1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Wiley Interdiscip Rev RNA. 2011 September ; 2(5): 700-717. doi:10.1002/wrna.86.

Pre-mRNA splicing during transcription in the mammalian
system

Amy Pandya-Jones
Department of Microbiology, Immunology and Molecular Genetics, University of California Los
Angeles (UCLA), Los Angeles, California 90095

Amy Pandya-Jones: apandyam@ucla.edu

Abstract

Splicing of RNA polymerase |1 (polll) transcripts is a crucial step in gene expression and a key
generator of mRNA diversity. Splicing and transcription have been generally been studied in
isolation, although in vivo pre-mRNA splicing occurs in concert with transcription. The two
processes appear to be functionally connected because a number of variables that regulate
transcription have been identified as also influencing splicing. However, the mechanisms that
couple the two processes are largely unknown. In this review, I highlight the observations that
implicate splicing as occurring during transcription and describe the evidence supporting
functional interactions between the two processes. | discuss postulated models of how splicing
couples to transcription and consider the potential impact that such coupling might have on exon
recognition.

Pre-mRNA splicing is connected to transcription in vivo

Precursor messenger RNA (pre-mRNA) splicing is the process by which intron sequences
are identified and excised from pre-mRNA transcripts with concurrent ligation of the
flanking exons. The splicing reaction is catalyzed by the spliceosome, a large
ribonucleoprotein (RNP) complex that forms from the ordered assembly of five small
nuclear ribonucleoprotein (SNRNP) particles onto each intron (1, 2)(Figure 1). Four essential
RNA elements direct spliceosome assembly (Figure 1). They are: the 5" and 3’ splice sites
that define the exon-intron and intron-exon junctions respectively, the polypyrimidine tract
which aids in 3'ss recognition and the branchpoint sequence that provides the attacking 2’
hydroxyl in the first of the two transesterification reactions that comprise the chemical steps
of splicing (for a complete review see (1)).

In humans, almost all intron-containing genes generate multiple mRNA isoforms through
differential inclusion of alternative exons (3, 4). Splicing proteins regulate splice site choice
by binding to RNA elements within exons or introns to promote or impede spliceosome
assembly (5). Some splicing factors are developmentally or tissue-restricted in expression
(5, 6), while others, such as those in the Serine/Arginine-rich (SR) family, are more
ubiquitously expressed and exert more fundamental roles in general splicing (7, 8).

Mechanistic regulation of pre-mRNA splicing is generally studied independently of
transcription, using pre-synthesized templates added to nuclear extracts (9—11)or injected
into living cells (12). Experiments of this kind have established that active transcription,
while necessary for RNA synthesis, is not required for spliceosome assembly or intron
excision in vitro. Yet, in vivo splicing and transcription are intimately connected, and it is
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well accepted that spliceosome assembly initiates on pre-mRNAs that are still being
synthesized, or that may be complete but remain tethered to the chromatin template (13-15).

A number of variables known to control transcription have recently been implicated in
altering splicing outcomes. These include: RNA polymerase Il (polll) and its Carboxy-
Terminal Domain (CTD), promoter sequences, transcriptional activators, chromatin
remodelers and short interfering RNAs (siRNAs)(16-22). These findings have generated
considerable interest in understanding how splicing and transcription might influence one
another. The two processes are presumed to functionally couple through mechanisms
involving polll (20, 22), although testing this idea is not trivial because many of the
variables described as affecting splicing are not easily reconstituted in vitro. This drawback
has hindered efforts using tractable systems to understand the mechanism(s) of coupling. As
a result, existing models for how these variables influence splicing remain speculative and
elucidation of the regulatory mechanisms that connect splicing to transcription remains a
major goal in the field. In this review, | focus primarily on work performed in mammalian
systems, although much important research in this field is also being pursued in other
organisms (23-26). | present the data that reveal nascent transcripts are spliceosomal
substrates. | describe the variables that are known to influence splicing during transcription,
discuss possible mechanisms for how coupling might be achieved, as well as consider the
consequences of such coupling on exon recognition.

NASCENT pre-mRNAs ARE SUBSTRATES FOR THE SPLICEOSOME

The spliceosome assembles on nascent RNAs during transcription

The notion that splicing initiates during transcription was introduced 25 years ago when
Osheim and Beyer published electron micrographs of Miller chromatin spreads from early
D. melanogaster embryos (13). The micrographs depict protein particles assembled upon
nascent RNAs still attached to the DNA template (13). Some particles appear to coalesce
and in so doing, loop out the intervening sequence in a process reminiscent of splicing (27).
Results showing that antibodies against sSnRNP, SR and hnRNP proteins localize to
transcriptionally active regions of large insect polytene salivary chromosomes supported the
presumption that these protein particles are spliceosomal complexes (28-30). In mammalian
cells, transcriptional activation similarly results in the migration of splicing factors from
nuclear speckles to sites of nascent RNA synthesis (31-33)and the accumulation of splicing
factors at active gene loci(15). Interestingly, splicing factor deposition is not observed at
single exon gene loci, bolstering the idea that splicing factors accumulate on intron-
containing RNAs (15). Collectively, these data support a scenario in which spliceosomal
components assemble on nascent pre-mRNAs still tethered to the chromatin template.

