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ABSTRACT

Ribosomal biogenesis is important for cell growdand proliferation.
Perturbation of the synthesis and assembly of ditma$ components, as for
instance inhibition of rRNA synthesis or decreasdlmsomal protein (RP)
production, may lead to nucleolar disruption and release and/or
degradation of ribosomal component. In the lastrgjeaeveral studies
suggested that p53 is activated in response to autibosomal stress”,
leading to growth arrest or apoptosis.Alterationrisosome synthesis or
function is implicated in several diseases, in Wwhigutation in the genes
coding for RP or other nucleolar components mayeaiefect in ribosome
biogenesis. We have been studying the moleculahamsms of Diamond-
BlackfanAnemia (DBA), a congenital hypo plastic eni@ associated to
various physical malformations. Mutations mpS19 gene have been
identified in about 25% of patients whereas anoft#ér have mutations in
the rpS24 gene. A decrease in RPS19 and RPS24 level hassheam to
cause a defect in the maturation of 18S ribosonA .RNhile the role of
RPS19 mutations results well investigated and dbariaed, less clear is the
effect of specific alterations in other RPs suclR&S24 or RPS7. Recently
two new mutations ofpS24 gene: a substitution and a deletion, are emerged
from a study on DBA patients in Italy and one migtathas been found in a
mouse model from a laboratory studying neuronaadiss. With the aim of
analyzing the functional features of these new tedt&PS24, we prepared
cDNA constructs. After transfection we analyzed stebility and the ability
of exogenous mutated proteins to be assembledriatare ribosomes. Our
results indicate that some RPS24 and RPS7 mutatayesvery unstable
when compared with WT proteins. Yet, once stahiljzallelic variants
analyzed in this study, even mutated, are ableetadsembled into mature
ribosome. In the last part of the project, we hauelied erythroleukemia
cell lines, TF-1C and myelogenous leukemia K562@fedted with a
lentiviral vector inducible for the expression dRNA specific for RPS19
MRNA. Parental cell lines present a fundamentdédihce: TF-1 express a
wild type p53 whereas K562 do not show detectablels of p53. In these
cells we monitored the effect of ribosome alteratan the expression of
selected proteins and on cell growth parameters. @nhe proteins that we
found affected by ribosome alteration is the onoageserine/threonine
kinase PIM1, highly expressed in cells of hematefioiorigin.



INTRODUCTION

Ribosomal biogenesis depends on the proliferatats of the cells and
is finely modulated along the cell cycle. Accordingthe synthesis of
ribosomal proteins (RPs) has been known for a lbng as a process
strongly linked to the growth status of the celinétging evidences suggest
that the perturbation of rRNA processing, synthesigibosomal proteins
and ribosomal assembly causes the activation ofpecif&c control
mechanism in the cell: the “Ribosomal stress”. e tast years, several
studies suggested that p53 is activated in respomssuch a cellular
activation, leading to growth arrest or apoptogiieration of ribosome
synthesis or function is implicated in several dgs, in which mutation in
the genes coding for RPs or other nucleolar comptsmaay cause defect in
ribosome biogenesis, such as Dyskeratosis Cong@dfia, Cartilage Hair
Hypoplasia (CHH), Treacher Collins Syndrome (TCS)d aDiamond
Blackfan Anemia (DBA). For several years, in olrdeatory, we studied the
molecular mechanisms of Diamond-Blackfan Anemia ADBa congenital
hypoplastic anemia associated to various physiedfommations. Mutations
in RPS19 gene have been identified in about 25%paifents whereas
another 2% have mutations in the RPS24 gene aewer fpercentages in
the ribosomal protein L5, L11, L35a, S17 and S7deerease in RPS19,
RPS24 and RPS7 levels has been shown to caused otethe maturation
of 18S ribosomal RNA even if at a different levet the different proteins.
While the role of RPS19 mutations results well Btigated and
characterized, less clear is the effect of spedifierations in RPS24 and
RPS7 sequence. Recently two new mutationgps4 gene: a substitution
and a deletion, have been identified from a studyma Dianzani’'s lab on
DBA patients in ltaly. In addition, a mutation ihetrps7 gene has been
identified in a mouse model for neuronal alteragiotmheMontu mouse, by
David Keyes at Oxford University. To study the mm&agism underlying
Ribosomal stress generated by mutations in RPsywaéiave focused our
attention on the study of the two new RPS24 mutati@and on the
characterization of RPS7 mutation from tentu mouse. In particular we
tested the properties of mutated RPS24 and RPSH wifferent
experimental approaches. In addition we tried farifyl the downstream
effects of RPs mutations, both in experimental nwdad in cells from
patients affected by DBA. For this last part of fiteject, we have studied
erythroleukemia cell lines, TF-1C and myelogenoaskémia K562C,
infected with a lentiviral vector inducible for thexpression of siRNA



specific for RPS19 mRNA. Parental cell lines présanfundamental
difference: TF-1 express a wild type p53 whereaX%o not show
detectable levels of p53. In these cells we moaddhe effect of ribosome
alteration on the expression of selected proteind an cell growth
parameters. One of the proteins that we found taffecdoy ribosome
alteration is the oncogenic serine/threonine kirRis&l, highly expressed in
cells of hematopoietic origin. PIM1 kinase has besaently identified as an
interactor of RPS19. To facilitate the understagdai the results | will
briefly describe the cellular compartments whebesomal biogenesis takes
place and the mechanism that leads to ribosomesirateon. Then | will
describe some human pathologies that are believbd taused by alteration
related to this particular kind of stress and sorharacteristics of the
oncogenic serine/threonine kinase PIM1 that we doaififected by ribosome
alteration.

1. RIBOSOMAL SYNTHESIS
1.1 Ribosomes and nucleolus

The ribosomes are complexes of RNA and proteinsy e part of the
mechanism that translates DNA into the aminoacidiguence. Ribosomes
from bacteria, archaea and eukaryotes, have gignifi different structure
and RNA. The ribosomes in the mitochondria of eyétic cells resemble
those in bacteria, reflecting the evolutionary worigf this organelle. The
ribosomal subunits of prokaryotes and eukaryotes quite similar.
Prokaryotes have 70S ribosomes, each consisting shall (30S) and a
large (50S) subunit. Their large subunit is comdoska 5S RNA subunit
(consisting of 120 nucleotides), a 23S RNA sub(2®00 nucleotides) and
34 proteins. The 30S subunit has a 1540 nucled®Né subunit (16S)
bound to 21 proteins. Eukaryotes have 80S ribospgah consisting of a
small (40S) and large (60S) subunit. Their lardeusit is composed of a 5S
RNA (120 nucleotides), a 28S RNA (4700 nucleotidas).8S subunit (160
nucleotides) and ~49 proteins. The 40S subuniahB800 nucleotide (18S)
RNA and ~33 proteins. The role that ribosomes piaythe cell is
fundamental: they decode the message held by mRAd\ alow the
elongation of the aminoacidic chain forming the tmip bond. The
ribosome consists of two subunits: the small (39®acteria and 40S in
eukariotes) and the large (50S in bacteria andig@skariotes). While the



decoding functions resides in the small subunig thuty of catalyzing
peptidic bond is up to the large one. In eukariatgls the production of
mature ribosomes is localized in different celluleompartments, in
particular the final steps of maturation happentha nucleus and in the
cytoplasm. The site of ribosomal subunit biogenasisukaryotic cells are
nucleoli: a non membrane bound structure compo$gaobein and nucleic
acids. Nucleoli form at the end of mitosis arouhd tlusters of ribosomal
DNA (rDNA) genes and result in a subnuclear commpartt that locally
condenses the transcriptional and processing macéathat are involved in
the ribosomal subunit genesis (Fig. 1) .The stephe process of ribosomal
subunit assembly requires the initial transcriptioihrDNA genes by a
specific polymerase: RNA polymerase |. The rDNAaisanged in clusters
repeated in tandem, termed Nucleolar Organizer dRe@gNORs). These
repeated units comprise internal transcribed spa@S), containing the
sequences of mature rRNA (28S, 18S and 5,8S) dedaby intergenic
spacers (ETS1 and ETS2). In human cells there ppeodmately 400
transcriptional units for rRNA localized on chroroo®e 13, 14, 15, 21 and
22 (Raska et al., 2004). The initial product ohseription in mammals is
the 47S rRNA, conserved along the whole eukariotyolution, that
undergoes cleavage to form the mature products: P8BS and 5,8S. These
rRNAs are then transcriptionally modified througtteraction with small
nucleolar ribonucleoproteins (snoRNPs) and otherstegn processing
factors . Finally the mature rRNAs are assembleth thie many ribosomal
proteins before interacting with the export machjrend to be translocated
to the cytoplasm. The processes involved in thendédion of ribosome
subunits occur in distinct subregions of the nudgo These regions,
analyzed with electron microscopy and also clearigible by light
microscopy are termed: fibrillar centres (FCs), stefibrillar components
(DFCs) and granular components (GCs). Bibliogrammd bioinformatic
data from proteomic studies have allowed the diaasion of nucleolar
proteins into functional groups and have suggeptadntial functions for
150 previously uncharacterized human proteins (Boiset al., 2007) (Fig.
1).
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Fig.1) Schematic representation of nucleolus. F= Filirllantres, G= Granular components.
From:www.summagallicana.it/Volume2

It has been shown that approximately 30% ofseéh@roteins have
functions related to the production of the othdsosomal components.
However the diverse identities and sites of manythef other nucleolar
proteins are consistent with additional procesdest bccur within the
nucleolus, this includes many pre-mRNA processiactdrs and proteins
that are involved in cell cycle control as welllNA replication and repair.
The ability of analyzing the parallel increase a®trease in the levels of
many protein component quantitatively and in a trmlghput manner has
highlighted just how dynamic the nucleolar protecrneld be (Boisvert et
al., 2007).



