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To myself I am only a child playing on the beach, 
while vast oceans of truth lie undiscovered before me. 

 
Isaac Newton 
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Introduction 

“It’s in the genes….” 
 
Medical genetics has developed dramatically over the last one hundred 
years. The concept of a one-to-one correspondence between genes and bio-
chemical reactions, later named “one gene - one enzyme” (1), was intro-
duced by George Beadle and Edward Tatum in 1941 when describing ge-
netic mutations in the mold, Neurospora crassa (2). This concept was fore-
shadowed by the work of Archibald Garrod on human alkaptonuria in 1908 
(3). The concept was much later modified to ‘one gene – many proteins’ due 
to the discovery of differently spliced mRNA variants from a single gene (4, 
5). Yet another more recent modification is ‘many genes – one disease’ 
which relates to multifactorial and complex disorders. Our understanding of 
genetic variation and its impact on diverse organisms has increased signifi-
cantly over the last decades. This tremendous progress has been driven to a 
large extent, by novel technologies. 

The discipline of experimental genetics originated in the mid-19th century 
when Gregor Mendel discovered that certain traits were inherited (6, 7). In 
the 20th century, a series of discoveries led to the identification of a chemical 
substance as the carrier of genetic information (8, 9). Several milestone dis-
coveries include the elucidation of  DNA structure (the double helix) by 
Watson and Crick (10), the relationship between DNA, RNA and protein, 
i.e. ‘the central dogma’(11), and deciphering of the genetic code (12). The 
very recent progress in genetics has to a large extent been driven by novel 
technologies, e.g. DNA sequencing methods (13, 14). This DNA sequencing 
technology allowed for a first draft of the human genome in 2001 (15, 16) 
and  a complete sequence in 2004 (17). It is now known that the haploid 
human genome contains more than 3 billion base pairs comprising of ap-
proximately 20,000-25,000 protein coding genes. Several projects sprung 
from the Human Genome Project. One such initiative, the International 
HapMap Project, was started with the aims of providing a public resource of 
common genetic variation for biomedical research (18, 19).  

Development of high throughput DNA sequencing technologies has now 
allowed for the sequencing of whole human genomes within days and at 
costs which are fractions compared with the sums spent on the Human Ge-
nome Project. It is expected that the cost for the complete sequencing of a 
human genome will come down to 1,000 USD within a few years (20). New 
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sequencing technologies have also led to the initiation of a project named 
‘1000 Genome Project’ (www.1000genomes.org) (21, 22). The project aims 
to sequence the genomes of over one thousand unrelated individuals of dif-
ferent ethnic origins to create a map of normal human genetic variation. It is 
predicted that future sequencing technologies will become a standard proce-
dure in clinical diagnostics and for personalized medicine.  

Chromosome architecture 
The nucleus of a typical human cell contains 44 autosomes and two sex 
chromosomes. DNA, the carrier of genetic information, and its associated 
proteins are the main building blocks of the chromosome. In the eukaryotic 
chromosome both double helical DNA and proteins are packed together to 
form chromatin. The structural unit of chromatin, the nucleosome, was de-
scribed by Roger Kornberg in 1974 (23, 24). The nucleosome is 11 nm in 
diameter and consists of nine histone proteins and approximately 166 base 
pairs of DNA. The nucleosomes are packed into a solenoid arrangement with 
six nucleosomes per turn, which gives the structure a fiber-like appearance 
called chromatin fibers.  

Chromatin fibers are strictly ordered to form a condensed chromosome. 
Chromosome condensation and “packaging” involve several levels of com-
paction to form the condensed metaphase chromosome structure as illus-
trated in figure 1 (25). The process of compaction involves many histone and 
non-histone proteins that initiate, maintain and dissolve the chromosome 
structure. The extent of chromatin condensation varies during the cell cycle. 
For example, during interphase most of the chromatin is highly decondensed 
and distributed throughout the nucleus. At this point of the cell cycle, DNA 
replication and gene transcription occurs. The presence of histone modifica-
tions such as phosphorylation, acetylation, methylation and ubiquitination, 
are important for epigenetic regulation which provide a “code” known as 
histone-code on top of the genetic code (26, 27).  

Genes and the central dogma 
The definition of a gene is no longer equivalent to elements of heredity of 
Mendel rather an open reading frames (ORFs) enumerated in sequence data-
bases. At present, genes are considered as an entity, including their specific 
DNA structure, function and regulation (28). An updated definition of gene 
is phrased as following: “A gene is a union of genomic sequences encoding a 
coherent source of potentially overlapping functional variants” (28). The 
basic chart of information flow DNA-mRNA-Protein called “the central 
dogma” still holds true today but with several exceptions (11). DNA is tran-
scribed to RNA and mRNA is then translated to protein.  Both DNA and 



 13

RNA can be replicated or transcribed. The exception from the central dogma 
is that RNA can be reverse-transcribed to DNA in retroviruses, retrotrans-
posons and telomerase synthesis (29, 30). The information carried in mRNA 
is translated into a linear amino acid sequence. There is no reversed flow of 
information from protein back to mRNA or DNA. However, many proteins 
are required for DNA replication, transcription and translation. 
  

 
Figure 1. The organization of DNA within the chromatin structure. Adapted by per-
mission from Macmillan Publishers Ltd: Nature 421(6921): p. 448-53, Felsenfeld 
and Groudine, Controlling the double helix, ©2003 

A gene is transcribed into a nascent RNA that is subsequently tailored to a 
mature form through RNA processing and splicing and becomes functionally 
active, which may or may not be protein coding (31, 32). The majority of 
nascent RNA that will become mRNA undergoes modifications at their 5’ 
and 3’ ends. These ends contain untranslated region (UTR) that is important 
regions in terms of RNA stability/degradation and regulation.  
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The size and sequence of the 5’ and 3’ UTR vary and have important regula-
tory roles (33, 34). The 5’ end of mRNA contains a methylated guanine (G-
cap) that protects it from degradation and facilitates ribosome loading in cap-
dependent translation. mRNA with a long 5’UTR may contain an internal 
ribosome entry site (IRES), a sequence that is recognized and bound by ri-
bosomes in a cap-independent manner (35). Additionally, the 5’UTR may 
contain upstream ORFs that are translated by ribosomes. These upstream 
ORFs may regulate the translation of the major downstream ORF of the gene 
(36). 

The 3’UTR, like the 5’UTR, is a heterogeneous structure. The sequence 
and length of the 3’UTR determine the stability of mRNA (37). In general, 
the 3’UTR terminates with a poly-A stretch. Sequence variations in the UTR 
do not affect the amino acid sequence of the resulting protein. However, in 
many instances variation in the UTR affect translation efficiency as a result 
of  conformational changes in the secondary structure of RNA (37). 

Medical Genetics 
The field of medical genetics largely works to address the genetic basis of 
phenotypic variation in humans. Parents contribute an equal amount of ge-
netic material to the diploid genome in their offspring (with the exception of 
the X and Y chromosomes in males). Thus, an offspring has two copies or 
alleles of a gene, one inherited from the mother and one from the father.  The 
monogenic disorders (i.e. Mendelian disorders) are caused by variation in a 
single gene and may result in a dominant or a recessive trait. Therefore, in 
dominant disorders, the disease allele is dominant over the recessive allele 
and heterozygous as well as homozygous individuals for the disease allele 
express the disease phenotype. In the case of recessive disorders, a normal 
allele is dominant and the disease allele is recessive. Hence, individuals are 
healthy if they are homozygous and heterozygous for a “normal” allele whe-
reas individuals are affected if they carry a disease allele in a homozygous 
state. Disease genes located on chromosomes 1-22 results in autosomal dis-
orders whereas disease causing alleles on the X or Y chromosomes causes 
sex-linked disorders. Gene variants that are strongly associated with diseases 
are usually termed mutations. 

