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‘ ontrol of pre-mRNA splicing is a

critical part of the eukaryotic gene
expression process. Extensive evidence
indicates that transcription and splicing
are spatiotemporally coordinated and
that most splicing events occur co-tran-
scriptionally. A kinetic coupling model
has been proposed in metazoans to
describe how changing RNA Polymerase
IT (RNAPII) elongation rate can impact
which alternative splice sites are used. In
Saccharomyces cerevisiae, in which most
spliced genes have only a single intron
and splice sites adhere to a strong con-
sensus sequence, we recently observed
that splicing efficiency was sensitive to
mutations in RNAPII that increase or
decrease its elongation rate. Our data
revealed that RNAPII speed and splicing
efficiency are generally anti-correlated:
at many genes, increased elongation
rate caused decreased splicing efficiency,
while decreased elongation rate increased
splicing efficiency. An improved splicing
phenotype was also observed upon dele-
tion of SUBI, a condition in which elon-
gation rate is slowed. We discuss these
data in the context of a growing field
and expand the kinetic coupling model
to apply to both alternative splicing and
splicing efficiency.

Splicing Control Begins
Co-transcriptionally
Splicing is the process by which an

intron is removed from a pre-mRNA tran-
script, and the flanking exons are ligated
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together. Removal of each intron proceeds
via numerous consecutive steps, including
commitment of a pre-mRNA to splicing by
binding of splicing factors to the 5" splice
site and the branch site/3’ splice site, mul-
tiple conformational rearrangements, and
two catalytic steps.”? Splicing in metazo-
ans is particularly complex, as most genes
contain multiple introns flanked by weak
splice sites, which can give rise to alterna-
tively spliced transcripts. In S. cerevisiae,
also known as budding yeast, most spliced
genes have only a single intron defined by
strong, constitutive (as opposed to alterna-
tive) splice sites.

While splicing can occur in a minimal
in vitro system, independent of transcrip-
tion, a major outstanding question in the
field is how splicing proceeds in vivo. In
both metazoans and budding yeast, splic-
ing factors bind many transcripts while
they are still associated with elongat-
ing RNA polymerase II (RNAPII), i.e.
co-transcriptionally. When assayed by
chromatin immunoprecipitation (ChIP),
a splicing factor co-immunoprecipitates
DNA several hundred base pairs down-
stream of its encoded binding site, pre-
sumably via a nascent transcript and
RNAPIL?7 In budding yeast, while many
intron-containing genes (ICGs) are asso-
ciated with early splicing factors,’” it has
proven difficult to measure association
of later splicing factors, presumably due
to short second (downstream) exons.”®
However, splicing products have been
observed in association with RNAPIIL,’
and a genome-wide analysis of chromatin-
associated transcripts showed that most
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transcripts are fully spliced before they are
released from the chromatin template,' as
is also generally the case in metazoans."
Several pieces of evidence have pointed
to the functional importance of all or
part of the splicing process occurring co-
transcriptionally. Experiments in bud-
ding yeast showed that intron-containing
reporter genes with high co-transcrip-
tional association of early-acting splic-
ing factors also exhibit efficient splicing,
as measured by the fraction of spliced
vs. unspliced mRNA.®* Computational
modeling of splicing and transcription
determined
from splicing reporters also predicts that

using kinetic parameters

the full splicing reaction is more efficient
when occurring co-transcriptionally, as
opposed to post-transcriptionally, i.e. after
transcription termination.'> Because the
retention of an intron promotes transcript
degradation via nonsense-mediated decay,
thus abrogating its translation into pro-
tein, the efficiency of splicing that occurs
co-transcriptionally can have profound
phenotypic consequences on the cell.