2 ®
By @ ©
Mitagens ‘e I,

Mutrients
v AT P

|-|\|-|n"|r|f|!l"l:-';:'L'::[:.:,“,,.,..mn-mlmluul:lluu.u
diy {[*LILELAL
i

Al it
|u||Ir“"I:}:}:Iulul-l'\'““" é.—
il i
el
L

BRI Py

LT T E el

gl
Nidaos &
T
P bt
g ot
id e T s = . e
i-: o — = s
:-‘} * 1 @
Xl T ans n
- i gt
= aa ,-.I.:- £t
gy —— F‘; su u i
- g
- A ¥ s L n 5
e Ak L M
E: — c:".‘ - L\
"E-‘DNN F [\'g;'rnml '
Lok - ) Inactive

ny Ty — e
i [T g
. ; B
| MARA — a
TranshaTioanal b
cantrol

Palydsites R

Fig.2) The control of ribosome biogenesis and transladsdondamental for cell survival.



1.2.The rRNA maturation.

The majority of the ribosomal subunits productiakes place within the
nucleolus: here pre-rRNAs are processed and assedmbth the ribosomal
proteins imported from the cytoplasm. At some pdimting this process, the
newly synthesized ribosomal subunits must exit ibeleus and reach the
cytoplasm to ensure translation of mMRNAs. Nuclegrogt must be tightly
coordinated with pre-rRNA maturation. The mechanisimderlying the
nuclear export and its coordination with pre-ribmgomaturation remains
largely unknown. Pre-rRNA maturation starts witte tlarge 80-90S RNP
particle which splits into the pre-40S and pre-G@Sticles after cleavage
within the internal transcribed spacer 1 (ITS1kit¢ A2 (Fig.3). (Rouquette
et al., 2005).
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Fig 3)Pre-rRNA processing: schematic nomenclature accgtditdiadjiolova et al. (1993).
Two alternative pathways are presented.
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Analysis of rRNPs precursors in yeast has revehladtheir composition
is highly dynamic and involves roughly 150 non egbmal proteins
including nucleases, RNA helicases, GTPases, kinase (Fatica et al.,
2002; Milkereit et al., 2003). Most striking wasetdiscovery that the two
subunits follow independent biogenesis pathwaysh wery little overlap
(Leger-Silvestre et al., 2004). During rDNA tranption, a large complex
containing the U3 snoRNP and proteins involvedtia tleavage of the
ETSL1 binds to the 5-end of the neo-synthesizedRM& (Léger-Silvestre
et al., 2004). This complex, the small subunit pesome, seems to be
released after cleavage of the pre-rRNA at sitefdiZn which point the fate
of the two subunits becomes distinct (Léger-Silkeest al., 2004). Many of
the factors involved in ribosome biogenesis havadlogues in vertebrates
and some have found in mammalian pre-ribosomesdirte et al., 2005).
The main steps that lead to the production of théune 18S, 5.8S and 28S
rRNAs in vertebrated have been defined. Some ddettsdeps have been
thoroughly studied using both vitro andin vivo assays, others are still poor
characterized (Borovjagin and Gerbi, 2004). Theralvescheme of the
process is comparable to that established in matildfor yeast
Saccharomices cerevisiae (Venema and Tollervey, 1999). However the
sequences of the ETS and ITS diverge greatly froeneukariot to the other
so that it is difficult to predict the cleavageesitby direct sequence
comparison (Rouquette et al., 2005). In vertebr#tesorder of endo- and
exonucleolytic cleavages, that eliminate the trebed spacers, seems to
vary according to species, cell type or physiolabmonditions (Gerbi and
Borovjagin, 2004). In vertebrates, although theeaddy of the ribosomal
subunits is only completed in the cytoplasm by toldiof the last ribosomal
proteins, it is widely assumed that processing ¢ tpre-ribosomal
transcripts into mature 18S, 5,8S, 28S rRNAs tgkase entirely into the
nucleolus (Rouquette et al., 2005). In contrastSircerevisiae, the final
maturation process of the small subunit occurbéncytoplasm and includes
the last cleavage at the 3’ end of the 18S rRNAn(ghays et al., 2001).
This step, whose mechanism remains to be defiegdijnes the participation
of various factors associated with the pre-40Sigast including the “Rio”
proteins (Vanrobays et al., 2001). In 2005 the grouGleizes addressed the
nuclear transport of the pre-40S particles ancttoedination of this process
with the final steps of pre-18S rRNA maturationni@mmalian Hela cells.
They showed that the cytoplasmic maturation of 1B& rRNA is not an
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exception restricted to yeast but also takes placenammalian cells.
Nuclear export of these pre-40S particles dependmlynon the human
ribosomal protein Rps15 and other related facibnese data suggested that
despite a strong divergence in the sequence ofréimscribed spacers and
differences in pre-rRNA processing, the localizatad the final cleavage of
the pre-18S rRNA within the cytoplasm is a commeattire in eukariotes,
probably to prevent the premature translation dtidn on pre-mRNAs
within the nucleus (Rouquette et al., 2005).

