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RIASSUNTO

L’anemia di Diamond Blackfan (DBA) € una rara patologia congenita causata da un difetto
di maturazione dei progenitori eritroidi. La maggiore caratteristica clinica e una grave
anemia, associata nel 30% dei pazienti a malformazioni dell’apparato scheletrico, cardiaco
e genitourinario. La terapia a base di steroidi € utile solo in meta 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 ¢ ad oggi I’unica patologia nota causata da un difetto delle proteine costituenti il
ribosoma. | meccanismi molecolari per cui I’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 I’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 € stato
utilizzato il saggio del doppio ibrido in lievito che ha portato all’identificazione
dell’oncoproteina PIM-1. PIM-1 & 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 e in grado di fosforilarla in un



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 I’affinita di
legame con PIM-1.

Altri interattori di RPS19 sono stati trovati con un approccio proteomico: una proteina di
fusione GST-RPS19 é 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 € stato studiato tramite I’utilizzo di
una linea di eritroleucemia umana (TF-1) in cui I’espressione di RPS19 ¢ stata silenziata.
La deplezione di RPS19 impedisce il corretto processamento dell’RNA ribosomiale
(rRNA) e provoca la diminuzione dell’rRNA 18S maturo e I’accumulo del suo precursore,
I’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 subunita 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.



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.



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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Chapter 1

Introduction



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



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;913) 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



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 111, 28S, 5.8S and

18S rRNAs are processed from a 45S precursor transcribed by RNA polymerase I. The



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.
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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



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 elF-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 a-helices organized around a
central amphipathic a-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



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

RPS19 into pre-40S ribosomal particles.
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Fig. 2. RPS19 structure model and point mutations found in DBA patients. Class |
mutations, in green, affect core residues essential for the proper folding of the protein; class
Il 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



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 GO/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).



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, Sdol, 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.



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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Chapter 2

RPS19 interacts
with the PIM-1 oncoprotein
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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-17" 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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Background and Objectives. Diamond Blackfan anemia (DBA) is a congenital disease
characterized by defective erythroid progenitor maturation. Patients' bone marrow pro-
genitor cells do not respond to erythropoietic growth factors, such as erythropoietin.
Mutations in the gene encoding for ribosomal protein (RP) S19 account for 25% of
cases of DBA. The link between defective erythropoiesis and RP519 is still unclear.
Two not mutually exclusive hypotheses have been proposed: altered protein synthesis
and loss of unknown extraribosomal functions.

Design and Methods. We used yeast two-hybrid screening and a human liver cDNA
library obtained at 19-24 weeks of gestation, when hepatic erythropoiesis is efficient,
to search for proteins interacting with RP519.

Results. We found that RPS19 binds PIM-1, an ubiquitous serinethreonine kinase
whose expression can be induced in erythropoietic cells by several growth factors,
such as erythropoietin. The PIM-1/RPS19 interaction was demonstrated both in vitro
and in living cells and led to phosphorylation of RPS19 in an in vitro kinase assay. We
also showed that in human 293T cells PIM-1 interacts with ribosomes and may be
involved in translational control. Three DBA-associated RPS19 mutations alter the bind-

ing between RP519 and PIM-1.

Interpretation and Conclusions. A link between erythropoietic growth factor signaling
and RPS519 has been identified for the first time.
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iamond Blackfan anemia (DBA)
D{M.IM. 205900) is a congenital dis-

ease characterized by defective ery-
throid progenitor maturation.* Most cases
are sporadic, though a dominant or, more
rarely, a recessive inheritance is observed in
10% of patients. The main clinical sign is
profound isolated normochromic or macro-
cytic anemia, with normal numbers and
function of the other hematopaietic cells.
Defective erythropoiesis is revealed in the
bone marrow by a very low number of ery-
thropoietic precursors, and functionally by a
reduction of burst-forming unit-erythroid
(BFU-E) progenitor cells*DBA patients have
high levels of erythropoietin, irrespective of
the degree of their anemia. The failure of
their hematopoietic progenitors to respond
to erythropoietin, both # vitro and i vivo,
suggests erythropoietin insensitivity, and a
defect in the erythropoietin-receptor
(EPOR) pathway has thus been widely
accepted as an explanation of defective ery-
thropoiesis.” This has also been suggested

by the fact that phenotype reversal can be
induced s vitro by the addition of stem cell
factor (which uses a different transduction
pathway from erythropoietin) to inter-
leukin-3 and erythropoietin to CD34* bone
marrow cells from DBA  patients.™™
However, EPOR and other genes encoding
for erythropoietic growth factors have been
ruled out as potential candidates.®"™"

More than 50% of patients respond to
steroid therapy, though the mechanisms
involved are unknown* Options in steroid-
resistant patients are chronic red cell trans-
fusions or allogeneic stem cell transplanta-
tion.” A number of patients experience
spontaneous remission, irrespective of the
type of treatment.* Patients with DBA also
show an increased risk of malignancies.!
One-third of patients have malformations,
usually invelving the upper limbs, head, the
urogenital or cardiovascular system, and
short stature.

One gene on chromosome 19q13.2,
encoding ribosomal protein (RP) 519,
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accounts for 25% of patients with either the dominant
or the sporadic form of DBA.*"** A second DBA locus
has been identified on human chromosome 8p22-p23
by linkage analysis;® however, the lack of linkage of
DBA to either the 8p or the 19¢ critical regions in some
families suggests that other genes are involved. DBA is
the first human disease known to be caused by muta-
tions in a ribosomal structural protein. The malforma-
tions and short stature occurring in DBA could be the
consequence of defective protein synthesis during
embryogenesis. Interestingly, Drosophila mivute pheno-
types, characterized by delayed larval development,
diminished viability, reduced body size, diminished fer-
tility and thin bristles, are due to RP mutations.'”

The link between defective erythropoiesis and RPS19
is still unclear. The finding that most RPS19 mutations
completely suppress the expression of the allele has
suggested that haploinsufficiency is the main cause of
abnormal ervthropoiesis in DBA patients.'s® However,
some patients carry missense mutations in the RPS19
gene. Deficient nucleolar localization, which may lead
to abnomnal ribosome incorporation, has been found
for three missense mutants,™" and hence this may not
be a univocal disease mechanism.

RPS19 expression is greater in the early stages of ery-
thropoiesis, which are characterized by intense prolif-
eration, than in the late stages, characterized by matu-
ration of erythroid precursors® The role of RP519 is
also shown by the increase of BFU-E formation after
overexpression of transfected oncoretroviral wvectors
containing the wild-type cDNA in CD34* bone marrow
cells from DBA patients® and by the decrease of i vitro
erythropoiesis when RPS19 expression is impaired by
RINA interference.™ Like other structural ribosomal pro-
teins in humans and other organisms®* RPS19 may
have extraribosomal functions. Free RPS19 interacts
with fibroblast growth factor 2 ir vire and the RPS19
dimer released by apoptotic cells induces monocyte
chemotaxis. =

We used yeast two-hybrid screening® and a human
liver cDNA library obtained at 19-24 weeks of gesta-
tion, when hepatic erythropoiesis is efficient, to search
for proteins that interact with RPS19.

Design and Methods

Yeast two-hybrid screen

The human RPS1¢ ¢cDNA was amplified by reverse
transcription polymerase chain reaction (RT-PCR) from
peripheral blood leukocytes using the primers 5'-
CTGAATTCATGCCTGCGAGTTACTGTAAAAG-3'
and J5- GTCTCGAGCCAGCATGGTTIGTIC-
TAATGC-3' (GenBank database accession
nNM_001022). The products were digested with EcoRI
and Xhol and inserted into the pLexA vector (CLON-
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TECH Laboratories, Inc.). The expression library was
the Human Fetal Liver MATCHMAKER LexA cDNA
Library (Clontech) obtained from normal, whole livers
pooled from 32 male or female Caucasian fetuses spon-
taneously aborted at 19-24 weeks of gestation.
Plasmids were introduced into the yeast strain
EGY48[pBop-lacZ] and interacting proteins were dou-
ble-selected for growth on His/Leu/Trp/Ura-delicient
plates and p-galactosidase production. Interactions
were confirmed by transforming veast cells with DINA
from isolated clones. DINA sequencing was carried out
on an automated Applied Biosystem apparatus
(Applied Biosystems, Foster City, CA, USA).

Analysis of interactions between wild-type and mutant
RPS19 and PIM-1 in yeast

Competent cells of EGY48 [pBop-lacZ] were pre-
pared using the lithium acetate method.®
Transformations were performed using heat shock
treatment described in the Matchmaker Library
Protocol (Clontech). The EGY48 [pSop-lacZ] veast
strain was transformed with 2 pug of pB42 PIV-1 to
obtain EGY48 PIM-1, and yeast transformants were
plated on SD/-Ura/-Trp and incubated for 2 days at
30°C. cDNA corresponding to natural mutants found in
DBA (R56Q, R62W, R101H, and the in-Frame insertion
53_54insAGA) were inserted into the pLexA vector.

A single colony of EGY48PIV-1 was inoculated in
SD/-Ura/-Trp and grown overmight at 30°C with agita-
tion. For each transformation 1 ml of EGY48PIM-
fcompetent cells was mixed with 2 pg of DNA corre-
sponding to wild-type RPS19 and its natural mutants.
Yeast transformants were plated on SD/-Ura/-His/-Trp
and incubated for 3 days at 30°C. Interactions between
wild-type and mutant RPS19 with PIM-1 were qualita-
tively analyzed by streaking single colonies on SD/-
Ura/-Trp/-His/Gal/Raf/¥-Gal for 4 days to check for
the activation of the lacZ and Leu reporter genes (dara
nat shows).

The interactions were quantified by measuring the -
galactozidase activity in solution with yeast i-galactosi-
dase assay kit (75768; Pierce Chemical) at room tem-
perature, with O-nitrophenyl i-D-galactopyranoside as
the substrate. Briefly, single colonies of yeast co-trans-
formed with PIM-1 and natural RPS{9 mutants were
used to inoculate 3 mL of —Ura/-Trp/-His/Gal/Raf liquid
media and were allowed to grow to mid-log phase
overnight at 30°C. The ODaw was measured and 350 L
of each cell culture were mixed with 150 pL of veast
protein extraction reagent and with 150 uL of 2X fi-
galactosidase assay buffer. The reactions were incubat-
ed at room temperature until a color change was
observed and stopped by adding 300 uL of 2X B-galac-
tosidase assay stop solution. The total reaction time
was recorded. The cell debris was pelleted and the



ODum of the supernatants was measured. The [-galac-
tosidase units were calculated using the formula
U={1000x0ODux)t % v % ODsn), where v = volume of
culture used in the assay in milliliters, and ¢ = time of
assay in minutes. All assays were performed in parallel
with three colonies from each transformation. Each
experiment was perfommed in triplicate. The results
were then averaged. Each interaction was also evaluat-
ed by pooling six colonies from each transformation.
The statistical analysis was performed using
Wilcoxon's signed rank test for paired data.

Plasmids and expression vectors

RPS19 expression plasmids were constructed by
inserting RT-PCR, products into pcDNA3 (Invitrogen,
Milan, Italy) downstream from the sequence coding for
the FLAG-tag (pFLAG-RES) or into pGEX4.T1 {Amer-
sham Pharmacia, pGST-RPS). The natural RPS{9
mutantz B56Q, R62W, R101H, and an in-frame inser-
tion (53_54insAGA, which is expected to insert an argi-
nine after rezsidue 18) were prepared by RT-PCR from
peripheral blood lymphocytes of DBA patients after
informed consent or by PCR-dependent mutagenesis.
The mutation nomenclature used is that described by
den Dunnen and Antonarakis.® The full-length PIA-1
cDINA was obtained by RT-PCR from HeLa cells using
the following primers: 5'-CCGGAATTICCCTCTI-
GTCCAAAATCAACTCGCT-3' and 5-CCGCTC-
GAGCTATTTGCTGGGCCCCGGCG-3' (GenBank
database accession nNM_002648). The PCR fragment
was digested with EcoRl and Xhol and inserted into
pGEX-4T.1 (pGST-FIM). All constructs were
sequenced.

Cell lines and transfections

Human embryonic kidney 293T cells (ATCC #CRL-
11268) were cultured in Dulbecco's modified essential
medium supplemented with 10% fetal bovine serum at
37°C with 5% CO.. For DNA transfections, 3x10° cells
were plated in 90-mm diameter dishes and transfected
with the Lipofectamine 2000 kit (Invitrogen, Milan,
[taly) according to the manufacturer's intructions. After
48 hr, the cells were harvested in ice-cold AKT buffer
(20 mM Tus, pH 7.5, 3 mM EDTA, 150 mM NaCl 1%
Triton X-100,10% glycerol, 0.5 mM DTT, 1 mM PMSE
1 pg/mL leupeptin, 1 pg/mL aprotinin, 1 pg/mL pep-
statin) for 20 min on ice and sonicated three times. Cell
debris was removed by centrifugation and cleared
lysates were analyzed further. Human erythroleukemia
K562 cells (ATCC#CCL-243) were cultured in RPMI-
1640 medium supplemented with 10% fetal bovine
serum at 37°C with 5% COxz.

Antibodies and co-immunoprecipitations

Anti-RPS19 sera were prepared (Sigma Genosys,
Cambridge, UK) against the RPS19-derived peptide,
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LDRIAGOVAAANKKH, by injections in a rabbit. After
four immunizations, antibody was purified on peptide
affinity columns. Antibody activity was tested by
immunoblotting with recombinant RPS19.

Antibodies specific for PIM-1 (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) and the hemagglu-
tinin (HA) or the FLAG tags (Sigma, St. Louis, MO,
USA) were used as directed by the manufacturers.
Immunoblots were detected using horseradish peroxi-
dase-conjugated secondary antibodies and enhanced
chemiluminescence according to the supplier's instruc-
tions (Amersham, Arlington Heights, IL, USA).

Cleared lyzates from co-transfected cells (5 mg total
proteins] were pre-absorbed to protein-G beads
{Amersham, Arlington, Heights, IL, USA) for 1 hour at
4°C. Supematants were first incubated with anti-FLAG
antibody (5 ug) for 16 hours at 4°C on a rocker, and
then with new protein-G beads for 1 hour at 4°C.
Immunocomplexes were recovered by centrifugation at
3000 rpm for 1 min, washed four times with 1 mL of
AKT buffer, loaded onto a 12% polyacrylamide SDS-
gel and analyzed by immunoblotting,

GST-fusion proteins and in vitro binding assay
(GST pull-down assay)

Recombinant GST-PIM-1 fusion protein was pro-
duced in E. colf cells (strain [M109) and bound to glu-
tathione-Sepharose 4B resin (Sigma St. Louis, MO,
USA) as previously described.® For pull-down assays,
lysates (5 mg of total protein) from 293T cells trans-
fected with the indicated RPS19 contructs, were
incubated with 50 pL of GST-PIM-1 affinity resin
{~100 pg of recombinant protein) in AKT buffer for
16 hr at 4°C on a rocker. The GST-RPS19 wild-type
or mutant fusion proteins were similarly produced in
E. coli cells (strain BL-21) and used to prepare affinity
resins. For pull-down assays, K562 cell lysates (Smg
of total protein) were incubated with GST-RP519
affinity resins as described above. Bound proteins
were washed with TM 0.1 buffer (50 mM Tris-HCI,
pH7.9, 100 mM KCl, 12.5 mM MgCl, 1 mi EDTA,
1 mMDTT, 1 mM PMSE), eluted with T 0.5 buffer
(50 mM Tris-HCL, pH 7.9, 500 mM KCl, 12.5 mM
MgCly, 1 mM EDTA, 1 mM DTT, 1 mM PMSF), and
precipitated with 10% trichloracetic acid. The pellet
was washed twice with acetone, resuspended in
SDS-PAGE loading buffer {63 mM Tris-HCI pH 6.8,
5% glycerol, 1% SDS, 2.5% bromophenol-blue),
resolved by SDS-PAGE and subjected to immuno-
blotting with a monoclonal anti-PIM-1 antibody
(Santa Cruz Biotechnology).

Kinase assay

To determine whether PIM-1 was able to phosphory-
late RPS19, GST fusion proteins were individually
aftinity purified and eluted from the resins; next, 2.5 ug
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of GST-PIM-1 {20 pL of bead slurry) were washed
twice in kinase buffer (20 mM PIPES, pH 7.0, 5 mM
MnCl, 7 mM pB-mercaptoethanol) and then resuspend-
ed in kinase buffer and mixed with 10 pg of GST-
RPS19. The reaction was started by adding 10 mM ATP
and 10 uCi of yv-*P-ATE. Histone H1, an effective sub-
strate for a number of serine/threonine kinases (Upstate
#14155), was used as a positive control, whereas GST
alone was used as a negative control. Reactions were
incubated at 30°C For 30 min, boiled in SDS-PAGE
loading buffer, resolved on an SDS gel, and subsequent-
ly analyzed by autoradiography.

Sucrose gradient fractionation

Human embryonic kidney 293T cells were lysed in
lysis buffer [10 mM NaCl, 10 mM MgClz, 10 mM Trs-
HCI (pH 7.3}, 1% Triton X-100, 1% sodium deoxy-
cholate, aprotinin 1 pg/mL, leupeptin 1 pg/mlL, pep-
statin A 1 pg/ml, PMSE 100 pg/mlL]. After incubation
on ice for 1 min, the extract was centrifuged for 1 min
in a cold centrifuge and the supematant was frozen in
liquid nitrogen or loaded directly onto a 5%-65% linear
sucrose gradient containing 30 mM Tris-HCI (pH 7.5),
100 mM NaCl, and 10 mM MgCl and centrifuged in a
Beckman SW 41 rotor for 3 hr at 37,000 rpm. Twelve
fractions were collected while monitoring the
absorbance at 260 nm. Proteins from each fraction were
precipitated with 10% trichloracetic acid. The pellet
was washed with acetone, dried, and resuspended in
SDS-PAGE loading buffer (63 mM Tris-HCl pH 6.8, 5%
glycerol, 1% SDS, 2.5% bromophenol-blue) . The first
five fractions (polysomes) were pooled and loaded
entirely on a single lane, whereas only 1/10 of fraction
11 and 12 was loaded on the gel.

The proteinz were separated on 12% SDS polyacry-
lamide gel, transferred onto a polyvinilydene fuoride
membrane and incubated with either rabbit anti-
RPS19, or a monoclonal anti-PIM-1 antibody (Santa
Cruz Biotechnology) or rabbit anti-S6K1 (Santa Cruz
Biotechnology, Sc-230). Immunoblots were detected
with SuperSignal reagent (Pierce).

Screening for mutations of PIM-1 in DBA patients
PIM-1 gene mutations were sought in 116 DBA
patients: 17 patients carried mutations in RPS19 and 99
did not. Patients with these mutations were studied to
ascertain whether PIM-1 is a modifier gene. Gene
analysis was performed on genomic DNA izolated
from peripheral blood leukocytes with standard tech-
niques. Coding sequences and intron-exon boundaries
were amplified by PCR and sequenced using the ABI
FRISM 310 Genetic Analyzer {Applied Biosystem,
Foster City, CA, USA). Restriction digestion of the spe-
cific PCR product was used to trace segregation of the
identified DNA change in a mutated family and test 50
unrelated normal individuals. Genetic analyses were
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performed on patients and controls after informed con-
sent had been given.

