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REVIEW

Like Attracts Like: Getting RNA Processing
Together in the Nucleus

Joe D. Lewis and David Tollervey*

Structures visible within the eukaryotic nucleus have fascinated genera-
tions of biologists. Recent data show that these structures form in
response to gene expression and are highly dynamic in living cells. RNA
processing and assembly require many factors but the nucleus apparently
lacks any active transport system to deliver these to the RNAs. Instead,
processing factors move by diffusion but are concentrated by transient
association with functionally related components. At sites of high activity
this gives rise to visible structures, with components in dynamic equilib-
rium with the surrounding nucleoplasm. Processing factors are recruited
from this pool by cooperative binding to RNA substrates.

It has long been known that eukaryotic nuclei
are not homogeneous but contain a variety of
subnuclear structures often referred to as nu-
clear bodies. Most are involved in the syn-
thesis, processing, and modification of RNA,
and these will be discussed here. The cyto-
plasmic organelles, such as mitochondria,
chloroplasts, and lysosomes, are largely dis-
crete, membrane-bound structures. In con-
trast, the nuclear bodies, such as nucleoli,
coiled (Cajal) bodies, and interchromatin
granule clusters (IGCs or “speckles”), lack
membrane boundaries. A long-standing, ma-
jor question in the field has been whether
these are relatively rigid structures that are
required for RNA processing. Recent data
indicate that these visible structures are high-
ly dynamic and result from the way nuclear
RNA processing is organized. No active
transport system is known to be present in the
nucleus, and current evidence indicates that
both RNAs and RNA-processing factors
move by diffusion through the interchromatin
space (/—4). In the absence of active trans-
port, the transient association of functionally
related processing and transcription factors
serves to increase local concentrations where
they are needed, close to sites of high activ-
ity. In some conditions, this gives rise to
structures visible by light microscopy. These
are, however, the products of underlying
RNA-processing activities, not a prerequisite
for such activity. Similarly, large changes in
the distribution of processing factors, seen for
example on viral infection, are consequences
of changes in transcription and processing,
rather than the causes of such changes.
Coupling of transcription and pre-
mRNA processing. The major steps in pre-
mRNA processing—capping, splicing, 3'-end
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cleavage, and polyadenylation—are coupled to
transcription (3, 6). This is achieved by re-
cruitment of the capping enzyme, splicing
factors, and 3'-processing factors to the larg-
est subunit of RNA polymerase II (pol II)
forming a “transcriptosome” (7, 8).

The unique COOH-terminal domain (CTD)
of the large subunit of pol IT has emerged as a
key determinant in coupling transcription and
RNA processing (9). The two major forms of
the enzyme differ by phosphorylation of the
CTD. Pol IIa has a low level of CTD phospho-
rylation and is associated with transcription ini-
tiation, whereas pol Ilo has high CTD phospho-
rylation and is associated with transcription
elongation. Truncation of the CTD in vivo
causes a reduction in pre-mRNA capping (10,
11) and impairs the efficiency of splicing and
3'-end formation (/2). Similarly, overexpres-
sion of the CTD can inhibit pre-mRNA splicing
(13). These data are discussed in more detail in
note (/4). Together they indicate that the pre-
mRNA capping, splicing, and 3’-processing
machinery are recruited to the CTD of pol II
and then have a short “molecular hop” to the
pre-mRNA at their sites of action. This repre-
sents an efficient system for delivering process-
ing factors to the nascent pre-mRNA as and
when they are needed, a rationale similar to that
for the recruitment of factors to other nuclear
structures (see below).

Localization of pre-mRNA processing.
One of the most critical questions in inter-
preting the many reported analyses of RNA
processing by microscopy is how to identify
the active versus inactive populations of tran-
scription and processing factors. A useful
analogy is perhaps to consider the flux of bed
linen (/5). This is found in a functionally
active form (in the bedroom), undergoes re-
cycling (in the laundry), and is also found in
a storage compartment (the closet). From an
analysis of the steady-state distribution, it
would be difficult to assess which is the
functional pool. The greatest concentration is
normally in the storage compartment, but

increased substrate (arrival of guests) leads to
rapid relocation to the active sites, whereas
viral infection can lead to abnormal distribu-
tion (dirty sheets accumulate in the laundry).
Similarly, the greatest concentrations of
RNA-processing factors may, or may not,
correspond to sites of function, dependent on
metabolic activity.

