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Introduction 

The fascination for hereditary traits has been of interest for several thousands 
of years and the term gene was first proposed by Hippocrates1 in 400 BC (1). 
In the 19th century Gregor Mendel2 later formalized the laws of inheritance in 
his famous work of pea plants. However it was not until the mid 20th century 
when Watson and Crick3 described the structure of the DNA molecule that 
the field of medical genetics started to bloom (2). With modern technology, 
the challenge is often not to link genes to human traits and disorders but 
more to understand their function. With help from model systems, more and 
more genes are put into a biological context. In addition, by studying etiolo-
gy, knowledge is gained about the molecular functions of genes and about 
human development. 

The work presented in this thesis describes our efforts to understand and 
explain the pathophysiology of Diamond-Blackfan anemia and an isolated 
congenital nail dysplasia. Finally I hope that this thesis raises a lot of ques-
tions, because as long as questions are asked there will be scientific progress. 

Genetic variation 
Nearly ten years have passed since the International Human Genome Se-
quencing Consortium and Celera Genomics each reported a first draft of the 
human genome (3,4). Despite that these drafts only covered approximately 
90% of the genome and included large gaps in the sequence, this event 
marked a major breakthrough for the field of medical genetics. Since the 
release of the drafts, the human genome sequence has constantly been up-
dated and the current draft consists of 3.10 G base pairs (bp) (NCBI build 
37.1) and encodes between 20 000 and 25 000 genes (5). Although humans 
resemble each other, significant sequence variation exists when comparing 
individual genomes. Genetic variation is believed to be important for diversi-

                                
1 Hippocrates (ca. 460 BC – ca. 370 BC) was an ancient Greek physician and is 
considered one of the most outstanding figures in the history of medicine. 
2 Gregor Mendel (1822 – 1884) was a priest and scientist and his work paved the 
way for modern genetics.  
3 James Watson (1928 –) and Francis Crick (1916 – 2004) described the structure of 
the DNA helix, using data from Rosalind Franklin, for which they were awarded the 
Nobel Prize in Physiology or Medicine in 1962. 
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ty and includes: single base substitutions, insertions/deletions of nucleotides, 
variation in the number of repeat sequences, differences in copy number and 
large structural rearrangements (6). In a recent study, an individual’s genome 
was compared with the human reference sequence and it was shown to differ 
by 1.2% when comparing insertions/deletions and copy number variations, 
0.1% when investigating single nucleotide polymorphisms (SNP) and 0.3% 
for inversions (7). 

When a genetic variant exceeds a population frequency of 1% it is consi-
dered to be polymorphic (although less frequent polymorphic variants exist). 
The most common form of polymorphism in the human genome are SNPs 
and they are estimated to occur once every 200 - 300 bp (8). Presently, more 
than 23 million SNPs are reported in the NCBI SNP database 
(http://www.ncbi.nlm.nih.gov/projects/SNP/; Build 131). Another type of 
polymorphism are microsatellites. Microsatellites are short tandem repeats 
and are present at more than 100 000 regions in the genome (6). 

There are many types of mutations/variations that are associated with ge-
netic disorders. I will in the following section focus on single base events 
and their impact on gene function. Point mutations can either be substitu-
tions or insertions/deletions and can occur randomly in the genome. Func-
tional assessment of a variant occurring in a non-coding vs. a protein coding 
sequence is more challenging as a non-coding variant can affect functions 
more difficult to measure, including transcription, transcription factor bind-
ing sites etc. Coding substitutions can be defined as missense or nonsense. A 
missense mutation leads to the change of one amino acid in a protein. De-
pending on the location of the change, it can have a very small or major af-
fect on the protein’s function. For example, the change could affect the pro-
tein’s structure or polarity. In contrast, nonsense mutations create a prema-
ture stop codon, and consequently, a truncated protein. Nonsense mutations 
often lead to the degradation of the RNA transcript before translation via 
nonsense mediated decay. Finally, insertions/deletions alter the reading 
frame and change the amino acid sequence downstream of the mutation, 
thereby often producing premature stop codons. (9) Statistically, to deter-
mine whether a gene variant is a polymorphism or mutation at least 192 
chromosomes need to be interrogated assuming a minor allele frequency of 
1% (10). 

Cell cycle 
In order for life to begin, develop and to be maintained, cells need to repli-
cate their entire nuclear DNA and divide it into two identical daughter cells. 
The cell cycle can be divided into a subset of phases: G0/G1, S, G2 and M. 
The G1 and G2 phases are the preparatory phases before the cell enters the 
DNA synthesis S phase or the mitosis M phase (see Figure 7 for a simplified 
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version of the cell cycle). Eukaryotic cells have a complex cell-cycle control 
system with checkpoints that ensure that progression only occurs when cells 
are healthy. Briefly, the checkpoints are guarded by specific cyclin-
dependent kinases (CDKs) and cyclin complexes that become active upon 
binding and phosphorylation. The activation of CDK/cyclin complexes is 
tightly regulated by cyclin oscillation and inhibition to ensure proper cell 
cycle progression (9,11). Activation of a checkpoint induces cell cycle arrest, 
allowing cells to repair any defects. If the repair is unsuccessful, cells can 
undergo senescence or apoptosis (12). 

The first checkpoint in the cell cycle is the G1/S transition which eva-
luates whether cells are prepared to begin DNA synthesis. The activation of 
the G1/S checkpoint is initiated by the expression of the D-type cyclins 
which bind and activate CDK4 and CDK6 (13). Upon activation of the 
CDK4/6-cyclin D complex, there is a partial phosphorylation and subsequent 
inactivation of the retinoblastoma (RB) protein which allows for expression 
of the E-type cyclins. E-type cyclins bind and activate CDK2 and thereby 
further phosphorylates RB proteins leading to its complete inactivation. 
These events result in E2F-initiated transcription and progression into S 
phase (14). The E-type cyclins are only available in the early S phase and 
CDK2-cyclin E is crucial for the G1/S transition. During late S phase, CDK2 
is activated by cyclin A2 to promote the progression into the G2 phase. The 
second checkpoint, the G2/M transition is initiated by A-type cyclin activa-
tion of CDK1. Upon CDK1 activation, the A-type cyclins are degraded 
which facilitates the formation of CDK1-cyclin B complexes which in turn 
stimulate entry into the M phase (12). 

As mentioned above, the activity of the CDK/cyclin complexes is tightly 
regulated. Cyclin levels oscillate which allows for tightly regulated 
CDK/cyclin complex activation. In addition, there are two families of inhibi-
tors which assist in CDK regulation: the INK4 family and the CIP/KIP fami-
ly. The INK4 proteins bind and inactivate CDK4 by destabilizing its associa-
tion with cyclin D and thereby initiate a G1 arrest (15). The CIP/KIP proteins 
inhibits cyclin A- and cyclin E-dependent CDK2 as well as CDK1, and are 
therefore important regulators of S phase initiation and the G2/M transition 
(15). Moreover, the CIP/KIP family member p21 has been shown to be a 
positive regulator of CDK4/6 (15). The INK4 and CIP/KIP proteins are in 
turn regulated by various factors including c-myc, p53 and cdc25 (12). 

Apoptosis 
The concept of apoptosis is also known as “natural cell death” or “pro-
grammed cell death” and is triggered by DNA damage, drugs or death recep-
tor activation. Apoptosis is important for the maintenance of cell homeosta-
sis while deregulation results in an accumulation of cells and contributes to  
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Figure 1. A schematic illustration of the extrinsic and intrinsic apoptotic pathways. 
The extrinsic pathway is initiated upon binding of death ligands (CD95, 
TRAIL/APO2L and TNFα) to death receptors followed by activation of the death-
inducing signaling complex (DISC). Active DISC cleaves and activates pro-caspase 
8 (1). Caspase 8 either activates other effector caspases (2) or initiates a feedback 
loop leading to activation of the intrinsic pathway via Bid (3). The intrinsic pathway 
is regulated by p53 and c-myc which controls the balance of Bcl2 family members 
(4). The anti-apoptotic factor Bcl2 guards the mitochondrion by binding its mem-
brane and antagonizes the pro-apoptotic factor Bax (5). Once the balance between 
Bcl2 family members is altered, the pro-apoptotic factor BIM binds Bcl2 (6) and 
releases the pro-apoptotic Bax. Bax forms dimers with the pro-apoptotic Bak within 
the mitochondrial membrane (7) and acts to releases cytochrome c (8). Cytochrome 
c forms complex with Apaf-1 (apoptotic protease activating factor-1) which binds 
and activates caspase 9 (9). Caspase 9 activates other effector caspases (10), which 
in turn triggers the apoptotic process (11). 
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tumor development. The main characteristics of apoptosis are: cell shrin-
kage, nuclear fragmentation and apoptotic body formation (16). Apoptosis 
can be initiated by two pathways, the extrinsic and intrinsic (Figure 1). 

The extrinsic pathway or the death receptor pathway is triggered by death 
ligands binding their respective receptors (17). The extrinsic pathway is con-
sidered to be p53 independent. Upon death receptor activation, a death-
inducing signaling complex is formed which activates caspase-8, which in 
turn activates other members of the caspase family and subsequently induces 
cell death. Alternatively, the death-inducing signaling complex induces a 
feedback loop with the death receptors leading to the release of mitochondri-
al pro-apoptotic factors and elevated caspase activation (16). 

The intrinsic pathway is linked to the mitochondria and release of cytoch-
rome c. The pathway is regulated by the oncogene c-myc and tumor suppres-
sor p53, which together controls the balance between the anti- and pro-
apoptotic Bcl2 family members (16). The Bcl2 family of proteins consists of 
at least 20 members who all share conserved Bcl2 homology domains. The 
anti-apoptotic members guards the mitochondrial membrane and antagonizes 
the pro-apoptotic factors (18). The Bcl2 pro-apoptotic members are necessary 
for initiation of apoptosis, antagonizing the anti-apoptotic factors and de-
stroying the mitochondrial membrane (18). Apoptosis is initiated once the 
ratio between anti- and pro-apoptotic factors is altered and following a cas-
cade of events leading to disruption of the mitochondrial membrane and 
release of cytochrome c and other factors with apoptosis activating potential 
(19). 