Results

RPS19 interacts with PIM-1

RPS19 gene mutations account for 25% of DBA
cases. Even so, the comrelation between RPS19 func-
tions and normal erythropoiesis is still unknown. We
employed yeast two-hybrid screening to identify cellu-
lar proteins that interact with RP519 and were thus
likely to link it to pathways involved in the regulation
of erythropoiesis. We used a full-length cDNA for
RP519 to screen a cDMNA library of human embryonic
liver cells obtained at 19-24 weeks of gestation, when
hepatic erythropoiesis is active. Approximately 107
yeast transformants, co-expressing the pLexA-RPS19
bait and the cDMNA clones, were tested in the two-
hybrid assay and 38 clones that activated two separate
reporter genes (fi-galactosidase and leucine) in an
RPS19-dependent fashion were recovered. Four inde-
pendent clones (a-d) harbored in-frame fragments cod-
ing for PIM-1 proteins lacking different N-terminal por-
tions. The most extended clone, designated PIV-a,
encoded a PIM-1 protein lacking the first 47 codons. To
rule out the posaibility that the PIM-1/BPS19 interac-
tion was an artifact due to the absence of this N-termi-
nal sequence, we constructed a PIM-1 full-length cDNA
and confirmed the interaction in yeast cells (data wor
shoven).

PIM-1 interacts with RPS19 in vitro and in human cells
and phosphorylates it

To rule out the possibility that the PIM-1/RPS19
interaction could be mediated by veast proteins, we
performed an i vitre pull-down assay. GST-PIM-1 affin-
ity resin was incubated with lysates from human
embryonic kidney 293T cells transfected with pFLAG-
RFS519 plasmid DINA. Bound proteins were separated
by SDS-PAGE and analyzed by western blot using an
anti-FLAG antibody. As shown in Figure 1A, tagged
RFS19 protein was specifically retained by the GST-
PIM resin. A co-immunoprecipitation assay was used
to confirm the PIM-1/RPS19 interaction in living
human cells. 293T cells were co-transfected with
pFLAG-RPS19 and pHA-PIM DNA, and cell lysates
were immunoprecipitated with an anti-FLAG antibody.
Immunocomplexes were resolved by SDS-PAGE and
analyzed by western blot using an anti-HA antibody.
As shown in Figure 1B, a band corresponding to the
expected HA-FIM-1 protein was exclusively revealed in
lysates from cells co-transfected with pFLAG-RPS19
{Figure 1B, right panel).These data demonstrate that
HA -tagged FIM-1 interacts with FLAG-RPS19.

Many data show that K362 cells are erythroid-
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Figure 1. PIM-1 binds RP519. A. 293T cells were transiently transfected with pcDNA3.1 empty vector (lane 1) or pFLAG-RPS519 construct
(lanes 2 and 3) and cell lysates were incubated with either GST (lane 2) or GST-PIM-1 affinity resin (lanes 1 and 3). The bound proteins
(upper panel) and total cell lysates (lower panel) were immunoblotted using an ant-FLAG antibody. B. 293T cells were transiently trans-
fected with pcDNA3.1 empty vector (lanes 1, 3) or pFLAG-RP519 plus pHA-PIM-1 (lanes 2. 4). Cell lysates were immunoprecipitated (left
panel) with the anti-FLAG antibody and the immunocomplexes were immunoblotted with the anti-HA or antiFLAG antibodies. Total
Iysates ara shown In the middle panel. In the right panel 293T cells were transfected with empty vector (lanes 5. 7) or with pFLAG-RPS19
(lanes 6. 8): lysates were immunoprecipitated with antiFLAG antibody (lanes 7, 8) and all samples were immunoblotted with anti-HA
antibody (upper panel) or anti-FLAG antibody (lower panel). C and D. Lysates from human erythroleukemia K562 cells were incubated
with either GST alone (C and D: lane 1) or GST-RPS19 (C: lane 2) or GST-PIM-1 affinity resins (D: lane 2). Total cell lysates (C and D:
lane 3) were immunoblotted using the anti-PIM-1 antibody (C) or the ant-RPS12 antibody (D). Bold and empty head arrows indicate

immunoglobulin heavy and light chains. respectively. Molecular weights are shown.

derived cells capable of hemoglobinization when
exposed to erythropoietin® Therefore, we also verified
the RPS19/PIM-1 interaction in these cells, which rep-
resented a more pertinent model than embryonic kid-
ney 2937 cells. A pull-down assay was performed on
K562 whole cell extracts with a GST-EPS19 affinity
resin, and the bound proteins were analyzed by
immunoblotting with an anti-PFIM-1 antibody (Figure
1C). To ascertain whether the endogenous RPS19 was
able to interact with FIM-1, we also performed the
reverse pull-down assay using the GST-PIM-1 affinity
resin; in this case the bound proteins were analyzed by
immunoblotting with a RP519 polyclonal antibody
{Figure 1D). Taken together, these results confirm that
RPS19 and PIM-1 interact each other, and suggest that
they form a stable complex in living cells. Since PIM-1
15 a serine/threonine kinaze, we evaluated whether
RPS19 is phosphorylated by FIM-1 in an  vire kinase
assay. The results shown in Figure 2 demonstrate that
RFS519 is a substrate for PIM-1 activity s vitro and sug-
gest that their interaction may be of functional signifi-
cance.

DBA natural mutants aiter the binding with PIM-1
Various kinds of RPS19 mutations are found in DBA
patients and many completely suppress the expression
of the allele.'¥*" To determine whether DBA-associat-
ed mutations affect the binding of RPS19 to PIM-1, we
analyzed the DBA missense mutants R360, REZW,
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Figure 2. PIM-1 phosphorylates RPS19. GST-RPS19 and GST-PIM-
1 were expressad in E coli and affinity purified. Eluted GSTPIM-1
protein was used in the Kinase assay, using as substrate either
GST-RP519 or histone-1 {positive control) or GST proteins (nega-
tive control). Phosphorylated proteins were separated by 10%
SDS-PAGE and visualized by autoradiography (left panel).
Coomassie staining (right panel) shows the proportion of recom-
binant protein used in the Kinase assay. Data are representative
of three independent experiments. *Autophosphorylation.

R101H and an in-frame insertion, 53_54insAGA, by
pull-down experiments. Lysates from 293T cells trans-
fected with wild-type RPS1¢ or mutant cDNAs were
incubated with the GST-FIM-1 affinity resin and bound
proteins analyzed by immunoblotting. The results, rep-
resentative of several independent experiments, are
shown in Figure 3A. All the mutant proteins bind to
PIM-1, but with different strengths. In particular,
whereas R101H showed reduced binding, R62W and
R56Q) showed increased binding, as compared to the
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Figure 3. Binding of DBA mutants to PIM-1. A, 293T
cells were transiently transfected with wildtype or
human DBA mutant constructs. Protein expression
was checked by immunoblotting total lysates with the
anti-FLAG antibody (lower panel). FLAG-RP519 DBA
mutants were analyzed by pull-down assay on GST-
PIM-1 resin: bound proteins were immunoblotted with
anti-FLAG antibody (upper panel). Data are represen-
tative of three independent experiments. B. Yeast
cells were cotransfected with p-Lex A RPS19 wild-type
or mutant constructs and pB42 PIM-1. Activation of
the LacZ reporter gene was determined by [-galac-
tosidase assay. The activity of mutants in each assay
was normalized to the activity of the wild-type con-
struct, which was assigned an activity of 1.0. Each
experiment for each mutant was repeated nine times,
and the errors shown are the standard deviations
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from the averages. C. The reverse pull<down assay
was performed on GSTRPS519 wildtype or mutant
resing using K562 cell total lysate; bound proteins
were immunoblotted with anti-PIM-1 antibody (see
text for details).

wild-type protein. We also employed a semi-quantita-
tive yeast [i-galactosidase assay to evaluate these differ-
ences, as reported by other authors with other interac-
tors.® The results (Figure 3B) show that the R101H
mutant significantly reduced the interaction (p<0.01),
whereas the R560 and R62ZW mutants increased it
(#<0.01). This behavior was shown in many independ-
ent experiments and was not due to differences in pro-
tein expression in yeast cells, as checked by westem
blot analysis (data wot shown). Nevertheless, to exclude
the possibility that stoichiometric differences among
the RPS19 proteins could have affected their binding to
PIM-1, we performed reverse pull-down assays using
either the GST-RP519 wild-type or R62W or R101H
affinity resins. Equal amounts of K562 whole cell
extract were incubated with equivalent amounts of
GST-RP519 affinity resins and bound endogenous PIM-
1 was detected by immunoblotting with anti-FIM-1
antiserum (Figure 3C). In these conditions, too, com-
pared to the wild-type protein, R101H showed reduced
binding, whereas R6ZW showed increased binding.
The results confirmed those observed in previous
experiments and illustrate differences in the ability of
the RP519 proteins to interact with PIM-1.

At this stage, we do not know whether the mutations
affect the on/off rate of the interaction because of struc-
tural differences or altered intracellular distribution of
RP519 proteins. Further analyses are needed to ascer-
tain the functional role of these differences.
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PIM-1 interacts with polysomes

To check whether RPS19 and PIM-1 interact on the
ribosome, we analyzed the sedimentation profile of
cytoplasmic extracts from 293T cells. Extracts were
fractionated on a linear sucrose gradient to separate
polyzomes (fractions 1-5), 808 ribosomes, 605 and 405
ribosomal subunits and ribosome-free cytosol (as indi-
cated in Figure 4A). Collected fractions were subjected
to SDS-PAGE and imwmunaoblot analysis with specific
antibodies. Preliminary experiments on HEK 293 cells
transiently transfected with pHA-PIM-1 indicated that
at least part of the tagged PIM-1 was associated with
polyzomes and 40S ribosomal subunit (wot shows).

We then repeated the analysis on untransfected cells
with antibodies against PIM-1, RPS19, and a known
cytosolic serine-threonine kinase, S6K1* which phos-
phorylates ancther ribosomal protein, RPS6. The results
{Figure 4B) indicate that S6K1 sediments in cytosolic
ribosome-free fractions whereas RPS19 is distributed in
fractions 1 to 9 (polysomes to 408 subunit), as expected.
Interestingly, most PIM-1 distributes together with
polysomes, as well as in 805 and 408 fractions, demon-
strating that the interaction with RPS19 occurs on ribo-
somal particles. A lower molecular weight band recog-
nized by anti-PIM-1 antibodies was visible in the cytoso-
lic nbosome-free fractions. This could be a PIM-1 iso-
form reported by other authors in the nucleus and the
cytoplasm.** However it constitutes a small fraction of
the total cytoplasmic FIM-1. Therefore our results are
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Figure 4. PIM-1 associates with ribosomes. A. Cytoplasmic
extracts from 293T cells were fractionated onto a 5-65% sucrose
gradient. The absorbance profile and the polysomal and ribosomal
fractions are indicated. B. Fraction aliquots were precipitated by
trichloroacetic acid and analyzed by western blot using antibodies
against PIM-1, RP519. and 56 Kinase-1. Only 1/10 of fractions 11
and 12 was analyzed. Arrow indicates a slower migrating PIM-1
Isoform (see text).

consistent with the possibility that the RPS19-FIM-1
reaction in the cytoplasm takes place on translationally
active ribosomes. However, since both RPS19 and PIM-
1 are also located in the nucleus, these data cannot rule
out the possibility that the interaction takes place in the
nucleus, as well.

Mutation screening of PIM-1 in DBA patients

To check whether PIV-{ iz a candidate gene for DBA
forms not due to RPS{9 mutations, we performed
mutational screening in 99 DBA patients and identified
two missense mutations: PA11T (C—A) and CI7Y
(G—A). These mutations were not found in 50 normal
controls.

The patient heterozygous for FA11T has an intra-atri-
al defect (ostium secundum type), was diagnosed in
infancy, iz transfusion-dependent and a steroid non-
responder. Her reportedly healthy parents are not avail-
able for mutation analyses. We, therefore, analyzed the
mutant’s ability to bind RPS19 and to phosphorylate
either RPS19 or histone-1, in pull-down or s vitre phos-
phorylation assays, respectively. These abilities were
retained by the mutant PIM-1 (data not shows).

Mutation C17Y was found in a family which includ-
ed two DBA patients: the mother and one of her two
daughters. The affected mother is very short (<25D)
but without malformations. She was transfusion-
dependent as a child and iz now steroid-dependent.
The affected daughter was anemic in infancy and
responded to prednisone. After a few years, her hemo-
globin levels normalized and she iz now in complete
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remission. Her sister and father have always had nor-
mal hemoglobin levels. The C17Y mutation was car-
ved by the affected daughter and her healthy father
{(both were heterozygotes); thus it does not segregate
with the disease. Since there is a definite phenotypic
variation between the mother and daughter, it is possi-
ble that C17Y is a phenotype modifier and reduces the
seventy of the diseaze. However, we did not observe a
difference in binding strength to RPS19 between the
C17Y mutant and wild-type protein in a pull-down
assay (data not shown). We also searched for mutations
in 17 patients who carried a mutation in RPS19 to test
the hypothesis of PIM-{ being a modifier gene, Le. one
capable of modifying the DBA phenotype and thus
explaining the variable expressivity and/or incomplete
penetrance of this dizease. No mutations were identi-
bied in these patients.

Discussion

DBA is rare, but is important in hematology as a par-
adigm of an intrinsic genetic disorder of the committed
erythroid progenitor. Many of its clinical and pathogen-
ic aspects are still unclear. Mutations in the RPS19 gene
account for about 25% of cases.* DBA is the first and so
far the only human disease known to be due to a struc-
tural ribosomal protein defect. However, the link
between RPS19 and erythropoiesis remains to be clan-
fied. A generic deficiency of protein synthesis or a
defect of a distinct, so far unknown, physiclogic func-
tion of RP514 have been proposed.® These hypotheses
are not mutually exclusive.

We employed a yeast two-hybrid screen to look for
cellular partners that could link RPS19 to biological
pathways involved in erythropoiesis. Screening of a
human fetal liver ¢cDMNA library identified the PIM-1
oncoprotein as a prominent RP519 interactor. Qur data
also show that RPS19 interacts with PIM-1 both i vitre
and in living cells, including the erythroleukemia-
derived K562 cell line. Iir vitro this interaction leads to
RPS19 phosphorylation. The functional rele of the
interaction in living cells is also suggested by the obser-
vation that in human 293T cells PIM-1 interacts with
polysomes, the 80S and the small ribosomal subunit.

The proto-oncogene pim-1 (MIM164960) was frst
izolated in mouse T-cell lymphomas as a preferred inte-
gration site of the Moloney leukemia viruz” It encodes
for a serine/threonine kinase with autophosphorylating
activity and a very short half-life = PIM-1 is ubiqui-
tously expressed in mammalian tissues, but is strongly
induced as an eatly response gene by cytokines having
hemopoietin-type receptors®® such as erythropoi-
letin.** Ligand-mediated activation of these receptors
rapidly activates one or more members of the Jak fam-
ily of receptor-associated tyrosine kinases. Once acti-
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Figure 5. Model of the role of RPS19 in erythropolesis. PIM-1 transcription is under the con-
trol of the EPOR transduction pathway and is dependent on STATS. The interaction between
PIM-1 and RPS19 takes place mainly on the ribosome, and possibly in the nucleus. Binding
of PIM-1 to the ribosome suggests that the PIM-1/RPS19 interaction plays a role in general
or specific translational control.
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vated, these kinases phosphorylate members of the sig-
nal transducers and activators of transcription (STAT)
family of transcription factors. Activated STAT dimer-
ize, translocate to the nucleus and bind specifically to
promoter regions of responsive genes. In the erythroid
lineage, PIM-1 expression is correlated with the
JAKZ2/STATS-mediated mitogenic response to erythro-
poietin.*Since it is rapidly induced after cytokine stim-
ulation, PIM-1 has been thought to play a significant
role in the transduction of mitogenic signals from
cytokines. In agreement with this hypothesis, the pro-
liferative response to cytokines, in particular to inter-
leukin-3, is impaired in pim-i null mice® Confocal
microscopy has revealed dynamic redistribution of pie-
1 during the cell cycle: it moves from the nucleus to the
cytoplasm in interphase ® FIM-1 has also been associat-
ed with protection of hematopoietic cells from apopto-
sis induced by genotoxdic stress or growth factor with-
drawal ¥Its role in erythropoiesis is also suggested by
the observation that mice defective for pim-1 have
smaller red cells, whereas those hyperexpressing it dis-
play macrocytosis.®* Its effect on erythropoiesis is sup-
posed to be redundant in mice, since pim-1~"mice show
a mild phenotype.* On the other hand, hyperexpres-
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sion of pin-1 iz invelved in the development of myeloid
leukemias and lymphomas.®* Its effect on proliferation
and on apoptosis protection are probably involved in
tumorigenesis.® These effects are mediated by interac-
tions with multiple substrates, as for other serine-thre-
onine kinases ===

We have shown that RPS19 is another interactor for
PIM-1. Iis vitro this interaction leads to RPS19 phospho-
rylation. Several other ribosomal proteins, such as RPS6
and RPL13, undergo phosphorylation by serine-threo-
nine kinases.®* Phosphorylation of RPS6 is considered
to have a role in cell cycle control, whereas RPL13
phosphorylation is involved in a specific translational
control. The binding of PIM-1 to the ribosome suggests
that the PIM-1/RP519 interaction plays a role in gener-
al or specific translational control (Figure 3).

We do not know whether the PIM-1/RPS19 interac-
tion also takes place in the nucleus. However, the fact
that in our assay a cytosolic protein which phosphory-
lates RPS6 (S6K1) was not detected in the ribosomal
fractions indicates that the PIM-1/RP519 association is
more stable than a simple kinase-target interaction. The
question of the place of PIM-f in the pathogenesis of
DBA was investigated by determining whether the



PIM-1/RPS19 interaction iz altered by RPS19 DBA
mutants, and by looking for PIM-1 mutations in DBA
patients. To ascertain whether four DBA mutants
altered the PIM-1/RPS19 interaction, we used both a
pull-down and a yeast B-galactosidase assay. Three
mutants (R101H, R62W, and R56Q)) showed a altered
binding (Figure 3).

Reduced or increased binding may be supposed to
disrupt the finely-tuned regulation of the many activi-
ties of PIM-1. R101H and sull RPS49 mutations would
both impair its possible role in translational control and
leave PIM-1 available for other interactions. Since DBA
patients are at risk of malignancies,’ this could be due to
the increased availability of the oncoprotein PIM-1. By
contrast, mutations that increase the strength of the
interaction (R62W, R536Q)) might sequester both PIM-1
and RP519 and make them less available for their other
functions, including nbosome biogenesis. Both
hypotheses need to be assessed with other experi-
ments. Lastly, mutational screening of PIV-1 in 116
DBA patients led to the identification of two missense
mutations. These do not seem to alter the interaction
with RPS19 dramatically. These mutations do not affect
important PIM-1 domains.™® However, since they
were not found in 50 normal controls, they are not
common polymorphisms. Even if our data show that
PIM-1 is not a major DBA gene, its missense mutations
may subtly modulate the phenotype in those patients
who camry them.

