'SS sequence of exon 18 in the murine N-CAM gene
exhibits some interesting properties. Its efficiency in a heterologous gene
appears to correlate with regulated exon 18 inclusion, indicating that the exon
18 5'SS sequence may coincide with cell-specific elements (Tacke and Goridis,
1991). The meiosis-specific intron in the S. cerevisiae gene MER2 has a 5'SS
sequence that deviates from consensus; the variant nature of this splice site is
important for meiosis-specific regulation, since mutations that improved this
site (or Ul mutations that improved base-pairing with the MER2 donor) caused
MERI1-independent splicing (Nandebalan et al., 1993). 5'SS quality is not rate
limiting in every situation, since 5'SS up-mutations in other alternative exons
have little effect (Mullen et al., 1991; Graham et al., 1992). Therefore the
presence of suboptimal 5'SS sequences appears to be important for some but

not all cases of differential splicing.
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The relative arrangement and quality of the 3' splice site components
(the branchpoint, pyrimidine-rich tract and 3' AG) can affect 3' splice site
selection. The length of the pyrimidine tract, along with its proximity to the
branchpoint, can play an important role in 3'SS usage in vitro, particularly if the
branchpoint is distant from the 3'AG (Reed, 1989; Smith et al., 1989b). The
quality of the branchgoint sequence can also affect splicing if no nearby
"cryptic” branches are available, as this region interacts with U2 snRNP via
base pairing (Zhuang and Weiner, 1989; Wu and Manley, 1989). The
importance of these elements in 3'SS selection has been supported by studies of
the mutually exclusive rat a-tropomyosin exons 2 and 3. Exon 2 is selected in
smooth muscle whereas exon 3 is selected in other cell types. If both exons
were made to compete for splicing to exon 1, exon 3 was preferred. The 3'SS of
exon 3 contains a very long pyrimidine tract immediately preceded by a
consensus branchpoint. The intron upstream of exon 2 contains a poor
pyrimidine tract and branch sequence. 3'SS preference was found to correlate
with the pyrimidine tracts preceding exons 2 and 3 and, to a lesser extent, with
branch site sequences (Mullen et al, 1991). Therefore the quality of the
pyrimidine tract/branchpoint region can play an important role in 3'SS
selection. The distance between the branch site and the 3' splice junction of
exon 3 is unusually long (176 bases), a feature shared by other alternative
exons in the B-tropomyosin and fibronectin genes (Helfman and Ricci, 1989;
Norton and Hynes, 1990). The significance of this unusual organization is
unclear at present.

Another feature unique to some alternatively spliced exons is the usage
of multiple branch sites. This is seen in SV40 early pre-mRNA alternative
splicing, where selection among a set of branchpoint residues can determine

alternative 5'SS usage, partly because the proximal small t 5'SS is only 66 bases
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from the common 3'SS (Fu and Manley, 1987). The selection of upstream or
downstream branch sites prohibits or permits small t 5'SS usage respectively
(Noble and Manley, 1988). Multiple branchpoint usage in vitro is also exhibited
by exons in the rat fibronectin (Norton and Hynes, 1990) and B-tropomyosin
genes (Helfman and Ricci, 1989). This in vitro phenomenon may reflect the lack
of any suitable brancl}point sequences at these accceptors. The kinetics of
recognition and usage of these acceptors (and possibly of acceptors with
lengthy pyrimidine tracts) may therefore differ significantly from those of

constitutive 3' splice sites.

Coordinate recognition of splicing signals: exon definition

From the above, it is clear that that splice site usage can be influenced in
a multiple ways. However, the actual mechanisms that discriminate authentic
splice sites from "fake" ones still remain somewhat mysterious. A number of
systems have supported a model which may supply some of these
mechanisms. This model, termed "exon definition", posits a functional
interaction between the RN A processing signals that border an exon. Selection
of an internal exon would then proceed as a result of coordinate recognition of
a 3'SS plus a 5'SS located closely downstream.

Support for this model comes from in vitro studies using substrates
containing an intron plus a downstream 5'SS. Many of these studies suggested
that the splicing of an intron was facilitated if a nearby downstream 5'SS was
present (Robberson et al., 1990). In three-exon substrates, mutation of the
central exon 5'SS resulted in exon skipping rather than downstream intron
retention in vitro (Talerico and Berget, 1990). Naturally occurring 5'SS
mutations also result in exon skipping rather than the generation of partially or

cryptically spliced mRNA (Talerico and Berget, 1990, and references therein).
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Taken together, these results suggested that the 3'SS and 5'SS of an exon are
functionally coupled. These findings were supported further by studies of
exon E4 in the rat preprotachykinin gene. Improvement of the E4 splice donor
was found to enhance splicing of the upstream (E3-E4) intron in vitro (Nasim et
al., 1990). Additional mutations suggested a correlation between upstream
intron stimulation and the affinity of this donor for Ul snRNP (Kuo et al., 1991;
Grabowski et al., 1991). Moreover, improved U1 binding to the E4 donor was
found to enhance U2AF65 binding at the E4 3'SS (Hoffman and Grabowski,
1992). These biochemical studies suggested that Ul and U2AF participate in a
mechanism that recognizes exons as functional units in pre-mRNAs. Some in
vivo evidence has provided findings consistent with this model, in that the
presence of one intron in a transcript may facilitate the splicing of introns
adjacent (Neel et al., 1993).