A specific functional connection
between transcription by RNAPII and
splicing has been referred to as “kinetic
coupling,” as the timing of one reaction
influences the outcome of a second reac-
tion. A kinetic coupling model was origi-
nally proposed in metazoa to describe
how perturbing the RNAPII elongation
rate can influence alternative splicing.
Because the transcribed splice sites emerge
from RNAPII in the order defined by
transcription (5’ to 3') and with the tim-
ing defined by elongation rate, slowing
RNAPII elongation in the vicinity of a
weak upstream splice site affords more
time for it to be recognized by splicing
factors before a competing downstream
splice site is transcribed.”” In eukaryotes,
transcription occurs in the context of
nucleosome-bound DNA, or
tin. The chromatin environment at any

chroma-

given locus is complex and is defined by
variables such as post-translational modi-
fications of histones, nucleosome posi-
tioning, and nucleosome remodeling, that
together affect RNAPII elongation rate in
gene- and intron-specific ways. It is likely
because of the chromatin—RNAPII elon-
gation connection that factors such as his-
tone acetylation and nucleosome density
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are correlated with alternative splicing
patterns. Earlier experiments in budding
yeast using a two-intron gene in which
the splice sites have been made artificially
weak showed that kinetic coupling is not
a phenomenon restricted to metazoans.
These experiments revealed that slowing
RNAPII elongation favored the use of a
weaker upstream splice site,” as was also
observed in metazoans.

More generally, while the number
of ICGs in budding yeast is only sev-
eral hundred of ~6000, the gene ontol-
ogy categories enriched within this list
a priori suggest that splicing may have
been retained in this species as a regula-
tory node within the broader gene expres-
sion process. Indeed, the efficiency of the
splicing reaction has been shown to be
regulated in some cases, in which resulting
protein levels are affected. For example,
several meiotic transcripts are spliced only
during progression through meiosis.'*"” In
addition, splicing efficiency of ribosomal
protein gene transcripts rapidly decreases
upon amino acid starvation, leading to
the intron being retained in these tran-
scripts.'®" Whether this regulated splicing
involves coordination with RNAPII elon-
gation rate is unknown; however, more
generally, these and other data argue that
splicing efficiency in budding yeast makes
for a useful system for investigating the
nature of kinetic coupling.

Budding yeast as a system offers an
unrivalled opportunity to combine genet-
ics and whole-genome splicing analyses to
ask whether, and if so, how the efficiency
of the splicing reaction is kinetically cou-
pled to transcription speed. We were able
to investigate multiple spatiotemporal
facets of kinetic coupling—not only by
directly modulating transcription elonga-
tion rate, but also using high-throughput
genetic interaction mapping to begin to
interrogate aspects of the co-transcrip-
tional environment that impact kinetic
coupling.

Splicing Efficiency is Sensitive
to RNAPII Elongation Rate

We recently examined splicing in the
context of an allelic series of point mutants
in the active site of RNAPII* known to
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transcribe in vitro®' at an average rate of
~1.5 nt/s (Rpb1-H1085Q), -5 nt/s (RpbI-
F1086S), -30 nt/s (RpbI-E1103G), and
> 50 nt/s (Rpb1-G1097D), compared with
~12 nt/s for wild-type RNAPIL

There are several ways to measure splic-
ing efficiency; here we employed splicing-
specific microarrays' to measure the effect
of these RNAPII mutants on the abun-
dance of the intron, exon, and exon—exon
junction from intron-containing genes.
Mutations in splicing factors tend to
exhibit large increases in the abundance of
intron, with concomitant decreases in the
junction.”? While we acknowledge that
additional factors such as pre-mRNA-spe-
cific degradation could impact this ratio
(see below), we here interpret this readout
to mean that the pre-mRNA is spliced less
efficiently.

In a strain with the E1103G mutation,
which causes a moderately fast elongation
rate in vitro,”?> we observed a phenotype
consistent with a decrease in splicing effi-
ciency: many genes exhibited an increase
in the intron feature (reflecting an accu-
mulation of pre-mRNA), intron/junction
ratio (indicating increased pre-mRNA rel-
ative to mature mRNA), and intron/exon
(indicating accumulation in pre-mRNA
relative to overall expression changes).?* A
strain harboring the G1097D point muta-
tion,?® which causes an even faster elonga-
tion rate in vitro,?! exhibited an even more
extreme splicing defect.

