Pre-mRNA Processing in the Nuclear Landscape

Karla M. Neugebauer , Ph.D.*, Kimberly M. Kotovic, Jennifer A. Geiger and David

Stanek, Ph.D.

*corresponding author:

Max Planck Institute for Molecular Cell Biology and Genetics
Pfotenhauerstrasse 108

01307 Dresden

Germany

Tel +49-351-210-2589

Fax +49-351-210-1209

neugebauer(@mpi-cbg.de




Table of Contents

1. Introduction

2. Co-transcriptional Pre-mRNA Processing
2.1 RNA polymerase II transcription units
2.2 5" end capping: coordinated by Pol II
2.3 Pre-mRNA splicing: mixed messages
2.4 3" end formation and mRNP release
2.5 Histone 3’ end formation
2.6 Fine structure of the Transcription Unit

3. Nuclear Bodies and Pre-mRNA processing
3.1 Nuclear bodies
3.2 SnRNP trafficking to Cajal Bodies
3.3 The sub-nuclear distribution of capping and polyadenylation factors

4. What is Nucleoplasm?

5. Concluding Remarks



1. Introduction

All eukaryotic protein-coding genes are transcribed by RNA polymerase II (pol II), and each
mRNA is the product not only of transcription but a variety of pre-mRNA processing events.
In humans, every pre-mRNA acquires a methyl-guanosine cap at its 5’ end, and nearly every
transcript is internally spliced and polyadenylated at its 3> end '. The purpose of this chapter
is to place these three major pre-mRNA processing steps within the context of the three
dimensional space of the cell nucleus. Because capping, splicing and polyadenylation at least
begin during RNA synthesis, these reactions occur largely at sites of gene transcription,
which are distributed throughout the nucleus and not localized to particular domains or sub-
structures >~. Splicing and polyadenylation often continue post-transcriptionally, most likely
in the interchromatin space. In addition, pre-mRNA processing factors are components of a
number of subnuclear structures, such as Cajal Bodies and Cleavage Bodies, suggesting that
some functions related to pre-mRNA processing are compartmentalized within the nuclear

landscape.

2. Co-transcriptional and Nucleoplasmic Pre-mRNA Processing

2.1 RNA polymerase II transcription units

The term “transcription unit” (TU) describes the smallest unit of gene expression
independently expressed by any RNA polymerase. Sometimes multiple genes are contained
within a single TU, so the activities of the polymerase and other factors at any given TU
include simply the production of the encoded pre-mRNA and, as we will see, RNA
processing events which may occur simultaneously. From the point of view of RNA
polymerase II (Figure 1A), the transcription process includes pre-initiation complex
formation at the promoter, transcription initiation, elongation, termination, and polymerase
dissociation from the DNA template. From the point of view of the transcript, pre-mRNA
processing includes i) 5' end capping, in which the 5 triphosphate of the pre-mRNA is

cleaved, and a guanosine monophosphate is added and subsequently methylated to produce



m7GpppN, ii) editing, in which individual RNA residues are converted to alternative bases
(e.g. adenosine to inosine by base deamination) to produce mRNAs encoding distinct protein
products, iii) splicing, in which introns are removed and exons ligated together by the
spliceosome, iv) 3' end formation, involving pre-mRNA cleavage and synthesis of the
poly(A) tail, and, paradoxically, v) degradation. A priori, each of these modifications might
occur independently of the others, since most can occur in in vitro reconstituted systems on
purified pre-mRNA substrates.

Over the last two decades, it has become clear that nascent pol II transcripts are pre-
mRNA processing substrates, suggesting that transcription units are also RNA processing
units *. For example, during its synthesis, pre-mRNA shortening due to intron removal by the
spliceosome has been directly visualized *°. Such an event is considered “co-transcriptional”,
because it occurs before RNA synthesis is complete and while the nascent RNA is still
tethered to the DNA by the polymerase. Each of the pre-mRNA processing events described
above (with the exception of editing) has been shown to be co-transcriptional at least some of
the time, raising the possibility that these chemical reactions are co-regulated. Importantly, a
number of trans-acting factors required for pre-mRNA processing directly bind to pol II, pol
IT has a stimulatory effect on processing, and in some cases, processing feeds back to
polymerase activity (see below). This has led to the proposal that transcription and processing
occur in a “gene expression factory” composed of machines linked together for the purpose of
efficiency and regulation "'°. However, some reactions may occur during transcription,
simply because they are relatively fast compared to the time it takes to transcribe the gene to

its end. Some reactions clearly continue post-transcriptionally.

2.2 5' end capping: coordinated by Pol 11

RNA polymerase II specifies 5' capping of mRNA by binding to and recruiting all three

11,12

capping activities to transcription units . This explains why only RNAs transcribed by pol

IT are capped at their 5’ ends. Two proteins in humans and three in yeast are responsible for



the triphosphatase, guanylyltransferase and methyltransferase activities. When RNA
polymerase Il transitions from initiation to processive elongation, the C-terminal domain
(CTD) of the large subunit of pol II becomes hyperphosphorylated on Ser2 and Ser5 of the
heptad YSPTSPS, which is repeated 26 times in yeast and 52 times in humans. The
hyperphosphorylated form of the CTD has affinity for both human (Hcel and Hem1) and two
of the three yeast factors (Cegl the guanylyltransferase and Abdl the methyltransferase).
Interestingly, in yeast the triphosphatase activity encoded by Cetl binds to Cegl with two
consequences: 1) Cetl, like Cegl and Abdl, becomes bound to the polymerase, and 2) Cetl

stimulates Cegl activity by an allosteric interaction '>'*

. In Hcel, triphosphatase activity is
dependent on an active guanylyltransferase domain, and guanylyltransferase activity is in turn
stimulated by phosphorylation of Ser5 of the CTD to which it is bound . Reflecting this link
with initiation and the speed of the capping reactions, capping occurs when the nascent RNA
is only 20-40 nucleotides long '°. Consistent with the early occurrence of capping, all three
enzymes are concentrated at the promoter-proximal regions of yeast TUs (Figure 1A), and
Cegl and Cetl dissociate from TUs downstream of the promoter due to CTD
dephosphorylation during elongation '”'®, The recruitment of the capping enzymes by pol II

and their regulation via CTD binding provide a complete explanation for the capping of pol II

transcripts.
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Figure 1. Co-transcriptional pre-mRNA processing