2. RIBOSOMAL PATHOLOGIES

2.1 The Diamond-Blackfan Anemia (DBA)

While there is a high level of conservation betweka components of
ribosome biogenesis in yeast and mammals, studliesummalian ribosome
production are still in their infancy. However tir@erest in mammalian
ribosome biosynthesis has been recently stimuléedhe finding that
pathogenesis of a number of inherited and acquitsgéases involves
mutations in genes encoding components of the ailnes or proteins
involved in ribosome maturation, assembly or expBiamond Blackfan
Anemia (DBA; OMIM #205900) was first reported byséphs (1936) and
refined as a distinct clinical entity by DiamonddaBlackfan in 1938
(Vlachos et al., 2008). DBA is a member of a rgemnetically and clinically
heterogeneous, inherited cell aplasia (Vlachos let 2008). It is now
accepted that the disorder results from a celldé&tect in which erythroid
progenitors and precursors are highly sensitivéetith by apoptosis, leading
to erythropoietic failure (Miyake et al., 2008). &'lkyndrome is caused by
mutation in several genetic loci, all of them cagfor r-proteins in both the
small and large ribosomal subunits (Cmejlova et28l06; Draptchinskaia et
al., 1999; Farrar et al., 2008; Gazda et al., 2qU@p.1). The first DBA
gene, mutated in approximately 25% of patients, been cloned and was
identified as rpsl9, which codes for a ribosomal protein located at
chromosome 19q13.2 (Gustavsson et al., 1997; ptiskaia et al.,
1999). The function of RPS19 protein in ribosomegenesis is poorly
understood. The identification of a ribosomal pirotas the cause of DBA
was unexpected given that the clinical symptomsmafst patients are
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confined to erythropoiesis and in some cases toesangans during
embryogenesis. However the involvement of RPS1@ gerdBA has been
verified sequencing the DNA of different affecteddividuals. Several
studies have detected more than 60 different tgpesutations in this gene
(missense, nonsense, insertions, deletions andirgpldefects), (Proust et
al., 2003; Ramenghi et al., 2000; Willig et al. 99® Missense mutations
altering the nucleolar localization sequence of ghatein not only lead to
the loss of localization of the protein in the matls but also to a drastic
decrease in the cellular protein levels (Da Cost.e2003). A decrease in
the levels of ribosomes into the cell or a dimie@dhibosome synthesis or
ribosomes defective in their function have beenppsed as possible
consequences of such a failure in nucleolar loatiiim of RPS19. It has
been further demonstrated that RPS19 is required &pecific step in the
maturation of 40S ribosomal subunit in yeast. Remh@? RPS19 caused a
decrease of the 40S subunit and thereby affectettahslational capacity of
the yeast cells (Leger-Silvestre 2005) . What thresealts do not clarify yet
is how deletion of RPS19 does affect selectively trematopoietic cell
lineage. One possible explanation is that the esidhprecursors are more
sensitive to defects that alter the translatioppbaatus because of their high
demand for protein synthesis (Flygare et al., 20@&her studies have
demonstrated the repair of defective hematopoibgisncreased RPS19
protein expression in both RPS19-deficient patomrived progenitors
(Hamaguchi et al., 2002) and in RPS19 knockdowluleelmodels (Flygare
et al., 2005). To identify other gene(s) involvaddBA, Gazda et al in 2006
performed a genomewide linkage screen and subseygusequenced
candidate genes (Gazda et al., 2006). They reptintgdanother RP gene:
RPS24 was mutated in 2% of probands with DBA. Altof 215 families
participated in the study. They found evidence tairey linkage of DBA
phenotype to a region on chromosome 8qg and tomegia chromosomes 10
and 6. They focused their attention on RP geps20 andrpl7, present in
the critical region on chromosome 8q andrpa?24 located in the linked
region on chromosome 10. Sequence resultsp&30 anrpl7 were normal,
in contrast, they found heterozygous nonsense roatah exon 4 of
rps24.The humarnps24 gene includes six exons that encode an RP tlaat is
component of the 40S ribosomal subunit (14). Xu emittagues found that
humanrps24 encodes RPS24 protein isoforms a and c, of lehgthand
133 aa, respectively, as a result of alternativer@ splicing into mRNA
variants 1 and 2 (fig. 2a) (Xu and Roufa, 1996)eSehvariants show tissue-
specific differences in expression pattern. In 2@B&zda found a third
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MRNA variant encoding a 131-aa isoform identicalthe murine RPS24
isoform 3. The results showed the presence ofribigl variant in several
human tissues (fetal and adult brain, skeletal teuaad heart) and the
correspondent lack of variant 2. Moreover Choesamradl collaborators
showed that cells from patients carrying mutatiosnRPS24 have defective
pre-rRNA maturation, as in the case of RPS19 oBbsdsmel et al., 2008).
However, in contrast with RPS19 involvement in mation of the internal
transcribed spacer 1 (ITS1), RPS24 is requiredpfacessing of the 5’
external transcribed spacer (5-ETS). Remarkablyistasis experiments
with siRNAs indicate that the functions of RPS1@ &PS24 in pre-rRNA
processing are connected. Resolution of the crgstatture of RPS24e from
the archeonPyroccocus abyss reveals domains of RPS24 potentially
involved in interactions with pre-ribosomes. Rololed 2008 investigated
the role of 15 r-proteins in ribosome biosynthemmsl rRNA processing,
including six r-proteins that are currently knowm le affected in DBA
(RPS17, RPS19, RPS24, RPL5, RPL11, and RPL35a.graup found that
depletion of r-proteins involved in the pathogesesf DBA may affect
either the subunit but always associates with aedse in the production of
ribosomes (Robledo et al., 2008). They concludet @any of the r-proteins,
when mutated, compromises ribosome biogenesiseprégents a potential
candidate for DBA. The common factor is the deadaproduction of
ribosomes rather than a specific step in ribosotviagenesis or the
accumulation of a specific rRNA or ribosome subymécursor (Robledo et
al., 2008). In 2008 Gazda and collaborators, replotte results of a large
scale screening in a cohort of DBA probands. Thetained having
identified probable new pathogenic mutations inrfolithese genes: RPL5
(MIM603634), RPL11 (MIM 604175), RPS7 (MIM 603658nd RPS17
representing rughly 16% of their patient cohort.alidition they reported
possible single mutations in three other RP geRé&4,36, RPS15 (MIM
180535) and RPS27 (MIM 191343). In contrast to juesly data on
patients with RPS19 mutations, mutations in RPL& associated with
multiple physical abnormalities, including cranicitd, thumb and heart
anomalies. Isolated thumb abnormalities are predantly present in
patients carrying mutations in RPL11. They also alestrated defective
rRNA maturation in RPL5, RPL11 and RPS7 mutated D&Als from
patients (Gazda et al., 2008).
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2.2 Other ribosomal diseases

DBA is not the only ribosomal disease known solat it fits into a
framework of diseases associated with mutationsgerfies involved at
various levels in the biogenesis of the ribosone(TL). Many of the genes
identified play a role in the rRNA maturation. Thediseases have as their
common feature the presence of physical malformattcaused by defects in
development.

The Dyskeratosis Congenita is a hereditary syndrtima¢ affects the
bone marrow and shows a significant clinical andegie heterogeneity
(Dokal and Luzzatto, 1994). Two forms of patholage known: X-linked
recessive and autosomal dominant or recessivegéine responsible for the
X-linked recessive variant encodes a nuclear prat@yhly conserved call
dyskerin (DKC1) (Meier and Blobel, 1994; Phillipg el., 1998). The
dyskerin is associated with both telomere compled with the class of
snoRNA H / ACA that guide pseudourylidation of rdoonal RNA.
Experimental data show that mutant mice hypomorphicDKC1 have a
defect in rRNA pseudourylidation indicating thatettderegulation of
ribosome biogenesis is involved in the onset ofdisease (Gu et al., 2009;
Ruggero and Pandolfi, 2003).

The Treacher Collins syndrome (TCS) is a congenrdiaorder of
craniofacial development arising from mutationsT@fOF1, which encodes
the nucleolar phosphoprotein Treacle. Haplinsudficy of TCOF1 perturbs
mature ribosome biogenesis, resulting in stabibrabf p53 and the cyclin
G1- mediated cell cycle arres that underpins tleeifipity of neuroepithelial
apoptosis and neural crest cell hypoplasia chaistiteof TCS (Jones et al.,
2008).

Patients with the Chromosome 5q deletion syndroones§ Syndrome)
present the loss of part of the long arm (g arrmdb&q31.1) of human
chromosome 5.In particular has been demonstratgldihaufficiency of the
ribosomal gene RPS14, which is required for theunasion of 40S
ribosomal subunits and maps to the commonly deletgibn, in the 5g-
syndrome Related to this genetic defect are ailtermtin the expression of
genes involved in ribosome biogenesis and in thaetrob of translation
suggesting that the 5q syndrome represents a disofcaberrant ribosome
biogenesis (Pellagatti et al., 2008).
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Cartilage-hair hypoplasia (CHH) is an autosomalessore inherited
disorder. A rarely encountered genetic phenomehkoown as uniparental
disomy (a genetic circumstance where a child inbefivo copies of a
chromosome from one parent, as opposed to onefompyeach parent) has
also been observed with the disorder. Cartilage-hgpoplasia has an
autosomal recessive pattern of inheritance. An @a&son between
mutations near or within the ncRNA component of BAMRP, RMRP, has
been identified (Ridanpaa et al., 2001).

Disease| Gene

feature phenotype

Diamond-
Blackfan anemia :
(DBA) anemia

Hypoplastic Physical
anomalies

Cartilage-Hair JRMRP (RNA com- | Short stature, Hypoplastic
hypoplastic anemia

Treacher Collins JTCOF1 (nucleolar]  Disorder of Other

syndrome (T5C) protein) craniofacial deformities
development

Tabl)Ribosomal diseases. Listed are the main knownaibassyndromes in humans.
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3. PIM1

To clarify the molecular mechanism of DBA some @kpents have
been conducted in order to identify putative inteses of RPS19 protein.
Among these studies, in particular, in our labangtin collaboration with
the laboratory of prof. Irma Dianzani at UniversitiyEastern Piedmont, by
yeast two-hybrid screening we identified Pim kinase an interactor of
RPS19 (Chiocchetti et al., 2005). PIM1 belongshe family of calcium-
dependent calmodulin with PIM2 and PIM3. All thremforms of the
protein are highly conserved in vertebrates andwslkeach other 53%
homology in amino acid sequencim 1 gene (for MuLV proviral
integration site 1) that was originally identifiad a preferred site of proviral
insertion of Moloney murine leukemia virus (MoMuL\{Luypers et al.,
1984), maps at the fragile site on chromosome 6p2la result of viral
insertion were found high levels of expression M P, consequently to this
evidence it was suggested a role for PIM1 in maligntransformation
predisposing to this form of leukemia. The exogenaund constitutive
expression of Pim1 in lymphocyte cells of transgemice, predisposes the
animal to the development of lymphomas. This tramsétion is particularly
evident in the presence of activation of a secamtbgene such as c-Myc
(van Lohuizen et al., 1989).