Quantifying the extent of intron removal in nascent pre-mRNAs

Intron excision is executed by the catalytic spliceosome that forms after multiple ShRNP
assembly steps and ATP-driven rearrangements(1). That spliceosomal components assemble
on nascent RNAs suggests that splicing occurs co-transcriptionally, but does not confirm
that introns are excised from pre-mRNAs during synthesis. However, quantifying the extent
of intron removal in nascent pre-mRNAs is often limited by the difficulty of purifying such
transient molecules.

An early approach to measuring co-transcriptional intron removal was though micro-
dissection of chromatin puffs, regions of insect polytene chromosomes undergoing active
transcription known as ‘Balbiani Rings’ (BR) (34). Analysis of nascent RNA isolated from
contiguous segments of the BR1 gene found that intron 3 is completely excised prior to
transcriptional termination while the fourth and terminal intron, which is positioned within
1kb of the polyadenylation site, is only excised in 5-10% of the same transcripts (35).
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Inspection of the BR3 transcript demonstrated that splicing generally proceeds in a 5’ to 3’
direction, although neighboring introns are not always excised in this order, nor are all
introns completely removed during synthesis (36).

Similar results have been documented in mammals. Dystrophin (DMD) is one of the longest
known human genes (2.3Mb) and is predicted to take over 16 hours to transcribe (37). DMD
is active in myoblasts as they differentiate into myotubes. RT-PCR analysis of myoblast
RNA shows detectable levels of exon 3-containing transcripts after 8 hours of
differentiation. The exon 2 — 3 spliced product is detectable 12 hours prior to that of exon
69, showing that excision of 5’ proximal introns is achieved prior to complete synthesis of
the DMD transcript. Further investigation has determined that splicing of the DMD pre-
MRNA progresses in a general 5’ to 3’ direction (37). This result is corroborated by
quantitative measurements of intron removal along the c-Src and Fibronectin (FN)
transcripts in isolates of chromatin-associated RNA (14, 38). In this study, intron flanking
alternative exons within the c-Src and FN transcripts were also excised prior to release of the
transcript from the chromatin template. Interestingly, the order of removal for introns
neighboring regulated exons does not proceed in an exclusive 5’ to 3’ direction, as illustrated
by the alternative FN exons 25 and 33 in which the downstream introns are removed prior to
the upstream ones under steady state conditions (14, 39). This pattern of intron removal is
also found in some neural-specific alternative splicing events (40).

Measuring the rate of splicing relative to transcription provides information on how quickly
introns are excised after being transcribed. One approach to doing this involves clearing
nascent RNAs from the chromatin by treating cells with 5,6-dichlorobenzimidazole 1-beta-
D-ribofuranoside (DRB). DRB inhibits the Positive Transcriptional Elongation Factor b (P-
TEFb) (41). Phosphorylation of polll by p-TEFb facilitates the transition from
transcriptional initiation to elongation and as such, DRB is thought to prevent transcriptional
initiation complexes entering active elongation but does not appear to impede actively
elongating molecules from completing transcription of a locus (41). Time course
measurements by RT-PCR of multiple pre-RNA species synthesized after reversing 3 hours
of DRB inhibition have shown that intron excision occurs within 5 — 10 minutes of synthesis
of the downstream neighboring exon, irrespective of the length of the intron, the length of
the gene or whether the intron is excised by the major or minor spliceosome (42).

An additional approach to inferring splicing kinetics harnesses the power of Fluorescence
Recovery After Photobleaching (FRAP). FRAP measurements in mammalian cells reveal
that the diffusion rate of GFP-tagged spliceosomal factors is up to 17 fold lower when
measured at a transcriptionally active locus compared to the average rate of diffusion of the
protein in the nucleoplasm (43). The decrease in diffusion rate has been interpreted as
retention of the SnRNPs at sites of transcription though binding of nascent RNAs. The time
spent at the active loci can also be computed from the diffusion rate. The U2 and U5
SsnRNPs are present at the active loci for between 15 and 30seconds, while the U1, U4 and
U6 snRNPs are found in residence for much shorter periods, suggesting that spliceosome
assembly proceeds rapidly on nascent RNA and that intron excision might occur much faster
than previously estimated (42, 43).

Collectively, these data confirm that nascent pre-mRNAs are splicing substrates and indicate
that at least a majority of introns are recognized rapidly during transcription. Moreover, a
large proportion of introns flanking both constitutive and alternative exons are seemingly
excised prior to release of the RNA from the chromatin template.
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TRANSCRIPTIONAL REGULATORY VARIABLES THAT IMPACT SPLICING
DURING TRANSCRIPTION

The Carboxy-Terminal Domain (CTD) of RNA polymerase Il

In mammals, the CTD comprises over half of the largest polll subunit, Rpb1l (POLR2A). It
is composed of 364 amino acids grouped into 52 heptad repeats that form a consensus
sequence of Tyrq-Serp-Pros-Thry-Sers-Prog-Sery (44, 45)and is subject to extensive post-
translational modification (46-50).

