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Abstract
Ribosomes are vital for cell growth and survival. Until recently, it was believed that mutations in
ribosomes or ribosome biogenesis factors would be lethal, due to the essential nature of these
complexes. However, in the last few decades, a number of diseases of ribosome biogenesis have been
discovered. It remains a challenge in the field to elucidate the molecular mechanisms underlying
them.

Introduction
Ribosomes are the cellular factories responsible for making proteins. Ribosome biogenesis,
the process of making ribosomes, is a complex and energy intensive process that involves
several hundred factors. These factors include multiple enzymes, transcription regulators,
chaperones, nuclear export proteins, and more, all of which ensure that the ribosomal RNA
(rRNA) is properly folded and assembled with the ribosomal proteins (r-proteins). Much of
the progress in elucidating the factors involved in making ribosomes has been carried out in
the single-celled model organism, Saccharomyces cerevisiae. Because of its genetic
tractability, the yeast is ideal for high-throughput studies, including yeast two-hybrid,
microarrays, and affinity purification followed by mass spectrometry; these techniques have
enabled interaction maps of ribosome biogenesis factors to be created,1–4 furthering our
understanding of this complex process. Furthermore, due to the high conservation of both the
RNA and protein moieties of ribosomes and of the ribosome biogenesis machinery from yeast
to humans, in general what we have learned in yeast also applies to humans (for recent reviews
see ref. 5,6). Ribosome biogenesis is so important for cell growth that a growing yeast cell
synthesizes approximately 2000 ribosomes every minute, requiring 60% of total cellular
transcription.7 In mammalian cells, this number is even higher; for example, a HeLa cell makes
7500 ribosomal subunits per minute.8

In eukaryotic cells, ribosome biogenesis begins with the transcription of the ribosomal DNA
(rDNA) into a 47S (35S in yeast) polycistronic precursor by RNA polymerase I (Pol I) in the
nucleolus (Fig. 1). Hundreds of r-proteins, non-ribosomal proteins involved in processing, and
small nucleolar RNAs (snoRNAs) associate co-transcriptionally with the pre-rRNA forming
the 90S pre-ribosome.9,10 In the same transcription unit but in the opposite direction, the 5S
rRNA is transcribed by RNA polymerase III (Pol III) and may associate with the 90S pre-
ribosome.6 The 47S pre-rRNA undergoes multiple cleavage11–13 and modification14–16
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events, and after association with r-proteins, gives rise to the pre-40S small subunit (SSU) and
the pre-60S large subunit (LSU). These subunits are then exported to the cytoplasm where final
maturation takes place. The mature ribosome consists of the SSU, which contains the 18S
rRNA associated with about 30 r-proteins, and the LSU, which contains the 28S (25S in yeast),
5.8S, and 5S rRNAs and about 45 r-proteins, depending on the species.

Nearly all ribosome biogenesis factors, as well as the r-proteins themselves, are essential for
cell survival. It is therefore somewhat surprising that some defects in ribosome biogenesis lead
to detectable human disease, rather than embryonic lethality. Nonetheless, over the last few
decades, a growing variety of diseases linked to ribosomes and ribosome biogenesis have been
reported (Tables 1–3). Furthermore, all of these diseases show some degree of tissue-proclivity,
which is unexpected given that ribosomes are present in all tissues in the body.

Genetic diseases of ribosome biogenesis proteins
The small subunit (SSU) processome is a large ribonucleo-protein (RNP) that is required for
the maturation of the 18S rRNA of the SSU of the ribosome. It was first discovered in yeast
through a combination of directed9 and high throughput3 techniques, and later was also
described in humans.17 This complex contains the U3 snoRNA and over 40 proteins, many of
which first assemble into subcomplexes.3,9,17,18 In addition to the SSU processome proteins,
many other proteins are required for the maturation of the large and small ribosomal subunits.
The majority of these processing proteins are not present in the mature ribosome. Almost all
of these proteins are essential in yeast9 and several have also been shown to be essential in
mammals,19,20 suggesting conservation from yeast to humans. Although complete loss of these
proteins is expected to be lethal, mutations in ribosome biogenesis factors can act either as the
causative agents of disease or, in rare cases, as modifying agents, by increasing the severity of
a disease caused by a mutation in a non-pre-ribosome associated protein (Table 1).

