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Περίληψη: 

H Αναιμία Diamond Blackfan (DBA) ανήκει στα σύνδρομα κληρονομούμενης μυελικής 

ανεπάρκειας. Η DBA είναι μια σπάνια ριβοσωμοπάθεια που χαρακτηρίζεται από 

μακροκυτταρική αναιμία, δικτυοευθροπενία, απουσία ή υποπλασία των πρόδρομων 

μορφών της ερυθράς σειράς. Στο 60-70% των περιπτώσεων ανιχνεύονται μεταλλάξεις σε 

γονίδια που κωδικοποιούν ριβοσωμικές πρωτεΐνες. Πρόσφατη ερευνητική εργασία έχει 

δείξει ότι μεταλλαγές σε ριβοσωμικά γονίδια μπορούν να οδηγήσουν στην μη επαρκή 

μετάφραση της full- length ισομορφής του GATA-1 που αποτελεί βασικό μεταγραφικό 

παράγοντα κατά την διαφοροποίηση των ερυθρών κυττάρων. Αυτό έχει σαν αποτέλεσμα 

την έκφραση της ισομορφής του GATA-1 (GATA-1 short) από την οποία λείπει το 

αμινοτελικό άκρο και η οποία αδυνατεί να υποστηρίξει το πρόγραμμα της τελικής 

ερυθροειδικής διαφοροποίησης. Πρόσφατη δουλειά έχει ακόμη δείξει ότι ο GATA-1 

προσδένεται σε πολλά ριβοσωμικά γονίδια στα ερυθροειδικά κύτταρα στον άνθρωπο και το 

ποντίκι συμπεριλαμβανομένων εκείνων που εμφανίζουν μεταλλαγές στην DBA. 

Λαμβάνοντας υπ όψη τα παραπάνω προτείνεται ένα μοντέλο ανατροφοδότησης στα 

πλαίσια του οποίου ο GATA-1 προσδένεται στα ριβοσωμικά γονίδια και ρυθμίζει την 

έκφραση τους ώστε να ενεργοποιήσει ή και να διατηρήσει την δική του έκφραση στα 

ερυθροειδικά κύτταρα. Η συγκεκριμένη μεταπτυχιακή εργασία επιχειρεί στα πλαίσια της 

παραπάνω υπόθεσης να παρέχει αποτελέσματα που να αποδεικνύουν ότι ο GATA-1 πέραν 

του γεγονότος ότι προσδένεται στα ριβοσωμικά γονίδια που εμπλέκονται στην DBA, 

ρυθμίζει και την έκφραση τους. 

Για το σκοπό αυτό στη συγκεκριμένη εργασία επιλέχθησαν να μελετηθούν δυο ριβοσωμικά 

γονίδια (RPL11 και RPS19) τα οποία εμπλέκονται στην DBA. Είναι γνωστό από ChiP 

δεδομένα ότι ο GATA-1 προσδένεται κοντά στην περιοχή του εκκινητή και στα δύο γονίδια. 

Μάλιστα στο RPS19 υπάρχουν δύο θέσεις πρόσδεσης ενώ στο RPL11 μια θέση πρόσδεσης 

για τον GATA-1. Με τη χρήση κατάλληλων εργαλείων βιοπληροφορικής ανάλυσης 

εντοπίσθηκαν οι πιθανές αλληλουχίες πρόσδεσης του GATA-1 για καθένα από τα δύο 

γονίδια. Έπειτα ελέγχθηκε εάν ο GATA-1 προσδένεται in vitro στις αλληλουχίες αυτές και αν 

ρυθμίζει την έκφραση των δυο ριβοσωμικών γονιδίων. 

Σύμφωνα με τα αποτελέσματα ο GATA-1 προσδένεται in vitro στα RPL11 και RPS19, ενώ η 

έκφραση τους φαίνεται να μειώνεται παρουσία του GATA-1. Η ύπαρξη όμως υψηλού μη 

ειδικού σήματος στο δείγμα ελέγχου στα πειράματα μέτρησης  ενεργότητας της 

λουσιφεράσης υποδεικνύει την ανάγκη για επανάληψη του πειράματος σε ένα άλλο 

σύστημα που θα επιτρέπει την λήψη πιο ξεκάθαρων αποτελεσμάτων. Τα πειράματα αυτά 

αποτελούν ενώ πρώτο βήμα για να διασαφηνισθεί εάν ο GATA-1 ρυθμίζει την έκφραση των 

ριβοσωμικών γονιδίων και να διαλευκανθεί ο μοριακός μηχανισμός μέσα στα πλαίσια του 

οποίου λαμβάνει χώρα αυτή η ρύθμιση. 
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1. Introduction 
 

1.1. Ribosomes 
 

1.1.1. Ribosomal structure and origin  

 

Ribosomes are small organelles with a major role in the adequate synthesis of all the 

proteins of a cell. The term was first proposed by Richard Roberts1  while the structure was 

originally observed and described by Palade2 using electron microscopy. They were 

characterized as small particles or organelles (100-150 Å) of spherical shape and high 

density.  

Their main structure consists of ribonucleoprotein complexes which are made up of 60% 

of ribosomal RNAs (rRNAs) and 40% ribosomal proteins (RPs). In their active form, the 

ribosomes are organized into two subunits: the small and the large subunit which are 

conserved but also unique between the different domains of life. Based on this, the 

ribosome of bacteria and archea is known as the 70S ribosome, with the 30S small subunit 

and the 50S large subunit. The small 30S subunit contains 21 different proteins (S1 to S21) 

and one RNA molecule, the 16S. The large 50S subunit contains 34 different proteins (L1 to 

L34) and two RNA molecules, 23S and 5S. In the prokaryotic ribosome all components, 

except for L7 and L12 proteins, are single copy proteins. L7 and L12 form a tetramer and 

constitute the acetylated and methylated form of the same protein. In the eukaryotes the 

80S ribosome consists of a 40S small subunit and a large 60S. The small ribosomal subunit 

contains 18S rRNA molecule and 33 ribosomal proteins. The large ribosomal subunit, with 

the peptidyl transferase center that catalyzes peptide bond formation, is formed by three 

rRNA molecules, 28S rRNA, 5S rRNA and 5.8S rRNA and approximately 49 ribosomal 

proteins.  

Despite the differences between prokaryotic and eukaryotic ribosomes, the ribosomal 

"core", which includes the main functional center of the ribosomes, is conserved in all 

organisms 3,4. In past years, structural information on the small and large subunits has 

increased considerably. More specifically, Steitz, Ramakrishnan and Yonath, elucidated the 

structure of the prokaryotic ribosome, resulting in their awarding of the Nobel Prize in 

Chemistry in 2009.  Following this important scientific discovery, the structure of the 

eukaryotic and mitochondrial ribosomes was also characterized 4,5. These studies have led to 

the clarification and understanding of the functional structure of the ribosomes and the way 

in which the translation machine is organized and operates. 
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1.1.2. Ribosomal biogenesis and regulation  

 

Ribosome biogenesis is an extremely complex process that requires large amounts of 

energy. In eukaryotic cells ribosomal biogenesis requires the coordinated activity of all three 

polymerases and the coordinated participation of many factors in the assembly of its 

structure. The process begins in the nucleolus where the 18S, 28S and 5.8S rRNAs are 

transcribed by RNA polymerase I as a polycistronic transcript. The 5S rRNA gene is located in 

another region of the genome and transcribed by RNA polymerase III outside the nucleolus, 

in the nucleoplasm. 