translational regulation

' apoptosis regulation
= 'é*

Cell cycle regulation

L

Proteasome R

Ty Phen

block of apoptosls

-

Fig 4) PIM1 pathway
3.1 Structural features.
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The gene coding for PIM1 in humans is composedxoésons and five
introns. The sequence of the promoter is rich in&@ does not contain a
TATA box, characteristic of the promoters “housepiag” (Meeker et al.,
1987). The transcript shows, in regions not trdedldao the 3’ UTR, an AU
rich sequence that causes destabilization of mRN#&. messenger of PIM1
encodes two proteins of molecular weight of 34 ldbal 44 by using an
alternative translation start site upstream ofdaeonical CUG codon AUG
(Saris et al., 1991). On the other hand the rolk4okDa isoform remains to
be clarified, since it was detected only in sonesues and in a small
proportion in comparison to the other isoform. Kiase catalytic domain
includes the region between amino acids 38 and ZB6.replacement of
lysine 67 with methionine (L67M) inactivates thendsic activity of PIM1.
The average life of the kinase is very short: ingeral blood leukocytes is
approximately 10 minutes and up to 20 minutes ir6X%ells (cells of
chronic myeloid lukemia). Biological function andgulation of PIM1 is
expressed at high level in the thymus, the spldgenbone marrow but also
in a large number of tumors of hematopoietic origitd in oral epithelial
tumors of the pancreas, lung, prostate and coltv.i® present in 38 cell
lines showing high levels of expression in myeltiites such as K562,
U937, BV173, and lower in B cells while is not eegble in T
lymphocytes. Several substrates of PIM1, involvadthe regulation of
growth and cell cycle (p21, p27, cdc25a, cdc25@poptosis (Bad) and in
the regulation of protein synthesis (S6K1, 4EBPANe been identified. All
these evidence suggest Pim1 as an important regudevelopment and
cellular homeostasis by acting directly on the savand development of
the cell. One of the first identified substrates RiIM1 was the adapter
protein pl00, transcriptional coactivator of c-Mfleeverson et al., 1998).
Different experimental evidences document the Piddbperation with c-
Myc in tumor transformation. Moreover the doublarsgenic mice for c-
Myc and PIM1 develops lymphoma already in utero analot vital (Moroy
et al.,, 1993). Among the substrates known to bespharylated by PIM1
there are cell cycle proteins cdc25a and cdc25cfizaki et al., 1999), the
protein p21 (Wang et al., 2001) and p27 (Morisleitaal., 2008) (Fig. 5).
Therefore the action of PIM1 could lead to cellleyegulation both at the
checkpoint G1 / S phosphorylating p27 and cdc254 anthe G2 / M
checkpoint acting on cdc25c. For example when pghasgated by PIM1 on
residues T157 and T198, p27 undergoes export imtiodeus via 14-3-3
proteins. Once in the cytoplasm, p27 protein igaegd through proteasome
(Fig. 5). Consistent with these findings, the oxpression of PIM1 in K562
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cells is correlated with a decrease of half-life tbe p27 protein and
acceleration of the transition G1 / S. Severatdiigre data indicate that the
regulation of protein synthesis is under the cdrdfdhe signal transduction
pathway starting from the nutrient and leading dtvation of PI3K, AKT
and mTOR and to phosphorylation of S6K and 4E-BRthe Kraft's group
has been highlighted that overexpression of PIMZerdénes the
phosphorylation of 4E-BP1 in the presence of ragamya drug known to
cause the inactivation of mMTOR (Chen et al., 2068M1 also seems to
phosphorylate, after overexpression, the S6K1 kinascessary for the
activation of eEIF4B translational factor and thesomal protein RPS6. In
this context PIM appears acting as a promoter aftem synthesis in
substitution or in parallel with mTOR. In additigphosphorylating different
substrates the PIM kinase would be able to regalatepromote the general
protein synthesis in the cell.
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Fig. 5) Schematic representation of Pim 1 target p27/ipathway
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4. THE RIBOSOMAL STRESS
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Tab. 2The proposed model for the Ribosomal Stress.

As previously asserted the nucleolus is the sitabafsomal biogenesis.
Different evidences from experimental model systérage pointed on the
possibility that the nucleolus integrity may act asstress sensor able to
provoke the cellular response blocking the prddifien and the cell cycle,
and costimulate apoptosis. According to this modafter nucleolar
disruption, some ribosomal proteins, (maybe RPLRPL5 and RPL23)
would bind and inactivate HDM2: the protein respbles for p53
ubiquitination. This particular interaction couldgger the p53 activation
followed by cell cycle arrest and/or apoptosisatidition, the analysis oh
vivo systems such a&brafish or mice with mutations of specific ribosomal
proteins shows that their particular phenotype veasociated to p53
overexpression. On the other hand, p53 inhibitiathbwith genetic or
pharmacological approacheis, able to soften or completely recover the
effects due to ribosomal alterations. For instamgee carrying heterozigous
mutations in rps20 gene show haematologic phenotype and legs’

20



hyperpigmentation while the offsprings of RPS2058 p/- imbreeding lead
to a complete recovery of the phenotype (McGowaal.e2008). Glaser and
collaborators identified in 2004 belly spot andl téBst) in mouse, a
semidominant mutation disrupting pigmentation, fogenesis and retinal
cell fate determinatigras a deletion within thepl24 riboprotein gene. They
assessed thaBst significantly impaired RPL24splicing and ribosome
biogenesis. In their cellular modBkt/+ cells possessed decreased rates of
protein synthesis and proliferation, and were augeted by wild type cells
in C57BLKS—>ROSA26 chimeras. Bacterial artificial chromosomeé\(B
and cDNA transgenes corrected the mutant phenot{yplesr et al., 2004).
The model for a p53-dependent Ribosomal stressisis supported by
experiments in cultured cells treated with inhitdtoknown to cause
disintegration of the nucleolus. Following the treant the activation of p53
and the formation of the complex HDM2-RPs have bgemwn (Zhang et
al., 2006). Also RPL11-deficient embryos fro#ebrafish (morphants)
displayed developmental abnormalities related teredl p53 activation. In
this animal model the effect of RPL11 deficiencyeafed primarily the
brain and it was reported to lead to embryonicdkh within 6—7 days post
fertilization. In the head region of the morphaetdensive apoptosis and
also a dramatic decrease in total abundance ofsgemwelved in neural
patterning of the brain was observed, suggestinggdaiction in neural
progenitor cells. At the same time in this contélg researchers described
the upregulation of the genes involved in the p&agway. Simultaneous
knockdown of the p53 gene rescued the developmdetatts and apoptosis
in the morphants. These results once more givescloethe model that
ribosomal dysfunction due to the loss of a RP abttiy a p53-dependent
checkpoint response that, in this case, preventgroper embryonic
development (Chakraborty et al., 2009). Understandhe regulation of
genes encoding ribosomal proteins and the roledinass may have in the
ribosomal phenotype of these animal models is hglpésearchers to clarify
the mechanisms driving the cellular activation asged to Ribosomal
stress. Maybe these findings will be exploitedtfe@ comprehension of the
mechanism underlying human etiopathogenesis.
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AIM OF THE PROJECT:

Since 2001 different clues have been accumulatedtdbe existence of
a molecular response specifically activated bydamage to components of
ribosomal machinery. The whole of possible endogsrand/or exogenous
factors causing impairment to the ribosomes dhédr related components
has been called: Ribosomal stress. The aim ofwtbi& has been to clarify,
considering different point of views, the relabips among the ribosomal
proteins and related factors, and the effect oir theitations on cellular
metabolism, with a glance at the postulated Ribedatress. As a basis for
our working model we have considered Diamond Blackfnemia (DBA),
known to be the only human disease (together wjtlsyindrome) caused by
mutation in a ribosomal protein (25% of patientshwinutations inrpsl9
gene) and studied since several years in our lgdygraBy now it is
ascertained that RPS19 is not the only ribosonakpr that, once mutated,
may cause DBA: recent investigations have highiighthat roughly 2% of
DBA cases are attributable to RPS24 mutations anthar 2% are very rare
mutations found in a lot of ribosomal proteins sasliRPS7, RPS17, RPS19,
RPS24,RPL5, RPL11, and RPL35a. Moreover it is @ging to note that
some of mutated proteins found in the few percentafy DBA patients
(RPL5 and RPL11) have been described as mediafatiseohypothetical
Ribosomal stress signalling pathway. In fact ingblpgical conditions the
E3 Ubiquitin ligase HDM2 binds to p53 causing itegchdation via
proteasome. Yet in the hypotesis of nucleolar stiebas been speculated
that some RPs may physically interact with HDM2idirg its inhibition on
p53. However an exact and convincing model for itiduction and the
action of Ribosomal stress is quite far to be depic With the aim of
characterizing some aspects of this cellular respowe followed different
experimental approaches:

1) In collaboration with Irma Dianzani’'s laboratofniversita del
Piemonte Orientale), we tried to understand theachpf two new RPS24
mutations found in a recent screening on ltaliatiepts, on cellular
metabolism of RPS24 possibly tracing evidencesuligef a more detailed
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knowledge of the syndrome's pathogenesis. Oureguelidenced that the
mutations analyzed can affect protein stabilityultasg in a lower protein

amount. However we found that the mutated protemescan detect are
correctly assembled into mature ribosomes.

2) Another branch of this research came from thiatoration of our lab
with Dr. D. Keyes (University of Oxford), which gudying neural diseases
and found its animal model to carry a substitutionmps7 gene. This has
been a further opportunity to investigate the atien caused by a mutation
of an RP (moreover found in some DBA cases). Waddn brain and liver
from this mouse model a marked alteration of rRN#cpssing in terms of
precursor’s accumulation in mutant mouse tissues.