(A) Schematic representation of transcription and pre-mRNA processing events at pol II transcription
units (TUs). Pol II (black ball) initiates transcription at the promoter (arrow) and proceeds along the
TU during elongation phase, terminating and releasing from the DNA template following passage
through the polyadenylation signals. Several polyadenylation factors, such as CPSF and CstF, bind
directly to pol II and are shown all along the TU as a blue ball adjacent to the black one. Capping
enzymes (red oval) are bound to pol II as it enters elongation phase and then fall off the TU. The 5" cap
added by the capping enzymes is symbolized by the baseball cap. Because splicing is co-
transcriptional, we have hypothetically placed splicing factors recognizing the 5" and 3" splice sites
(orange and yellow balls, respectively) and the assembly of the spliceosome (green oval) within the
body of the TU. Additional polyadenylation factors are recruited to downstream regions, as shown by
the additional dark blue ball. At termination, pol II is released from the template and recycled, and the
fragment of cleaved nascent RNA remaining will be degraded. The mRNP is released from the
template and undergoes nuclear transport. (B) Hypothetical scheme for the fine structure of active
transcription units based on the tomographic imaging of nascent transcript and splicing (NTS)
complexes ''®. NTS complexes are tethered to the DNA axis by pol II (black shading) and contain
processing factors required for the processing steps, which take place at different positions along the
TU. NTS complexes along the TU are differently colored to reflect their heterogeneous composition of
pre-mRNA processing factors.

The 5' cap modification itself renders pre-mRNA and mRNA resistant to the action of
5" to 3" exonucleases. In addition, the cap serves as a binding site for two important factors:
the Cap Binding Complex (CBC) in the nucleus and the translation initiation factor eIF4E in
the cytoplasm '°. Like capping, CBC binding is co-transcriptional *°, but there is no evidence

to date that recruitment of CBC to the cap requires any specific coupling to the transcription



machinery. CBC is composed of 2 subunits, CBP80 and CBP20, and plays a role in splicing

212 sromotes the nucleocytoplasmic export of U snRNAs **, and supports a

of the first intron
“pioneer round” of mRNA translation in the cytoplasm before CBC is exchanged for elF4E
26 Thus, the rapid and highly specific addition of the 5’ cap to pol II transcribed RNAs has

important consequences for the lifetime of the (pre)-mRNA, and this cascade of events can be

attributed to the initial interaction of the capping enzymes with pol II.

2.3 Pre-mRNA splicing: mixed messages

In pre-mRNA splicing, introns are removed and exons ligated together by a two-step
transesterification reaction carried out by the spliceosome, a dynamic 60S ribonucleoprotein
particle the size and molecular complexity of the ribosome *’*. The active spliceosome
contains at least 70 polypeptides *°, including the spliceosomal small nuclear
ribonucleoprotein particles (snRNPs) and a number of non-snRNP splicing factors, and many
additional non-snRNP splicing factors are essential for splicing even though they are not

. . 1
detectable in spliceosomes **

. Formation of the spliceosome at particular splice junctions is
triggered by recognition of the 5' splice site by the Ul snRNP and the 3’ splice site by U2AF,
followed by the U2 snRNP. It is unclear whether the spliceosome is assembled from larger
complexes, such as the recently identified penta-snRNP containing U1, U2, U4, U5, and U6
snRNAs * or the 200S InRNP (large nuclear ribonucleoprotein particle) containing additional
non-snRNP RNA processing factors >>, or by the sequential addition of snRNP and non-
snRNP factors as was previously supposed.

Pre-mRNA splicing begins co-transcriptionally and often continues post-
transcriptionally, as exemplified by the Balbiani ring genes of Chironomus tentans, in which
a high proportion of nascent RNAs lack introns at their 5' ends but still contain terminal

5,6,36

introns ***°. Co-transcriptional splicing has also been documented in Drosophila and

37,38

humans and is likely to occur in yeast . Moreover, snRNPs and non-snRNP splicing

factors, such as SR proteins, are concentrated at active sites of transcription (Figure 2) ****.



However, co-transcriptional splicing is not obligatory, and it may be important that some

splicing events occur post-transcriptionally (see below).

Figure 2. Co-localization of SR protein splicing factors with sites of
mRNA synthesis

Double-staining of HeLa cells following run-on transcription in the
presence of BrUTP with anti-SR (red) and rat anti-BrUTP (green). Panel
A shows the entire nucleus; panel B shows an enlarged area of the same
nucleus. Even though they are transcriptionally active, the nucleoli appear
as dark circles, because under the conditions used here, they are
impermeable to anti-Br-UTP. Many of the overlapping particles (yellow)
appear identical in three-dimensional space (arrows). The lowest arrow
points to a particle recognized by anti-SR that overlaps a differently
shaped object detected by anti-BrUTP. Scale bars 4 pm in A and 1 pm in
B.



