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ABSTRACT

The nucleolus of eukaryotic cells was first described in

the early 19th century and was discovered in the 1960s
to be the seat of ribosome synthesis. Although rRNA
transcription, rRNA processing and ribosome assem-
bly have been clearly established as major functions of

the nucleolus, recent studies suggest that the nucleo-

lus participates in many other aspects of gene ex-
pression as well. Thus, the nucleolus has been
implicated in the processing or nuclear export of
certain mRNAs. In addition, new results indicate that
biosyntheses of signal recognition particle RNA and

telomerase RNA involve a nucleolar stage and that the
nucleolus is also involved in processing of U6 RNA,
one of the spliceosomal small nuclear RNAs. Interest-
ingly, these three nucleolus-associated small nuclear
RNAs (signal recognition particle RNA, telomerase
RNA and U6 RNA) are components of catalytic ribonu-
cleoprotein machines. Finally, recent work has also
suggested that some transfer RNA precursors are
processed in the nucleolus. The nucleolus may have
evolutionarily descended from a proto-eukaryotic
minimal genome that was spatially linked to vicinal

RNA processing and ribonucleoprotein assembly ev-
ents involved in gene read-out. The nucleolus of
today’s eukaryotes, now surrounded by the chromatin

of over 2 billion years of genome expansion, may still

perform these ancient functions, in addition to ribo-

some biosynthesis. The plurifunctional nucleolus

concept has a strong footing in contemporary data and

adds a new perspective to our current picture of the
spatial-functional design of the cell nucleus.

THE CLASSICAL ERA OF THE NUCLEOLUS

The discovery of the chromosomal nucleolar organizer locus
established the nucleolus as a genetically determined element
(7,8). Subsequently, the nucleolus was found to be the site of rRNA
synthesis$-16), a major advance in the cell biology of eukaryotic
gene expression that was elegantly capped by the ultrastructural
visualization of ribosomal genes in actidi<19).

CELL FUSION PROVIDES THE FIRST CLUE TO
NUCLEOLAR PLURIFUNCTIONALITY

In 1965, it was observed that virus-induced cell fusion produced
heterokaryons, i.e. cells with a nucleus from each of the two fused
cells @0). (Like all advances, this one built on considerable
previous work, which is thoughtfully reviewed in chapter 5 of
21) This led to a series of studies on the properties of
heterokaryons2?). These investigators were keen to fuse HeLa
(human) cells with chicken erythrocytes. The nucleus of the avian
erythrocyte contains extremely condensed chromatin, has no
visible nucleolus and is trancriptionally silent. When fused with
a Hela cell, the chicken erythrocyte nucleus undergoes chroma-
tin decondensation, transcriptional activation and formation of a
nucleolus 23). The onset of chicken-specific protein synthesis in
the heterokaryons was measured using immunological methods
and it was found that chicken proteins did not appear until the
erythrocyte nucleus had formed a nucleohi4. (It was reasoned
that since the HelLa cell nucleus of the heterokaryon had a
perfectly good nucleolus and since the HelLa cytoplasm of the
heterokaryon contained functional ribosomes from the outset, the
delayed appearance of chicken-specific proteins until formation
of a nucleolus in the erythrocyte nucleus must mean that the
chicken nucleolus was required for production of certain chicken
MRNAs, an impressive deduction from a simple but elegant

The nucleolus was one of the first intracellular structures to bexperiment. When | read this pap24)(in 1969 as a post-doctoral
described1-5). It typically has the highest concentration of masgellow, it made a very strong impression on me. The idea that the
of any part of the celld) and the large difference between itsnucleolus might play a role in mRNA production was developed
refractive index and that of the surrounding nucleoplasm gives riarther ¢5), but did not influence the leading nuclear RNA
to the prominence of the nucleolus in phase contrast microscopyestigators of that era.