Ribosomes and ribosomal biogenesis 
The ribosome was discovered as the site for protein synthesis more than 50 
years ago. At the time of the discovery, the ribosome was believed to be held 
together by a static ribosomal RNA (rRNA) framework and that catalytic 
proteins led protein synthesis. However, at the beginning of the current cen-
tury, the view changed dramatically as it was shown that in fact the ribosom-
al proteins (RP) form the structural unit which organizes the catalytic rRNA 
into functional ribosomes (20). Ribosomes exists both free in the cytoplasm 
and membrane bound to the endoplasmic reticulum. The ribosome consists 
of four rRNA molecules and 80 RPs divided into two subunits, the 40S and 
60S (9). 

RPs are evolutionary highly conserved as the amino acid sequence is al-
most identical among mammals and homologues are found in bacteria and 
yeast (21). RP genes are widely distributed throughout the genome except 
for chromosomes 7 and 21 which do not have any RP genes (21). Most RP 
genes have similar promoters suggesting that they share a transcriptional 
regulation mechanism (22). In addition, RP genes contain a  
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Figure 2. Simplified schematic illustration of ribosome biogenesis. RNA polyme-
rase I transcribe ribosomal DNA in the nucleolus forming a polycistronic pre-rRNA 
molecule. A subset of RPs, non-ribosomal proteins and small nucleolar ribonucleo-
protein particles binds the polycistronic pre-rRNA forming a 90S pre-ribosomal 
particle, which matures into 5.8S, 18S and 28S rRNA particles. Simultaneously 
RNA polymerase III synthesizes 5S pre-rRNA molecules in the nucleus. The 5.8S 
and 28S rRNA molecules assemble with large subunit RPs forming the 60S ribo-
somal subunit, while 18S rRNA assembles with small subunit RPs forming the 40S 
ribosomal subunit. The subunits are transported to the cytoplasm where the final 
ribosomal assembly takes place. The sites of ribosomal biogenesis defects are indi-
cated for the various ribosomopathies. Figure adapted from Liu and Ellis (23) and 
printed with permission (personal communication with Dr. Ellis). 
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5’ terminal oligopyrimidine sequence (TOP) enabling growth-dependent 
translation as well as coordinated expression (24). The RP family has the 
largest number of annotated pseudogenes, with several thousand being ex-
pressed (25). In general, pseudogenes are thought to be nonfunctional gene 
copies, although their exact function is a matter of debate (26). 

Ribosomal biogenesis is a complex and energy-consuming process and 
assembly is dependent on several events happening simultaneously. Namely, 
the transcription of ribosomal DNA, the synthesis of RPs and their import 
into the nucleus, the assembly of the pre-ribosomal particles and their trans-
port into the cytoplasm. In eukaryotes, ribosomal biogenesis is initiated by 
transcription of a ribosomal DNA in a subpart of the nucleus called the nuc-
leolus. RNA polymerase III synthesizes 5S pre-rRNA and RNA polymerase 
I synthesizes a polycistronic pre-rRNA (which matures into 5.8S, 18S and 
28S rRNA) (Figure 2). A subset of RPs, non-ribosomal proteins and small 
nucleolar ribonucleoprotein particles bind polycistronic pre-rRNA and form 
a 90S pre-ribosomal particle. This particle is later cleaved into pre-60S and 
pre-40S pre-ribosomal particles. The 5.8S and 28S rRNA molecules assem-
ble with large subunit RPs forming the 60S ribosomal subunit, while 18S 
rRNA assembles with small subunit RPs forming the 40S ribosomal subunit. 
The ribosomal subunits are transported into the cytoplasm where the final 
modifications and assembly occur in order to obtain mature ribosomes. 
(9,27) 

Ribosomopathies 
Several congenital disorders, due to defective ribosome biogenesis, are col-
lectively known as ribosomopathies (Figure 2). All of them, except for the 
Treacher Collins Syndrome and Bowen-Conradi Syndrome, are of hemato-
logical origin. Diamond-Blackfan anemia (DBA), together with the 5q- Syn-
drome, a subtype of adult myelodysplastic syndrome (MDS), are caused by 
genetic defects in RPs which affect rRNA maturation and subunit assembly 
(28,29). Cartilage Hair Hypoplasia also affects rRNA maturation but is 
caused by mutations in RMRP (30). Shwachman-Diamond Syndrome is 
caused by mutations in the gene encoding SBDS, which is important for the 
release of a shuttling factor associated with pre-60S ribosome particles (31). 
X-linked Dyskeratosis Congenita is associated with mutations in the gene for 
DKC1 which functions together with small nucleolar ribonucleoprotein par-
ticles to modify rRNA (32). Similarly, EMG1, mutated in Bowen-Conradi 
Syndrome, is also associated with rRNA modifications (33). Treacher Col-
lins Syndrome is caused by mutations in the gene TCOF1, which affects 
both ribosomal DNA transcription and rRNA modifications (34). 
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Ribosomopathies and predisposition to malignancies 
Mutations in genes encoding RPs or genes with implications in ribosomal 
biogenesis are associated with an increased risk of developing tumors. For 
DBA patients, the risk of developing cancer is lower compared to other ribo-
somopathies of hematological origin. However, there is a slight increased 
risk of developing acute myeloid leukemia (AML)/MDS (35,36). In compar-
ison, Shwachman-Diamond Syndrome patients have an almost 40% in-
creased risk of developing AML/MDS by the age of 30 years (37). Patients 
with dyskeratosis congenita (both X-linked and autosomal) have an 11-fold 
increased risk of develop tongue cancer and AML (38), while Cartilage Hair 
Hypoplasia patients have an overall increased risk of developing cancer but a 
particular increased risk of developing non-Hodgkin lymphoma and skin 
cancer (39). 

It is speculated that RPs function as tumor suppressors as zebrafish hete-
rozygous for various RPs mutations demonstrate impaired growth and are 
prone to develop similar malignant tumors as seen in homozygous loss-of-
function p53 fish. Interestingly, the fish with heterozygous RP mutations 
show a loss of p53 synthesis linking RPs to the p53 pathway (40,41). There 
is also emerging evidence linking p53, RPs, c-myc and ribosomal biogenesis 
to tumorigenesis, which will be discussed further in the sections “Present 
investigation” and “Concluding remarks and future perspectives” of this 
thesis. 

Hematopoiesis 
Hematopoiesis is the collective term for the development of blood cells from 
hematopoietic stem cells (HSC). The production of blood cells is dependent 
on the ability of HSCs to self-renew and to differentiate into all the different 
cell-lineages. Several conserved signaling pathways are suggested to support 
the expansion of the HSC pool by a combination of survival and induced 
self-renewal, which is necessary for lifelong hematopoiesis (42). The hema-
topoietic system is hierarchically organized, and depending on the micro-
environment, HSCs will divide into daughter cells which eventually lose 
their self-renewal capacity and become more and more restricted in differen-
tiation capacity. The two main hematopoietic branches are the myeloid and 
lymphoid lineages. The mature cells of the myeloid branch are: erythrocytes, 
megakaryocytes/platelets, neutrophils, eosinophils, basophils and macro-
phages. The lymphoid branch produces mature B-, T- and natural killer cells. 
(43) 

Hematopoietic development starts as early as the specification of the pri-
mitive streak in the mesoderm and the formation of the hemangioblasts. The 
first primitive HSC precursors migrate to the yolk sack where they initiate 
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embryonic red cell production which is important for the development of the 
embryo. The maturation of the primitive HSC into definitive HSC takes 
place in the aorta-gonad-mesonephros. Circulating definitive HSCs colonize 
the fetal liver where they undergo a massive expansion and differentiation. 
Erythropoiesis is present very early in the fetal liver as both erythroid colo-
ny-forming units (CFU-E) and pro-erythroblasts are abundant, while proge-
nitor cells for the other lineages accumulate with developmental age. As the 
skeletal system develops, a unique environment is established for the HSC in 
the bone marrow (BM) where they maintain their capability of self-renewal 
as well as multilineage differentiation (44). 

Erythropoiesis 
Adult erythropoiesis is a complex process that starts with HSCs in the BM 
and terminates with the production of mature erythrocytes entering the blood 
stream (Figure 3). The average number of erythrocytes in an adult is 5 tril-
lion and to maintain a steady state of cells in the blood stream, the body is 
required to produce 40 million new erythrocytes daily. If the body is under 
stress, the production requirement can be even higher. Mature erythrocytes 
consist mainly of hemoglobin and their main task is to transport oxygen 
from the lungs to tissues with low oxygen pressure and transport carbon 
dioxide from tissues back to the lungs. The lifespan of an erythrocyte is ap-
proximately 120 days after which it loses its plasticity and is phagocytosed 
by macrophages. (9) 

During differentiation, erythroid progenitors undergo vast changes in 
morphology before they terminate as mature erythrocytes. Many of these 
changes can be seen under the microscope as they involve chromatin con-
densation, loss of organelles and enucleation (45). Other modifications tak-
ing place during erythropoiesis include changes in cell surface markers 
present on the progenitor cells. As mentioned above, the micro-environment 
which contains various signaling pathways is essential for HSC and develop-
ing red blood cells. A few micro-environments will be discussed more in 
detail here. 

The stem cell factor (SCF) is important not only for the proliferation of 
HSC and early hematopoietic progenitors but also for gametogenesis and 
melanogenesis (46). SCF function as a ligand to the c-kit receptor. Upon 
binding of SCF, c-kit receptors form homodimers and autophosphorylate. 
Once activated, c-kit can recruit and activate other kinases which will trigger 
pathways regulating survival and proliferation (47). Erythropoietin (Epo) 
interacting with its receptor EpoR is the main growth factor for developing 
mature erythrocyte as it promotes growth, differentiation and provide sur-
vival signals to erythroid progenitors. Epo and EpoR null mice die by em-
bryonic day (E) 13 and 15, respectively, from severe anemia. Erythropoietin 
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dependence starts between the BFU-E and CFU-E stages as the cell begins 
to express the erythropoietin  

 

 
Figure 3.Erythropoiesis is the process by which hematopoietic stem cells differen-
tiate into mature erythrocytes. The hematopoietic stem cell can self-renew as well as 
differentiate into both myeloid and lymphoid lineages. CFU-GEMM cells are re-
stricted to the myeloid lineage and give rise to all myeloid cells. BFU-E is the first 
cell type restricted to erythropoiesis. Erythropoietin dependence starts between the 
BFU-E and CFU-E stages as the cell begins to express the erythropoietin receptor, 
and diminishes with erythroblast differentiation. The characteristic enucleation takes 
place by the formation of reticulocytes. The final step in differentiation is the forma-
tion of the disk shaped erythrocyte. Abbreviations: CFU-GEMM, colony forming 
unit-granulocyte, erythrocyte, macrophage, megakaryocyte; BFU-E, erythroid burst-
forming unit; CFU-E, erythroid colony-forming unit. 

 
receptor, and diminishes with erythroblast differentiation (marked in Figure 
3) (48). Upon binding of Epo, EpoR dimerize and activates bound Janus 
kinase 2 (JAK2). Activated JAK2 phosphorylates the cytoplasmic tail of 
EpoR which recruits signal transducer and activator of transcription (Stat) 
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5a/b and other factors. Null Jak2 mice die severely anemic at E12.5 as no 
erythroid burst-forming units (BFU-E) and CFU-Es can be found in the fetal 
liver. Fetal liver cells from Jak2 mutants also fail to respond to Epo, trombo-
poietin, interleukin-3 and granulocyte/macrophage colony-stimulating factor 
suggesting that Jak2 is essential for several cytokine signaling pathways 
(49,50). In addition to being crucial for terminal differentiation of erythro-
cytes, Stat5 is an important component of antiapoptotic signaling. Stat5a/b 
depleted mice show decreased expression of the survival factor BclXL in 
early erythroblasts resulting in apoptosis and anemia (51,52). BclXL expres-
sion increases and peaks at the time of maximum hemoglobin synthesis and 
is required for survival of erythroid cells at terminal differentiation (53,54). 