Understanding how splicing is integrated with transcription is more complicated than
the case of capping, because metazoan genes contain multiple introns (an average of 9 per
gene in humans), which cannot serve as splicing substrates until both the 5' and 3' ends of
each intron are synthesized. Thus, the time that it takes for pol II to synthesize each intron
defines a minimal time and distance along the gene in which splicing factors can be recruited
and spliceosomes formed. The time that it takes for pol II to reach the end of the TU defines
the maximal time in which splicing could occur co-transcriptionally. In general, pol II moves
along the DNA template at a rate of 1-1.5 kb/min. In humans, introns (avg. 3,300 bp) are ten
times longer than exons (avg. 300 bp) ' corresponding to ~3 min transcription time for introns
and only ~30s for exons. RNP formation at 3' splice sites in Drosophila is observed 48s after
3" splice site synthesis with intron removal occurring 3 minutes later °. If these rates are
similar in humans, then by the time the 3' splice site is recognized, the next exon may already
be finished, and by the time splicing could occur 3 minutes later the next intron will have
been completed. This opens up the possibility for competition among splice sites in
alternative splicing. Indeed, intron removal does not always occur in the order of intron
synthesis, indicating that some splicing events occur much more rapidly than others and that
slower splicing events may occur post-transcriptionally in the nucleoplasm ***°. Evidence for
the interplay between transcription and splicing kinetics comes from experiments in humans
and yeast, in which changes in transcription rate by introduction of transcriptional pause sites
or the mutation of elongation factors results in the alternative selection of splice sites **. The
demonstration that transcriptional activators influence alternative splicing by modulating pol
I elongation rates ** provides physiological relevance for this kinetic relationship and
suggests that alternative splicing in vivo may in part be due to transcriptional rather than
splicing regulation per se. It will be of interest to learn whether members of an increasing
number of trans-acting elongation factors also regulate splice site choice by a similar

mechanism. Undoubtedly, a component of this type of regulation is the question of how much



time the nascent RNA has to bind trans-acting splicing factors before the next binding site or
splice site is made.

Overlaid on this kinetic link between transcription and splicing is the distinct
possibility that a physical link(s) may also exist. The pivotal observation is that the pol II
CTD stimulates splicing in human cells, independent of its effects on capping or 3’ end
formation **. Addition of RNA polymerase II or the CTD alone also stimulates splicing in
vitro ***"_ but the molecular mechanism underling this stimulation is unknown. While the
search for such a link has focused on a proposed role for the CTD in directly binding to

.. 48,4
splicing factors ***

, to date the only bona fide splicing factor shown to bind the CTD in vitro
is the yeast UlsnRNP component Prp40p which has no known homologue in metazoans .
Although a search for direct binding partners of the CTD revealed a set of proteins containing
arginine-rich domains similar to those present in non-snRNP splicing factors, it is noteworthy
that splicing factors with demonstrated splicing activity were not detected in those assays °'.
Within the Balbiani Ring genes, snRNP and non-snRNP splicing factors are concentrated in
intron-rich regions and relatively depleted in regions lacking introns °*, suggesting that
splicing factors do not travel with pol II within the TU. It is important to note that, in contrast
to capping, splicing of at least some pre-mRNAs in fission and budding yeast can occur
efficiently following synthesis by pol III >***, T7 RNA polymerase > or a CTD-less pol II *°.
Therefore, the stimulatory effect of the CTD on splicing may not be essential.

A recent study suggests that the effects of the CTD on splicing efficiency may be
indirect, via an interaction of splicing snRNPs with pol II elongation factors °’. This study
shows that snRNPs as well as introns within the transcription template stimulate pol II
elongation by the direct binding of snRNPs to the elongation factor TAT-SF1; TAT-SF1 in
turn binds P-TEFb, which phosphorylates the CTD and remains associated with it during
elongation °’. One implication of this finding is that pol II elongation machinery might bring
snRNPs to active genes. This may explain why a gene transcribed by CTD-less pol II fails to
accumulate snRNPs or members of the SR protein family of non-snRNP splicing factors at

the light microscopic level 2. however, because the nascent RNA produced by the CTD-less

10



pol II most likely also lacks the 5' cap and CBC, these data remain open to other
interpretations. Indeed, intronless genes transcribed by wild-type pol II fail to recruit SR
proteins in similar assays, suggesting that the nascent RNA plays an important role in splicing
factor recruitment **°°. Importantly, if the CTD were pre-loaded with snRNPs directly or
indirectly via P-TEFb/TAT-SF1, it would be difficult to understand how introns could further
increase elongation rate. Taken together, the simplest explanation for this set of observations
is that snRNP and TAT-SF1 recruitment to TUs is enhanced by the cooperative binding of
snRNPs to splicing signals within the nascent RNA and of TAT-SF1 to P-TEFb. Additional
alternatives to generic splicing factor recruitment by the CTD are provided by the findings
that the SR protein family member SF2 binds directly to the transcriptional co-activator p52
and that alternative splicing can be influenced by promoter identity *"%.

Despite the lack of evidence for direct binding of snRNP or non-snRNP splicing
factors to the CTD, prevailing models of transcription and splicing coupling in the literature
are based on it **. The underlying logic of the model is that the crystal structure of pol II
places the CTD at the exit groove of pol II from which the nascent RNA emerges *, and
placement of splicing factors at the outlet would promote the efficient recruitment of splicing
factors to cognate RNA binding sites as they are made. However, splicing factors such as
snRNPs and SR proteins are expressed at quite high concentrations in HeLa cell nuclei (1-
10uM for U1, U2, U4, U5, and U6 snRNPs ©, and 10-100uM for the SR protein SF2 **),
The affinity of at least one SR protein, SRp55, for its binding site in the alternatively spliced
¢TNT pre-mRNA is 60 nM °*, so a compelling argument for why further concentration of
splicing factors would be advantageous has yet to be made. Additional open questions not
addressed by the model include differences in splicing rates between introns, differences in
the order of intron removal, and how alternative splicing could occur in the context of such
recruitment directed by pol II. Finally, it is unclear whether all of the components of the
spliceosome and/or every alternative splicing regulator should be positioned at every gene, or
whether genes accumulate factors differentially to reflect their particular biosynthetic