As mentioned above, a genetic disease can be monogenic and caused by a 
variation in one single gene. However, the disease may be polygenic, i.e. 
caused by variations in two or several genes or may be due to chromosomal 
aberrations, i.e. caused by large genetic abnormalities involving chromoso-
mal regions or entire chromosomes. 
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Genetic variations 
Genetic differences among individuals may contribute to normal phenotypic 
variation but also to disease susceptibility, with or without contributing envi-
ronmental factors. The difference in DNA sequences between two randomly 
chosen individuals account for a tiny fraction of the genome (<0.1%) (38). 
The most common variation in human DNA can be categorized into four 
types:  

1: Single nucleotide polymorphism (SNP). By definition, a single nucleo-
tide variant is considered a SNP if the frequency is at least 1% in the popula-
tion. It is believed to be the most common type of genetic variation and on 
average there is one SNP every 200 bp in the human genome (39) The cur-
rent estimate is about 17.4 million SNPs in the human genome 
(www.ncbi.nlm.nih.gov/SNP; build 130). There are also “rare” SNP with a 
population frequency of <1%.  

2: “Indels”. These represent insertions or deletions of one or few base 
pairs up to several hundred base pairs. A study estimated Indels constitute 
around 16-25% of all human variation (40). 

3: Microsatellites. These are short tandem di or tri-nucleotide repeats dis-
persed in the whole genome. These are highly polymorphic and have a high 
mutation rate (41, 42). 

4: Copy number variations (CNVs): These are changes in the number of 
copies of particular DNA segments of more than 1 kb (18, 43). A recent 
study demonstrated that CNVs greater than 500 kb are present in 5-10% of 
individuals and CNVs greater than 1 Mb are found in 1-2% of individuals in 
a population (44). CNVs are colocalised with known genes and functional 
elements, which may influence the gene expression by disrupting genes 
function or altering gene dosage (45).  

In the following sections of the thesis, the cell cycle and apoptosis are intro-
duced at the cellular and molecular level. Furthermore, ribosomes and the 
role of ribosomal proteins are discussed in the context of cell proliferation.  

Cell cycle  
Cells undergo a cyclic process and divide for the development and mainte-
nance of a multicellular organism. The cell cycle consists of four phases: G1, 
S, G2 and M which is an ordered and tightly regulated sequence of events. 
The G1 and G2 phases are ‘gaps’ during which the cell is preparing for DNA 
synthesis (S) and mitosis (M), respectively (46). The M phase may be fol-
lowed by a quiescent G0 phase in the absence of stimuli triggering mitosis 
(46). Progression through the cell cycle is regulated by several factors in-
cluding the cyclins and cyclin dependent kinases (cdks). Cyclins and cdks 
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undergo assembly and activation followed by inactivation, dissociation and 
degradation (47, 48). Their temporal activation ensures that they will only be 
active at a specific phase of the cell cycle and is critical for cell cycle pro-
gression (49).  

 
 

 
Figure 2. A schematic of the cell cycle and its regulation with special focus on the 
G1 phase. The major event driving  cells from G1 phase to S phase entry is phos-
phorylation of Rb. The regulation of Rb phosphorylation is depicted. 

In the G1 phase, at a stage known as restriction point, the cells become 
committed to a complete round of mitotic division. The main requirement at 
this stage is phosphorylation of the cytoplasmic retinoblastoma protein, Rb. 
The phosphorylated form of Rb is then released from the E2F transcription 
factor (50, 51). Free E2F enters into the nucleus and drives the expression of 
many genes such as c-Myc, ki67, klf4, which are all important for cell cycle 
progression illustrated in figure 2. The phosphorylation of Rb can be medi-
ated through a D-type cyclins activated cdk4/cdk6 complex, or by an acti-
vated cdk2-cyclin E/A complex (52). Formation of cdk-cyclin complexes in 
G1 phase is regulated by two families of proteins. The inhibitors of cdk4 
(INK4) family includes p16INK4a, p15INK4b, p18INK4c and p19INK4d 
(53-56).  The members of this family of proteins inactivate cdk4 and cdk6 by 
destabilizing their association with the D-type cyclins (57). The second fam-
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ily of cdk inhibitors, the cip-kip proteins, includes p21, p27 and p57 (58-65). 
These proteins inhibit the cyclin E/A-cdk2 interactions (66). The levels of 
p21/p27 are regulated by the tumor suppressor protein p53 (58). c-Myc also 
promotes the formation of the cyclin D-cdk4/6 complex and therefore, indi-
rectly controls the phosphorylation of Rb. 
 
 

 
 

Figure 3. An overview of apoptosis signaling pathways. Fas/FasL exemplifies the 
death receptor’s pathway or extrinsic pathway. Also illustrated in the picture is the 
mitochondrial or intrinsic pathway. Both pathways converge at the level of effector 
caspase activation. Adapted from dissertation of Anna Hammarberg, 2007, Uppsala 
University. 
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Apoptosis 
Apoptosis (programmed cell death) is a normal event during development of 
multicellular organisms. The main morphological characteristics of apop-
tosis are cell shrinkage, membrane blebbing, chromatin condensation, DNA 
fragmentation and the appearance of apoptotic bodies (67). Apoptosis occurs 
in a variety of biological processes such as embryogenesis, organogenesis 
and metamorphosis (68). Deregulation of pathways controlling apoptosis 
have been implicated in a number of diseases, the most notable example 
being various forms of cancer in which apoptosis is reduced. Increased apop-
tosis is also associated with various diseases and premature degeneration of 
cell types/tissues, e.g. neurodegenerative diseases such as Parkinson’s and 
Alzheimer’s disease (69).  

Apoptosis can be induced by extracellular signals or intrinsic signals from 
within the cells (70). For example, toxins, growth factors and cytokines can 
induce extrinsic apoptosis by activating “death receptors”. The main media-
tor of apoptosis is the caspase family of cystein proteases (71). Caspase 8 
and 9 undergo oligomerisation and autocatalytic cleavage to become active 
which in turn activates the effector caspase 3 (72). The effector casapase 
initiates a proteolytic cascade leading to organelle disassembly, DNA cleav-
age and membrane blebbing. An overview of apoptosis process is illustrated 
in figure 3.  

Members of the Bcl-2 family of proteins can act either as inhibitors or 
promoters of apoptosis (73). There are anti-apoptotic members including 
Bcl-2 and Bcl-xl and pro-apoptotic proteins such as Bak and Bax (74, 75). 
Pro- and anti-apoptotic members of the Bcl-2 family of proteins are able to 
homo- or hetero-dimerize depending on their relative concentration in the 
cell (76). The ratio of anti-apoptotic Bcl-2/Bax heterodimers to pro-apoptotic 
Bax/Bax homodimers determines a cell’s fate of survival or death (77). The 
apoptotic members of the Bcl-2 proteins induce the release of cytochrome c 
to the cytosol, which in turn activates Apaf-1 and recruits caspase 9 to form 
an apoptosome complex (78, 79). 

