
 

Università del Piemonte Orientale Amedeo Avogadro 
Dipartimento di Scienze Mediche di Novara 

 
 

Dottorato di ricerca in Medicina Molecolare 
 

XIX Ciclo 
 
 
 
 
 
 
 
 
 

ROLE OF RIBOSOMAL PROTEIN S19  

IN THE PATHOGENESIS OF  

DIAMOND BLACKFAN ANEMIA 
 
 
 
 
 
 
 
 

Tesi di dottorato di  
 

Anna Aspesi 
 
 
 
 
 

 
 
 

Coordinatore: Prof. Umberto Dianzani 
 
Responsabile Scientifico: Prof. Irma Dianzani 



 

i 

RIASSUNTO 

 

 

L’anemia di Diamond Blackfan (DBA) è una rara patologia congenita causata da un difetto 

di maturazione dei progenitori eritroidi. La maggiore caratteristica clinica è una grave 

anemia, associata nel 30% dei pazienti a malformazioni dell’apparato scheletrico, cardiaco 

e genitourinario. La terapia a base di steroidi è utile solo in metà dei casi, negli altri si deve 

ricorrere a trasfusioni croniche di sangue. 

Un quarto dei pazienti DBA presenta mutazioni in eterozigosi nel gene che codifica per la 

proteina ribosomiale (RP) S19, mentre mutazioni in RPS24 e RPS17 sono presenti nell’1-

2% dei casi.  

La DBA è ad oggi l’unica patologia nota causata da un difetto delle proteine costituenti il 

ribosoma. I meccanismi molecolari per cui l’aploinsufficienza di RPS19 provoca il difetto 

dell’eritropoiesi non sono stati chiariti. Le ipotesi patogenetiche avanzate implicano una 

diminuzione della sintesi proteica nei progenitori eritroidi o in alternativa la perdita di una 

seconda, ancora sconosciuta funzione di RPS19 essenziale per l’eritropoiesi. 

Questa tesi di dottorato presenta uno studio del ruolo funzionale di RPS19 in condizioni 

fisiologiche e nella DBA.  

A questo scopo sono stati ricercati gli interattori proteici di RPS19. Dapprima è stato 

utilizzato il saggio del doppio ibrido in lievito che ha portato all’identificazione 

dell’oncoproteina PIM-1. PIM-1 è una serina/treonina chinasi coinvolta nel pathway di 

segnalazione dell’eritropoietina (EPO), uno dei principali fattori per il differenziamento 

eritroide. PIM-1 interagisce con RPS19 in vitro ed in vivo ed è in grado di fosforilarla in un 
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saggio in vitro. E’ interessante notare che questa chinasi localizza sui ribosomi 

traduzionalmente attivi, il che suggerisce un possibile ruolo nel controllo traduzionale. 

Inoltre alcune mutazioni missense di RPS19 trovate nei pazienti DBA alterano l’affinità di 

legame con PIM-1. 

Altri interattori di RPS19 sono stati trovati con un approccio proteomico: una proteina di 

fusione GST-RPS19 è stata utilizzata come esca in un esperimento di pull-down e le 

proteine interattrici sono state purificate e analizzate tramite spettrometria di massa. Alcune 

delle interazioni sono state poi confermate in vivo. Tra le 159 proteine individuate ci sono 

numerose idrolasi e elicasi, fattori di trascrizione, proteine che legano DNA e RNA e 

proteine ribosomiali. La maggior parte degli interattori hanno localizzazione nucleolare e 

molti sono importanti per la biogenesi dei ribosomi.  

Il coinvolgimento di RPS19 in questi processi cellulari è stato studiato tramite l’utilizzo di 

una linea di eritroleucemia umana (TF-1) in cui l’espressione di RPS19 è stata silenziata. 

La deplezione di RPS19 impedisce il corretto processamento dell’RNA ribosomiale 

(rRNA) e provoca la diminuzione dell’rRNA 18S maturo e l’accumulo del suo precursore, 

l’rRNA 21S. Abbiamo trovato lo stesso difetto nelle cellule di midollo osseo dei pazienti 

DBA con RPS19 mutata, ma non in pazienti con RPS19 wild type. Inoltre, cellule TF-1 che 

esprimono siRNA per RPS19 hanno una diminuzione delle subunità ribosomiali 40S. 