 

 

Figure 1 Ribosome biogenesis in eukaryotes. Ribosome biogenesis involves six important steps (yellow frames): 
(i) transcription of components (rRNAs, ribosomal protein coding (RPs) and assembly factors (AFs) and snoRNAs, 
(ii) processing (cleavage of pre-rRNAs), (iii) modification of pre-RNA, RPs and AFs, iv) assembly, v) transport 
(nuclear insertion of RPs and AFs, extraction of pre-ribosomes in the cytoplasm); and vi) quality control. Three of 
the four rRNAs are transcribed in the nucleus from Pol I as a long 47S precursor (47S pre-rRNA), which is then 
processed and modified to give the 18S, 5.8S and 28S rRNAs which are assembled into the pre-40S (green) and 
pre-60S (orange) ribosomal subunits. The 5S rRNA (pink) is transcribed by Pol III in the nucleoplasm and is 
assembled into 60S subunits, forming the central protuberance (CP). 80 RPs, more than 250 AFs and 200 
snoRNAs are transcribedby Pol II. The proteins are synthesized in the cytoplasm and reintroduced into the 
nucleus for assembly

6
.  
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Genes encoding 80 RPs and over 250 aggregation factors (AFs) are translated from RNA 

polymerase II, translated into the cytoplasm and enter the nucleus to participate in the 

assembly of the ribosomal subunits6. Upon entry of these proteins into the nucleus, the pre-

rRNAs undergo complex modification processes. Such processes include folding, the binding 

of rRNAs to ribosomal proteins and the removal of spacer sequences. The pre-ribosomes are 

then released from the nucleus into the nucleoplasm and the process is completed by their 

export into the cytoplasm.  

The ribosomal subunits in their precursor form are transferred from the nucleus to the 

cytoplasm through the nuclear pores, undergo some final modifications and are then 

organized into a functional ribosome. A wide arrange of assembly factors are involved in this 

process. These factors have ATPase, GTPase, helicase, kinase or nuclease activity, and play 

an important role in the various stages of biogenesis from the nucleolus to the cytoplasm. 

Although the “core” of the ribosomal biogenesis process in eukaryotes is conserved, there 

are some differences compared to single cell eykaryotes such as yeast. These differences 

appear to be due to additional factors identified in higher eukaryotes and involved in the 

process, thus adding additional steps or paths to the biogenesis process 7,8 . 

Due to the high energetic cost that is required for the ribosomal biogenesis, strong 

regulatory steps exist that adjust according to the cellular needs and the cellular micro-

environmental conditions. Specifically, as shown in bacteria, there is a linear relationship 

between growth rate and ribosome cellular concentrations 9. The regulation of transcription 

of rRNAs plays a very important role in the process of biogenesis in prokaryotic cells. The 

genes of ribosomal proteins are organized into operons that include a protein which acts as 

a translational repressor targeting the polycistronic mRNA. While the rRNA synthesis 

continues, suppressor proteins are incorporated into ribosomes and the operons continue to 

express. When the composition of rRNA decreases, the repressor concentration increases 

and operons are suppressed9. In eukaryotic organisms the corresponding mechanism differs 

radically. The mechanisms that control the transcription of rRNAs as well as the translation 

of ribosomal proteins appear to be completely independent and differ in comparison to 

those occurring in prokaryotes: the genes of ribosomal proteins are scattered throughout 

chromosomes, as opposed to prokaryotes in which they are organized into operons. 

Furthermore, in addition to RNA Pol I, three other factors are required: Upstream binding 

factor (UBF), SL-1 (Selective complex), TIF-A. However, the transcription-translation? 

coordination mechanism is not yet fully understood9. 

 

1.2. Ribosomal proteins 
 

The ribosomal proteins are an integral part of the ribosome with an important role. In 

both subunits there exist approximately 80 different proteins, which are encoded by mRNAs 

synthesized in the nucleus by RNA polymerase II. The mRNAs are transported to the 

cytoplasm where they are translated and the proteins produced are transported to the 

nucleus and eventually to the nucleolus via the nuclear pores, where they are linked to the 
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newly synthesized rRNAs. Mammalian ribosomal proteins are 164 aa in length with a 

molecular weight of 18.5KDa. Most proteins are rich in lysine and arginine, with an average 

isoelectric point of 11.05. They also have specific structural features. In addition to the 

nuclear localization signal, some of them present with repeated motifs of 3-8 aa. Additional 

features include zinc finger structures, leucine zippers10 and KH motifs to which RNA binds. 

 

1.2.1. Biogenesis of ribosomal proteins in eukaryotes 

 

Although the mechanism of coordinated regulation in prokaryotes seems simple, the 

mechanism in higher eukaryotes such as mammals is significantly more complex and much 

less understood. Whereas they are coordinately expressed,  RP  genes in higher eukaryotes 

are scattered throughout the genome without forming any operon structure 11. The 

presence of specific expression patterns under different conditions was examined through 

the identification of motifs (transcription factor binding sites) but no pattern was found to 

be present in all the genes exhibiting a common expression profile. Following the 

sequencing of the human genome, new attempts have been made to identify common 

motifs  involved in regulating RPs in humans, but no common pattern was found 12. By 

contrast,  ChIP-chip experiments in Saccharomyces cerevisiae have shown that Rap1 13,14 and 

Fhl114 bind to the promoters of almost all of the RP genes. Specifically, the upstream region 

of the vast majority of the RP genes in S. cerevisiae contains one or two Rap1 binding sites. 

However, Rap1 is responsible for the transcription of many other genes, so it cannot explain 

the coordinated regulation of the RP genes. It is now known that the factors Fhl1 and Ifh1 

play a key role in regulating RP gene transcription 15–19. When the transcription of the RP 

genes becomes activated, Rap1 binds to the promoter and recruits Fhl1, which in turn 

recruits Ifh117–19. When transcription of RP genes is suppressed, only Rap1 and Fhl1 are 

recruited to the RP gene promoters 18–20. There are three possible models for determining 

how activation and suppression are achieved. According to the first, Crf1, which is a cofactor 

of Fhl1, competes with Ifh1 for binding to Fhl1 at the promoters of the RP genes and thereby 

transcription is activated or suppressed 21. Hmo1, according to the second model, can also 

determine the activation or suppression as it is necessary both for assembling complexes of 

transcription factors containing Fhl1 and Ifh1 at the promoters of RP and for the maximum 

transcription of rRNA genes from Poll 15. The third possible model concerns the CURI 

complex, which is likely to contribute to the switch as long as Ifh1 is absent from the 

promoters of the PR genes and becomes part of the CURI complex when the transcription is 

repressed 18. Other proteins such as Sfp1 also appear to be involved in the transcriptional 

control of the RP genes 22,23. 

Li et al., demonstrated that the regulatory DNA motifs found in yeast are also present in 

higher eukaryotes. The existence of different common motifs was identified, with at least 

one of them occurring in all RP genes of the examined  species11. These motifs are found to 

be conserved among nearby species (human, mouse, rat), but not in phylogenetically distant 

species. For mammals, the most common pattern is found in the intronic region of the 

ribosomal genes, mostly in the first intron, whereas the patterns found in other species are 
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located 1000 bp upstream of the transcription initiation sites of the RP genes. This motif has 

its two ends conserved and appears to play an important role in the RPL30 promoter 

function, which has also been verified experimentally 11,24. 