Erythropoietic signaling commonly targets transcriptional regulators 
which creates a very complex network of transcription factors and co-
regulators. GATA-1 belongs to the GATA transcription family which recog-
nizes and binds GATA motifs. This motif exists in regulatory regions of α- 
and β-globin and other erythroid cell-specific genes, which highlight its im-
portance in erythropoiesis (55,56). Mice depleted of Gata-1 fail to develop 
mature erythrocytes as no cells beyond the pro-erythroblasts stage were 
found (57,58). FOG-1 (friend of GATA-1) is an important co-factor of GA-
TA-1 as its interaction is crucial for GATA-1’s transcriptional function (59). 
Fog-1 deficient mice die of anemia at approximately E10.5-12.5 and show a 
marked arrest at the pro-erythroblasts stage (60). Other important transcrip-
tion factors include EKLF and SCL. EKLF regulates β-globin and other 
erythroid-specific genes (61). Eklf knockout mice die of anemia at E16 (62). 
SCL mimics GATA-1 expression pattern. Scl knockout mice show a total 
absence of hematopoiesis in the yolk sac, while conditional knockout of Scl 
in adult hematopoiesis results in defective erythropoiesis (63,64). 

Recent evidence points towards microRNAs (miRNAs) as being impor-
tant regulators of erythropoiesis. miRNAs are small noncoding RNAs re-
pressing gene expression at a post-transcriptional level by binding to the 3’-
UTR of mRNA. O’Carroll et al. developed a hematopoietic specific condi-
tional knockout mouse targeting Ago2 to investigate the function of miRNA 
during hematopoiesis (65). Ago2 is the catalytic part of the RNA-induced 
silencing complex. Binding of miRNA to mRNA within the RNA-induced 
silencing complex leads to translational inhibition or degradation of the 
mRNA (66). The maturation of erythroid precursor in Ago2-/- mice is severe-
ly impaired and mice develop severe anemia, indicating the importance of a 
functioning miRNA pathway in erythropoiesis (65). 



 24

Diamond-Blackfan Anemia 

Diagnosis and clinical description 
Anemic children without pancytopenia were first observed in 1936 by Jo-
sephs (67). The clinical manifestations of these children were further de-
scribed two years later by Diamond and Blackfan who also assigned a name 
to the disorder: Diamond-Blackfan Anemia (DBA) (68). DBA shows hete-
rogeneous patterns of inheritance, genetic causes, clinical and laboratory 
findings and therapeutic outcomes. 

The first signs of DBA appear at a median age of eight weeks and a diag-
nosis is usually established by the median age of twelve weeks. The majority 
of cases are diagnosed within the first year of life. (35) Diagnostic criteria 
include: macrocytic anemia presenting during the first year of life, reticulo-
cytopenia and deficiency of red cell precursors in an otherwise normocellu-
lar BM (69). A diagnosis is supported by increased erythrocyte adenosine 
deaminase and elevated fetal hemoglobin (70,71). A subset of DBA patients 
also present with physical anomalies. The most common anomalies are cra-
niofacial dysmorphism, thumb and upper limb malformations, cardiac and 
urogenital defects and growth retardation (72). 

In addition to altered hematological features, DBA patients are at in-
creased risk developing malignancies such as AML, MDS and solid tumors 
(35,36). 

Treatment 
Corticosteroid therapy and red cell transfusions are the two main treatment 
options for DBA. Approximately 80% of DBA patients respond to an initial 
dose of steroids which results in an increase of hemoglobin levels. However, 
the majority of patients become refractory to steroids. In other cases, therapy 
needs to be stopped due to severe side effects, such as hypertension, di-
abetes, growth delay or cataracts (35,73). Once non-responsiveness to stero-
ids is established, patients are put on chronic red cell transfusion therapy in 
combination with chelation therapy to prevent iron overload. About 20% of 
DBA patients maintain adequate levels of hemoglobin following cessation of 
therapy and are considered in remission (35). Relapses do occur and it is 



 25 

suggested that pregnancy and the use of contraceptive pills are contributing 
factors (74). 

The only curative treatment for DBA is hematopoietic stem cell transplan-
tation but this procedure is associated with significant complications, includ-
ing graft failure, graft versus host disease and infections. Therefore, the 
treatment is to patients who are transfusion dependent. (75) 

Genetic studies 
DBA has an estimated incidence of 5-7/1000 000 and is both sporadic and 
hereditary (75). The inheritance pattern is heterogeneous, ranging from auto-
somal dominant with complete penetrance to reduced penetrance and varia-
ble expressivity (76-78). Approximately half of all DBA patients are hetero-
zygous for mutations in one of the following RP genes: RPS7, RPS10, 
RPS17, RPS19, RPS24, RPS26, RPL5, RPL11 and RPL35A (79-84). In spo-
radic cases, genetic variants have been found in three additional RP genes 
(RPS15, RPS27A and RPL36) but it still needs to be elucidated whether these 
variants are pathogenic (80). Presently, all genes associated with DBA are 
RPs, suggesting that DBA is a disorder of ribosome biogenesis and/or func-
tion. 

Genotype-phenotype correlation 
For DBA, high confidence genotype-phenotype correlations are difficult to 
establish as the number of cases within each mutant group is small and the 
clinical variability is extensive, even within families. Therefore, it is interest-
ing that two independent studies showed correlations between DBA asso-
ciated malformations and mutations in RPL5 and RPL11. Mutations in RPL5 
are associated with cleft lip and/or cleft palate as well as craniofacial mal-
formations. Isolated thumb malformations are overrepresented in patients 
with RPL11 mutations. (80,85). No additional genotype-phenotype correla-
tions have been reported for any of the other genes mutated in DBA. 

Defective erythropoiesis in DBA 
Several in vitro systems have been set up in order to investigate the molecu-
lar mechanisms underlying erythroid failure observed in DBA as well as to 
study the effect of therapy. In a two-phase liquid culture system using blood-
derived early erythroid progenitor cells, Ohene-Abuakwa et al. showed that 
DBA cells function normally during the Epo-free phase (HSC to the forma-
tion of CFU-E) but later fail to display erythroid expansion and terminal 
differentiation in the Epo-dependent phase (Figure 3). The authors also 
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showed that steroid treatment has a direct effect on CFU-E expansion and 
terminal differentiation (86). In another paper studying the pathophysiologi-
cal mechanism of DBA, hematopoietic progenitor stem cells in umbilical 
cord blood and BM cells from a healthy individual were transduced with 
lentiviral vectors expressing small interfering RNA (siRNA) against RPS19 
(87). It was shown that disruption of RPS19 led to altered erythroid differen-
tiation resulting in fewer CFU-Es. In agreement with the former study, siR-
NA depletion of RPS19 in an inducible in vitro system caused suppression of 
erythroid differentiation, cell growth and colony formation (88). To study 
the molecular effects of steroids on erythropoiesis, Ebert et al. targeted 
RPS19 mRNA in healthy human erythroid progenitor cell by using siRNA. 
The use of steroids did not elevate the levels of RPS19 mRNA, but genes 
specific for erythroid progenitor cells were up-regulated. They suggest that 
steroid treatment activates proliferation of erythroid progenitors through 
mechanisms independent of RPS19 (89). 

Hypothesizes and model systems 
Most of the mutations described in DBA are proposed to affect RPs either by 
disrupting protein translation or stability and are believed to cause DBA by 
haploinsufficiency (90-93). The first murine model with a targeted disrup-
tion of Rps19 was presented in 2004 (94). Homozygous Rps19 mutants were 
considered lethal as mice were not detected, even at the early blastocyst 
stage. Mice heterozygous for the Rps19 mutant allele showed normal viabili-
ty, no signs of anemia and displayed none of the common DBA alterations. 
It was suggested that loss of one Rps19 allele is fully compensated for (95). 

By introducing DBA-associated missense mutations into the yeast homo-
logue of Rps19 Gregory et al. showed that a subset of the mutations did not 
affect protein folding leading to the idea that mutations may also act in a 
dominant negative manner (96). In a recent study, a mouse model was de-
veloped with a common RPS19 DBA-associated missense mutation 
(p.Arg62Trp). These mice showed mild anemia, decreased numbers of both 
BFU-E and CFU-E and erythroblasts that failed to condense their chromatin 
and enucleate. This suggests that the DBA-like phenotype is mediated by a 
dominant negative mechanism (97). 

In 2005, Léger-Silvestre et al. showed that haploinsufficiency of Rps19 in 
yeast causes a maturation defect of the 3’-end of 18S rRNA resulting in per-
turbed ribosome biosynthesis (98). The same phenomenon was observed 
when investigating primary fibroblasts and erythroid progenitor cells from 
DBA patients with RPS19 mutations (29,99,100). Of the RP genes studied, 
the majority of DBA associated mutations result in gene specific rRNA-
processing defects followed by an altered ribosomal subunit ratio (Figure 2) 
(80,81,84,101,102). Clearly RPs have an important function in processing 
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rRNA molecules enabling subunit formation and ribosome assembly. How-
ever, how haploinsufficiency for one RP results in isolated red cell aplasia 
with minimal effect on other tissues remains to be elucidated. Two main 
hypothesizes have emerged to explain the mechanisms underlying pathophy-
siology of DBA. The leading hypothesis suggests that defects in ribosomal 
biogenesis cause ribosomal stress resulting in the accumulation of free RP, 
activation of p53, increased apoptosis and cell cycle arrest (Ribosomal Stress 
Hypothesis). The alternative hypothesis suggests that alterations in ribosom-
al biogenesis affect ribosomal assembly and subsequently perturb transla-
tional events (Translational Defect Hypothesis). 