I nostri studi propendono per un effetto di RPS19 sulla biogenesi del ribosoma e sulle sue 

funzioni e contribuiscono a comprendere meglio il ruolo patogenetico di RPS19 

nell’anemia di Diamond Blackfan.      
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SUMMARY 

 

 

Diamond Blackfan anemia (DBA) is a rare congenital disease caused by a defect in the 

maturation of erythroid progenitors. Main clinical features are severe anemia and in 30% of 

cases craniofacial, limb or urogenital malformations. Steroid therapy is effective only in 

half of the cases; chronic blood transfusions are otherwise required. 

One fourth of DBA patients show mutations on one allele of the gene encoding for 

ribosomal protein (RP) S19, whereas RPS24 and RPS17 are mutated in 1-2% of cases.  

DBA is to date the only known disease due to mutations in structural ribosomal proteins. 

Molecular mechanisms underlying the causal effect between RPS19 haploinsufficiency and 

defective erythropoiesis have not been elucidated. Pathogenetic hypotheses imply either a 

decreased protein synthesis rate in erythroid progenitors or the loss of a second, so far 

unknown function of RPS19 that is essential for erythropoiesis.  

This dissertation presents a study of the functional role of RPS19 both under physiological 

conditions and in DBA.  

To this purpose proteins interacting with RPS19 have been searched for. At first a yeast 

two-hybrid assay was used and led to the identification of the oncoprotein PIM-1. PIM-1 is 

a serine/threonine kinase involved in the signaling pathway of erythropoietin (EPO), one of 

the most important erythroid differentiation factors. PIM-1 interacts with RPS19 in vitro 

and in vivo and is able to phosphorilate it in vitro. Interestingly this kinase localizes on 

translationally active ribosomes, and this suggests a possible role in translational control. 
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Moreover some RPS19 missense mutations found in DBA patients impair binding affinity 

with PIM-1. 

Other RPS19 interactors have been detected with a proteomic approach: a GST-RPS19 

fusion protein has been used as a bait in a pull-down assay and interacting proteins have 

been purified and analyzed by mass spectrometry. Some of the interactions have also been 

validated in vivo. Among the 159 identified proteins there are several hydrolases, helicases, 

transcription factors, DNA and RNA binding proteins and ribosomal proteins. Most of the 

interactors localize to the nucleolus and many are important for ribosomal biogenesis. 

The involvement of RPS19 in these cellular processes has been studied by using human 

erythroleukemia cell line TF-1 in which the expression of RPS19 can be silenced. 

Depletion of RPS19 inhibits the proper processing of ribosomal RNA (rRNA), resulting in 

the decrease of 18S mature rRNA and in the accumulation of its precursor, the 21S rRNA. 

We found the same defect in bone marrow cells from DBA patients with mutated RPS19, 

but not in patients with wild type RPS19. Moreover, TF-1 cells expressing siRNA against 

RPS19 have a deficiency of the 40S ribosomal subunit. 

Our studies support the involvement of RPS19 in ribosome biogenesis and functions and 

contribute to a better understanding of the pathogenetic role of this protein in Diamond 

Blackfan anemia.  
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Clinical features of Diamond Blackfan anemia 

Diamond Blackfan anemia (DBA, OMIM 105650) is a rare congenital disease of childhood 

characterized by a decreased or absent number of erythroid progenitors in the bone marrow 

(Campagnoli et al., 2004). It was first reported by Josephs in 1936 and further described by 

Diamond and Blackfan in 1938. Patients are affected by severe normochromic macrocytic 

anemia and reticulocytopenia, usually since the first year of life. The other bone marrow 

cell lineages show normal counts.  

