Messenger
ribonucleoprotein particles
(mMRNPs). Complexes
composed of mature
mRNAs bound by various
RNA-binding proteins and
associated proteins recruited
via protein—protein
interactions. The formation
of mRNPs allows proper
packaging of the mRNA,
which is essential for efficient
nuclear export.

5’ end capping

As soon as a nascent transcript
emerges from RNA polymerase
Il during transcription, it is
capped at its 5 end. This
7-methylguanosine cap (m’G
cap) protects the mRNA from
degradation and is essential
for its translation.
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How cells get the message:
dynamic assembly and function
of MRNA-—protein complexes

Messenger RNA (mRNA) is never alone. It is coated
and compacted by RNA-binding proteins (RBPs),
forming large messenger ribonucleoprotein particles
(mRNPs). RBPs assemble on nascent and mature
mRNAs. They serve as structural elements for mRNP
packaging and modify the output of gene expression
at all steps of the mRNA life cycle: transcription, 5’ end
capping, precursor mRNA (pre-mRNA) splicing, 3’
end processing, nuclear export, localization, translation
and mRNA stability (FIC. 1).

Analysis of the protein composition of RNPs contain-
ing small non-coding RNAs (for example, small nuclear
RNAs (snRNAs), small nucleolar RNAs (snoRNAs)
or microRNAs (miRNAs)) has been a tractable prob-

em'?, whereas studying the composition of mRNPs
has been more challenging. mRNAs are not only
longer, but they also undergo more processing steps
that can be differentially regulated among tissues and
cellular compartments. A combination of biochemical
and cell biological research, recently complemented
by genome-wide studies, has led to the current notion
that each mRNA is bound by multiple RBPs and that
individual RBPs have hundreds to thousands of mRNA
targets®~. Furthermore, RBPs are often components of
multi-protein complexes and bring additional proteins
into mRNPs through protein-protein interactions. It
is generally accepted that during their journey from
transcription in the nucleus to translation in the cyto-
plasm, mRNPs continuously change their composition.

Michaela Miiller-McNicoll and Karla M. Neugebauer

Abstract | mRNA is packaged into ribonucleoprotein particles called mRNPs. A multitude
of RNA-binding proteins as well as a host of associated proteins participate in the fate of
mRNA from transcription and processing in the nucleus to translation and decay in the
cytoplasm. Methodological innovations in cell biology and genome-wide
high-throughput approaches have revealed an unexpected diversity of mMRNA-associated
proteins and unforeseen interconnections between mRNA-processing steps. Recent
insights into mRNP formation in vivo have also highlighted the importance of mRNP
packaging, which can sort RNAs on the basis of their length and determine mRNA fate
through alternative mRNP assembly, processing and export pathways.

However, prolonged binding of particular RBPs can
couple succeeding steps in gene expression either by
directly influencing more than one step of mRNA
processing or by affecting downstream events through
the recruitment of additional proteins®. Interestingly,
evidence is accumulating to show that RBPs can
also couple non-sequential steps in mRNA metabo-
lism. This suggests that besides continuous mRNP
remodelling, alternative ways for mRNP assembly
may exist.

In this Review, we focus on recent insights from
in vivo studies carried out in mammalian cells (except
where noted) that have contributed to addressing sev-
eral major open questions. How many different proteins
associate with mRNA in general and/or with individual
mRNAs? How important is mRNA length and mRNA
packaging for gene expression? To what extent does the
protein composition of mRNPs undergo remodelling
during the lifetime of an mRNA? How are nuclear and
cytoplasmic mRNP maturation steps interconnected
by shared RBPs? Owing to space limitations, we do
not discuss the coupling of cytoplasmic RNA meta-
bolic steps; the reader is referred to excellent recent
reviews on this topic®’. Complementing the topics dis-
cussed here, several interesting reviews have discussed
RNA-binding specificities and in vivo binding motifs
of RBPs’, methods for identifying RNA-protein inter-
actions globally*$, mRNP surveillance’ and nuclear
export dynamics of mRNPs™.
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Figure 1| mRNPs: co-transcriptional assembly and remodelling from transcription to translation and
degradation. This figure illustrates the current view of co-transcriptional assembly and remodelling of messenger
ribonucleoprotein particles (MRNPs) in mammalian cells at various steps throughout their lifetime; some example
RNA-binding proteins (RBPs) that are mentioned in the main text are shown. One example is the cap-binding
complex (CBC), which binds to the 7-methylguanosine (m’G) cap and facilitates splicing, 3" end formation and
then export as it diffuses with bound mRNAs to nuclear pores'?. In the cytoplasm, the CBC is exchanged for the
translation initiation factor eukaryotic initiation factor 4E (EIF4E)’. Most RBPs that were associated with

the mRNA during processing and export are replaced by ribosomes on actively translated mRNAs. CPSF6,
cleavage and polyadenylation specificity factor 6; EJC, exon junction complex; hnRNPC, heterogeneous nuclear
ribonucleoprotein C; NXF1, nuclear export factor 1; PABPC1, cytoplasmic poly(A) binding protein 1; PABPN1,
nuclear poly(A)-binding protein 1; Pol I, RNA polymerase II; pre-mRNP, precursor mRNP; TREX1,transcription
export complex 1; XRN1, 5°-3" exoribonuclease 1.
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Peptidyl-prolyl-isomerases
(PPIs). A group of metabolic
enzymes that catalyse the
cis—trans isomerization of
peptide bonds in polypeptide
chains. PPIs have important
roles in the folding of newly
synthesized proteins but were
recently shown also to bind
mMRNAS.

RNA-binding proteins

The RNA-binding protein repertoire: how many different
proteins associate with mRNAs? More than 600 RBPs are
annotated in mammalian genomes on the basis of the
presence of known RNA-binding domains (RBDs), but
the functions and in vivo binding specificities of most
RBPs are not well understood. Many RBPs have been
inferred from sequence homology, and until recently
only a small fraction had been validated for RNA bind-
ing in vivo. An important step towards a comprehen-
sive atlas of proteins that bind to mRNA in vivo was
the recent establishment of ‘interactome capture’ and
protein-profiling methods''* (BOX 1).