With regards to translational control, it is known that ribosomal mRNAs present with 

certain structural features at their 5’ end which play a very important role in the regulation 

of translation. In particular, ribosomal mRNAs have a C residue at the cap site, followed by a 

continuous (non-interrupted) sequence of 4 to 15 pyrimidines (chapter) consisting of a 

similar ratio of C and U residues (5’ TOP motif) and a CG rich region immediately after the 

5'TOP motif. The 5'TOP motif, as well as its adjacent sequence, exhibit high conservation in 

specific members of the mammalian group 25. The translational regulation of the 5’ TOP 

ribosomal transcripts depends on the mTOR signaling pathway, growth factors, the presence 

of nutrients and oxygen as well as mitogenic activity 25.  

Finally, another mechanism of regulation is the balanced degradation of unassembled 

ribosomal proteins in the ribosome, which are free in the nucleoplasm26. 

 

1.2.2. Role of ribosomal proteins 

 

Ribosomal proteins are necessary for various stages of ribosome biogenesis as well as for 

the translation process. They take part in the processing of rRNAs, assembling proteins, 

replicating RNA, transporting precursor subunits, stabilizing subunit structures, and 

interacting with other factors required for ribosomal biogenesis or translation27,28. 

In addition to ribosomal biosynthesis, ribosomal proteins play an important role in 

extraribosomal functions of both eukaryotic and prokaryotic organisms. They have also been 

associated with diseases such as cancer. These functions include transcription, translation, 

processing of RNA, DNA repair29. They are also involved in cell growth and proliferation, 

apoptosis, and as for cancer they are related to the proliferation, metastasis and regulation 

of tumor suppressor genes. They have also been associated with Turner syndrome, Noonan 

syndrome and ribosomal diseases, collectively known as ribosomopathies30. An example is 

the S13 protein that prevents splicing of its own mRNA31. Another example is L13 for which it 

has been found that after treatment of U937 cells with IFNg a kinase cascade is activated, 

resulting in L13 removing from the ribosome and becoming part of the GAIT complex that 

binds to the ceruloplasmin mRNA and does not allow its translation 32. 

 

1.2.3. Ribosomal protein S19 (RPS19) 

 

The S19 ribosomal protein belongs to the family of S19E ribosomal proteins and is 

located in the cytoplasm. It participates in the formation of the small ribosomal subunit. The 

RPS19 gene is located on chromosome 19 in humans. The protein consists of 126 amino 

acids, has a molecular weight of 16kDa and an isoelectric point of 10.3. 
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Regarding its function it has been shown that its decreased expression in human 

erythroleukemic cells may lead to the inappropriate maturation of the 40S ribosomal 

subunit 33. Mutations in the RPS19 gene were the first  identified to be involved in Diamond 

Blackfan Anemia (DBA; OMIM 105650) 34.  

Since then, 72% of DBA patients have been found to carry heterozygous pathogenic 

mutations in RP genes 35. It is the most commonly mutated ribosomal protein found in ~ 25% 

of patients. Specifically, more than 120 mutations of the gene have been identified in 

patients presenting with the disease 36,37. These mutations are believed to affect the stability 

and /or functionality of the protein. RPS19 -/- homozygous mice are embryonic lethal. On the 

other hand, heterozygous mice are either normal or show mild macrocytic anemia 

depending on the RPS19 mutation. As it has been recently shown, depletion of RPS19 causes 

a reduction of rRNA synthesis. Specifically, a reduction of 47S rRNA was observed which 

indicates that the inhibition of rRNA synthesis could be involved in the molecular etiology of 

the DBA phenotype38.  

 

1.2.4. Ribosomal protein L11 (RPL11) 

 

The L11 ribosomal protein participates in the formation of the large ribosome subunit. 

The gene is located on chromosome 1 in humans. The RPL11 protein consists of 178 aa with 

a molecular weight of 20 kDa. 

In yeast the L11 ribosomal protein forms a complex with Rpl5 and 5S rRNA which join 

pre-ribosomes at an early step in the assembly pathway39. In human cells, RPL11 has a 

similar role in the ribosome biogenesis and further suppresses c-Myc transcriptional activity 

and plays a feedback regulatory role in c-Myc level coordination and ribosomal biogenesis 

activity 40. 

The ribosomal L11 protein interacts with MDM2 and inhibits MDM2-mediated p53 

ubiquitination and degradation in response to ribosomal stress. This leads to a drastic 

accumulation of ubiquitinated and native MDM2. This effect is dependent on the ubiquitin 

ligase activity of MDM2, but not p53, and requires the central MDM2 binding domain 

(residues 51-108) of L1141. It has also been found that induction of p53 by RPL11 in human 

cell lines is a general response to inhibition of biosynthesis of 40S and 60S ribosomal 

subunits. Inhibition of 40S biogenesis leads to an increase in free RPL11 due to the 

depression of the polypyrimidine sequence at the 5-prime TOP transcription site resulting in 

increased translation of the RPL11 mRNA. Therefore, it is considered that the decrease in 

60S assembly allows RPL11 to inhibit MDM2 and stabilize p53. The increase in translation of 

5'-TOP mRNA is observed despite the continuous biosynthesis of 60S and the overall 

decrease in translation42. 

RPL11 mutations are involved in Diamond Blackfan Anemia. They were first identified in 

2008 by Gazda et al. in 6.5% of the DBA patients tested 43. Since then, more than 25 

mutations have been identified in the gene in DBA patients 36,44,45. 



11 
 

 

Figure 2 RPS19 mutation map from Leiden Open Variation Database  (LOVD; 
http://www.dbagenes.unito.it/home.php?selet_db=RPS19) 

 

 

Figure 3 RPL11 mutation map from Leiden Open Variation Database  (LOVD; 
http://www.dbagenes.unito.it/home.php?select_db=RPL11)  
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1.3. Progression of Normal hematopoiesis and erythropoiesis 
 

1.3.1. Hematopoiesis 

 

Hematopoiesis is a complex process for producing all blood cells starting from the 

hematopoietic stem cell (HSC). In man, it begins in the first weeks of gestation in the yolk 

sac. From the 6th week until the 6th- 7th month of fetal life, the main hematopoietic organs 

are the spleen and the liver and continue to produce blood cells up to two weeks after birth. 

In childhood and adulthood bone marrow is the only source of blood cells46. 

Hematopoiesis begins with the pluripotent stem cell which, through asymmetric division. 

In this process a pluripotent stem cell is created which replaces the maternal cell, and also 

creates a multipotent stem cell. The latter can be self-renewing, but it also has the ability to 

differentiate, leading to the creation of separate lineages. The hematopoietic stem cell is 

quite rare (1: 20 million nucleated cells) and is located in the bone marrow in a specific 

microenvironment, the specialized osteoblastic or vascular "niches"47. 

Cell differentiation proceeds from the stem cell through committed hematopoietic 

progenitors which are restricted in their developmental potential. The stem cell has the 

ability to self-regenerate so that the cellularity of the marrow stays stable in a normal 

healthy steady state. The selection of the cell lineage to which the differentiation will occur 

depends on both stochastic events and signals that the cells receive from their 

microenvironment. These include transcription factors that interact with each other to 

amplify the transcriptional program of a lineage and suppress another, as well as growth 

factors that regulate the proliferation and differentiation of hematopoietic progenitor cells 

and the function of mature blood cells48. There is considerable reinforcement in the system 

as a stem cell is capable of producing 106 mature blood cells after 20 cell divisions. 

 

1.3.2. Erythropoiesis 

 

All blood cells are divided into three cell types: red cells, white cells, platelets. The most 

populous are the red cells that are specialized to carry oxygen from the lungs to tissues and 

carbon dioxide in the opposite direction. They have a lifetime of four months unlike the 

smaller in size platelet cells that are involved in hemostasis and are in circulation for only ten 

days.  