Erythrocytes can express fetal hemoglobin (HbF) and the activity of erythrocyte adenosine 

deaminase (eADA), a crucial enzyme of the purine salvage pathway, is elevated in 85% of 

cases (Glader and Backer, 1988). DBA is associated with an increased risk of malignancies, 

expecially hematopoietic neoplasms and osteogenic sarcomas. In 30% to 47% of cases 

patients show physical malformations involving head, thumb, heart and urogenital system 

(Lipton, 2006). A typical facial appearance has been described as the Cathie facies, 

characterized by snub nose and wide-spaced eyes (Cathie, 1950). Prenatal or postnatal 

growth retardation independent of steroid therapy is also often present.   

The incidence of DBA is around 6 per 1 million of live births. Most cases are sporadic, but 

the disease can be inherited with an autosomal dominant pattern. Penetrance is incomplete 

and expressivity widely variable, even in patients from the same family (Campagnoli et al., 

2004). 

First-line therapy in DBA patients is steroid treatment, typically with prednisone, that is 

effective in at least half the cases. Notwithstanding, some patients may experience 

temporary or definitive steroid-resistance (Dianzani et al., 2000). The therapeutic properties 

of steroids in DBA have not been explained but they are likely to be due to their 

transcription regulation activity. Patients non responsive to steroids undergo chronic blood 
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transfusions associated to iron chelation to avoid iron accumulation that can cause 

secondary hemochromatosis with damage to heart, liver and other organs. 20% of patients 

inexplicably achieve spontaneous remission (Lipton, 2006). Remission can also be obtained 

by allogeneic bone marrow or stem cell transplantation, but the mortality from infections, 

graft-versus-host disease and graft failure is significant (Roy et al., 2005). 

  

 

Etiology of DBA 

DBA is considered an intrinsic defect of erythroid progenitors and not, for instance, of the 

bone marrow stromal cells; this is also corroborated by the efficacy of bone marrow 

transplantation. In several in vitro studies bone marrow cells from DBA patients were 

stimulated with different cytokines, but they showed a low response compared to control 

cells (Nathan et al., 1978; Bagnara et al., 1991). The only treatment that significantly 

increased the proliferation rate of patients erythroid progenitors was a cocktail composed 

by EPO, IL-3 and SCF (Bagnara et al., 1991).  This effect was enhanced by IL-9 (Dianzani 

et al., 1997). Thus, the first candidate genes considered were SCF, EPO, EPOR, IL-3, IL-9 

and some genes mapping to chromosome 5q important for hemopoiesis, but their 

involvement in the disease was ruled out (Bagnara et al., 1991; Dianzani et al., 1996; 

Dianzani et al., 1997).  

In 1997 a balanced translocation (X;19)(p21;q13) was discovered in an affected female 

(Gustavsson et al., 1997). Since DBA is not X-linked, studies focused on the breakpoint on 

chromosome 19 and led two years later to the identification of the first DBA gene, which 

encodes for the ribosomal protein (RP) S19, a component of the small subunit of ribosome. 

This gene is 11 kbp long and it includes 6 exons; translation begins at the first codon of the 
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second exon. The human genome also contains 2 processed pseudogenes for RPS19 that are 

not expressed (Cmejla et al., 2000). Mutations in RPS19 have been identified in 25% of 

patients, always on one allele (Willig et al., 1999).  

A large variety of mutations, such as deletions, insertions, frameshift and missense 

mutations, cover the whole gene. A hot spot has been detected between residues 52 and 62. 

Since most RPS19 mutations are predicted to result in a nonfunctional protein, 

haploinsufficiency is probably the pathogenetic mechanism underlying DBA (Gazda et al., 

2004). There is no correlation between transmission, phenotype or response to therapy and 

the type of RPS19 mutations. 

Linkage analysis on 38 families suggests the existence of another DBA locus on 

chromosome 8 (8p23.3-p22) (Gazda et al., 2001). 

Mutations in other two ribosomal proteins of the 40S subunit, RPS24 and RPS17, have 

been recently reported to account for 1-2% of DBA cases (Gazda et al., 2006; Cmejla et al., 

2007). Up-to-date studies also reveal the involvement of some proteins of the large 

ribosomal subunit, namely RPL35a, RPL5, RPL11 (Farrar et al., 2007; Gazda et al., 2007). 