In the interphase nucleus, individual chro-
mosomes occupy discrete compartments,
termed chromosome territories (/6). Actively
transcribed genes are generally localized on
the surface of these chromosome territories,
forming “perichromatin fibers” (17). Tran-
scription by pol II in mammalian cells has
been localized to 2000 to 3000 sites (18, 19),
substantially fewer than the estimated 70,000
to 100,000 nascent transcripts. Similar obser-
vations have been made for RNA pol III (20),
leading to the proposal that RNA poly-
merases associate into transient complexes or
“transcription factories” (21). This would act
to increase the local concentration of tran-
scription factors and RNA polymerase at sites
of active transcription.

Consistent with the coupling of pre-
mRNA processing to transcription, spliceoso-
mal snRNAs (small nuclear RNAs) and other
general splicing factors show dispersed nu-
cleoplasmic staining that matches the distri-
bution of nascent transcripts (16, 22). Splic-
ing also involves a large family of related
“SR proteins,” and different pre-mRNAs
bind specific subsets of SR proteins (23).
SRp20 (24) and other SR proteins [(/5) and
Fig. 1] are concentrated at a subset of sites of
active transcription that presumably corre-
spond to the nascent pre-mRNAs that bind
these proteins.

Most, but not all, pre-mRNA-processing
factors are also enriched in 20 to 50 “speckles”
(22, 25, 26) that correspond to the IGCs as
visualized by electron microscopy (27). Inhibi-
tion of either splicing or transcription causes the
speckles to coalesce into S to 10 larger speckles
(18, 28). The use of photobleaching techniques
in living cells shows that green fluorescent pro-
tein (GFP)-tagged splicing factors move rapid-
ly in and out of speckles (4). These data suggest
that the speckles (IGCs) represent sites where
free snRNPs (the complexes between spliceo-
somal snRNAs and associated proteins) tran-
siently assemble before recruitment by the CTD
of RNA pol II and transfer to the nascent tran-
scripts (29, 30). Speckles are frequently local-
ized close to highly transcribed genes, suggest-
ing the stockpiling of processing factors ready
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for use. A class of long-lived polyadenylated
RNA is associated with IGCs (3]) and may
act to nucleate this assembly. This would
resemble the proposed nucleation of pre-
nucleolar bodies by persistent pre-riboso-
mal RNAs (pre-rRNAs) (see below).

The nucleolus. The problem of delivering

SRP75 ===

SRp55 =
SRp40 .
SRp30a/h = ' SRp30a (SF2)

SRp20

Fig 1. SF2 is concentrated at a
subset of sites of active tran-
scription.  (A) The anti-SF2
monoclonal antibody (90) is
specific for a single member
(variously designated as SRp30a,
ASF, or SF2) of the family of SR
proteins recognized by anti-SR.
(B) In immunostaining, anti-SF2
decorates many particles distrib-

components where and when they are needed is
particularly acute during ribosome synthesis. A
growing HeLa cell synthesizes around 7500
ribosomal subunits per minute, using up some
300,000 ribosomal proteins, and each pre-
rRNA must associate with ~150 different spe-
cies of small nucleolar RNA (snoRNA). How is

DAPI (blue), anti-SF2 (red), transcription (green)

uted throughout the nucleoplasm (red channel). The green channel shows sites of bromouridine
5'-triphosphate (BrUTP) incorporation. Arrowheads indicate prominent points of red and green
coincidence, indicating that SF2 is concentrated at these sites of active transcription. A single
optical section of a Hela cell nucleus is shown, following deconvolution. [Figure generously

provided by K. Neugebauer]