*Tel: +1 508 842 8921; Fax: +1 508 842 7762; Email: thoru@sci.wfbr.edu



3872 Nucleic Acids Research, 1998, Vol. 26, No. 17

THE NUCLEOLUS AND mRNA PRODUCTION sing factors in PNCs is extremely interesting in relation to the
evidence for the role of the nucleolus in mMRNA production

In the past few years several studies have rekindled the iddi§cussed earlier.
(24,25) of a possible connection between the nucleolus and
MRNA production. Spliced myycmRNA has been localized in THE NUCLEOLUS AND SIGNAL RECOGNITION
the nucleolus of mammalian celi&) and two human retroviral PARTICLE BIOSYNTHESIS
proteins involved in MRNA export, namely the Rex protein of
HTLV-1 and the Rev protein of HIV, have a predominantly The signal recognition particle (SRP) is a translational arrest
nucleolar localization7-29). In yeast there is a correlation machine that binds to the N-terminal signal peptide sequence of
between aberrant nucleolar morphology and mutations in mRNRascent secretory and membrane proteins, blocks the peptidyl
processing or exporB(-32) and poly(AY RNA accumulates in  transferase activity of 28S rRNA and then docks onto a receptor
the nucleolus in some of these mutants and during heat shd®k the cytoplasmic face of the endoplasmic reticulum, followed
(33). In addition, the majority of the abundant trimethylguanosineby release of the translational elongation blet®.(The SRP of
capped spliceosomal small nuclear RNAs (snRNAs) are localizéigher eukaryotes contains an essential, 300 nt RNA component
in the nucleolus of botBaccharomyces cerevisiaadSchizo- and six proteins 49,50). A recent study has shown that
saccharomyces pomlijg4). microinjection of fluorescent SRP RNA into the nucleus of
A possible link between non-rRNA processing or traffic and thenammalian cells leads to a very rapid localization in nuclegli (
nucleolus is also suggested by its dynamic relationship @£€ also cover). After its initial nucleolar localization, SRP RNA
juxtanucleolar structures known as coiled bodies, described at iseobserved to exit the nucleolus and enter the cytoplagn (
turn of the Century as ‘nucleolar accessory bodm’_ (C0||ed Microinjection of fluorescent SRP RNA mutants into the nucleus
bodies have been found to contain spliceosomal snFRISFES), identifies two regions of the molecule that are important for
as well as several (predominantly nucleolar) proteins, includingucleolar localization, namely a major portion of e domain
fibrillarin, nucleolin and B23/NO384(,41). In addition, coiled ~and helix 8 $1). These results, together with the observation that
bodies contain at least two proteins not normally found i®ne of the SRP proteins, SRP68, contains a pentapeptide
nucleoli, namely p80 coilim@) and the EWS family oncoprotein (RRQRR) that has been implicated as part of a nucleolar protein
homolog pigpen 43). Additional evidence for an intimate targeting element@), point to the nucleolus as the site of SRP
connection between coiled bodies and the nucleolus comes fré#NA processing and/or ribonucleoprotein assembly. This is
recent p80 coilin mutational studies, which have defined coilifeinforced by the finding that a portion of nuclear SRP RNA
domains that are required for its localization within coiled bodieBiochemically fractionates with purified nuclediX J.R.Mitch-
(44). Interestingly, in some of the coiled body non-localizing p8@ll, J.Cheng and K.A.Collins, submitted for publication). These
coilin mutants p80 localizes in a dispersed, circumferentidl€w results 1) point to the nucleolus as a site of SRP RNA
perinucleolar pattern and causes nucleolar disorganizatin ( Processing and/or ribonucleoprotein assembly. They also raise
Moreover, inhibition of serine/threonine protein phosphatasé€ possibility that the SRP exits from the nucleolus in association
activity by treatment of cells with okadaic acid leads to nucleolaith ribosomal subunits, compatible with the known affinity of
accumulation of p80 coilin and spliceosomal snRNPs antie SRP for ribosomes during the SRP functional cyéé4).
mutation of p80 coilin amino acid 202 from serine to a
non-phosphorylatable amino acid (aspartate) also causes bg{ OMERASE AND THE NUCLEOLUS
p80 coilin and snRNPs to localize in nuclealby, With the
caveat that some of these studie$45) employed transfected Telomerase is a reverse transcriptase ribonucleoprotein (RNP)
cells that were massively overexpressing p80 coilin relative to ienzyme that synthesizes telomeric DNA repeats at the ends of
normal levels, these results suggest a dynamic relationship amangkaryotic chromosomesg). Although there has been substantial
coiled bodies, spliceosomal snRNPs and nucleoli. progress recently in the structure and functional characteristics of
In addition to coiled bodies, a second example of a nucleolutelomerase, less is known about where and how in the cell
associated structure that contains spliceosomal snRNPs is telmerase is assembled into a functional RNP enzyme. In the
perinucleolar compartment (PNC). This structure consists of macronucleus of the ciliate protoz@xytricha and Euplotes
specialized region on or very near the surface of the nucleolustaiomerase RNA is localized both at sites of replicating DNA as
transformed mammalian cells that was initially detected by virtuerell as in spherical foci throughout the nucleoplaSa). (These
of its content of a pre-mRNA intron polypyrimidine tract-binding nucleoplasmic foci also contain rRNA, but not rDNA (T.R.Cech,
protein, also known as hnRNP proteid6,47), and also by the personal communication), suggesting that they may be sites of
presence of certain small RNAs transcribed by RNA polymeragmst-transcriptional rRNA processing and nascent ribosome as-
1, including the Ro antigen-associated RNAs hY1, hY3 angembly. The fact that these foci contain telomerase RNA, as well
hY5, RNase MRP RNA and RNase P RNAY) A recent as trimethylguanosine-capped RNAS) raises the possibility
investigation has revealed that PNCs also contain trimethylgutivat they may be centers for processing, RNP assembly and export
nosine-containing RNAs, two pre-mRNA splicing factors,of diverse RNAs in the macronuclei of these hypotrichous ciliates.
poly(A)* RNA and the poly(A)-binding protein PAB Il (S.Huang, These findings in protozoa take on added momentum and
T.J.Deernick, M.H.Ellisman and D.L.Spector, submitted fobreadth in the light of recent studies in mammalian cells, which
publication). This investigation also employed high resolutiofhave revealed that a portion of telomerase RNA co-fractionates
electron microscopy to reveal that PNCs are intimately connectedth highly purified HeLa cell nucleoli, consistent with the shared
to the nucleolar surface, rather than constituting a juxtanucleolaomology of this RNA with the H/ACA box family of snRNAs
organelle. The finding of pol Il transcripts, polytARNA, (J.R.Mitchell, J.Cheng and K.A.Collins, submitted for publica-
trimethylguanosine-capped RNAs and other pre-mRNA procesion), and that telomerase RNA has a predominantly nucleolar
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localization in proliferating mouse embryo fibroblasts (D.Broc-the nucleolus and nucleoplasm of mammalian c&tis [nitially,
coli and T.De Lange, personal communication). this observation of RNase P RNA in the nucleolg®) (vas