Therefore, the molecular basis of DNA is probably to be searched in the alteration of a 

cellular function that all these proteins share.  

DBA is to date the only human disease due to mutations in structural ribosomal proteins.     

  

 

The eukaryotic ribosome 

In eukaryotes, the ribosome is constituted by four different ribosomal RNA (rRNA) and 79 

ribosomal proteins. While 5S rRNA is transcribed by RNA polymerase III, 28S, 5.8S and 

18S rRNAs are processed from a 45S precursor transcribed by RNA polymerase I. The 
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maturation of rRNAs occurs in the nucleolus through a complex pathway involving both 

endo- and exonucleases that remove external and internal transcribed spacers (ETS and 

ITS) (Fig. 1). During these steps the 45S pre-RNA associates with a number of 

ribonucleases, ribosomal proteins, RNA helicases, small nucleolar RNPs (snoRNPs) and 

other accessory factors, thus forming the 90S pre-ribosomes.  

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 1. Pre-rRNA processing pathway in human cells (from Rouquette et al., 2005). 
 
 
 
 

At the end of the maturation process, the pre-ribosome is separated into pre-60S and pre-

40S subunits that are exported to the cytoplasm (Tschochner and Hurt, 2003). 60S subunits 

contain 28S, 5.8S and 5S rRNA and  46 ribosomal proteins; 40S subunits includes one 

rRNA, the 18S form, and 33 ribosomal proteins. In eukaryotes there are several loci for the 

rRNAs, but only one gene for each ribosomal protein. Since a large proportion of a cell’s 
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energy is expended in ribosome biogenesis (Warner, 1999) the production of rRNA and 

ribosomal proteins is expected to be tightly coordinated in order to obtain equimolar 

amounts of these molecules. In human cells the genes encoding ribosomal proteins have 

distinctive promoters and they apparently share no common regulation motif (Perry, 2005). 

Nevertheless, studies aimed to quantify the abundance of RP mRNAs showed that the RP 

genes are coordinately expressed (Li et al., 2005), even if some tissue specific differences 

have been demonstrated (Angelastro et al., 2002; Bortoluzzi et al., 2001). 

 

 

Structure and functions of RPS19 

RPS19 is a highly conserved protein (e.g. Rattus norvegicus 99%, Mus musculus 98%). 

Since there is no ortholog for RPS19 in eubacteria, whose ribosomes have been thoroughly 

studied, the precise localization of RPS19 on the 40S subunit is unknown. Immunoelectron 

microscope studies locate RPS19 to the external surface of the 40S subunit, close to the 

region that interacts with eIF-2 during ribosomal scanning and translation initiation (Lutsch 

et al., 1990; Bommer et al., 1988). Recently the structure of RPS19 from Pyrococcus 

abyssi, that shares 36% identity and 57% similarity with human RPS19, has been resolved 

by crystallography (Gregory et al., 2007). It is formed by 5 α-helices organized around a 

central amphipathic α-helix  that contains the DBA mutational hot spot. It has been 

demonstrated that some missense mutations found in DBA patients affect residues located 

in this hydrophobic core that are necessary either for the proper folding or for the stability 

of the protein (Fig. 2). Other missense mutations, on the contrary, affect surface residues 



 

7 

placed on two highly conserved basic patches that are essential for the incorporation of 

RPS19 into pre-40S ribosomal particles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. RPS19 structure model and point mutations found in DBA patients. Class I 

mutations, in green, affect core residues essential for the proper folding of the protein; class 

II mutations, in red, affect surface residues likely involved in molecular interactions (from 

Gregory et al., 2007).  

 

 

In yeast RPS19 is required for the maturation of 18S rRNA and its deficiency results in a 

defect in the biogenesis of 40S ribosomal subunit (Léger-Silvestre et al., 2005).    

Although the link between RPS19 and erythropoietic failure in DBA is an enigma, a role of 

this protein in erythroid differentiation has been clearly demonstrated. Most data have been 
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obtained from experiments performed on DBA patients cells or using cellular models where 

RPS19 is knocked-down by siRNA. A murine model for DBA is not available yet, as the 

Rps19+/- mouse is healthy and does not show any hematological phenotype, and the Rps19-/- 

mice do not form blastocysts (Mattson et al., 2004).  