Ribosomal Stress Hypothesis 
Recent evidence indicates that RP haploinsufficiency could lead to patholog-
ical effects via activation of a p53-dependent checkpoint regulatory mechan-
ism (103,104). It has been suggested that the nucleolus is a stress sensor. 
Disturbance of the nucleolus stabilizes p53 by preventing its degradation 
which induces cell cycle arrest (105). Several model systems with targeted 
disruptions of RPs support the ribosomal stress hypothesis. Miyake et al. 
also showed that RPS19 deficiency leads to an increase in p21 and p27 pro-
tein levels as well as G0/G1 cell cycle arrest and speculated that this was the 
result of an activated p53 pathway (106). McGowan et al. found a link be-
tween missense mutations in Rps19 and Rps20 targeted mouse models and 
p53-mediated dark skin. A more detailed investigation of the Rps19 mis-
sense mice revealed lower erythrocyte counts, growth retardation and an 
increase in apoptosis in the bone marrow. Although the features are mild, 
they mimic the phenotypes seen in humans with DBA (107). Additional 
studies using the zebrafish model and targeting Rps19 show that Rps19 defi-
ciency results in defective erythropoiesis and developmental anomalies 
(108,109). Danilova et al. also demonstrated that p53 is up-regulated when 
Rps19 is targeted. Accordingly, this is also seen when Rps8, Rps11 and 
Rps18 are silenced suggesting that up-regulation of the p53 pathway is a 
general response to ribosomal protein deficiency. Interestingly, the erythroid 
phenotypes observed in both the murine and fish models can be partially or 
fully rescued by a mutant p53 phenotype which strongly suggests that activa-
tion of the p53 pathway plays an important role in the molecular mechan-
isms underlying DBA (106,107). 

Translational Defect Hypothesis 
An alternative to the ribosomal stress hypothesis is the translational defect 
hypothesis which proposes that the defective maturation of ribosomal sub-
units affects translational efficiency. For example altered translation of glo-
bin genes disturbs the free heme balance, were an excess of free heme is 
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toxic and triggers apoptosis followed by anemia (110). The hypothesis also 
considers whether haploinsufficiency of a RP affects the global translational 
efficiency. Cmejlova et al. showed that in DBA patient lymphoblastoid cells 
the global translation level was reduced to approximately half of what was 
observed in control cells (111). Concordantly, it is suggested that RPs are 
expressed at various levels across tissues, and that haploinsufficiency for one 
particular RP may be protein limiting for ribosome assembly and function in 
some tissues while others remain unaffected (112). 
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Nail dysplasia 

Nail disease is primarily caused by trauma, direct infection of the nail but 
can also be due to developmental nail abnormalities. For the purpose of this 
thesis, I will focus on the latter. Developmental nail abnormalities are a hete-
rogeneous group of disorders, most often part of a hereditary ectodermal 
syndrome. Several genes are implicated in nail development and when mu-
tated, result in various defects. For example, the transcriptions factors 
LMX1B and MSX1, involved in patterning and nail bed formation, are mu-
tated in Nail-Patella and Witkop syndrome, respectively (113,114). Muta-
tions in Wingless (WNT) 10a cause OODD syndrome where the patients 
have aberrant nails (115). Furthermore, RSPO4, an agonist to the WNT re-
ceptor Frizzled (FZD), is implicated in nail development and mutations in 
the RSPO4 gene causes isolated anonychia in humans (116). Interestingly, 
many genes linked to developmental nail abnormalities belong to WNT sig-
naling. Ablation of Wnt related genes in mice result in abnormal nail devel-
opment associated with defects in limb outgrowth and distal limb patterning. 
These results stress the importance of WNT signaling in nail development 
(113,117-119). 

Embryonic development 
All higher life begins with the fertilized egg which divides and develops into 
complex multicellular organisms. The developmental machinery is evolutio-
nary conserved as all animal species (including both invertebrates and verte-
brates) essentially share the same mechanisms. The similarities between 
developmental genes across species reflect the common origin of animals. 
The fertilized egg, or the zygote, begins to divide and form a blastocyst in a 
process called cleavage. The blastocyst contains at least one hundred cells 
and is characterized by having an inner cell mass which will later give rise to 
the developing embryo. Prior to gastrulation, the primitive streak will form. 
The primitive streak establishes bilateral symmetry and determines the site 
of gastrulation. Gastrulation is the most important patterning event where the 
anterior-posterior and dorsal-ventral axes are defined and the three germ 
layers ectoderm, mesoderm and endoderm are formed (Figure 4) (120). The 
germ layers, responding to different external and internal signals, develop 
into different cell types. Notably, the numbers of signaling molecules go-
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verning embryo development are restricted to a few signaling pathways such 
as: fibroblast growth factor (FGF), TGF β (transforming growth factor β), 
WNT, Hedgehog and Notch. However, the signaling molecules often act as 
morphogens and form complex gradients where cells at different distances 
from the signal will behave and develop differentially. (9) 

 
Figure 4. Development of the zygote to defined cell types. The zygote forms a blas-
tocyst in a process called cleavage. The blastocyst contains at least one hundred cells 
and is characterized by having an inner cell mass which will give rise to the develop-
ing embryo. Prior to gastrulation, the primitive streak forms. Gastrulation is the most 
important patterning event where the anterior-posterior and dorsal-ventral axes are 
defined and the three germ layers, ectoderm, mesoderm and endoderm are formed. 
Upon stimulation, the layers will develop into different cell types. Figure from Wi-
kimedia Commons. Printed with permission from Wikimedia commons. 

Limb development 
Limb and digit development is regulated by complex epithelial-
mesenchymal feedback loops between sonic hedgehog (Shh), FGF, bone 
morphogenic protein (BMP) and WNT signaling pathways (Figure 8) 
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(121,122). Limb bud outgrowth is initiated by WNT signaling in the mesen-
chyme which promotes Fgf10 expression (123). Mesenchymal Fgf10 regu-
lates the expression of Wnt3a in the overlaying ectoderm which is important 
for the establishment and maintenance of the apical ectodermal ridge (AER) 
(124). Furthermore, Wnt3a acts via β-catenin and activates ectodermal Fgf8 
expression which signals back to the mesenchyme and maintains Fgf10 ex-
pression (123). Patterning and growth of the limb is regulated by three sig-
naling regions: the AER, the zone of polarizing activity (ZPA) and the non-
ridge limb ectoderm (Figure 5). The formation of the AER is dependent on 
both mesenchymal and ectodermal β-catenin (124,125). The AER is located 
at the end of the distal limb and controls outgrowth but also by keeping the 
underlying cells in the progress zone (PZ) in an undifferentiated state. 

 
Figure 5. Schematic illustration of limb bud outgrowth. The apical ectodermal ridge 
(AER) is located at the end of the distal limb and controls outgrowth and keeps the 
underlying cells in the progress zone (PZ) in an undifferentiated state. Proliferation 
of the cells in PZ results in limb elongation. The zone of polarizing activity (ZPA), 
located in the posterior mesenchyme, regulates anterior-posterior patterning through 
temporal and spatial expression of sonic hedgehog (Shh). Figure from Capdevila and 
Belmonte (2001) and reprinted with permission from CCC. 

Proliferation of the cells in the PZ results in limb elongation. The AER is a 
transient structure and will begin to degenerate after FGF expression is ab-
olished. Lack of Fgf also triggers the termination of limb bud outgrowth 
(126). The ZPA, located in the posterior mesenchyme, regulates anterior-
posterior patterning through temporal and spatial expression of Shh (127-
129). According to this model, cells exposed to low levels of Shh will be-
come anterior digits, while cells exposed to high levels of Shh will acquire 
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posterior identity (130). Several transcription factors are known to be impor-
tant for digit formation such as the Hox genes, however their regulation and 
exact function still needs to be clarified (119,131-133). The AER also func-
tions in digit development as the loss of Fgf8 results in no digits (134). In 
addition to the AER and ZPA, an ectodermal molecular cascade, with β-
catenin being an important key molecule, defines the dorsal-ventral identity 
of the limb (122). Two of these factors, engrailed-1 (En-1) and Wnt7a, are 
expressed in the ectoderm where the function of En-1 is to repress the ex-
pression of Wnt7a in the ventral limb bud ectoderm. A third factor, Lmx1b, 
is induced by Wnt7a in the mesenchyme and is necessary to specify dorsal 
limb patterning (135). Ventral expression of En-1 is regulated by BMP sig-
naling. If BMP signaling or En-1 is abolished, Wnt7a is expressed through-
out the ventral ectoderm and a double-dorsal limb is formed (130). A similar 
double-dorsal phenotype is observed when β-catenin is abolished, supporting 
the model where Shh, FGF, BMP and WNT signaling pathways interact to 
drive limb development and patterning (117). 

Nail development 
All ectodermal organs, including nails (claws, horns), hair (feathers, scales), 
teeth (beaks) and eccrine glands (mammary, sweat, salivary and lacrimal) 
originate from the ectoderm. Despite the diversity in shape and function, 
ectodermal organs share common developmental features. They all originate 
from the interplay between ectodermal and mesenchymal tissues and are 
believed to be dependent of the complex signaling interactions described 
above (136). The first sign of human nail development, seen as an ectoder-
mal placode, appears around embryonic week ten (137). This is followed by 
an underlying mesenchymal condensation (136). A part of the ectoderm, 
close to the proximal end of the placode, buds inwards and gives rise to the 
nail fold which will eventually enable the formation of the matrix primor-
dium. Around embryonic week eleven, the dorsal nail bed surface starts to 
keratinize and form the nail plate, but it is not until embryonic week 32 that 
the nail plate reaches the tip of the finger. Development of toenails are de-
layed by approximately four weeks (138). Several factors have been shown 
to be important for nail formation, including WNT7a, p63, LMX1B, MSX1 
and Hoxc13 (133,139-141). 