Vertebrate internal exons average only 137 nt in length and are
infrequently longer than 300 nt (Hawkins, 1988), a finding which may reflect
exon definition requirements. However, recognition of an exon may also be
hampered if the exon is too short (Dominski and Kole, 1991), possibly due to
steric considerations; this has been proposed as the basis for the inefficient
recognition of the 18 nucleotide c-src N1 exon in non-neural cells, since this
exon can be activated for splicing simply by increasing the length of the N1
exon (Black, 1991). Recognition of short exons can be facilitated if relative
splice site strengths are altered or if another exon is placed nearby, suggesting
that additional mechanisms associated with exon definition may aid the
recognition of very short exons (Dominski and Kole, 1992; Black, 1991; Sterner
and Berget, 1993). It is therefore apparent that the recognition of an exon may

involve multiple interactions between splice site sequences.
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The effect of exon sequences

Many studies of alternatively spliced systems have described the
contribution of exon sequences to splice site selection in ways that are
somewhat unpredictable. In many cases, mutations or deletions of alternative
exon sequences can result in a dramatic shift in splice site usage patterns. In
some cases these exon sequences appear to have a positive effect upon exon
selection in vivo whereas sequences in other alternative exons have negative
effects (for examples of the former, see Mardon et al., 1986; Cooper and Ordahl,
1989; Cote et al., 1992; van Oers et al., 1994; for examples of the latter, see
Streuli and Saito, 1989; Tsai et al., 1989; Graham et al., 1992). Such effects have
also been observed in vitro (Reed and Maniatis, 1986).

A number of alternative and constitutive exons have been shown to
contain elements that assist exon selection. A particularly well characterized
example of these is a purine-rich sequence originally defined in vitro in the
murine IgM M2 exon (Watakabe et al., 1993). This exon recognition sequence
(ERS) was found to stimulate splicing of the upstream intron and could also
activate splicing when placed in a heterologous context. Similar elements have
been identified in a number of other exons including those in genes encoding
troponin T (Xu et al., 1993), bovine growth hormone (Sun et al., 1993a, 1993b),
fibronectin (Lavigueur et al., 1993) and the calcitonin/CGRP gene (Yeakley et
al., 1993; van Oers et al., 1994). Many of these are likely to represent
degenerate forms of the same element, since even synthetic purine-rich inserts
can also confer ERS-like activity (Xu et al., 1993; Tanaka et al., 1994). The ERS
in the M2 exon can be specifically UV-crosslinked to Ul snRNA in vitro,
suggesting that ERS function involves Ul snRNP (Watakabe et al., 1993). In
addition, studies using the bovine growth hormone terminal exon have

suggested that this element can specifically bind the splicing factor SF2/ASF
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(Sun et al., 1993b). Likewise, an ERS-like element in the fibronectin ED1 (EIIIA)
exon has been shown to interact with purified SR proteins (Lavigueur et al.,
1993). These findings are consistent with a model in which SR proteins and/or
Ul bind downstream of a 3'SS and activate its usage, possibly via exon
definition-related mechanisms.

The ERS, although found in many exons, is not sufficient to account for
all examples of exon sequence effects. Some exon sequences appear to inhibit
splicing (for examples, see Streuli and Saito, 1989; Tsai et al., 1989; Graham et
al., 1992), whereas other elements have a positive effect on splicing yet lack any
discernible purine-rich sequences (for examples, see van Oers et al., 1994; Cote
et al.,, 1992). Furthermore, exon sequences that affect 5'SS selection are known
(Reed and Maniatis, 1986) but have not been extensively characterized. ERS
function is apparently specific for upstream 3' splice sites, since it has little
effect when placed upstream of a 5'SS in vivo (Xu et al, 1993) or upstream of a
3'SS in vitro (Lavigueur et al., 1993). Therefore the effects of exon sequences are
probably due to a number of factors that include ERS elements and also RNA
secondary structure (see below). The role of ERS-like elements in cell-type-
specific regulation is not currently clear, since this element can also be found in
at least one constitutively spliced exon (Yeakley et al., 1993) and is dispensable
for regulation of cardiac troponin T exon 5 (Xu et al., 1993). It is possible that
ERS-like elements occur in either constitutive or cell-type-specific forms,

although this has not been demonstrated.

The role of RNA secondary structure
Splice site selection in yeast can be affected by relatively short hairpins
in vivo, indicating that basepairing interactions may play a role in splicing

regulation in yeast (Deshler and Rossi, 1991; Goguel et al., 1993).