These results were consistent with a
model in which splice sites are less effi-
ciently utilized in strains with a fast
RNAPII elongation rate, and accordingly,
we suspected that strains with a slower
elongation rate would exhibit improved
splicing. Indeed, when we analyzed splic-
ing in a strain with the F1086S mutation,
which caused RNAPII elongation to be
moderately slow in vitro,* we observed
decreases in the intron feature, intron/
junction ratio, and intron/exon ratio at
a large number of genes, all of which are
consistent with increased splicing effi-
ciency. We observed an even higher effi-
ciency of splicing in cells harboring the
H1085Q mutation in RNAPIL?* which
elongates at only ~1.5 nt/s in vitro.”!

To confirm that these effects were the
result of changing RNAPII speed rather
than being an indirect consequence of the
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Figure 1. Hypothetical model of how RNAPII elongation rate impacts splicing efficiency. See text for details. ‘

specific point mutations used, we analyzed
splicing in two double mutant strains, in
which mutations that individually cause
RNAPII to elongate quickly or slowly in
vitro together return RNAPII elongation
rate to very near wild-type rate.” Splicing
in these strains was very similar to that in
a wild-type strain,®® further arguing for
a direct relationship between elongation
rate and splicing efficiency.

Interestingly, Khodor et al. showed
in  Drosophila melanogaster that splic-
ing efficiency of some introns improves
upon expression of a mutant RNAPII
with lower processivity,” a result that is
consistent with ours. To the best of our
knowledge, our study represents the first
instance where an RNAPII genetically
engineered to elongate at a range of speeds
was assayed with respect to its genome-
wide effects on splicing in vivo.

In a general sense, the opposite splic-
ing phenotypes that occur in strains with
fast vs. slow RNAPII elongation sug-
gest that, although transcripts do not
undergo alternative splicing in budding
yeast, splicing efficiency is nonethe-
less kinetically coupled to transcription
(Fig. 1). Importantly, the effects we
observed on splicing were most extreme
in the RNAPII mutants with the fast-
est and slowest elongation rates, arguing
that kinetic coupling occurs in budding
yeast over a ~40-fold range of elongation
rates. Our results support the notion that

www.landesbioscience.com

splicing efficiency in yeast (i.e. degree of
intron retention) is a bona fide readout of
kinetic coupling.

How Might Kinetic Coupling
Occurin S. cerevisiae?

Is splicing in competition with

termination?

As RNAPII approaches the 3’ end of
each gene, nascent transcripts are cleaved
from RNAPII and polyadenylated, in
a process that is tightly coupled with

transcription termination.*®

In systems
where alternative splicing takes place,
altered RNAPII elongation rate impacts
the temporal window of opportunity for
splicing using upstream vs. downstream
splice sites; in the case of budding yeast,
it logically follows that co-transcriptional
splicing is instead in competition with
transcription termination/3’ end cleav-
age. Consistent with this notion, it was
concluded based on sequencing of chro-
matin-associated transcripts and RNAPII
ChIP that genes with high levels of co-
transcriptional splicing are those at which
RNAPII slows near the 3’ end.!® This was
interpreted as evidence for a mechanism to
promote co-transcriptional splicing catal-
ysis by delaying transcription termination.

These same experiments revealed
that in a wild-type cell, half of intron-
containing genes are > 74% spliced while
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chromatin-associated.'’ Despite this abun-
dance of co-transcriptional splicing, this
number implies that completion of splic-
ing is not a prerequisite for release from
the 3’ end. While we observed changes in
splicing efficiency using whole cell RNA
as input,” we might predict that changes
in RNAPII elongation rate may alter the
fraction of transcripts that are fully spliced
before release from the chromatin (Fig. 1).
The change in this fraction upon altera-
tion of RNAPII elongation rate cannot
be determined on a genome-wide scale
without an initial enrichment for nascent
transcripts, and thus, poses an important
question for the future.