As to the pathogenesis of DBA, our data cannot be
used to discriminate between the two hypotheses
which consider DBA as a ribosome biogenesis defect or

The interaction between RP519 and PIM-1

due to the loss of a second function for RPS49. Ttis like-
ly that both mechanisms co-operate to induce the ery-
throid defect. However, our data show that the Func-
tion implicated by PIM-1 binding is still connected with
the ribosome and that RPS19 may have more than a
merely structural role. In conclusion, our study demon-
strates that RPS19 is a new interactor of PIM-1. A link
between hematopoietic growth factor signaling and
RPS19 has been identified for the first time and may be
involved in the pathogenesis of DBA.
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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 STAUL1, 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 Il, Napoli.
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Ribosomal protein S19 (RPS19) is a 16-kDa protein found
mainly as a component of the ribosomal 40 S subunit. Its
mutations are responsible for Diamond Blackfan anemia,
a congenital disease characterized by defective erythroid
progenitor maturation. Dysregulation of RPS19 has there-
fore been implicated in this defective erythropoiesis, al-
though the link between them is still unclear. Two not
mutually exclusive hypotheses have been proposed: al-
tered protein synthesis and loss of unknown functions not
directly connected with the structural role of RPS19 in the
ribosome. A role in rRNA processing has been surmised
for the yeast ortholog, whereas the extracellular RPS19
dimer has a monocyte chemotactic activity. Three pro-
teins are known to interact with RPS19: FGF2, comple-
ment component 5 receptor 1, and a nucleolar protein
called RPS19-binding protein. We have used a yeast two-
hybrid approach to identify a fourth protein: the serine-
threonine kinase PIM1. The present study describes our
use of proteomics strategies to look for proteins interact-
ing with RPS19 to determine its functions. Proteins were
isolated by affinity purification with a GST-RPS19 recom-
binant protein and identified using LCMS/MS analysis
coupled to bicinformatics tools. We identified 159 pro-
teins from the following Gene Ontology categories: NT-
Pases (ATPases and GTPases; five proteins), hydrolases/
helicases (19 proteins), isomerases (two proteins),
kinases (three proteins), splicing factors (five proteins),
structural constituents of ribosome (29 proteins), tran-
scription factors (11 proteins), transferases (five proteins),
transporters (nine proteins), DNA/RNA-binding protein
species (53 proteins), other (one dehydrogenase protein,
one ligase protein, one peptidase protein, one receptor
protein, and one translation elongation factor), and 13
proteins of still unknown function. Proteomics results
were validated by affinity purification and Western blot-
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ting. These interactions were further confirmed by co-
immunoprecipitation using a monoclonal RPS19 antibody.
Many interactors are nucleolar proteins and thus are ex-
pected to take part in the RPS19 interactome; however,
some proteins suggest additional functional roles for
RPS19. Molecular & Cellular Proteomics 6:382-393,
2007.

RPS19" is a structural component of the ribosomal 40 §
subunit. It was considered to have only a structural role until
its loss-of-function mutations were identified in patients with a
rare hematological disease, Diamond-Blackfan anemia (DBA)
(OMIM 105650) (1-3). DBA is characterized by defective
erythroid pregenitor maturation and is the first human disease
due to mutations in a structural ribosomal protein. Dysregu-
lation of RPS19 has thus been surmised as the cause of this
defective erythropoiesis, although the link between them is
still unclear. The finding that most RPS19 mutations suppress
the expression of the allele has suggested that haploinsuffi-
ciency is the main cause of the defect (4, 5). However, some
patients carry missense mutaticns in the RPS19 gene. Defi-
cient nucleolar localization may lead to abnormal ribosome
incorporation and has been found for four missense mutants
(6, 7)%; this means that the disease mechanism may not be
univocal.

RPS19 expression is increased during the intense prolifer-
ation at the start of erythropciesis compared with the matu-
ration of precursors at its close (8). Enhanced erythroid burst-
forming unit formation after overexpression of a wild type
transgene in CD34+4+ bone marrow cells from DBA patients (9)
and depressed in witro erythropoiesis when RPS19 is knocked
down (10} are other illustrations of its role.

Like other ribosomal proteins (RPs), RPS19 translocates
from the cytoplasm to the nucleus where it participates in
ribosome biogenesis. In yeast its absence is associated with

' The abbreviations used are: RPS19, ribosomal protein $19; RP,
ribosomal protein; GATA1, globin transcription factor 1; DBA, Dia-
mond-Blackfan anemia; HPRD, Human Protein Reference Database;
FGF, fibroblast growth factor; PCV, packed cell volurme; NCL, nucleo-
lin; wLC, microcapillary LG; NGBI, MNational Center for Biotechnology
Information; IGF2EBP1, insulin-like growth factor 2-binding protein 1;
MCM, minichromesome maintenance-deficient protein; RNP, ribonu-
cleoprotein; OMIM, Online Mendelian Inheritance in Man.

2F. Loreni, manuscript in preparation.
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abnormal rRNA cleavage and defective 40 S biogenesis (11,
12). It has recently been suggested that defective erythropoi-
esis in DBA is due to the faulty protein synthesis particularly
evident in progenitors whose RPS19 levels are lower than in
other tissues (13, 14).

We have used a yeast two-hybrid system to show that
RPS19 binds PIM1, a ubiguitous serine-threonine kinase
whose expression can be induced in erythropoietic cells by
several growth factors, such as erythropoietin (15). We also
showed that in human 293T cells PIM1 interacts with ribo-
somes and may be involved in translational control (15). A role
in translational control of specific transcripts has been shown
for other ribosomal proteins (.e. RPL13 and RPL26) (16, 17).

It thus appears that RPS19, in addition to its structural role
in the ribosome, is involved in ribosome biogenesis, specifi-
cally in rRNA processing and possibly in translation. These
functions are probably assisted by interaction with different
protein substrates.

In the study now reported, we used functional proteomics
procedures to look for proteins interacting with RPS19 (18)
and thus secure additional information regarding its function
and regulation. We identified 159 RPS19-associated proteins.
These included many ribosomal proteins and proteins with a
known role in ribosome biogenesis. Furthermore the identifi-
cation of proteins with other functions, such as translational
control and splicing, indicates that RPS19 may also be in-
volved in RNA processing/metabolism and translational
control,

EXPERIMENTAL PROCEDURES

Cell Culture and Whole Cell Extract— Human erythroleukemia K562
cells (ATCG number CCL-243) were cultured in RPMI 1640 medium
(Sigma) supplemented with 10% fetal bovine serum (Invitrogen), 100
units/ml penicillin, and 0.1 mg/ml streptomycin at 37 "C with 5% CO,.

To prepare whole cell extract, 10® K562 cells were harvested and
resuspended in 4 packed cell volumes (PCVs) of ice-cold buffer H (10
mM Tris-HCI, pH 7.8, 10 mm KCI, 2 mMm EDTA, 20 pg/ml leupeptin, 8
pg/ml pepstatin A, 0.2 units/ml aprotinin, 2 mm PMSF, 5 mm DTT, 2
mM sodium metabisulfite). Cells were disrupted with 4 PCVs of a
solution containing 50% glycerol and 25% sucrose and 1 PCV of
saturated ammonium sulfate. Cell debris were removed by centrifu-
gation at 35,000 rpm for at least 3 h, and proteins were precipitated
with 0.33 g/ml ammonium sulfate. The protein pellet was resus-
pended in 1 ml of TM 0.0 buffer (50 mM Tris-HCI, pH 7.9, 12.5 mM
MgClz, 1 mM EDTA, 1 mm DTT, 1 mm PMSF) and stored at —20 *C.

Expression and Purification of Fusfon Proteins— The human RPS19
cDNA was amplified by RT-PCR (15) and cloned into pGEX-4T-1
(Amersham Biosciences) to generate plasmid pGEX-RPS18. As a
further control we used a pGST-NTGATA1 construct that encodes for
a GST fusion protein with the N-terminal domain of the human GATA1
transcription factor (19).

GST, GST-RP319, and GST-GATA fusion proteins were expressed
in Escherichia coli cells, strain BL21, by induction with 0.5 mM iso-
propyl 1-thio-B-D-galactopyranoside for 1 h at 37 “C. Bacteria were
resuspended in PBS containing 1% Triton X-100, 1 mM EDTA, 1 mM
PMSF, 1 pg/ml leupeptin, 1 pg/ml aprotinin, and 1 pg/ml pepstatin.
Bacterial extracts were sonicated and centrifuged to remove cell
debris. GST proteins were purified by affinity binding to GST-Bind™
resin (Novagen, Madison, WI). Protein samples were separated by

SDS-PAGE and compared with known concentrations of bovine se-
rum albumin after Coomassie Brilliant Blue staining.

Affinity Purification—Whole cell extract was preincubated with GST
resin (300 pg of recombinant protein) for 1 h at 4 °C. Unbound
proteins were then incubated with the same quantity and volume of
GST-RPS19 resin overnight at 4 °C on a rocker. The resin was ex-
tensively washed with TM 0.1 buffer (0.1 M KCl in TM 0.0 buffer), and
bound proteins were eluted with TM 0.5 buffer (0.5 m KCI in TM 0.0
buffer) and precipitated with 20% trichloroacetic acid. The pellets
were washed twice with acetone, dried, and used for mass spectrom-
etry. This experiment was repeated six times to provide encugh
samples.

Monocional Antibody against RPS19 —Immunization and screen-
ing for putative moneclonal antibodies have been carried out accord-
ing to Gianfriglia et al. (20). Briefly BALB/c mice (age, 12 weeks) were
repeatedly intraperitoneally injected (five times) with 30 pg of purified
GST-human RPS19 (the first injection was diluted with Freund's com-
plete adjuvant; the second injection, after 10 days, was diluted with
Freund's incomplete adjuvant; the other boosters, every 4 days, were
with saline solution). Hybrid cells were cbtained by fusion of myeloma
cells (SP2/0-AG-14) with polyethylene glycol (Sigma) and were
screened by ELISA with recombinant GST-RPS19. Positive clones
were expanded, and the supernatant was analyzed by Western blot-
ting. Highly positive hybridomas were cloned by limiting dilution, and
the stable line C3 was selected for the preduction of antibody specific
for RPS19. The heavy chain isotype of C3 monoclonal antibody is
IgG1 with « light chains as determined by a mouse hybridoma sub-
typing kit (Roche Applied Science).

Validation by Western Blot and Co-immunoprecipitation—To vali-
date the MS/MS results, new preparations of GST-RPS19 pulldowns
were subjected to Western blot analysis. Antibodies specific for PIM1
(Upstate, Charlottesville, VA), insulin-like growth factor 2-binding pro-
tein 1 (IGF2BP1) (IMP1), minichromosome maintenance-deficient
protein 6 (MCMs), DDX5, and nucleclin (NCL) (C23) (Santa Cruz
Biotechnology, Santa Cruz, GA) were used according to the manu-
facturer's instructions. Monoclonal anti-STAU1 antibody was a gift
from Dr. Luc DesGroseillers (21) (University of Montreal, Montreal,
Canada) and used at a dilution of 1:1000. The polyclonal antibody
against DKC1 was a gift from Philip Mason (Washington University,
St. Louis, MO) (22) and used at a dilution of 1:5000. All immuncblot
detections were carried out using horseradish peroxidase-conjugated
secondary antibodies and enhanced chemiluminescence [Amersham
Biosciences) with the enception of the nucleolin blots where an alka-
line phosphatase-conjugated secondary antibody was used (Sigma).

For co-immunoprecipitation analyses, 0.5% Triton X-100 was
added to K562 whole cell extracts, prepared as described above.
Extracts were precleared by incubation with protein G-agarose
(Sigma) on a rocker for 1 h at 4 "C.

The supematant was incubated with an anti-RPS19 menoclonal
antibody (hybridoma supernatant) and with protein G-agarose on a
rocker at 4 °C for 16 h. As a negative control, we used an anti-
hemagglutinin monoclonal antibody (Santa Cruz Biotechnology).

Immunccomplexes were pelleted by centrifugation, extensively
washed with Washing Buffer (TM 0.1 + 0.5% Triton X-100), resus-
pended in SDS-PAGE Sample Buffer (750 mm Tris-HCI, pH 8.8, 5%
SDS, 40% glycerol, 10% B-mercaptosthanol), and subjected to
Westem blot analysis using antibodies specific for PIM1, IGF2BP1,
MCM&, DDXs, STAU1, DKC1, and NCL.

SDS-PAGE, In-gel Digestion, Peptide Mapping, and Mass Spec-
fromefry— The six pellets obtained by affinity purification were resus-
pended in SDS-PAGE sample buffer and pooled for one-dimensional
electrophoresis. The total volume for each sample (GST and GST-
RPS19) was 50 pl. The two protein mixtures were fractionated by
8-18% SDS-PAGE. Molecular masses of protein bands were esti-
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mated by using Precision Plus All Blue protein standards (Bio-Rad).
Protein electrophoretic patterns were then visualized using GelCode
Blue Stain Reagent (Pierce).

The GST-RPS19 and GST gel lanes were cut to create 65 2-mm
slices per lane. Each slice was crushed and washed first with aceto-
nitrile and then with 0.1 M ammeonium bicarbonate. Protein samples
were reduced by incubation in 10 mM dithiothreitol for 45 min at 56 °C
and alkylated with 55 mM iedoacetamide in 0.1 M ammonium bicar-
bonate for 30 min at room temperature in the dark as described
previously (23). The gel particles were then washed with 0.1 m am-
maonium bicarbonate and acetonitrile. Enzymatic digestions were car-
ried out with modified trypsin (Sigma) (10 ng/wl) in 50 mM ammonium
bicarbonate, pH 8.5, at 4 °C for 45 min. The enzymatic solution was
then removed. A new aliquot of the buffer solution was added to the
gel particles and incubated at 37 °C for 18 h. A minimum reaction
volume sufficient for complete rehydration of the gel was used. Pep-
tides were extracted by washing the gel particles in acetonitrile at
37 °C for 15 min and lyophilized.

The peptide extract volumes were divided in two to inject the
peptide mixtures two times. The analysis were performed by
pLCMS/MS with a Q-TOF hybrid mass spectrometer (Waters, Milford,
MA) equipped with a Z-spray source and coupled on line with a
capLC chromatography system (Waters) or alternatively by using the
LC/MSD Trap XGT Ultra (Agilent Technologies, Palo Alto, CA)
equipped with a 1100 HPLC system and a chip cube (Agilent Tech-
nologies). After loading, the peptide mixture (7 ul in 0.5% TFA) was
first concentrated and washed (i) at 1 pl/min onto a C, 5 reverse-phase
precolumn (Waters) or {ii) at 4 pl/min in a 40-nl enrichment column
(Agilent Technologies chip) with 0.1% formic acid as the eluent. The
sample was then fractionated on a C,; reverse-phase capillary col-
umn (75 pm > 20 cm in the Waters system, 75 pm < 43 mm in the
Agilent Technologies chip) at a flow rate of 200 nl‘'min with a linear
gradient of eluent B (0.1% formic acid in acetonitrile) in A (0.1%
formic acid) from 5 to 60% in 50 min. Elution was monitored on the
mass spectrometers without any splitting device. Peptide analysis
was performed using data-dependent acquisition of one MS scan
(mass range from 400 to 2000 m/Z) followed by MS/MS scans of the
three most abundant ions in each MS scan. Dynamic exclusion was
used to acquire a more complete survey of the peptides by automatic
recognition and temporary exclusion (2 min) of ions from which de-
finitive mass spectral data had been acquired previously. Moreover a
permanent exclusion list of the most frequent peptide contaminants
(keratins and trypsin doubly and triply charged peptides: 403.20,
517.00, 519.32, 525.00, 532.90, 559.32, 577.30, 587.86, 616.85,
618.23, 721.75, 745.90, 747.32, 758.43, 854.30, 858.43, 896.30, and
1082.06) was included in the acquisition method to focus the analy-
ses on significant data.

Data Analysis—Raw data from plLCMS/MS analyses were con-
verted into a Mascot format text to identify proteins by means of the
Matrix Science software (24). The protein search was governed by the
following parameters: nen-redundant protein sequence database
(NCEInr, January 24, 2006 download, 3,229,765 sequences), speci-
ficity of the proteclytic enzyme used for the hydrolysis (trypsin), tax-
onomic category of the sample (Homo sapiens), no protein molecular
weight was considered, up to one missed cleavage, cysteines as
S-carbamidomethylcysteines, unmodified M- and C-terminal ends,
methionines both unmodified and oxidized, putative pyro-Glu forma-
tion by GiIn, precursor peptide maximum mass tolerance of 150 ppm,
and a maximum fragment mass telerance of 300 ppm. In the experi-
ence of the authors' laboratory all the MS/MS spectra displaying a
Mascot score (24) higher than 38 show a good signal/noise ratio
leading to an unambiguous interpretation of the data. Individual
MS/MS spectra for peptides with a Mascot score (24) equal to 38
were inspected manually and only included in the statistics if a series
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Fic. 1. GST-RPS19 affinity purification. Proteins from K562 whole
cell extract were affinity-purified using GST or GST-RPS19 resins.
Bound proteins were eluted, resolved on an 8-18% SDS-polyacryl-
amide gel, and stained with colloidal Coomassie.

of at least four continuous y or b ions were observed.

In Silico Analysis— A list of primary (direct) and secondary (indirect)
protein-protein interactions of RPS19 was created using the web-
available Human Protein Reference Database (www.hprd.org). In April
2006, the database contained 20,097 human protein entries, 33,710
documented protein-protein interactions, and 171,677 links to the
PubMed literature. Primary interactions of RPS19 were screened for
protein interactors to define an in silico interaction map with the
indirect protein partners. This map was then compared with the
RPS19 protein partners identified in this study. In addition a list of
primary interactions was created by HPRD for each identified protein.

Lastly the list of RPS19 protein partners was comparad with the
Nucleolar Proteome Database (www.lamondlab.com/NoPDB) (25)
and with the Pre-Ribosomal Network yeast database (www.pre-ribo-
some.de/Home.html) (26). Ortholog Saccharomyces cerevisiae gene
names were determined using the web-available database Ensembl
(www.ensembl.org).

RESULTS

Identification of RPS19-interacting Proteins— To determine
the RPS19 interactome in K562 cells, we performed
LCMS/MS analysis of proteins purified by pulldown experi-
ments on a GST-RPS19 affinity resin. The proteins eluted
from the GST-RPS19 or the negative control GST resins were
fractionated by 13-cm 8-18% SDS-PAGE and revealed by
colloidal Coomassie stain (Fig. 1). SDS-PAGE indicated that
the RPS19-associated proteins span a broad molecular
weight range. The two major bands at 26 kDa (Fig. 1, lane
GST) and at 43 kDa (Fig. 1, lane GST-RPS19) correspond to
the bait proteins as verified by Western blotting with anti-GST
antisera (data not shown). To check the efficiency of the
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pulldown experiments, aliquots of the proteins eluted from the
G3T or the GST-RPS19 resins were analyzed by Western blot-
ting using an anti-PIM1 antibody. PIM1 (i.e. the positive control)
was identified in the GST-RPS19 lanes only (see Fig. 4).

The procedure described under “Experimental Procedures™
gave 65 peptide mixture samples from each lane. The peptide
extract volumes were divided in two to analyze peptide mix-
tures two times by plLCMS/MS. These duplicates showed a
high level of reproducibility where in all cases identifications
from the first analysis were confirmed from the second one.
Peptide mixtures deriving from the GST lane constituted our
control for the analysis of GST-RPS19 lane and were therefore
always injected before the peptides from the GST-RPS19
lane. Mass spectrometry data were then analyzed with the
Mascot software on the NCBI human protein sequence data-
base. To select proteins that interact specifically with RPS19,
we subtracted species common to the GST and GST-RPS19
lanes (Fig. 1). These proteins are shown in Supplemental
Table 1.

Table | displays the complete list of RPS19 protein interac-
tors identified in this study. Proteins are grouped according to
their known function, and for each identification the human
gene name, the corresponding protein name, and the ortholog
S. cerevisiae gene name is reported. Supplemental Table 2
reports for each protein entry the identified peptides together
with their sequences, the ohserved mass errors on the pre-
cursor peptides, the Mascot score for each peptide, and the
protein sequence coverage expressed as the number of
amino acids spanned by the identified peptides divided by the
seguence length. All protein species identified by a single
peptide were further checked. First the peptide sequence
stretch, manually verified, was searched on the Basic Local
Alignment Search Tool (BLAST) software at the NCBI web site
(ncbi.nlm.nih.gov/blast) against human taxonomy. When
other matches were possible, the candidate was removed
from the list. The remaining single peptide protein species
were added to the list only when involved in protein com-
plexes known to interact with mRNA/fRNA or reported to
interact with one of the proteins identified in this study (27—
32). Fig. 2 (A-D) shows the MS full scan, the MS/MS scan, and
the amino acid sequence relative to four identified RPS19-
associated proteins: IGF2ZBP1 (Fig. 24), MCM6 (Fig. 2B),
DDX5 (Fig. 2C), and STAU1 (Fig. 2D). STAU1 is an example of
protein species identified by a single peptide. Supplemental
Fig. S3 shows additional examples like CCT2 (A), DDX17 (B),
and NOLA3 (C).