Failure of ribosome function results in an increased level of cellular apop-
tosis. Ribosome failure induced apoptosis, in combination with a reduction 
in cell proliferation contribute significantly to the pathogenesis of Diamond-
Blackfan anemia. I will discuss the relationship between ribosomes and cell 
proliferation in the following sections. 

Ribosomes 
Ribosomes are complexes of proteins and RNA which make up the protein 
synthesis machinery of the cells. Ribosomes are found in the cytoplasm and 
also attached to the endoplasmic reticulum. Mitochondria and chloroplast 
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also contain ribosomes. A typical eukaryotic ribosome is built up by the two 
subunits, 60S and 40S respectively, that associate to a 80S complex upon 
initiation of protein synthesis (80) (Figure 4). The small 40S subunit com-
prises 18S rRNA and 33 different ribosomal proteins whereas the 60S sub-
unit consists of 5.8S, 28S rRNA and 48 different ribosomal proteins (80). 
Ribosomes translate the genetic information from the mRNA to a linear 
amino acid sequence, which is later formed to a functional protein.  
  

 
Figure 4. An overview of ribosome biogenesis in an eukaryotic cell. Transcription of 
ribosomal DNA (rDNA)by RNA polymerase I occurs in the nucleolus. The pre rRNA 
transcripts are spliced and modified by small nucleolar ribonucleoproteins 
(snoRNPs). In the nucleolus, 5.8S, 28S rRNAs assemble with ribosomal proteins to 
form the 60S subunit, whereas 18S rRNA alone assembles ribosomal proteins into 
the 40S ribosome subunit. The 40S and 60S ribosome subunits are both exported to 
the cytoplasm where they bind to mRNA to form functional ribosomes. Adapted from 
Macmillan Publishers Ltd: Nature Review Molcellbio 8(7): p. 574-85 Francois and 
Lamon, The multifunctional nucleolus, ©2003 

Ribosome biogenesis, maintenance and protein synthesis are major and energy 
consuming processes in the cell (81). In eukaryotes, the ribosome synthesis 
occurs sequentially in the nucleolus, the nucleoplasm and in the cytoplasm 
(82). It involves the transcription and processing of pre-ribosomal RNAs 
(rRNA), their proper folding and assembly with ribosomal proteins. The bio-
synthesis of ribosome subunits requires the initial transcription of rDNA genes 
by RNA polymerase I (82). These rDNA genes are arranged in arrays of head-
to-tail tandem repeats, termed nucleolar organizer region (NOR). 
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Ribosomal RNAs are the most abundant class of cellular RNA species. 
These are transcribed as a single pre-rRNA (47S rRNA) transcription unit 
which is step-wise processed into the more mature 28S, 18S, and 5.8S 
rRNA. These rRNAs are modified through the interaction with small nucleo-
lar ribo-nucleoproteins (snoRNPs) and proteins (82). The mature rRNAs are 
assembled with the many ribosomal proteins before export to the cytoplasm. 
It is now clear that the ribosome assembly in yeast involves approximately 
100 different non-ribosomal proteins and a similar number of small nucleo-
lar SnoRNAs (83).  

Ribosomal proteins 
The precise control of ribosome biogenesis and translation is pivotal for 
normal cell functions and even cell survival. Each component of the ribo-
some is required for normal assembly and equimolar production and/or 
maintenance of the different ribosomal proteins economize the use of meta-
bolic energy of the cell (83). Ribosomal proteins are expressed at higher 
levels than required for the typical rate of ribosome subunit production. This 
provides a mechanism for mammalian cells to ensure that ribosomal proteins 
levels never limit the efficient assembly of ribosome subunits (84). Ribo-
somal protein levels are determined mainly by the levels of their respective 
mRNAs and a translational regulation mechanism is mediated by the pres-
ence of a 5’TOP sequence in the 5´end of all mRNAs of ribosomal proteins 
(85, 86). The 5’ TOP-containing mRNAs are regulated in a growth depend-
ent manner and their translation is rapidly repressed during growth arrest, 
thereby minimizing the energy consumption of the cells (87).  

It has been shown that ribosomal proteins play a role in various cellular 
processes that are independent of protein biosynthesis (88, 89). Mutations in 
ribosomal proteins have recently been associated with cancer in zebrafish 
(90), the white spot phenotype in mice (91)  and anemia in humans (92). 
Several studies have demonstrated that mutations in genes encoding ribo-
somal proteins activate and/or stabilize the suppressor oncogene p53 (93-
97). The nucleolus, as the site for ribosome biogenesis, may act as stress 
sensor and perturbed subunit biosynthesis may result in the activation of 
p53. Hence, upregulation of p53 may be common in the pathogenesis of 
diseases caused by deregulated ribosome biosynthesis and/or function. 

It is known that the hematological malignancies myelodysplastic syn-
drome (MDS) and acute myeloid leukemia (AML) are overrepresented in 
DBA (98). Recently, RPS14 was identified to be involved in the pathogene-
sis of a subtype of MDS, the 5q- syndrome; causing a block in 18S pre-
rRNA maturation (99, 100). This finding suggests a patho-physiological 
similarities between MDS and DBA, as both diseases are characterized by 
bone marrow failure.  
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Hematopoiesis 
Hematopoiesis is a process by which undifferentiated pluripotent stem cells 
(known as hematopoietic stem cell, HSC) proliferate and differentiate to 
produce mature blood cells. The two major characteristics of HSC are: i) 
they can undergo differentiation into progenitor cells for all the different 
hematopoietic lineages; and ii) they maintain the stem cell pool through their 
self-renewal capacity (101). In vertebrates, the major site of hematopoiesis is 
in the bone marrow, but embryonic/fetal hematopoiesis occurs in the yolk 
sac and is transiently found in the fetal liver (102). Under extreme stress 
conditions, extramedullary hematopoiesis can occur in the spleen. In addi-
tion, at any given time, a small number of HSC can be found in the periph-
eral blood. 

Erythropoiesis 
Initial differentiation of pluripotent stem cells follows two different major 
pathways, lymphoid and myeloid differentiation. The myeloid lineage is 
further differentiated into the erythroid, granulocytic, monocytic and mega-
karyocytic lineages (103). Erythropoiesis normally proceeds at a basal level 
replacing red blood cells taken out of circulation. Erythropoiesis may be 
induced by the loss of red blood cells, decreased ambient oxygen tension, 
increased oxygen affinity for hemoglobin and other factors decreasing the 
oxygen tension in tissues. In the erythroid lineage, the earliest committed 
progenitors identified ex vivo are the slowly proliferating burst-forming 
units-erythroid (BFU-E). Early BFU-E cells divide and further differentiate 
into more mature BFU-E stages and the rapidly dividing colony-forming 
units-erythroid (CFU-E) (104, 105). CFU-E progenitors divide three to five 
times during a period of two to three days as they differentiate and undergo 
changes including decrease in cell size, chromatin condensation and hemo-
globinization (Illustrated in figure 5). A final erythroid maturation step in-
volves enucleation and expulsion of cell organelles. 

 

 
Figure 5. A schematic representation of erythropoiesis in humans. Pluripotent stem 
cells  undergo differentiation upon specific signaling to form different cell types 
ending as mature erythrocytes.  