Mutations in small ribosomal subunit biogenesis proteins that cause disease
Treacle – Treacher Collins syndrome—Treacher Collins syndrome (TCS) is an
autosomal dominant craniofacial disorder which varies widely in disease severity, but usually
includes abnormalities of the ears, eyes, and facial bones, particularly the lower jaw and cheek.
21 Five mutations in the gene encoding Treacle (TCOF1) were first reported to cause TCS over
10 years ago21 and since that time, more than 200 mutations have been reported in the
TCOF1 database (www.genoma.ib.usp.br/TCOF1_database). The mutations include primarily
nonsense mutations, insertions, deletions, and alternative splicing, all of which lead to
truncation of the protein. There is no correlation between genotype and disease severity, which
may be explained by the observation that genetic background greatly alters the phenotype in
mouse models.22 Treacle is a putative nucleolar phosphoprotein that plays a role in rDNA
transcription23 and methylation of the 18S rRNA.24

All TCS patients are heterozygous for a TCOF1 mutation and the disease appears to be due to
haploinsufficiency rather than dominant negative effects.23 Extensive work in the mouse has
shown that Tcof1 is required for neural crest cell formation and proliferation. In Tcof1+/− mice,
an increase in caspase3-mediated apoptosis is observed specifically in the neuroepithilium,
resulting in a smaller starting population of migrating neural crest cells. This diminished
population of cells then proliferates more slowly than cells expressing wild-type Tcof1, further
reducing the number of neural crest cells and leading to the hypoplasia observed in TCS. Both
the apoptosis and the slow growth rate are likely due to a lack of mature ribosomes; indeed
fewer ribosomes are observed specifically in the neuroepithelium of Tcof1+/− mice.25 The cause
of the neuroepithelium-specific defect remains to be elucidated since TCOF1 is expressed in
a wide variety of fetal and adult tissues21 and ribosomes are required in all cells in all tissue
types.
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UTP14 – male infertility—In yeast, Utp14 is an SSU processome protein and is essential
for 18S rRNA maturation; however, its specific function is unknown.9 In humans, there are
three genes encoding UTP14: UTP14a, UTP14b, and UTP14c.26 UTP14a is the X-linked
ancestral copy of the gene and is ubiquitously expressed across tissue types. UTP14b is a
degraded retroposon located within ACSL3 and is not expressed in human tissue. UTP14c is
an active retroposon that inserted into the 3′ UTR of GT8 (a putative glycosyl transferase-
containing gene) and is only expressed in the testis and ovary.

Mutations in Utp14 were first identified in a naturally occurring infertile male mouse, the jsd
mouse.27 A subsequent screen for UTP14 mutations in infertile men found a heterozygous
mutation that resulted in truncation of the UTP14c protein by 28 amino acids (Y738X) in three
patients.26 Two of the patients presented with nonobstructive azoospermia and one presented
with severe oligospermia. A testicular biopsy was available for one of the patients with
azoospermia and showed that germ cells were arrested at the early stage of pachytene
spermatocytes. Hormone levels were normal. These findings suggest that the failure in
spermatogenesis is due to haploinsufficiency of UTP14c: not enough UTP14c protein is being
produced to support the large demand for ribosomes during sperm development. Alternately,
the production of a truncated UTP14c protein could have a dominant negative effect if its
incorporation into the SSU processome prevents proper formation of the complex.

Cirhin – North American Indian childhood cirrhosis (NAIC)—North American Indian
childhood cirrhosis is an autosomal recessive disorder found in the Ojibway-Cree population
in northwestern Quebec.28 The disease presents as neonatal jaundice and then progresses to
biliary cirrhosis. The only treatment is liver transplantation, which is required by early
adolescence.29 Chagnon et al. reported that a missense mutation in the C-terminus of Cirhin
causes NAIC, with all patients carrying two copies of the R565W mutation.28 Cirhin/UTP4 is
a member of the t-Utp subcomplex of the SSU processome,3,30 a subcomplex that is required
for optimal transcription of the rDNA in both yeast30 and human cells.31 Although Cirhin is
known to be required for ribosome biogenesis,9,31 little is known about the molecular
mechanism(s) that leads to this disease.

EMG1 – Bowen-Conradi syndrome (BCS)—Bowen-Conradi syndrome (BCS) is a
lethal, autosomal recessive syndrome described primarily in the Hutterite population. Patients
with BCS exhibit a variety of symptoms including pre- and post-natal growth retardation,
psychomotor delay, microcephaly and multiple joint abnormalities.32 Patients rarely survive
beyond the first year. Recently, a missense mutation in EMG1 was reported to be the cause of
BCS.33 EMG1 is a putative methyltransferase that is required for biogenesis of the 40S subunit
of the ribosome.34–36

Modeling of the EMG1 protein suggests that the D86G substitution found in BCS patients may
interfere with the formation of a salt bridge, leading to aggregation and subsequent degradation
of EMG1. This hypothesis is further supported by two results: (1) the D86G mutation increases
dimerization of EMG1 in the yeast two-hybrid system; and (2) a dramatic reduction in EMG1
protein levels is observed in BCS fibroblasts, while EMG1 mRNA expression remains
unchanged between patient and control samples.33 Thus, partial loss of EMG1 protein
expression and a subsequent reduction in ribosome biogenesis provide a plausible molecular
mechanism for Bowen-Conradi syndrome.