3) In the last part of this project we have studieel downstream effects
of alteration in the synthesis of ribosomal compaseThe current model
predicts the binding and inactivation of HDM2, tp&3 inhibitor, after
nucleolar disruption. This particular interactiomutd trigger the p53
activating cell cycle arrest and/or apoptosis. Téss line of research gave us
the possibility to broaden the characterizatiorribbsomal stress pathway
and the eventual involvement of p53. In particular investigated the role
of Piml, a protein that interacts with RPS19 drad tve demonstrated to act
as a sensor for Ribosomal stress independently &éoim concert with the
known p53-mediated response.
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RESULTS

1. ANALYSIS OF MUTATIONS IN RPS24 GENE.

In collaboration with our laboratory, Irma Dianzamd collaborators, in
a screening of 92 Italian DBA patients negative RRS19 mutations, have
found two new heterozygous changes in RPS24 pr(2¢92). A deletion of
three nucleotides in exon 2 (64_66delCAA) resultingthe loss of the
highly conserved glutamine 22 was identified in atignt who was
transfusion-dependent at last follow up, withouhatic malformations. This
mutation was not found in other family members, meported as a
polymorphism (dbSNP atwww.ncbi.nim.nih.gov/SNP A missense
mutation (c.371A>G; p.Asnl24Ser) in exon 4 causingubstitution of an
Asparagine with a Serine at codon 124 was found steroid-dependent
female patient with cleft palate, short stature gxegeased eADA level. This
mutation was found in her healthy father and uraéf@ sister: the sequence
change did not cosegregate with the DBA phenotype.

1.1 Expression and stability of mutated RPS24.

As indicated in the introductionfps24 gene undergoes alternative
splicing to produce three mMRNA isoforms. To stuldy impact of mutations
on the functionality of RPS24, among the differesuforms, we initially
consideredthe isoforms 1 and 2, selectively expressed inmadelogical
lineage, where the main pathological features imdnru have been observed.
However, since in preliminary analysis they showdshtical behavior (not
shown), we focused our attention on one proteimawaarn(varl). First of all
we have characterized the capability of mutant RIP$foteins to be
expressed into the cellhe substitution (N124S) and the deletion (codon 22
identified in DBA patients were introduced into gagged RPS24 isoform
1 or isoform 2 cDNA by site-directed mutagened®NA constructs
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encoding for i) wild type RPS24 (WT), ii) RPS24 lwitodon 22 deletion
(M1) and iii) RPS24 with the N124S mutation (M2)revaused in transient
trasfection experiments into human embryonic kid(tegK) 293 cells The
expression of the mutated RPS24 proteins, distiingidle from the
endogenous by size, was monitored by western biatysis using Flag
polyclonal antibodyrAb). As a control for transfection efficiency, wesed
the product of the Neomycin Phosphotransferas®lT() genepresent in
the cloning vector (pcDNAS3) and therefore expressea level proportional
to the amount of plasmids inserted into the céllg.(6).As shown in Fig. 4
the level of both M1 and M2 is clearly lower comgxduito WT RPS24. This
indicates that both mutations affect protein sighilConsistent with the
instability of the mutated RPS24, a possible degfiad product appeared
sometimes on Western blot as a faster-migratingl lsdirvariable intensity.
Next, we separated nuclear (N) and cytoplasmic f(@gtions from the
extract of the transfected cells. Western analysorted in Fig. 7, showed
that mutated RPS24 (M1 and M2) accumulate into rleleus more
evidently compared to the WT.

Flag =« %

PT g == S

=z

Flag/NPT %
3

Fig.6) Western analysis of Flag-RPS19 proteifdEK293 cells were transient
transfected with the RPS24 constructs indicatedachdane. About 50 micrograms of ¢
extract was separated on SDS-PAGE gel and trasdf@emto membrane. Immunodetection
was performed with antibodies specific foafl RPS19 and neomycin phosphotransfera
(NPT). Signals relative to Flag-RPS24 and NPT adéated.
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Fig.7) Different accumulation of mutated proteins in micf transfected cells. Nuclear (N)
and cytoplasmic (C) fractions were obtained from éxéract of the transfected cells and
analyzed by western blot with antibodies specifix flag and RPS19. Nuclear and
cytoplasmic extracts were loaded on the gel irtia :1.

1.2 RPS24 Ribosome association

The other property of the mutated Flag-RPS24 pnetee analyzed is
their capability to be assembled into ribosomalusis. For this purpose,
after transient transfection into HEK293 cells, apfasmic extracts were
separated by ultracentrifugation for 3 hours at,Q00g on 15% sucrose
cushion. This allows the isolation of two fractiorfy pellet (P) which
includes polysomes and ribosomal subunits and ggrsatant (S) which
includes free cytoplasmic proteins. As shown in &igVT and mutant Flag-
RPS24 localize in P fraction appearing able to @das® with ribosomesAs
an additional control for this experiment, we tfagted a plasmid
expressing an RPS19 construct (RPS19flag) withFthg epitope at the N
terminus. RPS19flag fusion protein was previoushoven to poorly
assemble into the ribosome (Angelini et al., 200@pssibly as a
consequence of the position of the Flag epitopetdininus). Western
analysis, reported in Fig. 8, confirmed that RP&IPfcan be observed
mostly in the free cytoplasmic fraction. On the tcary, both the WT and
the mutated RPS24 (M1 and M2) appear to be maisiso@ated to
ribosome.
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Fig.8) Extracts from HEK293 cells transiently transfectwdh Flag-RPS24 constructs
were centrifuged at 100,000 g for 90 min. Cells wasnsfected with the Flag-RPS24
constructs indicated in each lane (the first nunibdicates the kind of mutation, the second
one the variant). The pellet (P), containing polges and ribosomal subunits, and the
supernatant (S), containing free cytosolic proteiwsre analyzed by western blot with
antibodies specific for Flag and GAPDH.

To further confirm this observation, we performedseparation of
cytoplasmic extracts from transfected cells by aser gradient
centrifugation Polysome fractionation allows the polysome/sulspoye
distribution of a messenger and has been used toitanopossible
differences among WT and mutated proteins. Theignésl were collected
into fractions while monitoring the absorbance @ 2m. As shown in the
absorbance profile of Fig. 7, translating polysoraeslocalized in fractions
1-5, which were pooled for further analysis. Ritmeanonomers (80S) and
60S and 40S ribosomal subunits are also indicatéidei absorbance profile.
Proteins isolated from the different fractions weubjected to SDS—-PAGE
and immunoblot analysis with antibodies againsgFRPS19 and GAPDH.
The results, relative to the transfection of Fldgs24 WT, M1 and M2 are
reported in Fig. 9 A, B and C. Endogenous RPSI®dsent, as expected, in
all the ribosomal fractions including 40S subur{ftaction 1-9) whereas
GAPDH is visible only in light cytosolic fractiongractions 10-12). The
Flag-tagged WT RPS24 protein is absent in the éygeplasmic fractions
and can be clearly seen to be associated with arbes, including
polysomes. The experiment was repeated for all RR®2Astructs and, as
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shown in Fig. 7B and 7C, produced essentially themes result: mutated

RPS24 is found associated with ribosomes.

A WT 30
60
polysomt Y
Flag ** .= T
RPS19 — -
GAPDH
B
M1
polysomt
—_— 60
80 0 40

Flag [ S ., .

RPS19 | ssw—=w.
GAPDH

M2

Flag
RPS19 __

GAPDH

S

Fig.9) Ribosome association of Flag-
RPS24 proteins.(A) Extracts from
HEK293 cells transiently transfected
with WT Flag-RPS24 were
fractionated onto a 10%-30% sucrose
gradient.

Polysomal fractions and the position of
80S, 60S and 40S are indicated in the
absorbance profile in the upper part of
the figure. Collected fractions were

precipitated by trichloroacetic acid and

analyzed by Western blot using

antibodies specific for Flag, RPS19

and GAPDH.

For fractions 11 and 12 only 1/10 of

the extract was loaded on the gel.

(B) and(C) Same analysis as in A) on

HEK?293 cells transiently transfected

with the indicated RPS24 constructs.
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2. ANALYSIS OF A RPS7 MUTATION IN MOUSE STRAIN WITH
MILD HAEMATOLOGICAL PHENOTYPE.

A British research group has recently isolated auseostrain with a
mutation in RPS7 protein (V156G) showing a mild hésiogical phenotype
similar to that observed in DBA. In collaborationtlwDr. David Keyes at
Oxford Univeristy we have addressed the effect e mutation on the
function of RPS7 and ribosomal biogene€)sir experimental strategy has
been based mostly on transient transfection of wite (WT) and mutated
(V156G) constructs of RPS7. In particular as wepteliously, we analyzed
the capability of the exogenous proteins to begiateed in the mature
ribosome (Fig. 10). After this we followed the saexperimental procedure
we adopted for RPS24, performing ultracentrifugatbo sucrose cushion to
analyze the polysomal association of RPS7 mutatatetip (Fig. 11)

NT WTC MUTC WTN MUTN
Flag - |

NPT2

flag/npt2

WT C Mut C WTHN Mut N

Fig.10) Western analysis of Flag-RPS19 proteins. (A) HEK2@Hs were transiently
transfected with the RPS7 constructs indicated ohdane. WTC = cells transfected with
wild type construct flagged at C terminus, MUT C=lgdlansfected with V156G mutant
construct flagged at C terminus, WT N= cells traasfd with wild type construct flagged at
N terminus, MUT N= cells transfected with V156G mmit construct flagged at N terminus.
About 50 micrograms of cell extract was separatedSDS-PAGE gel and transferred onto
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membrane. Immunodetection was performed with adtésospecific for Flag and neomycin
phosphotransferase Il (NPT).

