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Abstract

The nucleolus is the cellular site of ribosome biosynthesis. At this site,
active ribosomal DNA (rDNA) genes are rapidly transcribed by RNA
polymerase I (pol I) molecules. Recent advances in our understanding
of the pol I transcription system have indicated that regulation of
ribosomal RNA (rRNA) synthesis is a critical factor in cell growth.
Importantly, the same signaling networks that control cell growth and
proliferation and are deregulated in cancer appear to control pol I
transcription. Therefore, the study of the biochemical basis for growth
regulation of pol I transcription can provide basic information about
the nuclear signaling network. Hopefully, this information may facili-
tate the search for drugs that can inhibit the growth of tumor cells by
blocking pol I activation. In addition to its function in ribosome
biogenesis, recent studies have revealed the prominent role of the
nucleolus in cell senescence. These findings have stimulated a new
wave of research on the functional relationship between the nucleolus
and aging. The aim of this review is to provide an overview of some
current topics in the area of nucleolus biology, and it has been written
for a general readership.
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Nucleolus structure

The nucleolus is a membraneless or-
ganelle within the nucleus. The major func-
tion of this organelle is ribosome biogenesis,
a process that requires transcribing the rDNA,
processing the pre-rRNA precursor and as-
sembling the rRNA with the ribosomal pro-
teins (1,2). Each nucleolus contains a cluster
of transcriptionally active ribosomal precur-
sor particles at various stages of maturation.
The major body of the nucleolus of metaboli-
cally active cells is termed the granular com-
ponent (GC). Embedded in this granular mass
are one or more rounded structures called the

fibrillar centers (FC). A layer of tightly packed
fibrils, the dense fibrillar components (DFC),
surrounds the fibrillar center. The genes for
the major rRNAs are located in the short
arms of the five acrocentric chromosomes.
The chromosome regions containing these
loci have been named “nucleolus organizing
regions” (NOR). In each NOR many copies
of the major rRNA gene are tandemly ar-
ranged. In total, each genome contains about
300-400 copies of tandemly arranged genes.

rDNA transcriptional machinery

In the last few years our knowledge of the
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mechanisms that control the expression of
the rDNA gene have made great advances
(3,4). Mammalian ribosomal DNA transcrip-
tion by polymerase I (pol I) requires the
coordinate assembly on the promoter of at
least two factors in addition to RNA pol I,
i.e., the upstream binding factor (UBF) and
the selectivity factor, SL1 (5). Human UBF
is a 97-kDa polypeptide that recognizes the
DNA control elements (core and upstream
control element; UCE) of the human rRNA
promoter in a conformation-specific rather
than sequence-specific manner (6-9). Hu-
man UBF contains 4 high mobility group
(HMG) boxes, highly homologus to nonhis-
tone chromosomal proteins HMG1 and
HMG2, which mediate DNA binding. In
addition, the N-terminal region has been
found to mediate UBF dimerization and a
highly acidic carboxy-terminal tail that is
necessary for transactivation (10,11). The
second essential factor necessary for accu-
rate pol I transcription, SL1, does not bind to
the rRNA promoter. However, in the pres-
ence of UBF, it forms a strong cooperative
DNA-binding complex at the rRNA pro-
moter level that is critical for initiation of
transcription (5,12). Mutations in the pro-
moter sequences that affect either the bind-
ing of UBF to the DNA template or the
interaction of UBF with SL1 result in drastic
reduction of transcription activity (13,14).
These findings strongly suggest that interac-
tions between UBF and its DNA recognition
sequence, and between UBF and SL1, play a
major role in pol I transcription. Further-
more, transcription of ribosomal RNA is
species-specific (15), and the selectivity fac-
tor SL1 is the species-specific factor that
directs transcription only from the cognate
template (16-19). Interestingly, SL1, simi-
larly to the RNA polymerase II (pol II) factor
TFIID, is a protein complex composed of the
TATA-binding protein (TBP) and 3 TAFs
(TBP-associated factors) (20-22). Since a
similar TBP/TAF arrangement is also part of
RNA polymerase III (pol III) transcription

factor TFIIIB, TBP is therefore a universal
transcription factor involved in transcription
by all three nuclear RNA polymerases. Thus,
promoters from all three polymerases have
evolved to maintain the same TBP-core sub-
unit. However, each transcriptional machin-
ery uses a different set of TAFs to direct
promoter-specific transcription.