Combining two complementary ultraviolet (UV)
crosslinking approaches, one study identified most of
the expressed mRNA-binding proteins in HeLa cells.
In another study, photoactivatable-ribonucleoside-
enhanced UV crosslinking and immunoprecipitation
(PAR-CLIP) was used to identify the mRNA-bound
proteome in human embryonic kidney (HEK) cells and
to map globally the sites of protein-mRNA interactions

REVIEWS

(BOX 1). The PAR-CLIP study supported the notion
that transcripts are generally bound and regulated by
a multitude of RBPs>'2. Both studies identified similar
numbers of RBPs (860 and 797, respectively), which
is substantially more than the ~600 known and pre-
sumed RBPs. Among these, 315 proteins'' and 245
proteins'> were not previously annotated as RNA
binding, and ~200 proteins had only been inferred as
RBPs by homology. It was further shown that several
metabolic enzymes, such as peptidyl-prolyl-isomerases
(PPIs), bind RNA in vivo'l. These numbers constitute
the most up-to-date estimate of the total number of
RBPs that are expressed in a human cell line at a given
time, but presumably many more tissue-specific RBPs
await discovery. For comparison, 120 mRNA-binding
proteins have recently been identified in yeast using a
similar technique®. Moreover, both of the interactome
capture studies investigated only mature mRNPs, hence
RBPs bound to pre-mRNA, non-polyadenylated RNA
or introns remain elusive. It will be exciting to study
the binding specificities of the newly identified RBPs,

Box 1| Methods for characterizing mRNP composition and functions

Early methods

Diverse biochemical in vitro approaches, such as electrophoretic mobility shift assays (EMSA) or ultraviolet (UV)
crosslinking of proteins to their target RNAs have been used to study RNA-protein interactions and messenger
ribonucleoprotein particle (MRNP) assembly over the past three decades. Twenty years ago, the systematic evolution of
ligands by exponential enrichment (SELEX) method was introduced to isolate high-affinity RNA aptamers from highly
diverse pools of in vitro transcribed RNAs!'%. This method enabled high-affinity RNA recognition elements (RREs) to be
identified for numerous RBPs in vitro. However, high-affinity recognition might be unfavourable in vivo®.

The yeast three-hybrid system, which was developed in 1996, enabled RNA-protein interactions to be monitored in vivo
for the first time by measuring the expression levels of reporter genes'®. Diverse RNA immunoprecipitation (RIP)
protocols established in the past 10 years finally permitted the identification of endogenous RNAs present in complex
mRNPs!%. RIP followed by microarray-based identification of protein-bound RNAs (RIP-chip) revealed, for example, that
the targets of an RBP could be functionally related transcripts****. As a reciprocal approach, individual mRNPs have
been purified, and their protein composition has been analysed by mass spectrometry*’.

High-throughput methods

More recently, different high-throughput methods based on UV crosslinking, immunoprecipitation and deep
sequencing (CLIP-seq) were introduced as powerful methods to determine in vivo protein—-RNA interactions on a
global scale?!'2, UV crosslinking requires direct contact between protein and RNA and does not promote protein—
protein crosslinks. UV light with a wavelength of 254 nm crosslinks the naturally photoreactive nucleotide bases to
specific amino acids, and the photoreactive thionucleosides 4-thiouridine (4-SU) and 6-thioguanosine (6-SG) that are
used in photoactivatable-ribonucleoside-enhanced CLIP (PAR-CLIP) can be crosslinked at 365 nm. PAR-CLIP and
another CLIP variant, termed iCLIP, provide an almost nucleotide resolution of RNA-binding sites?®!*3. The crosslinked
amino acid covalently bound to recovered RNA constitutes a barrier for the reverse transcriptase enzyme and either
causes specific nucleotide changes (PAR-CLIP) or truncation (iCLIP) of the cDNA during reverse transcription. Some
RBPs are favoured by one method, and neither protocol seems to be superior'*'**. The different CLIP-seq approaches
have been successfully used to generate transcriptome-wide RNA maps for numerous RBPs, confirming that one RBP
can have few or thousands of mRNA targets. One important question in RNA biology — how many RNAs one particular

RBP can bind — can be answered with these methods*.

An alternative crosslinking protocol termed CLASH (for crosslinking, ligation and sequencing of hybrids) has further
revealed tertiary interactions between guide small nucleolar RNAs (snoRNAs) bound to snoRNA-binding proteins and
their ribosomal RNA (rRNA) targets'*. This protocol could be applied to study interactions between Argonaute (AGO)
proteins, microRNAs and their target transcripts. The recently developed interactome capture and protein occupancy
profiling approaches also involve in vivo UV crosslinking followed by capture of polyadenylated RNA bound to proteins
on oligo(dT)-coated beads, subsequent stringent washes to eliminate all non-crosslinked proteins and release by
nuclease digestion. Released proteins are finally analysed by mass spectrometry*'2

Unfortunately, the interactome capture approaches cannot provide the protein composition of distinct mRNPs, which
are expressed at a given time or within cellular compartments; instead, all expressed mRNAs and their bound RBPs are
simultaneously analysed. Also, some proteins may stay associated with the selected RNA through high-affinity protein—
protein interactions that are stable despite high-stringency washing rather than direct RNA-protein binding. Validation
— for example, by iCLIP — will continue to be crucial to the interpretation of RNA interactomes.
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RNA recognition motif
(RRM). One of the most
abundant RNA-binding
domains in eukaryotes.

Spliceosome

A ribonucleoprotein complex
that is responsible for splicing
nuclear precursor mRNA
(pre-mRNA). It is composed
of five small nuclear
ribonucleoproteins (snRNPs)
and more than 50 non-snRNP
proteins, which recognize and
assemble on exon—intron
boundaries to catalyse intron
removal from the precursor
MRNA (pre-mRNA).

Dicer

An RNase Il family
endonuclease that processes
double-stranded RNA and
precursor microRNASs into
small interfering RNAs and
microRNAs, respectively.

Heterogeneous nuclear
ribonucleoprotein particles
(hnRNPs). Complexes of

newly synthesized precursor
mRNA (pre-mRNA) and
RNA-binding proteins,

known as heterogeneous
ribonucleoproteins, which form
during transcription in the cell
nucleus. The abundant hnRNP
proteins regulate splicing and
mark the RNA as immature.
After splicing has occurred, the
hnRNP proteins mainly remain
bound to spliced introns.

their endogenous targets and their functions and to
identify comprehensively proteins that are bound
to non-polyadenylated RNAs.

Novel RNA-binding domains. RBDs are evolutionar-
ily conserved protein domains that recognize specific
sequence or structural elements in their target RNAs.
More than 40 annotated RBDs exist in the databases
(Interpro™), but only some of the most frequently occur-
ring, such as the RNA recognition motif (RRM), have been
characterized in detail. They often bind to short, degen-
erate 4-6-nucleotide (nt) segments with a weak affinity in
a sequence- and/or structure-specific manner**. While
searching for common motifs among the newly iden-
tified RBPs in the interactome capture studies, several
non-canonical RBDs were discovered'"'?. Most inter-
estingly, some of the RBPs contained globular and/or
disordered regions enriched in short repetitive amino
acid motifs with unusual RBDs''. One example is the K
patch, which is an unstructured lysine-rich region. This
novel RBD occurs in the abundant endoplasmic-reticu-
lum-membrane-bound protein p180, which was recently
shown to act as an mRNA receptor that promotes the
association of mRNA with the endoplasmic reticulum
surface'®. The K patch in p180 was confirmed to bind
RNA directly in vitro and in vivo, probably through non-
specific interactions with the RNA backbone and was
required for the efficient anchoring of certain transcripts
to the endoplasmic reticulum membrane'"'®. This exam-
ple highlights an important function for a novel RBP that
contains disordered regions with short repetitive amino
acid motifs that are capable of binding RNA.