requirements.
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While coupling between transcription and splicing can be important, it may be
equally important for some transcripts that splicing continues post-transcriptionally. The
Drosophila Ubx pre-mRNA, contains a 75kb intron which is recursively spliced, such that the
first splicing event creates new splice sites which are subsequently recognized, and the intron
is spliced again ®. This chain of events could occur co-transcriptionally, but a strict coupling
between splice site synthesis and splicing factor binding must be ruled out. A similar
complication arises through RNA editing by the ADAR family of adenosine deaminases,
because editing sites occur at splice junctions where intron sequences basepair with upstream
exon sequences to produce a characteristic stem loop "°. By definition, this must occur before
splicing, and indeed editing can alter splice site sequences to produce alternative splicing .
Thus, depending on the site and kinetics of editing, splicing of edited transcripts may be
either co- or post-transcriptional. The proposal that alternative splicing may occur more
slowly than constitutive splicing and result in the splicing of some introns post-
transcriptionally ’* is supported by microscopic studies which detect slow-splicing introns
away from the site of synthesis >"°. The movement of (pre)-mRNA away from the gene is
not thought to represent vectorial transport to the nuclear envelope, because the rates and
trajectories of mRNP movement are consistent with diffusion "**°; rather, the diffusion of
such transcripts to the envelope may provide additional time for post-transcriptional splicing

to occur.

2.4 3' end formation and mRNP release

All mRNAs, with the exception of the replication-dependent histone mRNAs, are modified by
the addition of a tract of adenosine residues at their 3> ends '"*"*. The poly(A) tail is
important for mRNA stability and the regulation of translation. Polyadenylation involves first
the cleavage of the pre-mRNA at a site located between the canonical AAUAAA sequence
where cleavage and polyadenylation specificity factor (CPSF) binds, and a downstream G/U-

rich region where cleavage stimulatory factor (CstF) binds. Cleavage is accomplished by
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cleavage factors I and II (CFI and CFII), and nuclear polyadenylation is accomplished by

poly(A) polymerase (PAP) bound to CPSF and the nuclear poly(A) binding protein.
Transcription termination and release of pol II from the DNA template depends on

transcription through a functional polyadenylation signal, which in humans can be up to 1500

bp upstream of the termination site '*'"*'

. This intimate relationship between termination and
polyadenylation suggests that transcription is coupled with at least some of the steps leading
to polyadenylation. In human cells, the CTD of pol 1I is specifically required for efficient
polyadenylation *, and pol II itself stimulates polyadenylation in vitro ¥. Physical links to pol
II are abundant, as several components are bound to the CTD (e.g. CPSF,
cleavage/polyadenylation factor IA) and to other components of the pol II holoenzyme (e.g.
CPSF to TFIID, CstF to the transcriptional coactivator PC4) ***’. Thus, extensive protein-
protein interactions among the polyadenylation factors themselves and with pol II may help to
coordinate termination and polyadenlyation. In Chironomus, these two events are temporally
correlated **, and polyadenylation cleavage factors are required for efficient termination in
yeast . However, direct visualization of nascent transcripts in Xenopus and Drosophila show

that cleavage often occurs after the release of pol II from the DNA ***!

, suggesting that a
substantial fraction of polyadenylation may occur post-transcriptionally.

In contrast to capping, polyadenylation is not solely specified by pol II. A small but
significant set of pol II transcripts, such as histone mRNAs, snRNAs and snoRNAs are not
polyadenylated and undergo alternative mechanisms of 3' end formation '’; likewise, rRNA,
normally the product of pol I, is not polyadenylated when synthesized by pol II °*. Thus,
polyadenylation targeting by pol II can at least be overridden by other processing signals.
Along these lines, polyadenylation signals in the nascent yeast RNAs support partial
polyadenylation of mRNAs transcribed by pol I, T7 RNA polymerase or a CTD-less pol 11
29394 confirming that a strict coupling between pol II and polyadenylation is not required.
Another case of modulation of polyadenylation function occurs in alternative terminal exon

usage in which polyadenylation sites in upstream exons are not used in favor of those sites

found in downstream alternative exons. This points to the importance of the strength of the
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polyadenylation signals described above which can determine the rate of assembly of
polyadenylation complexes on the nascent transcripts °°, suggesting that assembly of the
polyadenylation complexes at alternative terminal exons or unpolyadenylated genes may be
relatively slow compared to the rates of splicing or alternative 3" end formation. Thus, signals
in the nascent RNA play a defining role in where and whether the transcript is
polyadenylated.

The interdependence of terminal intron splicing and polyadenylation *® and their
temporal coincidence ® suggest a kinetic and/or physical link between the two processes. The
splicing factor U2AF65 binds the polypyrimidine tract at all 3' splice sites where it promotes
annealing of the U2 snRNA with the branchpoint. Interestingly, U2AF65 also binds to the C-
terminus of PAP ?7, and this additional binding interaction likely promotes definition of the
terminal exon for splicing and assembly of the polyadenylation machinery within the exon.
The Ul snRNP binds at 5" splice sites and inhibits PAP, perhaps suppressing premature
polyadenylation/termination in long introns or before the synthesis of the terminal exon **. In
alternative terminal exon usage in the IgM pre-mRNA, the kinetics of polyadenylation likely
plays a role, since elevated levels of CstF-64 in plasma cells promotes the recognition of the
weaker upstream polyadenylation signal and precludes splicing to the downstream 3' splice
site *°. Conversely, the calcitonin/CGRP pre-mRNA undergoes alternative terminal exon
usage through the action of a splicing factor SRp20, which promotes splicing and

polyadenylation at upstream sites '’°.