An additional suggestion of a connection between the telometegarded as reflecting concurrent reports that RNase P plays a role
ase-associated machinery and the nucleolus comes from redenire-rRNA processingE,67 and references therein). However,
studies of the family o8.cerevisiadranscriptional suppressors recentin situ hybridization studies ifs.cerevisiag@ndicate that
known as SIR proteins (failent information_egulator). SIR  some tRNA precursor molecules, including both intron-contain-
proteins are responsible for maintaining transcriptional inactivang and intronless ones, are also present in the nucleolus
tion of certain yeast genes, including the silent mating type allelég.Bertrand, F.Houser-Scott, A.Kendall, R.H.Singer and D.R.En-
HML andHMR (57,58), as well as telomere-proximal genes. Ingelke, submitted for publication). Thus, the nucleolar localization
along lifespan mutant &.cerevisiaene of the SIR geneSIR9J  of RNase P RNAG6) may reflect its roles in both pre-rRNA and
was found to be truncated, resulting in a gain of function mutatigore-tRNA processing. Another intron-containing pre-tRNA has
(sird-42) that confers a long lifespan phenotyp8)( A putative  been localized in the nucleoplasmS€erevisiagS.Sarkar and
AGE locus has been postulated, which normally limits lifespai.K.Hopper, submitted for publication; D.R.Engelke, personal
but which is silenced in their4-42 mutant £69). The most communication), suggesting that some pre-tRNAs may be
pertinent finding in terms of the topic of the present review is thadrocessed at extranucleolar sites, consistent with the presence of
the SIR3 and SIR4 proteins become redistributed from telomerBNase P in both the nucleolus and nucleopl&sin The finding
to nucleoli in thesir4-42 mutant 60). This is accompanied by that some pre-tRNAs are processed in the nucleolus adds yet
excision of blocks of rDNA repeats as extranucleolar (andnother aspect of gene read-out to the nucleolar repertoire.
extrachromosomal) cassettes, which has been directly linked td=inally, another recent investigation bears on an apparent role
senescence irs.cerevisiae(61), and concomitant nucleolar of common RNA processing factors in the nucleolus and
fragmentation §2). It is possible that the redistribution of SIR nucleoplasm. The'®nd processing of small nucleolar RNAs
proteins to nucleoli is causally related to excision of rDNA repeai&noRNAS) in the nucleoplasm, excised from pre-mRNA introns
and that there is no particular meaning to the telomareleolus  or other snoRNA precursor molecules, has been found to be
relocation of SIR proteins as regards the plurifunctional nucleolusediated by two exonucleases that also function in'teadcb
hypothesis being presented here. On the other hand, given thabcessing of 5.8S rRNA in the nucleol@8)( While these latter
telomerase RNA is associated with nucleoli in mammalian celiesults do not directly address the plurifunctionality of the
and with putative mini-nucleoli in ciliate protozoade suprd, the  nucleolus, they do bear on the intriguing issue of how the
yeast SIR proteins may, in addition to their demonstrated role imucleolus and nucleoplasm may have co-evolved during the
lifespan determination, reflect a telomere—nucleolus link mordescent of eukaryotes, to be discussed shortly.
subtle than has been envisaged so far.