36




Autoregulation of RPL32 splicing may involve a hairpin that sequesters the
RPL32 5'SS (Eng and Warner, 1991). A long-range base pairing interaction may
aid the pairing of the 5'SS and branch region of the unusully long yeast RP51B
intron (Goguel and Rosbash, 1993). Such findings suggest potential
mechanisms for preferential splice site pairing in metazoans; however,
although splice site selection can indeed be modulated by altering the source of
flanking sites in the rat MLC1/3 gene (Gallego and Nadal-Ginard, 1990) and in
adenovirus (Ulfendahl et al., 1989), the role of secondary structure in these
systems has not been addressed. Whether secondary structure plays an
extensive role in vertebrate splicing is still a matter of question. Although
hairpins that sequester splice sites can cause exon-skipping in vitro, these
effects were much reduced when tested in vivo (Solnick, 1985; Eperon et al.,
1988), therefore the formation of RNA secondary structure may often be at a
disadvantage relative to other processes such as hnRNP association.

One notable exception is represented by the chicken B-tropomyosin
gene. Mutally exclusive selection of exons 6A and 6B occurs in nonmuscle cells
and skeletal muscle respectively. Mutational analyses and structural
determination in vitro were consistent with the presence of a secondary
structure that sequestered the exon 6B 3'SS (Goux-Pelletan et al., 1990).
Mutations disrupting this potential RN A secondary structure were found to
activate splicing of the exon 6B 3'SS, whereas additional mutations predicted to
restore basepairing were found to reestablish exon 6B repression (D'Orval et
al., 1991). The influence of part of this structure was confirmed in vivo by
transfection (Libri et al., 1991). It was proposed that this RNA structure was
stabilized in non-muscle cells and /or was disrupted in muscle cells by cell-

type-specific factors (D'Orval et al., 1991; Libri et al., 1991; Guo et al., 1991).
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However, direct evidence for the cell-type-specificity of this structure is lacking

at present.

Other sequences that affect splicing

Deletion analyses of a number of alternatively spliced genes has
uncovered numerous cis-sequences that are capable of affecting exon or splice
site selection in either a positive or negative fashion. For example, positively-
acting sequences can be defined downstream of the neural-specific c-src N1
exon that activate neural-specific splicing in vivo and in vitro (Black, 1991,
1992). In addition to the secondary structure that surrounds the exon 6B 3'SS,
there also appear to be sequences upstream of this exon that function to inhibit
usage of this exon; these sequences have been identified in vitro in the chicken
gene (Gallego et al, 1992) and also in the rat gene by transfection analysis (Guo
etal., 1991). In the rat calcitonin/CGRP gene, intron sequences in the vicinity
of the calcitonin-specific exon 4 acceptor are thought to mediate repression of
this exon in cells that produce CGRP (Emeson et al., 1989). An element that
represses Rous sarcoma virus splicing has been shown to be functional in the
context of a heterologous intron (the nrs or negative regulator of splicing;
Arrigo and Beemon, 1988; McNally et al., 1991) and may specifically interact
with U11 snRNP via base pairing (Gontarek et al., 1993), raising the possibility
that nrs function may involve a snRNP whose function had not been
previously established.

Many of the sequences described in previous sections have been
proposed to participate in the cell-type-specific regulation of alternative
splicing. However, it is important to note that cell-type-specificity has not yet
been established for these elements. It is equally plausible that these elements

simply maintain a regulatable status and that specific regulation is mediated
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via other elements. In order to establish that a given element is cell-type-
specific, it may be necessary to demonstrate that an element displays greater

activity in one cell type than in another.

Regulated splicing in Drosophila melanogaster and other genetic systems

Detailed insigl}ts regarding the nature of trans-acting splicing regulators
have been gained from studies in Drosophila melanogaster. An understanding of
regulated splicing has been achieved due to the genetic identification of cis and
trans lesions that specifically affect a particular splicing phenotype. The
discovery that the regulation of a number of fly sex determination genes occurs
via differential splicing has resulted in the identification of sex-specific splicing
regulators and have provided information about the structure of a bona fide
splicing regulator and the nature of the cis-elements through which these
regulators function (for reviews, see Baker, 1989; Mattox et al., 1992; McKeown,
1992).

The first known alternatively spliced gene in the sex determination
cascade is Sex-lethal (SxI). This gene expresses distinct male- and female-
specific nRNAs. Male-specific mRNAs contain an exon (exon 3) carrying a
premature stop codon; female-specific exon 3 skipping results in full-length
functional Sxl protein (Figure 1-2). The Sxl protein promotes female-specific
splicing of the transformer (tra) gene as well as of its own pre-mRNA. The tra
gene exhibits 3' splice site competition, a type of alternative splicing different
from that found in SxI. Usage of the proximal non-sex-specific 3' splice site
results in premature frameshift termination; functional Tra protein is produced
from female-specific distal 3’ splice site usage (Figure 1-2). Tra acts together
with the product of the tra-2 gene to regulate splicing of doublesex (dsx) pre-

mRNA. In the absence of Tra (males), dsx splicing produces an mRNA
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Figure 1-2.