Multimerization of RNA-binding proteins or multi-
domain recognition. Structural biology has provided
some molecular details and principles of RNA recog-
nition for single RBDs bound to model transcripts.
However, many RBPs require multiple RBDs for their
in vivo functions, and the interplay between these
domains is poorly understood*>'¢. RBPs with multiple
RBD:s can recognize longer stretches of RNA, can com-
bine multiple weak interactions to achieve high affinity
and specificity or can create new or extended binding
surfaces for RNAs!®. Multimerization also allows RBPs to
recognize RNA sequences that belong to different RNAs
or that are separated by long intervening stretches of
nucleotides (for example, as occurs in the spliceosome)"”.
Additionally, RNA recognition domains can be cou-
pled with catalytic domains'¢. For example, the multi-
domain ribonuclease Dicer from Giardia intestinalis
functions as a ‘molecular ruler’ by binding to double-
stranded RNA (dsRNA) through its PAZ domain and
positioning its catalytic RNase III domain ~25nt awayé.
The coordinated activity of these two domains accounts
for the observed length of small interfering RNAs
(siRNAs), which are generated through cleavage of
dsRNA by Dicer’®.

Other examples of multi-domain RNA-binding
proteins that wrap or loop RNA in vivo include
polypyrimidine-tract-binding protein (PTB) and
insulin-like growth factor 2 mRNA-binding protein 1

(IGF2BP1)'®". Structural analyses of such multi-domain
RBPs in combination with high-resolution binding
approaches such as iCLIP and PAR-CLIP (BOX 1) now
allow the elucidation of combinatorial binding of mul-
tiple RBDs and provide insights into the packaging of
pre-mRNAs, which were previously elusive>” (discussed
further below).

Roles of RBPs in packaging

mRNPs: the importance of RNA length and mRNA
packaging for gene expression. Classic biochemical
studies revealed that mature mRNAs are packaged into
RNA-protein complexes known as mRNPs, whereas
nuclear pre-mRNA is packaged into heterogeneous nuclear
ribonucleoprotein particles (hnRNPs)*?% Analyses of the
average composition and size of purified human hnRNPs
and mRNPs have shown that particle size correlates with
the length of the RNA component®**. Consistent
with these earlier observations, a recent live-cell imag-
ing study using individual, fluorescently labelled mRNPs
assembled on RNAs ranging from 1.7 to 17kb in length
showed that nuclear and cytoplasmic diffusion coeffi-
cients, which reflect particle size, decrease with RNA
length*. Interestingly, although the RNA lengths varied
tenfold, the range of diffusion coefficients varied only
fourfold to fivefold, suggesting that mRNP packaging
affects the dynamics of the RNP particle and that longer
RNAs are more tightly packaged®. This might reflect
a cellular strategy used to ensure that longer mRNAs
are not disadvantaged regarding their export and
subsequent translation.

The hnRNP proteins have a major role in the pack-
aging of RNA in the nucleus. Approximately 20 hnRNP
proteins have been identified in purified human
hnRNP particles, and they are designated Al to U*.
All hnRNP proteins are nuclear, are mostly associated
with pre-mRNAs and only minimally bind to mature
mRNAs*>*, Early studies proposed that hnRNP pro-
teins scaffold pre-mRNA during transcription and act as
chaperones and/or regulators during subsequent nuclear
events in mRNA biogenesis analogously to the role of
histones in DNA packaging?®. Recent in vivo studies,
focusing on hnRNPC, have now revisited this proposal.

Nuclear hnRNPC is a multimeric RBP that forms
a 3:1 heterotetramer of hnRNPC1 and hnRNPC2 sub-
units, and each subunit contains one RRM. Two of the
four RRMs in the tetramer bind to neighbouring uridine
tracts separated by short intervening stretches®, and
150-250nt of RNA are wrapped around each hnRNPC
tetramer®**’. A recent study using in vivo crosslinking
and immunoprecipitation followed by deep sequencing
(iCLIP; BOX 1) revealed that hnRNPC tetramers pre-
dominantly bind to the introns of pre-mRNAs (from
55% of all annotated protein-coding genes), suggesting
co-transcriptional assembly®. The same study confirmed
the short spacing between neighbouring hnRNPC
binding sites and also found crosslinked uridines with
a defined spacing of 165nt, a finding that is consistent
with the length of RNA that can be wrapped by one
tetramer. Interestingly, hnRNPC binding occurred in a
repeated fashion along the pre-mRNA — particularly
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Figure 2 | Importance of co-transcriptional mRNA packaging during RNA-processing steps from transcription

to export. a|Transcription: packaging of nascent RNA prevents physical entanglement with DNA during transcription
— for example, the formation of deleterious R loops. b | Constitutive splicing: packaging of partially spliced RNA holds
consecutive exons in close proximity and helps to ensure the correct order of exons during splicing. ¢ | Alternative
splicing and alternative polyadenylation (APA): packaging of precursor mRNA (pre-mRNA) could either hide

strong splice sites or alternative exons to promote exon skipping, or could expose weak splice sites to facilitate
exon inclusion during alternative splicing. Packaging of nascent transcripts could also hide non-canonical weak
polyadenylation signals (PASs) or inappropriate PASs that are present in introns. This way, premature cleavage

and polyadenylation (PCPA) of transcripts or of 3" untranslated regions (UTRs) that are too short could be prevented.
Packaging could also expose alternative PASs to facilitate APA. d | mRNA export: packaging of pre-mRNA can help to
estimate the length of transcribed RNAs. Heterogeneous nuclear ribonucleoprotein C (hnnRNPC) acts as a ‘molecular
ruler’ and sorts RNA polymerase Il (Pol Il) transcripts before nuclear export. Sorting is based on a competition between
hnRNPC and phosphorylated adaptor for RNA export (PHAX) for binding to the nuclear cap-binding complex (CBC;
competition shown by ‘T" bar). The hnRNPC tetramer cannot stably bind short transcripts (of <200 nt; right-hand panel),
allowing PHAX to be recruited to the CBC and committing the RNA to the small nuclear RNA (snRNA) export pathway
by chromosomal region maintenance protein 1 (CRM1). When a nascent transcript bound by the CBC becomes longer

Premature cleavage and
polyadenylation

(PCA). Misprocessing of
precursor mRNAs (pre-mRNA)
by the cleavage and
polyadenylation machinery.
Truncated transcripts arise
through the use of cryptic or
inappropriate polyadenylation
signals present at the 5’ end
or within introns of the
pre-mRNA.