WTC MUT C WTN MUTN
P=1 S=1,75 P=1 S=1,75 P=1 S=1,75 P=1 S=1,75

Flag — —
‘ ap—
RPS19 :. W— | —
_"‘ |
_— —— —
GAPDH i & 1

Fig 11)Extracts from HEK293 cells transiently transfectdth FlagRPS24 constructs we
centrifuged at 100,000 g for 90 min. Cells were dfaated with the Flag-RPS24 constructs
indicated in each lane (the first number indicates kind of mutation, the second one the
variant). The pellet (P), containing polysomes ghdsomal subunits, and the supernatant (S),
containing free cytosolic proteins, were analyzgdaestern blot with antibodies specific 1
Flag, RPS19 and GAPDH. WTC = cells transfected withl wype construct flagged at C
terminus, MUT C= cells transfected with V156G muteahstruct flagged at C terminus, WT
N= cells transfected with wild type constt flagged at N terminus, MUT N= cells transfekt
with V156G mutant construct flagged at N terminus.

2.1 Alteration of pre-rRNA processing in RPS7 mutahmouse.

Moreover, by using tissue (liver and brain) frone tmouse with the
V156G RPS7 substitution, we checked for possibterations of rRNA
processing. Total RNAs were submitted to northdatting and analyzed
with a probe complementar to the internal transdilspacer 1 (5-ITS1
probe) specific for the 18S rRNA precursors (Fi@ A). Cells with
mutations in RPS7 showed increased levels of 30&SrRNA when
compared to control cells. This phenotype, charaeté by high 41S/30S
ratios, corresponds to delayed maturation of tlee4@®S subunits (Fig. 12 B
e C). These data indicate that the mutations in7Rié8nd in our mouse
model affect maturation of the 18S rRNA.
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Fig.12 APre-rRNA processing: schematic nomenclature accgridirHadjiolova et al. (1993).
Two alternative pathways are presen®@pAbout 3 micrograms of total RNA, extracted from i
and brain of wild type (WT) and mutated RPS7 mib8, (was fractionated on formaldehyde-
agarose gels and transferred to membrane. Afterybi#ation the signals were evaluated
Phosphorimager analysi€) Quantitation of the signals of Northern experimeefsorted as ratio
between 30S and 21S rRNA precursors. The experimegrs performed at least in triplicate on
tissues from wt and mutant littermate mice (2 wd @mutants for liver, 3 wt and 3 mutants for
brain). The average of the values is reportedérbtr graphs with S.E.M..
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3. POSSIBLE ROLE FOR PIM1 KINASE TO THE RIBOSOMAL
STRESS.

To define the implications of ribosomal progedeficiency in Ribosomal
stress activation, we used two erythroid cell linelucible for RPS19
interference that mimic this specific stress cdaditMiyake et al., 2005):
TF1C (erythroleukemic cell line from human blood)dakK562C (human
myelogenous leukemia line). These cell lines caninoeiced, by giving
doxycyclineg for the expression of a siRNA that causes theaedse of
RPS19 levels. These inducible cell lines were egtan the laboratory of
Prof. S. Karlsson in Sweden, for studying DBA efj@pnesis and in
particular to characterize the effects achievirgrfrthe lack of ribosomal
protein S19 (Fig.13). Cell counting and FACS analyshowed that the
induction of RPS19 deficiency causes an evidentuatoh of cell
proliferation and an accumulation of cells in th6/Gl phase of the cell
cycle. It is important to notice that alterationa#l cycle and proliferation
can be also observed in the p53-null K562C celiggssting that a p53-
independent mechanism is activated in these célig. (14). Western
analysis of both TF-1C and K562C cells showed tdating induction, in
parallel to RPS19 decrease, there is a comparablection of PIM1 level
(as shown in the next section of the Results), edethe level of the CDK
inhibitor p27** (known to be one of PIM1 targets) increases.

TF1C K562 C
dox - + - +
RPS19 —_— ——
GAPDH —

Fig.13) Characterization of experimental model. TF1 C (Huraythroleukemic cell line)
and K562 C (Human Myelogenous leukemia ) cells vimated or not with doxicycline for
four days to induce RPS19 interference. Total modéatracts were analyzed with antibodies
specific for RPS19 or GAPDH
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Fig.14 Effects of RPS19 deficiencyA; TF-1C and K562C cells were treated for the
indicated number of days with doxycycline (dox).talgprotein extracts were separated on
SDS-PAGE and transferred onto nitrocellulose memdarBlots were decorated with primary
antibodies against RPS19 (S19) and beta-actin (ABTAliquots of cells treated as in A
were counted in triplicate and the results are meploin a linear plot with s.e.m. barely
visible. C; TF-1C and K562C cells untreated or treated for fiays with doxycycline were
analyzed by FACS in triplicate. The percentage disde the different cell cycle phases
GO0/G1 (G1), S (S) and G2/M (G2) is reported in lem plot +/- s.e.m..

3.1 Stimulation of Ribosomal stress by RPS19 downgelation causes
decreasing of Pim1 kinase expression

A current hypotesis on the mechanissh DBA and other ribosomal
pathologies is that the defect in ribosome syngh@ibosomal stress) would
activate growth arrest in early hematopoiesis. Givlee involvement of
PIM1 in hematopoietic cell metabolism and its relyediscovered binding
with the ribosome, in our laboratory has been d=tith test whether this
oncogenic kinase could play a role in the resptm$tbosomal stress and in
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particular in the downstream effects of this caliudctivation pathway. This
project was carried out in collaboration with Dr. Yadevaia from our
laboratory. First of all we demonstrated that im oglls the reduction of
RPS19 induces a rapid decrease of PIM1 expressigni(s).

TF1C K562 C
dox - 4 T - +
S19 — 519 cmpmm—
PIM ' s PIM e
GAPDH — — GAPDH

Fig. 15). PIM1 protein level during interference for RPSHFAM1 decreases during the
interference for RPS19. Total protein extracts wamalyzed with antibodies specific for
RPS19, Piml or GAPDH (from V. ladevaia).

3.2 Stimulation of Ribosomal stress by specific dgttreatments

A decrease of PIM1 level is also observed duriegtment with drugs
known to induce Ribosomal stress such as Actinomiii Camptothecin
and Cisplatin. Infact, in order to test the dirdokage of PIM1 protein
expression with the Ribosomal stress response widaut a number of
treatments with drugs that interfere with nucledlarction. Our hypothesis
was that these drugs should affect PIM1 proteirelesimilarly to RPs
deficiency. Cells were treated for 16 hours with tid@mycin D,
Camptothecin and Cisplatin all known to affect rREynthesis at different
steps. As a control cells were also treated with ¢kll cycle inhibitor
Nocodazole and Hydroxyurea that do not affect theleolar function.
Western blot analysis showed that all three inbikitof nucleolar function
provoke the decrease of PIM1 level while Nocodazntel Hydroxyurea
treatments do not (Fig. 16).
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Fig 16). PIM1 and Ribosomal stress. K562 C cells not tredtednt) or treated with
Camptothecin (-CPT-5 uM), Cisplatin (-CISP-20 uM), iAomycin D (-ACTD-50 ng / ml),
Nocodazole (-NOCO-100 ng / ml), Hydroxyurea (-HYDBO3uM) for 15 hours. A) Western
blotting of total protein extracts. Protein extsgtere analyzed with antibodies specific for
Pim1 or GAPDH. B) Histogram of the quantitation @R and GAPDH related signals with
Image Quant 5.1 (Molecular Dynamics). The erroorggd was obtained from three different
experiments.

3.3 Effect of Pim1 kinase on cellular proliferation

Interestingly we noted that, accordingly to pregigudescribed decrease
of PIM1 protein levels, the proliferation rate imrocellular model was
slowed down. In order to explain whether this dffeas related to PIM1
decrease we tried a rescue experiment by trangiémrahsfecting PIM1-
expressing plasmids into RPS19 deficient cells.dBhd K562C cells were
treated along 5 days with doxycycline to induce R¥8ownregulation and,
where indicated, transfected with PIM1 construEig.(17).
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Fig 17) A. Analysis of cell growth. K562 C cells and TF1 Clgehduced or not induced with
doxycycline were counted every 24 hours for 5 d&ys.the third day some of the induced cells were
transfected with pcDNA3 constructs: PIM1-HA or RPSthg. To the initial number of cells has been
assigned a value of 1 $0The graph results from the average of three miffeexperiments; TF-1C
and K562C cells untreated (-dox), treated for figgdwith dox (+dox) or treated for five days with
dox and transfected with PIM1 at day 3 (+dox+PIMEgre analyzed by FACS in triplicate. The
percentage of cells in the different cell cycle ggm GO/G1 (G1), S (S) and G2/M (G2) is reportea in
column plot of the mean +/- s.e.@) total extracts from TF-1C and K562C cells treatetha® were
analyzed by western blot with the indicated primanyibodies. An example of western blot is shown
on the left. Quantification (at least three blasni two independent experiments) is reported on the
right as a column plot of the mean +/- s.e.m. @f ¥lues normalized for GAPDH and considering
untreated sample as 1. 36