Examples of alternative splicing in Drosophila melanogaster

Partial exon/intron structures of genes involved in sex determination.
Conventions are as in Figure 1-1; in addition, positions of initiator and
termination codons are also indicated. The pattern above and below the
exon-intron diagrams correspond to male- and female-specific splice
patterns respectively. Female-specific patterns are observed in the presence

of functional gene products indicated in parentheses.
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containing exons 5 and 6 but not 4. In females, Tra and Tra-2 promote the
splicing (and polyadenylation) of exon 4 (Figure 1-2). The male and female-
specific forms of dsx perform distinct functions in sexual differentiation
(reviewed by Baker, 1989; Mattox et al., 1992).

The regulation of tra splicing by the female-specific SxI gene product
appears to involve sequence-specific repression of the non-sex-specific
(proximal) tra 3' splice site, as this site was used poorly in females even in the
absence of the competing female-specific 3'SS. The site of SxI action appears to
be a sequence (UgC) within the polypyrimidine tract of the non-sex-specific 3'
splice site, since mutations at this sequence constitutively activated this site
(Sosnowski et al., 1989; Inoue et al., 1990). Therefore female-specific Sx1-
mediated blockage of the proximal tra acceptor results in distal acceptor usage.
The UgC sequence at the tra non-sex-specific 3' splice site is shared by the
acceptor of the male-specific exon in SxI, further suggesting that this sequence
is the target of SxI. The UgC sequence can be specifically bound by
recombinant female SxI protein in vitro (Inoue et al., 1990; Valcarcel et al., 1993).
In vitro splicing experiments have suggested that the affinity of Sxl for the
pyrimidine tract of the non-sex-specific 3'SS is considerably higher than that of
the general splicing factor U2AF, supporting a model wherein SxI antagonizes
U2AF action via occlusion at this site (Valcarcel et al., 1993).

Although Sex-lethal autoregulation appears in some respects to be
similar to that of Sxl-mediated control of tra, regulation of the former is more
complex, possibly because the pattern of Sx! differential splicing differs from
that of tra. Sex-specific regulation was still observed if the 3' splice site of the
SxI male-specific exon was deleted (thereby creating a 5'SS competition
situation; Horabin and Schedl, 1993). Additionally, a number of polyuridine

sequences both upstream and downstream of this exon were found to
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contribute to sex-specific regulation (Sakamoto et al., 1992; Horabin and
Schedl, 1992, 1993). Therefore, in contrast to the single UgC element that
regulates tra splicing, Sex-lethal autoregulation may involve a number of
functionally redundant cis-sequences and possibly additional regulatory
mechanisms.

In contrast to negative regulation by Sxl, the products of the transformer
(tra) and transformer-2 (tra-2) genes act positively on female-specific splicing of
the doublesex (dsx) gene. In males, usage of the female-specific dsx exon (exon
4) is prevented in part by the presence of a suboptimal polypyrimidine tract at
its 3'SS; mutations increasing the pyrimidine content of this tract were found to
activate exon 4 usage even in the absence of the Tra and Tra-2 gene products
(Hoshijima et al., 1991). Conversely, expression of Tra and Tra-2 was found to
activate exon 4 acceptor usage (Ryner and Baker, 1991) and may also stimulate
polyadenylation (Hedley and Maniatis, 1991). A number of triskadecameric
repeats within the female specific were required for female-specific exon 4
usage (Nagoshi and Baker, 1990; Hoshijima et al., 1991; Ryner and Baker, 1991;
Inoue et al., 1992; Hedley and Maniatis, 1991). These 13-mer repeats have been
found to specifically bind Tra-2 and possibly also Tra protein (Hedley and
Maniatis, 1991; Inoue et al., 1992; Tian and Maniatis, 1992). Therefore the
repeated 13-mer element represents a sex-specific regulatory element and the
products of the tra and tra-2 genes represent sex-specific regulators that act via
these 13-mer repeats.

In vitro, the activation of exon 4 splicing in HeLa nuclear extracts was
dependent upon the presence of 13-mer repeats in cis and also required the
addition of either recombinant Tra or Tra2 protein. Tra and Tra-2 were also
capable of activating splicing of a mutant globin 3'SS in a repeat-depndent

fashion, illustrating autonomous function of the 13-mer element (Tian and
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Manatis, 1992). Tra and Tra-2 were found to form a stable complex on the
repeat sequences in nuclear extract; this complex was found to contain SR
proteins (Tian and Maniatis, 1993). Using a yeast two-hybrid interaction assay,
Tra and Tra-2 proteins were also found to interact specifically with the 35 kDa
subunit of U2AF as well as with SC35 and SF2/ASF (Wu and Maniatis, 1993).
Taken together, these; data indicated that the Tra and Tra-2 gene products act
by recruiting general splicing factors (such as U2AF and SR proteins) to a
suboptimal splice acceptor.

