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Abstract
Over the past decade, genetic lesions that cause ribosome dysfunction have been identified in both
congenital and acquired human disorders. These discoveries have established a new category of
disorders, known as ribosomopathies, in which the primary pathophysiology is related to impaired
ribosome function. The protoptypical disorders are Diamond–Blackfan anemia, a congenital bone
marrow failure syndrome, and the 5q- syndrome, a subtype of myelodysplastic syndrome. In both
of these disorders, impaired ribosome function causes a severe macrocytic anemia. In this review,
we will discuss the evidence that defects in ribosomal biogenesis cause the hematologic phenotype
of Diamond–Blackfan anemia and the 5q- syndrome. We will also explore the potential
mechanisms by which a ribosomal defect, which would be expected to have widespread
consequences, may lead to specific defects in erythropoiesis.
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1 Introduction
More than a decade ago, researchers discovered that a rare congenital bone marrow failure
syndrome, Diamond–Blackfan anemia (DBA), is caused by mutations in a ribosomal protein
RPS19 [1]. The finding that mutation of a ribosomal protein gene can cause DBA was truly
unexpected given that the majority of clinical symptoms are related to erythropoiesis, and
defects in ribosomal function might be expected to have global effects. Nevertheless, since
that initial discovery, mutations in nine ribosomal proteins have been identified in patients
with DBA, accounting for 50% of cases [2]. Mutations have not been discovered in any
other type of gene in DBA patients. These genetic data therefore indicate a causal link
between defects in ribosome biology and impaired red blood cell production.
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The connection between ribosomal abnormalities and defects in erythropoiesis was
reinforced by the identification of RPS14 as a candidate gene for the profound macrocytic
anemia in the 5q- syndrome [3], a subtype of myelodysplastic syndrome. Heterozygous
deletions of chromosome 5q in MDS are large, and haploinsufficiency for multiple genes
likely contributes to the phenotype of the 5q- syndrome [4]. Nevertheless, in vitro and in
vivo studies indicate that the severe macrocytic anemia, the aspect of the 5q- syndrome
phenotype most analogous to Diamond–Blackfan anemia, is caused by RPS14
haploinsufficiency [3, 5].

In this review, we will summarize the evidence that ribosomal defects cause the hematologic
phenotype of Diamond–Blackfan anemia and the 5q- syndrome, and discuss the possible
mechanisms of how ribosomal dysfunction leads to disorders of erythropoiesis, including
the role of the p53 pathway.

2 Genetics of Diamond–Blackfan anemia
DBA is a congenital bone marrow failure syndrome characterized by anemia, macrocytosis,
reticulocytopenia, and a selective decrease of erythroid progenitor cells on bone marrow
evaluation [2]. Other notable red blood cell features include an elevated erythrocyte
adenosine deaminase activity and increased levels of fetal hemoglobin. The disorder is also
commonly associated with a range of clinical abnormalities ranging from limb
malformations, craniofacial deformities, and cardiac defects in up to 62% of patients [6].
Our understanding of the pathophysiology of the disease has improved significantly since its
original report in 1936 by Josephs [7] and further description in 1938 by Blackfan and
Diamond [8]. Draptchinskaia et al. [1] identified the breakpoint of a congenital balanced
translocation in a patient with DBA that disrupted the gene encoding ribosomal protein S19
(RPS19). Since that report, mutations or deletions have been reported in the RPS7, RPS10,
RPS17, RPS24, RPS26, RPL5, RPL11, and RPL35A genes [9–14]. Patients with DBA have
also been found to have polymorphisms in genes encoding RPS15, RPS27A, and RPL30
that may or may not be pathogenic [12, 14].

Both in vitro and in vivo models of ribosomal haploinsufficiency have been developed to
study DBA. In vitro, using RNA interference, knockdown of RPS19 in normal human
hematopoietic progenitor cells leads to a profound defect in the proliferation and
differentiation of erythroid cells [15, 16]. This hematopoietic defect can be rescued by the
forced overexpression of RPS19. Similarly, expression of a RPS19 cDNA in bone marrow
cells from patients with DBA significantly improved the defects in erythropoiesis [17].
Similar experiments using zebrafish models have also been used to model ribosomal
dysfunction. Using morpholinos, two groups have found that zebrafish with RPS19
deficiency develop hematologic and developmental abnormalities that resemble DBA [18,
19]. A limitation to note with RNA interference and morpholinos is that the level of
knockdown of ribosomal proteins is unlikely to be exactly 50% and it is unknown whether
the phenotype of DBA and del(5q) MDS are affected by the precise level of ribosomal
activity.