R loops

Hybrid structures consisting of
RNA and DNA in which RNA
displaces a DNA strand to
hybridize to its complementary
DNA sequence.

than 200 nt, hnRNPC binds and inhibits the recruitment of PHAX to the CBC (left-hand panel), committing the
transcript to the nuclear RNA export factor 1 (NXF1) mRNA export pathway?*’. m’G, 7-methylguanosine.

within introns — suggesting the formation of basic units
of RNA packaging®. Additional crosslinked uridines
that were ~300 nt apart also suggested that hnRNPC
tetramers can oligomerize to form higher-order
structures®. On the basis of these findings, it was
proposed that hnRNPC could indeed act as an ‘RNA
nucleosome’ that incorporates long regions of nuclear
pre-mRNA in several repeating units; this could serve
several functions during nuclear steps of RNA process-
ing and export. For example, RNA wrapping could bring
distant regions of nascent RNA into close proximity, such
as constitutive or alternative exons. Wrapping could also
hide non-canonical and cryptic polyadenylation signals
(PASs) to avoid premature cleavage and polyadenylation
(PCA), or it could hide inappropriate splicing signals®
(FIG. 2 and see below).

Packaging and co-transcriptional splicing. Nuclear
hnRNP particles must accommodate the spliceo-
some, which is a large RNA-protein machine the size
of the ribosome. Because the spliceosome assembles
co-transcriptionally on pre-mRNA'"*2, because hnRNPC
binds co-transcriptionally®, and because nascent
RNPs contain spliceosomal components as well as
hnRNP proteins®*¥, it was proposed that pre-mRNA
is co-transcriptionally packaged. Electron microscopy

images of nascent transcripts containing spliceoso-
mal short nuclear RNPs (snRNPs) that lie close to the
DNA axis support this concept®*. However, it is cur-
rently unclear whether packaging occurs by an orderly
mechanism to produce uniform structures of a defined
composition.

Co-transcriptional packaging can have several func-
tions: preventing long, linear pre-mRNA molecules from
physical entanglement with DNA during transcription®,
which could lead to the formation of R loops**; holding
splicing intermediates in close proximity to ensure the
correct order of events®; or hiding strong splice sites
or exposing weak splice sites for alternative splicing®
(FIC. 2). Interestingly, several hnRNP proteins, such as
hnRNPA1, hnRNPC and PTB, are regulators of alterna-
tive splicing®. A recent single-molecule study showed
that co-transcriptional splicing can be blocked in vivo
when the polypyrimidine tract near the 3’ end of introns
is sequestered by PTB binding™. Thus, co-transcriptional
pre-mRNA packaging also regulates alternative splicing.

Packaging and mRNA export. Co-transcriptional
packaging is also important for mRNA export (BOX 2).
It was recently shown that hnRNPC sorts RNA poly-
merase II (Pol II) transcripts into two distinct classes
of export-competent RNPs: long mRNAs, which are
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Box 2 | mRNP export and remodelling

In eukaryotes, precursor mMRNA (pre-mRNA) processing is spatially and temporally
separated from mRNA translation by the nuclear membrane. Nuclear pores perforate
the nuclear envelope to allow nucleocytoplasmic transport of export-competent
ribonucleoprotein particles (RNPs) by specific export receptors. Mature messenger
RNPs (mRNPs) are exported to the cytoplasm by a heterodimeric mRNA export
receptor consisting of nuclear export factor 1 (NXF1) and NTF2-related protein 1
(NXT1). Through interaction with different adaptor proteins, such as SR proteins,
ALYREF, UAP56-interacting factor (UIF), cleavage and polyadenylation specificity
factor subunit 6 (CPSF6), UAP56 and germinal centre-associated nuclear protein
(GANP)* (FIC. 4), NXF1-NXT1 can couple sequential RNA maturation steps and export
different mRNA classes*. NXF1 is thought to escort mRNA adaptors and their mRNA
cargo through the nuclear pore complex (NPC). After they have entered the
cytoplasm, adaptor proteins are released from NXF1 and might remain bound to

the exported mRNA cargo to fulfil cytoplasmic functions.

What if mRNPs are too large to exit through nuclear pores? It was recently shown
in Drosophila melanogaster neurons that large RNP granules (of 0.2 um diameter)
containing polyadenylated mRNAs bound to the PABPN1 homologue PABP2 exit
the nucleus by budding through the inner and the outer nuclear membranes in a
mechanism analogous to budding of herpesviruses!*®. This process, termed nuclear
envelope budding (FIC. 4), involves phosphorylation of A-type lamin proteins and is
necessary for the proper localization and local translation of several postsynaptic
transcripts''®. These findings uncover an alternative mechanism by which cellular
mRNAs can exit the nucleus. Although the molecular mechanisms that drive and
regulate nuclear envelope budding are unclear and the protein composition of
these large mRNPs is largely unknown, this example also demonstrates the

importance of mRNP size.

Exon junction complex
(EJC). A protein complex that
is deposited ~ 24 nucleotides
upstream of the exon—exon
junctions of newly synthesized,
spliced mMRNAs. The EJC
contains four core proteins —
eukaryotic initiation factor 4Alll
(EIF4AII), Y14, mago nashi
homologue (MAGOH) and
Barentsz (BTZ) — and several
loosely associated proteins.

SR proteins

Evolutionarily conserved
RNA-binding proteins with
essential functions in precursor
mRNA (pre-mRNA) splicing in
metazoans. Individual SR
proteins have distinct
RNA-binding capacities and
are important regulators of
alternative splicing, while some
also function in post-splicing
steps of gene expression.

Balbiani ring
Chromosome puffs or large
diffused uncoiled regions,
which are the sites of RNA
transcription, in the giant
polytene chromosomes of
Chironomus tentans salivary
gland cells.

exported by nuclear RNA export factor 1 (NXF1); and
short (<200 nt) snRNAs, which are exported by the chro-
mosomal region maintenance protein 1 (CRMI; also
known as XPO1)-RAN-GTP pathway (FIC. 2). hnRNPC
carries out this task by measuring the length of newly
transcribed RNAs as they protrude from RNA Pol IT*.
This ‘molecular ruler’ activity of hnRNPC is due to its
capacity to wrap long stretches of RNA around tetram-
ers®”. It was shown that hnRNPC can bind only when
a nascent transcript reaches a length of 150 to 250nt,
and this binding subsequently inhibits RNA export by
the CRM1-RAN-GTP pathway?®. Although hnRNPC is
mostly bound to introns® and is therefore largely absent
from spliced mRNAs*, residual bound hnRNPC must
be removed from transcripts before export because it
was shown not to shuttle to the cytoplasm*.

The above model implies that all protein-coding
transcripts must be bound by hnRNPC to be sorted.
However, hnRNPC binding was mapped to only 55%
of all protein-coding genes by iCLIP?. This discrepancy
might be explained by the fact that not all mRNAs are
expressed in HeLa cells and that sequencing in iCLIP
studies is often not sufficiently deep to detect all bound
RNAs above a stringent cut-off; therefore, many true
binding sites might be missed®. Whether concepts such
as functional packaging generally apply will have to be
addressed in future studies.