FZD/WNT signaling 
As mentioned above several signaling pathways are important for morpho-
genesis and mammalian patterning. However, for this thesis, I will focus on 
FZD/WNT signaling. The FZD receptor is a seven-pass transmembrane pro-
tein and constitutes a subgroup of the G-coupled receptors. There are several 
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mammalian FZD isoforms described and they are often grouped as canonical 
or non-canonical. The extracellular part of the receptor includes a cysteine 
rich domain important for ligand binding. FZD transmits signals via interac-
tion with Dishevelled (DVL) and intracellular PDZ domains. The most con-
served PDZ domain is the KTxxxW motif which is present in all FZDs 
(142). Additional but weaker binding, domains exists in a subset of FZDs 
(143). FZD receptors have several co-receptors such as the canonical 
LRP5/6 and the non-canonical Ror2 and Ryk receptors (144-146). The most 
common FZD ligand is WNT. WNT constitutes a large family of proteins 
which also can be grouped as canonical or non-canonical. WNT proteins 
characteristically consist of several conserved cystein residues which are 
subject to lipid modification (cystein palmitoylation) (147,148). WNT sig-
naling is involved in many processes such as cell proliferation, cell differen-
tiation, polarity, cell migration and regeneration and can be further divided 
into canonical and non-canonical pathways. In this thesis, the WNT/β-
catenin, WNT/JNK and WNT/Ca2+ pathways will be further discussed 
(Figure 6). 

WNT/β-catenin pathway 
β-catenin is central to canonical signaling and a complex of proteins regu-
lates its levels. To fine-tune signaling, several receptors, agonists and anta-
gonists are involved. A signal cascade is initiated upon WNT binding to 
FZD receptors and the co-receptors LRP5/6 (149). Binding of WNT recruits 
DVL to the intracellular tail of FZD where it is phosphorylated and subse-
quently activated. Simultaneously, WNT activates LRP5/6 by phosphorylat-
ing GSK3β and CK1, which binds axin (150,151). Occupied axin at LRP5/6 
is believed to inhibit phosphorylation of β-catenin and thereby promote ac-
cumulation and translocation to the nucleus. In the nucleus, β-catenin binds 
to the transcription factors LEF and TCF and promotes downstream gene 
transcription (Figure 6, WNT/β-catenin pathway). In the absence of WNT, β-
catenin is phosphorylated by CK1 and GSK3 (associated in a protein com-
plex assembled by axin and APC) after which it is recognized by the E3 
ubiquitin ligase complex. Following ubiquitination, β-catenin is degraded by 
the proteasome (152). In addition, several agonists such as Norrin and R-
spondins are known to activate FZD/LRP receptors and promote signaling 
without WNT binding (153,154). Known antagonists are dickkopf which 
binds LRP and antagonizes canonical signaling, but also Wise which com-
petes with WNT by binding LRP6 (155-158). Adding to the complexity, 
Wise can also function as an agonist resulting in nuclear accumulation of β-
catenin (156). (159) 
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Figure 6. Schematic overview of FZD/WNT signaling. The WNT/β-catenin path-
way (left) involves β-catenin. In the absence of canonical WNT, β-catenin is tar-
geted to a destruction complex (APC, axin and GSK3) and is phosphorylated by 
CK1. Phosphorylated β-catenin is degraded by the proteasome. In the presence of 
canonical WNT, DVL is recruited to the intracellular tail of FZD and thereby phos-
phorylated and activated. Simultaneously, the destruction complex is disassembled 
and axin is sequestered by LRP5/6 which is believed to inhibit β-catenin phosphory-
lation. Cytoplasmic β-catenin accumulates and is eventually imported into the nuc-
leus, where it serves as a transcriptional co-activator of the TCF/LEF family. The 
WNT/JNK pathway (right) involves multiple signaling axes. Resembling WNT/β-
catenin signaling DVL is recruited to the intracellular tail of FZD upon non-
canonical WNT binding. DVL binds small GTPases which subsequently affects the 
cytoskeleton or promotes c-Jun dependent gene transcription. The WNT/Ca2+ 

pathway (middle) also involves multiple signaling axes. The first downstream ef-
fector upon non-canonical WNT binding is the effector protein PLC. Activated PLC 
increases the Ca2+ concentration which either initiates a signaling cascade via Cam-
KII resulting in β-catenin degradation or activates calcineurin (CaCN) which pro-
motes NFAT dependent gene transcription. In addition, PLC may activate PKC 
which has the potential to regulate the cytoskeleton. Figure from Rao and Kühl 
(2010) and reprinted with permission from CCC. 

WNT/JNK pathway 
WNT/JNK is an intricate pathway with multiple signaling axes. The signal-
ing axes regulate cytoskeleton reorganization in cell movement and polarity, 
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but also c-Jun-dependent gene transcription. WNT/JNK signaling is initiated 
by the binding of non-canonical WNTs to FZD receptors. Resembling ca-
nonical signaling, DVL is recruited to the intracellular tail of FZD where it is 
activated. Upon activation, DVL binds small GTPases and subsequently 
affects the cytoskeleton or promotes c-Jun-dependent gene expression 
(Figure 6, WNT/JNK pathway) (160,161). As with canonical signaling, 
WNT/JNK signaling is regulated at multiple levels. For example, the mem-
brane protocadherin Celsr regulates FZD and the co-receptor Vangl localiza-
tion. The intracellular tail of Vangl can recruit Prickle, which antagonizes 
signaling by binding and blocking DVL. Several agonists of WNT/JNK sig-
naling are known which stabilize FZD-WNT complexes and initiate signal-
ing (162-165). 

WNT/Ca2+ pathway 
WNT/Ca2+ is another non-canonical pathway and has been shown to mod-
ulate actin cytoskeleton, inhibit nuclear β-catenin/TCF complexes and pro-
mote NFAT-dependent gene transcription (Figure 6, WNT/Ca2+pathway). A 
signal cascade is initiated by WNT binding to FZD. Whether the signal goes 
via DVL is debated, but the first downstream effector protein is PLC. Acti-
vated PLC leads to accumulation of Ca2+. Increased Ca2+ either initiate a 
signaling cascade via CamKII resulting in β-catenin degradation (131) or 
activation of calcineurin which promotes NFAT-dependent gene transcrip-
tion. PLC may also activate PKC which may activate cdc42 which regulates 
the cytoskeleton. (164,165) 
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Present investigations 

Aims 
The aim of this thesis is to investigate the effect of genetic mutations on the 
pathophysiology of two human disorders. More specifically, I aimed to: 
 

• investigate the biological effect of the combined targeted disrup-
tion of Rps19 and Pim-1 in mice on erythropoiesis (Paper I) 

• investigate the functional effect of RPS19 and RPS24 mutations 
on primary fibroblasts from DBA patients (Paper II) 

• investigate the RNA binding properties of recombinant RPS19 
(rRPS19) to its own mRNA (Paper III) 

• identify and investigate the function of the gene associated with 
isolated autosomal recessive nail dysplasia in two Pakistani fami-
lies (Paper IV) 

Methods 
The number of methods and techniques used in the four papers included in 
this thesis are many and I will only describe them briefly. However, as it is 
an essential part of my thesis, the generation and use of mouse models will 
be expanded here. For a detailed description of the other methods applied, 
please refer to the methods section in each paper.  

In paper I, we generated a murine model with combined Rps19 and Pim-1 
disruptions and evaluated the effect on blood forming organs. Peripheral 
blood was collected by cardiac puncture and standard parameters were ana-
lyzed. BM cells used for protein preparation were harvested by flushing dis-
sected mice femurs and were subsequently lyzed in lysis buffer. Detection 
and quantification of specific proteins was done by western blotting using 
the Odyssey infrared imaging system® and software. BM cells used for his-
topathological analysis were harvested by mechanically scraping the femurs 
and smearing the cells directly with 100% fetal bovine serum. Dried BM 
smears were stained with May-Grünwald-Giemsa before being characte-
rized. Mice spleens were dissected and fixed in formalin before being paraf-
fin embedded. Embedded spleens were sectioned and stained with hematox-
ylin and eosin before being analyzed. RNA was isolated from BM cells and 
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used for cDNA synthesis. To analyze the relative abundance of various tran-
scripts, quantitative real-time PCR was performed. 

In Paper II, we analyzed the growth and proliferative capacity of primary 
fibroblast from DBA patients with truncating RPS19 and RPS24 mutations. 
Primary fibroblasts were obtained by skin punch biopsies and cultured using 
standard protocols. Calculation of cell growth, proliferation and generation 
time was done by counting seeded cells after 48 and 72 hours, assuming 
exponential growth and correcting for apoptosis. RNA was harvested and 
northern blotting was performed to analyze and quantify various rRNA 
species. To perform cell cycle analysis, exponentially growing primary fi-
broblasts were fixed in ethanol and their DNA stained with propidium iodine 
before being subjected to flow cytometry analysis. To verify distinct cell 
cycle blocks, relevant proteins were analyzed by western blotting. 

In Paper III, we studied the affinity of RPS19 binding to its own tran-
script. Various RPS19 RNA substrates were synthesized by in vitro tran-
scription using T7-RNA polymerase and subsequently 5’-end labeled using 
γ-32P-ATP. We analyzed RNA affinity binding to rRPS19 by electrophoret-
ic mobility shift assay. To evaluate the binding affinity for the RPS19 RNA 
substrates, we determined the equilibrium binding constant by filter binding 
assays. 

In Paper IV, we identified mutations in the gene FZD6 causing isolated 
autosomal recessive nail dysplasia. We also analyzed the function of FZD6 
both in vitro and in a murine model. DNA samples from four affected indi-
viduals were genotyped using a 250K SNP array. By loss of heterozygosity 
mapping homozygous regions were revealed. The candidate region was 
restricted by haplotype analysis using microsatellite markers. Linkage anal-
ysis was performed using a two-point LOD score which tests whether two 
loci are indeed linked or inherited by chance. Mutation analysis was done by 
Sanger sequencing. FZD6-GFP, myc-FZD6 and DVL-RFP fusion expres-
sion constructs were generated by cloning the corresponding human cDNA 
into appropriate vectors. FZD6 mutations were introduced by in vitro muta-
genesis. To test the effect of disease causing mutations on protein transla-
tion/abundance, FZD6-GFP vectors were transfected into HEK293T cells 
and analyzed by fluorescence microscopy. Similarly, to investigate whether 
the speculated interaction between FZD6 and DVL was altered upon intro-
duction of mutations, myc-FZD6 and DVL-RFP were double transfected 
into HEK293T cells. Proteins were immunoprecipitated using a c-myc-
antibody and detected using an RFP-antibody. Fzd6-/- mice were examined 
with regards to claw morphology. To analyze Fzd6 expression during early 
nail development, we harvested mice embryos at E14.5, 15.5, 16.5 and 17.5 
and stained and analyzed hind legs using X-Gal Histochemistry. 
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Mouse models 
The main purpose of working with animal models is to allow in-depth expe-
rimentation of the mechanisms related to human disease and to investigate 
conserved biological functions. Today, several animal models are available 
and each bring with them various advantages and disadvantages. The mouse 
is considered the best model organism when studying human disease, mainly 
because they are so well characterized. Advantageously, mice are small, easy 
to maintain, have short breeding cycles and produce large litters. Genetically 
modified mice can, for example, be obtained by mutagenesis, introducing 
exogenous DNA or targeting and inactivating endogenous genes. Gene alte-
rations can also be made conditionally, allowing for a tissue specific gene 
knockout. 