Mutations in large ribosomal subunit biogenesis proteins that cause disease
RBM28 – alopecia, neurological defects, and endocrinopathy syndrome (ANE
syndrome)—Alopecia, neurological defects, and endocrinopathy syndrome (ANE
syndrome) is an autosomal recessive disease that is clinically heterogeneous. ANE syndrome
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patients display multiple signs including a varied amount of hair loss, mental retardation,
progressive loss of motor ability beginning in the second decade of life, hypogonadism, central
adrenal insufficiency, short stature, microcephaly, and several other skeletal and skin
abnormalities.37 A missense mutation in RBM28, a protein required for biogenesis of the 60S
subunit of the ribosome,38 has been reported to cause ANE syndrome.37 Similar to EMG1,
the L351P mutation in RBM28 leads to a nearly complete loss of protein expression in patient
cells, although the mRNA level remains constant. This loss of RBM28 protein results in a
decrease in the number of ribosomes in patient fibroblasts,37 likely due to a defect in 60S
ribosomal subunit biogenesis.

SBDS – Shwachman-Bodian-Diamond syndrome (SDS)—Similar to ANE syndrome,
Shwachman-Bodian-Diamond syndrome (SDS) is an autosomal recessive disorder that is
pleiotropic.39 Symptoms include pancreatic insufficiency likely caused by replacement of
pancreatic tissue with adipose tissue, hematologic defects including neutropenia and
occasionally also anemia and/or thrombocytopenia, skeletal abnormalities, short stature,
enlarged liver with elevated liver enzymes, endocrine abnormalities, defects in T- and B-cell
function, and predisposition to leukemia.40 Up to 90% of cases of SDS are reported to be
caused by mutations in SBDS, a protein that has an unknown specific function, but is involved
in maturation and export of the ribosomal 60S subunit.41,42 SBDS may also play a role in
gene expression at both the transcriptional and translational levels.43,44

The vast majority of mutations found in SDS patients are due to conversions between SBDS
and a pseudogene copy of SBDS that share 97% sequence identity. The two most common
mutations result in a truncated SBDS protein, due to the introduction of an inframe stop codon
(K62X), or a donor splice-site mutation with a subsequent frameshift (84Cfs3), respectively.
While the 84Cfs3 mutation is found in both heterozygous and homozygous states, the K62X
mutation is always heterozygous suggesting that it is a null mutation and is lethal when
homozygous.39 Studies on cells from SDS patients show that SBDS mutations lead to a
decrease in newly synthesized rRNA with no corresponding change in polysome profile,41
shortening of telomeres,45 and an increase in Fas-mediated apoptosis.46 It is unclear whether
these are primary or secondary effects of reduced SBDS levels. Nonetheless, defects in
ribosome biogenesis should be considered as an etiologic agent for SDS.

Mutations in ribosome biogenesis proteins that modify disease
WDR36 – modifier/cause of primary open angle glaucoma (POAG)—Primary open
angle glaucoma (POAG), a complex disorder that arises as the result of multiple genetic and
environmental factors, is the leading cause of blindness worldwide. POAG usually presents in
individuals over age 35 and includes degeneration of the optic nerve and often increased
intraocular pressure.47 Unlike the diseases discussed above, no single gene has been identified
in the etiology of POAG; however, there are three main candidates.47 One of these candidates
is WDR36/UTP21, which encodes a protein of unknown specific function, but is a member of
the UtpB subcomplex of the SSU processome.3 Genotyping of 130 families with POAG
revealed that 9 families had WDR36 variants, all resulting in single amino acid substitutions
in the protein, that segregate with the disease. These variants were divided into “disease
causing” and “disease susceptibility” mutations based on their frequency of occurrence in
POAG versus control populations.48 A subsequent study found that POAG patients with
WDR36 variants had a more severe form of the disease than patients without WDR36 variants,
suggesting that WDR36 is a modifier gene of POAG.49 Most variants are heterozygous,
suggesting that haploinsufficiency of WDR36 could either cause or modify the manifestation
of POAG. However, since numerous other studies find the same percentage of WDR36 variants
in both POAG and control populations,50,51 the role of WDR36 in glaucoma remains unclear.
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HCA66 – modifier of neurofibromatosis type 1 (NF1)—Neurofibromatosis type 1
(NF1) is an autosomal dominant tumor predilection syndrome caused by deletion of the NF1
gene. In approximately 5% of cases, a heterozygous microdeletion of genes surrounding
NF1 also occurs. In such cases, the disease is more severe and includes early onset and increased
number of neurofibromas, mental retardation, congenital heart defects, dysmorphic features of
the head and face, and connective tissue dysplasia.52 There are four candidate genes in the
microdeletion region including HCA66/UTP6,53 which encodes a protein that is also a member
of the UtpB subcomplex of the SSU processome.3 While the specific function of UTP6 in
ribosome biogenesis is unknown, UTP6 has been reported to play a role in promoting apoptosis
via an interaction with APAF-1.54 The additional clinical features seen in the microdeletion
syndrome may be due to haploin-sufficiency of UTP6, with the increase in tumors resulting
from a decrease in UTP6/APAF-1 mediated apoptosis and all other signs resulting from a
decrease in ribosome biogenesis.