The third intron in the Drosophila P element transposase pre-mRNA
(IVS3) is removed only in the cells of the germline (Laski et al., 1986). An in
vivo analysis of germline-specific IVS3 splicing has suggested that 5' exon
sequences contained a soma-specific negatively regulating element (Laski and
Rubin, 1989; Chain et al., 1991). Splicing of IVS3 in Drosophila Kc cell nuclear
extracts was activated by addition of competitor RNAs containing 5' exon
sequences, suggesting that 5' exon-specific factors in Kc extract repressed IVS3
removal (Siebel and Rio, 1990). Binding of U1l snRNP to a "pseudo” 5'SS near
the authentic site appears to be involved in the mechanism of somatic
repression, since the removal of this "pseudo"-site activated IVS3 splicing in
vitro (Siebel et al., 1992). UV-crosslinking and gel retardation assays have
characterized a complex that assembles on this 5' exon sequence that contains
several proteins (M; 97K, 65K and 40K; Siebel and Rio, 1990; Siebel et al., 1992).
The identification of these may provide further insights into the mechanism of
this regulated splicing event. Yet another example of regulated splicing in
Drosophila involves the regulation by the product of the suppressor of white
apricot gene of its own pre-mRNA, apparently at the level of splicing (Zachar et

al., 1987). This regulated event remains to be characterized in more detail.
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Many of the genes that regulate the anve splicing events have been
cloned and characterized. The structures of these genes contain features
shared by a number of RNA-binding proteins and known splicing factors. The
products of the tra, tra-2, and su(w?) genes contain domains that are arginine-
and serine-rich, a feature shared with members of the SR protein family and
U2AF. Tra-2 and Sxl also contain RRMs. Therefore these structural motifs are
common among alternative splicing factors in Drosophila and constitutive
splicing factors in mammalian systems.

The study of other genetic organisms have also identified regulators of
splicing. In S. cerevisiae, splicing of the RPL32 pre-mRNA intron is negatively
autoregulated by RPL32 ribosomal protein, presumably as part of a mechanism
to prevent RPL32 overproduction. The RPL32 gene product represses the
splicing of its own pre-mRNA via binding to a evolutionarily conserved base-
paired structure in the 5’ exon of the pre-mRNA (Eng and Warner, 1991).
Rpl32 was found to inhibit splicing of this pre-mRNA by blocking splicing
complex assembly at a step after U1l binding but before U2 association
(Vilardell and Warner, 1994). Inhibition of splicing thus occurs at an
intermediate step in splicing after the recognition of the 5'SS.

Only one case of developmentally regulated splicing in yeast has been
discovered to date. The MER1 and MER2 genes are important for the meiotic
process in yeast. Expression of the MER1 gene product is meiosis-specific; this
gene product appears to positively act upon the splicing of the MER2 pre-
mRNA (Engebrecht et al., 1991). The exact mechansm of MERI1 function is
unknown at present; it may act to facilitate recognition of the MER2 5'SS, the
sequence of which differs from the yeast consensus (G/GUUCGU versus the

consensus G/GUAUGU; Nandabalan et al., 1993).

46




Regulators of alternative RNA processing in mammalian genes

In contrast to systems in Drosophila , few if any authentic splicing
regulators have been definitively identified as such in mammals. One potential
regulator is the human immunodeficiency virus Rev gene product, which
binds to a target (called the RRE) in its own pre-mRNA and thus promotes the
cytoplasmic appearance of unspliced RNA. The mechanism of Rev action has
been a matter of debate, since two different models have been proposed: (i) the
active promotion of nucleocytoplasmic transport of unspliced RNA (Malim et
al., 1989), and (ii) a Rev-mediated inhibition of splicing, thus allowing
unspliced RNA to escape the nucleus by default (Chang and Sharp, 1989).

Since genetic tools that can identify upstream splicing regulators are not
readily available for the analysis of mammalian splicing, biochemical
complementation approaches have most often been adopted to identify
potential regulators of splicing. Such an approach is relatively difficult, given
that alternative splice site selection is sensitive to parameters such as extract
dilution (Reed and Maniatis, 1986) and also variations in monovalent or
divalent cation concentrations (Schmitt et al., 1987; Mayeda and Ohshima,
1988; Helfman et al., 1988). Therefore it is difficult to assess whether in vitro
conditions could represent physiologically realistic situations. Nevertheless,
such approaches have been attempted, yielding results which have differed in
some respects from those obtained by studies in genetic systems.