The growth curves showed that restoring PIM1 lesating RPS19
interference restarts cellular proliferation (F1g. A) and cell cycle (Fig. 17
B). In addition, given that several regulators efl cycle progression were
identified as PIM 1 target and in particular p2p/Kiprotein, we also
analyzed in this experimental conditions, the effeicPim1l on p27/Kipl
both at transcriptional and translational leveb(EVvC and 18). We reported
that even if p27/Kipl mRNA levels analyzed by Rémhe PCR assay were
not significantly altered, the restoring of PIM1lvéé during RPS19
interference causes the reduction of p27/Kipl EvdéFig. 17C).
Interestingly, the level of p53, present only inITrcells, is also affected by
PIM1 transfection (data do not shown).
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Fig. 18)Total RNA extracted from TF1 C and K562 C cells aated or treated 4 days with
doxycycline were analyzed by Real Time PCR with prév&pecific for p27/Kipl or GAPDH.
The histograms report the mean of three experimgititsthree different RNA extracts. mRNA
levels in uninduced cells were cosidered as 1.
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DISCUSSION

Ribosome biogenesis is a complex processréuptires the transfer of
multiple proteins in and out of the nucleolus. Mation of the rRNA and its
assembly into ribosomal subunits involves roughth) lccessory proteins
and about as many as small nucleolar ribonucleeprgarticles (Cmejla et
al., 2007). The role of the RPs in this context hasbeen clarified yet. In
the last few years several reports supplied theothgsis that some
pathologies may be caused by alteration of ribos@tnacture and or
function. These include Dyskeratosis Congenitatildge Hair Hipoplasia
and Diamond Blackfan Anemia. Starting from these@l@&wes ribosome
function has been hypotesized to be a critical gtemg development (and
in particular it is erytropoiesis for the mentiondideases). Any decrease of
ribosomal activity could compromise the ontogenptiucess.

Yet this hypothesis does not explain, so far, ikeue-specific effect of
ribosome synthesis alteration. Suggestive evideacee from a number of
studies that showed how nucleolar or Ribosomaksteetivate the tumor
suppressor p53 causing growth arrest and apogisderson et al., 2007;
Danilova et al., 2008; Fumagalli et al., 2009; Me@a et al., 2008; Panic et
al., 2007; Pestov et al., 2001; Rubbi and Milné03. Moreover DBA
erythroid precursors systems or animal models radtdor specific RPs
have shown an increased sensitivity to apoptogsdéhl et al., 1994). It is
by now ascertained that depletion of RPS19 protewnses defects in the
processing of 18S rRNA precursor and interfers whth maturation of 40S
subunit (Kuramitsu et al., 2008; Miyake et al., 800Q_.ymphoblastoid cells
derived from DBA patients with mutated RPS24 almpldy a clear defect
in pre-rRNA maturation, although distinct from theenotype observed in
cells derived from patients with mutations in RP{Coejla et al., 2007).
Recently other ribosomal proteins such as RPSIRRi35a mutated in a
few percentage of DBA patients (Angelini et al.p020Cmejla et al., 2007;
Dai and Lu, 2004). Here we discuss our finding alibree proteins related
with different aspects of Ribosomal stress.

1. To investigate on the two new RPS24 mutationg @ubstitution and one
deletion) found in the screening on ltalian patidéyt Irma Dianzani's
Laboratory, we used RPS24 cDNA. The first obseovatve made was that
in transient transfection experiments into HEK 288ls, the level of the
mutated RPS24, after normalization for transfectdficiency, is variable
among the different proteins. In fact we could dete different stability of
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the wt RPS24 protein compared with the RPS24 aligriants. Moreover,
among the two RSP24 the ones with codon 22 deletppear more stable
then those carrying substitution N124S. A highabtity of the transfected
RPS24 (comparable with the endogenous RPS19) dmulobserved when
the transfected protein successfully participatesbosome assembly (WT)
and is exported into the cytoplasm.

Further analysis of the RPS24 allelic variants sfbwhat they were
associated with ribosomes or 40S subunits. Thisltraadicates that,
although the RPS24 mutants are less stable andnataie into the nucleus,
a small fraction of them is incorporated into tieadl subunit and exported
into the cytoplasm, thus, forming a functional sbme.

In conclusion, the two RPS24 variants analyzed his sstudy cause a
decrease in protein stability, with deletion mwa$ having a stronger
effect. However, both mutated RPS24 alleles appeabe able to be
assembled into the ribosome. It could be speculttatithe subtle defect
observed is sufficient to cause the disease. Adterly, these mutations
play a contributory role in the disease that is dis®m to other mutations.
Indeed, the patient showing the substitution in RPE@N124 we considered
in this work) has subsequently been found to hdse a de novo five
nucleotide deletion in RPL5 exon 3 (c.134_138del&&). The mutation in
RPS24 gene was inherited from the healthy father @so carried by a
healthy sister suggesting that N124S could nohbeause of the disease.
Implications of our findings for the understandiofgmolecular mechanism
of DBA should be considered with caution. In faar @xperimental setup
consists in overexpression of tagged RPS24 constiustandard cell lines
(HEK 293). However considering the ubiquitous andstitutive expression
of RPS24, it could be that the effect of mutatiamsthe function of the
protein is the same in all cell types. In additéoprevious report showed that
mutations of another ribosomal protein (RPS19)thim same experimental
conditions, caused severe consequences easilytaldeecsuch as the
inability of this protein to be assembled in thbosome (Angelini et al.,
2007).

2. In the second part of this study we extendedrowgstigation to the RPS7
mutant (V156G) found in thielontu mouse animal model of our collaborator
D. Keyes. This investigation highlighted that exgsien of RPS7 mutant
alleles does not alter the capacity of the proteibe assembled into the
ribosomes as well as mutated constructs for RPE24vever it must be

mentioned and it is interesting to note that thesence of a single allele of
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the mutated protein causes alteration of the rRNs#unation pathway in the

mouse tissues we considered (liver and brain).ré€sults suggest that RPS7
may impair the cellular metabolism, so exhibitifg tcharacteristics of a
DBA gene.

Yet under a wider perspective these results giwdic@tion just upon
upstream events triggering the activation cascde locks cell growth
and, in some cases, leads to apoptosis in cells.

So that to make more complete our point of viewRibosomal stress we
observed the downstream effects inducted by asoime alteration, as
mutation of RPs is.

3. In our study we used an experimental model éguldor the study of the
DBA: erythroid cell lines TF1C and K562C.

Parental cell lines present a fundamental diffezeid~1C express a wild
type p53 whereas K562C do not show detectabledafgh53. In these cells
we monitored the effect of ribosome alteration lom éxpression of selected
proteins and on cell growth parameters.

We and others noted that cell counting and FAC3yaisashowed that an
evident reduction of cell proliferation and an awoclation of cells in the
GO0/G1 phase of the cell cycle, in conditions of R®8ownregulation. It is
important to notice that alteration of cell cycledgoroliferation can be also
observed in the p53-null K562C cells, suggestingt th p53-independent
mechanism is activated in these cells. Westernysisabf both TF-1C and
K562C cells showed that, during induction, in patalo RPS19 decrease,
there is a comparable reduction of PIM1 level, whsrthe level of the CDK
inhibitor and PIM1 target p#* increases.

This work characterizes the effect of transfettwd PIM1 WT constructs
on cell proliferation after RPS19 silencing andalgmes the transcriptional
levels of cell cycle inhibitor p¥* in this experimental context. Literature
data indicate that this protein is phosphorylatgdPtM1 in vitro andin vivo
and that phosphorylation will cause degradatiothecytoplasm. Therefore,
the decrease of PIM1 could lead to the stabiliratib p27'™* resulting in
cell cycle arrest (see also Morishita et al.,, 200Bhe data obtained
suggested that the decrease of PIM1 may be the a#uhe proliferative
effect since after transfection cell proliferatisnrestored. As regards in our
lines RPS19-deficient the mRNA levels of cell cydfenibitors do not
significantly change.
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Finally, it has been shown that a p53 dependeasstiesponse may occur as
a result of alteration of nucleolar function, as fostance, inhibition of
rRNA synthesis. Accordingly, a number of inhibitdhet induce nucleolar
disruption cause p53 activation. We decided to ifeihe treatment with
drugs that interfere with nucleolar function wowtso may affect PIM1
levels similarly to RPs deficiency. Effectively werified that all the three
used inhibitors of nucleolar function (Camptotheci@isplatin and
Actinomycin D) cause a decrease of PIM1 level, whsrdrugs not affecting
cell cycle (such as Nocodazole and Hydroxyurea) motdrelated with a
specific damage of nucleolar function, do not. Tdaa presented, thus,
indicate a role of PIM1 in the Ribosomal stresaddgger of some effects
of this response, also given to its direct contdthh ribosomes (by physical
interaction with RPS19). In addition the documerfigaction of PIM1 as a
regulator of cell cycle and cell growth fits welltivthe well described role
as coordinator of the stress signals to various &&ular components.
Among the PIM1 interactors that may be involvedthie response to the
stress we have tested p27 and also p21 (data aen3lout there are other
targets such as cdc25a, cdc25c¢ and so on. In cioelwith this work we
postulate PIM1 as a sensor of certain Ribosomakstevents, even if its
relationship with the p53-dependent response resnauolear.
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MATERIALS AND METHODS

PATIENTS

One hundred twenty-eight unrelated DBA families evstudied. Fourteen
had more than one clinically affected individualiaghosis was always
based on normochromic, often macrocytic anemiaiculecytgpenia,
erythroid bone marrow aplasia or hypoplasia, and,some patients,
congenital malformations and elevated eADA. We wdet short stature
because it was difficult to evaluate in the contekisevere anemia, iron
overload and chronic corticosteroid use.