CD34+ cells are the progenitors of all hemopoietic lineages and thus represent the ultimate 

model to study DBA. CD34+ cells isolated from the bone marrow of DBA patients contain 

fewer erythroid burst-forming units (BFU-E) and erythroid colony-forming units (CFU-E) 

than controls (Hamaguchi et al., 2003). The erythroid failure in DBA occurs during the 

terminal EPO-dependent maturation stage, when DBA cells fail to proliferate in response to 

EPO, suggesting that the defect lies downstream of the EPO receptor (Ohene-Abuakwa et 

al., 2005). A recent study shows that EPO receptor expression and EPO signal transduction 

are normal in a RPS19 deficient model cell line (Miyake et al., 2007) and reveals 

accumulation of p21 and p27 and arrest in G0/G1 phase. The proportion of apoptotic cells 

is increased in a RPS19 deficient cell model and in CD34+ cells from DBA patients with 

mutations in RPS19 (Miyake et al., 2007). This is in agreement with previous data showing 

that erythroid progenitors from DBA patients succumb to apoptosis after EPO deprivation 

more quickly than control cells (Perdahl et al., 1994).  

RPS19 expression level has been measured in bone marrow cells and it appears to decrease 

during erythroid differentiation (Hamaguchi et al., 2003). Importantly, transfection of wild 

type RPS19 cDNA in CD34+ cells with silenced RPS19 or CD34+ cells from DBA patients 

with mutations in RPS19 rescues their phenotype (Flygare et al., 2005; Hamaguchi et al., 

2002; Hamaguchi et al., 2003).  
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Bone marrow failure syndromes and ribosomes 

DBA is not the only human disease linked to ribosome dysfunction. Dyskeratosis congenita 

(DC), Shwachman-Diamond syndrome (SDS) and cartilage-hair hypoplasia (CHH) are all 

believed to be caused by defects in the synthesis or function of ribosomes.  

Patients affected by dyskeratosis congenita show pancytopenia associated to abnormal skin 

pigmentation and other somatic abnormalities (Kirwan and Dokal, 2008). DC X-linked 

form is due to mutations in the gene DKC1, that encodes for dyskerin. Dyskerin is a 

nucleolar protein involved both in telomere maintenance and rRNA pseudouridylation. The 

other DC genes, TERC and TERT, that are also components of the telomere complex, are 

responsible for a milder form of the disease, suggesting that in addition to telomere 

instability, impaired ribosome maturation may contribute to the phenotype. In fact, it has 

been reported that in hypomorphic DKC1 mice and in cells from DC patients IRES-

mediated translation is defective (Yoon et al., 2006). 

Shwachman-Diamond syndrome, characterized by neutropenia, exocrine pancreatic 

insufficiency and predisposition to leukemia, is caused by heterozygous mutations in the 

SBDS gene. SBDS coprecipitates with the 60S ribosomal subunits but not with mature 

ribosomes (Ganapathi et al., 2007).  Its yeast orthologue, Sdo1, is required to allow the 

joining of the large and the small ribosomal subunits and the translational activation of 

ribosomes (Menne et al., 2007).  

CHH is characterized by skeletal and cartilage abnormalities, short stature, hypoplastic hair, 

anemia and predisposition to cancer. The affected gene encodes for the RNA component of 

the mitochondrial RNA processing (MRP) complex, a RNase involved in the 

endonucleolytic cleavage of the precursor of 5.8S rRNA in Saccharomyces cerevisiae.  
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DC, SDS, CHH and DBA are a heterogeneous group of disorders but they share some 

clinical features: bone marrow failure, congenital anomalies and cancer predisposition. The 

proteins encoded by the genes mutated in these diseases are all involved in different aspects 

of ribosome synthesis, but the link between impaired hematopoiesis and ribosome 

dysfunction remains obscure. 