THE PLURIFUNCTIONAL NUCLEOLUS
THE NUCLEOLUS AND PROCESSING OF OTHER
SMALL RNAs, INCLUDING tRNA If it is true that the nucleolus, beyond producing ribosomes, also
plays a role in processing or export of some mRNAs, SRP RNA

In addition to the recent evidence for a role of the nucleolus in tfnd tRNA and also in processing or RNP assembly of telomerase
biosynthesis of SRP and telomerase RNAs or RNPs summarizRNA and U6 snRNA this would, to say the least, expand our view
above, there are other recent findings that bear on possildéthis intranuclear organelle. But first we must ask whether there
non-rRNA processing events in the nucleolus. Two vertebrate anything that contradicts the plurifunctional nucleolus hypoth-
small RNAs that are associated with fibrillarin have been foundsis. The most immediate issue that comes to mind is the
to direct 2-O-ribose methylation of the U6 snRNA and one ofanucleolate condition.
these RNAs co-fractionates with purified nucleoli (K.Tycowski A naturally occurring mutation denopus laevisas a deletion
and J.A.Steitz, personal communication). Although U6 RNA isof the entire nucleoloar organizer and embryos homozygous for
in the steady-state, localized mainly in nucleoplasmic fodhis mutation arrest at the tadpole sta@é).( Anucleolate
(‘speckles’) and coiled bodie$364), it has recently been Xenopusembryos do not synthesize rRNALS and the
demonstrated that newly transcribed U6 RNA transits through thieterpretation of developmental arrest of these embryos as
nucleolus for 20-ribose methylation (P.Ganot, M.-L.Bortolin reflecting a lack of sufficient (new) ribosomes for post-metamor-
and T.Kiss, personal communication). Also noteworthy in thiphosis development certainly was, and remains, the most
context is the observation that fluorescent U6 RNA, but not Upllausible one. However, in the light of the plurifunctional
or U2 RNAs, rapidly localizes in the fibrillar regions of nucleoli nucleolus idea, other phenotypic consequences of the anucleolate
when injected into th&Xenopusoocyte nucleus (A.Narayanan, condition can be contemplated. The lack of zygotic SRP
R.M.Terns and M.P.Terns, personal communication). production in anucleolate embryos, postulated by the plurifunc-

Another recent study has revealed thatSicerevisiaean tional nucleolus hypothesis, raises the question of how far into
isoform of the enzyme that encodes isopentenyl-6-adenosidevelopment maternal SRP would suffice and whether an
synthetase, a tRNA modification enzyme, is localized in nucleciinpaired level of membrane or secreted protein synthesis would
(L.A.Hunter, A.L.Benko, J.P.Aris, D.R.Stanford, N.C.Martin andbe developmentally rate limiting at metamorphosis in the
A.K.Hopper, submitted for publication). This suggests either thamphibian embryo. Similarly, the number of chromosome
this aspect of tRNA processing occurs in nucleoli or that theeplications that take place between amphibian fertilization and
nucleolar enzyme modifies other, non-tRNAs. To date, isopenteetamorphosis and the expected extent of telomere shortening
nyl-6-adenosine has been reported only in tRNAs howé&@gr (  might, or might not, impair development beyond the tadpole stage