Erythropoietin (EPO), a glycoprotein hormone produced in the kidney is the 
primary inducer of red cell production and survival (106, 107).  EPO is the 
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major factor governing erythropoiesis and its role in regulating expansion, 
differentiation, apoptosis and activation of erythroid-specific genes is well 
characterized (108). Secreted EPO hormone circulates in blood and binds to 
receptors expressed specifically on erythroid progenitor cells. Subsequently, 
binding promotes the viability, proliferation, and terminal differentiation of 
erythroid precursors, resulting in an increase in red blood cell mass. EPO 
responsiveness correlates with the expression of erythropoietin receptors 
(EPO-R) and EPO responsiveness starts at the BFU-E stage. The CFU-E 
stage is completely dependent on erythropoietin. The binding of EPO to 
EPO-R in bone marrow derived erythroid progenitors activates JAK2, which 
in turn mediates the downstream events in erythroid differentiation (109). 
EPO and several cytokines also induce the PIM-1 kinase which activates the 
JAK family of proteins (110-112). The signaling events downstream of 
JAK2 are complex and carried out through many different pathways.  JAK2 
activates the transcription factors STAT1 and STAT5.  Activated STAT1 
forms homodimers and increases transcription of erythroid specific genes 
(108). Activated STAT5 induces transcription of anti-apoptotic Bcl-xl and 
thereby promotes differentiation and proliferation of erythroid progenitors 
(113). In summary, erythropoiesis is driven by a highly coordinated pattern 
of expressed genes under the influence of growth factors and hormones. 

Diamond-Blackfan Anemia 
 
“It’s in the blood…” 
 
Diamond-Blackfan Anemia (DBA; OMIM #205900) is a rare form of inher-
ited anemia characterized by defects in red blood cell production. DBA 
manifests during the first year of life, affecting 5-7 children per million live 
births with both sexes equally affected (114, 115). Hematopoietic features 
are restricted to the erythroid lineage at the BFU-E to CFU-E stages whereas 
other lineages remain unaltered (116-118). Many DBA patients also exhibit 
macrocytosis, elevated fetal hemoglobin (HbF) levels and increased erythro-
cyte adenosine deaminase (eADA) activity (119). More than 30% of patients 
present with physical anomalies such as short stature, upper limb malforma-
tions, craniofacial dysmorphism and atrial or ventricular septal defects (120). 
The diagnostic criteria for DBA were first suggested by Diamond in 1976 
(121) and have since been slightly modified (122). The major criteria include 
macrocytic anemia within the first year of life with normal or slightly de-
creased neutrophil and/or platelet counts, reticulocytopenia, and normal bone 
marrow cellularity with paucity of red cell precursors. 



 23

Treatment options in DBA 
The first line of treatment for DBA is corticosteroids (122). Approximately 
80% of DBA patients respond to an initial course of steroids. However,  
about 20% of these steroid responsive patients become refractory to the 
treatment over time (122).  For steroid non-responsive DBA patients, blood 
transfusion is used as an alternative treatment. Transfusion dependent pa-
tients have a poor long-term prognosis mainly due to iron-overload. The 
only curative treatment option for DBA is hematopoietic stem cells trans-
plantation. A successful outcome of hematopoietic stem cell transplantation, 
however, is largely dependent on having a HLA-compatible sibling (donor) 
(115, 123, 124). Therefore, there is a compelling need for preclinical re-
search focused on defining the biology underlying DBA and related diseases 
in order to generate targets for novel therapeutic interventions.  

Genetics and inheritance of DBA 
DBA is usually sporadic but in 40-45% of cases are familial and inherited as 
an autosomal dominant trait (122, 125). The first DBA gene to be identified 
was the ribosomal protein S19 gene (RPS19) which is found mutated in 20-
25% of DBA patients (92). More recently, mutations in several additional 
ribosomal protein genes have been reported in DBA including RPS24, 
RPL35a, RPS17, RPL5and RPL11 (126-129). A number of different muta-
tions in DBA disease genes have been identified and include insertions, dele-
tions, splice site mutations, nonsense or missense mutations. There is no 
obvious genotype-phenotype correlation and the clinical variability is exten-
sive even within families (125, 130-132).  

DBA belongs to a group of inherited bone marrow failure syndromes and 
shares many features with other members of this group, including Shwach-
man-Diamond syndrome, Fanconi anemia and dyskeratosis congenita (Table 
1). Besides the characteristic hematological abnormalities, these disorders 
are frequently associated with developmental defects, malformations and an 
increased risk of cancer. The life-time risk for developing myelodysplastic 
syndrome (MDS) or acute myeloid leukemia (AML) is increased at least 30-
fold (133-135). Interestingly, pathogenesis in several IBMFS is connected to 
ribosomal biogenesis and ribosomal function (136). 

Functional studies 
Until recently, only mutations in the ribosomal protein genes have been re-
ported in DBA patients. It has been suggested that haploinsufficieny for ri-
bosomal proteins causes DBA (92, 137, 138). Several independent studies 
have shown that RPS19 mutations result in decreased transcript and transla-
tion of RPS19 (137, 139). Both RPS19 and RPS24 are required for the bio-
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synthesis of 40S subunits in eukaryotic cells (140, 141). Consequently, mu-
tations in RPS19 and RPS24 have been associated with defects in rRNA 
maturation and perturbed ribosome biosynthesis (141, 142).  

Interestingly, the defects in rRNA maturation are distinct when compar-
ing RPS24 and RPS19 mutant cells (143). A recent study shows that DBA 
associated mutations in the large subunit ribosomal protein RPL35A gene 
cause a maturation defect of 28S and 5.8S rRNA important for the 60S sub-
unit biogenesis (127). These findings illustrate that different ribosomal pro-
teins are required during specific steps in the rRNA maturation process. The 
net effect of the ribosomal protein gene mutations is a skewed ratio between 
the small and large ribosomal subunits (144, 145). These observations also 
support that DBA results from haploinsufficiency with decreased levels of 
functional ribosomes and a decreased translational capacity (146). A reduced 
translation and/or proliferation rate have indeed been reported in RPS19 
mutant DBA derived lymphocytes and fibroblasts (146). Mutations in RPS19 
and RPS24 have also been shown to induce specific cell cycle arrests (138, 
147) and increased apoptosis in CD34+ cells and fibroblasts (118, 148). 

Ribosomal proteins interact with other ribosomal proteins in each subunit. 
A proteomic study to search for other novel interacting partners that may 
clarify possible extra-ribosomal functions has been performed (149). The 
results from this analysis suggested that RPS19 interacts with 159 non-
ribosomal cellular proteins including the proto-oncogene PIM-1. The 
RPS19-PIM-1 interaction was later confirmed and PIM-1 was also shown to 
phosphorylate RPS19 in vitro (150). Given the proposed function of PIM-1 
in hematopoietic cell cycle progression, its interaction with RPS19 may sug-
gest a biological function in the pathogenesis of DBA (137, 151). 