Genetic diseases of small nucleolar ribonucleoproteins
Small nucleolar ribonucleoproteins (snoRNPs) are complexes composed of both RNA and
proteins that localize to the nucleolus. Three major types that are involved in ribosome
biogenesis can be distinguished by their different RNA and protein components: RNase MRP,
box H/ACA snoRNPs, and box C/D snoRNPs.55 These snoRNPs perform enzymatic functions,
including endonucleolytic cleavage and chemical modifications of the pre-rRNA, and also
function as chaperones to facilitate folding of the pre-rRNA. Mutations in genes encoding
either the non-coding RNA components or the protein components of these RNPs can result
in disease. To date, diseases caused by mutations in all three classes of snoRNPs have been
identified (Table 2).

RNase MRP snoRNA – skeletal dysplasias
RNase MRP (mitochondrial RNA processing) is an RNP composed of the non-coding MRP
RNA and at least 10 different proteins. Studies in yeast and mammalian cells show that RNase
MRP is essential and has multiple functions within cells: (1) it is involved in ribosome
biogenesis, being an endonuclease that cleaves the pre-rRNA and separates the precursors of
the SSU from the LSU pre-rRNA and is specifically required for the maturation of the 5.8S
rRNA;13 (2) it is involved in cell cycle regulation by cleaving the cyclin B2 mRNA;56 and
(3) it is involved in mitochondrial DNA replication.57,58

A variety of mutations in the gene for the non-coding RNA component of RNase MRP have
been linked to genetically inherited skeletal dysplasias. Depending on the severity of the
skeletal dysplasia and the accompanying extraskeletal manifestations, they are clinically
classified into: metaphyseal dysplasia without hypotrichosis (MDWH) with mild dysplasia,
cartilage-hair dysplasia (CHH) with moderate dysplasia, and anauxetic dysplasia (AD) with
severe dysplasia. CHH is also associated with a variety of extraskeletal abnormalities, including
hypotrichosis, hypoplastic anemia, immunodeficiency, and an increased predisposition to
cancer.59

Mutations associated with these diseases all affect the MRP gene and cluster in the promoter
region, where they can result in a decreased expression of the encoded RNA, or in
evolutionarily highly conserved regions of the MRP RNA.60–62 Recent phenotype-genotype
correlation studies indicate that mutations that impair the rRNA processing function of RNase
MRP more severely affect the skeletal system and are less frequently associated with
extraskeletal manifestations (as in AD). Conversely mutations that affect both rRNA
processing and mRNA processing are observed in patients with less severe skeletal
abnormalities but with extraskeletal symptoms (as in CHH).63,64 Thus, different mutations in
RNase MRP appear to separate the different functions of RNase MRP genetically, resulting in
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a varied spectrum of clinical manifestations. While so far disease causing mutations have been
found only in the RNA component of RNase MRP, it remains to be seen whether future studies
and genetic analysis of more patients with these clinical signs will also reveal mutations in
genes encoding the protein components of RNase MRP that impair function.

The molecular mechanisms by which these pathogenic mutations affect the different functions
of RNase MRP remain poorly understood. Several scenarios, some of which are supported by
the literature, can be imagined: (1) mutations in structurally important regions of the MRP
RNA can result in RNA structural changes that may interfere with RNP assembly;65 (2)
reduced transcription of the MRP RNA due to promoter mutations60,61 and instability of the
MRP RNA transcript66 may reduce steady state levels of both the RNA and the RNase MRP
snoRNP below a threshold required for normal cellular function; and (3) altered MRP RNA
and RNP may interfere with substrate recognition or catalytic activity itself. A combined effort
of genetic (including mouse models), biochemical, and structural studies will be necessary to
better understand the mutant RNase MRP complex and the underlying molecular mechanisms
resulting in these diseases.