Murine models have the potential to more accurately model ribosomal haploinsufficiency
and several models have now been developed. An initial Rps19 knockout mouse model was
homozygous lethal and did not have a DBA phenotype in the heterozygous state; but the
heterozygous mice had normalized Rps19 levels [20]. Mice with heterozygous missense
mutations in Rps19 and Rps20 have only a mild macrocytic anemia, but these mutations
may cause hypomorphic alleles, rather than complete loss of function of the allele [21]. A
transgenic mouse model expressing a RPS19 mutation acting via a dominant negative
mechanism also demonstrated a mild macrocytic anemia [22]. Finally, chronic RPS19
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deficiency caused by RNA interference has also been shown to lead to bone marrow failure
in a murine model [23]. A potentially very useful model of ribosomal haploinsufficiency is a
murine model with conditional deletion of RPS6. These mice have a significant macrocytic
anemia with reticulocytopenia as well as an elevated adenosine deaminase [24].

3 Genetics of del(5q) MDS
The 5q- syndrome, first described in 1974 [25] is an acquired bone marrow failure disorder
caused by an interstitial deletion of the long arm of chromosome 5 and is categorized by the
World Health Organization [26] as an independent subtype of myelodysplastic syndrome
(MDS). The phenotype primarily consists of a profound macrocytic anemia as well as
thrombocytosis with hypolobated micromegakaryocytes. There is also a female
predominance and patients have a lower rate of progression to acute myeloid leukemia.
Finally, patients with del(5q) MDS show an exquisite sensitivity to the immunomodulatory
agent lenalidomide [27]. RPS14 was identified as a 5q- syndrome gene using an RNA
interference screen of every gene within the commonly deleted area [3]. Patients with the
5q- syndrome have been confirmed to have haploinsufficient expression of RPS14 [3, 28].

Similar to the in vitro work with RPS19, decreased expression of RPS14 causes impaired
erythropoiesis whereas overexpression of RPS14 in patient samples rescues erythropoiesis
[3]. A murine model has now been developed with coordinate deletion of loci syntenic with
the common deleted region of the 5q- syndrome, including haploinsufficiency for Rps14.
These mice have a profound macrocytic anemia, comparable to the clinical phenotype in
humans [5]. This data suggests the molecular pathogenesis of the 5q- syndrome is similar to
Diamond–Blackfan anemia and is due to a functionally similar defect in ribosome
biogenesis.

4 Ribosome dysfunction in DBA and del(5q) MDS
The eukaryotic ribosome is composed of 40S and 60S subunits which associate to form the
translationally active 80S ribosome. The 40S subunit contains 18S rRNA and the 60S
subunit contains 28S, 5.8S, and 5S rRNAs. In eukaryotes, assembly of ribosomal RNAs and
ribosomal proteins, along with associated proteins and small nucleolar RNAs, occurs in the
nucleolus, leading to the production of pre-60S and pre-40S pre-ribosomal particles. These
particles are exported to the cytoplasm where the final steps in assembly and maturation of
ribosomes occur [29]. A simplified overview of this process is outlined in Fig. 1. Ribosomal
proteins assemble onto precursor rRNA transcripts and facilitate a series of endonucleolytic
and exonucleolytic cleavages required for generation of the mature rRNAs.

Haploinsufficiencies for distinct ribosomal proteins have been linked to defects at distinct
steps in pre-rRNA processing. Mutations in RPS19 and in RPS24, the first two mutations
identified in DBA, impair pre-rRNA processing of the 18S rRNA which leads to decreased
production of the 40S ribosomal subunit [30–33] RPS14 deficiency causes a block in the
processing of the 18S rRNA and the formation of the 40S ribosomal subunit [3]. There is
evidence that depletion of any of the RPS proteins causes a reduction in the amount of free
40S subunits and a significant reduction in the amount of mature 80S ribosomes (with the
exception of RPS25 which has not been shown to be mutated in DBA) [34]. In contrast,
when RPL proteins, including RPL35A which has also been described in DBA, are depleted,
the amount of the 60S subunit is reduced, as is the level of mature 80S ribosomes [34].

Mutations in a variety of ribosomal proteins ultimately lead to a decrease in the number of
mature ribosomes, which would be expected to have a number of consequences for a cell.
This includes defects in the translation of specific proteins which might play a critical role in
erythropoiesis as discussed later in this paper. Additionally, several ribosomal proteins have
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extraribosomal functions, including replication and DNA repair, so mutations in ribosomal
proteins may have effects that are independent of the protein translation machinery [35, 36].

5 Activation of p53 by ribosome dysfunction
Mutations in ribosomal protein genes would be expected to have widespread and diverse
effects throughout an organism. However, defects in ribosome function appear to cause
relatively tissue-specific effects in DBA, with a particularly dramatic erythroid phenotype.
The fundamental question of why there are such specific phenotypes remains the source of
active investigation. As discussed earlier, multiple in vitro and in vivo models of ribosomal
haploinsufficiency have been developed which have helped to confirm the role of ribosomal
haploinsufficiency in disorders of erythropoiesis. Ongoing work with these models has
increasingly focused on the role of p53 in this process.