The 159 human proteins identified in this study were di-
vided into Gene Ontology functional groups as shown in Fig.
34: NTPases (ATPases and GTPases, five proteins), hydro-
lases/helicases (19 proteins), isomerases (two proteins), ki-
nases (three proteins), splicing factors (five proteins), struc-
tural constituents of ribosome (29 proteins), transcription
factors (11 proteins), transferases (five proteins), transporters
(nine proteins), DNA/RNA-binding protein species (53 pro-

teins), other (one dehydrogenase protein, one ligase protein,
one peptidase protein, one receptor protein, and one elonga-
tion factor), and 13 proteins of still unknown function. They
were also grouped according to their Gene Cntology cellular
localization (Fig. 38) and the biclogical processes in which
they are involved (Fig. 3C). Moreover according to the Human
Mucleolar Database, 101 are nucleolar proteins (Supplemental
Table 3); many of these are part of the 90 S preribosome as
assessed by comparison with the yeast Pre-Ribosomal Net-
work (Supplemental Table 4).

Among the interactors we identified RPS8, a ribosomal
protein found in a previous yeast two-hybrid study.® In the
same study we alsc revealed PIM1 (15), which was not de-
tected in the proteomics analysis despite its presence in the
eluate from GST-RPS19 resin (Fig. 4) and in the immunopre-
cipitate obtained with the anti-RPS19 monoclonal antibody
(Fig. 5). The difference is presumably ascribable to the sensi-
tivity limitations of proteomics analysis compared with anti-
body-based assays.

Validation of MS/MS Data by Western Blotting and Immu-
noprecipitation— To corroborate the authenticity of the pro-
teins identified by MS/MS, we confirmed the presence of
representative proteins in the eluates from GST-RPS19 resins
by immunoblotting: the serine-threonine kinase PIM1,
IGF2BP1, MCM6, the DEAD box polypeptide 5 (DDXE).
Staufen (STAUT), dyskerin (DKC1), and NCL (Fig. 4).

Affinity purification was also performed using as negative
controls a GST-GATA1 protein and different amounts of the
GST protein. The bound proteins were eluted from the resins
and analyzed by Western blot using specific antibodies for
three selected interactors (DDX5, DKC1, and NCL). All these
negative controls confirmed the specificity of the interaction
between RPS19 and the proteins analyzed (Supplemental Fig.
S1).

In addition, we performed immunoprecipitations using
K562 lysates and a monoclonal antibody to RPS19 to show
that the same interactions occur in living cells. Immunopre-
cipitated proteins were resolved by SDS-PAGE and analyzed
by Western blotting with specific antibodies (Fig. 5 and Sup-
plemental Fig. S2). In Fig. 5 we omitted the results regarding
the positive co-precipitation of STAU1 because the close
co-migration of the immunoglobulin heavy chains affects the
quality of the data (as shown in Supplemental Fig. 24). Sup-
plemental Fig. S2, A, B, and G, shows the whole image of the
co-immunoprecipitation assay.

In Silico Analysis of RPS18-interacting Proteins and Com-
parison with in Vitro Strategies

We carried out an in silico proteomics analysis of proteins
known to directly or indirectly interact with RPS$19. Examina-
tion of the publicly available databases HPRD and PubMed
showed that four proteins interact with RPS19 directly and

® A. Aspesi, M. Armiraglio, M. C. Santoro, and I. Dianzani, unpub-
lished data.
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TABLE |

Identification of RPS19-interacting proteins by tandem mass spectrometry
dsRNA, double-stranded RMA; GPI, glycosylphosphatidylinositol; sneRNP, small nucleolar RNP; HLA, human leukocyte antigen.

Gene (Ref)) Protein Yeast gene
NTPase activity
GTPBP4 (28, 29, 47) GTP-binding protein NGB (G protein binding GRFG) NOG1
PSMCS5 Proteasome 26 § ATPase subunit 5 RFTe
PSMCE Proteasome 26 S ATPase subunit 6 RPT4
RAB11B RAB11B member RAS oncogene family YPT31
XABT XPA-binding protein 1, GTPase NPAZ
Hydrolase/helicase activity
DDX5 (28-30, 47) Growth-regulated nuclear 68 protein (DEAD box polypeptide 5) DBP2
DDX17 (28, 30) DDX17 protein
DDX18 (28, 29, 47) RMA helicase (DEAD box polypeptide 18) HAST
DDX21 (28, 28, 47) RMNA helicase [I/Gu protein (DEAD box polypeptide 21)
DDX24 (29, 47) DEAD box polypeptide 24 MAKS
DDX3X (28) DEAD box, X isoform (DEAD box polypeptide 3)
DDX41 DEAD bow protein abstrakt
DDX50 (28, 29) DEAD box polypeptide 50 (nucleolar protein GU2)
DDX54 (28, 29) ATP-dependent RNA helicase (DEAD box polypeptide 54) DBP10
DHX9 (28, 29, 31) RMA helicase A (DEAH baox polypeptide 9)
DHX15 (28, 29, 47) DEAH box polypeptide 15 PRP43
DHX36 DEAH box polypeptide 36
MCMz2 MCM2 minichromosome maintenance-deficient 2, mitotin (S. cerevisiae) MChMz
MCMs p105MCM (MCME minichremesome maintenance-deficient 6) MCMe
MCM7 p85MCM protein (MCM7 minichromosome maintenance-deficient 7) CcDC47
RUVBLZ (25) RuvB-like 2 RVB2
SKIVzLz (28, 29) Superkiller viralicidic activity 2-like 2 (S. cerevisiag) MTR4
SMARCAs SWI'SNF-related, matrix-associated, actin-dependent regulator of 1sWz
chromatin, subfamily a, member 5
XRNZ (29) Dhm-like protein (5'-3" exoribonuclease 2) RAT1
Isomerase activity
DKC1 (28, 29) Chbfsp homolog (dyskerin) CBFs
PPIH Peptidyl-prolyl isomerase H
Kinase activity
CSNK2AT (25, 29) Casein kinase 2, a 1 polypeptide
SRP72 Signal recognition particle 72 SRP72
PRKCQ A®-|sopentenylpyrophosphate transferase-like protein (protein kinase G, )
Splicing factor activity
SF3B1 Splicing factor 3b, subunit 1, 155 kDa HSH155
SF3B2 Splicing factor 3b, subunit 2, 145 kDa cus1
SF3B3 Splicing factor 3b, subunit 3, 130 kDa RSE1
SFRS9 (28) Splicing factor Arg/Ser-rich 9
SFRS10 Splicing factor Arg/Ser-rich 10
Structural constituent of ribosome
RPL10A (25, 28, 29) 60 S ribosomal protein L10a RFPL1B
RPL14 (28, 29, 32) 60 S ribosomal protein L14 RPL4B
RPL24 B0 S ribosomal protein L24 RPLZ24A
RPL27A (25, 28, 29) 60 S ribosomal protein L27a RPL28
RPL32 (25, 28, 29) 60 S ribosomal protein L3 RPL3
RPL4 (25, 28, 29) 60 S ribosomal protein L4 RPL4B
RPLs (25, 28, 29, 31, 32) 60 S ribosomal protein L6 RPL&E
RPLT (25, 28, 29) 60 S ribosomal protein L7
RPL7A (25, 28, 29, 32) 60 S ribosomal protein L7a RPL8EB
RPL8 (25, 28) B0 S ribosomal protein L8 RPL2A
RPL9 (25, 28, 29) B0 S ribosomal protein L9 RPLSB
RPLPO (28, 29, 31, 32) 60 S ribosomal protein PO RPPQ
RPLP1 B0 S acidic ribosomal protein P1 isoform 1 RPP1A
RPLPZ (25) 80 S acidic ribosomal protein P2 RPPzB
RPS10 (25) 40 S ribosomal protein §10 RPS10A4
RPS14 (25, 29) 40 S ribosomal protein S14 RPS14B
RPS16 (25, 28) 40 S ribosomal protein S16 RPS16A
RPSZ (25, 32) 40 S ribosomal protein 52 RPSZ2
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TABLE |— continued

Gene (Ref.) Protein Yeast gene
RPS23 (25) 40 S ribosomal protein S23 RPS23A
RFPS24 (25) 40 S ribosomal protein S24 RPS24B
RPS26 (28) 40 S ribosomal protein S26 RPS268B
RPS3 40 S ribosomal protein 53 RPS3
RPS4X (25, 28, 29) 40 S ribosomal protein S4, X-linked RPS4A
RPS5 (25, 28, 29) 40 S ribosomal protein 55 RPS5
RPSE (31, 32) 40 S ribosomal protein 58 RPSEB
RPST (25) 40 S ribosomal protein 57 RPSTA
RFSs (25, 28, 31, 32) 40 S ribosomal protein 58 RPS8B
RPSA (28) Ribosomal protein SA RPS0A
RSL1D1 (29) PBEK1 protein
Transeription factor
BAZ1BE (25) Bromodomain adjacent to zinc finger domain, 1B
HNRPD (25, 30) Heterogeneous nuclear ribonucleoprotein D2
ILF2 (28-30) Interleukin enhancer binding factor 2
ILF3 (29, 30, 32) Nuclear factor associated with dsRMNA NFAR-2
NKRF (29) Transcription factor NRF
PURA Purine-rich element-binding protein A
TAF15 (25) TLS protein (TBP-associated factor 15) NPL3
TRIM28g (25) Tripartite motif-containing 28
UBTF (28) Upstream binding transcription factor, RNA 4 polymerase |
XPO5 Exportin 5 MSN5
YBX1 DNA-binding protein B
Transferase activity
FDFT? Famesyl-diphosphate farnesyltransferase ERG9
FTSJ3 (29, 47) FtsJ homolog 3 (E. coli) SPB1
NATTO (29) N-Acetyltransferase 10 (FLJ10774)
NOL7T (28, 29, 47) Proliferating cell nuclear protein p120 (NOL protein 1) NOP2
ZC3HAVT Zinc finger CGCH type, antiviral 1
Transporter activity
COPA Coatomer protein complex, subunit « COoP1
COPB2 Coatomer protein complex, subunit g 2 SEC27
CSEiIL CSE1 chromosome segregation 1-like (yeast) CSE1
1PO4 Importin 4 KAP123
IPO7 Importin 7
NPEFL1 Aminopeptidase-like 1
STAUT Staufen protein
SSR4 Signal sequence receptor §
XPO1 Exportin 1 (CRM1 homolog yeast) CRM1
DNA/RNA/protein binding capacity
AATF (25, 28, 29) Ded protein (apoptosis-antagonizing transcription factor) BFRz
ACTR1B ARP1 actin-related protein 1 homolog B, centractin g
Clor77 DKFZP547E1010 protein
CCT2 (25, 29) Chaperonin containing TCP1, subunit 2 (8) CCT2
CCTs Chaperonin containing TCP1, subunit 8 (#) CCT8
CEBFZ (28, 29, 47) CCAAT/enhancer-binding protein MAKZ1
CENPCT Centromere protein C 1
COPG Coatomer protein complex, subunit v 1 SEC21
DHX30 DEAH (Asp-Glu-Ala-His) box
DNAJCS DnaJ homoleg, subfamily C, member 9
FBL (28, 29, 47) Fibrillarin, U3 small nucleolar interacting protein 1 NOP1

FUSIPT (29)
GNB2L1 (25)
HISTIHIC (25)
HISTIH1D (25)
HISTIH2AK (25)
HIST1H2BL (25, 29)
HIST1H2BO (25)
HIST2H4 (28)
HNRPA2B1 (25, 28-30)
HNRPA3 (30)

FUS-interacting protein (serine/arginine-rich) 1
Guanine nuclectide-binding protein (G protein), B polypeptide 2-like 1

Histone H1b

Histone H1 member 3

H2A histone family

H2B histone family, member C
Histone 1, H2bo

Histone 2 H4

Heterogeneous nuclear ribonucleoprotein A2/B1
Heterogeneous nuclear ribonucleoprotein A3
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TABLE |— continued

Gene (Ref.) Protein Yeast gene
HNRPC (25, 28, 30) Heterogenecus nuclear ribonucleoprotein C
HNRPDL (25) Heterogeneous nuclear ribonucleoprotein D-like (A + U-rich element RNA
binding factor)
HNRPF Heterogeneous nuclear ribonucleoprotein F
HNRPR (25) Heterogeneous nuclear ribonucleoprotein R
HNRPU (25, 30-32) Heterogeneous nuclear ribonucleoprotein U (scaffold attachment factor A)
HNRPULZ2 Heterogeneous nuclear ribonucleoprotein U-like 2
HP1BP3 HP1-BP74
IGF2BP1 IGF-Il mRNA-binding protein 1
IGF2BP3 Koe1 (IGF-Il mRNA-binding protein 3)
IMP3 (28) U3 snoRNP protein 3 homolog IMP3
ITGB4BP (25, 28, 29) Integrin B4-binding protein TiF6
LYAR (28, 29) Hypothetical protein FLJ20425 YCRO87C-A
NCL (28, 29, 31, 32) Mucleolin NSR1
NIP7 (29) 60 S ribosome subunit biogenesis protein Nip? homolog (S. cerevisiae) NP7
NOLAT (25, 28) Nucleolar protein family A member 1 (H/ACA small nucleolar RNPs) GAR1
NOLSA (25, 28, 29, 47) hMNop56 SIK1
PABPC3 (30) Poly(A)-binding protein
PAK1IP1 (25, 29) PAK/PLC-interacting protein 1 MAKT1
8 PNN Pinin, desmosome-associated protein
b — PPPZR1A PPP2R1A (Ser/Thr protein phosphatase 2A)
E RABIE RAB1B member RAS oncogene family
O RAP1B RAP1E member RAS oncogene family RSR1
E RBM19 (28, 29) RNA binding motif 19 MRD1
s ] REMX (28) RMNA binding motif protein, X-linked (heterogeneous nuclear ribonucleoprotein G)
i- RNPC2 RMA-binding region-containing protein 2
o SART3 Sqguameus cell carcinoma antigen recognized by T cells 3
O SNRPAT (25, 28) Small nuclear ribonuclecprotein polypeptide A’ (U2 small nuclear
3 ribonucleoprotein polypeptide A')
= SNRPG (25) Small nuclear ribonucleoprotein polypeptide G Shxz2
/1] SNRPN Small nuclear ribonuclecprotein polypeptide N
(9] SRPES Signal recognition particle 68 SRPeg
oS SURF& (25, 28) Surfeit protein 6 RRAP14
- SYNCRIP (30) NS1-associated protein
O Other function
5 Dehydrogenase activity
%] DPYD Dehydropyrimidine dehydrogenase GLT1
@ Ligase activity
'B MARS Methionine-tRNA synthetase MES1
E Peptidase activity
SEC11L1 Signal peptidase complex 18 kDa SECT1
Receptor activity
REEPS Receptor accessory protein 6
Translation elongation factor activity
EEF1B2 Eukaryotic translation elongation factor 1 g 2
Unknown function
EBNA1BPZ (25, 28, 29) EBNA1-binding protein 2 EBP2
GPIAP1 GPl-anchored protein p137 precursor
3_ HDCMA18P Hypothetical protein DKFZp564K112.1 (HDCMA18F)
LOC389217 Similar to SET protein (phosphatase 2A inhibitor [2PP2A) (I-2PP2A) (template-

activating factor I) (TAF-I) (HLA-DR-associated protein II) (PHAPII) {inhibitor of
granzyme A-activated DNase) (IGAAD)

MGC3731 Hypothetical protein LOCT9159

NOC2L (28, 29) MNucleolar complex-associated 2 homolog (S. cersvisias; hypothetical protein NOC2
DKFZp564C186.1)

NOC3L (29) Nucleolar complex-associated 3 homolog (5. cerevisiag) NOC3

NOL710 (28, 29) Nucleolar protein 10 (hypothetical protein FLJ14075) ENP2

NOLA3Z (25) Nucleclar protein family A, member 3 NOP10

PEST (25, 28, 29, 47) Pescadille homeleg 1 centaining BRCT domain NOP?

REBM12B RMA binding motif protein 12B

RP13-36C9.1 Cancer/testis antigen CT45-2

SYNGRz Synaptogyrin 2
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FiG. 2. Protein identification by tandem mass spectrometry. MS full scan, MS/MS scan, and amino acid sequence of IGF2BP1 {A), MCM&
(B), DDX5 (C), and STAU1 (D) are shown. Each MS/MS spectrum shows the predicted peptide sequence and the tryptic identified fragment.
In protein sequences identified peptides are underlined. %, m/z signal fragmented. In D, o indicates peaks fragmented in previous scans.
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Fic. 3. Classification of the identified proteins according to
Gene Ontology molecular function (4}, cellular localization (B),
and biclogical processes (C). ER, endoplasmic reticulum.

that 32 interact indirectly (Table II).

The already known primary interactors of RPS19 reported in
the in silico analysis were not identified in this proteomics
study. However, they were identified interacting with RPS19in
very particular conditions. In the case where FGF2 was re-
ported to interact with free RPS19, in fact the GST pulldown
experiment was performed with only the cytoplasmic extracts
of NIH3T3 or ECV304 cells (33). In the case of complement
component 5 receptor, the protein-protein interaction was
reported in extracts of a rheumatoid arthritis synovial lesion
when a covalent dimer of RPS19 by transglutamination oc-
curs (34). In the case of RPS19-binding protein the specific
antibody is not available (35) to perform an antibody-based
assay to complement mass spectrometric data.

Our analysis shows that several proteins identified in this

K562 GST  GST-RPS1Y
Iysate  pulldown pulldown

v - —

IGF2BP]  — —
MCOMG  q— [
DDX5 - e
STAUL —
NCL

FiG. 4. GST-RPS19 pulldown. Proteins from K562 whole cell ex-
tracts were affinity-purified with GST and GST-APS19 resins. Total
lysates (K562 lysate) and bound proteins eluted from the GST control
resin (GST) or the GST-RPS19 resin (GST-RPS19) were analyzed by
Westem blotting with antibodies specific to the indicated proteins. All
blots were revealed by the chemiluminescence method except for
NCL, which was revealed by alkaline phosphatase.

study interact with each other. DDX5, PES1, DDX21, GTPBP4,
NOLS5A, and NCL, for example, interact with RPL4, RPLSG,
RPL7a, RPL10a, RPLPO, and RPS3. Their relationship with
RPS19, however, is not illustrated in the HPRD database nor
in the literature, and they are therefore new RPS19 pariners.

DISCUSSION

This study represents the first global, high throughput func-
tional proteomics approach to identify the proteins that inter-
act with RPS19. Our analysis of the GST-RPS19 pulldown
revealed 159 proteins, most of them not previously known to
associate with RPS19. On the other hand, in sifico analysis
and PubMed data show that many proteins interact with each
other. They may thus participate with RPS19 in the same
multiprotein complex or complexes.