In this thesis, I have used three different mouse models each targeting dif-
ferent genes. In Paper I, I bred Rps19 and Pim-1 mutant mice to produce a 
double knockout mouse model (94,166). Both mutant mice were generated 
by introduction of a neomycin resistance gene cassette. The cassette was 
flanked by specific regions unique to the gene of interest and introduced into 
embryonic stem cells by electroporation. Cells positive for homologous re-
combination and subsequently having a large gene fragment deleted were 
injected into blastocysts and implanted into pseudo-pregnant foster females. 
Chimeras or partial knockouts were crossed with wild type mice to produce 
heterozygous knockouts. In Paper IV, I examined mice targeted for Fzd6 
(167). Similar to the generation of the Rps19 and Pim-1 mutant mice, the 
Fzd6 gene is knocked out by introducing a neomycin resistance gene cassette 
by homologous recombination. The difference is that the cassette is flanked 
by loxP sites (floxed) and contains a 5’LacZ reporter gene. LoxP positive 
mice were crossed with germ-line cre mice allowing for cre recombinase to 
be produced in germ cells. Cre recombinase mediates a deletion of the floxed 
segment. The LacZ gene is expressed under the control of the Fzd6 promoter 
allowing for visual detection of Fzd6 expression. 

The use of murine knockout models was invaluable for Paper I and IV as 
it enabled in vivo investigations of the functional consequences of loss of 
gene products as well as loss of protein interactions. 

Results and discussion 
Paper I. Cooperative effect of ribosomal protein s19 and Pim-1 
kinase on murine c-Myc expression and myeloid/erythroid 
cellularity. 
Several attempts have been made to understand the function of RPS19 and 
its involvement in the pathophysiology of DBA. One study conducted by 
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Chiocchetti and colleagues showed that RPS19 binds the serine-threonine 
kinase PIM-1 both in vitro and in vivo and that DBA associated mutations 
hampered this interaction (168). PIM-1 is ubiquitously expressed and highly 
abundant in hematopoietic tissues (169). The exact function of PIM-1 is not 
known but a number of studies have described PIM-1 substrates and their 
role in various cellular processes. One unique property of PIM-1 is its close 
cooperation with c-myc in cellular transformation and apoptosis induction 
(170-172). Moreover, PIM-1 plays a role in cell cycle regulation as it acti-
vates the cell cycle phosphatases cdc25A and cdc25C and inactivates p21 
(173-175). Pim-1 deficient mice display a subtle phenotype, with erythroid 
microcytosis as the only hallmark (166). Pim-1, Pim-2 and Pim-3 compound 
knockout mice display a profound body size reduction as well as an impaired 
colony formation of BM cells indicating that Pim proteins have an important 
function in erythropoiesis (176). In paper I, we studied the RPS19/PIM-1 
interaction by generating a combined Rps19/Pim-1 knockout mouse model 
(94,166). 

We bred and sampled mice with the following genotypes: Rps19+/+/Pim-
1+/+, Rps19+/-/Pim-1+/+, Rps19+/+/Pim-1-/- and Rps19+/-/Pim-1-/-. No mutant 
mice displayed any macroscopic abnormalities and/or alterations in survival 
rate. Next, we analyzed the standard peripheral blood parameters including: 
hemoglobin, red blood cell counts (RBC), hematocrit, mean corpuscular 
volume, mean corpuscular hemoglobin concentration and white blood cell 
count (WBC). We found that RBCs and WBCs were significantly increased 
in Rps19+/-/Pim-1-/- mice when compared to wild type mice. The previously 
observed microcytosis in Pim-1 null mice was also observed in Rps19+/+ 
/Pim-1-/- and Rps19+/-/Pim-1-/- mice. Accordingly, hemoglobin and hemato-
crit were subnormal in Rps19+/-/Pim-1-/- mice when compared to wild type 
mice (Paper I, Table 1). 

To investigate whether the observed altered RBC and WBC are reflected 
in morphological changes in the blood producing organs, we analyzed BM 
smears and spleen sections. Both erythroid and myeloid lineages displayed a 
normal distribution and differentiation and the erythroid to myeloid cell ratio 
was within the normal distribution in the four different mutant groups. The 
number of megakaryocytes and lymphocytes were within the normal range 
for all groups (Paper I, Table 2). No difference in size or morphology of the 
spleen was observed. 

To further study the observed increased peripheral cellularity in the 
Rps19+/-/Pim-1-/- mice, we harvested the BM from mutant and wild type mice 
and analyzed the protein levels of the cell cycle regulators c-myc, p21 and 
the tumor suppressor protein p53. We observe a significant up-regulation of 
c-myc in the Rps19+/-/Pim-1-/- mice when compared to the other mutant mice 
and a significant down-regulation of p21 in the Rps19+/-/Pim-1-/- mice when 
compared to wild type mice. No differences of p53 levels were detected 
(Paper I, Figure 1). To further explore the findings, we analyzed a subset of 
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apoptotic factors in BM samples. These include the anti-apoptotic factors 
Bcl2, BclXL and Mcl-1 and apoptotic factors Bak and cleaved Caspase 3. We 
found that the levels of Bcl2, BclXL and Mcl-1 were significantly up-
regulated while the levels of Bak and cleaved Caspase 3 were significantly 
down-regulated in the Rps19+/-/Pim-1-/- mutants when compared to wild type 
mice (Paper I, Figure 2). 

Our findings suggest that the interaction between Rps19 and Pim-1 (168) 
has a biological function as it has an effect on proliferation and/or survival of 
both red and white blood cells in our murine model system. The increased 
myeloid cellularity in Rps19+/-/Pim-1-/- mice is associated with the up-
regulation of c-myc. In addition to a close cooperation with PIM-1, c-myc 
has been shown to directly promote ribosome biogenesis through the tran-
scriptional regulation of ribosomal proteins, RNA polymerase I and III and 
factors involved in ribosome assembly (177,178). Moreover, c-myc is essen-
tial for hematopoietic stem cell renewal, cell cycle progression and sensitiz-
ing cells to apoptosis through the mitochondrial apoptosis pathway (179-
181). Bcl2 over-expression has previously been shown to block c-myc in-
duced apoptosis (181). Unexpectedly, we observed the opposite as the anti-
apoptotic factors Bcl2, BclXL and Mcl-1 were significantly up-regulated to-
gether with a significant down-regulation of the apoptotic factors Bak and 
cleaved Caspase 3. This observation suggests that Rps19+/-/Pim-1-/- mice 
have an altered balance between anti-apoptotic and apoptotic Bcl family 
members resulting in reduced apoptosis. Rps19+/-/Pim-1-/- mice also dis-
played a marked down-regulation of p21 which is in accordance with an up-
regulation of c-myc. We suggest that the effect of increased levels of c-myc 
together with the altered balance between Bcl family of proteins results in 
the increased myeloid cellularity observed in Rps19+/-/Pim-1-/- mice. We 
hypothesize that the combination of Rps19 insufficiency and Pim-1 deficien-
cy result in the loss of a regulatory loop involving c-myc (Paper I, Figure 3). 
The tuning of this crosstalk may be dependent on the expression of both 
Rps19 and Pim-1 with a variable impact on different blood lineages. It is 
possible that the Rps19 and Pim-1 interaction becomes critical during stages 
of myeloid/early erythroid differentiation where the proliferation rate is high 
and requests a large number of functional ribosomes. In conclusion, our re-
sults show that allelic Rps19 insufficiency and Pim-1 deficiency have a co-
operative effect on murine hematopoiesis resulting in an increased peripheral 
erythroid and myeloid cellularity. RPS19 insufficiency in DBA is associated 
with an increased predisposition for MDS and AML which presumably re-
quires a combination of cancer-causing mutations. We suggest that candidate 
target genes in the progression to cancer can have functions analogous to 
those of PIM-1. 



 41 

Paper II. Ribosomal protein S19 and S24 insufficiency cause 
distinct cell cycle defects in Diamond-Blackfan anemia 
It is widely accepted that DBA results from cellular defects which makes 
erythroid precursor cells sensitive to apoptosis (182). Although the predomi-
nant clinical feature is restricted to the erythroid blood lineage, almost 50% 
of patients with DBA show developmental anomalies and short stature. In 
Paper II, we investigated whether the phenotypic complexity seen in DBA is 
associated with a cellular growth defect in primary fibroblasts from DBA 
patients with truncating RPS19 and RPS24 mutations. 

We started by investigating RPS19 and RPS24 protein levels and found 
that the level of RPS19 in RPS19 mutated fibroblasts was reduced by 50%, 
whereas in RPS24 mutated fibroblasts RPS19 was decreased by 20%. We 
also measured the level of RPS24 and observed a 30% reduction in both 
RPS24 and RPS19 mutated fibroblasts (Paper II, Figure 1). These findings 
suggest that both RPS19 and RPS24 mutations result in protein haploinsuffi-
ciency. 

Next, we performed a growth assay with primary fibroblasts to investigate 
the proliferation rate. We found that RPS19 and RPS24 mutants showed a 
marked reduction in growth rate compared to passage-matched control pri-
mary fibroblasts. To investigate the cause of the observed growth reduction, 
we analyzed the level of apoptosis and found that both RPS19 and RPS24 
mutant fibroblasts have higher levels of apoptosis than control fibroblasts. 
We integrated the apoptosis rate into the exponential growth rate equation by 
introducing an apoptosis constant and recalculating the proliferation curves. 
Surprisingly, we still observed a marked difference in growth rate when 
comparing DBA derived and control fibroblasts (Paper II, Figure 2). This 
suggests that the observed reduced growth in DBA derived fibroblasts is not 
only dependent on apoptosis but also by a reduced proliferative capacity. 