Experiments on splicing of terminal
introns in metazoa have revealed that splic-
ing and 3 end processing may be coordi-
nated.”*° This could explain why mutants
in the 3’ end processing and termination
machinery tend to cause splicing defects.
However, if splicing and termination are in
direct competition, it should be possible to
identify mutants in the transcription termi-
nation machinery that would allow more
time for splicing completion, in the same
way a slow RNAPII mutant does, but with-
out interfering with the coupling between
those processes. Furthermore, experiments
could be designed to test whether modu-
lating the length of the last exon in yeast
would alter the proportion of transcripts
that are spliced prior to transcription
termination.
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As noted above, it has been suggested
that co-transcriptional commitment to
splicing increases the likelihood that the
transcript will be spliced. Therefore, an
additional possibility is that alterations in
RNAPII elongation rate will change the
location within the gene at which splicing
factor association occurs: nascent tran-
scripts from the faster RNAPII mutants
would exhibit lower splicing factor occu-
pancy by ChIP, or a 3’ shift in association,
whereas splicing factors in a slow RNAPII
mutant would associate with nascent tran-
scripts more 5’ (Fig. 1).

Why are the effects on splicing
gene-specific?

Our conclusion that transcription rate
and splicing efficiency are generally anti-
correlated was based on a sizeable subset
of genes we term “kinetically coupled,”
whose splicing was hindered with an
RNAPII mutant with increased elonga-
tion rate and enhanced with an RNAPII
mutant with decreased elongation rate.
Notably, however, not all genes conformed
to this trend, provoking the question of
what the difference is between genes that
responded reciprocally to RNAPII speed
and those that did not.

The metazoan model of kinetic cou-
pling would suggest that this gene speci-
ficity could come from differences in
splice site strength. However, unlike in
metazoans, ICGs in budding yeast gener-
ally have very strong splice sites that do
not diverge far from the consensus; in any
case, the introns whose splicing were most
kinetically coupled to RNAPII elongation
were not enriched for those bearing weak
splice sites (data not shown). Munding,
et al. have discovered that, in certain set-
tings, spliceosome abundance can be a
limiting factor for the splicing of some
transcripts.’** Whole transcriptome analy-
ses of RNA from the RNAPII mutant
strains showed that the total abundance of
RNAPII-transcribed RNA was not altered
in these strains;*° thus, we do not think
it likely that a limitation in spliceosome
availability per se accounts for the con-
nection we observed between polymerase
speed and splicing.

In trying to understand the nature
of gene-specific effects of RNAPII
elongation rate on splicing efficiency,
it is important to note that wild-type
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RNAPII rate likely varies from gene to
gene to begin with. At present, assays
for measuring genome-wide RNAPII
elongation rate in live budding yeast
are lacking. The E1103G mutation con-
fers a fast elongation rate in vivo on the
GALI gene,” thus strengthening the pre-
diction that in vivo rates should gener-
ally mirror those measured in vitro. If
we could directly measure gene-specific
elongation rates in vivo, perhaps the
kinetically coupled genes would be the
only genes at which RNAPII elonga-
tion rate is altered in the direction and
to the degree expected based on in vitro
elongation measurements. Alternatively,
perhaps the genes that did not respond
reciprocally to changes in RNAPII rate
have an epistatic mechanism for main-
taining normal RNAPII elongation rate
even in the context of the RNAPII muta-
tions. Furthermore, identifying pause
sites genome-wide’ in these strains could
reveal locus-specific effects on RNAPII
elongation, and would contribute to a
better understanding of the effect of
polymerase pauses on co-transcriptional
splicing.*

An important aspect of the integra-
tion between transcription and splicing is
doubtless the chromatin environment in
which both processes occur. In fact, it has
long been understood that the chromatin
distribution,
histone modifications, and transcription

environment—nucleosome

factors more generally—confers gene-
specific regulation of transcription initia-
tion, elongation, and termination. Thus,
an intriguing possibility is that the kineti-
cally coupled genes we identified exist
within that
promote co-transcriptional spliceosome

chromatin environments
assembly and/or catalysis. Direct physi-
cal recruitment of splicing factors to his-
tones bearing specific modifications has
been reported in metazoans.”” Factors in
the chromatin environment may directly
or indirectly promote spliceosomal rear-
rangements that lead to a productive splic-
ing reaction, as proposed in budding yeast
for the cycle of histone acetylation and
deacetylation.