Regulation of RNA polymerase I
transcription

Tumor suppressor proteins

The morphology of the nucleolus is highly
variable and depends on the overall cellular
activity. It is well known among pathologists
that the hypertrophy of the nucleolus is one
of the most consistent cytological features of
cancer cells. Therefore, it is often included
among the diagnostic markers of malignancy
(23). Nucleoli in malignant cells are usually
large and frequently quite compact. This is
likely because fast proliferating cells have a
higher demand for ribosomes than slowly
proliferating cells. Since the rapid growth of
tumors requires elevated rates of biosynthe-
sis, transcription by pol I may need to in-
crease during tumor development. Accord-
ingly, it is conceivable that the same cellular
networks that are deregulated in cancer cells
are likely to control pol I activity. To deter-
mine the relationship between control of cell
growth and ribosomal RNA synthesis, re-
cent studies have investigated the role of
tumor suppressor proteins in rRNA tran-
scription. The retinoblastoma tumor suppres-
sor protein pRb suppresses both the growth
and proliferation of cells and several studies
have demonstrated its key role in the regula-
tion of many cell cycle regulatory genes
transcribed by pol II (24). Work by Cava-
naugh et al. (25) led to the finding that pRb
can suppress the synthesis of rRNA by pol I,
providing the first evidence that a global
repression of genes would be necessary to
arrest cell growth and proliferation. The in-



1475

Braz J Med Biol Res 32(12) 1999

Cell growth, aging and the nucleolus

volvement of pRb in regulation of pol I
transcription was confirmed using immuno-
fluorescence microscopy to visualize pRb in
the nucleolus of differentiated human mono-
cytic-like cells (25). Differentiation of these
cells is associated with a dramatic down
regulation of rRNA synthesis and a rapid
accumulation of pRb within the nucleolus.
In vitro transcription and protein-protein in-
teraction assays indicated that pRb binds to
UBF and specifically inhibits the activity of
this transcription factor (25,26). Inhibition
appears to require a region of pRb named the
Rb pocket, which has been shown to be
involved in interactions with a number of
cellular factors and viral proteins (24,27).
Thus, it appears that pRb influences the tran-
scriptional activity of pol I by direct interac-
tion with the transcription factor UBF. Al-
though these results indicated that an inter-
action between pRb and UBF is required for
the inhibition of RNA pol I activity, many
interesting questions were left unanswered.
For example, we do not know which region
of UBF is involved in this interaction. Also,
little is known about the mechanism of UBF
repression: does pRb prevent UBF from bind-
ing to DNA or does it block the interactions
between UBF and SL1/RNA pol I? In this
regard, conflicting data have been presented
(25,26), and therefore a more detailed anal-
ysis should provide more conclusive evi-
dence for the actual mechanism of repres-
sion. In summary, because of the documented
effects of pRB on transcription by RNA
polymerase II and III (28), pRb provides an
important regulatory link between the three
RNA polymerase systems that, when de-
regulated or inactivated, can lead to uncon-
trolled cell growth and proliferation.

Viral oncogenes

Oncogenic DNA tumor viruses have been
known to stimulate cell proliferation and
induce cell transformation. Neoplastic trans-
formation by small oncogenic DNA viruses