Box H/ACA snoRNPs – Dyskeratosis congenita (DC)
Dyskeratosis congenita (DC) is a genetic disease characterized by genetic as well as
symptomatic heterogeneity. Clinically, patients can present with mucocutaneous
abnormalities, a predisposition to a variety of cancers, and bone marrow failure, the latter being
the leading cause of mortality.67–70 In severe cases, DC can also be associated with
immunodeficiency, growth retardation and neurological symptoms (Hoyeraal-Hreidarsson
syndrome).71 Genetic inheritance occurs as either X-linked recessive or autosomal dominant
or recessive. Hence, DC can be caused by mutations in a variety of different genes: the X-
linked form of DC is caused by mutations in the dyskerin gene, encoding an essential
component of box H/ACA RNPs (including snoRNPs, scaRNPs [small Cajal body-specific
RNPs], and telomerase); the autosomal recessive form can be caused either by mutations in
NHP2, NOP10 (both encoded proteins are also essential components of box H/ACA RNPs),
or TERT (gene encoding the reverse transcriptase of the telomerase RNP); and the autosomal
dominant form is associated with mutations in the telomerase RNA or TERT.68,70

The original discovery of mutations in the dyskerin gene suggested that impaired ribosome
biogenesis is the etiological molecular defect, since dyskerin is an essential protein component
of box H/ACA snoRNPs, which catalyze pseudouridylation of rRNAs and are required for pre-
rRNA processing.72 This conclusion is supported by results from studies of mouse models of
the X-linked recessive form of DC, which target the dyskerin gene and reproduce some of the
clinical phenotypes of the disease including the ribosome biogenesis defect, although to
varying degrees.73–76 Furthermore, it has been shown that ribosomes in DC patient cells are
functionally distinct from normal ribosomes, since IRES-dependent translation of some
mRNAs is reduced.77 However, the subsequent discovery of mutations in telomerase RNA or
the gene for telomerase reverse transcriptase (TERT) and the fact that telomerase is a box H/
ACA RNP containing all protein components that are found in box H/ACA snoRNPs suggests
instead that DC is primarily caused by impaired function of telomerase.70,78 This hypothesis
is confirmed by the observation of shortened telomeres, reduced telomerase levels and activity,
but normal rRNA processing in DC patient cells.79,80

So what is the underlying molecular etiology of DC? Given the genetic and clinical
heterogeneity of DC, it is most likely that, at least in some cases, the disease is caused by a
combined effect of impaired telomerase, box H/ACA snoRNP and box H/ACA scaRNP
functions, especially in the case of the X-linked form. Interestingly, the X-linked form of DC
caused by mutations in the dyskerin gene typically presents with more severe symptoms than
the autosomal dominant form of DC that is caused by mutations in telomerase RNA or the

Freed et al. Page 6

Mol Biosyst. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TERT gene directly. The more severe disease caused by dyskerin mutations could be explained
by a combined effect of dysfunction in both telomere maintenance and ribosome biogenesis.
Future studies will be necessary to uncouple both functions of H/ACA RNP components better
genetically. Until then, a contribution of ribosome biogenesis defects to the molecular
pathogenesis of DC, especially the X-linked form, should not be neglected.

Box C/D snoRNPs – Prader-Willi syndrome (PWS)
Prader-Willi syndrome (PWS) is a complex disease characterized by neonatal hypotonia, short
stature, hyperphagia and obesity, hypogonadism and characteristic facial features.81 Genetic
mapping linked PWS to chromosomal region 15q11-q13. Gene expression in this region is
regulated by imprinting, and PWS results from loss of expression of genes normally only
expressed from the paternal chromosome.82 Most cases of PWS result from parental deletions
or maternal disomy of chromosome 15q11-q13, and in a some cases imprinting defects are
responsible for silencing of the genes. Interestingly, while the PWS locus contains few protein
encoding genes, it encodes numerous non-coding RNAs of the box C/D type. Fine mapping
studies have shown that a loss of expression of the HBII-85 box C/D snoRNA cluster is
responsible for most of the symptoms observed in PWS patients.83–90 Consistent with this,
mouse models that include deletion of these snoRNAs of the PWS locus recapitulate some of
the pheno-types observed in PWS patients.91–93 However, a contribution of other box C/D
snoRNA genes to the complex clinical manifestations observed in PWS patients cannot be
completely ruled out at this point.

Box C/D snoRNAs in humans associate with the conserved proteins, 15.5 K, NOP56, NOP58,
and fibrillarin to form box C/D type RNPs.55 Box C/D snoRNPs typically catalyze 2′-O-ribose
methylation of ribosomal RNA, participate in pre-rRNA folding, and some are also essential
for pre-rRNA processing.94 The specificity of these events is dictated by base pairing of the
guide sequences of box C/D snoRNAs with the substrate RNAs. Besides their function in
ribosome biogenesis, box C/D type RNPs have also been shown to perform 2′-O-ribose
methylations of snRNAs (box C/D scaRNPs) and at least one mRNA; the latter has been shown
to regulate mRNA splicing and mRNA editing.95–98 Very recently, box C/D type RNAs have
also been suggested to be precursors for microRNA-like small RNAs.99,100 Thus, box C/D
type RNAs and RNPs function in a variety of different aspects of RNA processing.