Initial evidence for involvement of polll in splicing regulation emerged from the observation
that cells expressing a version of polll that lacks the CTD but retains transcriptional
capabilities, do not support splicing or 3' end cleavage of a reporter substrate (20). These
cells also exhibit altered localization of splicing factors and reduced mMRNA expression from
endogenous genes (51, 52). In vitro, splicing of a reporter substrate is improved by addition
of purified polll and this effect is dependent upon hyperphosphorylation of the CTD (53).
These data implicate polll, and the CTD in particular, in splicing regulation.

Experiments testing the ability of the CTD to support splicing in an exogenous setting found
that splicing of a reporter substrate transcribed by T7 RNA Polymerase (T7 RNAP) fused to
the polll CTD is not enhanced when compared to transcription by wild type T7 RNAP (54).
A similar result is obtained when tested in the context of RNA polymerase 111 (54),
demonstrating that the CTD is only effective at coordinating splicing in the context of the
polll holoenzyme.

Rate of transcription by RNA Polymerase I

In early studies examining how the order of exon synthesis enforced the linear order of exon
ligation, Aebi and Weissmann noted that a set of 5'ss mutations in intron 2 of a 3 exon
construct did not inhibit intron 2 excision, but instead resulted in skipping of exon 2 and
ligation of exon 1 to exon 3 (55). While it is now recognized that exon skipping is the most
common result of a splice site mutation (56), Aebi and Weissmann explained their findings
by proposing a “first come, first served’ (FCFS) model, in which splicing commitment
complexes would assemble during transcription to unite each cognate pair of splice sites as
they were synthesized (55). They hypothesized that this would remove committed upstream
junctions from competition with splice sites downstream, thereby preventing missplicing of
multi-exon transcripts.

Experiments specifically examining the regulation of an alternative exon during
transcription also support variations of the FCFS model. A splicing minigene carrying the
FN alternative exon 33 exhibits increased use of the upstream alternative splice site when
transcribed with a mutant ‘slow’ polymerase (22). While this effect is not observed with all
test exons, a subset of regulated exons are clearly affected by modulations in transcriptional
rate(22).

Promoter-related effects

Regulated exon inclusion in mMRNAs produced from minigene reporter constructs is affected
by variables involved in transcriptional initiation. For instance, inclusion of the FN
alternative exon 33 varies substantially in mMRNAs transcribed from minigene constructs
driven by different promoter sequences (19). This change is not dependent on the overall
expression from the promoter, since inclusion of exon 33 does not change upon induction of
a CMV promoter with cyclic AMP, or an MMTYV promoter with dexamethasone (19). One
explanation for these observations is that different promoters might recruit transcriptional
complexes of varying composition that can alter splicing outcomes.
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TheU2AF-related CAPERa and B (co-activator of activating protein-1 and estrogen
receptors) proteins bind and stimulate transcription from steroid-responsive promoters (18).
When co-transfected into hormone-treated cells with a splicing sensitive minigene driven by
a steroid responsive promoter, CAPERa and (3 also alter alternative exon inclusion (18).
Although their mechanism(s) of action are not entirely clear, CAPERs encode RS and RNA
recognition motif (RRM) domains that may permit them to interact with the RNA or other
spliceosomal proteins (18).

The control of transcriptional regulatory factors on splicing is not limited to regulated
events. Splicing of transcripts with a single splicing pattern is enhanced when activated by
the strong chimeric Gal4-VP16 fusion rather than the weaker Gal4-SW6 protein (57). The
polypyrimidine tract binding protein-associated splicing factor (PSF) and related p54nr?/
NonO protein preferentially bind the VP16 over the SW6 activation domain, demonstrating
that transcriptional activators can indeed interact with auxiliary splicing components (58).
PSF further enhances splicing of a Gal4-VP16 dependent splicing substrate, indicating that
the VP16-PSF interaction is functional (58). These data show that promoters and the
proteins that bind to them can influence splicing outcomes.

Chromatin-related effects

SWI/SNF is a multi-subunit enzyme that remodels nucleosomes around promoter regions to
allow binding of transcriptional regulatory proteins (59). Transient transfection of cells with
the Brahma (Brm) subunit of mammalian SWI/SNF alters inclusion of a set of alternative
exons (17). Notably, the affected transcripts are encoded by genes dependent on SWI/SNF
remodeling for activation (17). Brm interacts with the U1 and U5, but not the U3 snRNAs,
as detected by RT-PCR of RNA from Brm immunoprecipitates. Brm’s effect on splicing
does not require its ATPase domain, suggesting that this function is independent of its
remodeling ability (17). Thus, not unlike the transcriptional activators that affect splicing, it
may be that Brm influences alternative exon inclusion by binding to splicing factors to
interfere with spliceosome assembly rather than through altering chromatin structure.

The notion that chromatin packing can alter splicing outcomes garners support from an
epigenetic process known as transcriptional gene silencing (TGS) (60-62). TGS is induced
by short interfering RNAs (siRNA) targeted to promoter regions that shut off gene
expression (63). The siRNAs induce methylation of cytosines within the DNA and H3K9
methylation at the promoter, via a mechanism that is dependent on the argonaute-1 (ago-1)
and Heterochromatin Protein 1 (HP1) proteins (64—-66). SIRNAs targeted to the intron
downstream of FN exon 33 produce a two-fold increase in inclusion of endogenous FN exon
33 (16). Much like TGS, this effect is dependent on polll elongation, ago-1 and -2 and
HP1a. The siRNAs also increase H3K9 di-methylation and H3K27 tri-methylation across
proximal downstream regions from the siRNA target site in intron 33.