Nuclear mRNPs

The proteomic repertoire of nuclear mRNPs. Little is
known regarding the complete protein content of any
individual mRNP in any cellular compartment. So far,
comprehensive proteomes have been determined for only

two discrete mRNPs, which were affinity-purified from
HeLa cell nuclear extracts following completion of in vitro
splicing®. Forty-five proteins were identified, including
many hnRNP proteins, indicating that these mRNPs
represented bona fide nuclear mRNPs. The assembly of
the exon junction complex (EJC) and most nuclear export
factors depended on splicing but not on the presence
of the CBC. Moreover, several splicing factors, such
as SR proteins, remained bound to the spliced RNAs*,
which is consistent with the notion that successive
mRNA-processing steps are intimately coupled to one
another through shared regulatory RBPs® (BOX 3; FIC. 3).

Coupling of splicing to mRNA export. Consistent with
the presence of EJC and SR proteins in nuclear post-splic-
ing mRNPs**!, it was recently proposed that EJC and
SR proteins function together in mRNP packaging for
efficient nuclear export, thus linking splicing to mRNA
export*” (FIC. 3). A genome-wide study based on nucle-
ase protection and quantitative mass spectrometry*, as
well as a related CLIP study*, showed that pre-mRNAs
containing several introns accumulate several EJCs
after splicing in vivo*>**. Multimerization among
EJCs and numerous SR proteins bound to the same tran-
script can lead to the formation of higher-order mRNP
structures, which may drive overall mRNP compac-
tion*2. In agreement with this model, it was shown that
the Balbiani ring mRNPs of Chironomus tentans salivary
glands adopt a highly compacted ring-like structure
containing several different SR proteins*.

Some SR proteins also serve as mRNA adaptors
that direct bound transcripts to the NXF1 pathway for
mRNA export® (FIC. 3). Most SR proteins continuously
shuttle between the nucleus and the cytoplasm, albeit
with different shuttling capacities*®*%. The shuttling
efficiency of individual SR proteins correlates with their
RNA-binding capacity, and shuttling of serine/arginine-
rich splicing factor 1 (SRSF1) requires both RRM
domains to be intact***, arguing for an active role of SR
proteins in the export of their mRNA cargo. However,
export of mRNAs by SR proteins has so far been shown
only for intronless histone H2A reporter transcripts®-*2,
which are not spliced.

Another adaptor for NXF1-dependent mRNA export
is the transcription export complex 1 (TREX1), which is
a multi-protein complex that in yeast links transcrip-
tion with mRNA export®. Although the TREX1 com-
plex is evolutionarily conserved, in humans the efficient
recruitment of TREX1 to pre-mRNA is mostly splic-
ing-dependent®. A recent study demonstrated that
TREX1 releases spliced mRNAs from the site of pre-
mRNA splicing for export to the cytoplasm, thereby
coupling splicing and mRNA export®.

Coupling of transcription to mRNA export. Several
recent studies have provided surprising examples of
RBPs that also connect non-sequential steps in RNA
metabolism. For example, although the deposition of
TREX1 on mRNA normally occurs during splicing
in mammals®, TREX1 also participates in the nuclear
export of several intronless transcripts independently

280 | APRIL 2013 [ VOLUME 14

www.nature.com/reviews/genetics

© 2013 Macmillan Publishers Limited. All rights reserved



Box 3 | Cap-binding complex: connecting nuclear RNA metabolic steps

The acquisition of the 7-methylguanosine (m’G) cap at the mRNA 5’ end is the earliest
mRNA processing event, starting as soon as nascent transcripts emerge from RNA
polymerase Il (Pol ) during promoter-proximal pausing induced by DRB-sensitivity-
inducing factor (DSIF) and negative elongation factor (NELF)!'”. The m’G cap structure
isimmediately bound by the nuclear cap-binding complex (CBC), which is one of the
key factors for coupling transcription to subsequent mRNA maturation steps (FIC. 1).
The CBC consists of two main subunits: CBP20 and CBP80. Additional
ribonucleoprotein particles (RBPs) that interact with the CBC have recently

been identified, broadening the functional catalogue of CBC. For example,
arsenite-resistance protein 2 (ARS2) is an accessory component of the CBC that
co-transcriptionally binds to RNA substrates containing stem-loop structures, such as
primary microRNAs and histone transcripts, and controls their transcription, 3’ end
processing and stability"®'*°. In yeast, it was shown that CBC interacts with modifier of
transcription 1 (Mot1) in vivo and stimulates the formation of pre-initiation complexes
(PICs) at several promoters through recruitment of Mot1 (REF. 120), showing that an RBP
can have a reciprocal synergistic effect on transcription initiation. In human cells, NELF
interacts with the CBC and recruits the stem-loop-binding protein (SLBP) to the 3’ end
of replication-dependent histone precursor mRNAs. SLBP binds to a highly conserved
stem-loop and, assisted by NELF, directs site-specific cleavage to generate the 3’ ends
of histone transcripts lacking poly(A) tails®*!?!. As SLBP is also required for the export of
histone transcripts to the cytoplasm, CBC links 5" end capping to mRNA export®? (FIG. 4).
CBC was further shown to interact with several transcription export complex 1 (TREX1)
components, this way recruiting export factors to the 5’ end of intronless transcripts
and connecting 5’ end capping to mRNA export®®®! (FIC. 4). Another link between 5’ end
capping and mRNA export is the co-transcriptional mRNA sorting by heterogeneous
nuclear RNP C (hnRNPC) before mRNP export, in which a competition between
hnRNPC and phosphorylated adaptor for RNA export (PHAX) for binding to CBC
provides the molecular basis* (FICS 2,4). Finally, CBC is essential for nonsense-mediated
mRNA decay (NMD), and it co-purifies with the nuclear exosome targeting (NEXT)
complex, thus linking transcription to nuclear surveillance’®'?2.

of splicing®*". Efficient export requires the presence of
GC-rich export-promoting sequences at the 5’ end
of these transcripts®®®. It was proposed that such
sequences, which are termed signal sequence coding
regions (SSCRs™) or cytoplasmic accumulation regions
(CARsY), serve as mRNA identity elements® that dis-
tinguish bona fide mRNAs from similarly sized tran-
scripts containing random sequences and mediate their
export®®. Recruitment of the TREX1 components
THOCS5, ALYREEF (also known as THOC4) and UAP56
(also known as DDX39B) to the 5’ end of intronless
mRNAs occurs through interaction with the cap-binding
complex (CBC)®®! (BOX 3; FIG. 4). It was further shown
that ALYREF and THOCS are required for the export
of intronless heat-shock protein 70 (HSP70) mRNA
in vivo®®. This suggests that, similarly to in yeast, in meta-
zoans TREX1 functions in co-transcriptional loading of
mRNA export factors to a subset of nascent transcripts,
thereby connecting transcription to mRNA export?.
This alternative mRNA export pathway, which is termed
alternative RNA export (ALREX), requires NXF1 and
the CBC® and constitutes a novel splicing-independent
mechanism to export intronless mRNAs (FIC. 4). By con-
trast, replication-dependent histone mRNAs, which also
lack introns, are exported to the cytoplasm by the stem—
loop-binding protein (SLBP)®, which is recruited to the
3’ end of histone transcripts through interaction with
the CBC and negative elongation factor (NELF)®. This
export pathway does not require NXF1 (BOX 3; FIC. 4).
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A newly identified mammalian TREX2 complex,
originally characterized in yeast, also couples transcrip-
tion and mRNA export by facilitating the passage of
mature mRNPs from transcription foci to the nuclear
membrane®. This step is important, as most active
transcription sites in metazoan cells are concentrated
deep within the nucleus. TREX2 has four subunits:
germinal centre-associated nuclear protein (GANP;
also known as MCM3AP), PCI domain-containing
protein 2 (PCID2), the 26S proteasome complex sub-
unit DSS1, and enhancer of yellow 2 transcription factor
(ENY2). All four might participate in the export of bulk
polyadenylated RNA®, but so far only GANP has been
shown to interact with NXF1 and to chaperone mature
mRNPs to nuclear pores® (FIC. 4). It is still unclear
whether TREX2 activity is dependent on splicing.

