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Trapping Human Ribosomal Protein Genes
Jonathan R. Warner1 and Concepcion R. Nierras

Department of Cell Biology, Albert Einstein College of Medicine, Bronx, New York 10461 USA

The Ribosome

The proteins of all cells are assembled by
the ribosome, the oldest molecular ma-
chine to have evolved in biological sys-
tems. Composed, in human cells, of four
RNA molecules and 79 proteins, it is un-
changed in function and nearly un-
changed in structure during the >2 bil-
lion years that have passed since the
separation of the eubacterial, archaebac-
terial, and eukaryotic kingdoms. Enor-
mous efforts over the past 40 years have
elucidated a strikingly detailed view of
the structure and function of the Esch-
erichia coli ribosome (for review, see Wil-
son and Noller 1998). Because of the ba-
sic conservation of the ribosome, it will
be possible to extrapolate most of that
structural and functional information to
the mammalian ribosome.

The abundance of the four rRNA mol-
ecules led to an early determination of
their sequences (Gonzalez et al. 1985;
McCallum and Maden 1985). In con-
trast, the 79 ribosomal proteins are di-
verse, often insoluble, and can be iden-
tified only on the basis of their associa-
tion with the ribosome. However,
through a tour de force of technology
and persistence, J.G. Wool, Y.-L. Chan,
and colleagues (1995, and pers. comm.)
have recently completed the sequence
determination of the complete set of
mammalian ribosomal proteins. Com-
parison with the sequence of the ge-
nome of Saccharomyces cerevisiae demon-
strated that there is a close yeast homo-
log for all but one of the mammalian
ribosomal proteins, demonstrating
again the conservation of this machine
during evolution.

Mapping of Ribosomal Protein
Genes

In this issue of Genome Research, the Page
laboratory reports another tour de force

of experimental design and persistence.
Using the sequences provided by Wool
et al. (1995), they have mapped 75 of
the genes encoding human ribosomal
proteins to positions on the human ge-
netic map (Kenmochi et al. 1998). Fifty-
two of these are identified for the first
time, and 22 are confirmations of previ-
ously reported map positions. This effort
was challenging, because of the startling
fact that for each ribosomal protein
there is a single functional gene, but on
average more than a dozen pseudogenes
(Wiedemann and Perry 1984). The

pseudogenes have led to substantial
confusion for mapping based on ESTs, as
is evident from a search for ‘‘ribosomal
protein’’ in the NCBI Human Gene Map.
To overcome the problem of pseudo-
genes the Page group adapted and ex-
tended a method of intron-trapping
(Davis et al. 1989) to identify sequences
unique to each of the authentic ribo-
somal protein genes. Such sequence tags
were then localized on the human ge-
netic map by screening human-rodent
hybrids, radiation hybrids, and YAC li-
braries. The human ribosomal protein
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The mammalian ribosome (reconstructed by electron microscopy; courtesy of
Joachim Frank) over map of ribosomal protein and RNA genes. (Courtesy of David
Page, Tomoko Kawaguchi, and Jennifer Cook-Chaysos).
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genes are widely scattered, being found
on every chromosome except 7 and 21.
This is similar to the situation in Dro-
sophila and in S. cerevisiae; the clustering
of ribosomal protein genes into operons,
characteristic of eubacteria and archae-
bacteria, is not apparent.

Implications for Analysis of Genetic
Diseases

Before considering the potential role of
ribosomal proteins in human disease, it
is useful to consider aspects of ribosome
synthesis that are unique. The ribosome
is assembled in the nucleolus; once as-
sembled, it persists, unlike, for example,
the spliceosome, which is disassembled
after each splicing event. Ribosome as-
sembly probably occurs in a series of
concerted reactions that requires a
single copy of each of the ribosomal pro-
teins. Thus, for lack of a single protein,
the entire ribosome is lost. (Exceptions
are the acidic proteins that are present
in two that may not be assembled in
the same way.) Furthermore, the mal-
assembled ribosome may cause conges-
tion in the nucleolus or release its ribo-
somal proteins to cause mischief else-
where in the nucleus. In the haploid S.
cerevisiae, deletion of most of the ribo-
somal protein genes is lethal, although
cells can survive the loss of L24 (L30 in
the former yeast nomenclature) (Baronas
et al. 1990) or L46 (Sachs and Davis 1990)
but with substantially reduced growth
rate. Therefore, we might expect full hap-
loinsufficiency for a ribosomal protein
gene to be a dominant lethal.

Yet, such is not the case. In Drosophila
there are mutants at >50 loci, termed
Minute, whose constellation of pheno-
types includes delayed development,
small body size, thin meager bristles,
and reduced fertility (for review, see Kay
and Jacobs-Lorena 1987). Initial sugges-
tions that the Minute+ genes might en-
code ribosomal proteins have been con-
firmed in a number of cases (Kongsuwan
et al. 1985; Saeboe-Larssen et al. 1998).
Thus, the Minute phenotype is due to
haploinsufficiency of a single ribosomal
protein gene, limiting the production of
ribosomes; the severity of the pheno-
type is related to the degree of haploin-
sufficiency (Saeboe-Larssen et al. 1998).
The phenotypic effects of multiple
Minute mutations are not additive
(Schultz 1929), consistent with the idea
that ribosome assembly is a concerted

process. It seems extraordinary that a fly
with only half the normal production of
ribosomes can develop at all, much less
maintain some fertility.