In contrast, depolarization of neuronal N2A cells with KCI reduces inclusion levels of exon
18 from Neuronal Cell Adhesion Molecule (NCAM) mRNA and increases H3K9 acetylation
and H3K36 methylation around the exon 18 region (67). These chromatin modifications are
associated with relaxed chromatin as determined by DNA sensitivity to nuclease digestion.
The pathway from depolarizing stimulus to the DNA is not yet clear, but it appears to be
independent of CamKIV, which was also shown to mediate a depolarization-induced
signalling cascade that represses exon inclusion (68).

With the advent of high throughput sequencing technology, additional interesting
connections between chromatin structure and splicing have been described. Whole genome
chromatin immunoprecipitation and sequencing (ChlP-seq) from human T-cells have
provided the first high-resolution map of nucleosome distribution along chromosomes (69).
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Multiple bioinformatic analyses of ChlP-seq data found that exon sequences, but not introns,
have a approximately 1.5 fold enrichment of nucleosomes above background (69-76), which
appears to be dependent on the biased nucleotide composition of exons (70). After
controlling for nucleosome density, the same studies discovered higher than average levels
of di-and tri-methylated H3K36 and mono-methylated H2BKS in nucleosomes residing
within exons. Exons also exhibited lower than average tri-methylation of H3K9 (70).
Additional work has further correlated distinct sets of histone modifications with specific
intragenic locations. For example, H3K4me3 is strongly associated with transcriptional start
sites. H3K79me2 is found downstream of promoter sequences and displays a reciprocal
relationship with H3K36me3, which is most abundant across regions encoding internal
exons (77).

These data have led to the enticing idea that nucleosomes and certain histone modifications
around exons are signals that aid in the recognition of exons. There are reports of chromatin
modifications affecting splicing factor association (78, 79), although at this point, nearly all
the data is correlative. It will be very important to develop experimental approaches to
examine how chromatin affects exon recognition by the spliceosome.

HOW MIGHT SPLICING COUPLE TO TRANSCRIPTION?

The data described above clearly indicate that a number of variables known to regulate
transcription also affect alternative splicing events. However, mechanistic understanding of
how these variables exert their influence on splicing is elusive. This can be attributed in part
to the fact that faithfully reconstituting coupled transcription-splicing conditions in vitro is
extremely challenging. Current systems use short, naked DNA templates transcribed by
polll from strong viral promoters (80-82). These setups can interrogate certain aspects of
how transcription might influence splicing, but they fall short of replicating the endogenous
environment. More significantly, it is difficult to demonstrate that a system is truly coupled.
Splicing and transcription that occur simultaneously in the same reaction is not sufficient
evidence for coupling, because they can proceed independently of one another (83).
Furthermore, that a transcription regulatory factor can alter splicing suggests a connection
between the two processes, but because the same protein can perform independent functions
in similar settings, it does not confirm that coupling exists (84). Biochemically coupled
reactions share a common intermediate and have an overall free energy of reaction equal to,
or less than, zero (85). Pre-mRNA fulfills the common intermediate requirement because it
is the product of transcription and the substrate for splicing. However, there is little evidence
to support energetic coupling between the two processes. Thus, it is important to remember
that the evidence in support of coupling between splicing and transcription is largely
functional rather than biochemical.

A couple of models have been proposed to account for how some of the variables might
exert their influence on splicing regulation and are discussed below.

The recruitment hypothesis

The finding that a version of polll lacking the CTD does not support splicing or 3'end
cleavage of a reporter substrate (20)has lead to much work focused on the role of the CTD in
mRNA maturation. How the CTD might function in this capacity is best understood in the
context of pre-mRNA capping (Figure 2). The heptad repeats of the CTD each contain three
serines that are targets for post-translational phosphorylation. Phospho-Ser;, and Sers and
marks are associated with synthesis of protein-coding genes (48). Phospho-Sery is detected
on polll molecules transcribing both protein-coding and SnRNA genes (50, 86). The cdk7
(kin28 protein in yeast) subunit of transcription factor 1IH (TFIIH) phosphorylates Sers
residue(s) on polll molecules located within promoter regions of target genes (48, 87). The
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capping enzymes, which add the 7-methylguanosine cap to the 5’'end of pre-mRNAs, are
recruited to the promoter by binding to the CTD in a Kin28-dependent manner (88-91). In
this instance, phosphorylation of the CTD enables recruitment of capping enzymes and
thereby co-ordinates the 5’ processing of nascent RNAs with transcriptional initiation.

The ability of the CTD to bind capping enzymes at a specific stage of the transcriptional
process has provoked speculation that a similar mechanism might function to regulate
splicing. This has led to a hypothesis, known as the recruitment model, which posits that the
multiple modifications and conformations adopted by the CTD form a physical code that
directs the dynamic engagement of RNA processing factors (20).