It is known that ribosomal proteins are involved at different
stages of ribosome biogenesis and/or in distinct translation
steps (36). In particular, they have been thought to play a
central role in rRNA processing, protein assembly, RNA fold-
ing, transport of the ribosomal precursors, stabilization of the
subunit structure, and/or interaction with other factors re-
quired for either ribosome biogenesis or translation (37-39).
Their involvement in cotranslational processes, such as the
interaction with protein folding factors at the exit tunnel of the
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DDXS
RPS19

DKC1
RPS19

NCL
RPS19

Fic. 5. Go-immunoprecipitation. Proteins from K562 cell lysates
were immunoprecipitated with a monoclonal anti-RPS19 or an anti-
hemagglutinin antibody as negative contrel. Immunocomplexes were
fractionated by SDS-PAGE, blotted on nitrocellulose, and revealed by
the specific antibodies. All blots were revealed by the chemilumines-
cence method except for NCL, which was revealed by alkaline phos-
phatase. [P, immunoprecipitate; HA, hemagglutinin.

ribosome (40, 41), cotranslational translocation (42, 43), and
important enzymatic activities for ribosome function, e.g. the
mRMNA helicase activity of bacterial ribosomes (44), has also
been proposed.

Interestingly most proteins reported in this study, such as
nucleolar or ribosomal proteins, play a role in processes re-
lated to RPS19. It should be stressed that we used a total cell
lysate and not a nuclear extract and that the complex forma-
tion was extracellular. Nevertheless proteins abundant in cy-
toplasm were not found. This suggests that the structure of
the recombinant RPS19 protein is functionally suitable to
recruit multiple cellular partners.

Comparison with the Human Nucleolar Database showed
that two-thirds of the RPS19 interactome is composed of
nucleolar proteins (Supplemental Table 3). As expected, a
large group of interactors includes other structural ribosomal
proteins. RPS19 is part of the 40 S ribosomal subunit: we
have found 14 proteins that share this location (i.e. $2, S3,
S4X, S5, 86, §7, 88, 510, 814, S186, 823, 524, 826, and SA).
Many proteins belong to the pre-40 S nucleolar complex

TaBLE Il
Identification of RPS519-inferacting proteins by in silico proteomics
Primary
RPS19

Complement component 5 receptor 1
Fibroblast growth factor 2
PIMA
RPS18-hinding protein
Secondary
Complement component 5 receptor 1
Complement component 5
RPS19
GNAI2
G protein-coupled receptor 77
Fibroblast growth factor 2
Apoptosis inhibitor 5
Protein-arginine N-methyltransferase 1
FGF receptor 1
RPS19
CD44
Vitrenectin
Chemokine, CXC metif, ligand 13
Glypican 4
Translokin
Casein kinase Il,  1°
RPL8&®
FGF receptor 2
FGF receptor 4
Syndecan 3
FGF-binding protein 1
Perlecan
Platelet factor 4
Glypican 3
Casein kinase 2, o« 2
PIM1
NFATCA
Sorting nexin 6
p100
EBNAZ coactivator p100
HP1 B
Nuclear mitotic apparatus protein 1
HP1 y
Dynactin 1
Dynein
CDC 25A
Cyclin-dependent kinase inhibitor 1A
Protein tyrosine phosphatase U2
HSPa0A
SNX&

# Proteins identified in this study.

(Supplemental Table 4). We have also found 11 proteins be-
lenging to the 60 S subunit (L3, L4, L6, L7, L7a, L8, LS, L10a,
L14, L24, and L27a).

The identification of RPs belonging to the small and the
large subunits suggests that we have purified components of
the preribosome (90 8). the structure formed before process-
ing of the pre-rRNA. The subseguent cut at a specific site (A2)
divides these subunits. The preribosome is a highly dynamic
structure that comprises more than 150 non-ribosomal pro-
teins with various activities, including nucleases, RNA heli-
cases, GTPases, AAA ATPases, kinases, etc. (for reviews, see
Refs. 45 and 46). We have, indeed, found 23 of 31 proteins
with orthologs in the yeast preribosome network that belong
to the 90 S subunit. Many interactors are shared between
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RPS19 and parvulin, a peptidyl-prolyl isomerase involved in
early ribosome biogenesis (l.e. L3, L4, L6, L7, L7a, L8, L10a,
L14, S3, 54X, S6, S8, and DDX18) (47).

The interaction with most of the RPs essential for the trans-
port of the small subunit from the nucleus to the cytoplasm
(i.e. RPS10, RPS28, RPS3, and RPS2) and to the exportin
XPO (known to control the 40 S and 60 S export) suggests a
role for RPS19 in this process. This is in agreement with two
recent reports of its involvement in the early processing of
rBMNA (11) and possibly in its export from the nucleus (12).
Concordantly the greater portion of the RPS19-interacting
proteins identified in this study includes proteins involved in
pre-rBNA processing, such as RNA helicases, and major
compoenents of the box C-D small nucleolar RMAs (48, 49),
such as fibrillarin and Nop56.

We also found major components of the H/ACA box small
nucleolar RNP complex, i.e. dyskerin, NOLA1, and NOLAS.
This complex (that includes a fourth protein, NOLAZ2) is re-
quired for the site-specific pseudouridylation of rRNA involved
in the early stages of ribosome biogenesis (50). Both 18 S
rRMNA production and rRNA pseudouridylation are impaired if
any one of the four proteins is depleted.

A further group of interactors includes proteins controlling
protein synthesis, such as proteins involved in cotranslational
translocation (42, 43) (such as signal recognition particle 68)
and translation regulators, such as IGF2BP1 and STAUA1.
Other ribosomal proteins (Le. RPL13 and RPL26) (16, 17) are
known to regulate translation of specific transcripts. It is in-
triguing that RPS19 could have a similar role. Our previous
studies showing interactions of PIM1 and RPS19on the 40 5
subunit suggested such a role (15).

Lastly this study identified proteins with more diverse cel-
lular functions. These included proteins such as integrins,
proteasome components, and kinases. Further studies are
needed to clarify their involvement in the RPS19 interactome.

The scenario disclosed by our study clearly shows that
RPS19 is definitely involved in RNA processing and metabo-
lism and perhaps in translation control. Although it must be
stressed that our results do not take the spatial-temporal
dimension of RPS19 interactome into account, future exper-
iments will be directed toward the comprehension of this
point.

It is intriguing that among the direct or indirect RPS19
interactors we also found proteins involved in pathologies
with phenotypes similar to DBA (14). These include the fol-
lowing: 1) DKC1, responsible for dyskeratosis congenita
(OMIM 305000), that shares bone marrow failure with DBA,; 2)
RPL24, whose spontaneous defect in mice produces growth
retardation and skeletal malformations (51); 3) TCOF1, re-
sponsible for the Treacher-Collins syndrome (OMIM 154500},
which shares some malformations with DBA, and that inter-
acts with NOL5A and UBTF; and 5) SBDS (OMIM 260400),
responsible for the Schwachman-Diamond syndrome, that
interacts with nucleclin. This suggests a link between the

ribosomal diseases,
mechanism.

In short, we have identified several new protein interactions
with RPS19. This should lead to a fuller understanding of its
activities and a more complete picture of its cellular roles
and/or regulation. A clearer understanding of the function of
RPS19 could help to elucidate the pathogenesis of DBA.

possibly a common pathogenetic
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Supplementary Figure S1. Affinity purification including a negative control. Proteins from K362
whole cell extracts were affimty-purified with GST. GST-RP519 and GST-GATA resins. In the lane
named GST 3x pulldown we used a quantity of GST protein five fold higher than m the GST-pulldown
lane. Total lysates (K362 lysate) and bound protemns eluted from the GST control resin (GST). the
GST-RPS19 resin (GST-EPS19) or the GST-NTGATAL resin (GST-GATA) were analysed by western
blotting with antibodies specific to the three selected interactors, as indicated. All blots were revealed
by the chemulununescence method except the for NCL which was revealed by the alkaline-

phosphatase.

Supplementary Figure $2. Co-immunoprecipitation (whole images). Proteins from K362 cell lysates
were immunopreciprtated with a monoclonal anti-RPS19 or an anti-HA antibody as negative control.
Inmunocomplexes were fractionated by SDS-PAGE and blotted on nitrocellulose. After the transfer,
the nitrocellulose was cut (dotted lines) and incubated with the indicated antibodies. All blots were
revealed by the chemulununescence method except for NCL which was revealed by the alkaline
phosphatase. Single or double asterisk indicate mmmmunoglobulin heavy or light chamns. respectively.
The differences 1n intensity depend on the antibodyv concentrations (the anti-EPS19 1s a hybridoma

supernatant) and sxposures.

Supplementary Figure 53. Protein identification by tandem mass spectrometry. MS full scan,
MS/MS sean and amino acid sequence of CCT2 (A), DDX17 (B). and NOLA3 (C). Each MS/MS

spectrum shows the predicted peptide sequence and the trvptic identified fragment. % mz signal

fragmented
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Analysis of RPS19 interacting proteins

Supplemental Table 1. Analysis of GST control lane by tandem mass spectrometry

GENE IDENTIFIED MASS MASCOT SEQUENCE
PEPTIDE ERROR SCORE COVERAGE
SEQUENCE (ppm)
ACTB DLTDYLMK 4 38 14%
QEYDESGPSIVHR 53 40
EITALAPSTMK 83 38
DLYANTVLSGGTTMYPGIADR 5 3
BXDC2 ILIFSSR 132 48 15%
FVLNLIK 121 50
LFVINEVCEMK 90 57
FLVQNIHTLAELK 105 3
NFQIIEEDAALVEIGPR 142 38
DCD ENAGEDPGLAR 33 40 20%
DAVEDLESVGK 43 3
DDBI1 LFMLLLEK 114 50 1%
EEF1G KLDPGSEETQTLVR 52 38 11%
LDPGSEETQTLVR 21 3
ALTAAQYSGAQVR 14 38
QAFPNTNR 53 3
EGFR MLLVDELR 120 38 1%
ILMVGLDAAGK 90 53
HBZ ISTQADTIGTETLER 67 88 10%
HEI EQYSAVIIAK 26 41 15%
HSPAG TTPSYVAFTDTER 150 41 2%
HSPCB DNSTMGYMMAK 116 75 1%
ITGAX ESHVAMHR 110 45 2%
IAPPASDFLAHIQK 80 40
K-ALPHA-1  DVNAAIATIK 110 39 2%
KRT1 SLDLDSIIAEVK 150 52 4%
WELLQQVDTSTR 150 51
KRT14 QFTSSSSMK 83 94 8%
VIMQNLNDR 63 73
MSVEADINGLR 142 80
CEMEQQNQEYK 120 47
KRT19 VLDELTLAR 104 54 2%
KRT9 MTLDDFR 150 38 8%
TLLDIDNTR 104 40
QEYEQLIAK 141 43
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Analysis of RPS19 interacting proteins

QVLDNLTMEK 69 38
VQALEEANNDLENK 2 54

KTR10 DAEAWFNEK 90 91 3%
LENEIQTYR 123 46
ATEESNYELEGK 107 83

KTR15 IMATTIDNSER. 72 107 3%
QGVEADINGLR 80 50

RGD1307877  LALDIEIATYR 1 74 3%

SPATA AVAPSIIFFDELDALAVER 72 89 T%

TSR1 QIDAPGDPFPLNPR 68 70 %
LLHIVGYGDFQMEK 72 38
LEEMFPDEVDTPR 63 42
LILLDTQQEAGMLLR 46 83

TUBB4 LAVNMVPEPR 74 40 10%
ISVYYNEATGGK 33 39
IMNTFSVVPSPK 89 38
AL VDLEPGTMDSVR 123 41

ZNES61 SFTNFSQLYAPVK 110 130 3%
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Analysis of RPS19 interacting proteins

Supplemental table 2. Identification of RPS19 interacting protemns by tandem mass spectrometry

GENE

NTPase activity

GTPBP4

PSMCS5

PSMCé6

RABI11B

XAB1

IDENTIFIED
PEPTIDE
SEQUENCE

LPTIDPNTR
LALGQINIAK
QSLEYLEQVR
TLLLCGYPNVGK
ADVDVQPYAFTTK

GVCTEAGMYALR
VDPLVSLMMVEK
GVCTEAGMYALR
VPDSTYEMIGGLDK
VHVTQEDFEMAVAK
TMLELLNQLDGFEATEK

EMENYAR
DHADSNIVIMLVGNK

SMSLVLDEFYSSLR

Hvdrolase/helicase activity

DDX5

DDX17

DDX18

DDX21

QVSDLISVLR
APILIATDVASR
TTYLVLDEADR
RLMEEIMSEKENK
TGTAYTEFFTPINNIK

APIIIATDVASR

NGTGVLILSPTR
EPLYVGVDDDK
LGNGINIVATPGR
SAEAQKLGNGINIIVATPGR

DFSDITKK
LHGELQDR
TIFCETK
IGVPSATEIK
EQLGEEIDSK
APQVLVLAPTR
TAITVEHLAIK
NGIDILVGTPGR
GVTFLFPIQAK
STYEQVDLIGK
TFSFAIPLIEK
RIGVPSATEIIK
EAQELSQNSAIK
EQLGEEIDSKVK
GRAPQVLVLAPTR

47

MASS MASCOT
ERROR SCORE
(ppm)

107 38
125 38
138 38
147 50
149 40
89 38
123 71
150 65
110 50
100 40
125 38
91 38
112 42
120 83
107 40
88 45
96 50
140 39
110 46
08 38
12 53
150 44
50 78
144 38
112 38
140 38
150 38
150 38
150 39
133 40
106 38
147 48
150 38
122 38
110 38
128 38
136 45
139 39
140 48

SEQUENCE
COVERAGE

1%

7%

4%

10%



Analysis of RPS19 interacting proteins

STYEQVDLIGKK 142 40
EEYQLVQVEQK 150 38
NGSFGVLVATNVAAR 147 40
LLDSVPPTAISHFK 109 38
EGAFSNFPISEETIK 138 49
NEEPSEEEIDAPKPK 127 40
WQLSVATEQPELEGPR 111 40
TFHHVYSGKDLIAQAR 105 38
LLDSVPPTAISHFKQSAEK 148 38
GLDIPEVDLVIQSSPPKDVESYIHR 109 40

DDX24 DKLDILGAAETGSGK 95 76 2%

DDX3X VGSTSENITQK 146 38 4%
VRPCVVYGGADIGQQIR 147 40

DDX41 SGNTGIATTFINK 150 44 2%

DDX50 VLVLAPTR 111 44 5%
VLVATNVAAR 145 38
LSSNAVSQITR 107 50
TFSFAIPLIER 57 48

DDX54 LLVEFAR 147 41 27%
TSFELVR 141 48
ELALQTLK 144 39
TIPVILDGK 129 48
AGLTEPVLIR 146 39
ATIFEINASSR 124 74
LVHVAVEMSLK 117 47
SGGFQSMGLSYPVFK 74 40
LPGGHQTVLFSATLPK 144 38
LQSVEYVVEDEADR 78 45
TIPVILDGKDVVAMAR 106 38
EMDLVGLGLHPLFSSR 150 38
LFEMGFAEQLQEIIAR 84 69
AKEMDLVGLGLHEPLFSSR 96 38
GLDIPLLDNVINYSFPAK 112 38
MEDQFAALHENPDIIIATPGR 5 54
VPQSVVDEEDSGLQSTLEASLELR 85 49

DHX9 LGGIGQFLAK 119 40 21%
MINMIR 105 43
INMATLR 113 38
MGGEEAEIR 115 38
MTPSYEIR 106 38
LSMSQLNEK 96 40
DFVNYLVR 146 38
VFDPVPVGVTK 138 38
DVVQAYPEVR 59 40
TPLHEIALSIK 122 38
AAMEALVVEVTK 133 38
KVFDPVPVGVTK 93 39
LAAQSCALSLVR 146 40
YPSPFFVFGEK 127 38
SFIAEMTIYIK 120 38
ETPFELIEALLK 135 39
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YQILPLHSQIPE. 143 38
GISHVIVDEIHER 106 38
QPAIISQLDPVNER 150 40
VQSDGQIVLVDDWIK 111 38
ELDAILDANDELTPLGR. 32 38
GMTLVTPLQLLLFASK 109 38
QLYHLGVVEAYSGLTK 96 42
ATEPPPLDAVIEAEHTLE 30 38
KFESEILEAISQNSVVIIRE 3 40
NELMYQLEQDHDLQATILQER 7 38
LGGIGQFLAKAIEPPPLDAVIEAEHTLR 130 38
DINTDFLLVVLR 142 38

DHX15 EVDDLGPEVGDIK 148 54 2%

DHX36 ELDILLQEK 146 38 3%
NLQSDVLMTVVK 108 63
ASLLDDYQLPEILR 110 69

MCM2 VAVGELTDEDVK 149 38 6%
QLVAEQVTYQR 147 49
DTVDPVQDEMLAR 112 53
YDPSLTFSENVDLTEPIISE 148 81

MCM6 YLQLAEELIRPER 147 46 7%
EIESEIDSEEELINK 17 76
LFIL.DFLEEFQSSDGEIK 143 45

MCMY7 AGILTTLNAR 150 38 4%,
SITVLVEGENTR 147 47

RUVBL2 TTEMETIYDLGTE 20 70 3%

SKIV2L2 ALFATETFAMGINMPAR. 110 38 2%

SMARCAS FEYLLK 147 48 14%
EILFYR 139 3
FDWFLK 116 3
DIDILNSAGK 147 44
YLVIDEAHR 117 32
LDSIVIQQGR 106 61
FITDNTVEER 33 64
KANYAVDAYFR 83 62
TLQTISLLGYMEK 130 3
LELDSIVIQQGE. 122 3
LGFDKENVYDELR 150 3
ESEITDEDIDGILER 121 70
TPEEVIEYSAVFWER 43 62
NEFTMDTESSVYNFEGEDYR 34 6l

XRN2 TGGYLTESGYWVNLQR 88 38 6%
ELTMASLPFTFDVER 115 38
AALEEVYPDLTPEETE 102 38
VOMIMLAVGEVEDSIFK 105 35

Isomerase activity

DKC1 LHNAIEGGTQLSR 140 41 6%
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ATETLTGALFQRPPLIAAVE 150 38

PPIH IIDGLLVMER 105 61 10%
IELFADVVPK 115 69

Kinase activity

CSNK2A1 ALDYCHSMGIMHE. 112 33 4%

SRP72 LTNAEGVEFK 144 43 10%
VLANNSLSFEK 147 38
GTQGATAGASSELDASK 135 63
TVSSPPTSPRPGSAATVSASTSNIIPPR 146 38

PRECQ AKGQSLQDPFLNALR 6 41 2%

Splicing factor activity

SF3B1 TEILPPFFK 76 43 8%
QLVDTTVELANK 145 42
LLVDVDESTLSPEEQK 122 38
ILVVIEPLLIDEDYYAR 113 40
MVMETIEKIMGNLGAADIDHEK 107 38
AAGLATMISTMRPDIDNMDEYVE. 109 3

SF3B2 YGPPPSYPNLE 150 40 3%
GIEKPPFELPDFIK 150 38

SF3B3 SVAGGFVYTYK 126 33 11%
LTISSPLEAHK 147 39
IVPGQFLAVDPK 93 38
FLAVGLVDNTVR 123 33
ILELLRPDPNTGK 150 38
TVLDPVTGDLSDTR 107 67
ITLETDEDMVTEIR 42 90
NENQLIIFADDTYPE 83 46
ELAAEMAAAFINENLPESIFGAPK 114 60