 

 

Hypotheses on DBA pathogenesis 

Several hypotheses have been proposed to explain the pathogenesis of DBA. The suggested 

mechanisms are not mutually exclusive and might cooperate to cause the complex DBA 

phenotype.  

Since RPS19 is a ribosomal protein, the most obvious explanation is that RPS19 deficiency 

can impair the stoichiometry of ribosomal proteins, resulting in a decreased translational 

capacity. According to this theory, if ribosomal proteins are expressed in amounts that 

differ in a tissue-specific manner, haploinsufficiency for a particular protein may make that 

protein limiting for ribosome assembly in some tissues and not others (Ellis and Massey, 

2005). RPS19 expression level in bone marrow cells decreases during erythroid 

differentiation (Da Costa et al., 2003; Hamaguchi et al., 2003) while the demand for 

ribosome synthesis raises, as the cell needs to produce huge amounts of globin. A study 

analyzing RPS19 mRNA and protein levels in DBA patients with RPS19 mutations showed 

that whereas RPS19 mRNA is decreased both in CD34+ cells and in peripheral blood 

mononuclear cells, RPS19 protein is decreased only in CD34+ cells (Gazda et al., 2004). 

Therefore, erythroid progenitors could be more sensitive than other tissues to 

haploinsufficiency for RPS19 (Ellis and Massey, 2005). It has been demonstrated that 
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translational efficiency is reduced in DBA patients with or without a mutation in RPS19 

(Cmejla et al., 2007) suggesting that in erythroid progenitors the level of translation of 

specific transcripts is too low to reach the threshold that triggers differentiation. 

A different hypothesis suggests the existence of an extraribosomal function for RPS19 

(Flygare and Karlsson, 2007). It is believed that the primordial ribosome was composed of 

RNA only and that during evolution proteins able to bind nucleic acids associated with it, 

still retaining their original functions. In eukaryotes several RPs have been demonstrated to 

be involved in different cellular processes such as transcription, cell cycle regulation, RNA 

processing and DNA repair (Wool, 1996). Also some human RPs can have extraribosomal 

functions: for instance RPL5 and RPL11 are p53 activators (Dai and Lu, 2004; Lohrum et 

al., 2003), RPS6 has a role in proliferation regulation (Volarevic and Thomas, 2001) and 

RPL13a and RPL26 control the translation of specific mRNAs (Mazumder et al., 2003; 

Takagi et al., 2005). RPS19 itself can form a homodimer that acts as a chemotactic factor 

for the recruitment of monocytes to apoptotic cells (Shrestha et al., 1999). In addition, free 

intracellular RPS19 can interact with FGF-2 in NIH 3T3 cells (Soulet et al., 2001). FGF-2 

is involved in the differentiation process of different cell types, and the interaction between 

FGF-2 and RPS19 may suggest a link for RPS19 in embryogenesis.  
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The characterization of the molecular partners interacting with RPS19 is a strategy to 

dissect RPS19 functions and to shed light on the role of other genes involved in the 

pathogenesis of non RPS19-dependent DBA.  

We performed a yeast two-hybrid screening using a human fetal liver cDNA library.  

We found that RPS19 binds PIM-1, a serine-threonine kinase whose expression is strongly 

increased upon stimulation with erythropoietin and other cytokines having hemopoietin-

type receptors. PIM-1 has been reported to protect hematopoietic cells from apoptosis 

induced by genotoxic stress or growth factor withdrawal  (Pircher et al., 2000) and it has 

been associated with lymphomagenesis (van der Houven et al., 1998).  Pim-1-/- mice 

display impaired proliferative response to cytokines, in particular to interleukin-3 (Domen 

et al., 1993), and they also show microcytosis (Laird et al., 1993), whereas hyperexpression 

of Pim-1 in mice causes macrocytosis (van der Houven et al., 1998).  