These physical and kinetic links between
polyadenylation and splicing indicate that these two processes co-evolved. Because
polyadenylation is linked with termination, interactions with the splicing machinery may, on
the one hand, have put pressure on splicing to occur co-transcriptionally and, on the other
hand, may have selected for splicing to occur slowly enough to permit assembly of

downstream complexes on polyadenylation sites that might be otherwise spliced out too

quickly.
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Because the pre-mRNA travels with pol II significantly beyond the polyadenylation
signal, there may be additional time for co-transcriptional processing of the nascent RNA
before it is released from the TU. Several recent studies in yeast suggest a possible mRNA
processing surveillance mechanism, which takes place at the TU prior to mRNP release. First,
mutations in mRNA nuclear export factors lead to the retention of mRNAs at their sites of
transcription, and these mRNAs become hyperadenylated '°'. Second, (pre)-mRNAs which
are cleaved but not polyadenylated due to a mutation in PAP also accumulate at TUs and can
be released upon inactivation of components of the nuclear exosome '> which are thought to
mainly function as 3' to 5" exonucleases '*. Interestingly, retention of transcripts aberrantly
processed at their 3" ends does not depend on pol II, since retention also occurs when the
transcript is synthesized by T7 RNA polymerase *°. These findings suggest a novel function
of components of the nuclear exosome in regulating mRNP release from the TU.
Interestingly, a previous study implicated the exosome in monitoring pre-mRNA splicing '**.

It is challenging to explain how mutations in export factors produce retention of
transcripts at TUs. However, several lines of evidence link mRNA transport with
transcription. First, pre-mRNA splicing deposits a set of proteins called the exon-junction
complex (EJC) on mRNA, and this complex promotes the nucleocytoplasmic transport of the
mRNP '”. Second, even in the absence of splicing, two nuclear export factors in yeast, Yralp
and Sub2p, and their human counterparts, Aly and UAP56, are recruited to TUs via direct
binding to the THO transcription elongation complex '°*'"’. This evolutionarily conserved
complex, named TREX for transcription/export complex, is detectable throughout the TU '*7,
while Yralp was detected in downstream regions of the TU in a separate study '*°. The co-
transcriptional binding of these factors to nascent RNA raises the possibility of a feedback
mechanism active at the TU. This link between RNA processing, mRNP release, and nuclear
export is reminiscent of studies in human cells, showing that transcripts defective in splicing
or polyadenylation are retained at the TU '®"'°_ It remains to be determined how transcripts
are retained at TUs and whether mRNP retention in humans depends on components of the

nuclear exosome.
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2.5 Histone 3' end formation

Unlike all other mRNAs, the replication-dependent histone mRNAs are cleaved at their 3'
ends and are generally not polyadenylated. These mRNAs contain the Histone Downstream
Element (HDE), a 26-nucleotide sequence including a 16-nucleotide stem loop, which bind
stem loop binding protein (SLBP) and the U7 snRNP. These transacting factors guide the
endonucleolytic cleavage of histone mRNA 3’ ends through the ATP-independent action of

"1 "SIBP remains associated with histone mRNPs and

an as yet unidentified cleavage factor
travels with them to the cytoplasm where it regulates translation and stability ''*'"*. Although
a separate class of histone pre-mRNAs are intron-containing, polyadenylated, and expressed
throughout interphase, the replication-dependent histone genes are expressed specifically
during S-phase, likely due to the elevated expression of SLBP at the G1-S boundary '"*. Thus,
the functions of histone 3’ end formation are to co-ordinate histone gene expression with
DNA replication, to prolong the half-life of histone mRNAs, and to promote translation. The
HDE occurs 30 nucleotides downstream of the termination codon, and mRNA cleavage may
signal transcription termination as well as histone mRNP release ''>. Despite this possible
connection to pol II transcription, there is currently no evidence for a physical link between
histone 3' end formation and termination. In addition, the replication-dependent histone genes

lack introns, and therefore, these pol II TUs are likely to differ significantly from the bulk of

protein-coding TUs in both composition and regulation.

2.6 Fine structure of the Transcription Unit
What do transcription units look like? Classic electron microscopic images of pol 11

transcription units >*°

reveal the typical “lampbrush” display of RNA as it becomes
progressively longer with increasing distance from the promoter (see also chapter 6);

additional electron dense blobs correlate with the positions of splice junctions. However,

because nascent RNA is expected to have a high degree of secondary structure and to be
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fairly coated with protein, one would expect nascent RNA in vivo to occur with associated
proteins in large particles adjacent to the DNA axis rather than dangling from it. A recent
electron tomographic study has indeed visualized such “nascent transcript and splicing”
(NTS) complexes as regularly sized and shaped objects attached to the DNA ''"°. The NTS
complexes were shown to contain at least RNA polymerase Il and the U2 snRNP by
immunolabelling. The imaging of the NTS complex combined with our current understanding
of co-transcriptional RNA processing suggests that NTS complexes along the transcription
unit may be heterogeneous, containing the factors which have assembled locally, via protein-
protein interactions with pol II and/or protein-RNA binding (Figure 1B). For example, NTS
complexes near the promoter are more likely to contain the capping enzymes, whereas
downstream they may be enriched in splicing, polyadenylation and/or nuclear transport
factors. This raises the question of whether the entire transcription unit should be considered a
gene expression “factory” or whether each nascent transcript represents a distinct dynamic
machine, in which each of the tools for mRNA synthesis and processing is recruited as
needed by pol II and/or the nascent transcript. The latter model is a better fit to the existing
experimental evidence, since there is currently no indication that NTS complexes at distinct

positions along the TU influence the composition or activities of their neighbors.