Additional histone post-translational
modifiers in yeast”“ and metazoa®®
affect splicing via mechanisms that remain
poorly understood. These modifiers could
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act directly, as in the above examples, or
indirectly, via altering RNAPII elongation
in the vicinity of encoded splice sites. This
latter example has been observed in a vari-
ety of scenarios, including histone acetyla-
tion level, positioning of nucleosomes, and
slowing of RNAPII due to localized DNA
damage.“

Identifying transcription rate-sensitive
Jactors

An important experimental goal is to
identify additional factors that regulate
RNAPII elongation rate. In our study,
we relied on the power of yeast genetics
and performed high-throughput genetic
interaction mapping, in which double-
mutant strains were generated by crossing
a given RNAPII elongation rate mutant
to an additional strain carrying a muta-
tion in one of 1200 genes. The growth of
the resulting double-mutant strains was
then measured as a proxy for fitness. Two
gene subsets of interest were identified
by this analysis: (1) those whose muta-
tion suppressed the growth defect of the
fast RNAPII mutants and exacerbated
the growth defect of the slow mutants;
(2) vice versa (mutation exacerbated
growth in fast mutants and suppressed
the growth defect of slow mutants).?* We
proposed that these factors may either
be sensitive to elongation rate, or might
themselves directly influence RNAPII
rate. We reasoned that this genetic data
set could provide a list of candidate fac-
tors that influence RNAPII dynamics,
and therefore, splicing, in site- or gene-
specific ways. We discuss some of these
candidates below.

Transcription factors

We identified two members of the
PAF-complex (Rtfl and Cdc73) whose
deletion adversely impacted growth in
strains harboring a slow RNAPII mutant,
but suppressed the growth defect of the
fast RNAPII mutants.”® These genetic
data are consistent with the known role
of the PAF-C as a positively acting tran-
scription factor that coordinates many
events during elongation,” and led us to
suspect that strains lacking this complex
would have slow elongation and improved
splicing. As it turns out, however, r£fIA
and c¢dc73A strains do not exhibit slow
RNAPII elongation.”® And interestingly,
two separate reports have shown that
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the PAF-C actually promotes splicing, as
both observe data consistent with a splic-
ing defect in strains lacking a functional
PAF-C .34

An additional factor, like members of
the PAF-C, whose deletion caused syn-
thetic lethality with the slow RNAPII
alleles is Subl, a gene so named due to its
role in transcription initiation as a sup-
pressor of TFIIB.® These genetic data
prompted us to hypothesize that the
subIA strain might exhibit a slow elon-
gation rate, which was confirmed by
Garcia, et al. while the work by Braberg,
et al. was under review: RNAPII elongates
slowly on the GALI gene in the absence
of SUBIS' Consistent with our predic-
tions, the subIA strain exhibited improved
splicing at a large number of genes, simi-
lar to what is observed in slow RNAPII
mutant strains. It was previously reported
that Subl localizes to ribosomal protein
genes,*” and consistent with this, the genes
whose splicing is improved by deletion
of SUBI are enriched for genes encoding
the cytosolic ribosome (data not shown).
Therefore, the gene-specificity conferred
by Subl localization may account for its
intron specificity.

Histone modifiers

Histone acetylation has been shown
to promote transcription through nucleo-
somal templates,”® a function opposed by
histone deacetylation; therefore, com-
plexes harboring these histone acetyltrans-
ferases (HATs) and deacetylases (HDAC:s)
are attractive candidates for gene-specific
regulators of RNAPII elongation rate
and splicing efficiency. In fact, connec-
tions between histone acetylation and
splicing have previously been observed.*
Our genetic interaction mapping identi-
fied SAS3, SAS4, and ESAI (components
of NuA3, SAS, and NuA4 histone acet-
yltransferase complexes, respectively) as
causing synthetic lethality in combination
with the fast RNAPII point mutant alleles.
These data are tantalizing, but to the best
of our knowledge, these complexes have
not been examined with respect to their
gene-specific effects on splicing.

The existence of gene-specific his-
tone modifiers and RNAPII elongation
regulators raises the possibility that co-
transcriptional splicing is regulated in a
gene-specific fashion, depending on the

www.landesbioscience.com

nature of the co-transcriptional environ-
ment at each gene. In metazoans, this
specificity has been proposed to occur at
specific introns within genes."