Informed consent was obtained from all patients/@ndheir family
members participating in the study. RPS19 mutatwee found in 36/128
(28%) unrelated DBA patients using both sequenaimg) MLPA technique
as reported elsewhere (Campagnoli, 2008; Quadiag).

MOLECULAR ANALYSIS

Genomic DNA from 92 unrelated Italian DBA probamégative for RPS19
mutations was isolated from peripheral blood leykes using a commercial
kit (Gentra Systems, Inc., Minneapolis, MN). We lgpad six RP genes
(RPS14, RPS16, RPS24, RPL5, RPL11, and RPL35A)regtdsequencing
of the coding exons and intron-exon boundariesnéns for amplification
were designed with the Primer 3 software (primeusaces available on
request). PCR products were purified with the Qligupurification kit
(QIAGEN GmbH, D-40724 Hilden), and sequenced otnsttands with the
ABI PRISM BigDye Terminator kit (Applied BiosystemiBoster City,

CA) on an Applied Biosystems 3100 DNA Sequencem(ia Biosystems).
When sequence changes were found, independent RGRicts were
sequenced to confirm the mutations identified gnhobands.
Subsequently, we sequenced DNA samples from al@ifamily members
to determine whether the mutation cosegregated thithDBA phenotype
within the pedigree. To determine whether thesauesece changes were
polymorphic variations, we sequenced DNA samplesnfrat least 100
control individuals, and verified that none was aged in the Single
Nucleotide Polymorphism database (dbSN#atv.ncbi.nim.nih.gov/SNR
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GENOTYPE-PHENOTYPE CORRELATION and STATISTICAL
ANALYSIS

Genotyope-phenotype correlations were evaluatethenwhole survey of
patients.

Differences between two independent samples wezekeld with Student’s
t-test or Mann-Whitney test as appropriate, whethasKruskal-Wallis test
was used to assess the differences between more ttha groups.
Associations between categorical variables weresassl with Fisher's exact
test or with odds ratio and 95% confidence inter{®% CI). For
categorical variables with more than two categor@siple logistic
regression was used to calculate odds ratio and®5%

All tests are two-sided and significant for p<0.@&ta were analyzed with
the SPSS 16 software (SPSS Inc., Chicago, IL).

CELL LINES, CULTURE CONDITIONS AND TRANSFECTIONS

HEK293 (ATCC #CRL-11268) cell line was cultured iDulbecco’s

modified essential medium supplemented with 10%l fledvine serum, 100
U/ml penicillin, 100ug/ml streptomycin at 37°C with 5% GOFor transient
transfection, cells were plated at 90% of confleemand transfected with
Lipofectamine 2000 (Invitrogen, Milan, Italy) acdong to the

manufacturer’s instructions.

DNA CONSTRUCTS
RPS24 expression plasmids were constructed bytimgetDNA, tagged

with the Flag epitope at the C terminus, into thammalian expression
vector pcDNA3.1 (Invitrogen, Milan, Italy).
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ANTIBODIES AND WESTERN BLOT ANALYSIS.

For western blot analysis, cells were washed twiith phosphate-buffered
saline (150 mM NaCl, 2.7 mM KCI, 8 mM MdPO, and 1.4 mM KHPQ,)
and were treated with lysis buffer (150 mM NaClg®® Tris—HCI (pH 7.5),
1% NP40, 0,5 % sodium deoxycholate, 0,1 % SDS, thpro 1l mg/ml,
Leupeptins 1 mg/ml, Pepstatin A 1 mg/ml, PMSF 1a@mi). After 1 min

of incubation on ice, the extract was centrifuged 40 min at maximum
speed in a microcentrifuge at 4 °C. Proteins wepmasated on 12% SDS—
PAGE, transferred on Nitrocellulose membrane acdbated with a mouse
mAb specific for RPS19, rabbit anti-Flag (Sigmaablbit anti-NPT I
(Upstate, 06-747),mouse monoclonal anti-Piml (Santa Cruz) mouse
monoclonal anti-p27 (BDPetection of immunoblots was carried out with
Ablot Plus (Euroclone).

EXTRACT FRACTIONATION

For ribosome isolation, cells (~10*)0were lysed in 30@ of 10 mM Tris
HCI (ph 7,5), 10 mM NaCl , 3mM Mggl 0,05% NP40 with proteases’
inhibitors and centrifuged for 5 minutes at 1000Tge supernatant was
collected and represents the cytoplasmic extraet,pellet is the nuclear
fraction. The cytoplasmic extract was layered dhtmol of 15% sucrose, 30
mM Tris—HCI (pH 7.5), 100 mM NacCl, 10 mM MgCI2 acdntrifuged in a
Beckman type 70.1 rotor for 90 minutes at 100,000Qe pellet (P,
ribosomal fraction) was resuspended directly in SBSGE loading buffer.
The supernatant (S, free cytoplasmic proteins) prasipitated with 10%
TCA and the pellet, washed with acetone, was resdgd in SDS-PAGE
loading buffer. The proteins were then analyzedvbgtern blot.

For sucrose gradient fractionation, cytoplasmatitragts, prepared as
described above, were layered onto 5%-65% lineadignt containing 30
mM Tris-HCI (pH 7.5), 100 mM NacCl, and 10 mM MgCéad centrifuged
for 3h at 37,000 rpm in a Beckman SWA41 rotor. Twelkactions were
collected while monitoring the absorbance at 260 Rmoteins from each
fraction were precipitated with 10% TCA. The pelilgas washed with
acetone, dried, and resuspended in SDS-PAGE LodBirfter (63 mM
Tris-HCI pH 6.8, 5% Glycerol, 1% SDS, 2.5% bromopbieblue) .
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The first five fraction (polysome) were pooled aloéded entirely on a
single well whereas only part (1/10) of fractiondrid 12 was loaded on the

gel.

NUCLEI PURIFICATION

The pellet obtained after the 1000 g centrifugatimas used for further
analysis. It was resuspended in 1,2 ml of 10 mM HCI (ph 7,9), 10 mM
NaCl, 5 mM MgC}, 0,3 M Sucrose. Nuclei were then layered onto & 2m
cushion of 10 mM Tris HCI (ph 7,9), 10 mM NacCl, 3vniMgCl, , 0,6 M
Sucrose and centrifuged 10 minutes at 2000 g at 4°C

RIBOSOMAL BIOGENESIS

RNA was extracted from mouse tissues with TrizoVitrogen) according to
manufacturers protocol. Total RNA was fractionated formaldehyde-
agarose gels and transferred to Gene Screen Plubraiee (NEN). ITS1
probe was prepared by 5' end-labeling of a 28-migomucleotide
(GCTCCTCCACAGTCTCCCGTTAATGATC) with 2Ci of y[32P]-ATP
and T4 polynucleotide kinase according to stangaotiocols. Hybridization
was carried out overnight at 42 °C in 6X SSPE, B8 30,25 mg/ml ssDNA
and 5X Denhardt solution. After hybridization, thkt was washed twice
with 1% SDS in 2X SSPE for 30 min at 37 °C. Quaititin of signals was
obtained by phosphor screen scanning with a STORBEBhorimager and
ImageQuant software analysis (Molecular Dynamics).

REAL TIME PCR

For Real-time RT-PCR, total RNA was extracted froelis using Eurogold
Trifast (Euroclone), according to the manufactwerotocol. RNA (2.5.9)
was treated with DNAse | (Promega), then reveraastribed into single
strand cDNA, using Moloney murine leukemia virus MMV) Reverse
Transcriptase (Promega) and random primers (lrgémd. cDNA was
diluted at a concentration of 80 pfin nuclease-free water and stored in
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aliquots at —80°C until used. Real-time PCR wasfopered with the
LightCycler (Roche Diagnostics) using SYBR greetedeon (Kapa SYBR
Fast gPCR kit -Kapa Biosystems-), the cDNA as émeplate and the primer
mix of interest: (GAPDH NM_002046.3: sense primer’- 5
accagggctgcttttaactctggt-3'; antisense primer Sagdttccatggcaccgtcaagg-
3; p27% NM_004064: sense primer: 5'-acgtgagagtgtctaacggriisense
primer: 5'-agtgcttctccaagtece-3'; p#f' NM_000389 sense primer 5'-
cggcagaccagcatgacagattt-3' antisense primer: &aggrccgctctacatctt-3’).
The amount of mMRNA transcripts encoding these gem&s determined
using the expression™®", considering the threshold cycle (Ct) of the
sample relative to the internal reference GAPREL] and to untreated cells
(AACH).
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