Box C/D snoRNAs encoded by the PWS locus most likely assemble into box C/D RNPs since
they can be immunoprecipitated with antibodies against fibrillarin.83 However, the target
RNAs of the snoRNAs encoded in the PWS locus are largely unknown, with the exception of
the HBII-52 snoRNAs and a few yet unvalidated snoRNAs predicted to target ribosomal RNAs.
83,96–98,101 Unfortunately, the targets of the HBII-85 snoRNA cluster remain completely
obscure, and hence it is unkown how loss of expression of these snoRNAs results in PWS.
Identification of their target RNAs as well as defining the function of these RNAs will be
crucial for understanding the molecular mechanism underlying this disease.

Genetic diseases of ribosomal proteins
In mammals there are about 80 ribosomal proteins (r-proteins) that are structural components
of the ribosome, with some of them also participating in the control of the translation process.
Many r-proteins have roles in the processing of pre-rRNA during ribosome biogenesis and are
important for the assembly of the ribosomal subunits. Some have additionally been shown to
have extraribosomal functions, but in general, their known functions are in ribosome biogenesis
or in its surveillance.102,103 Surprisingly, it was discovered that haploinsufficiency of some
r-proteins leads to diseases of the bone marrow such as Diamond Blackfan anemia and the
5q− syndrome (Table 3).
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Diamond Blackfan anemia (DBA)
Diamond-Blackfan anemia (DBA) is an inherited bone marrow failure syndrome of children
characterized by proapoptotic hematopoiesis, bone marrow failure, birth defects and a
predisposition to cancer. About 40% of the patients also present with craniofacial, cardiac,
limb, and urogenital abnormalities.104 Recently, a number of reviews have discussed different
aspects of the disease, its diagnosis, treatment, and molecular pathogenesis.104–106
Unexpectedly, all the genes currently shown to be involved in DBA are r-protein genes and
account for about 50% of DBA cases.107 Haploinsufficiency of these r-proteins is thus likely
to be the basis for DBA. Different types of mutations have been found in genes corresponding
to both small and large subunit r-proteins: RPS19 (25%), RPL5 (6.6%), RPL11 (4.8%),
RPL35A (3%), RPS24 (2%), RPS17 (1%), and RPS7 (<1%).108–112 Possible mutations were
also reported for RPS15, RPS27A, and RPL36.112 Mutations in the most commonly affected
gene, RPS19, include nonsense and missense mutations, small insertions and deletions, splice
site defects and large deletions, and rearrangements.113

Correlations between some of the symptoms observed in DBA and the mutated r-protein are
emerging. Physical malformations are more often associated with RPL5 and RPL11 mutations
(~70%) compared to RPS19 (~46%).112 Furthermore, mutations in RPL5 seem to give rise to
a more severe manifestation and mutations in only this gene are associated with cleft lip and/
or cleft palate abnormalities in DBA.

RPS7, RPS17, RPS19, and RPS24 are involved in the maturation of the 18S rRNA and are
required for the assembly of the 40S subunit.112,114–116 Interestingly, Rps7 was also shown
to be a component of the SSU processome in yeast.117 Similarly, the large ribosomal subunit
proteins RPL5, RPL11 and RPL35A participate in the processing of the rRNAs that compose
the large subunit and are essential for the assembly of the mature large subunit.110,112,118

Defects in pre-rRNA processing were observed in primary fibroblasts and bone marrow
progenitor cells from patients with DBA for all of the r-proteins mentioned,111,112,119–121

confirming that defects in ribosome biogenesis contribute to DBA.

The r-proteins involved in DBA also have other functions that could contribute to the
development of the disease, and many of these functions could contribute to the predisposition
to cancer observed in DBA patients. For example, RPS19 interacts with the PIM-1 oncoprotein
(a serine-threonine kinase which phosphorylates proteins like CDC25C and c-MYC) in vivo
and PIM-1 phosphorylates RPS19 in vitro.122 RPL11 can modulate the activity of both the
tumor suppressor p53123 and c-MYC, an oncoprotein and transcription factor.124 Similarly,
RPS7, RPL5 and RPL23 can also modify p53 activity.123,125

All the mutations found so far in DBA patients have been in genes encoding r-proteins,
including components of both small and large ribosomal subunits, making it very likely that
DBA is a ribosome biogenesis disease. All of the r-proteins identified are required for both
pre-rRNA processing and ribosome assembly. Interestingly, not all of them affect the same
step in ribosome biogenesis, and they can affect the formation of the small or large subunit.
To complicate the issue even further, often times when the level of expression of one r-protein
gene is reduced other r-proteins are expressed at lower levels also.116 To explain the
pathogenesis of DBA, the emerging consensus is that ribosome biogenesis defects lead to a
reduced number of ribosomes available to the cell and consequently to reduced translation,
growth in cell size and cell division. During the proliferation and differentiation of red blood
cell precursors there is a high demand for ribosomes, since red blood cells proliferate very
rapidly. It has been proposed that because these processes require very high translation rates,
they present an elevated sensitivity to the effects of diminished ribosome production.106