Support for the recruitment model as it pertains to splicing regulation comes from a few
main observations. The first is that transcriptional induction causes splicing factors to
localize to, and accumulate at, active gene loci (15, 31, 32). Re-localization is disrupted
when transcription is executed by polll lacking the CTD. This implicates the CTD in
mediating re-localization of splicing factors upon transcriptional induction(51).

Additionally, multiple studies have reported interactions between polll and RS-domain
containing proteins. For instance, polll is found in immunoprecipitates of the SR family of
proteins (mAb 104), and sm proteins (mAb Y12) from Hela nuclear extract (92). In another
study, a transcriptionally active polll-complex purified over an S1I column from Hela cell
extract contains the U1, U2 and U4 snRNPs, U2AF®° and well as many SR proteins (93). In
addition, some RS-domain containing proteins have been shown to bind to the CTD
specifically(94, 95).

Lastly, the polll CTD displays phosphorylation patterns that appear restricted to protein-
coding regions of genes. The phospho-Ser, mark is found predominantly on polll molecules
located downstream of the promoter (48). Phosphorylation at this residue is catalyzed by p-
TEFb, which is required for the transition from transcriptional initiation to elongation (41,
96). The findings that hyperphosphorylated polll enhances splicing when added to an in
vitro splicing reaction (53), and phospho-Ser; residues are associated with the elongation
phase of transcription (48), has lead to the idea that this moiety might mediate recruitment of
splicing factors to the RNA during elongation, analogously to the function of phospho-Serg
residues in facilitating pre-mRNA capping during transcriptional initiation.

While it is clear that the CTD is involved in splicing regulation, and it is tempting to adopt
the hypothesis that the recruitment model explains aspects of splicing regulation during
transcription, there are some outstanding issues that must first be addressed.

It has been shown that RS-domain containing proteins can interact with polll (92, 93, 97)and
splicing factors like SRSF3 can regulate splicing in a CTD dependent manner (98). Yet,
there is scant evidence for legitimate contacts between defined splicing factors and the polll
CTD. Interactions that have been described between polll and U2AF5° or GFP fusions of
multiple SR proteins are RNase sensitive and suggest that spliceosomal components interact
with polll via an RNA tether rather than through direct protein-protein contacts (15, 99,
100). If it can be shown that splicing factors do indeed bind the CTD, it will also be
important to determine whether recruitment is dependent upon phosphorylation of Sers.

To date, much of the evidence for the recruitment model is based upon immunological
detection methods. One caveat of this technique is that, without cross-linking, proteins may
re-associate with one another after cell lysis and that protein-protein interactions detected
via co-immunoprecipitation may not occur in vivo (101). Moreover, antibodies raised
against different epitopes within the same protein will likely display disparate binding
characteristics and when combined with varied incubation, buffer and wash conditions, it is
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perhaps not surprising that independent studies have each identified different sets of polll-
interacting proteins (93, 97, 100). As a result, it is still unclear which, if any, splicing factors
interact with polll and whether splicing factor accumulation on nascent RNA is specifically
coordinated by polll or is simply a function of their high nuclear concentration (102). The
increase in splicing efficiency observed with polll transcripts synthesized in vitro can also
be attributed to the fact that polll transcripts display superior stability over those made by T7
RNAP (81).

A great deal of emphasis has been placed on the role of polll in connecting splicing to
transcription, yet some reports suggest that SR proteins are equally necessary. For example,
splicing of an adenoviral transcript in a seemingly coupled system is inhibited if
transcription occurs in extracts depleted of SR proteins (100). This result is not unexpected,
since SR proteins are required for splicing in vitro (103-105)and in vivo (106). What is
striking is that add back of SR proteins rescues splicing only if addition occurs before, but
not after, the onset of transcription. This results implies that that communication between the
splicing and transcriptional machineries begins prior to transcriptional initiation and that SR
proteins play an integral role in connecting the two processes (100). Additionally, in vivo
accumulation of nascent RNA is lower in cells deleted of SRSF2, as detected by H3 labeling
(107). ChIP-DNA selection and ligation (DSL) technology (108)detected higher polll
density within the coding regions of some genes from the SRSF2 knock out cell lines,
suggesting that the decrease in nascent RNA is due to less transcription rather than more
RNA degradation. Antibodies against SRSF2 can immunoprecipitate cdk9 and in the
absence of SRSF2 polll association with P-TEFb is dramatically reduced, showing that
SRSF2 can enhance transcriptional elongation and facilitate the interaction between polll
and pTEFb (107). Thus, these studies demonstrate a requirement for SR proteins in
connecting splicing to transcription.

The kinetic model

The “kinetic model’ of splicing regulation posits that alternative exon use can be regulated
through adjustments to the polll elongation rate (22)(Figure 3A, 3B). A prediction of this
model is that synthesis of an intron downstream of an alternative exon will lag that of the
upstream one when transcribed by a slower polymerase (Figure 3B). This lag should afford
the spliceosome more time to assemble upon and excise the upstream intron without
competition from splice sites further downstream. A slower transcriptional rate will thus
promote increased exon inclusion while faster transcriptional rates will result in near
simultaneous presentation of both flanking introns to the splicing machinery. According to
the model, the presence of a stronger, more rapidly assembling downstream 3'splice site
would favor skipping of the alternative exon with a weaker 3’ splice site (Figure 3A). In this
way, any factor that modulates the rate of transcription can conceivably change regulated
splicing outcomes as well.