Humans produce 1012 new red blood cells per day through the complex and well-

regulated erythropoiesis process of erythropoiesis. Human erythropoiesis is a dynamic multi-

stage complex process involving the differentiation of early erythroid progenitors into 

enucleated erythrocytes. The process begins with the differentiation of HSCs into the 

multipotent common myeloid progenitor (CMP) that gives rise to multipotent 

megakaryocytic/erythroid progenitors (MEP).  
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Figure 4 Schematic representation of the erythropoiesis process
49

 

 

MEPs differentiate into the committed progenitors of the erythroid lineage (BFU-E and 

CFU-E), intermediate forms of proerythroblasts (ProEB) and then into orthochromatic 

normoblasts. During terminal differentiation, wherein proerythroblasts differentiate into 

mature red blood cells, specific diffrentiaiton stages  with distinct morphologies can be 

distinguished, which include, in this order, proerythroblasts, basophilic erythroblasts, 

polychromatic erythroblasts and orthochromatic erythroblasts. Finally, enucleation of 

orthochromatic erythroblasts leads to the birth of reticulocytes which then mature into 

enucleated red blood cells (RBCs) once released in the circulation (Figure 4). In 

erythropoiesis, cell division is coupled to differentiation as each daughter cell is 

morphologically and functionally different from the maternal cell from which it emerged. 

During the maturation of the erythroid lineage there is a gradual decrease in cell size, RNA 

content, DNA synthesis in the polychromatic stage and increase of the cell content in 

hemoglobin. 

Erythropoiesis is regulated by erythropoietin (EPO), which activates erythropoiesis by 

increasing the number of progenitor cells that are committed in the erythroid lineage. The 

EPO receptor first appears at low abundance in early BFU-E, it increases in CFU-Es and 

decreases in later stages. EPO receptors are stimulated by erythropoietin and thus the cells 

proliferate and differentiate. The GATA-2 transcription factor is involved in the onset of 

erythroid differentiation at the stage of pluripotent stem cells. Other transcription factors 

involved in the process are GATA-1 and FOG-which are activated by erythropoietin receptor 
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stimulation and are important in enhancing expression of antiapoptotic genes. Furthermore, 

TAL1 / SCL, Erythroid Kruppel-Like Factor, Gfi-1b and BCL11A transcription factors play an 

important role in the process 49.  

As the hematopoietic process evolves from the early stages of maturation of erythroid 

cells, the cells gradually lose the ability to proliferate and they turn into mature, enucleated 

red blood cells. Mature red blood cells are biconcave discs without mitochondria and other 

organelles but are filled with hemoglobin capable of binding and dispensing O2. 

 

1.3.3. Gata-1 in terminal erythroid differentiation 

 

The transcription factor GATA-1 is an essential component in erythropoiesis. It is 

characterized by the presence of two zing-finger domains and binds to the (A/T) GATA (A/G) 

consensus DNA binding motif. GATA-1 is expressed in erythroid cells, megakaryocytes, mast 

cells, eosinophils, and dendritic cells in hematopoiesis. Proper expression of GATA-1 is 

essential for normal hematopoiesis. The GATA-1 gene knockout in mice results in embryonic 

lethality at E10.5-E11.5 due to severe anemia50. Also, GATA-1 null cells (primitive or 

definitive) are unable to differentiate beyond the proerythroblastic stage due to apoptotic 

cell death. GATA-1 plays an instructive role in erythroid differentiation. In particular, the 

ectopic expression of GATA-1 in myeloid or lymphoid progenitor cells is able to re-program 

the differentiation and lead it towards the erythroid and megakaryocytic lineages. 

The basic functions of GATA-1 in erythroid differentiation are achieved through well-

organized regulation, which involves the activation and suppression of various target genes 

involved in all aspects of the maturation of erythroid cells. Thus, in addition to activating 

genes associated with the red blood transcription program, GATA-1 is a critical repressor of 

early hematopoietic progenitor multipotentiality and genes belonging to transcriptional 

programs of other hematopoietic lineages. For example, GATA-1 suppresses expression of 

GATA-2 or of the transcription factor of the myeloid lineage, PU.1. Interestingly, in erythroid 

cells, GATA-1 appears to repress alternative transcriptional programs in other hematopoietic 

lineages such as eosinophils. GATA-1 also promotes the survival of erythroid cells by up-

regulating anti-apoptotic genes such as Bcl-xL. 

Figure 5 Stages of terminal erythroid differentiation. 
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The ability of GATA-1 to exert a regulatory role in erythropoiesis lays in its ability to 

interact with other proteins. GATA-1 has been reported to interact with many transcription 

factors, such as FOG-1, EKLF, TAL-1 / SCL, PU.1 and co-factors such as CBP / p300, Brg1, 

MeCP1 / NuRD, and others. It has been shown that GATA-1 forms two different FOG-1 

complexes with and without the repressive MeCP1 / NuRD complex. GATA-1 also forms 

discrete complexes with the TAL-1 / SCL or Gfi-1b hematopoietic transcription factors and 

with the ACF / WCRF chromatin remodeling complex. These complexes probably regulate 

different target gene groups. For example, the GATA-1 / FOG-1 / MeCP1 complex suppresses 

early hematopoietic and alternative lineage transcription programs, whereas the GATA-1 / 

Gfi-1b complex suppresses cell division by suppressing mitogenic genes such as myc. In 

addition, GATA-1 / FOG-1 and the GATA-1 / TAL-1 / SCL complexes up-regulate the erythroid 

transcription program. 

Also, GATA-1 protein levels play an important role in the regulatory function of the 

protein. Protein levels decrease in the last stages of erythroid differentiation, with 

overexpression of GATA-1 inhibiting terminal erythroid differentiation in vivo. According to 

the existing model, mature erythroid cells stimulate immature cells to degrade GATA-1 in 

order to complete the final steps of maturation. This process functions as a homeostatic 

mechanism for maintaining red blood cell production49. 

 

1.4. Human disorders of ribosome dysfunction and implications of the 

GATA-1 transcription factor 
 

1.4.1. Ribosomopathies 

 

Changes in ribosomal components or in numerous cellular products with effects on 

ribosomal structure and function can cause a heterogeneous class of diseases known as 

ribosomopathies. The family of these diseases first appeared with the discovery of Diamond 

Blackfan Anemia (DBA). In 1999 it became known that the RPS19 gene is mutated in DBA 

patients 34. It is now known that the Rps19 gene is mutated in 25% of the cases whereas at 

least 60-70% of patients with Diamond-Blackfan anemia carry mutations in ribosomal 

proteins in general. 

Ribosomopathies comprise all disorders in which genetic abnormalities cause impaired 

biogenesis and function of the ribosome, resulting in the emergence of specific clinical 

phenotypes51. Although all ribosomopathies include ribosomal dysfunction, these diseases 

differ significantly in the mechanism, clinical presentation and treatment options. It would 

be expected that disorders related to the biogenesis of ribosomes would have ubiquitous 

and fatal impacts for the organism. However, ribosomal protein mutations appear to have 

tissue-specific effects52. This finding provides a new perspective of the role of ribosomes in 

normal development and disease. 
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Table 1 Known ribosoμopathies 
(41; modified) 

A typical example is the haploinsufficiency of the RPSA ribosomal protein which is 

detected in patients suffering from isolated congenital asplenia and in whom the spleen 

does not develop normally53. These patients, in addition to being susceptible to bacterial 

infections due to a lack of the spleen, do not show any other pathological symptom. This is 

surprising because RPSA is a component of the small subunit and is expressed in all tissues 

as well as its mutated form54. 