SFRS9 HGLVPFAFVE 144 44 10%
TYVGNLPTDVE 24 38

SFRS10 VDFSITK 150 38 12%
YGPIADVSIVYDQQSE 133 7

Structural costituent of Ribosome

RPL10A DTLYEAVR 20 46 10%
KYDAFLASESLIK 74 30

RPL14 GTAAAAAAAAAMAAK 60 96 18%
VAYVSFGPHAGK 113 30
LVAIVDVIDQNR 15 68

RPL24 VFQFLNAK 148 532 13%
TAMAAAKAPTK a7 70

RPL2TA TGAAPIIDVVR 99 71l 7%

RPL3 HGSLGFLPR. 20 38 2%
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RPLA4 NIPGITLLNVSK 142 44 3%
RPL6 YYPTEDVPR 147 51 3%
RPL7 ASINMLR 145 38 31%
KVLQLLR 138 38
SVNELIYK 145 38
EVPAVPETLK 129 38
SVNELIYKR 71 38
IALTDNALIAR 76 47
AGNFYVPAEPK 92 38
KAGNFYVPAEPK 5 42
RPL7A AGVNTVITLVENK 148 76 7%
RPLE AVVGVVAGGGR 85 61 3%
RPLS TILSNQTVDIPENVDITLK 90 49 10%
RPLPO EDLTEIR 131 38 2%
RPLP1 AAGVNVEPFWPGLFAK 117 41 14%
RPLP2 LASVPAGGAVAVSAA 50 38 31%
RPs10 IATYELLFK 135 64 5%
RPs514 IEDVTPIPSDSTR 14 46 9%
RP516 DILIQYDR 122 38 40%
ATVAYYQK 90 38
TATAVAHCK 84 38
GPLQSVQVEGR 75 38
VNGRPLEMIEPR 150 38
GGGHVAQIYAIR 95 38
H
RPs2 GTGIVSAPVPK 68 60 11%
RPs23 VANVSLLALYK 67 87 8%
RP524 QMVIDVLHPGK 54 62 22%
TTGFGMIYDSLDYAK 60 70
RP526 GHVQPIR 100 T 17%
LHYCVSCAIHSK 98 49
RPs3 ELTAVVQK 34 38 30%
KFVADGIFK 68 42
TEIIILATR 150 3
AETNEFLTR 54 49
ELAEDGYSGVEVR 56 5
KPLPDHVSIVEPK 144 3
DEILPTTPISEQK 41 3
RPs54X LSNIFVIGK 131 51 18%
YALTGDEVEK 90 38
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TIRYPDPLIK 150 38
TDITYPAGFMDVISIDK 5 50

RPSS QAVDVSPLR 10 44 4%

RPS6 LIEVDDER 20 56 8%
DIPGLTDTTVPR 39 6

RPS7 ATIIFVPVPQLK 60 41 6%

RPS8 LTPEEEEILNK g 47 3%

RPSA LLVVTDPR 150 50 23%
SDGIYIINLK 70 52
FAAATGATPIAGR 33 51
ATVATENPADVSVISS 46 70
FLAAGTHLGGTNLDFQMEQYIYK 15 38

RSL1D1 FFTTPSK 72 38 33%
SPNPSTPR 128 40
LLFVKTEK 41 38
QLDKEQVR 10 38
RLLPSLIGR 19 38
VPVSVNLLSK 5 42
AVDALLTHCK 18 38
KVPVSVNLLSK 84 44
TVSQIISLQTLK 37 38
DDVAPESGDTTVE 8 43
TVSQIISLQTLEK 41 38
LLSSFDFFLTDAR 26 100
EINDCIGGTVLNISK 110 5
ATNESEDEIPQLVPIGK 54 38
DEPNSTPEKTEQFYR 3 39

Transcription factor

BAZIB GGLGYVEETSEFEAR 150 75 1%

HNRPD IFVGGLSPDTPEEK 74 78 12%%
EYFGGFGEVESIELPMDNK 9 74

ILF2 VLQSALAAIR 67 90 25%
KLDPELHLDIK 150 38
ILPTLEAVAALGNK 70 77
VKPAPDETSFSEALLK 23 69
INNVIDNLIVAPGTFEVQIEEVR 150 38
AQDPSEVLTMLTNETGFEISSSDATVK 150 51

ILF3 AYAATAATLEK 118 63 14%
LFPDTPLALDANK 127 83
VADNLAIQLAAVTEDK 36 63
EPPLSLTIHLTSPVVR 78 52
VLAGETLSVNDPPDVLDR 89 55
VADNLAIQLAAVTEDKYEILQSVDDAAIVIK 57 46

NEKRF DIEQIIR 131 44 13%
EIPPADIPK 150 42
INYTYMLTR. 92 3
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LLTDGYACEVR 131 52
TNPEYIYAPLK 84 34
VILESEVIAEAVGVK 130 64

PURA FEFDVGSNK 94 65 11%
LIDDYGVEEEPAELPEGTSLTVDNK 33 39

TAF15 GEATVSFDDPPSAK 130 44 2%

TRIM?28 LSPPYSSPQEFAQDVGR 139 46 2%

UBTF DYEVELLR 122 39 13%
KKDYEVELLR 148 38
HPELNISEEGITK 82 40
ITLTELILDAQEHVK 143 38

XPO5 DPLLLATIPK 145 45 3%
LESSVTFETVEESK 62 61
QGETQTELVMFILLR 62 70

YBX1 GAEAANVTGPGGVPVQGSK 53 57 10%
SVGDGETVEFDVVEGEK 5 105

Transferase activity

FDFT1 ALDTLEDDMTISVEK 86 71 6%
ATTYQYMEEIYHR 140 94

FTS)3¥ FQFLQK 150 38 13%
EVEVQAK 102 34
TSVIDFLR 150 48
AANPVDFLSK 141 42
DLIDNSENE 128 38
AEAVVNTVDISER 150 33
ILDPEGLALGAVIASSK 78 79
SDDDGFEIVPIEDPAK 51 38
LTEVQDDKEEEEEENPLLVPLEEK 138 38

NATI10 SMDLSEYTIR 150 3 4%,
LDYLGVSYGLTPR 41
LGQAELVVIDEAAATPLPLVK 41

NOL1 GVNLDPLGK 119 39 14%
DLAQALINR 137 60
IQDIVGILR 145 3l
GADSELSTVPSVTK 137 38
VLLDAPCSGTGVISK 46 44
LGVINTISHYDGE. 131 30
ELLLSAIDSVNATSK 30 78
LVPTGLDFGQEGFTER. 72 33
SPEAKPLPGKIPKGAVQTAGK 137 47

ZC3HAV1 ASLEDAPVDDLTR 130 44 2%

Transporter activity

COPA MHSLLIK 63 38 13%
VWDISGLE 105 38
TALNLFFK 147 44
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COPB2

CSEIL

IPO4

IPO7

NPEPL1

STAU1

SSR4

XPO1

DNARNA/

AATF

ACTR1B
Clorf77

CCT2
CCT8

CEBPZ

GFFEGTIASK
VLTIDPTEFK
TLDLPIYVTR
NLSPGAVESDVR
EYIVGLSVETER
DADSITLFDVQQK
SILLSVPLLVVDNK
GITGVDLFGTTDAVVK
VITVTEIGKDVIGLR
LLELGPKPEVAQQTR
ASNLENSTYDLYTIPK

GSNNVALGYDEGSIIVK

TGNIPALVR
VIVPNMEFR
SANVNEFPVLK
DAAIYLVTSLASK
ATTLPGSSENEYIMK
LVLDAFATPLTNLFK
YGALALQEIFDGIQPK
AADEEAFEDNSEEYIR
LLQTDDEEEAGLLELLK

QGCTVAEK
LLMASPTR

ETENDDLTNVIQK
ENIVEAITHSPELIR

YHAAVLTNSAEWEAACVE
VSVGEFVGEGEGK
FFDEESYSLLR

YVVGLIIK

IYLDMLNVYK
EFAGEDTSDLFLEER

LLSEEVFDESSGQITQVK
MAKPEEVLVVENDQGEVVR

DWNDMER
LGRPIGALAR

GATQQILDEAER
DIDEVSSLLR

ATLVQVVNK
EQIDTLFK
QTLLLRPGGK
MLSALLTGVNR
QAMFINLVYK

54
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CENPC1

COPG

DHX30

DNAICS

FUSIP1

GNBIL1

HIST1HIC

HIST1HI1D

HIST1H2AK

HIST1H2BL

HIST1H2BO

HIST2H4

LYQHEINLFK
ELLITDLLPDNR
DKQNIFEFFER
EESQIPVDEVFFHR
KLETEETVPETDVETK

VSDEEDK
QMPPVGSK
ILATDVSSK

SIATLAITTLLK
SLEELPVDIILASVG
LLLLDTVTMQVTAR

IPQLLLER
ALTQFPLPK

VPGEMYPVK

EVLTTLGQR

AVAGWEEVLR

LQSDDILPLGK

ATFQQPPVGVR

TPLENLVLQAK

EHYLEDILAK

ATISLSDSDLLR

MVPEQVPEILR

DVNTDFLLILLK
GVLMAGLYPNLIQVR
AVDEAVILLQEIGVLDQR
DSGPLSDPITGKPYVPLLEAEEVR
WQDRSSRENYLEENLLYAPSLR

ELGLDEGVDSLK
ISLEDIQAFEK

TNIPVIEDAR
NLVPGESVYGEK
VSISEGDDKIEYR
DAEDALHNLDR
DVLSVAFSSDNR

ATAAAGYDVEK
SETAPAAPAAPAPAEK

ATAAAGYDVEK
ASGPPVSELITK

NDEELNK
LLLPGELAK

QVHPDTGISSK
AMGIMNSFVNDIFER

ISGLIYEETR
DNIQGITKPAIR.

55

150
136
109

59

148

126

100
120
123
92
148
146
99
98
130

89
128

121
23
132

120
150
150
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HNRPA2B1

HNRPA3

HNEPDL

HNEPF

HNEPR

HNRPU

HNEPUL2

HP1BP3

IGF2BP1

IGF2BP3

IMP3

ITGB4BP

LYAR

TVTAMDVVYALK
TVTAMDVVYALKR

DYFEEYGK
TLETVPLER
IDTIEIITDR

LFIGGLSFETTDDSLR

VPPPPPIAR
SDVEATFSK
KSDVEAIFSK

DLTEYLSR

SSQEEVR

TEMDWVLK
VHIEIGPDGR
DLSYCLSGMYDHR
QSGEAFVELGSEDDVK

LFVGSIPK
ENILEEFSK
TGYTLDVITGQR
NLATTVTEEILEK
DLYEDELVPLFEK

FIETAAR
GYFEYIEENK
YNILGTNTIMDK
NFILDQTNVSAAAQR

EEAYHSR
ANFSLPEK

SGASVVAIRK
GASGSEVVVQK
YIHKYPSLELER
SSAVDPEPQVK

MVIITGPPEAQFK
LLVPTQYVGAIIGK
TVNELQNLTAAEVVVPR
LYIGNLNESVTPADLEK

AT QSGPPQSR
IPVSGPFLVK
QKPCDLPLR
DQTPDENDQVVVK
SITILSTPEGTSAACK
LYALGLVPTR
ETEEILADVLK

FQNWMEK

56

141
142

28

75
76

el

70
62

70

141

112
109

101
65

147
112

150
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NCL

NIP7*

NOLAI

NOL5A
PABPC3

PAKIIP1

PPP2R1A
RABIB
RAPIB

RBM19

RBMX

RINPC2

SART3

SNRPAI1

SNRPG

QQAWIQK

ATELTGLK

TGISDVFAK

GIAYTEFK

NDLAVVDVR

EVFEDAAEIR
GFGFVDEFNSEEDAK
FGYVDFESAEDLEK
GLSEDTTEETLKESFDGSVR
TLVLSNLSYSATEETLQEVEFEK

LHVTALDYLAPYAK
FYIDPYK

VDEIFGQLR
VPYENAPVYLENK
VVSLSEYR
IVATKPLYVALAQR
GEQYVVIIQNK
FLSESVLAVAGDEEVIR
IDIYQLDTASISGTITNEK
LLALSGPGGGR
IEFAEQINK
LTEVPVEPVLTVHPESK
LSTIALALGVER
QWLQEIDR
LVVLGSGGVGK
NLPYTSTEEDLEK
ILGENEEEEDLAESGR
VLLPEGGITAIVEFLEPLEAR
ALEAVFGK

IVEVLLMK
LFIGGLNTETNEK
GFAFVTFESPADAK

IESIQLMMDSETGR
TDASSASSFLDSDELER

IQLIFER
SALQALEMDR
EFESAIVEAAR
LAEYQAYIDFEMK
SLTYLSILR

HVQGILR

57

142

105

142
103
14

140
120
117
120

98

117
146
127

72
137

60

116
16

150
148
133

12

94

80
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48

38
12
41
68
73
38
75
13
67

62
38

38
49

17%

4%

6%

3%

8%

4%

4%

9%
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SNRPN VLGLVLLR
GENLVSMTVEGPPPK

SRP68 ALLQQQPEDDSKR

SURF6 LLQEALK

SYNCRIP LFVGSIPK
TGYTLDVTTGQR

Other function
Dehydrogenase activity

DPYD VKEALSPIK

Ligase activity

MARS ITQDIFQQLLK
GFVLQDTVEQLR
FFGGYVPEMVLTPDDQR

Peptidase activity

SECI11L1 VGEIVVFR

Receptor activity

REEPG NVKPSQTPQPK

Translation elongation factor activity

EEF1B2 SPAGLQVLNDYLADK
YGPADVEDTTGSGATDSK

Unknown function

EBNAI1BRP2-““"DLEWVER
QAQAAVLAVLPR
LDVTLGPVPEIGGSEAPAPQNK

GPIAP1 QILGVIDKK

HDCMAILSP  MGEEVIPLR
SSAVVELDLEGTR

LOC389217 LSQMQNK

MGC3731 DPLLSQR

NOC2L QLATHLR
EIQLEISGK
LEDLNFPEIK
NOC3L LGQASLGVIK
SPLLPAVLEGLAK
FYLENLEQMVK
YSSEVATESPLDFTK
SMILMEQDPDVAVTVR
NOL10 QLTFTLKR
LLEQQELR

NOLA3 VLMTQQPRPVL

58

104
19

133

120
30

105

142
137
77
84

150
146

139
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8 10%
32
39 2%
48 2%
44 2%
57
43 1%
37 3%
62
40
70 4%
77 6%
82 15%
74
38 14%
40
39
38 1%
39 4%
38
62 1%
72 3%
45 4%
38
46
76 8%
54
38
40
47
40 2%
38
45 17%
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PES1

RBMI12B

RP13-36C9.1

SYNGR2

GSATNYITR

YAFVMFK
GVGLGEALVK
NFPFDVTK
NLSLSIDER
FLGTEVLLR
AENPYLFLR
DSSVELFLSSK
GLPYLVNEDDVR
LLGLPFIAGPVDIR
DPPIYSVGAFENFR
FFADFLLAEDDIYLLYDDK
FLYKDENRTR

VAVDPETVFK
IFEMLEGVQGPTAVR

AGGSFDLR

59

145
149

145
108

90
43
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GENE
MCM?2

MCM6

MCM7

GTPBP4

DDX5

DDX17%

DDX18

DDX21

DDX24%

DDX3X

DDX41

DDX50

DDX54

DHX9

DHXI15

Analysis of RPS19 interacting proteins

Supplemental Table 3. Nucleolar Interactors of RPS19

PROTEIN

MCM2 minichromosome maintenance
deficient 2. mitotin (S. cerevisiae)
p1l0SMCM (MCM6 minichromosome

maintenance deficient 6)

p8SMCM protein (MCM7 minichromosome

maintenance deficient 7)
GTP/binding protein NGB (G protein
binding CRFG)
growth regulated nuclear 68 protein
(DEAD box polypeptide 5)
DDX17 protein
RNA helicase (DEAD box polypeptide 18)
RINA helicase II / Gu protein
(DEAD box polypeptide 21)
DEAD box polypeptide 24
dead box | X isoform (DEAD box
polypeptide 3)
DEAD box protein abstrakt
DEAD box polypeptide 50
(Nucleolar protein GU2)
ATP/dependent RNA helicase
(DEAD box polypeptide 54)
RNA helicase A (DEAH box polypep. 9)

DEAH box polypeptide 15

60

YEAST GENE
MCM2

MCMe6

CDC47

NOG1

DBPZ

HAS1

MAKS

DEP10

PRP43
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RUVBL2%®

SMARCAS

XRIN2

DEC1

PPIH
CSNEK2A1Y
SRP72

SF3B2
SFRS10

RPL 104282
RPL14
RPL24

RPL27 A8
RPL3¥E2
RPL4¥-%2
RPLEE-E22
RpPL75Y
RPL7AB282931
RPLa5®
RPLO&2E
RPLP2”
RPS10%

RPS 14255

RPS16%

RuvB-like 2

SWI/SNF related, matrix associated,

actin dependent regulator of chromatin,

subfamuly a, member 5

Dhml-like protein (5'-3" exoribonuclease 2)

Cbf5p homolog (dyskerin)
peptidyl prolyl isomerase H
casein kinase 2, alpha 1 polypeptide

signal recognition particle 72

splicing factor 3b, subunit 2, 145 kDa

splicing factor arg/ser rich 10
605 ribosomal protemn L10a
605 ribosomal protein L14
605 ribosomal protein L24
608 ribosomal protemn L27a
608 ribosomal protemn L3
608 ribosomal protemn L4
608 ribosomal protemn L6
60S ribosomal protein L7
60S ribosomal protemn L7a
60S ribosomal protemn L8
60S ribosomal protein L9
60S acidic ribosomal protein P2
408 nbosomal protemn S10
40S nbosomal protemn S14

408 nbosomal protemn S16

61
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RVBZ

Isw2

RATI1

SRP72

CuUs1

RPLIB
RPL4B
RPL24A
RPL28
RPL3
RPL4B

RPLGB

RPLSB
RPLZA
RPLYB
RPPIB
RPSI10A
RPS14B

RPS16A



RPS24%
RPS4X”
RPSSQS,EB:ES'
RPS6
rRPS7Y
RPSBQS,EB:SI
RPSA
RSLID1

BAZIBY

HNRPD?
LF2*

L3

TAF15%
TRIM?28Y

UBTF

FTSI3

NOL1

XPO1

AATF 25,2829

Analysis of RPS19 inferacting proteins

40S ribosomal protein S2 RPS2
40S ribosomal protein S23 RPS23A
40S ribosomal protein S24 RPS24B
40S ribosomal protein S4, X-linked RPS4A
408 ribosomal proteinSs RPSS
405 ribosomal protein S6 RPS6B
408 ribosomal protein S7 RPS7A
408 ribosomal protein S8 RPSEB
ribosomal protein SA RPS0A
PBK1 protem

bromodomain adjacent to zinc finger

domain, 1B

heterogeneous nuclear ribonucleoprotein D2

interleukin enhancer binding factor 2

nuclear factor associated with dsRNA

NFAR-2

TLS protein (TBP-associated factor 15) NPL3
tripartite motif-containing 28

upstream binding transcription factor, RNA

polymerase I

FtsJ homolog 3 (E. coli) SPB1
proliferating cell nuclear protein p120 NOP2
(NOL protein 1)

exportin 1 (CRM1 homolog yeast) CRM1
Ded protein (Apoptosis antagonizing BFR2

transcription factor )

62
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ccT2B®

CEBPZ
COPG

FBL

GNB2L1%

HIST1H1C”
HIST1H1D®
HIST1H2AK”
HIST1H2BL”

HIST1H?BO™

HNRPA2B1P3%

HNRPCHH

HNRPDL”?