As described above, promoter sequences, transcriptional activators and chromatin
remodeling enzymes are factors with established roles in transcriptional regulation that also
influence the inclusion level of some alternative exons (17-19)(Figure 4). The TGS-like
mechanism of chromatin condensation around the endogenous FN exon 33 region is thought
to decrease DNA accessibility to the polymerase, thereby hindering its forward progression
and forcing transcription to proceed more slowly. The kinetic model predicts that this will
result in increased alternative exon inclusion, which is indeed the observed outcome in this
case. It follows that a more open chromatin state should permit faster polll elongation and a
commensurate rise in exon skipping, and is seen upon depolarization of neuronal N2A cells
with KCI. That chromatin structure can seemingly influence splicing choices through
modulating the rate of transcription has leant support to the idea that other variables
similarly control the rate of transcription and thereby influence splicing of regulated exons.

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pandya-Jones

Page 9

However, it is also possible that transacting factors might influence splicing by interfering
with spliceosome assembly independently of their role in transcription (84).

Current definitions of the relationship between transcription rate and the effect on splicing
are qualitative. In an effort to try and quantify splicing under coupled conditions, steady
state measurements of nascent RNA have shown that the intron downstream of FN exon 33
is removed prior to the upstream one, when the regulated exon is included (14, 39).
Interestingly, the relative abundance of each intermediate (the species in which only one of
the two flanking introns has been removed) is not affected by a decrease in elongation rate
(39). These findings are difficult to reconcile with the kinetic model as it is described above
and it has been suggested that the transcriptional rate may instead affect the assembly of
commitment complexes across the alternative region, rather than intron excision per se (39)
(Figure 3C). However, until the rates of spliceosome assembly and catalysis can be
measured relative to the rate of RNA synthesis, it will be difficult to test many aspects of
this model.

THE SIGNIFICANCE OF COUPLING SPLICING TO TRANSCRIPTION ON
EXON DEFINITION

Alternative exon definition

Nearly all alternative splicing patterns involve a competition between splice sites, and any
process that alters the relative kinetics of splicing assembly can modulate splice site
selection and pairing (109). Under conditions where introns are relatively short, splice sites
bookending an intron pair up to bring the exons into juxtaposition in a model known as
intron-definition (110)(Figure 5B). In metazoans, introns are generally much longer than
exons, and data supports a model in which the two splice sites flanking each exon are
recognized as an independent unit prior to pairing of the exons across the intervening intron
(56)(Figure 5A). This exon definition process requires that that the two exons flanking an
intron be fully synthesized prior to spliceosomal assembly (110).

In vivo, where splicing occurs upon nascent transcripts with long introns, the exon-definition
model nicely explains pairing of consecutive constitutive exons (110). In the case of
regulated cassette exon splicing, the exon-definition model demands that transcription of the
alternative region completes prior to splicing in order to accommodate exclusion of the
regulated exon. Under these conditions, it is not entirely clear how exon inclusion is
achieved, because competition between the downstream constitutive exon and alternative
exon, which usually has weaker splice sites, is thought to favor exon skipping (Figure 5C).
The revised kinetic model posits that a slower rate of transcription permits recognition and
pairing of the alternative exon with the upstream constitutive exon prior to complete
synthesis of the downstream constitutive exon, resulting in increased exon inclusion.
Pausing of the polymerase downstream of the regulated exon would similarly allow for
increased splicing of the alternative exon. Thus, coupling of splicing to transcription
provides a potential explanation for how alternative exon inclusion might be achieved
during transcription, while still adhering to an exon-defined mode of spliceosome
assembly(Figure 5D).

Terminal exon definition

The first and last exons in a pre-mRNA each have only one flanking splice site and therefore
must be recognized differently than internal exons. In the case of first exon definition, this
apparent problem has an elegant solution. After initiation of transcription, the first exon
undergoes rapid 7-methylguanosine (7mG) cap addition as described above (88-91). The
newly formed cap is bound by the nuclear cap binding complex which aids U1 assembly at
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the cap-proximal 5'ss (111). Thus, co-transcriptional cap addition acts in lieu of an upstream
splice site to enable identification of the first exon within a pre-mRNA transcript.

Mechanisms regulating definition of the 3’ terminal exon are more complex. The 3’ terminus
of the last exon is bounded by the poly(A) signal, which is composed of a conserved
AAUAAA hexamer and a U or GU-rich tract 20-50nt downstream (Figure 6). These two
elements flank the cleavage and polyadenylation (CPA) site. Cleavage and Polyadenylation
Specificity Factor (CPSF) is a complex of four proteins that binds to the AAUAAA element,
of which the CPSF-73 subunit has been identified as the endonuclease responsible for
cleavage at the CPA site (112) (Figure 6). The U/GU tract is bound by the Cleavage
stimulation Factor (CstF). Cleavage Factors (CF) | and Il and symplekin are also required
for the cleavage reaction and addition of the poly(A) tail is catalyzed by Poly(A) polymerase
(PAP). These factors are essential for correct cleavage and polyadenylation at the majority
of poly(A) sites (For a complete review see (113)and (114))

Cellular extracts that support both splicing and 3’ end processing show that poly(A) site
mutations inhibit splicing across the terminal 3’ intron, but do not affect splicing of upstream
introns (115). This result implies that 3’ terminal exon definition is dependent on cleavage at
the poly(A) site. Moreover, mutations within the 5’ss, 3'ss or polypyrimidine tract of the last
intron similarly impede processing at the CPA site(116-118), and demonstrate that
concerted recognition of both the 3" terminal intron and the poly(A) site are required for
efficient processing of the 3’ terminal exon.