3. Nuclear Bodies and Pre-mRNA processing

3.1 Nuclear Bodies

The cell nucleus does not contain any further membrane-bound organelles, but a number of
substructures within the nucleus have been described. The term “nuclear body” describes a
variety of distinct nuclear objects >0.5 pm in diameter, which are detectable by light and/or
electron microscopy and enriched in specific sets of nuclear factors ''"''?. The largest (up to
5.0 pym diameter in some cells) and best understood nuclear body is the nucleolus, which is
the site of IDNA transcription by RNA polymerase I, rRNA processing, and assembly of pre-
ribosomal subunits (chapter 8) ''"*. Because the nucleolus is not only a structural but a

functional unit, the rationale for concentrating pol I transcription factors, rRNA processing
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factors, and ribosomal proteins in nucleoli is clear. Many nuclear bodies contain pre-mRNA
processing factors (Table I), although others not discussed here contain transcription factors.
Because the pre-mRNA processing events described above occur co-transcriptionally or at
least begin at the transcription unit, it is perhaps surprising that some processing factors are
concentrated in nuclear bodies in addition to their nucleoplasmic distribution. Proposed
functions for nuclear bodies in general include the storage of inactive factors and the
assembly and/or recycling of multi-component RNA processing complexes. It is currently a

challenge for cell biologists to distinguish among these possibilities.

3.2 snRNP trafficking to Cajal Bodies

Cajal Bodies were discovered ~100 years ago by Santiago Ramon y Cajal who named them
accessory bodies, because of their position adjacent to nucleoli in the nuclei of central
nervous system neurons ''"'*. Since their initial description, the structure and molecular
composition of Cajal Bodies (CBs) has been explored, but their function remains obscure
(chapter 10). Prominent components of CBs include the spliceosomal snRNPs (Figure 3A),
the U7 snRNP and SLBP important in histone 3' end formation, as well as a variety of other

121
. CBs are electron

components implicated in transcription and mRNA processing (Table I)
dense ~0.5 um structures, and the identification of the protein p80-coilin as a molecular
marker for CBs (previously known as coiled bodies) has facilitated studies of CBs in a variety
of species and cell types. Live imaging studies have shown that CBs are highly mobile and
are capable of fusing and splitting '**'**. Most somatic cells contain one or two CBs, while
some cells contain nucleoplasmic coilin but no CBs per se and transformed cell lines can
contain many CBs. The nuclei of amphibian and insect oocytes contain 50-100 CBs. Because
oocyte nuclei are thought to stockpile factors required for the early cleavage divisions of the
embryo, one might suppose that the amplified numbers of CBs in oocytes reflect the need to
store particular RNA processing factors. On the other hand, recent evidence suggests that

some factors, such as the spliceosomal snRNPs, may transit through Cajal Bodies as a normal

step in their assembly and maturation. If this is true, then the elevated numbers of CBs in
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particular cells, such as transformed cell lines and/or oocytes, may reflect an elevated

biosynthetic requirement for RNA processing factors in highly metabolically active cells. An

additional possibility is that CBs function in some aspect(s) of snRNA precursor processing

and/or histone mRNA 3’ end formation, since some CBs associate with snRNA and histone

genes in a transcription-dependent manner

Table I. Sub-nuclear Localization of Pre-mRNA Processing Factors

Pre-mRNA processing factors

Capping
capping enzymes
cap-binding complex

Splicing factors
SNRNPs

SR proteins
U2AF

PTB (hnRNP I)

Polyadenylation
Poly(A) polymerase
CPSF-100

CstF-64

CstF-50

PAB Il

Histone 3’ end formation
U7 snRNP
SLBP

Nuclear localization

?
nucleoplasm

nucleoplasm (SFCs), Cajal bodies
nucleoplasm (SFCs)

nucleoplasm (SFCs)

nucleoplasm, perinucleolar compartment

nucleoplasm

nucleoplasm, cleavage bodies
nucleoplasm, cleavage bodies
nucleoplasm

nucleoplasm (SFCs)

Cajal bodies
Cajal bodies
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Figure 3. Spliceosomal snRNPs are distributed throughout the
nucleoplasm and in Cajal bodies

(A) HeLa cells labeled with anti-coilin antibody (green) and anti-2,2,7-
trimethylguanosine cap, a marker of snRNAs (red). The snRNAs are
distributed throughout the nucleoplasm and concentrated in Cajal bodies
(arrowheads). Cajal bodies are not detectable in mitotic cells (right bottom
cell) and snRNAs are distributed in the cytoplasm. (B) Coilin (green) and
survival motor neurons protein (SMN, red) in HeLa cells. SMN is found in
the cytoplasm and in the nucleus where it concentrates in gems (arrow).
Gems often associate with Cajal bodies (double arrowheads). A Cajal body
not associated with gems is marked by an arrowhead. Bar 10um.

The spliceosomal snRNPs are essential components of the spliceosome **. The five
major snRNPs U1, U2, U4, U5, and U6 function in the splicing of the majority of introns,
which begin with GU and end with AG nucleotides. In metazoans, a minor class of snRNPs

including U11, U12, U4atac and U6atac snRNPs function at introns beginning with AU and
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ending in AC. Each snRNP is a complex of a single species of snRNA, a set of seven shared
proteins called Sm (in the U1, U2, U4, U5, Ul1, U12, and U4atac snRNPs) or Lsm (in the U6
and U6 atac snRNPs), and a variety of snRNP-specific proteins '*. The snRNAs are highly
structured within each snRNP, due to intramolecular base-pairing that creates specific helices
and stem-loops. During the splicing reaction, the U2, U4, U5, and U6 snRNPs (and their
minor snRNP equivalents) undergo extensive rearrangements through the unwinding and re-
annealing of base-pairing interactions. Because snRNPs are re-used for subsequent rounds of
splicing, they must be re-assembled into functional snRNPs in a process termed the
spliceosome cycle.