 

Table 1: Inherited bone marrow failure syndromes connected to ribosomal dysfunction. 
Disease Genes Genetics Cancer succeptibility 
Diamond-Blackfan 
anemia 

RPS7, RPS17, RPS19, 
RPS24, RPL5, RPL11, 
RPL35a,  

Autosomal 
dominant 

leukemia, Osteosar-
coma  

Dyskeratosis cong-
enita 

DKC1, TERC, TERT, 
NOP10 

X-linked/ 
Autosomal 
dominant 

Lymphoma, Squa-
mous carcinoma 

Scwachman-
Diamond syndrome 

SBDS Autosomal 
recessive 

Leukemia 

Cartilage Hair 
aplasia 

RMRP Autosomal 
recessive 

Non-Hodgkin 
lymphoma, Basal cell 
carcinoma 
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DBA model systems 
Several model systems and model organisms have been used to search for 
disease mechanisms underlying DBA. RPS19 knock-down by siRNA in TF-
1 and UT-7 cells showed reduced cell growth as well as impaired erythroid 
differentiation and colony formation (152). In primary CD34+ cells, the 
siRNA knock-down of RPS19 showed similar reduced erythroid formation 
and mimics the defects seen in DBA (153). Homozygosity for targeted dele-
tion of RPS19 is lethal prior to implantation in mice (154). However, het-
erozygous RPS19 mice show no obvious phenotype and have normal S19 
protein levels (154). Two other mouse models are currently being developed 
by Prof. Stefan Karlsson and Prof. Mohandas Narla (personal communica-
tion). A zebrafish model for RPS19 deficiency showed defective erythropoi-
esis and p53 activation (155). In yeast, the depletion of RPS19 severely af-
fects the production of small subunit of ribosome. Moreover, mutations in 
yeast RPS19 lead to defective processing and accumulation of 18S ribosomal 
precursor RNA consistent with the observations in RPS19 mutant human 
cells (140). 
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Methods 

Animal model and genotyping of mice 
The mouse model is an invaluable tool in biomedical research. We generated 
a mouse model with targeted disruptions of both Rps19 and Pim-1 to study 
the biological role of the interaction of these two genes. Rps19+/- mice (154) 
were crossed with Pim-1-/- mice (156) on a C57/Bl6 background to produce 
offspring with the genotypes: Rps19+/+Pim-1+/+, Rps19+/-Pim-1+/+, 
Rps19+/+Pim-1-/- and Rps19+/-Pim-1-/- (n=83). Breeding protocols were ap-
proved by the Uppsala Animal Research Ethics Board (Dnr C256/4). Mice 
were genotyped with genomic DNA from tail tips by PCR amplification 
(154, 156). Genomic DNA was isolated from the tail tips by alkaline lysis 
method with buffer I (250mM NaOH,2mM EDTA) and buffer II (400mM 
Tris HCL) and incubation at 950C for 45 minutes 

Cloning and site directed mutagenesis 
cDNA clones corresponding to three major variants of the RPS19 5’UTR 
(35, 382 and 467 nucleotides 5’UTR) were amplified by PCR and cloned 
into a fluorescent reporter vector pAcGFP-N1 (Clontech).  pAcGFP-N1 is 
the parental vector, possessing G418 genes as selection markers and a CMV 
promoter to drive fusion protein expression. We inserted cDNA from each 
RPS19 5’UTR at the NheI and BamHI sites in such a way that RPS19 linked 
via the C-terminus to GFP. DBA associated 5’UTR variants (c.-149_-
148insGCCA, c.-149_-148insAGCC and c.-144_-141delTTTC) in RPS19 
were generated by site directed mutagenesis from the pAcGFP-N1-382-S19-
5’UTR clone with Quick change II site directed mutagenesis kit (Stratagene) 
according to the manufacturers recommendations.  

Cell culture and transfection 
Cell culture is the growth and maintenance of cells of a multicellular organ-
ism outside the body in specially designed containers and under precise con-
ditions of temperature, humidity, nutrition. HEK293T, HeLa, K562 and TF-
1 B cells were cultured in RPMI 1640 (GIBCO) supplemented with 10% 
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fetal bovine serum (GIBCO), 2mM L-glutamine (GIBCO) and 20 IU/ml of 
penicillin and streptomycin solution (GIBCO) at 37oC with 5% CO2 in a 
humidified environment. In the case of TF-1-B cells, the cell culture media 
was supplemented with granulocyte-macrophage colony-stimulating factor 
(GM-CSF; 5 ng/mL) as these cell’s growth are cytokine dependent . The 
siRNA for RPS19 was induced by adding 0.5 μg/mL of doxycycline to cul-
ture media for TF-1-B cells.  

HEK293T and K562 cells were grown in RPMI medium without serum 
and antibiotics (Invitrogen) 24 hour before the transfection.  The cells were 
then transfected with 5 μg vector DNA [pAcGFP-N1-35-S19-5’UTR or 
pAcGFP-N1-382-S19-5’UTR or pAcGFP-N1-467-S19-5’UTR] and with 1 
μg pAcGFP-N1, respectively using Lipofectamine®2000 (Invitrogen) ac-
cording to the manufacturer’s recommendations. After 48 h, cells were as-
sayed for expression of recombinant AcGFP protein by fluorescence micros-
copy, washed with ice cold 1X PBS, harvested by centrifugation and stored 
at –20°C until further analysis. 

Quantitative real time PCR 
Quantitative real time PCR is a method used to amplify and simultaneously 
quantify a targeted cDNA molecule. For the Q-PCR, total RNA was isolated 
from human primary fibroblasts, the cell lines K562, TF-1 B, HEK293, 
HeLa cells and EBV-transformed lymphocytes by the TRIzol method (Invi-
trogen). One μg of total RNA was reverse transcribed into complementary 
DNA (cDNA) with M-MuLV reverse transcriptase (Fermentas). The cDNA 
was amplified by real-time PCR with primer sets specific for the transcript 
of interest. Incorporation of fluorophores into the PCR product at the end of 
each PCR cycle allowed quantification of the amplified cDNA via measure-
ment of fluorescence (SyBr green, Invitrogen). Relative gene expression was 
normalized to �-actin expression. The use of human cells was approved by 
the Uppsala Regional Ethics Board (Dnr. 2006:118 ). 

5’Rapid amplification of cDNA ends (5’RACE)  
5’RACE is a method to determine the exact 5’end of RNA molecules.  
5’RACE was performed with 1μg of total RNA using the GeneRacer® kit 
(Invitrogen) according to manufacturer’s recommendation. Initially, the RNA 
was treated with DNase I to clean the samples from any genomic DNA. First 
strand cDNA synthesis was carried out with GeneRacer Oligo(dT) primer and 
Superscript RT III RACE ready cDNA kit. For amplification of the cDNA 
end we used the 5’GeneRacer forward primer and GSP (E2R) reverse primer 
included in the kit. The PCR product was cloned into a TOPO TA vector 
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(Invitrogen) and sequenced with an ABI 3700 DNA analyzer (Applied Bio-
systems) using BigDye terminator v 3.1 cycle sequencing chemistry (Applied 
Biosystem) according to the manufacture’s recommendations. 