A number of reports document interactions between splicing proteins and 3’ end processing
factors that have interesting functional consequences. One example involves the U1 snRNP
specific-U1A protein which autoregulates it’s own transcript by interfering with
polyadenylation (119). The 3’ untranslated region of the U1A transcript contains two
binding sites for the U1A protein. When bound to the RNA, U1A interacts with PAP to
inhibit cleavage and polyadenylation of the U1A transcript (120). The domain of U1A that is
inhibitory to PAP also prevents splicing of an adenoviral template when added to an in vitro
system supporting splicing and CPA (121). Thus, the U1A splicing factor can affect
processing of it’s own transcript by interfering with cleavage and polyadenylation.

The CPSF complex is an essential 3' end-processing factor and it co-purifies with the U2
snRNP-specific SF3b proteins in fractionated cellular extract. Direct interactions between
CPSF subunits and SF3b49 and 130 occur in vitro (122). Extracts depleted of CPSF100 fail
to splice a MINX pre-mRNA containing a strong SV40 polyadenylation signal
(MINXSVL), although depletion of CPSF100 has no effect on the splicing of a MINX pre-
mMRNA lacking a poly(A) site, suggesting that the CPSF-SF3b interactions are of
consequence (122). These two examples lend credence to the idea that the splicing
machinery assembled across the terminal intron functionally interacts with the 3’ end
processing apparatus to define the 3’ terminal exon. Additional contacts between 3’ end
processing components and spliceosomal factors have been described in the literature and
are depicted in Figure 6 (123-128). However, little is known regarding the significance of
most of these interactions.

The mechanisms regulating definition of the first and last exons are clearly different to those
employed to recognize internal ones. The 5’ end of the first exon is defined by the capping
reaction, which also couples transcriptional initiation and early elongation to splicing of the
first intron in a pre-mRNA (89-91, 111). While the mechanisms controlling 3’ terminal exon
definition are not yet clear, the current data invoke a situation in which the spliceosome that
assembles across the 3" terminal intron makes a series of concerted contacts with the 3’ end
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processing machinery that functionally links splicing to cleavage and polyadenylation
during transcription.

Conclusions

It has been 25 years since splicing was first observed to occur during transcription (13). It is
now clear that these two processes are functionally coupled and do not act in isolation.
Promoter sequences (19), the factors that bind them (18, 57), chromatin-remodeling
enzymes (17)and changes in chromatin structure (16, 67)can all modify splicing outcomes,
but understanding how these variables exert their influence on splicing will require further
analysis of their mechanism(s) of action.

Direct recruitment of the capping enzymes by the CTD is well documented and provides
credence to the recruitment model as a means to couple transcription to RNA
processing(89-91). However, since evidence for binding of bona fide splicing factors to the
CTD is lacking, the role of polll in bringing splicing factors to the nascent RNA remains
unclear. Further development of tractable coupled systems that support regulated splicing is
imperative to understanding whether the recruitment and kinetic models accurately explain
at least some aspects of splicing regulation at it occurs during transcription.

Sensitive fluorescent assays, including single molecule fluorescence resonance energy
transfer (SmFRET) that function in vitro and in live cells (129-131), are being developed.
These techniques hold much promise for revealing the kinetics of spliceosome assembly
both in vitro and in vivo, and may provide clues to in situ protein-protein and protein-RNA
interactions that could potentially functionally couple transcription to capping, splicing and
3’ end processing of pre-mRNA transcripts.
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Figure 1. The spliceosome assembles in an ordered, step-wise manner in vitro

In the E (early or commitment) complex the U1 snRNP binds the 5’'ss via base pairing
interactions, U2AF recognizes the PPT and additional factors bring the 5'ss and 3'ss into
juxtaposition. This pairing is stabilized by addition of ATP, which allows binding of the U2
SnRNP to the BP to form the A complex. The U4/U6-US5 tri-snRNP then joins as a single
unit to form the B complex. Multiple ATP-dependent rearrangements result in the release of
the U1 and U4 snRNPs and formation of the C complex, which catalyzes excision of the
intron as a lariat and ligation of the exon sequences.
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SR proteins