The c-src gene contains a number of neural-specific exons, one of which
has been studied as a model system for regulated alternative splicing. A
number of sequence elements lie in the intron downstream of this exon that are
required for neuron-specific N1 inclusion. At least two elements can be
distinguished on the basis of these studies; these elements appear to exhibit

some functional redundancy, since the deletion of either element alone reduced
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N1 inclusion partially whereas deletion of both sequences abolished inclusion
(Black, 1992). Neurally-derived splicing extracts were able to display N1
inclusion splicing in an element-dependent fashion, whereas HeLa extracts did
not (Black, 1992). These experiments suggested that sequence-specific neural
factors promoted the N1 inclusion splice in vitro. These experiments lay a
promising foundation for biochemical complementation experiments that may
identify neural-specific splicing regulators.

As mentioned previously, the splicing factor SF2/ASF was isolated from
human 293 cell nuclear extracts by its ability to promote SV40 small t splicing
(proximal 5'SS usage) over large T splicing in nuclear extracts (Ge et al., 1990).
SF2/ ASF also promoted proximal selection on a number of globin-derived pre-
mRNA substrates containing duplicated splice sites (Krainer et al., 1990). In
addition, it was found that hnRNP A1 could antagonize the effect of SF2
(Mayeda and Krainer, 1992; Fu et al., 1992). These findings suggested that
differential ratios of ubiquitous RN A-binding proteins could modulate splice
site preference in vitro (Maniatis, 1991).

As discussed previously, SF2/ ASF is an SR protein (Zahler et al., 1992,
1993a, 1993b). Several of the SR proteins can promote proximal donor selection
(Mayeda et al., 1992); in addition, SF2/ ASF and SC35 can also promote
proximal 3'SS selection (Fu et al., 1992). SF2/ASF and hnRNP Al have also
been shown to have effects in vitro upon alternative splicing of substrates
derived from natural alternatively spliced pre-mRNAs (Mayeda et al., 1993).
Taken together, these data suggest that SR proteins possess overlapping
functions in splicing and may operate on selection of 5' splice sites via similar
mechanisms.

To date, none of the mammalian SR proteins have been shown to

directly regulate alternative splicing in vivo; such proof may have to await the
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overexpression or knockout of these genes. It is interesting to note, however,
that SR family members do exhibit some differential substrate preference, both
with respect to committing different pre-mRNA substrates to splicing in vitro
(Fu, 1993) and with respect to promoting proximal donor selection (Zahler et
al., 1993a). Therefore each of the SR proteins may regulate distinct sets of
alternatively spliced genes. In this respect, the SF2/ ASF pre-mRNA is
alternatively spliced to yield forms lacking the SR domain, which can promote
proximal donor selection but do not complement an 5100 extract for splicing
(Caceres and Krainer, 1993; Zuo and Manley, 1993); therefore differential
ASF/SF2 splicing could concievably have functional consequences in vivo.

The fact that specific splicing regulators have been identified in
Drosophila and yeast makes it unlikely that all alternatively spliced genes are
regulated by ratios of common splicing factors. However, these genetic screens
are inherently biased in favor of specific regulator genes over essential factors.
Since SR protein functions are apparently redundant, it is possible that a subset
of these are actually true regulators for some genes. In this light, it will be
interesting to learn the basis underlying the distinct substrate specificities that
certain SR proteins exhibit. The recent description of SR homologues in
Drosophila may shed some light on these questions (Kim et al., 1992; Mayeda et
al, 1992), since it is possible to ask whether the mutation of SR protein-like

genes in Drosophila will produce phenotypes related to differential splicing.

The rat fibronectin gene as a model for splicing regulation

It is therefore clearly evident that numerous questions must be
examined when considering the regulation of an alternatively spliced gene in
vivo or in vitro. It also seems likely that the study of new systems will reveal

novel insights into the nature of regulation at the level of RNA splicing. In an
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effort to gain further insights regarding how differential splicing is regulated in
a cell-type-specific manner, experiments were carried out that characterized in
detail the alternative splicing of one regulated exon in the rat fibronectin gene.

Fibronectin (FN) is a large multifunctional extracellular glycoprotein
that is found in many basement membranes and is an important extracellular
matrix component in vertebrates. This protein is a major substrate for the
adhesion and migration of cells during development and also plays a role in
maintaining cellular morphology, interacting also with other extracellular
matrix molecules such as collagen and heparin. In addition to playing essential
roles in development, FN appears also to participate in processes in the adult
that involve cell migration and adhesion, such as the healing of wounds and
blood clotting (for review, see Hynes, 1990).

The FN protein exhibits a repeated modular structure and contains a
considerable degree of internal homology (Figure 1-3A). Three types of
homology were detected based upon partial protein sequencing of bovine FN
(Petersen et al., 1983) and also by sequencing of rat and human FN cDNA
clones (Schwarzbauer, et al., 1983; Kornblihtt et al., 1984). Twelve typeI
repeats, two type Il repeats and at least fifteen type III repeats are present in
the protein. Various portions of FN function in cell adhesion and binding
other extracellular matrix components (Figure 1-3A). In particular, the tenth
type Il repeat in FN (repeat III-10) contains a site particularly important for
cell adhesion, the essential core being a tripeptide segment (RGD) within this
repeat. This segment comprises the binding site for the asp; integrin, a
member of a family of cell surface receptors important for cell-matrix and cell-
cell interactions (reviewed by Hynes, 1990, 1992).