Northern blot 
Northern blotting is a standard method for detection and quantitation of 
RNA species (157, 158). Northern analysis provides a direct relative com-
parison of message abundance between samples on a single membrane. It is 
the preferred method for determining transcript size and for detecting alter-
natively spliced transcripts. For our experiments, 10 μg total RNA was frac-
tionated on 1.5% formaldehyde agarose gels and transferred to nylon mem-
brane (Hybond, Amersham Bioscience). Membranes were UV cross linked 
and prehybridized for a minimum of 4 hours with ULTRAhyb buffer (Am-
bion). The oligonucleotide probes (30 pmol) were labeled with [�-32P]ATP 
using T4 polynucleotide kinase (New England Biolabs). Membranes were 
hybridized overnight at 42°C in ULTRAhyb oligonucleotide hybridization 
buffer and washed with buffer with low and high stringency. Initially, mem-
branes were washed with 2X SSC and 0.1% SDS, 2 times 10 minutes each 
and then with 0.1X SSC and 0.1% SDS 2 times 10 minutes each at 42°C. 
Washed membranes were subjected to phosphorimage analysis (Phosphoi-
mager, BAS-1800 II, FUJIFILM) 

Western blot 
Western blot is an analytical technique used for detection of specific proteins 
in a given tissue homogenate or cell extract. Western blotting provides in-
formation about the size of a protein and information on its expression level 
(159). The procedure involves several major steps such as size separation of 
proteins on a polyacrylamide gel, transfer to nitrocellulose or PVDF mem-
brane, incubation of the membrane with primary antibody and subsequently 
with secondary antibody for detection of the complex (160). For our experi-
ments, cell lysates were separated by SDS-polyacrylamide gel electrophore-
sis and subsequently transferred to PVDF Immobilon-FL membranes (Milli-
pore). The membranes were blocked with 2% bovine serum albumin (Sigma) 
and a primary antibody was used to detect the protein of interest. The pri-
mary antibody was detected with an Alexa Flour-conjugated secondary anti-
body specific for the primary antibody. The membranes were washed with 
PBS with 0.1% Tween-20 after both primary and secondary antibody incu-
bation. The membranes were analyzed with the Odyssey® infrared imaging 
system (LI-COR Bioscience). Integrated signal intensity measures the rela-
tive level of protein compared to a �-actin control. 
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Cell cycle analysis by propidium iodide 
The propidium iodide assay discriminates cells at different phases of the cell 
cycle by evaluating their DNA content (161, 162). Propidium iodide can be 
used to estimate cellular DNA content which is different at different phases 
of the cell cycle. The cells in G1 phase contain 2N (N is the haploid ge-
nome), cells at S phase contain between 2N-4N and cells at G2/M phases 
contains 4N. Cells were harvested by trypsinization, washed with 1X PBS 
and then fixed with 70% ethanol for 2-3 hrs at -200C. Cells were stained with 
propidium iodide and analyzed using the flow cytometer FACSFlow (BD 
Bioscience). The fraction of the cells in each phase was analyzed by the 
software ModFit LT (BD Bioscience). 

Annexin V staining assay for apoptosis 
Annexin V staining of cells can detect cell surface changes that occur early 
in the apoptotic process (TACSTM Annexin V- FITC, R&D systems). The 
cells were harvested by trypsinization and washed with cold 1X PBS. The 
cells were then re-suspended gently with annexin V incubation reagent and 
incubated for 15 minutes at room temperature. Analysis of samples was per-
formed with the flow cytometer FACSFlow (BD Bioscience). The fraction 
of the cells which were propidium iodide negative and annexin V positive 
were gated out and calculated as apoptotic cells (BD FACS DiVa). 

Hematological analysis 
Analysis of  hematological parameters, including hemoglobin concentration 
(Hb), RBC count, WBC, hematocrit (HC), MCV  and MCHC was performed 
with 300 �l peripheral blood from adult Rps19+/+ Pim1+/+, Rps19+/- Pim1+/+, 
Rps19+/+ Pim1-/- or Rps19+/- Pim1-/- mice (Division of Clinical Chemistry, 
National Veterinary Institute, Uppsala, Sweden). 

eADA activity was measured using 500 �l peripheral blood from adult 
Rps19+/+ and Rps19+/- mice (Division of Clinical Chemistry, Uppsala Aka-
demiska Hospital, Uppsala, Sweden). Mass spectrometry was employed to 
analyze murine hemoglobin isoforms in peripheral blood from adult 
Rps19+/+ and Rps19+/- mice (Division of Clinical Chemistry, Karolinska 
Hospital, Huddinge, Sweden). 
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Statistical analysis 
The results are presented as means ± standard deviation. Quantitative real 
time PCR experiments were set up in triplicate. The two tailed unpaired Stu-
dent t-test P < 0.05 was employed to test for statistical significance. 
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Present Investigation 

Aims 
General aim: to study the role of ribosomal proteins in Diamond-Blackfan 
anemia.  

Specific aims:  

1. To study the expression of ribosomal proteins in i) TF-1-B cells ex-
pressing siRNA against RPS19 and in ii) EBV transformed lym-
phoblastoid cell from DBA patients with RPS19 mutations. 

2. To study the effect of 5’UTR length and DBA associated 5’UTR se-
quence variants on the translation of RPS19. 

3. To study the biological effects of the combined targeted disruptions of 
Rps19 and its interacting partner pim-1 in mice. 

4. To study the cell growth, the rate of apoptosis, the cell cycle phases 
and the rRNA maturation in primary fibroblasts from DBA patients 
with mutations in RPS19 and RPS24, respectively. 
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Results and discussion  
Paper I. 
Posttranscriptional down-regulation of small ribosomal subunit proteins 
correlates with reduction of 18S rRNA in RPS19 deficiency. 

In this paper we analyzed the expression of ribosomal proteins in TF-1-B 
cells expressing RPS19 siRNAs and in EBV transformed lymphoblastoid 
cells derived from DBA patients with RPS19 mutations and healthy indi-
viduals.  

It is believed that stoichiometric amounts of ribosomal (r) proteins are re-
quired for the assembly of free r-proteins into the 40S and 60S subunits. 
Reduced amounts of a single r-protein will thus be rate limiting for subunit 
assembly. Therefore, the cell may have the potential to adjust the synthesis 
and turn-over of rate-limiting ribosomal proteins. We hypothesize that re-
duced levels of RPS19 affect the levels of small unit ribosomal proteins. We 
also hypothesize that the mechanisms for adjusting the levels of small sub-
unit proteins could be regulated both at transcriptional and translational 
level. 

The TF-1-B cells transduced with RPS19 siRNA was induced by doxycy-
cline. We had previously established EBV transformed cells from healthy 
individuals and four DBA patients with RPS19 mutations; patient 1 with a 
5’splice site mutation (c.411+1G>A); patient 2 with a start codon mutation 
(c.1A>G); patient 3 with a 3,3 Mb deletion spanning the entire gene; patient 
4 with an insertion in exon 3 (c.104_105insA). The EBV transformed cells 
were derived from peripheral blood mononuclear cells. A set of antibodies 
detecting ribosomal proteins from both the small and large subunits was 
ordered and synthesized through the Human Proteome Research program. 
After testing, these antibodies enabled us to investigate eight different ribo-
somal proteins in the cell models for RPS19 insufficiency.  

After doxycycline induction and RPS19 knockdown in TF-1-B cells, the 
small subunit proteins RPS19, RPS20, RPS21 and RPS24 were found to be 
down-regulated relative to the large subunit proteins RPL3, RPL9, RPL30 
and RPL38. The ratio between small (SSU) and large (LSU) subunits pro-
teins were significantly skewed. This relative decrease in small subunit r-
proteins was not associated with a corresponding decrease in their mRNA 
levels. This implies a coordinated down-regulation of ribosomal proteins 
from the small subunit at the posttranscriptional level. The knock-down and 
the reduced levels of small subunit proteins correlated with a relative de-
crease in 18S rRNA to that of 28S rRNA indicating perturbed rRNA matura-
tion. 