A possible explanation for the above phenomenon suggests 

that the tissues expressing the symptoms divide very quickly, 

making them particularly prone to mutations that reduce the 

functionality and number of ribosomes (e.g. bone marrow). 

Another explanation could be that the composition of the 

ribosomes differs in the different cell types. This is supported by 

the fact that the reduction of a particular ribosomal protein can 

lead to changes in the range a subset of translated mRNAs 

without affecting overall protein synthesis. Indeed, the amounts 

of ribosomal mRNAs have been shown to vary in the various 

developing fetal mouse tissues, but it is not known whether 

these differences are also reflected in the composition of 

functional ribosomes53. Alternatively, an interpretation that 

could be attributed is that mutations in the ribosomal genes 

lead to a reduced number of fully functional ribosomes resulting 

in them being sufficient for survival, but due to their reduced 

number there are differences in the translated mRNA which 

may affect proper cellular growth and differentiation in 

tissues54. 

       In some cases, mutations may also disrupt ribosome assembly by causing nucleolar 

stress response in some cells resulting in an increase in p53 protein synthesis leading to 

apoptosis. For example, deactivation of p53 in a mouse model for Diamond-Blackfan Anemia 

(Rps19 haploinsufficiency), led to the rescue of certain red cell disorders 54. 

The clinical features of ribosomal infections may include bone marrow deficiency, 

developmental abnormalities and an increased risk of developing cancer. Ribosomal 

insufficiency can cause a wide range of symptoms, the severity of which may vary 

dramatically between patients with the same diagnosis 55. 
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1.4.2. Diamond-Blackfan Anemia (DBA) 

 

DBA was first described by Josephs (Josephs 1936). Later it was characterized by 

Diamond and Blackfan as a congenital hypoplastic anemia. This disorder is characterized by 

anemia, macrocytosis, reticulopenia and selective reduction or absence of erythroid 

precursor cells in an otherwise normocellular bone marrow56. The majority of patients are 

diagnosed in their first year of life with paleness and lethargy being the most common 

symptoms. There is often a family history of the disease and in the majority of cases, it has 

an autosomal dominant character. Other features of the disease include elevated levels of 

red blood cell adenosine deaminase or presence of fetal membrane antigen "i" and a set of 

physical abnormalities seen in 40% to 62% of patients, ranging from low stature, thumb 

malformations to heart defects. 

Regarding current treatments, corticosteroids were the first effective treatment for DBA 

and remain the treatment of choice today. Activation of the glucocorticoid receptor 

promotes erythroid proliferation 57. Leucine, which stimulates translation through the mTOR 

pathway, has been shown to improve hematopoiesis in some animal models for DBA58. 

Transplantation of stem cell hematopoietic stem cells is the only definitive treatment for 

anemia, but still has complications for which there is an effort to overcome 59. 

DBA was the first ribosomal disease to be studied in detail. Until today, a list of 16 

ribosomal genes involved in DBA has been identified, but the molecular mechanisms due to 

which pathogenicity is manifested are not elucidated60. It is known that all mutations 

detected in RP genes in DBA are heterozygous. More than 200 mutations in genes related to 

DBA have been recorded. This results in the disease presenting great genetic heterogeneity 

and a very variable phenotype 36. However, some studies have found correlations between 

the genotype and the phenotype. In particular, mutations in RPL5 have been found to be 

associated with a higher incidence of natural abnormalities (lip-palate slit), while patients 

with RPL11 mutations have been found with more thumb abnormalities43,61. Another 

important observation is that the decrease in expression of ribosomal proteins results in a 

generally reduced translation in both hematopoietic and non-hematopoietic cells62,63.  

Regarding the role of p53 specifically in DBA, it has been shown that in RNAi Rps19 

knockdown human CD34+ hematopoietic progenitor cells, which successfully represent the 

defective erythropoiesis model in DBA64,65, there is an accumulation of p53. The restoration 

of RPS19 expression and the inactivation of p53 rescue of the phenotype66. A study in CD34+ 

cells from DBA patients showed that in the case of Rps19 mutation there was a decrease in 

proliferation and an increase in cell cycle arrest, with no significant difference in 

differentiation and apoptosis.  

In the case of Rpl11, delayed differentiation and increased apoptosis were observed. This 

suggests that possibly the effect of p53 activation varies depending on the mutated 

ribosomal gene67. It should be noted that there are indications for mechanisms in DBA that 

are independent of p53. Specifically, the inactivation of p53 in RPS19-deficient zebrafish, led 

to rescue of morphological abnormalities but not of erythropoiesis problems68. 
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1.4.3. Gata1 in DBA 

 

Although approximately 60-70% of DBA patients have been identified to carry 

heterozygous pathogenic mutations in RP genes35, there is still a percentage of cases for 

which the molecular etiology is unknown. In an attempt to elucidate the genetic basis of 

DBA cases that were not characterized by a specific RP mutation, Gazda et al. performed 

exome sequencing for two siblings and discovered a mutation in the transcription factor 

GATA1, which is the master regulator of erythropoiesis69. This mutation resulted in the 

replacement of the last nucleotide of the second exon and thus the exclusive expression of 

the GATA1 short isoform lacking the 83aa N-terminal transactivation domain. Subsequently, 

other research groups identified similar patient cases 70. Sankaran et al. found that 

ribosomal protein haploinsufficiency could reduce full length GATA1 mRNA translation, 

without affecting translation of GATA1s 71. Particularly, in primary hematopoietic cells from 

patients with RPS19 mutations, a decrease in GATA1-target gene sets as well as of GATA1 

was observed, despite the fact that its mRNA levels were normal. It is also important that 

the ectopic expression of GATA1 improved the erythroid differentiation indicating that its 

abnormal expression plays an important role in the DBA phenotype. Overall, mutations in RP 

or GATA1 in DBA patients result in GATA1 short isoform expression which fails to fully 

support erythropoiesis72,73. Importantly, the Strouboulis lab has shown that GATA 1 appears 

to bind to ribosomal genes involved in DBA, while exhibiting greater binding for the RPS19 

gene74. Considering all the above, it may be concluded that there is a molecular link between 

the ribosomal genes and the transcription factor GATA1, the mechanism of which is not yet 

known. 