RNase P RNA, the co-catalytic component of the eukaryotin the absence of the nucleolus and its postulated role in
pre-tRNA processing enzyme RNase P, has been localized in btglomerase production. Maternal stores of telomerase, U6 RNA
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and tRNA might be sufficient to support development oftomponent of the spliceosome, also transits through the nucleolus
anucleolate embryos up to (and beyond) the tadpole stage. in its maturation. It is interesting to note that all three of these
There are biological situations intermediate between thRNAs, i.e. SRP RNA, telomerase RNA and U6 RNA, are parts
anucleolate and nucleate condition and these must also tlecatalytic RNP enzymes (SRP is a GTPase, telomerase is an
reckoned with as regards the plurifunctional nucleolus hypottRNA-directed DNA polymerase and U6 RNA is a catalytic
esis. The typical nucleolus likely reflects, cytologically, thecomponent of the spliceosome). Finally, it appears that some
presence of multiple active rDNA genes, together with théRNA processing also occurs in the nucleolus.
elaborate enzymatic and RNP machinery that directs rRNA These findings suggest that, in addition to its classically defined
processing as well as the presence of nascent ribosomal subuffitaction, namely ribosome biosynthesis, the nucleolus also
Single copies obrosophilarDNA genes placed at chromosomal supports production of other parts of the gene expression
locations outside the nucleolar organizer are actively transcribedachinery, including tRNA and another component of the
and miniature nucleoli appear(). In S.cerevisiaedeletion translational apparatus, the SRP, as well as a RNP enzyme
mutants missing an essential subunit of RNA polymerase | (poivolved in maintenance of chromosome integrity (telomerase)
1), rRNA can be transcribed by RNA pol Il from an rDNA-con- and a catalytic RNA of the spliceosome (U6 RNA). There may
taining plasmid, leading to formation of numerous intranucleanave been a stage in proto-eukaryotic evolution in which the
granules that, although much smaller tBagerevisiagucleoli, translational machinery and the chromosome end maintenance
contain known nucleolar proteins and are thus termed minapparatus operated in the immediate vicinity of a minimal
nucleolar bodies7(l). The intranuclear location of the rDNA genome, kinetically facilitating or reducing the dimension of key
transcription apparatus 8icerevisiagincluding its organization reactions that were essential. This envisaged reaction center may
into a nucleolus, is determined by the deployed RNA pol | versiigave been a chemically efficient locus and therefore a selectively
pol Il rDNA promoter and flanking DNA elements (M.Nomura, advantageous gene read-out design on the evolutionary path to
personal communication). Similarly, when single copy extraeukaryotes. The nucleolus of today’'s eukaryotic cells may
chromosomal (plasmid) rDNA genes are placed into yeast celispresent the descendant of such a previous minimal nucleoid,
lacking nucleolar organizers, nucleus-wide rRNA productiomow surrounded by the chromatin of over 2 billion years of
occurs from the plasmid rDNA genes and is sufficient to suppogenomic expansion. The postulated ancient congression of rRNA
cell growth (2. The plurifunctional nucleolus hypothesis transcription, processing and ribosome assembly with tRNA, U6
presented here does not distinguish between the requirementRMA and mRNA processing and SRP and telomerase RNA
a full-blown nucleolus as an essential workbench for the othg@rocessing and RNP assembly would have presumably evolved
envisaged functions (processing or export of some mRNAs, SR¥hen the proto-eukaryotic ancestor had only a single copy
RNA and tRNA and processing or RNP assembly of telomeras#osomal rRNA gene (or a low copy number). The plurifunc-
RNA and U6 RNA) versus the possibility that these othetional nucleolus hypothesis invokes the supposition that the
functions would still occur at non-nucleolar or mini-nucleolarchemical affinities that initially collated the processing and
nucleoplasmic sites at levels sufficient to support cell growth, assembly of the various parts of the gene read-out equipment at
in the aforementioned ectopic rDNA expression experimentshe sites of ribosome synthesis remain operative today in the
Finally, it is reasonable to suppose that the relative nucleolar masscleoli of extant eukaryotes.
devoted to each of its (postulated) several roles would be
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