Coupling of alternative polyadenylation to mRNA
export. Cleavage and polyadenylation (CPA) factors
piggyback on Pol II from the start of transcription and
are thereby efficiently delivered to the polyadenylation
sites®® (FICS 1,3). The coupling of 3’ end processing and
mRNA export ensures that Pol II transcription cor-
rectly terminates before the mRNP is released from the
transcription unit and that mature mRNA is packaged
together with poly(A)-binding proteins (PABPs) and
mRNA export factors®. Alternative polyadenylation
(APA), which generates multiple transcripts with dif-
ferent 3’ untranslated regions (3'UTRs), is normally
linked to splicing®®, but little is known of how APA
is linked to mRNA export. Interestingly, a splicing-
independent role of the Ul snRNP was recently discov-
ered in the suppression of APA®. It was shown that Ul
snRNP binding protects pre-mRNAs from premature
cleavage and polyadenylation (PCPA) at cryptic PASs
scattered throughout introns or at non-canonical
PASs in 3'UTRs®* (FIG. 3). Binding to PAS regions
probably occurs through the Ul snRNP component
U1-70K®. Because the abundance of Ul snRNP in
the cell seems to determine the length of the cleaved
pre-mRNAs, the U1 snRNP could also be regarded as a
‘molecular ruler’®,

The nuclear poly(A)-binding protein PABPNT1 acts
as another ‘molecular ruler’ by binding to poly(A) tails
of transcripts during polyadenylation and measuring
their length”. Whereas one PABPN1 protein requires
a minimum of ~12 As to bind, electron microscopic
studies have shown that many PABPN1 proteins coating
poly(A) tails form spherical particles with a defined size,
which accommodate ~250nt™. PABPN1 is also required
for general mRNA export and shuttles to the cyto-
plasm”. Furthermore, it was recently demonstrated that
PABPNI directly interacts with weak and non-canoni-
cal PAS sequences in vivo and efficiently competes with
the cleavage and polyadenylation machinery. Depletion
of PABPNI1 resulted in a genome-wide shortening of
3'UTRs™. Several important findings came from this
study: it revealed an unexpected function for PABPN1
in the regulation of APA, it suggested that PABPN1 is
already bound to nascent RNA before cleavage, and it
indicated that PABPNI1 can bind to hexanucleotide PAS

NATURE REVIEWS ‘ GENETICS

VOLUME 14 | APRIL 2013 |281

© 2013 Macmillan Publishers Limited. All rights reserved




REVIEWS

PAS
AAAAAAAA

PAS

Mature mRNA

PAS
Intron 1 {E—e— AAAAAAAA

Premature mRNA
l Suppression

of cleavage
— —

NZNYZ AN/ ﬂ VAN NI NI NI AN NS ﬂ AN NI NI NI ANV NI AN/ AN ANYI NI NI NI NI ANYI NN/ N

Intron 2

Exon 1
Exon 2

Intron 1 mRNP packaging

and compaction
Promotes co-transcriptional Recruitment and stabilization Terminal exon definition and Recruitment of mMRNA

splicing of the EJC alternative polyadenylation export factors

Mammalian cleavage . @ Exon junction Nuclear export
. U1 snRNP ' factor 1 (CFlm) SR proteins U2 snRNP Q complex (EJC) factor 1 (NXF1)

Figure 3 | Coupling of sequential and non-sequential steps in RNA metabolism by RBPs. a|U1 small nuclear
ribonucleoprotein particles (snRNPs) couple splicing and alternative polyadenylation. This is an example in which
copies of the same factor (but not the same molecule) carry out two distinct functions in RNA processing. U1 snRNP
is essential for splicing and binds to 5’ splice sites (5’ss) of nascent transcripts. Recently, it was also found to bind
close to cryptic or inappropriate poly(A) signals (PASs) within introns, thereby protecting long intron-containing
transcripts from premature cleavage and polyadenylation (PCPA)®. Both processes probably occur independently
of each other and are not carried out by the same U1 snRNP molecule, as binding to the 5’ss occurs through
RNA-RNA pairing between mRNA and U1 snRNA, whereas binding to the PAS region probably involves the U1
snRNP protein U1-70k. The PAS region comprises the highly conserved hexanucleotide AAUAAA found 10-30
nucleotides (nt) upstream of the cleavage site and a less conserved U-rich or GU-rich element located downstream
of the cleavage site. b | SR proteins couple co-transcriptional splicing to mRNA export. This is an example in which
the same bound RNA-binding protein (RBP) molecule participates in several sequential RNA-processing steps.

SR proteins bind to specific binding sites within nascent transcripts and aid in the recruitment of the U1 and U2
snRNPs, thereby promoting co-transcriptional splicing. Remaining bound to spliced exons, they subsequently
promote the recruitment of the exon junction complex (EJC) and help to stabilize its binding to the transcript**3.
Through alternative splicing of terminal exons or interaction with cleavage and polyadenylation factors (for
example, mammalian cleavage factor | (CFIm)), SR proteins can also influence the choice of poly(A) sites. As they
remain bound to mature mRNAs, SR proteins help in the packaging and compaction of messenger RNPs (mRNPs)
through tight interactions with EJC components and other SR proteins bound to the same transcript*. Ultimately,
they recruit nuclear RNA export factor 1 (NXF1) to the compact, mature mRNP to allow efficient nuclear export.
m’G, 7-methylguanosine; Pol Il, RNA polymerase Il.
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Exosome

A protein complex that has
3'to 5’ exonuclease activity
(although an endonuclease
activity has also been
described). Two forms of
the exosome have been
characterized that differ in
their associated cofactors
and cellular localization
(one is nuclear and one is
cytoplasmic).

Promoter upstream
non-coding transcripts
(PROMPTs). A recently
discovered class of human
RNAs. PROMPTs are produced
upstream of promoters of
active protein-coding genes.
They are mainly nuclear and
have poly(A) tails and 5’ cap
structures.