The rat gene that encodes FN is approximately 70 kilobases in length

and consists of at least 48 exons. The FN genomic structure was found to
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consist of exons that corresponded to each of the three repeat types. TypeI
and II repeats are each encoded by single exons; for the most part, type III
repeats are each encoded by a pair of exons. Expression of this pre-mRNA
features a single transcriptional start and a single polyadenylation site (Patel et
al., 1987). In addition, the rat FN pre-mRNA is alternatively spliced in at least
three regions (Figure 1-3B). Two "cassette" exons (EIIIA and EIIIB) are
optionally spliced into the mRNA; each of these exons encodes a single type III
repeat. The third region, termed the V region, exhibits differential selection
among three 3' splice sites: differential splicing here produces segments of 120,
95 or 0 amino acids in this region of the FN molecule.

Alternative splicing of the fibronectin gene was first documented in the
V region based upon sequences of FN cDNAs isolated from rat liver and S1
analyses of liver nRNA; the existence of at least three fibronectin mRNAs was
inferred from these data. Isolation of rat genomic clones confirmed that these
mRNAs were generated from a single gene (Schwarzbauer et al., 1983; Tamkun
et al., 1984). This region has been termed the IIICS region in the human gene;
interestingly, the splicing of the human IIICS region generates forms of FN
distinct from those known to exist in rat; these novel forms arise from usage of
an extra 5' splice site within the IIICS segment (Kornblihtt et al., 1985). The
chicken and Xenopus FN genes also exhibit patterns of differential V splicing
that vary slightly from those exhibited by the rat and human genes. Splicing of
this region in the chicken gene results in partial or complete V segment
inclusion; however, complete omission of V has not been observed (Norton
and Hynes, 1987). Splicing in the Xenopus gene results in complete inclusion or
omission of V, but not partial inclusion (DeSimone et al., 1992). Therefore,

although the presence of V region differential splicing is conserved among
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Figure 1-3.

Alternative splicing in the rat fibronectin gene

A. Schematic of the c}omain structure of full length rat fibronectin, showing the
three types of homology and alternatively spliced segments. Regions of the
protein that interact with components of the extracellular matrix or plasma
are shown above the diagram; segments below the main diagram indicate
the heterogeneity within that segment generated via alternative splicing
(carats between domains indicate omitted segments; adapted from Hynes,
1990).

B. Alternative splicing patterns in the fibronectin gene. Exon-intron structure
of the three alternatively spliced regions are schematically illustrated;
drawings are not to scale. Upstream and downstream exons are labeled;
other conventions are as in Figure 1-1. For EIIIB and EIIIA, possible patterns
are shown both above and below each diagram. For the V region, possible
patterns generated in the rat gene are indicated above the exon/intron
structure, while an extra splice that occurs in the human gene is shown

beneath.
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species, the precise patterns exhibit a degree of variability among the
organisms studied.

The V segment contains a segment that is important for adhesion to
some cell types. Addition of peptides containing parts of the V segment have
been shown to inhibit the adhesion of certain cells, presumably by competing
for cell surface receptors that bind these segments. One such peptide occurs
within the N-terminal portion of the V segment (Humphries et al., 1987). This
segment (also called CS-1) has been shown to be the binding site for the o4pq
integrin, which is found on cells of lymphoid origin (Guan and Hynes, 1990;
Wayner et al., 1990). Another cell binding site, CS-5, appears to be present in
the C-terminal portion of the V segment (Humpbhries et al., 1986, 1987).
Therefore differential V splicing has a functional consequence with respect to
FN-mediated cell adhesion. In rat liver, the FN mRNAs encoding the V95 and
V120 forms comprise about 50% of the FIN mRNA; the remainder encodes the
VO form (Schwarzbauer et al., 1983, 1985). In other tissues, V120 and V95
forms predominate (Tamkun and Hynes, 1983; Paul et al., 1986; Pagani et al.,
1991). Thus V region alternative splicing is cell-type-specific. These findings
suggest that the optional inclusion of the CS-1 and CS- 5 segments via cell-
type-specific alternative splicing is important for the proper physiological
. function of FN.