The U1, U2, U4, and U5 snRNA genes are transcribed by pol II, and consequently
these snRNAs receive a mono-methyl cap at their 5’ ends. The snRNAs are transported to the
cytoplasm where they are bound by the Sm proteins and other snRNP-specific proteins. The
Sm proteins B/B’, D, and D3 are modified by symmetrical arginine dimethylation by the 20S
methylosome '*°, creating a binding site for the SMN complex, so named for the Survival of
Motor Neurons protein, which is mutant in the inherited disease Spinal Muscular Atrophy
(see chapter 12) """, Modification of the Sm proteins by arginine di-methylation and
snRNP assembly by the SMN complex is thought to occur in the cytoplasm; however, SMN
is also detectable in nuclei in structures known as gems that often overlap with CBs (Figure
3B). The function of the nuclear pool of SMN is currently unknown.

After association with the Sm proteins, the 5" ends of the snRNAs are
hypermethylated in the cytoplasm to produce a tri-methylguanosine (TMG) cap "*°, which
together with the core snRNP structure serves as an important nuclear import signal "%,
Additional snRNA modifications include site-specific nucleotide 2'-O-ribose methylation and
isomerization of uridines to pseudo-uridine residues '*'. A set of small RNAs (U85, U87,
U88, and U89) was recently shown to guide these snRNA modifications, and these guide

142

RNAs have been termed scaRNAs to reflect their localization in CBs . The concentration of

the scaRNAs along with their spliceosomal snRNA substrates in CBs suggests that these
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guided modifications may occur in CBs, but it is currently unclear whether they occur before
or after snRNP assembly and re-import. The finding that newly synthesized Sm proteins are

detectable in CBs before they accumulate in the nucleoplasm %

suggests that CBs serve as
an entry point for snRNPs imported from the cytoplasm and may be the site where the final
steps of snRNP maturation take place.

In contrast to other snRNAs, the U6 gene is transcribed by RNA polymerase 111 and
lacks a 5" TMG cap. U6 snRNA also lacks the Sm binding site, but it interacts instead with 7
proteins named Lsm2-Lsm8. The U6 snRNA does not leave the nucleus during its biogenesis;

instead, U6 is transiently localized in the nucleolus '*

where U6 snRNA presumably
undergoes snoRNA mediated 2’°-O-methylation and pseudouridylation '*"'**. It is not know
when or where U6 snRNA first associates with Lsm and other U6 specific proteins.
Interestingly Lsm4 was detected in Cajal bodies (D.S. and K.N. unpublished results) as well
as U6 snRNA 1%,

An extensive rearrangement of snRNPs occurs during the assembly of an active
spliceosome. The most dramatic rearrangements reflect the dynamic function of the U2, U4
and U6 snRNAs. Before spliceosome assembly, the U2 snRNA base-pairs with the 3' splice
site of the pre-mRNA. When the U4/U6¢US tri-snRNP joins the spliceosome, base-pairing
between U4 and U6 is disrupted, U2 base-pairs with U6 to form a helix, and U6 contacts the
pre-mRNA to perform its catalytic role in the first and second trans-esterification steps of
splicing catalysis. Following splicing, U2, U4, U5, and U6 snRNPs are released from the
spliceosome and must be regenerated before the next round of splicing. Little is known about
the regeneration of the U2 snRNP, but the yeast protein Cus2p has been shown to rescue a
mutation in U2 snRNA predicted to influence proper U2 folding .

How and where are the U4, U5, and U6 snRNPs recycled? The yeast protein Prp24p

152

is required for U4/U6 snRNP regeneration after splicing in vivo °°, and was shown to

promote U4/U6 re-annealing in an in vitro assay '°. Recently, the protein SART3/p110 was
identified as the human homologue of Prp24p and its activity as a U4/U6 annealing factor
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was shown in vitro ~". In addition, the U6-specific Lsm proteins have been shown to promote
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>0 suggesting that

U4/U6 annealing in humans "> and interact directly with yeast Prp24p '
Prp24p/SART3 and Lsm proteins co-operate during U4/U6 snRNP assembly and recycling.
Although a pool of U4/U6 snRNP is measurable in cells, it associates with the U5 snRNP
before addition to the spliceosome. The U4/U6e U5 tri-snRNP-specific protein 61K was
recently shown to bridge U5 with the U4/U6 snRNP and thus may be important for tri-snRNP
assembly °’. Unlike the Lsm proteins or 61K, Prp24p/SARTS3 is not a stable component of
any snRNP and is thought to associate only transiently with its substrates. Prp24p/SART3 is
not detectable in spliceosomes, suggesting that snRNP recycling occurs away from sites of
transcription and splicing. Localization of U4, U5, and U6 snRNAs and the 61K protein to
CBs raises the possibility that CBs are the site of snRNP recycling as well as assembly. If the

nuclear pool of SMN has a role in snRNP recycling, then the concentration of SMN in some

CBs would support this hypothesis.

3.3 The sub-nuclear distribution of capping and polyadenylation factors
Although the capping enzymes have been localized by in vivo crosslinking to TUSs, their sub-
cellular distribution has not yet been examined by light or electron microscopy. The cap-
binding proteins CBP80 and CBP20 are prominently detected throughout the nucleoplasm of
HeLa cells as bright dots, consistent with their expected concentration at TUs and on mRNPs
transiting the nucleus, and faintly detectable in the cytoplasm where they are expected to
support the first round of translation **'>*, Consistent with this, CBP20 is present throughout
the nucleoplasm and faintly cytoplasmic in the salivary glands of Chironimus tentans; CBP20
is highly enriched at sites of transcription in chromosome spreads and is seen to transit to
nuclear pores with mRNP complexes by electron microscopy >°. Thus, the subcellular
localization of the CBC mirrors its biochemically and genetically defined functions at TUs, in
mRNP nucleo-cytoplasmic transport, and in translation.