Fig. 2. RNA processing in the nucleolus. Within
the nucleolus the pre-rRNAs are processed to
the mature rRNAs by endonuclease cleavage and
exonuclease digestion; see (32). During this pro-
cessing, the rRNAs assemble with the approxi-
mately 80 ribosomal proteins and undergo ex-
tensive covalent nucleotide modification. The
box C + D class of snoRNAs select sites of
2'-O-methylation (97, 92) and associate with
three common proteins including Nop1p/fibril-
larin, the putative rRNA 2’'-O-methylase (93).
The box H + ACA class of snoRNAs select sites
of pseudouridine (¥') formation (94, 95) and
associate with four common proteins including
Cbf5p/dyskerin/NAP57 the probable ¥-synthase
(96-98). The snoRNAs not only carry the mod-
ifying enzymes to the pre-rRNA but, by specific
base-pairing, create the enzyme recognition site.
A small number of snoRNAs of each class, in-
cluding the U3 snoRNA, are required for process-
ing of the pre-rRNA, probably functioning in the
structural reorganization of the pre-rRNA. ¥
formation and 2'-O-methylation of the U6
snRNA is also nucleolar, and methylation is di-
rected by box C + D snoRNAs (99, 700). More-
over, there are “"orphan” snoRNAs that are pre-
dicted to select sites of RNA madification but for
which no known target exits (707), suggesting
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this vast array of components to be marshaled
by diffusion? The answer appears to be self-
assembly. The nucleolus self-assembles in as-
sociation with the ribosomal DNA (rDNA) in
response to transcription of the pre-rRNA, gath-
ering together, and thereby concentrating, all of
the components needed for ribosome synthesis.

Within the nucleolus the 18S, 5.85 and
25/28S tRNAs are cotranscribed as a large
pre-TRNA and processed to the mature
rRNAs by a complex series of endonuclease
cleavages and exonuclease digestion (32). In
addition, the rRNAs assemble with the ~80
ribosomal proteins and undergo extensive co-
valent nucleotide modification, sites of which
are selected by guide snoRNAs (Fig. 2).

Formation of the normal nucleolus re-
quires ongoing transcription of the rDNA.
Inhibition of pre-rRNA transcription, in yeast
or human cells, leads to dissociation .of nu-
cleolar components (33, 34). Conversely, the
assembly of the nucleolus after mitosis in
vertebrates, or in developing Xenopus embry-
os; coincides with resumption of pre-RNA
synthesis (35). Ectopic expression of an
rDNA unit in Drosophila (36), or pre-tRNA
transcription from a pol II promoter on a
replicating plasmid in yeast (37), results in
formation of nucleoplasmic mininucleoli. In
each case functional ribosomes are produced
in the absence of morphologically normal
nucleoli (36, 38).
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that other RNA species, possibly including mRNAs, are modified in the
nucleolus and/or CBs (see Fig. 3). The RNA component of human telomerase
is targeted to the nucleolus by a 3' domain that closely resembles the box
H + ACA class of snoRNAs (702, 703). Like other H + ACA snoRNAs, human
telomerase RNA is associated with dyskerin, mutations in which are asso-
ciated with the hereditary disease dyskeratosis congenita and with reduced
telomerase activity (702,.704). In contrast, the yeast telomerase RNA
associates with the Sm-proteins characteristic of the spliceosomal snRNAs

(705). Initial assembly of another RNA-protein complex, signal recognition
particle (SRP) may also occur in the nucleolus. The SRP RNA and three of the
six SRP proteins, SRP19, SRP68, and SRP72, are detected in the nucleolus; but
not the later assembling SRP54 protein (706, 707). Another major class of
RNA, pre-tRNAs, are localized to the yeast nucleolus, together with the
pre-tRNA—processing enzyme RNase P (708). Human RNase P was similarly
found to be localized in the nucleolus and also in coiled bodies (709),
indicating that pre-tRNA processing is a conserved nucleolar function.
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In the absence of pre-rRNA synthesis,
components of the ribosome synthesis ma-
chinery associate with each other, but. not
with the rDNA or RNA polymerase I, form-
ing prenucleolar bodies. This association is
probably nucleated by long-lived, unproc-
essed pre-rRNAs that persist throughout mi-
tosis (39, 40) and during Xenopus develop-
ment (41). A class of nucleolar proteins (ex-
emplified by human nucleolin and yeast
Nsrlp) can bind to nuclear localization sig-
nals, and may act to recruit ribosomal pro-
teins to the nucleolus (42). Together, these
data indicate that nucleolar components have
a propensity to associate with each other even
in the absence of pre-rRNA transcription and
are recruited by association with the nascent
pre-TRNAs, regardless of where these are
transcribed. In images of interphase cells, the
nucleolus appears stable, but it is actually a
surprisingly dynamic structure. Photobleach-
ing experiments show that pre-rRNA-pro-
cessing factors very rapidly exchange with
the surrounding nucleoplasm (4); the maxi-
mum mean residence time of fibrillarin (and
presumably the box C + D class of snoRNAs
with which it is associated) is less than 40 s.
This indicates that these associate transiently,
probably by multiple weak interactions, mak-
ing them available for transfer to the nascent
transcripts.