To further investigate the observed reduced proliferative capacity in DBA 
mutant fibroblasts, we analyzed a subset of proteins involved in cell cycle 
regulation. Mutations in RPS19 and RPS24 are known to be associated with 
cell cycle arrest (101,183), which we observe (Paper II, Figure 3) together 
with impaired ribosome biogenesis. We analyzed the protein levels of p53, 
p21 and p27 in mutant fibroblasts. We found no change in p53 and p27 le-
vels, but the level of p21 was significantly increased in RPS24 mutant fi-
broblasts compared to controls indicating that the cells were under stress 
(Paper II, Figure 4a-c). p21 targets the cyclin D-dependent kinases CDK4 
and CDK6 in the mid- to late-G1 phase and the CDK2-cyclin E complex 
required for phosphorylation of the retinoblastoma protein and entry into the 
S phase. When analyzing RPS24 mutants, we found an increase in cyclin E, 
CDK4 and CDK6 levels (Paper II, Figure 5a-e). This suggests that RPS24 
mutant cells progress through the G1 phase but are blocked in the S phase, 
which is supported by the reduced number of cells observed in the G2/M 
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phase (Paper II, Figure 3). In contrast, the RPS19 mutant cells showed re-
duced levels of cyclin-E and CDK2 (Paper II, Figure 5a-e). This indicates 
that RPS19 mutant cells display a G1 phase block, which is further supported 
by the reduced level of phosphorylated retinoblastoma protein (Paper II, 
Figure 5f) and the observed distribution of reduced number of cells entering 
the S phase (Paper II, Figure 3). 

Our combined results indicate that RPS19 and RPS24 mutated primary fi-
broblasts are associated with a marked proliferative defect, distinct cell cycle 
arrest and dysregulated cell cycle proteins. The regulatory mechanism by 
which impaired ribosome biogenesis results in cell cycle arrest is unclear. 
Incomplete ribosome assembly may directly contribute to this process 
through activation of cell cycle regulators and different cellular responses. 
We suggest that our findings may have implications for non-hematopoietic 
features in DBA, such as growth retardation and developmental anomalies. 

Paper III. Ribosomal protein S19 binds to its own mRNA with 
reduced affinity in Diamond-Blackfan anemia. 
It has been shown for several RPs that they possess an important function as 
RNA binders. By binding polycistronic rRNA or surrounding complexes, 
RPs can guide rRNA maturation (102). In addition, RPs can also bind certain 
mRNAs and thereby control their expression. For example, RPL26 binds the 
5’ untranslated region (5’UTR) of p53 mRNA and promotes translation upon 
DNA damage (184). Furthermore, it has been shown that RPS13, RPS26 and 
RPL30 can regulate their own transcript levels (185-187). In paper III, we 
investigated the RNA binding properties of rRPS19 in an attempt to under-
stand the regulation of RP levels and the possible impact of this regulation in 
DBA. 

The first exon of RPS19 is non-coding and of varying length and almost 
completely conserved among vertebrates suggesting it to be functional im-
portant (188). To test whether RPS19 binds its own transcript, we incubated 
rRPS19 with various lengths of the 5’UTR of RPS19 mRNA. We observed 
binding between rRPS19 and all tested 5’UTR variants. However, all va-
riants tested contain a 5’terminal oligopyrimidine (5’TOP) sequence which 
is a structural hallmark of mRNAs encoding components belonging to the 
translational machinery (189). We found that 5’TOP is the binding site for 
rRPS19, as rRPS19 binds the 5’TOP sequence in a concentration dependent 
manner. To test rRPS19’s affinity for the 5’TOP sequence, we performed 
filter binding assays where we determined the equilibrium binding constant 
(KD) (Paper III, Figure 2). By introducing mutations altering and/or destabi-
lizing the 5’TOP secondary structure, we observed that binding to rRPS19 is 
most likely structure dependent (Paper III, Figure 3 and Table 1). 



 43 

Next, we wanted to investigate whether the binding properties of rRPS19 
is altered after introduction of two known DBA mutations (p.W52R and 
p.R62W) (Paper III, Figure 5). Both mutations are located in the central re-
gion of the three-dimensional structure of Rps19, a location compatible with 
RNA binding (96). This central region has also been suggested to be a hot 
spot for DBA mutations (190). Analysis of the KD revealed a significantly 
increased KD for the two DBA mutants when compared to wild type rRPS19 
indicating that the mutant proteins have a reduced binding capacity to the 
5’TOP sequence (Paper III, Table 2). 

We show that rRPS19 binds to its own transcript and hypothesize that 
RPS19 binds to its own mRNA as a part of a regulatory mechanism at the 
transcription level. We also show that the binding affinity is reduced when 
two known DBA mutations are introduced into rRPS19. We speculate that 
the level of RPS19 in the cell depends on both transcriptional activity and 
translational efficiency, and binding of RPS19 to its own transcript could be 
a way to coordinate transcript and protein levels (93). From our findings, it is 
possible that RPS19 binds other mRNAs containing TOP motifs. This could 
be important for the previously observed post-transcriptional co-regulation 
of ribosomal protein levels (102,191). Another possibility is that binding of 
RPS19 to different 5’UTRs allows the recruitment of particular mRNAs to 
the ribosome and thereby promotes translation (93,190). Our results suggest 
a possible mechanism underlying RPS19 expression, co-regulation of ribo-
somal levels and translational regulation of specific transcripts mediated by 
the RNA binding properties of RPS19. This proposed regulatory mechanism 
of RPS19 through RNA binding might add to the complexity of DBA patho-
genesis. 

Paper IV. Mutations in Frizzled 6 (FZD6) cause isolated 
autosomal recessive nail dysplasia. 
Nail disease is primarily caused by trauma or direct infections of the nail. 
Developmental nail abnormalities are rare and mostly common as a part of 
an ectodermal syndrome. Isolated cases are rarely seen. We have identified 
two consanguineous Pakistani families (F1 and F2) segregating with isolated 
nail dysplasia characterized by pachyonychia and claw-shaped nails partially 
detached from the nail bed (onycholysis) on both finger- and toenails (Paper 
IV, Figure 1). To my knowledge, there are no reports regarding inherited 
isolated pachyonychia in the literature. However pachyonychia congenita, a 
similar nail phenotype, is described together with skin abnormalities (192). 
Onycholysis is most often caused by contact irritants, trauma, and moisture 
or underlying systemic disease, but hereditary cases have previously been 
reported (193). Nail development is the one ectodermal appendage which is 
least known about. To gain further knowledge about molecular mechanisms 
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regulating nail development, we investigated the two Pakistani families se-
gregating with isolated nail dysplasia. 

We genotyped DNA samples from four affected members of F1 using a 
250K SNP array and by loss of heterozygosity mapping, we revealed nine 
homozygous regions, including more than 90 consecutive homozygous SNP 
markers on chromosome 8q. By haplotype analysis on chromosome 8q, we 
were able to restrict the candidate region to 18 Mb. The region of suggesting 
linkage spanned approximately 100 genes and included Frizzled 6 (FZD6). 
Based on previous findings, specifically where an agonist to FZDs cause 
inherited anonychia (116), the involvement of WNT pathway-related genes 
in ectodermal dysplasias and hair patterning abnormalities in Fzd6 knockout 
mice, we considered FZD6 the best candidate. By sequence analysis, we 
identified a homozygous nonsense mutation [c.1750G>T (p.Glu548Stop)] in 
all affected members of F1. Next, we screened the other consanguineous 
family F2 for mutations in FZD6 and identified a homozygous missense 
mutation [c.1531C>T (p.Arg511Cys)] in all affected members (Paper IV, 
Figure 2a). Available parents for each affected individual were heterozygous 
for the corresponding mutation and the two mutations were excluded in 188 
chromosomes from unrelated Pakistani healthy subject as well as in 220 
chromosomes from healthy Swedish blood donors. FZD6 belongs to the 
Frizzled class of receptors which consist of a cysteine rich extracellular do-
main (CRD) implicated in ligand binding and a conserved internal PDZ-
domain (KTxxxW) necessary for binding and recruitment of DVL. Both 
FZD6 mutations are situated in the intracellular tail which is important for 
transmitting signals upon WNT binding, thus suggestion that the FZD6 sig-
naling may be hampered. We speculated that the nonsense mutation (F1) 
either results in a truncated protein or loss of protein due to RNA decay. We 
analyzed primary fibroblasts for FZD6 mRNA from one affected member of 
F1 and found that the levels were significantly reduced when compared to 
control cells, suggesting that the mutated transcript is subject to nonsense 
mediated RNA decay (Paper IV, Figure 2b). The missense mutation (F2) is 
located eight amino acids downstream of the PDZ-domain. We hypothesize 
that the arginine to cysteine transition may alter the FZD6 protein structure 
as arginine is a polar amino acid and cysteine is non-polar. An altered pro-
tein structure could influence downstream signaling. 

To evaluate whether mutations in FZD6 affects the subcellular localiza-
tion and/or presence of protein, we fused wild type, nonsense and missense 
FZD6 cDNA with a green fluorescent protein (GFP) expression vector. 
pFZD6[wild type], pFZD6[nonsense] and pFZD6[missense] were transiently 
transfected into HEK293T cells and fluorescence was analyzed after 24h. 
We observed similar amounts and distribution of GFP when comparing cells 
expressing the wild type and missense mutations. However, no GFP expres-
sion could be detected in cells expressing the nonsense mutation (Paper IV, 
Figure 4). Next, we tested whether the mutations alter the recruitment of 
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DVL by co-transfecting HEK293T cells in different combinations including 
either myc-pFZD6[wild type], myc-pFZD6[nonsense] or myc-
pFZD6[missense] and pDVL2-red fluorescent protein (RFP) or pDVL3-
RFP. By immunoprecipitation, we observed that FZD6[wild type] and 
FZD[missense] interacts with both DVL2 and DVL3, indicating that the 
missense mutation not affects recruitment of DVL, but may still hamper 
downstream signaling. FZD6[nonsense] was not able to pull down any of the 
DVLs. 

Fzd6 has previously been shown to be important for the morphogenesis of 
hair follicles in both the fly and mouse (194,195). Fzd6-/- mice are reported 
with abnormal macroscopic hair whorls and disturbed patterns of inner-ear 
sensory hair cells (167,196). However, no abnormalities regarding claw 
morphology have been described. To investigate FZD6 impact on nail/claw 
development, we examined the Fzd6-/- mice. We found that about half of all 
Fzd6-/- males displayed claw abnormalities when compared to wild type mice 
(Paper IV, Figure 3a). To further link the expression of FZD6 to early 
nail/claw development, we investigated Fzd6 expression in mice embryos at 
E14.5, 15.5, 16.5 and 17.5. As previously reported, we detect a strong Fzd6 
expression in murine skin, but more interestingly, we observe a transient 
Fzd6 expression in the distal digit at E16.5 (Paper IV, Figure 3b). When 
analyzing the expression in more detail, we observed that the expression was 
restricted to the epidermis of the very distal part of the digit, further support-
ing the specific and important role for FZD6 in nail development (Paper IV, 
Figure 3c). 