Among its myriad of roles, p53 monitors ribosome function [37] and plays a fundamental
role in the surveillance of protein translation [38]. The murine double minute 2 protein
(MDM2, or HDM2 in humans) functions as a link between ribosome biogenesis and the p53
pathway. MDM2 is a central regulator of p53, acting as a ubiquitin ligase that leads to the
degradation of p53 [39]. MDM2 has also been shown to bind specifically to several free
ribosomal proteins including RPL5, RPL23, RPL11, RPS7 and RPL26 [40–46]. In an
elegant series of experiments, nucleolar disruption experimentally induced by treatment with
actinomycin D, was shown to lead to the release of RPL11 and other ribosomal proteins into
the nucleoplasm, the binding of RPL11 to MDM2, the inhibition of MDM2 activity, and the
consequent accumulation of p53 [43, 47]. A schematic view of this pathway is shown in Fig.
2.

Morpholinos targeting RPS19 in zebrafish cause an accumulation of p53 and a block in
erythropoiesis that is reversed in the absence of p53 [18]. In a murine model with a
heterozygous missense mutation in Rps19, induction of p53 and p53 target genes was
identified in the hyperpigmented foot pads of the mice [21]. When the RPS19 mutant mouse
line had one allele of p53 genetically inactivated, there was an increase in RBC count and
decrease in MCV. Homozygous inactivation of p53 in RPS19 mutant mice fully corrected
the hematologic phenotype [21]. Another murine model involves the conditional deletion of
a set of genes on 5q including RPS14. These mice develop a severe macrocytic anemia [5].
When these mice were crossed with p53 null mice, there was a complete rescue of the
erythroid phenotype [5].

A murine model of Treacher-Collins syndrome offers tantalizing clues to the potential
management of patients via modulation of the p53 pathway [48]. Treacher-Collins syndrome
is an autosomal dominant condition which includes characteristic craniofacial changes [49]
that arise from symmetrically and bilaterally diminished growth of the structures derived
from the first and second pharyngeal arch, groove, and pouch [50]. TCOF1 was identified as
the gene responsible for TCS; TCOF1 encodes a protein known as Treacle [51]. Mice
haploinsufficient for Tcof1 exhibit diminished production of ribosomes and this deficiency
correlates with decreased proliferation of both neural ectoderm and neural crest cells [52].
Interestingly, a study by Jones et al. [48] showed that chemical and genetic inhibition of p53
activity in these mice can prevent the craniofacial abnormalities.

6 Tissue-specific effects of ribosomal dysfunction
Erythroid progenitor cells are notable for their incredibly rapid rate of proliferation,
doubling every 12–24 h [53]. This extraordinary rate of proliferation requires a very high
level of ribosome biogenesis and ribosomal activity. Indeed, rapid proliferation may be
important for the sensitivity of cells with ribosomal haploinsufficiency to p53 activation as
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stimulated but not resting T cells activate p53 in response to haploinsufficient RPS6 protein
[54].

Recent work in our lab has focused on understanding the molecular basis for the lineage-
restricted effects of ribosome dysfunction [55]. We found that decreased expression of the
RPS14 or RPS19 genes causes selective activation of the p53 pathway in erythroid
progenitor cells compared to cells from other hematopoietic lineages. This activation of the
p53 pathway resulted in erythroid-specific cell cycle arrest and apoptosis. Consistent with
the work in the RPS6 model, decreased expression of RPS14 increased the levels of RPL11
which binds to HDM2, providing a mechanism for p53 activation. Furthermore, we found
accumulation of nuclear p53 in the erythroid progenitor cells in bone marrow specimens
from patients with DBA and del(5q) MDS [55].

7 Conclusion
Despite the universal requirement for ribosomes in all human cells, erythropoiesis is
particularly sensitive to ribosome dysfunction. Heterozygous loss-of-function mutations for
many different ribosomal protein genes causes DBA, and heterozygous loss of RPS14 is
linked to the macrocytic anemia of the 5q- syndrome. Activation of p53 activity appears be
central to the hematopoietic phenotype of ribosomal dysfunction. Efforts are currently
underway to investigate whether pharmacologic modulation of p53 activity or ribosome
function may have therapeutic utility in treating anemia in patients with disorders of
ribosome biogenesis.
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Fig. 1.
Simplified overview of eukaryotic ribosome biogenesis. Adapted from Narla and Ebert [2],
© the American Society of Hematology
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Fig. 2.
Overview of the potential mechanism of the cellular consequences of ribosomal
haploinsufficiency via p53 modulation. On the left, a normal cell is portrayed with
unperturbed ribosome biogenesis and steady state levels of p53. On the right, a cell is
depicted with ribosomal haploinsufficiency which leads to up-regulation of RPL11, which
binds MDM2 resulting in p53 activation. This leads to apoptosis and cell cycle arrest.
Adapted from Narla and Ebert [2], © the American Society of Hematology
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