The observed, compact nucleolar structure
probably also involves packaging of the rDNA.
A partially condensed chromatin state is estab-
lished by Sir2p, a nicotinamide adenine dinu-
cleotide (NAD)—dependent histone deacetylase
(43); this also results in suppression of recom-
bination in the IDNA and transcriptional silenc-
ing of pol IT genes in the rDNA repeats (44).

Recent data have shown that many other
RNAs also undergo processing and assembly
in the nucleolus (see Fig. 2). Moreover, in
yeast, both exit from mitosis and the check-
point for recombination and synapsis at
pachytene during meiosis requires the regu-
lated formation and dissociation of nucleolar-
associated protein complexes involving Sir2p
(45-48). In mammalian cells, the activity of
the tumor suppressor protein p53 can similar-
ly be controlled by the regulated binding and
release of the regulatory factor Mdm2 from
the nucleolar ARF protein (49, 50). There is
little evidence that the nucleolus functions as
a corral, that is, a physical barrier that pre-
vents contact with nucleoplasmic compo-
nents. Rather, nucleolar components may
provide a framework for the assembly and
organization of other protein complexes and
RNA-processing activities.

Coiled (Cajal) bodies. The coiled body
(CB) was first identified as the nucleolar
accessory body by Ramén y Cajal (51, 52),
and the name “Cajal body” has recently been
advocated for this structure (7).

The protein p80 coilin is commonly used
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as a marker for coiled bodies; although in
most cell types, much of the coilin is dis-
persed in the nucleoplasm and is slightly
enriched in regions associated with IGCs
(53). Despite their highly structured appear-
ance in electron microscopy, CBs are dynam-
ic, active structures when visualized in living
cells (54). Cells entering interphase have
small or no CBs, which appear and coalesce
with time (54, 55) and are particularly prom-
inent in neurons, which have high metabolic
activity but do not divide (51, 52).

The synthesis of small nucleolar RNPs
(snoRNPs) and snRNPs, and probably the
recycling of snRNPs following splicing, may
take place in association with complexes in-
volving p80 coilin and the SMN complex
(Fig. 3). However, these activities may not
require morphological structures visible as