Elongation

Figure 2. CTD phosphorylation recruits mMRNA capping enzymes

The cdk9 subunit of TFIIH phosphorylates Sers residues on the CTD of promoter proximal
RNA polll molecules. The pre-mRNA capping enzymes bind to the CTD in a phospho-Sers
dependent manner and catalyzes cap addition on the 5’ end of the pre-mRNA. Sersg residues
are dephosphorylated sometime after transcriptional initiation, probably by the Rtrl or
SSu72 phosphatase(s). Phospho-Ser, marks are detected on elongating polymerases located
within genes. The cdk9 subunit of p-TEFb is the Ser, kinase. P-TEFb binds to promoter
sequences and stimulates transcriptional elongation, but it is not known whether it has to be
promoter bound to phosphorylate the CTD. RNA polymerase Il can interact with SR
proteins through recruitment mechanism(s) that are unclear, as indicated by a question mark.
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Figure 3. A slower rate of transcriptional elongation promotes alternative exon inclusion

(a) Polymerases working at a relatively fast rate of transcription will rapidly transcribe the
alternative region, such that the3’splice site of the alternative and downstream constitutive
exons are both available for pairing with the 5’ss of the upstream constitutive exon.
Competition between the stronger constitutive and weaker alternative 3’ splice sites will
favor use of the downstream constitutive 3'ss and promote alternative exon skipping.

(b) The kinetic model posits that a slower transcriptional elongation rate will result in a
longer time lapse between synthesis of the upstream alternative exon and the downstream
constitutive one than if transcribed by a faster polymerase. This lag will afford the
spliceosome more time to recognize the weaker 3'ss of the alternative exon without
competition from the downstream constitutive exon, resulting in increased alternative exon
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inclusion. Pausing of the polymerase within the intron downstream of the alternative exon
could similarly permit increased splicing of the regulated exon.

(c) In the case of FN alternative exon 33, the downstream intron is excised prior to the
upstream one. In this case, it is thought that the rate of transcription alters commitment
complex assembly on the pre-mRNA rather than affecting the order of intron excision per
se. In this case, splicing choices would be decided prior to intron excision.
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Figure 4. Alternative splicing choices are affected by transcriptional-and chromatin-associated
parameters

The boxed regions and arrowheads represent the different aspects of chromatin structure and
transcriptional dynamics that are known to affect splicing choices. The annotation(s) next to
each arrowhead indicate the reference number for the studies that describe each effect. (A)
FN alternative exon 33 inclusion levels differ when transcribed from different promoter
sequences (B) Transcriptional activators that bind to promoter sequences, such as the
CAPER proteins, can alter the splicing patterns of mMRNAs produced from the downstream
transcriptional unit. It is not known whether this effect is direct or through changes in the
rate of transcription. (C) Nucleosome remodeling factors can influence regulated splicing
choices. The SWI/SNF subunit Brm1 can bind to the U1 and U5 snRNPs and alter splicing
patters of RNAs transcribed from genes that require SWI/SNF remodeling at the promoter
for activation. (D) Dense chromatin structures are predicted to hinder polll accessibility to
the DNA and possibly slow transcriptional rates. The kinetic model posits that this will
increase alternative exon inclusion rates. Conversely, relaxed chromatin is thought to
enhance transcription and thus, favor regulated exon skipping. (E) SiIRNA’s targeted to
intronic regions upstream of alternative FN exon 33 induce chromatin condensation and
increase inclusion of FN exon 33. Depolarizing stimuli leads to a more open chromatin state
and a decrease in inclusion of the NCAM exon 18. (F) Chromatin structure is implicated in
regulating transcriptional rate, which in turn might effect changes in alternative splicing
choices as posited by the kinetic model. Alternatively, some of these variables may interfere
with spliceosome assembly to influence splicing choice.
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Figure 5. Endogenous pre-mRNA’s assemble ‘exon defined’ rather than ‘intron defined’
complexes

(A) In metazoans, where introns are much longer than exons, the U1 snRNP bound at a 5'ss
stimulates binding of U2AF at the upstream 3'ss to form a cross-exon E complex. In this
manner, each exon is recognized as an independent unit prior to pairing of two exons across
an intron, and is known as ‘exon definition’.

(B) RNAs containing short introns, such as those used for invitro splicing, assemble
spliceosomes via intron definition. Under intron-defined conditions, U1 bound at a 5’ss will
form a cross intron E complex with U2AF bound at the downstream 3'ss.

(C) To accommodate skipping of an alternative exon, a prediction of the exon definition
model is that transcription of the entire alternative region be complete prior to splicing.
Under these conditions, the stronger, more rapidly assembling 3’ splice site of the
downstream constitutive exon is predicated to out compete the weaker 3'ss of the alternative

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pandya-Jones

Page 24

exon for pairing with the upstream constitutive exon. This would result in regulated exon
skipping.

(D) Under conditions of slower transcriptional elongation or polymerase pausing in the
downstream intron, alternative exon definition and pairing can proceed without competition
from the stronger constitutive downstream exon, thus providing a potential mechanism by
which enhanced inclusion of the regulated exon can be achieved while still adhering to an
exon-defined mode of splicing.
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Figure 6. Factors involved in 3’ end processing interact with members of the splicing apparatus
Double arrowheads indicate known interactions (direct and indirect) between splicing
factors and the cleavage and polyadenylation machinery. For clarity, interactions that occur
between spliceosomal factors during spliceosomal assembly, or between the cleavage and
polyadenylation factors during 3’ end processing have been omitted. The annotation(s) next
to each arrowhead indicate the citation number for the studies that describe the indicated
interactions.
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