Another hypothesis involves the connection between ribosome biogenesis and the tumor
suppressor p53: the “ribosomal stress hypothesis”.104,105 In particular, aberrant ribosome

Freed et al. Page 8

Mol Biosyst. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



biogenesis as a result of a decrease in an r-protein would activate p53-mediated cell cycle arrest
and apoptosis. Studies in zebrafish and mouse models support this hypothesis. In zebrafish,
p53 activation is involved in the mechanism by which rps19 haploinsufficiency gives rise to
a reduction in erythrocytes and physical abnormalities,126 and loss of Rpl11 affects embryonic
development.127 A new mouse model with a mutation in Rps19 presented with some of the
DBA signs, including decreased red blood cells and reticulocyte levels and increased apoptosis.
128 Somewhat puzzling is that no defects in the bone marrow were observed in these mice.
More details on the links between ribosome biogenesis and the p53 pathway are presented in
the section “Cancer and ribosome biogenesis”.

5q− syndrome
The 5q− syndrome is a myelodysplastic syndrome, preponderant in adult females, characterized
by a defect in erythroid differentiation and associated with progression to acute myeloid
leukemia (AML). As the name implies, the 5q− syndrome is characterized by a deletion in the
long arm of chromosome 5.129 The critical region for the 5q− syndrome contains 40 genes,
130 including RPS14. Recently, a study that used an RNA interference-based functional screen
showed that RPS14 is the haploinsufficient tumor suppressor gene associated with the
syndrome.131 Rps14 is a component of both the small subunit of the ribosome and of the SSU
processome in yeast,117 and has been shown to be required for processing of the 18S rRNA
and ribosome assembly.131,132 To further confirm the importance of ribosome biogenesis for
5q− syndrome, about 55 ribosomal- and translation- related factors were found to be
differentially expressed in cells of patients with 5q−, including some r-proteins.133

Notably, there are some striking similarities between the 5q− syndrome and DBA (Table 4).
Even though the age of onset is quite different, as the 5q− syndrome appears in adulthood and
DBA in early childhood, they both present with macrocytic anemia, and both result in a
predilection for AML. For both, the underlying molecular defect is a defective or absent r-
protein. It is thus plausible that a similar type of molecular mechanism acts in both diseases.

Cancer and ribosome biogenesis
The links between ribosome biogenesis and cancer are complex and not yet well understood.
Ribosome biogenesis and nuclear structure are altered significantly to meet the needs of cancer
cells,134,135 which are usually characterized by high protein synthesis and rRNA transcription
rates. The nucleolar number, size and morphology are convenient diagnostic markers for
cancer.134,135 Dysregulation of ribosome biogenesis has been associated with alterations in
cell cycle, cell proliferation and cell growth and often contributes to increased susceptibility
to cancer.134,136 It is not surprising, therefore, that ribosome biogenesis and ribosome function
have become targets for anticancer therapies.137

R-proteins can regulate the c-MYC oncogene and the p53 tumor suppressor, which in turn both
function as ribosome synthesis regulators.138,139 One of the mechanisms by which the activity
of the transcription factor p53 can be regulated by r-proteins is through binding to MDM2, the
main E3-ligase of p53 which ubiquitinates p53 and promotes its degradation.140 Three large
subunit r-proteins, RPL5, RPL11 and RPL23,123,141,142 and a small subunit r-protein,
RPS7,123,125,143 bind MDM2 and activate p53 upon ribosomal stress. Recently, it was also
proposed that RPL5 and RPL11 act together in this function.144 A number of other r-proteins
were also proposed to regulate the activity of p53, and although their mechanism of action is
not known, it was proposed that they do not necessarily act through MDM2.145 RPL26 binds
to the 5′ and/or 3′UTR of human p53 mRNA and selectively promotes p53 translation,146 and
haploinsufficiency of RPS6 activates the p53 tumor suppressor.147,148 Recently, it was
proposed that reduction in the expression of small subunit r-proteins, in particular RPS6 and
RPS7, and subsequent disruption of 40S ribosome biogenesis will activate p53 by an RPL11-
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translation mechanism.147 Specifically, in the aforementioned conditions, the translation of
mRNAs with a polypyrimidine tract at the transcriptional start (5′-TOP mRNAs) will be
upregulated, regardless of the decrease in global translation. Since all r-proteins have a 5′-TOP,
RPL11 would be overexpressed, inhibit MDM2, and activate p53.147

The c-MYC oncogene is a transcription factor that activates genes involved in processes
including cell division, apoptosis and angiogenesis. Furthermore, c-MYC has an important
role in ribosome biogenesis, since it regulates transcription by RNA polymerases.138,149

Haploinsufficiency of some r-proteins has been shown to suppress c-MYC oncogenic activity,
124,150 which is unexpected given that haploinsufficiency of r-proteins often leads to an
increase in tumors. Interestingly, RPL11 is one of the r-proteins that inhibits c-MYC activity
and does so through a negative feedback mechanism.124,151

Several r-proteins are overexpressed in a variety of tumors,134,135,137 but it is not yet clear if
these alterations are a cause or a result of tumorigenesis. In addition, it has also been shown
that reduced ribosome biogenesis or loss of function of r-protein genes can be correlated with
malignant transformation in zebrafish,152 while overexpression of r-protein genes can prevent
tumor growth.