The most obvious value of the
mapped ribosomal protein genes is that
they will provide candidates for the
large numbers of genetic diseases with
complex phenotypes that might be
caused by the haploinsufficiency of a ri-
bosomal protein gene. However, man is
not a Drosophila, and it is not unlikely
that complete haploinsufficiency for a
ribosomal protein will alter the balance
during development to such a degree
that it is a dominant lethal mutation.
The implication of this hypothesis is
that the Page group has established 75
loci that cannot be deleted from the
chromosome. This would identify im-
portant end points beyond which a de-
letion may not extend.

The interest of the Page laboratory in
ribosomal protein genes arose from their
hypothesis, still somewhat controver-
sial, that Turner’s syndrome is due to a
haploinsufficiency of the ribosomal pro-
tein S4, for which there are genes on
both the X and the Y chromosomes
(Fisher et al. 1990). RPS4X escapes X in-
activation, but there may be insufficient
S4 protein in individuals with an XO
genotype. Interestingly, there are two
other ribosomal protein genes that re-
side solely on the X chromosome, RPL10
and RPL36a (van den Ouweland et al.
1992; Oeltjen et al. 1995). To provide
equimolar amounts of these proteins,
these genes must be twice as active as
the rest of the ribosomal protein genes.

Although trisomies for chromosomes
carrying ribosomal protein genes are not
uncommon, the overproduction of a ri-
bosomal protein is less likely to be a se-
rious problem for the organism, as there
are mechanisms for the rapid turnover
for ribosomal proteins that are not as-
sembled into ribosomes (Warner 1977).

Finally, mutant alleles of ribosomal
proteins can have profound effects on
translation and, therefore, on gene
expression. This is most apparent in
the mutant forms of several ribosomal
proteins, for example, S2, S9, and S23
(encoded by SUP44, SUP46, and RPS28
in S. cerevisiae) that are implicated in
codon–anticodon accuracy (Hin-
nebusch and Liebman 1991; Alksne et
al. 1993). Although these have as yet
only been identified in lower eukary-
otes, it is likely that the subtle effects of

such alleles in man will be recognized in
years to come.

Implications for Gene Fusion
Diseases

The trk-2h oncogene, isolated from a hu-
man breast tumor line, is a fusion of the
upstream sequences and 41 codons of
the RPL7a gene with a portion of the trk
proto-oncogene receptor kinase domain
(Ziemiecki et al. 1990). Although the
biochemical implications of this fusion
are not clear, it reminds us that fusion of
a ribosomal protein gene to a ‘‘hot’’
gene could bring about disease in at least
three ways. (1) The ribosomal protein
genes are rather actively transcribed; fu-
sion of such a promoter to an oncogene
could lead to its unregulated expression.
(2) Ribosomal proteins have nuclear lo-
calization signals; fusion with another
protein could bring that protein to the
nucleus in an untimely manner. (3) Ri-
bosomal proteins are generally very ba-
sic and tend to bind nucleic acids, espe-
cially RNA; fusion to another protein
could lead to an untimely juxtaposition
of that protein to RNA or DNA.

Control of Cell Growth

Much attention is now paid to the role
of a variety of oncogenes, signal trans-
duction pathways, and so forth, in con-
trolling cell growth. Far less attention is
paid to the pedestrian activities needed
to support cell growth, of which the syn-
thesis of ribosomes is paramount. Al-
though a substantial proportion of the
control of ribosomal protein synthesis
occurs at the level of translation (Meyu-
has et al. 1996), ultimately the coordi-
nated transcription of the 79 ribosomal
protein genes must be responsive to
growth stimuli. Growing cells need new
ribosomes. Indeed, certain colon cancers
have substantially increased levels of all
ribosomal protein mRNAs tested (Pogue-
Geile et al. 1991). The decline in ribo-
somal protein mRNA levels during se-
nescence may reflect the converse phe-
nomenon (Seshadri et al. 1993).
Although enhancer/promoter sites in
the upstream region and in the first in-
tron of ribosomal protein genes have
been identified (Chung and Perry 1993;
Safrany and Perry 1995), we are far from
understanding transcription control.
Now that the authentic genes encoding
these 75 ribosomal proteins have been
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identified, analysis of the potential regu-
latory sequences may reveal common
features that will lead to an understand-
ing of the basis for the coordinate tran-
scription of this class of genes and may
suggest methods for intervention to in-
hibit tumor growth.

Finally, before basking too content-
edly in the accomplishments of the Page
laboratory, we should remember that an
entire set of mitochondrial ribosomal
protein genes awaits mapping. These are
likely to be nearly as important to the
cell as are the cytoplasmic ones.
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