HP1BP3
Mp3®
ITGB4BP %

NCL

chaperonin containing TCP1,

subunit 2 (beta)

CCAAT/enhancer binding protein zeta

coatommer protein complex, subunit gamma 1

fibrillarin, U3 small nucleolar interacting

protein 1

Guanine nucleotide binding protein

(G protemn), beta polypeptide 2-like 1

Histone H1b

Histone H1 member 3

Histone 1 H2Ak

H2B histone family. member C

Histone 1. H2bo

Heterogeneous nuclear ribonucleoprotein
2/B1

Heterogeneous nuclear ribonucleoprotein C

Heterogeneous nuclear ribonucleoprotein

D-like (A+U-rich element RNA binding factor)

heterogeneous nuclear ribonucleoprotein F

Heterogeneous nuclear ribonucleoprotein R
heterogeneous nuclear ribonucleoprotein U
(scaffold attachment factor A)

HP1-BP74

U3 snoRNP protein 3 homolog

mntegrin beta 4 binding protein

Nucleolin

63
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CCT2

MAK?21
SEC21

NOP1

IMP3
TIF6

NSR1

19



NIP7* 60S ribosome subunit biogenesis
NOLA1" nucleolar protein family A member 1

(H/ACA small nucleolar RNPs)

NOL5A»* hNop36

PAK1IP1% PAK/PLC-interacting protein 1
RBM19 RNA binding motif 19

RBMX™ RNA binding motif protein, X-linked

(heterogeneous nuclear ribonucleoprotein G)
RNPC2 RNA-binding region containing protein 2
SART3 squatous cell carcinoma antigen
recognised by T cells 3
SNRPA17# small nuclear ribonucleoprotein polypeptide
A" (U2 small nuclear ribonuicleoprotein
polypeptide A"
SNRPG™ small nuclear ribonucleoprotein

polypeptide G

SURF6> surfeit protein 6

SYNCRIP NS1 associated protein

EEF1B2 eukaryotic translation elongation factor 1 beta 2
IPO4 umportin 4

EBNA1BP27%* EBNA1 binding protein 2

MGC3731 hypothetical protein LOC79159

NoC2L%¥ nucleolar complex associated 2 homolog
(5. cerevisiae; hypothetical protein)

NOC3L nucleolar complex associated 3 homolog

(S. cerevisiae)

64
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NIP7

GARI1

5IK1

MAKI11

MRD1

SMX2

RRP14

KAP123

EBP2

NOC2

NOC3



Analysis of RPS19 inferacting proteins

NoL10* nucleolar protein 10 (hypothetical ENP2
protein FLJ14075)

NOLA3” nucleolar protein family A, member 3 NOP10

PES1H Pescadillo homolog 1 containing NOP7
BRCT domain
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GENE

AATF

COPG

DDX18

DDX24

DDX5

DDX54

DHXI15

EBNAILIBP2

FBL

FTSI3

GTPBP4

IMP3

IPO4

ITGB4BP

MCM2

PROTEIN

Ded protein (Apoptosis antagonizing
transcription factor )

Coatomer protein complex, subunit gamma 1
RINA helicase (DEAD box polypeptide 18)
DEAD box polypeptide 24

Growth regulated nuclear 68 protein
(DEAD box polypeptide 5)
ATP/dependent RINA helicase

(DEAD box polypeptide 54)

DEAH box polypeptide 15

EBNAI binding protein 2

Fibrillarm, U3 small nucleolar mteracting
protein 1
FtsI homolog 3 (E. coli)

GTP/binding protein NGB (G protein
binding CRFG)

U3 snoRNP protemn 3 homolog

Importin 4

Integrin beta 4 binding protein
Minichromosome maintenance

deficient 2. mutotin (S, cerevisiae)

66

Supplemental Table 4. Interactors found in the Pre-Ribosome Database

YEAST GENE FOUND IN

BFR2

SEC21

HAS1

MAKS

DBP2

DBP10O

PRP43

EBP2

NOP1

SPB1

NOG1

IMP3

KAP123

TIF6

MCM2

908* Pre 408

Late 408
908, Pre 608, Late 608
90S. Pre 60S

908, Late 405, Late 60S

90S. Pre 605

90S. Pre 60S. Pre 408
90S. Pre 605

90S. Pre 408

90S. Pre 605

90S. Pre 60S. Late 605

908, Pre 408
Late 60S
908, Pre 60S. Late 60S

908



MCMG6

NIP7

NOC2L

NOC3L

NOL1

NOL5SA

NOLA1

PAK1IP1

PES1

RBM19

RPL3

RPLP2

RPS23

TAF15

XABI1

XEN2

plOSMCM (MCMS6 minichromosome
maintenance deficient 6)

60S ribosome subunif biogenesis
protein Nip7 homolog (S. cerevisiae)
Nucleolar complex associated 2 homolog
(S. cerevisiae; hypothetical protemn
DKFZp564C186.1)

Nucleolar complex associated 3 homolog
(S. cerevisiae)

Proliferating cell nuclear protemn p120
(NOL protein 1)

Nucleolar protein family A member 1
(H/ACA small nucleolar RNPs)
hNops6

PAK/PLC-nteracting protem 1
Pescadillo homolog 1 containing
BRCT domain

RNA binding motif 19

60S ribosomal protein L8

60S acidic ribosomal protem P2

408 ribosomal protein S23

TLS protem (TBP-associated factor 15)

XPA binding protein 1, GTPase

Dhml-like protein (5'-3' exoribonuclease 2)

Analysis of RPS19 interacting proteins

MCMo6 Pre 605

NIP7 90S. Pre 605, Late 605
NOC2 90S, Pre 60S, Late 60S
NOC3 908, Pre 60S

NOP2 908, Pre 608, Late 605
SIK1 90S, Pre 408

GARI1 908

MAKI11 Late 605

NOP7 908, Pre 608, Late 605

MRD1 Pre 408
RPL2ZA Late 608
RPP2B 908, Pre 408

RPS23A Late 60S

NPL3 90s
NPA3 908, Late 608, Late 408
RAT1 Late 60S

*genes classified as “found in 905™ in the present table include those classified as “early-pre40S™ and “early pre-

6057 in the Database.
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Chapter 4

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 | spent working under the

supervision of Dr Steve Ellis.
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Human RPS79, the gene mutated in Diamond-Blackfan anemia, encodes a
ribosomal protein required for the maturation of 40S ribosomal subunits

Johan Flygare,” Anna Aspesi,®® Joshua C. Bailey,® Koichi Miyake,'* Jacqueline M. Caffrey,® Stefan Karlsson,’

and Steven R. Ellis®

1Department of Molecular Medicine and Gene Therapy, Lund Stem Cell Center, Lund University Hospital, Lund, Sweden; 2Dipartimanto di Scienze Mediche,
Universita del Piemonte Qrientale, Movara, Italy; 2Department of Biochemistry and Molecular Biology, University of Louisville, KY; *Department of Biochemistry
and Molecular Biology, Nippon Medical School, Tokyo, Japan

Diamond-Blackfan anemia (DBA) typi-
cally presents with red blood cell aplasia
that usually manifests in the first year of
lite. The only gene currently known to be
mutated in DBA encodes ribosomal pro-
tein S19 (RPS19). Previous studies have
shown that the yeast RPS19 protein is
required for a specific step in the matura-
tion of 40S ribosomal subunits. Our objec-
tive here was to determine whether the
human RPS19 protein functions at a simi-

lar step in 40S subunit maturation. Stud-
ies where RPS19 expression is reduced
by siRNA in the hematopoietic cell line,
TF-1, show that human RPS19 is also
required for a specific step in the matura-
tion of 40S ribosomal subunits. This matu-
ration defect can be monitored by study-
ing rRNA-processing intermediates along
the ribosome synthesis pathway. Analy-
sis of these intermediates in CD34~ cells
from the bone marrow of patients with

DBA harboring mutations in RPS19 re-
vealed a pre-rBNA-processing defect
similar to that observed in TF-1 cells
where RPS19 expression was reduced.
This defect was observed to a lesser
extent in CD34+ cells from patients with
DBA who have mutations in RPS79.
(Blood. 2007;109:980-986)

© 2007 by The American Society of Hematology

Introduction

Diamond-Blackfan anemia (DBA) typically presents as a red blood
cell aplasia that affects children in their first year of life. In addition
to anemia, patients with DBA present with a heterogeneous mixture
of congenital abnormalities.! Craniofacial abnormalities are ob-
served in approximately 50% of patients with DBA, while other
defects, including growth failure, thumb malformation, and cardiac
and urogenital defects, are observed less frequently.
Approximately 25% of patients with DBA have mutations in the
gene encoding ribosomal protein S19, 1 of 33 ribosomal proteins
that together with 185 rRNA constitutes the 40S ribosomal
subunit.>* The etiology of the remaining cases of DBA is unknown.
DBA is the first and only human disease known to be caused by
mutations in a gene encoding a ribosomal protein. Interestingly,
several other bone marrow (BM) failure syndromes have been
linked to factors invelved in ribosome synthesis.® These syndromes
include dyskeratosis congenita (DC), cartilage hair hypoplasia
(CHH). and Shwachman Diamond syndrome (SDS). The proteins
and RNAs affected in these diseases include the DKCI gene in
X-linked DC, which encodes a pseudouracil synthase.® dyskerin
involved in rRNA modification, the gene RMRP involved in CHH,
which participates in rRNA processing,” and SBDS. the gene
affected in SDS which encodes a protein thought to function in
RNA metabolism.®!! The exact role of a defect in ribosome
synthesis in each of these marrow failure syndromes is obscured
by the fact that some of these proteins and RNAs are part of
complexes that have multiple functions within cells. Dyskerin is
a component of a number of ribonucleoprotein complexes,
including telomerase,!”* whereas RMRP is a component of an

endoribenuclease involved in mRNA decay in addition to rRNA
processing. '

The only other known function for ribosomal protein S19
(RPS19) is as a monocyte attractant, leaving open the possibility
that the loss of a nonribosomal function for RPS19 is responsible
for DBA.'® However, the recent identification of reduced ribosomal
protein gene expression in DBA patients with normal RPS/Q
strongly favors a ribosome synthesis defect as the underlying cause
of DBA.'7 Previous studies have shown that the yeast homologs of
RPS19 are required for the maturation of the 3" end of 185 rRNA
and the formation of active 405 ribosomal subunits. 405 subunit
precursors that accumulate in cells depleted of the yeast RPS19
proteins are retained in the nucleus and fail to recruit factors
required for late steps in the maturation of 408 subunits.1#

To investigate the role of the human RPS19 protein in tRNA
processing and the maturation of 405 ribosomal subunits, we
turned to the TF-1 erythroleukemia cell line in which expression of
RPS19 was reduced using siRNAs directed against RPS19 mRNA."?
Reduced expression of RPS19 in TF-1 cells preferentially affects
erythroid differentiation and leads to increased apoptosis. Here we
show that like the yveast RPS19 protein, human RPS19 is involved
in the maturation of 405 ribosomal subunits and is required for
specific steps in the maturation of the 3" end of 185 rRNA. In light
of the processing defect observed in TF-1 cells expressing siRNA
against RPS19 mRNA, we examined pre-rRNA processing in
CD34* and CD34~ cells from patients with DBA. Our data
indicate that patient cells exhibit an rRNA-processing defect
similar to that observed in TF-1 cells. These data are the first to

Submitted July 28, 2006; accepted August 23, 2006. Prepublished online as
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show a pre-tRNA—processing defect in cells from patients with
DBA who have mutations in RPSI9, providing further support for
the view that defects in ribosome synthesis may contribute to DBA.

Materials and methods

Cell lines and culture conditions

Construction of TF-1 cell lines expressing inducible siRNAs targeting
RP519 mRNA (TF-1 A and TF-1 B) and a scrambled control siRNA (TF-1
Sc) was described previously." The TF-1 cell lines were maintained in
RPMI media supplemented with 10% fetal bovine serum and antibiotics
(100 IWmL penicillin and 100 pg/mL streptomycin). Granulocyte-
macrophage colony-stimulating factor (GM-CSF. 5 ng/mL) was added to
the media to support growth of the cytokine dependent TF-1 cell lines.
Doxyeycline {DOX) was included in the culture medium at a concentration
of 0.5 pg/mL to induce siRNA expression.

Mononuclear BM cell samples

BM samples were collected after informed consent from healthy donors and
patients with DBA. Mononuclear BM cells were isolated using a Lym-
phoprep density gradient (Nycomed, Oslo, Norway). Midi MACS LS
separation columns and the CD34 MicroBead Kit (Miltenyi Biotec,
Auburn, CA) were used to separate CD34% and CD34~ mononuclear BM
cells. Cells were frozen in DMEM supplemented with 20% fetal calf serum
and 10% dimethylsulfoxide and stored at —80°C. DB A patients 1 through 6
do not have mutations in the RPSI9 gene. We previously described patients
DBA-7, DBA-8, and DBA-9 as patients 2, 1, and 4, respectively.2” Patient
DBA-7 has a chromosomal break in intron 3 on the RPSI9 gene, patient
DBA-8 has a total deletion of the RPS]9 gene, and patient DBA-9 has a
(TT157-158AA, 160 insertion CT) mutation encoding a truncated form of
RFS19. Patients DBA-T and DBA-8 were transfusion dependent and patient
DBA-9 was in spontaneous remission at the time of the study. Patients
DBA-7, DBA-8, and DBA-9 display impaired erythroid development in
vitro, which can be improved by RPSI9 gene transfer, proving that the
erythroid defect is a result of RPS 19 deficiency.?!

RNA analysis

Total RNA was isolated from TF-1 cells or patient samples using an
RMaqueous small-scale RNA isolation kit from Ambion { Austin, TX). Total
RMNA was recovered from 0.5 to 1 % 10° cells following the manufacturer’s
instructions for isolating RNA from suspension cultures. 5 to 10 g total
RMNA was fractionated on 1.5% formaldehyde agarose gels and transferred
to Zetaprobe membrane (Biorad Inc, Hercules, CA). Membranes were
washed overnight at 55°C with 2 = S8C (0.3M NaCl and 0.03M Na citrate
[pH 7.01) and 1% sodium dodecyl sulfate and prehybridized for a minimum
of 4 hours with ULTRAhyb oligonucleotide hybridization buffer ( Ambion).
The oligonucleotides used were: o, 5'-ACCGGTCACGACTCGGCA-3'
{complementary to sequences 1786-1804 in ETS] of the rRNA transcrip-
tion unit); B, 5'-GCATGGCTTAATCTTTGAGAC AAGCATAT-3" (comple-
mentary to sequences 3681-2709 in 185 rRNA); v, 5-CCTCGCCCTC-
CGGGCTCCGTTAATGATC-3' (complementary to sequences 5520-5547
spanning the boundary between 185 rRNA and internal transcribed
sequence 1 [ITS1]); &, 5-TCTCCCTCCCGAGITCTCGGCTCT-3"
{complementary to sequences 5687-5710 in the 5" portion of ITS1); and e,
5'-CTAAGAGTCGTACGAGGTCG-3' {complementary to sequences 6613-
6632 spanning the boundary between ITS1 and 5.85 rRNA). The probes {30
pmol) were labeled with [y-32P]ATP using T4 polynucleotide kinase (New
England Biolabs, Beverly MA). Membranes were hybridized overnight at
37°C in ULTRAhyb oligonucleotide hybridization buffer and washed the
following morning 3 times with 6 X S5C at 37°C. Washed membranes
were subjected to phosphorimage analysis (Phosphorimager SF; Molecular
Dynamiecs, Sunnyvale, CA).

TF-1 cells transduced with lemtiviral vectors expressing either a
scrambled siRNA or RPS19 siRNA B were used for pulse-chase analysis.

rANA-PROCESSING DEFECT IN CELLS FROM DBA PATIENTS 981

Cells were grown in RPMI media containing GM-CSF (5 ng/mL) in the
presence or absence of DOX (5 pg/mL) for 4 days. Approximately 1 ¢ 10¢
cells were harvested and washed with RPMI media lacking methionine
(RPMI-Met). GM-CSF was included in the RPMI-Met media and DOX
when appropriate. Cells were suspended in 3 mL RPMI-Met media and
incubated for 2 hours at 37°C. Each cell suspension was treated with 150
rL (0.037 MBg/mL [ pCifpL]) [mf.rh_\'I—JH]-Met and pulse-labeled for 30
minutes. Cells were pelleted by centrifugation, media were remowved, and
cells resuspended in 3.2 mL RPMI media with methionine. Aliquots (1 mL})
were chased for 0, 45, and 90 minutes in Met-containing media, after which
cells were harvested and total RNA was isolated using RNaqueous kits.
Total RNA was fractionated on 1.5% formaldehyde agarose gels and
ransferred to zetaprobe membranes. Membranes were baked for 2 hours at
80°C and exposed to Biohdax MS film at —80°C using a BioMax LE
intensifying screen ( Eastman Kodak Co, Rochester NY ).

Polysome analysis

TF-1 A cells were grown for 4 days in RPMI media containing GM-CSF
with or without DOX. Extracts for polysome analysis were prepared as
described by Tang et al.?? Extracts were layered on 16 mL 15% to 55%
sucrose gradients and centrifuged in a SW28.1 rotor {Beckman Instruments,
Fullerton CA) for 5 hours at 67 000g. Gradients were fractionated and
absorbance at 254, monitored on an ISCO model 185 gradient fractionator
and a UA-6 absorbance detector (Lincoln, NE). Chart records were
digitized using Adobe Photoshop (San Jose, CA).

Results

RPS19-deficient TF-1 cells exhibit a defect in
pre-rRNA processing

To assess the effect of reductions in RPS19 expression on ribosome
synthesis in human hematopoietic cells we used a system in which
RPS19 expression is controlled by a DOX-induced siRNA against
RPS19 mRNA.' The cell line used for these studies is the
hematopoietic progenitor cell line TF-1, which can be induced to
differentiate along the erythroid and myeloid lineages. Cells
containing lentiviruses encoding 1 of 2 siRNAs against the RPS19
message or a scrambled siRNA control were either untreated or
induced to express siRNAs by the addition of DOX to the culture
media. Previous studies using these TF-1 cells have shown that by
day 5 after DOX induction the steady-state level of the RP519
protein is decreased by 40% to 60%.'° The growth rate of cells
expressing the siRNAs targeted to RPS19 begins to decline relative
to scrambled controls by day 4, suggesting that the effects of
depleting RPS19 may appear at this time point (data not shown).
We therefore harvested cells after 4 days of DOX induction and
total RNA was isolated, fractionated on formaldehyde-agarose
gels, and blotted with a series of oligonucleotide probes complemen-
tary to regions within the human rRNA repeat unit. The human
rRNA-processing pathway and the probes used for Northern blot
analysis are shown in Figure 1. Oligonucleotide [ hybridizes to
sequences within the coding region for 185 rRNA. Cell lines
expressing siRNAs targeted to RPS 19 (siRNAs A and B plus DOX)
show a reduction in 185 rRNA compared with the same cell lines in
the absence of DOX or cell lines containing scrambled siRNAs
(Figure 27 B). In addition to a reduction in 185 rRNA, cell lines
expressing siRNA to RPS19 have a novel species migrating just
above 185 rRNA (labeled 215).