In Paper IV, we detected two different mutations in the FZD6 gene in two 
Pakistani families presenting with isolated autosomal recessive nail dyspla-
sia. This is to our knowledge the first time a mutation in a FZD6 gene asso-
ciated with human disease is reported. Depending on the availability of FZD 
receptors and co-receptors, WNT ligands have the potential to activate both 
canonical and non-canonical signaling. FZD6 was previously shown to bind 
both canonical WNT3a and non-canonical WNT5a (197), suggesting that 
FZD6 may have dual functionality. Altered β-catenin levels are known to 
alter limb and digit development (117,130) and we hypothesize that the de-
scribed FZD6 mutations hamper downstream WNT signaling either by acti-
vating or inhibiting β-catenin. 
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Concluding remarks and future perspectives 

Diamond-Blackfan Anemia 
DBA was the first disorder to be linked with mutations in a ribosomal pro-
tein gene. The first gene, RPS19, was discovered more than a decade ago 
and since then at least eight other ribosomal protein genes have been linked 
to DBA. However, still a majority of all DBA patients have an unidentified 
genetic cause. Sequencing gene by gene is laborious and as the disease is 
rare, it is difficult to recruit a sufficient number of patients to identify novel 
disease-causing genes. With modern sequencing technology it would be 
possible to speed up the process and sequence the entire exome in individual 
patients. Therefore, over the next decade, it is very likely that we will identi-
fy a large proportion, if not all, of the DBA causing genes. The big challenge 
will most probably be in putting genes into a functional context. 

Despite the increasing number of DBA genes there are still gaps to fill be-
fore it will be possible to fully explain the pathophysiology of the disorder. 
However, the current list of DBA specific mutations are all associated with 
ribosomal biogenesis defects. Therefore DBA groups well with other ribo-
somopathies. It is also widely accepted that the disorder results from defects 
in erythroid progenitor cells making the cells more susceptible to apoptosis. 
Two different hypothesizes have emerged during the last several years to 
help explain the cause of DBA: the ribosomal stress hypothesis and the 
translational defect hypothesis. Most people in the field favor the stress hy-
pothesis but I believe it is too early to rule out translational defects as a con-
tributing factor in the development of DBA. 

Part of my research (Paper I and II) supports the ribosomal stress hypo-
thesis. In Paper I, we show in a murine model with a combined Rps19 insuf-
ficiency and Pim-1 deficiency that there is an effect on myeloid/erythroid 
cellularity. In addition, we see an increase in c-myc levels, which can be 
explained by a loss of a feedback mechanism including both Rps19 and Pim-
1. Elevated levels of c-myc subsequently have an effect on the cell cycle and 
could partially explain an increase in cellularity (Figure 7). An additional 
explanation is that the deregulation of c-myc causes reduced levels of apop-
tosis via the intrinsic apoptosis pathway. This is also observed as an altered 
balance between anti- and pro-apoptotic Bcl2 family members. We do not 
detect any changes in levels of the tumor suppressor p53 suggesting that the 
increase in cellularity seen in our murine model could be a pre-malignant 
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state. Patients with DBA have an increased risk of developing malignancies 
such as MDS and AML. We speculate that tumor progression requires addi-
tional mutations and that PIM-1, or factors with analogous function, may be 
an important target gene in order to reach clonal dominance. 

 

 
Figure 7. Simplified schematic illustration of the cell cycle and a selection of cell 
cycle regulators. (Paper I) We hypothesize that a partial explanation for the in-
creased cellularity seen in our Rps19 insufficient and Pim-1 deficient murine model 
is due to deregulation of c-myc. Removal of Pim-1 may be compensated for by 
using the close homologues Pim-2 and Pim-3 as c-myc activators. An elevated level 
of c-myc subsequently affects the progression of the cell cycle, possibly via the cell 
cycle regulator cdc25a. c-myc is also in direct contact with the intrinsic apoptotic 
pathway. (Paper II) We suggest that the observed G1 block in RPS19 cells are me-
diated by phosphorylation of Rb and reduced levels of CDK2 and cyclin E. RPS24 
mutant cells display a defect in the S phase resulting in reduced number of cells in 
G2/M. We hypothesize that this defect is mediated by increased levels of p21. 

In Paper II, we also show that primary fibroblasts from two DBA patients 
have distinct cell cycle defects and reduced cellular proliferation capacity. 
RPS19 mutant cells display an observed block in G1, which we hypothesize 
is mediated by reduced phosphorylation of Rb. This is further supported by 
reduced levels of CDK2 and cyclin E, which are required for proper G1/S 
transition. However, the molecular mechanisms controlling the G1 defect in 
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RPS19 mutants is not clear. In silico studies indicate that the RPS19/PIM-1 
complex interacts with the cell cycle regulator cdc25a (198). Disturbed 
RPS19/PIM-1 complexes due to mutations in RPS19 may very well cause 
deregulation of cdc25a leading to cell cycle defects. In contrast, RPS24 mu-
tant cells display a reduction of cells in the G2/M phase suggesting a molecu-
lar defect in the S phase. We propose that the observed defect is caused by 
elevated levels of p21 which is an important regulator of S phase initiation 
and the G2/M transition. However, we only detect a p21 mediated effect on 
CDK4/6 which is important for early G1 progression. To further pinpoint the 
molecular effect caused by mutations in RPS24, more extensive investiga-
tions are needed. In addition, neither RPS19 nor RPS24 mutant cells show 
any elevated levels of p53, which has become the hallmark of the ribosomal 
stress hypothesis (103). This could be explained by the assumption that pri-
mary fibroblasts are less sensitive to stress induced by mutations in ribosom-
al proteins. 

In Paper III, we present results which fit better with the translational de-
fect hypothesis. We show that RPS19 binds the 5’TOP of its own transcript 
and that the binding is altered by DBA associated mutations in RPS19. We 
suggest that the RNA binding properties of RPS19 is important not only for 
the regulation of its own transcript but also in the co-regulation of transcripts 
with a TOP sequence in the 5’UTR. In an additional study, we showed that 
down-regulation of RPS19 affects the levels of other RPs (191). This em-
phasizes the importance of adequate RPS19 levels for proper ribosomal bio-
genesis. Hampered RNA binding properties of RPS19 is likely to either di-
rectly or indirectly affect the level of RPS19 transcripts. DBA is a disorder 
with variable disease expression; there are reports of affected families where 
two siblings harbor the same mutation but are not equally affected (199). In 
a previously published paper, we showed that there are several novel SNPs 
in suggested transcription factor binding sites upstream of the RPS19 tran-
scription start site (188). These SNPs may affect the transcription levels of 
RPS19 and help explain the heterogeneity of DBA. It is also likely that indi-
vidual regulation of RPs influence the level of ribosomal biogenesis and 
subsequently ribosome function and translational efficiency. 

Neither of the two suggested hypothesizes can perfectly explain the pa-
thophysiology of DBA. Perhaps the most likely event is that with additional 
research, the two hypothesizes will merge into one that better describes all 
aspects of the disorder. It is also intriguing to speculate about the outcome of 
new sequencing technologies. Perhaps it is not far-fetched to think of a fu-
ture scenario where we have so many pieces of the puzzle, even if they are 
rare, that the molecular mechanisms underlying DBA will be possible to 
grasp. 
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Nail dysplasia 
Knowledge about nail development is sparse when compared to other ecto-
dermal appendages. This is probably due to the fact that isolated nail deve-
lopmental disorders are rare events and therefore less studied. However, 
developmental nail abnormalities do occur but are mostly seen as part of 
ectodermal dysplasias. Ectodermal dysplasias are congenital disorders cha-
racterized by alterations in two or more ectodermal structures of which at 
least one has to be hair, teeth, nails or sweat glands. This tells us something 
about the common origin of ectodermal organ development. It is also there-
fore not surprising that signaling pathways associated with various ectoder-
mal conditions easily can be linked to create complex networks (Figure 8). 

 

 
Figure 8. Simplified schematic model illustrating the interplay between Shh, FGF, 
BMP and WNT signaling. Limb development and patterning has been extensively 
studied in both chicken and mice models and has provided us with significant know-
ledge about the complex interplay between several signaling pathways. We suggest 
that FZD6 regulates the levels of β-catenin, either positively or negatively, which 
may have implications on both AER induction and patterning. Figure adapted from 
results from references: (116,122-124,135,200-202). 
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In Paper IV we show for the first time that mutations in the gene encod-
ing FZD6 is associated with a human disorder. We present two Pakistani 
families with isolated autosomal recessive nail dysplasia and with mutations 
disrupting FZD6. To my knowledge, only two other FZD genes have been 
previously associated with human disease: 1) deletion of FZD9 in William-
Beuren syndrome, and 2) mutations in FZD4 associated with familial exuda-
tive vitreoretinopathy (203,204). When analyzing a murine model targeted 
for Fzd6, we detect claw malformations primarily of the hind limbs and a 
transient Fzd6 expression at the distal tip of the digits at E16-17. We specu-
late that Fzd6 has a specific function in nail/digit formation possibly by re-
gulating β-catenin levels (Figure 8). It is known that β-catenin is an impor-
tant regulator of both AER induction and patterning. Several model systems 
show limb and digit defects when β-catenin is deregulated. FZD6 interacts 
with both canonical and non-canonical WNTs and is therefore believed to 
have a dual functionality. Whether the observed nail dysplasia in our Pakis-
tani families is due to altered regulation of β-catenin needs to be elucidated 
by further investigations. 

In addition to being an important mediator of embryonic development 
WNT signaling also has implications in tumor progression. It is known that 
abnormal activation of WNT signaling can induce neoplastic proliferation of 
stem cells (205). Several molecules such as APC, axin and β-catenin are 
prone to be mutated in cancer cells. There are also tumors with elevated le-
vels of β-catenin, but with unknown mutations, why it is so important to 
clarify the complex regulation system involving WNT signaling. A delinea-
tion of the WNT pathway may also improve the development of therapeutic 
agents. 
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