 

1.5. Aim of this thesis 
 

The aim of this thesis is to investigate the molecular relationship between the 

transcription factor GATA-1 and ribosomal protein genes involved in the pathogenesis of 

Diamond Blackfan Anemia (DBA). Recent work in the laboratory of Molecular Hematopoiesis 

at IMBB has shown that GATA-1 binds to many ribosomal protein genes, including many 

mutated in DBA75. This raises the question of whether GATA-1 regulates the expression of 

ribosomal protein genes and, possibly through a potential feedback loop model, GATA-1 

activates the expression of RP genes to enhance or to maintain its own translation in 

erythroid cells. In order to investigate this possibility, the aim of this thesis is to provide 

preliminary evidence for GATA-1  regulating the expression of ribosomal protein genes in 

erythroid cells. This aim translates into the following specific objectives: A) Firstly, to 

demonstrate GATA in vitro binding to RP genes through EMSA assays and the use of 

appropriate probes carrying the possible GATA-1 binding-RP sequences  as well as probes 

bearing point mutations for this specific GATA-1 binding sites, B) secondly, to show GATA-1 

transcriptional regulatory activity by using transcriptional reporter assays wherby RPS19 and 

RPL11 gene sequences bound in vivo by GATA-1  will be cloned upstream of a minimal 

promoter linked to a luciferase reporter gene and transfected together with GATA-1 in a 
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human cell line (HEK293T and HeLa cells). These experiments are a first step in determining 

whether GATA-1 regulates the transcription of ribosomal genes implicated in DBA. 
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2. Materials and methods 
 

 

2.1. Plasmid constructs 
 

The 290bp fragment of the human RPS19 gene, which is bound by GATA-1 in vivo 

(Papadopoulos, Karkoulia et al., 2013) and contains two possible GATA-1 binding motifs, and 

the 207bp fragment of the human RPL11 gene, also bound by GATA-1 in vivo and which 

contains one possible GATA-1 binding motif, were synthesized by Geneart® (Life 

Technologies) and cloned into the pMA-T vector (pMA-T_RSP19 and pMA-T_RPL11 

constructs). Each fragment was subsequently re-cloned as an Acc65I/ XhoI fragment into the 

pGL3 promoter vector (Promega) to be used in luciferase assays. 

Complementary phosphorylated oligonucleotides containing the mutated RPL11 GATA-1 

binding motif (67 bp) were annealed (Table 1), purified and subsequently cloned as an 

Acc65I/NcoI fragment() into the pMA-T_RPL11 plasmid. The RPL11 207bp fragment 

containing the mutated GATA-1 binding motif was then re-cloned as an Acc65I/XhoI 

fragment into the pGL3 promoter vector. 

In addition to the above, bioGATA1pcDNA3.1(+) plasmid constructed previously in the lab 

for expressing GATA-1, as well as pRL-TK Vector (Promega) were used for the luciferase 

experiment.  

N-terminal 3xFLAGTEV Avi GATA1 pBUDNeo hBirA GFP plasmid constructed previously in 

the lab was used for the Electrophoretic Mobility Assay (EMSA). 

 

2.2. Site-directed mutagenesis PCR 
 

Mutations to GATA-1 binding motifs were introduced for the RPS19 fragment which had 

been cloned into the pGL3 promoter vector (pGL3 prom_RPS19 construct) by PCR mediated 

site-directed mutagenesis, as described previously76. Primers were designed using the web-

based program PrimeXhttp://www.bioinformatics.org/primerx/index.htm. Initially, two constructs were 

created, each with one of the two GATA-1 binding motifs mutated. The mutations were 

confirmed by sequencing. Then one of the two constructs carrying a mutation in one of the 

two binding motifs was used as a template for PCR mediated site-directed mutagenesis in 

the second GATA-1 binding motif, thus generating a construct with both GATA-1 binding 

motifs mutated. Eventually 3 constructs were created: the first carried a mutation in the first 

GATA-1 binding motif, the second carried a mutation in the second GATA-1 binding motif 

and the third had both the GATA-1 binding motifs mutated. Primer sequences are listed in 

Table 2. 

http://www.bioinformatics.org/primerx/index.htm
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Table 1 Primers used for the site-mutagenesis PCR of the GATA-1 binding motifs for the RPS19 fragment which 
had been cloned into the pGL3 promoter vector. Mutation sites are highlighted with red color.  

 

Table 2 Complementary oligonucleotides containing the mutated RPL11 GATA-1 binding motif, Mutated sites 
are highlighted with red color. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primers for mutagenesis PCR Sequence 

RPS19  1st    site  Forward: 5' TTTGTCCCGCCCTTACGTTCTCCCCTCCTCCA 3' 
Reverse: 5' TGGAGGAGGGGAGAACGTAAGGGCGGGACAAA 3' 

 
RPS19  2nd  site Forward: 5' GAAGGACGGAAGATGCTAGCCACATTTCTTC 3' 

Reverse: 5' GAAGAAATGTGGCTAGCATCTTCCGTCCTTC 3' 

 

Oligonucleot
ides used for 
the cloning 
of RPL11 
mutated 
fragment 
 

GTAC Forward: 
5΄CGCTCTCCATCATGGCGGTGAGTAGCTGGGACCTGGATTTGCTTTCCTTTACGCGTCGCCATC 3΄ 

 

G           Reverse: 
             5΄CATGGATGGCGACGCGTAAAGGAAAGCAAATCCAGGTCCCAGCTACTCACCGCCATGATGGA 
             GAGCG 3΄                                                                                     
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2.3. Cell culture  
 

HEK 293T and HeLa cells were grown in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% FBS and 1% penicillin/streptomycin. The maintenance of the cells 

was done in a cell culture incubator at standard temperature 37 °C, with continuous supply 

of 5% v/v CO2 and environment saturated with moisture and density which allow logarithmic 

growth. Dilutions and renewal of the medium were performed according to the 

developmental characteristics of each cell line. 

 

2.4. Transient-transfection and luciferase reporter assay 
 

HeLa cells were transfected using jetPEI reagent (PolyPlus-transfection) according to the 

manufacturer's instructions. Cells were plated one day before transfection in a 24-well plate 

(0.5× 105 cells /well) and transfected with 1000ng total DNA. In particular, 0.1 μg of each of 

pGL3_RPL11, pGL3_RPS19 reporter vectors and their mutants was contrasfected with 10ng 

pRL-TK Vector and 300ng of bioGATApcDNA3.1(+) plasmid. pBluescript II KS +/- (Stratagene) 

was used to maintain a constant amount of transfected DNA in each well. pGL3 empty 

vector was used as control. Luciferase assays were performed using the Dual-Luciferase 

Reporter Assay System (Promega) according to the supplier's instructions. Luciferase 

activities were measured at 48 hours post-transfection. Luciferase assays were carried out 

using two technical replicates per transfection for each condition. 

HEK 293T cells were transfected using the calcium phosphate transfection method. 

Briefly, the solution of the plasmid DNA mixed with CaCl2 (final concentration was 250 mM 

CaCl2) was mixed with a 10-fold excess volume of HEPES-phosphate buffer (280 mM NaCl, 50 

mM HEPES, 1.5 mM Na2HPO4, pH 7.06), vortexed and incubated at room temperature for 10 

minutes prior to its dropwise addition to the cultures of eukaryotic cells. After 24 hours, the 

supernatant was replaced with complete growth medium. Cells were plated one day before 

transfection in a 24-well plate (0.5× 105 cells /well) and transfected with 610 ng total DNA. 

pBluescript II KS +/- (Stratagene) was also used to maintain a constant amount of 

transfected DNA.  The amount of DNA for each construct used, was the same as for HeLa 

cells. Luciferase assays were done using the Dual-Luciferase Reporter Assay System 

(Promega) according to the supplier's instructions. Luciferase activities were measured 48 

hours post-transfection. 

 

2.5. Nuclear extracts  
 

The nuclear extracts used for the bandshift experiment were obtained from transiently 

transfected HEK 293T cells. The cells were plated in 10cm plates one day before transfec on 

and cultured to reach   60% confluency on the day of transfection. HEK 239T cells were 
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transfected with 15μg of expression vector 3xFLAGTEV Avi GATA1 pBUDNeo hBirA GFP using 

the calcium phosphate transfection method, as described above. Nuclear extracts were 

prepared using the High Salt method, as previously described77. 