Current Questions
and Future Directions

Many questions remain about how
splicing is regulated co-transcriptionally,
and additional factors,
above, are clearly also at play. For instance,

not discussed

not all splicing factors promote splicing
upon binding a pre-mRNA—auxiliary
splicing regulatory factors can also inhibit
the use of specific splice sites. Thus, while
the co-transcriptional nature of splicing
has been generally thought to improve the
recognition of transcribed splice sites,*!>>4
perhaps it is the case that co-transcrip-
tional splicing allows for broader regula-
tion, both positive and negative, from the
chromatin environment.

Because completion of splicing often
occurs  co-transcriptionally, the quality
control mechanisms required for splic-
ing fidelity, i.e., the accurate recognition
of exon/intron junctions in pre-mRNAs,’!
must perforce operate co-transcriptionally
as well. This raises the question of whether
there is input from RNAPII or other co-
transcriptional elements that promotes
splicing fidelity. A transcription—splicing
checkpoint has been proposed, during
which RNAPII pauses briefly at the 3’
splice site, and which may promote splic-

3¢ Furthermore, the cycle of his-

ing fidelity.
tone acetylation and deacetylation has been
associated with specific spliceosomal rear-

rangements,*

and leaves open the possibil-
ity that each step in splicing is associated
with a chromatin-specific quality control
mechanism. In strains where RNAPII
elongation is too fast or too slow, do these
quality control steps occur faithfully? We
are currently testing whether splicing fidel-
ity is improved or hampered in strains har-
boring fast or slow RNAPII mutant alleles.

Early experiments showed that mRNA
secondary structure can impact alterna-
tive splicing via occlusion of alternative
splice sites.” RNA secondary structure
may be stabilized by kinetic trapping dur-
ing transcription,’® and therefore, may be
sensitive to RNAPII elongation rate. The
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degree to which RNA secondary struc-
ture changes in the RNAPII point mutant
strains would be of great interest to deter-
mine, and is now possible given recent
advances in mapping secondary structure
in vivo.”?®

It also remains unknown whether
the intron accumulation we observed by
microarray in strains with fast RNAPII
elongation? is attributable to pre-mRNAs
on which splicing factors have not acted,
or to stalled splicing events that might
have been released as splicing intermediate
products, destined to be discarded from
the spliceosome and degraded. Given
recent results supporting extensive quality
control by way of tight coupling between
splicing and RNA degradation,” ' it
is possible that the altered abundances
of preemRNA and mature mRNA we
observed may also be due to changes in
decay rates of those species. It would be
of much interest to inquire about kinetic
coupling in the context of strains with
defective RNA decay, and this represents
an interesting future direction.

In the future, the development of
genome-wide assays to analyze the mul-
tiple steps in splicing—not only com-
mitment to splicing, but both steps of
splicing catalysis, will be critical for
studying co-transcriptional splicing regu-
lation. Furthermore, splicing has been
called a co-transcriptional process, with
the implication that it takes place prior
to transcription termination.” In some
cases, transcripts are retained at the 3’
end of a chromatin locus after transcrip-

0264 and therefore, are

tion termination,
still potentially subject to the same regu-
latory processes as during transcription
elongation. With recent advances in chro-
matin-associated and RNAPII-associated

9106566 the way co-

transcript sequencing,
transcriptionality is operationally defined
may change.

That splicing and transcription occur
in the same space and time has allowed
for functional coupling to occur. This has
been revealed in experiments by us and
others in which RNAPII elongation is
directly or indirectly altered and leads to
the idea that the cell utilizes this coupling
to maintain an efficient gene expression
program or rapidly adapt this program in
response to environmental variables. An
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exciting example of this from human neu-
ronal culture shows a direct link between
chromatin modification and alternative
splicing, via an effect on RNAPII elon-
gation rate.” As additional factors that
influence splicing efficiency are defined,
and assays to better characterize the tim-
ing and nature of the co-transcriptional
splicing reaction are developed, we antici-
pate that a more integrated picture of how
individual steps in gene expression func-
tion together will emerge.
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