The DBA derived EBV cells carrying RPS19 mutations also displayed a 
significantly skewed ratio of SSU to LSU even though we did not see any 
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significant differences for individual r-proteins in these cells. Thus, the EBV 
cells with heterozygous RPS19 mutations have a less marked effect on 
RPS19 levels and the levels of other SSU proteins. Regardless, the signifi-
cantly skewed ratio between SSU to LSU when compared to control cells 
may result in a bottleneck during the biosynthesis of functional ribosomes. 
This may in turn lead to reduced translational capacity. These results suggest 
that the posttranscriptional deregulation of r-proteins at the level of subunit 
formation is an additional facet in the pathobiology underlying DBA. 

 Paper II 
Ribosomal protein S19 5’UTR variants: Effects on translation and 
implications for Diamond-Blackfan anemia. 

 The RPS19 gene has several different transcriptional start site (TSS) result-
ing in transcripts differing only in their 5’UTR length. RPS19 mRNAs are 
not alternatively spliced and the different transcripts are all translated into 
one single form of RPS19.  Even though they all encode a single protein, the 
existence of different transcriptional start sites may be of functional impor-
tance. We hypothesize that the different TSS used for RPS19 transcription 
show tissue specificity and that they are of regulatory importance. We also 
hypothesize that sequence variants within the RPS19 5’UTR observed in a 
number of DBA patients may alter RPS19 translation. 

We first determined the extent and the distribution of the RPS19 5’UTRs 
by 5’-RACE using poly (A)+ purified mRNA from testis and K562 cells. 
The results show an extensive variation in the TSS with a different distribu-
tion when comparing the two tissues. We grouped the transcripts arbitrarily 
into three groups according to 5’UTR length for relative quantification ex-
periments. We designed three specific primer pairs that amplified the tran-
scripts corresponding to nucleotide positions -03 to +89 (SHORT amplicon), 
-350 to -239 (INTERMEDIATE amplicon) and –449 to -354 (LONG ampli-
con) of RPS19. All three amplicons span the 5’ TOP sequence motif. We 
then quantified the relative levels of amplicons by real time quantitative PCR 
in different tissues. mRNA from a panel of primary tissues and cell lines 
were used as templates. The results showed that longer 5’UTR variants are 
less abundant when compared to the intermediate and the short variants. 
Interestingly, the results also showed a tissue-specific relative distribution of 
the three amplicons. Longer variants were predicted to be highly structured 
using the RNA secondary structure prediction program (mFold), suggesting 
that highly structured 5’UTRs play a role in tissue specific, 5’-TOP sequence 
independent regulation of RPS19 translation. We subsequently investigated 
the translational efficiency of distinct 5’UTR variants. We designed and 
made constructs transcribing RPS19 with three different 5’UTR lengths (35, 
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382 and 467 nucleotides, respectively). RPS19 was expressed as a fusion 
protein with a fluorescent reporter. These constructs were transfected into 
HEK293T and K562 cells and after 48 hours cells were harvested and lys-
ates were prepared for western blotting. The 35 nt 5’UTR variant was found 
to be translated more efficiently than the two longer variants in HEK293T 
and K562 cells as determined by western analysis. Site directed mutagenesis 
was then used to introduce three DBA associated 5’UTR variants (c.-149_-
148insGCCA, c.-149_-148insAGCC and c.-144_-141delTTTC) in the in-
termediate construct. These constructs were transfected into HEK293T and 
K562 and protein expression was analysed by western blot. The results 
showed a significantly reduced expression for all three “DBA variants” 
when compared to the corresponding wild type transcript. 

Our data showed a wide range of TSS for RPS19 with tissue specific pat-
terns. This supports a regulatory mechanism for RPS19 at both the transcrip-
tional level and the translational level. We also show that translation is more 
efficient from the shorter 5’UTR variant. Finally, our data show that rare 
DBA-associated 5’UTR variants are less efficiently translated suggesting a 
contributing mechanism for the disease. 

Paper III 
Cooperative effect of ribosomal protein s19 and pim-1 kinase on murine c-
Myc expression and myeloid/erythroid cellularity. 

In this study, we investigated the biological effect of combined disruptions 
of Rps19 and its interacting partner Pim-1 in a mouse model. 

A previous report suggests that PIM-1 interacts with RPS19 in vitro and 
that PIM-1 phosphorylates RPS19. PIM-1 is highly expressed in hematopoi-
etic tissues and the expression can be induced by the growth factor erythro-
poietin (EPO). We hypothesize that a combined disruption of Rps19 and 
Pim-1 alters erythropoiesis/myelopoiesis and would thereby confirm the 
RPS19-PIM-1 interaction observed in vitro. We also hypothesized that this 
may identify the proto-oncogene PIM-1 as a candidate factor underlying 
hematopoietic malignancies observed in patients with DBA and Rps19 insuf-
ficiency. 

We breed Rps19+/- C57BL/6J (154) and Pim1-/- FVB/NJ mice (156) and 
selected mice with Rps19+/+ Pim1+/+, Rps19+/- Pim1+/+, Rps19+/+ Pim1-/- and 
Rps19+/- Pim1-/- genotypes (n=83). No mouse strains showed alterations in 
growth, weight or fertility. There were no observed macroscopic or histopa-
thological abnormalities in the bone marrow, spleen or liver. All 83 mice 
were analyzed for the peripheral blood parameters Hb, RBC, EVF, MCV, 
MCHC and WBC. The double mutant mice (Rps19+/- Pim1-/-) presented with 
increased RBC and WBC counts when compared to wild type mice 
(Rps19+/+ Pim1+/+) and mice with a single disrupted gene (Rps19+/- Pim1+/+, 
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Rps19+/+ Pim1-/- ). These findings suggest that RPS19 and PIM-1 interaction 
has an effect on the proliferation and/or survival of both RBC and WBC. 
Microcytosis was observed in both the Pim-1 deficient and the double mu-
tant mice. In bone marrow cells from the Rps19 heterozygous mice, we did 
not observe any significant differences between Rps19 protein and mRNA 
levels. However, Pim-1 was undetectable in the Pim-1 null mice. Bone mar-
row cells from the double mutant mice showed an increase in the anti-
apoptotic markers Mcl-1, Bcl-2 and Bcl-xl as well as c-Myc. The increase 
was associated with a marked reduction in p21 and caspase 3. We did not 
detect any significant differences in p53 levels in the four genotype groups. 
In summary, the double mutant mice showed a significant increase in pe-
ripheral RBC and WBC. In addition, the finding suggests that Pim-1, in co-
operation with RPS19, has an effect on myeloid cell survival, proliferation 
and apoptosis. 

Paper IV 
Ribosomal protein S19 and S24 insufficiency cause distinct cell cycle defects 
in Diamond-Blackfan anemia. 

In this paper, we studied growth, proliferation, cell cycle, apoptosis and 
rRNA maturation in fibroblasts from DBA patients and healthy control indi-
viduals.  

DNA from 85 DBA patients was screened for mutations in RPS19 and 
RPS24 prior to the initiation of this study. One patient was selected with a 
RPS19 splice site mutation (c.72-2A>C). We also identified one patient with 
a mutation (c.1A>G) in RPS24. Fibroblast cell lines were available from 
both patients. We hypothesize that mutations in ribosomal proteins affect 
ribosome biogenesis and therefore have specific effects on cellular growth 
and proliferation. We also worked under the assumption that primary fibro-
blasts carrying specific ribosomal protein mutations would be a good model 
system to study pathogenesis of DBA. 