 

2.6. Electromobility shift assays (EMSAs) 
 

10 μg of high salt nuclear extract was used for each reaction with 30 ng of unlabelled 

EMSA probes. Each EMSA reaction was performed in the presence of 1x binding buffer 

(50mM KCl, 5mM MgCl2, 20mM Tris-HCl pH 7.8, 10μM ZnSO4, 0.5mM EDTA, 5% glycerol, BSA 

1mg/ml, 0.4μg/μl poly (dI-dC), DTT and Proteins inhibitors). Each reaction was incubated at 

15°C for 15 minutes. After incubation, samples were loaded on a 14% non-denaturing 

polyacrylamide gel prepared in 0.5x TBE buffer (45 mM Tris, 45 mM boric acid and 2 mM 

EDTA) and run for 2.5-3 hours in 0.5x TBE buffer. The gel was then transferred to 

nitrocellulose membrane (GE Healthcare Life Sciences) following the same procedure as for 

a Western blot. The membrane was blocked using 5% dry milk in 1X TBS, 0.1% Tween® and 

incubated with anti GATA-1 (N6) (Santa Cruz Biotechnology, sc-265) antibody. Supershift 

assays were done using anti GATA-1 antibody which was added to the EMSA samples after 

the binding incubation was followed by an additional 30 minute incubation on ice. 

 

2.7. Western blotting 
 

Western immunoblot analysis was performed using 40-50μg of protein extract, as 

previously described78. As blocking solution 5% dry milk in 1X TBS, 0.1% Tween®, was used. 

Primary antibody used was anti GATA-1 N6 (1:5000) (Santa Cruz Biotechnology, sc-265), and 

secondary anti Rat (1:10000) (Santa Cruz Biotechnology, sc-2006). Western blots were 

developed by chemiluminescence (ECL prime, GE Healthcare). 
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3. Results 
 

 

3.1. Binding of GATA-1 to the human RPS19 and RPL11 proximal 

promoter region in vitro. 
 

As it is known from ChiPseq data GATA-1 binds to the proximal promoter region of 

several human Ribosomal Protein (RP) genes including RPL11 and RPS19 (Figure 6). We 

initially examined the sequence under the GATA-1 binding peaks in the human RPL11 and 

RPS19 promoter sequences for consensus GATA-1 binding sites (WGATAR) using standard TF 

binding prediction tools. Within the DNA sequence upstream of RPS19 transcription start 

site there are two consensus GATA-1 binding sites. There is also one GATA-1 binding site 

within the promoter of RPL11. We first tested whether GATA-1 could bind to the RPS19 and 

RPL11 proximal promoter region by EMSA using nuclear extracts from HEK 293T cells that 

had been transfected with a GATA-1 expression vector. 

 

Figure 6  ChiP seq data from human erythroid cell lines showing GATA-1 occupancies of RPS19 (A) and RPL11 (B) 
genes. 
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Table 3 Probes used for EMSA assay. Mutations for each probe are highlighted with red color. 

EMSA probes Sequence 

RPS19 for the 1st GATA-1 binding site TCCCGCCCTTATCTTCTCCCCT 

RPS19 for the 2nd GATA-1 binding site ACGGAAGATGATAGCCACATTT 

RPS19 mutated  for the 1st GATA-1 binding site TCCCGCCCTTACGTTCTCCCCT 

RPS19 mutated  for the 2nd GATA-1 binding site ACGGAAGATGCTAGCCACATTT 

RPL11 TTTCCTTTATCCGTCGCCATC 

RPL11 mutated TTTCCTTTACGCGTCGCCATC 

 

 

Based on the predicted GATA-1 binding motifs in the RPS19 and RPL11 promoter regions, 

described above, six different EMSA probes were used to test GATA-1 binding in vitro (Table 

3). Binding of GATA-1 to the possible binding site in probe RPL11 P was indeed confirmed as 

the protein complex detected by EMSA, was supershifted by the GATA-1 N6 antibody, or 

abolished by use of a mutated probe (RPL11 Pm) (Figure 7). Also binding of GATA-1 at both 

possible binding sites in probes RPS19 P1 and RPS19 P2 were confirmed as these protein 

complexes detected by EMSA were also supershifted by GATA-1 N6 antibody, or abolished 

by use of mutated probes (RPS19 P1m, RPS19 P2m)(Figure 7). From these data we conclude 

that GATA-1 binds to the RPS19 and RPL11 proximal promoter region in vitro. 

 

 

Figure 7 EMSA assays to show GATA-1 binding to the proximal promoter region of the human RPL11 (A) and 
RPS19 (B, C) genes. N.P.: no probe; RPL11 P: RPL11 probe; RPL11 Pm: RPL11 probe with GATA-1 binding site 
mutated; RPS19 P1: RPS19 probe 1; RPS19 P2: RPS19 probe 2; RPS19 P1m: RPS19 probe with the first GATA-1 
binding site mutated; RPS19 P1m: RPS19 probe with the second GATA-1 binding site mutated; RPL11 P + anti: 
anti-GATA-1 supershifted reaction; RPS19 P1+ anti: anti-GATA-1 supershifted reaction; Ν.Ε. anti: Nuclear 
Extract and GATA-1 antibody.. 
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3.2. Gata-1 regulates RP’s transcription 
 

To determine whether GATA-1 is able to regulate the transcriptional activity mediated by 

each of RPL11 or RPS19 fragments, we carried out luciferase assays to study the effect of 

GATA-1 on reporter activity of two plasmids consisting of each RP fragment which includes 

the GATA-1 binding sites, cloned upstream of a minimal promoter driving luciferase 

expression. Each reporter plasmid was transfected alone or co-transfected along with a 

GATA-1 expression plasmid into HeLa or HEK 293T cells which do not express endogenous 

GATA-1. As shown in Figure 78 in HEK 293T cells, reporter plasmids bearing the RPL11 and 

RPS19 promoter sequences were capable of leading to variable upregulation of luciferase 

activity, compared to the minimal promoter control. By contrast, co-transfecting GATA-1 

mediated suppression of RP-driven luciferase activity to a similar extent in both RP reporter 

plasmids.  

As shown in Figure 9, In HeLa cells cloning of the Rpl11 and Rps19 fragments upstream of 

the minimal promoter results in transcriptional upregulation compared to the minimal 

promoter control (Fig. 9). In the presence of GATA-1, luciferase activity decreases 

significantly for both RP reporter plasmids (Fig. 9). In the same experiment reporter plasmids 

consisting of each RP fragment with mutated GATA-1 binding sites were also included. 

Luciferase expression in reporter plasmids containing the mutated sites was upregulated in 

the absence of co-transfected GATA-1, when compared to the minimal promoter control 

(Fig. 9). However when co-transfected with GATA-1, luciferase expression from the RP 

reporters with the mutated sites presented with marked repression in expression levles, as 

also seen with the wild type RP promoter reporter plasmids (Fig. 9). Interestingly, besides 

the fact that these mutations abolish the GATA-1 binding in EMSA assay (Figure 7), 

transcriptional activity of plasmids containing the non-mutated fragments compared to 

those containing the mutated RP fragments presents a similar pattern in absence and 

presence of GATA-1 (Figure 9). This similarity indicates that this pattern is probably 

unrelated to the GATA-1 binding and regulatory activity. 