CBs. Microinjection of anti-coilin antibod-
ies leads to loss of visible coiled bodies, but
the cells lacking CBs are viable and com-
petent for mRNA splicing (56). CBs fre-
quently localize adjacent to nucleoli (51,
52), and CB components can be driven to
nucleolar association by treatment with a
protein phosphatase inhibitor (57; 358).
However, we do not think that the CBs
represent a system for the physical delivery
of snoRNPs or snRNPs to their sites of
action. Photobleaching shows that CB com-
ponents exchange very rapidly with the
surrounding nucleoplasm (59, 60), making
the CBs ill-suited to act as a transport
vehicle. The large number of different RNA
species seen in association with CBs has
led to the suggestion that they may function
in sorting different classes of RNPs (59).
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Fig. 3. Coiled (Cajal) bodies and their Gems. In vertebrates, the newly synthesized snRNAs are
exported to the cytoplasm where they assemble with the seven common Sm proteins and undergo
3’ processing and cap-trimethylation to form core snRNPs that are reimported into the nucleus.
Microinjected snRNAs (770, 777) and transiently expressed Sm proteins (59) are observed in CBs
before their appearance in other nucleoplasmic regions. In contrast, mature snRNPs do not initially
localize to CBs on nuclear reentry after mitosis, suggesting that late snRNP maturation and
assembly steps take place in the CBs; for example, covalent modification of the snRNAs by ¥
formation and 2'-O-methylation and association with the large numbers of species-specific SnRNP
proteins. In the cytoplasm, the Sm proteins are associated with the SMN complex, which includes
oligomers of the SMN protein (survival of motor neurons), together with Gemin2, Gemin4, and a
putative DEAD-box RNA helicase, Gemin3 (772-1776). Each of these proteins also concentrates in
nuclear structures called Gems (Gemini of coiled bodies) (777). In many cell types, Gems show
partial or complete coincidence with CBs (778), and their functional distinction is unclear. This
suggests that newly synthesized snRNPs are escorted to the nucleus by the SMN complex. This
complex may also function in recycling snRNPs following splicing (779). Yeast lacks both morpho-
logical CBs and an obvious coilin homolog, but does have a Gemin2 homolog, Brrip. Like Gemin2,
Brr1p interacts with Sm proteins and brr7 mutations inhibit snRNA 3’ processing, suggesting that
this pathway is conserved (773, 720). CBs and SMN are also implicated in snoRNP synthesis.
Microinjected box C + D snoRNAs localize transiently to CBs before appearing in the nucleoli (703,
111), and mutant snoRNAs that lack an intact box C + D region (the likely protein-binding sites)
are retained in the CBs (777). In contrast, the H 4+ ACA snoRNAs, and the associated Nopp140p
protein, accumulate first in nucleoli and then in CBs (727). Multiple interactions between snoRNA-
associated proteins, coilin, and SMN have been observed (777, 121, 122), and Gemin4, at least, is
also associated with nucleoli (776).

1387



NUCLEAR DYNAMICS

1388

Although this is an attractive idea, the rapid
exchange of CB components also makes it
hard to see how this would function. In-
stead, we envisage that the processing, as-
sembly, and probably the modification of
many different species of snRNA and
snoRNA take place in association with a set
of common components including the SMN
complex and coilin. This may serve to
bring together the RNA and protein com-
ponents of the particles and the numerous
processing and assembly factors.

In Xenopus oocytes at least, CBs are also
implicated in 3'-end formation of the cell
cycle-regulated histone mRNAs, a process
involving the U7 snRNA and a stem-loop
binding protein. Both of these are present in
CBs (61, 62), and coilin binds directly to the
U7 snRNP (63). The oocyte histone gene
cluster is often associated with CBs, and
overexpression of U7 snRNA induced the
appearance of additional CBs. This suggests
that the local concentration of U7 engaged in
histone 3’-end formation was able to induce
the formation of visible CBs (64). In addition
to the nucleoli and histone cluster, CBs have
a statistically significant tendency to localize
near genes encoding snRNAs and snoRNAs
in somatic cells (65—68). Sites of high con-
centration of snRNAs or snoRNAs may favor
association of p80 coilin and the SMN com-
plex into supramolecular structures, visible as
coiled bodies.

This model for CB function clearly resem-
bles the model for nucleolar assembly pre-
sented above, but also has similarities with
current models for nuclear-cytoplasmic trans-
port. This too, is envisaged to involve multi-
ple weak interactions, in this case between
transport receptors and nuclear pore compo-
nents, which concentrate the transport recep-
tor—cargo complexes in the vicinity of the
pore and facilitate diffusion through the pore
structure.

Conclusions. RNA-processing factors dif-
fuse rapidly in the nucleoplasm but can be
concentrated by relatively weak, transient asso-
ciation with the transcription machinery and
functionally related components. This system
provides increased local concentrations of com-
ponents that must function together, allowing
their efficient recruitment by the RNAs. At sites
of high activity this can give rise to visible
structures, the nuclear bodies, with components
that exchange rapidly with pools in the sur-
rounding nucleoplasm.
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