Analysis of RPS19 and RPS24 protein and RNA levels showed that both 
were decreased in the patients versus the controls which is indicative of hap-
loinsuffiency. No difference was observed for p53 protein levels when com-
paring mutant and control cells. RPS19 is involved in the maturation of in-
ternal transcribed spacer 1 and RPS24 is required for processing of the 5' 
external transcribed spacer. The RPS19 and RPS24 mutant cells showed 
distinct defects in pre-rRNA maturation, suggesting a defect in biogenesis of 
the small ribosomal subunit as reported previously (143). 

Next, we analysed the proliferation rate of fibroblast cells from the two 
DBA patients and from three healthy controls. All cell lines were matched 
for their number of passages. We analysed the growth rate of the fibroblasts 
starting with a similar number of cells seeded in duplicates and counted at 48 
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hour and 72 hour. The generation time for the fibroblasts cells with a RPS24 
mutation was 41 hours whereas the cells with a RPS19 mutation had a gen-
eration time of 37 hours. The generation time for control fibroblast was 25 
hours. The generation time difference between mutant cells and control cells 
was statistically significant indicating a reduced growth rate in DBA derived 
fibroblasts. The growth rates were estimated for mutant and control cells 
incorporating the calculated generation time into an exponential growth 
equation. The growth curves shows difference in growth rate of mutant fi-
broblasts as compared to control fibroblasts. To investigate possible causes 
for the different growth rate, we analyzed apoptosis and cell cycle. Annexin 
V staining showed increased apoptosis in both mutant cell lines when com-
pared to control cells at 24 hours and 48 hours. When compensating for the 
apoptosis by incorporating an apoptotic rate constant (ka) to the exponential 
growth equation, we observed that the growth difference explained only a 
part of the growth defects. Analysis of the cell cycle phases revealed that 
RPS19 and RPS24 mutant fibroblasts show distinct cell cycle defects. The 
RPS19 mutant cells accumulate in G1 phase indicating a G1/G0 arrest of the 
cell cycle. This observation is also supported by significantly lower phos-
phorylation of Rb detected in RPS19 mutant cells as phosphorylated Rb 
drives the cell from G1 to S phase. The RPS24 mutants showed a signifi-
cantly lower number of cells in the G2 phase, suggesting a perturbed S phase 
progression. This cell cycle defect was supported by the molecular analysis 
of cell cycle regulators including cyclin D, cyclin E, cdk2, cdk4, cdk6, p21 
and retinoblastoma proteins. 

In summary, RPS19 and RPS24 mutant fibroblasts showed reduced levels 
of RPS19 and RPS24 protein and a perturbed rRNA maturation. These find-
ings were associated with reduced cell proliferation and distinct cell cycle 
defects. We suggest that the observed increase in apoptosis was the conse-
quence of cell cycle defects, and apoptosis in turn lead to even greater re-
duced proliferation.  
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Concluding remarks  

Until recently, no human disorder was connected directly to ribosomes or 
ribosomal function. In 1999, Diamond-Blackfan anemia was the first human 
disease to be associated with mutations in a ribosomal protein. To date, ribo-
somal protein mutations have been identified in approximately 45-50% of 
DBA patients investigated. With modern sequencing technology, a feasible 
task is now to screen all patients with DBA for mutations in all genes encod-
ing ribosomal proteins as well as genes involved in ribosome biogenesis and 
protein synthesis. The snoRNAs involved in rRNA maturation and ribosome 
biogenesis would also be good candidates for mutation analysis in DBA 
patients. 

A number of theories regarding the pathophysiology of DBA have been 
proposed. First, haploinsufficiency for a ribosomal protein would lead to a 
reduced subunit assembly/production and an imbalance between the two 
subunits. Second, mutation in a ribosomal protein might negatively affect 
rRNA maturation and ribosome biogenesis. Third, the ribosomal proteins 
may also have tissue specific extra-ribosomal functions, and the loss of ribo-
somal proteins would then lead to a tissue specific phenotype as observed in 
case of DBA (163). It is widely accepted that the disorder results from an 
intrinsic defect in the progenitor cells that makes them susceptible to apop-
tosis. Current data and my findings support the general view that the disease 
is mediated by haploinsufficiency of a ribosomal protein causing defects in 
ribosome biogenesis. Based on our findings and previous knowledge, a sim-
plified model is presented in figure 6, showing how defective ribosome bio-
genesis due to ribosomal protein insufficiency may cause reduced cell pro-
liferation rather than increased apoptosis.  

In this model, the differences between cells derived from DBA patient 
and a healthy individual are presented in terms of ribosome biogenesis, cell 
cycle and cell proliferation. In a normal cell, the ribosomal protein assembles 
with rRNA to form a complete ribosome subunit. Subsequently, these ribo-
some subunits cooperate to make enough proteins to drive the cells through 
cell cycle and proliferation. 

In DBA, different types of mutations in ribosomal protein genes lead to 
functional haploinsufficiency for the protein. The decreased level of a func-
tional protein leads to defective rRNA biogenesis and subunit assembly. This 
in turn results in altered stoichiometry of SSU/LSU (paper I) and a reduced 
number of functional ribosomes. A consequence of a reduced number of 
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functional ribosomes may be a bottleneck in translational capacity and an 
impact on cell growth and proliferation in specific tissues.  
 

 
 
Figure 6. A simplistic model of ribosome function in DBA and healthy individuals  
focusing on cell  proliferation. A. Healthy individual produces sufficient amounts of 
ribosomal protein / ribosome to drive normal protein synthesis and normal prolif-
eration. B.  DBA derived cells showdefective production of ribosomal subunits 
which results in suboptimal protein synthesis,a deregulated cell cycle and defective 
proliferation.   
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The cell cycle defects shown for two mutations in different ribosomal pro-
tein genes are distinct. The overall effects on the cell cycle, however, are 
similar in that the mutations cause a delay in cell cycle timing and a pro-
longed phase of the cell cycle. The net effect is reduced cellular prolifera-
tion. Our data also suggests that the cell cycle defect in RPS19 mutant cells 
is mediated by phosphorylation of Rb. The phosphorylation of Rb is medi-
ated by interactions with cyclins (cyclin D, cyclin E) and cdk2, cdk4 and 
cdk6. However, the precise molecular events that control the G1 phase de-
fect in a RPS19 mutant is unclear. It can be speculated that cdc25a, being the 
only cell cycle regulator interacting with RPS19 (149), has an important role 
in this cell cycle blockage. The cdc25a protein is an important regulator of 
G1 phase and interacts with c-Myc. Another study showed that PIM-1 kinase 
regulates both c-Myc and cdc25a phosphorylation and cdc25a is a transcrip-
tional target of c-Myc (164). This illustrates a network of interactions of 
importance for G1 phase progression. At the same time, c-Myc communi-
cates with the apoptotic pathways keeping “a balance” between cell cycle 
progression and apoptosis. 

To gain further insight into the molecular events regulating the G1 phase, 
future investigations would ideally focus on the role of cdc25a and c-Myc in 
RP deficient cells.  This research may also help to identify the mechanisms 
underlying the propensity for malignancies in DBA patients.  
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