such as simian virus 40 (SV40) and polyoma
virus is directly related to specific proteins
called T antigens, encoded by the viral ge-
nome (29). SV40 large T antigen is a se-
quence-specific DNA-binding protein, which
has been shown to play a key role in viral
gene expression (29). Large T antigen is also
essential for initiating viral replication. A
second antigen, the small t antigen, has little
effect on viral gene expression, and it ap-
pears to be involved in cell transformation.
In permissive cells, SV40 large T antigen
plays many roles in ensuring the survival and
proliferation of the virus. In nonpermissive
cells, large T antigen integrates into the ge-
nome and its constitutive expression induces
oncogenic transformation and cell prolifera-
tion. In both instances, large T antigen par-
tially modulates the cellular environment by
binding and inactivating the cellular proteins
pRb and p53, both of which suppress cell
growth (27,29). In addition, large T antigen
enhances the expression of several cellular
genes involved in cell cycle progression and
cell growth. All these cellular alterations are
part of the general strategy adopted by SV40
large T antigen to maintain a healthy cellular
environment which insures either the sur-
vival and proliferation of the virus in permis-
sive cells, or the proliferative state of cells
transformed with large T antigen. Riboso-
mal RNA synthesis plays a key role in the
maintenance of a viable cell, and is tightly
linked to the growth state of the cell. There-
fore, it is not surprising that the rDNA genes
are among the cellular targets of regulation
by large T antigen. Our laboratory has re-
cently dissected the mechanism of this stimu-
latory process, and we have determined that
large T antigen is brought to the ribosomal
RNA promoter through protein-protein in-
teractions with the TBP-TAF complex SL1
(30). Similar studies have shown that large T
antigen stimulation of genes transcribed by
pol II and pol III is also achieved by associa-
tion of large T antigen with the correspond-
ing TBP-TAF complex, namely TFIID and
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TFIIIB (31-33). Thus, large T antigen ap-
pears to have adopted a similar mechanism
to target genes transcribed by the three classes
of RNA polymerase. Remarkably, our re-
cent studies have revealed that large T antigen
is strongly associated with a kinase activity
that phosphorylates the transcription factor
UBF (34). UBF phosphorylation stabilizes
the protein-protein interactions between UBF
and SL1 (35), and is necessary for stimula-
tion of transcription (34-39). These findings
led us to propose that UBF is the actual
functional target of large T antigen activa-
tion, and SL1 serves as a docking site for the
recruitment of the viral protein and its asso-
ciated kinase activity to the promoter region.
We do not know if this kinase activity is also
involved in activation of pol II and pol III
genes. However, the similarities in the way
that large T antigen is recruited to different
promoters suggest that a common mechan-
ism may underlie the activation of diverse
genes by this viral protein. Given the rapid
progress in this field, it is likely that this
issue will be resolved in the near future.

The nucleolus and aging

Recent studies point to an important role
for the nucleolus in the senescence of eu-
karyotic cells. Studies on the yeast Saccha-
romyces cerevisiae have revealed that the
rDNA is the AGE locus and that some nucle-
olar functions may be negatively affected in
old yeast cells (40,41). Recent studies with
cells bearing a mutated silent information
regulator (Sir 4) protein indicated that there
is a dramatic relocalization of Sir proteins
from the telomeres to the nucleolus, which
extends the yeast life span. The Sir 4 gene is
required for transcriptional repression of si-
lent mating-type high mobility (HM ) genes,
and genes located adjacent to the telomeres.
More importantly, the relocalization of Sir
proteins is also seen in old wild-type cells.
These findings provide strong evidence that
the nucleolus is a physiologically important

site for Sir protein action and has a crucial
role in cell senescence. Further convincing
data on the role of the nucleolus in the aging
process are derived from studies of another
yeast gene, Sgs1. Sgs1 encodes a protein
with DNA helicase activity that is closely
related to the human Werner gene (WRN)
(42). Homozygous mutations of the WRN
gene cause the human premature aging dis-
ease known as Werner syndrome (43). Stud-
ies in yeast indicated that the Sgs1 protein is
localized to the nucleolus and Sgs1 mutants
display a premature aging phenotype (44).
Associated with the premature aging pro-
cess, there is a dramatic enlargement and
often fragmentation of the nucleolus (45). In
addition, in these cells there is a redistribu-
tion of Sir proteins to the nucleolus, as ob-
served in aging wild-type cells. These obser-
vations strongly suggest that, at least in yeast
cells, some form of nucleolar damage, which
occurs prematurely in Sgs1 mutant cells, is a
direct cause of premature senescence. The
age-related functions of Sir and Sgs1 pro-
teins remain to be determined, although they
appear to involve some fundamental aspects
of nucleolus function which may affect ex-
pression of the rDNA genes and, ultimately,
protein synthesis. The homology between
Sgs1 and the Werner syndrome gene led to
the question of whether the WRN protein
was also involved in some aspects of nucleo-
lus biology. Quite intriguingly, the WRN
protein is also localized in the nucleolus of
human cells (46,47). However, old cell nucle-
olar fragmentation is not usually seen in
cells of human origin. Therefore, it is un-
likely that nucleolar fragmentation causes
aging of human cells. On the other hand,
recent studies indicate a close relationship
between nucleolar localization of the WRN
protein and pol I transcriptional activity,
suggestive of a role of the WRN protein in
some aspects of rDNA transcription (47). In
conclusion, although there are a few differ-
ences in aging between yeast and humans,
these findings strongly suggest a conserved
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mechanism of cellular aging that involves
nucleolar structure and function. Hopefully,
future studies will yield new insights into the
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