In yeast cells depleted of RP519, a 215 pre-rRNA accumulates
at high levels relative to wild-type strains.'® The 215 pre-RNA
extends through the 3’ end of mature 185 rRNA into the ITS1. To
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o1 188 5.85 288 02 Figure 1. Pre-rRMA processing in human cells. The major
" 5ET IT! rRMNA-processing pathways in human cells as initially derived
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determine whether the novel 18S-related species observed in cells
expressing siRNA to RP519 extended into ITSI, the membrane
was probed with oligonueleotide +, which spans cleavage site 3 at
the 3’ end of 185 rRNA. In Figure 2, v shows that in control cell
lines eligonucleotide y recognizes a species referred to as 185E,
which extends 56 nucleotides downstream of the 3" end of 185
tRNA to a newly identified cleavage site E in ITS1.* In contrast,
cell lines expressing siRNA targeted to RPS19 show a dramatic
reduction inl8SE and a corresponding increase in 21S rRNA.
These data indicate that the 215 rRN A extends beyond the 3" end of
185 rRNA into ITS1 and that cleavage at site E is affected in cells
depleted of RPS19. We have used probes internal to ITSI
{oligonucleotide &) and at the 3' end of ITS1 overlapping with the
5" end of 5.85 rRNA {oligonucleotides €) to determine how far 215
rRNA extends into ITS1. In Figure 2, & and € indicate that 218
tRNA hybridizes with the internal probe but not with the 3" probe,
indicating that 215 rRNA likely terminates at site 2 within [TS1.
To further examine the rRNA-processing defect in cells express-
ing siRNA against RPS19 we turned to pulse-chase studies. In
these experiments, cells expressing RPS19 siRNA B were com-
pared with cells expressing a scrambled siRNA. Cells were grown
in the presence or absence of DOX, and approximately 1 x 106
cells were harvested 4 days after DOX induction. Each cell line was
grown for 2 hours in 3 mL RPMI media lacking methionine

-
——

Figure 2. Northern blot analysis demonstrates abnormal pre-
rRNA processing in TF-1 cells depleted of RPS19. Total RMA was
izolated from TF-1 cells, fractionated on 1.5% formaldehyde-agarose -

gels, transferrad to zetaprobe, and hybridized with oligonuclectides

I
complemeantary to different regions of the rRNA primary transcript. The
siRMAs presant in each cell line are listed above each lane. Cell lines
in lanes labeled A and B express 2 different siRNAs targeting RPS18.
Scindicates scrambled siRNA. Cell lines were grown for 4 days inthe  ees—

presence (+D0X) or absence (—DOX) of 0.5 pg/mL DOX. Panels are
designatad according to the cligonucleotide used for hybridization.
Pre-rANAs hybridizing with the differant oligonuclectide probes are
designated with arrows fo the right or left of the panels. llustrations of
rRM A species hybridizing with different probes are included to the
sides of each image. Filled boxes represent mature ANAs: 185, I
5.85, 0 285,

e 105105+
Gh = (©)

followed by the addition of 5.55 MBq (150 pCi) of [methyl-*H]-
methionine and further incubation at 37°C for 30 minutes. During
the pulse-labeling period the added methionine rapidly equilibrates
with the S-adenosyl-methionine pool, which is subsequently used
to methylate rRNA precursors. After the pulse period, the radiola-
bel was removed from the culture media and 3 mL RPMI media
containing unlabeled methionine was added. Aliquots (1 mL) from
each cell line were withdrawn, and cells were harvested after 0, 45,
or 90 minutes of chase. Figure 3 shows that cells expressing siRNA
against RPS19 produced very little mature 185 rRNA over the
course of the 90-minute chase. In contrast, each of the other cell
lines had detectable levels of 185 rRNA present in the 45-minute
chase period. The decrease in I8S rRNA production in cell lines
expressing siRMA to RPS19 was accompanied by an increase in the
215 rRNA species. These data are consistent with the Northern blot
analysis data, providing further evidence that cells expressing
sIRNA targeting RPS19 failed to efficiently cleave 218 pre-rRNAs
at the E site within ITS1 forming the mature 3’ end of 185 rRNA.
Cleavage site E in human ITSI appears to correspond to
cleavage site Az in yeast ITS1, which is the major site affected in
yeast cells depleted of RPS19.'8 In yeast, when cleavage at site A,
is inhibited, processing still occurs at site Ay in ITS 1.2 The 275 A,
pre-RNA resulting from Az cleavage can proceed down the large
subunit pathway, giving rise to mature 608 ribosomal subunits. On

+ DOX - DOX + DO - DOX
B AScBEB A Sc B AScB ASc
(B) 1)
458 [ R L R
305 — o S . .- e
25— - +— 215 ———
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i
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Figure 3. Pulse-chase analysis demonstrates abnormal pre-rRNA processing
in TF-1 cells depleted of RPS19. Pulse-chase was carried out as describad in
“Matarials and methods.” TF-1 cells infectad with lentiviusas containing either siRNA
B targeted to APS19 (RPS19) or a scrambled siRMA (scrambled) were grown for 4
days in the presence (+) or absence (—) of DOX. Chase periods are shown above
each lane.

the other hand, 21S pre-RNA that extends from the mature 5 end
of 185 RNA through the A; site to the Az site is retained in the
nueleus and is not efficiently processed to mature 185 rRNAS
Consequently, a failure to efficiently cleave at the A; site within
ITS1 preferentially affects the production of 185 RNA and 40S
ribosomal subunits. If cleavage sites E and 2 within ITS1 of human
cells were comparable to sites A; and As in yeast, respectively,
inhibition of cleavage at site E would not be expected to have a
dramatic affect on the production of 605 ribosomal subunits.

RPS19 is required for the maturation of 40S ribosomal subunits

To address whether TF-1 cells expressing siRNA against RPS19
have a selective deficiency of 408 ribosomal subunits, cell extracts
were prepared and polysome profiles examined after sucrose
gradient centrifugation. The TF-1 cells used in Figure 4 (RPS19
siRNA A) were grown for 4 days in the presence and absence of
DOX. Cells grown in the presence of DOX showed a reduction in
free 408 subunits, an increase in free 605 subunits, and a shift
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absence of DOX. This profile is expected for cells with a deficiency
of 408 ribosomal subunits.

BM cells from DBA patients with mutations in RPS5719 exhibit
abnormal processing of pre-rBNA

The data derived from TF-1 cells indicate that cells expressing
suboptimal levels of RPS19 have defects in the maturation of 405
ribosomal subunits. Failure to efficiently mature 405 ribosomal
subunits could therefore play an important role in the pathophysiol-
ogy of DBA. Because of the high degree of sensitivity of the
rRNA-processing assay, we used Northern blot analysis to examine
the maturation of 405 subunits in cells derived from patients with
DBA and healthy controls. Some of the cells from patients with
DBA used in these studies contained mutations in R PSI9; however,
most did not (Tables 1-2). Both CD34~ and CD34% mononuclear
BM cells were studied. We began our analysis with the more
abundant CD34 7 cell populations. Total RNA isolated from CD34~
cells was isolated, fractionated on 1.5% formaldehyde agarose gels,
transferred to zeta-probe membrane, and blotted with oligonucleo-
tide probes to different regions of the rRNA primary transcript. In
Figure 5, the vy panel shows an increase in the ratio of 21S to 185E
pre-rRNA in patients with DBA who have mutations in RPSJ9
relative to healthy controls. Specific pre-RINA assignments in these
primary cell populations were confirmed in blots with other
oligonucleotide probes (5 and a panels). The & panel, where
hybridization was carried out with oligonucleotide & internal to
ITS1, shows that 21S pre-rRNA is detected, whereas the o panel,
using an oligonucleotide complementary to sequences within
ETSI, as expected, shows no evidence of hybridization with 218
pre-rRNA. The ratio of 21S to 18SE pre-rRNA in RPS/9™ patient
samples was 3- to 4-fold higher than in healthy individuals and
patients with DBA lacking RPSI9 mutations (Table 1). These data
indicate that like TF-1 cells, CD34~ cells from patients with DBA
who have mutations in RPSI9 fail to efficiently cleave rRNA
precursors at the E site within ITS1.

Table 1. Abnormal pre-rRNA processing in CD34- cells from
patients with DBA who have mutations in RPS19

d smaller poly d with cells grown in th R
toward smaller polysomes compared with cells grown in the  aunical statuse RPS19 statust runs$ 21S/18SE ratio§
Contral-1 — 2 1.3
TF-1 A -DOX day 4 TF-1 A +DOX day 4 Coniiohs - o L
DEA-1 RPS1g9% 2 1.2
DEA-2 RPS{4+ 2 1.2
DEA-3 RPS1g% 2 1.2
DEA-4 RPS1G 2 1.2
Py DBAS RPS16* 2 0.8
DEA-6 RPS{4+ 2 0.9
DEA-T AP 515 breakpaint intron 3 2 3.1
DEA-8 RPS19-fcomplete deletion 4 3.3
DEA-9 APS 19— /fframashift 2 2.8
] T 7
‘—|,—'—|:—l—|— “—1'/—"] l [ I\ I' i I\ .II- Comparison of tha DBA RPS19% patient group data sets (rows 3-7) with the
control group (rows 1-2) data sete: P = 5; DBA RPS19™ patient group data sets
405 ans  Pol
S mws Fehsomes i e {rows &-11] with the control group: P < .001.

Figure 4. Altered polysome profiles in TF-1 cells depleted of RPS19. Calls
extracts were prepared for polysome analysis as descibed in “Materals and
methods.” TF-1 calls infected with a lentivirus containing siFENAA targeted to RPS19
were grown for 4 days in the presence (+DOX) or abzence (—DOX) of 0.5 pg'mL
DO, Extracts were layered on 15% to 55% sucrose gradients, and centrifugation
was carried out for 5 hours at 67 000g. Gradients were fractionated using an
|SCO-type 185 gradient fractionator, and absorbance at 254, was menitored with a
UA-6 absorbance detector.
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— indicates not sequenced.

*Patients disgnosad with DBA are listed as DBA-1 to DBA-S.

1The RP519 gene was sequenced in sach DBA patient. PS5 19 indicates no
mutations were found. RPS78™ indicates mutations wers found and the nature of the
mutation.

1The number of times each sample was run on a differant agarose gel.

BAverage ratio of 215 to 185E pre-rRNA after phosphorimage analysis. The
2151 85E ratic for each sample was normalized against the control-2 ratio in the
same gel.
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Table 2. Pre-rRNA—processing defect in CD34* cells from patients
with DBA who have mutated RPS19

Mo, sample 215M18SE
Clinical status™ RPS19 statust runst ratic§

Control-1 — a 14
Contral-2 — a 1
Control-2 — 2 1.2
Control-4 = a 1.2
DBA-S RPS1g+ a 1
DBA-6 RPS1o* a 0.4
DEA-2 RP519-fcomplete delation a3 1.7

— indicates not sequenced.

*Patients diagnozed with DBA are listed as DBEA-5, DBA-G, and DBA-8.

1The RPS 19 gana was sequenced in each patiant with DBA. RPSTE* indicates
no mutations ware found. RPS 719~ indicates mutations werea found.

iMumber of imes each sample was run on a different agarose gel.

SAverage ratio of 215 to 185E pre-rANA after phosphorimage analysis. The
215M185E ratio for each sample was normalized against the control-2 ratio in the
same gel.

|IP == .003. The Pvalus reported is for a comparison of the RPS19- data set with
the combined control data sets using the Student ftest.

It is possible that CD34~ from patients with DBA who have
normal RPSI9 could have a defect in steps along the rRNA-
processing pathway that is different from patients with RPSI9
mutations. Several studies in yeast have shown that mutations in
genes encoding different ribosomal proteins can have distinet
effects on rRNA processing.'®* Examination of the patterns in
Figure 5 (-y and & panels) show a modest increase in ratio of 30S to
185E, 1.5- and [.2-fold, in patients DBA-3 and DBA-4, respec-
tively, relative to control samples. Further studies will be necessary
to determine if these increases are significant and contribute to the
pathophysiology in these patients. Other DBA patient samples with
normal RPSI9 showed no obvious differences among each other
and with control rRNA-processing patterns.

The primary hematopoietic defect in patients with DBA is
thought to reside in the differentiation and amplification of early
progenitor cells in the erythroid lineage. We therefore also exam-
ined rRNA processing in CD34% cells from patients with DBA and
healthy controls. Figure 6 shows a blot of CD347% cells hyhridized
with oligonucleotide -+, the probe which revealed the rRNA-
processing defect linked to a reduction in functional RPS19 in TF-1
cells and CD34~ cells. Surprisingly, the CD34% cells from the
patient sample with mutated RPSI9 (DBA-8) showed only a
modest but statistically significant increase in the 21S-to-185E
ratio relative to other samples (Table 2). Thus, the rRNA-

DEA Patients DEA Patients
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processing defect observed in CD347 cells from a patient with
DBA who has an RPS/9 mutation appears to be reduced in
magnitude in CD34* cells from the same patient.

Discussion

Previous studies have shown that the yeast RPS19 protein is
required for a specific step in the maturation of 405 ribosomal
subunits.!'® In yeast cells depleted of RPS19, pre-40S particles
accumulate in the nucleus with a corresponding decrease in the
amount of mature 40S subunits in the cytoplasm. The pre-40S
subumnits that accumulate in RPS19-depleted cells contain a 215
precursor to mature 18S rRNA. This precursor begins at the mature
5" end of 185 rRNA and extends past the mature 3" end of 185
rRNA to the Az cleavage site within ITS1 of the rRNA transcription
unit. Thus, yeast cells depleted of RPS19 fail to efficiently cleave
pre-RNAs at the A, cleavage site within ITSI, resulting in immature
subunits that have failed to matuge the 3" end of 18S rRNA.

Our goal here was to monitor rRNA processing and 408 subunit
maturation in human cells depleted of RPS19. Cells used for these
studies were human TF-1 cells, a hematopoietic progenitor cell line
expressing siRNA against the RPS19 mRNA, and cells from
patients with DBA heterozygous for mutations in the RPSI9 gene.
Results from TF-1 cells indicate that like yeast., human cells
depleted of RPS19 accumulate a 215 pre-rRNA extended through
the mature 3" end of 18S rRNA into ITS1. We have not specifically
defined the 3" end of the 215 pre-rRNA, but show that it extends
through the recently identified E site within ITS1 of the human
transcription unit.® Since this precursor does not extend to the
extreme 3" end of ITS1 it most likely terminates at cleavage site 2
within human ITS1. In this respect, cleavage sites E and 2 within
the human transcription unit would be comparable to sites A, and
Ay of yeast, respectively. Pulse-chase analysis showed a precursor
product relationship between the 215 pre-rRNA and mature 185
RNA, and polysome profiles revealed that TE-1 cells depleted of
EPS19 had a deficiency of 405 ribosomal subunits. Thus, like its
yeast ortholog, the human RPS19 protein is required for the maturation
of 405 subunits and specifically affects a cleavage step within ITS1
needed for the formation of the mature 3" end of 185 rRNA.

Maturation of the 3" end of 185 rRNA in humans cells occurs
through a stepwise pathway involving cleavage first at site 2 in
ITS1, followed by cleavage at site E, and finally formation of the
mature 3" end of 185 rRNA by cleavage at site 3. Northern blot
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Figure 5. Morthern blot analysis of CD34~ BM cells reveals
i | abnormal pre-rANA processing in patients with DBA who have
mutations in RPS19. Total RNA was isclated from CD34- cells and
prepared for Morthem blot analysis as described in Figure 2. Panels
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are designated according to oligonuclectides used for hybridization.
Pationts with DBA who have mutations in RPS19 are designated
DBA-7~ and DEA-8-, while patients with normal APS19 are desig-
nated DBA-1* to DBA-5*. Samples from DBA patients labeled
DBA-7- and DBA-8- have a chromosome breakpoint mutation in
RP519 and a complete deletion of RPS19, respectively. Ratios listed
in Table 1 are derived from phosphorimage analysis of signals for the
RMNA species listed. Mot all samples listed in Table 1 ane shown in hare.
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Figure 6. Merthern blot analysis displays defective pre-rRNA processing in
CD34+ cells from patients with DBA whe have mutations in RPS19. The figure
showse a representative Northern blot using total RMA isclated from CD34* cells and
prepared for Morthem blot analysis as described in Figure 2. Pre-rRNAs were
hybridized with cligonucleotide ~ (Figure 1) to examine the ratic of 215 to 185E
pra-rRNA.

analysis of TF-1 cells depleted of RPS19 show a dramatic decrease
in I8SE pre-rRNA that parallels the increase in 215 pre-rRNA.
Thus, the human RPS19 protein is required for efficient E site cleavage.
We therefore used the ratio of 215 to |8SE as a signature of RPS19
function in cells from patients with DBA and healthy controls.

Analysis of CD347 cells from patients with DBA who have
mutations in RPS/9 showed a 3- to 4-fold increase in the ratio of
215 to I8SE pre-RNAs relative to healthy controls and patients
with DBA lacking RPSI9 mutations. This increase is less pro-
nounced than the 20- to 40-fold difference observed in TF-1 cells.
However, BM-derived CD34~ cells represent a complex mixture of
different cell types. with approximately 1 in 4 being of the
erythroid lineage, mainly in the form of erythroblasts.2” Moreover,
previous studies have shown that the BM of patients with DBA is
relatively devoid of erythroid precursors.”® As such, the rRNA-
processing defect measured in the CD347 cells from patients with
DBA who have mutations in RPSI9 may be derived from only a
small number of cells within the total population.

The finding of a functional defect in 40S subunit maturation
linked to suboptimal levels of RPS19 supports the notion that
defective ribosome synthesis may be the underlying molecular
basis for DBA. However, only 25% of DB A cases have been linked
to mutations in RPST9. We were therefore interested in determining
whether we could measure changes in rRNA processing in CD347
cells from patients with DBA who have normal RPST9. While there
is a modest increase in the ratios of 308 to 218 pre-rRNA in DBA-3
and DBA- CD347 cells relative to controls, suggesting a process-
ing defect elsewhere in the pathway, the significance of this small
change is unclear at the present time. The ability to identify specific
cell populations manifesting the rRNA-processing defect linked to
mutations in RPS79 may allow us to enrich for these populations in
other DBA patient samples, thereby increasing the sensitivity of the
RNA-processing assay which, in turn, may unmask other rRNA-
processing defects.

We also examined CD34+ cells for an rRNA-processing defect
similar to that observed in CD34~ cells. The 215-to- 185E ratio in
CD34™" cells from patient DBA-8 was less than that observed for
CD34~ cells from the same patient. The decreased magnitude of
the rRNA-processing defect in CD34% relative to CD34™ cells
from this patient with a complete deletion of RPS{9 could be a
reflection of relative percentage of cells expressing the rRNA-
processing defect in CD34~ and CD34% cell populations derived
from this individual. Alternatively, these data may suggest that the
defect in ribosome synthesis manifests itself to a greater extent at
later steps in erythroid differentiation after the CD34 antigen is lost.
Da Costa et al® have shown that RPS19 expression decreases

75

rRMA-PROCESSING DEFECT IN CELLS FROM DBA PATIENTS 985

during terminal erythroid differentiation. Expression of RPS19 has
also been monitored in normal human hematopoietic BM cells by
Northern blot and quantitative reverse transcription—polymerase
chain reaction (QQ-RT-PCR). RPS19 mRNA levels are relatively
high in populations enriched for multipotent progenitors and
gradually decrease in more differentiated cell populations.®*?
Interestingly, the pepulation containing erythroblasts, a cell that
has unusually high levels of free ribosomes causing the basophilic
cytoplasm, express relatively low levels of RPS19 mRNA® It is
therefore possible that RPS19 haploinsufficiency may not become
limiting for 40S subunit maturation until the latter stages of erythroid
differentiation, when the level of RPS19 is naturally reduced.

In conclusion, we have shown that a human progenitor cell line
expressing siRNAs to RPS19 exhibits a specific defect in fRNA
processing and the maturation of 405 ribosomal subunits. The
rRNA-processing defect can be measured in patients with DBA
patients who have mutant alleles of RPSI9. The defect appears in
CD34~ cells and, to a somewhat lesser extent, in CD34% cells
derived from the BM of the patients with DBA. Identification of the
specific cell types manifesting this defect in 405 subunit maturation
should contribute to our understanding of the molecular mecha-
nisms underlying the pathophysiclogy of DBA.
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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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