Nonsense-mediated
mRNA decay

(NMD). The process by which
mRNAs containing premature
termination codons are
destroyed to preclude the
production of truncated and
potentially deleterious protein
products. It is also used in
combination with specific
alternative splicing events

to control the levels of

some proteins.

sequences within the transcript and not only to grow-
ing poly(A) tails at the transcript end, as was previously
thought™. It needs to be determined whether these
internally bound PABPN1 proteins that suppress APA
promote subsequent mRNA export.

A recent genome-wide CLIP study that mapped the
in vivo binding sites of all core CPA factors uncovered
that cleavage factor CPSF6, which is a subunit of the
CPA factor CFIm, is a positive regulator of APA and is
the most important factor for the choice of an alterna-
tive poly(A) site in a transcript’. Interestingly, CPSF6
was shown to shuttle between the nucleus and the cyto-
plasm, to interact with the mRNA export receptor NXF1
and to stimulate mRNA export. Therefore, CPSF6 could
potentially connect APA to mRNA export™ (FIG. 4).

Coupling of splicing to nuclear surveillance.
Co-transcriptional recruitment of RBPs protects the
mRNA from degradation through competition with
the nuclear RNA surveillance machineries, such as the
nuclear exosome®. The nuclear exosome recognizes
and degrades processing intermediates and improp-
erly formed mRNAs in the nucleus”. To distinguish
export-competent mRNPs from those that are destined
for destruction, the nuclear exosome requires adaptor
RBPs. Recent studies in yeast”””® provided a compre-
hensive list of exosome-associated adaptor RBPs.
These included: Rrp47 (also known as Lrpl), which
is required for 3’ end processing of precursor riboso-
mal RNAs (pre-rRNAs), snRNAs and snoRNAs; the
Trf4-Air2-Mtr4 polyadenylation (TRAMP) complex,
which adds oligo(A) tails to substrate RNAs to assist
the exosome in degrading highly structured RNAs; the
Nrd1-Nab3-Senl complex, which co-transcriptionally
recruits TRAMP and the exosome to a subset of bound
RNA Pol IT and RNA Pol III transcripts; and Pab2,
which selectively targets intron-containing pre-mRNAs
for degradation””".

Although the TRAMP complex and exosome compo-
nents are evolutionarily conserved in metazoans, nuclear
surveillance is poorly understood in metazoans. So
far, only two exosome adaptor complexes have been
identified, and their nuclear distribution and activi-
ties are different from those in yeast”. The human
TRAMP complex seems to be restricted to the nucleo-
lus and is involved only in the degradation of aberrantly
processed rRNAs”%. The other identified exosome
adaptor — the nuclear exosome targeting (NEXT) com-
plex — is located in the nucleoplasm and is required
for the degradation of promoter upstream non-coding
transcripts (PROMPTs)”. The NEXT complex contains
MTR4 (also known as SKIVL2) and two previously
uncharacterized RBPs: RBM7 and zinc finger CCHC
domain-containing protein 8 (ZCCHCS). Interestingly,
ZCCHCS8 was co-purified with CBC components and
several members of the SR protein family”, and RBM7
was previously shown to interact with splicing factors,
including SRSF3 (REF. 81). This finding revealed an
unexpected connection between splicing and exosome-
mediated degradation and suggests that SR proteins
and the CBC might assist the NEXT complex in the
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recognition of aberrantly spliced transcripts. Another
connection between splicing and nuclear surveillance
was recently revealed: MTR4 and the nuclear exosome
component RRP6 interact with several proteins asso-
ciated with the spliceosomal U4-U5-U6 tri-snRNP
complex®. Despite these connections, so far none of
the known human exosome targets is spliced.

Apart from exosome-mediated RNA degradation,
stability of nuclear transcripts can also be affected by
alternative splicing through inclusion of premature
translation termination codons (PTCs), which activate
the nonsense-mediated mRNA decay (NMD) pathway’.
Initially, NMD was considered only as an RNA surveil-
lance mechanism that removes aberrant or nonsense
mRNAs. It is now clear that NMD also has an impor-
tant role in post-transcriptional regulation of gene
expression through specific alternative splicing events,
which are termed regulated unproductive splicing®**.
Unproductive splicing generally affects the expression
of regulatory splicing factors, such as PTB and SR pro-
teins. SRSF2 and SRSF3 have long been known to regu-
late their own expression through this mechanism®*,
and a similar feedback regulation has been suggested
for all SR protein family members**¥. Indeed, a recent
iCLIP study showed that SRSF4 also regulates its own
expression through unproductive splicing in vivo® and
that SRSF3 can cross-regulate the expression of several
other SR proteins in a similar manner*. Remarkably, it
was recently discovered that NMD targets that result
from unproductive splicing have more EJC bound than
do normally spliced transcripts*’. As mammalian NMD
is highly dependent on the presence of EJCs on the tran-
scripts®, and as previous reports have shown that some
SR proteins can stimulate NMD®", it has been pro-
posed that the EJC helps SR proteins to remain bound
to unproductively spliced transcripts after splicing and
also that the EJC and SR proteins act together to direct
these transcripts to the NMD machinery*.

Cytoplasmic fate
Coupling transcription and cytoplasmic mRNA decay.
It is still not clear where the decay of NMD targets takes
place, but owing to the requirement of translation, it is
generally assumed that it takes place in the cytoplasm.
However, NMD must occur during or immediately
after nuclear export, because many NMD substrates
are enriched in nuclear preparations®, providing one
example in which the cytoplasmic fate of mRNAs is
determined in the nucleus, where the mRNPs assemble.
A direct connection between transcription and
cytoplasmic mRNA stability was recently demon-
strated in yeast. Several reports convincingly showed
that transcriptional regulation and mRNA decay rates
are connected®® and that promoters could contribute
to mRNA stability control®*®®, thus coupling nuclear
transcription to cytoplasmic decay. Interestingly,
the mitotic exit network protein Dbf2, a member
of the nuclear Dbf2-related (NDR) protein kinase fam-
ily, binds co-transcriptionally to cell-cycle-regulated
transcripts and regulates their decay independently
of its kinase function®. It will be interesting to study
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Figure 4 | Export of mRNPs. Examples of different export-competent messenger ribonucleoprotein particles (MRNPs)
containing four different classes of RNA polymerase Il (Pol ll) transcripts and their different routes to exit the nucleus.
Mature, spliced mRNPs are normally exported by the nuclear RNA export factor 1 (NXF1)-dependent pathway.
Through interaction with different mRNA adaptor proteins — including transcription export complex 1 (TREX1),
UAP56-interacting factor (UIF)'%, cleavage and polyadenylation specificity factor 6 (CPSF6)!2° or SR proteins'?’ — NXF1 is
recruited to long intron-containing transcripts in a splicing-dependent manner. When mRNPs are too big to pass through
nuclear pores, they may exit through nuclear envelope budding'*®. Replication-dependent intronless histone mRNAs are
exported by stem—-loop-binding protein (SLBP)®?, which is recruited to these transcripts through interaction with the
cap-binding complex (CBC) and negative elongation factor (NELF)®. Transcription export complex 2 (TREX2) chaperones
mature mRNPs from interior processing foci to the nuclear pores. All four subunits of TREX2 (namely, germinal
centre-associated nuclear protein (GANP), PCl domain-containing protein 2 (PCID2), DSS1 and enhancer of yellow 2
transcription factor (ENY2)) participate in mRNA export and probably form a complex, but so far only GANP was shown to
interact directly with NXF1 (REFS 64,65). The metazoan TREX1 complex consists of the multisubunit THO complex
(THOC1-7), and the proteins UAP56, TEX1 and CIP29 (REF. 124). The export of long intronless transcripts occurs through
an alternative RNA export pathway (ALREX) and involves the recruitment of the subunits ALYREF, THOC5 and UAP56 to
the 5" end of the transcript through interaction with the CBC, independently of splicing, which in turn recruit NXF1 to the
mRNA®"1% Phosphorylated adaptor for RNA export (PHAX), heterogeneous nuclear RNP C (hnRNPC) and ALYREF
compete with each other for the interaction with the CBC and binding to the cap-proximal RNA region®. Short intronless
transcripts, which hnRNPC cannot stably bind, are bound by PHAX instead and are subsequently exported via the
chromosomal region maintenance protein 1 (CRM1)-RAN-GTP pathway. EJC, exon junction complex; PABP2, poly(A)
binding protein 2 (homologue of nuclear poly(A) binding protein 1).
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whether transcription and mRNA decay are also linked
in other species and to study how this connection is
brought about.