Conclusions and perspective
Ribosomes are essential for life. If functional, mature ribosomes are not synthesized, a decrease
in protein translation occurs, resulting in reduced cell growth and cell death. Therefore, it is
expected that mutations in ribosomal proteins or ribosome biogenesis factors would result in
embryonic lethality; surprisingly this is not always the case. Over the last few decades, multiple
rare, genetic diseases have been attributed to defects in ribosome function or ribosome
biogenesis. With the current advances in whole genome sequencing, more diseases of ribosome
biogenesis are likely to be discovered.

While diseases of ribosome biogenesis span a wide range of symptoms, impaired molecular
processes, and modes of inheritance, some common patterns between diseases can be observed
(see Tables 1–3). First, nearly all of the described diseases are the result of haploinsufficiency
(e.g. Treacher Collins syndrome and 5q− syndrome) or partial loss of protein expression
(e.g. Bowen-Conradi syndrome), supporting the idea that homozygous null mutations in
ribosome biogenesis factors are embryonic lethal. Second, although no one symptom is present
in all diseases, many diseases share clinical features such as short stature, mental retardation,
joint abnormalities, anemia and predisposition to cancer. Third, mutations in many ribosomal
and ribosome biogenesis proteins seem to activate the p53 pathway, providing an underlying
mechanism for cell death and perhaps partially explaining the connection between ribosome
biogenesis and cancer, as discussed earlier.

Taken together, the most perplexing feature of all of the ribosome biogenesis diseases is the
tissue proclivity of the manifestations. Ribosomes are present in all cells in all tissues in the
body and are required for cell survival, cellular growth and division; therefore, all tissues should
be equally affected by defects in ribosome biogenesis. However, this is not the case. For some
diseases, such as male infertility, the tissue proclivity is easy to explain since UTP14c
expression is under the control of a testis-specific promoter.26 However, in most cases, the
cause of tissue proclivity remains somewhat of a mystery. It has been proposed that highly
proliferating tissues, such as the bone marrow, would have a high need for ribosomes, and
would be more affected than the other organ systems.106 Indeed, this is observed in DBA and
the 5q− syndrome. Nonetheless, this hypothesis cannot entirely account for the tissue proclivity
since in a developing embryo, all tissues are dividing rapidly and therefore they should all be
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affected if adequate numbers of ribosomes cannot be made. Furthermore, the bone marrow is
not the only self-renewing organ system in the adult human.

So how does tissue specificity arise? Although little published evidence exists, we can speculate
on several possibilities: the disease-associated proteins may have tissue-specific interaction
partners, resulting in impaired function in only particular tissue types. Or, rather than tissue-
specific interacting proteins, their gene expression may be regulated by tissue-specific
microRNAs. Furthermore, the encoded mRNAs may have tissue-specific alternatively spliced
forms, an appealing possibility given that almost 95% of human genes are alternatively
spliced153 and that tissue-specific transcripts have been observed for some of the mRNAs that
encode ribosome biogenesis factors (e.g. see ref. 21,39). Another possibility is that these
proteins have extra-ribosomal functions, as is observed with some of the r-proteins implicated
in Diamond Blackfan anemia,122,123,151 and it is these other functions that confer tissue
proclivity. Elucidation of the molecular mechanisms of ribosome biogenesis diseases, and in
particular the reasons for tissue proclivity, remain some of the main challenges for the future.
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Fig. 1.
Model of pre-rRNA processing in human cells. The primary pre-rRNA is transcribed and
associates co-transcriptionally with processing factors. Processing can occur by either of two
pathways, beginning with cleavage at site 1 or site 2, respectively. Final maturation takes place
in the cytoplasm.
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Table 4

Comparison of Diamond Blackfan anemia and 5q− syndrome characteristics

Characteristic Diamond Blackfan anemia 5q− syndrome

Age and gender predominance Younger than a year, both sexes equally affected Older adults, female predominance

Macrocytic anemia Present Present

Cancer predisposition Increased (AML, solid tumors) Can progress to AML

Congenital abnormalities Frequently present Not present

Treatment Transfusions, corticosteroids, spontaneous remission frequent Transfusions, lenalidomide
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