The EIIIA and EIIIB segments each encode a single structural type III
structural repeat unit that is either included into or excluded from FN mRNAs.
With the exception of the III-9 repeat, all the other type IIl homologies in the rat
FN gene are encoded by two exons each. The differential inclusion of these
exons was inferred from the sequence comparison of different cDNA isolates

(Kornblihtt et al., 1984; Schwarzbauer et al., 1987; Zardi et al., 1987).
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Alternative splicing of EIIIA and EIIIB is also cell-type-specific. Neither
of these exons are present in liver FIN mRNAs from rat, chicken or Xenopus,
whereas these segments are found in a high percentage of FN mRNAs from
early embryos (Schwarzbauer et al., 1987; Norton and Hynes, 1987; DeSimone
et al., 1992). In fact, differences in biochemical behaviour between soluble
plasma fibronectin (which is synthesized by hepatocytes) and cellular
fibronectin (an insoluble fibrillar form found in the extracellular matrix and on
cells in tissue culture) can in part be accounted for by the differential inclusion
of these exons as well as of the V segment (Paul et al., 1986). In many
instances, inclusion of EIIIA and EIIIB have been found to correlate, with EIITA
often being present at higher levels than EIIIB (ffrench-Constant et al., 1989;
Magnuson et al., 1991; Pagani et al., 1991), suggesting that these exons are co-
regulated. However, certain exceptions suggest that EIIIA and EIIIB regulation
can occur independently, as cartilage contains EIIIA-/EIIIB* FN whereas some
blood vessel walls contain FN that is EIIIA+/EIIIB~ (Bennett et al., 1991;
ffrench-Constant et al., 1989).

In contrast to the V segment, potential functions for the EIIIA and EIIIB
exons have not yet been clearly identified. The EIIIB segment has been
thought to be associated with cellular transformation (Carnemolla et al., 1989)
but other studies have failed to corroborate this finding (Schwarzbauer et al.,
1987; Norton et al., 1987; Magnuson et al., 1991). As mentioned above, EITIA
and EIIIB are abundant in early embryos; in addition, in situ hybridization
studies using segment-specific probes have indicated that EIIIB expression is
elevated at locations of active cell migration and proliferation in the chicken
embryo (ffrench-Constant and Hynes, 1989) and that both EIIIA and EIIIB
levels rise at sites of wound-healing in rats (ffrench-Constant et al., 1989). In

addition, EIITA and EIIIB are responsive to growth factors applied to cells in
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tissue culture (Magnuson et al., 1991; Borsi et al., 1990). Therefore EIIIA and
EINIB may play a role in modulating FN-mediated cell migration and/or
proliferation. |

However, it is apparent from studies of recombinantly expressed FN
isoforms that all forms of FN are capable of promoting cell adhesion, spreading
and migration (Guan et al., 1990). EIIIA and EIIIB have been thought to play a
role in fibrillogenesis; however, only minor differences have been detected
among fibronectin isoforms in their ability to be retained by cells via
incorporation into matrix (Guan et al., 1990; Mardon et al., 1992). It should be
noted that differences among FN isoforms may have been masked by (i) the
presence of the cell-binding site in the ITI-10 segment, which is a major
determinant for adhesion for many tissue culture cell lines and (ii) the other
domains in FN that interact with extracellular matrix components such as
collagen or heparin. In addition, differences among recombinant FN isoforms
might have gone unnoticed if EIIIA- or EIIIB- specific posttranslational
modifications were not present in the recombinant FNs. The amino acid
sequence of the EIIIB exon is very highly conserved among the warmblooded
animals (96% versus 81% overall between rat and chicken; Norton and Hynes,
1987), suggesting some importance of the EIIIB sequence in function and/or

regulation. To date, however, EIIIA and EIIIB functions remain unknown.

The control of alternative splicing in the fibronectin pre-mRNA

The regulation of fibronectin alternative splicing has been investigated
to some extent by a number of groups. A minigene system has been
established for studying the splicing of the human IIICS region; in this systems,
a minigene containing the ITIICS region and flanking regions was found to

exhibit all the expected spliced patterns when transfected into HeLa cells
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(Mardon and Sebastio, 1992). Th cis-acting sequences that determine splice site
selection have not yet been determined in this system.

Regulation of the EIIIA exon (also known as ED-A, ED1 and EDIITIA) has
proceeded via in vivo and in vitro studies. A minigene containing the human
EIIIA region was found exhibit both splice choices (inclusion and skipping)
when transfected into HeLa cells (Vibe-Pederson et al., 1984). One particular
requirement for the recognition of the EIIIA exon in this system appears to
reside within the exon itself, as the removal or inversion of a sequence within
EIIIA resulted in the failure to splice this exon into mRNA (exon-skipping).
Therefore exon sequences contributed in a positive manner for EIIIA inclusion
splicing (Mardon et al., 1987). In vitro splicing studies that used EIIIA-
containing substrates have identified a purine-rich sequence within this exon
that was important for utilization of the human EIIIA 3'SS in HeLa cell nuclear
extracts (Lavigueur et al., 1993). The elements that regulate the cell-specific
expression of EIIIA have not yet been characterized; although it is possible that
the purine-rich element within EIIIA acts in a cell-specific manner, it is not
known whether this element possesses d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>