The interaction between RPS19 and PIM-1 was confirmed in vitro by a pull-down assay 

and in vivo by coimmunoprecipitation. PIM-1 is able to phosphorylate RPS19, at least in 

vitro, and to associate with ribosomes and polysomes. We hypothesize that PIM-1 can be 

recruited by RPS19 on ribosomes and have a role in general or specific translational 

control, as already demonstrated for RPL13a (Mazumder et al., 2003). PIM-1 is not a major 

DBA gene, as determined by mutational screening in 116 DBA patients. Nevertheless, we 

reported two missense mutations of PIM-1 that are not common polymorphisms. We also 

studied whether PIM-1/RPS19 interaction is impaired by some RPS19 mutations found in 

DBA patients. Binding affinity was altered indeed for three missense mutants. This could 

unbalance the proportion of PIM-1 bound to RPS19 and make it less or more available for 

other interactions and functions.  
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After the identification of PIM-1, our search for molecular interactors of RPS19 proceeded 

using a different strategy. We purified RPS19 binding proteins by a pull-down experiment 

and we analyzed them by coupling monodimensional electrophoresis and mass 

spectrometry. The binding of RPS19 with some of its putative interactors was validated 

with immunoprecipitation and western blot, and the reliability of this approach was 

ascertained. We found 159 proteins, most nucleolar, even if we used a whole cell extract. 

Many of these proteins interact with each other and they are likely to partecipate with 

RPS19 in one or more multiprotein complexes. We identified several ribosomal proteins, 

RNA helicases and other components of the 90S preribosome, the early ribonucleoproteic 

precursor of both ribosomal subunits. Among them there were proteins of the box C/D 

small nucleolar ribonucleoprotein (snoRNP), such as fibrillarin and NOP56, and proteins of 

the H/ACA box snoRNP, and in particular dyskerin, whose mutations are responsible for 

dyskeratosis congenita. Both these snoRNP complexes are required for rRNA maturation 

and ribosome biogenesis, pointing out the connection between RPS19 and these processes. 

RPS19 interactome also includes some splicing factors and transcription factors, as well as 

some translation regulators, such as IGF2BP1 and STAU1; these data suggest the existence 

of additional functional roles for RPS19.  

The proteomic analysis of RPS19 interactors by mass spectrometry has been performed in 

collaboration with the laboratory directed by Prof. Margherita Ruoppolo in the Department 

of Biochemistry and Medical Biotechnologies, University Federico II, Napoli. 
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RPS19 is required for the 

maturation of  

40S ribosomal subunits 
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A previous study in Saccharomyces cerevisiae revealed that disruption of either of the yeast 

RPS19 genes reduces proliferation and affects the production of mature 40S ribosomal 

subunits (Léger-Silvestre et al., 2005). In the same work it has been demonstrated that yeast 

RPS19 is required for the proper maturation of the 18S rRNA, that is the RNA component 

of 40S ribosomal subunits. This is consistent with our finding that many proteins of RPS19 

interactome are involved in ribosome biogenesis. 

We decided to investigate rRNA processing in human cells defective for RPS19. We first 

used human erythroleukemia TF-1 cells transduced with inducible siRNA against RPS19. 

We showed that in these cells downregulation of RPS19 blocks the processing of the 21S 

precursor into the 18S mature form, whereas the maturation of the rRNAs of the large 

ribosomal subunit appears normal. Both northern blot and pulse and chase analysis revealed 

decrease of 18S RNA production and accumulation of 21S precursor. rRNA processing was 

also analyzed in CD34+ and CD34- cells isolated from the bone marrow of some DBA 

patients. RPS19 mutated cells exhibit the same defect in 18S maturation we noticed in TF-1 

silenced cells, but patients cells with wild type RPS19 do not show alteration in the 

21S/18S ratio. 

Moreover, RPS19 deficiency impairs the maturation of 40S subunits in TF-1 cells. 

All experiments were performed in the Department of Biochemistry and Molecular Biology 

of the University of Louisville, KY, USA, during the year I spent working under the 

supervision of Dr Steve Ellis.   
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Conclusions  

and future perspectives  
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The first DBA gene was discovered in 1999, but despite the efforts to unravel its 

pathogenic role, the molecular mechanisms underlying this disease are still mostly 

unknown.  