mRNA localization. Localization of mRNAs, which
allows the spatial and temporal confinement of protein
synthesis to specific sites within the cytoplasm, requires
active transport of translationally silenced mRNPs. Cis-
acting localization sequences within mature mRNAs
are recognized by cytoplasmic RBPs, which then recruit
translational repressor and motor proteins that trans-
locate the assembled mRNPs to their final destination.
For example, in Saccharomyces cerevisiae, the RBP She2
binds to specific sequence elements within localized
transcripts called ‘zipcodes’ and directs the localization
of bound mRNAs to the bud tip®. The fate of localized
mRNAs was believed to be determined only after nuclear
export and was believed to involve mRNP remodelling.
However, recent studies challenge this view. It was dis-
covered that She2 recognizes its target sequences in
nascent mRNAs in the nucleus, this way connecting
nuclear transcription to mRNA localization in the cyto-
plasm?. She2 first interacts with transcribing Pol IT and
then ‘hops’ onto the nascent ASHI mRNA as soon as the
zipcode is transcribed. Subsequently, the mRNP shuttles
to the cytoplasm to recruit the translational repressor
proteins Locl and pumilio homology domain family
member 6 (Puf6)® and a type V myosin, Myo4, which
are involved in proper mRNA localization®.

RBPs that bind their mRNA targets in the nucleus
and regulate their cytoplasmic localization have also
been described in metazoans. For example, the zipcode-
binding proteins IGF2BP1 (also known as ZBP1) and
ZBP2 regulate the localization of f-actin mRNA to the
leading edge of chicken embryo fibroblasts and growth
cones in developing neurons'®. IGF2BP1, ZBP2 and
B-actin mRNAs were shown to colocalize in nuclear foci
that coincide with active B-actin transcription sites, but
it is still unclear whether they directly bind to p-actin
mRNAs in the nucleus or whether they are bound to
RNA Pol 11",

Another example is the cytoplasmic localization of
oskar mRNA to the posterior pole of the Drosophila
melanogaster oocyte, an event that is dependent on
splicing in the nucleus'®®. The basis for this connection
was recently revealed'®. It was shown that splicing of
oskar serves two important functions: first, it assembles a
bipartite cis-acting localization element termed SOLE by
joining the first two exons together; and, second, splic-
ing loads the EJC onto the transcript, which is required
for nuclear export. The EJC binds adjacent to the SOLE
and, together with the oskar 3'UTR, forms a functional
unit that promotes proper kinesin-based translocation
of oskar mRNPs to the posterior pole'®. It is currently
unclear whether a SOLE-binding factor is recruited in
the nucleus or after export in the cytoplasm and whether
it acts cooperatively with the EJC for localization.

Conclusions: new concepts of mRNP assembly
A wealth of valuable knowledge about the composition,
size and function of mRNPs has been obtained in the
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past 5 years through a combination of global in vivo and
in vitro studies. The recent introduction of interactome
capture has provided a comprehensive list of proteins
that bind to RNA in general, revealing that the reper-
toire of RBPs is far greater than anticipated. Several new
RNA-binding domains have been identified, and some
of them have been validated in vivo''2. RNA-binding
profiles of RBPs that contain multiple RBDs or com-
plexes of RBPs have revealed that mRNP packaging
is of crucial importance in gene expression and that
many RBPs act as molecular rulers that measure or influ-
ence the length of mRNAs or that sort RNAs according
to their length. Furthermore, recent studies showing that
non-sequential steps in RNA metabolism are coupled
by several different RBPs have revealed novel and excit-
ing roles for ‘old’ players, such as the CBC, SR proteins,
PABPN1 and hnRNPC.

It has generally been assumed that regulatory RBPs
controlling different steps in the mRNA life cycle inter-
act with the mRNA only when that function is needed,
predicting that there should be constant changes in the
inventory of RBPs associated with an mRNA. The exam-
ples discussed here — describing connections between
nuclear transcription or splicing and cytoplasmic mRNA
localization or decay®*>'®® — suggest a fundamentally
different model in which cellular mRNAs may become
‘fully functionally configured’ during their synthe-
sis”!1%. These mRNAs exit the nucleus equipped with
all the necessary regulatory RBPs to control their locali-
zation, translation and decay in the cytoplasm. These
RBPs may be shed from the transcript after completion
of each step. However, RBPs generally bind RNA with
fairly low affinity, and it is currently unclear how long
the same protein remains bound to a given target. Post-
translational modifications of RBPs, such as phospho-
rylation or the binding of other proteins, can increase
RBP affinity so that they remain bound to the message®,
or they can decrease affinity to facilitate mRNP remod-
elling'®. Reversible modifications of the mRNA itself,
such as methylation of adenosine or cytosine, can also
affect RBP binding'*'?”. Furthermore, increased com-
petition owing to concentration differences between cel-
lular compartments should also lead to exchange among
RBPs. It remains to be seen whether these interesting
examples demonstrate novel rules or exceptions to the
old rules.

Despite these recent insights, we highlight two out-
standing questions: to what extent does the protein com-
position of an mRNP change during the lifetime of an
mRNA; and how many different proteins interact with
individual mRNAs? To answer these questions, perhaps
the most pressing task for the field is to determine the
proteomic content of individual mRNPs. A subsequent
challenge will be to understand how the composition
of mRNPs is linked to mRNP function and to deter-
mine how it changes over time or in different cellular
compartments. The availability of techniques that map
RNA-protein interaction sites and measure precise
quantities of RNA and proteins, including stoichiomet-
ric ratios, should ultimately reveal crucial steps in mRNP
assembly and remodelling.
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