Several factors involved in polyadenylation, including poly(A) polymerase (PAP),
CstF-50 subunit, and poly(A) binding protein (PAB 1I), are distributed throughout the

159,160

nucleoplasm , consistent with their activities at TUs and post-transcriptionally. However,
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CstF-64 subunit and CPSF-100 have been detected both diffusely in the nucleoplasm and in a

relatively novel nuclear body, termed the cleavage body '®'

. Cleavage bodies were found to
sometimes overlap with Cajal Bodies, particularly during the G1 phase of the cell cycle.
During S-phase, cleavage bodies are often located adjacent to CBs and overlapping with
replication-dependent histone gene clusters '*°. This suggests that CstF-64 and CPSF and/or
as yet unidentified components of the cleavage body may have a role in histone mRNA
processing. At present, this interpretation remains paradoxical, since these histone mRNAs
are not polyadenylated; U7 snRNP and SLBP, factors required for histone mRNA 3" end
formation, are instead concentrated in CBs, and CstF and CPSF have no known function in
histone mRNA processing. It will be of interest to determine whether polyadenylation
cleavage factors themselves are localized to cleavage bodies at histone genes. If so, this may
suggest that the elusive histone 3" end cleavage factor might be shared with the
polyadenylation machinery and that the overlap of CstF-64 and CPSF with histone genes may

be fortuitous. Because cleavage bodies are largely transcriptionally inactive ', they may be

the sites of post-transcriptional polyadenylation, and this possibility remains to be tested.

4. What is Nucleoplasm?

Like cytoplasm, “nucleoplasm” generally describes the internal contents of the cell nucleus,
distinct from discrete structures such as chromosomes, nuclear bodies, and the nuclear
envelope. However, uncondensed chromatin in the interphase nucleus is interspersed with
soluble molecules, and thus nucleoplasm at interphase must be imagined as being quite mixed
with chromatin, providing the environment in which gene expression and DNA replication
occurs. Factors involved in transcription and splicing diffuse relatively rapidly throughout the
nucleus as if few physical or chemical barriers exist ®’. The free diffusion of these
nucleoplasmic factors is in contrast to the restricted movement of the histones, which like the
mobile factors, are distributed throughout the nucleoplasm but are nevertheless anchored to

relatively immobile chromatin ®’. These recent mobility studies carried out in live cells have
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contributed a new perspective to the meaning of “nucleoplasm”, containing distinct
populations of mobile and immobile molecular constituents '**'%,

It has been proposed that nucleoplasm is subcompartmentalized into domains, some
of which are enriched in particular sets of pre-mRNA processing factors '*/(Table I).
Recently, the perinulceolar compartment (PNC) has been described, containing the RNA-
binding and splicing factor PTB/hnRNP-I and five RNA pol III transcripts '*>'°°. The PNC
and several other perinuclolar compartments, namely Sam68 bodies containing RNA-binding
proteins and another body containing hnRNP-L, have been described, and the functions for all
three remain unknown '®’. The prototypical nucleoplasmic compartment is the “nuclear
speckle” or splicing factor compartment (SFC) containing a soluble pool of snRNP and non-
snRNP splicing factors, which appears as an interconnected meshwork penetrating the
nucleoplasm at the light microscopic level *”'®*'7°_ At the EM level, the SFC corresponds to
electron-lucent regions of chromatin-poor nucleoplasm, including perichromatin fibrils,
thought to consist of nascent transcripts, and interchromatin granules '**'"'.

Because splicing is largely co-transcriptional, it was perplexing that many sites of
transcription and splicing did not overlap with SFCs '">'”. This paradox was largely resolved
by the finding that dilution of antibodies specific for snRNP and non-snRNP splicing factors
produces a punctate staining pattern that significantly overlaps with sites of pol Il
transcription (Figure 3) *'. Antibodies that recognize single species of splicing factors, rather
than entire families of factors, reveal only the punctate staining pattern at sites of transcription
*1 Although SFCs appear to contain dramatic concentrations of some splicing factors by
fluorescence microscopy, quantitative measurement of splicing factors detected within and
outside of SFCs reveals only a modest concentration (1.6- to 3-fold elevations) of splicing

factors in SFCs '™

. Taken together, the simplest view of the SFC is that it represents the
interchromatin space in which splicing factors may occur at elevated concentrations, perhaps
because they are undiluted by chromatin. As described above, some splicing is likely to occur

in the SFC, for those TUs located within or near the SFC or for transcripts that undergo post-

transcriptional splicing. The SFC is expected to provide splicing factors, such as SR proteins,
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to transcription sites ** and may also be a site where inactive snRNP and non-snRNP splicing
factors (e.g. incorrectly phosphorylated or de-phosphorylated SR proteins '’>'"° are

sequestered and/or recycled.

5. Concluding Remarks

In this chapter, we have addressed how and where pre-mRNA is processed. Pre-mRNA
processing begins at transcription units and sometimes continues post-transcriptionally. Co-
transcriptional mRNA processing is likely the outcome of i) the relatively fast kinetics of
processing reactions compared with the relatively long time that it takes to synthesize an
entire pre-mRNA and i7) direct binding of some RNA processing factors to the transcriptional
machinery. Many of the mechanistic details of processing factor recruitment and function,
particularly with respect to splicing, have yet to be elucidated. Here we propose a model in
which nascent mRNPs still attached to the DNA template by pol II contain heterogeneous
constellations of processing factors based on the locations within TUs at which processing
reactions occur. TUs are distributed throughout the nucleoplasm, which is characterized by
highly mobile sets of soluble factors and a limited set of restricted elements, such as
chromatin. However, the concentration of many pre-mRNA processing factors in nuclear
bodies and sub-domains points to the possible compartmentalization of some processing
reactions and/or the assembly of processing complexes away from sites of transcription.
Understanding the function of nuclear bodies and what possible advantages they may confer

to cells remains a major challenge for cell biologists.
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