DBA is a rare anemia characterized by heterogeneous clinical features and an unpredictable 

outcome. Available therapies cannot cure the causes and they target only the symptoms, but 

they have adverse side effects that can limit patients’ quality of life. 

What is intriguing about this disease is the mysterious link between the ribosome and the 

red cell aplasia. The mutation of a protein of the ribosomal machinery, that is essential for 

any cellular process, would be expected to cause a systemic defect. Instead, many patients 

show no other symptoms but anemia.  

DBA is the first known disease due to mutations in a ribosomal protein. Other bone marrow 

failure syndromes are related to ribosome dysfunction; for instance, Shwachman Diamond 

syndrome gene, SBDS, is believed to be a crucial factor for the joining of 60S and 40S 

subunits and for translation initiation. Also dyskeratosis congenita, another disease 

characterized like DBA by bone marrow failure, malformations and increased risk of 

cancer, can be caused by mutations in a gene necessary for the maturation of rRNA. 

Moreover, Ebert et al. very recently demonstrated that the 5q- syndrome is due to 

deficiency of RPS14 and that RPS14 is required for 18S pre-rRNA processing and 40S 

ribosomal subunit formation (Ebert et al., 2008).  

The causal link between defective ribosomes and impaired hematopoiesis appears evident, 

but so far unexplained. To this regard, two major hypotheses have been proposed and they 

imply either tissue-specific insufficient translation or the existence of an essential function 

of RPS19 in erythropoiesis. The first one is classically based on the observation that in the 

Minute mutants of Drosophila melanogaster the ablation of a RP gene results in a 
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phenotype characterized by small body size, thin bristles and delayed larval development. 

According to this theory, haploinsufficiency of RPS19 would diminish the number of total 

ribosomes and the translational capacity of the cell, and this effect would be more severe in 

high proliferating tissues such as the bone marrow. Actually, hematopoiesis is a process 

with enormous demands for protein synthesis, expecially during the differentiation of the 

erythroid precursors, that is the stage affected in DBA. Ellis and Massey suggested that 

ribosomal proteins can be expressed in variable amounts in different tissues and that the 

haploinsufficiency of RPS19 could be limiting for ribosome assembly in the bone marrow 

and not in other tissues (Ellis and Massey, 2005). The discovery that translational 

efficiency is affected in DBA patients supports the pathogenic hypothesis of a defective 

protein synthesis (Cmejlova et al., 2006).  

We demonstrated that RPS19 deficient cells have a reduced amount of 40S subunits 

because of a pre-rRNA processing defect. In fact, bone marrow cells from DBA patients 

with mutated RPS19 show impaired maturation of the 18S rRNA; this is more evident in 

CD34- compared to CD34+ cells suggesting that differentiated cells are the most affected. A 

very recent report displays that another DBA gene, RPS24, is required for a different step in 

the processing of the pre-rRNA precursor (Choesmel et al., 2008).  

The second hypothesis proposed to explain DBA invokes the existence of an 

extraribosomal function of RPS19 important for erythropoiesis. We investigated this 

possibility by searching for protein interactors of RPS19, at first with a yeast two-hybrid 

assay, and then with a proteomic approach. We showed that RPS19 binds PIM-1, a serine 

threonine kinase involved in hematopoietic growth factor signaling. PIM-1 localizes on 

ribosomes and phosphorylates RPS19 in vitro. This behaviour reminds the model illustrated 

for RPL13a, that when is phosphorilated inhibits the translation of ceruloplasmin mRNA 
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(Mazumder et al., 2003). A role of RPS19 in general or specific translation control can 

therefore be speculated. We identified a number of other RPS19 interactors, mostly 

nucleolar proteins involved in ribosome biogenesis, but also splicing and transcription 

factors and proteins important for translation regulation. Hence the erythroid defect in DBA 

probably results from the coparticipation of more mechanisms.  

In order to further elucidate the cellular events caused by RPS19 downregulation, we are 

now studying if RPS19 deficiency can modulate the expression of other proteins and 

transcripts. Microarray analysis and differential in-gel electrophoresis (DIGE) on TF-1 cells 

expressing siRNA against RPS19 are in progress.  
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