     Although a similar pattern is observed in multiple experiments and in different cell lines, a 

definite conclusion cannot be drawn as to whether GATA-1 suppresses or activates 

expression of the RP genes. The reason is that a high background signal in luciferase activity 

is seen with the empty pGL3 vector which decreases in the presence of GATA-1, in a manner 

similar to that of luciferase reporter constructs (Figure 8Figure 9). This suggests that in the 

context of the pGL3 reporter plasmid, the GATA-1 effect on transcription is non-specific. This 

is also supported by the fact that in constructs carrying mutations in GATA-1 binding motifs 

which, as shown by EMSA experiments abolish GATA-1 binding luciferase activity is similar to 

that of non-mutated constructs (Figure 8Figure 9). As a result, after using transcription 

assays utilizing a basal promoter luciferase reporter plasmid, there was no clear indication 

for GATA-1 regulating the RPL11 and RPS19 genes. 
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Figure 8  Three independent luciferase assay experiments with two technical replicates each in HEK 293T are shown. 
(A)(B((C) luciferase reporter assays were carried out in HΕΚ 293Τ cells transfected with 100 ng of the luciferase reporter 
with (+) and without (−) the indicated amounts of  bioGATApcDNA3.1(+) plasmid expressing GATA-1. 48hours after 
transfection cell extracts were prepared and analyzed for luciferase activity as described in Materials and Methods. The 
firefly luciferase enzyme activity was normalized to the Renilla luciferase enzyme activity. GATA-1-stimulated reporter 
activity is expressed relative to that of the reporter constructs in the absence of bioGATApcDNA3.1(+).(C)(D)(E) Western 
blot confirming the expression of GATA-1 in the samples co-transfected together with the GATA-1 expression plasmid. 
Error bars indicate the standard deviations of duplicate assays. Similar results were obtained in at least three experiments 
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Figure 9  Luciferase assay experiments with two technical replicates in HeLa cells.(A) Luciferase reporter assay 
was carried out in HeLa cells following the same procedure as for ΗΕΚ 293Τ cells. In this experiment constructs 
containing mutated the GATA-1 binding motifs for RPL1 and RPS19, were also used. (B) Western blot confirms 
the expression of GATA-1 in the samples co-transfected together with the GATA-1 expression plasmid. 
Error bars indicate the standard deviations of duplicate assays.  
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4. Discussion 
 

 

Ribosomal biogenesis is a universal function that must remain closely coordinated to 

meet the needs of protein synthesis in each cell type. Despite the widespread expression 

and necessity of ribosomal proteins in all tissues, the equilibrium in their levels is 

pathophysiologically manifested by tissue specialization in humans. The correlation between 

ribosome gene haploinsufficiency and erythropoiesis suggests the necessity of balanced 

ribosomal biogenesis in the final stages of differentiation and the existence of regulatory 

mechanisms. In particular haploinsufficiency in specific RP genes that disrupt balanced 

ribosome biogenesis, result in specific hematopoietic disorders such as DBA. DBA is 

characterized by a very specific phenotype of erythroid hypoplasia in bone marrow, 

underlining the need for balanced RP production in final erythroid differentiation51,79. Recent 

data has linked the necessary erythropoietic transcription factor GATA-1 to DBA79,80. First, 

rare mutations in the GATA-1 gene leading to the production of a shorter, N-terminal 

truncated GATA-1 protein (GATA-1s), were identified in DBA patients with no detectable 

mutations of the RP genes69,70. In addition, it has recently been shown that RP gene 

haploinsufficiency results in an ineffective translation of the long isoform of GATA-1 into pre-

erythroblasts 71, which in turn results in increased apoptosis and diminished erythroid 

maturation. These findings link the haploinsufficiency of the RP genes to defects in GATA-1 

function in the regulation of erythropoiesis72,73. However, the possibility that GATA-1 can 

directly regulate the expression of RP genes in erythroid cells has not been systematically 

investigated. In fact, transcriptional regulation of the RP genes has been poorly described. 

Recent work in the lab showed for the first time that many RP genes, including many 

involved in DBA, are bound by the GATA-1 transcription factor in erythroid cells in both 

mouse and human74. Taking into account all the above, the purpose of the present study is 

to provide evidence  as to whether the transcription factor GATA-1 is  involved in the 

transcriptional regulation of ribosomal genes, giving priority to those involved in DBA. 

For this purpose and knowing from in silico analysis of chip data as well as qPCR that 

GATA-1 binds to the promoters of ribosomal genes involved in DBA75, two genes were 

chosen to be studied: RPS19, the first gene which was identified to be involved in DBA and 

exhibits the greatest binding by GATA-1 and RPL11 which is also bound by GATA-1 and 

implicated in  DBA. 
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The initial aim is a follow-up to the earlier work to prove that GATA-1, in addition to 

binding to the ribosomal genes, regulates directly their transcription in erythroid cells. In a 

first step and in order to investigate the possible regulatory role of GATA-1, transcriptional 

reporter assays were performed, in which the segments of the RPS19 and RPL11 genes 

which are bound in vivo by GATA-1, were cloned upstream of a minimal promoter linked to a 

luciferase reporter gene and transfected together with GATA-1 in non-erythroid cell lines of 

human origin (HEK 293T and HeLa cells). As shown in figures 8 and 9, in the presence of 

GATA-1,  in all cases,  the activity of luciferase for both genes decreases markedly indicating 

a suppressing role for GATA-1 in the regulation of ribosomal genes. It is necessary, however, 

to note that the high background activity signal of the empty pGL3 prom vector which is also 

reduced in the presence of GATA-1 does not allow us to fully trust the results of reporter 

assays. This highlights the need to repeat these experiments using another reporter system 

that will not display a high background and will allow clear conclusions to be drawn. 

Furthermore, the experiment is recommended to be repeated in K562 cells or other cellular 

models for human erythroid differentiation. 

The ChiP seq data for GATA-1 binding to MEL cells and immature mouse erythrocytes 

shows two distinct peaks in the RPS19 gene promoter region and a peak for the RPL11 gene 

respectively (human). Using bioinformatics analysis, two possible GATA-1 binding motifs 

were identified in the RPS19 gene promoter and one in the RPL11 gene promoter. GATA-1 as 

shown has been involved in the formation of discrete protein complexes in vitro, as 

evidenced by the use of suitable probes carrying mutations in the respective binding motifs 

and the use of specific antibodies in the supershift reactions. 

In the future  and if the existence of any regulatory role of GATA-1 in the expression of 

ribosomal genes is established, we will employ CRISPR / Cas9 to mutate GATA-1 binding sites 

in RP genes in BEL-A (Bristol Erythroid Line Adult) cells by directly testing the potential 

involvement of GATA-1 in RP gene regulation in erythroid cells in vivo. BEL-A cells are the 

first human immortalized adult erythroid line capable of fully recapitulating normal 

erythropoiesis, enucleating to generate mature reticulocytes. Characterization of BEL-A cells 

revealed no differences functionally or at the molecular level to in vitro-cultured adult 

reticulocytes81. 

The hypothesis of the regulation of ribosomal genes also supports the finding of GATA-1 

mutations leading to the production of the smallest form of the protein69. The reduction in 

expression of GATA-1 long isoform  leads  to impaired red differentiation 71. The reduced 

GATA-1 levels or production of the short protein isoform are likely to lead to inadequate 

transcriptional regulation of ribosomal protein genes leading to imbalance in their levels and 

disease manifestation. For this reason, in future experiments it is necessary to include the 

investigation of the role of GATA-1s in the regulation of ribosomal genes. This thesis 

attempts to contribute to the elucidation of the molecular link between the final erythroid 

differentiation and biogenesis of ribosomes, while at the same time it will shed light on the 

mechanism of general transcriptional regulation of ribosomal genes. Finally, it is also of great 

importance to clarify the molecular mechanism leading to the DBA with a future goal of 

developing therapeutic methods that will relieve sufferers.  
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